Phase transformation temperatures influence the reduction ratio of fatigue resistance of nickel-titanium reciprocating files at body temperature: an in vitro experimental study
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Abstract
Objectives
The objective of this study was to evaluate the effects of transformational temperatures on the cyclic fatigue resistance at body temperature of reciprocating file systems: R motion (RM), Procodile Q (PQ), and Reciproc Blue.

Methods
Resistance test was done in a custom-made device at room (20°C ± 1°C) and body (37°C ± 1°C) temperatures within a 60° angle of curvature and 5 mm radius of the artificial canal. The time to fracture (TTF) was recorded. The scanning electron microscope observation and differential scanning calorimetry analyses were performed. Two-way analysis of variance and Tukey post-hoc comparison were applied at a significance level of 0.05.

Results
The results showed a significant influence of temperature on instrumental breakage, regardless of the file systems (p < 0.05). The TTF is significantly decreased at body temperature (p < 0.05). PQ showed the longest TTF in both temperature conditions (p < 0.05). RM demonstrated a significantly higher TTF reduction ratio compared to the other files (p < 0.05).

Conclusions
Within the limitations of this study, the heat-treated files with reciprocating kinetics may have different reduction ratios of the fatigue resistance of the file systems under different temperature conditions. This characteristic is an important point of consideration when clinicians select the file system to reduce potential file fracture.



Keywords: Body temperature; Cyclic fatigue resistance; Heat-treated files fracture; Transformational temperature
INTRODUCTION
Clinical endodontic procedures have undergone tremendous changes after the introduction of the nickel-titanium (NiTi) instrument. These instruments have undoubtfully eliminated procedural errors related to stainless-steel files, improving the mechanical preparation of the root canal system and promoting the speed and efficiency of mechanical instrumentation due to their flexibility and cutting efficiency [1,2]. Nonetheless, unpredictable file failure remains one of the most important drawbacks of NiTi files [3]. Over the past three decades, various changes have been implemented to reduce instrument separation, focusing on factors such as cross-sectional design, pitch length, groove depth, tip and taper dimensions, kinematics, and heat treatment of the alloy [4–6].
Despite the advancements in instruments, separation may occur through cyclic or torsional fatigue [3–5,7]. The cyclic fatigue failure takes place when the metal tolerance is exceeded, due to repeated compression and tension of the free-rotating instrument in a curved root canal [8]. Cyclic fatigue is the main reason for fracture of rotary files clinically [3,9]. The manufacturing process has an impact on the cyclic fatigue resistance. Grinding the instruments may leave some flaws near the surface of the wire, such as machining grooves or defects [10]. These irregularities and micro-voids related to the manufacturing of the NiTi create points for stress concentration and crack initiation, leading to instrument fractures as a result of a crack propagation process [11,12].
The stress generated on a file is influenced by various factors, including root canal anatomy and the operator’s technique [13]. Moreover, the instrument’s geometry, alloy composition, manufacturing process, and kinematics can significantly affect stress behavior [14]. The new generation of instruments undergoes some proprietary heat treatment aimed at optimizing the crystallographic phase of the file and increasing transformational temperatures, bringing them closer to body temperature [15,16].
Differential scanning calorimetry (DSC) is the most appropriate test to determine the transitional temperatures, such as austenite starting (As), austenite peak (Ap), austenite finishing (Af), martensite starting (Ms), martensite finishing (Mf), and to provide an idea regarding the crystallographic phase of endodontic files at a well-defined temperature [17]. A NiTi alloy with a higher As transformation temperature has more martensite, resulting in enhanced flexibility and increased cyclic fatigue resistance, which is beneficial for root canal instrumentation [18]. Heat-treated files may undergo phase transformation from martensite to austenite below body temperature [19]. Working at body temperature and intermittently using heated sodium hypochlorite may alter the file’s microstructure, shifting it toward a predominantly austenitic state, which is more susceptible to crack propagation than a martensitic file [19].
A recently introduced reciprocating file system, Procodile Q (PQ; Komet Medical, Lemgo, Germany), utilizes a variably tapered core combined with controlled memory alloy. There is little data about the fatigue resistance of the PQ file at room and body temperatures, compared to different reciprocating files. Therefore, the objective of this study was to evaluate the transformational temperatures and cyclic fatigue resistance of PQ at both room and body temperatures, and compare it with Reciproc Blue (RB; VDW, Munich, Germany) and R motion (RM; FKG Dentaire, La Chaux de Fonds, Switzerland). The null hypothesis is that there would be no difference in cyclic fatigue resistance among the files at both room and body temperatures.

METHODS
The sample size was determined using XLstat (Microsoft, Redmond, WA, USA) based on a previous study [13]. A power calculation for analysis of variance (ANOVA) or analysis of covariance, for three groups (instruments) and one degree of freedom (temperature), with an effect size fixed at 1 (second), and 0.05 alpha type error and 0.95 power indicated that the number of observations should be 16 per group. Thus, 20 instruments were assigned to each group.
A total of 120 NiTi files were used in this study, with forty files assigned to each of the three experimental groups: RM, PQ, and RB groups. All files presented a #25 ISO tip, a length of 25 mm, and a regressive 0.08 taper for RB, while PQ and RM had a fixed 0.06 taper.
Before the experiments, the instruments were inspected with a stereomicroscope (Leica M205C; Leica Microsystems, Wetzlar, Germany) to identify any defects. None of the instruments was discarded during this pre-experimental evaluation.
The cyclic fatigue resistance test was conducted using a custom-made device designed to replicate temperature conditions corresponding to room (20°C ± 1°C) and body (37°C ± 1°C) temperatures. A distilled water bath was set up with a rectangular tank measuring 40 cm in length, 25 cm in width, and 15 cm in height, accompanied by a heating device (Polystat 16000; Bioblock Scientific, Waltham, MA, USA). A thermometer was placed at the bottom of the tank to check the temperature during the study.
The cyclic fatigue test was carried out using a hollow stainless-steel tube, mimicking the shape of a canal with a 60° angle of curvature and a 5-mm radius of curvature. The center of the curvature was positioned 5 mm from the tip of the tested file. This tube was attached to the side of the tank. An EndoPilot endo motor and handpiece (Komet USA, Rock Hill, SC, USA) were connected to the side of the tank and connected to the test device. The Reflex Dynamic program (Komet USA) is a left-reciprocating motion with the ability to vary angular velocity when it detects too much stress. It was chosen to operate all the instruments attached to the handpiece until the file fractured. Each NiTi file (n = 20) from three groups, in both temperature conditions, was operated within the 16-mm length of the simulated canal. The time to fracture (TTF) was recorded using a stopwatch.
Scanning electron microscopy observation
All fragments of each group were chosen for fractographic examination. The fractured instruments were shortened with cutting pliers (removal of the mandrel), rinsed with deionized water, cleaned in an ultrasonic bath with absolute alcohol, and then placed vertically with the fractured surface facing upward on a metal support. The specimens were fixed in place with carbon tape. The metal holder was inserted into the scanning electron microscope (JSM-6400; JEOL Ltd, Tokyo, Japan) and observed in secondary vacuum. The photomicrographs were taken between 100 and 300 magnifications and recorded in JPEG format.

Differential scanning calorimetry observation
DSC analyses were performed using a DSC-8500 (PerkinElmer, Shelton, CT, USA). Before each measurement, temperature and energy calibration were performed. The samples underwent cooling to –70C and then experienced a heating/cooling cycle within the temperature range of –70C to 110C, with a heating/cooling rate of 5C/min. Three samples from each file system were used. These cycles were repeated three times for each instrument. The heating and cooling curves were recorded. Data processing was performed with Pyris software (PerkinElmer).

Statistical analysis
A descriptive analysis was carried and the data were compared with the temperature conditions and file groups. Statview version 5.0 (SAS Institute, Cary, NC, USA) was used for statistical analysis with an alpha risk of 5%. Data were tested for normality using the Shapiro-Wilk test. Under the conditions of normal distribution, two-way ANOVA and Tukey post-hoc comparison were applied to compare the file groups. In all experiments, a p-value of less than 0.05 was considered significant.


RESULTS
The results were collected in order to visualize and compare the different instrumental TTFs of the different instruments at room and body temperatures (Table 1) and the TTF ratio (%, body/room temperatures). The “Reflex Dynamic” program used on the EndoPilot motor never switched to its specific movement and kept its regular reciprocating movement.
Table 1. Time to fracture (TTF) at each temperature and TTF reduction ratio
	Temperature (°C)	File

	R Motion	Procodile Q	Reciproc Blue
	Room (20 ± 1)	977 ± 149a	993 ± 107a	496 ± 72b
	Body (37 ± 1)	231 ± 23c	629 ± 61a	319 ± 43b
	Reduction ratio (%)	76.4*	36.7	35.7


Values are presented as mean ± standard deviation unless otherwise specified.R Motion: FKG Dentaire, La Chaux de Fonds, Switzerland; Procodile Q: Komet Medical, Lemgo, Germany; and Reciproc Blue: VDW, Munich, Germany.There was significant interaction between files and temperatures (p < 0.05).All file systems have longer TTF at room temperature than at body temperature (p < 0.05).
a,b,cDifferent superscript alphabets mean significant difference among file groups (p < 0.05).
*R Motion had a significantly higher TTF reduction ratio than other files (p < 0.05).


The data normality was confirmed. The results showed a significant influence of temperature on instrumental breakage, regardless of the file systems (p < 0.05). The breakthrough time is significantly decreased at body temperature (p < 0.05), although the extent of reduction varies among the different instruments (Table 1). The PQ file showed the longest TTF in both temperature conditions (p < 0.05). The RM file demonstrated a significantly bigger substantial reduction in TTF (lower ratio) compared to the other files (p < 0.05).
The DSC plots, depicting both the heating and cooling cycles for different types of files, are presented in Figure 1. All tested instruments showed a homogeneous thermal transition with repeatable DSC scans. The mean values of the transformational temperatures for PQ are: Ms = 39.2, Mf = 24.4, As = 31.2, Af = 44.35; for RM: Ms = 28.2, Mf = 19.3, As = 29.6, Af = 38.6; and for RB: Ms = 43, Mf = 18.6, As = 25, Af = 48.2 (Figure 1). Both PQ and RB showed the Ap temperature at around 40°C and 37°C, respectively, while RM had the Ap at around 33°C (Figure 1).
[image: Figure 1.]
Figure 1. The representative plots of differential scanning calorimetry (DSC) for the three tested files. (A) R motion (RM; FKG Dentaire, La Chaux de Fonds, Switzerland), (B) Procodile Q (PQ; Komet Medical, Lemgo, Germany), and (C) Reciproc Blue (RB; VDW, Munich, Germany). Endothermic events are represented by peaks on the upper graph, indicating the absorption of heat by the sample during phase transitions, whereas exothermic events are depicted by peaks on the lower graph, signifying the release of heat by the sample during phase transitions. Note that PQ and RB showed the austenite peak (Ap) temperature at around 40°C and 37°C, respectively. In contrast, RM had the austenite finishing (Af) temperature at around 33°C, which is lower than body temperature.

The scanning electron microscopy images of the cross-sectional surface revealed typical features of fatigue fracture, such as crack initiation area (white arrow) and the fatigue zone positioned opposite to the crack initiation (Figure 2). No specific differences were observed in the test conditions of temperature. The cross-sectional shapes of the instruments varied for each file system, with an S shape for PQ and RB, and a triangular helix for RM. All the cross-sectional aspects show typical features of fatigue fracture, such as crack initiation area and fatigue zone, which is located at the opposite area to the crack initiation.
[image: Figure 2.]
Figure 2. Scanning electron microscopy images captured at a magnification of ×100 depict the cross-sections of fractured fragments. (A, B) R Motion (FKG Dentaire, La Chaux de Fonds, Switzerland), (C, D) Procodile Q (Komet Medical, Lemgo, Germany), and (E, F) Reciproc Blue (VDW, Munich, Germany). The left column shows the specimens from the tests at room temperature, while the right column shows the specimens from the body temperature specimens. All the cross-sectional aspects show typical features of fatigue fracture such as crack initiation area (white arrows) and fatigue zone which is located at the opposite area to the crack initiation.


DISCUSSION
This study aimed to assess the influence of temperature on the fracture of NiTi endodontic instruments, both at room and body temperatures, and to correlate these findings with the transformational temperatures of the NiTi alloy. While previous studies have compared the influence of body temperature on the cyclic fatigue resistance of heat-treated rotary files, research on reciprocating files remains limited, particularly regarding the PQ file and the effect of different reciprocating motion kinetics [20,21]. This study focused on ISO #25 tip size files, chosen for their widespread clinical use.
Experimental results may vary depending on their origin from different production batches. Here, the instruments used come from the same production batch at all three factories, assuming the homogeneity of the selected samples.
In choosing between a static and a dynamic model, where vertical movement back and forth could potentially extend the time to failure, we opted for a static model because a static model concentrates fatigue in a specific instrumental area [22]. Thus, the static model would be better to reduce the deviation of the data, which might result from the dynamic movement, even if such a dynamic model would make it easier to extrapolate results to more clinical conditions.
To assess heat-treated instruments accurately, body temperature was applied in this study, considering their distinct phase transformation temperatures and fracture resistance at different temperatures. To simulate clinical conditions with body temperature, a water chamber was employed. While El Abed et al. [23] used heat-generating pads to transfer the temperature to the files, Cheung et al. [13] showed that aqueous media more closely simulate irrigating solutions and avoid temperature increases.
The transitional temperatures obtained for RM are similar to those reported by Basturk et al. [24], with 24.4°C and 32.5°C for As and Af, respectively. For PQ, our values were different from those reported by Generali et al. [25], as they were using the Procodile file, which is different from PQ. To our knowledge, there is no data on the TTF of PQ. Regarding RB, the values differ from those obtained by Plotino et al. [20] and Seracchini et al. [26]. The values of transformational temperatures may vary due to several factors, such as the method used, specimen preparation, different temperature ranges for heating/cooling, and the cooling rate.
The reciprocating movement of files does not allow calculation of real instrument rotation [27]. Thus, the TTF was used to measure fracture resistance rather than the rotation number of cycles to fracture because of the motion used. For RB, the TTF in our study was higher than that obtained by Keleş et al. [22] and Plotino et al. [28], but lower than the time reported by Klymus et al. [21] at room temperature. Regarding RM, the results were lower at room temperature compared to those obtained by Basturk et al. [24], who used a dynamic model. Dynamic models tend to extend cyclic fatigue life [22]. Our study used the “Reflex Dynamic” program (that is, a reciprocating movement able to change angles of reciprocation and angular speed when torque reaches the level set) with the EndoPilot motor, but this special movement did not occur due to the low torque applied by the stainless-steel tube. That was not the case in the study of Zubizarreta-Macho et al. [27], which used an artificial root canal and simulated a pecking movement. They found that Reflex smart reciprocation improved the cyclic fatigue resistance of reciprocating files compared to traditional reciprocating movement.
The TTF of PQ was the highest, followed by RB and RM at both room and body temperatures. According to Plotino et al. [28], the cross-sectional design influences the cyclic fatigue strength, with an inverse correlation between cyclic fatigue strength and the amount of metal mass in the cross-section of NiTi files. Therefore, the higher cyclic fatigue strength of PQ compared to RM could be attributed to its cross-sectional area associated with the S-shaped and the contact with a smaller number of dentin walls. The higher cyclic fatigue resistance of PQ compared to RB might be attributed to the effect of reduced metal mass resulting from the smaller taper. Furthermore, it is proposed that the heat treatment characteristics exert a more substantial influence on the fatigue cyclic resistance of the NiTi file than other factors such as cross-sectional area and taper [29]. It is conjectured that the elevated As and Af temperatures of PQ may have contributed to its superior cyclic fatigue resistance.
In the present study, all tested instruments had significantly faster separation at body temperature. This result is consistent with a previous report indicating that increasing temperature can negatively affect the cyclic fatigue resistance of heat-treated files [30].
The reduction in TTF at body temperature is associated with the crystallographic state of the alloy. The reduction ratio in our study was over 30% for PQ and RB, and over 70% for RM (Table 1). This could be explained by the fact that PQ and RB are in the martensite phase at room temperature and partially austenite at oral temperature. However, RM is the most impacted, as it is clearly used in both phases (fully martensite at room temperature and fully austenite at body temperature). At body temperature, its microstructure has completely switched to the austenite phase, and the file adopts a super-elastic behavior.
The DSC analysis provides a partial understanding of the impact of the operating temperature on each instrument. The As temperature values (24° for RB, 29° for RM, and 31.5° for PQ) are decisive in their behavior. PQ has the longest bending fatigue life under the conditions of this study. It is influenced by oral temperature by partially reverting to the austenite phase, which does not allow it to resist as long as at room temperature. The heat treatment effect diminishes to some extent during clinical use of these instruments. All instruments had a decreased breakage time (ranging from 23 to 64%, depending on the instrument).
This study tested the fatigue resistance under the 37°C to simulate body temperature. However, the phase transformation occurs inside of root canal, which is usually filled with an irrigation solution. Thus, future research may need to measure the actual root canal temperature and apply this condition for testing of martensite-dominant instruments.

CONCLUSIONS
Within the limitations of this study, the instruments used had variable fracture resistance depending on their geometrical profile, heat treatment, and the temperature at which they were used. The heat-treated files with reciprocating kinetics may have different reduction ratios of the fatigue resistance of the file systems under different temperature conditions. This characteristic is an important point of consideration when clinicians select the file system to reduce potential file fracture.
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