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Abstract
Purpose: To compare the cyclic fatigue resistance of ProTaper Universal (PTU) and ProTaper Gold (PTG) nickel titanium files atdifferent angles and to examine the fractured surface areas by using scanning electron microscope (SEM).Materials & Methods: A special static test device made of stainless steel with artificial canals at 3 different angles. The files wererotated until they were broken in artificial canals with 45°, 60° and 90° angles and also the time to fracture was recorded using adigital stopwatch. The number of cycles to failure was calculated for each instrument. Statistical analyzes were made by usingone-way analysis of variance (Anova) for comparison between main groups.Results: PTG files showed higher fatigue resistance (p<0.001) than PTU files in all groups. SEM results displayed similarcharacteristic structures in pits and fissures caused by fracture due to cyclic fatigue regardless of angle and file type.Conclusion: Although surface properties of broken instruments do not play a decisive role in clinical practice it was observed thatheat-treated Ni-Ti files exhibited higher fatigue resistance at all angles compared to conventional files according to the number ofcycles during experimental period.
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Introduction
Nickel-titanium (Ni-Ti) rotary instruments are frequently used inpreparing root canals. 1,2 In 1988, the use of Ni-Ti files significantlychanged the clinical procedures of endodontic treatment for rootcanal preparation after the first study on Ni-Ti files by Walia etal. 3 Ni-Ti files have become popular in root canal preparing pro-cesses in recent years due to their superior cutting capability andflexibility. 4 However, one of the biggest problems of Ni-Ti files isthat they may fracture during preparation procedure especially inthe curved root canals. 5,6 Generally, two mechanisms plays rolein file breakage.These mechanisms are cyclic fatigue and torsionalfailure. 7 The first of these mechanisms is more frequent in curvedcanals due to repetitive pressure, and the stress on the file whichoccurs while rotating. The second mechanism occurs when the tipof the file is locked in the canal but the file body still rotating. Dur-ing root canal preparation, the stress created on the file depends onthe physician’s usage technique, method of use and the anatomicalstructure of the root canal. In addition, the geometry of the file, itsalloy composition and production method significantly affects the

stress behavior of Ni-Ti files. Although the size and cross-sectionaldesign of files effect fracture resistance, production techniques aremore imperative today. 8,9During or after the manufacturing pro-cess of the files, the chemical and mechanical properties of Ni-Tialloys can be improved. 10
ProTaper Universal (PTU; Dentsply Maillefer, Ballaigues,Switzerland) is a file system made of conventional Ni-Ti alloy. ThePTU has a variable taper angle and a convex triangular cross sec-tion. In 2012, Dentsply Sirona introduced a new heat treatmentprocedure for controlled memory alloys. The instruments wererepeatedly heat-treated and cooled. As a result, color change wasobserved on the surface due to the thickening of the titanium ox-ide layer. ProTaper Gold (PTG; Dentsply, Tulsa Dental Specialties,Tulsa, OK, USA) is one of the instruments produced by using thistechnology. PTG instruments have a geometric design which issimilar to PTU ones but PTG ones are more flexible and developedwith advanced metallurgical techniques. Previous studies showedthat PTG instruments have more cyclic fatigue resistance than PTUones. 11 However, a few number of studies about the comparison ofcyclic fatigue resistance behavior at different angles between PTG
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and PTU instruments are available in literature.In recent years, different thermomechanical processes havebeen used to improve the superelastic and fatigue resistance ofNi-Ti instruments. The superelastic property results from a re-versible conversion from austenic phase to a stress-reduced marten-sitic phase. Therefore, conversion temperatures between phaseshave a significant effect on the mechanical properties of the files. 12
Through heat treatment technology developed with advanced met-allurgy techniques, ProTaper instrument files contain differentphase transformations; PTG files contain 2 special phase trans-formations, while PTU ones have 1 phase transformation. Heattreatment applied to Ni-Ti alloys is a process that increases thecyclic fatigue resistance compared to traditional Ni-Ti alloys. 11,13

The aim of this study was to compare the cyclic fatigue resis-tance of conventional and heat treated Ni-Ti files in artificial canalsat 45°, 60° and 90° angles and to examine the fractured surfaceareas by using SEM. It is also hypothesized in this study that thereare significant differences between the cyclic fatigue resistancesand fractured surface patterns of the tested PTG and PTU files atdifferent angles.

Materials and Methods
For this study, a total of 108 new Ni-Ti files were selected, includ-ing 54 ProTaper Universal F2 (PTU, Dentsply Maillefer, Ballaigues,Switzerland) and 54 ProTaper Gold F2 (PTG, Dentsply Maillefer,Ballaigues, Switzerland) instruments. All instruments were exam-ined with an optical stereomicroscope for morphological structuresand visible deformations (Leica, MZ12, Germany, USA) before test-ing. All defective instruments were excluded from the study. Inorder to perform the cyclic fatigue tests of the instruments, a spe-cial test device Figure 1 is evaluated using custom made device asdescribed by the literature. 14–16 It is made of stainless steel by CNC(Computer Numerical Control) machine. Artificial canals at 3 differ-ent angles were used. The test model had a clear acrylic cover thatenabled the files to be observed while rotating and removed fromthe canal after failure. Simulated root canals were designed 90°,60°, and 45° angle of curvature, and 5 mm radius, 1.5 mm innerdiameter and 19 mm length stainless steel Figure 1. Glycerin wasused to reduce the friction force of the instruments between theartificial canal walls. PTU F2 and PTG F2 Ni-Ti files were used withan endo-motor (VDW Gold Reciproc. GmbH, Munich, Germany)and a 6:1 reduction handpiece suitable for the torque characteristicsof the instruments. All files were used at 300 rpm and 3N torque ac-cording to manufacturer’s instructions. The groups were separatedaccording to the curvature degree of the artificial canals (45°, 60°,and 90°) with 18 files each and 6 experimental groups were formedas; Group 1A ProTaper Universal (PTU) - 45° Group 2A ProTaperGold (PTG) - 45° Group 1B ProTaper Universal (PTU) - 60° Group2B ProTaper Gold (PTG) - 60° Group 1C ProTaper Universal (PTU) -90° Group 2C ProTaper Gold (PTG) - 90°All instruments were rotated until a fracture occurred. The timeto fracture was recorded with a 1/100-second digital chronometer(Delta). The number of cycles to failure (NCF) was calculated foreach instrument; NCF = time to failure (sec) x rotation speed (rpm)/ 60.The length of the fractured part was also recorded with digitalcaliper for each instrument (MarlCal, Germany). Data analysiswas performed using SPSS 11.5 (IBM-SPSS Inc., Chicago, IL, USA)program, One way analysis of variance (ANOVA) for comparisonbetween the main groups, and Tukey’s post hoc tests for subgroupcomparisons within the two groups.All images were generatedwith the Promax 3D Max (Planmeca,Helsinki, Finland) CBCT device. The images were evaluated in adimly lit room on a 15-inch Toshiba Qosmio monitor (Toshiba,Tokyo, Japan) set at a resolution of 1920 × 1080 and a color depth32-bit.

Figure 1. The static cyclic fatigue test model

Descriptive statistics were calculated. Statistical analysis wasperformed with SPSS software (ver.20, IBM SPSS Inc., New York, NY,USA). The chi-squared test was used for comparisons of categoricalvariables. A level of p <0.05 was accepted as statistically significant.

Results
PTG files showed higher fatigue resistance (p<0.001) than PTUfiles for all experimental groups Table 1. There were no statisticallysignificant differences between 45° to 60° and 45° to 90° anglesgroups (p>0.05) for PTU files, whereas the significance was ob-served between the angles at 60° and 90° (p<0.001). PTG files didnot show any difference between the angles at 45° and 60° (p>0.05);however, fracture resistance for the angle 90°was much lower thanangles with 45° and 60° (p<0.001). There was no statistically sig-nificant difference between PTU and PTG files according to thefracture lengths for 45° (p> 0.05), while that difference was foundfor the angle of 60° (p <0.001). On the other hand, the p-value was0.05 for 90° angle of curvature indicated a numerically consider-able result for fracture lengths of PTG and PTU files Table 2 Afterthe cyclic fatigue test, the fractured surface areas of the sampleswere randomly examined using SEM (Quanta 200F, FEI, USA). Mag-nification ratios were between 250x and 400x for general imagesand between 2000x and 8000x for detailed images. General im-ages obtained at low magnification showed fracture surfaces dueto cyclic fatigue. At high magnification images, pits and/or gapswere observed on these fractured surfaces Figure 2. SEM resultsshowed similar characteristic structures in pits and fissures whichare caused by fracture due to cyclic fatigue regardless of angle andfile type. In addition, it was observed that the fracture areas on thesurfaces started from corners or edges.

Discussion
Since anatomical variations in teeth cannot be standardized, it isnot appropriate to perform cyclic fatigue tests on extracted teeth. 17
However, there is no specific and standardized model type used incyclic fatigue tests. Both static and dynamic models are used in invitro cyclic fatigue resistance tests. 18 Although the dynamic modelprovides an environment close to the clinical brushing or peckingmotion, it cannot restrict the instruments in a precise trajectory.

However, the preferred reason for the static model is that theinstruments assessed can be tested in a device limited to a preciseline. In these static test models, the files are examined by rotatingthem until they are broken in a fixed bent position. In the studies,25 pieces of Ni-Ti instruments with a diameter of 0.06 were chosen.The reason is that the final master apical file (as F2 in many rootcanal preparations) is made with Ni-Ti files with that diameter. 14,19
The radius and angle of artificial canals are among the factors af-fecting cyclic fatigue resistance. As the curvature angle increases,the useful life of the instruments decreases 19–21 For this purpose,
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Figure 2. Images under the scanning electron microscope of fracture surfaces caused by cyclic fatigue. (1A) Fatigue lines at the cutting edges of the PTU F2 file at low
magnification (250x), pits and gaps due to cyclic fatigue of the PTU F2 file at high magnification (6000x), (45° angle). (2A) Fatigue lines at the cutting edges of the PTG F2 file
at low magnification (250x), pits and gaps due to cyclic fatigue of the PTG F2 file at high magnification (6000x) (45° angle). (1B) Fatigue lines on the surface of the PTU F2 file
at low magnification (400x), micro-pits due to cyclic fatigue of the PTU F2 file at high magnification (3000x), (60° angle). (2B) Fatigue lines at the cutting edges of the PTG
F2 file at low magnification (250x), pits due to cyclic fatigue of the PTG F2 file at high magnification (4000x), (60° angle). (1C) Fatigue lines at the cutting edges of the PTU F2
file at low magnification (325x), pits due to cyclic fatigue of the PTU F2 file at high magnification (2000x) (90° angle). (2C) Fatigue lines at the cutting edges of the PTG F2 file
at low magnification (400x), pits due to cyclic fatigue of the PTG F2 file at high magnification (6000x), (90° angle).
Table 1. The number of cycles to failure (NCF) (n=18) during cyclic fatigue testing in curved canals

Canal with 45° angle of curvature Canal with 60° angle of curvature Canal with 90° angle of curvature
File Type Mean StandardDeviation Mean StandardDeviation Mean StandardDeviation
PTU 425.56 132.07 535.00 192.10 315.28 55.08PTG 1312.22 282.15 1396.67 321.03 841.39 157.31

Table 2. The mean and standard deviation values of fracture lengths (n=18) of the files for 45°, 60° and 90° angles of curvature canals
Canal with 45° angle of curvature Canal with 60° angle of curvature Canal with 90° angle of curvature

File Type Mean StandardDeviation Mean StandardDeviation Mean StandardDeviation
PTU 16.05 0.34 5.81 1.15 6.88 1.37PTG 16.08 0.06 16.05 0.12 9.21 4.55

the 45° canal curvature was selected. The 90° curvature angle waschosen to simulate the sudden apical curvature, which is difficultfor rotating instruments in clinical practice.
In our study, the fracture resistance of PTG file in 45° angle canalwas found to be statistically higher than PTU file. Ruiz-Sánchezet al. 22 compared the cyclic fatigue strength of conventional alloyPTU. The new generation heat-treated ProFile Vortex files were per-formed in two different artificial canals 45° and 60°. In their study,

they concluded that ProFile Vortex file, which is a heat-treated Ni-Ti instrument, has a much higher fracture resistance in both angledcanals. Our results are in consistent with results of Algedairi et al. 23
They study in artificial canals at 45°, comparing the cyclic fatigueof PTG files, PTU and PTN files, and demonstrating that PTG filesshow high resistance compared to other files.

According to the results of our study, the PTG file was foundto have a much higher fracture resistance in the 60° angle canal
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compared to the ProTaper Universal file. Elnaghy et al. 24 comparedPTG and PTU files in terms of cyclic fatigue resistance in 60° arti-ficial canals. They found that the PTG file was more resistant andmore flexible in terms of cyclic fatigue than the PTU file. In anotherstudy, Uygun et al. 25 compared PTU and PTG files with cyclic fa-tigue resistance in artificial canals with 60° at different levels ofthe canal. At the end of the study, they concluded that PTG file wasmuch more resistant than PTU file at all canal levels. 25 In anotherstudy, Plotino et al. 26 compared the cyclic fatigue resistance of PTGand PTU files in 60° angle artificial canals and concluded that thePTG file had statistically higher resistance.Kaval et al. 25 found thatHyflexEDM (Coltene / Whaledent, Altstatten, Switzerland), whichproduced with control memory EDM technology, exhibits higherfatigue resistance than PTG and PTU files in 60° artificial canals.However, they concluded that it showed higher cyclic fatigue resis-tance than PTU even though the PTG has a geometric cross-sectionsimilar to PTU. In our study, we observed that PTG file had a muchhigher fracture resistance in the 90° canal compared to PTU file.Nguyen et al. 27 compared the cyclic fatigue resistance of ProTaperNext (X1-X5), Vortex Blue (20/0.04-50/0.04) and PTU (S1-F5) in-struments with 5 mm radius and 90° artificial canals. Similar toour results, they reported that the fatigue resistance of PTU is lowerthan ProTaper Next and Vortex Blue files.
In the study of Kaval et al. 25 it was mentioned that standardcyclic fatigue test devices can create similar stress points on instru-ments and therefore, fracture lengths may be similar. Additionally,depending on the cross-sectional designs and alloy properties of theinstruments, they stated that differences in bending times can dis-place the maximum stress points and different fracture lengths areobserved in different instrument types. In this study, the lengths ofthe fracture pieces at different angles were also compared. For PTGinstruments fracture lengths were not found to be statistically sig-nificant in 45° canals, whereas for 60° and 90° angle canals it wassignificant when compared to PTU instruments. Different bendingmovements of the tested instruments may lead to these results.
As a result, it can be mentioned that SEM results obtained in ourstudy are consistent with the SEM results from other studies. 11,17

Their results showed similar characteristic structures in pits andfissures on fractured surfaces, regardless of angle and file type. Inaddition, it was observed that the fracture areas on the surfacesstart from edges.

Conclusion
PTG exhibited higher fatigue resistance at all canals compared tothe PTU file. In addition, when the images of the fractured partswere evaluated, it was found that they are not different each otheraccording to the angle and file type. When we compare the filetypes with respect to the length of the broken pieces, the brokenpiece lengths of PTG files were found to be longer than PTU filesin 60° and 90° canals. As a result, special heat-treated files aremore resistant than conventional Ni-Ti alloy files and should berecommended for curved canals.
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