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Abstract
This in vitro study examined the effect of surface defects on cutting blades on the extent of the cyclic fatigue fracture of HEROShaper Ni-Ti rotary files using fractographic analysis of the fractured surfaces. A total of 45 HEROShaper (MicroMega) Ni-Ti rotary files with a #30/.04 taper were divided into three groups of 15 each. Group 1 contained new HEROShapers without any surface defects. Group 2 contained HEROShapers with manufacturing defects such as metal rollover and machining marks. Group 3 contained HEROShapers that had been clinically used for the canal preparation of 4-6 molars. A fatigue-testing device was designed to allow cyclic tension and compressive stress on the tip of the instrument whilst maintaining similar conditions to those experienced in a clinic. The level of fatigue fracture time was measured using a computer connected the system. Statistical analysis was performed using a Tukey's test. Scanning electron microscopy (SEM) was used for fractographic analysis of the fractured surfaces. The fatigue fracture time between groups 1 and 2, and between groups 1 and 3 was significantly different (p < 0.05) but there was no significant difference between groups 2 and 3 (p > 0.05). A low magnification SEM views show brittle fracture as the main initial failure mode. At higher magnification, the brittle fracture region showed clusters of fatigue striations and a large number of secondary cracks. These fractures typically led to a central region of catastrophic ductile failure. Qualitatively, the ductile fracture region was characterized by the formation of microvoids and dimpling. The fractured surfaces of the HEROShapers in groups 2 and 3 were always associated with pre-existing surface defects. Typically, the fractured surface in the brittle fracture region showed evidence of cleavage (transgranular) facets across the grains, as well as intergranular facets along the grain boundaries. These results show that surface defects on cutting blades of Ni-Ti rotary files might be the preferred sites for the origin of fatigue fracture under experimental conditions. Furthermore, this work demonstrates the utility of fractography in evaluating the failure of Ni-Ti rotary files.
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I. INTRODUCTION
The introduction of nickel-titanium (Ni-Ti) rotary instruments has transformed root canal preparation. Nickel-titanium rotary instruments exhibit super-elasticity and can prepare root canals with less apical aberrations and with an excellent taper and flow compared with stainless steel hand files1-3). Despite the evident advantages, Ni-Ti rotary instruments can undergo unexpected fracture below the elastic limit of the alloy as a result of flexural fatigue or torsional stress in the curved root canal4-7). Many factors have been implicated in the fatigue fracture of Ni-Ti rotary instruments. Of these factors, the root canal geometry (including the radius and angle of curvature), rotation speed (rpm), instrumentation force, and instrument design (diameter, taper, and cross-sectional configuration) were found to be more significant4, 8-14). The surface quality can also be an important factor in fatigue fracture. Recent studies using scanning electron microscopy have revealed the presence of micro-fissures, machining marks, metal strips, pits, and blunt cutting edges on the surface of both new and used Ni-Ti rotary instruments16-20). These surface defects may initiate microcracks and play a role in the fatigue failure of instruments21). However, there is little knowledge of the potential role of surface defects on the fatigue failure or the true mode of failure involved. Several studies on cyclic fatigue have been carried out using a dynamic model incorporating axial movement15, 16, 22). This provides a better simulation of the clinical environment. However, there are no reports in the dental literature showing an evaluation of the cyclic fatigue of HEROShaper. Fractography can be broadly defined as the science of observing, measuring and interpreting a fractured surface topography23). When material failure involves actual breakage, fractography can be used to identify the fracture origin, the direction of crack propagation, the failure mechanism, materials defects, and the nature of the stresses24).
The aim of this in vitro study was to examine the fractured surface of HEROShaper files that were fractured experimentally by cyclic fatigue stress in a dynamic model using scanning electron microscopy. An additional aim was to evaluate the effect of surface defects left on the instruments on the fatigue fracture using fractographic analysis.

II. MATERIALS & METHODS
Materials
A total of 45 HEROShaper (Micro-Mega, Becanson, France) rotary files were used in this study. All the files were 21 mm in length and had a #30/.04 taper. The files were divided into three groups containing 15 in each: Group 1, new HEROShaper rotary files without any surface defects; Group 2, HEROShaper rotary files with manufacturing defects such as metal rollover, microcracks and machining marks; and Group 3, HEROShaper rotary files that had been used for the root canal preparation of 4-6 molars. All the HEROShapers used in this study were supplied by MicroMega Company (Becanson, France).

Experimental Design
The fatigue-testing device (ENDO TESTER™, Denbotix, Bucheon, Korea) was designed to allow cyclic tension and compressive stress on the tip of the instrument whilst maintaining similar conditions to those encountered in clinical situations (Figure 1). In addition, the device could be programmed to automatically control the rotation speed (300 rpm), pecking distance (6 mm), and pecking speed (1 mm/sec). A sloped metal block was fixed to 15° and had a 2 mm notched V-form to guide the instruments. The angle of curvature, which was calculated using the Schneider's method25), was 50° at a 6 mm pecking distance. During the tests, friction was minimized using Glyde™ (FILE PREP, Maillefer, Dentsply, Ballaigues, Switzerland) as a lubricant. Fracture was detected early because the tip of the instrument was visible at the end of the curve of the radii. The time elapsed before fracture was measured using a computer program connected to the system. The files were cleaned ultrasonically in alcohol for approximately 60 seconds prior to the scanning electron microscopy (S-800 SEM Hitachi FE SEM, Tokyo, Japan) examination in order to remove any surface debris from the surface. The SEM observations were made after drying and ion-coating the sample with Eiko IB-C to a 20 - 30 mm thickness. Fractographic analysis was performed by initially surveying the entire fractured surface at low magnification (× 200 and 500). This usually showed one or more areas where the fracture appeared to have originated. These areas were then observed at higher magnifications (× 3000, 5000, and 10,000) to examine the surface features that are consistent with the different types of failure (i.e., brittle fracture, fatigue crack growth, or ductile fracture). To determine the statistical difference between the different groups, data obtained was subjected to a Tukey's test. The significance was determined at the 95% confidence level.
[image: Figure F1 ]Figure 1

  Schematic diagram of the fatigue testing apparatus that automatically controls the rotation speed (rpm), pecking distance, and pecking speed.





III. RESULTS
1. Resistance to cyclic fatigue
Table 1 shows the mean fracture time for each group. There was a significant difference in the fracture time between groups 1 and 2, and between groups 1 and 3 (p < 0.05). However, there was no significant difference between groups 2 and 3 (p > 0.05).
[image: Table  ]Table 1

  Mean fatigue fracture time for the three
experimental groups

*Groups with statistically significant differences are indicated by the different letters (Tukey's Test, p < 0.05).






2. Fractographic analysis on the fracture surface
Microphotographs of the lateral surface of HEROShapers in group 2 showed metal rollover and/or significant machining marks along the faces of the flutes (Figure 2). In contrast, the lateral surfaces of the new HEROShaper files were rather clean and flawless. The low-magnification (× 200 and × 500) SEM images show small areas of brittle fracture located on the edge of the cross section of the fractured instruments, which typically leads to a large central fibrous area of catastrophic ductile fracture. The higher magnification view (× 3000 and × 10,000) revealed clusters of fatigue striations and a large number of secondary cracks in the brittle fracture area (Figure 3), which confirmed that the instruments failed as a result of fatigue. Transgranular fracture across the grains as well as intergranular fracture along the grain boundaries was also observed in the brittle fracture area. The ductile fracture area was characterized by the typical formation of microvoids and the dimpling (cup-and-cone fracture), particularly elongated dimples in some specimens in group 3 (Figure 4a). All the fractured surfaces of HEROShapers in groups 2 and 3 were always consistent with the slow crack propagation (in a brittle fracture mode) from pre-existing surface defects (Figure 4b). Voids or regions of separation between some grains are also evident.
[image: Figure F2 ]Figure 2

  Photomicrograph of a HEROShaper instrument in group 2 (before fatigue testing) showing the presence of manufacturing defects such as metal roll-over and machining marks (original magnification, × 500).



[image: Figure F3 ]Figure 3

  High magnification the SEM image of the brittle fracture region showing clusters of fatigue striations (arrows) as well as numerous secondary cracks (original magnification (× 3000).



[image: Figure F4 ]Figure 4

  SEM image of the fractured surface of a HEROShaper instrument in Group 2. The brittle fracture (BF) region is shown originating from a microcrack. The brittle fracture region transforms to catastrophic ductile failure (DF) (a, original magnification, × 200). A high magnification view of the fractured surface of the same file shows elongated dimples (cup-and-cone fracture) that are indicative of ductile fracture. This characteristic feature of ductile failure results from microvoid coalescence as the instrument is subjected to stress (b, original magnification, × 3000).





IV. DISCUSSION
This study examined the role of surface defects in the instrument fracture caused by cyclic fatigue in a dynamic model. The observed mean time to fatigue fracture was in the order of group 1 > 2 > 3. The reason for group 3 having the lowest time might be due to the formation of surface damage caused by clinical use (used file group) and/or the accumulation of internal stress as a result of cyclic fatigue in a dynamic model. These combined factors can interfere with the mobility of the martensite interfaces, which can result in early fracture in this study. Fife et al.26) clearly demonstrated that the prolonged reuse of Ni-Ti rotary files strongly affects the instrument's fatigue. Although there was no statistical difference in the fracture time between groups 2 and 3, group 2 had a larger standard deviation than group 3 (131.8 vs. 83.3 seconds), which suggests that a file containing manufacturing defects is prone to abrupt fracture below the elastic limit of Ni-Ti instruments.
The primary objective of material failure analysis is to determine the root cause of failure. During the machining process of Ni-Ti rotary instruments, small scratches and grooves are invariably introduced into the instrument surface as a result of the action of the cutting tools. These surface marks can reduce the fatigue life. Kuhn et al.18) reported a large degree of machining damage along with many irregularities and cracks on the new file surface. They suggested that the crack initiation stage is facilitated by a high density of these defects and the successive fatigue failure is largely due to a crack propagation process. Karn et al.27) suggested that the cracks at the base of the machining grooves might serve as the origin of failure of Ni-Ti rotary files. They tested this hypothesis by removing the machining damage by tumbling the files in an aluminum oxide media, and then measuring the cycles to failure. They reported that removal of machining damage from the file surface could significantly increase the fatigue life under experimental conditions. Cheung et al.21) also demonstrated that the machining grooves left on the surface of the instrument during the manufacturing process are likely initiators of microcracks. Once initiated, the fatigue-cracks propagate in each and every load cycle until the remaining intact material is unable to sustain the same load and thus can fail. In this study, microphotographs of the fractured surfaces of the instruments with manufacturing defects were always consistent with crack propagation (in a brittle fracture mode) from pre-existing surface defects. This suggests that the conditions associated with manufacturing defects may also play a role in the premature failure of Ni-Ti rotary instruments during clinical use, which is in accordance with the results from previous studies21, 27).
Fractographic analysis provides valuable information on the features expected for instruments that fracture in separate, clinically or experimentally relevant stress states. A large number of HEROShaper files observed by SEM showed a variety of fracture processes during separation. The fractured surface generally showed dimpled rupture features, which were indicative of ductile fracture. In particular, the elongated dimples found on the fractured surfaces of a few samples in group 3 might reveal the role of shear stress from torsional loading during clinical use28). Another key objective of failure analysis is to identify the failure mechanism(s). Duerig et al.29) and Karn30) reported three characteristic stages of the failure of Ni-Ti rotary instruments (crack initiation, crack propagation, and ductile fracture) due to fatigue on a microscopic level. The crack initiation stage is associated with irregular surface defects and/or recognizable pre-existing surface damage, which act as stress concentrators. This stage was characterized by the smooth, almost featureless area at the periphery of the fracture face. In this study, the crack initiation sites of the HEROShapers in groups 2 and 3 were located at places on the periphery of the instrument cross-sections, where the defects created during manufacturing or from clinical use would provide a stress concentration. The crack propagation stage was characterized by clusters of striations. Each striation represented the progression of a crack caused by tension during a single rotation of the instrument. Fractures propagated from the periphery of the instrument toward the center. As a final stage, ductile fracture was observed in the central region of the fractured surface. A distinct zone of ductile dimpling is represented in this stage. Ductile dimpling was the result of microvoid coalescence and ultimate ductile failure due to a stress state that overwhelms the strength of the material. These fractographic results highlight the importance of the surface quality and limited clinical use in avoiding fatigue failure of the instruments. Clinically, it is impossible to identify the presence of microcracks on the cutting blade surface of new Ni-Ti rotary instruments where fatigue fracture appears to be initiated. Therefore, surface treatments such as electro-polishing were suggested to improve the resistance to cyclic fatigue11). Electro-polishing is the controlled electrochemical removal of surface metal, resulting in a passive surface that is free of contaminants, microcracks and work-induced residual stresses31). A recent study reported that electro-polishing procedures can reduce the number of surface defects and increase the fracture-related fatigue resistance21). The present results can be applied to more useful fractographic analyses of clinically fractured instruments to determine the stress states leading to fracture in clinical situations. Our results also emphasize the potential role of surface defects in Ni-Ti rotary instruments in fatigue fracture. This highlights the special role of wedged dentinal chips onto the surface microcracks, which may lead to their propagation from a localized tensile strength during clinical use, eventually resulting in early instrument fracture32). In conclusion, surface defects created during the machining process and/or by clinical use may act as initiators of microcracks that can lead to fatigue fracture. In addition, fractographic analysis can help identify the failure mechanism of Ni-Ti rotary instruments.
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[image: Figure F1 ]Figure 1


  Schematic diagram of the fatigue testing apparatus that automatically controls the rotation speed (rpm), pecking distance, and pecking speed.
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[image: Figure F2 ]Figure 2


  Photomicrograph of a HEROShaper instrument in group 2 (before fatigue testing) showing the presence of manufacturing defects such as metal roll-over and machining marks (original magnification, × 500).
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[image: Figure F3 ]Figure 3


  High magnification the SEM image of the brittle fracture region showing clusters of fatigue striations (arrows) as well as numerous secondary cracks (original magnification (× 3000).
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[image: Figure F4 ]Figure 4


  SEM image of the fractured surface of a HEROShaper instrument in Group 2. The brittle fracture (BF) region is shown originating from a microcrack. The brittle fracture region transforms to catastrophic ductile failure (DF) (a, original magnification, × 200). A high magnification view of the fractured surface of the same file shows elongated dimples (cup-and-cone fracture) that are indicative of ductile fracture. This characteristic feature of ductile failure results from microvoid coalescence as the instrument is subjected to stress (b, original magnification, × 3000).
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  Mean fatigue fracture time for the three
experimental groups

*Groups with statistically significant differences are indicated by the different letters (Tukey's Test, p < 0.05).
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