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Abstract

The Effect of Surface Defects
of HeroShaper Rotary Instruments
on the Cyclic Fatigue Fracture:

A Fractographic Analysis

The purpose of this in vitro study was to examine the effect of surface
defects of HeroShaper files on the cyclic fatigue fracture in order to determine
the failure mechanisms of NiTi instruments by fractographic analysis using
scanning electron microscope (SEM). A total of 45 HeroShaper files, 2lmm in
length with a #30/.04 taper, were divided into three groups containing 15 files each.
Group 1 contained new HeroShaper without any defects. Group 2 contained
HeroShaper with manufacturing defects such like metal rollover, cracks and flaws.
Group 3 contained HeroShaper that had been used for 6-8 root canal treatments by
a single endodontist. The test apparatus was designed to allow cyclic tension and
compressive stress on the tip of the instrument. The fracture surface of each file was
analysed by SEM. There was statistically significant difference in the fracture time
between groups 1 and 2, and between groups 1 and 3. However, there was no
significant difference between groups 2 and 3. Microphotographs of the lateral
surface of the HeroShaper files in Group 2 showed metal rollover and
significant machining marks along the faces of the flutes. On the other hand,
the lateral surface of the new file was clean and flawless. A low-magnification
SEM image of the fractured surface revealed brittle fracture to be the
predominant failure mode initially, which typically led to a region of
catastrophic ductile fracture in all cases. Qualitatively, the ductile failure

region constituted a larger portion of the surface area and was characterized



by microvoid formation and dimpling (cup-and-cone fracture). At higher
magnification, the brittle fracture region often showed fatigue striations and
several secondary cracks, indicating that the following three characteristic
stages of fatigue crack growth were present: Stage [ (initiation), Stagell
(propagation), and Stage [ (catastrophic failure). Characteristically, the
fractured file surface in group 3 showed evidence of transgranular (cleavage)
fracture across the grains, as well as intergranular fracture along the grain
boundaries.

These results show that surface defects play important roles in cyclic
fatigue fracture, and fractography can be used to analyse fractured NiTi

rotary endodontic instruments.

Keywords : Cyclic Fatigue, NiTi File Fracture, HeroShaper, Ductile Fracture,

Brittle Fracture, Fractographic Analysis
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I . Introduction

Mechanical enlargement of the root canal system is an important part of
endodontic treatment. Properly shaped canals are essential for adequate
chemical irrigation and ultimately for the proficient hydraulics needed for
3-dimensional obturation (1-3). Recent advances in endodontic instrument
design have made proper canal shaping more efficient and predictable. The
most noteworthy advance has been the development of nickel-titanium (NiTi)
rotary instruments, which have become a mainstay in endodontic and general
practice. NiTi rotary instruments are superelastic and far more flexible than
stainless steel instruments before exceeding their elastic limit. These
superelastic NiTi instruments allow an easier preparation of curved canals
whilst minimizing apical transportation. Despite the excellent mechanical
properties of this alloy, unexpected fractures as a result of fatigue without
any visible signs can occur during its clinical use. Cyclic fatigue has been

suggested to account for 50% to 90% of mechanical file fractures (4). Cyclic



fatigue is caused by repeated tensile-compressive stress. Rotation subjects an
instrument to both tensile and compressive stress in the area of the curve.
This repeated tension-compression cycle, which is caused by curved canals,
increases the level of cyclic fatigue over time and might be the most
important factor in instrument separation (5).

Several studies have examined the factors contributing to instrument
distortion and fracture. Of these, the operating revolution per minute (rpm),
canal geometry (including the radius and angle of curvature), instrument
diameter, cross-sectional area, torque, surface wear and pecking motion have
been reported to be most significant (5, 6, 7, 8). However, surface defects
such as machining grooves, metal rollover, and flaws left on the cutting blade
of an instrument during the manufacturing process can initiate microcracks
9).

A detailed examination of the fractured surface at high magnification is
essential for revealing the topographic features that might indicate the
underlying mechanism of failure (9). Fractography can be broadly defined as
the science of observing, measuring and interpreting fractured surface
topography (10). This usually involves an examination of fractured surfaces
under different magnifications to identify and measure the relevant features,
observe the gross characteristics such as the fracture plane directions.
Typically, fractographic analysis can reveal fracture-originating flaws, the
direction of crack propagation, and qualitative and quantitative information
regarding the stress at failure.

The aim of this in vitro study was to evaluate the effect of surface
defects of HeroShaper (MicroMega, Becanson, France) files on the cyclic
fatigue fracture and to gain insight into the mechanisms for the failure of
NiTi instruments by fractographic analysis wusing  scanning electron

microscopy (SEM).



II. Materials & Methods

Materials: A total of 45 HeroShaper files were examined in this study. All
the files were 21lmm in length and had a #30/.04 taper. They had a
non-cutting pilot tip, a positive rake angle, and a variable pitch and helix.
The files were divided into three groups of 15 each: Group 1, new
HeroShaper files without any defects; Group 2, HeroShaper files with
manufacturing defects such like metal rollover, cracks and flaws; and Group
3, HeroShaper files that had been used for 6-8 root canal treatment by a single
endodontist.

Experimental Design: The test apparatus was designed to allow cyclic tension
and compressive stress on the tip of the instrument whilst maintaining the
conditions similar to those experienced in the clinical situations. In addition,
the device could be programmed to automatically control rpm, pecking
distance, and pecking speed (Fig.1 (a) and (b)). The sloped metal block was
fixed to 15° and had a 2mm notched V-form for guiding the instruments.
Each file was rotated at 300rpm, with a 6mm pecking distance, and a
Imm/sec pecking speed, respectively. The angle of curvature was 51°, which
was calculated using Schneider's method at a 6mm pecking distance (11).
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 connected computer program. The files were cleaned
ultrasonically in alcohol for approximately 60 seconds prior to the scanning
electron microscope (FE SEM, Hitachi S-800, Tokyo, Japan) examination to
remove any surface adsorbed debris from the surface. The SEM observations
were made with after drying and ion-coating the sample with Eiko IB-C to a

20-30nm thickness. Fractographic analysis was performed by initially surveying



the entire fractured surface at low magnification (%100, 200, 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, 8000,
10,000) to examine surface features that are consistent with the different types
of failure (i.e., brittle fracture, fatigue crack growth, or ductile fracture). The

data was analysed using the Tukey’s test at a 95% confidence level.
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Figure 1 (a) Figure 1 (b)

Figure 1. The test apparatus that automatically controls operation rpm,

pecking distance and pecking speed (a), a schematic diagram of Fig. 1 (a) (b).



III. Results

1. Measurement of fracture time under cyclic loading

There was statistically 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.

Table 1. Mean time of fatigue failure of the three groups (seconds)

1 2 3 4 5 6 7 8 9 10 Mean = SD*

Group 1 6184 4124 649.1 529.8 467.7 4202 3766 4166 3586 4556 470.5 + 98.7°

Group 2 923 4127 1745 2501 3%.4 2646 2745 467.2 1160 4083 285.5 + 131.8°

Group 3 3236 3429 3186 2576 3934 2755 2996 1654 1205 3208 282.3 + 83.3"

* Statistically significant difference between different letters (p<0.05).

2. Fractographic analysis

Microphotographs of the lateral surface of the HeroShaper files show metal
rollover (Fig. 2) and significant machining marks along the faces of the flutes
(Fig. 3). In contrast, the lateral surface of the new file was clean and flawless
(Fig. 4).

Figure 5 shows a typical example of a fractured surface of a HeroShaper

instrument that occurred during cyclic bending. A low-magnification (x200)



SEM photomicrograph shows brittle fracture to be the main failure mode
initially, which typically led to a region of catastrophic ductile fracture. There
was a transition from brittle fracture to ductile fracture in all cases.
Qualitatively, the ductile failure region in all the files constituted a larger
portion of the surface area and was characterized by microvoid formation and
dimpling (cup-and-cone fracture) (Fig. 5 (b)).

At higher magnification (x3000, 10,000), the brittle fracture region often
showed fatigue striations and a large number of secondary cracks (Fig. 6 (a),
(b)). This suggests that there were three characteristic stages of fatigue crack
growth: Stage I (initiation), Stagell (propagation), and Stage Il (catastrophic
failure). Stage always involves the base of a machining groove and is
recognizable pre-existing machining damage (Fig. 7). The distinct zone of
ductile dimpling occurs in Stage II. Figure 8 shows the brittle fracture region
and the transition to ductile failure more clearly.

Typically, the fractured file surface in group 3 showed evidence of
transgranular (cleavage) fracture across the grains (Fig. 9), as well as
intergranular fracture along the grain boundaries (Fig. 10). Voids or regions
of separation between some of the grains were also evident in Figure 9. This
suggests the loss of small grains, subgrains, or secondary phase particles
during the fracture. Although these types of fractured surfaces correspond to
a ductile fracture process, it is distinctively different from the type of fracture

shown in Figure 5 (b).



IV. Discussion

This study investigated the effect of surface damages on the fatigue
fracture properties of HeroShaper files using a simulated cyclic fatigue device.
The mean time of fatigue fracture was group 1>2>3. The reason for group 3
having the lowest time was probably due to the accumulation of internal
defects associated with cyclic bending, which were caused by fatigue or
torsional overloading while the instruments were being used (12).

Although there was no statistical difference between groups 2 and 3,
group 2 showed a larger standard deviation than group 3 (131.8 vs. 83.3),
which suggests that a file containing manufacturing flaws is more prone to
abrupt fracture when used clinically. Kuhn et. al (13) investigated the
microstructural characteristics of NiTi rotary instruments from two different
manufacturers. They reported that the instruments before any use revealed a
large degree of machining damage, many irregularities and cracks of the
instruments. This suggested that the conditions associated with the
manufacturing process may play a role in the premature failure on NiTi
rotary instruments during clinical use, which is in accordance with the results
from the current experiment.

It is evident that the large number of NiTi rotary instruments observed by
SEM showed a variety of fracture processes during clinical separation (Fig.
2-9). The fractured HeroShaper instruments generally displayed dimpled
rupture features, as shown in Figure 5 (b). These dimples, which were
indicative of ductile fracture, were also generally observed on the fracture
surfaces of other instruments such as ProFile, ProFile GT, ProTaper etc (14).

Endodontic rotary instruments can fracture as a result of two
circumstances: torsional fracture and flexural fatigue. Torsional fracture
occurs when the tip or any part of the instrument is locked in a canal while

the shaft continues to rotate. The instrument exceeds the elastic limit of the



metal resulting in plastic deformation and fracture. The other type of
instrument fracture is caused by work hardening and metal fatigue, which
results in flexural fracture (failure). With this type of fracture, the instrument
is freely rotated in a curved canal. At the point of curvature, the instrument
flexes until it fractures at the point of maximum flexure. It is generally
believed that this mode of failure is an important factor in the fracture of
NiTi rotary instruments. Torsional fracture was reported to occur in 55.7% of
all fractured files, whereas flexural fatigue occurred in 44.3% (15). These
results suggest that torsional failure, which may be caused by using too much
apical force during instrumentation, occurs more frequently than flexural
fatigue, which may result from in curved canals.

Dederich et al. (16), who examined stainless-steel instruments in an attempt
to significantly extend their instrument life, reported that axial motion (in and
out movements) during instrumentation would be expected with NiTj,
engine-driven rotary instruments. NiTi instrument manufacturers suggest that
these instruments be used with continuous axial motion in the canal
Lingering at a single depth in the canal would closely duplicate the test
conditions used in this study, which would significantly reduce the fatigue
life of an instrument at a specific point along the instrument shaft (5).
Therefore, this mode of operation should be avoided.

The three-stage fracture mechanism of a NiTi file is as follows. Stage I,
crack initiation and growth, is characterized by a smooth, almost featureless
area at the periphery of the fracture face. Stage II, crack propagation, is
typified by striations. Each striation represents the progression of a crack
caused by tension during a single rotation of the instrument. The fractures
propagate from the periphery of the instrument toward the center. Stage III,
ultimate ductile fracture, can be seen in the center of the fracture surface (5).
Stage 1 always involves the base of a machining groove and is recognizable
as pre-existing machining damage. This suggests that pre-existing machining
defects play role in the cyclic bending fatigue failure mode of NiTi rotary

instruments. The distinct zone of ductile dimpling is represented in Stage III.



Ductile dimpling is the result of microvoid coalescence and ultimate ductile
failure due to a stress state that overwhelms the strength of the material

This knowledge can be applied to the performance of a more useful
fractographic analysis of clinically fractured instruments to determine the level
of stress leading to failure in a clinical situation.

The fractographic features of the clinically fractured instruments in this
study are consistent with crack propagation (in a brittle fracture mode) from
pre-existing machining damage, which transforms to catastrophic ductile
failure. This suggests that many premature fractures of NiTi rotary
instruments occur (possibly within the elastic limit of the instrument) as a
result of crack growth from manufacturing defects.

The SEM observations of the HeroShaper rotary endodontic instruments
emphasize the likely role of prominent machining grooves on the surfaces of
these instruments in fracture, further noting the special role that embedded
dentinal chips have by providing a wedging action on these grooves (17).
Generally, the fracture initiation sites of the NiTi files were located at places
on the peripheries of the instrument cross-sections where defects from the
manufacturing process would provide a concentration of stress. Other studies
have reported similar fracture initiation, and emphasized the importance of
the surface quality and limited clinical use in avoiding the failure of these
instruments.

The fractographic analyses performed in this study provide valuable
information on the features expected for instruments that fracture in separate,
clinically relevant stress states. The fractographic features observed for
fractured NiTi rotary instruments as a result of cyclic fatigue are similar to
those reported by Sotokawa for fractured stainless steel hand instruments
(18) and to other NiTi rotary instruements (8). However, the findings of this
study are in contrast to others that have found only features consistent with
ductile failure on the fracture surfaces of instruments fractured in cyclic
bending (5, 19). In particular, crack propagation from the surface of

instruments, fatigue striations and catastrophic ductile failure was observed.



This knowledge can be applied to perform more useful fractographic analyses
of clinically fractured instruments to determine the stress states leading to

fracture in the clinical situation.
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V . Conclusion

This study evaluated the effect of surface defects of HeroShaper files on

the cyclic fatigue fracture using fractographic analysis.

1. There was statistically significant difference in the fracture time between
groups 1 and 2, and between groups 1 and 3 (p<0.05).

2. All the fractured surfaces showed three characteristic stages of fatigue
crack growth, and most areas were found to be ductile in nature suggesting
cyclic fatigue to be a major cause of failure.

3. Crack propagation at the grain boundaries and cleavage surfaces

indicative of transgranular and intergranular fracture were observed.
These results demonstrate that surface defects play important roles in

cyclic fatigue fracture, and that fractography can be used to analyze the

fracture mechanics of NiTi rotary endodontic instruments.

_‘l‘l_



VI. References

1. Schilder H. Cleaning and shaping of the root canal. Dent Clin North
Am 1974;18:269 - 296.

2. Ruddle CJ. Cleaning and shaping the root canal system. In: S. Cohen
and R.C. Burns, Editors, Pathways of the pulp, Mosby, St. Louis (Mo) (2001),
pp- 231 - 291.

3. Schilder H. Filling root canals in three dimensions. Dent Clin North
Am. 1967, Nov. 723

4. Fuchs HO, Stephens RI, Metal fatigue in engineering. New York: John
Wiley, Inc., 1980

5. Pruett JP, Clement DJ, Carnes DL. Cyclic fatigue testing of
nickel-titanium endodontic instruments. J Endod 1997;23:77-85

6. Turpin YL, Chagneau F, Vulcain JM. Impact of two theoretical
cross-sections on torsional and bending stresses of nickel-titanium root canal
instrument models. J Endod 2000;26:414-7

7. Gambarini G. Cyclic fatigue of nickel-titanium rotary instruments after
clinical use with low- and high-torque endodontic motors. J Endod
2001;27:772-7745.

8. Li UM, Lee BS, Shih CT, Lan WH, Lin CP. Cyclic fatigue of endodontic
nickel titanium rotary instruments: Static and dynamic tests. ] Endod
2002;28:448-51

9. Cheung GSP, Peng B, Bian Z, Shen Y, Darwell BW. Defects in ProTaper
S1 instruments after clinical use: fractographic examination. Int Endod ]
2005;38:802-809

10. Hull D. Fractography: observing, Measuring and Interpreting Fracture

Surface Topography. 1999. Cambridge. United Kingdom: Cambridege

_12_



University Press.

11. Schneider SW. A comparison of canal preparations in straight and
curved canals. Oral Surg 1971;32:271-5

12. Bahia MGA, Martins RC, Gonzalez BM, Buono VLT. Physical and
mechanical characterization and the influence of cyclic loading on the
behaviour of nickel-titanium wires employed in the manufacture of rotary
endodontic instruments. Int Endod J 2005;38:795-801

13. Kuhn G, Tavernier B, Jordan L. Influence of structure on
Nickel-Titanium endodontic instrument failure. J Endod 2001;27:516-520

14. Alapati SB, Brantley WA, Svec TA, Powers JM, Nusstein JM, Daehn
GS. SEM observations of nickel-titanium rotary endodontic instruments that
fractured during clinical use. J Endod 2005;31:40-43

15. Sattapan B, Nervo GJ, Palamara JE, Messer HH. Defects in rotary
nickel-titanium files after clinical use. J] Endod 2000;26:161-5

16. Dederich DN, Zakariasen KL. The effects of cyclical axial motion on
rotary endodontic instrument fatigue. Oral Surg 1986;61:192-6

17. Alapati SB, Brantley WA, Svec TA, Powers JM, Nusstein JM, Daehn
GS. Proposed role of embedded dentin chips for the clinical failure of
nickel-titanium rotary instruments. J Endod 2004;30:339-41

18. Sotokawa T. An analyses of clinical breakage of root canal instruments.
J Endod 1998;14(2):75-82

19. Haikel Y, Serfaty R, Bateman G, Senger B, Alleman C. Dynamic and
cyclic fatigue of engine-driven rotary nickel-titanium endodontic instruments. J

Endod 1999;25:434-440

_13_



Legends

Figure 1. The test apparatus that automatically controls operation rpm,

pecking distance and pecking speed (a), A schematic diagram of Fig. 1(a) (b).

Figure 2. Low magnification SEM image of the surface of a HeroShaper file

in Group 2, showing metal rollover (original magnification, x500).

Figure 3. High magnification SEM image of the surface of a HeroShaper file
in Group 2, showing significant machining marks along the faces of the flutes

associated with the manufacturing process (original magnification, x3000).

Figure 4. SEM image of a new HeroShaper file surface, showing a clean and

flawless surface (original magnification, x500).

Figure 5. SEM image of a fractured surface of a HeroShaper file in Group 1.
A region of brittle fracture (BF) is shown originating from the machining
groove and subsurface damage. The brittle fracture region transforms to
catastrophic ductile failure (DF) (a). 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, (a)>x200, (b)x3,000).
Figure 6. High magnification SEM images of the brittle fracture region,

showing fatigue striations (arrows) and numerous secondary cracks (original

magnification, (a)x3,000, (b)x10,000).
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Figure 7. SEM image showing recognizable pre-existing machining damage

(arrow) (original magnification, x1,000).

Figure 8. SEM image of the brittle region (BF) and the transition to a ductile

failure region (original magnification, x1,000).

Figure 9. SEM image of a fractured face of a HeroShaper file in Group 3,
showing evidence of transgranular (cleavage) fracture across the grains

(original magnification, x8,000).

Figure 10. SEM of fractured face of a HeroShaper file in Group 3, showing

evidence of intergranular fracture along the grain boundaries (original

magnification, x5,000).
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Figure 10

_23_



=% 8o

HeroShaper A& 3 ¥ 2 w3 3F v glo]A

=
xH Z3o 9%: Fractographic ¥4

HHE 32 1o lojA] HeroShaper filese] W Z3te A& Hrista, 93

S BAstel 17 G3ke FHHE Aol

g
o
N
>
)
B
)
=)
o,
tlo
of

17 Ago] gle A files, A 27 A X 7Aoo A metal rollover, crack®} 2
& Aol Q= fileso]™ A 37 YAolA 6-8702] = AP AL H files
2 EFSAT. A4 29 filesssS 54 7IAES ol&ste] €AT rpm, pecking

distance, speed 3jollA W& M2 S 7hste] ddE 7iA] AtE SAHEY F

ue)
)
tio
X
>
rN
X
r U
A
o
tio
of
ol
£
i
(9
ol

2
£
u
i)
5
K=
i)
i)
2

I
7hA Al B ARbel 1ol A group 13} 2, group 13 3 Apolo FAStAHo=w
Fol 7k AAek. 22yt group 29 3 Abolele FAITAH Ael7t

ATk Fractographic ¥4 23 Zd® BE Weol 3 @A (A o8 MAl, A4

Jo
Lo
]
=
rot

_24_



2, ) 5A4F A% A R "HAdA A4 E FFSs R £
W #Z Al Group 2914 = metal rollovert}t VA FEH & Age] HHEHS]

o} =3k AW A transgranular®} intergranular 32 S #ZE = A o]}

< 2=

e
0

|70l Rol 59 Z3e] vtE Iz gHoM Fag 4L 5
fractography 45 %

(e}
S ¢ F Uy

S| NiTi 7179 g 93g Fused S48 +

A H=2 . ¥E 5 Z, NiTifile 34, HeroShaper, A4 33, 4 14,

Fractographic &4

_25_



	contents
	abstract
	Ⅰ.Instroduction
	Ⅱ.Materials & Methods
	Ⅲ.Results
	Ⅳ.Discussion
	Ⅴ.Conslusion
	Ⅵ.References
	Legends
	Figures
	국문요약

