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Objective. The purpose of this study was to determine the effect of various thermal treatments on the fatigue
resistance of a nickel-titanium (NiTi) engine-driven endodontic file.
Study design. Fifteen groups of 5 files each of ISO 30 and taper .04 were tested in this study. The cutting tip (5 mm
from the end) of files from 14 groups were heat treated for 30 minutes in temperatures 250°C, 300°C, 350°C, 375°C,
400°C, 410°C, 420°C, 425°C, 430°C, 440°C, 450°C, 475°C, 500°C, and 550°C, respectively, while 1 group was used
as reference. The files were placed in a device that allowed the instruments to be tested for rotating bending fatigue
inside an artificial root canal. The number of rotations to breakage was recorded for each file. The mean values of all
groups were statistically analyzed using 1-way analysis of variance and Student Newman Keuls multiple comparison
test at � � .05.
Results. The 430°C and 440°C groups showed the highest values, with fatigue resistance decreasing for thermal
treatment at lower and higher temperatures. This may be the result of metallurgical changes during annealing.
Conclusion. Within the limitations of the low sample size and the specific instrument size tested, it appears that the
appropriate thermal treatment may significantly increase the fatigue resistance of the NiTi file tested. (Oral Surg Oral

Med Oral Pathol Oral Radiol Endod 2007;103:843-7)
Nickel-titanium (NiTi) alloy has been used in endodon-
tics for about 2 decades. It was introduced to facilitate
instrumentation of curved root canals. Although NiTi
files showed increased flexibility compared with stain-
less steel counterparts, the unexpected fracture during
mechanical preparation of root canals still remains a
problem.1-3 It has been reported that rotary NiTi instru-
ments are more prone to intracanal fracture compared
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with stainless steel hand instruments.3 These unex-
pected fractures occur without any visible changes to
the instruments, such as permanent defect or deforma-
tion.1,2

It is widely accepted that the fracture of engine-
driven NiTi instruments is associated with the fatigue
mechanism mainly due to cyclic loading, although
some recent studies based on clinically failed instru-
ments implied that fracture occurs due to a sudden
overload rather than a progressive fatigue process.3-6 In
any case, the mechanical properties of NiTi alloys
associated with fatigue resistance in the former mech-
anism or the fracture strength in the latter play an
important role on the fracture susceptibility under clin-
ical conditions.

However, the mechanical as well as the shape mem-
ory and superelastic properties of endodontic files are
strongly dependent on the thermomechanical process-
ing history of NiTi alloys through the manufacturing
process.7 Although the exact thermomechanical history

of NiTi wires used for the production of endodontic
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files is proprietary, typical processing of superelastic
NiTi-based wires includes vacuum casting of an ingot
and hot forging, rolling, and drawing followed by a heat
treatment. The NiTi alloys are usually heat treated
between 450°C and 550°C, in air or inert atmosphere
furnaces, to obtain superelastic or shape memory prop-
erties and to achieve the appropriate balance of me-
chanical properties for the application.7-9

Nickel-titanium wires are provided by the manufac-
turer in a cold-worked state (known also as drawn or
rolled) in cases where further mechanical and/or ther-
mal treatment might take place, because cold-worked
microstructures demonstrate less ductility, facilitating
the grinding process.7 It is assumed that the same
procedure is followed for the production of NiTi instru-
ments, as they are produced exclusively by CAD/CAM
manufacturing processes.8 Therefore, it is expected that
the endodontic instrument manufacturers are supplied
the NiTi alloys in the cold-work state. The composition
of alloy used to construct endodontic instruments is
56% wt Ni and 44% wt Ti, according to the information
provided by one manufacturer (Dentsply, Maillefer In-
struments SA, Ballaigues, Switzerland);8 the same is
true for other manufacturers of endodontic files, based
on unpublished data by energy-dispersive x-ray micro-
analysis by our research group. For NiTi alloys with the
aforementioned elemental composition, the fracture
strength of 1723 MPa and 7% elongation after fracture
in the cold-worked drawn state are changed to 1378
MPa and 15%, respectively, after heat treatment.7

Previous studies10-14 have already proved that addi-
tional thermal treatments significantly modify the me-
chanical and superelastic properties of NiTi files, im-
plying that the assumption that NiTi files are

Fig. 1. Illustration of the thermal treatment process. The tip
of the instrument is heat treated under a constant flow of hot
air while the rest is immersed in a water bath.
manufactured by fully cold-worked alloys is right. In
this perspective, the aim of this study was to evaluate
the effect of thermal treatment on the fatigue resistance
of a commercially available engine-driven NiTi file.

MATERIAL AND METHODS
Fifteen sets of 5 endodontic NiTi files each (NRT,

Mani Inc., Tochigi-Ken, Japan) of ISO 30 and taper .04
(Lot number 5040677600) were selected for this study.
The tips (5 mm from the cutting tip) of files from 14
sets were heat treated for 30 minutes in temperatures
250°C, 300°C, 350°C, 375°C, 400°C, 410°C, 420°C,
425°C, 430°C, 440°C, 450°C, 475°C, 500°C, and
550°C, respectively. One set was used as a reference.
The tip of each file was heat treated by a hot air device
(Weldy hot air tool, Malcom Hot Air Systems, An-
dover, MA), whereas the rest of the file remained
immersed in water as illustrated in Fig. 1. The pro-
cessed pieces were cooled to room temperature. Then,
the files were placed in a specific device that allowed
the instruments to be tested in rotating-bending position
inside a guide that had the form of an artificial root
canal engraved on the surface of 2 hard-steels pins (Fig.
2). The instruments were rotated inside the artificial
canal with a 5-mm bending arc of curvature at a con-
stant speed of 200 rpm. The number of rotations to

Fig. 2. Experimental setup for the evaluation of rotation to
breakage of the nickel-titanium instruments.
breakage was recorded for each file and the mean
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values of all groups were statistically analyzed using
1-way analysis of variance and Student Newman Keuls
multiple comparison test at � � .05.

RESULTS
Table I shows the results of number of rotations to

breakage for each group, sorted in decreasing order.
According to the statistical analysis, the group at 430°C
showed the highest number of rotations to breakage,
with statistical significance differences with all groups
except that of 440°C. Fractures of all specimens oc-
curred within the deflected part of the file. Fig. 3
illustrates the alteration of rotation to breakage in rela-
tion to the annealing temperature. The reference group
was set at room temperature. The number of rotations
to breakage was found to increase from the reference
group to the group of 430°C and 440°C and then to
decrease again until the group of 550°C.

DISCUSSION
According to the results of this study, the fatigue

resistance of files was found to steadily increase from
the as received state to 440°C annealing temperature
and then to decrease again up to 550°C. The explana-
tion of this behavior is associated with the thermome-
chanical processing and the subsequent metallurgical
alterations.

When metals and alloys are rolled or forged or drawn
to wire such as in this case, they work harden or strain
harden. Cold-worked alloys demonstrate increased

Table I. Mean values and standard deviations of num-
ber of rotations to breakage of nickel-titanium files for
all groups tested

Aging temperature
Number of rotations

to breakage* SNK grouping†

430°C 4918 � 453 A
440°C 4264 � 487 AB
425°C 3571 � 376 BC
410°C 3536 � 412 BC
420°C 3325 � 639 CD
400°C 3241 � 672 CD
450°C 3183 � 522 CD
375°C 2480 � 471 DE
350°C 2093 � 477 EF
475°C 1991 � 433 EF
500°C 1318 � 479 FG
300°C 1316 � 294 FG
250°C 1147 � 232 FG
Reference 936 � 136 G
550°C 864 � 201 G

*Results are sorted in decreasing order of mean values.
†Means with same SNK (Student Newman Keuls) grouping letter are
not significantly different (P � .05).
hardness but with decreased ductility. This is attributed
to the fact that cold working significantly increases the
dislocation (defects in crystal structure) density.15 Al-
though the presence of dislocations in a crystalline
material such as alloy is essential for plastic deforma-
tion, the overgrowth of dislocation density induced by
cold working has the inverse effect, decreasing the
ductility of the alloys. This is appended to the fact that
each dislocation produces a strain field, hindering the
sliding of adjacent dislocations.15 Annealing through
thermal treatment gives the atoms enough thermal en-
ergy to rearrange themselves in the lattice under the
driving force of this strain energy in a process known as
recovery. After the rearrangement of dislocations, the
total strain energy is significantly lowered and the in-
ternal stresses are released with subsequent changes in
strength and ductility. The next process is recrystalli-
zation, which occurs in higher temperatures than recov-
ery, whereas new grains nucleate and grow until the
whole structure consists of undeformed grains.15 After
this process, the dislocation density returns to its initial
value and the same happens for the strength and duc-
tility.

The maximum fatigue resistance for the 440°C group
might be explained by the fact that recovery of NiTi
cold-worked alloys is commonly taking place7 within
the range of 450°C to 550°C. The progressive attenu-
ation of dislocation density from the as received state to
the 440°C annealing temperature state significantly de-
creases the brittleness,7 enhancing the resistance to the
crack propagation mechanism and thus the fatigue
strength. However, the aforementioned approach can-
not explain the decrease of fatigue resistance beyond
450°C, as the dislocation’s density is steadily decreased
through annealing at higher temperatures. A significant
insight in the metallurgical alterations of cold-worked

Fig. 3. The curve shows the alteration of number of rotations
to breakage in relation to the annealing temperature, demon-
strating the maximum value at 430°C.
NiTi alloys is given by the work of Frick et al., 2005.14
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The microstructure of cold-worked NiTi alloys consists
of a large dislocation density as well as residual mar-
tensite in an austenitic matrix. During heat treating, the
microstructure is changed by 2 antagonistic mecha-
nisms: precipitate growth of Ni3Ti4 and dislocation
annihilation. Precipitate growth of Ni3Ti4 is also effec-
tive at stopping dislocation sliding, as does a large
dislocation density in cold-worked structures. Although
ductility is progressively increased through attenuation
of dislocation density, the precipitation process during
annealing has the inverse effect by hindering disloca-
tion motion. According to the results of this study, the
temperature range of 430°C to 440°C is the optimum
for the specific alloy, and for its thermomechanical
treatment, in obtaining the maximum fatigue resistance.
Of course, thermal treatment definitely has an effect on
characteristic transformation temperatures (Af, As, Ms
and Mf)7 of this alloy, but the evaluation of this phe-
nomenon is beyond the aim of this study.

The justification for heat treating only the tip of the
files is also associated with the alterations of mechan-
ical properties after thermal treatment. Intracanal frac-
ture of endodontic instruments is commonly observed
within the first one third of its length.2,16 The increase
in fatigue resistance through the aforementioned mech-
anism associated with the release of residual strain is
followed by a significant decrease in hardness, affect-
ing the cutting ability of these instruments. A previous
study made on ProFile files showed that recrystalliza-
tion is followed by a tremendous decrease in hard-
ness—from 475 in the as received state to 258 Vickers
Hardness (VHN)—a value approaching the hardness of
fully annealed NiTi alloys (200 VHN)17 used for non-
dental applications.10 Therefore, the constraint of the
thermal treatment effect only in the tip region increases
the fatigue resistance at the fracture-sensitive area, re-
taining the maximum cutting ability to the rest of the
file.

Of course, the results of this study are appended only
to the tested files. However, previous studies18 showed
that commercially available endodontic files have hard-
ness values (HV200: ProFile � 450, Ergoflex K � 410,
Hero642 � 376, Hyflex X-File � 371) close to the
tested files in the as received condition (465 VHN), and
much higher than those of the fully annealed state (200
VHN),17 denoting that endodontic files are manufac-
tured from cold-worked NiTi wires. This is also advo-
cated by the fact that ProFile instruments of the same
size and taper (number 30, taper .04) demonstrate com-
parable cycles to failure (812 � 52)19 when tested with
the tested files in the reference group (rotations to
breakage 936 � 136). Of course, differences in hard-
ness among the aforementioned materials are appended

to variations to their thermomechanical history—which
of course remains unknown for each product—whereas
variations in cycles to failure may also be attributed to
the geometric differences between ProFile and Mani
NRT instruments. This means that heat treatment can
be applied to all endodontic files to modify their me-
chanical properties.

The results of rotation to breakage are indicative of
the mechanical properties of the alloy and definitely
cannot be used as a safe limit to avoid fracture under
clinical conditions. This is the reason for applying the
technique for only 1 instrument size. In addition, the
quantitative differences in fatigue resistance between
thermal-treated reference groups cannot be extrapolated
to other commercially available endodontic instruments
due to differences in geometric features, as well as in
the thermomechanical history of NiTi alloy.

Recent studies3,5-6 based on clinically fractured NiTi
instruments reported that fracture occurs due to a single
overloading under torsion, tensile, or bending-loading
conditions (the combination of all the aforementioned
loading is also very possible), rather than a fatigue
mechanism. Given that the fracture strength is signifi-
cantly decreased after thermal treatment (from 1723 to
1378 MPa),7 it is expected that the instrument will be
more susceptible to fracture. However, the decrease in
fracture strength is followed by an increase in ductility
(from 7%-15%), enhancing the fracture toughness of
the alloy. Generally, this means that the alloy might be
more susceptible to the initiation of plastic deformation
but more resistant to separation. In any case, this is only
a speculation, and thus the behavior of thermal-treated
NiTi instruments in this failure mechanism, together
with the possible adverse effect on the cutting ability of
endodontic instruments, requires further analysis to op-
timize the effect of thermal treatment on the efficacy of
engine-driven NiTi instruments. Although the current
results definitely show a trend for fatigue resistance,
manufacturers should modify the parameters of the
thermal treatment (i.e., temperature, time portion of
instrument subjected to heat treatment) according to the
thermomechanical history of NiTi alloy used, as well as
the clinical demands to optimize the effect of thermal
treatment on NiTi instruments.

Although the thermomechanical history of NiTi in-
struments still remains unknown, the results of this
study show that the mechanical properties of such in-
struments can be effectively modified by thermal treat-
ment. However, the application of heat treatment can
significantly vary for different commercial products
due to differences in their thermomechanical history.
Therefore, thermal treatment can be used to increase
the in vivo performance of NiTi instruments, modifying

the mechanical properties that have crucial implication
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on the cutting and failure mechanisms encountered
under clinical conditions.

CONCLUSIONS
The results suggest that fatigue resistance of the

tested NiTi instruments may be significantly enhanced
by the appropriate heat treatment.
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