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Heat treatments and geometries have a significant influence on the mechanical behavior of endodontic
files. Finite element analyses were performed to verify the effects due to each of these parameters
in NiTi files. Two designs and three NiTi atomic structures (resultant from different heat treatments)
were selected for this study. The geometries of the ProTaper Next X1 and ProTaper Universal S2 files,
and the structures of fully austenitic (conventional superelastic), austenite treated, and fully R-phased
were used. The mechanical responses were evaluated under flexion and torsion loading conditions
described by ISO 3630-1 specification. According to the results, the design of the X1 file exhibit
higher flexibility in comparison to the S2 model. Under torsional loads, S2 showed higher stiffness.
The structures of fully austenitic showed the least flexibility under flexion and the highest torsional
stiffness. The stress levels reached for the austenitic condition were uppermost. The treated condition
that resulted in a fully R-phase file usually presented a higher level of flexibility with lower stress
levels, indicating a longer life in fatigue when compared to the other treatments.

Keywords: NiTi endodontic files, heat treatment, cross-sectional design, finite element analysis,

bending and torsional loads.

1. Introduction

The use of NiTi alloys in endodontic instruments had
an enormous impact on endodontic practice. These alloys
exhibit greater flexibility when compared with stainless
steel'. Also, NiTi alloy presents superior biocompatibility
and corrosion resistance®’. Despite the advantages of NiTi
over stainless steels, NiTi endodontic files may exhibit
unexpected fractures within the root canal®. During canal
preparation, endodontic files are subject to mechanical flexion
and torsion loading caused by the canal anatomy itself, which
is curved and narrow?. Thus, the fracture of these instruments
usually occurs by torsional overload or flexural fatigue.
The torsional fracture occurs when the file gets locked into
the canal, whilst the shaft continues to rotate. The flexural
failure occurs due to the material’s fatigue: the instrument
rotates within a curved channel and experiences alternating
traction/compression loads, resulting in fatigue**.

Several types of research have been done to prevent the
failure of NiTi files’!*. The main focus is to improve the
mechanical properties under bending and torsion, which
is the main loading conditions to which the instruments
are subjected during use, and, consequently, to increase its
resistance to fatigue*. Variations in NiTi endodontic files have
been made by different heat treatment conditions, geometric
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changes (modifying the cross-sectional shape, pitch length,
taper), and manufacturing conditions'*'®. All these factors
affect the clinical performance of rotary instruments.

Design elements of files have been widely investigated
and demonstrated that pitch, cross-section shape, and area
directly affect the mechanical behavior and degree of stress
of these instruments'’?2. However, most of these studies
compare files with different geometries but do not take into
consideration the fact that the material’s constitution and
properties are also different. The occurrence of more than
one variable makes it difficult to determine if the mechanical
responses presented by the instruments are due solely to the
geometry or to a combination of this variable with materials
properties.

Different heat treatments aim to improve the properties
of the NiTi alloy used for endodontic instruments!>!623:24,
Heat treating conventional superelastic NiTi, which is in
the austenite phase with B2 structure type, may transform
its structure into an intermediate R-phase, which is a type
of martensite with rhombohedral structure'®?*, R-phase
heat treatments increase flexibility and resistance to cyclic
fatigue in NiTi files'®. The recent effort in this area is to
develop files containing R-phase fully or coexisting with
austenite (commercially named M-wire)*. Many studies
experimentally compare treated files, M-wire or R-phase,
with conventional superelastic ones>!>¢2, However, there
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are geometric variations between the evaluated instruments
that may influence the results.

Since treatments and geometries seem to play an essential
role in the file’s behavior, in the present study, it was investigated
the effects of these both variables on the mechanical of a NiTi
endodontic instrument using finite element analysis (FEA).
FEA offers the advantage of analyzing individual variables
and combinations of them, distinguishing the influences due
to geometry or heat treatment. Two designs with significant
differences in the shape and area of the cross-section and the
distribution of mass along its axis (one being eccentric and
the other concentric) were chosen, and three NiTi structures
obtained by distinct heat treatment conditions were selected
for this study. The geometries of the ProTaper Next X1 and
ProTaper Universal S2 files were adopted. The following
three structures were used: 1) fully austenitic (conventional
superelastic); ii) recovered austenite superelastic with
rearranged dislocation due to the heat treatment that made
the dislocations move, reorganize and annihilated each other
resulting in a different structure; and iii) fully R-phased.

2. Materials and Methods

Two commercial files ProTaper Next X1 and ProTaper
Universal S2 were chosen to analyze the variation in
mechanical behavior due to geometry. Three conditions
were used to investigate the effects of heat treatment on
the behavior of the files: state as received, heat-treated at
350 °C, and heat-treated at 450 °C.

Three-dimensional models were created using
computer-assisted design (CAD) software SolidWorks 2016 to
reproduce the current geometries of the ProTaper Next X1 and
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ProTaper Universal S2 files (Figures 1a and b, respectively).
Both instruments have a similar diameter (0.17 mm and
0.20 mm tip diameter, for X1 and S2, respectively) and
the same taper (0.04). However, they exhibit differences
in cross-sectional shape, as can be seen in Figure 1. Also,
X1 showing an eccentric cross-section geometry and S2
being concentric. The instruments had an active part length
of 17 mm and a total length of 25 mm.

The 3D models have been exported to Abaqus 6.14-2
software and meshed for the finite element analysis (FEA)
with 20-noded quadratic elements C3D20R (see Figure 2).
For the mesh generation, it aimed to maintain the same
element size for both geometries. The element size was
defined so that it was possible to apply the same loads for
the three sets of properties in each geometry. The final finite
element model of the X1 consisted of 2,244 elements with
13,329 nodes. The S2 model was composed 0f 2,292 elements
integrating 13,038 nodes.

The heat treatment conditions applied, as well as the
mechanical properties resulting from each condition, were
obtained from work performed by Silva et al.?, which
heat-treated an initially superelastic NiTi wire in various
temperatures. For this study, three conditions were chosen
that resulted in more distinct properties and structures.
The as-received (AR) condition and heat treatment conditions
performed at 350 °C and 450 °C were selected. According to
Silva et al.?, the microstructure of AR condition is superelastic
austenite, with a high density of dislocations and defects;
the condition at 350 °C displays recovered superelastic
austenite, with rearranged dislocations; and the condition
at 450 °C is R-phase structure.

s,
X1

0.10Ncm / 0.20Ncm

Figure 2. Boundary conditions used for (a) the bending and (b) torsion test, based on ISO 3630-13".
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The samples will be named by combining the geometry
with the heat treatment according to the examples: X1 350
is the X1 file with the treatment conditions at 350 °C; S2_ AR
refers to the S2 geometry with the condition parameters as
received.

The behavior of a superelastic alloy was simulated
with the aid of a user-defined subroutine implemented in
the Abaqus code based on the constitutive model proposed
by Auricchio and Petrini®. The required parameters for
this subroutine extracted from the work of Silva et al.?* are
described in Table 1.

Figure 2 shows the boundary conditions used in this
study to reproduce experimental bending and torsion tests for
endodontic instruments based on ISO 3630-1 specification®':

1) For the bending resistance test, the file was held at
3 mm from the tip, preventing any displacement in
the x, y, and z axes. The shaft was then deflected
until 45° of inclination;

2) For the torsion resistance test, the endodontic
instrument was also held at 3 mm from the tip,
and clockwise torsional moments of 0.10 Ncm
for X1 and 0.20 Ncm for S2 were applied at the

end of the shaft. The different torsion values were
chosen based on the mechanical resistance of the
instruments under uniaxial tensile tests, so as not

to reach their yield limit.
The mechanical behavior was characterized in terms
of flexibility and stress distribution. The stresses in the file
models were depicted in terms of von Mises equivalent stress.

3. Results

3.1 Bending tests

Figure 3 shows the variation of the simulated bending
moment caused by the flexion of the files up to 45°. In this
context, flexibility can be defined as the moment needed to
bend the instrument without causing permanent deformation.
X1 geometry provides greater flexibility than S2. In general,
the heat treatment at 450 °C resulted in higher flexibility
than the heat treatment at 350 °C. The AR condition is the
least flexible.

Apeculiarity is noted in X1_450 when compared with the
other conditions. Initially, X1 450 exhibits greater flexibility,

Table 1. Parameters used to describe the constitutive model for simulation.

Parameter Description AR S350 S450
E, Austenite elasticity 55,737 MPa 42,389 MPa 52,192 MPa
vy Austenite Poisson’s ration 0.33 0.33 0.33
Ey Martensite elasticity 19,106 MPa 22,383 MPa 20,877 MPa
Vi Martensite Poisson’s ration 0.33 0.33 0.33
&L Transformation strain 8.6% 7.2% 6.4%
(60/6T),  (60/6T) loading 6.7 6.7 6.7
O'f Start of transformation loading 448 MPa 389 MPa 316 MPa
Gf End of transformation loading 511 MPa 459 MPa 355 MPa
T Reference temperature 25°C 25°C 25°C
(60/6T), (6o /8T) unloading 6.7 6.7 6.7
65 Start of transformation unloading 161 MPa 104 MPa 6.95 MPa
0'5 End of transformation unloading 118 MPa 43 MPa 6.95 MPa
0.50 T T T T T T T T 0.50 T T T T T T T T
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Figure 3. Numerical moment-bending curves: (a) X1 file and their respective heat treatment conditions and (b) S2 file and their respective

heat treatment conditions.
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but around 33° of bending its behavior changes, reaching
the lowest flexibility at 45°. This behavior occurs due to
the shorter length of the martensitic transformation plateau
verified for the condition treated at 450 °C (see Table 1).
At45°, the elastic deformation of martensite already occurs
for X1_450, in which there is a greater inclination due to
the stress rising at a higher rate.

A maximum moment of 0.295 Ncm was calculated for
X1 _AR. For X1 350 and X1 450 the maximum moments
were 0.273 Ncm and 0.341 Nem, respectively. S2_AR
exhibited 0.483 Ncm at 45°, for S2_350 it was 0.457 Nem
and for S2 450, 0.412 Nem.

The von Mises stress distributions along with the
instruments and in the cross-section at 3 mm from the tip
under bending are illustrated in Figures 4 and 5, respectively.
The von Mises stress for S2 design is higher than the one
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calculated for X1: S2 reaches values close to 1,400 MPa,
while X1 does not exceed 1,000 MPa. Both heat treatments
decreased the stress level, being the treatment at 450 °C the
most effective in terms of stress reduction under bending,
which means the ideal condition to obtain more flexible
instruments. The highest von Mises stresses were obtained
in AR condition. The stress is concentrated near the tip held
region and located at the periphery of the cross-section,
whereas the central area exhibited zero or lower stresses.

Figure 6 shows the mean stress curves in the cross-sections
illustrated in Figure 5. The stresses achieved for X1 are
lower than the ones calculated for S2, considering the same
condition. The improvement in bending resistance at 450 °C
is observed for both geometries. Again, the heat treatment at
450 °C generated the lowest stress levels, while AR reached
the highest stress.

450

Figure 4. The von Mises stress distribution along with the body instruments under bending at 45°.
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Figure 5. The von Mises stress distribution in the cross-section at 3 mm from the tip under bending at 45°. Note that the neutral lines are
set in the x direction, which means that the flexural displacement was applied in the y direction.
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3.2 Torsion test

Figure 7 shows the distortion angles as a function of
the applied torque under torsional loading. The curves
are interrupted at the maximum torsional moment used
of 0.10 Nem for X1, and 0.20 Nem for S2. Considering
the torsional stiffness as the moment needed to rotate the
instrument, it is observed that the S2 files are more rigid
than the X1 ones. For both geometries, the heat treatments
resulted in similar behavior. The AR condition presented the
superior stiffness, whilst the heat treatment at 450 °C reduced
the torsional stiffness of the instruments. The total angular
displacement for X1 AR, X1 350, and X1 450 was 63.0°,
82.1°, and 109.3°, respectively. The S2_ AR presented an
angular displacement of 88.1°, S2_ 350 present 97.4°, and
S2 450 deformed up to 117.9°.

Figures 8 and 9 illustrated the von Mises stress distribution
in the files after the torsion resistance test along with the
body and the cross-section, respectively. To facilitate data
analysis, the stresses shown under torsion are presented
considering the maximum torsional moment of 0.10 Ncm
for both geometries in all conditions.

The stress is concentrated near the constrained part
and decreased as it moved away from the tip. The highest
stresses were located at the periphery of the cross-section.
Unlike what happens under bending, the high stresses are

located in central regions, between the cutting edges, and
not at the corners. Also, certain symmetry is verified in the
stress distribution under twisting.

In X1 geometry, the heat treatments increased the stress
on the surfaces of the files and, at the same time, diminished
the stress in the central area. The opposite happens for S2,
with stress reduction in peripheral regions, while the central
part presented a slight decrease in stress.

The average stress curve under torsion up to 0.10 Nem for
both geometries in all conditions is exhibited in Figure 10. It is
noted that the stress levels achieved in S2 are considerably
lower than in X1. When applying the same torque to both
instruments, S2 deforms less, resulting in lower stresses.
Concerning heat treatment, results were similar to the
ones under the bending condition, where heat treatment at
450 °C promoted the most moderate stresses considering
the same angle.

4. Discussion

NiTi alloys were applied to endodontic instruments
to facilitate the process of shaping root canals. However,
unexpected fractures may occur in these files. Manufacturers
seek to eliminate this problem by exploring several
areas, including geometric changes, heat treatments, and
manufacturing processes®>*.
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Figure 6. Mean stress curves under bending until 45°: (a) X1 file and their respective heat treatment conditions and (b) S2 file and their

respective heat treatment conditions.
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Figure 8. The von Mises stress distribution along with the body instruments under torsion at 0.10 Ncm clockwise.
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Figure 9. The von Mises stress distribution in the cross-section at 3 mm from the tip under torsion at 0.10 Nem clockwise.
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Figure 10. Mean stress curves under torsion up to 0.10 Nem: (a) X1 file and their respective heat treatment conditions and (b) S2 file
and their respective heat treatment conditions.
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Several changes in design have been made to the shape
of the cross-section, in its eccentricity, taper and pitch3*%>.
Heat treatments have also been widely applied to improve
the fatigue resistance of endodontic instruments. The thermal
process carried out in conventional NiTi alloys alter the
atomic structures present in this material and, consequently,
modify its mechanical properties®*. NiTi alloys can have
three phases in their microstructure: austenite, martensite,
and R-phase. The austenite phase is resistant and rigid,
while martensite and R-phase are flexible and quite ductile.
The compositions of the three phases have an enormous
influence on the mechanical characteristics of NiTi, and
the presence of these phases is directly related to the heat
treatment®-*, Depending on the heat treatment performed,
the martensitic transformation can happen in a single stage
(austenite (A) to martensite (M)) or two stages (A to R to M).
Generally, the single-stage occurs in Ni-rich NiTi alloys,
and the dual-stage transformation happens after a previous
treatment that results in fine and dispersed Ni, Ti, precipitates
in the austenitic matrix>¢.

With so many possible variations to be made on endodontic
files, manufacturers already explored a myriad of production
routes to achieve better clinical behavior. However, at research
levels, it is not precisely known what the influence is due
to each variation in an isolated way since commercial files
differ from both geometry and material frequently. Thus,
the present work sought to link each response of the files
to their mechanical/metallurgical alteration. For this, using
the finite element method, two different file geometries were
compared, applying three conditions of heat treatment of
NiTi alloys. The behavior of these files was analyzed by
bending and torsion test.

Numerical results of the mechanical behavior showed that
the X1 geometry promotes greater flexibility under flexion
and less torsional stiffness to the instrument when compared
to S2. This fact is intrinsically related to the cross-section
of each file. Higher torsional stiffness in S2 was already
expected since the area of its cross-section is 35% larger than
that of X1 (Figure 1). Several studies reported that larger
cross-sectional areas have a higher torsional stiffness®*3>%7.
The resistance to torsion is required to maintain the cutting
edge geometry and maintain your efficiency!>-.

For design X1, the torsional stiffness is lower, but its
flexibility under bending is higher than S2. In general,
greater flexibility means lower torsional stiffness in cases of
smaller cross-section***#°. This behavior can be confirmed by
Figures 3 and 7. High flexibility is required because this allows
rotary instruments to follow the curvature of the root canal
more efficiently, keep its original shape'""5. The flexibility
in X1 can be related both to its smaller cross-sectional area
and to the instrument’s eccentricity. First, the flexibility was
inversely proportional to the area moment of inertia. Also,
the eccentric geometry of the cross-section modifies the
mass distribution along the axis of the instrument. Due to
this off-centered geometry, some studies that compared
concentric and eccentric files found that off-centered files
had greater flexibility, just like it was verified here?>?741-43,
However, there are other variables present in these studies
that can simultaneously affect flexibility, such as the shape
and area of the cross-section, pitch, and taper, as in the
present study.

As shown in Figures 4-6 and Figures 8-10, the geometric
differences between X1 and S2 change the stress level in the
files. X1 experienced lower stress under bending than the S2.
These results suggest that X1 instruments might experience
a longer fatigue life. Since X1 is subjected to lower levels
of stress, it would postpone its rupture by bending.

Under torsion, it was S2 who exhibited the lowest stress
levels. This fact is associated with the higher torsional
stiffness presented by S2. Because S2 is more resistant to
torsion loading, it reaches much lower levels of stress, as
seen in Figure 10.

Regarding thermal treatments, it was observed that the
condition AR, which exhibits austenite in its structure, provides
the least flexibility and, consequently, the highest torsional
stiffness. Previous studies have already reported this fact*>2*,
With the heat treatment at 350 °C, the phase present in the
material is still austenite, but with recovered and rearranged
dislocations. This condition of heat treatment promoted an
increase in flexibility when compared to AR. This behavior
is related to the reduction of the start of transformation
loading (Table 1), in which the material enters the region
of the plateau with lower stress. As a consequence of the
increase in flexibility, there is a decrease in torsional stiffness.

The heat treatment carried out at 450 °C promoted an
even more significant structural change than at 350 °C. In this
case, the austenitic matrix is replaced by the R-phase. This
phase is more flexible than austenite, as seen for S2 geometry,
and as some studies have reported*’?*#45 Usually, the
R-phase also promotes a considerable increase in flexibility
of instruments due to its lowest elastic modulus and plateau
stress values**?*. However, it is noteworthy that particular
behavior was observed under flexion for the X1 450 file
(Figure 3). It was found that, initially, the condition treated
at 450 °C resulted in superior flexibility. However, by the
end of the test, the bending behavior changes. A difference
in inclination is observed after 35°, and X1 450 reached
a moment value higher than X1 AR and X1 350 at 45°.
This behavior is associated with the presence of the R-phase
and the geometry of the instrument. As the R-phase is an
intermediate phase between austenite and martensite, it is
easier to transform R-phase into martensite. This facility
is due to the lower level of transformation, both in terms
of stress and percentage of strain. Thus, it appears that the
X1 450 file is more flexible in smaller angular deflections.
However, for higher deflections, X1 treated at 450 °C becomes
less flexible than the other X1 conditions. It occurs because
X1_450 reaches the end of the martensitic transformation
faster than X1 350, and AR, that is, exhibits a smaller plateau.
Thus, the X1 450 condition entering in the field of elastic
deformation of martensite. As a result, the stress increases
with a higher deflection rate, reaching a higher moment
value. This atypical behavior is not observed for S2. It can
be seen that the geometry of X1 changes the moment of
transformation of the R-phase into martensite.

The lowest stress value was related to the condition
treated at 450 °C. R-phase has a much smaller stiffness than
the other phases. Because of that, this structure allows stress
relaxation during the deformation of endodontic instruments.
The stresses reached by a file are related to its useful life.
The fatigue life varies inversely with the amplitude of the
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stress to which the files are subjected in the shape canal
procedure®. The instruments treated at 450 °C exhibited
low-stress values under bending. This performance indicates
that R-phase tends to be more fatigue resistant. Even under
torsion, R-phase models show low stresses. It would mean
a satisfactory performance against failure due to torsional
overloading*. The analysis of the R-phase exhibiting a longer
fatigue life is similar to the results obtained by Silva et al.?.
Silva et al.” verified by experimental tests that the fatigue life
of'the three conditions used in the present work. The authors
demonstrated that its samples treated at 450 °C have higher
fatigue resistance than at 350 °C, which in turn is superior
to AR. Therefore, the results obtained by simulation agree
with the experimental data.

5. Conclusions

In this paper, the effects of treatments and geometries
on endodontic files were studied. The following conclusions
could be drawn:

*  The design influences the mechanical behavior of

endodontic files. Increased flexibility is achieved for
a smaller cross-sectional area and with geometric
eccentricity. The torsional stiffness is improved by
increasing the cross-sectional area.

*  Geometry changes the pattern of stress distribution,
influencing the fatigue resistance of files. The eccentric
file generated less stress than the concentric one.

*  Heat treatments alter the phases present in the
NiTi alloy by modifying its mechanical properties.
R-phase usually offers greater flexibility and tends
to be more resistant to fatigue than austenite.
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