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Nickel-Titanium (NiT1) alloys with superelastic properties have been increasingly introduced as a substitute to more con-
ventional alloys, such as stainless steel, in a variety of applications. In Dentistry, NiTi alloys are used in tools such as
Endodontic rotary files, allowing the file to follow teeth root canals more easily than their stainless steel counterparts.
Nevertheless, during surgery, the file is subjected to cyclic bending loading, since it is rotating while being deformed
inside the curved canals and is prone to fracture due to fatigue, without showing any visible signals of degradation. Fol-
lowing a systematic approach, this work presents the results of rotary fatigue tests for several NiTi wires from different

Ke)fw‘” ds: manufacturers (Memry and Euroflex). The formulation is presented, where the material strength reduction can be quan-
E f’ltlgue tified from the determination of the strain and the number of cycles until failure. Experimental tests as well as numerical
Nli”‘le“? wires Finite Element Analysis (FEA) simulations are presented to better understand the fatigue fracture mechanisms present in

NiTi alloys, showing that there is good agreement between the predicted strains (difficult to measure in such small wires)

Life evaluation .
and the cycles to failure.

© 2016 Published by Elsevier Ltd.

1. Introduction

In dentistry, the root canal procedure is done using a rotary file that
removes the existing nerve endings on a tooth. In the past, endodontic
files used in this procedure were made from highly flexible steel al-
loys. However, steel alloy files, while being flexible, are still too rigid
to avoid damaging the walls of the root canals. In order to minimize
these adverse effects, Nickel-Titanium alloys are used in the design of
endodontic rotary files instead of stainless steel alloys. NiTi alloys are
superelastic metal alloys that are able to fully recover from large de-
formations (up to strains of 10% [1]). These alloys, however, have a
drawback when compared to steel files: their fatigue life is relatively
shorter than steel and, as seen in commercial endondontic files, they
break without a previous mechanical warning, increasing the risk of
the file failing inside the teeth.

There are some studies to determine the fatigue life of NiTi al-
loys, through traditional uniaxial fatigue tests and rotary bending fa-
tigue tests [2]. Rotary bending tests are the tests that most accurately
replicate the kind of loads and deformation a file is subjected to when
inside a root canal. The great majority of the existing machines in the
literature only perform the fatigue test with a predetermined set of
shapes. However, most of the imposed deformations are far from the
complex shapes of the root canals [2].

Of special interest is the rotary fatigue machine designed by Che-
ung and Darvell [3]. This machine consists of three pins that can be
positioned manually to deform the endondontic file. The file is then
put into rotation using a contra-angle. This type of machine has an
advantage of being more versatile than the more common machines
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with simulated canal carved in a stainless steel plate, where one can
have only one predetermined curvature per plate [4-7].

In this work, an automated configurable rotary bending-testing ma-
chine was designed. This testing machine was designed to adapt and
change the degree of bending from simple point bending to more com-
plex multi-point bending. The machine consists in three pairs of pins
positioned by servomotors, which deform the specimen into a desired
complex shape. The specimen is then put into rotation until failure is
detected.

The machine design also enables rotary bending tests with constant
curvature (constant strain) along a segment. With a constant strain,
one can compare directly the result with the more common uniaxial
fatigue tests. Also, one can perform tests in different regions of the
superelastic stress-strain curve, enabling an estimation of the stress
and the metallic phase of the alloy during the test.

2. Designing the testing machine

The testing machine was designed to be versatile and to offer a
wide range of possible bending configurations. Based in the machine
designed by Cheung and Darvell [3], the testing machine has three
pins that can be configured to make 1-4 point bending tests. In our
machine, however, the pins are positioned at configurable locations
using servo-motors. Configurable positioning enables a greater preci-
sion and repeatability, while providing a simple interface (Fig. 1).

For the rotation of the specimens, a brushless DC motor with
variable speed is used instead of the more common contra-angle.
With a standalone DC motor, one can control the velocity of the test
more precisely and automatically. The motor is able to run tests from
100 rpm (1.67 Hz) to 3000 rpm (50 Hz), which covers the range of
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Fig. 1. Testing area with an endondontic file.

most NiTi endodontic files with a drive speed usually between 150
and 350 rpm.

To detect when the specimen fails (whether it is wire or an endon-
dontic file), an electronic failure detection system was implemented.
This system uses the natural conductivity of NiTi alloys to detect any
failure by constantly monitoring the level of voltage between the spec-
imen and each pin. When the circuit is open it means that the specimen
failed and the test stops automatically.

Fig. 2. Wire deformed during a test.

3. Positioning control and constant curvature

The most important aspect of this machine is its ability to gener-
ate bending configurations automatically. The configurations are set
by positioning the pins (Fig. 1) in order to deform the specimen into
a shape (Fig. 2). The pin positions are controlled using three indepen-
dent PID controllers tuned for reference following (the reference here
is the desired position of each pin in time).

The machine software enables two positioning modes: individual
pin positioning and constant curvature radius generation.

3.1. Constant curvature generation for wire specimens

The main advantage of having a constant curvature in a uniform
beam is that in that region the strain is also constant and proportional
to the radius as in (1).

P O

where p is the radius of curvature, €, is the strain along the length of
the beam and z is the distance to the neutral surface.

Using the Euler-Bernoulli beam theory to obtain the analytical
model of the wire, we obtain the deflection for the wire. For an infini-
tesimal element (1) becomes:
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However, we want a constant strain level for an entire segment of
the specimen and, consequently, the position of the pins must be de-
termined in order to generate a constant strain section.

Using a standard square minimization algorithm to find the pin dis-
placements needed for the desired constant strain level in the speci-
mens mid section, while minimizing the overall deformation, we ob-
tain the three pin positions [8]. We also have to take into account the
influence of thickness of the wire and the requirement that the wire
must be tangent to the pins at all times. This leads to a variable dis-
tance between the contact point at the surface and the neutral surface
[8]. Adding this requirement to the optimization algorithm, we obtain
deformation profiles similar to the one in Fig. 3.

For the case of Fig. 2, which corresponds to setting the desired
strain to 2%, the curvature can be seen in Fig. 4. Knowing that the in-
ternal radius of the pins is 1 mm and using (1), we obtain that the an-
gle of the arc is &#11.71° and the radius of curvature is 50 mm. These
two parameters can be used to compare results with testing methods
such as the Pruet et al. [9].

Fig. 3. Beam under a desired constant strain of 2%, with color-coded strain and tangent pins. The contact is maintained by the elasticity of the wire and it is directly proportional to

the amount of deformation.
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Fig. 4. Deformed wired with a desired strain of 2% superimposed with the curvature ra-
dius.

4. Results for a NiTi wire

The first materials to be tested in the rotary fatigue machine were
a Memry™ and a Euroflex™ wires, both with a diameter of
0.8 mm. The wires, when under an uniaxial load, have the stress-strain
relation in Fig. 5.

Fig. 5 has three distinct regions: a first austenitic elastic region,
a horizontal elastic region with a mixture of austenitic and marten-
sitic phases (also known as B19’ martensite phase) and a final plastic
martensitic region. Another characteristic of these Ni-Ti alloys is that
they exhibit a large hysteresis when unloading occurs.

The fatigue tests were concentrated on the first two regions, im-
posing strain level from 0.8% to 6%. The results can be seen in Fig.
6. The specimens with strains smaller or equal to 1% (corresponding
to the first zone in the stress-strain plot in Fig. 5) show a large fatigue
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Fig. 5. Uniaxial tension test of the Memry™ 0.8 mm diameter wire.

y
t 10 mm

o Memry O Euroflex
6%
Q
5% o} To
c 4% 00 o
o
0
o 3% Q0O
[&]
£ @
@ 2% ©
ol
o]
1% e % < oo o
0%
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06
Number of Cycles

Fig. 6. Strain vs. number of cycles for a Memry™ 0.8 mm diameter wire.

life when compared with the rest of the points, with two specimens
never failing. The remaining points show a decrease of the fatigue life
as the imposed strain increases. The specimen with the largest strain
showed a life of 34 cycles for the Memry™ wire and 16 cycle for the
Euroflex™ wires.

5. Numerical simulations

Numerical simulations using FEA (Finite Element Analysis) can
contribute to a better understanding of the failure mechanisms of the
Ni-Ti wires in the proposed testing machine. They allow predicting the
stress/strain distribution through the wires cross section that could not
be determined otherwise. Also, they allow determining the maximum
values for the strain more accurately than the Euler-Bernoulli beam
theory approximation. This is because the deformations imposed are
large and the superelastic material properties are highly non-linear.

5.1. Model

A static structural FEA was conducted in ANSYS16.1 Workbench
from the model shown in Fig. 7. The 0.8 mm diameter wire was mod-
eled with 13,651 solid elements with superelastic [8,10] and linear
elastic isotropic material properties introduced in the project’s Engi-
neering Data cell as shown in Table 1. The wire was fixed in one end
by a combination of a clamp and a fixed support covering 10 mm of
the wire’s length. The wire was deformed under bending using three
1 mm radius steel actuator pins that moved in the y direction based on
the constant curvature formulation earlier presented. The movement

10 mm 7 mm 7 mm
(I
</ @0.8mm
~ .
o X i Q"/ wire
i T rd ]
PinA | PinB )
Cross-sectional strain profile PinC
Foundation
(Jaws area) Active bending wire

Fig. 7. Schematics of the model (geometry and boundary conditions).
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Table 1
Material properties for the Memry™ and Euroflex™ alloys introduced in ANSYS
workbench projects engineering data project cell.

Material property Memry™ Euroflex™
Isotropic elasticity

Young Modulus(GPa) 70 70
Poisson’s Ratio 0.33 0.33
Superelasticity

Sigma SAS (MPa) 368 736
Sigma FAS (MPa) 484 798
Sigma SSA (MPa) 232 337
Sigma FSA (MPa) 100 135
Epsilon (mm/mm) 0.063 0.059
Alpha 0 0

of the actuators was simulated as being gradual, in an explicit iterative
way. Eight different positions were considered in the analysis (Table
2). The relative positions of the pins in Table 2 correspond to the ones
used in the actual experiments, determined from the theoretical discus-
sion. Frictionless contact properties were added between the actuator
pins and the wire.

5.2. FEA model validation

The FEA results were validated by a combination of different pro-
cedures, including a mesh sensitivity analysis. Initially, the model in
Fig. 7 considered the whole foundation to be perfectly clamped, hence
constraining rotational degrees of freedom at the fixed support loca-
tion, as in a previous work [11]. However, a stress concentration was
being observed at the clamp location. Furthermore, from the experi-
mental results later presented, it was observed that the wire generally
collapses either on pin A or pin B. This was inconsistent with the FEA
model that was indicating the clamping location as the most stressed
region. Therefore, in an attempt to better simulate the machine’s jaws,
the wire was fixed by a combination of a clamp and fixed support set
apart 10 mm away from one another as shown in Fig. 7. Even if this
might not still represent the fixture with the wanted accuracy, at least
the locations where the maximum values for the strain (and stress) oc-
cur are now consistent with experimental data, i.e., they occur between
pins A and B.

The maximum values found for the strain (equivalent elastic) in
the constant deformation section of the wire (between pins A and
C) was determined and compared with the theoretical value from
the Euler-Bernoulli beam theory. It was observed a discrepancy be-
tween these values as the strain increases, which is expected since the
Euler-Bernoulli model is only valid for small displacements with con-
stant and uniform Young Modulus. The results from this analysis are
summarized in Table 3.

To better understand why the strain determined from the super-
elastic material model (Euroflex in Table 3) is not increasing with the
bending deformation (as it would be expected), the same wire was
stretched up to a theoretical strain of 5% (2.25 mm in the x direction
for a 45 mm long wire). However, and once more, the values for the

Table 2
Positions of the pins for the FEA analysis with reference to the datum in Fig. 7 (y direc-
tion).

Positions Pin A (mm) Pin B (mm) Pin C (mm)
Position 1 —0.786 —0.535 0.525
Position 2 -1.572 —-1.070 1.050
Position 3 —2.358 —-1.606 1.575
Position 4 —3.144 —2.141 2.10
Position 5 —-3.930 —2.676 2.625

Table 3

Strain maximum values (in mm/mm) in the constant deformation section of the wire
(between pins A and C) obtained from four different models, using Euroflex material
properties.

FEA linear

Euler-Bernoulli elastic FEA linear elastic ~ FEA Euroflex
Pins beam theory (clamped) (“flexible” (“flexible”
position  (clamped) (%) (%) foundation) (%) foundation) (%)
Position 1 1.0 0.88 0.8
1
Position 2 2.0 1.6 1.2
2
Position 3 3.0 24 1.3
3
Position 4 3.8 3.1 1.3
4
Position 5 4.6 3.8 1.2
5

strain using superelastic material properties did not increase propor-
tionally to the deformation once the material was undergoing the
transformation B19” martensite. This may well be because in ANSYS
and for a superelastic material the determination of the elastic strain
is assumed to be linearly related to the stress [12]. Therefore, strains
were determined from the deformation curvature instead.

Finally, bilinear material properties were considered in ANSYS, in
a similar way as in [13,14], but the results were essentially the same
as from using superelastic material properties.

Therefore, from this analysis, it can be considered that the FEA re-
sults are validated. Although the flexibility of the foundation is diffi-
cult to model in the software with accuracy and might be a source of
uncertainty, this will not have a detrimental effect on the conclusions
that can come out from this study.

5.3. Results

Fig. 8 shows the deformation and the von Mises stress distribu-
tion on the beam obtained from ANSYS, considering Euroflex mater-
ial properties (Table 1) and for the pins displaced at position 5 (Table
2). It can be observed that the maximum strain occurs between pins A
and B (the ones moving in the negative y direction). Therefore, it is
expected that the wire will collapse between these two pins.

The deflection for the beams when modeled with different material
properties (Memry, Euroflex and linear elastic) was similar (Fig. 9).

Using the deformation data for the different deflections given by
ANSYS for the different positions, one can determine the curvature by

applying (3):

w”

3
2

1+ @)?) 3)

where « is the curvature and w is the deflection. Note that this equa-
tion is a simplified version that assumes that there is no axial strain."
Plotting the strain between the first and second pins (at x = 20 mm
and x = 27 mm, respectively) is seen in Fig. 10. Due to a more
prominent effect of higher deformations and non-linearities, the

! As it will be seen below, the FEA model predicts that there will be some axial
strain. However it can be safely ignored, because it is very small when compared
to the bending strain.
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Fig. 8. Deformation and equivalent elastic strain distribution on the beam obtained from ANSYS (Euroflex, pins @ position 5).
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Fig. 9. Comparison between the deformation of wires made from different materials ob-
tained from ANSYS at position 5.

strain in this zone is not constant as predicted by the Euler-Bernoulli
model (although the curves become flatter as the strain level de-
creases).

Theoretically, the plots in Fig. 10 show that the collapse point
should be at the maximum point of the strain level. This, however, is
not verified experimentally since the wire always collapsed at the pins.
This discrepancy is probably due to the presence of wear and tear at
the pins, which increases the effects of fatigue as it generates prefer-
ential starting points for cracks.

Plotting the evolution of the maximum predicted strain by the FEA
versus the one by the Euler-Bernoulli model, we obtain the relation in
Fig. 11 for the linear elastic and superelastic models.

Fig. 11 shows that the relationship between the FEA strain and the
Euler-Bernoulli strain is not linear, which may indicate that from a
certain point onwards the wire starts stretching. However, this may
also well be due to the fixture in the FEA not being a perfect clamp.
Therefore, to better understand why this is happening, it is convenient
to look into how the stress develops across the beams cross-section.
Taking as a reference the equidistant section from pins A and B (in-
dicated by the dash-dot line in Fig. 7, located at y = 23.5 mm), the
stress profiles for Euroflex, Memry and linear elastic material proper-
ties take the forms represented in Figs. 12—-14, respectively.

Euroflex stress profile in Fig. 12 for pins at position 1 is “V”
shaped as are the stress profiles when using the linear elastic isotropic
formulation (Fig. 14). However, from position 2, the stress profile be-
comes “bird” shaped for both the Euroflex and Memry alloys, with
a slight increase in stress near the neutral line (at the center in the
graphs) and the wire cross-sectional circular boundary (at the left and
right extremes in the plots). This is consistent with the assumption that
the wire is slightly stretching. However, the non-linearity observed in
Fig. 11 is most likely related to the fact that the boundary conditions
are softer in the FEA model than in the Euler-Bernoulli one, since the
FEA model allows some rotation at the fixture. The linear elastic wire,
showing a larger curvature at the fixture location than the superelas-
tic wires (Fig. 9), therefore produces less linear results in Fig. 11. Fi-
nally, comparison of the superelastic stress profiles (Figs. 12 and 13)
with the linear elastic stress profile (Fig. 14), where the latter main-
tains a “V” shaped profile whereas the former change to “bird” shaped
profiles, suggests that the Ni-Ti alloy presents two crystallographic
phases at the same time:

1. The part of the wire cross-section closer to the neutral line is still
Austenitic, whereas;

2. The parts of the wire cross-section further away from the neutral
line are going through the Austenite to B19’ Martensite crystallo-
graphic transformation intermediate step characteristic from Ni-Ti
superelastic alloys [15-18].

Using the new predicted strains from the FEA model, we can up-
date the experimental plot of the fatigue life of the Memry and Eu-
roflex wires (Fig. 15).

Of special note is that the infinite life for the Euroflex is only ob-
tained in the linear elastic phase.

6. Fracture surfaces

The fracture surfaces of the specimens tested in the rotary test-
ing bending machine were observed on a Scanning Electronic Mi-
croscopy, JEOL existent at MicroLab from IST. For comparison pur-
poses, the fracture surface of the specimens tested in uniaxial tension
was also observed. Fig. 16 show respectively, the general view of the
fracture surface of the uniaxial tension specimen Memry™ (0.8 mm
and the amplification of the fracture surface where a characteristic
ductile facies can be observed with dimples developed during the fail-
ure process.

The fracture surfaces observed in fatigued specimens are substan-
tially different from the uniaxial testing ones and are characterized by
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flat fractures surfaces, as usually observed in failed specimens under
rotating bending conditions. For lower cycles to failure a very small
fatigue zone is observed near the surface. As the number of cycles to
failure increases, the fatigue zone on the specimens also increases. Fig.
17a shows the fractured surface of the specimen of Memry™ 0.8 mm
failed by fatigue at 44,551 cycles. A clear focus of crack initiation can
be observed and is shown in detail on Fig. 17b which is significantly
different from Fig. 16b. Therefore these NiTi alloy fractured at rotat-
ing bending fatigue do not differ from fractured surfaces by fatigue in
more classic isotropic metals.

7. Conclusions and future work
The work presented on this paper presents a testing apparatus de-

signed to perform rotary fatigue tests on NiTi endondontic files and
wires under different loading conditions. The testing machine was
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Fig. 12. Absolute valued stress profile across the beam cross section between pins A
and B (Euroflex).

designed to be versatile, enabling a series of testing configurations.
Computer controlled automatic positioning of a system comprised of
three pins is used to bend the specimens into many user specified
shapes. A combination of analytical and numerical models allows de-
termining the strain (and stress) levels at different locations of the
NiTi wires. This would otherwise be very hard to measure due to the
wires very small thickness. A series of fatigue tests were done using
a Memry and Euroflex 0.8 mm diameter wires. However, a bending
configuration that has a constant maximum strain section was imposed
(between pins A and B), allowing for S-N curves to be plotted. The
wires showed a very long fatigue life (most of the specimens did not
fail) when under strain levels in the elastic austenitic phase. When im-
posing strains in the B19’ martensite region, the fatigue life of the
wire drastically reduced, with fatigue life ranging from 20,000 (lower
strain levels) to 16 cycles (higher strain levels). Finally, observation
of the fracture surfaces using SEM showed that these NiTi alloys
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Fig. 15. Fatigue lives of the two wires with FEA corrected strain. The horizontal lines
mark the beginning and end of the B19” martensite phase.

fracture mechanisms do not differ significantly from the ones ob-
served in more traditional isotropic metals. For future work, other
wires with different diameters will be tested, as well different Endon-
dontic files.
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(b) Amplification of the fracture
surface

Fig. 16. Uniaxial tension.
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(a) Failure at 44551 cycles

(b) Crack initiation

Fig. 17. Rotary bending fatigue.
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