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ABSTRACT

In this work, the effect of temperature on the fatigue life in a medical grade R-phase NiTi wire
was assessed at room- and human-body temperatures. For that, temperature-controlled
bending-rotating fatigue tests with a maximum strain of 4% were performed at 25 and 37 °C.
A higher mean number of cycles to failure (4495 + 238) was achieved at 25 °C in comparison
to the one observed at 37°C (2791 + 135). XRD analysis of the cycled samples detected the
presence of martensite in the wires tested at 25°C. When evaluating the mechanical properties
in tensile tests performed at both temperatures, the shape memory effect was observed at 25°C
whereas superelasticity occurred at 37°C. Based on these results, the difference on the fatigue
life in the two testing temperatures was related to the change in the functional behavior in the
sense that different deformation mechanisms are expected. At 25°C, the martensite induced by
tension is stable during unloading and should support the cycling deformation, while at 37°C
direct and reverse martensitic transformations shall take place.
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INTRODUCTION

Near-equiatomic NiTi alloys are functional materials that present the shape memory effect and
superelasticity. These properties are due to the occurrence of a reversible martensitic
transformation from a high-temperature B2 parent phase (austenite) to a low-temperature B19’
one (martensite). If deformation takes place in a martensitic stability temperature, the shape
recovery is achieved by heating the alloy to a temperature at which the structure will be
transformed into austenite. When stresses are applied in the austenite, martensite is induced by
tension but may be transformed back to austenite with the load removal, which characterizes
the superelastic behavior -2,

Under cooling, the transformation of B2 into B19’ may be accompanied with the appearance
of an intermediate trigonal phase named R-phase, which is typical of NiTi alloys with excesses
of Ni after proper heat-treatment. The presence of this phase has been associated with an
improved low-cycle fatigue resistance when compared to the austenitic (B2 structure) alloys ¢~
9. In fact, in dental applications, heat-treated endodontic NiTi files containing the R-phase have
been vastly used due to their superior low-cycle fatigue properties when compared to
conventional austenitic files 1012,

In previous works, the fatigue resistance of different heat-treated endodontic files has been
evaluated at room and human-body temperature. This comparison is relevant when testing files
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that are used intracanal at room temperature. As results, some tested files have shown decreased
fatigue lives at human-body, while this property was maintained in others 31, In this study,
we aim to use medical grade heat-treated NiTi wires to evaluate the R-phase's low-cycle fatigue
resistance in relation to their mechanical behavior at room temperature (25°C) and human-body
temperature (37°C).

MATERIALS AND METHODS

Heat-treated NiTi wires with 1 mm diameter and a nominal composition 51at%Ni — 49at%Ti
were used in this study. From previous investigations ), the heat treatment was performed in
the as-received austenitic wire at 400°C for 30 min in an argon-controlled atmosphere followed
by water cooling to obtain the R-phase. To verify the presence of the R-phase, X-ray
diffractometry (XRD) tests were performed with Cu-Ko radiation, 26 ranging from 30° to 90°,
and a scan speed of 0.02°/s in a Panalytical Empyrean diffractometer. Differential Scanning
Calorimetry (DSC) analysis was performed to assess the direct and reverse martensitic
transformation temperatures. The sample was submitted to a heating step from -100°C to 100°C
and subsequent cooling back to -100°C at £10°C/min in a Shimadzu — DSC60. Transformation
temperatures were calculated by the tangent method.

Tensile tests were performed under controlled temperature, at 25°C and 37°C, in an Instron
5582 universal testing machine. One sample was subjected to loading to 6% strain followed by
unloading to 7 MPa at 3 x 10 s* strain rate to assess the sample’s functional behavior. Another
sample was then loaded until rupture at 3 x 107 s strain rate. These testing conditions were
based on the ASTM F2516 — 14 standard (7,

Bending-rotating fatigue tests with a maximum strain of 4% were performed under temperature
control as detailed in Ref. (5) at 25°C and 37°C. The same tests were performed in the as-
received austenitic wires, which was used as a control group, and one-way analysis of variance
(ANOVA) was performed for data analysis at the confidence level P > 0.05. XRD analysis was
also performed on the samples after the fatigue tests to detect eventual changes in the structure
of the alloys because of the cyclic work.

RESULTS AND DISCUSSION

The x-ray diffraction pattern (XRD) and the differential scanning calorimetry (DSC) chart
results are presented in Figure 1. The presence of the R-phase (ICSD #155028) was confirmed
in the XRD spectra of the as-heat-treated sample, Figure 1-a. In the DSC chart, Figure 1-b,
direct and reverse transformation temperatures and the testing temperatures were highlighted.
During heating, R’s and R’f are the starting and finishing temperatures of the R phase
transformation from B19’ martensite while As and Af are, respectively, the austentic start and
finishing transformation temperatures. During cooling, Rs and Rf are the start and finishing R-
phase transformation temperatures from B2 austenite. Ms and Mf were not determined because
of detection difficulties, as discussed elsewhere (5).
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Figure 1 —a) XRD spectra and b) DSC chart of the as-heat-treated sample
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Representative stress vs strain curves obtained by the tensile tests are shown in Figure 2. The
sample exhibited superelasticity at 37°C whereas only a small amount of recovery was achieved
at 25°C. In the later, the shape memory effect was confirmed after heating the sample.
Comparing the martensitic transformation stress (c™) measured in the stress plateau of the
loading/unloading curve, an increase from 25°C (315 MPa) to 37°C (390 MPa) was observed.
On the other hand, no effect on the rupture stress and ductility were observed in the rupture

curve.
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Figure 2 — Tensile test curves obtained at room temperature and human-body temperature

The mean numbers of cycles to failure (Nf) were 4495 + 238 at 25°C and 2791 + 135 at 37°C.
In the austenitic as-received control group (Af =19°C (5)), the mean number of cycles to failure
were 1596 + 93 at 25°C and 1257 + 270 at 37°C. At the 0.05 level, all the fatigue lives are
significantly different. The XRD spectra of the R-phase samples fractured during the fatigue
tests are shown in Figure 3. B19’ martensite was detected, as indicated by arrows in Figure 3.
By comparing the relative intensities of the R-phase and martensitic peaks, higher amounts of



martensite are expected in the sample tested at 25°C. This qualitative analysis is made since the
wires were tested under the same conditions.
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Figure 3 — XRD spectra of wires fractured in the fatigue test at (a) 37°C and (b) 25°C

Variations on the number of cycles to failure in strain-controlled fatigue with temperature may
be related to changes in the stress required for starting the induction of martensite by tension.
Since it increases with increasing temperature, the sample is subjected to higher stresses when
subjected to the same strain 1829 The increase in the transformation stress is accompanied
by virtually no variations on the rupture stress, which favors the occurrence of localized plastic
deformation. However, the obtained dependence of the transformation start stress with
temperature in the R-phase (do™$/dT = 4.4 MPa/°C) is lower than the typical do™/dT for
conventional austenitic superelastic NiTi of around 6 MPa/°C 221 This is not coherent to
the much higher dependence of temperature in the R-phase’s fatigue life (ANf/dT = -145 °C™)
when compared to the as-received austenite (dNf/dT = -28°C!) within the two testing
temperatures.

On the other hand, a change in the functional behavior of the heat-treated R-phase wires took
place. This difference can be explained by the transformation temperatures and stability regions
observed in the DSC chart. Room-temperature lies within the B19” — R transformation peak
in the heating curve. Thereby, even though martensite was not achieved during cooling after
the performed heat-treatment, this phase can remain stable at room temperature when stabilized
by tension since 25°C is in a B19” + R stability region. For that reason, the deformation is not
recovered during unloading and the shape memory effect is achieved. On the other hand, 37°C
is inside of the B2 <R transformation peaks regions at cooling and heating. Hence, the
martensite induced during loading at 37°C is not stable, only the R-phase and austenite are, and
superelasticity is observed.

A change in the functional behavior means that different deformation mechanisms will occur
during cycling at the two tested temperatures. At 25°C, from the mechanical characterization,
it is expected that the martensite becomes stable in the first cycles because no reverse
transformation occurs during unloading, as discussed in Ref. (5). Thus, this phase may support
the fatigue cycles by reorienting and deforming elastically. In turn, at 37°C, where
superelasticity was obtained, the deformation may be due to the occurrence of direct and reverse
martensitic transformation at least in a fraction of the fatigue life. Considering that the flexed



sample is submitted to different maximum strains along its length, this hypothesis is supported
by the XRD of the samples fractured in fatigue, where martensite peaks were clear in the sample
tested at 25°C.

The superelastic cycle in austenitic NiTi has been associated to a high accumulation of defects
(2223) Considering the transformation hysteresis observed in the sample tested at 37°C, Figure
2-a, the R-phase wire may undergo a higher defect accumulation on this type of deformation
when compared to the variant reorientation and elastic deformation mechanisms proposed at
25°C. This difference can be responsible for the significant decrease in the fatigue life at 37°C
and this effect of temperature is not expected if a change in the deformation mechanism does
not occur. It is worth pointing out that the number of cycles to failure are still higher than those
achieved in austenitic wires even when superelasticity takes place in the R-phase.

CONCLUSIONS

The fatigue life of the R-phase wire in this study was significantly affected by a change in
temperature when testing was performed at room-temperature and human-body temperature.
This variation was associated to a change in the functional behavior and, hence, deformation
mechanism. At 25°C, where the reverse martensitic transformation does not significantly occur
during unloading, martensite will likely be the predominant phase in the deformed regions. At
37°C, on the other hand, the superelastic cycle is expected to occur in the R-phase, leading to
lower fatigue resistance than the one achieved at room temperature. Variations this large are
not expected to come about if a change in the functional behavior and deformation behavior do
not occur.

AKNOWLEDGEMENTS

This work was partially supported by Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico (CNPq); Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES/PROEX); and the Fundacdo de Amparo a Pesquisa de Minas Gerais (FAPEMIG). The
authors would like to thank the Companhia Brasileira de Metalurgia e Mineracdo (CBMM) for
the donation of the Nb used.

REFERENCES

1. OTSUKA, K.; WAYMAN, C. M. Shape Memory Materials. Cambridge ed. Cambridge University
Press, 1998.

2. OTSUKA, K.; REN, X. Physical metallurgy of Ti—Ni-based shape memory alloys. Progress in
Materials Science, v. 50, p. 511-678, 2005.

3. SANTOS, L. D. A,; RESENDE, P. D.; BAHIA, M. G. D. A;; BUONO, V. T. L. Effects of R-Phase
on Mechanical Responses of a Nickel-Titanium Endodontic Instrument: Structural Characterization
and Finite Element Analysis. Scientific World Journal, v. 2016, 2016.

4. ZHOU, Y.; ZHANG, J.; FAN, G.; et al. Origin of 2-stage R-phase transformation in low-
temperature aged Ni-rich Ti-Ni alloys. Acta Materialia, v. 53, n. 20, p. 5365-5377, 2005

5. SILVA, J. D.; MARTINS, S. C.; LOPES, N. I. DE A, et al. Effects of aging treatments on the
fatigue resistance of superelastic NiTi wires. Materials Science and Engineering A, v. 756, n.
October 2018, p. 54-60, 2019. Elsevier B.V.

6. SILVA, J.D; BUONO, V. T. L. Effect of the initial phase constitution in the low-cycle fatigue of
NiTi wires. SN Applied Sciences, v. 1, n. 12, 2019. Springer International Publishing.

7. SILVA, J.D.; RESENDE, P. D.; GARCIA, P. R.; et al. Fatigue resistance of dual-phase NiTi wires
at different maximum strain amplitudes. International Journal of Fatigue, v. 125, n. March, p. 97—
100, 2019. Elsevier.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

FIGUEIREDO, A. M.; MODENESI, P.; BUONO, V. Low-cycle fatigue life of superelastic NiTi
wires. International Journal of Fatigue, v. 31, n. 4, p. 751758, 2009. Elsevier Ltd. Disponivel em:
<http://dx.doi.org/10.1016/j.ijfatigue.2008.03.014>.

PELTON, A. R.; FINO-DECKER, J.; VIEN, L.; et al. Rotary-bending fatigue characteristics of
medical-grade Nitinol wire. Journal of the Mechanical Behavior of Biomedical Materials, v. 27, p.
19-32, 2013. Elsevier. Disponivel em: <http://dx.doi.org/10.1016/j.jmbbm.2013.06.003>. .
EBIHARA, A.; YAHATA, Y.; MIYARA, K.; et al. Heat treatment of nickel — titanium rotary
endodontic instruments: effects on bending properties and shaping abilities. International
Endodontic Journal, v. 44, p. 843-849, 2011.

BRAGA, L. C. M.; SILVA, A. C. F.; BUONO, V. T. L.; BAHIA, M. G. DE A. Impact of Heat
Treatments on the Fatigue Resistance of Different Rotary Nickel-titanium Instruments. Journal of
Endodontics, v. 40, n. 9, p. 1494-1497, 2014.

HA, J. H.; KIM, S. K.; COHENCA, N.; KIM, H. C. Effect of R-phase heat treatment on torsional
resistance and cyclic fatigue fracture. Journal of Endodontics, v. 39, n. 3, p. 389393, 2013. Elsevier
Ltd. Disponivel em: <http://dx.doi.org/10.1016/j.joen.2012.11.028>. .

VASCONCELOS, R. A.; MURPHY, S.; CARVALHO, C. A. T.; et al. Evidence for Reduced
Fatigue Resistance of Contemporary Rotary Instruments Exposed to Body Temperature. Journal of
Endodontics, v. 42, n. 5 p. 782-787, 2016. Elsevier Ltd. Disponivel em:
<http://dx.doi.org/10.1016/j.joen.2016.01.025>. .

ARIAS, A.; MACORRA, J. C.; GOVINDJEE, S.; PETERS, O. A. Correlation between
Temperature-dependent Fatigue Resistance and Differential Scanning Calorimetry Analysis for 2
Contemporary Rotary Instruments. Journal of Endodontics, v. 44, n. 4, p. 630-634, 2018.
PLOTINO, G.; GRANDE, N. M.; MERCADE BELLIDO, M.; TESTARELLI, L.; GAMBARINI,
G. Influence of Temperature on Cyclic Fatigue Resistance of ProTaper Gold and ProTaper
Universal Rotary Files. Journal of Endodontics, v. 43, n. 2, p. 200202, 2017.

DOSANJH, A.; PAURAZAS, S.; ASKAR, M. The Effect of Temperature on Cyclic Fatigue of
Nickel-titanium Rotary Endodontic Instruments. Journal of Endodontics, v. 43, n. 5, p. 823-826,
2017. Elsevier Inc. Disponivel em: <http://dx.doi.org/10.1016/j.joen.2016.12.026>.

ASTM. Standard test method for tension testing of nickel-titanium superelastic materials. ASTM -
F2516, 2015.

IASNII, V.; YASNIY, P.; BARAN, D.; RUDAWSKA, A. The effect of temperature on low-cycle
fatigue of shape memory alloy. Frattura ed Integrita Strutturale, v. 13, n. 50, p. 310-318, 2019.
KLYMUS, M. E.; ALCALDE, M. P.; VIVAN, R. R.; et al. Effect of temperature on the cyclic
fatigue resistance of thermally treated reciprocating instruments. Clinical Oral Investigations, v.
23,n.7,p. 3047-3052, 2019. Clinical Oral Investigations.

TYC, O.; HELLER, L.; VRONKA, M.; SITTNER, P. Effect of temperature on fatigue of
superelastic NiTi wires. International Journal of Fatigue, p. 105470, 2020. Elsevier Ltd. Disponivel
em: <https://doi.org/10.1016/j.ijfatigue.2020.105470>. .

FAN, Q. C.; ZHANG, Y. H.; WANG, Y. Y.; et al. Influences of transformation behavior and
precipitates on the deformation behavior of Ni-rich NiTi alloys. Materials Science and Engineering
A, v. 700, n May, p. 269-280, 2017. Elsevier B.V. Disponivel em:
<https://doi.org/10.1016/j.msea.2017.05.107>. .

OLIVEIRA RAMOS, A. D.; DE ARAUJO, C. J.; DE OLIVEIRA, H. M. R.; MACEDO, G. A.;
DE LIMA, A. G. B. An experimental investigation of the superelastic fatigue of NiTi SMA wires.
Journal of the Brazilian Society of Mechanical Sciences and Engineering, v. 40, n. 4, 2018.
HELLER, L.; SEINER, H.; SITTNER, P; et al. On the plastic deformation accompanying cyclic
martensitic transformation in thermomechanically loaded NiTi. International Journal of Plasticity,
, N. February, 2018



