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Abstract Background/purpose: Temperature-dependent phase compositional changes influ-
ence the mechanical properties of heat-treated nickel-titanium (NiTi) rotary instruments. This
study evaluated the phase composition, bending properties, and cyclic fatigue resistance of
HyFlex EDM NiTi rotary instruments against differently heat-treated and non-heat-treated NiTi
instruments at body temperature (BT).
Materials and methods: HyFlex EDM OneFile (EDM) instruments, heat-treated HyFlex CM (CM)
and Twisted File (TF) instruments, and non-heat-treated K3 instruments (size #25/.08) were
subjected to differential scanning calorimetry, and the martensitic, R-phase, and reverse
transformation starting and finishing temperatures were determined. A cantilever bending test
and a cyclic fatigue test were conducted at BT (37 �C � 1.0 �C), and the bending load and num-
ber of cycles to failure (NCF) were recorded. Statistical analysis was performed using Kruskal
eWallis and ManneWhitney U tests (a Z 0.05).
Results: TF and K3 had reverse transformation finishing temperatures lower than BT, while
those for EDM and CM were higher than BT. The bending loads at a 0.5 mm deflection were
in the order of EDM < TF < CM < K3 (P < 0.05), and those at a 2.0 mm deflection were
EDM < CM and TF < K3 (P < 0.05). EDM had the highest NCF among the four instruments
(P < 0.05).
Conclusion: The EDM instrument had a reverse transformation finishing temperature higher
than BT indicating its martensite/R-phase composition at BT. The EDM instrument had superior
flexibility and greater resistance to cyclic fatigue than the CM, TF, and K3 instruments at BT.
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Introduction

Nickeletitanium (NiTi) rotary instruments have several ad-
vantages for shaping curved canals, such as greater flexi-
bility1 andbetter ability tomaintain the original canal shape2

than stainless steel files. However, unexpected intracanal
separation because of torsion or flexural fatigue is a major
concern for their clinical use.3 To prevent such issues, at-
tempts have beenmade to improve the fracture resistance of
NiTi instruments using various strategies, including modifi-
cations in geometry,4 kinematics,5 and metallurgy.1

Heat treatment changes the phase transformation tem-
perature of NiTi alloys by inducing crystal structural
changes via the transformation from the austenitic phase to
the softer and more ductile martensitic phase and R-
phase.6 Thus, the phase transformation behavior of a NiTi
rotary instrument is crucial in determining the instrument’s
flexibility and fracture resistance. The phase composition
status of NiTi instruments is temperature dependent,7

indicating that their mechanical performance should be
tested at an intraoral temperature. However, most studies
have been conducted at room temperature,8,9 which may
limit the clinical relevance of their results.

HyFlex EDM instruments (Coltene/Whaledent, AG, Alt-
statten, Switzerland), a modification of HyFlex CM in-
struments (Coltene/Whaledent),10 are manufactured using
electro-discharge machining (EDM) of the heat-treated
controlled memory (CM) wire. EDM is a non-contact ther-
mal erosion process that partially melts and evaporates the
surface of the wire using high-frequency spark discharges.11

HyFlex EDM has a greater cyclic fatigue resistance than
some rotary and reciprocating NiTi instruments,12 exhibit-
ing four times more number of cycles to failure (NCF) than
HyFlex CM.13 The Twisted File (TF, SybronEndo, Orange, CA,
USA) is another heat-treated NiTi instrument that is man-
ufactured by twisting R-phase NiTi wire, and it shows better
fatigue resistance than non-heat-treated NiTi
instruments.14e17 K3 (SybronEndo) is a traditional non-heat-
treated NiTi instrument manufactured with a grinding
process and shows lower cyclic fatigue resistance than TF.18

The flexibility of NiTi rotary instruments is a key factor
that contributes to their cyclic fatigue resistance.19 Factors
that may determine the flexibility include the amount of
martensite and/or R-phase in the alloy, which is related to
the phase transformation behavior of NiTi alloys and thus is
temperature dependent. However, few studies have
investigated both the cyclic fatigue resistance and bending
properties of heat-treated NiTi instruments at body tem-
perature in relation to their phase transformation
behavior.19 In particular, HyFlex EDM instrument needs
further investigation to assure its high cyclic fatigue resis-
tance12,13 under a clinically-relevant temperature setting.
Thus, the aim of this study was to evaluate the HyFlex EDM
instrument against other heat-treated and non-heat-
treated NiTi instruments in terms of thermal behavior,
bending properties, and cyclic fatigue resistance at body
930
temperature. The null hypothesis was that there are no
differences in the bending properties and cyclic fatigue
resistance among the NiTi instruments investigated.

Materials and methods

HyFlex EDM OneFile, HyFlex CM, TF, and K3 instruments
with the same tip size (#25) and 0.08 taper were used.

Sample size estimation

In accordance with a previous study,19 G*Power (Version
3.1.9.7; Heine Heinrich Universität, Düsseldorf, Germany)
was employed with an effect size of 0.6, a error of 0.05, and
power of 0.95, resulting in a sample size of 10 per group.

Differential scanning calorimetry

In accordance with a previous study,19 differential scanning
calorimetry (DSC) was used to evaluate the phase trans-
formation behavior of the four instruments (n Z 5, each).
Briefly, the blade portion of each instrument was cut into 2-
to 3-mm long sections. Specimens weighing 20 mg each
were measured using a differential scanning calorimeter
(DSC-60; Shimadzu, Kyoto, Japan). Liquid nitrogen acted as
the coolant, and the heating and cooling rates were set at
0.33 �C/s. The temperature was increased to 100 �C from
room temperature, and then decreased to �100 �C to
obtain the cooling curve. The temperature was then
increased to 100 �C to obtain the heating curve.

Phase transformation temperatures were obtained from
the intersections between extrapolations of the baseline
and the maximum gradient line of the lambda-type DSC
curve.14,19e21 The martensitic transformation starting and
finishing temperatures (Ms and Mf, respectively), the R-
phase transformation starting and finishing temperatures
(Rs and Rf, respectively), and the reverse transformation
starting and finishing temperatures (As and Af, respec-
tively) were determined.

Bending test

EDM, CM, TF, and K3 instruments (n Z 10, each) were
tested using a cantilever bending test based on previous
studies.14,20,22 A universal testing machine (Autograph AG-
IS; Shimadzu) was used to apply and record the load.
After cutting off the handle, each specimen was clamped
7.0 mm from the tip and the loading point was set 2.0 mm
from the tip (Fig. 1). The loading speed was 1.0 mm/min,
and once the deflection reached 3.0 mm, the unloading
process was started. The bending load values were
continuously recorded, and those of 0.5 mm and 2.0 mm
were further analyzed as representative points of the
elastic and superelastic ranges, respectively. The temper-
atures of the experimental specimens and device were
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Figure 1 Schematic drawing of the cantilever bending test
device.
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maintained at 37 �C � 1.0 �C (referred to as body tem-
perature; BT) by maintaining the experimental setup in a
transparent glass container equipped with a temperature-
adjustable fan heater (RKC Instrument Inc., Tokyo, Japan).

Cyclic fatigue test

Ten specimens of each instrument were tested. The
experimental setup was based on previous studies using a
stainless steel three-pin device.19,21,22 The three pins were
placed to curve the instrument (Fig. 2). The No. 3 pin was
placed 2 mm from the tip of the instrument, and the No. 2
and No. 1 pins were placed 5 mm toward the base of the
instrument. The instrument curvature was accurately
reproduced by horizontally adjusting the No. 3 pin to the
left. Silicone oil (KF-96-100CS; ShinEtsu Chemical, Tokyo,
Japan) was used as a lubricant to minimize friction and heat
generation. The temperature of the instrument and appa-
ratus was maintained at BT by housing the experimental
setup in a transparent glass container equipped with a
temperature-adjustable fan heater (Omron-E5C4; OMRON
Corporation, Kyoto, Japan).

The instrument was fixed using the No. 1 and No. 2 pins,
and the instrument was protruded 2 mm beyond the No. 3
pin. The instrument curvature was 38� with a curvature
radius of 5 mm. The instrument was rotated at 300 rpm using
an endodontic motor (Dentaport ZX; J Morita, Kyoto, Japan).
Figure 2 Schematic drawing of the cyclic fatigue test de-
vice. No. 1, No. 2 and No. 3: three pins used to curve the
instrument.
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A load cell (LUR-A-50NSA1; Kyowa Electronic In-
struments, Tokyo, Japan) was fixed to the No. 2 pin to
determine the magnitude of the deflection load imposed by
the instrument during rotation. The output of the load cell
was connected to a personal computer (VAIO, VGN-FE92HS;
Sony, Tokyo, Japan) via an analog-to-digital converter with a
bridge box (TUSB-S01LC; Turtle Industry, Tsuchiura, Japan).
The time to fracture was measured and NCF values were
determined as the number of revolutions (rpm) � time to
fracture (minutes).

The fractured surface of the separated NiTi instruments
was investigated with a scanning electron microscope (S-
3400; Hitachi, Tokyo, Japan) at a 15 kV accelerating voltage
to determine the fracture mode.
Data analysis

Statistical analysis was conducted using statistical software
(SPSS v27; IBM Corp, Armonk, NY, USA). A KruskaleWallis
test with a post hoc ManneWhitney U test and Bonferroni
correction was used to detect the difference of the bending
load and NCF values among the tested instruments. The
statistical significance level was set at 5%.
Results

Phase transformation temperatures

Fig. 3 shows typical DSC curves obtained from each group.
The upper peak indicates the exothermic reaction accom-
panying the R-phase/martensitic transformation from the
austenitic phase during the cooling process. The lower peak
indicates the endothermic reaction caused by the reverse
transformation during the heating process. The EDM instru-
ment had two clear exothermic peaks and thus, Rs and Rf
were obtained. The K3 and TF instruments had a single
exothermic peak and the CM instrument had multiple
exothermic peaks that were not clearly separate; thus, Rs
and Rf were not determined. The Ms and Mf of the CM in-
strument were determined from the tangent line where the
DSC curve deviates from and returns to the baseline. During
the endothermic process, the EDM and K3 instruments had a
single peak, whereas the CM and TF instruments had two
overlapping peaks.

The phase transformation temperatures of all groups are
shown in Table 1. EDM and CM instruments had an Af
greater than BT, while the TF and K3 instruments had an Af
less than BT.
Bending load values

Fig. 4 shows typical stress-induced deflection curves for
each instrument. EDM and CM instruments had typical
deflection curves of shape memory NiTi alloys with per-
manent deformation. TF and K3 instruments had typical
deflection curves of a superelastic NiTi alloy.

As shown in Table 2, the bending load values at 0.5 mm
deflection, representing the elastic range, were in the
order of EDM < TF < CM < K3 (P < 0.05), and those at



Figure 3 Typical DSC curves for (A) HyFlex EDM, (B) HyFlex CM, (C) Twisted File, and (D) K3 instruments.

Table 1 Phase transformation temperatures of the instruments investigated.

Ms (�C) Mf (�C) Rs (�C) Rf (�C) As (�C) Af (�C)

EDM �15.79 � 1.66 �40.4 � 0.53 42.6 � 0.46 30.84 � 0.21 36.7 � 0.57 49.9 � 1.0
CM 36.5 � 0.73 �32.4 � 1.41 e e 29.1 � 1.59 57.2 � 2.11
TF 9.1 � 1.22 �2.4 � 2.11 e e �8.4 � 1.61 15.5 � 0.66
K3 7.1 � 2.65 �22.3 � 3.4 e e �27.1 � 0.57 13.1 � 2.46

Data are mean and SD (n Z 5).
Abbreviations: Af: reverse transformation starting and finishing temperature, As: reverse transformation starting temperature, Mf:
martensitic transformation finishing temperature.
Ms, martensitic transformation starting temperature, Rf: R-phase transformation finishing temperature, Rs: R-phase transformation
starting temperature, EDM: HyFlex EDM, CM: HyFlex CM,TF: Twisted File.
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2.0 mm deflection, representing the superelastic range,
were EDM < CM and TF < K3 (P < 0.05).

Cyclic fatigue test

As shown in Table 2, the EDM instrument had the highest
NCF among the tested instruments (P < 0.05), and the NCF
for the TF instrument was significantly higher than for the
K3 instrument. The NCF for the CM instrument was not
significantly different than that from the TF and K3 in-
struments (P > 0.05).

Representative SEM images (Fig. 5) show typical features
of cyclic fatigue failure, including crack-initiating areas and
dimples.
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Discussion

In this study, the phase transformation temperature,
bending loads, and NCF values of EDM and other NiTi rotary
instruments were compared at a clinically-relevant BT con-
dition. Overall, the EDM instrument showed a significantly
lower bending load and higher NCF than the other investi-
gated instruments. Thus, the null hypothesis was rejected.

The NiTi alloy phase composition changes depending on
the environmental temperature, which affects the me-
chanical properties of the alloy at specific temper-
atures.23e25 The phase transformation behavior of NiTi
alloys is sensitive to several factors, including the atomic
composition, heat treatment, and manufacturing



Table 2 Bending load values, number of cycles to failure
(NCF), and fracture length for EDM, CM, TF, and K3 in-
struments (n Z 10).

Group Bending load value NCF

0.5-mm
deflection (N)

2.0-mm
deflection (N)

EDM 0.17
(0.17e0.19)a

0.99
(0.63e1.05)a

4203
(2774e4813)a

CM 0.93
(0.83e0.99)b

1.45
(1.40e1.68)b

545
(323e653) bc

TF 0.48
(0.39e0.52)c

1.46
(1.25e1.65)b

517
(490e543)b

K3 2.62
(2.57e2.79)d

7.14
(6.86e7.35)c

354
(312e378)c

Data show medians and interquartile ranges. Different super-
script letters in the same column indicate statistical differences
among groups (p < 0.05).
Abbreviations: CM: HyFlex CM, EDM:HyFlex EDM, TF: Twisted
File, NCF: number of cycles to failure.

Figure 4 Typical stress-induced deflection curves for the
instruments investigated. CM: HyFlex CM, EDM: HyFlex EDM,
TF: Twisted File.
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process.26,27 In general, martensitic instruments are soft,
ductile, and have greater cyclic fatigue resistance than
austenitic NiTi instruments.28 Understanding the phase
transformation behavior of a NiTi rotary instrument,
particularly under BT, is important because the phase
composition can be critical in determining the instrument’s
efficiency and safety under clinical conditions.

The DSC results showed various phase transition pat-
terns, indicating the tested instruments had different
phase states at BT (Fig. 3, Table 1). The Rs of the EDM in-
strument (36.7 �C � 0.57 �C) was nearly identical to BT,
indicating the instrument was rich in the R-phase, an in-
termediate phase with better resistance to cyclic fatigue
than austenite.18 This agrees with earlier studies.11,29,30

The CM instrument may be a mixed phase of austenite
and martensite at BT11 because the As (29.1 �C � 1.59 �C)
and Af (57.2 �C � 2.11 �C) were lower and higher, respec-
tively, than BT. The CM instrument is reported to have two
exothermic peaks, suggesting the existence of the R-
933
phase31; however, this was not demonstrated in this study
likely because of different experimental conditions. The
higher As temperature of the EDM instrument than that of
the CM instrument indicate that the EDM process induces a
temperature shift to produce more martensite and R-phase
than the conventional grinding process, presumably by
causing precipitation of Ni4Ti3.

8,11

The TF and K3 instruments may be mainly austenitic at
BT because the Ms and Af were less than BT, which is
consistent with earlier studies.14,15 The presence of two
endothermic peaks in the TF instrument suggests that the
reverse transformation of the alloy to austenite might
proceed via the formation of the R-phase.

Most published studies reported bending and cyclic fa-
tigue testing of NiTi rotary instruments at room tempera-
ture,32,33whichmay limit the clinical relevance of the results
because of the difference in the phase composition and
resulting mechanical properties of the instruments at room
temperature and BT.6,34,35 In this regard, the DSC analysis in
this study suggests that the CM instrument is primarily
martensitic at room temperature; however, it is a mixed
phase ofmartensite and austenite at BT. This implies that the
CM instrument may be more flexible and fatigue resistant at
room temperature, leading to overestimation of its clinical
performance if such properties are analyzed at room
temperature.

The elastic moduli of NiTi alloys differ depending on the
constituent phase; the martensitic phase has lower moduli
than the austenite phase, and the moduli changes
remarkably near the transformation temperature.21 Ac-
cording to the presented bending test results, the EDM in-
strument showed the lowest load value among all
instruments tested. Such high flexibility of the EDM instru-
ment, likely because of its dominant R-phase composition
at BT, is consistent with previous studies.36,37 The EDM
process might also affect the bending load values.13,30

The bending load value of the TF instrument was signifi-
cantly smaller than that of the CM instrument in the elastic
range, while the two instruments exhibited similar values in
the superelastic range. The TF instrument may contain a
certain amount of the R-phase, which has a lower elastic
modulus than martensite and austenite. Moreover, the Ms of
the TF instrument was less than BT, which impedes the phase
transformation, and more stress is required for stress-
induced martensitic transformation in the superelastic
range.14,20

Another factor that influences the bending load is the
geometry of the instruments, including the cross-sectional
configuration and area, pitch length, and taper.21,22 The
smaller triangular cross-sectional area of the TF instrument
may contribute to the smaller load that is sustained in the
elastic range. The K3 instrument sustained the highest load
among the instruments tested. This agrees with earlier
findings14,15 and can be explained by the cross-sectional area
of the K3 instrument, which is twice that of the TF instru-
ment.15 Additionally, the K3 instruments had the lowest
transformation temperature and austenitic phase
composition.

In this study, a cyclic fatigue test was conducted by
applying constant load to the NiTi instruments under a
flexed state, similar to previous studies.14,19,21 The scan-
ning electron microscopic analysis showed typical



Figure 5 Representative scanning electron microscopic images of the fractured surface of a broken fragment of (A, B) HyFlex
EDM, (C, D) HyFlex CM, (E, F) Twisted File, and (G, H) K3 instruments after the cyclic fatigue test. Asterisks indicate the crack
initiating area. Red arrows indicate dimples.
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fractographic appearances of cyclic fatigue fracture char-
acterized by crack initiation areas at the cutting edge and
dimples on the fracture surface indicating ductile
repture.12,13,17,38 According to the loadedeflection curve,
the range of deflection under the cyclic fatigue test con-
ditions may have been in the superelastic range. The EDM
instrument had the highest NCF, which is in line with
several studies showing the superior cyclic fatigue resis-
tance of EDM.12,13,29,30,36,37,39,40 The phase composition of
the EDM instrument at BT (martensitic or R-phase) may be
important because instruments with greater flexibility tend
to exhibit higher cyclic fatigue resistance.6,9,30,37 Moreover,
the EDM procedure created a few machining grooves that
are common in conventional manufacturing methods, and
such special surface conditions may increase the cyclic
fatigue resistance of the EDM instrument.39 Additionally,
the EDM instrument has a crater-like surface texture, which
may contribute to blocking crack propagation.40

This study had several limitations. First, there are
inherent differences between laboratory and clinical con-
ditions, and the tests employed may be regarded as
screening tests that cannot be directly extrapolated to the
clinical performance of the instruments tested.41 Second,
similar to most studies employing commercially available
NiTi instruments, the effect of various geometric factors
were not eliminated, and thus it was difficult to attribute
differences among groups to only themetallurgical factors.41

In conclusion, the EDM instrument showed better flexi-
bility and cyclic fatigue resistance than differently heat-
treated and non-heat-treated NiTi rotary instruments at BT.
The EDM instrument had a reverse transformation finishing
temperature higher than BT, indicating the R-phase-rich
composition of the EDM instrument at BT. Within the limi-
tations of these in vitro findings, the EDM instrument ap-
pears suitable for use in curved canals.
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9. Schäfer E, Bürklein S, Donnermeyer D. A critical analysis of
research methods and experimental models to study the
physical properties of NiTi instruments and their fracture
characteristics. Int Endod J 2022;55:72e94.

10. Santos LdA, Bahia MGdA, Las Casas EBd, Buono VTL. Compar-
ison of the mechanical behavior between controlled memory
and superelastic nickel-titanium files via finite element anal-
ysis. J Endod 2013;39:1444e7.

11. Iacono F, Pirani C, Generali L, et al. Structural analysis of
HyFlex EDM instruments. Int Endod J 2017;50:303e13.
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