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Abstract: WaveOne Gold, ProTaper Gold, Reciproc Blue, ProTaper 
Next, WaveOne and ProTaper files were selected to compare the phase 
transformation behaviors and mechanical properties of nickel-titanium 
(NiTi) rotary files after gold heat and blue heat treatments. The reverse 
transformation finishing point temperatures of WaveOne Gold, ProTaper 
Gold, ProTaper Next and WaveOne were higher than those of the other two 
instruments investigated. At a deflection of 0.5 mm, the loads were signifi-
cantly varied except for ProTaper Next and ProTaper Gold. At a deflection 
of 3.0 mm, the loads of Reciproc Blue and WaveOne Gold were signifi-
cantly varied compared to WaveOne and ProTaper. Cycles to failure were 
reduced in the order of WaveOne Gold, Reciproc Blue, ProTaper Gold, 
ProTaper Next, WaveOne and ProTaper. NiTi instruments after gold heat 
and blue heat treatments exhibited significantly higher bending properties 
and cyclic fatigue resistances, representing an improved performance over 
traditional and M-wire instruments.

Keywords; blue heat treatment, gold heat treatment, nickel-titanium, 
phase transformation, rotary instrument 

Introduction 

Preparation of root canals requires cleaning and molding of the space in the 
root canal without creating errors such as ledges, zips, or perforations [1,2]. 

Root canal instruments made of nickel-titanium (NiTi) alloy have been 
employed for this purpose for 30 years [3,4]. These NiTi rotary instruments 
have been widely applied in endodontics due to their unique properties 
resulting from the austenite-martensite transition, including super-elastic-
ity, great flexibility, and shape-memory effects [5-7]. However, torsional 
forces and cyclic fatigue may result in unanticipated fracture of NiTi rotary 
instruments within the root canal [8,9].

To date, various methods have been used to prevent fractures of NiTi 
rotary files and to improve their effectiveness, safety and reliability. The 
properties of endodontic instruments can be selected by identifying suit-
able material microstructures and processing technologies. Currently, new 
alloys possessing superior mechanical properties are used by manufactur-
ers [10-13]. Raw alloy metals with highly preferred microstructures and 
material properties are chosen or custom designed for the manufacture 
of NiTi files, and great efforts have been made to fabricate new instru-
ments over the last few decades [14,15]. Varied fabrication processes that 
optimize phase transformation behaviors and mechanical properties are 
employed for production of these improved instruments [16].

To create suitable microstructures and optimize the phase transforma-
tion behaviors of NiTi alloys, thermal treatments have been performed, 
resulting in products such as R-phase wire, M-wire, and controlled 
memory wire (CM-wire). The mechanical properties and reliability of 
NiTi files have thus been improved. Recently, NiTi files of WaveOne Gold 
(Dentsply Maillefer, Ballaigues, Switzerland), ProTaper Gold (Dentsply, 
Tulsa Dental Specialties, Tulsa, OK, USA) and Reciproc Blue (VDW, 

Munich, Germany) were introduced as new instruments resulting from 
modern thermal treatment procedures. Among them, WaveOne Gold is 
the new version of the well-known WaveOne file. The dimension and 
cross-sectional shape of WaveOne Gold have been optimized, while its 
reciprocation motion has been preserved. The design is a parallelogram 
cross-section with two cutting edges. In addition, the off-center design that 
is used in previous ProTaper Next files (Dentsply Maillefer, Ballaigues, 
Switzerland), is also used in WaveOne Gold files. Gold heat treatment for 
WaveOne Gold is carried out after production by heating and slow cool-
ing of the files, differing from M-wire technology [17]. The flexibility of 
WaveOne Gold files is thus increased. Metallurgically, gold heat treated 
files are more varied, providing higher flexibility than traditional NiTi files 
and M-wire files [17].

Using proprietary advanced metallurgy, ProTaper Gold instruments 
have also been developed. The geometry of ProTaper Gold is identical to 
that of ProTaper Universal files (Dentsply Maillefer) in having a convex 
triangular cross-section, and the progressively tapered design enhances 
both safety and cutting efficiency. Thus far, ProTaper Gold has been devel-
oped using advanced metallurgy methods involving heat treatment [7,18]. 
The manufacturer claims that these instruments have fatigue resistance 
superior to that of ProTaper Universal. 

Reciproc Blue, the newest version of Reciproc, has an S-shaped 
cross-section, containing two cutting edges and a non-cutting tip [19]. 
Its manufacture involves a new form of heat treatment creating varied 
molecular structures and a unique blue oxide surface layer. Recently, it has 
been reported that Reciproc Blue shows improved all-around performance 
compared to that of conventional M-Wire Reciproc, demonstrating higher 
flexibility, fatigue resistance and reduced microhardness, while maintain-
ing similar surface characteristics [20]. Silva et al. have further reported 
that Reciproc Blue has an increased angle of rotation to fracture but a lower 
torque to failure than those of the original Reciproc [21]. 

Currently, there is a need for clinicians to understand the features of 
different files to best meet the anatomic challenges of root canals. How-
ever, the effects of new fabrication processes on the mechanical properties 
of these files (WaveOne Gold, ProTaper Gold, and Reciproc Blue) may 
be misleading if information on their phase transformation behaviors is 
unclear. The mechanical properties of NiTi instruments vary greatly 
with phase transformation behaviors and are easily changed by chemical 
composition, heat treatment and manufacturing processes. Therefore, the 
aim of the present study was to investigate the thermal behaviors, bending 
properties and cyclic fatigue resistance of these three new files in com-
parison with three control files (ProTaper Next, WaveOne and ProTaper). 
The null hypothesis was that there would be no differences in phase trans-
formation behavior, bending resistance or cyclic fatigue resistance among 
these instruments.

Materials and Methods
 

NiTi files
The following rotary NiTi instruments were used in this study: WaveOne 
Gold (Primary, 25 mm), ProTaper Gold (F2, 25 mm), Reciproc Blue (R25, 
25 mm), ProTaper Next (X2, 25 mm), WaveOne (Primary, 25 mm) and 
ProTaper (F2, 25 mm). 

Instrument Geometry
At the D7 level, the cross-sectional geometries of the instruments were 
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investigated using scanning electron microscopy (SEM). The area of the 
D7 level was measured using commercially available software, ImageJ 2x 
(National Institutes of Health, San Jose, CA, USA). 

Differential scanning calorimetry
Differential scanning calorimetry (DSC, 200F3, Netzsch, Germany) analy-
sis was performed with the specimens under argon gas. The temperature 
was increased from room temperature to 100°C, followed by a decrease to 
−100°C and ultimately increased back to 100°C. The heating and cooling 
rates were 10°C/min. The specimens were chosen from blade portions of 
the files. The average weight and length of the specimens were 20 ± 1 mg 
and 2-3 mm. The martensitic transformation-starting and finishing points 
(Ms, Mf), as well as the reverse transformation-starting and finishing points 
(As, Af) were determined according to a previous study [22]. Furthermore, 
individual or combined peak areas (enthalpies) were also calculated from 
the DSC curves.

Bending resistance test 
The bending resistance test was performed using a biomechanical testing 
machine (ElectroForce 3100 Bose, TA instruments, New Castle, DE, USA) 
at a room temperature of 25°C. After the handles had been removed, each 
specimen was clamped at 9.5 mm, as measured from the tip. The loading 
point was located at 3.0 mm from the tip. At loading and unloading speeds 
of 1.0 mm/min, the deflection reached 4.0 mm before the unloading step 
was initiated. Finally, the force was reduced to 0 N. 

Cyclic fatigue test
The static cyclic fatigue testing device consisted of a main frame and a 
stainless steel block containing an artificial canal with a curvature of 60° 
and radius of 3.5 mm. The curvature center of the canal was located at 7 
mm from the tip of the instrument. The instruments were rotated at speeds 
recommended by the manufacturers using different reduction handpieces 
that were powered by torque-controlled electric motors (Table 1). Lubri-
cant (Vaseline, Tianjin, P. R. China) was applied to reduce the friction 
between the files and the artificial canal walls. All instruments were loaded 
until fracture. Time to fracture was recorded using a chronometer and the 
number of cycles to failure (NCF) for each instrument calculated by multi-
plying the fracture time by the number of rotations per second. The length 
of the fractured tip was also measured. The fracture surface of the files was 
observed using SEM.

Statistical analyses
All data are generally presented as the mean ± standard deviation. Statisti-
cal analysis was performed using SPSS 21.0 software (SPSS Inc, Chicago, 
IL, USA). The normality of the data was analyzed using the Kolmogorov-
Smirnov test. Abnormally distributed data were also presented as the median 
with interquartile range (IQR). The homogeneity of variables was analyzed 
using the Levene test. For normally distributed data with homoscedastic-
ity, comparisons among groups were performed using one-way analysis 
of variance with the Tukey post hoc test. Otherwise, comparisons were 
performed using the Kruskal-Wallis H test with a Bonferroni post hoc test. 
Differences at P < 0.05 were considered statistically significant.

Results

Instrument geometry
Cross-sectional shapes of the six examined files at the maximum stress 
points (D7) during the cyclic fatigue resistance test were investigated 
using SEM. Images shown in Fig. 1 demonstrate the differences in cross-
sectional shapes observed by SEM. WaveOne Gold (Fig. 1a) and ProTaper 
Next (Fig. 1d) had small inner core areas of approximately 0.12 mm2, as 
indicated by the white circles, while ProTaper Gold (Fig. 1b) and ProTaper 
(Fig. 1f) had large inner core areas (0.20-0.21 mm2) (Table 2).

Differential scanning calorimetry
The DSC heating and cooling cycles of the six NiTi files are shown in 
Fig. 2. During heating, two prominent endothermic peaks were observed 
in the curves of the three new instruments tested–WaveOne Gold, ProTaper 
Gold and Reciproc Blue–similar to the conventional ProTaper files. Single 
endothermic peaks were observed in the ProTaper Next and WaveOne 
files. As shown in Table 3, all data except ΔH of Cooling in the Waveone 
group and ΔH of Heating in the ProTaper group were normally distributed, 
and the Mf data for cooling showed no homoscedasticity (P = 0.022). 
All parameters differed significantly among the six groups (all P ≤ 0.01). 
The Af temperatures, those at which the transformation of austenitic NiTi 
upon heating ceased, exceeded 50oC for WaveOne Gold (51.6), ProTaper 
Gold (50.6), ProTaper Next (51.4) and WaveOne (53.0). In contrast, the 
Af temperatures of Reciproc Blue and ProTaper were 38.4 and 20.7°C, 
respectively. During the cooling process, single peaks were observed 
except for the Reciproc Blue sample, suggesting phase transformation 
from austenite to martensite. The Mf temperatures, indicating the appear-
ance of martensite NiTi during cooling, were found to be about 20°C for 
WaveOne Gold (22.0), ProTaper Gold (16.0), ProTaper Next (21.5) and 
WaveOne (17.9) (Table 3). Mf temperatures for Reciproc Blue (−83.3) and 
ProTaper (−11.6) were also significantly lower than those of the aforemen-
tioned four files.

Table 1   Endodontic motor and program specifications for the file types investigated

Files Handpiece Electric motor Speed /rpm Torque/N cm

WaveOne Gold  6:1 SILVER RECOPROC, VDW, Germany 350 -

ProTaper Gold 20:1 ENDO-MATE DT, NSK, Japan 300 5.5

Reciproc Blue  6:1 SILVER RECOPROC, VDW, Germany 300 -

ProTaper Next 20:1 ENDO-MATE DT, NSK, Japan 300 5.5

WaveOne  6:1 SILVER RECOPROC, VDW, Germany 350 -

ProTaper 20:1 ENDO-MATE DT, NSK, Japan 300 5.5

Table 2   Cross-sectional area and inner core area (mm2) for the six files at the maximum stress point

Cross-sectional area Inner core area

WaveOne Gold 0.21 0.12

ProTaper Gold 0.25 0.20

Reciproc Blue 0.25 0.14

ProTaper Next 0.21 0.12

WaveOne 0.23 0.15

ProTaper 0.27 0.21

Fig. 1   Cross-sectional configurations for the six files at the maximum stress point (110×). a, b, c, 
d, e, and f represent WaveOne Gold, ProTaper Gold, Reciproc Blue, ProTaper Next, WaveOne, and 
ProTaper, respectively.
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Bending resistance test
The plots in Fig. 3 show the relay load versus deflection of the six instru-
ments during flexural tests. The loads of all six files increased almost 
linearly initially, indicative of their elastic deformations. Subsequently, 
plateaus that represented the stress-induced phase transformation were 
reached. During the unloading procedures, five instruments (WaveOne 
Gold, ProTaper Gold, ProTaper Next, WaveOne, and ProTaper) achieved 
these plateaus smoothly in the load-deflection curves, indicating the 
reverse transformation. Finally, the elastic recoveries were noted, generat-
ing small residual deflections, except for Reciproc Blue, which formed an 
evident residual deflection. The plateau of WaveOne was steeper than for 
the other files.

The loads of the six NiTi files at deflections of 0.5 and 3 mm are listed 
in Table 4. Data at 3.0 mm in the WaveOne and ProTaper groups were 
abnormally distributed and data at 0.5 mm showed no homoscedasticity 
(P = 0.002). The loads data at two deflections differed significantly among 
the six files (P < 0.001). The load for Reciproc Blue at a deflection of 0.5 
mm, i.e. within the elastic range, was the smallest at 0.32 N. The loads for 
WaveOne Gold, ProTaper Next, ProTaper Gold, and WaveOne increased 
gradually to 0.41, 0.52, 0.53, and 0.77 N, respectively. The load for Pro-
Taper was 1.42 N, which was significantly higher than for the former five 
samples with the exception of WaveOne (P < 0.05). In addition, the loads 
for Reciproc Blue and WaveOne Gold were 2.09 and 2.34 N at a deflection 
of 3.0 mm, i.e. within the superelastic range, being significantly lower than 
that of ProTaper (4.23 N) and WaveOne (4.39 N) (P < 0.05). Furthermore, 

the loads for ProTaper Gold (3.12 N) and ProTaper Next (3.10 N) were not 
significantly different.

Cyclic fatigue
NCFs and lengths of the fractured segments of the six files investigated 
are listed in Table 5. NCF data for all six files and fragment lengths for 
WaveOne Gold and PeoTpaer Gold were normally distributed. NCF data 
showed no homoscedasticity (P < 0.001). NCFs differed significantly 
among the six files (P < 0.001) while the lengths of the fractured segments 
showed no significant differences (P = 0.109). WaveOne Gold generated 
the largest statistically significant NCF of 560 ± 111, implying the highest 
significant fatigue resistance. The NCF for ProTaper (65 ± 20) was the 
lowest and the fatigue resistance was considered as the lowest. The mean 
NCFs for Reciproc Blue and ProTaper Next were 153 and 158, respec-
tively. The mean NCF for ProTaper Gold (222) was significantly higher 
than that for WaveOne (128, P < 0.05). The differences among ProTaper 
Gold, ProTaper Next and WaveOne were shown to be non-significant sta-
tistically. The mean lengths of the fractured segments of the six files were 
approximately 6.9 mm, demonstrating no significant differences within the 
group. Finally, the topographic appearance of the fractured surfaces of all 
instruments presented typical features of cyclic fatigue, including crack 
initiation areas, the presence of fatigue striations and a fast fracture zone 
with dimples. In particular, two crack initiation areas were observed in the 
gold and blue instruments (Fig. 4). 

Fig. 2   DSC cooling and heating curves of the six files investigated Fig. 3   Load-deflection curves for the six files

Table 3   Phase transformation temperatures (°C) and ΔH (J/g) measured for the files studied

WaveOne Gold ProTaper Gold Reciproc Blue ProTaper Next WaveOne ProTaper F/H P

Cooling Ms (mean ± SD) 43.8 ± 0.3cdf 43.0 ± 0.8cdef 20.37 ± 0.5abdef 45.1 ± 1.1 abcf 44.4 ± 1.0bcf 13.8 ± 0.9abcde 1555.63 <0.001

Mf (mean ± SD) 22.0 ± 0.7f 16.1 ± 4.9acdf −83.3 ± 0.7ad 21.5 ± 7.1 bcf 17.9 ± 3.5cf −11.6 ± 3.3a 22.93 <0.001

ΔH (mean ± SD) 5.6 ± 0.3 5.2 ± 0.4 10.5 ± 0.6e 3.8 ± 1.8 2.0 ± 0.5c 3.7 ± 1.8
21.567 0.001

ΔH (median, IQR) 5.5 (0.3)

Heating As (mean ± SD) 8.5 ± 0.4bcdef 6.5 ± 1.9acdef 12.0 ± 0.5abdef 0.2 ± 1.2abcef −3.9 ± 0.8abcdf −18.2 ± 0.4abcde 573.79 <0.001

Af (mean ± SD) 51.6 ± 0.6bcef 50.6 ± 0.7acdef 38.4 ± 0.6abdef 51.4 ± 0.3bcef 53.00 ± 0.4abcdf 20.7 ± 0.4abcde 3007.18 <0.001

ΔH (mean ± SD) 10.7 ± 0.2 10.8 ± 0.7 15.3 ± 0.3de 3.3 ± 0.2c 3.2 ± 0.3c 6.1 ± 0.5
26.687 <0.001

ΔH (median, IQR) 6.0 (0.63)
All data are generally presented as mean ± standard deviation (SD). The normality of data was analyzed using the Kolmogorov-Smirnov test. Abnormally distributed data are also presented as median (IQR). The homogeneity of 
variables was analyzed using the Levene test. Comparisons among normally distributed data with homoscedasticity were performed using ANOVA with Tukey post hoc analysis. Otherwise, the Kruskal-Wallis H test with Bonferroni 
post hoc test was performed. n = 5 in each group. aCompared with WaveOne Gold (P < 0.05). bCompared with ProTaper Gold (P < 0.05). cCompared with Reciproc Blue (P < 0.055). dCompared with ProTaper Next (P < 0.05). 
eCompared with WaveOne (P < 0.05). fCompared with ProTaper (P < 0.05)

Table 4   Loads at deflections of 0.5 and 3.0 mm for the six files

WaveOne Gold ProTaper Gold Reciproc Blue ProTaper Next WaveOne ProTaper H P

Load at 0.5 mm Mean ± SD 0.41 ± 0.07ef 0.53 ± 0.13f 0.32 ± 0.09ef 0.52 ± 0.06f 0.77 ± 0.07ac 1.42 ± 0.34abcd 39.042 <0.001

Load at 3.0 mm Mean ± SD 2.34 ± 0.17ef 3.12 ± 0.18 2.09 ± 0.18ef 3.10 ± 0.25 4.39 ± 0.25ac 4.23 ± 0.48ac

42.809 <0.001
Median (IQR) 4.33 (0.23) 4.15 (0.33)

All data are generally presented as mean ± standard deviation (SD). The normality of data was analyzed using the Kolmogorov-Smirnov test. Abnormally distributed data are also presented as median (IQR). The homogeneity of 
variables was analyzed using the Levene test. Comparisons among groups were performed using the Kruskal-Wallis H test with Bonferroni post hoc test. n = 8 in each group. aCompared with WaveOne Gold (P < 0.05). bCompared 
with ProTaper Gold (P < 0.05). cCompared with Reciproc Blue (P < 0.05). dCompared with ProTaper Next (P < 0.05). eCompared with WaveOne (P < 0.05). fCompared with ProTaper (P < 0.05)
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Discussion 

The mechanical properties of NiTi alloys are determined by their phase 
transformation behaviors, which in turn are governed by their chemical 
compositions and thermomechanical procedures combining mechanical 
deformation and heat treatment. Previous reports have shown that not only 
transformation characteristics but also mechanical properties, notably the 
superelastic properties of NiTi files, are altered by their thermomechani-
cal history [23]. In addition, the mechanical properties of NiTi files can 
be greatly altered through variations in instrument configuration. In other 
words, despite the enhancement of file flexibility by specific thermal 
manipulations, the actual results may vary.

More recently, gold and blue heating processes have been used to fabri-
cate NiTi files to achieve different crystalline phase structures that improve 
flexibility and fatigue resistance. The newly produced WaveOne Gold, 
ProTaper Gold and Reciproc Blue have also been widely used. However, 
the phase transformation behaviors of these new NiTi instruments and the 
relationships with their mechanical properties have remained unclear. 

Thermomechanical treatment of NiTi alloys has a strong impact on their 

transformation behavior. Martensitic transformation of near-equiatomic 
NiTi alloys occurs in a single-stage procedure (austenite [A]-martensite 
[M]) or a two-stage one (A-R-M), depending on their thermomechanical 
history [24]. Generally, Ni-rich NiTi alloys undergo a single-stage trans-
formation [24]. Special heat treatment can lead to the appearance of finely 
dispersed Ti3Ni4 precipitates in the austenitic matrix and a switch to two-
stage transformation [24]. Such Ti3Ni4 precipitates limit the formation of 
martensite during the cooling step, along with the deformation of a large 
lattice. However, the formation of R-phase coinciding with the deforma-
tion of a much smaller lattice is not affected by Ti3Ni4 precipitates. The 
R-phase, considered to be another potential martensite phase, shows a 
preference for the presence of fine particles rather than martensite. There-
fore, further cooling steps are required for formation of martensite and the 
two-stage martensitic transformation. 

DSC analysis is a common method for examining the phase transforma-
tion behaviors of NiTi files [6,22]. The DSC results in the present work 
show that the Af temperatures of the WaveOne Gold and ProTaper Gold 
instruments were higher than 50°C. The presence of martensite variants 
can be related to high transformation temperatures [7]. Their enthalpy 
variations (ΔH) during heating and cooling were larger than those of 
ProTaper Next, WaveOne and ProTaper, suggesting that WaveOne Gold 
and ProTaper Gold had martensite structures at body temperature. In 
contrast, ProTaper Next and WaveOne, both made from M-wires, have 
a large amount of work-hardened martensitic structures and superelastic 
properties, although their Af temperatures also are higher than 50°C. The 
Af temperature of Reciproc Blue was 38.4 ± 0.6°C, i.e. close to body tem-
perature. Coincidentally, another blue file, Vortex Blue, demonstrated the 
highest enthalpy variations (ΔH) during heating and cooling, suggesting 
that many more grains were involved in the phase transformation behavior 
[23]. Therefore, it can be suggested that the transformation temperature 
can be altered in different heat treatment processing steps through the 
release of crystal lattice defects and elimination of internal strain energy. 

Two overlapping endothermic peaks were observed in the heating 
curves of WaveOne Gold, ProTaper Gold and Reciproc Blue, suggesting 
the generation of an intermediate R-phase during phase transformation 
[19]. The first peak during the heating stage is related to the phase trans-
formation from martensite to R-phase. The second peak, at the higher 
temperature, is assigned to the subsequent phase transformation from 
R-phase to austenite. Thus, the thermomechanical processing procedure 
created Ti3Ni4 precipitates that are believed to exist during such two-stage 
transformations. During cooling, exothermal peaks were also noted for 
WaveOne Gold, ProTaper Gold and Reciproc Blue, which are related 
to the phase transformation from austenite to R-phase. The subsequent 
transformations of R-phase to martensite, however, were difficult to detect 
except in Reciproc Blue. It has been reported that Vortex Blue presented 
an A-R-M phase transformation during heating and cooling, and only a 
single peak indicative of single-phase transformation was found for Pro-
File Vortex made from M-wire during these processes [25]. It has also been 
mentioned that the Af temperature of Vortex Blue (38°C) was lower than 
that of ProFile Vortex (50°C) [25,26]. Hieawy et al. further reported that 
ProTaper Gold achieved a two-stage specific transformation behavior and 
high Af temperatures [7]. A two-stage phase transformation during heating 
and single-stage phase transformation during cooling were observed for 
ProTaper, resulting in complete austenite structures at body temperature 
(37°C), consistent with a previous study [27].

Bending properties and cyclic fatigue resistance are considered among 
the most important mechanical properties of NiTi rotary instruments, 
providing fundamental information for the correct choice of suitable 

Table 5   NCF and fragment length for the six files studied

WaveOne Gold ProTaper Gold Reciproc Blue ProTaper Next WaveOne ProTaper H P

NCF Mean ± SD 560 ± 111cdef 222 ± 36ef 153 ± 41a 158 ± 22af 128 ± 18ab 65 ± 20abd

50.286 <0.001
PK-S 0.2 0.134 0.2 0.2 0.067 0.063

Fragment length 
(mm)

Mean ± SD 6.83 ± 0.41 6.84 ± 0.21 6.82 ± 0.19 6.92 ± 0.10 7.01 ± 0.03 6.93 ± 0.17
 9.007 0.109

Median (IQR) 6.90 (0.19) 6.99 (0.19) 7.00 (0.01) 6.99 (0.08)
All data are generally presented as mean ± standard deviation (SD). The normality of data was analyzed using the Kolmogorov-Smirnov test. Abnormally distributed data are also presented as median (IQR). The homogeneity of 
variables was analyzed using the Levene test. Comparisons among groups were performed using the Kruskal-Wallis H test with Bonferroni post hoc test. n = 10 in each group. aCompared with WaveOne Gold (P < 0.05). bCompared 
with ProTaper Gold (P < 0.055). cCompared with Reciproc Blue (P < 0.055). dCompared with ProTaper Next (P < 0.05). eCompared with WaveOne (P < 0.05). fCompared with ProTaper (P < 0.05)

Fig. 4   Topographic features of the six files (a) WaveOne Gold, (b) Reciproc Blue, (c) ProTaper 
Gold, (d) ProTaper Next, (e) WaveOne, (f) ProTaper. Crack origins (white circles) and fatigue crack 
propagation and dimple areas (g) are identified in (a)-(f); black arrows indicate the crack initiation 
origin; white arrows indicate the fatigue striations in (h). Figs. (g) and (h) are from ProTaper and 
Reciproc Blue samples, respectively.
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medical equipment. When the ambient temperature is higher than the Af 
temperature, superelasticity or pseudo-elasticity occurs with the phase 
transformation of NiTi alloys during the application of stress exceeding 
a critical level. For this reason, conventional superelastic NiTi instru-
ments require the working temperature to be higher than the Af to achieve 
pseudo-elasticity. The Af temperatures for ProFile and ProTaper, which 
exhibit superelasticity during clinical application, are lower than body tem-
perature [28,29]. The present bending load curves suggested that WaveOne 
Gold and ProTaper Gold also exhibited superelasticity, despite having a 
working temperature below the Af. The DSC results showed that gold 
instruments had 2-stage specific transformation behavior, indicating that 
reverse transformation of the alloy occurred via the intermediate R-phase, 
thereby reflecting the complex phase transformation associated with the 
manufacturing process. However, Reciproc Blue did not present an evident 
rebound effect after unloading, similar to the CM wire. Their behavior 
may be explained by the presence of stable martensite [28]. Interestingly, 
the metallurgical characteristics of Reciproc Blue files exhibited 2-stage 
specific transformation behavior but lower Af temperatures, contrary to the 
CM Wire. Therefore, it is suggested that gold heat treatment can preserve 
the superelastic property of NiTi instruments. Blue heat treatment, how-
ever, can create shape memory properties, i.e. hysteresis superelasticity.

The bending load values of WaveOne Gold and ProTaper Gold in the 
superelastic range were higher than that of Reciproc Blue instruments 
but lower than those of the other three studied. It has been reported that 
the shear modulus in the R-phase of gold and blue instruments is smaller 
than that of martensite and austenite [30]. In addition, the transforma-
tion strain for R-phase transformation less than one tenth of that seen in 
martensitic transformation [31]. The bending load within the superelastic 
range depends upon the critical stress required to trigger martensitic phase 
transformation; at a low Ms temperatures the phase transformation is lim-
ited and more stress is needed to trigger it [26]. Therefore, critical stress 
is increased by reducing the Ms temperature. Here, the Ms temperatures 
of WaveOne Gold and ProTaper Gold were higher than that of ProTaper, 
resulting in low load values in the superelastic range. However, Reciproc 
Blue presented a unique result. On one hand, even though the Ms tem-
perature of Reciproc Blue was lower than those of WaveOne Gold and 
ProTaper Gold, its bending load was also lower possibly due to the unique 
blue heat treatment. On the other hand, Reciproc Blue had the small-
est cross-sectional area and inner core area (Table 4). Although the Ms 
temperatures of WaveOne Gold, ProTaper Gold, WaveOne and ProTaper 
were close to each other, their bending loads were significantly different. 
A large amount of work was needed to harden martensite in M-wire, with 
a higher shear modulus than that of unloaded martensite and austenite, 
leading to different phase compositions at body temperature. The details 
of thermomechanical treatment for gold and blue files remain unknown. 
However, the present results demonstrate that the mechanical behaviors 
are closely related to the phase transformation temperatures determined by 
thermomechanical history and instrument configurations. 

Both gold and blue heat treatment NiTi files show improved fatigue 
resistance when compared with M-Wire and conventional superelastic 
wire (Table 5). Heat treatment files have different fatigue resistances due to 
the existence of martensite variants that are related to the high phase trans-
formation temperatures of gold and blue files. Figueiredo et al. reported 
that the NCF of martensitic NiTi wires can be at least 100 times higher than 
for superelastic and stable austenitic NiTi alloys [32]. Here, gold and blue 
files were more flexible than the other files. For a given strain, a file with 
increased flexibility would experience less stress, allowing for a longer 
fatigue lifetime given that all other factors (cross section, design, etc.) 
remain the same. Thus, gold and blue files go through less stress and have 
a longer fatigue lifetime. Furthermore, the required number of loading 
cycles needed to initiate a fatigue crack and to facilitate crack propagation 
to a critical size is considered to represent the fatigue life of NiTi files. The 
mechanism of crack propagation in martensite shows that a large number 
of highly branched cracks slowly propagate. However, only a few fatigue 
cracks nucleate in superelastic NiTi, resulting in faster propagation [33]. A 
previous study found that CM Wire NiTi files had multiple crack origins on 
the fracture surface [34]. Similarly, in the present study, thermally treated 
gold and blue instruments exhibited superior cyclic fatigue resistance 
compared with other instruments and the fractographic features showed 
initiation of more than one crack area. 

As reported previously, two of the reciprocating files investigated here, 
WaveOne Gold and Reciproc Blue, have excellent cyclic fatigue resistance 
[17,35]. In comparison with rotary motion, the cyclic fatigue resistance 
of NiTi files can be increased by the reciprocation motion [36]. Gold heat 
treatment used to produce WaveOne Gold files increases the flexibility of 
the files. The molecular structures of Reciproc Blues files are altered by the 
new heat treatment during production. As mentioned before, the bending 
load of Reciproc blue was smaller than that of WaveOne Gold (Table 4). 
Thus, the cyclic fatigue of Reciproc blue is theoretically more resistant than 
that of WaveOne Gold. However, as studied, the cyclic fatigue resistance 
of WaveOne Gold is higher than that of Reciproc Blue. Therefore, gold 
heat treatment can result in better cyclic fatigue resistance than blue heat 
treatment. This result, however, is contrary to previous studies [37,38], 
possibly due to the variance in experimental cyclic fatigue devices. For 
example, the files in the Silva et al. study were tested in severely curved 
canals [38]. In addition to the reciprocation motion, the better cyclic fatigue 
could have been attributable to the cross-sectional parallelogram shape and 
off-center design of the WaveOne Gold instrument.

Files made from M-wire have been reported to have higher cyclic 
fatigue resistance than those made of conventional NiTi alloys [39]. In 
the present study, similar results confirmed that the NCFs of WaveOne 
and ProTaper Next were higher than that of ProTaper, which is believed 
to be composed of conventional NiTi alloys. Due to its own features, such 
as cross-section, speed, and rotary approaches, the NCF of ProTaper Next 
exceeded that of WaveOne. 

In summary, after gold heat treatment and blue heat treatment, NiTi 
instruments presented significantly better bending properties and cyclic 
fatigue resistances, in comparison with M-wire and conventional instru-
ments, demonstrating their improved performance. Gold heat treatment 
can preserve the superelastic properties of NiTi instruments, while shape 
memory properties, i.e. hysteresis superelasticity, are created by blue heat 
treatment. In addition, gold heat treatment resulted in better cyclic fatigue 
resistances than blue heat treatment. 
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