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Abstract 
Background: To compare the cyclic fatigue resistance (CFR) of Reciproc® Blue (RB), One Reci® (OR), R-Mo-
tion® (RM), Roll Wave Gold (RW) and RCS Blue T (RCS B-T) instruments. 
Material and Methods: 525 files (105 RB (25/0.08), 105 OR (25/0.06), 105 RM (25/0.06), 105 Wave Roll (25/0.07) 
and 105 RCS Blue T (25/0.06) were assigned into 7 groups (n =15) for each brand. Group 0: Instruments were not 
exposed to NaOCl or sterilization. Groups 1 and 4: instruments were exposed to 5% NaOCl  1 and 3 times, respec-
tively. Groups 2 and 5: instruments were sterilized 1 and 3 times, respectively. Groups 3 and 6: Instruments were 
exposed to both, NaOCl and sterilization 1 and 3 times, respectively. Subsequently, files underwent a dynamic CFR 
test. The chemical composition of the files’ surfaces from Group 0 was determined using energy-dispersive X-ray 
spectroscopy (EDS). Cyclic fatigue resistance time was statistically analysed using 1-way ANOVA and the Krus-
kal-Wallis test. Post hoc multiple range analysis applying Tukey’s test and the Games-Howell test was conducted 
to assess significant differences. 
Results: Greater CFR values were observed in the RB instruments, followed by the RM, OR, RW and RCS B-T 
files, respectively (p˂0.05). No significant differences were observed among RM, OR and RW files (p˃0.05). The 
lowest CFR values were observed in the RCS B-T files(p˂0.05). The CFR of RB, RM, and OR decreased when 
the instruments were autoclaved and immersed in 5% NaOCl (p˃0.05) (3 times) compared with the control group. 
Conclusions:  The RB displayed the best CFR values. The RB, RM and OR instruments were more vulnerable to 
the repeated cycles of NaOCl immersion combined with autoclave sterilisation. The high density of microstructural 
defects on the surface of RW and RCS B-T instruments, caused by a lack of quality control, makes their biomecha-
nical behaviour unpredictable.
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Introduction
Nickel-titanium (NiTi) rotary file fracture occurs due to 
two mechanical deficiencies: torsional fracture or flexu-
ral cycle fatigue (1). Several strategies, including file de-
sign, surface modifications, electropolishing treatments, 
and thermal treatments, have been put forth to enhance 
NiTi files’ flexibility and cyclic fatigue resistance (CFR) 
(1). Additionally, the reciprocating alternate motion 
kinematic has improved the overall CFR compared to 
continuous rotating instruments. The reciprocating ki-
nematic involves a counter-clockwise motion (CCW) to 
perform the cutting action and a clockwise (CW) move-
ment for releasing the instrument from the dentin walls. 
This results in lower stress values on the file, thus lowe-
ring the risk of plastic deformation and improving CFR 
(1,2).
Reciproc® Blue (VDW, Munich, Germany), One Reci® 
(MICRO-MEGA, Besancon, France), and R-Motion® 
(FKG Dentaire SA, La Chaux-de-Fonds, Switzerland) 
are some of the best examples of original instruments 
with reciprocating kinematics. All three systems are built 
with Control Memory (CM) wire technology. CM-wires 
are heat-treated NiTi alloys (3). Heat treatments have 
enabled the development of endodontic files with signi-
ficant martensitic phase stability, which display greater 
elasticity and may undergo greater deformation with re-
latively low stresses than the austenitic phase (1,3).
Reciproc® Blue (RB) files are manufactured by modi-
fying the molecular structure of the NiTi alloy by ther-
mal treatment (martensitic blue, heating 550°C, cooling 
120°C), which results in increased flexibility and high 
CFR. RB features an S-shaped cross-section, two cut-
ting edges, and a non-cutting tip. The RB 0.25/8 displays 
a regressive taper beginning 3 mm from the tip (variable 
8% first 3mm; 4%:3-6mm, and 5%:6-16mm) (1). One 
Reci® (OR) is a thermally treated (martensitic cobalt, 
heating 700°C, cooling 120°C) CM-wire system with 
an electropolished finish. The file’s cross-section is va-
ried and off-centred, with a triple helix tip that gradua-
lly evolves into an S-shape towards the shank. The OR 
0.25/6 displays a triangular variable triple helix up to 
4mm, a 4-6mm transition zone, an S-shape cross-section 
from 6-16mm, and a constant 6% taper (4). The R-Mo-
tion® (RM) system features a non-cutting tip, alterna-
ting cutting edges, and a triangle-based symmetrical 
cross-section design. RM files receive heat treatment 
(proprietary thermal treatment that favours a phase tran-
sition ranging from 32 °C to 35 °C (between martensite 
and austenite)). RM files undergo an electrochemica-
lly polished finish. The RM 0.25/6 displays a constant 
cross-section and taper (5).
The manufacture of original endodontic systems under-
goes rigorous research, development, and production 
testing before commercialization to ensure controlled 
quality standards (6). Nonetheless, different companies 

have begun to manufacture and market instruments that 
resemble well-known brands’ systems without releasing 
accurate reports on production and quality control (6,7). 
These so-called replica-like instruments are sold at com-
paratively lower prices and share many features with 
the originals, including nomenclature, colour identifi-
cation, number, and sequence (9,7).  Some of the most 
recent examples of endodontic replica-like instruments 
are Roll Wave Gold (RW) (Shenzhen Denco Medical, 
Shenzhen, China) and RCS Blue T (RCS B-T) (RAMO 
Medical, Suzhou, China) (6,8). 
Endodontic files’ CFR can be impacted by sterilisation 
cycles and NaOCl solutions. NaOCl corrosion can harm 
both the physical and mechanical properties of NiTi files 
by selectively removing nickel from the surface, causing 
micro-pitting and stress concentrations that lead to or 
exacerbate crack formation (1). On the contrary, it has 
been suggested that sterilisation temperatures may im-
pact crystallographic phases in NiTi alloys, leading to 
enhanced cutting efficiency and CFR (1,9). Still, cyclic 
fatigue from multiple autoclave sterilisation cycles can 
lead NiTi files to fracture (10). 
Pedulla et al. (11), designed and validated a static CFR 
methodology for heat-treated NiTi instruments fo-
llowing NaOCL immersion and/or sterilisation (11). 
Performing the cyclic fatigue test under the same ex-
perimental design and parameters allows for regulating 
the interference of multiple variables, hence strengthe-
ning its internal validity (6). Recently (2024) our group 
adapted (to a dynamic test) and applied this protocol in 
a study comparing the dynamic CFR of RB and WaveO-
ne® Gold (Dentsply Sirona Endodontics, Baillagues, 
Switzerland) (1). The findings of that study revealed that 
RB files outperformed WaveOne Gold in terms of CFR. 
The RB files were more susceptible to cycles of NaO-
Cl immersion or autoclave sterilization. The combined 
autoclaving and NaOCl immersions had the greatest im-
pact on the mechanical properties of both systems (1).
Given the aforementioned, the primary goal of this study 
was to compare the CFR of RB, OR, RM and Roll Wave 
Gold (RW) and RCS Blue T (RCS B-T), following 
steam sterilization cycles and/or immersion in 5% so-
dium hypochlorite, adhering to the former Pedulla et al. 
(11) methodological design and protocols, though under 
dynamic CFR configuration.

Material and Methods
The sample size was pre-estimated using the G*Power 
3.1.9.2 program (Heinrich-Heine-Universität Düsseldorf 
in Düsseldorf, Germany) (1,11). Five hundred twenty-fi-
ve (n=525) endodontic files, 105 RB “R25” (25/0.08), 
105 OR (25/0.06), 105 RM (25/0.06), 105 Wave Roll 
(25/0.07) and 105 RCS Blue T (25/0.06) were tested in 
this study. All instruments were previously inspected 
under a stereomicroscope (Leica Zoom 2000, Stereo 
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Microscope, Wetzlar, Germany) and a scanning electron 
microscope (SEM) at different magnifications (40x to 
700x) (JEOL JSM 6460 LV) for any signs of micros-
tructural deformation. There were no visible defects in 
any of the RB, OR and RM files. However, most of the 
RW and RCS B-T files presented some kind of structural 
defect or deformation, thus, it was not possible to repla-
ce all of them before the CFR test (Fig. 1). Therefore, 
all the files under examination underwent the dynamic 
cyclic fatigue test.

Fig. 1: Scanning electron microscope evaluation to verify any signs of visible deformations or microstructural defects of the instruments. No 
visible defects were observed in any of the RB, OR and RM files. However, high-density microstructural defects, such as machining marks, 
cracks, pits, pores, scraping and metal rollover, were observed in most of the RW and RCS B-T files. Reciproc Blue (RB), One Reci (OR), R-
Motion (RM), RCS Blue T (RCS B-T) and Roll Wave Gold (RW).

-Study design
The 525 files were distributed randomly to seven groups 
(11). Group 0 (control group): New instruments that 
were neither autoclaved nor immersed in NaOCl before 
the CFR test. Groups 1 and 4: Instruments were dyna-
mically immersed (activated in a VDW Silver Reciproc 
motor; Munich, Germany (set to RECIPROC ALL)) once 
and three times, respectively, 16mm deep in 5% NaOCl 
(ENZOHIP - 5, Prodont Scientific, Bogota, Colombia) at 
37˚C for 3 minutes (just the 16-mm active area of the ins-
truments was submerged to prevent galvanic corrosion). 
After NaOCl immersion, files were flushed with bidisti-
lled water, dried, numbered, and individually stored until 

the CFR test. In group 4, there was a 30-minute interval 
between each NaOCL immersion, and instruments were 
not flushed with bidistilled water between immersions 
but were washed following the final immersion. Groups 2 
and 5: Instruments were autoclaved once and three times, 
respectively. Instruments were packed separately in ste-
rilising bags. Each sterilisation cycle (Classic autoclave; 
Star clave, Bogota, Colombia) last 17 minutes / 134˚C. 
Instruments treated with three steam sterilisation cycles 
were given time to cool to room temperature and then re-

packaged following each cycle. Groups 3 and 6: In group 
3, instruments were exposed to NaOCl once and sterili-
sed once (as described above). In Group 6, both proto-
cols (NaOCl immersion and sterilisation) were performed 
thrice. In both groups, sterilisation cycles were performed 
before 5%NaOCl immersion (11) (Supplement 1) (http://
www.medicinaoral.com/medoralfree01/aop/jced_62529_
s01.pdf).
-Dynamic CFR test
A 300-series stainless-steel canal with a 1.5 mm internal 
diameter, a 60 ° angle of curvature, and a 5 mm radius 
of curvature was used for the test (1,11) (Fig. 2). The 
instruments freely rotate inside the artificial canal under 
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Fig. 2: Dynamic cyclic fatigue testing device, stainless-steel device simulating an artificial canal, artificial curved canal with a 60° cur-
vature angle, 5 mm radius and 1.5 mm internal diameter.

constant pressure, activated in a VDW Silver Reciproc 
motor (VDW, Munich, Germany), following the manu-
facturer’s instructions (1,11). Synthetic oil was used to 
lubricate the artificial canal to reduce instrument fric-
tion. The files were operated axially -3 mm/sec- until 
they fractured. During the CFR test, files inside the ca-
nal attained a maximum length of 22 mm (1,11). The 
fracture time for every tested file was recorded using 
a timer. Additionally, a video recording of every ins-
trument was set up (1,11). A scanning electron micros-
cope (JEOL JSM 6460 LV) was used to examine the 

Fig. 3: Representative scanning electron microscopic images of fractured specimens (axial views). On the same surface plane, 
similar fracture patterns (composed of identifiable brittle and plastic areas) are observed. Interestingly, plastic and elastic 
deformations developed at the fracture’s margins before failure. Reciproc Blue (RB), One Reci (OR), R-Motion (RM), Roll 
Wave Gold (RW) and RCS Blue T (RCS B-T). 

broken instruments (working distance of 9.6 mm, an 
accelerating voltage of 20 kV). Photomicrographs of 
the fractured surfaces were captured (Fig. 3) (1,11). A 
scanning electron microscope (JEOL JSM 6460 LV) 
with an energy-dispersive X-ray spectroscopy instru-
ment (EDS-Oxford instruments) was used to assess the 
chemical composition of the files’ surface in the control 
group before CFR testing.  On 1.78kx magnified ima-
ges, a 100µm2 observation and analysis area was selec-
ted for each file (from the middle region). 72 seconds 
was the effective EDS analysis time. 
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-Statistical analysis
Data were subjected to the Shapiro-Wilk test following 
the CRF test to evaluate their normal distribution. The 
means and standard deviations (SD) of the CFR tests 
measured in seconds were calculated. The one-way 
ANOVA test or, in the event that the variable of interest 
did not have a normal distribution, the Kruskal-Wallis 
test was employed for the comparison analysis. Post hoc 
multiple range analysis applying Tukey’s test and the 
Games-Howell test was conducted to assess significant 
differences among groups, following the homogenei-
ty of variances analysis. The ANOVA test was used to 
compare the relative weight percentage (wt.%) of each 
element across the five file brands. Statistical significan-
ce was defined as a p-value ˂ 0.05. IBM SPSS® Statis-
tics 29.0 (Armonk, New York: IBM Corp.) software was 
used to perform the statistical analysis. 

One Reci R Motion RCS Blue T Reciproc Blue Roll Wave Total
Group n Mean (ED) Mean (ED) Mean (ED) Mean (ED) Mean (ED) n
0 15 769 ± 214a 968 ± 230ab 436 ± 176a 1246 ± 359a 630 ± 131a 75 810 ± 362a

1 15 794 ± 203a 807 ± 155a 647 ± 249a 1098 ± 264a 808 ± 254ab 75 831 ± 267ab

2 15 711 ± 194a 1126 ± 273b 925 ± 446b 1036 ± 357a 835 ± 315ab 75 927 ± 351ab

3 15 735 ± 233a 998 ± 208ab 979 ± 404b 1292 ± 560a 933 ± 287b 75 987 ± 39 c

4 15 788 ± 162a 1091 ± 275b 686 ± 266a 1017 ± 226a 910 ± 204ab 75 898 ± 269abc

5 15 687 ± 185a 930 ± 251ab 941 ± 362b 1036 ± 327a 850 ± 177ab 75 889 ± 288abc

6 15 702 ± 279a 916 ± 229ab 559 ± 285ac 1089 ± 197a 703 ± 208ab 75 794 ± 30 ab

Total 105 741 ± 211 976 ± 249 739 ± 372 1116 ± 350 810 ± 248 525 877 ± 327
p-value 0.716 0.007 <0.001 0.188 0.006 0.002

Table 1: Means and Standard Deviations (SD) of time (expressed in seconds) of the dynamic CFT test for the tested instruments in all groups, 
considers the brand of the instruments as an independent variable.

SD: Standard Deviation.
The same letters show differences not statistically significant (p>0.05) in comparison with different groups of the same instrument; different 
letters show differences statistically significant (p˂0.05) in comparison with the different groups of the same instrument.

Results
Table 1 shows a descriptive analysis of the mean and 
standard deviation (SD) of the times recorded in seconds 
(sec) that correspond to the CFR for each file brand. It 
offers a comparative analysis that considers the brand 
of the instruments as an independent variable. The infe-
rential analysis showed statistically significant differen-
ces between groups (1-way ANOVA, Tukey or Games 
Howell, p˂0.05). Table 2 shows a comparative analysis, 
considering the treatment as the independent variable. 
The inferential analysis showed statistically signifi-
cant differences between the tested instruments (1-way 
ANOVA, Tukey or Games Howell, p˂0.05). Additiona-
lly, the graphic comparison of the dynamic CRF of all 
the tested instruments under the different experimental 
conditions (groups) is displayed in Figure 4. 
Greater CFR was observed in the RB files followed 

One Reci R Motion RCS Blue T Reciproc Blue Roll Wave Total p-value
Group n Mean (ED) Mean (ED) Mean (ED) Mean (ED) Mean (ED) n
0 15 769 ± 214a 968 ± 230a 436 ± 176b 1246 ± 359c 630 ± 131a 75 810 ± 362 <0.001
1 15 794 ± 203 a 807 ± 155 a 647 ± 249 a 1098 ± 264b 808 ± 254a 75 831 ± 267 <0.001
2 15 711 ± 194a 1126 ± 273b 925 ± 446 ab 1036 ± 357ab 835 ± 315 ab 75 927 ± 351 0.009
3 15 735 ± 233a 998 ± 208 ab 979 ± 404ab 1292 ± 560b 933 ± 287ab 75 987 ± 396 0.003
4 15 788 ± 162a 1091 ± 275b 686 ± 266a 1017 ± 226b 910 ± 204ab 75 898 ± 269 <0.001
5 15 687 ± 185a 930 ± 251ab 941 ± 362ab 1036 ± 327b 850 ± 177 ab 75 889 ± 288 0.012
6 15 702 ± 279a 916 ± 229 ab 559 ± 285a 1089 ± 197b 703 ± 208 a 75 794 ± 301 <0.001
Total 105 741 ± 211a 976 ± 249 b 739 ± 372 a 1116 ± 350 c 810 ± 248 a 525 877 ± 327 <0.001

Table 2: Means and Standard Deviations (SD) of time (expressed in seconds) of the dynamic CFT test for the tested instruments in all groups, 
considering the treatment (Groups) as the independent variable.

SD: Standard Deviation.
The same letters show differences not statistically significant (p>0.05) in comparison with different groups of the same instrument; different 
letters show differences statistically significant (p˂0.05) in comparison with the different groups of the same instrument.
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Fig. 4: Box Plot analysis of the dynamic cyclic fatigue resistance of the tested instruments after autoclave sterilization and/or immersion in 
sodium hypochlorite.

by the RM, OR, RW and RCS B-T files respectively 
(p˂0.05) at the control group level. No significant di-
fferences were observed among RM, OR and RW files 
(p˃0.05). The lowest CFR values were observed in the 
RCS B-T files (p˂0.05) (Table 2). 
Post hoc analysis revealed no differences between the 
control and all the tested groups of OR, RM and RB files 
(p˃0.05).  Similarly, the RW files show no significant 
differences between the control and most of the tested 
groups (1,2,4,5, and 6) (p˃0.05), except group 3, which 
had a significantly higher CFR than the control group 
(p˂0.05). Regarding RCS B-T Files, groups 2, 3 and 
5 had significantly higher CFR than the control group 
(Group 0) (p<0.05). There were no significant differen-
ces between the control group and groups 1,4, and 6 
(p>0.05) (Table 1). Although no statistically significant 
differences were detected, the CFR results for group 6 
of RB, RM, and OR show that the combined NaOCl 
immersion and sterilization (Group 6) had a deleterious 
effect when compared to the control groups (Table 1).

One Reci R Motion RCS Blue T Reciproc Blue Roll Wave Total p-value
Apical 
fragment
Mean (ED)

3.43 ± 0.72 a 6.50 ±1.13 b 6.84 ± 0.72 b 8.46 ±1.80 c 6.25 ± 0.98 b 6.30 ± 1.99 < 0.01

The OR (3.43 ± 0.72) and RB (8.46 ± 1.80) were the 
instruments that fractured in a more apical and coronal 
position, respectively (p<0.05). No significant differen-
ces were observed among RM (6.50 ±1.13), RCS B-T 
(6.84 ± 0.72) and RW (6.25 ± 0.98) (p>0.05) (Table 3).
The EDS analysis revealed that the wt % of the chemi-
cal components varied among the evaluated instruments 
(p˂0.05). The RB instruments incorporate a higher wt % 
of C and O than the OR files, a higher wt % of C than 
the RM and the RCS B-T instruments (p<0.05), and a 
higher wt % of O than the RW instruments (p<0.05). The 
RM files display a higher wt % of O than the rest of the 
instruments (p<0.05). 

Discussion
Although cyclic fatigue is one of the primary causes 
of instrument failure, several factors such as the an-
gle of the canal curvature, metallurgical characteris-
tics, cross-sectional design, size and taper of the files, 
pecks/strokes amplitude, and axial and lateral pressure 

Table 3: Summary of the statistical and comparative analysis of the measurements where the most apical fracture occurred according to the 
brand of the files. Means and Standard Deviations (SD) of length (expressed in millimetres).

SD: Standard Deviation.
The same letters show differences not statistically significant (p>0.05) in comparison with different instruments; different letters show differ-
ences statistically significant (p˂0.05) in comparison with different instruments.
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(1,12), rotational speed, angle of instrument insertion, 
irrigation agents and sterilisation methods may influen-
ce instrument fracture. This is especially true since the 
motor control at least handles the torsional load (12). As 
a result, all of these parameters were considered when 
developing and assessing the finding of the current in 
vitro study.
All the systems in this study use a reciprocating kinema-
tic (1,2). We only included martensitic instruments due 
to the superelastic nature of NiTi instruments in the aus-
tenitic phase, which causes them to straighten and press 
against the outer canal wall, highlighting the significance 
of alloy characteristics in efficiently controlling curved 
canals (maintaining the canal’s original anatomy) (1,11). 
Files were operated in a canal with a 60˚ angle of curva-
ture and a 5 mm radius, allowing for identifying the sa-
fest instrument for managing severe curvatures and mi-
nimizing the risk of fracture (1,11). Most manufacturers 
require a vertical amplitude during instrumentation with 
engine-driven NiTi instruments. Therefore, vertical mo-
vements should be incorporated into CFR tests (12,13). 
The dynamic test configuration extends the instrument’s 
lifetime due to the dispersion of bending strain along the 
instrument, which avoids a localized load on a single 
point of the file (12,13). Furthermore, the phase trans-
formation of NiTi alloys dispersed throughout the ins-
trument avoids microcrack development at a particular 
location of the file (12-14). Consequently, we performed 
a dynamic CFR test with a 3mm/sec peck amplitude, 
as specified by most manufacturers of the instruments 
tested in this study. Hirano et al. (15) reported that a 3 
mm pecking amplitude improved both the canal-cente-
ring ability and CFR of reciprocating instruments while 
increasing upward (screw-in) and downward forces. Ad-
ditionally, we standardised the angle of instrument in-
sertion into the canal (straight line), avoiding any lateral 
movement which could cause torsional loads. A lateral 
movement of a rotating file may result in a second ben-
ding point at the beginning of the canal, confounding 
the results of dynamic tests (12,13). The methodological 
design of the present study was validated by Pedulla et 
al. (16), who compared the effects of different access an-
gles and curvature radii on the CFR of NiTi instruments. 
They concluded that the synergistic effect of a reduced 
radius of curvature and access angulation on heat-treated 
instruments lowers their CFR. Accordingly, the results 
of our study allow us to suggest that RB followed by RM 
are the most suitable instruments for the management 
of moderate and severe curvatures; however, the angles 
of access to the root canals must be kept as straight as 
possible, as this significantly improves the CFR of the 
instruments. Our findings are comparable with a recent 
in vitro study by Bürklein et al. (17), that assessed the 
CFR of RB, RM, WaveOne Gold (Dentsply Maillefer, 
Ballaigues, Switzerland), and Procodile (Komet, Lem-

go, Germany) and reported that the CFR of RB 0.25/8 
and RM 0.25/6 outperformed the other instruments. No 
significant differences were found between RB and RM. 
These authors also reported a superior CFR performan-
ce of heat treatments, resulting in blue-coloured instru-
ments. However, unlike our study, it was conducted at 
body temperature, allowing for a more accurate extrapo-
lation of the results to the clinical setting (17).
We assessed instruments with a comparable size and ta-
per (0.25/6). Instruments of different diameters have var-
ying degrees of curvature in the artificial canals, which 
might impact the interpretation of the results. However, 
some of the commercial brands (RB 0.25/8 and RW 
0.25/7) presented a different taper than the rest of the 
instruments, which could suggest a limitation of the pre-
sent study due to the different increase in the core mass 
diameter between the instruments. Files with a greater 
taper display an increased core mass. Instruments with 
lower core mass experience less stress at the maximum 
bending points (12). However, results from this study 
show the greatest CFR values in the RB files (p˂0.05). 
Although the RB files had the largest outside diameter, 
instruments with similar outside diameters at the same 
section may display different core diameters (12). S-sha-
ped (RB) and triangular cross-sectional designs (RCS 
B-T) provide lower core mass, which correlates to lower 
development stress and improved CFR (12). Further-
more, S-shaped cross-sections provide lower core metal 
mass at the highest stress points (12,18). Additionally, 
during CFR testing, NiTi instruments exhibit varying 
deformation reactions based on their cross-sectional 
design. Instruments with fewer cutting areas, as in the 
case of RB instruments, face lower stress levels (13). 
Our findings are consistent with previous research, in-
dicating that S-shaped designs outperform similar-sized 
instruments in cyclic fatigue tests (12,19-21).
In contrast to the two-stage transformation behaviour 
(austenite - R-phase - martensite) undergone by gold 
thermomechanical treatment (OR and RW), which re-
sults in finely dispersed Ti3Ni4 precipitates in the aus-
tenitic matrix and an austenite finish temperature (Af) 
higher than 50°C, the blue thermomechanical treatment, 
seen in RB, RM, and RCS B-T files, has been linked to 
a single-stage transformation (austenite-martensite) and 
a lower Af (38.4 ± 0.6°C) which suggests that the alloy 
goes through reverse transformation via the R phase. 
Thus, a stable martensite phase may also help explain 
the higher CFR displayed by the blue thermomechanical 
treated files (RB and RM) (1,22). Although RCS B-T fi-
les also feature a triangular cross-sectional design (lower 
core mass) and blue heat treatment, these files exhibited 
the lowest resistance to the dynamic CFR test observed 
in this study. Most of the Replica-Like endodontic files 
(RCS B-T and RW instruments) exhibited microstructu-
ral defects such as machining marks, cracks, pits, pores, 
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scraping and metal rollover on the surface during SEM 
analysis before CFR testing (Fig. 1). The high density of 
surface imperfections promotes crack nucleation, which 
leads to fatigue failure by crack propagation, thus im-
pacting CFR and making the biomechanical behaviour 
of these instruments unpredictable. To the best of our 
knowledge, only one previous study has assessed the 
physicomechanical properties of RW instruments (6). 
The study’s results are consistent with our findings 
in that when examined under SEM, RW instruments 
showed a substantial number of microstructural defects, 
mainly porosities (6). No previous study assessed the 
physicomechanical properties of RCS B-T instruments.
EDS analysis showed that the RB instruments incorpo-
rate a higher wt % of C and O than the OR files, a higher 
wt % of C than the RM and the RCS B-T instruments 
(p<0.05), and a higher wt % of O than the RW instru-
ments (p<0.05). The RM files display a higher wt % of 
O than the rest of the instruments (p<0.05). Similar fin-
dings were previously reported by Rios-Osorio et al. (1). 
These results could offer yet another convincing justifi-
cation for RB and RM instruments’ higher CFR. Allo-
tropic in nature, titanium can display body-centred cubic 
(β or martensite) or compact hexagonal (α or austenite) 
forms. The alloying elements of titanium can be classi-
fied as either neutral (betagenic or α-phase stabilizers) or 
alphagenic (β-phase stabilizers) based on the stabilizing 
effects of the α and β phases. Phase stabilization refers 
to a greater or reduced transition temperature β (23,24). 
Alphagenic elements elevate the transition temperatu-
re β. The most important alloying elements among the 
alphagenic elements are Al, C, and O. Consequently, a 
more martensitic crystalline structure is produced when 
these elements are present in large concentrations, as in 
the case of RB and RM instruments, which increases the 
flexibility and fracture resistance of alloys, thus leading 
to a higher CFR as observed in the present in vitro study 
(Table 4) (1,23,24). 
The OR (3.43 ± 0.72) and RB (8.46 ± 1.80) were the 
instruments that fractured in a more apical and coronal 
position, respectively. The OR instrument’s apical frac-

One Reci R Motion RCS Blue T Reciproc Blue Roll Wave P-value
Weight% Mean (ED) Mean (ED) Mean (ED) Mean (ED) Mean (ED)
C 0.0 ± 0.0 a 0.0 ± 0.0 a 0.0 ± 0.0 a 1.05 ± 0.58 b 1.02 ± 0.52b <0.001
Ni 51.33 ± 0.61a 48.03 ± 0.55b 48.87 ± 0.44 c 48.06 ± 0.73 bd 48.77 ± 0.55 bcd <0.001
O 6.26 ± 1.36a 12.54 ± 1.07b 10.64 ± 0.64 c 11.17 ± 0.79c 9.26 ± 1.08 d <0.001
Si 0.0 ± 0.0a 0.0 ± 0.0 a 0.0 ± 0.0a 0.04 ± 0.12a 0.0 ± 0.0 a 0.471
Ti 42.42 ± 0.87a 39.43 ± 0.66b 40.50 ± 0.35c 39.63 ± 0.52b 40.95 ± 0.68 c <0.001

Table 4: Means and standard deviations (SD) of elemental analysis (EDX) of the external surface of the tested instruments.

SD: Standard Deviation.
The same letters show differences not statistically significant (p>0.05) in comparison with the same chemical element of the different 
instruments; different letters show differences statistically significant (p˂0.05) in comparison with the same chemical elements of the 
different instruments.

tures were regularly noted around 4 apical millimetres 
when the instrument began to shift from a triangular 
triple helix cross section with a larger core mass to an 
S-shaped profile with a lower core mass. Despite kee-
ping a constant taper and variable helix angle, this de-
sign alteration most certainly affected the instrument’s 
fatigue resistance. Notably, the fracture in the OR files 
occurred below (apically) the artificial canal’s maximal 
curvature. These findings have clinical implications, 
as the more apical the fracture of the endodontic ins-
trument (especially in the presence of a root curvature), 
the complexity and risk of removing and/or overpassing 
the fractured fragment increases, which can jeopardize 
the outcome of the endodontic treatment, especially in 
the presence of apical lesions (25). However, in dyna-
mic testing, fragment length fluctuates based on the po-
sition of the centre of curvature (12). Interestingly, SEM 
examination of fractured fragments regularly revealed 
regions where deformation took place at the fracture’s 
margins before failure. These findings demonstrate how 
plastic and elastic deformations can develop before frac-
tures, enabling clinicians to dispose of instruments befo-
re catastrophic failures (Fig. 3). 
The high temperatures and pressure generated during 
sterilisation cycles may cause a change in metallurgical 
properties as the alloy transitions from the martensite 
phase to the stiffer austenite phase (1,26). Autoclaving 
can corrode the surface of the endodontic files, with a 
cumulative effect on the structure of the rotary NiTi 
instruments. Furthermore, several autoclave cycles can 
increase the depth of NiTi instruments’ surface mi-
crostructural defects, which increases crack propaga-
tion (1,27). NaOCl may remove Ni from NiTi alloys, 
influencing the physical and mechanical properties of 
the instruments (1,28). This pitting corrosive behaviour 
of NaOCl develops owing to the anodic current density 
profile of NiTi alloys (up to -h300 mV). In the presence 
of NaOCl, a drop in anodic current density and polarity 
inversion (cathodic to anodic) are suggestive of various 
corrosion potentials responsible for the surface modifi-
cations (29). The findings of this study show that unlike 
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the RW and RCS B-T instruments, the CFR of the three 
original endodontic systems (RB, RM, and OR) decrea-
sed when the instruments were -autoclaved and immer-
sed in NaOCl- (3 times), showing a synergistic effect 
between the two treatments. This, together with the plas-
tic and elastic deformation that develops after each use, 
suggests that the instruments are best suited for maximal 
use twice. Similar results regarding RB and WaveOne 
Gold were recently published (1). On the other hand, the 
results of this study showed that autoclave sterilization 
(1 and 3 times) significantly increased the CFR of the 
RCS B-T instruments. It has been suggested that the in-
fluence of sterilization cycles on mechanical properties 
varies according to the type of file (30). Notably, only 
instruments that have been thermally treated throughout 
the final manufacturing process can be expected to be-
nefit from sterilization. Because no thermal treatment is 
undertaken after machining, the instruments’ surfaces 
are likely to display stable martensite with a large con-
centration of dislocations (lattice defects). Sterilization 
methods produce dislocation annihilation and the shift 
of stabilized martensite back to austenite. Thus, the ob-
served increase in the CFR of the RCS B-T instruments 
(which display a high density of microstructural defects) 
subjected to sterilization may be simply the result of a 
delay in fatigue crack nucleation and/or propagation 
(30). 
This study’s primary limitation may be that the CFR test 
ought to be carried out at body temperature (37°C), as 
heat-treated instruments show notable stability of the 
martensitic phase at this temperature (9). Nevertheless, 
there is still debate because some recent studies did not 
discover that temperature variations affected CFR va-
lues in any way (12,31-33). However, instruments of 
similar manufacturing, kinematic size and taper were 
tested under similar and controlled settings, lending va-
lidity to the comparison.

Conclusions
Greater CFR values were observed in the RB instru-
ments, followed by the RM, OR, RW and RCS B-T files, 
respectively. No significant differences were observed 
among RM, OR and RW files. The lowest CFR values 
were observed in the RCS B-T files. RB is the safest 
instrument for handling moderate to severe canal cur-
vatures, followed by RM instruments. The CFR of RB, 
RM, and OR decreased when the instruments were auto-
claved and immersed in 5% NaOCl (3 times). autoclave 
sterilization (1 and 3 times) significantly increased the 
CFR of the RCS B-T instruments. The high density of 
microstructural defects on the surface of RW and RCS 
B-T instruments makes their biomechanical behaviour 
unpredictable in both in vitro and clinical settings.  The 
emergence of replica-like endodontic instruments and 
the lack of technical information provided by the ins-

trument manufacturer necessitate the evaluation of each 
biomechanical aspect of these instruments to allow their 
controlled and conscious use.
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