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Citation: Dobrzańska, J.; Dobrzański,
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Abstract: The paper is an extensive monographic review of the literature, and also uses the results
of the authors’ own experimental research illustrating the noticed developmental tendencies of the
filling material based on gutta-percha. The whole body of literature proves the correctness of the
research thesis that this material is the best currently that can be used in endodontics. Caries is one of
the most common global infectious diseases. Since the dawn of humankind, the consequence of the
disease has been the loss of dentition over time through dental extractions. Both tooth caries and
tooth loss cause numerous complications and systemic diseases, which have a serious impact on
insurance systems and on the well-being, quality, and length of human life. Endodontic treatment,
which has been developing since 1836, is an alternative to tooth extraction. Based on an extensive
literature review, the methodology of qualifying patients for endodontic treatment was analyzed.
The importance of selecting filling material and techniques for the development and obturation
of the root canal during endodontic treatment was described. Particular attention was paid to the
materials science aspects and the sequence of phase transformations and precipitation processes, as
well as the need to ensure the stoichiometric chemical composition of Ni–Ti alloys, and the vacuum
metallurgical processes and material processing technologies for the effects of shape memory and
superelasticity, which determine the suitability of tools made of this alloy for endodontic purposes.
The phenomena accompanying the sterilization of such tools, limiting the relatively small number
of times of their use, play an important role. The methods of root canal preparation and obturation
methods through cold side condensation and thermoplastic methods, including the most modern of
them, the thermo-hydraulic condensation (THC) technique, were analyzed. An important element of
the research hypothesis was to prove the assumption that to optimize the technology of development
and obturation of root canals, tests of filling effectiveness are identified by the density and size of the
gaps between the root canal wall, and the filling methods used and devices appropriate for material
research, using mainly microscopy such as light stereoscopic (LSM) and scanning electron (SEM).
The most beneficial preparations were obtained by making a longitudinal breakthrough of 48 natural
human teeth, extracted for medical reasons, different from caries, with compliance with all ethical
principles in this field. The teeth were prepared using various methods and filled with multiple
obturation techniques, using a virtual selection of experimental variants. The breakthroughs were
made in liquid nitrogen after a one-sided incision with a narrow gap created by a diamond disc
using a materialographic cutter. The best effectiveness of the root canal filling was ensured by the
technology of preparing the root canals with K3 rotary nitinol tools and filling the teeth with the
THC thermoplastic method using the System B and Obtura III devices with studs and pellets of
filling material based on gutta-percha after covering the root canal walls with a thin layer of AH Plus
sealant. In this way, the research thesis was confirmed.
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1. Introduction on the Modern Stage of Sustainable Development of Dentistry

Globally, the most common of all infectious diseases is tooth caries, affecting 3–5 billion
people [1]. Humanity has been struggling with this disease since the dawn of time, and for
a very long time, it has been counteracted almost exclusively by removing teeth affected by
caries [2–6]. There are interactions between bacterial biofilm and the surface of the teeth,
the saliva, and carbohydrates in the diet, especially sugars and starch, which, together
with behavioural, social, and psychological factors, are responsible for the course and
development of caries [7–9]. As in any system of natural fluids in nature, a biofilm is
formed [10]; in this case, on the surfaces of the teeth. As in any natural environment,
macromolecules and micro-organisms have a strong tendency to bind to the surface and
form adherent microbial groups. These processes take place in an analogous sequence,
regardless of the different structure and organization of biofilms and the composition and
activity of the micro-organisms that form them, colonizing in different environments [11].
These steps include film conditioning deposition, adhesion and colonization of planktonic
micro-organisms in the polymer matrix, adhesion of other organisms, and the separation
of micro-organisms from the biofilm into the environment (Figure 1).
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Figure 1. (a–d) Scheme of stages of bacterial biofilm formation: (a) adsorption of proteins forming a conditioning film;
(b) adhesion of planktonic bacteria; (c) adhesion and detachment of planktonic bacteria; (d) growth and metabolism by
adherent bacteria. (e) The dynamics of interactions between protective and pathological factors that can shift the balance in
the oral cavity towards health or disease.

The balance of these processes does not cause disease states unless it is disturbed for
some reason. The dynamic balance between the health or disease condition of the oral
cavity or on individual teeth depends on the dynamics of the interaction between two
opposing processes of demineralization and remineralization, and consists of the dynamic
balance of the tooth surface with the local environment of the oral cavity [12–17]. Tooth
surface demineralisation occurs due to sugar metabolism, resulting in the formation of
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lactic acid and other organic acids, which lowers the pH [18,19]. The more this process
progresses, especially below pH = 5.5, but in conjunction with the concentration of fluoride,
calcium, and phosphate ions [20], the stronger the demineralization. The process consists of
dissolving hydroxyapatite as the mineral phase of the tooth and diffusing its components
outside the tooth [12]. The rate of demineralization depends on the extent of the diffusion
of mineral ions beyond the tooth [21]. It is lower on the surface than in the subsurface
enamel. This causes the so-called “white spot” on the surface of the enamel without
cavitation, which is a symptom of the subclinical course of caries. Due to the differences in
pH in different places, demineralization acts may occur locally. Demineralization is the
direct cause of caries. A higher critical pH of 6 occurs in dentin. The reverse processes of
remineralization may also take place, associated with the redeposition of calcium [22,23],
sodium [24], and phosphate [25] ions, which occurs in the presence of fluoride ions [25–29].
Susceptibility to caries is lower because fluorapatite in enamel requires a much lower pH
of 4.5 to dissolve, and therefore has a much lower solubility than hydroxyapatite [30]. The
balance of demineralization and remineralization processes related to the activity of fluoride
may counteract or slow down the course of caries, while in the case of the predominance of
demineralization, advanced symptoms of the disease, including cavitation, occur [30,31].

External factors, including bacterial, mechanical, thermal, electrical, and chemical
factors, often cause pulp inflammation and necrosis [32,33]. Infection can also occur intrin-
sically due to metabolic disorders, nutritional deficiencies, anemia, or bacterial diseases,
as well as the participation of blood vessels penetrating the pulp through the apical fora-
men [34]. Exposure of dentinal tubules may be caused by pathological factors, such as
cavities of carious and non-carious origin, and by iatrogenic factors; i.e., caused uninten-
tionally during medical procedures performed by a dentist. The most common extrinsic
factors contributing to the development of pulp diseases are micro-organisms that pene-
trate through the exposed dentinal tubules from the tooth crown and the lateral tubules
and apical opening from the side of the damaged connective tissue attachment [32,35]. The
penetration of bacteria from the side of the chamber into the interior of the tooth may occur
as a result of a deep carious lesion, marginal microleakage; i.e., a fissure appearing on the
border of the filling and hard tooth tissues from the developing secondary caries, and as a
result of non-carious defects, such as attrition, abrasion, or erosion. The micro-organisms
present in the carious dentin defect are usually strict anaerobes such as Actinomyces, Bi-
fidobacterium, Lactobacillus, Eubacterium, Propionibacterium, and Rothia, and less-frequent
Gram-negative species and streptococci [36]. After reaching the pulp, the micro-organisms
that penetrate the dentinal tubules cause an inflammatory process, leading to necrosis if
left untreated. Due to the specific conditions in root canals with dead pulp, caused by
low oxygen levels and a low redox potential, anaerobic bacteria, especially Bacteroides,
Fusobacterium, Peptostreptococcus, and facultative anaerobes, mainly Streptococci, are
colonized there [37]. Potential outbreaks of infection in the oral cavity include deep carious
cavities; teeth treated with the amputation method with the mummified pulp left in the
canals; teeth improperly treated with a root canal, including incomplete or overcrowded;
chronic inflammatory processes in the periapical area or furcations of a granulation type;
root cysts; germ cell cysts; periapical abscesses; periodontal abscesses; pathological peri-
odontal pockets; and ulcerative lesions on the oral mucosa [38–40]. Pulp diseases can also
be caused by acute or iatrogenic mechanical factors and thermal factors, most often caused
by iatrogenic treatment, when the pulp temperature exceeds 42 ◦C, causing irreversible
changes [41,42].

Outbreaks of infections in the oral cavity can cause numerous complications, and not
only locally [38], because approximately 80% of systemic diseases could be originating
from the teeth, periodontal tissues, and tonsils [34,38]. The primary focus of infection
is local chronic pathological changes, which are harmful effects that cause or maintain
pathological changes in distant organs [43]. Pathological changes occurring in another
organ resulting from the action of the primary lesion, as clinical systemic symptoms and
local symptoms of the secondary focus, are considered focal disease [43]. Officially, this
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definition of an outbreak of infection was only given in 1980 [44]. However, the first
mention of focal disease dates back to the time of Hippocrates, when dental extractions
treated arthritis. Regardless of the local dental disease, caries is the primary focus of
infection in numerous systemic focal diseases [40,44–64], and edentulousness resulting
from caries affects further health complications [43,65–69]. Therefore, eliminating bacteria
from the vicinity of potential infection foci in the oral cavity through early diagnosis and
effective treatment is extremely important for the health of the whole organism and the
maintenance of the well-being, quality, and length of human life. Hygiene and prevention
of oral diseases are key, and if the disease has already occurred, its effective treatment at
the earliest possible stage is essential for maintaining the general good health of the society.
However, the issue is underestimated in many countries, not only by individuals, but also
by governments [70], and it affects many social and economic aspects. Paper [1] presents a
balanced model of modern dentistry and a matrix of advancement and treatment of oral
diseases with the place of endodontics (Figure 2).
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From the beginning of the 17th century, other methods were used to remove pulp
diseases, including anaesthesia with clove oil, cauterization with a heated element, and
devitalization with arsenic trioxide. In 1836, E. Maynard was the first to use a tool to remove
the pulp from the inside of a tooth [71]. Currently, instead of tooth extraction, endodontic
treatment can be successfully applied. After working out the interior and replacing the
living tissue with a substitute biocompatible filling material, the tooth is retained as a pillar
in the stomatognathic system. It successfully acts as a natural dental implant, also providing
cosmetic qualities. Dentists prefer endodontic treatment to extraction for health reasons
and to respect the aesthetic expectations of patients [72,73]. The decision on such treatment
is made based on determining the severity of caries [74,75] under the so-called “caries
continuum” [76] and the classification contained in the International Caries Detection and
Assessment System (ICDAS) [14,77–79]. To determine the type of treatment undertaken,
the Precisions Caries Management System and the International Caries Classification and
Management System (ICCMS) [70,80–83] are useful. Visual changes in enamel, dentin, and
pulp allow for the identification of three levels of caries severity. It is necessary to analyze
the risk [30,84–86] based on the caries development pyramid model (CDP) and the 5D
Caries Management Cycle Rules (CMCR) [70].
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The paper [1] presents the principle of the 5D caries management cycle rules (CMCR)
as one of several “principles of the Fives”. It is an original approach that does not repeat
the content of literature studies, as a modification of the assumptions of the behavioural
strategy based on the idea of the Deming Plan–Do–Check–Act (PDCA) cycle illustrating
the basic principle of continuous improvement [87]. For evidence-based clinical caries treat-
ment, especially in the early stages, this cycle covers the International Caries Classification
and Management System (ICCMS). It shows how this system can be implemented as the
5D caries management cycle rules (CMCR) (Figure 3). The Five Main Activities of Dentistry
(5MAD) was presented analogously as the principle of the Fives, with endodontics taking
a prominent place. In turn, the Five Laws of Cleaning and Shaping the Pulp Complex
(5LCSPC) was presented as the principle of the Fives (Figure 3c).
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2. Main Goals of the Paper and Justification of Its Structure

In this paper, two groups of achieved goals were designated. The first group of
these goals includes an extensive review of the literature, which then made it possible
to present the results of own experimental research using the original methodology of
materialographic research and knowledge-engineering methods as the second group of the
paper’s goals.

It should be noted that some of the issues covered in this article may seem closer to the
knowledge with which dentists are familiarized, while others are closer to dental engineers
and their professional interests. In general, the main goal of this article is to equalize
the level of knowledge of these two closely cooperating professional groups, based on
thorough literature studies and specially planned and implemented experimental research.
The result of this approach is an atypical hybrid structure of this article, with the first part
being a review, and the second part being similar to what is known as an article.

Based on a review of the literature, theoretical factors determining the correctness of
endodontic treatment were analyzed. Appropriate selection of filling material, contrary
to the title of this article, cannot be a decision made by a dentist independent of other
factors, mainly on the basis of their clinical experience. This decision requires taking into
account many other factors, the analysis of which constitutes the essence of extensive
literature studies preceding the experimental activities described in the second part of this
article. The analysis of these factors began with an analysis of the method of qualifying
teeth for endodontic treatment, including the presentation of appropriate principles in
this regard. The method of root canal preparation in endodontic treatment is essential
for the effectiveness of this treatment. Therefore, this issue was analyzed, with particular
attention in the literature studies to the selection of tools for the preparation of the root
canal. The importance of nitinol alloy tools, the selection of their chemical composition,
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and the importance of heat treatment of these tools and the accompanying phase changes
were emphasized. For obvious reasons, this issue is not of direct interest to dentists, and
the success of endodontic treatment largely depends on this factor. On the other hand, it is
the dentist who decides which tool to use and how to use it. For this reason, this issue has
been discussed in a separate section. The properties of root canal preparation tools undergo
significant changes as a result of sterilization. It should be noted that each dental instrument,
even those that are single-use, must be sterilized. Since this is a technological procedure
that requires annealing at elevated temperatures, the importance of this procedure for
changing the mechanical and functional properties of the tools requires analysis. This is
another excerpt from the literature review. The method of obturating the root canals is very
important. Based on a review of the literature, various obturation methods were analyzed
started from the conventional cold consolidation to the relatively newest thermo-hydraulic
condensation (THC) technique. Such an extensive and multifaceted review of the literature
is the basis for presenting the results of our own research.

Previous reports on the effectiveness of endodontic treatment evaluation are highly
controversial. In the authors’ own work [70], it was presented that the quantitative methods
of this evaluation commonly used by dentists in endodontics showed the lowest possible
results. This applies, inter alia, to fluid-transport models, brightening techniques, dye-
penetration tests, bacteria/metabolites penetration tests, glucose penetration tests, and
methods using a dental optical microscope, which appear to be of marginal importance
and with little development prospects, therefore they were not used in the experimental
studies described in this paper.

Practical considerations regarding the effectiveness of endodontic treatment evalu-
ation are discussed in the following sections. To assess the effectiveness of endodontic
treatment, the methods usually used in materials science have been widely used.

An important element of the research hypothesis of this work is that in order to
optimize the technology of developing and filling root canals, and testing the effectiveness
of fillings, the measurement of which is the density and size of the gaps between the
canal wall and the filling, microscopic methods of materialographic examination of micro-
objects and nano-structures were used. The problem of the research methodology is
a specific problem selected for the combined objectives of this paper, indicated as one
of the basic research questions to answer which research methods are most useful in
assessing the effectiveness of endodontic treatment, assuming that the quality of root canal
treatment is measured by leakage and/or a minimum number of the smallest possible
gaps on the border of the root canal wall and the filling material. The demonstration
that the use of previously rarely used materialographic research methods is a valuable
methodological contribution of this work. The reasons for the uncommon use of modern
high-resolution scientific and research equipment for this purpose can be defined, inter
alia, as the difficult access to it for dentists, even if they engage professionally in scientific
research; the need to significantly engage in mastering often methodically complex research
techniques, requiring a lot of time and many years of experience to master these research
methods and gain interpretive experience on a very large collection of tested preparations;
and above all, daily access to a set of many expensive devices and/or interdisciplinary
activity of specialists from various fields of knowledge. The studies conducted so far
undoubtedly indicate the need to develop microscopic methods to evaluate the results of
dental treatment, especially endodontic treatment.

In the authors’ own work [70], the methods of matrix and scenario analysis, as well
as the strengths–weaknesses–opportunities–threat (SWOT) analysis, were also used. The
described methodology was used in the experimental studies described in the second part
of the work in order to demonstrate the assumed thesis about the usefulness of the filling
material based on gutta-percha and the practical use of these methods.
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3. Principles of Tooth Qualification for Endodontic Treatment

The effectiveness of endodontic treatment of teeth can be increased by removing the
pulp complex. The pulp complex is a continuum, ranging from occlusal at the pulp horns
to the apical foramen [88]. Complete and precise removal of the pulp complex requires
identifying all root canal orifices in the pulp chamber. A rational and, at the same time,
unrivalled method of achieving this goal is to apply the laws of the pulp chamber floor
anatomy. It requires the dentist to ensure full access and visualization of the contact with
the walls around the entire perimeter of the pulp chamber floor.

The complete removal of tissues from the pulp complex requires prior access to the
coronal part of this complex. It is necessary to ensure the location and clean and shape
the root canal or canals, ensuring the required strength of the coronal enamel and dentin.
Actions taken by the dentist to this end include [89]:

• Preliminary analysis and diagnostic evaluation of teeth to qualify for endodontic
treatment;

• Removal of the pulp chamber roof;
• Identification of the pulp chamber mouth and the bottom of the root canal opening;

and
• Root canal instrumentation.

To qualify it for endodontic treatment, it is necessary to analyze the anatomy of the
treated tooth and the surrounding tissues by identifying the coronal part of the system, the
pulp chamber, and the root pulp. The law of centrality determines the position of the pulp
chamber in the centre of the tooth at the level of the cementoenamel junction (CEJ) [90]
(Figure 4), which, however, is not related to the occlusal anatomy [90], and usually does
not correspond to the geometrical features of the prosthetic restoration of the tooth crown.

The physical identification of the shape and position of the CEJ can be made using a
periodontal probe (Figure 4), and the radiographic examination, periodontal probing, and
reconstruction of the probable position of the CEJ circumference are used to determine the
correct position of the penetration point on the chewing surface. Cone beam computed
tomography (CBCT) is a key tool for making the proper diagnosis related to the diagnosis
and planning of endodontic treatment. CBCT, in combination with the routine use of a
surgical microscope, allows a dentist to achieve the required precision in planning and
performing endodontic procedures. The attending physician should trace the path of
the entire root canal up to the apex, correctly assessing the prognosis of the procedure
and selecting the necessary tools for the treatment. It is also beneficial to use the 35 mm
X-ray machines located in the dentist’s unit on an ongoing basis during the treatment so
that each treatment stage is perfectly performed, thus increasing the long-term life of the
treated tooth.

Alternatively, the location of CEJ can be made using the law of concentricity [90]
(Figure 4), which states that the outer contour of the tooth at the CEJ level is concentric with
the walls of the pulp chamber. A tooth bulge or constriction directly and accordingly affects
the expansion or constriction of the pulp chamber (Figure 4). The tooth’s angulation and a
faciolingual direction can be determined by radiographic and CBCT studies, respectively
(Figure 4). The radiograph also measures the distance between the furcation and the cusp
tip and the cusp tip–pulp floor distance (CPFD). Directing the drill centrally concerning
the CEJ and parallel to the long axis of the tooth with a length of bur in the handpiece
correspondingly smaller than that of CPFD makes it possible to avoid chamber perforation
in the furcation [91]. The shape of the hole contour, which may even fall out at the edge of
the tooth, may be triangular, trapezoidal, or even irregular (Figure 4), and depends solely
on the anatomical features of the pulp chamber [89].
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Figure 4. Diagram of the principles of tooth qualification for endodontic treatment based on the analysis of the anatomy of
the treated tooth and the surrounding tissues; (a–c) show examples.

To prevent bacterial contamination during and after treatment, it is necessary to
remove caries and previously made defective restorations before starting the drilling. The
dentist selects the appropriate tools, including special fissure drills for cutting metal in
prosthetic crowns, and drills the occlusal surface at the point chosen according to the
previously described rules. Complete removal of the pulp chamber roof [92] makes it
possible to search for holes. It should not groove or perforate the walls or floor of the
chamber. Different burs are used to process the opening (Figure 4), and the openings will
be exposed after the pulp chamber roof is exposed and completely removed. The law of
colour change [90] indicates that the walls are lighter at the intersection with the pulp
chamber floor, which is darker. This is, of course, a signal that access is complete. The
entrance is full when the shade difference connection occurs over the entire range around
the chamber’s floor at the junction with its walls. In any case, when this difference is not
visible, additional processing should be performed.

The number of canal openings in a given tooth is difficult to determine before treatment
is started, and is necessary to prevent iatrogenic damage. An effective approach is to
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visualize the full extent of the pulpal floor using anatomical landmarks. Based on the
laws of orifice locations, it is possible to determine the position of the canal orifices by
drawing a mesial–distal line through the centre of the pulp chamber floor. They are
situated equidistant on this line according to law 1, or lie on a line perpendicular to this
line according to law 2 (Figure 4). The maxillary molars are not affected.

All openings may only be along the wall-to-floor junction, indicating that any other
locations in the chamber are redundant. The law of floor anatomy shows the number
of channel openings. Sometimes, however, one hole may contain not one, but more
root canals.

Endodontic treatment is used more commonly nowadays. Important circumstances
include increased health awareness [93] and the will to correct negligence in preventing oral
diseases [94]. In various countries, promotional activities are undertaken [93] to optimize
expenditures on treating complications of oral diseases, resulting from the intensification
of gerontological problems and a significant extension of human life [95]. The growing
endodontics market in 2026 will reach the value of USD 2.1 trillion with a CAGR of
4.1% [70,94], and the dental consumables market partially related to it in 2023 will reach
USD 55.584 million with a CAGR of 5.2% [70,93].

According to the clinical classification, pulp diseases can be divided into reversible
pulpopathies, and irreversible pulpopathies treated endodontically and pulp necrosis [96,97].
Irreversible inflammation is most often associated with severe spontaneous pain, which
draws the patient’s attention to the need to seek help. On the other hand, pulp necrosis does
not have to cause pain, thus causing the possibility of a latent, potentially infection focus
in the oral cavity for many years. The spread of bacteria and possible toxins towards the
root apex [98–100], also derived from saliva [101], is prevented by developing a previously
infected root canal and its apical, lateral, and coronal sealing. The development of the root
canal consists of the optimal use of the filling material, ensuring the best sealing of the root
canal with an appropriately given and required shape after removing the contents inside
it and after its careful disinfection. Root canal preparation techniques used to connect the
dentin of this canal with the filling material are varied. Classic methods include the use of
hand or rotary tools for cutting dentin for mechanical preparation and disinfection. In the
laser method, dentin melts, recrystallizes, and closes the dentinal tubules.

In contrast, the ultrasound method uses sound vortices and the phenomenon of
cavitation to prepare and disinfect the root canal [102–106]. As a result of a correctly
performed endodontic procedure, the treated tooth remains in the oral cavity next to the
healthy periapical and marginal periodontium. The tooth takes over the function of a
natural pillar in the stomatognathic system. Statistically, endodontic treatment of teeth
is performed more frequently in women. The endodontic treatment used least often is
performed on incisors in the mandible, while premolars and molars in the maxilla [7] and
molars in the mandible [107] are the most commonly treated.

4. Importance of the Selection of Filling Material for Endodontic Treatment

The basis for the success of endodontic treatment is the correct selection of the filling
material. The root canal filling material fills the canal space during endodontic treatment,
replacing the living tissue, which is an integral part between the enamel, dentin, and
cement, and the rest of the body while maintaining the physiological functions of the tooth.
In [108], the requirements for an ideal material for filling the root canal are specified.

In this paper, following the results of the virtual analysis contained in [70] and litera-
ture studies, experimental studies on the use of gutta-percha as a material for filling root
canals of teeth are presented. These issues, as well as the detailed research methodology,
are shown in the authors’ cited own work [70], in which, among others, the possibility of
removing the filling for endodontic retreatment was also highlighted [109]. In this paper,
these issues are only discussed in general terms. For many years, gutta-percha has been
the most commonly used natural material for filling root canals [110–116], and has even
been recognized as the “gold standard of endodontics”, and many studies have confirmed
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that it provides the best filling and tightness in the root canal [117–131], especially after a
long time [132,133] and with the selection of non-standard sealing materials [117,134–137],
although there are also contradictory reports in the literature [118,124,138–158] indicating
the advantage of other filler materials and suggesting improper bonding of gutta-percha
with dentin [159–168].

Gutta-percha was first used in endodontics in 1967 [70,169–171], although the then-
developed method of filling the root canal was time-consuming and technically difficult.
This method required that the heat exchanger be heated several times until it was red
and then inserted several times into the channel next to the gutta-percha cone. After the
heat exchanger was withdrawn, it was necessary to condense the plasticized gutta-percha
left inside the canal with a pusher. The cycle had to be repeated several times with the
use of several consecutive gutta-percha points. It was not until 1982 that the Touch’n
Heat electric heat conveyor was implemented, then the real facilitation was the System B
implemented in 1987, named after its inventor, Stephen Buchanan. It is still in use today,
and provides constant pressure to fill with warm gutta-percha and root canal sealant and
root canal seals while continuously providing heat and condensation through apical vertical
movement using four sizes of Buchanan pluggers. Although System B allows temperature
control up to 600 ◦C, it should not exceed 350 ◦C to prevent the destruction of periapical
tissues [169–171]. The real breakthrough is thermo-hydraulic condensation [172–177]. The
purpose of this paper is the comparison of the practical usefulness of the System B and
THC techniques.

Under the name gutta-percha, a mixture of 18–22% pure isomorphic β gutta-percha,
59–75% zinc oxide, 1.1–31.2% barium and strontium sulphate, as well as other polymers
and wax in a proportion of 1:4, are used in endodontics, with 1% [1] in the form of
studs or pellets. The addition of zinc oxide improves plasticity and reduces brittleness,
while barium sulphate provides X-ray impermeability so that it is possible to identify
the filling using X-rays. Gutta-percha and the mixture mentioned above with its matrix
gain the possibility of filling the root canal inside, thanks to its thermoplasticity. Other
properties indicative of the usefulness of such a mixture in endodontics include inertness
and biocompatibility, a melting point of 64 ◦C, and ductility and plasticity. Gutta-percha’s
density is 0.95–1.02 g/cm3. Pure gutta-percha is a natural polyterpene, a polyisoprene
polymer, sometimes called gutta, which has double bonds only in the trans configuration
and contains 1,4 polyisoprene, which forms a rubbery elastomer. Gutta-percha is a mixture
of gutta polymer with alcohol derivatives of triterpenes. It is a naturally biologically
inert, rigid, resilient, thermoplastic, and electrically non-conductive latex made from the
milk sap of Palaquium gutta trees, as well as Palaquium oblongifolia, Mimusops balata, and
Eucommia ulmoides from the Malay Peninsula and Indonesia, the common euonymus in
Europe Parvifaria and Excoifolia [70].

Using a material based on gutta-percha each time requires the combined use of
sealants [178,179] based on synthetic resins, in both the cold and thermoplastic condensa-
tion methods. The material, with a gutta-percha matrix and the sealant, ensures a tight
bond with the root canal wall. The quality of endodontic treatment depends mainly on
the tightness of filling the root canal with filling material and its tight connection with the
dentin of the canal.

The advantage of the material based on gutta-percha over other filling materials
was also confirmed by our own analyses [70]. Therefore, this paper aims to confirm the
thesis about the full suitability of the material based on gutta-percha as a filling material
in endodontics.

5. Methods and Tools of Root Canal Preparation in Endodontic Treatment

Apart from the correct selection of the filling material, another important factor
determining the success of endodontic treatment is the method of root canal preparation.
The development of a root canal consists of removing the contents inside the root canal,
disinfecting it, and giving it a shape to ensure the best hermetization of the root canal with



Processes 2021, 9, 1467 11 of 51

the filling material. In endodontics, to prepare the dentin of the root canal for connection
with the filling material, one can use the classical mechanical preparation methods and
achieve disinfection by cutting the dentin with hand or rotary instruments, a laser, or
ultrasound [102–106]. Tool wear or damage depends on the dentist’s experience [180] in
using crown-down techniques to reduce the risk of dead pulp debris and cut dentin filings
being forced past the apical opening [181,182]. In addition to the correct selection of the
filling material, the obturation technique, and the method of root canal preparation, an
important factor is selecting rinsing fluids and lubricants that are the most appropriate for
the tools used. The dentist expects the proper manufacture of the tools they are sourcing,
showing confidence in the tool producers. Various studies compared the test results of
various endodontic tools [183]. In [70], a virtual analysis was performed, making it possible
to narrow down the considerations in the practical verification of selected cases. For
endodontic procedures, dentists very often use corrosion-resistant steel hand and rotary
tools. The risk of breaking tools made of corrosion-resistant steels is significant due to the
lack of flexibility of the tools and the resulting lack of adjustment of the tools to the natural
curvature of the root canal in many clinical situations [181].

In 1988, a nickel–titanium alloy [184–186], known as nitinol, was introduced to pro-
duce endodontic tools. Nitinol’s name is an acronym for Nickel Titanium–Naval Ordnance
Laboratory, where this alloy was discovered in 1959 [187–190]. The authors’ work [70]
presents a literature review concerning the selection of the chemical composition and pro-
cessing conditions of these alloys and their importance in the endodontic treatment of teeth.
Considering the results of our own virtually conducted analysis [70] and the conducted
literature review, this paper analyzes variants of root canal preparation with the use of hand
and rotary tools made of nitinol in endodontics. This alloy has a shape memory [191]. Due
to this effect, nitinol tools do not undergo permanent deformation. They are characterized
by high fatigue strength [180,184–186,192–196] and mechanical resistance to fractures [185].
They can be used for manual or rotational preparation [181,197]. The conicity, radial contact
surface, blade angle, and shear angle of endodontic instruments vary [181,198–200]. Nitinol
endodontic instruments have the advantages of effectively removing dentin filings and
pulp debris from the root canal, ensuring its natural course, maintaining a stable working
length, and minimizing the removal of dentin from its wall [201]. The number of nitinol
tools is relatively smaller than those made of corrosion-resistant steel [200,202,203]. At the
same time, the risk of breaking the tool during root canal preparation is lower [204], as is the
number of cases of pulp and cut canal dentin being pushed past the apical opening [205].

It is most preferred to make endodontic tools from a nitinol alloy in which the atomic
concentration of the elements corresponds to the stoichiometry of the Ni–Ti intermetallic
phase. Since the physical properties of endodontic tools are lowered by the remaining
elements, care should be taken to ensure that their concentration in the alloy is as low as
possible. In [206,207], the importance of the composition of nitinol alloys was analyzed. The
Ni–Ti phase equilibrium diagram (Figure 5a) was developed in [208], and some changes
were introduced later [209–213]. Relatively small changes in the mass concentration of
nickel within the narrow range of approximately 48–51% permitted by the standards [214]
significantly affect the functional properties of medical devices, including endodontic
tools made of this material [215]. Its influence on the value of the Ms temperature is
significant [216,217], which for the stoichiometric chemical composition of Ni50Ti50 is about
65 ◦C, and is radically reduced even to about −140 ◦C in the case of a slight advantage of
the nickel concentration over the equilibrium [218], determining significant changes in the
physical properties of the alloy [215].
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precipitates in the austenite border zone favouring the transformation of B2→ R and then R→ B19′ with the B2 grain
interior not changing the chemical composition, in which a one-stage martensitic transformation takes place (B2→ B19′).

The method of manufacturing nitinol alloy also has a significant impact on its prop-
erties [184,187,218,219] due to the possibility of reducing the proportion of non-metallic
Ti4Ni2Ox inclusions [220,221] and elimination of uncontrolled changes in the ratios be-
tween the atomic concentrations of nickel and titanium, resulting in stabilization and
improvement of fatigue properties, requiring the use of raw materials of the highest pu-
rity [222–224]. The electro-arc melting technology of nitinol alloys seems to be useless,
while their manufacturing by the vacuum arc remelting (VAR) [221,225] of high purity [225],
with a smaller (usually 5–10 times smaller) proportion of non-metallic inclusions than in
the case of standard melt and fatigue strength several times higher [225]. The most advan-
tageous is the manufacturing of nitinol by the vacuum induction melting (VIM) method,
which ensures the lowest possible share of non-metallic inclusions [225] and increased
fatigue strength [222,223].

Nitinol endodontic tools are manufactured from drawn or extruded rods or wires.
Nitinol alloy is subjected to hot forming only, mainly by drawing and extrusion, and rolling
and forging (Figure 5c). It is one of the materials that are difficult to subject to plastic defor-
mation. Therefore, endodontic tools made of nitinol are manufactured by removal methods
using milling with carbide tools and subsequent grinding [226,227]. However, it is impos-
sible to manufacture technologies used for endodontic tools made of corrosion-resistant
steel by twisting [228], due to the risk of scrapping the tool during the manufacturing pro-
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cess [228]. The required properties, including mechanical fracture resistance [185], should
be ensured by heat treatment combined with cold working [48,229]. The technologies
used also include laser cutting, grinding, and electrical discharge machining [218]. In-
creasing the fatigue strength [180,184–186,192–195] is also ensured by electropolishing (EP)
and magneto-electropolishing (MEP) in a constant magnetic field [49–51,192–195,230,231].
Additive technologies [232], drawing [233] or cold rolling [234], high-pressure torsion
(HPT) [235], and equal channel angular pressing (ECAP) [236] can also be used for the
manufacturing of tools using nitinol alloy. The favourable fineness of the austenitic ma-
trix grain [237,238] depends on the heat treatment conditions [239,240] and the given
technological processes, deciding the course of the Ni4Ti3 [241,242] dispersion precipita-
tion processes in austenite and martensitic transformation, respectively, in the B19′ or R
structure phases [242,243].

The unique features of nitinol endodontic tools, known as shape memory and su-
perelasticity (Figure 5b), are essential, and are determined by the unidirectional shape
memory effect and the superelasticity and bidirectional shape memory effect [218,244–248].
Thermoelasticity reversible martensitic transformation, in almost stoichiometric Ni–Ti
alloys, even with a slight predominance of nickel [249], is responsible for these phenomena.
The unidirectional shape memory effect causes the workpiece to return to its original
shape due to the martensitic transformation sequence induced by deformation or hard-
ening, and the subsequent reverse transformation of martensite into an austenitic parent
phase when heated to the characteristic temperature [248]. The phenomenon of supere-
lasticity consists of solely remembering the shape of the high-temperature mother phase,
and results from the course of the reversible martensitic transformation under the in-
fluence of external stress [218]. The two-way memory effect of the shape of the alloy
applies to both the high-temperature mother phase and the low-temperature martensitic
phase [69,187,188,190,191,250–253]. In this case, in the Mf–Af temperature range, respec-
tively representing the end of martensitic transformation and the end of austenite formation,
cyclical changes occur, causing reversible changes in the object’s shape, without external
stress and without removing the martensite nuclei [248].

The cooling rate during homogenizing annealing [254,255] plays an important role,
especially cooling in the critical transformation temperature range (TTR), defined as the
range between the temperature of the beginning (Ms) and the end (Mf) of the marten-
sitic transformation. The cooling rate influences changes in the modulus of elasticity,
yield point, electrical resistance, and the shape memory effect [187,188,190,191,250–253].
It results from the martensitic transformation B2 → B19′, with the simple cubic struc-
ture B2 of austenite (also known as the parent phase) [187,188,190,191,250–253,256] oc-
curring above approximately 100 ◦C in twinned martensite with the monoclinic crystal
structure B19′ (daughter phase) (Figure 5b) [69,187,188,190,191,250–253]. In the reverse
transformation temperature range (RTTR), during successive heating, the transforma-
tion of martensite into the mother phase; i.e., high-temperature austenite with a stable
energy state, takes place, defined as the inverse martensitic transformation according
to the B19′ → B2 scheme [187,188,190,191,250–253], deciding the shape memory effect
(Figure 5b). The martensitic transformation and the reverse martensitic transformation are
immediate [187,188,190,191,250–253]. The hysteresis range of the martensitic transforma-
tion usually covers 20–50 ◦C, but it can be reduced or increased by appropriate alloying
additives [67] or technological processes [68,187,188,190,191,250–253].

In almost stoichiometric Ni–Ti alloys in austenite, with relatively large grains sized 6.6
to 21.7 µm [249] formed after heating >800 ◦C, a single-stage martensitic transformation
takes place according to the scheme B2→ B19′ [218]. This may also take place in alloys with
a relatively slight advantage of Ni [249]. As the austenite grain grows, there is an uneven
release of the metastable Ni4Ti3 phase [242,257,258] (Figure 5d–f), which is accompanied by
a local reduction in nickel concentration in the matrix zones surrounding the precipitates.



Processes 2021, 9, 1467 14 of 51

The Ni4Ti3 precipitates have the following strictly defined crystallographic orientation
concerning the parent matrix of the B2 structure [259]:(

110
)

Ti3Ni4
//

(
321

)
B2; [111]Ti3Ni4

//[111]B2

or, alternatively: (
110

)
Ti3Ni4

//
(
312

)
B2; [111]Ti3Ni4

//[111]B2.

The separation of the Ni4Ti3 phase in the coarse-grained austenite of the B2 struc-
ture resulting from annealing takes place near the grain boundaries, causing the matrix
to become lower in nickel concentration in these areas. The ageing conditions, both the
temperature and the treatment time [260], significantly impact the morphological features
of these precipitates. As they increase, their coagulation occurs, and the matrix is further
lowered in nickel concentration. As a result of the precipitation of the Ti3Ni4 phase, changes
in the temperature of the start (Ms) and finish (Mf) of the martensitic transformation oc-
cur [249,261]. The methods counteracting the growth of austenite grains and intensification
of precipitation processes include electric pulse treatment (EPT) technology [262] in combi-
nation with stretch-bending deformation (SBD) [262] and annealing, as a result of which,
the martensitic transformation plateau is improved.

Due to the coherent or semicoherent boundaries of the Ti3Ni4 phase precipitations
with the matrix of B2 structure [263–266], matrix precipitation hardening takes place ac-
cording to the Orowan mechanism [240]. It is important for the course of the martensitic
transformation into the phase with the structure B19′ [267–269], and the stresses around
these precipitates strongly counteract the direct transformation of B2→ B19′. In turn, the
lack of these stresses or their significant reduction favours the formation of the marten-
sitic phase R according to the scheme B2 → R [240,270]. In turn, the growth of Ti3Ni4
precipitates with the increasing of time influences the generation of dislocations with the
Burgers (111)B2 and (200)B2 vectors, which eliminate coherence stresses while maintaining
coherence in other areas [271]. Such conditions favour the transformation of B2 → R
during cooling [249,267–269,272]. A significant stress field is generated by the precipita-
tion processes of Ti3Ni4. Thus, it enables a two-variant course of a direct or two-stage
transformation [264,265] associated with increasing the transformation temperature B2→
R [267]. According to the scheme B2→ R [256], the martensitic transformation into the
R phase usually results from the premature ageing associated with the precipitation of
Ti3Ni4 phase particles in the B2 matrix. The mechanism of this transformation is described
in many papers [218,250,256,273,274]. As a martensitic transformation, it also proceeds
through shear, and because it is also reversible, it is also responsible for shape memory
and superelasticity effects [275,276]. It has been assumed that this phase has a rhombo-
hedral lattice structure and was therefore named R, although it is known that it has a
trigonal structure P3 [277] and should be denoted as the T phase [250]. By tradition, the R
name is used. The transformation of R→ B19′ is not a martensitic transformation, as was
mistakenly thought previously. Still, it is related to the reconstruction of the martensite
lattice [218], and the view that in each stage of the transformation B2 → R → B19′, the
martensitic transformation takes place sequentially is not true. It is different in separating
coarse-grained precipitates of the Ti3Ni4 phase because their growth and coagulation and
the resulting lack of coherence favour the direct transformation of B2→ B19′ [211,278,279].
Then the proportion of Ni4Ti3 decreases, or this phase decomposes into a mixture of Ni3Ti2
and Ni3Ti [279]. The precipitation hardening mechanism by Ti3Ni4 phases is then less effec-
tive [240] with the extension of the ageing time and an increase in the ageing temperature,
thus reducing the hardness of nitinol [240]. The aged effect determines the characteristic
parabolic course of hardness changes with the extension of the soaking time [240]. Under
these conditions, nitinol exhibits only a one-sided shape memory effect [271].



Processes 2021, 9, 1467 15 of 51

A crystallographic relationship was found between the parent phase B2 and the other
phases [265], as given below:[

101
]

B19′//[111]R//[111]Ti3Ni4
//[111]B2

The B2→ R transformation implies significant application possibilities, and for its
course, it is necessary to suppress the direct transformation into B19′ martensite accord-
ing to the B2 → B19′ scheme. Taking advantage of the B2 → R transformation due
to the properties and behaviour of nitinol alloys [218] requires precise control of its
course [249], especially its temperature range [225,280–282], annealing temperature [283],
and temperature [284] and ageing time [285]. The main positive effects of this transfor-
mation include not only increased fatigue strength [225,280–282], but also considerable
stability under cyclic changes in temperature and loads [225,281,286], quick response to
temperature changes [250,276,281,284,287], and a narrow hysteresis loop [250,288]. Ac-
tivation of the B2 → R transformation is favoured by annealing after plastic deforma-
tion [289,290], ageing of alloys with a relatively small advantage of nickel atomic concen-
tration [239,240,249,261,273,291–293], as well as cyclic temperature [283,285,294,295] and
stresses changes [296,297]. Regardless of the R phase formation, the martensitic transforma-
tion of B2→ B19′ is still possible. This requires even greater subcooling [249] and a corre-
spondingly high cooling rate from the homogenizing annealing temperature; e.g., in water.
Then, after the course of the B2→ R transformation, a direct B2→ B19′ transformation takes
place, and there is a two-stage B2→ R→ B19′ transformation [249,270–272,289,298–301],
which follows when the grains are fine, and their size is ≤5.6 µm. The grinding of
grains after cold plastic deformation is related to the variation in their size, which may
weaken the stress-induced martensitic transformation plateau [302]. The transformation
of B2→ R→ B19′ may occur regardless of the nickel concentration [249], but also with
the predominance of the atomic concentration of titanium [303]. Still, it cannot occur in
monocrystals; therefore, it occurs only in polycrystals [249].

As a result of the differentiation of nickel concentration at the boundaries and inside
the grains of Ni–Ti alloys caused by the Ni4Ti3 and phase-precipitation processes in a
privileged way at the B2 phase boundaries, in one element of the nitinol alloy, the direct
transformation of B2→ B19′ and the two-stage B2→ R→ B19′ transformation occur [249].
Subsequent precipitation, growth, and coagulation of Ni4Ti3 phase particles at the grain
boundaries causes a local decrease in nickel concentration as the ageing time lengthens
and/or as a result of an increase in the ageing temperature (Figure 5e,f) [249], which
results in different nickel concentrations at the grain boundaries and inside Ni–Ti alloys.
In the zone adjacent to the grain boundaries, the two-stage transformation of B2→ R→
B19′ [249] is induced in this way when the direct transformation of B2→ B19′ [249] takes
place inside the grains with a relatively higher concentration of nickel [249]. At higher than
the equilibrium concentration of nickel in the alloy, there are conditions for homogeneous
precipitation of Ti3Ni4 phase particles during ageing in the entire grain volume. With a
relatively longer ageing time, the growth and coagulation processes of precipitates also
occur. As a result of the lack of differentiation of nickel concentration in different zones
of B2 austenite grains, a one-stage direct transformation of B2→ B19′ is normally carried
out [249].

During reheating, the opposite transformation of B19′ → R takes place in a relatively
short time, while after lengthening the time, the direct formation of austenite via B19′→ B2
and most probably R→ B2 are dominant [304].

6. Importance of Sterilization of Endodontic Instruments and Lubricants for the
Effectiveness of Root Canal Preparation

The essence of the dentist’s work in performing endodontic procedures shows that
all tools must be sterilized due to the necessity to meet sanitary and epidemiological re-
quirements [305–308], which also applies to nitinol endodontic tools [305–327]. The issue
is described in more detail in the authors’ own work [239]. Various research methods have
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been selected regarding this issue, including the differentiation of the studied material,
which is treated as a model corresponding to clinical conditions. The spectrum of possi-
bilities that currently are most common includes polymeric blocks (methyl methacrylate
PMMA) [311,314], with cylindrical canals symbolizing curved root canals [305,309,311,314],
sometimes alternatively made of other polymeric materials [312] or phenolic resin [313], but
also with the use of dentin of extracted human teeth [313,317,319], or bovine teeth [318] and
bones [315,316,318]. The performed tests involved measuring the cutting efficiency [314]
with or without irrigation [312,313] further, with the use of “push and pull” linear mo-
tion [315,317] or rotary motion concerning the long axis of the tool. Metallographic ex-
aminations using a scanning electron microscope (SEM) and/or an atomic force micro-
scope [322,323] help assess the results of these tests [320,321,324,325].

The measure of the effect of sterilization on the properties of endodontic tools is the
cutting efficiency as the ratio of the weight of the cut PMMA plate with an accuracy of
3 × 10−5 g related to the unit of energy used during cutting in Mg/J [311,314]. Compared
to conventional stainless-steel tools, which the sterilization processes do not significantly
affect [312,313], in the case of nitinol tools, sterilization causes a significant decrease in
cutting ability and efficiency [305,309,310,313]. For example, a significant decrease in the
cutting efficiency of nitinol rotary tools was found under the influence of repeated 14 or
7 sterilization cycles compared to non-sterilized ones (Figure 6) [305]. The reason for such
changes is that repeated sterilization causes a change in the surface structure of endodontic
tools [305] due to a significant increase in the content of titanium oxide on the surface [305].
Treatment by chemical disinfection with sodium hypochlorite NaOCl did not significantly
affect the cutting performance of endodontic instruments [311]. The treatment of nitinol
tools by applying TiN to their surface using the physical vapour deposition PVD process
did not increase the efficiency after multiple sterilizations in an autoclave in combination
with an initial exposure to sodium hypochlorite NaOCl [309].
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the tool after drilling in a PMMA trial block with a simulated root canal used immediately after delivery or after repeated
use for 80 s; (b,c) changes in the concentration of Ti, O, Ni, and C on the tool surface in the delivered condition (b) and after
subsequent sterilization cycles (c).

During the mechanical preparation of root canals, irrigating the canals with appropri-
ate rinsing fluids after each inserted tool is necessary. Rinsing fluids remove organic and
inorganic debris from root canals and eliminate micro-organisms. The properties of a root
canal rinsing agent include a wide range of actions against micro-organisms inhabiting
the canals, the ability to neutralize toxins, the ability to dissolve organic compounds, (i.e.,
living and dead dental pulp), and the ability to rinse out dentin filings. Several rinsing
fluids can be used to achieve the goal of disinfecting the root canal and preparing it for
filling with replacement material, each with advantages and disadvantages. During en-
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dodontic treatment, the most frequently used irrigation fluid is sodium hypochlorite at a
concentration of 0.5 to 5.25% [182,328–330]. Sodium hypochlorite has strong bactericidal
properties and dissolves organic residues. However, it does not completely remove the
smear layer due to the lack of action on inorganic substances. The bactericidal properties
of sodium hypochlorite increase with the increase in the concentration in which it can be
used during root canal irrigation. Unfortunately, as the concentration increases, its toxicity
to living tissues increases. If the fluid penetrates beyond the apical opening of the canal, it
may result in complications in the form of pain during biting and even the appearance of
spontaneous pain [182].

Therefore, most in vivo and in vitro studies recommend using sodium hypochlo-
rite channels at a concentration of 2 to 3% for irrigation. This concentration can destroy
mixed anaerobic flora and is less toxic to periapical tissues than higher concentrations.
In addition, studies [331] have shown that solutions with a concentration of 5.25% re-
duce the dentin flexural resistance due to the ability to cause proteolytic degradation
of collagen fibres, which does not occur at lower sodium hypochlorite concentrations.
Irrigation reduces the root canal dentin [329], with less sodium hypochlorite and more
with sodium edetate irrigation. Sodium edetate, or ethylenediaminetetraacetic acid dis-
odium salt dihydrate, is the sodium salt of the ethylene diamino tetraacetic acid known
as ethylenediaminetetraacetic acid (EDTA), which is an aminopolycarboxylic acid with
the formula [CH2N(CH2CO2H)2]2 [332]. This compound can dissolve the dentin of the
root canal due to the ability to exchange magnesium and calcium ions with sodium ions,
thanks to which water-soluble compounds are formed. This mechanism increases the
susceptibility of the canal dentin to cutting during mechanical preparation with the use of
endodontic tools.

In addition to the rinsing preparations used for the work of the tool in the canal, each
inserted tool must be covered with lubricant. The lubricants are designed to slip the tool
into the canal [333], preventing it from jamming, thus reducing the risk of the tool breaking
into the canal. Lubricants are ready-made preparations, the basic ingredient of which is
always glycerin. Additionally, they may contain urea peroxide or sodium edetate. Urea
peroxide owes its bactericidal and lytic properties to oxygen evolution. It can penetrate
the narrowest canals and have a bactericidal effect due to its low viscosity and low surface
tension. Preparations containing urea peroxide must always be used in conjunction with
irrigation with sodium hypochlorite solution. Combining these two compounds causes a
chemical reaction in the form of the release of oxygen bubbles [334,335].

7. Review of Root Canal Obturation Methods

Another important element in the success of endodontic treatment is obturation
techniques. These techniques, like the materials for filling the root canals, have developed
over the years. Only the goal of each endodontist has remained unchanged—tight filling
of the root canal system, no complications in the form of pain, periapical changes, or root
fractures. Modern techniques, which often require specialized equipment and materials,
minimize the risk of complications during and after treatment. Due to the assumptions
made in this article regarding gutta-percha as a filling material, further considerations are
limited to this material only.

Over the years, techniques of obturation of root canals have been perfected. The
generally accepted condition for optimal filling is tight, three-dimensional obturation of the
canal to the physiological opening. A root canal filling that meets these conditions protects
the periapical tissues against secondary infection, which may arise due to the material not
sticking to the root canal walls. Then, micro-organisms residing in the dentinal tubules or
side branches can penetrate the periapical tissues and cause reinfection. Additionally, the
development of marginal leakage between the material filling the cavity and the tissues of
the tooth crown increases the risk of reinfection [131,336,337].

The basic and still valid method is the side condensation of gutta-percha, which uses
gutta-percha points and paste sealant. This method assumes matching the main cone
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corresponding to the master apical file MAF size and then filling the canal with smaller
size studs, for which a place has been prepared in advance by a manual spreader [338]. It
has been shown [339] that in the side condensation technique, there are fewer pushes of the
material beyond the apex opening compared to the compared thermoplastic techniques.
When the root canal is prepared with tools with a conicity of 0.4, the use of the main
cone with a conicity of 0.2% during lateral condensation increases the risk of the expander
exceeding the root canal’s working length during condensation [340].

In 1976, the first information appeared to introduce plasticized gutta-percha into
the root canal [341]. It quickly turned out that plasticized gutta-percha resulted in a
greater chance of three-dimensional obturation of the root canal. Therefore, in a short time,
numerous devices appeared to apply warm material to the root canal. The filling material
could be plasticized in the root canal or introduced into the canal in a plasticized form.

There are many devices for plasticizing the material filling the root canal on the
market. However, the leaders are dominant, among which undoubtedly is the filling
system consisting of two devices: System B (Sybron Endo,Madrid, Spain) and Obtura III
(Obtura Spartan). Originally, only the Obtura I apparatus, first constructed in the 1980s,
was used to fill the canals [342]. It is a device consisting of a basic part providing heat
supply and a feeder in the form of a gun with a needle, through which the gutta-percha
plasticized by heating is applied to the inside of the canal. This device has already lived to
see its third generation.

System B, a hot plugger, is used to fill the top part of the canal, and the Obtura device
completes the distal, paraventricular part of the canal. System B consists of a base unit and
a plugger. This device uses vertical condensation of the material in the canal through a hot
plugger [343–345].

The latest version, called the Elements Obturation Unit (SybronEndo, Madrid, Spain),
combines two devices; i.e., System B and Obtura, taking up 70% less space than its older
counterparts, and additionally equipped with a cauter and enabling the pulp vitality test
with a thermal test. The novelty lies in applying the material with a tip with a micro-motor,
thanks to which the material is forced into the channel more smoothly than in older models,
with a manually operated feeder.

The technique of root canal filling with the System B and Obtura system was presented
by Buchanan [346] and called the continuous wave of condensation obturation technique,
or CWT [347]. This method assumes, in the first place, the selection of the main cone
that matches the size and conicity of the root canal. The fitted stud should wedge in the
periapical area. Next, adjust the Buchanan plugger to the canal’s diameter and mark its
length with a limiter 4–7 mm shorter than the working length. The root canal walls should
be covered with a thin layer of sealant, removing the excess with a paper filter. When
starting System B, set the temperature to 200 ◦C and insert the heated plugger through
the gutta-percha point in the root canal to the length marked with a limiter. After 3 s, the
heating is turned off, keeping the tool’s pressure towards the root tip for 10 s. During the
change of the gutta-percha from liquid to solid, volumetric changes of the material occur.
Therefore, the compression of the material compensates for the polymerization shrinkage.
Then the plugger is reheated to 300 ◦C and immediately removed along with any excess
gutta-percha. The apical portion of the gutta-percha should be condensed for another 10
s with pulsating movements using a cold plugger. This apical-filled canal can be refilled
using System B. It should be done in stages when refilling the canal, introducing small
portions of liquid gutta-percha and condensing each time [348].

The thermo-hydraulic condensation (THC) technique (Figure 7) [174,349] with System
B and Obtura is considered to be one of the best root canal filling methods, as all voids are
closed with filling material, not sealant [350], concluding with the THC technique filling
the lateral tubules along the entire length of the root canal. A novelty that ensures an
even greater tightness of the canal filling is the provision of hot pluggers with a vibrating
tip provided by the wireless DownPak device. The additional function of vibration is
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to improve the flow of thermoplastic gutta-percha into any voids formed, thus ensuring
homogeneity of the filling.
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motion is used with the prefitted Dovgan plugger with firm pressure for 10 s as the material cools; (h) the obturation is
completed using the Obtura gun by backfilling the canal.

Another very popular method for filling root canals is the Thermafil system. This
method was described in 1978 by Johnson, and its widespread use was noted in the early
1990s [341,351,352]. The entire system was developed by Dentsply and consisted of: root
canal preparation tools, compatible obturators in the form of conveyors made of polymeric
material covered with gutta-percha material, verifiers to determine the appropriate size of
the gutta-percha conveyor and a device for heating the gutta-percha; i.e., the ThermaPrep
Plus oven. The procedure for filling the canal with the Thermafil system is limited to
selecting the appropriate size of Thermafil gutta-percha with the help of a verifier. The
verifier should slide to its full length without any force exerted on it, and is selected using
the last tool used to work at full working length as an index. After choosing the appropriate
obturator, it is necessary to mark the working length with a stopper, disinfect it in a sodium
hypochlorite solution, then dry it and place it in an oven to plasticize it. Before filling, the
canal should be dried, and the sealant should be applied to its walls. The gutta-percha
material plasticized on the conveyor should be placed in the canal for the previously
marked working length, maintaining constant pressure on the plastic carrier for a few
seconds. It should be cut off with a Therma-Cut drill, without a spray, and the gutta-percha
should be condensed around the carrier with a plugger [353–355]. The Thermafil system is
considered to provide a good seal, especially in the apical area, due to the good fit of the
carrier in the apical area of the root.

Unfortunately, this system has a high percentage of material pushed beyond the
physiological opening [356]. It was also found that the sealant of Thermafil root canal
fillings deteriorates in teeth with long roots. The use of the system is also limited by wide
canals terminating in very wide apical openings [356].

Taking into account the results of our own virtually performed analysis [70] and the
conducted literature review, the experimental studies in this paper included variants of
root canal obturation by lateral condensation of gutta-percha, using the Thermafil system
and the thermo-hydraulic condensation (THC) technique with the use of System B and
Obtura, compared with the standard cold side condensation method.

8. Selection and Description of the Scope and Methodology of Experimental Research

To achieve the research goals set out in this paper, the so-called “digital twins” as
an approach characteristic of Industry 4.0 [357–383] and the resulting idea of Dentistry
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4.0 [384–386] were applied. The “digital twin” concept allows many experiments to be
carried out in virtual space before the analyzed product or object is physically created or
made available for research, even without its physical existence. Experimental verification
of the solution or variant selected virtually as the most advantageous is sufficient due to
the set of considered criteria. To solve the issues constituting the essence of this paper, the
methodology and research results, developed and published in the authors’ own works
on surface engineering technologies [70,361,387–401], were appropriately adapted. An
open and synergistic methodological approach was adopted, specific to various and seem-
ingly very distant scientific disciplines of clinical dentistry, especially endodontics in its
part; materials engineering, including metallography and scanning electron microscopy;
engineering and knowledge management, including the methodology of technological fore-
sight and procedural benchmarking; and comparative analysis with the use of contextual
matrices. Therefore, appropriate laboratory tests were preceded by the theoretical analysis
carried out in [70] using the methods mentioned above. The methodological assumptions
of the virtual comparative analysis of biomaterials used in endodontic treatment were
presented in great detail. The basis of the considerations and research undertaken in this
paper is a detailed analysis of all factors contributing to the effectiveness of endodontic
treatment. It should be noted that 8 years after the end of root canal treatment, statis-
tically, 97% of teeth retain their functional utility in the oral cavity [402]. About 3% of
endodontic failures, most of which are revealed within the first three years after treatment,
are due to improperly filled root canals or from iatrogenic causes such as root or crown
fractures [402–405]. Endodontic treatment may also result in undesirable granuloma or
cystic periapical changes in the teeth [406] detected on X-rays during follow-up examina-
tions. The risk of periapical lesions decreases with increasing accuracy of root canal filling
and pillar reconstruction [107]. As much as 91% of periapical changes in endodontically
treated teeth, revealed on panoramic photos, are caused by irregularities in the root canal
filling [406] and inaccurate preparation and filling of root canals [107,406–415]. Therefore,
great emphasis should be placed on the quality of root canal preparation and filling, in
order to significantly reduce the chance of complications in the form of periapical lesions,
and thus guarantee success in endodontic treatment. The article [70] presents the results
of virtual analyses considering the basic factors determining the success of endodontic
treatment, in the form of four types of proprietary contextual matrices for endodontics
(listed in Table 1).

Table 1. Types of contextual matrices related to endodontics.

No. Type of Context
Matrix

Generalized Index on
the x Axis

Generalized Index on
the y Axis

A1 Materials selection
generalized index of

material quality for root
canal filling

generalized index of
material strength in the

root canal

A2
Root canal

development
technique selection

generalized
organizational index of

techniques for the
development of root

canals

generalized index of the
quality of filling with
selected techniques

A3 Techniques of
obturation selection

generalized index of
material strength applied
in root canal obturation

techniques

generalized index of the
effectiveness of root canal

obturation techniques

A4
Assessing the

tightness of root canal
filling selection

generalized index of
organizational conditions

generalized index of
investigations
effectiveness



Processes 2021, 9, 1467 21 of 51

The results of virtual analyses achieved in the authors’ work [70] made it possible to
determine the purpose of the research undertaken and discussed in this paper. Following
the results of [70], in this paper, practical research was carried out on the manufacturing
and selection of filling and sealing materials; the selection of dental devices and tools,
including specialized tools; the selection and use of root canal development and obtura-
tion technology; and the assessment of the effectiveness and tightness of the root canal
filling, as a result of endodontic treatment. The developed methodology was adopted for
detailed research based on the analyses performed and the dendrological matrices plotted,
constituting the basis for making decisions regarding the detailed studies covering the four
aspects mentioned above, with a very limited number of factors, which should also be
taken into account in the experimental research.

Experimental research was carried out to answer several research questions of various
importance, which seem to constitute the most important problems of modern, highly
advanced endodontics, including:

• Clinical—how to choose the conditions for the development and obturation of root canals;
• Technological—which of the methods used for the development and obturation of

root canals ensures the best tightness of the filling;
• Methodological—what research methods are most useful for the assessment of the

effectiveness of endodontic treatment; and
• Scientific—why there is a difference in the tightness of the filling between the root

canal wall and the filling material, depending on the adopted root canal preparation
and obturation method.

The tests were performed in vitro using 48 single-canal incisors in the maxilla, max-
illary, and mandibular canines, and single-canal premolars of the maxilla and mandible
removed for orthodontic, prosthetic, and periodontal disease indications without caries.
The research was carried out after obtaining the consent of the Bioethics Committee. Table 2
summarizes the conditions and methods of preparing teeth for examination and methods
of developing root canals.

Table 2. Conditions and methods of teeth preparation for examination and methods of tooth root canal preparation.

No. Type of Action Description of the Action

B1

Pr
ep

ar
at

io
n

of
te

et
h

fo
r

ex
am

in
at

io
n

Before processing, each tooth was cleaned and rinsed in 0.9% NaCl solution, and then the tooth
crowns were cut off at the height of the tooth neck with a diamond separator placed on the

prosthetic handpiece. During the mechanical preparation of the root canals, a lubricant
containing glycerin, sodium edetate, and urea peroxide RC-Prep (Premier) was used. The task of

the lubricant during the preparation of the canal was to remove the smear layer covering the
canal dentin and to facilitate the mechanical preparation of the canal with the tools used.

Between each instrument subsequently introduced into the root canal, irrigation with 2.25%
sodium hypochlorite solution and 0.9% saline solution was performed alternately.

B2

Pr
ep

ar
at

io
n

of
ro

ot
ca

na
ls

of
se

le
ct

ed
te

et
h

H
an

d
to

ol
s

Each canal in a given group was prepared with hand tools (ProTaper—Dentsply/Maillefer) in
two stages; in the first stage, the near-crown part was widened with the S1 tool; successively, the
SX tool with the highest 19% taper was introduced into the same part of the canal, after which the
length of the canal was measured with a Kerr file with the number 10 ISO, from which 1 mm has

been subtracted. The working length was determined based on the length of the tooth canal
minus 1 mm (as the average distance between the anatomical apex and the physiological

narrowing of the root canal). The channel was subsequently developed to the full working length
with the S1 and S2 tools. The next four tools, numbered F1, F2, F3, and F4, were introduced to the

full working length, widening, and smoothing the root canal walls. Each tool introduced was
followed by a canal recapitulation with the Kerr tool.

B3

R
ot

ar
y

to
ol

s

Each canal in a given group was prepared with rotary tools up to the size of ISO 40 using the
X-Smart endodontic micromotor (DentSply/Maillefer with K3 tools (Sybron Endo)). Each canal
was prepared in two stages, 10/25 and 08/25, with a taper of the tool of 10 and 8%, respectively.
Then, the root canal length was measured by inserting a 10 ISO Kerr file and subtracting from the

full length of 1 mm, determining the working length as the average distance between the
anatomical apex and the constriction. Then, the canal was prepared to its full working length

with tools in sizes of 0.4/20, 0.4/25, 0.4/30, 0.4/35, and 0.4/40.
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Among the examined teeth, three groups were distinguished, each of which contained
16 teeth Each of these groups was tested under identical conditions of root canal preparation,
using the same filling materials and using the same obturation technique.

Table 3 lists the methods of root canal obturation. In all cases considered in this
paper, cones and pellets of material based on gutta-percha were used for filling. Hand
and rotary tools were used to prepare the root canal. Three methods of obturation by cold
side condensation, the thermoplastic technique, and the thermo-hydraulic condensation
technique [172–177] introduced about 20 years ago were compared. In many of the cited
studies, methodological defects were found that prevented an objective assessment of the
tightness of the filling and the absence of leaks. For this reason, the basic materialography
tests with the use of scanning electron microscopy were used, the usefulness of which was
previously fully confirmed by virtual methods [70].

Table 3. Methods of root canal obturation.

No. Method Description of the Method of Filling the Root Canals

C1

La
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n

Each channel in a given group was filled with studs and pellets. After drying the root canal, an F4
size pin (DentSply/Maillefer) was fitted, corresponding to the last tool used to prepare the canal to
the full working length. Before obturation, each canal was thoroughly dried with paper points. A

thin layer of sealant (AH Plus type—DentSply/Maillefer) was applied to the walls with a paper filter
in each canal. Each stud was disinfected in 2.25% sodium hypochlorite solution, and then placed in
the root canal on the full, previously determined working length. Due to the large convergence of the
main cone, which corresponded to the variable convergence of the ProTaper type tool, an expander
with the size of 20 ISO, and with a convergence of 2%, was selected. Using a silicone stopper, a length
1 mm shorter than the length on which the main stud was inserted was determined on the plunger.
After the placement was prepared by the manual pusher, the canal was supplemented with studs

with a taper of 2% in the size corresponding to the pusher used. The filling of the channel was
completed when it was not possible to introduce the plunger into the channel.

C2
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Each channel in a given group was filled with studs and pellets. The use of the system began with
the inspection of the canal with a 40 ISO verifier, the size of the last instrument introduced during
root canal preparation. After selecting the appropriate obturator, the working length was marked

with a stopper, then it was disinfected in a 2.25% sodium hypochlorite solution, dried, and placed in
a ThermaPrep Plus oven to plasticize it. In each channel, a thin layer of AH Plus sealant

(DentSply/Maillefer) was applied to the walls with a paper filter. After the gutta-percha was
plasticized in the oven, the obturator was slowly withdrawn from the lift of the oven and placed in

the channel for the working length previously indicated, maintaining a constant pressure on the
polymer support for a few seconds. When placing the obturator, care was taken that it was precisely

centered into the canal to prevent distortion of the gutta-percha matrix at the top of the obturator.
The polymeric material carrier on the gutta-percha matrix was then cut off with a Therma-Cut drill
without water cooling at 300,000 rpm, and the gutta-percha matrix material was condensed around

the carrier with a plunger.

C3
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Each channel in a given group was filled with studs and pellets. The root canals were thoroughly
dried with paper points, then the main pin with a convergence of 4% was selected; the selection

criterion was the wedging of the pin in the periapical area after it was introduced to its full working
length. A Buchanan plugger (SybronEndo), size 1, was subsequently fitted to the canal’s diameter,

and its length was marked with a stopper, equal to the working length shortened by 4 mm. The root
canal walls were covered with a thin layer of AH Plus sealant (DentSply/Maillefer) with a paper
filter. During the introduction of the heated System B plugger through the stud placed in the root

canal up to the length marked with a stopper, the temperature was set at 200 ◦C. After 3 s, the
heating was turned off while maintaining the pressure of the tool towards the root apex for 10 s. The
plugger was then reheated to 300 ◦C and immediately removed along with any excess uncondensed
material. The apical portion of the material was condensed with pulsating movements for the next
10 s using a cold, previously selected Buchanan-type plugger (SybronEndo). The canal, filled in this
way, at the apex, was filled with gutta-percha matrix material and fed into the canal with the use of
an Obtura III type system (SybronEndo) with a temperature set at 160 ◦C. The canal was restored in
stages, introducing small portions of liquid material, condensing each time with a Buchanan-type

plugger (SybronEndo).



Processes 2021, 9, 1467 23 of 51

Table 4 contains information on the method of preparation of specimens for the
assessment of the effectiveness of filling root canals and identifying possible leaks, as well
as the methods of the materialographic tests used.

Table 4. Methods of preparing specimens and methods of materialographic research to evaluate the effectiveness of root
canal filling.

No. Type of Activity Methods of Specimen Preparation or Materialographic Test Methods

D1
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To prepare the specimens for materialographic tests, after tight-filling the canals with each
technique, the root canal orifices of the selected teeth were secured with Ketac Molar glass

ionomer cement (3M ESPE). For the next 7 days, the teeth were stored in a humid environment
and room temperature to bind the sealant. Each tooth was wrapped in gauze soaked in

physiological saline and tightly closed in plastic containers.
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The prepared specimens were incised longitudinally along the root to a depth of 1 mm using a
diamond disc placed on a prosthetic handpiece. The research material was placed in liquid

nitrogen and then a breakthrough was made. Each sample, after making longitudinal cuts by
breakthroughs in liquid nitrogen, was then sputtered with a thin layer of gold as a conductive

material in a BAL—TEC SCD050 sputtering machine by Oerlikon Balzers (Balzers,
Liechtenstein), to remove the electric charge from the surface of the specimen during the

examination in the scanning electron microscope, as well as to improve the secondary electron
emission factor.
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Teeth filled with material based on gutta-percha were decalcified by immersion for 14 days in
an aqueous solution consisting of 7% formic acid, 3% hydrochloric acid, and 8% sodium citrate.
The specimens were then rinsed thoroughly under running water to eliminate the acid, and

then immersed in 99% acetic acid for 12 h, and then the specimens were rinsed thoroughly with
distilled water. Then, the specimens were dehydrated in ethanol solution of successively

increasing concentrations of 25, 50, 70, 90, 95, and 100%, each for 30 min. Then the specimens
were stored in methyl salicylate and observed in a Stereo Discovery V12 stereoscopic light
microscope with the AxioCam HRC digital camera by Zeiss at 8–50×magnification, to the

three-dimensional observation of the root canal lumen filled with a substitute material, with
careful consideration of the root delta and its complicated internal system and side branches of

the main canal.
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Teeth filled with material based on gutta-percha were cut in the longitudinal and transverse
directions using the GATAN ISOTOM device, and the materialographic specimens were made
by mounting in a thermosetting resin and mechanical grinding successively on abrasive papers

with smaller and smaller grain size in Struers devices, and then on diamond pastes of
granularity to 3 µm for observation with a Leica 8i light microscope.

D5

SL
M

Initial tests were performed on the Stereo Discovery V12 stereo microscope with the AxioCam
HRC digital camera by Zeiss; the test results were documented using the digital photography

method at 50×magnification.

D6

SE
M

Tests were carried out using a SUPRA 35 high-resolution scanning microscope by Zeiss with a
WDS, EDS spectrometer, and an EBSD TRIDENT XM4 camera by EDAX in the range of

magnifications of 2000 and 5000×, and the test results were digitally archived.

D7

A
FM

Observations were made using an AFM XE-100 atomic force microscope (AFM) by Park
Systems with a scanning probe, using the forces of interatomic interactions and allowing the

researchers to obtain an image of the surface with a resolving power corresponding to the size
of an atom.

D8 C
L Observations were made in an Exciter confocal laser scanning microscope based on the Axio

Observer microscope by ZEISS, with electronic recording of the test results.

Table 5 lists seven criteria for evaluating the research material depending on the
variants of root canal development and obturation.
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Table 5. Criteria for the evaluation of the research material depending on the variants of development and obturation of the
root canal.

No. Structure Assessment Elements Used Microscopes

1. Connection of the filling material with the dentin of the root canal

LSM—light
stereoscopic;

SEM—scanning
electron

2. Connection of the main stud with complementary material
3. Filling the side tubules
4. Filling the root delta
5. Connection of the material with the dentin tubules
6. Volume fraction of sealant
7. Leakage on the border of the root canal wall and the filling material

9. Results of Experimental Research and Their Discussion

Our own research with a stereoscopic light microscope (Figure 8a–e), especially in
specimens prepared by decalcification (Figure 8f–i), shows the complicated tubular system
of the root canal, which consists of the central canal, accessory tubules, and root delta.
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Using a scanning electron microscope, the presence of even smaller anatomical struc-
tures, such as dentinal tubules, was also indicated (Figure 9). Since the condition expected 
by the dentist undertaking endodontic treatment, as well as by the patient, is the tightness 
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Figure 8. View of the tooth roots: (a–c) longitudinal breakthrough of the tooth root filled with gutta-percha material and
sealant: (a) cold, (b) thermoplastically with a plasticizer, and (c) thermoplastically with THC; (d,e) lateral tubules in the
apical part of the root canal filled with material based on a gutta-percha: (d) first at the apical side filled with sealant,
and (e) both centrifugally filled with sealant; (f–i) teeth prepared by the decalcification technique: (f) two-root tooth with a
root delta in each root, (g–i) and root canal delta filled with sealant viewed with an LSM.

Using a scanning electron microscope, the presence of even smaller anatomical struc-
tures, such as dentinal tubules, was also indicated (Figure 9). Since the condition expected
by the dentist undertaking endodontic treatment, as well as by the patient, is the tight-
ness of the connection of the filling material with the dentin of the root canal; i.e., the
condition in which the components of the filling adhere exactly to each other, the basic
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criterion for a properly endodontically treated tooth, the internal space disinfection and
tight three-dimensional hermetization, are assumed.
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Figure 9. Close connection of the root dentin with a visible cross-section of the dentinal tubules along their axis transverse
to the root canal with the filling material based on gutta-percha covered with an intermediate layer of sealant: (a) cold
condensed; (b,c) thermoplastically condensed with THC, viewed with SEM.

For the assessment of these scientific achievements, the most important thing is to
consider the quality of the connection of the filling material with the dentin of the root
canal, which largely determines the tightness of the filling and the associated tightness
of the root canal filling, and in practice, the low surface density of the leaks and their
small size. As shown by the materialographic tests carried out, it strictly depends on the
technology of preparation and obturation of the root canal and sealing materials used
with gutta-percha, and their optimization allows the minimisation of the surface density
of the leak and its size. Only hot thermoplastic obturation provides acceptable results in
this respect, because there is a greater chance of three-dimensional obturation of the canal
than in the case of cold methods due to the plasticized material flowing into the pits and
niches that may appear along the entire length of the root canal, creating a close connection
referred to in the literature as a monoblock (Figure 10).
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Figure 10. Tight connection of the material on the matrix of gutta-percha, evenly covered with an intermediate layer of
sealant and the dentin of the root canal. (a,b) After thermoplastic condensation of the filling material: (a) longitudinal
breakthrough, LSM; (b) visible course of the tubules, viewed using SEM; (c) after thermoplastic condensation with THC, the
filling material has been placed with a visible cross-section of the dental tubules, viewed using SEM.

Only in the case of the methods of preparation and obturation of the root canal
with the use of thermoplastically condensation THC technique, there is a correct, tight
connection in each of the assessed sections of the root canal, confirmed by the results of
examinations in a light stereoscopic microscope (Figure 11a) and in a scanning electron
microscope (Figure 11b,c). The tight connection of the root dentin, sealant, and filling
material, closing the mouths of the dentinal tubules and penetration into the lateral tubules
and the root delta, partially with the filling material and the sealant, occurs only in the case
of filling material based on gutta-percha with an appropriate sealant (Figure 8g–i). This
was confirmed, among others, by the results reported in [124,131] after 14 or 16 months of
follow-up, respectively.
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Figure 11. The borderline of the root canal wall, a thin intermediate layer of sealant and material based on a gutta-percha
matrix of thermoplastic condensation with THC: (a) longitudinal breakthrough, viewed with LSM; (b,c) a visible cross-
section of the dentinal tubules along their transverse to the axis of the root canal with the filling material covered with an
intermediate layer of sealant, viewed with SEM.

As part of the authors’ own research, a dependence was shown regarding filling the
dentinal tubules with a replacement material, which concerned more filling material and
less application techniques. Thus, it was found that the AH Plus sealant based on synthetic
resins, used in all tested obturation techniques, could penetrate into the dentinal tubules
due to its fine-particle structure (Figure 12).
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Figure 12. Fine particles of the sealant in the view of the longitudinal course of the dentinal tubules and the boundary with
the tight connection of the sealant with the root canal wall: (a) thermoplastically condensed gutta-percha material, viewed
with SEM–backscatter electron detector (BSD); (b,c) gutta-percha-based material thermoplastically condensed with the THC
method, viewed with SEM.

It was also confirmed in previous studies [416] with a confocal laser microscope
concerning filling the dentinal tubules with a sealant in the near crown, medial and apical
sections, whereby this penetration was statistically shallower in the apical section than in
the remaining sections of the root canal. Tight three-dimensional obturation of the root
canal with a substitute material must not omit the filling of the spaces constituting the
branches of the central canal, including lateral canals, and in the periapical area of the root
delta canal system (Figure 13).

In the case of the thermoplastic condensation (or THC) method using System B and
Obtura III, the filling material is based on a gutta-percha centrally in the central canal. In
contrast, a sealant is used centrally in relation to the main canal (Figure 13). Therefore, our
own research shows that both thermoplastic condensation methods can three-dimensional
obturation of the root canal with filling its additional structures. In thermoplastic methods,
the side canals are filled with a sealant and a material based on gutta-percha. Significant
trends were also found regarding the distribution of the sealant and material in individual
tubules distant from the root apex. So, the closer to the near-crown part, the more likely
that the lateral canal will be filled with the material based on the gutta-percha in both
thermoplastic condensation methods (Figures 8e and 13b). the main canal, and in the
centre of the material based of the gutta-percha (Figure 8d,e and Figure 13b). On the
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other hand, directly apical, the side canals are filled only with sealant (Figure 13a). The
results of our own research correspond with the observations in [343], which confirmed the
filling of the lateral tubules and the root delta in 60% of all lateral cold condensation using
the cold lateral tubule technique, and only with a sealant, and 83% in the thermoplastic
condensation technique. Similar results were obtained in [348], which stated that 90.62% of
the additional tubules and the root delta were filled in the THC thermoplastic condensation
technique with the use of System B and Obtura III, while it was stated that, for the heat
technique, these spaces were filled with both sealant and filling material based on gutta-
percha. It was also found that in the cold method, only the sealant filled the root delta and
lateral canals, and in the thermoplastic condensation method, the root delta and lateral
canals were filled both by the sealant and the material based on gutta-percha. The authors’
own research confirmed the observations made there, indicating that significantly more
filled side branches occurred in the case of obturation with thermoplastic condensation
methods. Thermoplastic condensation techniques fill the additional spaces with both the
sealant and the appropriate filling material. In the cold obturation technique, a relatively
large share of the sealant tightly covered the filling material (Figure 14a,b). It was necessary
to fix the studs together, so it needed to surround them. When its share between the main
stud and additional studs was insufficient, non-connection of the material was observed
(Figure 14a).
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Figure 13. Lateral tubules in the research material subjected to decalcification, viewed with LSM: (a) in the apical part of 
the root canal, filled in the direction from the root apex, successively—the first with a sealant, the second with a gutta-
percha substitute material centrally and centrifugally with a sealant, and the third with a gutta-percha substitute material; 

Figure 13. Lateral tubules in the research material subjected to decalcification, viewed with LSM: (a) in the apical part of the
root canal, filled in the direction from the root apex, successively—the first with a sealant, the second with a gutta-percha
substitute material centrally and centrifugally with a sealant, and the third with a gutta-percha substitute material; (b) single,
in the apical part of the root canal, filled with replacement material based on gutta-percha; (c) single, connecting two main
canals in the middle part of the tooth root filled with a sealant.
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It was also found that too thick of a layer of sealant caused its delamination and the 
separation of the filling material from the dentin of the root canal, also resulting in leakage 
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the material based on gutta-percha in three application techniques, which showed that the 
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Figure 14. Middle section of the sealed root canal. (a,b) Cold: (a) thick intermediate layer of sealant on the border of the
dentin of the root canal and complementary studs, and a thick intermediate layer of sealant on the border of complementary
cones and central cone with visible leakage; (b) a thick intermediate layer of sealant covering the centre stud and additional
studs adjacent to the main stud; (c) thermoplastically condensed—leakage on the border of the sealant and dentin, viewed
with LSM.

It was also found that too thick of a layer of sealant caused its delamination and the
separation of the filling material from the dentin of the root canal, also resulting in leakage
(Figure 15). This was confirmed by the research in [344] on the volume of the sealant to
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the material based on gutta-percha in three application techniques, which showed that the
highest proportion of the sealant of 12.10% occurs in the cold condensation technique. A
large proportion of the sealant determines the formation of leaks on the boundary of the
root canal wall and the filling material itself, i.e., the studs and the sealant.
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Figure 15. Longitudinal breakthroughs of teeth filled with material based on gutta-percha. (a–c) Thermoplastic obturation
method: (a) accumulation of a thick intermediate layer of sealant in the apical area of the root canal; (b) uneven coverage of
the material based on gutta-percha with a thin intermediate layer of sealant in the middle of the root canal; (c) accumulation
of a larger intermediate layer of sealant in the apical region of the root canal. (d–f) THC thermoplastic obturation method:
(d) a thin intermediate layer of sealant covering the material based on gutta-percha and bordering the root canal wall in the
near-crown segment; (e) a thin interlayer of sealant completely covering the material based on gutta-percha in the apical
region; (f) a thin intermediate layer of sealant covering the material based on gutta-percha and its greater accumulation in
the centre of the root canal, viewed with LSM.

In both thermoplastic obturation methods, the sealant’s volume share in relation to the
proper filling material in the root canal was significantly lower than in the cold obturation
method (Figure 15a,b). The presence of a tight monoblock of dentin, sealant, and the main
filling material (Figure 15c) based on gutta-percha (Figure 15c–e) is also characteristic.
Therefore, in the authors’ own research, it was found that in the thermoplastic-obturation
THC technique, the volume of the sealant was much smaller than in the cold technique.

However, when using the Thermafil obturator, it has been found that there was
a significant build-up of sealant in the periapical area (Figure 15a–c), which was due
to the apical movement of the sealant covering the canal wall through the obturator,
which acted as a piston pressing against the less viscous structure. These observations
were also made in [354,356]. At the same time, it was also shown [354] that overfilling
the canal with Thermafil obturators did not translate into a tight connection of the root
canal and filling material due to the leakage at the border between the material and the
root wall, which was also confirmed by the authors’ own research results. In the case
of the THC method, the volume of the sealant was significantly lower in the authors’
own research than in the case of cold obturation methods, and during the preparation of
materialographic specimens, a smaller volume and fewer thrusts of the sealant were found
than in the case of the Thermafil obturator. This was probably because in thermoplastic
condensation methods, which use System B and Obtura III devices, the material is applied
intrathecally in several portions so that a smaller volume of the sealant is pushed into
the apical direction at a time. The condensation of small portions reduces shrinkage
during material setting. Other observations concerning these two thermoplastic obturation
techniques were demonstrated in [344], examining the volume fraction of the sealant in the
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System B + Obtura III method, which was 3.96% of the total root canal volume, and 1.18%
with the use of the Thermafil obturator. In addition, studies [417] on the effect of the sealant
volume over time on the formation of marginal leakage show that two years after the
sample was made, in which a sealant with a thickness of 0.3 mm was used, the leakage was
significantly greater than in the group with a sealant with a thickness of 0.05 mm. As part
of our own research, it was shown that the presence of a tight monoblock of dentin, sealant,
and the main filling material (Figure 15d,f) was associated with a sufficiently small share
of the sealant, even described as a shiny coating covering gutta-percha as a proper filling
material (Figure 15d,f). However, even in the case of heat obturation, a greater proportion
of local sealant accumulations were found (Figure 15f). The authors’ own observations
concerning the share of the sealant, determined by the application technique and its
influence on the leakage, indicated the advisability of reducing the share of the sealant to
the thinnest possible layer (Figure 15f), which requires detailed optimization measures.

Even in the case of tight obturation of the root canal with the filling material based
on gutta-percha, the THC method revealed gaps between the root dentin and the material
based on gutta-percha covered with a sealant (Figure 16a–c) with a width of 1.061–8.131 µm,
respectively, and a leak on the border of the filling material, with no presence of a sealant
and root dentin with a width of 2.828 µm (Figure 16c). Leaks were also found in the layer
of the sealant, on the one hand tightly connected with the root dentin, and on the other
with the filling material (Figure 16d–f) with a width of 5.126–7.070 µm, respectively.
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tic treatment results were obtained among all the preparation and obturation techniques 
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Figure 16. Leaks on the border of the sealant and dentin of the root canal filled with the THC thermoplastic condensation
method with a width of: (a) 8.131 µm; (b) 4,065 µm; (c) 1.061 µm; (d) 5.126 µm; (e) 5,833 µm; (f) 7,070 µm, viewed with SEM.

Preparation and obturation of the root canal with the THC method ensured, along
the entire length of the root canal, an average value of the fissure width of 4.76 ± 2.55 µm.
These values differed for individual sections: (4.88 ± 2.75 µm) and apical (2.33 ± 1.41 µm)
longitudinal breakthroughs (Figure 17). They were the smallest average values of the
width of the slit for each of the three sections among all tested cases. The analysis of the
significance level of differences between the width of the gaps in all analyzed sections for
the entire root (Figure 17) showed that in all sections along the entire length, the differences
between the THC method of root canal preparation and obturation and other methods were
significant, which meant that it was precisely in this case that the best endodontic treatment
results were obtained among all the preparation and obturation techniques analysed.
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Even when using the Thermafil obturator in the apical segment, there was an average 
number of breakthroughs similar to the discussed THC method. Still, due to the much 
higher mean value of the fracture width in this segment, it was clear that the THC method 
showed significantly better results than other methods. In addition, the fact that when the 
THC method was used, there was a tight connection of the filling material with the root 
canal wall in each of its sections (Figure 18a,c), cannot put these obturation methods on 
par with the THC method, because the appearing gaps showed a greater density and a 
larger size of the gaps, which made these obturation techniques lower quality. 

Figure 17. Generalization of the measurement results: (a–c) statistical analysis of the measurement results of the gap
between the sealant and dentin of root canals filled with material based on gutta-percha; (d–f) histograms of the width of
the gaps in the entire root canal after filling with the following methods: (a,d) cold; (b,c,e,f) thermoplastic condensation
method with the use of: (b,e) Thermafil; (c,f) THC.

A method consisting of the preparation of root canals with K3 rotary tools (Sybron Endo)
up to the size of 40 ISO using the X-Smart endodontic micro-motor (DentSply/Maillefer) in
two stages, and the filling of the teeth with the THC thermoplastic obturation method using
the System B and Obtura III devices (SybronEndo) with studs and pellets made of material
based on gutta-percha after covering the root canal walls with a paper filter with a thin layer
of AH Plus sealant (DentSply/Maillefer) showed the best results, both in terms of the gap
width in all analyzed sections (Figure 18).
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Figure 18. View: (a–c) leaks on the border of the sealant and dentin of the root canal filled with the thermoplastic
condensation method: (a) in the near-crown section, viewed with LSM; (b) in the anatomical cavity of the central canal,
viewed with SEM; (c) in the middle section, viewed with SEM. (d–f) Tight connections of material based on gutta-percha
filled by cold condensation, covered with an intermediate layer of sealant and root canal dentin, viewed with SEM.

Even when using the Thermafil obturator in the apical segment, there was an average
number of breakthroughs similar to the discussed THC method. Still, due to the much
higher mean value of the fracture width in this segment, it was clear that the THC method
showed significantly better results than other methods. In addition, the fact that when the
THC method was used, there was a tight connection of the filling material with the root
canal wall in each of its sections (Figure 18a,c), cannot put these obturation methods on par
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with the THC method, because the appearing gaps showed a greater density and a larger
size of the gaps, which made these obturation techniques lower quality.

The method of cold obturation by lateral condensation using studs manufactured on
material based on gutta-percha using appropriate sealants based on synthetic resin showed
a much lower quality.

In this case, it was impossible to avoid gaps of relatively high density and size
(Figure 18). The cause of leaks in the cold method can be considered, among others, the
improper selection of the main cone concerning the prepared root canal. In this method,
the manual ProTaper tools (Dentsply/Meillefer) were used to prepare the root canal, and
for obturation, a main cone with a conicity of 0.4 and the material based on gutta-percha
were used, and the tightness was worse than in the case of other methods. The authors’
own research was not confirmed in [141], which examined the tightness with the color
penetration test of root canals filled with, among others, materials on the matrix in cold side
condensation, where a leakage equal to 0.89 mm was found when obturated with cones
with a convergence of 0.4, made of a material based on gutta-percha. It should be assumed
that the lower obturation was determined by the selection of the tool for the preparation
of the root canal with variable conicity and the selection of the main point for filling the
root canal with a conicity of 0.4, precisely matched to the hole made only in the apical
area; therefore, it was necessary to use a larger number of additional points of the same
sealant to a greater proportion. Increasing the chances of correct obturation by fitting the
main cone with a convergence corresponding to the convergence of the developed canal
in the single-cone method was confirmed in [418]. The views on tightness, especially in
the apical area, were not consistent with this, presented in [338], in which it was found
that the correct obturation in this section was influenced not so much by the wedging of
the main stud in the apical area, but by the depth to which the plunger was introduced
during lateral cold condensation, because when introducing the plunger to the full length
of the root canal, a greater tightness was achieved than during insertion of the stripper to
a depth 1 mm shorter than the working length. The results of the authors’ own research
on the tightness of the border between the filling material and the root dentin as the basic
criterion for success in endodontic treatment indicated that the cold side condensation
method caused leakage in all sections of the root canal, with a much higher value of the
average width of the gaps in each section of the root canal compared to thermoplastic
condensation methods.

All the included elements contribute to the tightness, which has been recognized as
the basic criterion for the success of endodontic treatment. In the performed tests, the
smallest average width of the fissures formed on the border of the root canal wall and the
filling material was obtained using the THC method with a material based on gutta-percha
and AH Plus sealant. This tightness was due to the close connection of the main cone
with the complementary material, a thin layer of sealant closely covering the surface of
the material, application of the material intrathecally in portions, thanks to which the
plasticized material based on the gutta-percha had a chance to flow into the entire inner
space of the root canal, including the lateral canals and the root delta, and thus had a
chance to force a sealer of lower viscosity into the smallest anatomical structures; i.e.,
dentin tubules. The conducted research therefore allowed us to obtain answers to the
research questions and to prove the hypothesis that the material based on gutta-percha is
very useful in endodontics.

The results of materialographic tests performed in this paper on endodontically
prepared and filled teeth using an automated stereoscopic microscope, a confocal laser
microscope, a high-resolution scanning electron microscope, and an atomic force micro-
scope confirmed the suitability of these methods and devices for the tests performed. It
was indicated by all the drawings presented in this work and the signal results of the
research presented in another of the authors’ own works [70]. The most favorable results,
including those due to the intuitive interpretation of the obtained images, were obtained
using an automated stereoscopic microscope and a high-resolution scanning electron mi-
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croscope, and the obtained results are fully useful for supplementing the knowledge on
the effectiveness of endodontic treatment. The implementation of the research mentioned
above requires, however, extraordinary methodological diligence in the preparation of
test preparations, which were prepared using available techniques; i.e., as transverse and
longitudinal materialographic specimens, as well as fractures and longitudinal ones. Only
some of these preparation techniques can be useful in the research of dental specimens. The
attempt to prepare metallographic specimens of transverse and longitudinal tooth sections
(Figure 19) was almost a complete failure, which practically eliminated the possibility of
using them, often performed in basic tests; e.g., metal alloys. It was also evidenced by the
blurred photos given in Figure 19b,c.
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The reason for the elimination was a very low and varied hardness of the dentin and
filling parts of the tooth root, which was the reason for blurring the surface of the cut
with soft structural components, especially of organic origin, as well as forcing dentin
filings and substitute material into the possible gap, forcing the abrasive material used
for cutting preparations and preparing materialographic specimens, even in the case of
superfine diamond pastes, both in the gap and in the organic matrix and filling material,
with generally much lower hardness than the abrasive, thus negating the value of the
test, despite the fact that the results of tests on such preparations are found in the liter-
ature [419–425]. Based on the authors’ own research, it can also be concluded that the
methodology using longitudinal breakthroughs [426] without cooling the preparation in
liquid nitrogen may cause chipping, or at least permanent deformation of the essentially
brittle organic structural components of the preparation. Although no preparation method
would show a complete lack of disadvantages, the specimens prepared as longitudinal
breakthroughs after one-sided notching and breaking them immediately after cooling in
liquid nitrogen and then coated by dusting with a conductive material (here: gold) were
considered correct. In turn, for the observation in an automated stereoscopic microscope,
the preparations obtained after decalcification without mechanically destructive proce-
dures (Figures 8f–i and 13), and in the case of longitudinal breakthroughs without the need
for sputtering, were considered satisfactory. Selected stereological methods were used to
evaluate the geometrical features of the identified breakthroughs [427], commonly used
in materials science. The obtained measurement results were statistically processed in a
standard way, a recognized method of objectification of measurements (Figure 17), and
considered satisfactory.

It has been shown that visualization methods using materialographic microscopes,
especially scanning electron microscopes and mechanized light stereoscopic microscopes,
due to the high resolution obtained and the possibility of unambiguous determination of
the details of the tested preparation, are the most useful for assessing the effectiveness of
endodontic treatment methods and techniques, after preparation of these specimens in a
way that does not destroy them and does not introduce additional unrelated elements in
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the observed structure. The implementation of the methodological objectives of this work
for the assessment of root canal filling tightness, as the basic criterion for the correctness
of material selection and filling technique, has made a significant contribution to the
methodology of in vitro dental research in the field of endodontics.

10. Strengths, Weaknesses, Opportunities, and Threats Analysis of Filling Material
Based on Gutta-Percha

Taking into account the results of the literature studies contained in this work and the
authors’ previous work [70], our own experience in the field of management and heuristic
sciences was used to evaluate the results of the performed experimental research. The main
thesis is the statement in the title of this paper that material based on gutta-percha is still
the “gold standard” among filling materials used in endodontic treatment.

For this purpose, a SWOT point analysis (strengths, weaknesses, opportunities, threats)
was performed, allowing us to determine the strengths and weaknesses of the filling
material based on gutta-percha and the opportunities and threats that flow for it from the
environment. It is an integrated method, described, among others, in the authors’ own
methodological work [70], and allows confronting the key internal and external factors,
both positive and negative. Thanks to this, it is possible to define a strategy of proceeding
with regard to the subject of the analysis, which in the discussed case is a filling material
based on gutta-percha, used for filling root canals in endodontics.

As part of the analysis, five key internal positive (strengths) and negative (weaknesses)
factors were defined, and external factors also were divided into positive and negative,
called opportunities and threats, respectively. In this way, a list of factors with the most
important and greatest influence on developing filling material based on gutta-percha
was compiled, divided into four groups, and assigned weights reflecting their importance.
Each factor was then assessed using the Universal Relative State Scale, a 10-point unipolar
positive interval scale with no zero, where 1 is the minimum, and 10 is the maximum
possible value. The necessary information in this regard is presented in Figure 20.

Among the most important strengths of the filling material based on gutta-percha,
the lack of resorption over time (S3) was distinguished, which allows the avoidance of
marginal leakage at the border of the filling and the root canal wall; as well as its popularity,
availability, and universality (S4), which prove the great potential of this material and
indirectly indicate its good knowledge by endodontists, who will become acquainted with
it during theoretical and practical training. Its strengths also include the ease of removal
from the root canal in the event of revision (S2), which is crucial in the case of failures
in endodontic treatment, most often resulting from improperly filled root canals or for
iatrogenic reasons, such as root or crown fractures. An important strength of material
based on gutta-percha is the possibility of sterilization (S1), which has gained additional
importance in the time of the pandemic, and has an acceptable price (S5).

Among the most important weaknesses of gutta-percha is its mechanical strength
in the root canal (W3), but this factor was rated at only 2 points, because in this respect
it is second only to materials based on polymeric polyester materials and glass ionomer
cements. Another weakness of gutta-percha is that the effectiveness of filling with this
material, measured by the density and size of the gaps between the root canal wall and the
filling, is strictly dependent on root canal preparation techniques using obturation (W5). In
practice, this means that the outcome does not result from the properties of the material
itself, but from the method of its application, with much better results being obtained
when filled with warm material rather than cold. Other disadvantages of this material
include toxicity (W1); the need to use joint sealants based on synthetic resins (W4), which
complicates the obturation process; and the lack of bactericidal activity (W2), a feature
provided by, for example, materials based on zinc oxide with eugenol, synthetic resins, or
calcium hydroxide.
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gutta-percha-based filling material used for root canal filling in endodontics.

Among the external positive factors, the greatest chance was improving the technology
of producing filling material based on gutta-percha to reduce the production costs, and thus
the price of the final product (O5). Another chance is to modify the mixture comprising
gutta-percha in reducing toxicity and/or increasing bactericide while maintaining its
existing advantages (O4), which, however, seems relatively unlikely and is reflected in
the assessment. The environmental factor that may positively affect the development of
the analyzed material is also the popularization of the THC (O2) method, as it allows
for the tightest fillings with material based on gutta-percha, the appearance of the scale
effect, and the associated reduction of the costs of using this technology. Similarly, the
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development of filling material based on gutta-percha should be influenced by improving
tools made of nitinol and the technique of mechanical preparation of root canals with their
use, including curved (O1). The last chance is to improve the properties of sealants in
terms of the possibility of precise application of thin layers based on synthetic resins (O3),
because layers that are too thick cause their delamination, resulting in leaks.

The greatest threat from the environment was considered to be supported by the
results of scientific research, intensive development, and lowering the costs of producing
competing materials (T1); for example, based on polymeric polyester materials or glass
ionomer cements. The image-related threat is the irrefutable research results carried out in
renowned research centres, indicating improper bonding of the filling material based on
gutta-percha with dentin, or a long-term harmful effect on human health (T4). The activity
of the industry lobby to promote and disseminate materials competitive to gutta-percha
(T5) can also be dangerous.

In the next step of the SWOT analysis, a multi-criteria analysis was performed, as
a result of which four ratings were given, expressing numerical strengths (8.30) and
weaknesses (5.70) of the filling material based on gutta-percha, as well as opportunities
(7.45) and threats (6.95) carried by the environment (Figure 21). The strengths of the filling
material based on gutta-percha quite significantly outweigh its weaknesses, while the
opportunities are slightly greater than the threats. Therefore, an aggressive strategy known
as MAXI-MAXI is an adequate strategy for the development of the filling material based
on gutta-percha. In line with this strategy, it is advisable to diversify by searching for new
geographic markets and new groups of recipients, and pursue strong expansion using the
opportunities offered by the environment and constant monitoring of the identified threats.
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11. Summary and General Conclusions

Both a very extensive analysis of the literature data and the results of experimental
studies allowed for the formulation of the following conclusions regarding the filling
material based on gutta-percha, among competing materials, the results of research on
which are given in the authors’ other works [70,428], providing, among other things, that
resilon is not a dominant material over gutta-percha-based material, although its properties
are also promising and very high.

The general conclusions are as follows:
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1. It has been fully confirmed that the material based on gutta-percha is still the “gold
standard” among endodontic filling materials;

2. It has been shown that the cause of differentiation in the effectiveness of endodontic
treatment, measured by the tightness between the root canal wall and the filling, is the
formation of a tight three-layer connection between the dentin of the root canal; the
sealant usually in a relatively small proportion, which is a favorable tendency; and the
filling material in the form of a monoblock, ensuring a homogeneous structure; and
filling with plasticized material of the lateral canals, especially using the THC method,
and in the apical zone partly with a sealant, root delta with plasticized material as
well as a sealant, dentinal tubules mainly with a sealant, which occurs only in the
case of heat obturation with filling material based on gutta-percha using the THC
method with Obtura III and System B devices, when in other cases there is no close
connection of structural components, which determines the relatively lower quality
of the connection and lower suitability of these methods for use in endodontics;

3. The method of root canal preparation, including the extensive use of tools made of
a nickel–titanium alloy of the nitinol type, and the method of obturation, where the
thermo-hydraulic condensation (THC) technique plays the most important role, while
the correct selection of sealants is also of major importance;

4. The best efficiency of root canal filling among the analyzed and empirically tested
in this study was ensured by the technology consisting of the preparation of dental
canals with K3 rotary tools and filling the teeth with the THC thermoplastic method
using System B and Obtura III devices with studs and pellets made of material
based on gutta-percha after covering the walls root canal with a thin layer of AH
Plus sealant;

5. It has been shown that visualization methods with the use of materialographic micro-
scopes, especially the scanning electron microscope (SEM) and the light stereoscopic
microscope (LSM), due to the possibility of obtaining a sufficiently high resolution
with which to observe the tested specimens, and the possibility of unequivocally
determining the details of the tested material, are most useful for evaluation of the
effectiveness of methods and techniques of endodontic treatment in vitro and ex
post, where it is recommended to make preparations by breaking them after cooling
them in liquid nitrogen along the tooth axis, because the use of specimens prepared
differently is much lower, especially as materialographic samples.
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Gliwice, Poland, 2017; pp. 1–982.

249. Fan, G.; Chen, W.; Yang, S.; Zhu, J.; Ren, X.; Otsuka, K. Origin of abnormal multi-stage martensitic transformation behavior in
aged Ni-rich Ti–Ni shape memory alloys. Acta Mater. 2004, 52, 4351–4362. [CrossRef]

250. Otsuka, K.; Ren, X. Physical Metallurgy of Ti-Ni-based Shape Memory Alloys. Prog. Mater. Sci. 2005, 50, 511–678. [CrossRef]
251. Chluba, C.; Ge, W.; Lima de Miranda, R.; Strobel, J.; Kienle, L.; Quandt, E.; Wuttig, M. Shape memory alloys. Ultralow-fatigue

shape memory alloy films. Science 2015, 348, 1004–1007. [CrossRef]
252. Spini, T.S.; Valarelli, F.P.; Cançado, R.H.; Freitas, K.M.; Villarinho, D.J. Transition temperature range of thermally activated

nickel-titanium archwires. J. Appl. Oral. Sci. 2014, 22, 109–117. [CrossRef] [PubMed]
253. Funakubo, H. Shape Memory Alloys; University of Tokyo: Tokyo, Japan, 1984; p. 7.
254. Sadiq, H.; Wong, M.B.; Al-Mahaidi, R.; Zhao, X.L. The effects of heat treatment on the recovery stresses of shape memory alloys.

Smart Mater. Struct. 2010, 19, 035021. [CrossRef]
255. ASTM E8/E8M-21. Standard Test. Methods for Tension Testing of Metallic Materials; ASTM International: West Conshohocken, PA,

USA, 2021.
256. Ren, X.; Miura, N.; Taniwaki, K.; Otsuka, K.; Suzuki, T.; Tanaka, K.; Chumlyakov, Yu.I.; Asai, M. Understanding the martensitic

transformations in TiNi-based alloys by elastic constants measurement. Mater. Sci. Eng. A 1999, 273–275, 190–194. [CrossRef]
257. Wang, X.; VerlinDen, B.; Kustov, S. Multi-stage martensitic transformation in Ni-rich NiTi shape memory alloys. Funct. Mater.

Lett. 2017, 10, 1–8. [CrossRef]
258. Fan, G.; Zhou, Y.; Chen, W.; Yang, S.; Ren, X.; Otsuka, K. Precipitation kinetics of Ti3Ni4 in polycrystalline Ni-rich TiNi alloys and

its relation to abnormal multi-stage transformation behavior. Mater. Sci. Eng. A 2006, 438–440, 622–626. [CrossRef]
259. Nishida, M.; Wayman, C.M.; Kainuma, R.; Honma, T. Further electron microscopy studies of the Ti11Ni14 phase in an aged

Ti-52at%Ni shape memory alloy. Scr. Metall. 1986, 20, 899–904. [CrossRef]
260. Nishida, M.; Wayman, C.M.; Honma, T. Precipitation processes in near-equiatomic TiNi shape memory alloys. Metall. Mater.

Trans. A 1986, 17, 1505–1515. [CrossRef]
261. Khalil-Allafi, J.; Eggeler, G.; Dlouhy, A.; Schmahl, WW.; Somsen, C.H. On the influence of heterogeneous precipitation on

martensitic transformations in a Ni-rich NiTi shape memory alloy. Mater. Sci. Eng. A 2004, 378, 148–151. [CrossRef]
262. Liu, S.; Zhu, J.; Lin, X.; Wang, X.; Wang, G. Coupling effect of stretch-bending deformation and electric pulse treatment on phase

transformation behavior and superelasticity of a Ti-50.8 at.% Ni alloy. Mater. Sci. Eng. A 2021, 799, 140164. [CrossRef]
263. Hirsch, P.; Howie, A.; Nicholson, R.B.; Pashley, D.W.; Whelan, M.J. Electron Microscopy of Thin Crystals, 2nd ed.; Krieger Publishing

Company: Malabar, FL, USA, 1977; pp. 169, 317.
264. Honma, T. The effect of aging, on the spontaneous shape change and the all-round shape memory effect in Ni-rich TiNi alloy.

In Proceedings of the International Conference on Martensitic Transformations ICOMAT-86, Nara, Japan, 26–30 August 1986;
pp. 709–716.

265. Kainuma, R.; Matsumoto, M.; Honma, T. The mechanism of the all-round shape memory effect in a Ni-rich TiNi alloy. In
Proceedings of the International Conference on Martensitic Transformations ICOMAT-86, Nara, Japan, 26–30 August 1986;
pp. 717–722.

266. Koskimaki, D.; Marcinkowski, M.J.; Sastri, A.S. Solid State Diffusional Transformations in the Near Equiatomic Ni-Ti Alloys.
Trans. Metall. Soc. AIME 1969, 245, 1883–1890.

267. Chen, Q.; Wu, X.F.; Ko, T. The effects of Ti3Ni4 precipitates on the R-phase transformation. Scr. Metall. Mater. 1993, 29, 49–53.
[CrossRef]

268. Xie, C.Y.; Zhao, L.C.; Lei, T.C. Effect of precipitates on the electrical resistivity-temperature curves in an aged Ti-51.8 at % Ni
shape memory alloy. Scr. Metall. 1989, 23, 2131–2136. [CrossRef]

269. Xie, C.Y.; Zhao, L.C.; Lei, T.C. Effect of Ti3Ni4 precipitates on the phase transitions in an aged Ti-51.8at% Ni shape memory alloy.
Scr. Metall. Mater. 1990, 24, 1753–1758. [CrossRef]

http://doi.org/10.1016/j.matpr.2018.03.051
http://doi.org/10.1016/j.scriptamat.2019.03.004
http://doi.org/10.1007/s40830-019-00217-6
http://doi.org/10.1088/1361-665X/aa8b42
http://doi.org/10.1007/s00202-016-0458-2
http://doi.org/10.1007/s00170-019-03514-7
http://doi.org/10.1007/s11665-017-2927-9
http://doi.org/10.1016/j.actamat.2004.06.002
http://doi.org/10.1016/j.pmatsci.2004.10.001
http://doi.org/10.1126/science.1261164
http://doi.org/10.1590/1678-775720130133
http://www.ncbi.nlm.nih.gov/pubmed/24676581
http://doi.org/10.1088/0964-1726/19/3/035021
http://doi.org/10.1016/S0921-5093(99)00368-8
http://doi.org/10.1142/S1793604717400045
http://doi.org/10.1016/j.msea.2006.02.066
http://doi.org/10.1016/0036-9748(86)90463-1
http://doi.org/10.1007/BF02650086
http://doi.org/10.1016/j.msea.2003.10.335
http://doi.org/10.1016/j.msea.2020.140164
http://doi.org/10.1016/0956-716X(93)90252-N
http://doi.org/10.1016/0036-9748(89)90245-7
http://doi.org/10.1016/0956-716X(90)90541-N


Processes 2021, 9, 1467 46 of 51

270. Khalil-Allafi, J.; Ren, X.; Eggeler, G. The mechanism of multistage martensitic transformations in aged Ni-rich NiTi shape memory
alloys. Acta Mater. 2002, 50, 793–803. [CrossRef]

271. Zou, W.H.; Han, X.D.; Wang, R.; Zhang, Z.; Zhang, W.-Z.; Lai, J.K.L. TEM and HREM study of the interphase interface structure
of Ti3Ni4 precipitates and parent phase in an aged TiNi shape memory alloy. Mater. Sci. Eng. A 1996, 219, 142–147. [CrossRef]

272. Van Humbeeck, J. Non-medical applications of shape memory alloys. Mater. Sci. Eng. A 1999, 273–275, 134–148. [CrossRef]
273. Wang, X.; Li, K.; Schryvers, D.; Verlinden, B.; Van Humbeeck, J. R-phase transition and related mechanical properties controlled

by low-temperature aging treatment in a Ti–50.8at.% Ni thin wire. Scr. Mater. 2014, 72-73, 21–24. [CrossRef]
274. Dautovich, D.P.; Purdy, G.R. Phase Transformations in TiNi. Canad. Metall. Quart. 1965, 4, 129–143. [CrossRef]
275. Miyazaki, S.; Otsuka, K. Deformation and transition behavior associated with the R-phase in Ti-Ni alloys. Metall. Mater. Trans. A

1986, 17, 53–63. [CrossRef]
276. Miyazaki, S.; Kimura, S.; Otsuka, K. Shape-memory effect and pseudoelasticity associated with the R-phase transition in Ti-50·5

at.% Ni single crystals. Philos. Mag. A 1988, 57, 467–478. [CrossRef]
277. Hara, T.; Ohba, T.; Okunishi, E.; Otsuka, K. Structural Study of R-Phase in Ti-50.23 at.%Ni and Ti-47.75 at.%Ni-1.50 at.%Fe Alloys.

Mater. Trans. JIM 1997, 38, 11–17. [CrossRef]
278. Tirry, W.; Schryvers, D. Quantitative determination of strain fields around Ni4Ti3 precipitates in NiTi. Acta Mater. 2005, 53,

1041–1049. [CrossRef]
279. Karaca, H.E.; Kaya, I.; Tobe, H.; Basaran, B.; Nagasako, M.; Kainuma, R.; Chumlyakov, Y. Shape memory behavior of high strength

Ni54Ti46 alloys. Mater. Sci. Eng. A 2013, 580, 66–70. [CrossRef]
280. Wang, X.; Li, C.; Verlinden, B.; Van Humbeeck, J. Effect of grain size on aging microstructure as reflected in the transformation

behavior of a low-temperature aged Ti–50.8 at.% Ni alloy. Scr. Mater. 2013, 69, 545–548. [CrossRef]
281. Šittner, P.; Landa, M.; Lukáš, P.; Novák, V. R-phase transformation phenomena in thermomechanically loaded NiTi polycrystals.

Mech. Mater. 2006, 38, 475–492. [CrossRef]
282. Ha, J.H.; Kim, S.K.; Cohenca, N.; Kim, H.C. Effect of R-phase heat treatment on torsional resistance and cyclic fatigue fracture. J.

Endod. 2013, 39, 389–393. [CrossRef]
283. Pelton, A.R.; Huang, G.H.; Moine, P.; Sinclair, R. Effects of thermal cycling on microstructure and properties in Nitinol. Mater. Sci.

Eng. A 2012, 532, 130–138. [CrossRef]
284. Tobushi, H.; Yamada, S.; Hachisuka, T.; Ikai, A.; Tanaka, K. Thermomechanical properties due to martensitic and R-phase

transformations of TiNi shape memory alloy subjected to cyclic loadings. Smart Mater. Struct. 1996, 5, 788. [CrossRef]
285. Uchil, J.; Kumara, K.G.; Mahesh, K.K. Effect of thermal cycling on R-phase stability in a NiTi shape memory alloy. Mater. Sci. Eng.

A 2002, 332, 25–28. [CrossRef]
286. Miyazaki, S.; Igo, Y.; Otsuka, K. Effect of thermal cycling on the transformation temperatures of Ti-Ni alloys. Acta Metall. 1986, 34,

2045–2051. [CrossRef]
287. Tobushi, H.; Kimura, K.; Sawada, T.; Hattori, T.; Lin, P.H. Recovery Stress Associated with R-Phase Transformation in TiNi Shape

Memory Alloy: Properties under Constant Residual Strain. JSME Int. J. A 1994, 37, 138–142. [CrossRef]
288. Miyazaki, S.; Otsuka, K. Mechanical behaviour associated with the premartensitic rhombohedral-phase transition in a Ti50Ni47Fe3

alloy. Philos. Mag. A 1985, 50, 393–408. [CrossRef]
289. Huang, X.; Liu, Y. Effect of annealing on the transformation behavior and superelasticity of NiTi shape memory alloy. Scr. Mater.

2001, 45, 153–160. [CrossRef]
290. Gall, K.; Tyber, J.; Wilkesanders, G.; Robertson, S.W.; Ritchie, R.O.; Maier, H.J. Effect of microstructure on the fatigue of hot-rolled

and cold-drawn NiTi shape memory alloys. Mater. Sci. Eng. A 2008, 486, 389–403. [CrossRef]
291. Nishida, M.; Wayman, C.M. Electron microscopy studies of the “Premartensitic” transformations in an aged Ti-51 at%Ni shape

memory alloy. Metallography 1988, 21, 255–273. [CrossRef]
292. Favier, D.; Liu, Y.; McCormick, P.G. Three stage transformation behaviour in aged NiTi. Scr. Metall. Mater. 1993, 28, 669–672.

[CrossRef]
293. Liu, X.; Wang, Y.; Yang, D.; Qi, M. The effect of ageing treatment on shape-setting and superelasticity of a nitinol stent. Mater.

Charact. 2008, 59, 402–406. [CrossRef]
294. Matsumoto, H. Appearance of an intermediate phase with thermal cycling on the transformation of NiTi. J. Mater. Sci. Lett. 1991,

10, 408–410. [CrossRef]
295. Matsumoto, H. Transformation behaviour with thermal cycling in NiTi alloys. J. Alloys Compd. 2003, 350, 213–217. [CrossRef]
296. Dilibal, S.; Hamilton, R.F.; Lanba, A. The effect of employed loading mode on the mechanical cyclic stabilization of NiTi shape

memory alloys. Intermetallics 2017, 89, 1–9. [CrossRef]
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419. Vogt, B.F.; Xavier, C.B.; Demarco, F.F.; Padilha, M.S. Dentin penetrability evaluation of three different dyes in root-end cavities
filled with mineral trioxide aggregate (MTA). Braz. Oral Res. 2006, 20, 132–136. [CrossRef]

420. Gencoglu, N.; Garip, Y.; Bas, M.; Samani, S. Comparison of different gutta-percha Root filling techniques: Thermafil, Quick-fill,
System B and Lateran condensation. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2002, 93, 333–336. [CrossRef]

421. Sliva, G.; da Silva, E.J.N.; da Silva, J.M.; Andrande-Junior, C.V.; Ferraz, C.C.R. Sealing ability promoted by three different
endodontic sealers. Iran. Endod. J. 2011, 6, 86–89. [CrossRef]

422. Mannocci, F.; Innocenti, M.; Ferrari, M. Stereomicroscopic and scanning electron microscopic study of roots obturated with
vertically condensed gutta-percha, epoxy resin cement and dentin bonding agent. J. Endod. 1998, 24, 397–400. [CrossRef]

423. Mannocci, F.; Innocenti, M.; Bertelli, E.; Ferrari, M. Dye leakage and SEM study of roots obturated with Thermafill and dentin
bonding agent. Endod. Dent. Traumatol. 1999, 15, 60–64. [CrossRef]

424. Serafino, C.; Gallina, G.; Cumbo, E.; Ferrari, M. Surface debris of canal walls after post space preparation in endodontically
treated teeth: A scanning electron microscopic study. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 2004, 97, 381–387.
[CrossRef] [PubMed]

425. Bołtacz-Rzepkowska, E.; Pawlicka, H.; Klimek, L. Przyleganie wypełnień do ścian kanału korzeniowego wykonanych różnymi
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427. Dobrzański, L.A. Podstawy Nauki o Materiałach i Metaloznawstwo; WNT: Warszawa, Poland, 2002; pp. 1–1500.
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