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Abstract: A very extensive literature review presents the possibilities and needs of using, in en-
dodontics, the alloys commonly known as nitinol. Nitinol, as the most modern group of engineering
materials used to develop root canals, is equilibrium nickel and titanium alloys in terms of the
elements’ atomic concentration, or very similar. The main audience of this paper is engineers, tool
designers and manufacturers, PhD students, and students of materials and manufacturing engineer-
ing but this article can also certainly be used by dentists. The paper aims to present a full material
science characterization of the structure and properties of nitinol alloys and to discuss all structural
phenomena that determine the performance properties of these alloys, including those applied to
manufacture the endodontic tools. The paper presents the selection of these alloys’ chemical composi-
tion and processing conditions and their importance in the endodontic treatment of teeth. The results
of laboratory studies on the analysis of changes during the sterilization of endodontic instruments
made of nitinol alloys are also included. The summary of all the literature analyses is an SWOT
analysis of strengths, weaknesses, opportunities, and threats, and is a forecast of the development
strategy of this material in a specific application such as endodontics.

Keywords: material science and engineering; dental engineering; dentistry sustainable development;
endodontics; nitinol alloys; austenite B2; martensite B19′; phase R; heat treatment; thermomechanical
treatment; sterilization; mechanical properties; fatigue life; SWOT analysis

1. Endodontic Treatment Social Significance and General Objectives of the Paper

Tooth loss has been a problem with the human population since the beginning. For
example, in the skeleton of an approximately 25-year-old man, found in a melted glacier
from the Ripari Villabruna rock shelter in the Italian Dolomites Veneto near Belluno, from
the late Upper Paleolithic, around 14,000 years ago, an infected molar with a large cavity,
partially cleaned with flint tools, was found [1,2] (Figure 1). It is considered to be the
first-ever evidence of deliberate dental intervention. Research carried out in 2017 allows
for adopting the concept [3] that Neanderthals used dental tools known to them even
130,000 years ago [4].

Extraction has been recognized as the only effective method of treating dental diseases
for centuries. According to epidemiological data, the most common cause of tooth extrac-
tions is caries [5–10]. Tooth decay, which affects 3–5 billion people [2], is currently the most
common infectious disease globally. Caries includes interactions between the bacterial
biofilm and the surface of teeth, saliva, and genes, dietary carbohydrates, including sugars
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and starches, and the interaction of behavioral, social, and psychological factors [11–13].
The overwhelming majority of the causes of pulp inflammation and necrosis are extrinsic
factors, which include bacterial, thermal, mechanical, chemical, and electrical factors [14,15].
There is also a possibility of infection through the blood vessels that penetrate the pulp
through the apical opening. Then, the infection is caused by the intrinsic route due to nutri-
tional deficiencies, metabolic disorders, anemia, or bacterial diseases. The elimination of
bacteria from the vicinity of potential infection foci in the oral cavity is extremely important
for the health of the whole organism due to the risk of local and systemic complications re-
sulting from pulp diseases [16]. About 80% of all primary foci of systemic infection develop
within the teeth, periodontal tissues, and tonsils [16], which means that early diagnosis and
effective treatment, eliminating bacteria from the vicinity of potential infection foci in the
oral cavity, are extremely important for the health of the whole organism. A focal disease is
defined as a secondary focus’s clinical systemic and local symptoms, i.e., a pathological
change in another organ due to the primary focus [17]. The primary focus of infection
is local chronic pathological changes, which are the source of adverse effects on distant
organs, causing or maintaining pathological changes in distant organs [18]. It is now well
known that, regardless of the direct effects of the disease, caries causes numerous systemic
diseases [17,19–39], causing tooth loss and toothlessness, and other serious health compli-
cations [18,40–44]. It is the cause of a significant deterioration in the wellbeing, quality, and
length of human life. Obviously, missing teeth, especially large ones, significantly impact
the oral health-related quality of life (OHRQoL) [45]. A measure of disease prevalence is
the disability-adjusted life-years (DALY) indicator, often referring to 100,000 inhabitants,
which is used to determine the health condition of a given society [46]. It expresses the
total number of years of life lost due to premature death or damage to health due to an
injury or disease.
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Figure 1. Top view of the lower right third molar (RM3) of the Villabrun man; (a) occlusal view; (b) 

detailed view of the occlusal cavity with four carious lesions and the area of chipping on the mesial 

wall; a red line directed mesially–distally runs through the major carious lesion [1]. 

Extraction has been recognized as the only effective method of treating dental dis‐

eases for centuries. According to epidemiological data, the most common cause of tooth 

extractions is caries [5–10]. Tooth decay, which affects 3–5 billion people [2], is currently 

the most common  infectious disease globally. Caries  includes  interactions between  the 

bacterial biofilm and the surface of teeth, saliva, and genes, dietary carbohydrates, includ‐

ing sugars and starches, and the interaction of behavioral, social, and psychological factors 

[11–13]. The overwhelming majority of the causes of pulp inflammation and necrosis are 

extrinsic factors, which include bacterial, thermal, mechanical, chemical, and electrical fac‐

tors [14,15]. There is also a possibility of infection through the blood vessels that penetrate 

the pulp through the apical opening. Then, the infection is caused by the intrinsic route 

due  to nutritional deficiencies, metabolic disorders,  anemia, or bacterial diseases. The 

elimination of bacteria from the vicinity of potential infection foci in the oral cavity is ex‐

tremely important for the health of the whole organism due to the risk of local and sys‐

temic complications resulting from pulp diseases [16]. About 80% of all primary foci of 

systemic infection develop within the teeth, periodontal tissues, and tonsils [16], which 

means that early diagnosis and effective treatment, eliminating bacteria from the vicinity 

of potential infection foci in the oral cavity, are extremely important for the health of the 

whole organism. A focal disease is defined as a secondary focus’s clinical systemic and 

local symptoms, i.e., a pathological change in another organ due to the primary focus [17]. 

The primary focus of infection is local chronic pathological changes, which are the source 

of adverse effects on distant organs, causing or maintaining pathological changes in dis‐

tant organs [18]. It is now well known that, regardless of the direct effects of the disease, 

caries causes numerous systemic diseases [17,19–39], causing tooth loss and toothlessness, 

and other serious health complications [18,40–44]. It is the cause of a significant deterio‐

ration in the wellbeing, quality, and length of human life. Obviously, missing teeth, espe‐

cially large ones, significantly impact the oral health‐related quality of life (OHRQoL) [45]. 

A measure of disease prevalence  is  the disability‐adjusted  life‐years  (DALY)  indicator, 

often referring to 100,000 inhabitants, which is used to determine the health condition of 

a given society [46]. It expresses the total number of years of life lost due to premature 

death or damage to health due to an injury or disease. 

The DALY  index may  reach even 40–50 years  [2].  It has a major  impact on many 

aspects of social and economic life, although the problem is underestimated by many in‐

dividuals and by many governments [47]. It is imperative to recognize that the public’s 

overall health is closely related to oral hygiene, prevention, and effective treatment of oral 

Figure 1. Top view of the lower right third molar (RM3) of the Villabrun man; (a) occlusal view;
(b) detailed view of the occlusal cavity with four carious lesions and the area of chipping on the
mesial wall; a red line directed mesially–distally runs through the major carious lesion [1].

The DALY index may reach even 40–50 years [2]. It has a major impact on many
aspects of social and economic life, although the problem is underestimated by many
individuals and by many governments [47]. It is imperative to recognize that the public’s
overall health is closely related to oral hygiene, prevention, and effective treatment of
oral diseases at the earliest possible stage of the disease once it has developed. The most
popular and most frequently used treatment method is conservative treatment, which
consists of preparing carious lesions and then the direct reconstruction of hard tooth
tissues using filling material. Progress in this regard is obvious. If the disease is more
advanced, endodontic treatment is needed, which is shown schematically in Figure 2,
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which includes the matrix of advancement and treatment of oral diseases according to the
general authors’ concept [2].
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Figure 2. Oral cavity disease treatment advancement matrix with heptogram of the success-
determining factors of endodontic treatment.

The inspiration for the development of methodological assumptions during the cre-
ation of this matrix (Figure 2) were the portfolio methods commonly known in management
sciences, allowing for a graphic presentation of the comparative analysis, the results of
which are based on two criteria/factors placed on the horizontal (x) and vertical (y) axis of
the matrix.

Historically, conservative treatments instead of dental extractions appeared very late.
The history of endodontics dates back to the 17th century. Initially, efforts were made to
eliminate pulp ailments by anesthesia with clove oil, cauterization of the pulp with a hot
tool, and even devitalization with arsenic trioxide. It was not until 1836 that E. Maynard
used the tool for the first time to evacuate the pulp from the inside of the tooth [48]. Un-
derstanding the causes and factors causing pulp diseases that make up the epidemiology
of pulp diseases has become a significant problem. Currently, in many clinical situations
in which tooth extraction is, or may be, performed, it can be successfully replaced by
endodontic treatment (Figure 2), which will allow the tooth to be preserved as a pillar,
being a component of the stomatognathic system. A human tooth can successfully play
the role of a natural dental implant, thus fulfilling both cosmetic functions and recreating
appropriate functions in the stomatognathic system, despite losing its living part after
proper preparation of the interior and replacing the living tissue with a biocompatible
substitute material, also known as filling. Dentists, identifying themselves with the pa-
tients’ aesthetic needs but at the same time having health considerations in mind, prefer
endodontic treatment to extraction [49,50]. Currently, endodontic treatment is more and
more common, which is related to the increase in the general level of culture and health
awareness of societies [51] and the need to eliminate the effects of inadequate prophylaxis
of oral diseases [52], with promotional government actions in many countries [51] resulting
from the awareness of the costs of treating complications caused by diseases of the oral
cavity, mainly due to the ageing of societies and an increase in the geriatric population [53],
more frequently exposed to oral cavity diseases due to their age. As a result of the impact
of these factors, the endodontics market is growing, and the forecast predicts that in 2026 it
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will reach USD 2.1 billion with a CAGR of 4.1% [47,52], and the related dental consumables
market in 2023 will reach USD 55.584 million with a CAGR of 5.2% [47,51].

The matrix in Figure 2 is in the Dentistry Sustainable Development (DSD) > 2020 model,
consisting of three component models: Global Dental Prevention (GDP), Advanced Inter-
ventionist Dentistry 4.0 (AID 4.0), and Dentistry Safety System (DSS) [2,54–57] (Figure 3).
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synergistic interactions of dentistry, dental, and material engineering.

This model is an original response to outstanding specialists presented in a series
of works [58,59] who expect the practical elimination of interventionist dentistry. It is
impossible to disagree with these views regarding waiting for egalitarianism in dental care,
increasing the scope of prevention and eliminating discrimination in this area due to exclu-
sion and poverty. However, prophylaxis cannot replace the necessary therapeutic activities
defined as interventionist dentistry, including, among others, endodontic treatment.
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The effect of endodontic treatment is coronal, lateral, and apical sealing of the pre-
viously infected and then prepared root canals, thus preventing the spread of bacteria
with possible toxins, also from saliva [60], towards the root apex [61–63]. The correctly
performed endodontic procedure should end with leaving the tooth as a natural abutment
and leaving a healthy marginal and periapical periodontium.

Requirements for an ideal material for filling the root canal were developed by
Grossman [64]. In his own work [47], a virtual analysis of all factors influencing effec-
tive endodontic treatment was performed and indicated effective methods of assessing
the results of this treatment. In the authors’ own works [65–67], it was indicated that the
filling material with the best functional properties now has a gutta-percha matrix, and the
material with a synthetic resilon matrix is giving way to it. However, it would be most
advantageous to develop another, even better, material for this purpose.

The development of root canals consists of removing the contents inside the root canal,
disinfecting it, and giving it a shape that will ensure the best hermetization of the root canal
with filling material. In endodontics, various techniques can be used to prepare the dentine
of the root canal for connection with the filling material (Figure 2). It is possible to use the
classic mechanical preparation and disinfection methods by cutting the dentin with hand
or rotary tools. It is also possible to use the laser technique, which causes the dentin to fuse,
recrystallize, and close the lumen of the dentinal tubules or ultrasound. The preparation
and disinfection of the canal are carried out thanks to sound vortices and cavitation [68–72].

The most frequently used methods of preparing the canal for subsequent obturation
are mechanical techniques, which, in combination with appropriate rinsing liquids and
lubricants, play the role of a universal technique for the preparation and disinfection of
the root canal. The virtual analysis performed in [47] limits the considerations only to
this group of methods or only to some of them. Classic steel hand and rotary tools are
very popular endodontic instruments and can be used in virtually any clinical situation.
Unfortunately, as the size increases, the tool’s flexibility decreases, and thus the risk of tool
breakage increases, especially in curved channels. Due to the inability to adjust the tool to
the natural curvature and course of the root canal, their elimination occurs as a consequence
of what causes the inevitability of various complications, including perforation of the canal,
creation of an unnatural step along the axis of the root canal, or excessive preparation of
one of the canal walls [73].

An alternative is a nickel–titanium alloy that was introduced for endodontics in
1988 [74–76]. It allowed increasing the effectiveness of the work of these tools in curved
canals. In addition to the traditionally used tools made of corrosion-resistant steel, but with
relatively low elasticity, an experienced dentist has gained, by using Ni–Ti alloys for this
purpose, much wider possibilities of complementary selection of tools with much greater
elasticity and better adaptability to the anatomical features of the root canals, showing
increased torsional fracture resistance compared to corrosion-resistant steel tools [74]. It
is particularly important when motor-driven rotational endodontic tools are used [77],
limiting the incidental fracture of such tools in clinical conditions [78,79]. Endodontic tools
made of nickel–titanium alloys require the necessary structural changes and dedicated
technological processes to provide them with increased resistance to cracking and increased
flexibility. These alloys are known as nitinol, an acronym for Nickel Titanium-Naval
Ordnance Laboratory derived from its chemical composition and site of its discovery
at the Naval Ordnance Laboratory in 1959 [80–83], although the accidental heating of a
harmonica made of this alloy by an accidental participant in the presentation decided the
actual discovery of its most important property, which is shape memory [84]. However,
this effect was already known concerning gold–cadmium alloys [85] and Cu–Zn brass [86]
and is present in many other alloys [87]. However, practical attempts to commercialize
nitinol were undertaken only ten years later, and for economic reasons, it gained practical
significance only in the 1980s. Nitinol alloys can be used in many areas of technology,
including for many medical applications. It is very important to adapt this alloy to long-
term work in the working environment inside the human body [88]. The superelastic



Processes 2022, 10, 101 6 of 59

phenomena may be of significant importance, as in the case of transcatheter delivery,
enabling spontaneous expansion and adaptation of the geometric features of the device to
the patient’s anatomy [76,88,89]. Examples of applications of nitinol in medicine include
examples of self-expanding devices such as heart valves [90], arterial stents [91], and
inferior vena cava filters [92]. There are, however, examples of unsuccessful or premature
applications of nitinol in medicine due to fatigue damage, e.g., in implanted inferior
vena cava filters [93] or arterial stents [91]. It is extremely important to meet the high
requirements for fatigue life [94,95]. Many natural processes in the human body, such as
walking [96], but mainly respiration [97], the cardiac cycle [98], the vena caval dynamics [99],
and others, cause the cyclic imposition of deformations. It must be realized that, for
example, within 10 years, as a result of the cardiac cycle, there are almost 400 million load
cycles of each prosthetic device cyclically deformed by the heart, e.g., heart valves, while at
the same time any devices burdened with the respiratory cycle undergo almost 80 million
cycle deformations, such as the inferior vena cava filter [88]. Therefore, the prediction of test
results for this material with a standard number of, e.g., 10 million cycles, recommended by
relevant standards, must seem doubtful. Including this situation makes it necessary to carry
out numerous new research in this field for medical applications without unacceptable risk,
contrary to the Hippocratic Oath and the indispensable ethical requirements addressed to
doctors and medical engineers [100].

One of the possibilities of using nitinol are dental applications in orthodontics [101]
and for endodontic instruments [74,102,103], which took place from 1988 [74–76], both
for manual and rotational preparation of root canals [73,104], due to the high fatigue
strength [74–76,105–128] and mechanical resistance to fracture [75]. The main advantage
of these endodontic tools compared to those made of corrosion-resistant steels is their
increased flexibility and torsional strength [74]. It applies not only to hand tools but mainly
motor-driven rotary tools [77]. However, also, in this case, it is difficult to avoid incidental
breakage of such tools during clinical practice [78,79].

In the last dozen or so years, many economic entities in the world have developed
new technological procedures, thanks to which new endodontic tools with better functional
properties than those used so far were introduced into clinical practice, especially in the
case of motor-driven rotary tools [77]. It significantly improved the efficiency of root canal
preparation due to the much lower than before canal transport [129–132] and the mini-
mization of lateral forces, provided by the flexibility of these tools [133,134]. There have
been valuable studies in the literature review that systematize these favorable technological
changes [135,136]. It is impossible not to mention that the so-called systematic reviews
of the literature on the subject [137,138] and on sterilization in endodontics [139] were
published almost simultaneously. PRISMA recommendations [140] were used to develop
them, formulating a set of questions concerning the population, intervention, comparison,
and outcome (PICO) in the scope of interesting endodontic problems through bibliographic
research on electronic databases [141]. After analyzing the obtained results by two inde-
pendent experts and decisions made by the third expert in case of doubtful situations,
the full texts of selected papers were analyzed in terms of the four-order classification of
issues. The K-agreement between experts was established based on the formulas in the
Cochrane Handbook for Systematic Reviews [142], also establishing Po as a proportion of
agreement and Pe as agreement expected. The Newcastle–Ottawa scale for case–control
studies was used to evaluate the risk of bias [143]. The Rev Manager software 5.3 (Cochrane
Collaboration, Copenhagen, Denmark) was used for statistical analysis. These types of
studies are prepared mainly by doctors. Both discussed as examples and relating to this
matter, unfortunately, represent a low cognitive value in the field of materials science and
are saturated with numerous substantive errors and glaring understatements, as a result of
which, in fact, apart from the collection of lists of publications on the subject, they contain
almost no valuable information. It should be noted that the methodology used and the pro-
cedures for selecting papers would certainly be avant-garde and could help in the proper
selection of literature sources, provided that the authors firstly demonstrate adequate
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knowledge of the subject matter being developed and, after the selection procedures, are
willing and able to discuss in detail the substantively cognitive and technological problems
raised in papers selected in this way. Unfortunately, this did not happen. The authors
wasted the opportunity to analyze real problems, dealing mainly with the description
of formal IT aspects of handling metadata from databases collecting scientific papers in
appropriate databases.

The attempts by dentists to perform laboratory engineering tests and draw conclu-
sions that would serve dentists [144] as the results of scientific research must also be
surprising. Such activities cannot serve well for the proper application of nitinol tools in
endodontics. The work [144] did not familiarize itself with the chemical composition of the
analyzed cases, making an erroneous assessment likely to be harmful if anyone were to
take advantage of such suggestions. It is important to point out the errors and stereotypes
disseminated in this way, some of which may even be harmful to patients and the treatment
procedures performed, such as those indicated in the quoted work [144]. As dentists often
assessed these works, their substantive deficiencies were not noticed most often. Yet, their
information functions as if they were true, and they are freely disseminated among dentists.
It is also important not to identify the so-called apparent relationships, which are extremely
easy to find if the researcher is unaware of how many factors affect the final result of the
research. In this case, there are still many circumstances related to various aspects of the
manufacturing and heat treatment of nitinol alloys, of which the authors of cited work [144]
are unaware. This aspect will be discussed in detail later in this paper.

The above argumentation, which also includes a critical evaluation of the exemplified
works [137,138], leads to the obvious conclusion that the methodological errors made
in this way should not be duplicated. Reasonable use of this methodology probably
does not preclude a correct substantive analysis of the analyzed issues contained in a
given literature review. The presented examples and several other works known to the
authors of this paper, and concerning other issues, but also most often in the field of
medicine, do not seem to confirm this assumption. For this reason, such a methodology
was consciously departed from, despite the fact that, as described, it is known to the
Authors of this article and apparently one might think that it speeds up the task if it were
not for the fact that too often it causes falsification of the analyzed content. This fact met
with criticism of the reviewer of this paper, which the Authors do not agree with, and for
this reason, this commentary is included in the text of this paper. In the authors’ opinion,
it is an abuse to recognize the product of such work as the only possible method of a
systematic review of the literature. Literally analyzing the meaning of the word systematic
according to “The New Oxford Dictionary of English”, systematic means “done or acting
according to a fixed plan or system”. “System”, in turn, means “a set of connected things
or parts forming a complex whole” or “set of principles or procedures according to which
something is done; an organized scheme or method”. The approach presented, inter alia, in
works [137,138] fulfils these definitional meanings, but it is not the only possible approach,
and hence the reviewer’s expectation to perform each subsequent review work in this way
is completely unjustified, especially because, as the examples show, it causes far-reaching
simplifications along with the elimination of essential content, deciding on a very hasty
analysis of the content of the articles included and, in fact, leads to the elimination of
numerous substantively significant cognitive and technological problems, often not even
noticed due to methodological simplifications. It is paradoxical to accuse the systematic
review of several hundred published studies by the authors of the lack of systematic nature.
In this paper, the systematic approach is based on the traditional methodology. The work
consists of reading and understanding all analyzed works on the topic. For each work, a
selection and excerpts of relevant information are made, formerly called flashcards, with
the reference in each case of the literary source of such information, which may be many
in each article read. Each of such individual pieces of information is provided with a lead
slogan, only some of which can be considered keywords. Such information is collected in
working texts containing similar entries, and after inserting such flashcards from the entire
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set of publications read, a fragment of the text of the entire literature review on a given
sub-topic is compiled. Then, the individual descriptions are logically arranged according
to the hierarchy of importance, and in this way, the table of contents of the entire literature
review is built from below. It is painstaking and systematic work. Of course, one can
easily use database software programs for this systematic composing of a huge amount of
information prepared in this manner. While the approach criticized by the authors of this
paper is based on the systematic elimination of problems contained in the literature, the
systematics of the authors of this paper simply consists of collecting them and then taking
into account all aspects in the literature review. Of course, in each fragment concerning
a specific issue, generalizations are made if the same or similar information appears in
several or many works, and the information that is individual is described as exceptions
or even stated exceptions from the rules; due to the specific approach, or in such cases,
doubts are raised as to the reliability or credibility of information formulated in this way. It
would seem that such an approach is obvious and, as it should be assumed, is typical for
many specialties, including in the field of the humanities. The information presented here
fulfils the requirement to describe the methodological aspects, although for the Authors
of this paper it is surprising that it requires description. As it is a necessary condition
for the publication of this article, after reflection, the Authors decided to include these
methodological explanations in this paper.

The issues of selecting the chemical composition and the technology of manufactur-
ing tools used in endodontics, which are the subject of such works, go far beyond the
professional competencies of the dentist. The dentist, however, has the right to expect
optimal performance from the tools provided to him but still maintaining confidence in the
engineering activities of the tool manufacturers and the results of scientific research carried
out in compliance with all rules applicable in such cases. It does not mean that the results
of all comparative studies of various endodontic tools to rank the properties of specific
products available on the market [145] may be practically completely useless for doctors,
even if the principles as mentioned above are not explicitly taken into account, as is also
performed in technical-exploitation documentation of many products. A lot of such works
have appeared even recently. It is impossible to ignore them in such a comprehensive
review of the literature on endodontic tools made of nitinol alloys as this paper. However,
it should be noted that they do not significantly increase scientific knowledge, although
they cannot be deprived of some practical meaning. Therefore, in one of the following parts
of this paper, they are reviewed in more detail. As such works are published in specialized
dental journals addressed to endodontists, it is worth commenting on them. However,
the often presented approach is purely practical, without any scientific references and a
materiallographical analysis of the essence of the regularities noticed in them. It should
also be noted that the manufacture of endodontic tools is only one of the numerous possible
practical applications of nitinol alloys.

Each scientific work in the field of material engineering, including this one on en-
dodontic tools, requires respect for the material engineering paradigm, i.e., in general,
the study of cause–effect relationships between the type and chemical composition of the
material, shaping the form and geometric features of the product, as well as its structure in
the technological process and their influence on the physicochemical properties, including
mechanical properties, to ensure the assumed operational functions of the product manu-
factured from a given material. It seems to be obvious to every materials science expert,
but it may cause some surprise among dentists. Therefore, it should be remembered at this
point in this paper that this paradigm comes down to the principle of six expectations, 6xE,
expressed in octahedron and taking into account the basics of engineering design composed
of three inseparable elements, including material and technological design [66,146–148]
(Figure 4).
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Given an example and the analysis carried out in connection with it, it is shown how
important it is to make dentists realize how complex an engineering problem is to create a
properly functioning endodontic tool not to harm the patient. It was this conclusion that
was the basis for the development of this paper to broaden the analysis of the selection of the
chemical composition and manufacturing technology and to discuss the set of properties of
the alloys used for this purpose, to even discourage dentists from home-grown experiments
in such a complex subject area, as well as formalistic preparation of literature reviews
devoid of any substantive and practical analyzes and deliberations.

This paper aims to present a full material science characterization of the structure and
properties of nitinol alloys as the most modern group of engineering materials used to
prepare a root canal and to discuss all structural phenomena that determine the performance
properties of these endodontic tools against the background of the basic elements of such
dental treatment. Tools made of Ni–Ti alloys play a fundamental role in the implementation
of endodontic treatment. Experimental studies were carried out, analyzing, among other
things, variants of root canals preparation with the use of hand and rotary tools made of
nitinol in endodontics, resulting from the literature review and the virtually performed
analysis in the authors’ work [47]. This paper presents a review of the literature on selecting
the chemical composition and processing conditions of these alloys and their importance
in endodontic treatment of teeth, which, of course, is beyond the dentist’s control when
buying a ready-made tool manufactured by the manufacturer. However, the results of
laboratory tests concerning the analysis of changes occurring during sterilization necessary
for sanitary and epidemiological reasons were also considered. In this regard, all decisions
are made autonomously by the dentist who uses endodontic tools made of nitinol.

Nevertheless, the paper also reviews the results of various tests on the performance
of tools made of nitinol made by dentists. Despite the lack of cognitive values, such
a review may be useful for dentists, pointing to the functional properties of tools from
different companies. It is worth adding that the main recipients of this paper are certain
engineers, tool designers and manufacturers, PhD students, and students of materials and
manufacturing engineering. Still, dentists will also certainly reach for it. It is this practical
information that can be helpful to them in clinical practice. As each sterilization process
causes irreversible degradation of each tool, the problem has been analyzed in detail in
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this paper, broadly illustrated by the results of experimental studies, including caused
by sterilization necessary for clinical reasons. The mechanical preparation of root canals
requires eliminating microorganisms and removing inorganic and organic debris from the
root canals. Therefore, it is necessary to irrigate the root canals with appropriate rinsing
fluids after each inserted instrument. However, these issues do not fall within the scope
of this paper. The summary of all the conducted literature analyzes is an SWOT analysis
of strengths, weaknesses, opportunities, and threats, and is a forecast of the development
strategy of this material in a specific application, such as endodontics. The methodology
used and described in earlier own work was used [66].

2. The Importance of Tools Made of Ni–Ti Alloy of the Nitinol Type in Endodontic
Treatment

The success of endodontic treatment is influenced by several factors (Figure 2), includ-
ing two directly dependent on the experience and practice of the dentist, which includes:

X Correct selection of filling material.
X Choosing the right obturation technique.

Another factor is the method of preparing the root canal, mainly depending on the
choice of the tool. The way of using it by the dentist [110] has a significant influence
on the wear or damage of the tool, including the one made of nitinol [110]. The risk of
reducing the possibility of breaking the endodontic file inside the tooth during root canal
treatment decreases with an increase in the dentist’s experience, thus helping to improve
patient safety. The “crown-down” technique from the group of crown-apical methods is
appropriate when working with rotary tools and hand tools made of nitinol. This method
generally reduces the risk of pushing dead pulp debris and dentine filings beyond the
apical foramen [73,149]. In the first stage, the peripheral and middle parts are prepared for
2/3 of the root canal length or its straight part in the case of curved canals. In the second
stage, the apical part is processed after measuring the working length.

The material and technological issues related to endodontic tools, in fact, largely
go beyond the scope of professional dentists’ interests. On the other hand, a mistake in
selecting this material may determine the failure of endodontic treatment. Therefore, the
general knowledge in this area is also useful for dentists. The aim is to avoid or even
prevent iatrogenic errors during root canal preparation, consisting of breaking the tool and
the necessity to leave its tip inside the root canal.

Regardless of the material from which they were made, endodontic tools are straight-
ened inside curved root canals. Only by using nitinol endodontic tools with sufficient
flexibility can the side forces that arise on the root canal walls be minimized [133,134]. In
this case, even in the case of the use of rotary tools, the root canal transport associated with
the evacuation of dentin filings and pulp debris from the root canal is significantly lower
than when the root canals are prepared with hand tools made of corrosion-resistant steel. It
also influences the reduction of errors related to this study [129–132]. Unfortunately, an
even bigger problem that appears too often in clinical practice, even in the case of using
nitinol endodontic instruments, is their fracture inside the root canal, which is one of the
cardinal iatrogenic errors [78,79,150,151]. The cause of such damage may be insufficient
torsional strength [151], which occurs when the working part of the tool becomes trapped
in the root canal, and the handle continues to rotate until the torsional strength of the tool
material is exceeded [152]. Most often, however, such damage occurs as a result of tool
material fatigue [151]. As a measure of fatigue life, the time to fracture an endodontic tool
during operation or the number of cycles to fracture this tool (NCF) may alternatively be
taken. The reduction of the fatigue strength of endodontic tools is related to the increase in
the amplitude of tensile stresses on the surface of these tools, which occurs at the root canal
with the maximum curvature [153]. The reduction of the fatigue strength of endodontic
tools also occurs due to the increase in temperature inside the root canal during its prepara-
tion compared to room temperature [154–157]. The fatigue life of both rotary and handheld
nitinol endodontic tools can be increased by using the crown-down technique instead of



Processes 2022, 10, 101 11 of 59

the rotary motion [158,159]. As the torque decreases with the reduction of the diameter of
the endodontic tool and the size of the taper, which is accompanied by an increase in the
flexibility of endodontic tools [153,160], the fatigue life then increases with a simultaneous
reduction in the amplitude of the tensile stress on the surface of the tool [161]. The cause of
the damage, in this case, is, of course, fatigue phenomena, ranging from the initiation of
cracks as a result of the impact of defects in the crystal structure, nonmetallic inclusions, and
the precipitations of secondary phases, surface effects, and defects from the manufacturing
process [162] through the propagation of cracks, to the fatigue scrap [162,163]. The fatigue
properties of the nitinol alloy significantly depend not only on even slight changes in the
chemical composition [164], but also on the metallurgical purity of the alloy [149,165,166],
and especially on the method of manufacturing both the alloy [165,167,168] and tools.

The properties of nitinol determine the obvious advantages of tools used in endodon-
tics, including the possibility of effective evacuation of dentin filings and pulp debris from
the root canal thanks to its conical treatment, leaving a wide opening narrowing towards
the apex. It is extremely important to ensure natural curves and the root canal’s course and
maintain its working length stably. In the case of rotary nitinol tools, compared to hand
tools made of corrosion-resistant steel, much less dentine is removed from the root canal
wall [150], so there are fewer cases of pushing the remains of pulp and cut canal dentine
beyond the apical opening [169], as is a typical iatrogenic complication during root canal
preparation. The advantage is a drastic reduction in the risk of breaking the tool during root
canal preparation [170], the most common causes of which are the signs of damage to the
structure of the prepared tooth invisible from the outside, with the necessary skill required
by the dentist. The efficiency of cutting the root canal dentine is improved due to the
shorter preparation time and the reduced number of used tools made of nitinol [171–173].

Thanks to the shape memory effect, endodontic nickel–titanium tools do not undergo
permanent deformation. At the same time, under the influence of excessive stress or fatigue
of the material, they could unexpectedly break [76,105–109,174,175], which requires a fixed
rotational speed and also controlling the torque depending on the size and design of the
tool [109]. The way the dentist uses it [109,110] also significantly influences the wear or
damage of the tool. The possibility of breaking the endodontic file inside the tooth during
root canal treatment is significantly reduced, thus improving the patient’s safety. In the
case of endodontic tools, high fatigue strength [74–76,105–128] and mechanical resistance
to fractures [75] are some of their most important features (Figure 5).

Endodontic nitinol tools for preparing root canals can be adapted for manual or rotary
preparation [73,104]. The geometrical features of these endodontic tools, including taper,
radial contact surface, blade angle, and shear angle, varies [176]. The conicity reflects the
increase in the diameter of the tool relative to the next millimeter of its length [177]. For
example, for a tool with a 4% taper, its diameter increases by 0.04 mm for each additional
millimeter of tool length. The conicity of nitinol tools can vary in value, e.g., 2, 4, 6, 8, 10,
and 12% along the entire length, although they may also have variable taper along the
length of the tool, e.g., from 3.5 to 19%, such as ProTaper [176]. The root canal can thus
be shaped according to its natural course in the form of a cone. Rake angle can be neutral
when 90◦, positive when >90◦, or negative when <90◦ [73].

For example, the K3 tools [176] have a positive cutting angle, promoting very effective
cutting and evacuation of dentin from the root canal. On the other hand, ProTaper tools
have a negative rake angle [176], which increases the risk of apical displacement of dentin
scrapings due to their accumulation between the root canal wall and the tool. In both cases,
the tip angle is <90◦, which, despite the risk of distorting the original shape of the root
canal, ensures its efficient and quick preparation. The K3 tools have an asymmetric shape
of three faces, with a noncutting tip in the middle. The cross-sectional ProTaper tools have
the shape of a convex triangle, also with a noncutting tip [73,171].
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3. Chemical Composition, Methods of Nitinol Manufacturing, and Conventional
Technologies for the Endodontic Tools Manufacturing

The most suitable material for use in endodontic tools is a nitinol alloy with a chemical
composition corresponding to the stoichiometric atomic concentration of the elements
in the NiTi intermetallic phase with the lowest possible concentration of other elements
that play the role of only impurities and reduce the physical properties of the material
and endodontic tools made of it. Detailed requirements in this respect are included in the
standard [178]. Most often, for the construction of endodontic tools, an alloy containing
56 wt.% Ni and 44 wt.% Ti is used, although it is not the only alloy composition currently
used for this purpose [81–84,179–181] (Figure 6).

However, it should be noted that even slight changes in the chemical composition
of the nitinol alloy, within the concentrations allowed by the standards, may cause sig-
nificant changes in the functional properties of endodontic instruments and other med-
ical devices made of them [164]. The company websites state that nitinol alloys contain
25–50% Ti and 50–75% Ni [182]. An exemplary chemical composition according to ASTM
2063 of Shape Memory Ni–Ti Alloy Nitinol 55 comprises 55.75% Ni; 0.038% C; 0.04% O;
0.012% Fe; not more than 0.005% each of Co, Cu, Cr, H, Nb, and the rest of titanium [183].
In these alloys, nickel and titanium are present in stoichiometric atomic concentrations
corresponding to the NiTi intermetallic phase and are usually named according to the mass
concentration of nickel, as, for example, Nitinol 55 and Nitinol 60 [183]. In some cases, a
partial substitution of nickel by Co is possible, but in a mass concentration not exceeding
2% [123,184,185]. The manufacturing method is also essential [165,167,168]. Using the high-
est purity raw materials reduces the proportion of nonmetallic inclusions and improves
fatigue properties [149,165,166].

Figure 6a shows a graph of the phase equilibrium of Ni–Ti, which comes, to this
day from [186], with changes and additions introduced later [187–190] and then repeated
in many other papers [191], often without specifying the source [191–193]. This figure
(Figure 6b) also shows the effect of the mass concentration of nickel in a narrow range of
approx. 48–51% on the value of the Ms temperature, derived from the comparison of the
results from two classic studies [194,195]. For the stoichiometric chemical composition of
Ni50Ti50, the Ms temperature is about 65 ◦C, and if the titanium concentration is slightly
higher, it also slightly increases. On the other hand, increasing the nickel concentration
above the equilibrium causes a radical reduction of the Ms temperature even to about
−140 ◦C (Figure 6) [194]. These small fluctuations in the concentration of both elements
affect significant changes in the physical properties of the Nitinol 55 alloy [164] because all
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the values discussed here relate to the alloy determined in this way (Table 1) according to
the relevant standards [178].
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Table 2 compares the concentrations of elements in two exemplary heats of the Nitinol
55 alloy [165]. The tests were performed by faithfully repeating the experiments previously
carried out on the same melt produced by the vacuum arc remelting (VAR) method as in
the works of [167,168] and supplementing them.
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Table 1. Physical properties of the Nitinol 55 alloy depending on the concentration of nickel and
titanium.

Alloy No Weight Concentration, % Temperature, ◦C
σ0,2, MPa

Ni Ti Ms Mf As Af

1 54.8 45.2 20 −20 39 77 115
2 55.5 44.5 −30 −53 −12 0 75

Table 2. Chemical composition of bars with a diameter of 25.4 mm from two heats of the Nitinol
55 alloy and their comparison with the requirements of ASTM F 2063-12.

Alloy

Chemical Composition, wt. %

Ni Ti O + N
max C

m
ax Al.

max

Each
of
Co,
Fe

max

Each
of

Cu,
Cr

max

H
max

Each
of

Mn,
Mo,
W

max

N
b

m
ax

Si
m

ax

S
m

ax

Sn
m

ax

Standard 55.6

Ba
la

nc
e 0.0252

0.
00

20 0.0057
0.0050 0.0050

0.0015
0.0050

0.
00

50

0.
00

25

0.
00

10

0.
01

00

High purity 56.0 0.0060 0.0050 0.0012

ASTM [178]
requirement

54.5
-

57.0
0.050

0.
05

0

- 0.050 0.010 - -

0.
02

5

- - -

These tests were compared with those obtained for the melt produced with the same
method and within the concentration range established for the Nitinol 55 alloy in the
standard [178] but characterized by high purity [165]. The much higher proportion of
nonmetallic inclusions in the standard melt determines the fatigue strength several times
lower (Figure 6c) [165] than in the high-purity alloy. Thus, produced high-purity nitinol
has a 107-cycle fatigue stress limit of 2.5% with an average strain of 3%. Although falling
within the requirements for the Nitinol 55 alloy specified in ASTM [178], both these heats
undoubtedly differ substantially in structure and properties. In the standard alloy, the
initiation of all cracks was due to nonmetallic near-surface inclusions, most likely Ti4Ni2Ox,
which is also indicated by other reports [91,167,168,196]. In the case of high-purity melt,
apart from the almost four-times lower volume fraction of nonmetallic inclusions (Table 2),
their transverse dimensions are usually 5–10 times smaller than in the case of the standard
melt (Table 3).

Table 3. Selected features of the structure of bars with a diameter of 25.4 mm from two heats of the
Nitinol 55 alloy and their comparison with the requirements of ASTM F 2063-12.

Alloy Transformation
Temperature 1, At,

◦C
Longitudinal Length,

µm Area Fraction, %

Standard −12 −11 -
High purity 35 17 ≤39
ASTM [178]
requirement 1.01 0.28 ≤2.8

1 Measured by differential scanning calorimetry (DSC) following ASTM F2004 (ASTM F2004-05) [197].

The technology of manufacturing the nitinol alloys [74,81,120,123,125,129,185,198–251]
is therefore important due to the strong affinity of titanium for oxygen and carbon and the
need to minimize the formation of nonmetallic inclusions in participation of this element.
In addition to eliminating harmful nonmetallic inclusions, it is necessary to obtain an alloy
with an exact stable chemical composition. Despite the very high affinity of this element for
oxygen, preventing the oxidation of titanium is also intended to prevent an uncontrolled
change in the ratio between the atomic concentrations of nickel and titanium, due to the
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involvement of its atoms in reactions with oxygen. Therefore, for nitinol manufacturing,
it is necessary to use raw materials of high purity, i.e., containing 99.99 wt.% Ni and
99.8 wt.% Ti. As indicated, the vacuum arc remelting (VAR) method is preferred by igniting
an electric arc in a water-cooled copper ladle under a high vacuum between the raw
material and the water-cooled copper impact plate. If the highest purity raw materials
are used, it is possible to reduce the proportion of nonmetallic inclusions and improve the
fatigue properties [252]. It is judged that the most advantageous is the production of nitinol
by the vacuum induction melting (VIM) method using alternating magnetic fields to melt
the raw materials in a crucible under a high vacuum. In this case, the smallest possible
proportion of nonmetallic inclusions is ensured [165], which increases the resistance to
fatigue [166], although the works [165,253] indicate, on the contrary, that in the high-purity
nitinol produced by the VIM method, there are more inclusions of both oxide and carbide
type compared to the VAR method. The dependence of fatigue strength on the share,
size, and distribution of nonmetallic inclusions was confirmed in [149]. Other methods of
producing nitinol can also be used but are not of industrial importance, such as plasma arc
melting, induction melting, and electron beam melting. On the other hand, the electric arc
melting technology seems to be useless for nitinol alloys.

In the light of the information presented, it is obvious that slight changes in the chem-
ical composition of the nitinol alloy within the concentrations allowed by the standards
may cause significant changes in the functional properties of endodontic instruments and
other medical devices made of them.

Technologies for manufacturing tools for the treatment of root canals made of nitinol
alloys should ensure the highest possible tensile strength, ensured by the stoichiometric
composition of the Ni–Ti alloy, and the significant elongation and associated elongation
elasticity ensure high resistance to fatigue and the possibility of operating in curved canals.
Nitinol is a material that is difficult to plasticize, so it is practically only subjected to hot
plastic working, including rolling, swaging, drawing, and extrusion. Nitinol endodontic
tools are made of rods or wires produced by drawing or extrusion. The manufacturing
of endodontic tools for Nitinol is more complex than for corrosion-resistant steel because
they cannot be made by twisting, as with corrosion resisted steel [233]. Due to the desired
elasticity and the associated resistance to plastic deformation over a relatively wide de-
formation range, one must be aware that an attempt to impart the required geometrical
features by twisting effectively would most likely lead to a scrap of the tool before the
end of the technological process [233]. For this reason, the shape and geometrical features
are provided by milling and subsequent grinding [120], eliminating surface irregularities
and the resulting negative effects on fracture toughness, cutting efficiency and corrosion
resistance [75,120,250,251,254–256]. The machining is carried out with the use of tools made
of sintered carbides.

In the case of endodontic tools, mechanical resistance to fractures is one of the
most important features [75]. Apart from grinding, among the various nontraditional
manufacturing methods, it is also possible to use additive manufacturing technologies
to produce elements from the nitinol alloy [257], laser and electrical discharge machin-
ing [164,258]. Electropolishing (EP) improves the surface roughness [75,259,260]. It even
gains a gloss [259,261], which removes surface cracks and residual stresses and improves
the efficiency of root canals preparation with their participation and the possibility of
increasing deflection angle during root canal preparation and improvement of their cor-
rosion resistance [255,259,262]. Electropolishing has a beneficial effect on the fracture
resistance of nitinol endodontic tools, mainly by improving the fatigue life compared
to untreated tools [75,256,263,264]. There is no evidence of suppression of crack propa-
gation [265] as well as an increase in maximum scrap-determining torque compared to
nonelectropolished endodontic tools [262]. Magnetoelectropolishing in a constant magnetic
field (MEP) [24–26,105–108,174,175] is particularly advantageous, as it increases the fatigue
strength [74–76,105–128]. Another innovative process is electrical discharge machining
EDM [266], most commonly known by dentists as Hyflex EDM [267], which generates a
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unique, hardened surface that effectively improves superior fracture resistance and im-
proved cutting efficiency [268]. It is particularly advantageous to combine this technology
with the provision of a controlled memory nitinol structure known as CM, as discussed in
the following sections of this paper. The process was implemented by Coltène/Whaledent
Inc., Cuyahoga Falls, OH, USA [267] after the year 2011. EDM is a subtractive treatment that
enables contactless and precise removal of the processed material using pulsed electrical
discharge while eliminating any mechanical stresses [269]. The ionization of the dielectric
liquid in which the process is carried out takes place after obtaining a sufficiently small
gap between the material being processed and the electrode serving as a machining tool,
provided that both of these elements are electrically conductive. Small particles of the pro-
cessed object then evaporate under the influence of electric sparks, and after solidification
in a dielectric liquid, they have washed away [270,271].

It is possible to reuse endodontic tools manufactured using this technology [268]
without significant changes in the quality of their surface [272]. The type of material used
determines the surface quality after developing strongly curved root canals and, hence, its
differentiation depending on the examination of Hyflex CM and Hyflex EDM materials,
to the benefit of the latter [272]. However, there is no convincing evidence showing an
improvement in the cutting properties of Hyflex EDM tools compared to other tools made
of nitinol [135]. Their hardness [273] and fatigue life [268,274,275] are higher. At the same
time, the torque to be destroyed is lower [275], not only compared to Hyflex CM, but also
to conventional nitinol and M-Wire tools whose phase compositions are described later in
this paper.

4. Shape Memory Effect and Superelasticity of Nitinol

Controlling the properties of nitinol tools is ensured by a combination of heat treatment
and cold working [23,276]. Endodontic tools with an equilibrium concentration of Ni and
Ti [120] are characterized by an austenitic structure with an austenite finish temperature
lower than the temperature of the human body [277,278].

In the case of endodontic tools, the unique features of the nitinol used in their man-
ufacturing, defined as superelasticity and shape memory [120,279–283], are of crucial
importance. The importance of homogenizing annealing, especially the cooling rate in this
technological operation, was indicated [284–288]. Significant changes in the properties of
nitinol alloys, including modulus of elasticity, yield point and electrical resistance, and
the shape memory effect [81–84,179–181,250,289], occur as a result of cooling at the critical
transformation temperature range (TTR). The TTR range is determined by the martensitic
transformation’s start (Ms) and end (Mf) temperatures.

The described changes in properties result from the course of the martensitic trans-
formation of the simple cubic structure B2 of austenite (also known as the parent phase)
(Figure 7a) [81–84,179–181,289,290], occurring above approx. 100 ◦C in twinned martensite,
a monoclinic crystal structure of martensite B19‘ (daughter phase) [44,81–84,179–181,289]
according to scheme B2 → B19′. Martensite has better plastic properties than austen-
ite [291–296]. The hysteresis loop of the martensitic transformation is shown in Figure 8a.
The hysteresis loop’s width depends on the alloy’s exact chemical composition and the
nitinol processing. The hysteresis loop of the martensitic transformation covers the range
of 20–50 ◦C, although it can be reduced or increased by alloying additives [42] and the
applied technological processes [43,81–84,179–181,289].

During subsequent heating, reverse martensitic transformation takes place into a
reverse transformation of temperature range RTTR according to the scheme B19′ → B2
martensite into the mother phase high-temperature austenite with a stable energy
state [81–84,179–181,289]. This phenomenon is referred to as the shape memory effect.
The martensitic transformation in both directions is immediate [81–84,179–181,289].

The following mechanisms determine the shape-memory phenomenon [283] (Figure 9):

• One-way shape memory effect.
• Superelasticity.
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• Bidirectional shape memory effect.
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Depending on the initial state, the unidirectional shape memory effect is a martensitic
transformation caused by deformation or hardening and a subsequent reverse transforma-
tion into the parent phase when heated to the characteristic temperature. As a result, the
workpiece returns to its original shape [283].

The phenomenon of superelasticity is related to the reversible martensitic transforma-
tion under the influence of external stress. As a result of the formation of martensite at a
temperature higher than Ar, elastic deformation of the object occurs by several to dozen per
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cent, which completely disappears after unloading. In this case, the recovery to its original
shape occurs during heating. No change in shape occurs during cooling, so only the shape
of the high-temperature parent phase is remembered. As a result, the shape of the object
returns to its original state.
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The bidirectional shape memory effect of the alloy is based on the preservation of
shape memory [44,81–84,179–181,289] of both the high-temperature parent phase and the
low-temperature martensitic phase. As a result of the two-way shape memory effect, in
the temperature range Mf-Af, respectively, of the end of martensitic transformation and
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the end of austenite formation, changes occur cyclically, causing reversible changes in the
shape of the object, without external stress. As the martensitic transformation usually
results in the formation of martensite laths of different orientations during cooling, apart
from a volume change, usually there is no macroscopic change in shape. The privileged
orientation of martensite seeds limits the variants of the lath orientation, causing anisotropic,
macroscopic changes in shape. The transformations causing shape changes may be repeated
cyclically by cooling and heating, provided that during the reversible transformation into
the parent phase or as a result of high-temperature annealing, the martensite nuclei are
not removed [283].
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The source of shape memory and superelasticity effects is thermoelasticity and re-
versible martensitic transformation in nearly stoichiometric Ni–Ti alloys, even if their
composition differs relatively slightly from the stoichiometric one towards the advantage
of nickel [297]. The properties of nitinol alloys significantly depend on the conditions of
heat treatment [298,299] and the structure that arises as a result of technological processes,
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especially the refinement of the austenitic matrix grain [300,301], including as a result of
drawing [302] or cold rolling [303], as well as high-pressure torsion (HPT) [304] and equal
channel angular pressing (ECAP) [305]. The course of the dispersion precipitation processes
of Ni4Ti3 [306–308] in austenite and the course of the martensitic transformation [308,309]
are important.

The transformation according to the scheme B2→ B19′ takes place as one stage in
almost stoichiometric Ni–Ti alloys [65], or with a relatively slight advantage of Ni [297],
but in austenite with relatively large grains with a size of 6.6 to 21.7 µm [297]. It requires
heating to a relatively high temperature of >800 ◦C, which results in grain growth, directly
determining the uneven release of the metastable Ni4Ti3 phase [310]. Among the remedial
methods counteracting this unfavorable influence, one can mention the modern technology
of electric pulse treatment (EPT) [311–313]. Multiple heating in millisecond cycles, with
appropriately selected frequency and time of the impulse, current density, especially
peak current [313–315], provides the desired structure, causing diffusion of atoms, as
well as generation and annihilation of dislocations [316–318] and plastic deformation
processes [313,316,317]. The use of the annealing sequence, stretch–bending deformation
(SBD), and electric pulse treatment (EPT) ensure obtaining the optimal grain size of the
bound austenite, control of the release of the metastable Ni4Ti3 phase, and improvement
of the martensitic transformation plateau [311], which was confirmed by the tests of the
nitinol Ni50.8Ti49.2 alloy (at.%).

The annealing processes, stretch–bending deformation (SBD), and electric pulse treat-
ment (EPT) proceed sequentially. They are associated with obtaining the optimal grain size
of the bound austenite and the extraction of the metastable Ni4Ti3 phase. Stage I shows the
coarse structure of B2 austenite, indicating the grain boundary zone and the grain interior
zone. Annealing causes the precipitation of Ni4Ti3 phases near the grain boundaries and
the depletion of nickel in these regions. On the other hand, in stage II, dislocations are
generated as a result of the repeated SBD process, and their concentration and tangles
occur in some places [319], and the size of austenite grains varies. Due to the combination
of thermal and athermal effects, EPT causes homogenization and refinement of austenite
grains from 9.1 µm after annealing to 5.4 µm as an effect of EPT. High pulse frequency EPT
treatment reduces the recrystallization temperature of the NiTi alloy. Subsequent ageing
at a relatively low temperature for a long time and an increase in the equivalent current
density causes an increase in dispersion and fragmentation of the separated phases. The
combination of the mentioned technological operations is an effective method of shaping
the desired structure of nitinol alloys [311]. With the increase of the pulse frequency from
150 Hz to 400 Hz, a two-stage martensitic transformation B2 → R → B19′ takes place
with the participation of the R phase. After ageing at 250 ◦C for 48 h, the sizes of Ni4Ti3
precipitations are in the range of 20–40 nm and show high dispersion in the matrix. The
combination of SBD, EPT, and ageing processes affects the fragmentation of the structure
and gives favorable effects in terms of properties. Figure 9a illustrates the evolution of the
structure of this alloy as a result of various technological operations.

During cooling, the course of phase transformations is significantly influenced by
precipitation processes in the austenitic matrix with the B2 network structure. When
analyzing this problem, it should be noted that in Ti–Ni alloys with a predominance of
Ni, there are two stable phases, TiNi and TiNi3, according to the equilibrium system [186].
During ageing, the austenite of the B2 structure of nitinol alloys with a predominance of Ni
concentration, on the other hand, emits dispersive precipitations of the metastable phases
Ti3Ni4 and Ti2Ni3 [179,320,321]. The morphological features of these precipitations largely
depend on the ageing conditions, both temperature and treatment time. The analysis of
the time–temperature–transformations TTT diagram of the nitinol Ti48Ni52 alloy [320]
shows that, e.g., as a result of isothermal annealing at the temperature of 600 ◦C, depending
on the annealing time, the processes of separation of the mentioned phases take place in
a sequence. Initially, after short annealing, the Ti3Ni4 phase is precipitated. After about
10 h, Ti2Ni3 is precipitated, while for the stable TiNi3 phase to precipitate, it is necessary
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to heat it for about 4650 h [320,322]. The sequence of precipitation processes in austenite
with structure B2 systematically depleted in alloying elements under such conditions can
therefore be written as follows [320]:

B2→ Ti3Ni4 → Ti2Ni3 → TiNi3

Alternatively, during adequately fast cooling from the homogenizing annealing tem-
perature, e.g., in water, the sequence of changes B2→ R and R→ B19′ [323–326] occurs.
The transformation of B2→ R [290] into the R phase is also martensitic and takes place
through sheer. It is also reversible and determines the shape memory and pseudoelasticity
effects [327,328]. The R phase was discovered in 1965 [329], and its similarity to the Au–Cd
equilibrium phase [330] suggests P−31m as a possible space group, which was confirmed
in [331], but it was finally established that it is a structure P3 [332]. The differences between
the two lattice structures are not significant but, in the case of the R phase, much smaller
than in the Au–Cd alloy [332]. The essence of these differences concerns only the distance
in the z-direction [191] (Figure 10c). The R phase is martensite, and it has been accepted to
have a rhombohedral lattice structure, from which it is even named. The R phase designa-
tion used, however, does not correspond to its actual lattice structure because the R phase
has a trigonal structure and should be marked as the T phase [179,191]. The transformation
should be written according to the B2→ T scheme. However, it was decided to keep the
traditional term R phase to avoid unnecessary confusion. The transformation of R→ B19′

consists of reconstructing the martensite lattice [191], which was not realized before.
It is estimated that the formation of the R phase is favorable due to the properties

and behavior of nitinol alloys [65,333]. The control of its course, especially the temper-
ature range, is essential for a quick response to temperature changes [179,328,334–336]
and considerable stability at cyclic changes in temperature and loads [165,336–339]; it
causes a narrowing of the hysteresis loop [179,340], and most importantly, it increases the
fatigue strength of nitinol [165,334,341]. While the mechanism of B2→ R transformation
is known [179,191,342], the conditions for controlling its course still require research inter-
est, especially in the scope of annealing temperature [343], as well as temperature [344]
and ageing time [345], despite that the available literature data collection is quite ex-
tensive [65]. The factors favoring the activation of the B2 → R transformation include,
among other things, annealing after plastic deformation [284,323,346] and ageing of alloys
with a relatively small advantage of the atomic nickel concentration in the Ni–Ti niti-
nol alloys [297–299,342,347–350], as well as cyclic temperature changes [337,338,351,352]
and stresses [353,354].

According to the scheme B2→ R [290], the martensitic transformation into the R phase
usually results from the previous ageing associated with precipitating Ti3Ni4 phase particles
in the B2 matrix [189]. The issues of Ni4Ti3 phase precipitation have been discussed in
numerous publications [308,355–363].

The precipitation processes of Ni4Ti3 in the parent phase with the B2 structure, which
determine the formation of the R phase, cause the precipitation hardening of the matrix
according to the Orowan mechanism [299]. The boundaries of the Ti3Ni4 phase precipita-
tions with the B2 matrix are coherent or semicoherent [364], which was also investigated
in [365–367], mainly due to their importance for the course of the martensitic transforma-
tion [368–370] and the formation of the martensitic R phase [299]. The precipitations of
Ti3Ni4 have an oval and disc-like shape and a rhombohedral lattice structure with the
lattice parameter a = 0.670 nm and the apex angle α = 113.9◦ [189]. The habitus plane of
the precipitations is parallel to the planes of the {111} B2 family matrix of the B2 austen-
ite matrix [189]. The crystallographic relationships of M. Nishida’s, C.M. Wayman’s, R.
Kainuma’s, and T. Honma’s between-phase B2 and these precipitations [371] are in the
following two variants:(
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Figure 10. Schemes: (a): the annealing sequence, stretch–bending deformation (SBD), and electric
pulse treatment (EPT) on obtaining the optimal grain size of the bound austenite and the extraction of
the metastable Ni4Ti3 phase; (b): the influence of the nickel concentration of the annealing time on the
precipitation processes of the metastable Ni4Ti3 phase and the course of transformations B2→ B19′

and B2→ R and R→ B19′; (c): the crystallographic structure of R phase.

The processes of dispersion precipitation of the Ti3Ni4 phase and the state of internal
stresses resulting from their coherence with the austenitic matrix of the B2 structure [372]
have a critical influence on the course of the martensitic transformation [189]. The disper-
sion precipitation of this Ti3Ni4 phase occurs during ageing at a lower temperature and in
a relatively short time near the grain boundaries of the B2 austenitic matrix [366,368]. The
release of the Ti3Ni4 phase causes changes in the temperature of the beginning and end of
the martensitic transformation Ms and Mf adequately [297,350]. The stresses around these
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precipitations strongly counteract the direct transformation of B2→ B19′ when their lack
of significant reduction favors the transformation of B2→ R [373]. The growth of Ti3Ni4
precipitations with time influences the generation of dislocations with the Burgers (111) B2
and (200) B2 vectors that eliminate coherence stresses while maintaining coherence in other
areas [372]. Such conditions favor the transformation of B2→ R during cooling [368–370].

The deformation related to the B2 → R transformation is small as it reaches
0.5–3% [165,328]. The transformation of B2 → R is activated, e.g., as a result of anneal-
ing after plastic deformation [284,323,346] and ageing of alloys with a predominance of
nickel atomic concentration in Ni–Ti alloys [298,299,342,347–349], as well as a result of
cyclic temperature changes [337,338,351,352]. The B2→ R transformation implies signif-
icant application possibilities, and the use of its advantages requires precise control of
its course [297], especially the temperature range, as well as the suppression of the di-
rect transformation into martensite B19′ according to the scheme B2 → B19′ [374]. The
main application advantages of the B2→ R transformation related to its course include
the already described increased fatigue strength [165,334,341], considerable stability un-
der cyclic changes in temperature and loads [165,336–339], quick reaction to temperature
changes [179,328,334–336], and a narrow hysteresis loop [179,340]. Although the above-
described mechanism of the B2→ R transformation is now well recognized [179,191,342],
the information on how to control the temperature of this transformation, associated
with the annealing temperature [343] and the temperature [344] and ageing time [345],
is still incomplete. If the R phase is formed, it is still possible to form B19′ martensite,
but this requires even greater supercooling [297]. After the B2 → R transformation, in
these conditions, a direct transformation of B2→ B19′ [372] takes place. The consequence
of the B2→ R transformation is the course of the two-stage B2→ R→ B19′ transforma-
tion [297,373,375,376], involving the R phase [297,375], but initiated by the precipitation
processes of the Ti3Ni4 phase. The transformation of R→ B19′ consists of reconstructing the
martensite lattice [191], which was previously not present, and the view that in each stage
of transformation B2→ R→ B19′ the martensitic transformation takes place sequentially
is not true. According to the B2→ R→ B19′ mechanism, the transformation is two-stage
when the grain is fine, and its size is≤5.6 µm. However, it should be noted that the grinding
of grains after cold plastic deformation increases the probability of obtaining nonuniform
austenite grains in terms of size, and this, in turn, may cause a weakening of the stress-
induced martensitic transformation plateau [377]. The transformation of B2→ R→ B19′

can only take place in polycrystals [297], regardless of the nickel concentration [297], and
also with the predominance of the atomic concentration of titanium [378] and cannot take
place in monocrystals.

It was shown in work [297] that in one part made of the nitinol alloy, the direct
B2→ B19′ transformation and the two-stage B2 → R → B19′ transformation can occur
in parallel. The differentiation of the nickel concentration at the grain boundaries and
inside the Ni–Ti alloys associated with the differentiation of the intensity of successive
growth and coagulation of Ti3Ni4 phase particles at the grain boundaries associated with
the local decrease in nickel concentration (Figure 10b) [297] as the ageing time lengthens,
causes the course of the two-stage B2 transformation→ R→ B19′ [297]. Inside the grains
with a relatively higher concentration of nickel in the alloy [297], the direct transforma-
tion B2→ B19′ [297] takes place. It is related to the explanation of the essence of this
phenomenon only in the first decade of this century [297], despite the long-standing infor-
mation about a three-stage martensitic transformation in aged Ni-enriched polycrystalline
Ni–Ti alloys, as opposed to alloys with a stoichiometric composition [348,373,379–390].
No new type of martensite has been diffractionally confirmed to be induced by such a
conversion. The abnormal multistage martensitic transformation in aged Ni–Ti alloys, as
revealed by the presence of three peaks on the differential scanning calorimeter DSC curves
during the two-step conversion [297], was explained by testing two alloys with different
atomic nickel concentrations of 50.6 and 51.5%. As described, the cause of this phenomenon
is the differentiation of nickel concentration at the boundaries and inside the grains of
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Ni–Ti alloys and the resulting heat flow effects on the temperature axis. Therefore, in the
border areas of grains, a two-stage transformation takes place according to the scheme
B2→ R→ B19′, while inside the grains, a direct transformation takes place according to
the scheme B2→ B19′, as a result of which the DSC curves noticed not a pair, but a larger
number of peaks, apparently indicating how it was thought before: the three stages of
change. With the higher nickel concentration among the test, there are conditions for the
homogeneous separation of Ti3Ni4 phase particles during ageing in the volume of the entire
grains, and with a relatively longer ageing time, the growth and coagulation processes of
the precipitations also take place. It is the reason for the normal one-step transformation of
B2→ B19′ [297].

A crystallographic relationship of R. Kainuma’s, M. Matsumoto’s, and T. Honma’s
was found between martensite B19′ and the other phases confirmed on the stereographic
projection [366], given below:[

101
]

B19′//[111]R//[111]Ti3Ni4
//[111]B2.

The significant stress field generated in this way enables a two-variant course of the
directly or two-stage transformation [365,366] associated with increasing the temperature
of the R phase transformation [368]. The necessary condition to ensure the course of the
B2→ R transformation is the damping of the direct transformation according to the scheme
B2 → B19′ [374]. The opposite is the case with the precipitation of coarse-grained pre-
cipitations of the Ti3Ni4 phase, which has little effect on the formation of the R phase in
the absence of coherence. Therefore, the growth and coagulation of Ti3Ni4 precipitations
and the related loss of coherence favor the direct transformation B2→ B19′ [189,391,392].
Therefore, with the extension of the ageing time and the increase in the ageing temper-
ature, the precipitation hardening mechanism by Ti3Ni4 phases is less effective [299],
which reduces the hardness [299]. Under such conditions, the proportion of Ni4Ti3 de-
creases, or this phase decomposes into a mixture of Ni3Ti2 and Ni3Ti [393]. The distinctive
parabolic character of hardness changes with the extension of the annealing time is re-
lated to the ageing effect [299]. Under these conditions, nitinol exhibits only a one-sided
shape memory effect [372].

During reheating, the B19′→ R conversion takes place in a relatively short time. In
contrast, after lengthening the time, the direct formation of austenite B19′ → B2 dominates,
and most probably R → B2, because the differential scanning calorimeter DSC peaks
corresponding to both coincide transformations of B19 ′→ B2 and R→ B2 [345].

5. The Importance of Heat Treatment and Other Technological Processes of Shaping
the Structure and Properties of Nitinol Alloys Used in the Production of Endodontic
Tools

This chapter presents numerous examples of detailed information taken from the
literature on applying various structure-shaping processes in technological operations of
heat, thermomechanical, and surface treatment aimed at changing functional properties.
Tests of various materials’ mechanical properties are often carried out, especially products
manufactured by different manufacturers, but without properly documented dependence
of these properties on the state of the structure and chemical and phase composition of the
materials from which endodontic instruments were made. As a result, many of the works
cited in this chapter take a piecemeal approach. In many of the cited publications, there is no
proper material science interpretation of the properties of various endodontic tools tested
for mechanical properties, including fatigue. Products of different companies with well-
known brand names are often compared without knowing the exact chemical composition
and without researching the structure, or only with a very rough estimation of it. Usually,
there is no analysis of the share of nonmetallic inclusions and no knowledge of the exact
technological history of the tested element. Simplified tests of mechanical and fatigue
properties are often performed in workshop conditions simulating real working conditions.



Processes 2022, 10, 101 25 of 59

Nevertheless, despite these obvious methodological flaws in many of these works,
the results obtained, as a rule by authors directly or indirectly related to dental practice
and not to material science research, may have some practical significance. Despite many
reported results, it is very difficult to generalize them, because in general, no attempts
were made to plan the experiments statistically. These results are, therefore, mainly of the
so-called swift trying. In this chapter, therefore, an effort has been made to provide the
correct interpretation of the observed regularities with the use of this numerous residual
information, often taken from the mentioned sources, and the essence of phase changes
and structural phenomena described in detail in Section 4 of this paper. However, this
information is missing in the most frequently quoted literature sources. The interpretation
mentioned above is the contribution of the authors of this paper to the organization of
the complex material science knowledge concerning endodontic tools etched from nickel–
titanium alloys of the nitinol type.

Endodontic tools made of nitinol alloys, similar to all other metal materials, to be prac-
tically available for any practical application, require technological processes of shaping
their structure and properties [146–148,162]. Regardless of the material manufacturing
processes and the processes shaping their geometric features, these processes include con-
ventional heat treatment and thermomechanical treatment and surface treatment processes.
At the turn of the first and second decades of the current 21st century, several new techno-
logical solutions were implemented, which increased producers’ offer of nitinol alloys and
endodontic tools made of them and improved their functional properties. The essence of
the actions taken in this respect is the differentiation of the phase composition of the matrix
of nitinol alloys, starting from austenitic B2 through mixtures of austenite, martensite, and
R phase B2 + B19′ + R, with a different proportion of individual phases or without the partic-
ipation of some of them, as noted in this chapter. It shapes the differentiated transformation
temperature range (TTR) of the initiation and the end of individual phases, i.e., As, Af, Ms,
Mf, Rs, Rf, respectively. The structure of nitinol subjected to various shaping processes may
also include the dispersion of the metastable phases Ti3Ni4 and Ti2Ni3 [179,320,321]. All
these issues are described in detail in Section 4. Due to the significant differentiation in
hardness and plastic properties of individual phases, especially austenite, martensite, and
R phase, it is possible to differentiate the properties of endodontic tools, especially their
fatigue life and suitability for the preparation of curved root canals without excessive risk
of iatrogenic errors related to instrument fracture inside the root canal. Hitherto known
technological solutions in this field are described in detail in the further part of this chapter.

Annealing is a commonly used technological operation of the heat treatment of nitinol
alloys. In order to investigate the significance of annealing, the Ni54.5Ti45.5 alloy (wt.%)
was tested in static tensile tests [284] under standard conditions under ASTM E8M-91 [394]
after annealing at 400, 600, and 800 ◦C for 30 and 45 min, followed by cooling in water to
room temperature. DSC methods found that only one-stage transformation B2→ B19′ [284]
takes place in this case. The intensity of the transformation is greater at the annealing
temperature of 600 and 800 ◦C than in the as-received state and after annealing at 400 ◦C,
which results from the field of internal stresses, point defects, and deformations generated
in plastic working processes during the production of Ni–Ti bars [286]. On the other hand,
increasing the annealing temperature above the recrystallization temperature makes the
defects mentioned above of the crystal structure disappear, but grain growth and precipita-
tion processes occur [287,288]. Local stresses related to these coherent and semicoherent
precipitations increase the Ms temperature after annealing during the martensitic trans-
formation [286]. The As and Af temperatures also increases, while the Mf temperature
decreases [284]. The flow stress during static tension and the shape of the tension curves
depend on the annealing temperature (Figure 11a). Immediately in the delivered condition,
after plastic deformation after annealing at 400 ◦C, the proportion of plastic deformation
is insignificant, and the elongation slightly exceeds 14%. After annealing at 600, 800, and
900 ◦C, the elongation is at least 45%, even 60%. In the first stage, the stress increases linearly
due to the elastic deformation of martensite. In the second stage, a stress plateau occurs de-
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spite an increase in strain, after a slight decrease in stress, resulting from the initial blocking
of the B19′ martensite reorientation [395] and subsequent martensite detwinning [396,397].
In the third stage, there is a significant increase in detwinning processes in martensite B19′,
and a significant increase in stress and elongation [284], generation of dislocations [398],
and reorientation of martensite B19′ [398,399] continues. The last stage is characterized
by plastic deformation of nitinol with intensified dislocation slip [284]. The dislocations
generated influence the immobilization of the twin boundaries in martensite B19′ [400],
although the link with the detwinning mechanism is difficult to demonstrate [401].

Cyclic temperature changes have a significant influence on the structure of nitinol
alloys. Properly prepared samples from the Ni50.5Ti49.5 (at.%) alloy with a temperature of
Ms and Af, respectively approx. 1 ◦C and 23 ◦C, were subjected to thermal cycles, starting
from room temperature (RT), followed by immersion in liquid nitrogen (LN), and then in
boiling water (BW) according to the scheme of each cycle RT→ LN→ BW→ RT [337]. By
DSC with an interpretation under ASTM 2004-05 [197], it was found that the temperature
of Ms and Mf and As and Af respectively decreased with an increase in the number of
heat cycles, although the temperature of As and Af decreased at a much slower rate
(Figure 11b) [337]. The temperature range of Ms − Mf is around 4.5 ◦C in the first two
cycles and stabilizes at 5.5 ◦C in the following cycles. The temperature range As and Af of
the austenite transformation also decreases with increasing the number of thermal cycles
from about 6.5 ◦C after one cycle to about 3 ◦C. With an increase in the number of cycles,
the B2→ R transformation occurs, and the temperature Rs and Rf increases strongly by
~21 ◦C and ~16 ◦C, respectively, after 100 cycles. Therefore, the peak width for the R phase
increases from 6.6 K after the fourth cycle to 15.7 K after 100 cycles [337].

The thermodynamic treatment of thermoelastic martensite [402–406] emphasized the
importance of the change of the free elastic energy accompanying the transformation and
the frictional work required for propagation between the martensite–parent phase during
transformation. As the number of thermal cycles increases, the temperature Ms decreases
faster than the temperature As, which causes the friction work ∆Ea–m to increase almost
logarithmically with the increasing number of cycles. ∆Ea–m is calculated based on the
width of the hysteresis loop of the transformation B2→ B19′, where the indices (a–m) refer
to the transformation in the direction of B2→ B19′ austenite into martensite. The increase
in ∆Ea–m results from the domination of the friction energy ∆ Ef, determined by the density
of dislocations counteracting the migration of the martensite interface and the increase in
the friction energy by two orders of magnitude. Along with the increase in the number
of cycles, there is an almost logarithmic increase in the reversible elastic energy ∆Ea–m eo,
related to the initial nucleation of martensite at the Ms temperature [402–405]. The stored
elastic energy ∆Ea–m eo is estimated on the basis of the measurements of the temperature
Ms and Mf [402,403,407].

The heat treatment temperature is an important factor influencing the properties of
nitinol alloys. Ni 50.7Ti 49.3 (at.%) alloy was aged at temperature of 300, 350, 400, 450,
500, and 550 ◦C for 2, 10, 20, 30, 60, 120, and 180 min, followed by air cooling [349]. It is
accompanied by the precipitation of the Ti3Ni4 phase influencing the Ms and Mf phase
transition temperatures and the associated stress levels, as shown in Figure 11c [297,350].
Ageing in the range of 300–500 ◦C systematically reduces the temperature of the upper and
lower plateau of the hysteresis loop—ageing at 550 ◦C results in an initial stress reduction
that quickly decreases as the ageing time increases. Ageing at 500 and 550 ◦C for 120 and
180 min significantly increases the residual deformation of the permanent set.
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Figure 11. Schemes: (a): he influence of annealing conditions on the form of the tensile curves of
the nitinol alloy; (b): the influence of cyclic temperature changes on the characteristic temperature
of the beginning and end of the martensitic transformation, the formation of the R phase and the
reverse martensitic transformation, and the change of the free energy of elasticity accompanying
the transformation; (c): the influence of ageing time and temperature on the stress plateau range
of the hysteresis loop of the martensitic transformation and increasing the residual permanent set
deformation.

The tests of the Ni55Ti45 alloy (wt.%) were performed after aging at the temperature
of 500 ◦C in the range from 10 min to 5 h using the DSC method [298]. During cooling,
the transformation of austenite into the R phase B2→ R and the R phase into martensite
R→ B19′ [323–326] was identified. During heating, the inverse conversion of B19′→ R
occurs sequentially after ageing for 30 min or less and after ageing for more than 40 min,
which indicates that most martensite is formed by the transformation of B19′ → B2 directly
into austenite, although R → B2 cannot be excluded as the peak corresponding to this
transformation may be hidden inside the main peak [345]. At the beginning and end of
the phase transformation, the temperatures increase with the ageing time (Figure 12a). It
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was found to be related to an increase in the volume fraction of Ni4Ti3 precipitations in the
parent phase [298]. The precipitation effects during ageing have a very significant influence
on the mechanical properties of nitinol alloys. Several nitinol alloys with the following
composition Ni58Ti42, Ni57Ti43, Ni56Ti44, Ni55Ti45, Ni54Ti46, and Ni53Ti47, (at.%) [299],
cast and remelted several times under argon atmosphere, were tested, which were then
homogenized in vacuum at 1050 ◦C for 24 h and cooled in the furnace to be hot rolled,
followed by annealing at ~980 ◦C for 150 min and cooling in quench oil. They were again
annealed by soaking at 1050 ◦C for 10 h with cooling in water. Then, the ageing was
performed at 400, 625, and 750 ◦C for various times, from 10 min to 200 h. In any case,
where the ageing time is greater than 24 h, the specimens were wrapped with a tantalum
foil and treated under an argon atmosphere to eliminate oxidation. After cooling with
the furnace, coarse-grained, stable, and metastable precipitations of nickel-rich phases
were formed, resulting in the alloy’s low hardness [393]. Water cooling of the Ni57Ti43,
Ni56Ti44, and Ni55Ti45 alloys causes the precipitation of Ni4Ti3 in the matrix with the
B2 structure, decisive for obtaining the maximum hardness in the range of 634–649 VHN,
respectively [299] (Figure 12b,c), by precipitation hardening according to the Orowan
mechanism. The hardness is significantly reduced [299] as the volume fraction of the
metastable Ni4Ti3 phase decreases, and when it decomposes into larger Ni3Ti2 and Ni3Ti
particles at higher ageing temperatures when cooling with the furnace is slower [393]. The
ageing of Ni54Ti46, and Ni53Ti47 alloys at the temperature of 400 ◦C, for several hours
shows a characteristic parabolic character of changes in hardness (Figure 12b), while alloys
with a higher concentration of Ni do not show significant changes in hardness as the ageing
time is extended to at least 100 h. In the Ni58Ti42, Ni57Ti43, and Ni56Ti44 alloys, along
with the increase in Ni concentration in the alloy, as well as the temperature and ageing
time, the Ni4Ti3 phase precipitates quickly decompose into coarse Ni3Ti2 and/or Ni3Ti
phases, which causes a significant reduction in hardness (Figure 12c).

Phase transitions accompanying temperature changes and deformations presented in
Figure 10 constitute the basis for using endodontic tools in heat treatment. Nitinol alloys
with B2 austenitic structure make it possible to use the superelasticity effect only due to
changing the stress state and even without changing the temperature [408]. Stress-induced
martensite (SIM) transformation ensures the formation of a martensitic structure according
to the scheme B2→ B19′, described in detail in Section 4 of this paper. It may take place,
for example, when inserting an endodontic tool into a curved root canal, and it allows to
increase the maximum deformation by up to 8% [120] and to lower the elastic modulus
without increasing the stress compared to corrosion-resistant steels [134]. As a result, the
flexibility of Ni–Ti endodontic tools is also increased [134]. Withdrawal of the tool from
the curved root canal and the associated reduction of the stress level causes the reverse
transformation of the structure of the nitinol alloy according to the B19′→ B2 martensite
scheme into the austenitic phase and the restoration of the original shape of the tool. It
is accompanied by a transformation of twin martensite into deformed one, defined as
martensite reorientation MR. The mechanism of the relevant phase transformations has
been described previously. The described changes related to the shape memory effect of
SME and the martensite reorientation MR temporarily occur in nitinol alloys under the
influence of external factors, while the permanent achievement of the B19′ martensitic
structure by endodontic tools is of fundamental importance. The martensitic structure
undergoes reverse transformation according to the B19′→ B2 scheme into austenite, show-
ing the shape memory effect during heating (e.g., autoclaving) by returning to its original
shape, which is described in detail in Section 4 of this paper. The properties of nitinol with
the martensitic structure B19′, i.e., lower hardness and greater plastic properties than those
characteristic for the austenitic structure B2 [291–296], ensure increased fatigue life and frac-
ture toughness [409,410]. It was also confirmed that the two-phase austenitic–martensitic
structure B2 + B19′ provides better fatigue life than the single-phase austenitic structure
of nitinol B2, regardless of the previously indicated methods of increasing the martensitic
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transformation temperature according to the scheme B2 → B19′ (Figure 9) by alloying
additives [42] and the applied technological processes [43,81–84,179–181,289].
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Marketing activities are also accompanied by improvements or only changes in techno-
logical processes concerning tools made of nitinol alloys. Undoubtedly, a manifestation of
such activities is the implementation of gold and blue heat-treated tools. In 2011, Dentsply
Tulsa Dental (Tulsa, OK, USA) developed the ProFile Vortex Blue and ProTaper Gold
rotary endodontic tools and the Reciproc Blue, VDW, and WaveOne Gold reciprocating
endodontics [411]. Said tools after manufacture are then subjected to complementary post-
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production heat treatment [412,413]. The thin surface layer of titanium oxide produces a
distinctive surface contrast of blue color [414]. In the so-called gold heat-treated endodontic
instruments, the surface layer is also responsible for the characteristic color [415]. After
such heat treatment, the nitinol matrix is predominantly the R phase or B19′ martensite,
whereby the alloy is more flexible [413] and has significantly improved fatigue life [416–418],
conventionally treated nitinol with austenitic B2 matrix.

Heat treatment of nitinol is, therefore, one of the methods of improving the mechanical
properties of nitinol, by regulating its transformation temperature and controlling its
structure by cooling in the critical transformation temperature range (TTR) between the
temperature of the beginning and end of the transformation of austenite into martensite
B19′ and the R phase, respectively [412]. For example, the temperature Af = 38.5 ◦C
of austenite in the case of nitinol Vortex Blue is close to the temperature of the human
body, while the temperature Ms = approx. 31 ◦C, and therefore it is lower than this
temperature [419]. Due to the high proportion of soft and malleable martensite B19′,
heat-treated blue endodontic instruments show lower surface hardness than other nitinol
tools [420,421]. The so-called gold endodontic instruments subjected to post-production
heat treatment reduce the technological defects of heat treatment [415,422,423] and have
a temperature of Af = about 50 ◦C; therefore, at the temperature of the oral cavity, their
structure consists mainly of martensite B19′ and/or phase R [415]. The desirable structure
of nitinol so shaped provides greater flexibility and fatigue life than untreated nitinol
alloys [415,422,423]. Due to the martensitic structure of B19′ and/or R, respectively, all
the so-called heat-treated gold and blue endodontic tools exhibit increased flexibility and
fatigue life compared to other nitinol instruments [157,274,415,417,418,420,421,423–431].
However, blue and gold endodontic tools are inferior in terms of fatigue life to tools
subjected to EDM processes [274,432]. The torque, however, remains greater in this case,
even though the maximum twist-break angle was smaller [274].

All of these heat-treated endodontic tools ensure good centering when preparing
even strongly curved root canals [433–437]. The so-called gold and blue endodontic tools
are more effective in lateral root canal preparation [438], due to the relatively harder
surface layer after post-production heat treatment, which can compensate for even the
lower hardness of the martensitic substrate B19” and/or R or B19′ + R, respectively [421].
Recently, even newer TruNatomy endodontic instrument systems (TRN, Dentsply Sirona)
have been developed, employing post-production heat treatment [412]. According to the
manufacturer, they show greater flexibility and effective shaping while removing the dentin
itself where clinically required [439,440].

A very similar structural concept to the so-called gold and blue endodontic instruments
are demonstrated by the MaxWire technology (Martensite–Austenite-electropolish-fileX)
by FKG Dentaire [441]. Thanks to thermomechanical treatment, the structure of martensite
B19′ at room temperature is obtained, which undergoes reverse transformation according to
the B19′→ B2 scheme into the austenitic phase, which restores the original curved shape of
the tool under the influence of intracanal temperature. Therefore, these tools show a shape
memory effect after insertion into the root canal and, during production, superelasticity.
The curved shape of the tools produced in this way makes it possible to develop a curved
root canal.

The use of thermomechanical treatment for nitinol, first used in 2007 by Sportswire
LLC (Langley, OK, USA) to the so-called M-Wire bars [135,442] containing 55.8 ± 1.5 wt.% Ni,
44.2 ± 1.5% Ti and <1 wt.% trace elements [443]. This alloy is characterized by a higher
temperature Af = 43–50 ◦C than in the case of conventional nitinol [278,416,444–446], which
results, at human body temperature, in the structure B2 + B19′+ R of the austenite mixture
with a relatively small share of martensite and R phases [278,444,446]. This phase composi-
tion provides a superelastic state [447] and increased flexibility compared to conventional
nitinol [278,421,448,449]. In the case of nitinol subjected to the mentioned thermomechan-
ical treatment, there is a reduction in initial elastic modulus compared to conventional
nitinol due to the stress-plateau occurring due to stress-induced martensite (SIM) trans-
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formation [278,448]. The induction of B19′ martensite transformation requires less stress
than conventional nitinol [278,448]. Nitinol produced by the mentioned technology is also
characterized by better fatigue life than conventionally produced [163,445,447,448,450,451],
with increased resistance to fatigue crack initiation [163] and torsional strength comparable
to conventionally produced alloys [163,447,452].

A similar structure of the B2 + B19′ + R mixture of austenite and martensite with a rela-
tively small proportion of the R phase at room temperature is shown by CM Wire [273,416,453],
which was introduced in 2010. The structure of unused Hyflex CM tools provides a tem-
perature of Af = 32–37 ◦C, and after use, it rises to Af = 54–61 ◦C, when the intracanal
temperature is lower, i.e., 47–55 ◦C [273,416,453]. The temperature of Ms, As, and Af for
unused CM Wire tools is lower than for tools made with EDM technology, which is a
consequence of different phase structures [273]. In the case of nitinol produced by the EDM
method, the structure of nitinol is a mixture of martensite with a significant share of the R
phase, i.e., B19′ + R [268,273]. In this case, the lack of austenite B2 at room or body tempera-
ture is related to the temperature As = 42 ◦C [273,416]. In the structure of nitinol produced
by the EDM method, the precipitation of the Ti3Ni4 phase was also found [273] as an ageing
effect of the austenitic matrix accelerating the martensitic transformation according to the
B2→ R scheme, which is described in Section 4 of this paper, e.g., in work [179]. In the case
of CM Wire, the temperature As = 21 ◦C [273,453], therefore the structure is a mixture of
austenite and martensite B2 + B19′ [273]. CM Wire shows no superelasticity at both room
temperature and oral temperature [454]. As a result, endodontic tools produced in this way
do not straighten during the preparation of curved root canals [455–457]. In many cases,
in clinical practice, the reduction in the transport of dentine removed from the root canal
wall was not confirmed compared to other nitinol endodontic tools [455–459], despite the
improvement in this respect indicated by the manufacturer [460]. Hyflex CM tools are also
characterized by increased cutting efficiency, especially inside action [461,462]. Due to the
reduction of the martensite reorientation MR temperature, the SIM mechanism requires less
critical stress [454], which directly justifies the increased flexibility of CM Wire concerning
other nitinol tools [160,413,463–467], as well as increased fatigue life [157,463,465,468–470].
There was no significant effect on the maximum torque, but the twist angle leading to the
scrap was greater [471–473].

Further search for an improvement in fatigue life [159,442,451,474–482] and an in-
crease in endodontic tools’ flexibility compared to conventional non-heat-treated nitinol
tools [483–487]. They were led to the development in 2008 by the company SybronEndo
(Orange, CA, USA) of the production process of the so-called twisted file TF. The TF process
involves heat treatment to obtain the R phase structure by twisting the raw wire with a B2
austenitic structure in the required temperature range with controlled cooling, ensuring
the stabilization of the R phase according to the B2 → R scheme, which is described in
detail in Section 4 of this paper and the subsequent surface conditioning of this wire [451].
Nitinol with the R phase structure shows a lower shear strength modulus, and the defor-
mation required for the transformation into the R phase according to the scheme B2→ R
is about ten times smaller than that corresponding to the transformation into martensite
B19′ according to the scheme B2→ B19′ [488,489]. It is technologically advantageous as
it requires much less stress to induce the transformation to R phase according to scheme
B2→ R [484]. In the TF process, after twisting, the reverse transformation of the R phase
into austenite occurs according to the R→ B2 scheme, which requires controlled methods
of lowering the temperature [484]. Subsequent modifications of this approach to obtain
the R phase according to the B2 → R scheme include the TF adaptive process similar
to TF, also marked as TFA, also by SybronEndo, as well as another, marked as K3XF, in
which the tools are produced by grinding nitinol with austenitic structure B2, and only
subsequent heat treatment allows them to obtain the R phase structure according to the
scheme B2→ R [135]. Formation of stress-induced martensite SIM requires less stress
for significant advancement of the course of the transformation according to the B2→ R
scheme [490]. In the case of TF technology tools, the stress-plateau occurring due to SIM
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transformation and martensite reorientation MR are reduced, as mentioned in Section 4 of
this paper. The stress hysteresis loop is narrowed compared to conventionally processed
nitinol [484,485]. The described structural mechanisms, inherent in the essence of the TF
technological process, have a close impact on the functional properties of endodontic tools,
thanks to the increased flexibility, allowing dentists to center the tool during the preparation
of the root canal and reduce the transport of the dentine removed from the root canal wall
and the risk of pushing the remains of pulp and cut canal dentine beyond the apical hole
compared to when using conventional rotary tools made of nitinol [491–494]. On the other
hand, nitinol tools produced in the TFA process allow the dentist to adapt the tool during
the preparation of the root canal, being a superposition of rotational and/or reciprocating
movement depending on intracanal torsional forces [135]. Because in the discussed cases,
when the structure of the tool is the R phase, temperature Af = 18–25 ◦C [416,484,485,495]
under working conditions in the oral cavity, they show the structure of superelastic austen-
ite as a result of the reverse transformation of the R phase into austenite under these
conditions according to the scheme R→ B2 [484]. All details regarding the sequence of
such structural changes to nitinol are explained in Section 4 of this paper. The fatigue
life of nitinol tools with the R phase structure is similar to that exhibited by tools made
with the use of thermomechanical treatment in the M-Wire process [474,496], while the
maximum torque is reduced, with a greater twist angle to scrap compared to M-Wire and
conventionally-made Ni–Ti nitinol tools [471,483,497,498].

6. The Influence of Sterilization on the Possibility of Using Nitinol Endodontic Tools

An important factor determining the effectiveness of the dentist’s work in the perfor-
mance of endodontic procedures and the suitability of tools for this work in subsequent
procedures are the phenomena occurring in the tools during sterilization in the dentist’s
office, necessary due to the maintenance of obvious sanitary and epidemiological condi-
tions [137,499–501]. While all the aforementioned structural phenomena described in the
previous chapters and the previously cited works [137,499–501] are related to the manufac-
turing of the material, and the manufacturing of tools, and the dentist receives ready tools
in the same condition as provided by the manufacturer, his decisions have a direct impact
on the phenomena occurring in tools during sterilization in their clinic. General guidelines
in this regard are given in [502–507]. At the same time, in [139], the so-called systematic
review, which, as stated earlier, does not provide valuable substantive information on this
issue, despite using a very avant-garde approach to developing the collected information.
For this reason, these issues are discussed a bit more in this chapter.

The sterilization of endodontic tools made of nitinol alloys has been analyzed in
numerous publications [137,471,475,499–501,508–542]. A very important issue for solv-
ing this problem is the selection of an appropriate research methodology, which consists
of measuring the cutting efficiency [513] with the use of linear “push and pull” move-
ment [514,516], rotational movement concerning the long axis of the tool [513,515], and
also with irrigation [511,512]. Acting as the processed material simulating clinical condi-
tions, is the dentin of extracted natural human [516,518] or bovine [517] teeth and bovine
bones [514,515,517], as well as blocks of polymeric materials [511], phenolic resin [512],
and poly (methyl) methacrylate PMMA [510,513] with cylindrical canals symbolizing
curved root canals [499,508,510,513]. Surface changes of tools were observed after cut-
ting tests with the SEM scanning electron microscope [519,520,523,524] and atomic force
microscope [521,522].

In general, it can be concluded that tools made of nitinol alloys show lower cut-
ting efficiency [510], and, at the same time, greater flexibility than those made of other
metal materials, including corrosion-resistant steels [499]. When corrosion-resistant steel is
used for endodontic tools, sterilization processes do not have a significant effect [511,512],
although it is not confirmed by the work results [502], which makes this statement am-
biguous. Compared to conventional tools made of corrosion-resistant steel, it was un-
equivocally found that sterilization influences a significant decrease in cutting ability and
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efficiency [499,508,509]. Table 4 compares, for example, the results of the assessment of
cutting efficiency using tools made of corrosion-resistant steels and nitinol alloys subjected
to sterilization under various conditions.

An original experimental technique was developed that simulated clinical condi-
tions [513] to measure the impact of sterilization impact assessment. This method is based
on the assessment of the effectiveness of cutting tools on their full working length of 16 mm
in properly profiled poly (methyl) methacrylate PMMA plates with a hardness of 33 VHN
inclined to follow the taper of 2% of the tools. Four series of 25 cuts were made with each
tool, and each cut was made on a new flat, smooth surface of the PMMA plate. Prior to each
cut, water was irrigated at 85 mL/s. A quarter-turn clockwise rotation was made, followed
by a 16 mm/s pull action at 16 mm/s. The constant load was 325 g. The cutting efficiency
was determined by measuring the weight of the cut PMMA plate with an accuracy of
3 × 10−5 g for the unit of energy used during cutting in Mg/J. The research allowed for
the formulation of a ranking of various tools from different materials [513]. There are
new variants of the measurement of cut mass in PMMA concerning the energy used in
the standard number, e.g., 50 linear cutting cycles [510]. In vitro tests of endodontic tools
used to develop 1, 5, and 10 molars were also carried out, showing significant differences
between the properties when processing one tooth compared to those used for processing
5 or 10 teeth [512]. Treatment efficiency decreased when one to five teeth was used. Its
decrease is due to the sterilization of tools [512].

A significant decrease in the cutting efficiency of nitinol rotary tools with a taper
of 0.04 or 0.06 was found under the influence of repeated 14 or 7 sterilization cycles for
30 min compared to those not sterilized at all (Figure 13) [499]. Repeated autoclaving
changes the surface structure of endodontic tools [499]. In the case of the highest number of
14 sterilization cycles, there are significant changes in the distribution of the surface chemi-
cal composition compared to nonsterilized tools, mainly due to the increased proportion of
titanium oxide on the surface [499], which resulted in the loss of properties of these tools.

Table 4. The cutting efficiency of endodontic tools concerning sterilization procedures.

No. Material Type of
Autoclave

Time and
Temperature

Autoclave
Cycles Number

Reduction of
Cutting

Efficiency
Comments Reference

1

Stainless steel

Steam autoclave 15 min, 121 ◦C 5, 10, and 15 No results No significant differences in cutting
efficiency. [512]

2 Autoclave bags 30 min, 132 ◦C 10 No results
Autoclave sterilization resulted in a small

but significant decrease in cutting ability of
the files.

[511]

3 Chemiclave 30 min, 131 ◦C 5 63.9–77% A cutting efficiency reduction in range of
50% to 77%.

[502]10 50.4–73%

4

Nitinol

Euroclave 30 min, 121 ◦C 7 20% The number of sterilization cycles is a
determining factor as to cutting efficiency. [499]14 50%

5 Aesculap
Automat 356

30 min, 134 ◦C 5 16.1% Sterilization resulted in a significant
decrease in cutting ability. [508]10 50.6%

6 STATIM 5000 6 min, 132 ◦C 2,3,7,8, and 9 No results A statistically significant decrease in
cutting efficiency. [509]

Assessment of the effect of repeated simulated clinical use and successively after
1–10 sterilization cycles on the cutting performance and flexibility of rotary tools in a three-
point bending test is performed by measuring the load required to maintain a constant
feed rate during the development of simulated root canals. In cases where the sample
size was statistically sufficient, a significant decrease in cutting efficiency was found with
an increase in the number of sterilization processes [509]. After treatment with sodium
hypochlorite NaOCl for 12 or 48 h or not at all, the cutting performance was assessed
compared to a conventional K-type tool in corrosion-resistant steel. Treatment by chemical
disinfection in NaOCl has no significant effect on the cutting performance of endodontic
tools [510]. This aspect has been extensively studied by chemical disinfection in NaOCl
(2.5%) for 12 and 48 h and NH4 (5%) for 1 and 4 h, ultrasonic cleaning for 4 and 16 cycles of
15 min, and sterilization methods using chemiclave for 5 and 10 cycles of 20 min, thermal
sterilization (Poupinel) for 5 and 10 cycles of 120 min at 180 ◦C, and glass bead for 10 and
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40 cycles at 250 ◦C. Cutting efficiency was assessed as the mass of PMMA cut per unit
of energy expended by the tool. Cutting efficiency decreased from 1 to 77%, depending
on the type of tool, while thermal sterilization (Poupinel) did not change the cutting
efficiency, and the decrease in cutting efficiency was independent of the frequency and
time of treatments [502]. Multiple autoclave sterilization in combination with the initial
exposure to sodium hypochlorite NaOCl does not increase the efficiency of tools made of
nitinol coated with TiN surface in the physical vapor deposition PVD process [508].
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7. SWOT Analysis of Strengths and Weaknesses as Well as Opportunities and Threats
of Using Nitinol Tools in Endodontics and Forecast of Their Strategic Development

This chapter of the paper contains an SWOT point analysis, including a comparative
analysis of the strengths and weaknesses of endodontic tools made of nitinol, as well as a
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list of key opportunities and threats that may affect the development and market success of
tools made of this type of Ni–Ti alloy for the preparation of root canals. SWOT analysis is
an integrated method that compiles and compares the key internal and external factors,
both positive and negative, that most significantly affect the current market position of
the subject of the analysis and determine its future development [66]. The SWOT analysis
results constitute the base information for formulating a strategy aimed at indicating the
best way to strengthen the diagnosed market position in the long term.

As part of the performed work, an expert evaluation of nitinol as a material used in
endodontics was performed, taking into account twenty key factors. A universal scale
of relative states was used to assess the impact of each of them. It is a ten-step unipolar
positive interval scale with no zero, with 1 being the minimum value and 10 being the
maximum value that can be assigned (Figure 14).
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Five key internal positives (strengths) and negative (weaknesses) factors, as well as
positive (opportunities) and negative (threats) external factors, were defined. In this way,
four groups of factors of the most important and the greatest influence on the development
of endodontic tools made of nitinol were created, and assigned weights reflecting their
importance (Figure 15).

The most important strengths of endodontic instruments made of nitinol include the
mechanical resistance to breaking (S1) inside the root canal, which was assessed as quite
high, corresponding to 7 points on the universal scale of relative states. The awarded assess-
ment is related to the fact that, although endodontic tools made of nitinol are characterized
by higher torsional strength than tools made of corrosion-resistant steels, it is difficult to
avoid incidental fracture during clinical practice in their case as well. One of the reasons for
this type of iatrogenic error during root canal preparation may be the insufficient torsional
strength, which occurs when the working part of the tool becomes trapped in the root canal.
The handle continues to rotate until the torsion strength of the tool material is exceeded.
The second possible cause of tool breakage, which has to leave its tip inside the prepared
canal, is tool material fatigue even more often. Therefore, among the strengths of nitinol
tools, the material fatigue life (S2) is distinguished, which can be optionally measured
as the time to fracture during operation or the number of cycles to fracture (NCF) of the
tool. Another strength of the tools made of nitinol is these tools working efficiency (S5).
Nitinol tools, as the only ones on the market, are suitable for working in curved canals.
Their use provides the possibility of a conical preparation of the root canal with a wide
mouth tapering towards the apex. Thus, effective evacuation of dentin filings and pulp
remains from the root canal and their absence pushing past the apex. The use of nitinol
tools also allows for the natural curvature of the prepared canal and its natural course.
One of the key properties of the alloy, which makes it possible for a dentist to undertake
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these works, is its springiness (S3) (which is greater than in the case of tools made of
other metal materials) and the associated resistance to plastic deformation over a relatively
wide range of deformation. In addition, tools made of nitinol can be characterized by
shape memory and superelasticity (S4), which requires the use of additional technological
processes, including heat treatment and cold working.
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The most significant weaknesses of nitinol endodontic instruments include reducing
cutting effectiveness due to sterilization (W3), which is necessary because of the obvious
sanitary and epidemiological conditions. Multiple autoclave sterilization changes the sur-
face structure of nitinol endodontic tools, regardless of the type of autoclave used. During
this process, significant changes in the distribution of the surface chemical composition
occur, mainly in the form of an increased proportion of titanium oxide on the surface. A
weakness of the tools made of nitinol is also the relatively high unit cost of the endodontic
procedure (W5) performed with their use, which includes the market price of these tools
and the need to use irrigators and lubricants, as well as high labor costs because high-class
specialists perform the procedures. It is directly related to another disadvantage associated
with the practical use of nitinol endodontic tools, which is the difficulty mastering the
root canal preparation technique (W4), requiring theoretical training and great skill and
experience of the dentist and their assistant. Among the disadvantages of tools made of
nitinol, the harmful effect of nickel on human health (W1) cannot be ignored. However,
this weakness was assessed as low (3 points) because the carcinogenic and allergenic effects
of nickel ions mainly concern medical devices that remain in the human body for a long
time. Their harmful effects in the case of temporary-use devices with a very limited time of
contact with human tissue are certainly much smaller or negligible and not yet supported
by scientific evidence. The last weakness regarding the use of nitinol endodontic tools is
the need for root canals disinfection (W2), which should ideally include irrigation of the
root canals in combination with the use of lubricants containing, in addition to glycerin,
urea peroxide or sodium edetate, thanks to which the synergy effect is obtained. These
actions complicate the performance of the procedure, and they are not always effective
enough to prevent postoperative complications.

Among the positive external factors, the greatest chance was the improving the most
effective technologies of manufacturing nitinol tools (O4), i.e., those during which thermoe-
lastic reversible martensitic transformation takes place in almost stoichiometric Ni–Ti alloys,
thanks to which the shape memory effect occurs, and the accompanying phenomenon
appears to be superelasticity. Obtaining these desired properties of nitinol alloys is signifi-
cantly dependent on the heat treatment conditions and the structure that arises as a result
of technological processes, in particular, the fining of austenitic matrix grain, dispersion
precipitation Ni4Ti3 in austenite, and the course of martensitic transformation. A com-
plementary action, offering a chance for further development, is optimizing the chemical
composition of the tool material (O3). The most suitable material for endodontic tools is
the nitinol alloy with a chemical composition corresponding to the stoichiometric atomic
concentration of the elements in the NiTi intermetallic phase with the lowest possible
concentration of the remaining elements admixtures are undesirable and only reduce the
properties of the final products. It is necessary to use high-purity raw materials contain-
ing 99.99% weight of Ni and 99.80% by weight of Ti to manufacture high-quality nitinol.
Purely practical aspects also determine the future market success of nitinol endodontic
tools. Therefore, improving the most effective manufacturing technologies and optimizing
the chemical composition of the tool material should be accompanied by the reduction
of manufacturing costs of nitinol tools (O5). Higher production volume is a chance for
scale effect. It means a lower unit cost of manufacturing a single endodontic tool. Another
chance for a systematic increase in the importance of nitinol tools used in endodontics is the
improving the crown-down method and its popularization (O2). This two-step technique
for elaborating root canals involves preparing the papillary and medial parts for 2/3 of the
root canal length or its straight part in the case of curved canals (step 1) and preparing the
apical part after measuring the working length (step 2). Improving this method should
minimize the risk of pushing the remains of dead pulp and dentine filings beyond the
apical opening. At the same time, its popularization should include extensive training
and marketing activities, increasing the interest of direct (dentists) and indirect (patients)
customers. Due to the greater efficiency and lower number of postoperative complications,
one should strive to increase the share of rotary nitinol tools in the total endodontic tools
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market (O1). As part of the old generation, hand tools should be gradually withdrawn
from the market and replaced by more modern rotary counterparts.

The most important factors that may hinder the development of tools made of nitinol
in the market of class I medical devices for endodontics in the future is the intensive
development and reduction of costs of manufacturing tools from competitive materials
(T1). The undoubted advantages of nitinol tools compared to corrosion-resistant steels,
such as springiness, flexibility, or fatigue life, alternatively used in mechanical techniques
for the development of root canals, can be overcome if these properties are significantly
improved for steel tools or the difference is increased price between steel and nitinol
tools, to the disadvantage of the latter. Promoting competitive materials and techniques
through industry lobby (T4) may become a significant threat in this area. It should be
remembered that, statistically, customers most often choose a product with a favorable
quality to price ratio. Therefore, sophisticated advantages may not compensate for the
benefits of acquiring a relatively good product at an affordable price, especially when it is
backed up by a good promotional campaign targeted at properly selected market segments.
According to the current proecological trends, there is a high probability that in the near
future, there will be the introduction of standards and/or legal regulations limiting the use
of Ni-based tools (T5). However, it is unlikely that it is the case for class I medical devices,
including endodontic tools. The harmful effects of nickel ions in the case of instantaneous
devices with a very limited contact time with human tissue are slight or negligible and
not supported by scientific evidence at the moment. Another potential external threat is
the invention of completely new materials for endodontic tools (T2). It is not excluded
due to the intensive development of materials engineering in recent decades, especially in
bio- and nanomaterials. Endodontic tools made of nitinol may also be threatened by the
significant improvement of the existing or introduction of a completely new technique of
root canal preparation (T3). Currently, competing with the mechanical techniques of root
canal preparation, laser and ultrasonic methods do not show any significant advantages,
hampering the development of mechanical techniques, which is reflected in the assessment.
However, a breakthrough in their development in the future cannot be ruled out, especially
in the emergence of more sophisticated laser devices used in more and more new areas
and industries.

Processes 2022, 10, x FOR PEER REVIEW  40  of  61 
 

 

weaknesses, and the difference between their weighted averages is 1.07 points. In the case 

of external  factors,  the difference between  the weighted averages  is slightly  larger and 

amounts to 1.25 points, favoring positive environmental factors. Therefore, an aggressive 

strategy, called MAXI‐MAXI, is adequate for developing endodontic tools made of nitinol. 

The application of this strategy in practice consists of diversification by searching for new 

geographic markets and new groups of  recipients,  combined with a  strong expansion 

based on numerous opportunities that arise from the immediate and further environment 

and continuous and systematic monitoring of identified threats. 

 

Figure 16. Scheme of an aggressive MAXI‐MAXI strategy for the development of nitinol as a mate‐

rial for tools in endodontics in the face of the advantage of strengths over the weaknesses and op‐

portunities over threats. 

8. Recapitulation and Final Conclusions 

Dental caries is the most common contagious disease globally, affecting 3–5 billion 

people. Caries causes numerous systemic diseases, and the resulting toothlessness causes 

further serious health complications, a significant deterioration of wellbeing, and a de‐

crease of quality and  length of human  life. Generally, good health of  the population  is 

closely related to oral hygiene, prevention, and effective treatment of oral diseases at the 

earliest possible stage of the disease, according to the Authors’ Dentistry Sustainable De‐

velopment (DSD) model. Depending on the stage of the disease, the method used is con‐

servative treatment and endodontic treatment in the case of more advanced disease. It is 

possible to successfully avoid tooth extraction by keeping it as a natural pillar, leaving a 

healthy marginal and periapical periodontium. Among the factors influencing effective 

endodontic treatment, apart from the correct selection of filling material and obturation 

methods, the root canal is properly prepared. Among the various techniques of prepara‐

tion of the dentine of the root canal for connection with the filling material, the classical 

methods of mechanical preparation and disinfection by cutting the dentine using hand or 

rotary tools are of great importance. When using classic corrosion‐resistance steel tools, 

an increase in their size reduces the tool’s flexibility. It thus increases the risk of iatrogenic 

treatment error related to the breaking of the tool inside the root canal, especially in curved 

canals. An alternative is tools made of nickel–titanium alloys, known as nitinol, which signif‐

icantly reduces the likelihood of incidental fracture in the course of clinical practice. 

Figure 16. Scheme of an aggressive MAXI-MAXI strategy for the development of nitinol as a
material for tools in endodontics in the face of the advantage of strengths over the weaknesses and
opportunities over threats.



Processes 2022, 10, 101 39 of 59

The next step of the SWOT analysis is a multicriteria analysis, the result of which is
the award of four scores expressing strengths numerically (8.07), and weaknesses (7.00), of
endodontic tools made of nitinol, as well as opportunities (8.65) and threats (7.40) carried by
their surroundings (Figure 16). The strengths of the nitinol tools outweigh their weaknesses,
and the difference between their weighted averages is 1.07 points. In the case of external
factors, the difference between the weighted averages is slightly larger and amounts to
1.25 points, favoring positive environmental factors. Therefore, an aggressive strategy,
called MAXI-MAXI, is adequate for developing endodontic tools made of nitinol. The
application of this strategy in practice consists of diversification by searching for new
geographic markets and new groups of recipients, combined with a strong expansion based
on numerous opportunities that arise from the immediate and further environment and
continuous and systematic monitoring of identified threats.

8. Recapitulation and Final Conclusions

Dental caries is the most common contagious disease globally, affecting 3–5 billion
people. Caries causes numerous systemic diseases, and the resulting toothlessness causes
further serious health complications, a significant deterioration of wellbeing, and a decrease
of quality and length of human life. Generally, good health of the population is closely
related to oral hygiene, prevention, and effective treatment of oral diseases at the earliest
possible stage of the disease, according to the Authors’ Dentistry Sustainable Development
(DSD) model. Depending on the stage of the disease, the method used is conservative
treatment and endodontic treatment in the case of more advanced disease. It is possible
to successfully avoid tooth extraction by keeping it as a natural pillar, leaving a healthy
marginal and periapical periodontium. Among the factors influencing effective endodontic
treatment, apart from the correct selection of filling material and obturation methods,
the root canal is properly prepared. Among the various techniques of preparation of the
dentine of the root canal for connection with the filling material, the classical methods of
mechanical preparation and disinfection by cutting the dentine using hand or rotary tools
are of great importance. When using classic corrosion-resistance steel tools, an increase in
their size reduces the tool’s flexibility. It thus increases the risk of iatrogenic treatment error
related to the breaking of the tool inside the root canal, especially in curved canals. An
alternative is tools made of nickel–titanium alloys, known as nitinol, which significantly
reduces the likelihood of incidental fracture in the course of clinical practice.

The paper presents a complete material science characterization of the structure of
nitinol alloys. It discusses all structural phenomena and phase transformations that deter-
mine the functional properties of endodontic tools made of this alloy. Attention was paid to
the importance of even small changes in the chemical composition around the equilibrium
atomic concentration of Ni and Ti and the processing conditions of these alloys. The various
variants of heat and thermomechanical treatment and surface treatment used by various
tool manufacturers and the importance of the participation of B2, B19′, and R phases
and their share in the nitinol alloys matrix structure for application in endodontic tooth
treatment were indicated. The importance of sanitary and epidemiological sterilization has
also been taken into account, as each sterilization process causes irreversible degradation
of each endodontic tool.

To sum up, in full, the prepared literature review gives the possibility of an SWOT
analysis of the strengths and weaknesses and the opportunities and threats of using this ma-
terial for endodontic tools. The strengths include mechanical resistance to fracture, fatigue
life, springiness, shape memory, and superelasticity, as well as the cutting effectiveness
of the tools, when the opportunities include increasing the share of rotary nitinol tools in
the total market, improvement of the crown-down root canal preparation method and its
popularization, optimization of the chemical composition material for tools, improvement
of the most effective technologies for the manufacturing of tools from nitinol, and reduction
of manufacturing costs of these tools. It provides an appropriately decisive advantage
over the weaknesses characterized by the harmful effects of nickel on human health, dis-
infection of root canals, reduced cutting efficiency as a result of sterilization, difficulty in
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mastering the technique of using nitinol tools and increasing the unit cost of the treatment
in the endodontic procedure when the threats include intensive development and lowering
the costs of manufacturing tools from competing materials, the possibility of inventing a
completely new material for endodontic tools, significant improvement of the existing or
completely new technique of root canal preparation, promotion of competitive materials
and techniques by the industrial lobby, and the possibility of introducing standards and/or
legal regulations limiting the use of tools based on nickel, harmful to human health.

The extensive literature studies performed, and the SWOT analysis carried out, in-
dicate the conclusion that the numerical superiority of strengths (8.07) over weaknesses
(7.00) and opportunities (8.65) over threats (7.40) in the case of endodontic tools made of
nitinol requires application of an adequate and aggressive development strategy of MAXI-
MAXI. This strategy consists of diversification related to the search for new recipients and
geographic markets and strong expansion to take advantage of numerous opportunities
brought by the environment, both closer and further, and requires constant monitoring of
the existing threats. Due to the specific fields of application in clinical practice, this places
endodontic tools in an unbeatable position compared to those made of corrosion-resistant
steel, although they are undoubtedly complementary.
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4. Frayer, D.W.; Gatti, J.; Monge, J.; Radovčic, D. Prehistoric dentistry? P4 rotation, partial M3 impaction, toothpick grooves and

other signs of manipulation in krapina dental person 20. Bull. Int. Assoc. Paleodont. 2017, 11, 1–10.
5. Caldas, A.F., Jr. Reason for tooth extraction in a Brazilian population. Int. Dent. J. 2000, 50, 267–273. [CrossRef] [PubMed]
6. Chestnutt, I.G.; Binnie, V.I.; Taylor, M.M. Reason for tooth extraction in Scotland. J. Dent. 2000, 28, 295–297. [CrossRef]
7. Morita, M.; Kimura, T.; Kanegae, M.; Ishikawa, A.; Watanobe, T. Reasons for extraction of permanent teeth in Japan. Community

Dent. Oral. Epidemiol. 1994, 22, 303–306. [CrossRef] [PubMed]
8. Angelillo, I.F.; Nobile, C.G.A.; Pavia, M. Survey of reasons for extraction of permanent teeth in Italy. Community Dent. Oral.

Epidemiol. 1996, 24, 336–340. [CrossRef]
9. Al-Shammari, K.F.; Al-Arsari, J.M.; Al-Melh, M.A.; Al-Khabhaz, A.K. Reasons for tooth extraction in Kuwait. Med. Princ. Pract.

2006, 15, 417–422. [CrossRef]
10. Hollandra, A.C.B.; de Alencar, A.H.G.; de Estrela, C.R.A.; Bueno, M.R.; Estrela, C. Prevalance of Endodontically Trale Teeth in a

Brazilian Adult Population. Braz. Dent. J. 2008, 19, 313–317. [CrossRef]
11. Fejerskov, O. Concepts of dental caries and their consequences for understanding the disease. Community Dent. Oral Epidemiol.

1997, 25, 5–12. [CrossRef]

http://doi.org/10.1038/srep12150
http://www.ncbi.nlm.nih.gov/pubmed/26179739
http://doi.org/10.3390/pr8121605
http://doi.org/10.1111/j.1875-595X.2000.tb00564.x
http://www.ncbi.nlm.nih.gov/pubmed/15988885
http://doi.org/10.1016/S0300-5712(99)00069-X
http://doi.org/10.1111/j.1600-0528.1994.tb02056.x
http://www.ncbi.nlm.nih.gov/pubmed/7813181
http://doi.org/10.1111/j.1600-0528.1996.tb00872.x
http://doi.org/10.1159/000095486
http://doi.org/10.1590/S0103-64402008000400005
http://doi.org/10.1111/j.1600-0528.1997.tb00894.x


Processes 2022, 10, 101 41 of 59

12. Reisine, S.; Litt, M. Social and psychological theories and their use for dental practice. Int. Dent. J. 1993, 43 (Suppl. 1), 279–287.
[PubMed]

13. Selwitz, R.H.; Ismail, A.I.; Pitts, N.B. Dental caries. Lancet 2007, 369, 51–59. [CrossRef]
14. Yu, C.; Abbott, P.V. An overview of the dental pulp: Its functions and responses to injury. Aust. Dent. J. 2007, 52, S4–S16.

[CrossRef]
15. Harumi Miyagi, S.P.; Kerkis, I.; da Costa Maranduba, C.M.; Gomes, C.M.; Martinis, M.D.; Marques, M.M. Expression of

extracellular matrix proteins in human dental pulp stem cells depends on the donor tooth conditions. J. Endod. 2010, 36, 826–831.
[CrossRef] [PubMed]

16. Vieira, C.L.Z.; Caramelli, B. The history of dentistry and medicine relationship: Could the mounth finally return to the body?
Oral Dis. 2009, 15, 538–546. [CrossRef]

17. Pallasch, T.J.; Wahl, M.J. Focal infection: New age or ancient history? Endod. Top. 2003, 4, 32–45. [CrossRef]
18. Mueller, A.A.; Saldami, B.; Stübinger, S.; Walter, C.; Flückiger, U.; Merlo, A.; Schwenzer-Zimmerer, K.; Zeilhofer, H.F.; Zimmerer,

S. Oral bacterial cultures in nontraumatic brain abscesses: Results of a first line study. Oral Surg. Oral Med. Oral Pathol. Oral
Radiol. Endod. 2009, 107, 469–476. [CrossRef]

19. Buset, S.L.; Walter, C.; Friedmann, A.; Weiger, R.; Borgnakke, W.S.; Zitzmann, N.U. Are periodontal diseases really silent? A
systematic review of their effect on quality of life. J. Clin. Periodontol. 2016, 43, 333–344. [CrossRef]

20. Sierpinska, T.; Golebiewska, M.; Dlugosz, J.W.; Kemona, A.; Laszewicz, W. Connection between masticatory efficiency and
pathomorphologic changes in gastric mucosa. Quint. Int. 2007, 38, 31–37.

21. Al-Nawas, B.; Maeurer, M. Severe versus local odontogenic bacterial infections: Comparision of microbial isolates. Eur. Surg. Res.
2008, 40, 220–224. [CrossRef]

22. De Pablo, P.; Dietrich, T.; McAlindon, T.E. Association of periodontal disease and tooth loss with rheumatoid arthritis in the US
population. J. Rheumatol. 2008, 35, 70–76. [PubMed]

23. Felton, D.A. Edentualism and comorbid factors. J. Prosthodont. 2009, 18, 88–96. [CrossRef]
24. Volzke, H.; Schwahn, C.; Hummel, A.; Wolff, B.; Kleine, V.; Robinson, D.M.; Dahm, J.B.; Felix, S.B.; John, U.; Kocher, T. Tooth loss

is independently associated with the risk of acquired aortic valve sclerosis. Am. Heart J. 2005, 150, 1198–1203. [CrossRef]
25. Bagchi, S.; Tripathi, A.; Tripathi, S.; Kar, S.; Tiwari, S.C.; Singh, J. Obstructive sleep apnea and neurocognitive dysfunction in

edentulous patients. J. Prosthodont. 2019, 28, e837–e842. [CrossRef] [PubMed]
26. Nagpal, R.; Yamashiro, Y.; Izumi, Y. The two-way association of periodontal infection with systemic disorders: An overview.

Mediat. Inflamm. 2015, 2015, 793898. [CrossRef] [PubMed]
27. Abnet, C.C.; Qiao, Y.L.; Dawsey, S.M.; Dong, Z.W.; Taylor, P.R.; Mark, S.D. Tooth loss is associated with increased risk of total

death and death from upper gastrointestinal cancer, heart disease, and stroke in a Chinese population-based cohort. Int. J.
Epidemiol. 2005, 34, 467–474. [CrossRef]
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66. Dobrzański, L.A.; Dobrzańska, J.; Dobrzański, L.B.; Dobrzańska-Danikiewicz, A.D.; Gołombek, K. Development Strategy of
Endodontic Filling Materials Based on Engineering and Medical Approaches. Processes 2021, 9, 2014. [CrossRef]
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148. Dobrzański, L.A. Podstawy Metodologii Projektowania Materiałowego; Wydawnictwo Politechniki Śląskiej: Gliwice, Poland, 2009.
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