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Abstract
Adaptive wear-resistant coatings produced by physical vapor deposition (PVD) are a relatively
new generation of coatings which are attracting attention in the development of nanostructured
materials for extreme tribological applications. An excellent example of such extreme
operating conditions is high performance machining of hard-to-cut materials. The adaptive
characteristics of such coatings develop fully during interaction with the severe environment.
Modern adaptive coatings could be regarded as hierarchical surface-engineered nanostructural
materials. They exhibit dynamic hierarchy on two major structural scales: (a) nanoscale
surface layers of protective tribofilms generated during friction and (b) an underlying
nano/microscaled layer. The tribofilms are responsible for some critical nanoscale effects that
strongly impact the wear resistance of adaptive coatings. A new direction in nanomaterial
research is discussed: compositional and microstructural optimization of the dynamically
regenerating nanoscaled tribofilms on the surface of the adaptive coatings during friction. In
this review we demonstrate the correlation between the microstructure, physical, chemical
and micromechanical properties of hard coatings in their dynamic interaction (adaptation)
with environment and the involvement of complex natural processes associated with
self-organization during friction. Major physical, chemical and mechanical characteristics of
the adaptive coating, which play a significant role in its operating properties, such as enhanced
mass transfer, and the ability of the layer to provide dissipation and accumulation of frictional
energy during operation are presented as well. Strategies for adaptive nanostructural coating
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design that enhance beneficial natural processes are outlined. The coatings exhibit emergent
behavior during operation when their improved features work as a whole. In this way, as
higher-ordered systems, they achieve multifunctionality and high wear resistance under
extreme tribological conditions.

Keywords: nano-structured PVD coatings, adaptive materials, multi-functionality,
nano-laminates, self-organization, dissipative structures, emergent behavior, nano-tribology,
hierarchical materials, surface phenomena, surface engineering, extreme applications

1. Introduction

Traditionally, wear-resistant (hard) coatings were developed
using the knowledge obtained from physics and mechanics
of solid materials combined with material science of
bulk materials [1–3]. Because friction is the process of
transformation and dissipation of mechanical energy into
other kinds of energy, an energy-based concept looks more
generic [4]. It is timely to move further and develop some new
principles of hard coating design that are based on modified
and probably somewhat new philosophy.

This is especially topical for extreme tribological
conditions. Some modern tribological applications show an
increasing trend toward harsher operating environments [5].
High-speed, especially ‘green’ (coolant-free) machining of
hard to cut materials, such as hardened tool steels and modern
aerospace Ni-based superalloys, are classic examples of harsh
conditions. From a tribological viewpoint, such processes
are far from equilibrium operating conditions and are
characterized by strong gradients of different characteristics
on the friction surface [6]. Sometimes, for instance in
attrition-wear conditions with built up edge formation that are
typical for machining of aerospace alloys, this is complicated
by the significant instability of operational conditions [7–9].
This is the field where adaptive wear-resistant coatings can
develop their full potential.

In this paper, we present a concept on how to
move away from self-assembly approaches, occurring in
materials under equilibrium conditions, to the complex
nanostructured surface-engineered materials with dissipative
structures formed as a result of self-organization [10]
associated with external stimuli such as high temperatures
and severe mechanical constraints. We note the possibilities
of a nature-inspired approach for nanomaterials development.
This approach focuses on the integrative performance of
complex materials such as emergent behavior, which is
closely related to self-organization occurring in ‘open’ (i.e.
interacting with the environment) tribosystems; the advantage
of nanomaterials with a highly nonequilibrium state is that
they can function well in unstable operating conditions.

Under extreme tribological conditions associated with
machining of hard to cut materials, operators deal with
high temperatures (up to 1000 ◦C and above) and stresses
(around 1–3 GPa [7, 8, 11–13]) on the friction surface, which
are further complicated by the strong adhesive interaction
with the workpiece. This leads to very complex frictional
phenomena [14–15]. In addition to intensive rubbing,
adhesion, abrasion and tribochemical reactions at these high

temperatures, there is also thermal fatigue for some cutting
applications [14]. From a tribological viewpoint, this is a
catastrophic wear mode [6], which is close to the ‘edge
of chaos’ [16] due to excessive wear rate of unprotected
(uncoated) friction surfaces. Therefore, effective protection of
friction surfaces is required. To address all these phenomena,
novel surface engineering methods should undoubtedly be
multifunctional [17].

An important step in the development of hard coatings
was the introduction of adaptive hard coatings [2, 6, 18, 19].
Adaptation is a process that produces a correlation between
the system’s structure, behavior and environment [6, 20–23].
Adaptive wear-resistant coatings enable a tribosystem to shift
to a milder wear mode instead of sustaining the severe wear
mode in the case when non adaptive coatings are used [6, 24].
Adaptation is directly related to self-organization phenomena
during friction, and vice versa, self-organization implies
adaptation [25, 26]. Self-organization during friction results in
reduction of entropy production and correspondingly a wear
rate decrease [6]. Adaptive characteristics can be explored by
the application of nanostructured coatings. Nanostructuring
of the coatings does not automatically improve mechanical
properties such as hardness but strongly affects their physical
and chemical properties and therefore their ability to interact
with the environment [2, 27].

Many modern materials synthesis techniques, including
physical vapor deposition (PVD), take advantage of processes
that occur far from thermodynamic equilibrium [28]. PVD
coatings (with nanoscaled crystalline/composite/laminated
structure) impart the initial surface with a high density of
lattice imperfections and vastly increased surface/interface
area compared to macroscale materials [2, 29]. Many
nanomaterials are highly active catalysts [30]. As a result, a
surface with a highly nonequilibrium initial state significantly
accelerates beneficial physicochemical reactions initiated by
friction [6, 31] and provide surface layers with properties that
could not be achieved using traditional methods of material
fabrication.

Current nanotechnology is mostly focused on creating
individual structures (nanoparticles, nanocrystals and so
on [32, 33]). However, when integrating them into
macroscopic devices a question arises of how to design the
interactions between the elements of the system. Integration
brings complexity and emergent behavior, which are typical
for biosystems. It is expected that eventually engineering
systems will behave like biosystems and bioinspired artificial
multifunctional materials will be more common [34, 35].
Adaptive nanomaterials and smart and multifunctional
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materials should become a major focus of advanced
technologies [25, 36–39].

Development of adaptive materials and systems requires
a clear understanding of the self-organization phenomena.
Self-organization during friction develops in processes such
as the permanent formation of nanoscaled surface tribofilms
with their further destruction and regeneration [6]. Therefore,
surface-engineered layers that enhance these processes, for
instance nanomultilayered coatings, may be considered as
nature-mimicking structures [6, 40, 41]. The nanolaminates
are adjusted to enhance these processes of the tribofilms’
regeneration. They include the ordered sequence of layers
that supply the surface with a controlled flow of matter and
energy, and if destroyed or transformed, they enhance the
formation of the next generation (which is somewhat similar
to biogenerations) of protective tribofilms.

Modern multifunctional wear-resistant nanostructural
coatings belong to a category of complex systems. System
science employs two approaches to complex system
engineering. One is the traditional reductionism (usually used
in engineering) and another is an integrative concept of
emergence [42–45]. Emergence refers to creation of novel
structures and properties during self-organization in complex
systems [43, 46]. Using the first (reductionist) approach, one
or two properties are usually employed for a wear-resistant
coating such as hardness and oxidation resistance [47]. Other
properties are largely ignored, and this may limit wear
resistance in various applications [24, 48]. An integrative
approach where characteristics of the system are combined
as a whole would be a new strategy in nanostructured
materials design to achieve multifunctionality and adaptive
behavior [19, 44].

Complex systems are usually conglomerates
of interacting structural components, and features
(characteristics), each exhibiting some sort of nonlinear
dynamics; they are driven by an influx of energy [49], posses
adaptability and self-organization, and are also exploited to
tackle the openness and dynamism [50–53]. Thereby, the
nature-inspired complex system design outlined above is
mostly related to adaptability and emergent behavior.

The concept of emergent properties is the key element
of a theoretical and methodological tradition claiming that
the whole is more than the sum of its parts [54–56]. While
each of the emergent characteristics individually contributes
to the system performance, the overall organizational design
is intended to create a performance that relies heavily on
the interaction and synergy among these characteristics [57].
An emergent phenomenon is a universal mechanism that
generates complexity [17, 52, 58, 59]. For complex dynamical
systems designed for severe applications, a special interest
has to be paid to the emergence of collective behavior near
a critical point of a phase transition, either by tuning and/or
by self-organization [49–52].

In this paper, we focus on wear-resistant PVD coatings.
During the last decade, the Al-rich TiAlN PVD coatings [61]
and Al-rich AlCrN-based coatings [62] were widely used
for machining of hard to cut materials [3]. Systematic
optimization of the coating composition was made by

addition of various elements (such as Cr, Si, Y, B and
others) to TiAlN [24, 63–65] and corresponding elements
to AlCrN-based coatings [62, 66–68]. Various designs of
hard coatings have been introduced as well [48, 69–80].
Nanomultilayered coatings [3, 81–83] consisting of
alternating nanolayers [70, 84–88] with varied and modulated
chemical compositions have been a promising development
that improved the coating characteristics and enhanced their
wear performance [81–83].

Usually there is a difference between fundamental studies
in the field of irreversible thermodynamics, self-organization
and adaptation for physical, chemical and biological systems
on one hand and applied studies mainly focused on specific
applications on the other hand. In this paper we are trying
to fill this gap and present some results of long-term
interdisciplinary research in the fields of nanomaterials,
surface engineering and tribology with the involvement of
some elements of irreversible thermodynamics.

2. Two approaches in hard coatings design for
extreme tribological applications

In the first approach, the coating is considered as a completely
artificial system that has to sustain the environment with
minimal changes. In contrast, the second approach regards
a coating as a surface-engineered tribological system that
combines an artificial system (the coating) and beneficial
natural processes associated with friction and interaction with
the environment, and results in adaptation to this environment.
These two philosophies create different strategies of coatings
development. The first approach is to create coatings with a
limited number of advanced properties, primarily increased
hardness. Nanocomposite coatings are mostly developed
based on this approach [2, 27, 47, 89–97]. Recently there have
been claims that nanocomposite coatings have strong potential
for high-speed machining of hard to cut materials [47, 98].

As outlined above [14] cutting involves very complex
phenomena [7], and one or two parameters of the tooling
material could not be responsible for tool life improvements.
A variety of characteristics is needed, which is why the
second approach to hard coatings design holds promise. The
second approach is based on the concept that both natural
and synthetic processes should be considered during friction.
The aim is to control the synthetic processes to encourage
the evolution of the natural processes during friction that lead
to a minimum wear rate. This could be done by developing
adaptive coatings that can weaken the external impact and
shift the process to a milder wear mode. As shown below,
adaptability of the coating is fully developed under severe
or even extreme and somewhat unstable frictional conditions.
Under these conditions, properly designed adaptive coatings
form nanolayers that efficiently protect/lubricate the surface
and control wear resistance. Owing to the formation of these
protective and lubricious films, the underlying ‘bulk’ coating
stays less damaged. As a result, the coating can sustain the
extreme environment and show otherwise unattainable wear
resistance.
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2.1. Nanocomposite hard coatings

High hardness and thermal stability are important
characteristics of the surface-engineered tools that determine
their resistance to severe tribological conditions of modern
metal cutting associated with high localized stress as well
as high temperature on the friction surface [7, 60, 99].
Therefore, the development of hard coatings was mostly
focused on the improvement in their hardness [7, 100, 101]
and thermal and oxidation stability [47, 102–106], as well
as on the reduction of their thermal conductivity [47, 95,
107–109]. A few categories of nanocomposite coatings are
used most widely for cutting tools applications [2, 27, 89–93,
96, 110–112]: (i) designed as a combination of various
compounds synthesized during coating deposition, such as
TiN and AlTiN or AlCrN/Si3N4 [47, 113, 114], as well as
TiN/c-BN coatings [97, 98, 115]; (ii) formed as a result of
annealing (for example of AlTiN coating with a high Al
content of ∼ 65 at%) [2, 102–106, 116]. Literature indicates
the major drawbacks of hard coatings designed in this
way. Despite nanocomposite ‘superhard’ coatings, i.e. with
hardness above 40 GPa, having excellent ability to diminish
crack initiation, they cannot prevent failure of the coating with
further severe surface damage of cutting tool [70, 81, 117,
118], as the coatings do not have the same energy dissipative
mechanisms available as softer films. Besides, this family of
coatings has a relatively high coefficient of friction at high
temperatures [1, 113, 119, 120]. Although several studies
report successful application of nanocomposite superhard
coatings [47, 121–123], there is still a lack of in-depth
investigation of their wear performance, and the design
of various nanocomposite coatings has to be customized
for specific applications [47]. Multifunctionality of these
coatings is an open question because it is not quite clear which
combination of characteristics allows them to sustain varying
operating conditions. These types of coatings are mostly
suited for specialized applications, first of all dry cutting
applications, such as ball-nose end-milling of hardened
tool steels with hardness above 55–60 HRC [47, 110],
or applications involving continuous turning of various
materials [106].

2.2. Adaptive/smart coatings: previous art

We suggest the whole family of adaptive coatings can be
divided into three main groups:

(a) Adaptive nanocomposite coatings that combine in their
structure different compounds such as hard phases,
lubricating compounds, etc [124]. These coatings change
their structure and properties in response to various
operating conditions [125–128].

(b) Smart coatings, which are functionally graded systems
that may be characterized by the variation in composition
and structure gradually over volume, resulting in
corresponding changes in the properties depending on the
stages of wear process [99, 129–136].

(c) Adaptive coatings that can change their structure and
properties as a result of the engineered surface dynamic

response to the environmental impact due to formation of
surface tribofilms.

In the first two groups, adaptive behavior is given in the
initial design of the coating. In the third group, adaptability
dynamically develops during operation. The adaptive coatings
of the third group possess enhanced ability to generate
tribofilms on the friction surface on an on-going basis,
which protect and lubricate the surface during operation and
critically lower the wear rate.

3. Novel approach for adaptive hard coatings design
for severe tribological applications: adaptive
coatings as surface-engineered hierarchical
materials

Hierarchical materials (both natural and synthetic) exhibit
structure on more than one length scale; in some materials,
the structural elements themselves have structure [34]. This
structural hierarchy can play a major part in determining
the material properties. Adaptive hard coatings are a typical
example of hierarchical materials.

In recent years, materials scientists have started to
consider the complex hierarchical structure of natural
materials as a model for the development of new types
of high-performance engineering materials [23, 137–145].
In biomaterials, a dynamic strategy is realized. This means
that the final result is obtained by an algorithm instead of
copying an exact design. Similar features are typical for
adaptive coatings as well [6, 40]. The major feature of
adaptive wear-resistant coatings that allows one to regard
them as nature-inspired hierarchical materials is the formation
of various nanoscaled tribofilms on the surface as a result of
the self-organization process during friction [36, 40–41].

3.1. Dynamic formation of nanoscaled films on the surface of
adaptive hierarchical tribomaterials

3.1.1. Generic concept of self-organization for surface-
engineered materials. Friction is a complex phenomenon
that could be considered as an irreversible nonequilibrium
process. This process may leap either into chaos or
greater complexity and stability due to self-organization with
dissipative structures formation [146–149].

To use approach of nonequilibrium thermodynamic
[10, 150], some generic features of friction should be outlined.
Wear rate can vary over a wide range of magnitudes; a large
variety of different wear mechanisms exist, but wear is a
fundamental characteristic of friction for any tribosystem.
Some researchers [151–153] have also concluded that the
other generic characteristic of friction is the formation of
tribofilms or secondary (i.e. formed during friction) structures
on the surface [153]. Stabilization of the parameters of friction
occurring at the running-in stage is accompanied by the
formation and stable regeneration of tribofilms [151].

Friction is an irreversible process because energy
dissipation takes place [154]. We should be interested
not only in the initial and final stage of the friction
process, but also in the way this process has developed
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as well as in the possibilities to optimize this dynamic
process. Friction corresponds to the conditions of equilibrium
thermodynamics only under marginal conditions [10] that
cannot definitely be related to the extreme tribological
conditions that are the major focus of this review. In this
latter case, intensive gradients of various characteristics occur
on the friction surface [155, 156]. That is why traditional
thermodynamics could not be applied to this tribological
application. According to Prigogine and Kondepudi [149],
among many fundamental laws of nature, only the second law
of thermodynamics implies a direction and the possibility of
evolution. That is why irreversible thermodynamics, as well
as the theory of self-organization, is based on the second law
of thermodynamics [147, 157].

Structures are generated within the system due to
intensive matter and energy flow, i.e. due to intensive
irreversible processes. These structures are consistent with
the energy flow and cannot exist without it. The structures
that spontaneously form under strongly nonequilibrium
conditions are called ‘dissipative structures’ and the process
of dissipative structure formation and material ordering is
self-organization [149]. Dissipative structures differ from the
equilibrium ones in that they are the processes. The origins
of these structures are intensive spontaneous processes with
negative entropy production that previously did not exist in
the system. The driving force of self-organization is that the
open systems tend to protect and stabilize themselves. This
could be related to the decrease in entropy production during
nonequilibrium processes. Once the dissipative structures
have been formed, the system can transfer more energy almost
without any damage as compared to the conditions when
these structures were not present. This could be explained
by the following: the energy that was spent on the system
damage prior to the formation of the dissipative structures
is instead spent on their generation. That is why wear rate
critically drops in a tribosystem, since the self-organization
process has been initiated. The self-organization during
friction is usually associated with the formation of energy-rich
surface structure. If the phase and/or structure transformation
takes place in a solid (in our case in hard coatings),
then, since the flows of matter and energy disappear,
the dissipative structures disappear as well. However, the
metastable structures (tribofilms) still remain on the surface
since the friction has been stopped, as a sort of imprint [10].

The concepts of self-organization and irreversible
thermodynamics may be successfully used for development of
advanced tribomaterials, in particular adaptive hard coatings.
As shown below, adaptive wear-resistant nanostructured
coatings fully develop their potential under extreme
tribological conditions. These conditions are very far
from equilibrium and the wear rate of the unprotected friction
surface is extremely high. Therefore, we can consider the
tribosystem as working close to the ‘edge of chaos’ [16].
Moreover if the operating conditions are characterized by
a strong (but in engineering practice, somewhat controlled)
instability, the gradient of characteristics on the friction
surface is even growing further. Therefore, in complex
surface-engineering systems such as adaptive coatings, the

probability of self-organization is higher [52, 53, 158].
Tribosystems under these conditions may be close to
self-organized critical systems. In physics, self-organized
criticality is a critical point at which a system radically
changes its behavior or structure and shows avalanche-like
behavior [159]. Self-organized criticality could be associated
with the stick and slip phenomenon during friction that is
similar to avalanche-like behavior [160, 161]. The stick-slip
phenomenon is typical in cutting process while the chip
slides along the rake surface of the tool [162]. Cutting
of hard to cut materials (such as aerospace materials) is
an example of severe tribological conditions that has some
interesting features. In general, the process is characterized by
a high instability. A common feature of aerospace materials
machining (such as Ni-based superalloys) is a formation of
strong buildup due to intensive adhesive interaction (seizure)
of the cutting tool surface with the workpiece material
[163, 164]. The formation of a built-up layer is attributed to
self-organization of the ‘tool/workpiece’ tribosystem. The
built-up layer is a composite ‘third body’, which consists of
heavily deformed and refined machining material, as well
as various compounds generated during cutting as a result
of interaction with the environment [6]. The stability of a
built-up layer is very low and leads to unstable attrition wear
conditions [7]. The repeated failure of the built-up layer
results in intensive wear as well as significant tool surface
damage. From a tribological viewpoint, this combination of
seizure with deep surface damage is a typical catastrophic
wear mode [6]. Similar severity of wear conditions is
observed during ultrahigh-speed end-milling of hardened
steels. Combination of very large stress and temperatures
on the friction surface with thermal cycling also results in
extreme and unstable wear conditions [6].

3.1.2. Tribofilms (secondary structures). During friction the
tribofilms are generated from the base surface of the
engineered material by structural modification and interaction
with the environment (mostly oxygen from air) [6, 165–169].
Tribofilms carry out protective, thermal barrier and lubricious
functions.

According to the principle of ‘dissipative
heterogeneity’ [130, 170] a phenomenon of structural
adaptation of tribomaterials occurs, which leads to the
concentration of the larger part of the interactions between
frictional bodies within the thin layer of the tribofilms
(secondary, i.e. generated during friction structures,
SS) [171]. The depth of the layer can be lower by an
order of magnitude (or more) than that typically associated
with damage phenomena [170].

During machining, most of friction energy transforms
to heat and dissipates through various channels: via chip
removal, into the workpiece, into the environment, and so
on [60]. However, an appreciable fraction of the energy of
friction is accumulated within the layer of tribofilms [1, 172,
173]. Note that self-organization is a probabilistic process and
it is impossible to make a reliable evaluation of the portion of
the energy accumulated in the tribofilm. We can only state that
intensity of wear, after self-organization begins, is reduced
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markedly as demonstrated by the experimental data presented
below. Therefore, the layer of tribofilms could be considered
as a steady state zone where intensive energy dissipation as
well as accumulation is taking place affecting wear resistance
under extreme operational conditions.

To understand mechanisms of tribofilm formation, the
self-organizing process during friction has to be considered
based on the thermodynamic analysis of the cutting
tool/workpiece tribosystem [10, 174, 175].

As shown in detail in [174] the change of entropy of a
frictional body (dS) can be expressed as

dS = dSi + dSe + dSm + dS f − dSw. (1)

After differentiation with respect to time equation (1) in
a stationary condition will look as

dS/dt = 0 = dSi/dt + dSe/dt + dSm/dt + dS f /dt − dSw/dt

or

dSw/dt = dSi/dt + dSe/dt + dSm/dt + dS f /dt. (2)

Here dSi/dt is entropy production as a result of
the distribution of heat and other flows within a body;
dSe/dt—flow of entropy due to external impact, which could
change due to the transition of heat from a hotter friction
surface into a colder body (the cutting tool) and which
results in an increase of entropy; dSm/dt—change of entropy
due to the formation of chemical compounds on the tool
surface due to the entropy of the matter from the contacting
frictional body (in our case, it is mostly due to cutting
tool–chip interactions with further formation of seizure zones
or buildups [165, 176, 177]); dS f /dt—change of entropy due
to tribofilm formation; dSw/dt—change of entropy due to
wear process (the ‘−’ sign is used in the equation because
the wear products leave the frictional body with their own
entropies). The change of entropy, dS f /dt , could be negative,
if nonequilibrium processes are taking place on the surface
and entropy of a frictional body is reduced, or positive, if the
equilibrium processes are going along [174]. However, the
sum of these terms, i.e. dSi/dt + dS f /dt > 0, is the general
entropy production [174]. As it follows from (2), lower
entropy production corresponds to a lower dSw/dt value.
Bearing in mind that entropy is an additive value, we can
consider that the lower dSw/dt , the lower the wear rate.
Therefore, the entropy production decrease leads to reduction
in the wear rate. Nonequilibrium processes on the surface
(dSf/dt < 0), with all other conditions being equal, can also
reduce the wear rate. Nonequilibrium processes are steadily
going along while the dissipative structures are forming
during the process of self-organization.

It has been found that there are two types of tribofilms:
(i) superductile and lubricious and (ii) triboceramics with
thermal barrier properties and increased hardness and
strength [130, 166, 169]. Tribofilms (SS) of the first type
(SS-I) are observed as a result of structural activation that
is marked by an increase in the density of atomic defects
at the surface. Tribofilms are supersaturated solid solutions
formed by reaction with elements from the environment
(usually oxygen). SS-I films are similar to Beilby layers

[168, 169]. In these secondary structures, the material may
be superplastic (due to a nanoscale-grained or amorphous-like
structure) with an elongation up to 2000% [130]. The
amorphous-like structure of SS-I may also lead to a decrease
in the thermal conductivity of the surface, an important
consideration in controlling friction of cutting tools [178].
Secondary structures of this type mostly promote energy
dissipation during friction.

Tribofilms of the second type (SS-II or triboceramics
with a higher content of elements such as oxygen) are
primarily formed by thermal activation processes. SS-II films
are usually nonstoichiometric compounds [166]. Depending
on chemical composition, secondary structures of this
type exhibit either lubricating (such as high-temperature
lubricating oxides [6]) or surface-protective properties due to
high thermodynamic stability, thermal barrier properties and
high hardness [166]. The adaptation of the tribosystem, in this
case, relies upon a low-intensity chemical interaction with the
workpiece, beneficial heat distribution on the friction surface
and the high hardness of the tribofilms. This results in low
entropy production during friction and, obviously, leads to
a decrease in the wear rate. On the other hand, destruction
of these hard films should be prevented by proper surface
engineering of the substrate material that ensures effective
support of the tribofilms during friction.

Two features of tribofilms formation on the friction
surface have to be outlined. The first is the repetitive
formation and destruction of the tribofilms during friction.
The second is that the formation of tribofilms on the friction
surface is an evolutionary process. Self-organization during
friction is developing during the initial running-in stage of
wear [6]. Despite evolving in a step-by-step fashion, and
becoming increasingly complicated, the tribofilms eventually
stabilize for a given tribopair and conditions of friction.
When the characteristics of the surface layers become
optimal, the running-in phase is completed, and the wear
rate stabilizes at a significantly lower level [6]. As shown in
detail in [179], tribofilm formation starts from generation of
unstable intermediate phases and then gradually transforms
to the more complex tribofilms that are better adapted to
specific operating conditions. According to classical evolution
theory [180] the different biospecies are competing with
each other in the given environment. Those species that
are best adapted to the environment have better chances
to survive. Therefore in new generations, the species with
spontaneous beneficial deviations will dominate. Over time
this is a mechanism ensuring continual long-term advance in
the bioworld from the simplest species to the most complex
and best-adapted organisms. It is shown below that something
similar likely occurs on the friction surface (see table 1 and
corresponding text for details).

Some examples are presented below on various types
of tribofilms formed under severe tribological conditions
(table 1). Secondary ion mass spectroscopy (SIMS) depth
profile of the tribo-oxide layer formed on the surface
of the cutting tool shows that its thickness is below
100–150 nm [181]. Comprehensive data on the composition,
atomic, electronic and crystal structure of the nanoscaled
tribofilms have been obtained [182–185].

6



Sci. Technol. Adv. Mater. 13 (2012) 043001 Topical Review

Table 1. Types of tribofilms formed on the surface of coated tools in relation to severity of tribological conditions and wear resistance
improvement.

Major parameters controlling
severity of tribological conditions Types of tribofilms formed

Lubricious
Cutting speed amorphous phase Protective Wear resistance

Coating (m min−1) Workpiece material and triboceramics triboceramics improvement

TiNa 50–70 Annealed 1040 steel, Amorphous Ti–O More than twice compared to
HB 220 uncoated steel [127].

Nanocrystalline 250 Annealed 1045 steel, Amorphous Al–O Aluminad More than 4 times compared
TiAlNb HB 220 to commercial TiAlN [130]
Nanomultilayered 220 H13, hardness 53–55 Amorphous W–O and Aluminad Almost twice compared to
TiAlCrN/WNc m min−1; variety of W–O commercial TiAlCrN [65]

dry cut triboceramics with
selective adaptation to
the frictional conditions

Nanomultilayered 300–400 H13, hardness 53–55 Variety of Cr–O Sapphired Almost four times compared
TiAlCrN/NbNc m min−1; triboceramics; to commercial TiAlCrN [66]

dry cut variety of Nb–O
triboceramics with
enhanced ability of
energy dissipation

Nanocrystalline 500 H13, hardness 53–55 Variety of Cr–O Sapphired 1.3 times compared to
TiAlCrSiYNc m min−1; triboceramics; Mullite commercial state-of-art

dry cut Si–O triboceramic, nanocomposite coating;
amorphous Al–O productivity improved

almost twice compared
to commercial
TiAlCrN [12]

Nanomultilayered 500–700 H13, hardness 53–55 Variety of Cr–O Increased 2.15 times compared to
TiAlCrN/TiAlCrNc m min−1; triboceramics; amount of commercial state-of-art

dry cut Si–O triboceramic, sapphired nanocomposite coating;
amorphous Al–O and mullite productivity improved

more than 2.3 times
compared to commercial
TiAlCrN [5]

a HSS turning inserts.
b Carbide inserts.
c Carbide ball-nose end mill.
d Non-protective rutile tribofilms are observed as well.

The structure of the tribofilm formed on the surface of
cutting tools strongly depends of the severity of operating
conditions. If high-speed-steel cutters are used with a
traditional TiN-based PVD coating at moderate cutting
speeds (50–70 m min−1) and tribological conditions are not
that severe (machining of annealed 1045 steel) then only
amorphous tribofilms form on the friction surface (table 1)
[179]. As outlined above, these amorphous films, which
are SS-I, have high plasticity and improved lubricating
properties [130]. Under more severe cutting conditions
(machining of annealed 1045 steel at cutting speeds of
250–450 m min−1) cemented carbide tooling has been used
with TiAlN nanocrystalline coatings [186]. A more complex
phenomenon takes place on the friction surface. Mostly
amorphous (with a minor crystalline fraction) tribofilms are
formed on the surface of the TiAlN coating due to higher
service temperatures as a result of the thermal activation
process [166] (table 1). The only protective-layer material
that can withstand these more aggressive cutting conditions
is alumina [187]. Crystalline alumina films additionally

improve the wear behavior because: (i) they are composed
of a chemically stable compound which limits adhesive
interaction on the friction surface, (ii) they have thermal
barrier properties [188] that prevent heat generated during
cutting to be transported into the tool surface and subsurface
areas. More severe frictional conditions are associated with
dry (coolant free) machining of hardened tool steels (H13,
hardness HRC 53–55). Under these conditions, an adaptive
nanomultilayered TiAlCrN/WN coating with enhanced
high-temperature lubricating ability has been used at a cutting
speed of 220 m min−1 (table 1) [86]. For this kind of coating,
protective alumina tribofilms form on both flank and rake
surfaces. The W–O tribofilms are usually formed on the rake
surface of the end mills with a TiAlCrN/WN coating. X-ray
photoelectron spectroscopy (XPS) analysis indicates the
presence of various W-based triboceramics and amorphous
WOx films. Tribofilms based on oxides of heavy metals, such
as W, Nb, Ta and others [189], look promising for machining
of hard to cut materials, because they have high-temperature
lubricous properties [190]. Formation of various tribo-oxides
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Table 2. Phase and chemical composition of the worn surface (XPS data) [15, 22].

Chemical composition

Al (at%) Ti (at%) Cr (at%)

Al2O3

(sapphire) Mullite Nitride TiOx TiO2 Nitride Crx Oy Nitride
Coating tribofilm tribofilm coating tribofilm tribofilm coating tribofilm coating

TiAlCrSiYN/TiAlCrN 29.1 6.6 19.3 7.3 5.5 7.2 15.9 4.1
multilayer

TiAlCrSiYN 8.8 17.6 28.6 6.8 7.2 6.0 16.0 4.0
monolayer

is typical for these heavy-metal compounds [191]. The
oxides belong to so called ‘Magneli’ phases [192–195]
that possess lubricious properties because they contain
crystallographic shear planes with low shear strengths at high
temperatures [196]. Therefore, the tribosystem potentially
has a higher possibility to select an oxide with a better
combination of properties suitable for the specific conditions;
this results in additional improvements in tool life and wear
behavior [197]. Several W–O tribo-oxides are forming on
the friction surface. XPS analysis shows that the strongest
peak belongs to WO3, a good high-temperature lubricant [124,
190, 197–199]. As a result of the self-organization process,
the tribosystem selects a specific type of tribofilms tailored
to given frictional conditions. The preferred configuration of
tribofilms (dissipative structures) will be one that allows high
energy throughput without significant surface damage [200];
it would reduce friction [86] and thus increase wear resistance.
This is one more example of similarity in adaptation between
artificial surface-engineered systems and biosystems [201].

When considering more severe tribological conditions,
a lubricious tribofilm with a higher thermal stability
could be beneficial. For dry machining of hardened tool
steels (H13, hardness HRC 53–55) with cutting speeds of
300–400 m min−1 one can use an adaptive nanomultilayered
TiAlCrN/NbN coating that has improved high-temperature
lubricating properties (table 1) [87].

Under these, more severe tribological conditions the
tribofilms formed during friction consist of protective
sapphire-like tribo-oxides [31, 96, 191, 197, 202–207] with
some nonprotective (at elevated temperatures) rutile-like
tribofilms and polyvalent lubricious tribo-oxides of Cr and
Nb [87].

Note that for high-performance machining, the Nb-based
oxide tribofilms could significantly enhance wear resistance
at elevated temperatures, as they have high thermal stability
due to strong interatomic bonds in a compound with a heavy
atomic nucleus [191]. Thus a TiAlCrN/NbN nanomultilayer
coating exhibits its protective functions with growing cutting
speeds up to aggressive conditions of 400 m min−1 (table 1).

One more cause of life improvement in the TiAlCrN/NbN
coated cutting tool is the ability of Nb–O tribofilms to
dissipate energy during friction at elevated temperatures.
Literature data show that one of the features of Nb-based
oxides is their abnormally high electrical conductivity at
high temperatures compared to other tribo-oxides formed on
the friction surface, such as alumina, rutile and Cr-based

tribo-oxides [197, 204]. This property indicates some
metallic character of a Nb-based tribo-oxide. Having metallic
properties, this oxide works as a solid lubricant with an
increased ability to dissipate energy during friction due to
existence of metallic bonds that was proved experimentally
using high-resolution electron energy loss spectroscopy
(HREELS) [87, 187, 205–208]. It is worth noting that the wear
behavior of Nb–O tribofilms is a clear illustration of the term
‘dissipative structure’.

Under extreme conditions, the speeds may increase
up to 500 and even 700 m min−1 during dry cutting
of hardened H13 tool steel (table 1) [24], and the
surface may heat up to 1100 ◦C, and probably even
higher temperatures [48]. Nanostructured TiAlCrSiYN-based
coatings have been successfully used in such cases [24].

Selected XPS data of the worn crater surface of the
monolayer TiAlCrSiYN coating are shown in table 2.
Chromium oxides with various valences are formed during
wear (table 2). Titanium has a higher affinity to oxidation than
chromium. This leads to formation of a nonstoichiometric
titanium oxide films and rutile TiO2 (table 2). XPS
indicate formation of sapphire-like [207] triboceramics and
nanofilms with a phase composition close to Al6Si2O13

mullite [209–214]. A partial chemical transformation of
aluminum in the TiAlCrSiYN monolayer coating has taken
place: 28.6% of Al was retained in the complex nitride,
17.6% of aluminum oxidized with the formation of Al–Si–O
oxide (mullite) and 8.8% of aluminum oxidized with the
formation of trivalent Al2O3 (sapphire, table 2). Formation
of sapphire/mullite tribofilms could be attributed to the
interaction of two processes: (i) severe, highly nonequilibrium
operating conditions with high gradients of characteristics on
the friction surface and (ii) enhanced tribo-oxidation of the
nanostructured coating with a nonequilibrium structure that
promotes its physical and chemical reactivity [215]. If both
of these conditions are not fulfilled, for instance tribological
conditions are not very severe (moderate cutting speed,
table 1) or the coating does not possess a nonequilibrium state
(annealed coating for instance [31]) then instead of sapphire a
less protective alpha-alumina phase is formed on the friction
surface (table 1).

Introduction of the more advanced TiAlCrSiYN/TiAlCrN
nanomultilayer coating with modulated chemical
compositions of the nanolayers results in further enhancement
of the protective/thermal barrier ability of the surface [17].
That is why this coating can sustain even ultrahigh-speed
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Figure 1. Fourier transforms of EELFS spectra from various microareas on the surface of worn craters of cutting tools with the
TiAlCrSiYN monolayer coating (a, b) and TiAlCrSiYN/TiAlCrN multilayer coating (c, d). The nearest atomic surrounding has
characteristics of sapphire (a) and mullite (b) structure; the standard interatomic bonds lengths in sapphire and mullite are presented
at the top and the bottom, respectively. (Reproduced with permission from [17, 24], Elsevier, AIP.)

machining conditions (cutting speed up to 700 m min−1,
table 1). This is illustrated by the XPS data shown in
table 2. A partial chemical transformation of aluminum in the
multilayered coating is taking place: 19.3% of Al is retained
in a complex nitride, 6.6% of aluminum oxidizes with
formation of a complex Al–Si–O oxide (mullite), and 29.1%
oxidizes with the formation of Al2O3 (sapphire) [207–216],
which is two times higher compared to the monolayered
coating (table 2). XPS data indicates the formation of
Al–Si–O bonds in Al6Si2O13 mullite tribofilms [209–212].
The nonstoichiometric titanium tribo-oxide (7.3%) and
rutile TiO2 (5.5%, table 2) are also formed on the friction
surface. Along with the lubricious Cr–O (table 2), protective
and high-temperature lubricous Si–O phases are formed as
well [17, 211–218]. The phase composition of tribo-oxides
differs for monolayered and nanomultilayered coatings: a
considerably higher concentration of Al2O3 is formed during
tribo-oxidation of the multilayered coating (table 2). Overall,
the amount of protective sapphire and mullite-like tribofilms
is significantly higher in the multilayer coating as well. As
shown previously [63], the aluminum-rich Ti0.25Al0.65Cr0.1N
nanolayers are characterized by a higher oxidizing ability
than the Ti0.2Al0.55Cr0.2Si0.03Y0.02N ones. Owing to the
contribution of the more aluminum-rich Ti0.25Al0.65Cr0.1N
nanolayers in the multilayered coating, the amount of alumina
tribofilms on the friction surface grows. The amplification
of boundary diffusion caused by the increase of density of
interfaces and grain boundaries in nanomultilayer coatings
is another important factor [219]. The sapphire phase
rapidly grows on the surface of the nanolayered coating as a
result of intensified mass transfer of aluminum with further
tribo-oxidation at high temperatures [220].

To confirm the XPS results, the atomic structure of the
tribofilms was investigated using the electron energy loss fine
structure (EELFS) technique. The fine structure of electron
loss spectra in the 250 eV range near backscattered peak
(E0 = 1000 eV) has been analyzed. The Fourier transforms

(an analog to the radial distribution function [28, 29]) are
shown in figures 1(a)–(d). Each peak position corresponds to a
radius of coordination sphere in the crystal lattice. It is shown
in figures 1(a) and (b) that two phases coexist on the surface of
the worn crater: sapphire- and mullite-like tribofilms, since the
measured lengths of nearest interatomic Al–O, O–O and Si–O
bonds are close to the standard crystallography data [216, 221,
222] as well as experimental Fourier transform of R-sapphire
and mullite standards (see the scales on the top and bottom in
figures 1(a) and (b) [216].

Simultaneous formation of such refractory compounds
as sapphire and mullite leads to excellent protection of the
surface under severe frictional conditions (with increasing
cutting speeds). Sapphire is the hardest oxide possessing an
excellent thermal shock resistance at high temperatures [207,
222], and mullite is a refractory compound that has similar
high-temperature properties [209–211, 214]. Both materials,
especially sapphire, have excellent ability to accumulate
energy from external impact [216, 222–224] that leads
to reduction of entropy production during friction. Being
chemically stable materials, they reduce adhesive interactions
at the workpiece/tool interface and therefore heat generation
during cutting. This could shift the friction to a much milder
mode [99], significantly reducing the wear rate.

The Fourier transforms of the worn surface of the
TiAlCrSiYN/TiAlCrN coating are shown in figures 1(c) and
(d). The EELFS spectra were obtained from two different
places at the worn surface. The structural peaks in the
Fourier transform of figure 1(c) correspond to the interatomic
distances in the sapphire-like aluminum oxide [216, 221, 222].
The Fourier transform in figure 1(d) was calculated for the
other area at the tool surface. In this case it has four wide peaks
at 1.0–5.0 Å interatomic distances (figure 1(d)). The first
peak is nonstructural. Complex chemical composition of the
tribofilms provides a large set of pair interatomic distances.
The phase with high concentration makes the biggest input
in the radial distribution function. The first intense structural
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(a) (b) (c)

Figure 2. Beneficial heat redistribution on the surface of coated cutting tools due to formation of various tribofilms: (a) no tribofilms,
(b) lubricious tribofilms and (c) protective tribofilms with the thermal barrier properties. V c—cutting speed, m min−1

; Q—heat flow:
Qch—heat flow in chips; Qt—heat flow in tool, Vc1 = Vc2 = Vc3.

peak is formed by the mullite oxide and the nonoxidized
coating (figure 1(c)) [218]. The presence of a Si-Ox phase
is also possible [225–228]. One can see in figures 1(c) and
(d) that similar to the worn surface of monolayer coating,
sapphire- and mullite-like tribofilms are also present on the
friction surface [229]. However, if we compare the intensity
of peaks of the sapphire phase at the remote atomic distances
above 4 Å, they are significantly higher for the multilayered
coating (figures 1(a) and (c)) that corresponds to XPS data
presented in table 2. A higher amount of the protective
crystalline triboceramic phase additionally improves wear
behavior resulting in better tool life (table 1).

From experimental data we can see that selection of
the elements to optimize an adaptive coating’s design should
consider the features of tribofilm formation and understanding
of their desirable characteristics for specific applications [6].
This selection depends on severity of tribological conditions.
If conditions are extreme, such as dry end-milling of hardened
steel at 500–700 m min−1, then the following features of
tribofilms that ensure high tool life could be outlined: (i) the
tribofilms have to act in synergy (as a whole) and in this
way present emergent behavior [230] to protect/lubricate the
surface at high operating temperatures. (ii) The elements
that form high-temperature stable oxides (such as Al, Si,
to a lesser degree Cr and other similar elements) can
be used for the coating alloying to enhance formation of
protective triboceramic films. (iii) The lubricating action
could be performed by the oxygen-containing tribofilms that
have enhanced oxidation stability at high temperatures (such
as Cr-O tribofilms [203] and amorphous-like Al–O, Si–O
tribofilms). This would prevent intensification of chemical
and oxidative wear during high-speed cutting [231–234].
In contrast, under less aggressive tribological conditions–for
instance, at lower cutting speeds (table 1) or during machining
of alloys that generate lower temperatures at the tool/chip
interface–the formation of stable low-temperature lubricious
oxides such as W–O and Nb–O triboceramics significantly
improves the wear resistance (table 1).

3.1.3. Nanotribological effect of the thermal-barrier/
lubricious tribofilms formation in relation to the adaptive
behavior of surface-engineered hierarchical materials.

Adaptive behavior and the related process of self-organization
are strongly associated with the gradient of characteristics
within the entire system. The coating affects heat flow
redistribution in the cutting zone [235]. As shown
above, protective tribofilms formed on the surface of
TiAlCrSiYN-based coatings have sapphire and mullite crystal
structures [17, 24]. Thermal conductivity of these oxide
ceramic films at high temperatures is noticeably lower than
that of the nitride coating, and this difference grows with
temperature [224, 236, 237]. The thermal barrier properties of
the hard coating system, therefore, depend on the properties
of the coating and, equally importantly, on the properties
of the nanoscale layer of the tribofilms formed on the
friction surface. Altogether, these characteristics can result in
beneficial heat redistribution during cutting.

Critical features of tribofilms such as their protective
ability and lubricity outlined above (table 1) determine the
wear performance of adaptive coatings. Based on the heat
redistribution analysis presented in [235], the dependence
of heat flows on characteristics of the tribofilms formed on
the coated tool surface is schematically shown in figure 2.
If there are no tribofilms on the surface (figure 2(a)) then
a significant portion of heat flows into the tool, heating
the coated tool and rapidly destroying it. A relatively
small portion of the heat goes into chips as well. When
adaptive self-lubricating coatings are used, the heat flow
distribution is different (figure 2(c)). Owing to the formation
of lubricious tribofilms with lower coefficients of friction
on the coated surface of cutting tool, the chip/tool contact
length diminishes, producing more curly chips [186, 238,
239]. This leads to the lower heat generation during operation
(figure 2(c)) because heat efficiently dissipates on the
friction surface with improved lubricious properties. Less
heat flows into the tool and chip and the actual temperature
of coated tool body is reduced (figure 2(c)). Formation of
the tribofilms with enhanced protective and thermal barrier
properties results in a very complex process at the tool/chip
interface associated with: (i) lower heat generation due to
diminished adhesive interaction at the chip/tool interface
[17, 240], and (ii) significant reduction of heat flow into
the body of the coated tool (figure 2(b)) [241] that allows
operation under more aggressive conditions. The thermal
barrier layer of tribofilms raises the temperature at the
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Fe 

Figure 3. TEM images (cross-sectional views) of the worn coated ball-nose end mills with (a) TiAlCrSiYN monolayered and
(b) TiAlCrSiYN/TiAlCrN multilayered coatings. (Reproduced with permission from [17], Elsevier.)

tool-chip interface because the cutting temperature grows
with decreasing thermal conductivity of the tool material
(in our case alumina-based tribofilms). On the other hand,
experimental studies show that owing to the improvement in
thermal behavior of the coating with protective tribofilms,
heat is largely transferred into chip, which softens its
surface [17]. The metal flow at the tool/chip interface is
enhanced. Combined with lower adhesive interaction at the
chip/tribofilms interface, frictional conditions are improved
and cutting forces are reduced [17]. Data presented in
figures 3–5 show that a larger portion of heat flows into the
chip and dissipates via chip removal [17]. The thermal barrier
tribofilms serve as a nanolayer that accumulates a significant
portion of the frictional energy [10, 236] and prevents heat
penetration into the body of the tool. With these types of
tribofilms formed on the surface, the actual temperature of the
coating underneath decreases significantly (see figures 3–5).
Under extreme operating conditions, these two methods of
beneficial heat redistribution are working in synergy owing to

simultaneous formation of two types of tribofilms (lubricious
and thermal barrier) [6].

With the formation of tribofilms, the adaptive coating
transforms to a hierarchical material with different and
improved characteristics as compared to the as-deposited
state [240]. This is illustrated by transmission electron
microscopy (TEM) investigations of the workpiece/tool
interface for the cutting tools with adaptive TiAlCrSiYN
monolayer and TiAlCrSiYN/TiAlCrN multilayer coating
under extreme operating conditions (table 2) [17, 24].
Under high-temperature frictional conditions, when the
surface temperature reaches 1000–1200 ◦C [240], significant
surface damage and grain size coarsening are taking place
on the surface of the monolayer TiAlCrSiYN coating
(figure 3(a)) [24]. In contrast, no significant surface damage is
observed in the TEM image of the workpiece/tool interface in
the TiAlCrSiYN/TiAlCrN multilayer coating that is protected
by sapphire/mullite tribofilms (table 2, figure 3(b)) [17].
Grain size coarsening in this coating on the friction surface
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Figure 4. TEM images (a, c) with SAED patterns (b, d) of the worn TiAlCrSiYN/TiAlCrN coating (see figure 3): (a, b) 45 nm from the
surface, no evidence of h-AlN; (c, d) 85 nm from the surface, small amount of the h-AlN phase. (Reproduced with permission from [240],
AIP.)

is minimal compared to the as-deposited state (figure 3(b))
[17, 241, 242].

A thermally insulating coating, such as TiAlN-based
coatings, impedes the heat flow to the substrate [62]. Note that
the thermal conductivity of Al-rich TiAlN-based coatings is
relatively low due to the presence of the AlN nanophase [223,
236, 238, 243]. However, coatings with a similar amount of
Al but different structure have very different ability to form
protective oxide films on the surface (table 2). This affects the
physical and chemical properties of the coatings responsible
for their thermal behavior (see below) and correspondingly
controls their wear performance. Therefore, formation of
alumina tribofilms on the surface identified by XPS and
EELFS mostly controls wear mechanisms under extreme
conditions of ultrahigh-speed machining (figure 1). The
formation of these films beneficially redistributes the heat
flow as shown in figure 2(c), largely preventing heat flow
propagation into the body of the tool. This reduces the surface
damage (figure 3) and affects phase transformation during
friction (figure 4). The as-deposited TiAlCrSiYN/TiAlCrN
multilayer coating has only a minor amount of hexagonal AlN
(h-AlN) phase [17]. In addition to the low surface damage of
this coating, it is hard to identify any h-AlN phase just below
the layer of tribofilms (within the surface layer of 40 nm,

figures 4(a) and (b)). At a greater depth (of around 80 nm)
there is a small amount of a phase that corresponds to h-AlN
(100) ∼0.268 nm (figures 4(c) and (d)). This indicates that the
temperature of the coating below the layer of the tribofilms
is strongly reduced. This marked reduction in the temperature
of the coating (probably down to around 600–700 ◦C) hinders
the damage (figure 3) and phase transformations (phase
decomposition, figure 4) within the surface layer. TEM results
(figure 4) are clearly confirmed by x-ray absorption near-edge
structure (XANES) data shown in figure 5. The comparison
of the line shape of the nitrogen signal in figure 5 indicates
that the inner layer of the worn coating with the tribofilms
formed on the friction surface did not reach high temperatures.
Feature B, which is related to the first (most prominent
peak from the h-AlN standard), is not predominant in the
coating on the worn tool. However XANES analysis shows
that during in situ heating of the coated layer in vacuum,
formation of h-AlN phase at temperatures above 600 ◦C
is quite significant (figure 5). The clear reduction in the
formation of the undesirable h-AlN phase beneath the layer
of tribofilms indicates a strong temperature gradient (up to
400–600 ◦C) within this surface layer [240, 241]. This reduces
damage at high temperatures and explains why this coating
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Table 3. Microstructure and properties of TiAlCrN-based coatings [ 17, 242].

Maximum Weight gain,
impact Residual TG (%) after

Microhardness (GPa) depth (nm; stress oxidation in air DTA (µV;
Coating Microstructure 25 ◦C 500 ◦C 150 mN load) (GPa) (0.5 h, 1000 ◦C) at 1000 ◦C)

TiAl55CrSiYN Nanocrystalline 29.9 + 3.5 19.2 + 2.8 6155 + 359 −0.490 0.015 27.96
monolayer

TiAl55CrSiYN/ Nanocrystalline 30.0 + 4.8 27.4 + 4.1 5901 + 207 −0.520 −0.020 −41.74
TiAlCrN multilayer

Figure 5. Partial fluorescence yield x-ray absorption spectra of
N-K edge after vacuum annealing of the TiAlCrSiYN/TiAlCrN
multilayer coating at various temperatures: c-TiN and h-AlN N-K
edge standards are added for comparison, to show the evolution in
thermal decomposition of the TiAlCrSiYN/TiAlCrN multilayer.
Features A and B of the nitrogen signal are related to the first, most
prominent peaks of c-TiN and h-AlN, respectively. The inset shows
the tip of the worn ball-nose tool that was cut and placed on top of a
copper holder to acquire the XANES signal. (Reproduced with
permission from [240], AIP.)

can sustain such extreme service conditions when the cutting
speed reaches 500–700 m min−1 (table 1).

3.2. Structural characteristics and major properties of the
coating in surface-engineered hierarchical materials

The coating in surface-engineered hierarchical materials
is equally important as the nanolayered tribofilms. To the
best of our knowledge, few wear-resistant coatings can be
regarded as complex systems with emergent behavior. In this
section we present such a coating using the unique example
of nanomultilayer TiAlCrSiYN/TiAlCrN coating [17].

Structural, physical, chemical and micromechanical
characteristics of the coating are considered below (table 3).

3.2.1. Structural characteristics. Selection of the structural
category of the adaptive coating strongly depends on its field
of tribological applications and ensures its ability to sustain
specific extreme conditions. As outlined above, efficient
coatings that are usually used under these conditions mostly
belong to the Al-rich TiAlN family [3]. All these coatings
consist of a solid solution of Al in a TiN crystal lattice [3]
and have a cubic B1 crystal structure, as revealed by x-ray
diffraction (XRD) and TEM [61, 62, 224, 245]. This cubic
B1 structure can be stabilized at a higher Al content by
introducing Cr to the Ti–Al–N system [63]. The wear-resistant
AlCrN family of coatings [62], which are solid solutions
of Al in CrN [61, 246], also became popular for severe
tribological applications because they possess a combination
of high-temperature hardness and oxidation stability [247].
However, comparison of tool life under extreme conditions
shows that TiAlCrN coatings have better potential for extreme
tribological applications [24, 242, 248].

Nanomultilayer coatings are of special interest
in this review because they present some abnormal
physical, chemical and micromechanical properties such
as high-temperature hardness [241, 249, 250] and improved
protective and thermal barrier properties [243] that are
best suited for extreme tribological applications [2,
241, 251]. Moreover, nanomultilayer coatings can be
considered as complex surface-engineered tribosystems with
increased tendency to self-organization and adaptability
[17, 52]. An example of such a surface-engineered system
is shown below. A family of TiAlCrSiYN/TiAlCrN
nanomultilayered coatings has been introduced recently
to improve the properties of TiAlCrSiYN-based coatings.
These coatings have a modulated chemical composition
but similar characteristics of the alternating nanolayers
(figure 6) [17, 242] [242]. Figures 6(a) and (b) present
high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STM) images (cross-sectional
view) of the Ti0.2Al0.55Cr0.2Si0.03Y0.02N/Ti0.25Al0.65Cr0.1N
nanomultilayered PVD coating. It is possible to distinguish
the nanolayers by the atomic number of the elements,
which results in the different contrast observed for
the alternating nanolayers. The bright nanolayers are
Ti0.2Al0.55Cr0.2Si0.03Y0.02N, which contains the heavier
element (Y) and is richer in Cr. The dark nanolayers are
Ti0.25Al0.65Cr0.1N, which is richer in lighter elements (Al and
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Figure 6. (a) TEM image of the Ti0.2Al0.55Cr0.2Si0.03Y0.02N/Ti0.25Al0.65Cr0.1N coating (cross-sectional view) with SAED pattern inset,
(b) HAADF-STEM image and energy-dispersive spectroscopy profile of the coating and (c) TEM image with SAED pattern inset.
(Reproduced with permission from [17], Elsevier.)

Ti) and has a lower Cr content. Energy-dispersive x-ray
spectroscopy (EDX) profiles of the layers correlate with
the dark and white contrast in the HAADF image. The
grain size is around 20–40 nm. The selected area electron
diffraction (SAED) pattern indicates a B1 crystal structure
(figures 6(a)–(c)). The coatings have a complex structure
that combines nanomultilayers with modulated composition
and columnar features (figures 6(a)–(c)). The continuous
columnar growth has been attributed to the alternating layers
having the same B1 crystal structure [64]. This complex
structure promotes beneficial tribochemical reactions on
the friction surface, encouraging self-organization [52] and
improvement of some critical micromechanical properties
[241, 242].

3.2.2. Physicochemical properties: adaptive nanostructured
coatings as nonequilibrium medium aiming to protect
and lubricate the friction surface. The coating is a
surface-engineered hierarchical material intended, first of all,
to enhance the mass transfer of desired elements to the friction
surface to form protective/lubricious tribofilms and, secondly,
to ensure accumulation and dissipation of the frictional energy
during operation.

Formation of tribofilms as a result of tribo-oxidation
during friction is closely related to the oxidation resistance
of the coatings at high temperatures. In operation, the cutting
edge is permanently exposed to high temperature due to
friction-generated heat. For that reason oxidation wear is one
of the dominant wear mechanisms at high temperatures [7]
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and is considered one of the most important properties of
wear-resistant coatings.

Optimization of hard coating composition is a major way
to improve oxidation resistance. It was shown that addition of
Cr to the TiAlN-based coating strongly promotes its oxidation
resistance owing to favorable changes in electronic and
crystal structure [63, 252]. Many studies aimed to improve
oxidation resistance of various heat-resistant metallurgical
systems such as alloys based on MCrAl (M = Ni, Fe,
Co) [253] or TiAl [132] by incorporating various foreign
elements such as Y [68, 254–256], Hf, Nb, B [257, 258],
V [259] or Si [64, 109, 111, 217, 260, 261]. Among these
dopants, Si and Y seem to be the most promising for
improving the oxidation resistance of hard nitride coatings
at relatively small concentrations. The effect of Si and Y
addition has been independently studied for nitride coating
systems based on TiN [109, 261], TiAlN [111, 217] and
AlCrN [68, 262]. The effect of Si on oxidation resistance
is twofold. Preferential oxidation of Si is observed after the
oxidation test and this Si-rich oxide film acts as a diffusion
barrier for further oxidation [217], much like in case of the
preferential oxidation of Al in the (Ti,Al)N coating [109, 263].
Addition of Si also results in grain refinement of TiAlCrN
coatings [64]. It has been reported that the addition of
Y greatly improved oxidation resistance of heat-resistant
alloys and several mechanisms have been proposed [245].
Yttrium addition to Si-content TiACrN coating prevents
intensive grain coarsening at elevated temperatures [24] and
probably increases phase stability [264]. Since Si and Y seem
to improve oxidation resistance via different mechanisms,
simultaneous incorporation of both elements is effective
[262, 265].

Oxidation resistance of hard PVD coatings is greatly
enhanced by their nanocrystalline structure. Having a highly
nonequilibrium state due to the formation of large numbers of
lattice defects in the as-deposited state [2], the nanostructured
coating possesses drastically improved mobility and reactivity
of the necessary coating elements (such as Al, Si and in lesser
degree Cr) at high temperatures and under heavy loads. It can
transport these elements quickly (almost in an explosive-like
manner) to the friction surface [266, 267]. The predominant
formation of protective alumina films on the surface of the
nanocrystalline TiAlCrSiYN-based coatings occurs during
oxidation over a wide range of temperatures from 800 to
1200 ◦C. This leads to a very low oxidation rate [65, 242].

Oxidation behavior of TiAlCrSiYN-based monolayer
and multilayer nanoscaled coating has been studied
within a temperature range of 25–1000 ◦C in air using
thermogravimetric and differential thermal analysis
(TG-DTA) [17, 65, 242]. This range of temperatures
was selected to mimic the severe cutting conditions during
machining of hard to cut materials [7, 48, 163, 164]. TG data
for a Ti0.2Al0.55Cr0.2Si0.03Y0.02N monolayer coating showed
almost no changes up to 1000 ◦C with only a slight weight
increase observed at higher temperatures (figure 7(a)) [17].
A Ti0.2Al0.55Cr0.2Si0.03Y0.02N/Ti0.25Al0.65Cr0.1N coating
is slightly less stable at lower temperatures (figure 7(b)).
However, this multilayered coating exhibits a very low

Figure 7. TG-DTA data versus temperature in air for
(a) monolayered TiAlCrSiYN coating and (b) multilayered
TiAlCrSiYN/TiAlCrN coating. (Reproduced with permission
from [17], Elsevier.)

weight gain at actual operating temperatures (0.01% at
>1000 ◦C) compared to the already low gain of 0.03%
for the monolayered coating at 1100 ◦C [48]. This is a
significant improvement to lower-ordered coatings such as
TiAlCrN [63, 86] and TiAlCrSiN [64]. DTA determines the
thermal behavior of the coating and indicates formation of
oxide films [268] that result in improvement of the thermal
performance of the friction surface [269]. The DTA data
indicate a phase change with the formation of the oxide.
This phase change improves the thermal behavior, which
results in a beneficial heat distribution on the friction surface.
DTA values of the monolayered Ti0.2Al0.55Cr0.2Si0.03Y0.02N
coating increase with temperature (figure 7(a)). In contrast
they drastically reduce with temperature for the multilayered
coating (figure 7(b)). These DTA data correspond to the
nanotribological studies of thermal behavior of the tribofilms
during machining (figures 4 and 5).

3.2.3. Micromechanical properties: adaptive hard coating
as a surface layer providing dissipation and accumulation
of frictional energy. In addition to the ability to supply
the surface with necessary elements for the formation
of protective/lubricious tribofilms, the ‘bulk’ coating in
the hierarchical surface-engineered nanomaterial has to
perform two extra functions: (i) promote further energy
accumulation and dissipation by the coating—this reduces the
surface-damaging process of crack initiation and propagation
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Figure 8. Micromechanical properties of TiAlCrSiYN/TiAlCrN multilayer and TiAlCrSiYN monolayer coatings measured at room and
elevated temperatures: (a) microhardness, (b) reduced elastic modulus and (c) H3/E r

2 ratio. (Reproduced with permission from [240], AIP.)

that eventually increases the wear rate [229, 270]; (ii) ensure
stable regeneration of the tribofilms embedded in the surface
of the underlying coating.

One of the most efficient ways to do this is by application
of the coatings with a nanomultilayered structure that
can efficiently accumulate and dissipate thermomechanical
energy supplied to the friction surface. As outlined above,
this goal can be achieved with multilayer coatings that
consist of alternating nanolayers with varied and modulated
chemical compositions [3, 81, 83, 271]. Figure 8 presents
micromechanical data for TiAlCrSiYN monolayer and
TiAlCrSiYN/TiAlCrN multilayer coatings versus temperature
up to 600 ◦C [240]. In the multilayer TiAlCrSiYN/TiAlCrN
coating the hardness is stable at 27 GPa up to 500 ◦C and then
drops a little at 600 ◦C, but still remains quite high at 22 GPa
(figure 8(a)). In contrast, the TiAlCrSiYN monolayer coating
gradually softens with temperature (figure 8(a)). The stable
high-temperature hardness of the TiAlCrSiYN/TiAlCrN
coating could be related to the hindering of dislocation
movement by the layer interfaces in the nanomultilayer
coatings under load [249, 250]. The TiAlCrSiYN/TiAlCrN
multilayer coating also has significantly better load support
(resistance to plastic deformation that scales with the
H3/E r

2 ratio [117, 272, 273], which is very high for this
coating), especially at elevated temperatures (figure 8(c)).
This parameter can show excellent correlation with the impact
fatigue fracture resistance [17].

The impact fatigue fracture resistance is slightly better
for the multilayered coating (figure 9). The impact plots
at 150 mN (figure 9) show that the multilayered coating
works better due to greater load support [272]. It minimizes
the probability of initiating cracks [272], diminishes surface
damage and improves wear resistance [17].

Abrupt fracture is typical for a monolayered
Ti0.2Al0.55Cr0.2Si0.03Y0.02N coating. In contrast, cracks
are deflected by the nanolayered interfaces in the
Ti0.15Al0.6Cr0.2Si0.03Y0.02N/Ti0.25Al0.65Cr0.1N multilayered
coating (figure 9(b)) [70, 242]. This mechanism of energy
dissipation [251] was observed by TEM studies in multilayer
coatings (figure 9(c)) [70]. Results of micromechanical
testing are confirmed by progressive wear studies performed
for ball-nose end mills with TiAlCrSiYN-based monolayer
and multilayer coatings using scanning electron microscopy
(SEM, figure 10). Cracks develop within the monolayer
coating (figure 3) due to the surface damage induced by

friction and intensive thermomechanical shock absorbed by
the tools, eventually resulting in its failure at the cutting
edge (figure 10(a)). Only after 1.9 m length of cut, the
monolayer coating is removed from the very cutting edge
(figure 10(a)). Similar results were observed before for
different categories of hard coatings [48]. In contrast, the
multilayer coating remains on the surface for a much longer
period of time and efficiently covers the edge, performing
its protective/lubricating functions (figure 10(b)) [17].
The impact fatigue fracture resistance data (figures 9(a)
and (b)) presented above along with some literature data
(figure 9(c) [70]) reveal that crack propagation can be
inhibited by the internal interfaces of the nanolayers.
Nanomultilayered coatings deflect cracks and dissipate
energy without coating failure. This result is confirmed
by TEM/SEM analysis (figures 9(c) and 10) and directly
corresponds to the wear rate data [17]. As shown in figure 3
an intensive plastic deformation (bending) of columnar
structure and crack formation occur on the worn surface
of the monolayer TiAlCrSiYN coating due to friction and
thermal cycling. In contrast, no surface damage could be
observed in the multilayer TiAlCrSiYN/TiAlCrN coating
(figure 3(b)). The multilayered coating with increased fatigue
properties and, therefore, improved ability to dissipate energy
of friction (figure 10(b)) remains stable on the friction
surface. These results show that mechanical properties are
a critical factor in providing a stable environment for the
hierarchical surface-engineered system to display adaptive
behavior. The nanomechanical properties of the underlying
layer provide a stable low-wear environment for the tribofilms
to form, regenerate and efficiently protect this layer so that
it can survive high temperatures and heavy loads during
operation [17].

The wear resistance of TiAlCrSiYN/TiAlCrN coatings is
further improved by the application of a plasma-enhanced arc
cathode which noticeably decreases the amount of droplet
phases on the surface, improving the surface finish and
tribological characteristics of the coating [63].

3.3. Wear performance of the adaptive coatings; their
multifunctionality and emergent behavior

3.3.1. Selected examples of wear performance of adaptive
coatings under extreme frictional conditions. The new
generation of adaptive hierarchical surface-engineered
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Figure 9. Impact fatigue data of TiAlCrSiYN/TiAlCrN multilayer (b) and TiAlCrSiYN monolayer (a) coatings measured at room
temperature; (c) the cross-sectional TEM image shows the propagation of nanocracks in nanomultilayered coating, which could be a
possible mechanism of thermomechanical energy dissipation in the studied coating. (Reproduced with permission from [17, 70],
Elsevier.)

nanomaterials exhibits various features under different
conditions. They therefore have an ability to sustain
strongly varying operating conditions. Some examples of
this behavior are shown below for the nanomultilayered
TiAlCrSiYN/TiAlCrN coating.

A remarkable example of extreme tribological
applications under heavy loads and at high temperatures on
the friction surface is ultrahigh-speed machining of hardened
(hardness HRC 52–55) tool steels. This is a field where
adaptive hierarchical surface-engineered materials develop
their full potential operating at highly nonequilibrium,
extreme tribological conditions [17, 47, 248]. Detailed studies
of the tool life and wear behavior of different categories
of hard coating show that the adaptive nanostructured
TiAlCrN-based family of coatings has a strong potential for
this application [24, 135, 229, 274]. Usually commercial
and even experimental coatings designed for this application
can work efficiently within cutting speeds of 200–300, and
even up to 400–500 m min−1 [47–48, 247]. Figures 11(a)–(c)
present tool life data for the new TiAlCrSiYN monolayer
coating and the nanomultilayer TiAlCrSiYN/TiAlCrN
adaptive coatings at various cutting speeds [17]. Even under
extreme cutting conditions, which are not widely accessible

yet in modern manufacturing practice (cutting speed of
600–700 m min−1), the TiAlCrSiYN/TiAlCrN coating shows
a long tool life (figure 11(c)) and does not exhibit signs of
linear (rapid) wear (figure 11(c)).

Figure 11(d) presents lifetime data of the cutting tools
with various coatings during turning of Ni-based aerospace
superalloy [242, 275]. Machining of such alloys can be
regarded as extreme operating conditions due to high
temperatures and heavy loads on the friction surface [7, 8].
Note that the same nanomultilayered coating that showed best
tool life during ultrahigh-speed dry machining of hardened
tool steel demonstrates a significant improvement in tool life
during machining of Ni-based superalloy in comparison to the
commercial AlTiN coating that is widely used for aerospace
machining applications [229].

Figure 11(e) presents tool life data of the cutting tools
with various coatings during deep hole drilling of hardened
structural steels. Such drilling generates significant amount
of heat and leads to buildup edge formation [7]. It is
shown in figure 11(e) that an adaptive TiAlCrSiYN/TiAlCrN
multilayer coating outperforms other types of coatings under
these conditions. This could be explained by the beneficial
combination of micromechanical properties of the coating as
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Figure 10. SEM images of surface morphology versus length of cut of the worn coated ball-nose end mills with (a) TiAlCrSiYN
monolayered and (b) TiAlCrSiYN/TiAlCrN multilayered coatings. Tool: carbide ball-nose end mill, D = 10 mm; workpiece-H13 tool steel,
hardness HRC 53–55, speed: 500 m min−1; feed, 0.06 mm per tooth; axial depth, 5.0 mm; and radial depth, 0.6 mm. (Reproduced with
permission from [17], Elsevier.)

well as its protective ability. It allows the coating to stay stable
on the surface and efficiently perform its protective functions
leading to the tool life increase.

3.3.2. Multifunctionality and emergent behavior under
extreme tribological conditions. Multifunctionality of
the nanomultilayered TiAl55CrSiYN/TiAlCrN coating
develops through the ability to sustain completely different
operating conditions because the coating has a complex
nanomultilayered structure and various tuned characteristics,
and in this way it can exhibit various features under different
conditions [17, 242]. When it is necessary to sustain high
temperatures and heavy loads under extreme operation
conditions (ultrahigh-speed dry machining of hardened tool
steel), the coating exhibits its enhanced adaptability, firstly the
formation and permanent regeneration of protective tribofilms
with thermal barrier properties (figures 2 and 5), and secondly
by the ability to remain stable on the surface (figure 10) and to
sustain heavy loads during operation (figure 8), exhibiting low
cycling fatigue (figure 9) [17]. When it is necessary to sustain
unstable attrition wear conditions with intensive adhesive

interaction at the tool/workpiece interface and further
deep surface damage, complicated by the high-temperature
strength and low thermal conductivity of the machined part
made of Ni-based superalloys, the coating firstly exhibits
increased impact fracture resistance as well as resistance to
localized plastic deformation on the friction surface (figure 8)
combined with a simultaneous ability to form protective
tribofilms (figures 1, 5 and 7) [242]. More remarkably, this
class of surface-engineered nanomaterials works well enough
under completely different conditions such as deep drilling
of hardened structural steels (figure 11(d)). This is also due
to the combination of improved fatigue characteristics and
ability to form protective tribofilms. So, under the first type
of tribological conditions (ultrahigh-speed dry machining
of hardened steels) the coating adapts to external impact
in one way, mostly by forming protective tribofilms with
thermal barrier properties; under the second and third type
of conditions (machining of Ni-based superalloys and deep
drilling of hardened steels) it adapts in a slightly different
way, mostly due to its ability to sustain heavy loads at
elevated temperatures and its low cycling fatigue. This is how
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Figure 11. Tool life data for adaptive TiAlCrSiYN-based coatings under strongly varying cutting conditions: (a–c) during dry machining of
hardened steels. Tool, carbide ball-nose end mill, D = 10 mm; workpiece-H13 tool steel, hardness HRC 53–55; speed, 400–500 (a) and (b);
500–700 (c) m min−1; feed, 0.06 mm per tooth; axial depth, 5.0 mm; radial depth, 0.6 mm; (d) during turning of Ni-based aerospace DA 718
alloy, hardness HRC 47–48; speed, 40 m min−1; feed, 0.125 mm rev−1; depth of cut, 0.25 mm; (e) during deep hole drilling of PM hardened
structural steel, grade MPIF P/F 11C60 (C: 0.4–0.8%, Cu, 1.5–2.5%, Fe-balance; HRC 30–35). Speed, 69.1 m min−1; feed rate,
625 mm min−1; depth of cut, 39 mm.

the multifunctionality works for these coatings under extreme
machining conditions.

To understand the causes of improvement in wear
performance of the multilayered coating using the example of
ultrahigh-speed machining of hardened tool steel (figure 12),
we have to consider the combination of all characteristics of
the coating (table 3). Tuned characteristics in the complex
engineering systems are joined together and interact with each
other synergistically, as a whole. The ability of a system
to adapt to the strongly changing external environment is
significantly improved in this way.

Critical features of the coating that work in synergy
are the following. Initially, rubbing and adhesive interaction
between materials in the tribocontact generates frictional
energy that mainly transforms to heat, thereby increasing
the surface temperature. These processes induce a beneficial
mass transfer of the coating’s elements such as Al, Si or
Cr to the friction surface. The adaptive coating possesses an
improved mobility and reactivity of the elements, provided
by its complex nanostructure with highly nonequilibrium state
(figures 6 and 7). Further beneficial tribo-oxidation as a result

of interaction with the environment leads to the formation
of dynamically stable tribofilms, which is directly related to
the self-organization during friction. Self-organization, and
associated tribological adaptation, leads to the situation where
further work of the tribosystem proceeds with a minimal
entropy production despite intensifying external impact (in
our case cutting speed increase) [10]. The stability of minimal
entropy production is provided by the complex interaction
of different processes outlined above. Growth in entropy
production caused by one of the processes, in particular
due to the friction under increasingly severe conditions and
associated processes of localized plastic deformation, surface
damage and adhesive interaction with the workpiece, is
being compensated by the reduction in entropy production
by the intensification of the other process (in our case,
beneficial mass transfer of coating elements such as Al or
Si) [31]. This process, combined with interaction with the
environment (tribo-oxidation), results in negative entropy
production within the tribofilms. Thus, the tribosystem starts
working with feedback. A tribosystem with this behavior
could accumulate more energy without significant surface
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Figure 12. Schematic of emergent behavior of the adaptive coatings under intensifying external conditions.

damage and wear rate increase. Nonequilibrium processes
consume much energy that is spent on these processes instead
of surface damage [10]. In this case, the system is capable of
sustaining extreme external impact.

The coating also has excellent oxidation stability and
thermal barrier properties that are related to the formation of
protective tribofilms (table 3; figures 1 and 7). In addition,
the coating has micromechanical properties that ensure stable
regeneration of tribofilms during friction, such as an increased
ability to sustain heavy loads during operation (first of all
high-temperature hardness, figure 8). Moreover, the impact
fatigue fracture resistance of the coating is improved (figure 9)
to resist cyclic loading under milling operations.

The next very important feature of the coating
is its nanomultilayered structure, which can efficiently
dissipate thermomechanical energy supplied to the friction
surface. This reduces the surface damage, which would
otherwise increase the wear rate [270]. As outlined in
figure 10, no surface damage could be observed in the
TiAlCrSiYN/TiAlCrN multilayered coating. The coating
with a better ability to dissipate energy of friction due
to improved micromechanical properties (figure 9) stays
stable on the friction surface and efficiently performs its
protective/lubricating functions (figures 10 and 11). In this
way, the wear rate has stabilized rapidly at a very low level
and stays stable for a long time (see figure 11(c)). So, the
advantage in one set of characteristics (micromechanical)
affects other categories of characteristics (stable regeneration

of protective/lubricious tribofilms) and vice versa: the
nanolevel mechanisms of tribofilms formation influence the
nano/microlevel effects associated with resistance to plastic
deformation as well as cracks formation and propagation
within the coatings [19]. In this complex way, the coatings’
characteristics are integrated within the system and work
in synergy. The other example of complex interrelation of
the coatings’ characteristics is the formation of alumina-like
surface films that affect the thermal properties of the
surface layer (figures 1, 4–6), create a strong temperature
gradient and prevent temperature increase, surface damage
and corresponding wear rate growth. This is a typical case
of emergent behavior. A tribosystem with this behavior can
accumulate/dissipate more energy. Remarkably, the emergent
behavior of the coating could be assessed through various
properties of the coating. The properties shown in figures 7–9
are tuned as a whole to prevent advances in one kind of
properties at the cost of the other. Only simultaneous advances
in several characteristics (such as high-temperature hardness:
figure 8, fatigue resistance: figure 9 and thermal properties:
figure 7) enhance the emergent behavior (table 3). That is
why the adaptive coating with emergent properties can sustain
increasingly severe operating conditions [17].

In our opinion, future generations of wear-resistant
coatings for extreme tribological applications have to
be complex engineering systems that possess emergent
properties [17]. Such coatings can perform as a higher-ordered
system during operation and therefore achieve long life under
extreme tribological conditions.
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Further advances in the design of hierarchical
surface-engineered materials will be associated with the
higher complexity of the surface-engineered layer [52] to
increase its multifunctionality and therefore adaptability
during operation. They can move in two directions: (i)
inventing new ways to accelerate formation and improve
service characteristics of beneficial tribofilms on the
surface of the hierarchical adaptive nanomaterials [31];
(ii) introduction of more complex designs of adaptive
coatings [52], for example, smart/nanolaminated adaptive
coatings with programmable characteristics of the
surface-engineered layer. These are definitely interesting
topics for future research.

4. Conclusions

1. Modern adaptive wear-resistant coatings may be regarded
as hierarchical surface-engineered nanostructured
materials. They exhibit dynamic hierarchy on two major
structural scales: (a) the nanoscaled surface layers
of the tribofilms that perform protective, lubricating
and thermal barrier functions and largely control wear
resistance of the entire surface-engineered system
and (b) the nano/microscaled coating itself with its
complex nanocrystalline/multilayered structure and
highly nonequilibrium state.

2. Adaptive wear-resistant coatings develop their full
potential under extreme tribological conditions. Such
operating conditions are mainly associated with strong
gradients of various characteristics occurring on the
friction surface. They are far away from equilibrium
and the wear rate of the unprotected friction surface is
extremely high. Moreover, if the operating conditions
are characterized by strong instability (for example,
attrition wear mode during machining of aerospace
Ni-based alloys or interrupted cut at ultrahigh-speed
dry end-milling of hardened steels) then the gradient of
characteristics grows even further. Therefore, in complex
surface-engineering systems such as adaptive coatings,
the probability of self-organization is much higher,
resulting in significant improvement of wear resistance.

3. A major feature of the adaptive hierarchical
surface-engineered nanomaterials is the formation
of various nanoscaled tribofilms on the surface of the
coating as a result of self-organization during friction.
These tribofilms are generated from the base surface
of the engineered material by structural modification
and interaction with the environment (mostly with
oxygen from air) leading to tribo-oxidation under heavy
load, high temperature conditions. A new direction in
nanomaterials research is presented: compositional and
structural optimization of the surface tribofilms by tuning
the adaptive hard coating design for specific applications.
Results of long-term studies on the characteristics
of the tribofilms are summarized. Thermodynamic
analysis shows that formation of the tribofilms is a
strongly nonequilibrium process that leads to a decrease
of entropy production. This nonequilibrium process

requires much energy, thus the tribosystem diverts energy
available for surface damage, which substantially reduces
the wear rate. As dissipative structures, the tribofilms
have several characteristics best suited to sustain various
operating conditions, thus assuring superb protective
and/or lubricious functions of the friction surface.
Another critical feature of adaptive coatings with
enhanced formation of protective/lubricious tribofilms
is their improved thermal behavior that creates a strong
gradient of temperature at the tool/chip interface and
reduces overheating of the coated tool. The concentration
of a larger part of the interactions between frictional
bodies within the thin nanoscale layer of the tribofilms
is taking place. As a result, the surface damage within
the coating is significantly reduced. This explains why
adaptive coatings can sustain severe and extreme service
conditions. Taking control of the structure and properties
of nanoscaled tribofilms by optimizing the characteristics
of adaptive coatings can be one of the future trends in
nanotechnology.

4. It is shown that the coating in surface-engineered
hierarchical materials plays a no less important role than
the nanoscaled surface tribofilms. As a nonequilibrium
medium, it controls physicochemical properties of
the coatings and supplies the desired elements to
the friction surface to form the tribofilms with
necessary characteristics. It also ensures accumulation
and dissipation of the frictional energy during operation.
Unique features of nanomultilayer coatings design are
outlined that help achieve desirable characteristics of the
adaptive coatings.

5. A new approach to multifunctional adaptive coatings
design for severe applications is presented. A critical
feature of the surface-engineered hierarchical materials
to sustain extreme operating conditions is their emergent
behavior that can be achieved by careful tuning of various
characteristics of the adaptive coating to promote natural
beneficial processes associated with self-organization
during friction with dissipative structure formation.
Tuned characteristics in the complex engineering systems
are joined together and interlink, working as a whole.
Following this approach, the ability of the system to adapt
to a strongly changing environment is greatly enhanced.
The nanomultilayered coatings that represent hierarchical
surface-engineered adaptive nanomaterials possess
emergent properties through several improved features
(synergistic action of protective/lubricious tribofilms,
beneficial mass transfer of the necessary coating’s
elements to the friction surface, improved thermal and
micromechanical properties of the coating) that work as
a whole. The advantages in one kind of characteristics
(micromechanical) affect other characteristics (stable
regeneration of protective/lubricious tribofilms) and
vice versa: the nanoscale mechanisms of tribofilms
formation influence the microscale effects associated
with damaging processes within the coatings. In this
complex way they are integrated within the system and
work in synergy. As a higher-ordered system, they can
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achieve multifunctionality and high wear resistance
under extreme tribological conditions.
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