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ABSTRACT

Purpose: The goal of the presented study was to develop a methodology giving a possibility to predict
functional properties of coatings obtained in the PVD and CVD processes on tool materials, based on fractal-
and multi-fractal quantities describing their surface.

Design/methodology/approach: Effect of process type and deposition conditions on structure and shape of
surface, as well as mechanical and service properties of the obtained coatings were determined. Methodology
and detailed description of coatings topography obtained in PVD and CVD process on tool materials, including
use of the fractal- and multi-fractal geometry based on images obtained on the atomic forces microscope
were worked out. Relationships between fractal- and multi-fractal quantities and their mechanical and service
properties were determined.

Findings: The investigation results confirmed the feasibility to predict hardness and erosion resistance of
coatings obtained in the magnetron PVD process, as well as the service properties defined in the cutting ability
test for coatings obtained in the arc PVD process and in the high-temperature CVD process, based on the surface
fractal dimension Dy value for their surface topography.

Practical implications: Determining significant quantitative correlations between fractal quantities defining
coatings’ surfaces, as well as their service and/or mechanical properties provides the opportunity to predict their
end-user properties.

Originality/value: Fractal analysis was applied for characterization of PVD and CVD coatings surfaces.
Keywords: Thin & Thick coatings; PVD and CVD coatings; Image analysis; Fractal and multifractal analysis;
X-ray analysis; AFM microscope
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1. Introduction

High - tech tool materials, because of their work nature and
their wear mechanisms complexity, should meet a number of
requirements like, among others: high hardness, wear resistance,
high compression, tensile-, torsional- and bending strength, as well
as cutting edge stability [1-3]. The “ideal” tool material of a general
purpose application should merge the above-mentioned properties,
and particularly the high wear resistance and hardness, including
high strength and good ductility with the chemical inertness in
relation to the processed material (Fig. 1).

Protection of machine elements and metal constructions from
corrosion and wear, extension of life of machines and
mechanisms belong to crucial materials engineering problems.
Strength of the elements is ensure by using one material, and its
resistance to external factors is guaranteed by development locally
a coating on its surface having special properties. The mechanical
strength of the elements is ensured by its core, and its resistance
to the external factors (wear, corrosion, erosion) is obtained by
forming thin coatings from other materials on their surface, with
the differentiated chemical compositions and applications. The
extended elements life results combined with other required
features, along with cost reduction in many cases. Moreover,
fabricating of products is possible, characteristic of the unique
combination of properties, unobtainable using the traditional
engineering materials. Therefore, a new approach is purposeful to
materials selection both in the technical- and economic respects.
However, in spite of the intensive development of materials
engineering fabrication of the “ideal” material has still not
succeeded because of the fundamental contradiction between such
properties like hardness and ductility [2-6].
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Precise definition and surface form description are important in
materials engineering in consideration of the material application.
Scanning electron microscopy (SEM) is one of the methods which
make imaging of the geometrical surface properties possible for the
investigated materials [7]. Information about topography (surface
sculpture) and morphology of the test pieces is acquired mostly
from a signal coming from the secondary electrons (SE).
Employment of the contemporary high-resolution electron scanning
microscopes makes visualisation possible of the geometrical of
topographical features with the resolution ranging from 1 mm to a
fraction of a nm. The digital representation of the image acquired on
the scanning microscope is its discrete mapping in the form of a
table of numbers specifying the grey-levels of the particular
analysed image points; however, the limited capability to acquire
the quantitative data characterising and describing the examined
surface is its drawback. The second method commonly used for
imaging the surface geometrical features with nanometric resolution
is atomic forces microscopy (AFM) [8]. The measurements are
made by moving a probe over the examined test piece along the
parallel lines, and its swing makes it possible to work out the
topographic map of the examined surface. The measurement results
are logged as a table of numbers whose values may be interpreted
as a probe distance from the examined surface (or as a test piece
height in regards to the assumed level) at the particular, precisely
defined measurement points. Although, as distinguished from
scanning electron microscopy, the atomic forces microscopy makes
obtaining quantitative data possible, the examination results
obtained using the AFM microscope are used in a limited range
only, just for the graphical presentation of the analysed surfaces.
Potential offered by this investigation technique in the quantitative
description on the PVD and CVD coatings remains, in the author’s
opinion, unexploited.

'
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Fig. 1. Comparison of different tool materials in terms of their properties [4]
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Roughness plays the especially important role among quantities
describing the geometrical properties of coatings, defined as a set of
the minute real surface irregularities, defined by convention as
deviations from its profile, measured from the assumed reference
line over the roughness sampling length at which the surface shape
and waviness deviations are not taken into account [9]. There are a
number of quantities that characterize surface roughness [10]; and
the following are considered to be the most important ones:

e Arithmetic average of profile deviation from the roughness
centerline Ry in um,

e Roughness height R, in pm,

e Peak-to-valley height Ry in pm.

Surface roughness is one of the criteria used for qualitative
assessment of the PVD and CVD coatings surface. The necessity
of the complementary approach is emphasized in those areas,
where especially demanding requirements are imposed on the
materials used, regarding the coatings description methods and
using simultaneously many parameters describing them (so-called
multiparametric analysis) [11-13]. Employment of fractal
analysis for description and characterizing the examined objects is
one of research trends in this area.

2. Theoretical premises to
take up an investigative
subject area

2.1. Contemporary sense of wear
resistant coatings

Technology of thin coatings, resistant to wear and deposited
by different methods on tool materials, has been arousing a lot of
producers’ interest for many years. Progress in this field is
advancing in parallel with development in several areas of the
material engineering, concentrating on continuous searching and
implementing new materials, and also on optimisation of their
chemical and phase composition as well as on technology to
produce them [14, 15]. Currently, the main manners to improve
service properties of tool materials are physical and chemical
methods to deposit coatings. Coatings acquired in the PVD &
CVD processes have already consolidated their position in many
applications, allowing for explicit improvement of service
properties of elements made of tool materials. The main benefits
resulting from their deposition on tools are the following:

e Higher life-time of produced elements,

e Reduction of costs of production due to tools life increase,

e Reduction of inter-operational shut-downs caused by
necessary exchange of tools,

e Machining capacity increase related to machine cutting speed
and applied advances increase,

Higher quality of materials’ machined surfaces,

Reduction of oxidation and corrosion processes.

These methods application does not cause environment
pollution; they can be easily automated and applied in series
production. Of this technology importance, among methods of
surface properties improvement, the fact can testify that in a
commercial offer of top manufacturers, there is a wide assortment
of tools coated with crusts [16, 17].

Methodology of research

CVD methods used for coatings deposition are that metal
carbides and nitrides are formed of gas atmosphere components on
surface of a machined element. In the process of formation of a
layer, substrate’s components take part. The process is carried out in
gas atmospheres usually containing chemical compounds vapours
of a metal being a basic component of a produced layer within
900-1100°C. High temperature, necessary for a course of chemical
reaction, significantly reduces a range of the applied CVD methods,
particularly, in case of elements exposed to dynamic loads, being in
service, or tools made of high-speed steels. It reduces a scope
of CVD technologies application mainly for layers deposition on
inserts made of ceramic carbide materials, for which high
temperature of the process does not cause a loss of their properties.
In the last years a few varieties of CVVD processes were developed
that generally are called as methods of chemical deposition from
gas phase in the presence of a glow discharge PACVD, making
utilisation of positive features for CVD high temperature processes
possible (high capacity and quality of received coatings)
in connection with low temperature of coating and beneficial
plasma enabling to clean substrate [2, 15, 16, 18, 19].

PVD methods take advantage of physical phenomena, such as
metals or alloys evaporation, or cathode sputtering in vacuum as well
as gaseous ionization and metals vapours. Their common feature is
vapours crystallization of metals vapours or phases from plasma.
Coatings deposition is performed on a cold substrate or on a
preheated one up to 200-600°C, what makes quenched and tempered
substrates deposition possible, not worrying about their hardness
drop. In PVD technologies, a change of process parameters has a
tremendous impact on a structure of produced coatings. The basic
process parameters affecting structure and topography of PVD
coatings are: substrate’s temperature, working gases pressure, energy
of deposited ions, which together with substrate’s features and
properties determine their mechanical properties [2, 20-23].
Evolution of the PVD methods tends towards a direction allowing for
deposition of multi-phase, multi-layer and gradient coatings being
characterised by good adhesion to substrate’s material [16, 17].

In the face of multitude of deposition techniques varieties of
coatings there is a necessity of conscious choice for both a type
of coating and a method to deposit it, as the same coatings
deposited by different methods differ in terms of their service
properties.

Fig. 2. Comparison of coatings’ deposition techniques [29]

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface



http://www.journalamme.org
http://www.journalamme.org
http://www.journalamme.org
http://www.journalamme.org

Journal of Achievements in Materials and Manufacturing Engineering

In the Fig. 2 a comparison of coatings’ deposition techniques is
shown, depending on process temperature and working pressure.

A great number of possible techniques allows to select the
most adequate one for a specific application, for the sake of the
required properties of coating and coated substrate. Putting high
demands, for coatings resistant to wear, causes that materials used
to acquire them should be characterized by, first of all, high
hardness in raised temperature, high resistance to oxidation and
good chemical stability. For the sake of that demands, as coatings’
components resistant to wear, the most frequently compounds
used for the tools are the following: titanium nitride TiN, titanium
carbide TiC, titanium carbonitride TiCN, aluminium nitride
TiAIN and aluminium oxide Al,05[24-29].

Currently, the most frequently used properties of single-layer
coatings’ are, in numerous cases, not sufficient. Far higher
possibilities to form required properties in different areas of a
coating make multi-layer coats happen. The multi-layer coatings,
formed as a result of the subsequent layers’ overlapping of
different materials, predominatingly simple coatings of different
properties are selected in such a way that provide gradual
transition between properties of particular layers, having different
assignments to make. As a result of that, a formed multi-layer
coating simultaneously exhibits high adhesion to substrate’s
material and resistance to wear. In Fig. 3 a scheme of a multi-
layer coating is presented, deposited on a cutting edge including
functions of particular layers in accordance with [4].

Reduced frictional
resistance

Rake face wear resistance

Equilibrum between rake face
and flank face wear resistance

4—Crack resistance

Fig. 3. Scheme of an exemplary multi-layer coating deposited
on a cutting edge including functions of particular layers [4]

Coating’s surface, directly exposed to a contact with foreign
material, should be characterised by low chemical reactivity.
From the middle part of the coating’s cross-section, it is required
to get high hardness and good ductility providing internal stress
relaxation. Coating’s contact zone with substrate’s material
should provide, first of all, good adhesion which can be obtained
by thermal stresses minimisation and owing to approximate
character of atomic bonds in substrate and material [2, 4, 16].

Tool

materials

Fig. 4. Prediction of PVD & CVD techniques development [32]
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For efficiency to apply coatings deposited by PVD & CVD
methods, comparative findings results speak the best, performed
simultaneously for coated and uncoated tools [1, 2, 6, 16, 21, 25-27].
Development of PVD & CVD processes caused usage of specific
properties of coatings for commercial scale, not only to cover tool
materials, but also in other area of applications: in optics and
microelectronics, biomedicine, power engineering, automotive
and building industry [18, 29-32].

In accordance with [32] it is planned to increase gradually
tools’ share covered with PVD & CVD methods in relation to
uncovered tools (fig. 4). Still rising demand for coatings received
with PVD & CVD methods leads to significant increase of sale of
equipment used for coatings deposition, what allows to introduce
new technological solutions and dynamic development of this
material engineering’s field. Growth of PVD & CVD technology
application in commercial production and industrial processes
caused a demand to apply quality system in the processes of
coatings’ deposition. To meet that challenge it is needed to learn
precisely the process of coatings wear and also defects and
failures being accompanied by it, depending on surrounding and
area of considered case of coating. Considering properties of
coatings, it is necessary to draw special attention to problems
related to the following:

e Mechanical properties (adhesion, hardness, internal stresses),
e Physical properties (density, thermal conductivity, friction factor),
e Wear resistance (tribological properties),

e Structure, chemical and phase composition as well as texture.

Those factors influence on wear rate and tools life increase,
and as a consequence, they decide about coatings’ appropriation
received in the PVD & CVD processes [33-35]. The main
objective for the conducted investigations over wear mechanisms
of cutting tools is to define an impact of wear conditions and
parameters on tools life and reliability (fig. 5). Identification and
definition of the impact’s possibly the most numerous amount of
factors determining tools life allow to develop more and more
precise models of PVD & CVD coatings wear. Solving this
problem makes machining capacity and quality increase possible
at simultaneous reduction of energy-consumption and material-
consumption [2, 5].

Fig. 5. Causes, forms and symptoms of tools wear [21]
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Practically, the end of technological tool’s life period usually
occurs when it stops acquiring an object of required dimensions
and surface quality. Numerous tests performed in scientific
laboratories let PVD & CVD coatings’ life define, among which
the most frequently used are cutting ability tests and erosion test.

Many papers [2, 3, 33-39] are dedicated to process’ quantities
influence of coatings’ deposition, substrates’ polarisation and
temperature, reactive gases pressure and flow on their properties
expressed through adhesion, hardness, internal stress status, phase
composition and crystallographic orientation, and also a type of
structure. Knowledge status on dependencies among structure,
physical properties and conditions to acquire coatings in the PVD
& CVD processes is still unsatisfactory and it requires laboratory
investigations, supported by computer technology. Applying the
computer  technology  significantly  increases  analysing
possibilities of received experimental results and reduces
necessity to run costly and time-consuming technological tests in
favour of mechanical and service properties prediction of coatings
obtained in the PVD & CVD processes on tool materials [40, 41].

2.2. Fractal analysis as a tool to
assess surface topography

The fractal analysis is a mathematical method created in
1960’s of last century by B.B. Mandelbrot used to describe the
abstract mathematical constructions and then, forms commonly
appearing in nature, having self-similarity features [42, 43]. From
examples of self-similar objects, we can enumerate such different
structures as: decompositions of galaxies in outer space, exchange
rates fluctuations on the Stock Exchange and surfaces of
mountain massifs, what makes the fractal methods become a
useful tool in theoretical and experimental studies in many
disciplines, among other things: astrophysical, geological,
biological, medical, physical, economic and IT [44-48].

Topography of surface of many actual engineering materials,
including CVD and PVD coatings, draws a self-similar feature
[49-53], what allows to be applied to their description of the
fractal analysis method. As surfaces of actual materials are never
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perfectly “smooth”, so once adequately large enlargement of their
fragments is applied, irregularities in the form of valleys and
convexities appear. It can be noticed that for some materials, a
degree of those irregularities is constant regardless of scale. It
means that if analysed surface is smooth and regular, their
fragments maintain this feature after being enlarged. When
surface is irregular and rough, also its enlarged fragments look the
same. It occurs like this, because additional details are disclosed
which were not apparent earlier. Fractal geometry is a tool which
allows characterizing degree of surface irregularities in qualitative
and quantitative way when this value does not depend on scale.
The basic fractal quantity that characterizes efficiency of space
filling by surface and describes its shape is the surface fractal
dimension - Ds. The fractal dimension D, being a real number in
interval [2, 3) is a measure of irregularities and a degree of
complexity of surface shape. Low value of fractal measure is
characteristic for smooth surfaces, whereas high value describes
surfaces of complex and complicated shape.

Methods of fractal geometry make not only fractal measure
determining for analyzed objects possible, but also surface
modelling of optionally selected, set value of that parameter [54]. In
thesis [55] the author of the presented study displayed three
algorithms enabling to get data modelling surfaces of fractional
value for fractal dimension: two versions of randomized algorithm
for a midpoint displacement method [56, 57] and Falconer
algorithm [54]. On fig. 6 examples graphs of fractal surfaces of
different values for fractal dimension are presented (Ds=2.25 and
D,=2.75), generated using a randomized algorithm for a midpoint
displacement method. Comparing these two sets, whose dimensions
(width and length) are identical, one may notice that surface of
lower value of fractal dimension (Fig. 6a) is less developed (smaller
area of surface) than surface of its higher value (Fig. 6b). The
comparison of both graphs of surface allows interpreting the
meaning of D, Surfaces, characterized by a low Dg value,
demonstrate  simultaneously relatively low amplitude and
frequency, however, frequency and amplitude of unevennesses
appearing on surfaces with higher Ds value are greater. The surfaces
of low Ds value are homogenous and smooth, and objects shapes,
whose surface dimension is higher, are more irregular and complex.

Fig. 6. Examples of fractal surfaces graphs, of different fractal dimension values a) Dy = 2.25 and b) Dy = 2.75 (generated using

randomized algorithm for midpoint displacement method) [55]

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface
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For Euclidean surfaces (“classical”), Ds fractal dimension
adopts an integral number, equalled 2, being compatible with
intuitive value of dimension. In case of objects with more
irregular shapes, composed of tiny fragments, which become
“visible”, not before application of appropriate “enlargement”, a
value of that quantity increases. A set of data modelling surfaces
of fractal dimension set values can also be used to check
correctness of methods to determine the fractal dimension.
Conducted analyses let associate the fractal dimension value with
roughness, i.e. with one of quantities commonly used in material
engineering for description of surface topography of analyzed
materials. Usually, surfaces of low roughness are characterized by
low fractal dimension value; however, roughness increase is
accompanied by increase of its value. If an analyzed object is a
fractal, application of the fractal dimension for characteristics of
coatings topography has principal advantage over traditional
quantities determining roughness, as in contradiction to them; it
does not depend on selection of measuring range. Roughness is
determined for one measuring range and it does not allow
inferring on features of the sample surface in other measuring
ranges. Surface of higher roughness, e.g. determined by high R,
value, can contain great grains, whose walls being observed at
significant enlargement, turn out to be smooth, and in such
selected, lower measuring range, adopt low value of R, quantity.
Surface of lower roughness, determined by low value of R, that
should be smooth, once adequate enlargement is applied, it can
contain a great number of tiny grains and in lower measuring
range, it can adopt a high value of R,. It is worth emphasising that
in contrast to abstract, ideal, mathematical constructions, the self-
similarity feature for actual surfaces appears purely in statistical
sense as well as in a specified quantity range. Particularly, one
should not assume that coatings’ surfaces obtained in the CVD &
PVD processes point out this feature in all measuring ranges. For
that reason determining the fractal dimension value should be
preceded by specifying a range, in which a degree of irregularities
of investigated surfaces is independent on scale. If the above
condition is fulfilled, the fractal geometry becomes a tool that
makes quantitative characteristics of actual surfaces possible,
including coatings obtained in the PVD & CVD processes.

Practically, as early as the theory of fractals was established,
B.B. Mandelbrot [58] indicated that, for description of the
majority of actual objects (he chose distribution of copper
deposits for example), application of the fractal formalism is
insufficient. It results from a fact that actual objects are not
homogenous, and because of that, it is impossible to describe
geometrical features of objects of irregular shapes (except for the
abstract mathematical constructions) with the help of one number
— the fractal dimension. Surfaces of investigated engineering
materials usually are not ideal self-similar objects, because that
feature occurs only locally. Irregularities distribution changes
depending on analysed fragment selection of a sample area. In
some fragments, surfaces can be characterized by high
irregularity, whereas they may reveal a more regular shape in the
others. Mandelbrot has proposed to generalize a concept of the
fractal set and replace it by a multi-fractal measure. The multi-
fractal measure enables to characterize complex shapes, including
surface, for which determined dimension adopts different values
in different areas. Therefore, a multi-fractal analysis is an
extension of the fractal method, enabling to characterize the
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geometrical features of actual surfaces in more complete and
accurate way [59, 60].

In contemporary science, the fractal and multi-fractal
geometry found application, among other things, to investigate
surface irregularities and to describe its shape. So far, fractal and
multi-fractal features of surface have been determined for a
number of materials, among which it is necessary to enumerate:
metal materials [61, 62] and their alloys [63-66], ceramic,
polymeric and amorphous materials [67-72]. Besides, the fractals’
concept was used for description fractures surface morphology in
2D & 3D dimension for the sake of stereology [73]. As a result of
amorphous samples tests, made of FeNiVSiB alloys, shown in
[74], it is indicated that their resistance to fracture toughness
proportional to a value of the fractal dimension of fracture
topography. In the thesis [75], test results over TiO,
semiconductor layers are presented showing correlation between
the fractal dimension describing and characterizing the
investigated surfaces and their absorbing capacity of light.
Application of electron microscopy enables to investigate
polymer-composite materials strengthens by mineral particles.
The fractal analysis that has been conducted on the basis of
obtained results facilitates a quantity description of quality
scattering of mineral particles, thanks to application of numerical
indicator connected with multi-fractal spectrum [76]. Serving the
multi-fractal analysis, an attempt to describe the Portevin - Le
Chatelier effect was undertaken (PLC) [77]. From a deformation
curve, probability of plastic instability occurrence inside the
investigated structure is determined, and a measure of a degree of
material surface heterogeneity, in which plastic strain is found,
was the fractal dimension. In the thesis [78], surface tests results
are presented for materials remelted by laser. It is shown that
materials remelted by a laser beam of higher energy are
characterized by higher heterogeneity of surface, and over a
specific character of multi-fractal spectrum describing it, energy
of the laser beam has an impact. The multi-fractal analysis for
complex coatings Si/TiN/Pd deposited on a substrate, made of
NiCuP alloy by electroless plating method depending on duration
of this process, is presented in the thesis [79]. Received results
show correlation between quantities describing a multi-fractal
spectrum and changes about heterogeneity of coating in case of
increase of the process time needed to deposit it.

Fractal and multi-fractal geometry also finds broad
application in terms of characterizing and describing surface
morphology of biomedical materials (biomaterials). Preparation
of implants and coats for materials surface implantation in human
organism’s interior or used for prolonged contact with it (e.g.
pacemakers and artificial heart valves, catheters, drains, surgical
sutures) is for the present very intensively developing course of
scientific research. Biomaterials, the most frequently used,
include polymers, ceramic materials and some metals and their
alloys. For their imaging, depending on the size of investigated
areas, optical, confocal, atomic force, scanning or transmission
microscopy is applied, and in order to assess the obtained results
we mainly use methods for automatic image analysis, including
the fractal analysis [80-82]. In case of biomedical materials, used
as implants, topography of their surface plays extraordinary
important part in it. The fractal analysis application enables in this
area to determine quantity parameters describing amplitude of
irregularities on surface and a degree of their arrangement.
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Fig. 7. a), b). Fractal objects generated by computer [90]

A complementary approach, considering, except for roughness
measurement, also the fractal dimension determining, has been
practically used to optimize a process to obtain materials of
demanded surface properties [83,84]. In the field of ceramic
materials investigation, used in medicine, researchers’ efforts are
focused upon elaboration of methods making a quantity assessment
for applied materials porosity possible. The tests results [85]
determine that the fractal is proportional to the ceramic materials
porosity, and there is correlation between its value and water
amount which can be absorbed by the material. It is determined that
in case of the ceramic materials applied in dentistry, there is a
dependence between hardness and the fractal dimension [86],
moreover, the fractal geometry was used to monitor morphological
changes of dental implants characterizing, including its application,
the analyzed biomaterials consumption [87]. Besides, the fractal
and multi-fractal geometry is commonly used for analysis of
medical images (ECG, EEG, USG, X-raying, mammographic
examinations, and the like) [88]. The fractal geometry is also
applied commercially, e.g. for production of film special effects, for
images coding and compression as well as to make complicated
images of fractals (Fig. 7a & 7b) [89, 90].

2.3. Thesis, goal, and scope of the
work

Own research and literature study indicate that both process
type and conditions, substrate material type, and also chemical
composition of the deposited coatings decide the structure, and
consequently surface topography of coatings obtained in the PVD
and CVD processes, which — in turn — decide their mechanical
properties and wear resistance. This is confirmed especially by
works of Thornton [36], Messner [37], as well as Mowczan and
Demcziszyn [38], presenting the models of coatings structural
zones and being the most often cited literature works in numerous
publications pertaining to layers obtained in the PVD and CVD
processes. Confirming, and further explaining the relationships
mentioned above is not only important from the cognitive point of

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

view, but also may find practical applications shortly, yielding the
possibility to predict coatings properties based on their surfaces
topography assessment. Therefore, te following work thesis was
formulated: Surface topography analysis of coatings obtained in
the PVD and CVD processes makes prediction possible of their
mechanical and service properties.

Precise surface description of coatings obtained in the PVD
and CVD processes is of a significant importance in materials
engineering; however, this issue was not addressed with the due
attention so far, as the relevant tool was missing, giving the
possibility to characterize quantitatively the complex shapes of
the examined surfaces. Fractal geometry, in author’s opinion, may
feature the valuable complement to methods used till now. For
example, using the fractal dimension for characterizing the
topography of coatings has the essential advantage in respect to
the traditional quantities defining roughness, as — other than they
— does not depend on selection of the roughness sampling length,
whereas, the multi-fractal analysis is an extension of the fractal
method, making precise characterizing possible of the geometrical
properties of the real surfaces for which the dimensions
determined in various areas assume different values.

Therefore, working out a method was assumed as the goal of
the work, rendering it possible to predict properties of coatings
obtained in the PVVD and CVD processes on tool materials based
on fractal quantities describing their surface.

Investigation and analyses were carried out within the
framework of the completed study, including:

e determining the effect of process type and deposition
conditions on structure and surface topography and
mechanical- and service properties of the obtained coatings,

e development of the method for characterizing and precise
description of coatings obtained in the PVD and CVD
processes on tool materials, using fractal- and multi-fractal
geometry based on images acquired using the atomic force
microscope,

e determining correlation between the fractal quantities
characterizing the analysed surfaces of the PVD and CVD
coatings and their mechanical- and service properties.
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3. Material for studies and
study methodology

3.1. Material for studies

Studies are performed on:
e Multi-edge inserts made of oxide ceramics SizN,,
e Multi-edge inserts made of oxide tool cermets Al,03+ZrO,,
e Multi-edge inserts made of oxide tool cermets Al,O3+TiC,
e Multi-edge inserts made of oxide tool cermets Al,03+SiC,
e Multi-edge inserts made of tool cermets
TiCN+TiC+TaC+Co+Ni (T130A),
e Multi-edge inserts of tool
TiICN+TiC+WC+TaC+Co+Ni (CM),
e Samples made of sintered high-speed steel PM HS6-5-3-8,
thermally treated
uncovered and covered in PVD & CVD processes with single and
multi-layer coatings resistant to abrasion. Investigated ceramic tool
materials are covered with single and multi-layer coatings in a
process of cathodic arc evaporation - PVD (Fig. 8) and in a high
temperature process - CVD.
Investigated sintered high-speed steel were treated thermally in
a salt bath furnace with austenitizing at 1180° C and threefold
tempering at 540° C. Once heat treatment is finished, steel obtains
hardness 67-68 HRC. On the surface of steel samples in a
magnetron PVD process (Fig. 9) the following coatings are
generated Ti+(Ti,Al)N, Ti+(Ti,Al) (CyNy.), received at different N,
& CH, concentrations in a chamber of a vacuum furnace as well as
Ti+(Ti,Al)C at 460, 500 and 540° C. Characteristics of investigated
materials is presented on drawing 10 and compiled in table 1.

cermets

Fig. 8. Scheme of a work-stand for coatings deposition by CAE
(Cathodic Arc Evaporation) method
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3.2. Study methodology

Structure of generated coatings was observed at lateral
fractures on a High Resolution Scanning Electron Microscope
SUPRA 35, ZEISS Company, equipped with a system of
chemical composition analysis EDS. For imaging SEM, a lateral
(SE) and in-lens detector using secondary electrons detection at
accelerating voltage in a range of 1-20 kV were applied and
maximum zoom of 35 000 x was obtained.

Ceramic samples are prepared by chasing the notches with a
diamond blade with a machine made by Struers Co., whereas,
steel samples are chased with a spark erosion cutter, and then,
they are quenched in liquid nitrogen and afterwards, broken.
Besides, chemical composition, for coatings acquired in PVD
magnetron process, was determined in a glow discharge
spectrometer - GDS-750 QDP made by Leco Instruments Co.

Investigations for material surface topography of substrates
and generated coatings are carried out in an exchanged scanning
electron microscope and using a method of atomic force
microscopy (AFM) on a unit of Nanoscope E made by Digital
Instruments company (Fig. 11). For each of analyzed surface, six
measurements are made at scanning range of 5 um.

X-rays studies for the analyzed materials are carried out on
XPert PRO system made by Panalytical Company using filter
radiation of a cobalt anode lamp. A phase analysis of the analysed
materials is carried out in Bragg-Brentano geometry (XRD) using
a Xcelerator strip detector, and in grazing incidence geometry
(GIXRD) of primary beam using a collimator of parallel beam
before a proportional detector.

SAISLLLSLSISS,

e | sy EATSIS | AL

AT T NI F NI T ITIIIIITIE

+ 1200V
50A

f
1.

Fig. 9. Scheme of a work-stand to deposit coatings by a magnet
method (1 — vacuum measuring system, 2 — vacuum chamber,
3 — furnace chamber, 4 — vacuum furnace, 5— magnetron,
6 — magnetron shield, 7 — sample, 8 — thermocouple)
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Table 1.
Characteristics of the investigated coatings obtained in PVD & CVD process
. : Process
Item Material of substrate Type of coating Type of process temperature, °C

1 Si3N4 TiN+AIZO3 Hiah temperature CVvD 1000
2 SizNy TiN+AIL,O3+TiN Wi (OVD 1000
3 SigN, TiN+AILO3+TiN+AILO3+TiN Wit CWVID) 1000
4 Si3N4 A|203+TiN Hiah temperature CVvD 1000
5 SigN, TiC+TiN WitiamsEE CWVID) 1000
6 Si3N4 Ti(C:N)+TiN Hiah temperature CVvD 1000
7 SigN, Ti(C,N)+Al,O3+TIiN Wit CWVID) 1000
8 Si3N4 Ti(C:N)+A|203 Hiah temperature CVvD 1000
9 Al,03+Zr0, TiN+AI,0; Wit CWVID) 1000
10 AlL,Oz+TiC TiN+AI,0; Wi (OVD 1000
11 Al,O3+ SiCyy, TiN+AI,O4 Wit CWVID) 1000
12 PM HS6-5-3-8 Ti+(Ti,Al)N maanetron P VD (100%N,) 460
13 PM HS6-5-3-8 Ti+(Ti,Al)N maanetron PVD (100%N,) 500
14 PM HS6-5-3-8 Ti+(Ti,Al)N maanetron P VD (100%N,) 540
15 PM HS6-5-3-8 Ti+(Ti,Al)(C,N) maanetron PV D (75%N7:25%CHy,) 460
16 PM HS6-5-3-8 Ti+(Ti,Al)(C,N) maanetron PVD (75%N:25%CH,) 500
17 PM HS6-5-3-8 Ti+(Ti,Al)(C,N) maanetron PV D (75%N,:25%CHy,) 540
18 PM HS6-5-3-8 Ti+(Ti,Al)(C,N) maanetron P VD (50%N:50%CH,) 460
19 PM HS6-5-3-8 Ti+(Ti,Al)(C,N) maanetron PVD (50%N:50%CHy,) 500
20 PM HS6-5-3-8 Ti+(Ti,Al)(C,N) maanetron PVD (50%N,:50%CH,) 540
21 PM HS6-5-3-8 Ti+(Ti,Al)(C,N) maanetron PV D (25%N,:75%CHy,) 460
22 PM HS6-5-3-8 Ti+(Ti,Al)(C,N) maanetron PVD (25%N,:75%CH,) 500
23 PM HS6-5-3-8 Ti+(Ti,Al)(C,N) maanetron PV D (25%N,:75%CHy,) 540
24 PM HS6-5-3-8 Ti+(Ti,Al)C maanetron P VD (100%CHy,) 460
25 PM HS6-5-3-8 Ti+(Ti,Al)C maanetron PVD (100%CHy) 500
26 PM HS6-5-3-8 Ti+(Ti,Al)C maanetron P VD (100%CHy) 540
27 Al,03+Zr0, TiN+(Ti,AlSi)N arc PVD 550
28 AlL,O3+TiC TiN+(Ti,AlLSi)N acPVD 550
29 Al,O3+ SiCyy TiN+(Ti,AlLSi)N arc PVD 550
30 Al,03+Zr0, TiN acPVD 550
31 Al,O5+ TiC TiN arc PVD 550
32 Al,O3+ SiCyy TiN acPVD 550
33 Al,03+Zr0, TiN+multi(Ti,ALSI)N+TIN arc PVD 550
34 AlL,O3+TiC TiN+multi(Ti,AlLSi)N+TiN acPVD 550
35 Al,O3+ SiCyy TiN+multi(Ti,ALSI)N+TIN arc PVD 550
36 Al,03+Zr0, (Ti,Al)N acPVD 550
37 Al,0O3+ TiC (Ti, AN arc PVD 550
38 Al,O3+ SiCyy (Ti,Al)N acPVD 550
39 Al,03+Zr0, TiN+(Ti,ALSi)N+(ALSI, Ti)N arc PVD 550
40 AlL,O3+TiC TiN+(Ti,ALSi)N+(ALSI, Ti)N acPVD 550
41 Al,O3+ SiCyy TiN+(Ti,ALSi)N+(ALSI, Ti)N arc PVD 550
43 Cermet T130A TiN+(Ti,AlLSi)N acPVD 550
44 Cermet CM TiN+(Ti,AlLSi)N arc PVD 550

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface
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Fig. 10. The investigated materials classification

In order to specify distribution of normal coatings towards a
selected plane and to determine FRO (orientation distribution
function of crystallites) acquired in PVD and high-temperature
CVD processes, not less than three pole figures were measured
for each analysed sample made by a reflection method employing
Euler’s circle of diameter 187 mm in a range of samples
inclination angle from zero to 75°. The FRO analysis of the
analyzed materials was conducted with the help of procedures
available in LaboTex 3.0 software using a discreet ADC method
employing an iterative operator. The method allows to calculate
FRO from measured pole figures including disturbances
correction (so called ghosts correction) [39].

Measurements of stresses for the analyzed coatings were made
by sin?y and/or g-sin®y technique depending on the investigated
samples properties on the basis of X’Pert Stress Plus company’s

Laser

A-B signal

Scanning sonde Photodetector

Displayed
image

Fig. 11. Schematic diagram of an atomic force microscope (AFM) [8]
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programme, which contains, in a form of a database indispensable to
calculate, values of material constants [92].

diki - doyhii
dogii

Eoy
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Fig. 12. Linear dependence in a classical method of sin?y valid
for assumptions of homogenous and flat state of stresses; points 1,
2, 3 correspond to measurements of values for interplanar distance
at suitably - oriented grains of microstructure in different
directions at y angle [91]
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Fig. 13. Goniometer arrangement for diffraction image recording
in grazing incidence geometry (GIXRD) [33]

In the method of sin*y (fig. 12), based on diffraction lines
displacement effect for different y angles, appearing in the
conditions of stress of materials with crystalline structure, a
silicon strip detector was used at the side of diffracted beam.
Samples inclination angle y towards the primary beam was
changed in the range of 0° + 75°. Moreover, measurements of
stresses are made by a diffraction technique in grazing incidence
geometry (Fig. 13) using a collimator of a parallel beam in front
of the proportional detector [33, 93].

Selection of incident angle of the primary beam (o, = 0,5°%
1°; 2°; 3°; 5° 7°) was mainly dependant on linear absorptivity
and combination of the applied layers, but the effective X-rays
penetration depth g is estimated on the basis of the following
dependence:

— lu + . H )—1 (1)
sinu sin(20,4, — ay)

where:
p — Linear absorption of the X-rays,
oy — Incident angle of the primary beam.

Microhardness investigations for produced coatings and
substrates hardness are conducted by means of an
ultramicrohardness tester - DUH 202 manufactured by Shimadzu
Co. using Vickers method at load of 0.05 N for coatings acquired
in PVD arc process and 0.07 N for coatings acquired in magnet
process — PVD, and in high-temperature CVD process too.
Precise meter circuit allows to record depth of generated
impression while loading, also during indenter load, and applied
load was chosen so that the impression depth was less than 1/10
thick of generated coatings, what eliminates in large extent the
substrate influence over obtained measurements results [34].

Assessments for coatings adhesion to the substrate’s material
were made by a drawing method [35] on Revetest device
manufactured by CSEM Co (Fig. 14). In this method, a diamond
indenter moves over investigated surface at fixed speed while
continuously increasing load. The lowest load, at which coating
failure follows, so called critical load L., was determined based
on a value of increase of acoustic emission recorded when

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface
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Fig. 14. Schematic diagram for a work-stand to measure adhesion
of hard coatings (1 — pressure generating drive, 2 — acoustic
emissions detector, 3 — penetrator, 4 - sample, 5 — sample
advance drive, 6 — pressure lever) [35]

measurement was taken, being formed where the indenter and the
investigated sample meet. The investigations were made at the
following parameters:

e Impression force range 0-200 N,

e Speed for increasing impression force (dL/dt) — 100 N/min,

e Penetrator travelling speed (dx/dt) — 10 mm/min,

e Acoustic emission detector sensitivity — 1, 2.

Roughness investigations for the generated coatings and
substrates surface were carried out on Stronic3 profile
measurement gauge + Taylor-Hobson companies. R, quantity is
adopted as a value, which determined the surface roughness in
accordance with PN-EN 1SO 4287.

Plates life without coatings and with deposited coatings in a
high-temperature CVD process & an arc PVD process are
determined on the basis of technological cutting test in room
temperature. Cutting ability test for investigated materials is made
as a continuous turning method at PDF D180 loathe without
cutting fluids. The material subjected to machining was grey cast
iron EN-GJL-250 of hardness approx. 215 HBW. In cutting
ability research the following parameters are taken:

e Feed-f=0.2mm/rev.,
e Turning depth a, =2 mm,
e Machining speed v, = 400 m/min.

Life of plates is determined based on wear bandwidth
measurements upon flank face, measuring a mean bandwidth
wear VB after machine cutting in specified period of time
(Fig. 15). Cutting tests were stopped, when VB value exceeded an
assumed criterion (VB = 0.3 mm), both for uncovered tools and
deposited coatings tools.

VB measurements with an accuracy of up to 0, 01 mm were
made employing a Carl Zeiss Jena light microscope.

Classification of operational properties for PVD coatings,
deposited on a substrate made of sintered high-speed steel PM
HS6-5-3-8, is specified in erosion test with a unit of Falex Air Jet
Eroder type made by Falex Corporation Co., in which powdery
erodent coming out of a nozzle at set pressure strikes against
tested sample surface, set at a located angle towards the nozzle.
Microscopic observations of the obtained failures are conducted
in an Axiovert 405 light microscope, employing differentiation
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VB
VBmax

Fig. 15. VB criterion for a main cutting edge applied to assess life
period of plates

of colour of substrate’s material and coating, and additionally in a
scanning microscope, where x-rays microanalysis is performed.
Considering that analyzed coatings point out different thickness
dependent on evaporation parameters, in this thesis time is presented,
after which a layer 1 um thick is removed.

Indication of the fractal dimension and the multi-fractal
analysis for investigated materials is carried out on the basis of
optical measurements in atomic force microscope AFM, being
grounded on projective covering method [60]. In the course of
this analysis, Ns=512x512 measurements of a sample height h; are
made, where the first number determines an amount of lines to be
scanned, whereas the second one is a number of measuring points
in each of them. A distance between the lines and the measuring
points is constant and the same.

The measurements, which are carried out, using an atomic
force microscope AFM enabled furthermore, indication of a
quantity determined by the author as R,p and characterizing
roughness for analysed sample surface. R,p roughness is
determined in two stages. In the first one, each set of
measurements results for the h; sample height is approximated by
the regression plane of H(x, y), for which a sum of squares of the
distance from experimental data is minimal, and then, a roughness
quantity value R,p is determined for the analyzed sample surface
on the ground of a dependency:

)
|zt —Hy )

2D N
S

where:

Ns — Number of measuring points,
h; — Sample height at i point,

H; — Value of H(x, y) at i point.

Application of the above procedure eliminated influence of
sample inclination (levelling error) over an acquired value of
calculated quantity.

To verify significance of the product-moment correlation
coefficients of the obtained results in mechanical, applicable and
fractal studies, t statistics is used being subject to Student’s
distribution with a number of independent variables equals n — 2,
where n is a number of measurements taken in calculations into
account. Analyses were performed at the level of significance
as=0, 05. Empirical value for the test statistics t was determined
in accordance with a formula:
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1-r? (3)

where, r is an empirical Pearson product-moment correlation
coefficient, based on a random sample. The symbol t,. standing
for a critical value, read out of tables for the test statistics
distribution. Decision about a possible null hypothesis rejection
(lack of correlations), was taken on the ground of the result for
empirical value comparison of the test statistics with a critical value,
read out from distribution tables of the test statistics. If [t| > tiy, the
null hypothesis on lack of correlations was rejected as statistically
less probable and the alternative hypothesis on correlations
significance was accepted [94].

4. Investigations results and
discussion

4.1. Structure, chemical and phase
composition for investigated
coatings

The performed metallographic studies allow to state that the
tested oxide ceramic tool materials on the basis of Al,Os, nitride
tool ceramics SisN4, and tool cermets are characterized by
compact structure. As a result of factographic investigations
performed on a scanning electron microscope for the analysed
CVD & PVD coatings, it was found that the deposited coatings
determine single, double, or multilayer structure depending on
applied system of layers, and particular layers are uniformly
deposited and tightly adhere to each other as well as to the
substrate’s material. Structure of particular layers depends on
substrate’s material and a type as well as conditions of process. In
case of coatings: Ti+(Ti,AI)N, Ti+(Ti,Al)(C\N..,), acquired at
different N, & CHj, fraction in a vacuum furnace chamber, and
Ti+(Ti,Al)C deposited in a magnetron PVD process, phases
columnar structure when carbon concentration increase in
coatings it becomes more compact and it is more difficult to
observe distinct distribution between columns, whereas coatings
of high carbon concentration (>20% atomic) are characterized by
structure with glassy character (Fig. 24, 25). In coatings acquired
in a high-temperature CVD process or in an arc PVD one, it is
also columnar structure of particular layers that is distinctly
visible, when a coating is formed by such phases as: TiN, Ti(C,N)
and (Ti,Al)N.

Coatings roughness (defined by R, quantity) for PM HS6-5-3-8
deposited sintered high-speed steel in the P\VD magnetron process
is decidedly lower than coatings obtained by the CVD technique
and in the arc PVD process (Table 6, 7). That low value of
roughness quantity, defined by R, should be bound with
topography of coatings surface, and it results from the applied
deposition method. Upon coatings extracted in the magnetron
PVD process, merely single elementary particles in a form of
drops appeared, from several decimals to 0.5 um in size
(Fig. 24, 25), whereas there are more of them in the other two
processes (Fig. 20, 23), when the surface layer is not Al,O3 — in
those cases, elementary particles occurrence was found in the
surface of coatings in a shape of polyhedrons, characteristic for that
type of layer (Fig. 16, 22).

W. Kwasny
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Fig. 16.a) Brittle fracture surface of a coating TiN+Al,O3 obtained on a substrate made of nitride ceramics SisNy4 in high-temperature CVD
process b) its picture corresponding to surface topography (SE detector)
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Fig. 17. A graph for scattered X-rays radiation energy from micro-area 1 and 2 respectively in accordance with Fig. 16a

Fig.18. a) Brittle fracture surface of a coating (Ti,AlI)N obtained on a substrate made of tool ceramics Al,O3+SiC in the arc PVD process
and b) Its picture corresponding to surface topography(SE detector)

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface
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Fig. 19. A graph for scattered X-rays radiation energy from micro-area 1 and 2 respectively in accordance with Fig. 18a

Fig. 20. a) Brittle fracture surface of a coating Ti(C,N) +TiN obtained on a substrate made of nitride ceramics SizN, in high-temperature
CVD process (InLens detector) and b) its picture corresponding to surface topography (SE detector)
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Fig. 21. A graph for scattered X-rays radiation energy from micro-area 1 and 2 respectively in accordance with Fig. 20a
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Fig. 22. a) Brittle fracture of a coating TiN+AIl,O5 received on a substrate made of tool ceramics Al,03+SiC in high-temperature CVD
process and b) its picture corresponding to surface topography (SE detector)

. i
* *4um

——

Fig. 23. a) Brittle fracture of a coating TiN+multi(Ti,Al,Si)N+TiN acquired on a substrate made of tool ceramics Al,Os+ SiC in the arc
PVD process and b) its image corresponding to topography of surface (SE detector)

Fig. 24. a) Brittle fracture of a coating (Ti,Al)N obtained in the magnetron PVD process (InLens detector) and b) its image corresponding
to topography of surface (SE detector) — the process temperature is 500°C

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface m
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Fig. 25 a) Brittle fracture of a coating (Ti,Al)C obtained in the magnetron PVD process and b) its image corresponding to topography of

surface (the process temperature is 500°C, SE detector)

Chemical composition investigations for elementary
particles of energy, in a shape of drops were made by use of a
spectrometer, for EDS scattered X-rays radiation point out that
inside the elementary particles Titanium predominates; what
suggests that liquid metal drops are solidifying on the
substrate surface. Observations of surface topography for the
analysed coatings using scanning microscopy demonstrate that
the observed characteristic columns endings located on
surface, forming appropriate coatings, have a shape of
reversed pyramids, cones, polyhedrons or craters. However, it
is difficult unequivocally to indicate differences among
particular coatings in terms of quality and quantity on the
basis of observations of the received topography images for
the analysed surfaces (Fig. 16-24).

The chemical composition investigations for coatings
acquired in the magnetron PVD process, made by a glow-
discharge optical emission spectroscopy method, confirm
Titanium, Nitrogen, Carbon and Aluminium occurrence in the
investigated coatings, and the qualitative content of chemical
elements (Table 2) making up a coating defined at 1 um deep on
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the basis of profiles intersection of the investigated coatings
(Fig. 26), drawn up while investigating. The chemical
composition studies of coatings obtained in an arch PVD and
high-temperature CVD processes made, using EDS system
(Fig.17, 19, 21) confirm proper elements appearance in any
analyzed layers, whereas for the sake of low thickness of the
deposited layers and characteristics of incident beam, in some
cases the applied method allows for a mean measurement of
scattered X-rays radiation energy for two or more layers of the
investigated coating.

The applied method of X-ray qualitative phase analysis
carried out in Bragg-Brentano geometry confirms occurrence of
appropriate phases in the investigated substrates and coating
materials. Some of identified reflexes on analysed diffraction
patterns are moved towards lower or higher angles of reflection
as well as their intensity differ from values given in JCPDS card
files, what may indicate on occurrence of texture as well as of
compressive or tensile, internal stresses in the investigated
coatings — a fact one can come across frequently in coatings
deposited by the PVD and CVD [20, 95] technique.
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Fig. 26. Changes for coatings components concentration: a)Ti+(Ti,Al)N and b)Ti+(Ti,Al)C obtained in 500°C, and for the material

substrate (magnetron PVD process)
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The analyses of chemical composition of coatings acquired in the magnetron PVD process at sintered high-speed steel PM HS6-5-3

Table 2.
Type of coatin Process
(fu rga%e atmosph%re) temp‘f"ra'ture, .
[*Cl Ti
Ti+(Ti, AN 460 48
| 1,
(100%N,) 500 44
540 43
Ti+(Ti,Al)(C,N) 460 59
i+(Ti, ,
(75%N,:25%CH,) 500 60
540 58
Ti+(Ti,Al)(C,N) 460 58
i+(Ti, ,
(50%N,:50%CH,) 500 67
540 63
Ti+(Ti,Al)(C,N) 460 62
(25%N,:75%CHy) 500 60
540 59
Ti+(Ti,Al)C 460 58
i+(Ti,
(100%CH,) 500 57
540 55

For the sake of reflexes overlapping of material substrate and
coating/coatings, as well as their intensity, making sometimes the
analysis of obtained results more difficult; and in order to acquire
more accurate information from subsequent layers of the analyzed
materials, additional technique of diffraction is applied at grazing
incidence geometry (GIXRD), for the primary X-rays beam using a
parallel beam collimator in front of proportional detector. Thanks to
the possibility to register the diffraction patterns at low incidence
angles of the primary beam onto the test piece surface, one can obtain
the diffraction lines from thin layers due to volume growth of the
material participating in diffraction and acquiring information on the
changing phase composition at different depths of the examined
material — which do not exceed the rays beam penetration depth

Fig. 27. Scheme for layers on-lapping/packing on a TiN+Al,O3
coating received in high-temperature CVD process made of nitride
ceramics SisN, and areas covered by diffraction depending on
applied geometry measurement: a) Bragg-Brentano geometry,
b) in grazing incidence geometry, oy = 3° ¢) in grazing incidence
geometry, o,=1°

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

Atomic concentration of the elements,

[%]

N C Al
42 = 9
51 - 5
51 = 3
28 4 8
28 4 7
31 4 4
24 11 6
15 10 7
19 11 6
10 21 6
10 23 6
11 25 6

- 32 8

= 34 8

- 36 8

when their incident angle is perpendicular to the test piece [96].
Carried out investigations at such assumptions conform the right
sequence of layers (Fig. 27-29) in analyzed coatings.

Texture analysis for investigated coatings is carried out by a
reflexion method. Concentric distribution of pole figures intensity
changing along with a beam of those figures indicates occurrence
of axial component texture of coatings acquired in the arc and
magnetron PVD process. Areas of intensity increase on recorded
figures, independently on conditions to obtain coatings in the
magnetron PVD process correspond to fibres presence <110>
with direction close to a perpendicular direction in respect of
sample plane. Depending on parameters needed to obtain a
sample, fibres direction <110> is deviated from normal one
against sample surface from 1 to 4°, thus, the distinguished axis
deviation is dependent on vacuum furnace atmosphere and
process temperature, and it is decreased when increasing supply
current voltage in the course of a process of their depositing.
Texture image of an exemplary coating acquired in the magnetron
PVD process is presented in the form of experimental pole figures
determined as CPF, complete pole figures calculated from FRO
determined as RPF, pole figures determined from FRO after
transformation, determined as APF (Fig. 30), and FRO before and
after transformation (Fig. 31). Calculations of volume fractions
for texture components were carried out using integration of those
components in FRO space subjected to transformation. In
calculations of volume fractions, in identified texture components,
angle broadening is taken into account (A®, Ay Ady), which is
situated in the range of 10-15° Obtained calculations results of
identified component fractions, depending on conditions to
acquire coatings, are shown in table 3. Judging by analyzed
coatings, the preferred orientation should be <111>, because this
is a plane of the densest atoms packing and it should be
perpendicular to a plasma beam. Introducing additional source of
energy, which in the analyzed case was a vacuum furnace causes
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inclination of orientation <111> to magnetron axis, in effect it is the
observed texture <110> of the analyzed coatings, and its
intensification, is mostly dependant on the process atmosphere
composition and conditions to obtain coatings. In order to define,
whether distinguished orientation in the analyzed coatings acquired
in the magnetron PVD is not inherent, pole figures of substrate’s
material and titanic interlayer are measured. On the ground of
analysis of the pole figures and FRO, it is stated that orientation
distribution of crystallites in substrate’s material and in the
interlayer is very close to equi-probable distribution, what indicates
that fibres occurrence <110> || KW in external coatings it is related
neither to substrate texture, nor to interlayer texture.

In case of coatings obtained in the arc PVD process, for the
sake of overlapping reflexes, in most cases, of substrate and
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Fig. 28. X-rays diffraction patterns acquired in Bragg-Brentano
geometry a) nitride ceramics and b) TiN+Al,O; coatings
obtained in high-temperature CVD process on a substrate made
of SizNy
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coating/coatings material, the full FRO analysis was not
succeeded for the applied symmetrical Bragg-Brentano geometry
of pole figures measurement, except for TiN coating obtained on
substrate made of tool ceramics - AlLOs+SiC, in which volume
fraction of the distinguished component <111> is approx. 46%
(Fig. 32, 33). The pole figures measurement in grazing incidence
geometry (o = 1°) determine that application of additional angle
in relation to the symmetrical geometry cause that coordinates of
a pole figure in a sample arrangement cannot be directly
expressed by vector’s coordinates of diffraction in this
arrangement. A figure, received in that way, depending on its
recording angle 2@, may be internally contradictory; therefore, it
is not an appropriate set of data to reproduce a reliable, three-
dimensional function of orientation distribution.
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Fig. 29. X-rays diffraction patterns of TiN+Al,O; coating
obtained in high-temperature CVD process on a substrate made of
nitride ceramics SisN, received in geometry of constant angle of
incidence: a) GIXRD method, a, = 3°, b) GIXRD method, o, = 1°
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Fig. 30. Pole figures (111), (200) and (220) of (Ti,Al)N coating obtained in the magnetron PVD process on a substrate made of sintered high-
speed steel PM HS6-5-3-8 in 540°C a) experimental, b) calculation based on FRO, c) calculation based on FRO after transformation

Detailed issues related to X-rays texture tomography were
presented by Bonarski [97], describing proper measuring
procedures for different geometries of pole figures measurement.
In accordance with [97], the obtained pole figure in grazing
incidence geometry must be transformed into normal figures, and
then,  subjected to interpolation, because it is

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

“incomplete” on the edges as well as in the middle part to carry
out a full FRO analysis. The analysis of texture made for coatings
obtained in the arc PVD process allows stating, based on
qualitative analysis of recorded single pole figures, that
independently on substrate’s material, in the following coatings
TiN, TiN+(Ti,AlSi)N+(ALSi, Ti)N, TiN+(Ti,AlLSi)N,
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Fig. 31. A distribution function of coating orientation (Ti, AI)N obtained in the magnetron PVD process on a substrate made of sintered
high-speed steel PM HS6-5-3-8 in 540°C: a) section acc. to o, (for the following values ¢,: 0, 5, 10...90°), b) 3D FRO, ¢) 3D FRO view
after transformation

TiN+multi(Ti,AlLSi)N+TiN the distinguished plane of
increase is a plane of {111} family, whereas, in case of
(Ti,AI)N coatings the texture of deposited layers is very
weak. The analysis of pole figures of coatings acquired in

m Research monograph

the high-temperature CVD process proves that their texture
is very weak, and density of poles projections hesitates
within 0.9 to 1.1 of density corresponding to equi-probable
distribution.
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Fig. 32. Pole figures (111), (200) and (311) TiN coatings obtained in the arc PVD process on a substrate made of tool ceramics Al,03+SiC
a) experimental, b) calculation based on FRO

Table 3.
Texture volume fractions, deviation of distinguished axis and conditions to acquire coatings in the magnetron PVVD process on a substrate
made of sintered high-speed steel

Volume fraction Deviation of

Process U for I for for <110> disti_nguished
Topeofooating  temperature GRS magneron maeron SV nomloneto
by diffraction surface
[%0] [l
Ti+(Ti,A)N 460 100%N, 380 7 59 2
Ti+(Ti,A)N 500 100%N, 390 8 53 1
Ti+(Ti,A)N 540 100%N, 360 8 46 4
Ti+(Ti,Al)(C,N) 460 75%N,:25%CH, 385 6 75 3
Ti+(Ti,Al)(C,N) 500 75%N,:25%CH, 390 6 67 2
Ti+(Ti,Al)(C,N) 540 75%N,:25%CH, 400 6 55 1
Ti+(Ti,Al)(C,N) 460 50%N,:50%CH, 380 6 53 4
Ti+(Ti,Al)(C,N) 500 50%N,:50%CH, 420 6 35 -
Ti+(Ti,Al)(C,N) 540 50%N,:50%CH, 395 6 55 3
Ti+(Ti,Al)(C,N) 460 25%N,:75%CH, 420 6 34 -
Ti+(Ti,Al)(C,N) 500 259%N,:75%CH, 400 6 37 1
Ti+(Ti,Al)(C,N) 540 25%N,:75%CH, 400 5 42 1
Ti+(Ti,Al)C 460 100%CH, 895 5 35 1
Ti+(Ti,Al)C 500 100%CH,4 400 5 48 -
Ti+(Ti,Al)C 540 100%CH, 410 5 61 -

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface
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Fig. 33. Distribution function of coating orientation TiN obtained in the arc PVD process on the basis made of tool ceramics Al,O3+SiC
a) section acc. to ¢, (for the following values o,: 0, 5, 10...90°), b) 3D view FRO, c¢) FRO determined on the basis of pole figures

subjected to symmetrisation (section acc. to ;)

4.2. Mechanical and operational
properties of investigated

coatings

So that deposited coating on a tool could properly fulfil its
task, it has to be characterized by suitable usable properties
determined by numerous factors, among which the following
should be specified: appropriate structure, chemical and phase

m Research monograph

composition, proper hardness and thickness, and above all, high
adhesion to substrate’s material [21, 22]. Adhesion dependence of
the analysed coatings for substrates material on conditions of a
process needed to obtain them is evaluated by a “scratch test”
method at changing load, establishing a value of critical load L,
allowing to determine a force value inducing the coating damage
(table 6 and 7). The critical value L. is settled as adequate to
growth of acoustic emission intensity (Fig. 34), signalling fraction

W. Kwasny
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imitation of coating. The highest values of the critical load
L.> 100 N are found for (Ti,Al)N & (Ti,Al)C coatings obtained
in the magnetron PVD process, deposited with vapour in 460 and
540° C on a substrate made of sintered high-speed steel, as well as
TiN+(Ti,ALSi)N & (Ti,Al)N acquired in the arc PVD process, on
a substrate from tool cermets and tool ceramics made of
Al,03+SiC, respectively. In case of coatings got in high-
temperature CVD process, a value of critical load is contained
within 25.8 to 85.2 N, if a substrate is nitride ceramics Si;N,, and
a coating is formed of layers’ combination TiC+TiN and
TiN+AI,O3, respectively.

Specific nature of damages being responsible for fractions
initiation, observed by means of a scanning microscope at the
edge of scratch-coating depends on a type of process and a
combination of the applied layers, and the following might be
mainly enumerated: spallings formation on the edges in the shape
of tiny craters, that in some cases are related to local delamination
of a coating’s fragment (the magnetron PVD process), conformal
cracks induced by tension, undergoing single scaling (the arc
PVD process), periodical delamination and one and
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Fig. 34. Dependence of acoustic emission EA and friction force Ft
on loading force quantity and its corresponding image of damage
observed on a scanning microscope for a Ti+(Ti,Al)N coating
obtained at 540° C

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

Methodology of research

two-sided spallings, as well as local stratification, and the
following, as a consequence, displacement of torn fragments of
the coating (high-temperature CVD process) [17, 35]. Obtained
outcomes of adhesion assessment depend on a type of process and
applied layers, their thickness, chemical and chase composition,
and also on material, upon which they were produced, what
consequently has an impact on stresses value in the analysed
coatings (results of stresses measurement and its influence on the
adhesion to substrate’s material are presented further in this paper).

Stresses’ measurements of the analyzed materials are
performed by two methods, and obtained results are presented in
tables 4 & 5. Stresses’ measurements by siny method are made
for three ¢ angles of samples arrangement towards an initial
configuration, in which goniometer axis was in two opposite
directions  continuously (=90 &270°, ¢ =150 & 330°,
¢ =210 & 30°). Applying this geometry of measurement enables
to observe changes of state of stress for chosen directions of
investigated material and to determine its highest value [98-100].
In case of coatings obtained in the magnetron PVD process, the
stresses’ assessment by sin®y method is made based on analysis
of reflexes (311) (Fig. 35) for the sake of the privileged <110>
direction of their increase. For coatings acquired in the arc PVD
and high-temperature CVD process, stresses are defined on the
ground of analysis of reflex displacement recorded at the highest
value of 2@ angle, free from influencing on its shape and location
of the other components of the investigated material (substrate’s
material, possible other layers included in the coating). Locations
of the recorded reflexes were determined by a Gaussian curves
matching method. In the method of sinzw, to assess stresses, the
reflexes recorded at higher values of the angle 26 are preferred
considering higher deformations sensitivity and lower error of
obtained results, however, it is not always possible to achieve that
in experimental studies, when too low peaks intensity, resulting
from texture of analyzed coatings, extensive or irregular shape
and relatively small depth of penetration of X-rays radiation at
high angles of reflexion make impossible correct and proper
assessment.

Intensity, number of counts
[
=

20

et . —

88 89 90 91
Reflexion angle, 20

Fig. 35. A graph for reflex location changes (311) of a Ti+(Ti,Al)N
coating obtained in 540° C for a selected angle value y
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Fig. 36. Adhesion and stresses dependence on conditions allowing to get coatings in the magnetron PVD process

In case of studying multi-layer coatings and/or coatings of
phase composition close to the substrate’s material, applying this
geometry of measurement not always guarantees reception of
correct results of measurements as a result of particular
components reflexes overlapping of the investigated materials.
Because of this, measurements of the analyzed coatings stresses
are conducted additionally by a method of g-sin®y. The method
g-sin®y defining stresses based on geometry of a constant
incidence angle was proposed by Van Hacker [101],
Quaeyhaegens and Knuyt [102], and then, it was expanded by
Skrzypek. Finally, algorithm for calculations of stresses was
applied by Skrzypek and Baczmanski [33, 91, 103]. The method
of g-sin®y is characterized by the use of many diffraction lines
from planes {hkl} in contradiction to a classical method of
sin®y, using one diffraction line [104]. The main advantage of
the method g-sin®y in reference to the classical method
siny measuring stresses, where we are engaged in variable,
effective depth of penetration of X-rays radiation into the
investigated material, it is almost a constant value for a fixed
value ay , which can be changed by incidence angle or selection
of different type of radiation. Moreover, in this method,
changing reflexes {hkl} for a crystallographic plane are
simultaneously used in a measuring procedure to determine
stresses and the method can be easily applied for changing
geometries of measurement [33, 91, 99, 103, 104].

Each time measurements of stresses were carried out upon
external coating, and as far as it was possible, depending on a type

m Research monogr'aph/

of substrate’s material, properties and configurations of the
applied layers, in a coating adhering to it, using one or two non-
destructive methods to measure this size. Results of the performed
studies for internal macro-stresses of the analyzed coatings
(determined for the magnetron PVD process by a method siny
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R*= 0.4608
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-3000 -2500 -2000 -1500 -1000 -500
Stress value, MPa

Fig. 37. Adhesion dependence on stresses’ values determined by the
g-sin siny method for coatings received in the magnetron PVD
process
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Fig. 38. Adhesion and stresses dependence on substrate’s material for coatings obtained in the arc PVD process

and g-sin sin®y for the arc PVD process) indicate a correlation
between a size of stresses and hardness as well as adhesion to
substrates of the investigated coatings (Fig. 36-39). A value of
adhesion to substrate’s material from stresses occurring in coatings
can be defined by the following analytical dependence
y=-0.0334x+19.5930 (Fig.37) for the PVD magnet process and
y=-0.0691x+26.3277 for the arc process (Fig.39). Assessing
dependence between stresses and coatings’ adhesion obtained in
the magnetron and the arc PVD process, all correlation
coefficients were found, equalling respectively r= 0.678858 and r
=0.913264. Significance of the shown correlations was confirmed
by means of a test using statistics t (formula 3) subjected to
student’s distribution, including a number of degree of freedom
equalled n — 2 at the significance level o4 ,=0.05 (Table 11,
summary of a statistical analysis result).

The carried out investigations results for internal macro-
stresses (defined by the g-sin®y method) in TiN+Al,O; coatings
acquired in the CVD process show dependencies between
coatings’ stresses size and their adhesion to substrate’s material
(Fig. 40). An adhesion value to the substrate’s material from
stresses appearing in coatings can be defined by the following
analytical dependence: y=-0.1447x-0.8489 (Fig. 41). Assessing a
dependence between stresses occurring in external layer made of
Al,O3 and its adhesion to the substrate’s material, the following
high correlation (table 11) was found (correlation coefficient
r=0.960) and essential one (t=4.871 towards ty=4.303).

Depending on their value, internal stresses can affect the
substrate — coating arrangement unfavourably or positively, and by

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

extension, they can decide about application of produced tools
afterwards. Compressive stresses (Fig. 42 & 44 — “negative” slope
of a line acquired while stresses measuring) increase crack
resistance and to some degree, dependent on thickness, phase and
chemical composition as well as material, at which they have been
reached, minimize a coating chipping increasing their adhesion to
substrate [91].
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Fig. 39. Adhesion and stresses dependence on substrate’s material
for coatings obtained in the arc PVVD process
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The opposite type of stresses (Fig. 43 & 45 — “positive” slope of a
line acquired while stresses measuring), compressive stresses can
accelerate destruction of a coating while imposing an external load. A
very important factor having an impact on state of internal stresses in
coatings is their structure, which is strictly related to a technique
obtaining them, by phase and chemical composition, texture, process
temperature and type of substrate, on which it was obtained [91, 103].
Besides, increase of stresses’ value along with coatings’ thickness
was found, analyzing and comparing layers of close phase
composition obtained on the same substrate; this phenomenon was
described by Thornton and Hoffman in their thesis [105]. While
adhesion scratch test is carried out, shearing stress in a transition zone
is induced by influence of a loaded penetrator in a normal direction on
a coating — substrate configuration. The stresses caused by
pressure/thrust of a shifting penetrator are transferred by a coating to
the transition zone. Thicker coatings, in this case, require higher load
to get the same shearing stresses in the transition zone between the
coating and the substrate’s material.

Sheeja, while work [22] presented interdependencies of:
thickness and stresses as well as thickness and adhesion to substrate’s
material of diamond-like carbon coatings, showing similar
correlations. A deposited inter-layer Ti in case of coatings acquired in
the magnetron PVD process between samples surface and coatings
has an influence on relaxation of stresses on external coatings
Ti+(Ti,A)N, Ti+(Ti,Al)(CiNy), obtained at different concentrations
of N, & CH, in a vacuum furnace chamber and Ti+(Ti,Al)C as a
result of difference between coefficients of thermal expansion values
for substrate and coating materials, and also for the sake of solubility
limit of Fe in Ti. Similar effect was found in case of coatings obtained
in the high-temperature CVD and the arc PVD process for an inter-
layer being in direct position with a substrate’s material, and the
received results of coatings of stresses’ measurements TiN+Al,O3
testify about that, obtained in the CVD process on a substrate made of
ceramic materials (Fig. 40). Reaction influence of an intermediate
inter-layer on structure and coatings properties was confirmed in
theses of other authors [21, 23, 106]. Comparing both techniques of
measurement of stresses, it was found that its proper selection
depends, in a large degree, on structure and properties of investigated
materials.

I - Coating’s siresses ALO,_, MPa

[ + Interlayer’s stresses TiN, MPa
I Adhesion to substrate’s material, N

ALO+SiC,  ALO+TiC

Substrate’s material

A1,0,+Z10

Fig. 40. A scheme for stresses influence defined by the method of
g-sin?y in the intermediate inter-layer and external coating on
adhesion of TiN+AI,O; coatings obtained in the CVD process
depending on substrate’s material
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For coatings, not determined by texture, consisting of many
layers giving many diffraction reflexions, it is strongly
recommended to apply the method of g-siny, where
measurement results of stresses are burden with a less-important
mistake, whereas in some cases they are impossible to get by a
classical method. The perfect example is the obtained results of
stresses” measurement of coatings acquired in the high-
temperature CVD process, where the analyzed coating was Al,Os,
for the sake of lack of texture and relatively great number of
diffraction reflexes from one phase in reference to the others. For
coatings revealing strong texture, obtained in the magnetron PVD
process, values of stresses burden with less-important mistake
were obtained for measurements run by a classical method of
sinfy. Analyzing coatings obtained in the arc PVD process,
except for (Ti,Al)N coatings, where for both methods of
measurement close values of mistake were reached due to
substrate reflexes overlapping, analyzed layers, and low thickness
of theirs; more practical in use was found in technique of stresses’
measurement in grazing incidence geometry.

Phase and chemical composition, conditions and type of
process as well as substrate’s material and combination of the
applied layers and texture influence on microhardness of the
investigated coatings. In case of coatings obtained in the
magnetron PVD process acquired in atmosphere containing
100% N,, 75% N, and 25% CH, hardness value increase was
found along with increasing concentration of Al in defined range
(3%-9%) of concentrations of the same elements in coatings
(Fig. 46 & 47). Influencing mechanism of Al on structure and
coatings’ properties (Ti, Al) N is described in papers [107, 108]
obtaining close results to the obtained ones. For carbide and
carbonitride coatings obtained in atmosphere containing 75% CH,
& 25% N,, hardness increase was found along with increase of
carbon, carbon and nitrogen concentrations in coatings at
relatively constant Al concentration. Carbon concentration
increase in the analyzed coatings can be bound at facilitated
dissociations CH,4 in higher temperature of depositing process.
Moreover, hardness increase was noticed along with volume
fraction increase of the texture component <110> in analysed coatings.
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Fig. 41. Adhesion dependence on stresses’ values defined by the

method of g-siny in the external coating of TiN+Al,O; coatings
obtained in the CVD process
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Fig. 42. Changes of interplanar distance value d of reflex (300) in
the layer Al,O; as a function of sin®y (stresses’ measurement
made by sin®y method for different ¢ values of samples setting
towards goniometer axis, TiN+Al,O; coating obtained on a
substrate made of nitride ceramics - SizNy)

As a result of conducted studies on microhardness, it was
found that depositing PVD and CVD coatings on ceramic
materials causes hardness increase of a surface layer, containing
within  2150-3950 HV, or even by 100% in reference to
substrates’ hardness. In case of coatings obtained in the arc PVD
process, the  highest hardness is  determined by
TiN+multi(Ti,ALSi)N+TiN layers, apart from a type of
substrate’s material. Distinct correlation among stresses, adhesion
and microhardness is pointed out in case of coatings not showing
any privileged orientation of increase (Ti,AI)N obtained on
ceramic tool materials (Fig. 48).

L
1.2311 1 Stress value=212.4 +33.8 MPa A
1= "U
2p=270 A
= 12309 e
E soas’
§ 1.2307 ”
|
& A
g 1.2305 4 >
E
3
= 12303
L
TR TR P T S0 S ) ol <

00 01 02 03 04 05 06 07 08 09 1.0
sinzw

Fig. 43. Changes of interplanar distance of d reflex (222) of
intermediate  TiN layer as a function of sin®y (stresses’
measurement made by sin?y method for different ¢ values of
samples setting towards goniometer axis, TiN+Al,O; coating
obtained on a substrate made of nitride ceramics - SizN,)
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Fig. 44. Changes of the epsilon values (ppm) specifying
crystallographic lattice deformation for Al,O3 layer in a function
of sin®y (stresses’ measurement by the method of g-sin?y, coating
TiN+ Al,O; obtained on a substrate made of nitride ceramics
SigNy)

In the event of CVD, coatings with external layer Al,O; are
characterized by higher hardness than TiN ones.

Based on performed studies for cutting ability, it was found
that coatings’ deposition in the PVD and CVD processes on
ceramic tool materials causes increase their frictional wear
resistance, what directly influences over extension of a cutting
tool life. The presented results indicate that wear rate reduction of
a surface cutting plates rank along with deposited coatings
depends on their structure and topography of surface, phase and
chemical composition, mechanical properties and substrate’s
material, upon which they have been obtained.
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Fig. 45. Changes of the epsilon values (ppm) specifying
crystallographic lattice deformation for TiN layer in a function
of sin®y (stresses’ measurement by the method of g-siny,
coating TiN+Al,O; obtained on a substrate made of nitride
ceramics Si3Ny)
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Table 4.

Results of stresses’ measurements of coatings obtained in the arc and the magnetron PV/D process by sin?y and g-sin?y methods

Type of process

[PV/Dkis

(550°C)

Magnetron PVD
(100%N,/460°C)

Magnetron PVD
(100%N,/500°C)
Magnetron PVD
(100%N,/540°C)
Magnetron PVD
0N>: (0] 4
75%N,:25%CH,/460°C
Magnetron PVD
0N>5: 0
(75%N,:25%CH,/500°C)
Magnetron PVD
(75%N,:25%CH,/540°C)
Magnetron PVD
0N>: 0 4 ©
50%N,:50%CH,/460°C
Magnetron PVD
0N>: 0 4
50%N,:50%CH,/500°C
Magnetron PVD
0N>5: 0
(50%N,:50%CH,/540°C)
Magnetron PVD
(25%N,:75%CH,/460°C)
Magnetron PVD
(25%N,:75%CH,4/500°C)
Magnetron PVD
(25%N,:75%CH,4/540°C)
Magnetron PVD
(100%CH,4/460°C)
Magnetron PVD
(100%CH,4/500°C)

Magnetron PVD
(100%CH,4/540°C)

m Research monograph
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Substrate’s
material

A|203+Zr02
Al,O5+TiC
Al,O3+ SiC(w)
Al,O3+Zr0O,
Al,O5+TiC
A|203+ SiC(W)
Al,O3+Zr0,
Al,O5+TiC
A|203+ SiC(W)
A|203+Zr02
Al,O5+ TiC
Al,O3+ SiCy)
A|203+Zr02
Al,O5+TiC
Al,O3+ SiCy)
Cermetal T130A
Cermetal CM

PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8
PM HS6-5-3-8

PM HS6-5-3-8

Type of coating

TiN-+(Ti,ALSI)N
TiN+(Ti,ALSI)N
TiN+(Ti,AlLSi)N

TiN
TiN
TiN
TiN+multi(Ti, Al,Si)N+TiN
TiN+multi(Ti, Al S))N+TiN
TiN+multi(Ti, Al S)N+TiN
(Ti,A)IN
(Ti,A)IN
(Ti,A)IN

TiN-+(Ti, Al Si)N+(ALSi, Ti)N

TiN+(Ti, Al Si)N+(ALSi, Ti)N

TiN-+(Ti, AlLSi)N+(ALSi, Ti)N
TiN+(Ti,ALSI)N
TiN+(Ti,ALSI)N

Ti+(Ti, Al)N
Ti+(Ti,Al)N
Ti+(Ti,Al)N
Ti+(Ti,Al)(C,N)
Ti+(Ti,Al)(C,N)
Ti+(Ti,Al)(C,N)
Ti+(Ti,Al)(C,N)
Ti+(Ti,Al)(C,N)
Ti+(Ti,Al)(C,N)
Ti+(Ti,Al)(C,N)
Ti+(Ti,Al)(C,N)
Ti+(Ti,Al)(C,N)
Ti+(Ti,Al)C
Ti+(Ti,Al)C

Ti+(Ti,AlC

Volume 37 Issue 2 December 2009

Coating
thickness

[pm]
1.9
2.4
25
11
13
11
2.3
2.7
2.8
2.2
2.2
2.1
2.2
2.2
25
4.6
45

6.9
3.9
3.7
6.6
6.4
3.8
6.8
7.8
7.6
5.8
4.9
51
4
4.2

4.6

Method
siny
[MPa]

-298+46

-791+29
-798+27
-1144+24

-1611+44
-1093+27
-174+32
-1923+37
-1871+31
-1689+29
-1821+79
-1321+74
-1724+93
-841+34
-908+27
-1102+29
-1789+31
-2021+32

-2508+44

Method
g-siny
[MPa]
-461+45
-651+74
-672+62
-251+56
-221+71
-311+75
-455+54
-621+63
-551+59
-822+34
-893+29
-1128+32
-284+51
-509+63
-231+58
-1070+42
-1211+39

-1523+98
-976+78
-791+81

-2023+84

-1791+67

-1579+77

-723+58
-891+59
-1012+71
-1890£79
-2108+88

-2645+77
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Table 5.
Results for stresses” measurement of coatings obtained the high-temperature CVD process made by method sin®y & g-sin®y
Type of coating,
Coating from which
Substrate’s Type of coating (layers thickness information Method siny, Method
material configuration) [pm] came [MPa] g-sin‘y, [MPa]
(external/
indirect)
Al,O -595+48 -621+34
SisN, TiN+ALO; 9.6 —
TIN 212+34 197+43
. . . TiN - -97+43
SN, TiN+AL,05+TiN 38 :
Al,O3 -99+34 -151+23
Si-N TiN+ALO3+TiN+ 51 TiN - -120+32
— AlLO3+TiN ' AlLO; - -191+26
TiN +61 -89+
SisN, ALOS+TIN 2.7 : 696 8939
Al,03 -105+32 -123+21
i -59+ -49+
SN, TiC+TiN 5.4 TiN 2929 4943
TiC -142+33 -129+41
. . . TiN - -89+42
Si3N, Ti(C,N)+TiN 4.2 :
Ti(C,N) » -219452
TiN - -69+34
SiaN, Ti(C,N)+ALO+TiN 9.5 : 09:3
Al,03 - -108+27
. . Al,O -452+43 -421+29
SisN, Ti(C,N)+Al,0; 5.2 —
Ti(C,N) -86+55 -76+33
. Al,O - -439+27
Al,05+Zr0, TiN+AI,0; 6.4 —
TiN - 319456
Al - -372+
AlLOs+TiC TiN+AI,0, 5.3 ?03 372+33
TIN - 61452
- -249+
Al,03+SiCq) TiN+Al,O, 7.3 A'?O3 249£29
TIN - 719+58
- - 3000 4 -0__. : ity 11050 :
- I Orientation intensity <110>, %] %) S = _\'1l'::t"}}_‘“l:j‘;‘l’:bl“"}“'\‘F‘I”-‘ + P 0 A
& I Microhardness, HV | S — " 18
- 2800 —— 160 —- 87 e
- 4 :I' - '~
':' 455 '-—;_ : :; 2600 4
:2 2600 j , é
E 450 <5 : - 2
;_”2 i = 24004 =
S 2400 = y e o
3 fs 8] = g -
E _5- e 2200 =
2200 & 20 S *—4 = s 2
03 J0 ™J (TLADIC.N)H60°C) (TLAL(C, NI S00°C ) Ti, ALNC,N) (540°C)

(Ti,ADN (460°C) (Ti, AN (500°C) (Ti. AN (540°C) A type of coating (the process temperature, °C)
A type of coating (the process temperature, "C)

Fig. 47. Correlation of microhardness, texture and Al

Fig. 46. Correlation of microhardness, texture and Al concentration in (Ti,Al)(C,N) coatings depending on temperature
concentration in (Ti,AI)N coatings depending on temperature of of the process to obtain them (the magnetron PVD process,
the process to obtain them (the magnetron PVD process) atmosphere of vacuum furnace — 75%N,: 25%CHy,)
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33004

32004

_Adhesion, N,

31004

Microhardness, HV

ALO+Z10,

ALO,+SiC ALO,+TiC

Substrate’s material

Fig. 48. Influence of substrate’s material on the acquired results of
microhardness, adhesion and stresses’ measurement determined
by the g-sin®y method for (Ti, AI)N coatings received in the arc
PVD process

The received analyses are shown in the form of graphs
depending on wear bandwidth at VB flank face in a function of test
duration at specified conditions to execute the experiment, and the
obtained results are of comparative character. Based on
technological turning test, the most distinctive improvement tool
life, comparing TiN+Al,O5 coatings obtained on different substrates
as well as coatings obtained on substrates made of nitride ceramics
SisN, (Fig. 49) acquired in the high-temperature CVD process
respectively, when the substrate’s material was tool ceramics SizN,
and external Ti(C,N)+Al,O; coating. Above-mentioned coatings are
characterized by very good adhesion to substrate’s material and
high microhardness. High adhesion of the analyzed coatings,
defined by load value L. responsible for coating’s destruction is
adequately 85,2 & 68,3 N, and compressive stresses value is
defined by g-sin®y method, adequately -595 & -421 MPa. In the
event of coatings received in the arc PVD process, close
correlations are found, and the most distinctive improvement of the
tool life was achieved for TiN+(Ti,Al,Si)N coating, obtained on a
cermets’ substrate T130A. In the table 6, measurements results of
mechanical and operational properties are presented for coatings
acquired in the arc PVD process, and in high-temperature CVD
process. As a result of a metallographic analysis, conducted on a
scanning electron microscope, it was found that the most frequently
occurring types of tribological damages, identified on investigated

e e e —

0,5 mm
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108% tool life increase

a) 86% tool life increase
Fs 81% t\lml life increase
0.3 - ”
=025
g
E 02
E 0.15

©  uncovered Si,N, = SiN/TIN+ALO,

& uncovered ALOHZI0, & ALO+ZrO/TiIN+ALO,
= uncovered ALOTIC —s— ALO +TiC/TIN+ALO,
+ uncovered ALO,#SiC,., - ALO,SiC,/TINFALO,

0 gt
0 2 4 6 B 1012 1416 18 20 22 24 26
b) Cutting time [min]
0.3, o o
025
g
E 02
m
20.]5
8
2 0.1
| @ uncovered Si,N, & TiIN+ALD,
| S48 - TINFALOATIN % TINFALOTINCALOATIN
0.05 ¥ . [T:(r’\'*‘ml  CNNALO TN

== TiC NHALD,

0 2 4 & 8 10 12 4 16 18 20 22 24 26 28
Cutting time [min]
Fig. 49. Graphs of wear bandwidth dependencies on a VB flank face of
cutting time for a) TiN+Al,O3 coatings obtained in the CVD process on
a substrate made of nitride ceramics SisN, and tool ceramics
AlLOs+Zr0,, Al,O3+SIiC, AlL,Os+TiC, b) coatings obtained in the high-
temperature CVD process on a substrate made of ceramics SisNg4

materials are mechanical and frictional damages, as well as thermal
cracks of the surface flank, crater forming on surface of attack and a
chip build-up on a cutting edge (Fig. 50 and 51) [19, 109-111].

In order to define operational properties of coatings obtained
in the magnetron PVD process, erosion tests are made, whose
outcomes have been presented in table 7. The carried out test
showed that erosion resistance of the investigated coatings
depends in a large extent on a phase and chemical composition,
microhardness and adhesion to substrate’s material.

0,1 mm

Fig. 50. a) A view of cermet flank face wear T130A with a deposited coating TiN+(Ti,Al,Si)N b) detail from a drawing a

m Research monogr'aphl
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0.2 mm

0,1 mm

Fig. 51. a) A view of tool ceramics flank face wear made of Al,O3+SiC with a deposited coating TiN+Al,O3 b) detail from a drawing a

Table 6.
Results of mechanical properties measurements and erosion resistance for coatings obtained in the magnetron PVVD process on a substrate
made of sintered high-speed steel PM HS6-5-3-8

Process’ conditions Type of coating jog[:]m]e]ss Micrgts/a;;tjness Adhesion [N] %EEEJ?EZ? |

pm]
(“fég&e&fﬂe%?& Ti+(Ti,ADN 0.05 2790 104.2 8.9
(“fé‘g&?ﬁz‘}go%YcD) Ti+(Ti, AN 0.05 2620 87.7 5.4
(“1"38%324%\!8 Ti+(Ti,A)N 0.07 2410 72.9 49
(75%%??5&%%%00@ Ti+(Ti,A)(C.N) 0.04 2920 74.2 9.8
(75%%1923&%‘,4%80%) Ti+(Ti,A(CN) 0.05 2730 774 8.3
(75904 25%CH 1540°C) Ti+(TLADNCN) 0.06 2560 61.3 57
(50%%19385/:%]ng00¢) Ti+(Ti,Al)(C,N) 0.06 2810 68.2 8.9
(509N, 50%CH,/500°C) Ti+(Ti,ACN) 0.08 2320 59.1 28
(50%%?38&%%200@ Ti+(Ti, A)(C,N) 0.07 2780 81.8 7.4
(259N T EEH,480°C) Ti+(TLA(CN) 0.06 2520 245 25
(25904, TE3CH 1500°C) Ti(TLADNCN) 0.08 2610 32.7 41
(25%"”.\?2995&,‘2{‘HF:)§'ZOOC) Ti+(Ti.ADNCN) 0.07 2690 39.2 4.4
(10056 1H4/460°C) Ti+(Ti ANC 0.04 2640 814 7
(%3%@583@%) Ti+(Ti,AlC 0.07 2980 93.6 7.3
(1“339/[35‘,;‘;;‘523{,%) Ti+(Ti,Al)C 0.07 3290 109.6 10.8

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface
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Table 7.
Results of mechanical and operational measurements for substrates’ material as well as coating obtained in the arc PVD and the
high-temperature CVD process

Operational properties

Substra.te’s T i Gt Roughness Microhardness Adhesion ool life T —
material R, [pm] HVos N
(min) (%)
Al,O3+Zr0, TiN+(Ti,ALLSi)N 0.43 2200 38.3 14 27
Al,O4+TiC TiN+(Ti,Al,Si)N 0.37 2530 56.2 18.5 30
Al,03+ SiCyy, TiN+(Ti,Al,Si)N 0.37 2300 69.4 20 11
Al,O3+Zr0, TiN 0.41 2300 40.6 12,5 14
Al,O3+TiC TiN 0.21 2400 33.8 135 0
Al,03+SiCyy) TiN 0.31 2670 45.7 25 39
Al,03+Zr0, TiN+multi(Ti,Al,Si)N +TiN 0.37 3700 61.9 145 32
Al,O4+TiC TiN+multi(Ti,AlLSi)N +TiN 0.27 3950 76.6 215 59
Al,05+SiCyy,) TiN+multi(Ti,AlLSi)N +TiN 0.39 3800 66.1 28 56
Al,03+Zr0, (Ti,A)IN 0.23 3200 78.2 16 45
Al,O3+TiC (Ti,A)IN 0.12 3100 79.6 17 26
Al,03+SiCyy) (Ti,A)IN 0.26 3300 104.6 31 72
Al,O3+Zr0, TiN+(Ti,AlLLS))N+(ALSI, Ti)N 0.39 2150 65.3 15 36
Al,O3+TiC TiN+(Ti,AlLLS))N+(ALSI, Ti)N 0.24 2950 72.2 19 41
Al O3+ SiCy, TiN+(Ti,AlLSi)N+(ALSI, Ti)N 0.32 2450 50.6 24 88
Cermetal T130A TiN+(Ti,AlLSi)N 0.36 3350 111.1 26.5 76
Cermetal CM TiN+(Ti,ALLSi)N 0.23 3300 114.8 29.5 73
SizNy TIN+AI,O; 0.45 3250 85.2 25 108
SizNy TIN+AI,O5+TiN 0.13 2800 50.4 20 67
SigN, TiN+ALOz+TiN+ALOs+TiN 0.52 3050 55.7 245 104
SigN, Al,O3+TiN 0.23 2700 29.1 16 33
SizNy TiC+TiN 0.25 2050 25.8 12.5 4
SizNy Ti(C,N)+TiN 0.15 2225 34.1 135 13
SizNy Ti(C,N)+Al,O3+TIN 0.28 2030 30.8 13 8
SizN, Ti(C,N)+Al,03 0.25 3250 68.3 28 133
Al,03+Zr0, TiN+AILO4 0.43 3400 72.4 20.5 86
Al,O4+TiC TiN+AILO4 0.29 3350 49.4 24.5 81
Al,05+SiCyy) TiN+AI,O3 0.44 3100 32.8 24 88
Cermetal T130A - 0.21 2490 - 15 -
Cermetal CM - 0.37 2450 - 17 -
SizNy - 0.08 1870 - 12 -
AlLOs+Zr0, - 0.21 1850 - 11 -
AlL,Os+TiC - 0.09 1970 - 135 -
Al,05+SiCyy,) - 0.26 1870 - 18 -

m Research monograph W. Kwasny
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4.3. Fractal and multi-fractal
analysis of the investigated
coatings

Evaluation of methodology to determine fractal dimension

In the herewith evaluation to determine the fractal dimension
of coatings surface obtained in the PVD and CVD processes, a
modified method for projective covering (PCM) was applied [60].
The PCM method was evaluated at the end of the last century and
used for determining the fractal dimension of surface of rocks,
and then, it was used many a time in studies for surface of diverse
engineering materials [51-53, 112-120].

In PCM method, the surface fractal dimension of irregular
shape is determined based on measurements results of a sample
height in selected measuring points. It is required that a size of the
analysed height of a sample fragment would be homogenous in
both directions. When analysing, there are usually 512x512
measurements of height of a sample, where the first number is a
scanning line, whereas the second one is a number of measuring
points in each of them. Distance between points, similarly like a
distance between lines is constant and identical. A number of
points and measuring lines may be different than 512, however,
considering the applied algorithm should be 2", where n is a
natural number. For the sake of a scheme of made measurements,
the PCM method can be directly used for measurements analysis
obtained at AFM microscope.

On a figure 52a surface of an analysed sample fragment was
presented schematically, marked by A symbol. Supportively,
additional surface was introduced, marked by B symbol, named as
a projective surface. The projective surface, in shape of a square,
is divided into a great number of small squares of identical sides’
length. Division goes sequentially. In the first step (the first stage
of division) the whole projective surface is divided into four (2x2)
smaller squares. In the next step (the second stage of division), each
of the obtained squares is divided into four smaller parts. The
procedure is repeated until the assumed scale of division is

a)

Methodology of research

achieved, whereas a number of stages of division equal (n-1).
When 512x512 measurements are made for the height of a sample,
the number of division on steps is 9. At each projection surface
division step (from the beginning one) points are determined,
whose projections onto the examined surface coincide with points
at which the test piece height was measured.

In a selected square, values for height of a sample are marked
by an index, of abcd vertexes (fig. 50b) corresponding to points in
the square’s corners on the projective surface are hy;, hy;, he and hg;
respectively. Field of sample fragment, whose projection is a
chosen abcd square is marked by A;i(8) symbol, where & is length of
the square’s side in a given step of division. A number of Nk(5)
squares, on which the projective plane was divided depends on a
step of division and it is Nk(8) = 22¢, where K is a number of a
division step of the projective plane. Length of & square’s side made
as a result of K-division is 5=L/2, where L is a scanning range.

A complete field of surface A(8) of the analysed coating
fragment might be determined as a sum of surface fragments, into
which it was divided:

N (5)

A(S) = ZA(5) @

Above-mentioned formula can be applied in practice only
when analytical form of a function describing the analysed
surface is known. In general, it is only possible to determine an
approximate value.

For any fractal set (e.g. curve, surface), a number N(3) of
“boxes” with a side length & (in case of a surface in 3D space,
these are cubes of & side) needed to cover of the considered set,
fulfils the following dependence [54, 121]:

N(5) c 5 ° )

b

)
&
h,;

d
hai
h;;

Fig. 52. Method for projective covering a) division of projective plane B by squares lattice with a projection onto analysed surface A and
b) one division element enlargement covering the projective plane along with a projection onto a fragment of analysed surface

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface
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where D stands for fractal dimension of the examined set (Ds for
surface in 3D space). An approximate value of fractal surface
field can be determined as a product N(3) and fields of square of
set length of a side (5%):

A(5)=N(5)s5? ®)
Dependence usage (5) in formula (6) leads to:
A(S) oc 575 )

Out of the presented dependence, it results that:

e Only for surfaces, for which D=2 it is possible to determine a
precise (if analytical form of a function describing its shape is
known) or an approximate (if the analytical form in unknown)
value of field surface. In case of determining an approximate
value, divisions number increase (condensing the measuring
points) cause reduction of errors determining a field value of the
analysed surface, which close asymptotically to a correct value.

e In case of fractal surfaces (Ds£2) it is impossible to determine
neither precise nor approximate value of sample surface field,
because the value A(8) systematically increases in each
successive step of division.

o Dependence (7) enables to determine a value of fractal dimension
of the considered surface.

Dependence (7) can be written in a form of equation:

Al5)=Cs*™ ®)

where C is a factor of proportionality. After finding the logarithm
double-sided, one can get:

InA(5)=In(C5>™) ©)
and after mathematical transformations:
InA(5)=(2-D,)Ins+InC (10)
17.12 3
¢ InA(8) =(2 — D) In é + InC
17.10 + -
=
=
= 17.08 | i
L
=
17.05 } )|
17.04 1 . ) . . , 3, ]
3 4 5 6 7 8
In 8, nm

Fig. 53. A graph enabling to determine a value of fractal
dimension by PCM method based on the following dependence
A(8) ~ 52°°° (TiN coating obtained in the arc PVD process on a
substrate made of tool ceramics Al,O3+Zr0O,)

m Research monograph Y,
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Formula (10) presents a linear dependence in double-
logarythmic system, in which x-axis is determined by Ing,
whereas y-axis is defined by InA(8). To define an approximate
value of fractal dimension in double-logarythmic system, the
points (Ind, InA(3)) are determined for at least a few values of
length & (Fig. 53). Then, the obtained data are approximated by a
linear function. The searched value of fractal dimension is
determined based on the following dependence:

D,=2-p (11)

where B equals a received slope of a straight line.

In case of theoretical fractal surfaces, the determined points
will lie exactly along a straight line. In the event of actual
surfaces, this condition usually is not met and the determined
value of fractal dimension depends on selection of points, to
which the line is fitted. Because of that, the author of this paper
has used auxiliary diagrams that facilitate the correct choice of
points, based upon which fractal dimension is determined
(determining self-similarity range) (Fig. 54). The following n-
points on the auxiliary graph are determined as a slope of a
straight line, approximated by a method of the smallest squares of
3 points on a bilogarithmic diagrams, obtained for (n-2), (n-1) and
n step for the projective plane division.

Due to obtained results, a way to determine surface field value
of a sample fragment is very essential A;i(8), occurring in a
formula (4) (Fig. 52). In a paper [60] the following dependence is
given, used to determine this value:

Ai (5) :%(\/52 +(hai - hdi)z\/a2 + (hdi _hci)2 + (12)

+6% + (hy —hy)2 8% + (hy —hy)?)

As this formula application leads, in specific cases, to obtain
incorrect results (as a result of computation made for computer-
generated sets of data modelling surfaces of high roughness,

2.04
2035 4

203 1
2,025 ¢ 1
202 ¢ . * 1
2015 | - 1
201 ¢ 1

Fractal dimension

2.005 ¢ 1

1 2 3 4 5 6 7 8 9
Measuring points

Fig. 54. A graph for values change of fractal dimension indicating
a range of self-similarity; chosen points to determine a value of
fractal dimension Ds (red colour) have an approximate, constant
value (TiN coating in the arc PVD process on a substrate made of
tool ceramics Al,03+Zr0O,)
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overstated values of fractal dimension are received D, equalling
over 3), it was found that it is not sufficiently accurate, what
inclined the author of this thesis to verify it and to formulate another
dependence to determine surface field of a sample fragment A(3).

Field of surface A;(3) determined by any function h(x,y) on
abcd square (curved set in space) (Fig. 55) is determined by an
integral:

oh oh
Pacs = || J1+ G+ Gy oy (19

abcd

what requires knowledge of an analytical form of the function
h(x,y), describing a shape of analysed surface. When only values
of function (x,y) are known from AFM in four corners of the
considered square, it is needed to derive a dependence that will
allow determining an approximate value of surface field knowing
only the value of function in lattice points (the points: a, b, ¢ and
d). On fig. 56 the (A, B, C & D) points are marked of the analysed
surface field Ai(3), in which the function values h(x,y) are known,
or the points, in which height measurements are made. The points
present the following coordinates:

A(X! y’ hai)v B(X! y + 5! hbi)!
(14)

C(x+0,y+0,h;), D(x+0,y,hy)

Assuming determinations according to Fig. 56 for the
considered surface, it is possible on abcd square to approximate it
with two triangles: ABC and CDA. Field of the ABC triangle can
be determined as field of a triangle built upon BA and BC vectors:

—

lBA

—

L BC

Page = 5 BAX BE sing (15)

where x determinates a vector product, || stands for vector length,
and ¢ is an angle between BA & BC vectors. Similarly, field of
CDA triangle can be determined as field of a triangle built on DA
& DC vectors:

C

Fig. 55. Surface A;i(d) determined by any function h(x,y) on a
square with a,b,c,d vertexes

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

Methodology of research

Peoa (16)

oA DC
2

As for two free vectors u = (ux, uy, uz) and v = (vx, vy, vz) length
of their vector product can be derived from the following formula:

v u, u22+uZ UXZ+UX uy2 )
v, Y, vV, V, Vv, y
S0, suitable vectors adopt a form:
BA = (0,-5,h, —hy),
BC = (5,0,h, — hy,). (18)

DA=(-5,0,h, ~hy),
DC = (0,6,h,, —h,).

Using a definition of the vector product again (dependence 16),
the following is received:

BAx BC| = 8,/62 +(h, —hy )} +(hy —hy)? (19

‘SAX DHC‘ = 5\/52 + (hai —hy )2 +(hy — hdi)2 (20)

Summing up the field of ABC and CDA triangles, a different
formula is obtained than it was given in the point [60] for an
approximate value of A;(3) field of the considered surface fragment:

A@) =386/ + (hy —h, )+ (h —h, )7 +

+4/8% + (h; —hy)? + (hy —hy)?)

(21),

this then was used in calculations and in further part of the paper.

Fig. 56. A surface sketch A;(d) presenting points, in which a value
of h(x,y) function is known
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Fig. 57. Comparison for values of relative errors E to determine
the fractal dimension by PCM method and modified PCM method
for sets of data modelling surfaces with different values of the
fractal dimension, obtained with the use of randomized centre
displacement algorithm (Peitge’s and Saute’s version)

Correctness of the derived formula (21) specifying the field
value of Ai(8) surface of irregular shape as well as modified PCM
method to determine the fractal dimension has been tested using
sets of data modelling surfaces of optionally chosen, set value for
the fractal dimension Dy, and it is specified in this paper [55]. For
that reason, it is generated after nine sets of data with fractional
values of the fractal dimension, being changed within Dy, =2.01
to 2.9, using three different algorithms: two versions of midpoint
distribution algorithm and Falconer algorithm. No significant
differences are observed between obtained results using both
algorithms modelling surfaces.

04
® PCM method
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o
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=
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i - B o oy e o =
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Fig. 58. Comparison for values of relative errors E to determine
the fractal dimension by PCM method and modified PCM method
for sets of data modelling surfaces with different values of the
fractal dimension, obtained with the use of midpoint distribution
algorithm (Martyn’s version)
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Fig. 59. Comparison for values of relative errors E to determine
the fractal dimension by PCM method and modified PCM
method for sets of data modelling surfaces with different values
of the fractal dimension, obtained with the use of (Falconer’s
algorithm)

For all applied algorithms to generate surfaces with the use of
the modified PCM methods, the fractal dimension values are
obtained within [2, 3), whereas taking advantage of so far the
used method, erroneous values often obtained Ds >3, especially in
case of Dy>2,5. Based on acquired results, it was found that
utilizing in PCM method, the modified formula for area field of
irregular shape gives more close results to theoretical ones than
calculations based on dependence (12). Differences between
results got so far by the applied and new method are especially
significant in the event of surface with strongly evolved, irregular
surface (Dy>2,2). The above-mentioned observations also
confirm extracted values of sums of relative errors acquired in
calculations taking advantage of both formulae. The relative error is
defined by dependence:

_ |Ds _DH|
Dy

E (22)

where Dg denotes a calculated value of the fractal dimension,
whereas Dy denotes a theoretical value of the fractal dimension,
corresponding to a considered surface (Fig. 57-59).

Methodology evaluation to determine multi-fractal spectrum

In further part of the evaluation, the detailed methodology of
multi-fractal surface topography description is presented in a form
enabling utilization of data analysis obtained during studies using
an AFM microscope. Considerations related to methodology of
multi-fractal surface topography description in principal part are
based upon Xie work [60]. Similarly as for determining the fractal
dimension by PCM method, the author has modified the way the
field A;(d) is determined with surface of irregular shape [55].

Results for the multi-fractal analysis usually are presented in
the form of a multi-fractal spectrum. In order to determine it for a
set of measuring data received for a given surface, an auxiliary
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projective surface is introduced and a sequential division of the
analysed surface is performed into smaller parts, whose
projections upon the projective surface are squares with & side,
suitably for the PCM method to determine surface fractal
dimension. Next, each surface fragment’s measure (probability
connected with each surface fragment) is defined:

(0
P(5)= M (23)
A (9)
With each surface fragment a singularity index also is connected
o; (it is also called a Holder exponent of singularity):

P (0) c o™ (24)

Dependence (24) is similar to dependence (7), and the
principal difference is that in the formula (24) not to surface
magnitude but probability related to each its fragment is scaled.
Then, the analysed surface is divided into subsets, whereas, in
each of them, the formed fragments, as a result of division, have a
different value of the singularity index o;. If N(3) denotes a
number of surface fragments A;(3), to which the singularity index
refers between o and a+do, then a function (o) can be defined,
called a multi-fractal spectrum, as the fractal dimension of a set of
surface fragments with the singularity index o. Then, the number
of selected surface fragments is described by the following
dependence:

N, (6)~ s (25)
Next, a new function is defined, called a partition function:
N(5)
Z,)=2.(R()". qeR (26)

i=1

Taking advantage of this dependence, one can define a
generalized fractal dimension D(q) as follows:

N(5)
I P.(0))¢
L gz, 1 92RO
D(q) =——Ilim—————==——Ilim
q-15>0 logd g—16-0 logo

For the division function Z(8) this dependence is true:

Z (5) ~ 5qa(q)ff(a(q)) 28)

q

Once the auxiliary function is introduced t (q):

7(9) = ga(q)- f(a(a)) (29)
the former dependence can be noted as:

Z,(8)~5"9 (30)
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Differentiating the dependence (29) it is received:
d
—7(q) = a(q) (31)
do

Dependence (29) is called a Legendre transformation. Using
dependencies (28), (29) and (30) a relation between auxiliary
function t(q) and generalized fractal dimension D(q) [122] can be
determined:

7(q)=(q-1)D(q) (32)

A successive stage requires constructing mono-parameter
family of normalized measures p(q), where for each set value of q
exponent, a measure (probability) assigned to i-fragment, whose
projection is a square with & side, and it is defined as follows

[123-124]:
P ())? P (5))"
14,(0,0) = N(g)l( ) = (Zlq((é)‘; (33)

> (R()

Taking advantage of (27) & (32), it can be noted:

N(5)
log > (P, (6))*
@ty 9% 0% .
50 |og(5) 50 |095

Using a relation (31) and a defined measure above, it is received a
formula for the singularity index a, in the form of:

N(5)
D (1,(9,6)log R, (5))

=lim-= (35)
(@) 60 logo

Similar dependence can be derived for the multi-fractal
spectrum f(o) [123]:

N(5)
D (w:(9,6)logu,(a, 5))

f(q) = lim— 36
@ pal logos o

Dependence (27) allows determining a general fractal
dimension for the exponents’ g # 1. Assuming D(1) = limg_,;
D(q), an equation is received:

D(1)=a(l) = f(x(1)) (37)

On the basis of given dependencies, algorithms allowing to
determine the multi-fractal spectrum f(a) (as a parametric
dependence, in which the parameter is a q) as well as the
generalized dimension D(q) can be determined. In the point [55]
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method of moments algorithm [125] and Chhabry-Jensen algorithm
are presented [123, 124], and it was denoted that there are no
significant differences between received results when using them.
The results shown in the further part of this paper are obtained using
Chhabry-Jensen algorithm, whose next steps go as follows:

1. Settlement of an exponent value gy, kK =1, 2, ..., ng and
length of a squares’ sides formed as a result of projective
surface division &, j=1,2,..., n;.

2. Formation of surface field covering (measure domain) by
squares with a §; side for j =1, 2, . . ., n;, and for each fragment

determining a value of measure P;(5;) (dependence 23).
3. Determining for each fragment of normalized measure value
ui(aw, ;) for set values §; and set exponents g (dependence 33).
4. Determining a singularity index value a(qy), for set values of
exponents gy, as slopes of straight lines approximating graphs
of dependence

N ()

PACHCHIILECIE) (38)

i=1

from log & (it is a consequence of dependence 35).

5. Values of the multi-fractal spectrum f(qy), for set values of gy
exponents, are determined as slopes of straight lines
approximating the dependence graphs:

N(5)

Z(ui(Qkaé‘)log u; (@, 9)) (39)

from log 6 (it is a consequence of dependence 36).

6. Values of the generalized fractal dimension D(qy), for set
values of qy, qx = 1 exponents, are determined as product of a
slope of a straight line approximating the graph dependence

N ()

log > (R, (5)* (40)

from log & and binomial g — 1 (it is a consequence of
dependence 27). However, for gy = 1 we assume D(1) = a(1)
(relation 37).
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Fig. 60. Exemplary multi-fractal spectrum f(a)
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In the consequence of application of the earlier presented
algorithm, one can get two equivalent graphs — the multi-fractal
spectrum f(a) (Fig. 60) and spectrum D(q) (generalized fractal
dimension) (Fig. 61). Analysis of an illustrated form of a function
upon those graphs allows analysing geometric features for
investigated surfaces and comparing, among themselves, different
surfaces in terms of shape.

Being concerned about a fact that graphs are equivalent, in
further part of the paper, it is decided to apply only the first way
to present the results.

At fig. 60 it is illustrated an exemplary view of the multi-
fractal spectrum that is a bell-shaped curve. The most important
quantities being characterized by its shape go as follows: Aa
spectrum bandwidth and difference of its arms height Af. Aa
spectrum bandwidth is determined as:

Aa =, — i, (41)
whereas height difference of its arms Af is defined in the
following way:

Af = f(a, )~ f(a (42)

mx)

Dependence transformation (23) and (24) into a form of:

o = InA(5) InA(s) InC 3)
In(o) In(6) In(o)

where C is proportionality constant, it facilitates to understand
information contained in the shape of the multi-fractal spectrum.
In A(S)
@) can be
interpreted (accurate to a constant, equal 2) as a surface fractal
InA(0)
In(s)
can be interpreted as the fractal dimension in i-point (D;). The
surface fractal dimension D is a constant value on analysed
surface, contained in the range [2, 3). A value Ds = 2 corresponds
to e.g. a flat surface. A value Dy=3 could correspond to an
abstract “infinitely rough” surface; however, the fractal dimension
of actual analysed objects is always lower.

Considering dependence (7) the component

dimension of analysed surface Ds, whereas the component

Fig. 61. Exemplary spectrum D(q)
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The fractal dimension D; in general case is not a constant value and
it changes depending on a choice of the point, in which it is
determined. The values D; contain theoretically within [2, 3),
whereas, in practice this range is narrower.

On the ground of presented considerations it can be found that:
e In case of monofractal objects, spectrum is reduced to a single

point. For that surface, in each point, a value of dimension D;

is constant and equal Ds. Also, difference between them is

constant (accurate to a constant) and o; adopts only one value.

An example that can be an approximation of the monofractal

surface is very smooth surface, or that one, for which

differences in height of particular points of surface are
neglectingly small (much smaller than distance between
points, in which measurements are made and/ or lower than
the measuring unit resolution). The fractal dimension of this

surface is 2, whereas the multi-fractal spectrum is reduced to a

single point.

e The multi-fractal spectrum bandwidth certifies presence of
areas of different value of the fractal dimension. For
homogenous surface, dimension values in particular fragments
change in a narrow range, what is visible in the form of a
narrow range of variation «;. In the event of surface, whose
topography is irregular (containing fragments of both small and
big difference of maximum and minimum height between
points in the analysed surface), the dimension value in
particular fragments is diversified, what is visible in a wide
range of the variation a;.

e Considering dependence (43) and a fact that for a given surface,
D, is a constant value and higher or equal 2, o; adopts
maximum value (oma), if @ local fractal dimension (D;) adopts
minimum value (or 2, what responds to flat areas). On this basis
it can be assumed that the right arm of the multi-fractal
spectrum corresponds to flat areas, being characteristic for large
convex and concave surfaces.

e Analogically, o; adopts minimum value (omin), if the local
fractal dimension (D;) adopts maximum value. On this basis it
can be assumed that the left arm of the Multi-fractal spectrum
corresponds to strongly irregular areas, being characteristic for
surfaces containing tiny unevenness, defined by a high
dimension value.

It directly results from dependence (25) that quantities f(otmax)
and f(omin) reflect a number of fragments of surfaces related to
maximum (Npmax(8) = Nggin=0 i) and minimum
(Npmin(8) = Nomax=6 ™)) probability. Value Af = f(cmin)-f(tmax) 1S
a measure of a ratio of surface fragments’ number of the highest
probability (big unevennesses) to a number of surface fragments of
the lowest probability (tiny, densely packed unevennesses)
(Nemax(8)/Nemin() = ). If a value Af>0, an analyzed surface is
dominated by areas defined by high value of probability; if Af <0,
it is dominated by areas defined by its low value [126, 127].

Results for the fractal and multi-fractal analysis of the
investigated coatings

Fractal and multi-fractal analysis of the investigated
coatings obtained in the magnetron and the arc PVD process as
well as high-temperature CVD process were carried out based
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on results acquired on atomic force microscope AFM. Initial
measurements were made in measuring ranges equal 1, 2, 5 and
10 um, however, not all analyses confirmed fractal properties of
the analysed coatings. For example, in a measuring range equal
10 pum for coatings obtained in the magnetron PVD process, a
determined value of the fractal dimension is 2. Similar effect
occurs for a measuring range equal 2 um, and especially 1 pm,
in case of samples, in which big grains are found on surface
(coatings obtained in the high-temperature CVD process), where
using properly great enlargements, the analysed samples’
fragments are flat surfaces (points at the bilogarithmic diagram
are arranged horizontally, Ds = 2). Results for internal studies,
which were presented by the author in points [51, 53, 128, 129],
allow to find that considering possibility to compare results for
coatings obtained in all three processes of deposition, the right
scanning range is 5 um.

Three dimensional images of coatings surface topography
obtained based on data from measurements made by means of on
AFM microscopes are precious source of information on shape of
surface, however, their interpretation and comparison are difficult,
subjective and often lead to false conclusions. Appearance of
those graphs, in a large degree, depends on the way they are
presented (applied colours and their intensity, perspective, and the
like) and applied scale in z axis. Simultaneously, applying a rule
that for all compared samples in z axis the same unit appears,
especially a unit equal to a unit occurring in x and y axes, make
the graphs more illegible. For the sake of images of coatings
surface topography received based on data coming from
measurements made on AFM microscopes, they can only give an
idea about shape of surface, but they should not used in highly
advanced analyses.

Making measurements on the AFM microscope and getting
digital recording of topography of the analyzed surfaces created a
possibility to determine two-dimensional quantity of roughness
R,p, which in comparison with classical quantities determined
along one segment, enables to obtain more representative values.
The roughness quantity is a commonly used value defining shape
of surface, and first of all, it should be considered when
comparing and assessing the shape of coatings.

R,p roughness determined based on measurements made by
the AFM microscope is an informing quantity on, in what degree
the analyzed area differs from the flat surface, but it does not
indicate what made this difference, whose source might be of two
different factors:

e Surface waviness (irregularity occurrence of high amplitude),
e Appropriate roughness (densely arranged irregularity
occurrence of low amplitude).

The fractal analysis enables to differentiate those factors, and
additionally, thanks to determining the multi-fractal spectrum, to
assess homogeneity of the analysed objects. The next stages of the
fractal analysis cover:

e Bilogarithmic performance,

e Auxiliary plot performance indicating correct selection of the
fractal range,

e Determining the surface fractal dimension D,

e Determining the multi-fractal spectrum and defining its
parameters.
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Fig. 62. a) Image of the(Ti,Al)(C,N) coating surface obtained in the PVD magnetron process at 460°C on the PM HS6-5-3-8
(50%N,:50%CH,4) (AFM, 5 um) sintered high-speed steel substrate b) bilogarithmic dependence of the approximated area size of the
analysed surface on the mesh size used for its determination c) auxiliary diagram indicating the correct points selection on the
bilogarithmic plot, and d) multi-fractal spectrum of the analysed coating surface

Points arrangement on the bilogarithmic plot is defined by a degree
of an analysed surface development, and simultaneously it indicates
factors which have influence on it: surface waviness or appropriate
roughness. On the ground of the bilogarithmic plot also fractality of the
analysed set of data is assessed. Performing an auxiliary plot facilitates
the right selection of the fractality range or taking a

m Research monogr'aphl

decision that the analysed set of data is not a fractal object.
Analysing a shape of the multi-fractal spectrum, it can be
concluded on homogeneity of analysed surfaces. Homogenous
surfaces, whose particular fragments do not differ among
themselves, are characterized by a narrow spectrum (small
difference omay - 0min), Which can be broaden, if a shape of the

W. Kwasny
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Fig. 63. a) Image of the(Ti,Al)(C,N) coating surface obtained in the PVD magnetron process at 500°C on the PM HS6-5-3-8
(50%N,:50%CH,4) (AFM, 5 um) sintered high-speed steel substrate b) bilogarithmic dependence of the approximated area size of the
analysed surface on the mesh size used for its determination c) auxiliary diagram indicating the correct points selection on the
bilogarithmic plot, and d) multi-fractal spectrum of the analysed coating surface

analysed surface will be more irregular and differentiated in surfaces containing tiny grains. Analogically, broadening the
various areas. For the sake of the applied methodology spectrum from the right side (for values a >2) it proves that big
determining the multi-fractal spectrum in the analyzed coatings, it grains and/or flat areas occur. A positive difference for the
is assumed that its maximum appears for o= 2. As values a <2 spectrum arms height Af = f(omax) - f(amin) >0 proves that in the
correspond to probabilities of low values and simultaneously to analysed surface, tiny grains dominate, otherwise (Af<0) high
irregularities of low amplitude so, broadening the multi-fractal irregularities prevail, defined by high value of probability.
spectrum from the left side is characteristic for inhomogeneous Although the multi-fractal spectrum bandwidth is not commonly

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface u
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Fig. 64. a) Image of the(Ti,Al)(C,N) coating surface obtained in the PVD magnetron process at 540°C on the PM HS6-5-3-8
(50%N,:50%CH,4) (AFM, 5 um) sintered high-speed steel substrate b) bilogarithmic dependence of the approximated area size of the
analysed surface on the mesh size used for its determination c) auxiliary diagram indicating the correct points selection on the
bilogarithmic plot, and d) multi-fractal spectrum of the analysed coating surface

bound with homogeneity of analysed surface, interpretation of its
shape is not unequivocal. The other factors (e.g. roughness, fractal
dimension) influence additionally on values describing
appearance of the multi-fractal spectrum. Therefore, values
analysing that define a shape of the multi-fractal spectrum
received for coatings’ surface differed by simultaneously
chemical and phase composition, conditions and a type of their

m Research monogr'aphl

obtaining process and substrate’s material, on which they were
produced is not justified. Problems related to interpretations about
shape of the multi-fractal spectrum demand further intensive
investigations, nevertheless, still today one can indicate some
practical applications, e.g. for quality control and repeatability of
coatings’ deposition process. Each Ao value increase, above or
below a certain defined critical value for a given process

W. Kwasny
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Fig. 65. a) Image of the(Ti,Al)(C,N) coating surface obtained in the PVD magnetron process at 460°C on the PM HS6-5-3-8
(50%N,:50%CH,4) (AFM, 2 um) sintered high-speed steel substrate b) bilogarithmic dependence of the approximated area size of the
analysed surface on the mesh size used for its determination c) auxiliary diagram indicating the correct points selection on the
bilogarithmic plot, and d) multi-fractal spectrum of the analysed coating surface

will be a signal informing about instability of deposition
conditions. In case of surface received in conditions differing with
one factor change, the multi-fractal analysis can be used to assess
its influence on topography of obtained coatings. Quantities for
the fractal and multi-fractal analysis and for the quantity value
R,p of the analysed coatings are presented in tables 8 & 9. On the
basis of carried out analyses it can be found that all considered

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

coatings, independently on type of their manufacturing process
and the applied substrate’s material, show fractal character of
surface, what is proved by linear, in defined ranges, the
bilogarithmic graphs used for determining the fractal dimension
D; (Fig. 62b-75b).

Series factors decide on coatings topography, among which
the main role is played by a type of process and conditions needed
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Fig. 66. a) Image of the(Ti,Al)(C,N) coating surface obtained in the PVD magnetron process at 500°C on the PM HS6-5-3-8
(50%N,:50%CH,4) (AFM, 2 um) sintered high-speed steel substrate b) bilogarithmic dependence of the approximated area size of the
analysed surface on the mesh size used for its determination c) auxiliary diagram indicating the correct points selection on the
bilogarithmic plot, and d) multi-fractal spectrum of the analysed coating surface

to acquire them, type of substrate as well as chemical and phase
composition of deposited layers. In this paper, the fractal and
multi-fractal analysis results of coatings are discussed, and for
each type of process (the magnetron or the arc PVD process and
the high-temperature CVD process) exemplary images of coatings
surface topography is shown obtained as a result of investigations
made by AFM microscope, auxiliary and bilogarithmic diagrams

m Research monogr'aphl

corresponding to them, based on which, the fractal dimension is
determined as well as multi-fractal spectra received by a modified
PCM method (Fig. 62-75).

Analysing the obtained results for coatings acquired in the
magnetron PVD process (Table 8) it was found that a value of
their fractal dimension Ds is contained in the range of 2.009-
2.036, whereas their roughness R,p is within 0.021-0.091 pm.

W. Kwasny
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Fig. 67. a) Image of the(Ti,Al)(C,N) coating surface obtained in the PVD magnetron process at 540°C on the PM HS6-5-3-8
(50%N,:50%CH,4) (AFM, 2 um) sintered high-speed steel substrate b) bilogarithmic dependence of the approximated area size of the
analysed surface on the mesh size used for its determination c) auxiliary diagram indicating the correct points selection on the
bilogarithmic plot, and d) multi-fractal spectrum of the analysed coating surface

On figures 62-64 surface topography images and results of the
fractal and multi-fractal analysis are presented (scanning range 5
pum) for (Ti,Al)(C,N) coatings obtained in the magnetron PVD
process on a substrate made of sintered high-speed steel PM HS6-
5-3-8 in 460°C, 500°C and 540°C in the atmosphere containing
50% CH; & 50% N,. Compared surfaces are characterized by a
close, low value of roughness, defined by R, (<0.05 pm)

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

quantity. The difference between values of the fractal dimension
and R,p for the obtained coatings in 460°C & 540°C (D, = 2.021
& Ryp=0.037 and Dy=2.023 & R,p=0.025) and in 500 °C
(Ds=2.009 & R,p=0.021) is visible. Analysing bilogarithmic
diagrams obtained for three different temperatures, it can be
found that for a few, the first steps of division (in turns 8=5; 2.5;
1.25; 0.625 um), InA(8) values remain on one, stable level,
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Fig. 68. a) Image of theTiN+multi(Ti,Al,SI)N+TiN coating surface obtained in the arc PVD process on the Al,03+SiC (AFM, 5 um) tool
ceramics substrate b) bilogarithmic dependence of the approximated area size of the analysed surface on the mesh size used for its
determination c) auxiliary diagram indicating the correct points selection on the bilogarithmic plot, and d) multi-fractal spectrum of the
analysed coating surface

what proves that surface development (from InA(3 =5 um value)
=17.03nm* up to INA(E=9.8nm)=17,12 nm? values or
17.07 nm? for coating obtained in 500°C) is a consequence of
occurrence of densely arranged irregularities of low amplitude
(grains), what is proved by images received from the AFM
microscope (Fig. 62a-64a) as well as acquired data Ds (Table 8).
Comparing the multi-fractal spectra it was found that

m Research monogr'aph/

among presented surfaces, a coating received in 500°C is the most
inhomogeneous (Ao =0.217), and simultaneously it contains least
unevennesses of high amplitude (oma =2.004). For coatings
obtained in the magnetron PVD process, it is received a positive
difference in spectra arms height Af >0, what proves that in the
analysed surfaces, tiny grains predominate (surface development is
related to internal roughness occurrence, and not surface waviness).

W. Kwasny
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Fig. 69. a) Image of theTiN+multi(Ti,Al,Si)N+TiN coating surface obtained in the arc PVD process on the Al,03;+TiC (AFM, 5 um) tool
ceramics substrate b) bilogarithmic dependence of the approximated area size of the analysed surface on the mesh size used for its
determination c) auxiliary diagram indicating the correct points selection on the bilogarithmic plot, and d) multi-fractal spectrum of the

analysed coating surface

On figures 65-67 there are presented analogical images and
diagrams obtained for the scanning range equal to 2 um.
Observations and outcomes got from a scanning range 5 um
remain true also in this case, what proves that in the scale of 2-
5um for the discussed coatings, a scanning range selection has no
influence on the fractal and multi-fractal analysis results.

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

Analysing the received results for coatings acquired in the arc
PVD process it was found that the fractal dimension value is
situated within 2.006-2.252, whereas roughness is defined by R,p
quantity within 0.037 to 0.564 pm (Table 9).

Surface topography images and results of the fractal and
multi-fractal analysis for TiN+multi(Ti,ALSI)N+TIN
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Fig. 70. a) Image of theTiN+multi(Ti,Al,Si)N+TiN coating surface obtained in the arc PVD process on the Al,03+ZrO, (AFM, 5 um) tool
ceramics substrate b) bilogarithmic dependence of the approximated area size of the analysed surface on the mesh size used for its
determination c) auxiliary diagram indicating the correct points selection on the bilogarithmic plot, and d) multi-fractal spectrum of the
analysed coating surface

coatings obtained in the arc PVD process on a substrate made of dimension value Ds~2.02 of topography surface coating
tool ceramics Al,03+SiC, Al,O;+TiC and Al,O4+ZrO,. are TiN+multi(Ti,AlLSi)N+TiN in comparison with a coating, when
presented in figures 68-70. Coatings received on a substrate the substrate is ceramic whiteware ZrO,). Analysing bilogarithmic
made of ceramics Al,Os+SiC and Al,O5+TiC denote a close, high graphs obtained for three presented sets of measuring data it can
roughness (R,p ~ 0.4 pm) in comparison with a coating, when the be found that InA(8) values increase systematically, already
substrate is ZrO, (Rop ~0.09 um). Similar relations were obtained starting from the first steps of division (values acquired for 6 =5
for the fractal dimension value (significantly lower the fractal pm < values acquired for 3=2.5 pm < values acquired for

m Research monograph W. Kwasny
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Fig. 71. a) Image of the Ti(C,N)+Al,O; coating surface obtained in the high-temperature CVD process on the SizN; (AFM, 5 um) tool
ceramics substrate b) bilogarithmic dependence of the approximated area size of the analysed surface on the mesh size used for its
determination c) auxiliary diagram indicating the correct points selection on the bilogarithmic plot, and d) multi-fractal spectrum of the

analysed coating surface

8 =1.25 pm < ... and so on), what denotes that the analysed
surfaces also contain irregularities of high amplitude.
Surface development (from the value of
INA(5 = 5 pm) = 17.03 nm? to InA(S = 9.8 nm) = 17.12 nm?)
for a coating obtained on a substrate made of tool ceramics
Al,03+Zr0,, for over 17.8 nm? for substrate made of tool
ceramics made of Al,O3+SiC and Al,O;+TiC is an effect of

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

simultaneous occurrence upon the analysed surface of densely
arranged irregularities with low and high amplitude, what is
confirmed by the AFM images. The multi-fractal spectra
comparison de notes that among three analysed surfaces, a
coating acquired on a substrate of tool ceramics made of
Al,03+TiC is mostly homogenous (Aa = 0.167), as well as it
contains the least unevennesses of high amplitude (oye = 2.013).
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Fig. 72. a) Image of the TiN+AI,O3 coating surface obtained in the high-temperature CVVD process on the SisN, (AFM, 5 um) tool ceramics
substrate b) bilogarithmic dependence of the approximated area size of the analysed surface on the mesh size used for its determination c)
auxiliary diagram indicating the correct points selection on the bilogarithmic plot, and d) multi-fractal spectrum of the analysed coating

surface

Coatings received on Al,0;+SiC and Al,O;+TiC are much more
inhomogeneous (Aa >0.5) and they contain (particularly in case of
a coating received on a substrate made of Al,03+SiC)
irregularities of high amplitude (adequately o, =2.09 & 2.15).
Similarly as for coatings obtained in the magnetron PVD process,
coatings obtained in the arc process are characterized by a
positive difference of height of spectra arms Af>0. Comparing

m Research monogr'aph/

shape of the multi-fractal spectra of coatings surface topography
obtained in both processes, it was found that coatings received on
ceramic materials in the arc PVD process are more
inhomogeneous, and in some cases they contain bigger grains
(surface development is related to surface waviness occurrence)
than in case of coatings deposited on a substrate made of sintered
high-speed steel in the magnetron process.

W. Kwasny
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Fig. 73. a) Image of the TiN+AIl,O3 coating surface obtained in the high-temperature CVD process on the Al,03+ZrO, (AFM, 5 um) tool
ceramics substrate b) bilogarithmic dependence of the approximated area size of the analysed surface on the mesh size used for its
determination c) auxiliary diagram indicating the correct points selection on the bilogarithmic plot, and d) multi-fractal spectrum of the

analysed coating surface

Analysing the acquired results for coatings obtained in the
high-temperature CVD process, it was found that their fractal
dimension values are situated within 2.015-2.071, whereas
roughness R,p within 0.079-0.531 pm.

On diagrams 71-75 there are presented surfaces topography
images and results of the fractal and multi-fractal analysis for
coatings obtained in high-temperature CVD process, for different

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

substrates, when the outer layer was Al,0;. Ti(C,N)+Al,O3
coatings and TiN+Al,O3 obtained on a substrate made of nitride
ceramics Si3N4 are characterized by lower roughness (Ryp <0,1
pum) in comparison with the other studies, whereas the fractal
dimension values are close to them (Ds = 2.03-2.07). Analyzing
and comparing bilogarithmic diagrams acquired for coatings
being characterized by high roughness defined by R,p quantity
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Fig. 74. a) Image of the TiN+Al,O3 coating surface obtained in the high-temperature CVD process on the Al,O3+TiC (AFM, 5 um) tool
ceramics substrate b) bilogarithmic dependence of the approximated area size of the analysed surface on the mesh size used for its
determination c) auxiliary diagram indicating the correct points selection on the bilogarithmic plot, and d) multi-fractal spectrum of the

analysed coating surface

(substrates made of tool ceramics made of Al,O;+SiC,
Al,03+TiC, Al,03+Zr0,) it was found that for the last steps of
projective plane division, InA(3) values do not increase so
significantly in relation to the first ones. This effect denotes
irregularities occurrence of high amplitude in the form of big
grains with smooth walls, what is confirmed by the AFM

Research monogr'aphl

presented images (Fig. 71a-75a). In case of analyzed coatings
received in the high-temperature CVD process, there is no
dependence between roughness value R,p and the fractal
dimension Ds, what results from the fact that high R,p value is
connected with surface waviness (irregularity occurrence of high
amplitude), and not with proper roughness.

W. Kwasny
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Fig. 75. a) Image of the TiN+Al,O3 coating surface obtained in the high-temperature CVVD process on the Al,03+SiC (AFM, 5 um) tool

ceramics substrate b) bilogarithmic dependence of the approximated

area size of the analysed surface on the mesh size used for its

determination c) auxiliary diagram indicating the correct points selection on the bilogarithmic plot, and d) multi-fractal spectrum of the

analysed coating surface

Surface inhomogeneity is confirmed by the obtained multi-
fractal spectrum bandwidth values (Aa=0.29-0.56), whereas
unevenness occurrence of high amplitude — high oy, values. For
all analyzed coatings obtained in the high-temperature CVD
process, a positive difference is received for the height of the
multi-fractal spectra arms Af >0, however, the difference is

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

significantly lower than in the PVD processes. The right arm of
the multi-fractal spectrum moves towards higher values a., but the
left gets shorten (Fig. 71d-75d), what denotes an increasing role
of high irregularities (large grains), defined by high values of
probability.
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4.4. Setting a correlation between
chosen properties of the
investigated coatings and their
fractal dimension

A complex method to affect phase composition, being a
consequence of chemical composition, the adhesion of analyzed
coatings to applied substrate’s material correlating with a value of
internal stresses, the applied combination of layers, and also a
shape of surface decide about obtained mechanical and
operational properties.

Measurements results for micro-hardness and the fractal
dimension values of coatings received in the magnetron PVD
process is shown on figure 76. The outcomes for investigated
analyses point out at correlation between hardness and the fractal
dimension value (Fig. 77) defined by the following analytical
dependence y=29210x-56263. The carried out statistics analyses
pointed out a strong, positive linear correlation (correlation
coefficient r=0.908) between the fractal dimension value and
hardness. In order to assess significance of a correlation coefficient,
the value of empirical test statistics t=7.807 is compared afterwards
to a critical value t, = 2.16 (read out from the t-Student
distribution table for the significance level 0,=0.05). As t > tyy,
the correlation coefficient being assessed is considered as
significant. The obtained results might be connected with the shape
of the analysed coatings’ surfaces. Columns width reduction is

Volume 37 Issue 2 December 2009

increase and hardness growth. Higher values for the fractal
dimension can certify of more irregular, developed surface. Surface
development increase, which is accompanied by increase of the
fractal dimension value, can be interpreted by occurrence of higher
number of columns, densely packed, therefore narrower. In case of
surface containing wider columns, surface development and the
fractal dimension value are lower.
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Fig. 77. The correlation between hardness and the fractal dimension

accompanied by  both the fractal dimension value value for coatings received in the magnetron PVD process
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Fig. 76. Matching of obtained results of the fractal dimension values D; and measurement of coatings hardness acquired in the magnetron

PVD process
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On figure 78 the obtained results of the fractal dimension values
and coatings erosion resistance are presented depending on the
magnetron PVD process conditions, including Ao values defining a
degree of the analyzed surface irregularities. Correlation between
erosion resistance for the discussed coatings and the fractal
dimension value was found which is defined by the following
analytical dependence y=298x-596 (Fig. 79), acquiring the
correlation coefficient r=0.929. Since the empirical test statistics
value t=9.012 is higher than the critical value t= 2.16, it allows
finding significance of the assessed coefficient.

For the analyzed coatings it was found that out of fractal
quantities, defining analyzed coatings surface topography, the
most essential is the fractal dimension value Dg and the multi-
fractal spectrum bandwidth Aa.. Coatings denoting higher values
of the fractal dimension are characterized by higher erosion
resistance, and comparing coatings of its closer value, better
operational properties are denoted by coatings of lower value
Ao, and so more homogenous. In case of an erosion test, carried
out for coatings obtained in the magnetron PVD process, a
powdery erodent comes out of a nozzle at set pressure and hits
against investigated sample surface canted at the fixed angle.
One may judge that in case of this test employed for coatings with
the similar Dy fractal dimension value, coatings with the higher
Aa parameter value (fig. 78) demonstrate a lower erosion
resistance, where the bigger and wider columns’ tops protrude to
the surface. These locations, regardless of the coatings deposition
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parameters, are probably responsible for initiating their failure
process. This process is connected with the proceeding deepening
and damaging in these locations until the substrate material is
completely stripped and coating material is removed.
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Fig. 79. The correlation between erosion resistance and the fractal
dimension value for coatings received in the magnetron PVD
process
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Fig. 78. Matching of obtained results of the fractal dimension values D, for quantities Ac. and erosion resistance of coatings obtained in the

magnetron PVD process
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On figure 80 results of the fractal dimension values and
intensity of distinguished orientation for increase of analyzed
PVD coatings are matched up, depending on conditions to get
them. Between the fractal dimension value and the component
fraction <110> a significant positive correlation was found
(Fig. 81), defined by the function: y=0.0005x+1.9942 (correlation
coefficient r=0.819, the empirical test statistics value t=5.146,
critical value ty,=2.160).

The component fraction analysis <110> in the investigated
coatings, from the temperature level to obtain them, showed strong
negative correlations for the coatings received in atmosphere
containing high nitrogen concentration (100%N, and 75%N, &
25%CH,4) as well as strong positive correlations in case of
atmosphere contacting high carbon concentration (25%N, &
75%CH, and 100%CH,), whose significance is confirmed by
comparing the empirical test statistics value t with the critical value
t=12.706. Analogical relations were found for the fractal
dimension dependence on coatings deposition temperature,
however in this particular case, the conducted statistic analyses did
not confirmed their significance (table 10). For the coatings
received in the arc PVD and the high-temperature CVD
processes, significantly higher fractal dimension values and
higher Aa values were found.

On figure 82 the obtained results are presented for the fractal
dimension values and operational properties depending on
substrates’ materials, including a value of the quantity Ac. In
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the event of coatings obtained in the arc PVD process it was
observed a positive correlation between the fractal dimension
value and tool life increase (correlation coefficient r=0.601, the
empirical test statistics value t=2.914, critical value t.=2.131)
(Fig. 82).
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Fig. 81. The correlation between the fractal dimension value and
orientation intensity <110> for coatings received in the magnetron
PVD process
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Fig. 80. Matching of obtained results of the fractal dimension values Ds, and orientation intensity <110> of coatings obtained in the

magnetron PVD process
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Low values of correlation coefficient of operational properties
and fractal quantities (r=0,6011) reflects inhomogeneity
of coatings on the basis of titanium nitride, obtained in the arc
PVD process, defined by high quantity of Aa. Coatings obtained
in the arc PVD process are characterized by significantly wider
range of the fractal dimension values than the other coatings
obtained in the other processes. Considering results of
measurements corresponding to coatings defined by low fractal
dimension value (Ds<2.1), high value of correlation coefficient
between the fractal dimension value and operational properties
is obtained (correlation coefficient r=0.7599, t=3.6977,
tyni=2.2281) (Fig. 83).

In case of coatings received in the high-temperature CVD
process, for options when outer coating is made of Al,Os, and on
its surface there are characteristic cubes, which can be referred to
observed cones / columns in the event of coatings obtained on a
substrate made of sintered high-speed steel (Fig. 84) as well as
when substrate’s material is nitride ceramics SizN, (Fig. 86) it
was found that similar dependence of operational properties
defined in a cutting ability test and fractal quantities, and in case
of coatings obtained in the magnetron and the arc PVD process. In
the first case correlation coefficients between the fractal
dimension values and tool life increase are obtained r=0.9747
(analytical dependence y=2022x-4042, Fig.85), whereas for
coatings obtained on a substrate made of SisNg r = 0.9575
(analytical dependence y=2619x-0,5272, Fig. 87). Detailed results of
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statistic analyses, considering critical values of the analyzed
coatings obtained in the magnetron and the arc PVD as well as the
high-temperature CVD process for discussed options are
presented in table 11.

= . ¢
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2 2.06 2.1 2.16 22 426 23

Fractal dimension value D,

Fig. 83. Dependence of the obtained fractal dimension value and
operational properties defined in cutting ability test of coatings
obtained in the arc PVD process
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Fig. 84. Comparison of obtained results for the fractal dimension
values Ds, Ao and operational properties of coatings obtained in the
high-temperature CVD process (external layer made of Al,O5)
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Fig. 85. Correlation between tool life increasion and the fractal
dimension value for coatings received in the in the high-
temperature CVD process (external layer made of Al,O3)
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Fig. 86. Comparison of obtained results for the fractal dimension values
D,, Aa. and operational properties of coatings obtained in the high-
temperature CVD process (substrate made of nitride ceramics SisN,)
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temperature CVD process (substrate made of nitride ceramics SisNy)

Comparison of obtained statistic values determined at significance level o,t=0,05 of dependence of the fractal dimension including
texture on temperature of coatings obtained in the magnetron PVD process (critical value is ty,=12,706)

The correlation between <110> orientation
intensity and temperature

The correlation between the fractal
dimension and temperature

Type of coating Furnace atmosphere .
Correlation
coefficient r
Ti+(Ti,Al)N 100%N, -0.999
Ti+(Ti,Al)(C,N) 75%N,:25%CH, -0.993
Ti+(Ti,Al)(C,N) 50%N,:50%CH, 0.091
Ti+(Ti,Al)(C,N) 25%N,:75%CH, 0.990
Ti+(Ti,Al)C 100%CH, 0.999
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5. Summary and conclusions

Works [36-38], presenting structural zones models of
coatings point out a fact that structure and topography of coating
surface decide their mechanical properties, and consequently,
their wear resistance. Employment of the contemporary
examination techniques, especially of the scanning electron
microscopy [130-132] and the atomic force microscopy
[107, 108, 134], makes observation of coating surface possible,
obtained on tool materials with atomic resolution, however, the
results are still used only in a limited range. Fractal geometry is
a valuable complement to analysis methods for results obtained
using the atomic force microscopy [79, 126, 135-137], rendering
it possible to obtain quantitative information characterizing
topography of the investigated relationships are mentioned in
literature between fractal quantities and roughness [138-140], as
well as about fabrication conditions [127, 141, 142] of many
engineering materials, which was a premise to undertake the
research whose goal was employment of the quantitative
analysis of surface topography of coatings obtained in the PVD
& CVD processes on tool materials to predict their properties.

The first step to solve that problem was a complex
characterisation of coatings’ topography and structure which
have an impact on a shape of analysed objects’ surface. The
materials used for investigations were the single- and multi-
layer coatings, obtained in the magnetron- and arc PVVD process
as well as in the high temperature CVD process based on tool
materials. The coatings selection, representative in terms of
types and conditions proceeding in deposition processes, types
of substrate material, as well as chemical and phase
compositions, and also a combination of applied layers provided
diversity of their surface topography as well as mechanical and
functional properties.

Surface topography for the analysed coatings was
investigated using the scanning electron microscopy SEM as
well as the atomic force microscopy AFM. Furthermore,
chemical and phase compositions investigations, as well as
texture examinations were performed, confirming that these
factors have an effect on topography of coatings obtained in the
PVD & CVD processes. Also, measurements for mechanical
and service properties were made to define their relationship
with coatings’ topography.

Roughness measurements results of the analysed coatings
being defined by R, differed substantially depending on the
applied deposition process. Coatings obtained in the magnetron
PVD process are characterized by a lower roughness value than
coatings obtained in the CVD technique and in the arc PVD
process. The low roughness value of coatings obtained in the
magnetron PVD process can be related to their surface
topography containing homogenous, in terms of size, tiny
irregularities that was confirmed by observations done with the
SEM technique. Roughness increase is affected in case of other
deposition processes, also by occurrences of much higher
irregularities, apart from the tiny ones. Coatings obtained in the
high temperature CVD process, when the outer layer is made of
Al,O; feature an exception in the high roughness coatings

m Research monograph Y,

Volume 37 Issue 2 December 2009

group. Mainly big polyhedron shaped grains are observed on
their surface, which was noted also in other papers [130-133].

As regards texture analysis many studies [23, 24, 98, 133,
143-145] present the effect of deposition conditions on the
privileged growth direction of the coatings obtained in the PVD
& CVD processes and their relationship to mechanical
properties. However, these papers were limited to a qualitative
assessment of texture without quantitative analyses rendering it
possible to define the effect of the distinguished component on
mechanical properties. Thorough analysis was made in the
presented paper of the Orientation Distribution Function (ODF)
for coatings obtained in the magnetron PVVD process by carrying
out the qualitative- and quantitative texture analyses. The X-ray
examinations revealed that in case of coatings obtained in the
magnetron PVD process, that orientation <110> was privileged
one differentiated in terms of volume fractions for identified
texture components. Analysis of the pole figures for coatings
obtained in the high-temperature CVD- and of the Ti(Al,N) in
the arc PVD process revealed that their texture is very weak.
The other coatings received in the arc process, independently on
the substrate material, were characteristic of the growth plane
from the {111} family.

Measurements of internal stresses for the analysed PVD &
CVD wear resistant coatings were made with the commonly
used X-ray method sin®y [23, 95, 99, 100] and multi-reflection
method g- sin®y [33, 91, 103, 104] developed lastly.
Comparison of both methods and the obtained results indicates,
in the author’s opinion, that the correct choice of stress
measuring technique for thin layers deposited on tool materials,
making it possible to obtain results encumbered with smaller
error, is dependent mainly on crystal structure of coatings and
their texture as well as on combinations of applied layers and
used substrate’s material. In all analysed samples compressive
stresses appeared. The highest values of internal stresses were
found for coatings obtained in the magnetron PVD process,
whereas, the lowest ones for coatings obtained in the high-
temperature CVD process. Obtained values of stress
measurements for the investigated coatings, depending on
applied type of deposition process, do not differ from data
quoted in literature [22, 91, 132-134] and they exhibit a strict
relation to their adhesion to substrates’ materials. Moreover,
analytical relationships are presented in this paper defining
these correlations.

Presented literature study shows a number of fractal
geometry applications in the area of the material engineering
[59, 63, 66, 74, 75, 114, 115]. One of more important problems
within this sphere is to develop effective and reliable algorithms
determining fractal quantities [146-150], adequate to different
types of investigated material and their application. The author
of this paper used the Projective Covering Method (PCM),
originally developed for determining the fractal dimension of
rocks surface [60], to determine the fractal dimension of
coatings’ surface, and then applied in investigations and
analyses of various engineering materials [52, 112, 113, 116-
120, 129], whereas, this method had not been used so far to
define and characterise the coatings received in PVD & CVD
processes. One of advantages of the PCM method is its
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capability to analyse results obtained by nano-metric resolution
when using the Atomic Force Microscope - AFM and also the
fact that all dimensions used in calculations are expressed in the
same units and they do not require additional scaling, what, for
instance, is a serious disadvantage of time analyses [151-153].

In this paper a modified methodology to determine fractal
quantities of surface by means of the PCM method was
presented in details. To analyse, and then to modify the applied
method for determining the fractal dimension, the author was
inclined by appearing incorrect, overestimated values of the
fractal dimension (Ds>3), obtained while conducting test
analyses. Correctness of a corrected method to determine the
fractal dimension was then confirmed using sets of data
modelling surfaces with a set value of the fractal dimension
which utilize midpoint distribution algorithms and Falconer’s
algorithm [55]. In order to broaden the area of the fractal
geometry applications, also in cases of surface whose particular
fragments are differentiated by a possibility to assess
homogeneity of surface topography received in the PVD &
CVD processes on tool materials in particular, the analysis of
the multi-fractal spectrum shape was applied. It was found that
all examined coatings, independently on a type of process of
their production and the applied substrate’s material, exhibit
fractal nature of surface being different by a range of fractality
and quantities which define the multi-fractal spectrum.

The obtained results determining influence of deposition
conditions of coatings upon the fractal quantities value of
surface are compatible to the earlier literature reports [127, 141,
142, 154]. Particularly, a relation between the fractal dimension
and roughness [139, 140, 142] was confirmed. In the following
papers [126, 127, 130, 141, 155, 156] it was revealed that to
define roughness of the analysed surfaces one can utilize the
multi-fractal spectrum bandwidth Aa. The analyses carried out
and results revealed in this paper have not confirmed these
reports. For the investigated PVD & CVD coatings obtained on
tool materials, Aa value neither correlated with the fractal
dimension value D, nor with the R,p roughness value. It was
also found that homogeneity of analysed objects influences
significantly on Aa spectrum bandwidth. Performed analyses
(both for model and experimental data) revealed that the multi-
fractal spectrum of the homogenous surfaces of a high fractal
dimension value can be narrower from a surface spectrum of a
low dimension value, but less homogenous. An extreme case is
mono-fractal surface whose spectrum is reduced to a single
point. Therefore, in the author’s opinion, the multi-fractal
spectrum bandwidth cannot be used to characterise surface
roughness. However, it is substantiated to compare bandwidth
and other values defining the shape of the multi-fractal spectra
of coatings being differentiated by single, selected parameter of
their reception (e.g.: by a type of coatings, temperature or
process duration, chemical composition or substrate’s material
which they were produced upon) to define its influence on
homogeneity of analysed surface.

Topography pictures presented in this paper showing
coatings surface were obtained with the Atomic Force
Microscope — AFM, as well as examples of the fractal- and
multi-fractal analysis application to assess:

Predicting properties of PVD and CVD coatings based on fractal quantities describing their surface

Methodology of research

o Effect of deposition conditions on topography of coatings’
surface (Ti,Al)(C,N) acquired in the magnetron PVD
process on a substrate made of sintered high-speed steel
PM HS6-5-3-8,

e Influence of a type of substrate on topography of coatings’
surface TiN+multi(Ti,ALSi)N+TiN acquired in the arc PVD
process,

e Influence of the substrate type and combination of applied
layers on topography of coatings surface obtained in the high-
temperature CVD process, when outer layer was made of
AlL,O3.

Values of the fractal dimension for coatings’ topography
obtained in the magnetron PVD process were correlated with
micro-hardness and erosion resistance, whereas the fractal
dimension values of coatings’ topography obtained in the high-
temperature CVD process (on a substrate made of SizN4 ceramics
and when the outer layer was made of Al,O3) and in the arc PVD
process was correlated with tool life increase specified in the
cutting ability test. It was shown that the presented
interdependencies give a possibility to predict coatings’ properties
received in the PVD & CVD processes on tool materials based on
fractal quantities defining their surface demonstrating significant
correlations between the fractal dimensions defining the coatings’
surface and their mechanical and/or operational properties is a
confirmation of this paper’s thesis.

Based on the obtained experimental studies results the of
analyses performed, the following conclusions were formulated:

1. Prediction of hardness and erosion resistance of coatings
obtained in the magnetron PVVD process on a substrate made
of sintered high-speed steel PM HS6-5-3-8 based on a value
of the surface fractal dimension Ds for topography of their
surface is possible.

2. In case of coatings obtained in the arc PVD process,
prediction of the operational properties defined in the cutting
ability test is possible, when the value of their surface fractal
dimension Ds<2.1. For coatings showing higher Dy values,
predicting the consumer properties on the basis of analysis of
the fractal surface topography is encumbered with serious
error because of their heterogeneity defined by a high
Aa>0.47 value.

3. For coatings obtained in the high-temperature CVD process
prediction of their operational properties based on values of
the surface fractal dimension Dy is possible when the external
value was made of Al,O; as well as for coatings produced on
a substrate made from the SisN, nitride ceramics .

4. Growth of the compression stresses values results in the
increased coatings’ adhesion substrate material (independent
from deposition process type).

5. It was indicated in this paper that texture is the crucial factor,
deciding not only the mechanical and service properties, but
also influencing the surface topography of coatings obtained
in the PVD & CVD processes. This aspect requires further
investigations for coatings showing distinct differences in
terms of their privileged growth orientation type.
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