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ABSTRACT

This dissertation presents a comprehensive investigation into the tribological behavior,
oxidation resistance, and wear properties of titanium nitride-based coatings produced by
chemical vapor deposition (CVD) technology. The study investigates different coating
compositions and microstructures, including bilayer TiN/TiC coatings and other TiN-
based systems, applied to different substrates such as (WC-Co) cermet and alloy steel
used in cutting tools applications. Advanced characterization techniques were used to
evaluate the relationships between coating composition, structure, and performance. Tests
included microscopy and spectroscopy (SEM with EDS, OM, and XRD), mechanical
tests (Vickers micro-hardness, tribology, surface roughness, adhesion), and thermal

measurements (thermal conductivity, infrared-imaging, and oxidation).

A key finding of this study is the superior suitability of zirconium oxide counterparts
compared to steel for ball-on-disc wear test of bilayer TiN/TiC coatings. Unlike steel,
which adheres to the coating surface within few seconds, zirconia counterpart do not
cause adhesion or significant surface heating during the test. This discovery enables more

accurate and reliable wear testing methodologies for hard coatings.

The oxidation behavior of bilayer TiN/TiC coatings was investigated using a novel
approach. Oxidation tests revealed a significant increase in oxygen content accompanied
with substantial decreases in carbon and nitrogen content due to the formation of gaseous
by-products (CO, CO3, and N2). XRD analysis confirmed the transformation of the TiN
coating into titanium oxide (rutile-TiO), attributed to complete nitrogen depletion. This
oxidation process degraded the mechanical properties, including the tribological
performance and Vickers-microhardness. Interestingly, the study observed colour change
in the TiN/TiC coatings from gold/yellow to greyish-black during oxidation, providing a
visual indicator for evaluate the oxidation stages and identifying damage in coated cutting

tools.

Additionally, a comparative analysis of different TiN based CVD coatings with various
elemental compositions (TIN/TiC, TiCN/AI/TIN, and TiCN) provided further insights
into their tribological and mechanical properties. The results showed that, the surface
roughness and the hardness had a greater influence on wear volume and stability of

coatings rather than their thickness in terms of tribological performance.
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1. Introduction

In metal cutting operations, tool performance directly effects on the manufacturing
efficiency, productivity, and the costs. As industrial demand for machined components
continues to rise, enhancing the durability and performance of cutting tools has become
a critical technological challenge (Mayrhofer et al., 2006). This dissertation addresses
this challenge through a comprehensive investigation of titanium nitride (TiN)-based
coatings deposited by chemical vapor deposition (CVD), with a particular focus on their
tribological behavior, oxidation resistance, and wear properties. The present study

focuses on the following key areas:

1. Establish more reliable testing methodologies for evaluating the tribological
performance of hard coatings.

2. Characterize the oxidation behavior of bilayer TiN/TiC coatings under high-
temperature conditions.

3. ldentify the relationship between coating composition, microstructure, and
layers thickness for enhanced wear resistance and thermal stability.

This study employs advanced characterization techniques, including scanning electron
microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS), optical
microscopy (OM), X-ray diffraction (XRD), mechanical testing (Vickers
microhardness, tribology, surface roughness, adhesion), and thermal analysis (thermal
conductivity, infrared imaging, and oxidation testing). This multifaceted approach
enables a comprehensive evaluation of different coating systems, including bilayer
TIN/TiC, TiCN/AI/TIN, and other TiN-based coatings applied to WC-Co cermet and
steel substrates.

This research provides significant contributions by developing more accurate wear
testing protocols to enhance the reliability of coating performance evaluations, deeper
understanding of oxidation behavior to extend tool life in high-temperature applications,
and identifying optimal coating compositions and structures to improve tribological

performance.

The following sections constitute the first part of this dissertation, focusing on the

properties and production of CVD hard coatings. This part is divided into three main



subsections: the CVD coating process, types of CVD hard coatings, and the properties

of CVD hard coatings, as outlined in the subsequent sections.

2. Properties and production of CVD hard coatings

Today, with increasing performance requirements for machined components, the
application of hard coatings has emerged as a powerful solution to improve the
properties of cutting tools against wear and thermal shock under service conditions. For
over three decades, depositing hard coatings onto cemented carbide cutting tools has
proven remarkably effective in enhancing tool lifetime and cutting performance. The
commercial application of these coatings began with the thermal chemical vapor
deposition (CVD) process. Over the years, various plasma-assisted physical vapor
deposition (PVD) techniques, have also been introduced (Gissler & Jehn, 1992; Akgiin
etal., 2023).

Currently, hard coatings have evolved into complex composites consisting of various
materials, each fulfilling different requirements, such as excellent adhesion to the
substrate with minimal interaction with the workpiece material (Lavrinenko, 2022). The
development of hard coatings initially began with the single-phase coatings such as
Al>03. Subsequently, the variety expanded with the development of hard materials such
as TiC and TiN. Since the mid-1980s, the deposition of these coating structures has
garnered considerable interest. The coatings within the Ti-C-N system are widely used
in the cutting tool industry. The substitution of Ti atoms in the face-centered cubic (fcc)
TiN lattice by N results in hard coatings, typically referred to as fcc-Tit xCxN (0 <x <1)
coatings. These coatings exhibit high oxidation resistance, superior tribological

properties, and excellent hardness (Xin et al., 2022).
2.1 The CVD coating process

This sub-section is one of the main subjects of the section one and it provides an
overview of CVD coatings and focuses on the CVD system process, the principles and

mechanisms, as well the structure of the coatings.



2.1.1 Overview of CVD coating processes

Chemical vapor deposition (CVD) is a complex process in which solid materials are
deposited on a substrate through the chemical reactions of gaseous precursors. For
cutting tools, CVD processes have been used to deposit thin film layers of the coatings
on substrates such as cemented carbide, oxides, cermet, etc. (Carlsson & Martin, 2010).
These coatings are typically composed of refractory materials like titanium nitride
(TiN), titanium carbonitride (TiCN), and titanium aluminum nitride (TiAIN), as well as
other materials like chromium nitride (CrN) and diamond-like carbon (DLC) coatings.
CVD techniques are classified based on specific process characteristics (Choy, 2003;
Pierson, 1999):

1. Reaction activation method: This category includes thermally activated
chemical vapor deposition (TACVD), often referred to as thermal CVD or
conventional CVD, as well as plasma-enhanced CVD (PECVD) and photo-
assisted CVD (PACVD).

2. Precursor type: Metal-organic chemical vapor deposition (MOCVD) employs
metal atoms combined with organic radicals.

3. Temperature range: Processes can be categorized based on temperature: high-
temperature CVD (HTCVD) operates between 850-1200°C, medium-
temperature CVD (MTCVD) functions at 700-850°C, and low-temperature
CVD (LTCVD) is conducted below 700°C.

4. Deposition pressure: This includes atmospheric pressure CVD (APCVD) at 105
Pa, low pressure CVD (LPCVD) ranging from 10 to 1000 Pa, and ultrahigh
vacuum CVD (UHVCVD) at pressures below 0.1 Pa.

This present study focuses on the process of thermal chemical vapor deposition (CVD),
particular the deposition of hard coatings for cutting tools application. Thermal CVD is
a powerful technique that offers a multitude of advantages, notably its ability to
uniformly deposit coatings on geometrically complex parts. High deposition rate, CVD
can deposit single/multi layers of coatings. Additionally, CVD is highly flexible, as the
equipment typically does not require ultrahigh vacuum conditions. Moreover, CVD can
be more economical than physical vapor deposition (PVD) process, as it does not
demand the same level of vacuum technology and is suitable for a wide range of

applications. However, CVD also has certain limitations. One significant drawback is



the high temperature requirement; CVD is most effective at temperatures of 700°C and
above, which can be problematic for substrates that are not thermally stable at these
temperatures. Furthermore, CVD necessitates chemical precursors with high vapor
pressure, which can be hazardous and sometimes extremely toxic. The by-products of

CVD reactions are also maybe a toxic and corrosive (Hitchman & Jensen, 1993).
2.1.2 CVD coating systems

Chemical vapor deposition (CVD) systems are highly adaptable and can be tailored to
specific coating materials or substrate geometries. Regardless of the process type, all
CVD systems consist of three principal components: a chemical vapor precursor supply
system, a CVD reactor, and an exhaust gas treatment unit (Ohring, 2002). Figure 1
illustrates a schematic of a production unit designed for applying coatings on cutting
tools. The precursor supply system generates and delivers gaseous precursors into the
reactor. Gaseous precursors, such as argon, hydrogen, or nitrogen, can be metered and
fed directly from gas cylinders. However, liquid and solid reactants require specialized
equipment. Liquid precursors are typically evaporated in a bubbler system, where an
inert carrier gas, like argon or hydrogen, flows through the precursor liquid. The
evaporated reactant saturates the gas phase and is delivered into the reactor. The
precursor concentration can be controlled by adjusting the liquid precursor temperature,
carrier gas flow rate, and total pressure. Temperature regulation of bubblers is crucial,
as the heat removal during evaporation can change the precursor partial pressure. This
issue can be mitigated by utilizing flash-evaporation, where the liquid is directly
evaporated in a gas stream using pumps. Common liquid precursors for hard coating
deposition include titanium tetrachloride (TiCls) and acetonitrile (CH3CN) (Larsson &
Ruppi, 2002).

Evaporation of solid precursors can be challenging, as high temperatures are often
required. For instance, the titanium-containing precursor titanium tetrachloride (TiCls)
is created by reacting titanium with hydrogen chloride (HCI) at temperatures above of
the TiCls sublimation temperature. The vapor is then transferred with a carrier gas into
the reactor (Herzler & Roth, 2002).
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Figure 1: CVD production unit (Wagner, 2007).

The CVD reactor isolates the reaction gases from the environment and heats the
substrates to the deposition temperature. Reactors can be classified as hot-wall or cold-
wall systems. In hot-wall systems, the entire reactor is heated, while in cold-wall
systems, only the substrate is heated. The cutting tool industry primarily utilizes hot-
wall reactors, where the entire interior, including the reactor wall, is coated. This can
lead to precursor depletion effects. After the deposition process, the exhaust gas
treatment unit neutralizes the remaining precursors and by-products in the system. Water
and sodium hydroxide are commonly used to decompose and neutralize metal chlorides
and released hydrogen chloride (HCI) (Love et al., 1993; Abu-Thabit & Makhlouf,
2020).

2.1.3 Principles and mechanisms of the CVD coating process

Chemical vapor deposition (CVD) designed to form thin film layers of coatings onto
heated substrate surfaces under controlled atmospheric conditions. The main steps in the
CVD process are schematically illustrated in Figure 2. The gas flow plays a significant
role in the deposition process. Key steps of the deposition process occur as follows
(Carlsson & Martin, 2010):

1. Transport of reactants: The process begins with the movement of gaseous

reactants into the reaction chamber where intermediate species are formed.



2. Surface reactions at lower temperatures: This includes heterogeneous
reactions on the surface that occur at temperatures below the dissociation
temperature of the intermediate species:

a. The gaseous reactants move across the boundary layer and adsorb onto the
substrate surface.

b. Chemical reactions take place between the adsorbed species and/or between
vapor phase species.

c. The deposits spread along the surface, forming nucleation centers and aiding
in the film's growth.

d. By-products desorb from the surface and diffuse through the boundary layer
into the bulk gas.

3. Homogeneous gas phase reactions: At higher temperatures, intermediate
species react within the gas phase.

4. Removal of by-products: By-products and any unreacted precursors are

removed from the deposition chamber.
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Figure 2: Key steps in the CVD process (Ohring, 1992).

It is worth mentioning that each of these steps influences the deposition of coatings and
consequently the coating properties, such as growth rate, uniformity, stoichiometry,
structure, and density (Vargas Garcia & Goto, 2003). The principles of the CVD process
involve gas transport, ensuring uniform reactant delivery, and kinetic considerations,

focusing on reaction driving forces and rates, as described in the following sub-sections:
2.1.3.1 Gas transport

The availability and distribution of precursors within the CVD reactor are dominated by
the intricate nature of gas transport phenomena. Consequently, reactant transport plays



a pivotal role in determining the coating thickness uniformity, deposition efficiency, and
the structure and properties of the coatings (Kafizas et al., 2013). Typically, CVD
processes operate at low flow velocities to maintain laminar flow. High velocities would
induce turbulence, inhibiting the formation of uniform films. During laminar viscous
flow, a boundary layer forms at the substrate surface, where the flow velocity, gas
concentration, and temperature change from those in the main gas stream. Consequently,
gradients in the velocity, concentration, and temperature profiles develop around the
substrate. These profiles exert a crucial influence on the deposited coatings, as the
chemical reactions occur within this region (Pedersen & Elliott, 2014). The thickness ¢

of boundary layer at a position x on the substrate is given by (Carlsson, 1985):

doc (nX/p V)7 (1.1)

Considering gas viscosity (7), gas density (p), and flow velocity (v), the boundary layer
expands with decreased flow velocities. The temperature and pressure dependence of #
and p suggest that the boundary layer thickness increases with higher temperatures and
lower total pressures, respectively. These processes play a crucial role in mass transport
through the boundary layer. The flux (J) through the boundary layer is expressed as
(Ohring, 1992):

J=-D[(p-po)/(0RT)] (1.2)

where D represents diffusivity, p denotes the vapor pressure in the bulk gas, po signifies
the vapor pressure at the surface, R stands for the universal gas constant, and T represents
the absolute temperature. The gas diffusivity can be calculated by use the kinetic theory
of gases (Ohring, 1992):

Do (T3 Ip) (1.3)

According to equation 1.3, decreasing pressure enhance the diffusivity. Mass transport,
as per equation 1.2, is directly proportional to the ratio of diffusivity (D) to boundary
layer thickness (6). While both D and ¢ increase with decreasing pressure, the increase
in diffusivity outweighs the effect of the thicker boundary layer . Low-pressure CVD
systems capitalize on this enhanced mass transport for efficient deposition processes
(Wagner, 2007).



2.1.3.2 Kinetic considerations in film growth

The Kkinetics of chemical vapor deposition (CVD) film growth is a complex
phenomenon, involving various processes at the gas/substrate interface. The growth of
thin films via CVD is a multistep process, including several distinct stages. Initially, the
gaseous precursor species must undergo mass transport from the bulk gas phase to the
substrate surface. Upon reaching the surface, the precursor molecules undergo
adsorption, a process dominated by the surface characteristics and the strength of
intermolecular interactions. Subsequent to adsorption, the adsorbed species may
undergo dissociation or surface migration, driven by the thermal energy supplied to the
system. These surface processes lead to the formation of stable nuclei, which act as seeds
for film growth. As the deposition progresses, the nuclei combine, leading to the
formation of a continuous film. Simultaneously, the by-products of the chemical
reactions desorb from the surface and undergo mass transport back to the bulk gas phase,
facilitated by diffusion and convection mechanisms. The complex interactions between
these various steps dominate the overall kinetics of the film growth process. Typically,
the individual steps which are influenced by parameters such as the temperature inside
the reactor, the coating process time, the pressure, and precursor concentrations,
collectively determine the overall growth rate and the resulting film properties (Gao &
Zhang, 2017; Wang & Wu, 2023). Consequently, a comprehensive understanding of the
growth Kinetics is crucial for optimizing the CVD process and achieving the desired
characteristics in thin film layers of CVD coatings. Generally, the rate-controlling

mechanisms in CVD can be classified into two categories (Choy, 2003):

1. Surface kinetics control: In this scenario, the growth rate is constrained by the
processes occurring at the surface, such as chemical reactions, lattice
incorporation, or the desorption of by-products. The growth rate is slower than
the mass transport to or from the surface.

2. Mass transport control: The processes at the surface occur more rapidly than
the mass transport to the surface.

The determination of the rate-limiting mechanism can be inferred from the temperature
behavior of the growth rate. According to the Arrhenius law, the growth rate (Rq) in

CVD reactions follows the equation (Carlsson, 1985):



Rg = AelEaRT) (1.4)

where A is exponential factor and Ea is activation energy. Schematic Arrhenius plots (In
Raq — 1/T) illustrate this relationship for different total pressures (pi, p2, and ps) as
depicted in Figure 3. The diffusivity of reactants, representing mass transport, can be
increased by reducing the total pressure, as per equation 1.3. Consequently, a decrease
in pressure extends the surface kinetics control to higher temperatures. Most CVD
processes operate within the domain of surface kinetics control. The abundant
availability of precursors and the slow chemical reaction facilitate the deposition of
homogeneous coatings, independent of the reactor or the geometry of substrate, as
reported by (Christian, 2002; Acosta, 2021).
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Figure 3: Arrhenius plots illustrates the effect of total pressure on the growth rate

(Acosta, 2021).

2.1.4 The coating’s structure

The coating structure greatly affected by the growth of thin films. The growth stages
illustrated in the Figure 4, initial stage involves the primary nucleation of clusters on the
surface of substrate, initiating condensation and film growth (stage 1). This nucleation
phase is significantly impacted by the structural preconditions and chemical
composition of the substrate (Juarez et al., 2003). Notably, the nature of the substrate
can affect in the chemical reactions, potentially acting as a catalyst to activate reactions.
Organic compounds, such as CHgs, are particularly susceptible to catalytic substrate
effects. Additionally, high temperatures and chemically aggressive precursors may
attack the substrate, altering the substrate and coating composition. Following the
nucleation stage, dispersed crystals begin to grow (stage 2), as described by (Jin et al.,
2013).
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Figure 4: Evolutionary stages of structure in polycrystalline thin films: 1.) nucleation;
2.) crystal (grain) growth; 3.) coalescence; 4.) filling of channels; 5.) continuous film
growth (dark circles indicate coating material, bright circles represent impurities)
(Wagner, 2007).

The orientation of these crystals plays a significant role in determining the subsequent
growth processes. Growth occurs through direct particle capture from the vapor phase
and migration of adsorbed coating species. As crystal size increases, adjacent crystals
come into contact, initiating the coalescence stage (stage 3). Complete coalescence leads
to the formation of new separate crystals, causing changes in crystals orientation and the
development of a structured texture associated with the lowest interface energy. This
stage accompanied by the contraction of coalescing crystals, leaving some uncovered
substrate areas, but continuous the condensation in these areas leads to secondary
nucleation and new grains, initiating a cycle of nucleation and grain growth. Over time,
channels between crystals are filled (stage 4), followed by continuous film growth
(stage 5), characterized by crystals of various orientations and different types of grain
boundaries. Defects, such as screw dislocations, stacking faults, or irregular corners, can
influence the growth rate and result in highly textured coatings. These defects may
originate as early as the nucleation stage. For instance, low deposition temperatures
during the chemical vapor deposition (CVD) of titanium nitride (TiN) promote the

formation of twinned crystals. In the case of laminated twins (see Figure 5a), the most
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rapid growth occurs along the (211) direction, aligned with the re-entrant corners of the
(111) twin plane. Consequently, the resulting coating morphology displays pyramidal
or lenticular-like TiN structures. In the case of multiply twinned crystals, growth along
(111) twin planes with (110) co-axis results in star-shaped crystals, as shown in
Figure 5b. A combination of star-shaped and lenticular-like structures can be observed
in Figure 5c¢. Scanning electron microscopy (SEM) image depicts the surface of a TiN
coating deposited at 850°C. Elevated deposition temperatures lead to twin-free nuclei
and coating growth along thermodynamically favorable crystal faces, resulting in
polyhedral structures. Impurities or additives may obstruct crystal growth, leading to
repeated nucleation and inhibiting further coating growth. Consequently, the resulting
film consists of equiaxed, rounded crystals interspersed with the impurity phase (Acosta,
2021; Mei et al., 2023).

(b) lor1l

Figure 5: Schematic illustration of laminated twinned crystal (a); multiply twinned
star-shaped crystal (b); and SEM image of TiN surface (c) (Wagner, 2007).

The development of structure zone models (SZMs) has significantly advanced our
understanding of the correlation between deposition process parameters and coating
structure, ultimately influencing the resultant properties. The first SZM, introduced by
Movchan and Demchishin, linked the structure of thick vacuum-condensed metallic and

oxidic coatings to the homologous temperature Ts/Tm where, Ts is the substrate
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temperature and Tm is the melting point of the coating material (Movchan &
Demchishin, 1969). This parameter serves as an indicator of diffusivity (i.e., surface and
bulk diffusion) and desorption of the coating material. They categorized the observed
structures based on the homologous temperature Ts/Tm into three distinct zones, as
shown in Figure 6. In Zone 1, the surface mobility of condensed atoms is minimal or
non-existent, resulting in porous columnar structures. Zone 2, dominated by surface
diffusion, producing dense columnar grains extending from the bottom to the top of the
film. In Zone 3, bulk diffusion becomes predominant, leading to a recrystallized
structure with equiaxed grains and further densification of the film (Schalk et al., 2022).
Thornton considered the inert sputtering gas pressure into the model and identified a
fourth zone, the transition zone (Zone T), between Zones 1 and 2. In Zone T, surface
diffusion is more pronounced than in Zone 1, resulting in competitive growth and a

denser fibrous structure (Thornton, 1974).
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Figure 6: Structure zone model for CVD thin film growth (Schalk et al., 2022).

Finally, in CVD processes may occurs supersaturation which influenced by the
temperature due to the thermally activated of the reactions. When the temperature is low
and supersaturation is very high, the adsorbed species have limited mobility, causing the
deposition reaction to happen mainly at the initial adsorption sites, which results in
amorphous structures. As the temperature increases and supersaturation decreases, the

deposits become more crystalline and form fine equiaxed polycrystalline structures.
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With further temperature increases, the mobility of the adsorbed species rises, leading
to coarser, dendritic structures. At low supersaturation and high temperatures, growth
evolves from platelet structures to eventually epitaxial structures, as shown in Figure 7
(Martin, 2010; Mayrhofer et al., 2006).
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Figure 7: Influence of supersaturation and temperature on coating morphology
(Martin, 2010).

2.1.5 Substrate materials for Ti-based CVD coatings

Many materials used as substrates for the deposition of Ti-based chemical vapor
deposition coatings, as showed in Table 1. The selected substrates included cermets,
cemented carbides, and steel, all of which are commonly used in various machining
operations such as metal cutting, milling, and turning. Therefore, it is necessary to
enhance the mechanical properties and oxidation resistance of these substrates (Choy,
2003). Generally, the cermet is a material consists of both ceramic and metallic
components. This combination allows cermets to integrate the desirable properties of
ceramics, such as high temperature resistance and hardness, with those of metals, such
as plastic deformability. In cermets, the metal typically utilized as a binder for an oxides
or a carbides. Commonly, used tungsten carbide with the cobalt (Zhou et al., 2024).
Additionally, the steel-base substrates known for their ability to retain hardness at
elevated temperatures, are extensively used in applications such as metal cutting,

milling, and turning after applying the CVD coatings (Bjerke et al., 2022).
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Table 1: Overview of studies on various substrates used for deposit CVD coatings.

Substrates Coatings Improvements Applications Refs.
WC-6.0Wt%Co  TiCN, Tialn | 'eological Inserts for (Kimura et al., 2001)
properties cutting tools
. . Tribological, wear  Metal cutting
WC- 15.0 wt.% TiC E|Cg  TIAIN, properties and tools, milling gslchzv(v)z;rzuikamp et
2s hardness and turning 5
Tribological and Metal cutting
WC-7.5wt.% Co TIiCN, TiAIN gical tools, milling (Singh et al., 2024)
wear properties .
and turning
. TIiCN, SiC, I - ,
High speed steel TiAIN, ALO Wear, oxidation Metal machining (A4lcantara, 2020)
TIC, TI(CN), Bearings, shafts
42CrMo steel TiN and Wear resistance g, ' (Ruppi et al., 1998)
cams and tappets
Al1,03
Ti-base Oxidation, Heat-exchangers,
Alloy steels, cast coatings, SiC, abrasive and Mining tools and  (Bjerke et al., 2022)
irons X
Al,Os corrosion burners
Extrusion dies,
Hot work tool steel, WC,_ Ti-base Weqr, extend _ metr_ology parts, (Bejjani et al., 2021;
carbon steel, alloy coatings, service tools life, bearings and hot Zhao et al., 2022)
steel Al;Os Oxidation and cold forming "
tools
. Bearings, high- .
. Boron-films, ' (Din et al., 2018;
Ti-6Al-4V alloy SiC. TiCN Hardness and wear B:p[‘;)rmance cars Han et al., 1998)
Graphite g:gN TIAIN, Oxidation Heater elements  (Kumar et al., 2017)

In this study, the focus was primarily on cermets and steels, due to their importance in
industrial applications. So, applied Ti-based CVD coatings on these substrates aims to
improve and enhance the surface properties, such as hardness, wear-resistant, oxidation

resistance, increase the estimate cutting-tools life and improve machining performance.
2.2 Types of CVD hard coatings

The deposition of hard coatings is a significant method for protecting and prolonging
the service lifetime of tools. Over the years, various coating materials have been
developed for this purpose, such as titanium nitride (TiN), titanium carbide (TiC), and
titanium aluminum nitride (TiAIN), etc., each tailored to specific requirements (Qiu et
al., 2024). The current study focuses on titanium nitride (TiN) based coatings produced
via CVD technique, given their widespread utilization and well-established efficacy in
providing desired functional characteristics. Titanium nitride (TiN) based coatings have
garnered significant attention due to their exceptional hardness, chemical stability, and

wear resistance, making them highly suitable for applications demanding superior
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tribological performance and durability. The synergistic combination of CVD coatings
materials, which employed as multilayer structures, offers a unique opportunity to
utilize the complementary strengths of each constituent, thereby enhancing overall
performance and expanding the range of potential applications, especially in machining

workpieces during cutting operations (Yang et al., 2023).
2.2.1 TiN coatings

The application of titanium nitride (TiN) as a hard coating is well established in the
cutting industry due to its exceptional combination of hardness, toughness, and thermal
stability. Classified as an interstitial compound, TiN crystallizes in a face-centered cubic
(fcc) B1-NaCl structure (Veprek et al., 2005). The binary phase diagram illustrating the
Ti—N system elucidates the wide stability range of TiN over varying compositions,
(Figure 8). Reported nitrogen-to-titanium ratios for bulk TiN materials range from 0.6
to 1.16. In under-stoichiometric thin films (N/Ti < 1.0), vacancies reside on the nitrogen
sub-lattice, while over-stoichiometric compositions (N/Ti > 1.0) feature vacancies on
the titanium sub-lattice (Azadi et al., 2014).
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Figure 8: The binary phase diagram of the Ti-N system (Pal & Deevi, 2003).

The presence of vacancies and their distribution within the TiN lattice can significantly
influence the material's properties, such as hardness, toughness, and oxidation
resistance. Formore, Cheng et al., reported that under-stoichiometric TiN coatings with
nitrogen vacancies exhibited higher hardness compared to stoichiometric or over-

stoichiometric compositions (Cheng et al., 2010). The thermal chemical vapor
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deposition (CVD) of TiN onto cemented carbide cutting tools conventionally employs
gas mixtures comprising titanium tetrachloride (TiCls), nitrogen (N2), hydrogen (H>),
and argon (Ar). TiCls and N2 serve as the source materials for coating constituents, with
H> functioning as the reducing agent. Ar, an inert gas component, acts as a carrier gas
and facilitates the achieve of the appropriate mass fluxes to ensure deposition rates.
Typically, these coatings exhibit stoichiometric compositions with minimal chlorine
incorporation and demonstrate excellent adhesion to cemented carbide substrates,
featuring a columnar microstructure (Cheng et al., 2010). Additionally, substitution of
nitrogen source N2 with ammonia (NHz3) in the reaction allows for reduction in process
temperatures for TiN formation, typically in the range of 550°C to 750°C. This low-
temperature process, predominantly explored in microelectronics for TiN application as
a diffusion barrier, offers a fine-grained structure, although with potential drawbacks
including lower film density and incorporation of elevated chlorine content, as noted by
(Rebouta, 1995; Wichtler et al., 2024).

2.2.2 TiC coatings

In recent years, research has focused on synthesizing TiC coatings using deposition
methods, particularly chemical vapor deposition (CVD) technology to coat cutting tools
(Mhadhbi, 2020). The TiC system consists of solid phases a-Ti, B-Ti, and a refractory
monocarbide (TiC), as illustrated in Figure 9, which depicts the binary phase diagram
of the Ti-C system. Also, titanium carbide with chemical formula TiC, crystallizes in
the cubic system: NaCl type with a space group (Z = 4). The lattice constant isa = 0.4327
nm, with Ti atoms occupying the origin positions (0,0,0), while C atoms are located at
(1/2,1/2,1/2) positions. Ti and C atoms are octahedrally coordinated with each other,
resulting in Ti6C octahedra sharing edges (Hamedi et al., 2011).
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Figure 9: Phase diagram of Ti-C system (Hamedi et al., 2011).

Carbide deposition commonly achieved by reacting a halide with a hydrocarbon in the
presence of hydrogen or nitrogen gas. Noel et al. synthesized TiC thin films using
hydrogen gas, titanium tetrachloride (TiCls), methane (CHa), and acetylene (C2H2) as
source gases (Noel & Kovar, 2002). They prepared a thin titanium carbide layer by
chemical vapor deposition (CVD) in the TiCls-CH4 system at temperatures between 850
and 1050°C under a hydrogen atmosphere, with pressures ranging from less than 100
Pato 1 atm. The resulting product is a hard, wear-resistant coating that forms a chemical
bond with the substrate (Noel & Kovar, 2002). Azadi investigated the effect of different
parameters on the CVD rate of TiC produced from TiCls-CH4-H2 mixtures. The study
found that the deposition rate slightly increases with higher pressure, is directly
proportional to the CHs content, inversely proportional to the equilibrium HCI
concentration in the reactor, and almost inversely proportional to the TiCls content in
the inlet gas when no HCl is added (Azadi, 2018).

2.2.3 Ti-C-N coatings

The most important zone within the ternary system Ti-C-N for the deposition of hard
coatings is the TiN-TiC quasibinary-system. This region delineates the interplay
between titanium nitride (TiN) and titanium carbide (TiC), dictating the composition
and properties of resulting coatings. The phase diagram of the Ti-C-N system
(Figure 10), which as a fundamental guide for the strategic design of TiCN-CVD
coatings. TiC shares the same crystal structure as TiN, but exhibits a higher hardness
due to a strong covalent bonding. The miscibility occurred among TiN and TiC, where
the nitrogen could be substituted and replace by the carbon in fcc structure, resulting in

TiCxN1x (0 < x < 1) solid solution. This gradual difference in the composition allows
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for continuous-adjustment of properties of the coating, as elucidated by (Bonetti et al.,
1990).

In the contemporary context, two primary deposition processes are employed for
TiCxN1x coatings on cutting tools, utilizing precursors for TiN deposition such as TiCls,
N2, Hz, and Ar. Carbon is introduced through the addition of CH4 during the process,
typically carried out between 850 and 1050°C. The carbon content (X) in TiCxNix
coatings can be regulated between 0 and 1 by manipulating the partial pressures of CH4
and N, along with the deposition temperature (Mayrhofer et al., 2006). The structure
and morphology of TiCxN1.x coatings are influenced by varying deposition temperature
and composition. A model for the structure of TiCxN1.x coatings has been suggested by
Du et al., with the morphology transitioning from rounded hillocks to plate-like
structures (Figure 11), and eventually pyramidal crystals as the deposition temperature
increased (Du et al., 2018).

Tice+Gas+Graphit

FeetGas

N at.%

Figure 10: Phase diagram of Ti—-C—N system (Du et al., 2018).

An alternative method for depositing TiCxN1x films involves the use of CH3CN instead
of CHa. Deposition temperatures are lower, usually ranging between 800 and 900°C,
leading to this process being referred to as MTCVD to emphasize the lower
temperatures. Bonetti et al. delineated competing reaction paths for TiCxN1_x formation

18



at different temperatures, emphasizing the influence on nitrogen content (Bonetti et al.,

1990). At 850°C, the reaction occurs by the following equation:
6TiCls + 2CH3CN + 9H; — 6TiCo67No.33 + 24HCI (1.5)

At lower temperatures, higher N contents can be achieved through the following

reaction:
4TiCls + 2CH3CN + 9H, — 4TiCosNos + 2CH4 + 16HCI (1.6)

Compared to the use of CH4, the compositional range in MTCVD coatings is limited to
a narrow range. MTCVD coatings exhibit a distinct columnar-structure of preferred
(211) orientation, while HTCVD coatings include of the equiaxed-grains. The
advantages of MTCVD coatings include lower tensile stresses due to reduce the
temperatures and reduce the tendencies to decarburization and formation of n-phase (El
Azhari et al., 2020; Larsson & Ruppi, 2002).
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Figure 11: Morphological evolution of TiCxN1x coatings deposited via TiCls —Hz —
N2 — CH4 system (Derakhshandeh et al., 2023).

2.2.4 Ti-Al-N coatings

TiAIN hard coatings demonstrate superior cutting performance as the TiN and TIiCN
coatings, particularly in applications requiring high-temperature hardness and oxidation
resistance (Derakhshandeh et al., 2023). Within the ternary Ti—Al-N system, the quasi-
binary TiN-AIN system is crucial for CVD coatings, as shown in Figure 12. AIN

crystallizes in a hexagonal close-packed (hcp) structure, with categorized as covalent
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hard material, while face-centered cubic (fcc) TiN is classified as metallic hard material.
The phase diagram for TiN-AIN system illustrates a maximum solubility of AIN in TiN
about 5 mol.%, with negligible solubility of TiN in AIN. This limited diffusion can result
in atoms remaining in an intermixed supersaturated state upon direct condensation from
the vapor phase. At higher AIN concentrations, the hcp structure predominates, while
fcc structures form more broadly, and amorphous deposits can occur at low temperatures
(Pal & Deevi, 2003). Also, the crystal structures of TiN and fcc—Ti1-xAlxN, as illustrated
in Figure 13 (a and b), show that Al atoms partially replace Ti atoms, leading to a
reduced lattice parameter of the cubic structure. The fcc structure's stability is influenced
by the Al content and its distribution within the lattice (Gao et al., 2008).
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Figure 12: The ternary phase diagram of Ti—Al-N system (Gao et al., 2008).

58 —o
Figure 13: Face-centered cubic (FCC) crystal structure for: (a) TiN and (b) fcc—Ti-
Al-N (Patscheider, 2003).
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Usually, the deposition process involves TiCls, AICI3, N2, and Hz; however, replacing
N2 with NHj3 is necessary for the formation of the coatings, resulting in fcc—Ti1xAlxN
coatings with Al content up to 0.90 at temperatures between 700°C and 900°C, and
chlorine content below 1.00 at.% (Gupta & Meletis, 2004). Alternatively, using metal
halides derived from in-situ chlorination of a TiosAlos alloy, along with NHs and H at
700°C, produces fcc—TiixAlxN films up to x ~0.40, with chlorine impurities ranging
from 1.00 at.% in Ti-rich films to 12.00 at.% in Al-rich coatings (Hou et al., 1998).
Madar et al. explored the deposition of Ti1xAlxN coatings at 550°C to 650°C, where the
cubic structure forms by replacing Ti atoms with Al atoms in the TiN lattice. Higher Al
content significantly enhances the coating's mechanical properties and oxidation
resistance. (Madar et al., 2001). Furthermore, VVogiatzis et al. evaluated TiAIN coatings
deposited by CVD for dry machining applications on various materials. The study found
TiAIN coatings outperformed other coatings, including CVD TiCN/AI.QOs3, on steel and
cast iron (Vogiatzis et al., 2017). Moreover, Todt examined the oxidation resistance of
TiixAlxN coatings, noting that CVD TioosAlogsN maintained excellent oxidation
resistance up to 1100°C, with minimal degradation (Todt et al., 2016).

2.3 Properties of CVD hard coatings

This section provides a comprehensive literature survey of the properties and
characterization of CVD coatings, including hardness, surface roughness, tribological
behavior, mechanisms of friction and wear, adhesion to substrates, and high-temperature
oxidation. Additionally, the subsections describe how these properties influence on the

performance of CVVD-coated components.
2.3.1 Mechanical and surface properties

The mechanical properties of chemical vapor deposition (CVD) coatings, including, the
tribology, wear resistance, hardness and adhesion, have undergone extensive study due
to their crucial significance across a range of applications like cutting tools, wear-
resistant components, and protective coatings. These properties are essential in
determining the performance and longevity of coated materials (Banapurmath et al.,
2018). The following characteristics significantly influence on the behavior and

effectiveness of the coatings.
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2.3.1.1 Hardness of CVD coatings

For TiN-based CVD coatings, the hardness influenced by chemical composition, grain
size, texture, and impurities. Hardness of TiC/TiN coatings can be modified by changing
the element composition, such as replacing nitrogen atoms with carbon atoms,
increasing the degree of covalent bonds as discussed by other researchers (Das et al.,
2020). Also, the microhardness of CVD TiCN coatings can be enhanced by controlling
the grain size according to the Hall-Petch relation (Naik & Walley, 2020):

H=H,+ kd/? (1.7)

Where, (H) is the hardness, (Ho) is the intrinsic hardness of a single crystal, (k) is a
material constant, and d is the grain size. The grain size in coatings can reach down to

several nanometers, depending on the deposition technique and the coating material.

The microhardness of CVD coatings, particularly those composed of titanium
carbonitride (TIiCN), is linked to the coatings' structural characteristics. CVD coatings
often exhibit coarse structures, especially at high deposition temperatures, resulting in
large columnar growth structures with micron-sized diameters. Grain size can be altered
by adjusting deposition parameters such as temperature and concentration of gases.
Fine-grained structures, crucial for enhancing microhardness, require lower deposition
temperatures and higher supersaturation of reactive gases (Shanbaraki et al., 2024).
Lowering deposition temperatures and increasing precursor partial pressures can form
finer structures, though this may reduce deposition rates and increase impurities from
decomposition of TiCls. Chlorine impurities reduce grain size, but also negatively affect
coating hardness. Voids within the coating structure can significantly impact material
strength and hardness, as hardness may decrease below bulk values due to the voids
(Abadias et al., 2018).

A well-defined diamond stylus indents the material at a specific load, and hardness is
calculated from the load and indent area. For thin coatings, it is crucial to avoid substrate
contribution, with the indent depth not exceeding 1/10 of the coating thickness
(Chowdhury et al., 2005). The diamond indenter with a three-sided pyramid geometry
commonly used, and hardness derived from the plastic deformation depth, subtracting
the elastic contribution. Figure 14 shows typical load-displacement curve and related

indent cross-section (Holmberg & Matthews, 2009).
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Figure 14: lllustration of a standard load-displacement profile and associated indent
cross-section during microhardness test, where: P: applied load, hmax: maximum
indentation depth, hs: final indentation depth, S: slope of unloading curve at maximum
load, hc: contact depth between the indenter and the material under maximum load, €: a
geometric constant that refer to the shape of the indenter (Holmberg & Matthews, 2009).

2.3.1.2 The surface roughness of CVD coatings

Surface roughness values give information about the texture and irregularities of a
surface, often quantified by the presence of peaks and valleys. The surface roughness of
chemical vapor deposition TiN based coatings significantly impacts their performance
under various operational conditions (Chen et al., 2024). Typically, surface roughness
characterized using a stylus profilometer, measuring vertical deviation of the profile
from the centerline with parameters such as Ra, Rz, and Rp as shown in Figure 15. Ra
(average roughness) is the arithmetic mean of the absolute surface height deviations
from the mean line within a specified evaluation length. R; (average maximum peak to
valley) is the average vertical distance between the highest peak and the lowest valley
within the measured range. Rp (maximum peak height) is the vertical distance between
the highest peak and the mean line within the measuring length. Rp/R; (peak to valley
ratio) measures the proportionality between the maximum peak height and the
maximum valley depth (Holmberg & Matthews, 2009; Das et al., 2021).
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Figure 15: Schematics of the parameters of surface roughness (Wei et al., 2022).

The roughness of TiN based coatings is influenced by many factors, including
deposition parameters, substrate material, post-treatment processes, and environmental
conditions. Variations in deposition parameters like temperature, pressure, and
precursor chemistry directly affect the growth kinetics and morphology of the coating,
impacting its roughness characteristics. For instance, higher deposition temperatures
create smoother coatings due to enhanced surface diffusion and reactivity, while lower
temperatures may result in rougher surfaces due to incomplete precursor decomposition
(Yunataetal., 2017). The choice of substrate material significantly affects the roughness
of TiCN coatings, with substrate surface morphology, crystal structure, and chemical
composition playing crucial roles in influencing nucleation and growth processes during
CVD (Hayward et al., 1992). Kajikawa discussed the mechanisms causing roughness
evolution during CVD, classifying them into two stages: the initial stage of deposition
on the substrate and the growth stage of continuous films (Kajikawa, 2008). Positive-
feedback growth includes shadowing, concentration gradient, and preferential
deposition of particles, while non-positive-feedback growth includes the effects of
crystallographic planes, crystallinity, composition, and catalytic activities.

2.3.2 Chemical, thermal, and structural properties

Chemical vapor deposition (CVD) coatings exhibit a wide range of chemical, thermal,
and structural properties that directly impact the performance of CVD-coated
components under high-temperature conditions. These properties such as adhesion,

cohesion, oxidation resistance, and microstructural evolution are crucial for the
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efficiency and durability of CVD coatings in machining and wear-resistant

applications (Zhang et al., 2025).

2.3.2.1 Adhesion and cohesion characteristics of CVD coatings

Adhesion refers to the ability of a coating to remain attached to its substrate, and
inadequate adhesion can result in the loss of the surface's operational functionality.
Thus, adhesion is crucial for the performance of CVD coatings as it affects the coating's
ability to withstand various stresses and environmental conditions. In the case of hard
coatings deposited by thermal CVD on cemented carbide, presence micro—cracks are
common. Also, thermal stresses may arise during the heating/cooling period through the
machining operation, due to differences in the thermal expansion between the substrate
and the coatings, with the low thermal expansion coefficient of cemented carbide about
(a = 5.0-6.0 - 10° K1) and TiCN coatings (a = 7.5-9.0 - 10° K1) (Gissler & Jehn,
1992).

When using tools with CVD coatings, adhesion strength is most importance. The ability
of the coating system to reduce shear stresses at the interface significantly influences
adhesion. Cracking due to debonding at the interface depends on local load levels, load
directions, resulting stress conditions, strain, and deformation. In the design of coating
systems, it is crucial to consider the interaction between the substrate and the coating.
Pure adhesion involves the chemical reactivity, i.e., the atomic binding forces, resulting
in various interfacial binding forces, as showed in Figure 16. These forces may consist
of valence forces, interlocking forces, or both. Interfacial cracks occur when these bonds
are broken, a phenomenon described by the term interfacial fracture toughness (Bull et
al., 1988).

Covalent bond

lonic bond

Metallic bond

Type of bond

Hydrogen bond

Van der Waals bond

1022 102 1021 102 10 108 Q-7
Energy per bond (J)

Figure 16: Comparison of binding energies across various bondings (Gissler &
Jehn, 1992).
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The adhesion of chemical vapor deposition TiCN coatings is influenced by several
factors, as elucidated by recent research (Stylianou et al., 2020). Emphasize the
importance of clean substrates, free of hydrocarbon or oxide contamination, for
promoting strong coating adhesion. This requires thorough cleaning and degreasing of
substrates before deposition, with residual impurities and oxide layers effectively
removed through chemical reduction using H. at elevated temperatures. However,
impurities within the coating can pose challenges. Chandra et al. highlight that high
chlorine concentrations within coatings can negatively impact adhesion, as chlorine
atoms tend to diffuse to the coating/substrate boundary over time, leading to corrosion

and interface weakening (Chandra Behera et al., 2023).

Surface roughening can enhance adhesion by increasing the effective contact area
between the roughened surface and the coating (Peng et al., 2023). Additionally, high
deposition temperatures during thermal CVD promote excellent coating adhesion by
facilitating interdiffusion between the coating and substrate, leading to gradual changes

in composition and stress distribution (Yalgin et al., 2024).

Interfacial reactions between coating elements and the substrate are also critical. (Shen
et al., 2020) report that diffusion of coating elements into the substrate under high
temperature and/or high element content can lead to significant interfacial reactions.
Finally, silicon-containing precursors may form silicides with the substrate, while boron
can react to form borides, such as CoB and WCoB. Deposition of interlayers like TiN
or TiC can mitigate such diffusion (Wagner et al., 2006). Therefore, understanding and
optimizing the complex factors influencing the adhesion of CVD TiCN coatings, such
as substrate cleanliness, surface roughness, deposition parameters, and interfacial
reactions, is crucial for achieving robust coating-substrate adhesion and enhancing the

performance of coated materials.
2.3.2.2 Oxidation behavior of CVD coatings

The oxidation behavior of TiN based CVD coated significantly affects their
performance and longevity. The oxidation process involves the reaction of the coating
material with atmospheric oxygen, leading to the formation of surface oxides, as
illustrated in Figure 17. Typically, these hard coatings exhibit excellent resistance to

mechanical loads, but they may fail at high temperatures and in aggressive
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environments. In such cases, chemical inertness becomes more critical than hardness.
The oxidation rate increases with temperature, which can rise during machining
operations, resulting in a decrease in the coating's mechanical properties and overall
performance (Figure 18) (Weiser et al., 2019). At elevated temperatures during
machining operations, the oxidation process can be divided into two main stages: the
formation of oxynitrides (TiNxOy) and oxycarbides (TiCxOy) as intermediate steps
before the formation of rutile-TiO.. During oxidation, oxygen can infiltrate the layers
of the CVD coating by dissolving into interstitial sites, and substituting carbon and
nitrogen atoms with oxygen. The primary oxidation products are TiO2 and the release
of CO2 and N2. Thus, it is important to study the oxidation properties of these coatings
and monitor their oxidation (Moritz et al., 2023).

0, 0, 0,

Protect CVD layer

Pore

Substrate

Figure 17: Diagram illustrate oxygen penetration through oxidized CVD layers (Ali &
Gyurika, 2024).
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Figure 18: Mlcroscoplc images of CVD coated sample after 24 hours of oxidation at
800°C in air (Weiser et al., 2019).

Oxidation behavior of TiN based CVD coated on cermet carbide substrate at high
temperatures has been studied extensively in the literatures. According to Pang's
experiment, the oxidation behavior of CVD coated cermet at 500°C to 900°C was
elaborated (Peng et al., 2013). You's cutting process showed that the local temperature
of TiN/TiC coatings prepared by CVD method during the cutting operation was 800°C
(You et al., 2021). At high temperatures, the failure CVD coatings of the substrate as a
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multi-phase component consisting of Co, WC, and Ti (C, N), which reacts with oxygen,
generating WOz, CoWOs, and TiO», as observed by Bagnall et al. and Wang et al.
(Bagnall et al., 2018; Wang et al., 2019). Many studies, investigated effect of atomic
ratio of C and N on the performance of CVD-TIN/TIC coatings. Shi et al. and
Ragothuman et al. mentioned that the Ti (Cix, Nx)-based cermet (WC-Co) were
prepared by three different content ratios of C and N including 5:5, 7:3, and 10:0. The
results showed that the variation in the nitrogen content led to the different performances
of oxidation resistance and the CVD coating with C/N ratio of 7:3 had the best
comprehensive properties (Shi et al., 2013; Ragothuman et al., 2019). The size
distribution of the individual crystals on the surface was studied by Qian et al. used the
line-intercept method. The average grain size of the samples was 0.81, 0.76, 0.70 and
0.72 um. It was found that the fraction of the fine grains showed a maximum at least N
content (Qian et al., 2022). Alvaredo studied the grain size distribution and found that
the grain size decreased with increasing nitrogen content. Also, the results exhibited that
with increase of N content, the thermodynamic stability of Ti(C, N) coatings increases
(Alvaredo et al., 2013). Zhu et al. found that the oxidation rate of TiN/TiC coatings is
always slower than that of Ti(C,N,O). After 600 minutes of oxidation at 600°C, X-ray
diffraction (XRD) patterns showed that the oxide layer of TiN/TiC coatings consisted
of anatase and rutile TiO2. However, poor interfacial adhesion impaired the oxidation
resistance of TiN/TiC coatings, promoting defect formation during cyclic oxidation and
leading to accelerated oxidation (Zhu et al., 2016). Hsieh et al. also studied the oxidation
and wear behavior of Ti-based thin films, finding that TiN/TiC coatings had the highest
oxidation resistance, with thermal resistance up to 800°C and 700°C, respectively. The
wear rates and friction coefficients of the coatings were also measured, with TiN/TiC

coatings having the lowest wear rates (Hsieh et al., 2006).

The characterization of coating microstructure has a significant effect on the oxidation
and mechanical properties of the TiN/TiC coatings. Fieandt et al. found that the TICN
coatings had nano columnar crystal structure with an elongated columnar crystal
structure and had (111) and (200) orientation texture, this microstructure led to enhance
the oxidation and tribological performance. Additionally, the study found that the
dominant wear mechanisms were oxidation wear, abrasive wear, and adhesive wear
(Von et al., 2018). Jin et al. and Yang et al. discussed the structure and properties of

amorphous TiO: thin films, which were formed as a result of the oxidation process
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applied to TiN and TiC coatings. The authors observed a direct relationship between the
oxidation of titanium and various influencing factors, including temperature and
duration of oxidation. The results displayed that TiO2 exhibited a combination of anatase
and rutile phases. Also, the study appeared that anatase represented a metastable phase
of TiO, characterized by high surface area in comparison to rutile and more reactive.
In contrast, rutile emerged as the most stable phase of TiO,, distinguished by a greater
density and hardness (Jing et al., 2022; Yang et al., 2023). Chen et al. investigated the
oxidation behavior of titanium nitride films using X-ray diffraction and field emission
scanning electron microscopy, noting the appearance of rutile-TiO2 at temperatures
above 600°C (Chen & Lu, 2005). Similarly, Chen et al. studied the oxidation behavior
of WC—Co hard metal with designed multilayer coatings, showing that the oxidation
resistance of WC—Co substrates was markedly improved after deposition of multilayer
coatings (Chen et al., 2012).

Previous research has demonstrated that, the mechanical properties of TiN based CVD
coatings is influenced by varying oxidation conditions. However, there are no studies
that focus on monitoring the oxygen content within the thin film layers of coatings
during the oxidation process. This gap in the literature is comprehensively addressed in
the section 5 (results and discussion). Finally, understanding the oxidation behavior of
TiN-based CVD coatings, influenced by factors such as composition, microstructure,
temperature, and environmental conditions, is crucial. By comprehending these factors,
it is possible to enhance the oxidation resistance of these coatings and extend the service

life of coated cutting tools.

2.3.2.3 The microstructure of CVD layers coatings

Coatings are categorized based on their architectural type, which includes the number
of layers and how they are arranged, as well as their chemical composition. Their
mechanical properties, including hardness, tribological characteristics, and resistance to
oxidation, are also key features used for characterization. The microstructure of coatings
are frequently examined because they have a significant impact on these mechanical
properties. Recent research has focused on modifying the architecture and
microstructure of certain CVVD coatings to enhance their performance. These coatings

can range from the single layer designs to more complex multi-layered

29



structures (Figure 19). Different coatings with different designs have distinct

constructure, chosen to address specific problems (Sousa & Silva, 2020).

1=

substrate substrate substrate substrate substrate substrate
(a) single layer (b) double layer (c) gradient (d) multilayer (e) nanolayer (f) nanocomposite
coating coating coating coating coating coating

Figure 19: Varieties of hard coating designs (Caliskan et al., 2017).

In surface engineering applications, single-layer coatings have long dominated the CVD
method. These coatings, typically composed of singular or multi-phases, are cost-
effective and widely used in industrial operations, e.g., TiC, TiN, Al>0s, and MoS;
(Figure 20). However, the development of combined multi-layer coatings has
significantly improved substrate properties, particularly in machining tools. Multilayer
coatings combine appealing characteristics of each layer, increasing hardness and crack
propagation resistance, thus enhancing the performance of cutting tools (Cheng et al.,
2023).

Figure 20: Cross-section of single-layer coatings of TiN (Laikhtman et al., 2009).

Experimental work by Narasimhan developed hard Ti-C-N coatings with excellent
resistance to abrasive wear. These coatings, between 6 to 25 pum thick, showed
remarkable improvements in wear resistance when tested on cemented carbide materials
(Narasimhan et al., 1995). Kainz compared the performance of multi-layered CVD
coatings (TiN/TiBN) to single-layered TiN and TiBN, concluding that the multi-layered
coating performed better (Kainz et al., 2019). Dai studied Ti-based multi-layered

coatings with double periodical structures, reporting that this structure can refine the
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growth of Ti-based coatings, improving mechanical properties. The authors also noted
that residual stresses could enhance coating adhesion and peel resistance (Dai et al.,
2020).

Multi-layer coatings exhibit specific growth patterns and interactions between different
materials. For example, TiC films grow with a (111) orientation on a (001) TiN layer
but then change to a (200) orientation. Meanwhile, the TiN layer transitions to a (001)
orientation on the (200) TiC. This unique growth behavior allows the formation of multi-
layer structures, contributing to the diverse properties of these coatings (Sousa & Silva,
2020). Canovic highlighted the significance of TiN/Al.Oz multilayer films in enhancing
mechanical properties and thermal stability, noting that the hardness of these films can
reach up to 50 GPa, compared to 15-20 GPa for a single TiN film. However, TiN's
susceptibility to oxidation at temperatures above 600°C during cutting operations poses

a significant challenge, necessitating protective coatings (Canovic et al., 2007).

Garcia et al. conducted a comprehensive study on the microstructure evolution of multi-
layered Ti(C,N)/Al>,O3 CVD coatings, which are widely used in machining applications
due to their superior wear resistance and thermal stability (Garcia et al., 2021). The
study's key findings reveal that the multilayered structure of Al>Os, TiN, and TiCN
(Figure 21) exhibits a remarkable resistance to crack propagation during operation. This
enhanced resistance is attributed to the alternating layers, which act as barriers to crack
expansion, thereby prolonging the service life of the coatings under harsh conditions
(Garcia et al., 2021). Despite the importance of multilayer coatings for machining
applications, there is still a gap in research on the microstructure of TiN/TiC CVD multi-

layered coatings.

The thickness variations in individual CVD layers are influenced by deposition
conditions such as temperature, pressure, precursor gas flow rates, and deposition time.
Non-uniform precursor gas distribution and variations in reaction kinetics can lead to
inconsistencies, while substrate morphology, including surface roughness and
crystallographic orientation, affects nucleation behavior and coating thickness.
Combining several structures and compositions within one coating achieves various
individual physical properties, reduces the mismatch in mechanical and chemical
properties between the substrate and the coating (enhancing adhesion), controls residual

strain and stress within the coatings, stops cracks during severe conditions, and enhances
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hardness and/or toughness by allowing layers to slide over each other under load.

Mechanisms for toughening layered coatings include (Choy, 2003; Liu et al., 2021):

1. Crack splitting at the boundaries of small-sized grains.
2. Crack deflection at the interface between layers.

3. Reduction of stress concentration by interface opening.
4

Plastic deformation at the interface for energy dissipation.

The flexibility and capabilities of CVD techniques have facilitated the development of
advanced multi-component coatings, which are extensively employed in various cutting

tools.

Figure 21: SEM image of multi-layered Ti(C,N)/Al.Oz CVD coatings deposited on
WC-Co substrate (Garcia et al., 2021).

2.3.3 Tribology

Tribology, the science concerning the interaction between solid surfaces in relative
motion, is a critical field for understanding and optimizing the performance of CVD-
coated cutting tools used in various manufacturing processes. In many applications,
achieving low friction values is crucial, as reducing frictional force minimizes energy
loss in machine components, thereby improving overall system efficiency (Tyagi et al.,

2019). Wear, defined as the gradual loss of material due to the relative motion between
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two surfaces in contact, causes damage that necessitates the premature replacement of

parts, leading to significant costs (Hutchings & Shipway, 2017).

Tribological processes are inherently complex and are characterized by specific input
and output parameters. Key input data includes the contact geometry at both
macroscopic and microscopic scales, the chemical composition and microstructure of
the materials, and the environmental conditions. The interaction at the tribological
contact induces physical and chemical changes, resulting in energy-related outputs such
as friction, wear, and temperature. These processes can be categorized into five distinct
types, as shown in Figure 22 (Rabinowicz, 1995; Hogmark et al., 2000):

1. Macro-mechanical changes: These involve stresses and strains in the contact
zone, elastic/plastic deformations, and the dynamics of wear particles.

2. Micro-mechanical changes: These include the formation of stresses and strains
at the asperity level, crack initiation and propagation, and particle formation.

3. Tribo-chemical changes: High local pressures and temperatures favor chemical
reactions, altering the chemical composition and mechanical properties of the
surface layer.

4. Material transfer: This occurs when wear particles re-attach to the surface.

5. Nano-physical changes: These are studied to understand friction and wear

phenomena at the molecular scale.

Macromechanical
changes

// Material transfer
Micromechanical / : . Nanophysical
Tribochemical changes
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Figure 22: Schematic illustration the mechanisms of tribological contact
(Rabinowicz, 1995).

The application of surface layers presents a viable solution, enabling the tailoring of
components with specific tribological properties, such as reduced friction, enhanced

wear resistance, or a combination thereof. While the surface layer assumes the
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tribological functions, the bulk material can be selected based on different criteria,
including stiffness, strength, or cost considerations. Consequently, the application of
coatings on tools and machine elements represents an efficient approach to improving
the lifetime and productivity of components (Hogmark et al., 2000). Cutting tools are
subjected to harsh conditions during the operation, which can lead to excessive wear
and premature tool failure. To enhance the wear resistance and extend the estimate tool
life, various surface coatings have been employed, and among them, titanium nitride
(TiN) and titanium carbide (TiC) coatings deposited by chemical vapor deposition
(CVD) have gained significant attention. TiN-based coatings known for their excellent
tribological properties, including high hardness, wear resistance, and thermal stability
(Kenzhegulov et al., 2022).

The tribological behavior of TiN based coatings has been studied by many researchers,
one of these studies conducted by (Jen & Jeng, 1994), they investigated the wear
mechanisms of TiN-coated cemented carbide inserts during machining of hardened
steel. Their results showed that the TiN coating significantly improved the wear
resistance and tool life compared to uncoated tools. However, they also observed the
formation of crater wear and coating delamination at higher cutting speeds, indicating
the need for further optimization. Another study (Lim et al., 1999), evaluated the wear
behaviour of CVD TiN coated cemented carbide cutting tool during the turning of
AISI 4340 steel. They found that the TiN coating exhibited excellent wear resistance
and maintained it stands even after prolonged cutting operations. The authors attributed
the superior performance of the TiN coating to its high hardness and resistance to
abrasive wear. Further enhance the tribological properties of TiN coatings, researchers
have explored the incorporation of additional elements or the formation of multilayer
structures. Terek et al. investigated the wear behavior of TIAIN/TiN multilayer coatings
deposited on tungsten carbide cutting tools (Terek et al., 2024). Their results revealed
that the multilayer structure exhibited improved wear resistance compared to single-
layer TiN coatings, attributed to the enhanced toughness and resistance to crack
propagation. In addition to TiN coatings, TiC coatings have also been extensively

studied for their tribological properties in cutting tool applications.

Traditionally, the ball-on-disc method has been utilized to study the wear characteristics
and rates of TiN and TiC coatings. Researchers have specifically examined how varying
sliding speeds impact the wear rate of TiN coatings, using different linear speeds from
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5 to 30 cm/s against both Al2O3 ceramic balls and steel balls, under loads ranging from
2.5 N to 25 N. This research, conducted by Kim et al. and Aihua et al. also compared
the wear performance of TiN and TiC coatings on cermets, which are used as cutting
tool inserts (Kim et al., 2010; Aihua et al., 2012).

In addition, the wear characteristics of TiN and TiC coatings have been studied at high
sliding speeds of approximately 200 cm/s with a normal load of 10 N over a sliding
distance of up to 678 m against an SiC ball. Another study assessed the wear behavior
of N-rich TiN and C-rich TiC coatings at a sliding speed of 20 cm/s, a normal load of
2.5 N, and a sliding distance of around 1000 m. This was done using a standard ball-on-
disc tribometer to compare the tribological properties of TiN and TiC coatings against
steel and alumina balls at contact loads between 1 N and 5 N and sliding speeds of 0.1,
0.3, and 0.5 m/s, as reported by (Yoon et al., 2002).

These sliding tests, aimed at determining the wear rate, wear behavior, and coefficient
of friction of TiN and TiC coatings, typically employ balls made from alumina, silicon
carbide, or steel. However, there is a lack of research on the wear behavior of these
coatings using zirconia balls (ZrO) ball. Understanding the friction and wear behaviour
of CVD-coated tools is essential for enhance their performance in cutting tools
applications. The following sections will discuss the specific context for the information

about friction and wear mechanisms for CVD coated tools.
2.3.3.1 The friction

Friction is a fundamental aspect of the tribological behaviour of CVD-coated tools. It is
defined as the resistance to movement of a body against another and is of great
importance for coated tools used in cutting operations. The Amontons-Coulomb Law,
also known as the law of friction, describes the friction coefficient as the relationship
between the tangential force Fr (frictional force) and the normal force Fn (load). This
law is assumed to be accurate in tribological contacts with ordinary contact pressures

and is often referred to as Coulomb friction (Holmberg & Matthews, 2009):
u=FrlFn (1.8)

During contact, friction is composed of two different components: the adhesive

component (ua) and the ploughing component (up) (Holmberg & Matthews, 2009):
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1= fa+ p (1.9)

The adhesive component related to the materials in contact, and it controlled by an
adhesive force which acting at the contact areas. The adhesive force originates from the
force required to break the inter-surface bonds when the surfaces slide against each
other. While, the ploughing component arises from the deformation force acting during
the ploughing of the softer material by the surface of the harder material and is related
to the surface topography of the contact surfaces. Additionally, wear particles in the
interface will act in a ploughing manner (Engdahl, 2006; Nilsson & Olsson, 2011).

2.3.3.2 Wear mechanisms

The wear mechanisms that are of particular significance in the context of coatings and
metal cutting processes are adhesive wear, abrasive wear, fatigue wear and tribo-
chemical wear. It is crucial to note that in most practical scenarios, more than one wear
mechanism operates simultaneously, leading to a complex interplay of various wear
modes. While there exists an interrelationship between friction and wear, with low
friction often associated with reduced wear. There are numerous examples in the
literature that demonstrate high wear rates despite low friction conditions (Holmberg &
Matthews, 2009; Weber et al., 2022). The wear of materials can be broadly categorized
into four fundamental mechanisms, each governed by distinct underlying processes and
characteristics, as depicted in Figure 23, and as the following (Jacobson & Hogmark,
2010; Rickerby & Matthews, 1991):

1. Adhesive wear: This wear mechanism involves the formation and subsequent
fracture of adhesive junctions between the contacting surfaces. When two surfaces are
in intimate contact, strong adhesive bonds can form, leading to the transfer of material
from one surface to the other. As the surfaces continue to slide relative to each other,
these adhesive junctions are subjected to shear forces, resulting in the detachment of

material particles or the formation of wear debris.

2. Abrasive wear: it occurs when hard particles or asperities on one surface plow or
cut into the opposing surface, leading to the removal of material. This wear mechanism
is prevalent in situations involving abrasive environments, where hard particles or debris
are present between the contacting surfaces, or when one of the surfaces more harder
than the other.
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3. Fatigue wear: it is a result of cyclic loading and unloading of the material, leading
to the initiation and propagation of subsurface cracks. Over time, these cracks can
propagate to the surface, resulting in the detachment of material particles or the
formation of pits or spalls on the surface. This wear mechanism is commonly observed

in rolling contact applications, such as bearings and gears.

4. Corrosive wear: Chemical wear, also known as tribo-chemical wear, involves
chemical reactions between the surfaces and the surrounding environment, often
accelerated by the high temperatures and pressures generated during the tribological
contact. These reactions can alter the surface chemistry and mechanical properties,
leading to the formation of reaction products that can either promote or mitigate wear,

depending on their characteristics.
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Figure 23: Schematic representation of the four basic wear mechanisms (Tsujimoto
etal., 2018).

In practical applications, wear mechanisms rarely act in isolation; they often interact

synergistically, significantly affecting overall wear behavior. For instance, abrasive
particles generated during wear can exacerbate adhesive wear by increasing the real area

of contact, thereby promoting the formation of adhesive junctions. This interplay not

37



only intensifies wear but also complicates its prediction and control. Similarly, fatigue
wear can be heavily influenced by surface oxides or reaction products formed through
tribo-chemical processes. These compounds can alter the material properties and stress
distribution, accelerating wear. Understanding these interactions is crucial for designing

materials and systems with enhanced durability and performance (Vasu et al., 2024).

In the machining operations, the loads on the cutting edge caused by chip formation can
reach a fatigue limit, leading to the nucleation of cracks below the surface (Figure 24a).
As the load on the cutting-edge increases, these cracks propagate to the cutting-edge
surface. The wedge effect of the workpiece material inside the cracks and the traction
effect promoted by the adhesion wear mechanism generate a crack network
(Figure 24b). Consequently, the cracked regions lose cohesion with the substrate or
other coating layers, resulting in delamination. This delamination reduces the bonding
strength between the coating layers and between the coating layer and the tool substrate.
Subsequently, spalling occurs, exposing the tool substrate (Figure 24c). At this stage,
the tool wear mechanism transitions to intense crater wear occurring through diffusion
and abrasion, driven by the stronger chemical affinity between the materials. Ultimately,
this process leads to the collapse of the cutting edge. So, Understanding the fundamental
wear mechanisms and their interrelationships is crucial for developing effective
strategies to mitigate wear and enhance the performance and reliability of materials and
components in various industrial applications (Boing et al., 2020).
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Figure 24: Sequence of events leading to the failure of a CVVD coated cutting tool
(Boing et al., 2020).
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3. Scope and objectives

Figure 25, created by VOSviewer version 1.6.20, presented a visual network map
illustrating the relationships between key terminologies in the field of chemical vapor
deposition (CVD) coatings, particularly titanium nitride (TiN), titanium carbide (TiC),
cermets, morphology, and thin films. The central and prominent node of TiN indicated
its importance in the literatures and emphasized its relevance in wear-resistant
applications and thermal stability. The term “cermet” was highlighted as a substrate
material. The map also showed associations with concepts such as "morphology™ and
"grain size," which were critical for understanding the structural attributes that
influenced coating performance. Moreover, the visualization underscored the
significance of "thin film" and "multilayer” of TiCN and Al.Os, which played a crucial

role in extending the lifespan of cutting tools.
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Figure 25: Linkage analysis map based on keywords of collected articles.

This dissertation consisted of five main sections, section one presented a general
overview of TiN-based coatings, including the theoretical foundations and a literature
review relevant to TiN-based CVD coatings, emphasizing their significance in
enhancing cutting tool performance. Section two outlined the objectives of the study.
Section three provided a detailed description of the methods used to investigate the

morphology, characterization, mechanical properties, thermal analyses, and oxidation
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behavior of TiN-based CVD coatings. Section four presented the experimental results,
including a thorough analysis of the morphological, mechanical, and thermal properties
of different TiN-based coatings applied to various substrates. The findings were
discussed in depth, covering deposition parameters, number of layers, and coating

thickness. Section five summarized the conclusions of the present study.

Objectives of present study:

The primary aim of the present study is develop and evaluate the TiN-based CVD
coatings that can significantly enhance the performance of cutting tools. The study

focuses on the following objectives:

1. Investigation of mechanical properties: Assessing the micro-hardness, wear and
tribological properties of the CVD coatings.

2. Characterization of coating structures: Utilizing advanced techniques such as
X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive
X-ray spectroscopy (EDS) to study the microstructure and composition of the coatings.

3. Evaluation of oxidation behavior: Analyzing the oxidation resistance of the
coatings at high temperatures to determine their thermal stability and potential for use
in the extreme conditions.

4. Evaluation of coating composition: Experimenting with different CVD coatings
to identify the optimal coating thickness, number of layers, and elemental composition
that offer the best performance in terms of durability and resistance to wear and

adhesion.
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4. Experimental

This section outlines the methodologies employed for the comprehensive investigation
of the morphology, characterization, mechanical testing, thermal analysis, and oxidation
behavior of TiN-based CVD coatings. All tests conducted in this study were performed
at the Research Centre of Engineering Sciences, Department of Materials Engineering,
University of Pannonia. To enhance readability, images of the equipment used have
been included in Appendix-B. By detailing the experimental protocols and
instrumentation, this section enables a thorough assessment of the coatings' performance

attributes.
4.1 Morphological and characterization measurements

Morphological and characterization analyses were conducted to evaluate the structural
and elemental properties of the coatings. These analyses are critical for understanding
the surface and internal features, providing insights into performance and potential

applications.
4.1.1. Preparation the samples for measurements

The preparation of samples for scanning electron microscopy and energy-dispersive X-
ray spectroscopy involved careful cleaning to ensure optimal imaging quality. Samples
were cleaned in an ultrasonic bath containing ethanol and acetone to remove
contaminants and enhance resolution for back-scattered electron imaging. Cross-
sectional samples were embedded in epoxy resin (NXMET XF40) and polished to
achieve a smooth surface, crucial for clear visualization of internal structures. This
preparation ensured high-quality images and accurate data, facilitating comprehensive
analysis of the CVD coatings.

4.1.2 Scanning electron microscopy

SEM and EDS were utilized to investigate the surface morphology, microstructure, and
elemental composition of the coatings. The SEM analysis was conducted used a
FEI/Thermo Fisher Apreo S scanning electron microscope under high vacuum
conditions with an accelerating voltage of 20 kV. SEM utilizes an electron beam with

energies between 100 eV and 30 kV, focused on specific points of the sample surface,
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causing the emission of various particles. The signals produced by electron-material
interactions are detected by different detectors, with the beam moving across the surface
to generate a time-varying signal corresponding to the detected signal intensity,
producing a grayscale image on the display. Each pixel in the image represents a specific

point on the sample.

Depending on the detector used, different material properties can be visualized.
Secondary electron (SE) detectors provide surface morphology images, while BSE
detectors offer atomic number contrast images. Additionally, EDS detectors allow for
local compositional analysis by measured the energy and intensity of characteristic X-
rays induced by the electron beam, facilitating both qualitative and quantitative analysis.
EDS detectors also enable elemental mapping, determining the composition at each
pixel and displaying elements in different colors for visual interpretation. SEM can
operate in scanning transmission electron microscopy (STEM) mode to examine
samples smaller than 200 nm. This mode, analogous to light microscopy using
transmitted light, produces a true magnified image from electrons passing through the
sample. The highest resolution achievable with SEM is 1-2 nm (Jakab, 2023).

EDS analysis was performed to determine the elemental composition of the coatings
used an EDAX AMETEK Octane Elect Plus Energy Dispersive X-ray Analyzer,
operating at an accelerating voltage of 20 kV with a data collection time of 180 seconds.

4.1.3. Optical microscopy (OM)

Optical light microscopes are the most commonly used instruments for examining the
surface microstructure of materials due to their accessibility, ease of use, and the wealth
of information they provide. However, traditional light microscopes are limited by their
depth of field, which can hinder the detailed analysis of samples with complex
topographies. This limitation can be effectively addressed through the use of digital light
microscopes. By continuously moving the objective and reconstructing images from
sharp image planes, digital light microscopy can achieve high-depth-of-field imaging.
This technique allows for the precise examination of surface features and

microstructural details that would otherwise be obscured (Ardebili & Pecht, 2009).

In this study, optical microscopy (OM) was employed to examine the microstructure

and surface features of the CVD-coated samples. The analysis was performed used a
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Keyence VHX-2000 digital light microscope, which provides high-resolution images
with significant depth of field, allows for detailed observation of the coatings' surface
morphology. OM was used in this investigation for several reasons. Firstly, it allowed
for the rapid and non-destructive examination of the CVD coatings, providing
immediate visual feedback on their quality and uniformity. Secondly, OM served as a
complementary technique to scanning electron microscopy (SEM), offering additional
insights into the coatings' surface characteristics because OM offers the advantage of
viewing the samples in their natural state without the need for extensive sample
preparation. Additionally, optical microscopy enables detailed observation of the
topographical features, facilitates the identification of surface defects or irregularities,

and allows for detection of colour changes in the surface of CVVD-coated samples.
4.1.4. X-ray diffraction (XRD) measurement

X-ray diffraction (XRD) examinations enable the qualitative and quantitative
determination of crystalline phases present in the TiN-based CVD coatings and
substrates used in this study. The principle of the method is based on the interference of
reflected X-rays, where amplification occurs only in directions where the path length
difference of the rays is an integer multiple of the wavelength; in other directions,

cancellation is observed.

The measurements were performed using a Philips PW 3710 diffractometer with CuKa
radiation (50 kV, 40 mA). The scan rate was set to 0.02° 26/s over a range of 10 to 70
degrees 20, employing a curved graphite monochromator. Data collection and analysis
were facilitated using X’Pert Data Collector software and High Score Plus 5.0 software,
respectively. Phase identification and quantitative phase analysis were conducted using
the Rietveld method (Briimmer et al., 1984), with reference to the 2021 Powder
Diffraction Files (PDF-2 2021) from the International Centre for Diffraction Data
(ICDD).

4.2 Mechanical tests

Mechanical tests were conducted to evaluate the properties of the CVVD-coated samples,

including microhardness, tribological behavior, adhesion, and surface roughness.

43



4.2.1 Vickers micro-hardness test

Vickers microhardness test is a widely used non-destructive method to determine the
hardness of CVD-coated samples. In this study, a diamond pyramid indenter was applied
to the sample surface under a predetermined force.

Microhardness was measured for both coated and uncoated (reference) samples by used
a Vickers microhardness tester (Wolpert 402 MVD, Fritz Miiller GmbH, Miinchen,
Germany) with a load of 0.2 kgf. The hardness values were averaged from five readings
per specimen. The indentation diameter was used to calculate the penetration depth of
the diamond pyramid, allowed for the distinction between the hardness of the coating
and that of the substrate.

4.2.2 Tribological test

The tribological behavior of the coatings was evaluated through dry-sliding experiments
conducted by used a TRB3 type tribometer (Anton Paar GmbH, Buchs, Switzerland) in
ball-on-disc configuration (Figure 26), based on ASTM standards G99-05 and G133-05. In
these tests, the coated samples were evaluated against two different counterface materials:
steel, using an Anton Paar 100Cr6 steel ball, and zirconia, using a Fritsch zirconium oxide
grinding ball, which complies with the manufacturer's datasheet (composition: ZrO,: >
94.2%, HfO2: > 1.0%, MgO: < 3.5% and other: 1.3%). The diameters of the steel and
zirconia balls were 6 mm and 5 mm, respectively. All experiments were conducted at a

controlled temperature of 25°C in ambient air with a relative humidity of 46 + 3%.

The experimental parameters were systematically maintained, with the maximum sliding
speed set at 15.71 cm/s, the normal load fixed at 20 N and stroke length about 10mm.
Throughout the tests, the coefficient of friction (COF) was continuously recorded in relation
to the sliding distance, providing valuable data on the frictional performance of the coatings.
After the completion of each test, the wear tracks on the samples were carefully cleaned
with alcohol to remove any loose wear debris. Subsequently, wear tracks measured by
profilometer to evaluate the extent of wear. Additionally, SEM, EDS, and optical

microscopy were used to analyze the wear tracks.
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To quantitatively compare the wear resistance of the CVD coatings, the wear volume
(Ve, mm®) was calculated according to the standards mentioned above, by used the
following equations:
Vp=(mh/6)[3D?*/4 + h?] 4.1)
h =R - [R? - (D%4)*3] (4.2)
Where:
Vp: wear volume, or volume loss (mm?d).
h: height of the removed material from the ball (mm).
D: diameter of the wear scar on the ball.

R: original ball radius (mm).

Figure 26: Photo of TRB3 tribometer device (ball-on-disk wear test system): (1) loading
arrangement (normal force); (2) ball holder; (3) sample holder; (4) coated sample; (5) stroke

length (2 strokes = 1 cycle).
4.2.3. Surface roughness measurement

Surface roughness measurements were conducted to quantify the surface texture of TiN-
based coatings utilized in the present study. The analysis was performed used a Taylor
Hobson/AMETEK Surtronic S128 surface profilometer (GmbH, Leicester, England).
Surface roughness parameters, including average roughness (Ra), root mean square

roughness (Rq), and maximum peak-to-valley height (R;), were determined to
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characterize the topographical features of the coatings. These parameters provide

detailed insights into the micro variations in the surface of coated samples.
4.2.4. Adhesion test (scratch test)

A modified scratch test was conducted to evaluate the adhesion of the CVVD-coated
samples (Figure 27). The test was performed by used a TRB3 tribometer (Anton Paar
GmbH, Buchs, Switzerland). In contrast to the standard scratch test, where the normal
load gradually increased, this modified method applied a constant normal force of 5 N
throughout the test. (Different forces (1 N, 2 N, 5 N and 10 N) were initially tested on a
CVD-coated sample to determine the optimal load, and 5 N was the most suitable, as
will be explained in section 5.6). The stroke length was fixed at 10 mm. The diamond
indenter (stylus) marks on the coated surface were examined via a scanning electron

microscope to observe coating failures.
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Figure 27: Schematic of the scratch test (Leroux, 2014).

4.3 Thermal analysis measurements

Thermal analysis measurements were carried out to assess the thermal properties of the
coatings, including thermal conductivity, temperature distribution during tribological

testing, and oxidation behavior.
4.3.1 Thermal conductivity measurement

The thermal conductivity of the coated samples was determined by used a CTherm

TCi™ device. Measurements were conducted with the heating element set to 150°C,
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employed a 3-second heat pulse and a total measurement time of 7 seconds. For each
sample, five parallel measurements were performed to ensure accuracy. Distilled water
was utilized as the contact agent to facilitate effective thermal transfer during the
measurements. This method provided data on the thermal properties of the coatings,
which are important for understanding their potential performance under elevated

temperatures during machining operations.
4.3.2 Thermal camera

A thermal camera (Trotec XC300, Trotec GmbH, Heinsberg, Germany) was used to
monitor temperature distribution and capture thermal images of the coated samples
during dry-sliding experiments against steel and zirconia balls (Figure 28). Real-time
thermal imaging allowed for detailed observation of temperature variations and hotspots
on the coating surfaces under frictional conditions.

Figure 28: A thermal camera used in the present study.
4.3.3 Oxidation tests
The cyclic oxidation experiment was performed under ambient atmospheric conditions. The
samples were entered into a specified furnace (Ivoclar Programat P80) after the temperature

inside the furnace reached to 800°C (thermal-shock), the procedure of oxidation process

was as the following:
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e During first five cycles, oxidation time was 2 minutes per a cycle.

e The sixth cycle had an oxidation time of 10 minutes.

e Finally, the seventh cycle was 20 minutes.

The cumulative duration of the oxidation process was 40 minutes. Post-cooling, the oxygen
content of the samples determined by used energy-dispersive X-ray spectroscopy (EDS)
after every single oxidation cycle. Also, the elemental composition changes for every
element of the oxidized surface samples was measured. The thermal shock in this study
aimed to model the thermal effects in the cutting tool coated via CVD method during
machining operations such as turning or drilling steel workpieces. In these severe
operational scenarios, temperatures at the coated tool can rapidly reach about 600-800°C
within seconds (Pang et al., 2022). Therefore, the test specimens were placed in a preheated
furnace at 800°C and removed them after specific periods, which called oxidation time. This
approach allowed to model the effect of temperature on the microstructure, composition,

and mechanical properties of the tools.
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5. Results and discussion

This section presents the comprehensive analysis of microstructural characteristics,
elemental composition, and performance evaluation of titanium nitride-based coatings
prepared by chemical vapor deposition. Samples of the present study fabricated under
varying conditions to compare their surface morphology, microhardness, surface
roughness, thermal conductivity, tribological and oxidation behaviours. Detailed
assessments were conducted to understand the influence of deposition parameters on
coating properties, such as layer thickness, crystal structure, and elemental composition.
Subsequent tests, including oxidation tests and tribological evaluations, provided
insights into the performance of these coatings under different conditions. The findings
elucidate the critical role of deposition parameters in determining the efficacy and

durability of CVD coatings in the industrial applications.
5.1 Materials used

All samples presented in the study were produced by Biittner Ltd. (Nagyatad, Hungary)
in a newly developed reactor located at their site. Tungsten carbide-cobalt composite
and alloy steel were used as substrates for the coatings.

The process involved the use of precursors such as titanium tetrachloride (TiCls),
nitrogen (N2), hydrogen (H2), and argon (Ar). Table 2 details the manufacturing
parameters for bilayer TiN/TiC CVD-coated samples. These samples were categorized
into two groups: sample A and sample B. For sample A, the conditions included a lower
temperature and double the pressure relative to sample B. The flow rate of precursor
gases was kept nearly constant in standard liters per minute (SLM), and the TiC layer
was deposited under the same parameters for both samples.

Table 2: Manufacturing parameters for bilayer TiN/TiC CVD-coated samples.

samples  Layers Time Temperature Pressure SLM SLM SLM SLM

(h) (OC) (mbar) H-, CHs4 N> TC|4

A TiN 3.00 980 100 4.10 410 8.20
TiC 2.00 1000 80 9.24 1.00 8.22

B TiN 3.00 1020 50 3.50 450 8.00
TiC 2.00 1000 80 9.24 1.00 8.22
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5.2. The characteristics of bilayer TiN/TiC coatings

The microstructure of the coatings on identical substrates is displayed in Figure 29. The
image highlighted in red features backscattered electron images from cross-sectional
polished samples, where the layer thickness was assessed. On the surface of sample A
(Figure 29a), TiN appears in a more crystallized form, while sample B (Figure 29b)
predominantly exhibits rounded shapes. The pronounced crystals in sample A may be
significant for tribological applications, as they have the potential to remove material

from the surface of the counterpart more effectively.

Figure 29: Surface morphology and cross-sectional images of the coated samples: (a)

sample A, (b) sample B.

The thicknesses of the different layers are summarized in Table 3. The values shown in
the table are based on the results of five parallel measurements. In both samples, the
thickness of the TiC layer formed is nearly identical. However, for sample A, the
thickness of the top layer is twice that of sample B. This difference is likely due to the
pressure applied during the process, which may explain the presence of a several sharp

crystals on the surface of sample A, in greater thickness.

Table 3. Coating thickness of TIN/TiC CVD-coated samples.

Layers thickness (um) TiC TiN Total
A 1.64 319 483
B 132 155 287

The elemental composition of the different coatings is summarized in Table 4.
Measurements were conducted on cross-sectional samples. The composition of the
titanium-based coatings is nearly stoichiometric, with the Ti and Ti ratios being

approximately 1:1 in each case.
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Table 4. The elemental composition (at.%) of the substrate and TiN/TiC CVD-coated

samples.
Sample Ti N C W Co
Substrate - - 55.59 35.76 8.66
A Layer1 51.68 48.32 - - -
Layer2 52.32 - 45.63 - 2.05
B Layer 1 45.07 54.93 - - -
Layer2 55.84 - 44.16 - -

Figure 30 illustrates the phase composition of the substrate and the coatings formed on
it. Characteristic reflections of tungsten carbide and cobalt are visible on the substrate.
For sample B, the reflections from the deposited coating are also present but with much
lower intensity compared to sample A. As observed in SEM, the TiN coating on sample

A is in a more crystallized form, with its characteristic reflections being significantly
more intense.
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Figure 30: Phase composition of the substrate and coated samples.

5.3. Vickers-hardness analysis of bilayer TiN/TiC coatings

The microhardness test is a widely recognized method for assessing the mechanical
properties of hard CVD coatings. Vickers hardness is a key attribute that influences the
wear resistance and lifespan of cutting tools. In Table 5, the Vickers hardness test results
are presented for both coated and uncoated samples. It is evident that the coated sample
exhibits a significantly higher hardness value compared to the uncoated sample. This
enhancement in hardness is attributed to the CVD technique, which is specifically
designed to improve the hardness of the coating layer. The increase in hardness (HV0.2)

from 1895 to over 2461 underscores the efficacy of the CVD process in enhancing the
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mechanical properties of the coating layer. It is also noteworthy that the hardness values
of the coated samples are affected by the manufacturing conditions, particularly the
pressure and temperature, as detailed in Table 2. Variations in these conditions result in
different hardness values between the samples, with higher deposition temperatures and
pressures yielding harder coatings. This occurs because elevated temperatures and
pressures facilitate more vigorous and effective reactions among the precursor gases,
resulting in denser and more robustly bonded coatings. Figure 31 presents a cross-
sectional schematic illustrating the penetration depth calculation during the hardness test
of the bilayer TiN/TiC coatings.

Table 5. Vickers microhardness measurements of the bilayer TiN/TiC CVD-coated

samples and the underlying substrate.

HV0.2 sample A sample B substrate

AV 2461 2158 1895
SD 327 313 79
PD (um) 5.24 5.58 5.94

Figure 31: Cross-sectional schematic illustrating the calculation of penetration depth

during the microhardness test.

5.4. Tribological analysis of bilayer TiN/TiC coatings

Figure 32 presents the influence of sliding duration on the friction coefficient of CVD-
coated samples against steel and zirconia balls. The charts reveal similar initial behavior

against the steel ball, characterized by a slight rise in the friction coefficient due to
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interaction between the CVD-coated surface and the steel ball. This is followed by a
stabilization of the friction coefficient, attributed to the adherence and accumulation of
steel on the sample surface, as verified by SEM analyses showing high levels of iron
and carbon. The friction coefficients reach a steady state, as indicated by the blue lines
in Figures 31a and 32c. For sample A, the friction coefficient stabilizes at around
20 seconds, whereas for sample B, it takes about 60 seconds. This variation is linked to
the more crystallized and sharply grained coating of sample A, which erodes the steel
ball quicker than sample B’s coating. Additionally, sample A exhibited a higher
hardness value than sample B. The adhesion of steel to sample A after 20 seconds is

depicted in Figure 32e.

Also, this study investigated the tribological behavior of these CVD-coated samples
against zirconia balls, comparing it to their performance against steel balls. Initial
observations showed a different friction coefficient behavior over time with zirconia
balls, typically lower as demonstrated in Figure 32b. However, as sliding continued, the
friction coefficient marginally rose due to the non-adherent detached particles creating
an abrasive interaction between the surfaces, leading to surface wear. The coefficient
first increased and then significantly dropped, as illustrated in Figure 32d. This pattern
is linked to the lesser adhesion and reduced coating thickness on sample B, leading to
the complete wear-off of the TiN coating after about 2500 seconds (marked by a green
line where the coating detached). As the zirconia ball also experienced wear, the
interaction eventually occurred between smoother surfaces, resulting in the lowest
friction coefficient (u~0.10). Figure 32f displays the secondary electron image of
sample B’s polished surface, highlighting the worn-off coating and the exposed polished
WC-Co substrate.
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Figure 32: Illustrates the changes in the coefficient of friction over time for different
samples and ball combinations: (a) sample A versus steel ball; (b) sample A against a
ZrO» (zirconia) static partner; (c) sample B versus steel ball; (d) sample B against
zirconia, and the surface morphology of sample A after tribological test against steel

ball (e) and against zirconia (f).

These results are crucial as they shed light on how the type of ball affects the tribological
performance of coated CVD samples. The reduction in the friction coefficient with
zirconia balls can be linked to the distinct properties of the balls used. The observed
minor increase in friction might result from the development of wear lines and surface
roughening, which are typical during sliding wear tests. The stability in the friction
coefficient's average values post-operation phase indicates that the TiN/TiC CVD-

coated samples managed to endure the sliding conditions with minimal degradation.

Additionally, it is significant that the frictional heat generated between the CVVD-coated
samples and the zirconia ball is considerably lower compared to that with the steel ball.

Figure 33, which shows the temperature profiles of the CVVD-coated samples captured
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by an infrared camera during the dry sliding tests, underscores the benefits of using

zirconia balls, as they produce less heat during these tests.

Figure 33: Displays the temperature profiles of CVD-coated specimens during dry
sliding tests, as captured by an infrared camera: (a) against a zirconia ball, and (b)
against a steel ball. The figure annotations include 'number 1' marking the sample
holder, while 'number 2' and 'number 3' indicate the static partner and the sample,

respectively.

Table 6 summarizes the outcomes of dry sliding tests on CVVD-coated samples utilizing
steel and zirconia balls, after covering a sliding distance of 500 m. The results reveal
that the wear values for steel balls with sample A and sample B are approximately
6.07 - 10" pm? and 5.02 - 10" um?3, respectively. Conversely, the wear volumes for
samples using zirconia balls are considerably less, at 1.42 - 10° um? and 2.04 - 10° pm®,
respectively. This notable decrease in wear volume loss when using zirconia versus steel
balls is attributed to the superior hardness of zirconia. Furthermore, SEM analysis shows
that zirconia balls do not adhere to the sample surface, which leads to reduced friction
and heat during the tests.

The disparity in wear-volume loss among the coated samples can be traced back to
variations in preparation parameters, such as pressure and temperature, as detailed in
Table 1. The hardness of sample B is 14% greater than that of sample A, as indicated in
Table 4, and the thickness of sample B’s coating layers is about 68% thicker than those
of sample A. These factors collectively contribute to a lower wear rate for sample B,
which is about 21% less than sample A with steel balls, and 43% less with zirconia balls.
These findings are crucial for understanding the tribological behavior of CVVD-coated
samples and suggest that zirconia balls may be preferable for such tests due to their high
hardness and non-adhesive properties, enhancing the accuracy and reliability of the
results.
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Table 6. Volume loss of the steel and zirconia balls after the sliding test.

Sample D (um) h(um) Ve(umd
Sample A against steel 1648.00 56.85 6.07 - 10’
Sample A against ZrO, 397.00 3.28 2.04-10°
Sample B against steel 1572.00 51.67 5.02-10’
Sample B against ZrO, 362.00 273 1.42-10°

5.5. Surface morphology and roughness analysis

The current study examines the tribological behavior of bilayer TiN/TiC CVD-coated
samples when subjected to tests using both steel and zirconia balls, complemented by
microstructural and compositional analyses through EDS. Figures 34 and 35 show the
EDS line scan results after tribological testing over a 500 m sliding distance, where the
y-axis displays the atomic percentage distribution and the x-axis represents distance.
The element analysis conducted along a red line depicted in Figures 34 and 35, using
backscattered electron imaging. Prior to EDS testing, steel particles adhered to the
coating surface were removed using an 18 vol.% hydrochloric acid solution, and

samples were cleaned in an ultrasonic bath with ethanol.

The line scan for sample A, depicted in Figure 34a, shows the presence of C, Ti, and N
in the coating, indicated by pink, yellow, and green colors respectively. Wear traces
begin at 400 um and extend to 800 um, with the coating still intact and no exposure of
the substrate (W) observed. The results indicate a reduction in Ti and N along the wear
path, while C content increases, suggesting that the top TiN layer was worn away during
the 500 m tribotest. A similar pattern is noted in the zirconium oxide test of sample A,
displayed in Figure 34b, where only a narrow section of the top layer shows wear around
the 600 um mark. The findings affirm the excellent wear resistance of sample A against

both steel and zirconia.
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Figure 34: Elemental distribution along the wear track: (a) sample A tested against

steel; (b) sample A tested against zirconia, with Ti marked in yellow, N in green, and C

in pink.

Notably, the noise in Figure 34 indicates minimal wear, as seen in Figure 34b, where a
slight fluctuation in carbon content at 600 um suggests the TiN coating detached within
a narrow 50 um width. In contrast, greater wear in other sample results in a smoother,

less noisy image (Figure 34a).

The wear characteristics of sample B were analyzed during tribological tests using steel
and zirconia balls, as depicted in Figure 35a and Figure 35b. In the test involving a steel
counterpart, the TiN and TiC layers of sample B completely detached from the substrate
at approximately 300 um of sliding distance. This flake-like detachment suggests that
the adhesion between the steel deposited on the coated layer and the layer itself was
stronger than that between the TiC coating and the substrate. Along the wear track, the

atomic percentage of tungsten (W) in the substrate was close to 50%.

In the test with the zirconium counterpart, the TiN layer of sample B almost completely
detached, while the TiC layer only partially detached from the surface. These
observations are corroborated by changes in the friction coefficient, as illustrated in
Figures 32b and 32f. At a sliding distance of 400-600 um, the presence of the substrate
is indicated by the blue color.
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Figure 35: Elemental distribution after the sliding test: (a) sample B against steel; (b)

sample B against ZrO>, with Ti marked in yellow, N in green, C in pink, and W in blue.

In the case of sample A, where the TiC coating remained intact during a 500 m
tribological test, a longer 1550 m test was conducted using a zirconium static
counterpart. The volume loss values measured at various distances 50 m, 150 m, 350 m,
750 m, and 1550 m are detailed in Figure 36. The results show that a significant amount
of zirconium detached from the ball's contact surface following the 50 m test, a result of
the TiN layer being composed of numerous small crystals with sharp edges. The wear
amount decreased sharply up to 750 m, then saw a slight increase from 750 to 1550 m.
By this stage, the partial detachment of the TiC coating may have begun, and the
abrasive wear processes involving the particles on the contact surface continued to wear

down the zirconium ball.
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Figure 36: Wear rate of the zirconia ball plotted as a function of sliding distance.
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After the 1550 m wear test, the results of the line scan analysis are displayed in
Figure 37. The wear track can be observed between 200 um and 1000 pm. In the region
around 800 um, both the TiN and TiC layers were completely removed from the surface,

as evidenced by the presence of the blue color representing tungsten (W).
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Figure 37: Elemental distribution along the wear track of sample A after a 1550 m

sliding test, with Ti marked in yellow, N in green, C in pink, and W in blue.

Surface roughness is a crucial factor that influences the tribological properties of CVD
coatings, such as their wear resistance and friction coefficient. The data in Table 7 offer
valuable insights into the effects of using steel and zirconia balls on the tribological
testing of CVD-coated samples. For samples A and B, the average surface roughness
increased after the wear tests. Specifically, sample A showed a slight rise in roughness,
particularly after tests with the zirconium counterpart, indicating that small, hard
particles from the zirconium created deeper grooves despite the TiC coating remaining
attached to the substrate. In contrast, sample B exhibited higher roughness values after
testing with the steel counterpart, likely due to the coating peeling off in a flake-like
manner. The initial Rp/R; values of each sample were below 0.50, signifying a
tribologically favorable surface; these values increased following the wear tests,
indicating rougher surfaces characterized by more pronounced peaks.

Moreover, Table 7 reveals that the surface roughness of sample A against zirconia
increased to 0.73 after a sliding distance of 1550 m. These findings suggest a direct
relationship between sliding distance and surface roughness, implying that the TiN and
TiC coatings did not delaminate uniformly across the surface. The original surface

roughness measurement data, included all recorded values, are provided in Appendix C.
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Table 7. Changes in surface roughness values following wear tests.

Sample Ra Rz Rp Rp/Rz
Sample A 0.19 1.74 0.84 0.48
Sample B 0.15 1.65 0.81 0.49

Sample A against steel  0.29 241 1.23 0.51
Sample A against ZrO, 0.42  2.58 1.37 0.53
Sample B against steel 040  2.55 1.28 0.50
Sample B against ZrO, 0.35  3.06 1.57 0.51
Sample A against ZrO;
after 1550 m

0.73 457 2.39 0.52

5.6. Adhesion test of bilayer TiN/TiC coatings

The scratch test is a widely used and standardized method for evaluate the scratch
resistance and adhesion strength of CVVD-coated samples. In this test, a diamond stylus
drawn across on the coating surface under a normal load, continuing until coating failure
occurs. In this study, 5 N load was selected after extensive trials with loads of 1 N, 2 N,
5N, and 10 N, as illustrated in Figure 38. The tests were performed of CVD-coated
samples consisting of TiN/AI.O3/TiC layers on a cermet substrate, for determine the

optimal load for reliable evaluation.

SEM images in Figures 38(a) and 38(b) showed that, the 1 N and 2 N loads were
insufficient to penetrate the CVD coatings, as the substrate remained unexposed. In
contrast, Figure 38(c) showed that, the 5 N load fully penetrated of the coating layers,
revealed the cermet substrate. Figure 38(d) demonstrated that, the 10 N load removed
the coating layers, exposed the substrate more aggressively. So, the 5 N load was more
appropriate for this test. Additionally, Figure 39 presented the chemical analysis by used
EDS, where (N) represented in yellow, indicated of TiN layer; (Al), shown in red,
corresponded to Al.Os layer; (C), depicted in purple, represented TiC layer; and (W),

shown in blue, confirmed exposure of the substrate.
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Figure 38: SEM images of CVD-coated samples after the adhesion test: (a-b) show
partial penetration under 1 N and 2 N loads, respectively; (c) complete penetration under

a5 N load; and (d) extensive penetration under a 10 N load.

Figure 39: Elemental map of the scratched regions, where yellow: N; red: Al; purple:
C; and blue: W.

Also, the study analyzed the scratch channel areas of CVD-coated samples during the
scratch indentation test, with results illustrated in Figure 40. These images depict the
progression of the scratch for both coated samples A and B, focusing on the presence or

61



absence of micro-cracks, spallation, or delamination. Figure 40(a) highlights the
superior performance of sample A regarding adhesion strength and scratch resistance.
The irregular shape of the scratch mark and the lack of fine cracks indicate a strong bond
between the coating layer and the substrate. Conversely, Figure 40(b) shows the scratch
channel of sample B during the test, where the coating smeared rather than detached
cleanly, suggesting weaker adhesion to the substrate. This smearing indicates that the
diamond stylus easily penetrated and moved across the coating layers, reflecting lower
scratch resistance and adhesion strength in sample B compared to sample A. This
disparity is attributed to the different manufacturing conditions noted in Table 2.
Additionally, the coating layers on sample A are characterized by greater hardness,
increased thickness, and enhanced wear resistance, all contributing to its notably better

performance.

Figure 40: Pressure channel formed after the scratch test: (a) sample A; (b) sample B.

5.7. The effect of high-temperature heat shock on the composition of CVD coatings

A novel approach was employed to investigate the oxidation characteristics of CVD
TiN/TiC coating layers. Due to the minimal thickness of these layers, ranging from
1.3 to 3.2 um, accurately measuring changes in the mass of the coatings before and after
oxidation cycles using conventional scales is challenging. Therefore, EDS was applied
to measure the atomic percentage of oxygen in the coated samples before and after the
oxidation tests, as well as to evaluate the atomic percentage of other constituent elements
(C, N, Ti). This method is more accurate than measuring changes in mass, as it
specifically focuses on measuring the oxidation in the coatings and excludes the possible
of oxidation in the substrate.
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Figure 41 illustrates the variations in the elemental composition (in atomic percentage)
of oxygen (O), titanium (Ti), carbon (C), and nitrogen (N) over the oxidation time of
sample A at a constant temperature of 800°C. The average standard deviation (SD)
values for O, Ti, N, and C are 0.28, 0.12, 0.20, and 0.29, respectively. During the initial
cycle (oxidation time of 2 min), the oxygen content increased from 25.54 to 53.30 at.%
due to its interactions with titanium, leading to the formation of titanium dioxide (rutile,
TiOz). Concurrently, the carbon content decreased from 17.10 to 3.51 at.% due to its
interactions with oxygen, resulting in the formation of gaseous CO and CO». This
observation is in good agreement with the findings of Zhu et al., who investigated the
oxidation behavior of Ti(C,N) and reported comparable interactions between titanium
and oxygen under oxidation conditions. Their study further highlighted the generation
of gaseous by-products, which contributed to the increased formation of cracks on the
surface of the CVD-coated samples (Zhu et al., 2016). Additionally, the nitrogen content
decreased from around 27.62 to 14.84 at.% as a consequence of oxygen interacting with
titanium, releasing nitrogen atoms which subsequently combined to form gaseous
nitrogen (N2). This behaviour persisted throughout all subsequent oxidation cycles. In
the final cycle, the oxygen content increased to 68.82 at.%, accompanied by a decrease
in carbon content to 3.90 at.% after 40 min, while nitrogen progressively diminished,
reaching 0.00 at.% after only 20 min of oxidation. This indicates the complete
transformation of the hard-TiN coating layer into titanium oxide, resulting in the
collapse of the structural integrity of the initial coating layer. Notably, the oxidation
behaviour of the titanium element remained relatively constant, exhibiting a slight

decrease from 29.83 to 26.20 at.% when comparing the pre- and post-oxidation states.

The oxidation behaviour of sample B exhibited behaviour nearly identical to that of
sample A, as illustrated in Figure 42. The average SD values were 0.92, 0.37, 0.66, and
0.46 for oxygen (O), titanium (Ti), nitrogen (N), and carbon (C), respectively. During
the oxidation test, the oxygen content increased to 68.70 at.%, while the atomic
percentages of carbon (C) and titanium (Ti) decreased to 4.94 at.% and 24.65 at.%,
respectively. Additionally, Figure 40 indicated that by the end of the sixth cycle, the
nitrogen content was depleted, indicating the complete conversion of the entire TiN

layer into titanium dioxide.

Finally, it is observed from Figure 41. and Figure 42 that the atomic percentage content

of all elements, particularly oxygen, has stabilized. This suggests that the oxidation
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At. %

activity has ceased and reached a steady state after 40 min of the oxidation test for both
CVD coated samples. It is also important to mention that the TiN/TiC coating showed
good oxidation resistance compared to other similar coatings in the literature. For
instance, Koller reported significant increases in oxygen levels and the production of a
thick, porous oxide layer exceeding 1 um, with complete nitrogen depletion in bilayer
TiAIN/TaAIN coatings (Koller et al., 2014). Fan et al. observed that, the oxidation
resistance of single TiAIN coating with 3 um was considerably poorer compared to
bilayer Ti-based coatings (Fan et al., 2024). Danek improved the oxidation resistance
of the TiAIN coating by adding Cr, but this resulted in a significant decrease in hardness
to less than 17 GPa for the TIAICrN coating (Danek et al., 2017). Rovere reported a
decrease in oxidation resistance and a significant increase in mass gain during the initial
stages of the oxidation test for the CrAIN coating (Rovere et al., 2008). Finally,
Bouzakis et al. observed a significant decrease in adhesion strength and tool life for the

TiSiN coating with increasing temperatures (Bouzakis et al., 2009).
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Figure 41: Changes in the elemental composition (At. %) of oxygen (O), titanium (Ti),
carbon (C), and nitrogen (N) with the oxidation time of sample A during the oxidation

test.
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Figure 42: Changes in the elemental composition (At. %) of oxygen (O), titanium (Ti),
carbon (C), and nitrogen (N) with the oxidation time of sample B during the oxidation

test.

5.8. X-ray diffraction analysis of oxidized coatings

Figure 43 summarizes the diffractograms obtained during X-ray diffraction phase
composition measurement. The substrate marked in blue shows the reflections of tungsten
carbide grains (JCPDS: 01-085-4359). The phase compositions of sample A and B are
represented by dark green and darker yellow colours, respectively, before oxidative
corrosion testing. In addition to the substrate material (WC), the characteristic reflection
peaks of titanium nitride (JCPDS: 01-074-8388) and titanium carbide (JCPDS: 01-071-
6256) also appear in these samples. Following heat treatment, both sample A and B showed
crystalline phases of titanium dioxide (JCPDS: 00-021-1276) and cobalt oxide (01-075-
0418). As seen in the atomic percentage composition results, the quantities of C and N
significantly decreased compared to the initial quantities. This shows a good correlation
with the results obtained during phase analysis, where the TiN and a portion of TiC phases
disappeared from the system and the TiO. phase formed due to heat treatment. The
reflections of the cobalt(ll)-oxide phase indicate that during heat treatment, the binder

material of the substrate, partially diffused onto the surface.
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Figure 43: X-ray diffraction patterns of the substrate and the coated samples, before and

after oxidation test.

5.9. Surface morphology analysis of TiN/TiC coatings during oxidation process

Figure 44 and Figure 45 depict the surface morphology of TiN/TiC coatings for samples A
and B after each oxidation cycle. During the oxidation test, the release of CO2 and N2 gases
tends to escape into the air, leading to the creation and formation of defects and cracks
within the coating layers. It is noteworthy that throughout the progression of the oxidation
cycles, the TiN/TiC coating layers undergo expansion, attributable to the density differential
between TiN/TIiC coatings and TiO2 (where the density of TiO, ranges from
3.84 10 4.26 g/cm?, while the density of TiCN is about 5.18 g/cm?) (H. Wang et al., 2015).
Additionally, the mismatch in thermal expansion coefficients between the substrate (WC-
Co), TiCN, and TiOz (the coefficient of thermal expansion (CTE) for the WC-Co substrate
is6.24 - 107® 1/K, while the CTE for TiO2, TiC, and TiN are 9.10 - 10 ® 1/K, 8.31 - 10 1/K,
and 9.29 - 10°° 1/K, respectively) (Huang et al., 2023), contributes to the formation of
initial thermal cracks. Consequently, the progression of the oxidation process leads to the
formation of more defects, which increase with the oxidation period. Thus, the results
demonstrate that as the oxidation test progresses, the propagation and formation of cracks,
allowing the entry of oxygen atoms into the coating layers, thereby accelerating of the
oxidation corrosion. Therefore, based on scanning electron microscopy examinations of
both sample A and sample B, minor changes were observed in the microstructure after the

first oxidation cycle, despite significant changes in the composition of the coating. However,
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major cracks appeared after just the 4 min cycle, enabling the gases produced during the

reaction to escape.

Sum

N

Figure 44: SEM images of surface morphology of TiN/TiC coatings for sample A after
each oxidation cycle: The circle represents to porosity, square represents to crack and
triangle denotes melted zone: (a) after the first; (b) second; (c) third; (d) fourth, (e) fifth; (f)

sixth; and (g) seventh, oxidation cycle.
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Figure 45: SEM images of surface morphology of TiN/TiC coatings for sample B after

each oxidation cycle: The circle represents to porosity, square represents to crack and
triangle denotes melted zone: (a) after the first; (b) second; (c) third; (d) fourth, (e) fifth; ()

sixth; and (g) seventh, oxidation cycle.
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5.10. Impact of oxidation on microhardness of CVD coated samples

Vickers hardness test, was employed to comprehensively evaluate the mechanical
properties of hard chemical vapor deposition (CVD) coatings. Microhardness plays a
significant role in influencing the performance and service life of coated cutting tools. The
results presented in Figure 46, illustrate the outcomes of the Vickers hardness test conducted
on the top surface of the samples after each oxidation cycle. The error bars in Figure 46
represent the standard deviation calculated from three parallel measurements, ensuring the

reliability of the reported values.

Sample A exhibited a reduction in microhardness of approximately 78.15%, while sample
B demonstrated a decrease in hardness of about 57.80% after undergoing a 40 min oxidation
process at a temperature of 800°C. This reduction in hardness is attributed to the influence
of high-temperature oxygen, which actively targets and attacks the protective thin layers,
particularly interacting with the titanium element due to its inherent reactivity with oxygen.
Consequently, the hard-TiN surface coating (initial thin film layer) completely transformed
into titanium oxide (rutile-TiOy), as confirmed by XRD results after the oxidation test.

Significantly, these resultant oxides exhibited reduced microhardness values compared to
the hardness of the TiN/TiC coatings before the oxidation test, confirming the adverse
impact of oxidation on the hardness properties of the coated samples. Moreover, the
significant decrease in the microhardness of the coatings can be attributed to the formation
and development of numerous pores and cracks. These defects appeared as a consequence
of the escape of gaseous by-products such as N2, CO, and CO> during the oxidation process,

as explained by the scanning electron microscopy (SEM) micrographs.

69



2700
l

—o—Sample B ——Sample A

2300

1900

1100

Microhardness (HV)
&
8

700

300

Oxidation time (min)

Figure 46: Variation of Vickers microhardness with oxidation time.

5.11. The wear and friction behaviour of the oxidized coatings

Figure 47 illustrates the influence of sliding duration in the coefficient of friction for
oxidized coated samples when subjected to zirconia ball, with oxidation time of 20 min and
an oxidation temperature of 800°C. The graphical representation in Figure 47 shows the
deviation from the initial static position of the counterpart. This evaluation was conducted
under a linearly alternating motion model, with total displacement of 10 mm. In the starting
position (0 mm), denoted by p = 0, the specimen achieves maximum velocity with zero
acceleration. Conversely, at positions of +5 mm (indicating a positive p value) and -5 mm
(indicating a negative p value), the counterpart velocity was zero while the acceleration was
maximum. The mean coefficient of friction (uav) and standard-deviation (SD) found through
this test are detailed in legend of Figure 47.

At the onset of the sliding test for sample A, a notable initial peak in the coefficient of
friction (u) is observed, commonly attributed to the initiation of movement between the
zirconia ball and the sample surface. Subsequently, fluctuations in the coefficient of friction
increase due to the heightened abrasive-wear effect of particles removed from the oxidized
coating layers during the test. This can be seen within the region demarcated by the green

and yellow lines Figure 47a. Following this, the coefficient of friction stabilizes and reaches
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a steady-state condition, as all coating layers are removed, as indicated by the yellow line
(Figure 47a).

1000 2000 time(s] ' 1000 ' 2000 time [s
Figure 47: Displays the change of coefficient of friction values with sliding time for
oxidized coated samples against zirconia ball: (a) sample A, with (uav) is 0.02 and (sd) of
0.29, (b) sample B, with (pav) is 0.01 and (sd) of 0.33.

The friction behaviour of sample B exhibits a more pronounced initial peak in the coefficient
of friction, followed by a higher unstable value compared to sample A (Fig. 47b). Despite
an average coefficient of friction of approximately 0.01, sample B displays a larger standard
deviation of 0.33, indicating greater variability in the friction response. Moreover, sample
B demonstrates more frequent and higher amplitude fluctuations in the friction coefficient
throughout the sliding test, as evidenced within the region delineated by the green and
yellow marks (Fig. 47b). These fluctuations may be attributed to the increased removal of

particles or debris from oxide layers.

Subsequently, the TiC/TiN coating layers completely wear off from the substrate, appearing
as a localized small region bounded by the yellow and black lines (Fig. 47b). This region
exhibits the lowest coefficient of friction value observed in the tribological test (i = 0.20).
This is attributed to the friction and wear mechanism, where both the zirconia ball and the
oxidized sample wear to a similar extent, resulting in continued measurements between

surfaces with low surface roughness, thus yielding the lowest coefficient of friction.

As the sliding progresses, the coefficient of friction slightly increases again due to detached
particles generating an abrasive effect between the two surfaces of the zirconia ball and the
substrate. Figure 48 displays scanning electron microscope (SEM) images of the worn
surfaces of sample A and sample B after the tribological test. It is evident that the coating
has worn off from the surfaces, and mostly ZrO: particles can be observed on the surface of

the substrate, which was exposed to wear stress. The ZrO> particles were identified by
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Energy-Dispersive Spectroscopy (EDS) analysis, zirconium peaks confirmed it, as detailed

in Appendix-D.

o
300 um

Figure 48: Scanning electron micrographs represent the worn surfaces and wear traces for:
(@) sample A, and (b) sample B, after the tribological test at a sliding distance of 500 m, and

20 min of oxidation time.

Table 8 presents the tribological responses of CVVD coated samples following oxidation tests
conducted at an oxidation temperature of approximately 800°C for a duration of 20 min.
These samples were subjected to dry sliding tests against a zirconia counterpart, with a
sliding distance of 500 m. The experimental data indicate that the oxidation process had a
detrimental effect on the tribological behaviour of the CVD coated samples in comparison
to the untreated counterparts. Specifically, the volume loss (Vp) measurements observed
after the oxidation test increased significantly. For sample A, the volume loss increased
from 2.04 - 10° to 4.15 - 10°, while for sample B, it increased from 1.42 - 10° to 7.31 - 10°
during the dry sliding test, as depicted in Table 8 (as mention in section 5.4 tribological

analysis of bilayer TiN/TiC coatings).

Overall, the disparity in wear-volume loss observed in oxidized CVD-coated samples, along
with the distinct friction behavior of samples A and B, can be attributed to variations in
coating properties. The wear loss of sample B increased because its coating underwent
greater oxidation compared to sample A, leading to the generation of more wear debris
between the ball and the coating surface. This abrasive effect resulted in significantly higher
wear loss in sample B. Additionally, factors such as coating thickness, hardness, and surface
characteristics played a significant role in influence of the tribological performance.
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Table 8. Illustrates volume loss (V) of zirconia ball during the tribology test after/before
the oxidation tests.

Status Sample D (um) Vp (nmd)

. A 381.00 4.15-10°

After oxidation B 439.00 731 10°
Before oxidation A 397.00 2.04 -10°
B 362.00 1.42 -10°

5.12. Change in colour of the test specimen due to the applied thermal shock

Figure 49 illustrates the colour changes on the surface of TiN/TiC coatings at an oxidation
temperature of 800°C, with oxidation durations ranging from 2 to 20 min for both samples
A and B. The surfaces of the TiN/TiC coatings displayed varying colours after each
oxidation cycle. As depicted in Figure 49, the colours observed followed a chromatic scale

ranging from gold, light yellow/dark green, brown, to grey-black.

Initially, at 0 min of oxidation time (prior to the oxidation test), the colour on the surface of
the coated specimens was gold (Fig. 49a and Fig. 49b). After 2 min of oxidation, light
yellow and dark green hues were observed on the samples (Fig. 49c. and Fig. 49d.)
respectively. With an increase in oxidation time to 4 min, the colour of the oxidized surface
transitioned to brown, as illustrated in (Fig. 49e, Fig. 49f). It is noteworthy that a mixture of
yellow and brown hues entirely covered the surface at an oxidation time of 8 min (Fig. 49g
and Fig. 49h). Ultimately, a grey-black colour developed on the surfaces of the samples at

an oxidation time of approximately 20 min, as depicted in (Fig. 49i and Fig. 49j).

This phenomenon can be utilized for visually evaluating the oxidation stage and identifying
oxidation damage when using cutting tools coated with TiCN coatings of the same chemical
composition as those used in the present study.
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Figure 49: Surface color changes of TiN/TiC coatings during oxidation test at 800°C with
different periods: (a) and (b) before oxidation test (0 min), (c) and (d) after 2 min, (e) and
() after 4 min, (g) and (h) after 8 min, and (i) and (j) after 20 min for samples A and B,

respectively.
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6. Comparative analysis of another TiN-based CVD coatings

Table 9 summarizes the samples examined during the experimental work and their
abbreviations. The titanium nitride-based coatings were produced with varying
manufacturing parameters, including the volumetric flow rate of precursors,
temperature, and pressure. Tungsten carbide cobalt cermet and steel were used as
substrates for the coatings. One of the most important parameters in this experiment is
the thickness of the deposited layers. To determine the layer structure, the samples were
embedded in epoxy resin and polished with various grades of abrasive papers. The final
polishing step was performed with a suspension containing 3 um diamond particles.
After polishing, the layer thicknesses were measured using scanning electron

microscopy.

Nine different samples of titanium nitride-based coatings were examined during the
work, with thicknesses ranging from 0.3 to 8.6 um. For the WC-Co substrate coated
with titanium carbide and titanium nitride layers, the main goal was to study the effect
of the titanium carbide layer on tool life, similar to the sample containing the aluminum
oxide support layer. The purpose of examining the steel sample was to study the
tribological properties of the coating with sub-micrometer thickness.

Table 9. The abbreviations and the type of other TiN-based coatings.

Sample Layer type Substrate Thickness (pm)
Layerl Layer2 Layer3

TiN1 single layer WC 0.3-0.6

TiN2 single layer WC 0.7-0.9

TiN3 single layer WC 1.8-2.8

TiN4 single layer WC 2.9-3.8

TiN5 single layer WC 5.8-7.2

TiN6 single layer WC 6.3-7.8

TiC/TiN two-layer wWC 1.2-1.4 1531

TiCN/AI/TIN multi-layer WC 8.1-8.6 22-31 09-11

TiCN single layer ST 0.5-0.7

6.1. Microstructure and composition of TiN-based coatings

The average elemental composition of the surfaces is summarized in Table 10. Before

examination via energy-dispersive X-ray analysis, the samples were cleaned in an
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ultrasonic bath with acetone for 5 minutes and then wiped with lint-free cloths. The
elemental composition of the WC-labeled substrate shows that, in addition to the WC-
based crystalline phases, it contains chromium and cobalt binders. The steel-based
substrate primarily consists of iron with small amounts of alloying elements such as
carbon, manganese, and chromium, indicating that the substrate is a wear-resistant steel

alloy.

The elemental composition of the titanium nitride-based coatings reveals that they
mainly contain titanium and nitrogen, with varying atomic percentage ratios depending
on the production parameters. However, for the TiN1-TiN4 samples, characteristic X-
ray peaks indicative of the substrate also observed in the energy-dispersive spectra. This
suggests that the excitation (information) volume depth caused by the electron beam is
greater than the coating thickness. The TiN1 and TiN3 samples show relatively high
cobalt concentrations, implying that cobalt diffused to the surface due to the high
temperatures used during coating deposition (Cabral et al., 2005). This diffusion could
affect the coating's structure as well as its wear and friction properties. When the coating
thickness exceeds 5 pm, elements indicative of the substrate no longer detectable in the

composition.

The results from the X-ray diffraction analysis of the coatings are summarized in
Table 11. Similar to the findings from the elemental composition analysis, reflections
characteristic of the different substrate types observed alongside the reflections from the
crystalline phases of the coating. For the titanium nitride-based coatings, the primary
crystalline phase is TiN in all cases. However, depending on the production parameters,
the TiN1, TiN2, and TiN4 samples also show reflections characteristic of the Ti-O
crystalline phase. This indicates that the vacuum or the flow-rate of the precursors,
during production was not perfect, causing partial oxidation of the coating at high
temperatures, which adversely affects the desired coating quality. For the two-layer
coating, it is evident that one of the main components is the TiN crystalline phase, while
the other layer comprises TiCN crystalline phases. In the case of the coating reinforced
with an aluminum oxide phase, reflections characteristic of Al>Os are present. For the
steel-based sample, reflections corresponding to the crystalline phases typical of steel
are observed. For clarity, only the main crystalline phases are listed in Table 11, while
the complete XRD spectra, including low-intensity reflections, are provided in

Appendix E.
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Figure 50 illustrates the microstructure of various types of coatings. It is evident that the
TiN crystalline phases in the TiN1 (Fig. 50a), TiN2 (Fig. 50b), TiN3 (Fig. 50c), and
TiN4 samples exhibit a predominantly spherical morphology. In these cases, the layer
thickness is less than 4 um. The TiN1, TiN3, and TiN4 samples have spherical crystals
of similar size, although these crystals are much more densely packed on the surface of
the TiN4 sample. The crystals in the TiN2 sample are smaller compared to the others.
Previous studies indicate that these spherical crystals form when the coating temperature
is below 990 °C. In the TiN3 sample, the spherical crystals appear slightly elongated,
likely due to cobalt diffusion. TiN5 and TiN6 samples display star-shaped and
lenticular-like crystals, which form at reaction temperatures above 1050 °C. The
TiN/TiC sample shows star-shaped and rounded particles on its surface, which typically
form around 990 °C (Garcia et al., 2010). The multi-layered sample also exhibits
spherical and lenticular-like crystals, whereas the coating on the steel substrate does not

show distinctive crystal shapes, only a few spherical crystals on the surface.
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Table 10. The elemental composition of substrates and the different types of coatings.

wWC ST TiNL  TiN2  TiN3  TiN4  TiN5  TiN6 |TiC/TiN TiCN/AI/TiIN| TiCN
W |30.5+1.1 02+0.1 0.5+0.1 3.740.2 0.8+0.2 0.8+0.2 1
Co | 8.6+0.5 0.27+0.1 _ 104403 1.940.1 0.7+0.2 1
55.6+5.9 0.8+0.2 _ 33.1+1.2 |21.642.1
4.7+0.7 2.1£0.2  0.8+0.1 1.2+0.1 _ 6.3+0.6 _
Ti _ 62.1£0.7 50.6+0.7 31.6£0.6 53.7+0.2 59.1+0.8 54.5+0.8 | 30.9+0.4 34.8+0.6 | 8.85+0.2
N B [33.542.1 48.1+3.7 54.3+4.1 42.5+0.8 40.9+2.5 45.5+2.6|36.4+1.3 49.8+3.5 |24.142.2
Fe _ 98.6+1.9 _ _145.140.9
Mn 03201 _ | 0.2%0.1
Cr | 0.6+02 0.3+0.2 0.88+0.2 | 0.2+0.1
Al 9.240.6
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JCPDS card number

Table 11. The phase composition of the substrates and the coatings.

Phase

WC ST

TiN1 TiN2 TiN3 TiN4 TiN5 TiN6

TiC/TiN TiCN/AI/TIN

01-085-4359
01-089-7373

wC
Co

X

X

01-089-2005
00-006-0696
00-051-0997

FesC
Fe
FesC»,

01-074-8388
03-065-9875
00-008-0117
00-023-1455
03-065-4761
00-026-0031

TiN
TiCo.496No.502
TiO
TioN
WsN4
Al,O3

X X
X X
X X
X

X
X
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Figure 50: The microstructure of the different types of coatings.
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The hardness of the coatings and the penetration depth of the diamond pyramid are
summarized in Table 12. The results show that the coatings on the WC substrate
generally increased the hardness of the test specimens. However, a decrease in hardness
is observed for the TiN5 and TiN6 samples. As seen in the scanning electron microscopy
images (Figure 50), these coatings consist of plate-like crystals that fill the available

area less effectively, resulting in higher porosity and lower hardness values.

For the TiN1-TiN4 and TiCN samples, the penetration depth exceeds the coating
thickness, so this phenomenon must be considered when interpreting the data.
Nonetheless, the SEM images clearly show that the spherical and star-shaped crystals
cover the surface more uniformly compared to the lenticular-like crystals. The effect of
the CVD deposited coating on the hardness of the steel substrate could not be measured,
as the coating thickness is less than 1 um, and the penetration depth on the relatively
soft steel is greater than 10 um. Consequently, the measured hardness value essentially
reflects the hardness of the steel itself. In all cases, the hardness of the coatings was
measured on the surface, rather than on cross-sectional polished samples. The GPa
values presented in Table 12 were numerically calculated from the HV values, following
common characterization practices in the literature (Hovorun et al., 2021). The
conversion was performed by used the standard relationship between Vickers hardness

(HV) and GPa, as given by the following equation (Fischer, 2007):
Hardness (GPa) = 0.0098 - HV (5.1)
Where, HV is Vickers microhardness and (0.0098) is an empirical constant.

The thermal conductivity of various types of coatings is summarized in Figure 51. The
tungsten carbide-cobalt (WC-Co) samples show fundamentally lower thermal
conductivity compared to the values measured for steel. For the test specimens coated
with TiN and TiC/TiN, the coating thickness was nearly identical, but there was a slight
increase in thermal conductivity compared to the reference values. The coating that
included a corundum layer exhibited the highest thermal conductivity among the WC-
Co samples. For the steel-based test specimen, the highest measured value was
51.2 W/mK. When interpreting the results, the measurement error due to surface
irregularities of the test specimens must be considered. As observed in the scanning
electron microscopy images, air gaps between the spherical surface particles can affect

the measured thermal conductivity of the coated products.
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Table 12. The hardness of the different coated samples.

WC ST | TiN1 TiN2 TiN3 TiN4 TiN5 TiN6 | TiC/TiN TiCN/AI/TIN | TiCN
Value 1 (HV0.2) | 1801 226 | 2027 1850 2119 2250 1709 1810 1875 3093 238
Value 2 (HV0.2) | 1900 238 | 2246 2189 2181 2119 1668 1790 1983 3203 162
Value 3 (HV0.2) | 2122 130 | 1874 1983 1889 2092 1862 1785 2249 2889 170
Av. 1941 198 | 2049 2007 2063 2153 1746 1795 2035 3061 190
Sd. 164 59 | 187 170 153 84 102 13 192 159 41
Hardness (GPa) | 19.0 19 | 20.1 197 202 211 171 176 20.0 30.0 1.9
Pd. (um) 2.1 2.4 2.7 5.1 2.9 4.0 2.4 2.0 10.4
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Based on the thermal conductivity values, it can be concluded that using WC-Co
composites as machining tools is advisable, as these typically have lower thermal
conductivity, thereby heating up less machining.

55.0

50.36
50.0 I

45.0

40.0 33.08

35.0

30.0

Thermal conductivity [W/mK]

25.0

20.0
WC ref. TiN4 TiC/TiN TiCN/AI/TIN TiCN

Figure 51: The thermal conductivity of the different types of coatings.
6.2 Tribological behaviour of another TiN-based coatings systems

This section focuses on the tribological behavior of another TiN-based CVD coatings
(TiN, TiC/TiN, TiCN/AI/TiN, TiCN) with different substrates and thicknesses for
provide additional insights into their tribological properties. To determine the
experimental parameters for the tribological model tests, a test specimen with a
TICN/AI/TIN composite coating was used. The layer structure is illustrated in the
elemental map in Figure 52. The figure clearly shows that the layer closest to the
substrate contains both nitrogen and carbon, indicating the TiCN layer. This is followed
by an aluminum-containing support layer, and then an upper titanium nitride layer.
According to the previously presented results (Table 9), the thickness of the upper

titanium nitride layer is approximately 1 pm.
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a) b) c)
Figure 52: Elemental map of the cross-section of the TICN/AI/TIN sample, where

yellow indicates nitrogen (a), purple indicates carbon (b), and red indicates aluminum
(©).

In the first step of the tribological investigations, 6 mm diameter steel ball was used as
the static counterpart. During the measurement, the displacement length was 10 mm, the
maximum speed of the coated sample was 15.71 cm/s, and the total distance covered
was 500 m. Throughout the experimental series, the normal compressive force applied
was 10 N, 20 N, and 60 N. In the measurement conducted with a loading force of 10 N,
it was observed that the steel used as the static counterpart smeared onto the surface,
and after a certain time, the wear and friction mechanism became uninterpretable. This
phenomenon indicates that over time, wear surfaces of steel-on-steel were formed, and
not the wear of the coating was measured. The experiment was repeated with higher
normal compressive forces (20 N and 60 N), but similarly to the previous attempts, the
wear surface was not evaluable (Figure 53a). Subsequently, the surface was washed with
an 18 vol.% hydrochloric acid solution to remove the smeared steel layer (Figure 53b).
It is evident from the figure that the wear surfaces are virtually identical, and despite
increasing the normal compressive force, the approximately 1 um thick TiN coating was

not removed even after the 500 m test.

Figure 53: LM images after the experiments conducted with the steel test specimen,
where (a) shows the smeared steel, while (b) shows the surface of the sample after the

hydrochloric acid cleaning.
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The experiments conducted with a steel static counterpart confirmed that using a
material system with hardness comparable to the coating under investigation is
advantageous for tribological analysis of titanium nitride and titanium carbide-based
coatings (Badisch et al., 2004). However, in contrast to earlier studies, where steel was
used, the study employed yttrium-stabilized zirconium dioxide balls, which have a
hardness of 13-14 GPa (Candido et al., 2014). Although the hardness of the ZrO, balls
is slightly lower than that of the coatings, this choice offers several advantages. Zirconia
has a high hardness that makes it less prone to wear, and it does not adhere to the surface
of the coated sample. This reduces friction and minimizes heat generation during the

sliding process, ensuring more stable testing conditions.

Additionally, the use of ZrO; allowed for detailed examination of the wear track on the
coating surface and the volume of material removed from the contact surface of the ball.
Further investigations were carried out with ZrO» based static counterparts, keeping the
previously described measurement parameters unchanged. In each test, a normal

compressive force of 20 N was applied.

To interpret the wear and friction conditions, the diameter (D) of the circular cross-
section wear track formed on the bottom of the ZrO> ball contact surface due to wear
was measured using a light microscope. From this diameter, the wear volume (V,) of
material removed from the ball during the tribological test can be calculated using
equations (4.1) and (4.2). The results obtained during the measurement are summarized
in Table 13.

The last column of the table shows the average surface roughness value specific to each
sample. Surface roughness and the crystalline structure formed on the surface also have
a significant impact on tribological properties. The friction coefficient value was
continuously recorded over time during the measurement using the AntonPaar TRB3
Version 9.0.16. software. If the friction coefficient increases during the measurement, it
can be inferred that abrasive particles have entered between the contact surfaces, causing
abrasion to both the zirconium oxide ball used for measurement and the sample surface.
The first moment of appearance of the abrasive wear effect was considered when the
friction coefficient value reached 0.5. From the known measurement time and speed,
the distance traveled can be calculated, after which it is presumed that the coating has
likely detached from the sample surface.
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To confirm the detachment of the surface layer in the wear track, energy-dispersive X-
ray analysis was performed. According to the analysis results, the sample with the
smallest surface roughness and wear volume is the TiN2 sample with a layer thickness
of 0.7-0.9 um.

Table 13: The wear volume loss and average surface roughness values.

Sample D(um) h(um) Vp(um®) Ra(um)
TiN1 440.00 484  368-10° 061
TiN2 26800 1.80  5.07-10°  0.16
TiN3 567.00 8.04  1.02-10°  0.25
TiN4 47000 553  4.79-105 056
TiN5 50500 638  6.39-10°  0.36
TiN6 49800 620  6.04-105  0.34
TiC/TiN 389.00 378  225-10°  0.39
TiICN/AITIN 609.00 928  1.35-10°  0.33
TiCN 541.00 732  842-10°  0.74

In this case, based on the EDS results, the coating did not wear off during the test.
Although the friction coefficient value exceeded p=0.5 after 30.0 m, the abrasive
particles did not abrade the surface. Similar results were observed for the TiC/TiN, two-
layered sample as well. The average surface roughness in this case is more than double
that measured for the TiN2 sample, and the wear volume is nearly an order of magnitude
higher. As seen in the first figure, the surface of this sample consists of sharp TiN layer
crystals, which have a particularly good abrasive effect. However, during the elemental
composition measurement, it was observed that the coating did not detach from the
surface. In this case, signs of abrasion appeared on the time-friction coefficient diagram
after 4.7 m. The friction coefficient value continued to monotonically increase
throughout the remaining measurement time, yet no further layer detachment was
observed. For the TiN4 sample, the friction coefficient exceeded the 0.5 value after
204.9 m. Based on the EDS results, in this case, the 2.9-3.8 um thick coating did not
wear off during the tests. The TiN5 and TiN6 samples behaved similarly during the
tribological tests. The first detachment of abrasive particles was noticeable after 7.2 m
and 7.8 m of travel, respectively. The friction coefficient value remained constant
throughout the experiment (umax=0.95). For the TICN/AI/TIN sample, signs of
detachment of the top layer were visible after 7.1 m. Based on the EDS results, only the
upper ~1 um thick TiN partially detached, while the underlying aluminum oxide layer

remained intact. However, the wear volume value was the highest in this case, indicating
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that although the TiN layer partially wore off the surface, the coating's abrasive effect
continued to prevail during the test. In the case of the TiN1 and TiN3 samples, the
coating completely wore off during the measurement. For the TiN1 sample, with a
coating thickness below 1.0 um, it fully detached from the surface after 1.3 m. For the
TiN3 sample, the coating likely detached after 150 m according to the tribological test.

The steel substrate coated with a TICN layer had the highest surface roughness value,
but the coating wore off the surface after 15.4 m. Subsequently, the friction coefficient
value remained constant throughout the test, indicating that the zirconium oxide ball

only abraded the steel substrate.

The effect of surface roughness and microhardness on wear volume is illustrated in
Figures 54 and 55. From the figures, it is evident that in the case of stable coatings
(where the coating did not wear off), the friction coefficient and wear volume values
change analogously. However, there is no similar parallel observed in hardness values.
A good example of this is seen in the TiN2 and TiCN/AI/TiN samples, where the surface
roughness is the lowest among the samples examined, yet there is a significant
difference in wear volume. Thus, from a tribological perspective, in TiN-based systems,
it is advantageous for the coating to be fairly dense, have low porosity, and have surface
roughness and hardness significantly greater than that of the applied counterpart or the
tools in the case of the test specimen being machined. In terms of tribology, apart from
wear and friction conditions, the adhesion of the coating to the surface is crucial. For
this purpose, a custom-developed scratch test was employed. During the measurement,
a diamond stylus with a geometry similar to that used for Vickers hardness testing was
drawn along the surface of the test samples for a length of 10.0 mm, with a normal load

of 2 N applied over the entire measurement length.
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As depicted in the Figure 56, for the TiN1 and TiC/TiN samples, the coating flakes off

along the scratch line, indicating poor adhesion of the coating to the surface. This is

significant in the case of the bilayer coating, as it exhibited favorable properties during

tribological tests; however, the adhesion of the layer is weak. The least amount of

deformation is observed in the TiN2 and TiCN/AI/TiN coatings. In this case, as evident

from the scratch diameter, the stylus did not penetrate deeply into the surface, and there

88

Volume loss [um?3]

Volume loss [um?d]



are no signs of detachment or cracking along the scratch line. Similarly, for the TiN4,
TiN5, and TiN6 samples, although the width of the scratch is quite large, there are no
signs of detachment. However, in the case of the TiN3 sample, as seen in the
backscattered electron image, traces of WC substrate particles are visible along the
scratch line, indicating that the coating detached from the surface due to scratching.
Figure 561 shows an image of the steel-based coated product after the scratch test, at a
lower magnification compared to the other images. In this case, the penetration depth
was too high, and the stylus progressed practically without resistance on the surface,
easily detaching the coating.
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Figure 56: Scratch tracks on the surfaces of the test samples.
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7. Conclusion

This dissertation has investigated the tribological behavior, oxidation resistance, and
wear properties of TiN-based coatings produced by chemical vapor deposition (CVD)
technology under various conditions on different substrates. The main results focussed
on the tribological behavior of CVD bilayer TiN/TiC coatings against zirconia and steel
counterparts, their oxidation behavior under high temperatures, and a comparative
analysis of other types of TiN-based coatings with different elemental composition and

layers thickness, as the following:
7.1. Tribological behavior of CVD bilayer TiN/TiC coatings

The investigation into the wear and friction properties of CVD bilayer TiN/TiC coatings
produced with different manufacturing parameters on cermet (WC-Co) substrate,

revealed several key insights:

1. Performance against counterparts: TiN and TiC coatings were tested for wear
resistance using steel and zirconia counterparts, revealing that zirconium oxide
counterparts are more suitable for the ball-on-disc method, regardless of coating
thickness and hardness.

2. Coefficient of friction observations: Steel adheres to the coating surface within
the first 20-60 seconds, making it unsuitable for wear tests of CVD coatings. In
contrast, zirconia does not cause adhesion or surface heating during tests.

3. Advantages of using zirconia and analysis techniques: Since the
microhardness of the tested coating and zirconium oxide is nearly identical, it is
advantageous to use cermet substrate coatings for examination. By applying
zirconia balls to the surface and no by-products adhere. Additionally, using the
coefficient of friction and EDS line analysis, any potential coating detachment
and various wear mechanisms can be excellently traced. Another important point
when processing similar material system, the heating of components, which can

also be overcome by using zirconium.

7.2. Oxidation behavior and mechanical properties

The novel approach to investigating the oxidation behavior and mechanical properties
of CVD bilayer TiN/TiC coatings showed critical findings:
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1. Oxidation at high temperatures: Oxidation tests conducted at 800°C revealed
a significant increase in the oxygen content of the coatings, with atomic
percentages reaching more than 68 % after 40 minutes of oxidation.

2. Elemental changes: Carbon and nitrogen contents decreased substantially due
to interactions with oxygen, forming gaseous by-products like CO, CO2, and No.
XRD analysis confirmed the transformation of the TiN coating into titanium
oxide (rutile-TiO2) after 20 minutes of oxidation due to nitrogen depletion.

3. Impact on mechanical properties: The oxidation process had a detrimental-
effect on the mechanical properties of the coatings. The Vickers microhardness
of sample A decreased by 78.15%, while sample B reduced about 57.80% after
the 40 min of the oxidation test. This significant decrease in hardness was
attributed to the formation of oxides and the development of numerous pores and
cracks due to the escape of gaseous by products. Also, the tribological tests
revealed that the oxidation process adversely affected on the wear and friction
behaviour of the CVD coated samples. The volume loss during dry sliding tests
against a zirconia counterpart increased significantly after the oxidation test,
with sample A exhibited an increased from 2.04 - 10° to 4.15 - 10° pm?, and
sample B an increased from 1.42 - 10° to 7.31 - 10° pum?>.

4. Visual evaluation of oxidation damage: The study observed that the color of
the TIN/TIiC coatings changed from gold to grayish-black during oxidation,
which can serve as a visual indicator for assessing oxidation stages and

identifying damage in coated cutting tools.

7.3. Comparative analysis of TiN, TiC/TiN, TiCN/AI/TiN and TiCN coatings

The comparative study of various CVD TiN-based coatings, with thicknesses ranging
from 0.3 to 8.6 um and different elementals composition ranging (TiN, TiC/TiN,
TICN/AI/TIN and TiCN) for WC-Co and steel substrates, provided additional insights

into their tribological and mechanical properties:

1. For tribological model testing of TiN-based coatings, it is necessary to select a
static counterpart with a hardness close to that of the test specimen, as inadequate
hardness can result in the coating not being damaged even with increased normal
loading.

2. Interms of tribology, the average surface roughness of the test specimens has a

greater impact on the wear volume than their hardness.
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. The stability of coatings is not dependent on their thickness but rather on their
surface roughness and hardness.

From a tribological and micro-machining perspective, it is much more
advantageous to use tools coated with a CVD process that results in sharp,
lenticular-like crystals on the surface.

For long-term usage, it is advisable to develop a coating that includes a support
layer between the titanium-based layers.

. Tribological model tests do not always adequately reflect the adhesion of the
respective coatings to the surface; therefore, it is advisable to conduct

supplementary scratch tests.
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8. New scientific results: thesis statements of the doctoral dissertation

1)

2)

3)

4)

I have experimentally demonstrated that steel counterparts exhibit significant
adhesion to the coating surface within a critical time of 20-60 seconds during ball-
on-disc test, while zirconia counterparts show no adhesion effects. Moreover, |
have established that using zirconium oxide effectively eliminates the heating of

components when processing similar material systems (Jakab et al., 2023).

Through a novel approach, | have analyzed the oxidation behavior of CVD bilayer
TiN/TiC coatings at 800°C, quantitatively demonstrate that the oxygen content
increases to over 68% after 40 minutes, accompanied by a significant decrease in
carbon and nitrogen due to their interaction with oxygen. XRD analysis confirmed
the transformation of TiN into rutile-TiO; after 20 minutes (Ali et al., 2024).

The oxidation process significantly affected the mechanical properties of CVD
bilayer TiN/TiC coatings, particularly in terms of hardness degradation and
volume loss, as detailed below:

Statement 3a:

Oxidation at 800 °C led to a reduction in Vickers-microhardness, decreasing by
78.15% and 57.80% for sample A and sample B, respectively, after 40 minutes.
This decline is attributed to oxide formation, increased porosity, and crack
development caused by the release of gaseous by-products (Ali et al., 2024).

Statement 3b:

Tribological performance was similarly affected. Dry sliding tests conducted
using a zirconia counterpart at a sliding speed of 15.71 cm/s and an applied normal
load of 20N revealed a significant increase in volume loss. Specifically, the
volume loss increased from 2.04 - 10° to 4.15 - 10° um?® for sample A, and from
1.42 - 10° to 7.31 - 10° um? for sample B (Ali et al., 2024).

Through observation of the oxidized surfaces of CVD TiN/TiC coatings, | have
demonstrated a color change from gold/yellow to greyish-black during oxidation
process. This color transition can serve as a visual indicator for evaluate the
oxidation stages and identify the damage in coated cutting tools with same

elemental composition (Ali et al., 2024).
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5.) Through comparative analysis, | have established that the stability of TiN-based
CVD coatings—defined by their structural integrity and wear resistance—is
primarily dominated by surface roughness and hardness. These factors play a more
significant influence on wear volume than coating thickness (Osamah Ali et al.,
2024).
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9. Recommendations and future work

The results presented in this dissertation significantly contribute to the understanding of

TiN-based CVD coatings and their application in cutting tools. Based on these findings,

the following recommendations and future research directions are proposed:

1.

Standardization of tribological tests: This dissertation has experimentally
demonstrated the superiority of zirconia counterparts over steel in the
tribological evaluation of TiN-based CVD coatings. Therefore, it is
recommended to assess other CVD coatings, such as Al,Os and SiC, by use
zirconia as preferred counterpart material in ball-on-disc tests.

Enhancement of oxidation resistance: To address the observed degradation in
mechanical properties during the oxidation processes, it is recommended to
investigate the incorporation of oxidation-resistant elements (such as: Al, Cr, Si)
into TiN-based coating system, and study the diffusion mechanisms during the
oxidation for better understand and control the degradation process.

Chromatic evaluation of oxidation: The observed color change in the oxidized
TiIN/TiC coatings from gold/yellow to greyish-black during oxidation provides
a visual indicator for evaluating the oxidation damage progression. It is
recommended to employ color analysis methods such as CIELAB color space
evaluation, RGB or HSV image processing for numerical analysis of color
transformations during the oxidation. Standardized color charts could be
developed to correlate specific chromatic shifts with the oxidation levels.
Cross-sectional hardness profile: For more comprehensive evaluation of
mechanical performance, it is recommended to conduct cross-sectional hardness
profile, which enables measurement of individual layers, interfaces between
coating layers, and the coating—substrate interface, as well as the hardness
gradients across the coating thickness. This methodology would provide
enhanced understand of how multilayer construction and oxidation effect on
local mechanical properties.

Investigation of intermediate support layers: Based on the findings that a
support layer between titanium-based coatings is beneficial for long-term
applications, future research should focus on systematic investigation of various
intermediate layer materials (such as: SiO2, CrN or HfN) between titanium-
based layers and optimization of intermediate layer thickness for maximum

adhesion and wear resistance.
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Appendix-B

Figure B2: Scanning electron microscope (SEM) and energy dispersive spectroscopy
(EDS) system.
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Figure B3: Vickers microhardness tester.

B s

Figure B4: TRB3 tribometer used during tribological and scratch tests.

Figure B5: High-temperature furnace for oxidation tests.
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Figure B7: X-ray diffractometer (XRD).
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Appendix-C

Table C1: Roughness measurement data for Table C2: Roughness measurement data for
sample A before wear test. sample B before wear test.

Batch Name = 0126 00049 Batch Name = 0126 00044

L.=0.80mm L.=0.80mm
Lho=4mm Lo=4mm
Filter = Gauss Filter = Gauss

Range = 100pm

Range = 100um

Ra=0.19um Ra=0.15pm
Ri=4.50um Ri=2.16um
Rv=1.74um Ry=1.08um
Rp=0.84um Rp=0.81um
R;=1.74pm R;=1.65pm
Re=1.11pm Re=0.83pm
Rzimax= 4.50pm Rzimax=2.12pm
Rsm= 16um Rsm= 14pm
Rq=0.47um Rq=0.31pum
Rgq= 13.4° Rgg=12.2°
Rs= 0.349 Rs= 0.037
Rk =5.110 R =3.679
mr = 0.0% Rmr=0.0%
+10.00pm +10.00pm
Rpc = 0/cm Rpc=0/cm

Bandwidth =10.00pm

Rec = 1.12pm

%1 =10 %2 =90

Bandwidth =10.00pum

Rac= 0.80pm

%1=10 %2=90
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Table C3: Roughness measurement data for Table C4: Roughness measurement data for
sample A against steel. sample A against ZrOx.

Batch Name = 0126 00043 Batch Name = 0126 00042
Lc= 0.80mm Lc=0.80mm
Ln=4mm Ln=4mm

Filter = Gauss Filter = Gauss
Range = 100pm Range = 100um
Ra=0.29um Ra=0.42pm
Ri=2.91pm Ri=2.85pm
Ry=1.51pm Rv=1.51um
Rp=1.23um Rp=1.37um
R;=2.41um R,=2.58um
Rc=0.84um Rc=0.78um
Rzimax = 2.88um Rzimax= 2.74pum
Rsm=22um Rsm=29um
Rq=0.42um Rq=0.55um
Raqg=10.6° Rq=10.7°
Rsk=-1.480 Rs = -0.562

Rw = 6.387 Rw=3.124

Rmr = 0.0% Rmr=0.0%
+10.00pm +10.00pum

Rpc = 0/cm Rpec = 0/cm
Bandwidth =10.00pm Bandwidth =10.00pum
Rdc= 0.90pum Rac=1.58um
%1=10 %2 =90 %1=10 %2=90
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Table C5: Roughness measurement data for

sample B against steel.

Batch Name = 0126 00047

sample B against ZrOx.

Table C6: Roughness measurement data for

Lc=4mm

Batch Name = 0126 00046

L,=1.60mm

Lc=4mm

Filter = Gauss

L,=1.60mm

Range = 100um

Filter = Gauss

Ra: 040|.lm

Range = 100pm

Ri=3.03um

R.= 0.35um

Ry= 1.08um

Ri=3.49um

Ro=1.28pm

RV = 1.74|.lm

R.= 2.55um

Rp=1.57um

R.= 3.06pm

Rzlmax = 3 03 l.lm

Rc = O.97Hm

RSm = 27l.lm

Rzlmax =3 49pm

Rq=0.53um

RSm = 20”,m

Req=11.0°

Rq=0.50pum

Rsk=0.790

Reg= 12.1°

Rw = 3.507

Rsk=-0.740

Rmr= 0.0%

Riu=5.086

+10.00pm

Rmr=0.0%

Rpec = 0/cm

+10.00pm

Bandwidth =10.00pm

Rpc=0/cm

Rgc= 1.36pum

Bandwidth =10.00pm

%1=10 %2=90

Rec=1.15um

%1=10 %2=90

116



Table C7: Roughness measurement data for sample A against ZrO> after 1550 m.

Batch Name = 0126 00050
Lc=4mm
L,=1.60mm

Filter = Gauss

Range = 100pum
Ra=0.73um
Ri=5.47um
Rv=2.18um
Rp=2.39um
R;=4.57um
Rc=0.87um

Rzlmax = 547|Jm

Rsm=45pum
Rq=0.94um
Raq=12.0°
Rs=-0.301
Riu=2.836

mr= 0.0%
+10.00pm
Rpc=0/cm
Bandwidth =10.00pm
Rgc=2.57um
%1=10 %2=90
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Appendix-D
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Figure-D: EDS Analysis results of the worn-off surface of oxidized sample.
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Figure E-1: XRD spectrum of WC—Co substrate.
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Figure E-2: XRD spectrum of steel substrate.
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Figure E-3: XRD spectrum of TiN1.
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Figure E-4: XRD spectrum of TiN2.
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Figure E-5: XRD spectrum of TiN3.
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Figure E-6: XRD spectrum of TiN4.
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Figure E-7: XRD spectrum of TiN5.
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Figure E-8: XRD spectrum of TiNG6.
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Figure E-9: XRD spectrum of TiC/TiN.
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Figure E-10: XRD spectrum of TICN/AI/TIN.
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Figure E-11: XRD spectrum of TiCN.
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