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1. Introduction

Today’s increasing industrial demand towards higher productivity goes hand in hand with
the requirement to improve the wear resistance and cutting performance of tools used in the metal
processing sector. A method to noteworthy enhance the lifetime of cutting tools with simultaneous
enhancement of cutting speed and feed rates is the application of hard protective coatings on the
tool surface [1-3]. Chemical vapor deposition (CVD) is a commonly used method for the preparation
of such hard coatings. Here, gaseous precursors form a solid coating on a substrate surface via
condensation from the vapor phase [4].

CVD coatings based on TiN have been used for several decades for protection of cemented
carbide cutting inserts, for example in milling and turning applications [5]. As hardness, toughness
and thermal stability of binary TiN coatings are not sufficient for cutting of advanced steels or
Ti-based workpiece materials, addition of alloying elements is crucial to expand their scope of
application. Adding C to TiN to obtain TiCN, for instance, is commonly applied in the hard coating
industry, which is realized through addition of CH; or CH3CN to the feed gas mixture [6-8]. CVD
TiBN or TiBCN coatings are, however, rarely produced due to B related process difficulties, being
B diffusion and concomitant brittle W>CoB, phase formation. These B containing coatings are yet
promising candidates for cutting applications, as the addition of B to TiN results in a pronounced
increase of hardness [9,10]. Furthermore, CVD TiBN is reported to show excellent fracture toughness
[11].

Hard yet tough coatings can be realized by a layered combination of two different hard
materials. The interfaces between the heterogeneous materials prevent dislocation motion, which
improves hardness. Toughening is enhanced, as every interface acts as a possible crack deflection
site [12]. Combining a good resistance against both, crack propagation and plastic deformation, such
multilayer coatings are reported to exhibit exceptional wear resistance and cutting performance.

In addition to high mechanical loads, protective coatings for metal cutting also need to
withstand temperatures of up to 1000 °C [13,14]. For development of suitable future coating
materials, it is therefore crucial not only to study their microstructure and mechanical properties at

room temperature, but also when exposed to high thermal loads. A further aspect that has to be
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taken into account is their thermal conductivity. Ideally, a protective coating should possess a low
thermal conductivity out of plane to act as a powerful thermal barrier. In that way, the high thermal
load which arises during cutting can be deflected into the chip, which prevents the tool from
overheating. In contrast, a high thermal conductivity in plane direction is desirable, as this allows
dissipation of the heat throughout the material. Thus, hot spots at critical positions on the cutting
insert can be avoided [15].

The aim of the present thesis is to create the scientific basis for designing CVD coatings
within the Ti(B,C,N) system towards higher damage tolerance. The influence of B and C addition
to TiN was investigated in regard of the effect on microstructure, phase composition and
micro-mechanical properties. In addition, TiN/TiBN multilayer coatings were investigated in order
to illuminate the influence of the bilayer period on microstructure and fracture behavior. Further,
TiCN coatings grown with C,Hg were investigated in regard of their fracture behavior and thermal
conductivity. The application of the alternative C-feeding precursor C,Hs allows to overcome existing
issues of established processes, being either high energy consumption and brittle n-phase formation

or restriction in the C/(C+N) ratio.



2. Chemical Vapor Deposition

Chemical vapor deposition (CVD) can be summarized in brief to a process, where volatile
precursors react at a substrate surface to solid products. The applied precursors can be solid (Zr, Al
Hf), liquid (TiCL, HCI, CH3CN) or gaseous (Ha, N», Ar) at room temperature and ambient pressure,
but are fed to the reaction chamber in a gaseous modification. Solid precursors are commonly
chlorinated for this purpose. As most of the reactions for the formation of the desired molecules are
not spontaneous at room temperature, the thermodynamic energy barrier has to be overcome. This
is accomplished through the application of plasma, microwave radiation, or, in the industrially most
relevant case, elevated temperature [4,16]. The majority of chemical vapor depositions for the hard
coating industry takes place at temperatures between 700 and 1100 °C. The deposition temperature
can be lowered by reduction of the pressure within the recipient or the use of catalysts. The use of
metal organic (MO) precursors in the MO-CVD process furthermore allows lower deposition
temperatures due to the higher reactivity of the precursors. Additionally, MO-CVD offers the
possibility to achieve epitaxial growth [17]. The proceeding reactions can be essentially split into
heterogeneous surface reactions and homogeneous gas phase reactions. While the first ones result in
the formation of a coating on the substrate surface, the latter yield finely dispersed powder and are
therefore undesired [18].

A schematic representation of an industrial scale thermal CVD plant with its essential parts
is given in Fig. 1. The recipient, which is the centerpiece to every CVD plant, is where the desired
surface reaction occurs. In addition to hot-wall facilities, where the temperature transfer takes place
indirectly, exclusive heating of the substrates is realized in cold-wall reactors. A short path length
between outlets and cutting inserts characterizes state of the art centric feed gas systems. This
prevents feed gas exhaustion and allows the deposition of a homogeneous coating on the inserts’
surface at every position within the recipient [19]. In order to precisely realize the desired chemical
composition of the formed coating, computer-monitored mass flow controllers regulate the gas flow
to the recipient [20]. Rigorous ecological regulations demand post-treatment of the exhaust gas,
which is achieved by an associated gas scrubber. HCI for example, the main byproduct when using

chlorinated precursors, has to be neutralized prior to recycling [18].
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Fig. 1: Schematic representation of an industrial scale thermal CVD plant. On the left hand side,
the supply of the precursors in solid, liquid and gaseous modification are shown. The deposition
of the hard coating onto the cutting inserts takes place within the heated recipient shown on the
right hand side. Additionally, the vacuum pump and the gas scrubber, which allows purification

of the exhaust gas, are depicted.

The CVD process has some noteworthy advantages in comparison to physical vapor
deposition (PVD). First and foremost, the excellent throwing power should be mentioned. CVD
enables to coat geometrical complex samples uniformly with simultaneously high deposition rates
[21]. This is in contrast to PVD, where positions out of the line of sight cannot be coated
homogeneously [22]. A further positive aspect is the high load capacity of industrial scale CVD
plants, where up to 15 000 cutting inserts can be coated within a single process [19]. However, there
are also drawbacks related to CVD. The process asks for high security standards due to the fact that
many commonly used precursors are toxic, explosive, corrosive or highly flammable. Though the
application of vacuum or plasma allows to decrease the deposition temperature to a certain extent,

the still high thermal load limits the substrate choice. In PVD, the substrate temperature can be
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varied within a wide range; depositions of hard coatings for tools can even be conducted at
temperatures as low as 200°C [21].

Formation of a coating on a substrate can be broken down to into a sequence of events
happening on the surface, which are depicted in Fig. 2. Initially, the precursor molecules need to
make their way through the so-called boundary layer towards the reactive surface (1a) [18]. The
thickness of this zone is influenced by several deposition parameters, such as temperature, pressure
and gas velocity. While the thickness of the boundary layer depends linearly on pressure and
temperature, an indirect dependence can be observed on the gas velocity. The thinner the boundary
layer, the faster the diffusion through this zone is proceeding [4]. After permeation through the
boundary layer, adsorption of the precursor molecules on the surface (2) is needed prior to the desired
surface reaction (3). The formed reactant molecules can either desorb from the surface (4b) or
undergo nucleation and growth (4a), which eventually results in coating formation. A competing
undesired formation of powder through a homogeneous gas phase reaction (1b) is also possible, which
occurs favorably at high temperatures and super-saturation of the gas phase [4,18].

4
] & Powder

particles

Precursor molecules o9 L
é / 9
4 (1b)

-“‘ a‘,‘q

= s
o w:ﬂ) ‘ (4b) Boundary layer
\ 2 Product molecules

Fig. 2: Overview of involved reactions during coating deposition in a CVD process, redrawn from

[18]. A detailed description of each step is given in the main text.
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Depending on the applied process pressure and temperature, two different thermodynamic
control mechanisms can be identified for the rate determining step: mass transport and surface
kinetics. In the first case, the rate constant of the slowest surface reaction exceeds the mass transfer
coefficient, which results in a slow transport of the gas through the boundary layer. In the second
case, sufficient gas reaches the surface, but the surface reaction proceeds at low velocity. Surface
kinetics control is known to offer a more uniform deposition within the recipient, however, higher
deposition rates are generally realized in the mass-transport controlled regime [4,23]. An increment
of the deposition pressure both strengthens the mass transport controlled regime and shifts the
transition to surface kinetics control to lower temperatures [24]. This is accompanied by a decreasing

deposition rate Rp, which follows an Arrhenius type law [18]

_Ea

Ry = AerT (2.1)
with A denoting the pre-exponential factor, F, the activation energy, R the universal gas constant
and T the temperature.

Prior to the deposition process, the feasibility of the desired reaction has to be evaluated by
thermodynamic calculations in order to apply suitable precursors and deposition conditions. A
measure for the spontaneity of the respective reaction is the change in the Gibb’s free energy AG,,
which is defined as follows:

AG, = AG? + RTIn]]a;". (2.2)
Here, AG,” designates the change of the free energy at standard conditions, [] a:-]" the product of the

wen
1

activities participating in the reaction and v; the stoichiometric coefficient of the respective

“i”. The reaction proceeds spontaneously, if AG,” < 0. For a system in equilibrium state,

species
equation 2.2 changes to
AG? = —RTInK (2.3)

where K is the equilibrium constant [4].



3. Coating Growth

The main steps involved in coating growth during deposition are summarized in Fig. 3 [25].
After condensation from the gas phase (1), the particle is either re-evaporated (2) or diffuses on the
substrate surface (3). Adsorption of particles preferably takes place at energy deficient sites, e.g.
lattice defects, edges or asperities. Several particles diffusing along the surface may form clusters,
which is referred to as nucleation, when they reach a critical size (4). Interaction of the particles
with species from the substrate through inter-diffusion can further occur (5). The mobility of the
particles, which depends on their kinetic energy and the substrate temperature, defines the time
needed for growth and coalescence of the particles. These particles eventually form a uniform coating

(6) [21,25,26].

(1% I(z)
@ @

" — 44 (5). t fﬁa

Fig. 3: Processes involved in coating growth, being (1) condensation, (2) re-evaporation, (3) surface

diffusion, (4) nucleation and (5) inter diffusion, redrawn from [25].

Coating growth follows one of three main mechanisms, which are illustrated in Fig. 4a.
Frank-van der Merwe (or layer-by-layer) growth occurs, when the binding energy between the atoms
of the coating and substrate is higher in comparison to homogenous bonding within the coating (1).
In the opposite case, Volmer-Weber growth is dominating, where the nucleating species form islands
on the surface. Here, the binding energy between the coating forming atoms exceeds the binding
towards the substrate (2). Stranski-Krastanov growth constitutes a mixed form of layer and island
growth (3). Initially, the binding energy between substrate and coating is higher than within the

coating. However, at a later stage of nucleation, island growth becomes more favorable [26].
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Temperature, pressure and stoichiometry of the precursors need to be chosen carefully in
order to obtain the desired coating morphology. A first guideline to predict the resulting structure
from the deposition parameters was published by Movchan and Demchishin within a structure zone
model (SZM) [27]. They report on the presence of three different zones, which are influenced by the
homologous deposition temperature. An equivalent model for CVD coatings was introduced by
Stinton et al., which is shown in Fig. 4b [28]. With decreasing deposition temperature and pressure,
the morphology changes from columnar (1), over facetted (2) to small grained globular (3). A low
super-saturation of the reactive species in the gas phase is reported to foster epitaxial growth [18].
In addition to temperature, pressure and gas saturation, the morphology also depends on the coating

thickness, as the grain size gradually increases with increasing thickness.

a)

b)
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Fig. 4: a) (1) Frank-van der Merwe (layer-by-layer) growth, (2) Volmer-Weber (island) growth
and (3) Stranski-Krastanov (combined layer and island) growth, redrawn from [26]; b) Structure
zone model for CVD coatings according to Stinton. Depending on the deposition conditions, the

coating grows in a (1) columnar, (2) facetted or (3) globular fashion, modified after [28].

Proper adjustment of the deposition process is critical to ensure a uniform coating growth as
well as good adhesion between substrate and coating. Stirring of the precursors or alternately
reversing their flow directions offers a possibility to overcome starvation of the feed gas. Proper
coating adhesion is favored in the absence of both, contaminants at the substrate and corrosive
residues from the precursors. The aforementioned depletion of one or more precursors as well as
homogeneous gas phase reactions should further be prevented when aiming for a good adhesion [18].

Beside the deposition parameters, the chemical composition and surface morphology of the substrate
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are decisive for the nucleation process. Thus, they often pre-determine the coating growth and
properties. For the coatings studied within this thesis, cemented carbide consisting of hard WC
particles and tough Co binder was used as substrate material. The properties of the adjacent coatings
may be noteworthy influenced by size and orientation of the WC grains as well as the amount of Co
binder within the substrate [29]. The latter one for instance affects the thermal expansion coefficient
of the cemented carbide, which in turn determines the tensile crack network within the coating

formed during cooling down from the deposition temperature [30].






4. Hard Coatings

In order to satisfy today’s industrial demands, processing tools for the metal cutting sector
have to be continuously improved. High cutting speed and feed rates are required to go hand in hand
with low tool wear and economic considerations. Therefore, hard protective coatings are frequently
applied on cutting tools in order to simultaneously improve their cutting performance and life time.
A high hot hardness is a decisive property of the substrate material, for which cemented carbide is
commonly used [31]. Sufficient hardness with concomitant toughness is crucial for the applied
coating. Furthermore, the coating needs to feature high oxidation resistance, good adhesion to the
substrate and ideally a pleasant color to enhance merchantability. In addition to nitride based
coatings, CVD AlQO; is a top seller in the metal cutting industry. This is reasoned by its resistance
against chemical and thermal attack due to the already oxidized state of this compound and its high
hardness at elevated temperatures [32]. Both, nitride and oxide-based hard coatings are characterized
by a mixed bonding character [33]. As can be seen in Fig. 5, the central position and therefore partial
behavior of metallic, covalent and ionic bonding character explains the exceptional properties of TiN

based species.

TiB,
TiC

wcC

Fig. 5: Overview of the possible types of bonding in materials and the fractional bonding character

of selected ceramics, redrawn from [35].
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4.1. TiN

The use of TiN in the metal processing industry has established more than four decades ago
and it still has significant technical relevance [5]. Applied as base layer, TiN serves as diffusion
barrier between coating and substrate to prevent decarburization. Due to its golden color it is
furthermore used as wear marker and for decorative purposes. TiN is commonly prepared by both,
CVD and PVD and crystallizes in the face-centered cubic (fcc) NaCl structure [34]. Therein, the Ti
atoms occupy the Na positions, as can be seen in Fig. 6a. The lattice parameter of stoichiometric
TiN amounts to 4.242 A [35]. Using a precursor mixture comprising TiCly, Ny and Hs, TiN coatings
are obtained by CVD following equation 4.1:

2 TiCly + N, + 4 H, > 2 TiN + 8 HCI (4.1)

Additionally, Ar is fed to the recipient in order to act as carrier gas and to provide a
sufficiently high overall gas flux for the reaction to proceed. Wagner et al. deposited CVD TiN
coatings at temperatures between 800 and 1050°C and found that the activation energy of the
reaction is 110 kJ/mol. This high value indicates that within the investigated temperature regime,
the reaction is surface kinetics controlled [5]. Thus, the low velocity of the chemical reaction allows
deposition of homogeneous coatings independent on the substrate geometry [18]. The presence of Cl
within TiN based coatings is on the one hand reported to deteriorate the hardness and fracture
stress. On the other hand, Cl has a positive effect on the friction behavior [36-38]. In modern
deposition plants, the incorporation of Cl can be controlled in order to meet the demands for the
given application [39,40]. As shown in Fig. 6b and ¢, CVD TiN is characterized by a competitive
columnar growth of the crystals and a star-shaped pyramidal surface morphology. According to
Cheng et al., these structures arise from the presence of multiple twinned crystals growing preferred
along five (111) twin planes [41]. One shortcoming of CVD TiN coatings is their mechanical behavior.
With an indentation hardness of 18 to 25 GPa, their resistance against plastic deformation is not
sufficient for cutting of many common workpiece materials [5,36,42]. Also the low fracture toughness,
accounting for 2 to 3 MPam'?, should be pointed out in this context. Furthermore, the thermal
stability of TiN is poor, as oxidation starts at roughly 550 °C [43,44]. During cutting of steel, this

temperature, however, can be easily exceeded [13]. In order to improve both the mechanical and

12
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thermal stability of TiN, several modifications to this coating system are reported in literature.
Addition of further elements, such as B, C, Al or Si, noteworthy improves the overall performance
of TiN through formation of a solid solution and grain refinement [8,9,45,46]. Sophisticated design
of the coating architecture by applying multilayers represents another approach to counteract the

insufficiencies of TiN (compare section 4.4.).

c)

Fig. 6: (a) Crystal structure of fcc TiN according to [34], and the (b) cross-section [own work] and

(¢) surface morphology of a TiN coating grown by CVD [own work].

4.2. TiBN

While the presence of impurities or dopants commonly results in a reduction of the grain
size, this is especially true for the effect of B on a coating [47,48]. Already small amounts (0.3 at.%)
of B within TiN coatings are reported to result in grain refinement and concomitant increment of
hardness by ~30 % [9]. The resulting nanocrystalline structure is characterized by exceptional
mechanical properties. In literature, different statements on the phase composition in CVD TiBN
coatings were presented. Wagner et al. and Holzschuh report on the formation of a hexagonal
(h)-TiB; phase already at small amounts of B within the coating [9,45]. Peytavy et al. speak in favor
of the presence of ternary fcc-TiBN [49]. A third interpretation was presented by Dreiling et al., who
reported on amorphous TiB at B contents < 18 at.% and h-TiB, in coatings with a higher B content
[50]. The ternary phase diagram of Ti-B-N according to Nowotny et al. is shown in Fig. 7 [51]. The
positions of stoichiometric TiN, TiB,, TiB and BN are depicted as well as the tie lines enclosing the
three-phase-field TiN-TiB,-BN. The B containing coatings investigated within this thesis are all

located in close vicinity to the TiN-TiBs tie line, either in the two- or three-phase-field.
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Ti TiN N
Fig. 7: Ternary phase plot of Ti-B-N with the respective phase fields, redrawn from [51].

The addition of small amounts of BCl; to the feed gas mixture used for TiN allows to deposit
TiBN. Due to the reactivity of BCl;, high accuracy in regard of the flow rate of each precursor is
crucial to obtain coatings with the desired elemental composition. Depending on the feed gas
composition, the formation of TiB, and TiB follows the reactions 4.2 and 4.3, respectively.

TiCL + 2 BCls + 5 H, = TiB; + 10 HCI (4.2)

2 TiCly + 2 BCl; + 7 H, & 2 TiB + 14 HCI (4.3)

In addition to the aforementioned improvement of the hardness, ternary TiBN coatings
outperform TiN also in regard of toughness, strength, thermal stability and cutting performance
[9,52,53]. The beneficial influence of B on the micro-mechanical properties of TiN is outlined within
publication I and II. However, the presence of B has one major drawback, being the diffusion of this
highly mobile element into the substrate. Within the commonly used WC substrate, B is reported
to form a brittle W.CoB, phase, which deteriorates the performance of the tool during application
[45,54]. Therefore, a baselayer underneath B containing coatings is crucial for their applicability in
the cutting industry. TiN is commonly used for this purpose. However, for TiBN coatings with a
high B content or when h-TiB; is applied, poor adhesion to the baselayer is observed [55]. The reason
for this is the mismatch in crystal structure, stresses and crystal size between TiN and TiB,. CVD
TiB, is reported to be nanocrystalline with compressive residual stresses of ~2GPa, while the

columnar TiN grown by CVD exhibits tensile residual stresses of ~500 MPa. The adhesion problem
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can be circumvented by a graded coating architecture with a step-wise increasing B content or by

application of a multilayered coating design [42,56].

4.3. TiCN

CVD a-Al;O3, one of the most abundant coating materials in the metal cutting industry, is
commonly applied within a multilayer stack of TiN-TiCN-ALO3;. Within this multilayer, TiN serves
as baselayer and TiCN provides a mechanical support for the a-Al,Oj; top-layer [57]. According to
Ivashchenko et al., TiN and TiC show complete miscibility in the whole composition range [58].
Therefore, TiCN exists as fce-structured solid solution (Fig. 8a), which explains its superior hardness
in comparison to TiN [59]. The lattice parameter increases linearly with increasing C/(C+N) ratio
from 4.24 A in TiN to 4.33 A in TiC [35,60,61]. There are two industrially relevant processes for the
deposition of CVD TiCN [62]. In the high temperature (HT) process, CH, is used as C feeding
precursor. Here, the temperatures commonly exceed 950 °C, which is why this process is economically

and ecologically less popular. Furthermore, formation of the brittle n-phase is an issue when using

the HT process. The major advantage of using CH, is the possibility to vary the C/(C+N) ratio
freely from pure TiN to pure TiC. This is not possible in the moderate temperature (MT) process,
when solely CH;CN is used with no additional C containing precursor. At the applied temperature
of ~850 °C, the chemical bonding within CH;CN limits the C/(C+N) ratio to ~0.67 [63,64]. However,
the lower temperatures (< 900 °C) needed for this process make it industrially more relevant [6,57].

A major issue related to CVD TiCN-AlLOj; coatings are thermal cracks (Fig. 8b), which form
during cooling in the deposition process due to emerging tensile residual stress [65]. This stress is
evoked by the difference of the thermal expansion coefficient (TECasi00:c) between o-AlOs
(8.3x10% K*), TiCN and the cemented carbide substrate [4]. The TECas.i900c of TiCN depends on
the chemical composition and amounts to 8-9.6x10° K [61]. This applies as well to the cemented
carbide substrate, where TECsys0-c decreases from 6.6x10° K'to 5.4x10° K when reducing the
Co content from 15 to 6 wt.% [30]. As cracks allow O penetration into TiCN or even the substrate,
they are related to accelerated wear of the tool [66,67]. One possibility to tailor the stress state and

thus the emerging crack network is by post-deposition treatments like dry- or wet-blasting, where
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compressive residual stress is induced in the coating [68]. Stylianou et al. showed that the TEC
mismatch of cemented carbide substrate and TiCN-ALQO; coatings can be tailored by the Co content
in the substrate [30]. Using ZrCN instead of TiCN or increasing the C/(C+N) ratio in TiCN
constitute further possibilities to prevent the occurrence of cracks in the coating [37]. The application
of CoHg as C feeding precursor for the production of TiCN allows both, low deposition temperatures
and adjustment of the C/(C+N) ratio [10,69]. Despite these advantages, little is known on the use
of this precursor. Thus, CVD TiCN coatings prepared with C,Hg have been investigated in

publication IV in regard of their microstructure and fracture-mechanical behavior.

b) =

Fig. 8: (a) Crystal structure of fce-TiCN according to [59] and (b) cross-sectional cracks through

Ol-AlgOg and MT—TiCN /68/

A combination of solid-solution and Hall-Petch hardening is achieved in quaternary CVD
TiBCN coatings, which thus exhibit high hardness of up to 33 GPa [10]. The deposition of TiBCN
through CVD is reported using CH;CN, CH, and C.Hg. Czettl et al. showed that with increasing B
content in the coating, a more pronounced defect density and higher tensile residual stress are
observed. They furthermore report on a superior cutting performance obtained for coatings with low

amounts of B in comparison to ternary TiCN [6,10].

16



Christina Kainz Hard coatings

4.4. Coating architecture

Hard yet tough materials can be composed following the design rules from nature, where
layered structures possess superior mechanical properties [70,71]. Using such a layered material
architecture enables to improve the wear resistance of hard coatings in real-life applications, which
relies on the structural and compositional heterogeneity of these materials [72]. Both, the superior
properties of alternating hard and soft layers as well as the combination of two hard materials with
different stiffness are reported to be beneficial [73]. The hardness increase in layered materials relies
on the restriction of grain growth at the respective interface and the concomitant Hall-Petch
hardening. Furthermore, the interfaces impede dislocation movement and therefore improve the
material’s strength [74]. According to Holleck et al., toughness enhancement in multi-layered
materials relies on manifold phenomena, which are schematically depicted in Fig. 9. First and
foremost, the crack deflection (1) at the interfaces should be mentioned, which retards crack
propagation through the material. Second, the interface may form a void during cracking, which
results in a reduction of the stress concentration (2). Dissipation of energy along the interface and
concomitant stress relaxation (3) further reduce the tendency of fracturing. Finally, the
aforementioned restriction of grain growth is reported to favor crack splitting [12,73]. As the number
of individual layers increases, the interface volume as site for energy dissipation gains more
importance. Materials, where the single layer thickness is in the range of the lattice constant are
called super-lattices, provided that the following preconditions are fulfilled: The respective
constituents need to exhibit similar atomic radii, a comparable bonding character, a low discrepancy

in the lattice parameter and they have to be isostructural [12,74].
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Fig. 9: Toughening mechanisms in a multi-layered material, being (1) crack deflection, (2) interface

opening and (3) nano-plasticity, redrawn from [13].
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5. Selected Advanced Characterization Techniques for Hard
Coatings

5.1. Electron energy loss spectroscopy

Knowledge on the elemental and phase composition is of major importance for the
understanding of a material. Glow discharge optical emission spectroscopy or energy dispersive X-ray
spectroscopy allow elemental quantification in the bulk of the coating. However, characterization
methods with a higher resolution are crucial to investigate the spatial composition of nanocomposite
materials such as TiBN and TiBCN coatings [75,76]. Allowing to study both, the elemental
components and binding state at single-atom level, makes electron energy loss spectroscopy (EELS)
a powerful material characterization method. EELS spectra show the energy distribution of electrons,
which have passed a sample inelastically [77]. It is thus possible to draw conclusions on the bonding
and nearest neighbors of the analyzed atoms, their electronic structure as well as on the sample
thickness [78]. The necessary components of an EELS spectrometer are incorporated into a
transmission electron microscope (TEM) and are depicted in Fig. 10a.

An EELS spectrum can be divided in a low-loss and a high-loss region. The low-loss region
provides information on the valence-band electrons and incorporates the intense zero-loss peak and
the plasmon peak. The high-loss region includes the ionization edges characteristic for each element
and binding state as a function of the energy loss [77]. Exemplary for an EELS spectrum, the
ionization edges of B K, C K, N K, O K and Ti Los recorded from a PVD TiBN coating are shown
in Fig. 10b [79]. While for light elements, electrons from the K shell are analyzed, the outer L or M
shells are used in case of heavy elements. The reason for this is that the energy required to remove
an electron from a respective shell increases with atomic mass, which results in a loss of intensity in
the EELS spectrum. The ionization edges are not sharp peaks, but rather show an oscillatory fine
structure in the respective energy loss region. These oscillations, which rely on the nearest neighbors
of the respective atom, are denoted as the electron energy loss near edge fine-structure (ELNES).
The ELNES can be considered as the chemical fingerprint of a material and therefore allows to
deduce the phase composition at the investigated position [80]. TiN coatings show a pronounced
double peak in the Ti Lo; edge at ~460 eV and two additional smaller ones at ~480 and 500 eV,
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which are not affected by alloying small amounts of C or B to the material [11]. The two
characteristic peaks at the N K edge between 390 and 420 eV do not shift significantly with addition
of B or C, however, the peaks broaden with increasing energy loss [81]. According to Gupper et al.,
the reason is scattering from the first and second atomic neighbor [79]. Ternary TiCN coatings
exhibit a similar C K ionization edge as pure TiC, with the characteristic signals at ~285 and 300 eV
[82]. In order to understand the phase composition of coatings in the Ti(B,C,N) system, the B K
edge is most feasible for investigation due to the compound dependent shape of this edge. It is not
only possible to differentiate between TiB,, BoO; and BN, also the amorphous TiB shows a different
edge compared to TiB,. However, it has to be kept in mind that the co-existence of phases with

similar ELNES complicates the interpretation due to an overlap of the signals.
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Fig. 10: a) Schematic of an EELS spectrometer with all necessary components [77]. b) EELS

spectrum of a CVD TiBN coating including the B K, C K, N K, TiLss and O K edge [79].

5.2. High energy X-ray diffraction
Though conventional X-ray diffraction (XRD) allows to gain detailed insight into the
microstructure of materials, there exist various restrictions. A site-specific investigation, which is
especially important in multilayered or composite materials, is difficult to realize by conventional
XRD. As hard coatings for metal cutting applications are subjected to high temperatures, also their

properties at elevated thermal loads are of interest. However, studying the microstructure as a
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function of the temperature is very time consuming using lab-scale XRD due to the low brilliance.
Furthermore, in-situ combination with other characterization methods, such as differential scanning
calorimetry (DSC) or nanoindentation, are hardly applicable. All of the aforementioned issues can
be overcome when conducting measurements at a high energy XRD (HE-XRD) beamline at a
synchrotron radiation facility.

In addition to the radiation source, several further hardware components are necessary for
performing the HE-XRD experiment, being X-ray optics, sample holders and detectors, to name but
a few (Fig. 11a). Two-dimensional flat panel area detectors allow to collect the whole range of the
Debye-Scherrer rings at once. After azimuthal integration of these rings, a multitude of information
can be gained from the 2D-diffractograms. From the positions of the Bragg-reflections in the
reciprocal space, conclusions on the qualitative phase composition can be drawn [83]. Taking into
account also the intensity of the respective reflections allows to conduct a quantitative phase analysis
using the Rietveld method [84,85]. The distortion of the rings provides insight into the strain of the
material, which can be assessed using the sin*{y method [86]. Provided that the X-ray elastic constants
are known, the stress of the material can be calculated. The evolution of the in-plane residual strain
of a CVD TiN as a function of the temperature is shown in Fig. 11b.

In addition to investigations of the microstructure at elevated temperatures (see publication
IIT), HE-XRD can also be combined with other techniques for in-situ experiments. Saringer et al.
investigated the temperature-dependent phase composition of a CVD TiAIN coating in a combined
approach of HE-XRD and differential scanning calorimetry [88]. Zeilinger et al. illuminated the stress
distribution in a TiN coating during nanoindentation and Erdely et al. conducted tensile loading

tests to study the deformation of an intermetallic y-TiAl based alloy [89,90].
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Fig. 11: a) Schematic of the measurement set-up used for HE-XRD [87]. b) Temperature dependent

evolution of the residual stress in a CVD TiN coating [own work].

5.3. Micro-mechanical bending tests

Hardness and Young’s modulus of hard coatings are today easily accessible my means of
nanoindentation. However, the performance of a coating in cutting application not only depends on
its resistance to plastic deformation. The fracture toughness, denoted by the critical stress intensity
factor Kic, is a further decisive parameter when assessing the suitability of a coating for metal
cutting. A higher Kic value is correlated with a higher ductility of the material, allowing for a better
resistance against crack initiation and propagation in comparison to a brittle material [12]. Though
standardized methods exist for determination of the fracture toughness of macroscopic samples,
evaluating this parameter in coatings is still challenging [91]. Modern focused ion beam (FIB)
workstations, however, allow to fabricate micro or even nano-sized bending specimens. These
micro-cantilevers are subjected to fracture in-situ or ex-situ within a nanoindenter to record the
load-displacement curve prior to fracture. Evaluation of unnotched specimen allows to determine the
fracture stress and Young’s modulus of the coating. Testing bending beams featuring a sharp notch
in close vicinity to the cantilever beam support enables to calculate the fracture toughness [92,93].

In order to obtain feasible fracture data, special care needs to be taken during both,
fabricating and testing of the micro-cantilevers. First, a pre-crack exhibiting a depth of roughly one

third of the cantilever height with thin material bridges to the beam support are favorable to thick
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bridges and a shallow pre-crack. This is due to a more stable crack after failure of the bridges.
Furthermore, rounded ends in the pre-crack due to over-fibbing are disadvantageous and may result
in an underestimation of the fracture toughness. Choosing displacement over load controlled
indentation during testing of the specimen is favorable. Otherwise, catastrophic failure of the
specimen may occur as soon as the crack is initiated, which results in overestimating the fracture
toughness [94].

Nitride-based hard coatings generally exhibit, due to their ionic bonding part, low ductility
in comparison to metals. Thus, several approaches have been reported to increase their fracture
toughness. Here, the application of a multilayered coating architecture should be mentioned in the
first place. Zeilinger et al. reported on a noteworthy enhancement of the Kic value of multilayered
CrN-Cr coatings in comparison to binary CrN. While the ceramic CrN provided the coating with
high hardness, the metallic Cr enabled a better toughness. The authors furthermore observed that a
decrement in the bilayer period further enhanced the fracture toughness [89]. This is reasoned by
the fact that each interface between a ceramic and metallic layer acts as possible crack deflection
site, which retards both crack initiation and propagation [12]. A further possibility to increase the
fracture toughness of a ceramic coating by multilayering is achieved by the aforementioned
superlattice effect [95]. The addition of further elements to originally brittle binary nitrides
constitutes another approach to increase the fracture toughness. The critical stress intensity of TiN
can be noteworthy improved by addition of Si, B and C as shown by Bartosik et al. and in

publication IT and IV [11,96].

5.4. Time-domain thermoreflectance

The heat barrier potential of hard coatings is of major importance for the thermal
management of the tool during cutting, as they need to withstand temperatures of up to 1000 °C
[14,15]. Heat distribution within a material can be quantified using the thermal conductivity. In
order to dissipate the heat off the contact zone, a high thermal conductivity in plane is favorable.
Contrarily, a low thermal conductivity is desired out of plane as this allows deflection of the heat

into the chip and thus prevention of substrate overheating [15]. Time-domain thermoreflectance
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(TDTR) is a state of the art method for determination of the thermal conductivity [97,98]. TDTR
measurements rely on a pulsed pump-probe laser system; the measurement set-up is simplified
depicted in Fig. 12 [99]. There, the pump beam heats the material surface, which results in a slight
increase of the temperature. With a delay in the range of picoseconds, the probe beam hits the
sample and is reflected. This allows to obtain the thermal transient data, thus the change in the
sample temperature resulting from impact of the pump beam. Commonly, ~70 nm thin Al is used
as transducer layer, as the temperature dependent optical reflectance of this material is well known.
It is thus possible to derive the thermal diffusivity from the time dependent temperature gradient
[98]. The thermal conductivity k is thus obtained following

K= apcy, (5.1)
where a denotes the thermal diffusivity, p the density and ¢, the heat capacity of the material [100].
The information depth depends on the thermal conductivity, which is obtained by fitting of the data
with a mathematical multilayer model. Crucial input parameters for this model are thickness, heat
capacity and thermal conductivity of all layers within the system. In order to obtain feasible results,

TDTR measurements ask for a smooth surface morphology and absence of pores in the sample.
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Fig. 12: Schematic view of a TDTR measurement set-up [99].
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Variations in the thermal conductivity result from differences in the phonon scattering. A
small grained morphology and high defect density are reported to result in an increased phonon
scattering in comparison to a large grained and defect free material and thus in a lower thermal
conductivity [101]. Measurement of the thermal conductivity can therefore shed light on the change
in grain size and defect density upon e.g. annealing or addition of further elements to binary ceramics.
Ternary and quaternary ceramics (e.g. TiCN or TiBCN) generally exhibit a lower thermal
conductivity than binary ones (e.g. TiN) due to alloy scattering [102]. The composition dependent
change of the phonon scattering in CVD Ti(B,C,N) coatings was studied within publication III and
Iv.
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6. Summary and Conclusions

The aim of the present thesis was to establish design rules for damage tolerant CVD coatings
in the Ti(B,C,N) system with simultaneously outstanding hardness, superior fracture toughness and
ideal thermo-physical properties for metal cutting. Within publication I, the influence of the bilayer
period in multilayered TiN/TiBN coatings on the (micro-)mechanical properties was assessed. The
findings emphasize that the multilayers not only exhibit superior hardness and fracture toughness in
comparison to binary TiN, the coating with the lowest bilayer period also outperforms the already
hard and tough monolithic TiBN coating. Publication II demonstrates that the addition of C to TiN
and TiBN and the resulting formation of a TiCN-based solid-solution noteworthy alters the coating
morphology and properties. The presence of C results in an increase of the fracture stress and
suppresses the formation of amorphous TiB in TiBCN. Due to the fine grained morphology, B
containing coatings are superior in regard of hardness and fracture toughness, with the highest values
observable in quaternary TiBCN. Within publication IV it is shown that the use of C;Hg as C feeding
precursor enables the deposition of TiCN coatings over a broad compositional range, which is not
possible when using CH3CN. The lower deposition temperature needed in comparison to the
application of the high temperature process speaks for this method also in regard of economy and
sustainability. An increasing C/(C+N) ratio is accompanied by a more pronounced <110>
orientation. The mechanical properties and thermal conductivity are more favorable for TiCN
coatings in comparison to binary TiN. High energetic X-ray diffraction using synchrotron radiation
allows to monitor the thermal stability, lattice strain and thermal expansion coefficient of coatings
in the Ti(B,N) system up to 1000 °C (Publication III). The evaluation proved that TiN, TiB, and
the four investigated ternary TiBN coatings are thermally stable in Ar within the tested temperature
range. As the B content in the coatings increases, a lower discrepancy between the thermal expansion
coefficient of substrate and coating was observed, which is desirable in regard of thermal crack
suppression. To the best of the author’s knowledge, up to now, no reports exist on the determination
of the thermal expansion coefficient on intact, i.e. not powdered coatings. The investigations within
publication III allow to close this gap, where the obtained data are verified by measurements on

powdered samples of TiN and TiB,. In addition, the out-of-plane thermal conductivity decreases
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with increasing B content. Thus, B rich coatings offer a higher potential to prevent overheating of
the substrate.

The combination of the investigations performed within this thesis create for the first time
the scientific basis to tailor microstructure and properties of CVD coatings within the Ti(B,C,N)
system towards higher toughness and at the same time outstanding hardness and superior
thermo-physical properties, which enables to design damage tolerant coatings to maximize the

real-life cutting performance.
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Abstract

Application of a multilayered coating architecture based on two alternating hard materials
provides a strategy to enhance the mechanical properties of hard coatings for the metal cutting
industry. Within this work, the mechanical behavior of CVD TiN/TiBN multilayer coatings was
correlated with their microstructure and compared to the respective single-layers. Multilayers with
different bilayer periods (1400, 800, 300 and 200 nm) were prepared in an industrial-scale thermal
CVD plant by alternate variation of the feed gas composition. Complementary X-ray diffraction,
Raman spectroscopy and transmission electron microscopy investigations confirmed a dominating
face-centered cubic TiN structure, accompanied by hexagonal TiB2 and amorphous TiB in the B
containing coatings. The addition of B and a decreasing bilayer period resulted in a decreasing grain
size and increasing hardness. Micromechanical bending tests revealed an increase of strength and
fracture toughness with addition of B and increasing layer number. While the highest strength was
observed in a TiBN single-layered coating, the multilayered TiN/TiBN with a bilayer period of

200 nm was the hardest and at the same time toughest of the investigated coatings.
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1. Introduction

The demand for high cutting speed and feed rates and simultaneous cost efficiency in the
metal cutting industry requires, besides substrate materials with high hot hardness, sophisticated
coating materials [1,2]. Hard, wear-resistant TiN coatings have been used for more than 40 years to
improve the cutting performance and lifetime of cemented carbide cutting inserts [3]. In addition to
solid solution strengthening, further hardening of TiN coatings can be realized by grain refinement
through addition of dopants such as B [2]. TiBN coatings are commonly applied for cutting of Ti
alloys due to their high hardness at elevated temperatures combined with good oxidation and wear
resistance [2,4]. Therefore, extensive research has been performed with special regard to the
nanocomposite nature of TiBN, which can be prepared by both, physical or chemical vapor
deposition (CVD) [5-8].

In addition to multiphase or nanocomposite coatings, multilayers provide a possibility to
attain properties difficult to achieve with a conventional single-layer approach [9]. Hardening in
multilayers results from prevention of dislocation movement due to interfaces. Toughening is mainly
achieved by crack deflection at the interfaces of adjacent layers [10]. Hard yet tough coatings are
reported to offer superior wear resistance in real-life applications compared to brittle hard coatings.
They may be realized by a multilayer combination of two different hard materials [11]. Though the
proficient properties of TiN and TiBN qualify them as suitable candidates for high performance
multilayers in cutting applications, few reports have been published so far on CVD TiN/TiBN
multilayers [12-15]. Further, no literature can be found where the relationship between the
microstructure and the fracture behavior on the microscopic scale with respect to the bilayer period
A is discussed for the given coating system.

Thus, the aim of the present work is to illuminate the effects of B addition and A in CVD
multilayer coatings with alternating TiN and TiBN layers on the chemical and crystallographic
structure as well as on the micromechanical properties. The combinatorial application of
sophisticated characterization techniques like transmission electron microscopy and bending tests

performed on free-standing coating micro-cantilevers enabled both a detailed insight into the
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microstructure of the investigated coatings and the identification of the coating with the most

favorable mechanical properties for cutting applications.

2. Experimental methods

Coating depositions were carried out in an industrial-scale thermal CVD plant. A gas mixture
of TiCly, Hz, N3, BCl3 and Ar was used to synthesize TiN and TiBN single-layer and TiN/TiBN
multilayer coatings. 6, 12, 24 and 40-layered coatings of alternating TiN and TiBN were prepared
by interruption of the BCl; feed gas flow, whereas the uppermost layer was TiN. Within the B
containing layers, the BCl; content in the feed gas was adjusted to 0.15 vol.%. In order to prevent
B diffusion into the substrate, the coatings were deposited on a ~0.5 pm thick TiN base-layer. The

process temperature and pressure were held constant throughout the deposition at 900 °C and 930

mbar, respectively. The total thickness of the investigated coatings was between 4 and 5 pm.

Therefore, bilayer periods of ~1400, 800, 300 and 200 nm for the 6, 12, 24 and 40 layered coatings,
respectively, were obtained. The multilayer coatings are named accordingly to the respective bilayer
period. As substrate material, cemented carbide cutting inserts in SEKN 1203 AF-G3 geometry
(according to ISO 1832) with 87 wt.% WC, 9 wt.% Co and 4 wt.% mixed carbides were used.

The elemental composition of the coatings was determined by glow discharge optical emission
spectroscopy (GDOES) using a Jobin-Yvon Horiba JY10000 spectroscope. Isostatic hot pressed
reference materials of different compositions were used for calibration. Surface and cross section
morphology of the single- and multilayer coatings was evaluated using a field emission gun scanning
electron microscope (SEM) of type Zeiss Auriga. Crystallographic analyses were conducted by X-ray
diffraction (XRD) with a Bruker AXS D8 Advance diffractometer in grazing incidence geometry

(incidence angle 2°). Residual stresses were determined using the sin’¢ method in Q mode on the
(422) reflection with Cu-K, radiation [16]. In the used set-up, the Bragg angle 26 was kept constant

between 124.5 and 127°. The inclination angle of the sample surface normal in regard to the

diffraction vector () was varied in 14 steps from 0 to 58.5°. Y angles were chosen in that way that
the resulting sin’y values featured equidistant steps of roughly 0.05. Elastic constants taken from

ref. [17] were subsequently used to obtain the stress from the measured strain [18]. Texture analysis
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was carried out in Bragg-Brentano geometry and preferred orientation was evaluated by texture
coefficients (TC) from the intensities I(hkl) of the measured peaks according to [19]. Texture-free
intensities Iy(hkl) of face-centered cubic (fcc) TiN were taken from the ICDD file # 00-038-1420. A
total of n=7 peaks were included in the analysis, i.e. (111), (200), (220), (311), (331), (420) and
(422). To gain deeper insight into the microstructure of the multilayers, lamellae for transmission
electron microscopy (TEM) were prepared by focused ion beam (FIB) milling using an Orsay Physics
Cobra Z-05 device. The lamellae were investigated with an FEI Tecnai F20 microscope equipped
with a Schottky field emitter (200 kV). For the N K jump ratio micrographs, the pre-edge
micrographs were recorded at 385 eV and the post-edge images at 411 eV. Electron energy loss
spectroscopy (EELS) was executed in imaging mode. The C2 aperture, objective aperture and
entrance aperture for the high resolution Gatan imaging filter were set to 150 pm, 70 pm and 3 mm,
respectively. Selected area electron diffraction (SAED) was done using an FEI Tecnai 12 microscope
operating with an LaBg cathode (120 kV). The camera length was set to 1000 mm and the diffraction
aperture to 6 pm. Complementary information on the phase composition was gained by
cross-sectional p-Raman spectroscopy using a LabRAM HRS800 spectrometer from Horiba

Jobin-Yvon. The device was equipped with a frequency-doubled Nd-YAG laser (A=514.5 nm). The

measurement was performed applying a step size of 250 nm and a spot size of 750 nm.

Coating hardness and Young’s modulus were determined by nanoindentation using an Ultra
Micro Indentation System (UMIS) from Fischer-Cripps Laboratories operating with a diamond
Berkovich tip. Prior to indentation, the surface of the coatings was polished to obtain a smooth
surface for a reasonable measurement. To keep the penetration depths <10 % of the film thickness
and therefore exclude substrate effects, a plateau test from 10 to 30 mN with a step size of 1 mN
was carried out. Data evaluation was conducted accordingly to the method of Oliver and Pharr [20].
In order to gain insight into the fracture behavior of the coatings, micromechanical tests were
executed. Two sets of freestanding bending beams, i.e. notched and unnotched, were prepared by
FIB machining on an FEI DualBeam Versa 3D device. The dimensions were adjusted to a bending
length of ~9 um and a cross-section of ~3x3 pm?® Unnotched beams served for the determination of

the fracture stress. Fracture toughness was evaluated on samples with a sharp notch, located in a
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distance of ~1 pm from the cantilever beam support. The planned indentation position was marked
by a reticule with the FIB. The bending beams were imaged by scanning probe microscopy using a
Hysitron Tribolndenter T1950 and a spheroconical tip. Loading of the bending beams was done at a
rate of 1600 uN/s. Taking into account the cantilever geometry and measured load-displacement
curve, data analysis was performed accordingly to the method of Matoy et al. [21]. In order to gain
statistical reliable data, a minimum of each three notched and unnotched beams were tested for
every coating system. Depth of the notch and fracture cross sections were evaluated by post-mortem

analysis using SEM.

3. Results and discussion
3.1. Microstructure and chemical composition

The elemental analysis of the single-layer coatings showed a stoichiometric composition for
fce-TiN and a mean composition of 5 at.% B, 48 at.% Ti and 47 at.% N for TiBN. Therefore, the
composition of the investigated TiBN coating lies within the section TiN-TiB.-BN in the ternary
phase diagram [22], close to the tie-line of TiN-TiB,. Since the deposition parameters for TiN and
TiBN in the single- and multilayer coatings were the same, the composition of the respective layers
in the multilayer system was assumed to be equal to the respective single-layer coating.

The surface morphology of the TiN single-layer (Fig. 1a) is characterized by star-shaped and
pyramidal grains, which is in accordance to the findings of Wagner et al. [23]. These star-shaped
crystals have been suggested to originate from the formation of twinned nuclei at the given

comparatively low deposition temperature. V-shaped columnar grains, typical for competitive
growth, of ~0.5 pm in-plane and a few pm in growth direction can be observed in the cross-section
of TiN (Fig. 1d). The TiBN single-layer displays a similar, although finer structure compared to
TiN, which is accompanied by needles (Fig. 1b). The fine grained cross-section of TiBN in Fig. le
reveals a pronounced decrease in crystallite size compared to TiN, which is in good agreement with
the existing literature [2,5,7,8,15]. Fig. 1c depicts, representative for the TiN/TiBN multilayers, the

surface of the coating with A=1400 nm, showing a similar surface morphology as single-layered TiBN

but without any needles. The cross-section micrograph, shown in Fig. 1f, reveals that the large
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columnar TiN grains are interrupted by small crystallites in the TiBN layers, followed by a renewed

growth of columnar grains in the subsequent TiN layer.

- . - 4 v
® N "&7" —

Fig. 1: SEM surface (top) and cross-section morphology (bottom) of (a,d) the TiN and (b,e) the

TiBN (5 at.% B) single-layers and (c,f) the TiN/TiBN coating with A=1400 nm representative for

the multilayers.

In Fig. 2a, the X-ray diffractograms of the coatings are summarized. In the following, the
multilayer coatings are named TiN/TiBN with the respective layer number. Standard peak positions
of fce-TiN and hexagonal (h) TiB, are marked by dashed lines [24,25]. All reflections of the TiN
single-layer correspond to the respective ICDD pattern. The additional small peak at 26=34.6°,
which is observed in the TiBN single-layer and in the multilayers, can be assigned to the (100)
reflection of h-TiB,. No indication for crystalline BN is apparent in any of the investigated coatings.
The lattice parameter - determined by Rietveld refinement - of the herein investigated TiBN single-
layer does with 4.25 A not differ noteworthy from the one of fec-TiN (4.24 A). Though the given

diffractograms speak against the incorporation of B within the fce-TiN grains, it cannot fully be
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ruled out. With respect to the phase composition of TiBN coatings with B contents of ~5 at.%,
different conclusions can be found in the existing literature. While Holzschuh and Wagner et al.
described the formation of h-TiB, within TiBN coatings already at low B contents [26,27],
Peytavy et al. reported a substitution of N by B in fcc-TiN to obtain fece-Ti(B,N) [28]. In another
approach, Dreiling et al. suggested the formation of amorphous TiB at B contents <18 at.%, which

was reinforced by Raman spectroscopy [29]. Fig. 2b summarizes the influence of B addition and A

on the full width at half maximum (FWHM) of the X-ray diffraction peaks and the residual stresses.
The evaluation of the FWHM, conducted on the (220) peak, confirms the microstructural changes

with addition of B and variation of A. While the sharp diffraction peaks of TiN originate from the

coarse grained microstructure, peak broadening in TiBN is due to the smaller size of coherently
diffracting domains [27,30]. Rietveld refinement indicated a noteworthy reduced crystallite size of
the fcc-phase in the TiBN coating compared to that of the binary TiN coating. Although less
pronounced compared to the distinct FWHM increase with addition of B, peak broadening can also

be observed with decreasing A in the multilayers (Fib. 2b). This is associated with the rising number

of interfaces, at which grain growth is interrupted, as can be seen from the SEM cross-section of the

multilayer coating with A=1400 nm in Fig. 1c. The tensile residual stresses increase from 433+7 MPa

in TiN to 890428 MPa in TiBN; the stresses in the multilayer coatings spread between these values.

Initially, a decrease of A results in an increase of the residual stresses, from 492+32 MPa in the
coating with A=1400 nm to 684416 MPa in the one with A=300 nm. For the coating with A=200 nm,

a slightly decreased tensile stress is observed. According to Holleck, different mechanisms have to be
taken into account in the evaluation of stresses within multilayer coatings [31]. First, the difference
in thermal expansion coefficients of TiN (9.4x10° K') compared to TiB; (~7.4x10° K') provokes
thermal stresses at the interfaces. These are further accompanied by the stresses between the TiN
base layer and cemented carbide (~5.8x10° K™) [32-35]. In addition, residual stresses at the various
interfaces of TiN and TiB, have to be taken into account as well. The texture of the herein
investigated coatings changes with the addition of B from texture-free for TiN to a preferred (110)

orientation (TC=2.9) for TiBN. No pronounced influence of A on the texture is observed in the

multilayers, as all of them exhibit a preferred (110) orientation (TC=3.3+0.2).
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Fig. 2: a) Grazing incidence X-ray diffractograms and (b) FWHM and residual stresses of TiN and

TiBN single-layers and TiN/TiBN multilayers.

To further illuminate the microstructure and phase composition of the multilayers, TEM
analyses were performed. In Fig. 3 the related bright field (BF) TEM micrographs and the N K
jump-ratios of the respective multilayer coatings are shown. The bright layers in the N K jump ratio
micrographs correspond to a higher concentration of N and therefore to TiN. The in plane grain size
decreases with decreasing A from 140+50 nm in the coating with A=1400 nm to 75+10 nm in the

one with A=200 nm. The observed behavior is in good accordance with the decreasing out-of-plane

grain size with decreasing A observed in the evolution of the FWHM in the XRDs.
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Fig. 3: BF-TEM micrographs (left) and NK jump-ratios (right) of the TiN/TiBN coatings with

A= (a) 1400, (b) 800, (c) 300 and (d) 200 nm.

The electron energy loss near edge structure (ELNES) of the Ti Lys and N K-edge of the

coating with A=1400 nm, which is representative for the multilayers, is given in Fig. 4a. The

presented patterns correspond to signals recorded in a TiN and a TiBN layer, respectively. The Ti
L,s and N K-edge can be unambiguously related to TiN [29,36,37]. From the B K-edge, shown in
the insert in Fig. 4a, presence of B within the TiN layers can be concluded. Owing to the highly
diffusive nature of B, diffusion from TiBN into TiN layers is not surprising. A further aspect that
has to be taken into account is the residence of BCl; in the CVD recipient. Though the flow of the
B precursor was interrupted in the TiN layers, remnants of BCl; in the gas compartment can still
be incorporated into the coating. In addition, B carryover from TiBN into TiN layers during FIB
preparation cannot entirely be excluded. In addition to the lower intensity of B in TiN compared to

TiBN, a difference in the peak shape is apparent in Fig. 4a. It is therefore assumed, that the B atoms
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in TiN and those in TiBN exist in a different chemical nature. While the B in TiN is incorporated
as free B, comparison of the B K-edge of the TiBN layers with those reported in literature indicates
the presence of TiB in the given coatings [36]. On the other hand, the signal could also result from
a superimposition of the patterns from free B, TiB, and/or TiB. In good accordance to the XRD
results, no indication for BN was found. The SAED patterns of the multilayer coatings showed
spotty rings, which are characteristic for a polycrystalline sample with comparatively coarse grains
(Fig. 4b and c¢). The d-spacings can nevertheless be assigned to the reported fcc-TiN phase and are
in good agreement with the findings from XRD. The weak diffuse ring in the center of the pattern

indicates the presence of an additional non-crystalline phase.
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Fig. 4: TEM investigation of the TiN/TiBN multilayer coating with A=1400 nm: (a) N K, Ti Ly

edge and B K edge. SAED patterns with respective observed crystal planes of the multilayer coatings

with (b) A=1400 nm and (c) A=200 nm.

Cross-sectional p-Raman spectroscopy was used as a complementary method to XRD and
TEM for the investigation of the phase composition within the system Ti-B-N. While detection of
TiB upon XRD or SAED is not possible due to its amorphous nature, it is reported to result in a
distinct signal in the Raman spectrum [29]. Fig. 5 shows the cross-sectional Raman spectra of
single-layered TiN and TiBN as well as the respective layers within the multilayer coating with

A=1400 nm. The Raman signals at 220 cm™, 312 cm™ and 552 cm™ are attributed to the transversal

acoustical, longitudinal acoustical and transversal optical mode, respectively, of TiN. The additional
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peak at 350 cm™ in the TiBN single-layer can be assigned to TiB, as the presence of h-TiB, should
result in an additional peak at ~660 cm™ [29,38]. Formation of this compound is reported at low
partial pressure of BCl; with a comparable feed gas composition as described in the present work

[29,39]. The Raman spectrum of a TiBN layer within the multilayer coating with A=1400 nm displays

a shoulder at 350 cm™, indicating the presence of small amounts of TiB also in the investigated
multilayer coatings. The lower intensity of the characteristic peak for TiB in the TiBN layer within
the multilayer coating compared to monolayered TiBN is assumed to result from the step size
(250 nm) and spot size (750 nm), which does not allow to fully exclude influences from the
neighboring TiN layers. Complementary XRD, ELNES, SAED and Raman spectroscopy have to be
taken into consideration in order to clarify the phase composition in TiBN. Crystallographic
investigations corroborate the assumption that additional phases (TiB, TiBs) to fce-TiN are formed.
Nevertheless, residual free B in fce-TiN cannot entirely be excluded. The signal of TiB in the Raman
spectrum accompanied by the diffuse ring observed in the SAED confirm the formation of amorphous
TiB, while XRD clearly displays the presence of h-TiB,. Thus, it is concluded that the herein
investigated TiBN coating consists to the most part of fcc-TiN and, to a small extent, of amorphous

TiB and h-TiB,.
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Fig. 5: Cross-sectional p-Raman spectra of TiN and TiBN single-layers and the TiN/TiBN

multilayer coating with A=1400 nm.

3.2. Mechanical properties

Fig. 6a shows exemplary load-displacement curves, here recorded at 20 mN, of the six
investigated coatings. The contact depth decreases both with addition of B to TiN and with
decreasing bilayer period, indicating a higher resistance to plastic deformation. This trend is
reinforced by the obtained values of coating hardness of the given samples shown in Fig. 6b. The
pronounced hardness increase with addition of B is extensively discussed in the existing literature
[2,26,27]. The rise in hardness from 18+2 GPa for TiN to 29+1 GPa for TiBN stems from the smaller
crystallite size and consequently is a result of the Hall-Petch effect [40,41]. According to Barna et al.,
highly-mobile dopants like B may segregate at the grain boundaries of the majority phase, where

they prevent coalescence through formation of their own phase [42]. The decrement of A results in a
slight increase of hardness from 28+3 GPa in the multilayered coating with the highest A to
31£2 GPa in the one with the lowest A. However, the high distribution of the measurement values

does not allow for a clear statement on the evolution of the hardness as a function of A. The
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prevention of dislocation motion at the increasing number of interfaces should result in strengthening

with decreasing A. Providing that sharp interfaces are present, bilayer periods of a few nm may

enable the formation of superlattices, which may offer ultra-hardness [43]. However, a limitation in
CVD is given due to the time needed for the gas exchange, which leads to the formation of less
well-defined interfaces. Therefore, A of the here investigated multilayer coatings was chosen within
a range, where both the beneficial effects of low layer thickness and limitation arising from the
deposition technique were considered. For the coatings with A=1400 nm and A=700 nm, the
indentation depth was too low to cross the first interface between TiN and TiBN. Therefore, the
high hardness measured within the indented TiN layer is most probably a result from the observed
presence of small amounts of B within this layer. The Young’s modulus stays in the magnitude
reported for fce-TiN with the addition of B and slightly decreases with reduction of A. This behavior
is associated with the increasing number of grain boundaries at the layer interfaces and the resulting
higher porosity as A decreases. The hardness to modulus ratio (H?/E?), which is related to the elastic
strain to failure, allows a rough estimation of the fracture toughness [11]. Fig. 6¢ depicts the
assessment of the H?/E*ratio of the investigated coatings. Both the addition of B and a decrease of

A result in a pronounced increase of the described ratio. The underlying phenomena, which influence

the fracture toughness, are discussed in the following.
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Fig. 6: (a) Ezemplary load-displacement curves of TiN and TiBN single-layers and TiN/TiBN
multilayers recorded at a load of 20 mN. (b) Evolution of hardness and Young’s modulus as a
function of the bilayer period in comparison to the respective single-layers. (¢) The H’/E* ratio as
a measure of the resistance to plastic deformation for the TiN and TiBN single-layers and the

TiN/TiBN multilayers.

In order to gain knowledge on the material properties at microscopic length scales,
micromechanical tests with freestanding bending beams were performed. The geometry of an
unnotched FIB fabricated specimen, which were used for the investigation of the fracture stress, is
depicted in Fig. 7a. The used experimental setup further allows to determine the fracture toughness
of the investigated samples, for which a sharp notch was implemented by FIB milling. Both, fracture
stress and toughness were evaluated at the sudden end of the load-displacement curve, where failure

of the micro-cantilevers occurred. Fig. 7b displays the evolution of the fracture properties of
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single-layered TiN and TiBN as well as TiN/TiBN multilayers. The fracture stress increases from
3.9£0.5 GPa in single-layered TiN to 7.3+0.1 GPa in TiBN. Daniel et al. reported the strength of
TiN coatings prepared by magnetron sputtering to be between 1.6 and 2.9 GPa depending on density
and grain boundary design [44]. The higher strength value of TiN in the present work can be assigned
to the different deposition technique and the dense microstructure resulting from the given deposition
parameters. While TiN, TiB and TiB, all possess mixed ionic-covalent bonding character, the
covalent bond fraction is higher in Ti-B compared to Ti-N. This is reflected by the higher strength
of TiBN compared to TiN coatings. The maximum fracture stress in the multilayer coatings slightly

increases with decreasing A from a minimum value of 4.740.5 GPa in the coating with A=800 nm to
5.840.5 GPa in the one with A=200 nm. Thus, the strength of all multilayers spreads between the

values observed in single layered TiN and TiBN. Despite the small increment of fracture stress with
increasing layer number, the strength is obviously much more affected by the chemical composition
compared to the layered architecture. The fracture strain of the single- and multilayer coatings,
which corresponds to the ultimate strain of the cantilever before fracture, is roughly ~1 % for all of
them. This low value is explained by the high Young’s modulus and the brittle material properties
of the herein investigated coatings.

Fracture toughness is of major importance in order to meet the high demands for hard
coatings in metal cutting applications. In accordance with the improved hardness and strength with
addition of B, the fracture toughness obtained from load-displacement curves for notched bending
beams increases from 2.240.4 MPa m'? for TiN to 5.0£0.3 MPa m'? for TiBN. The improved
fracture toughness of TiBN is associated with the presence of additional B-rich phases and the
associated observed grain refinement. The superior fracture toughness in multilayer coatings relies
on the deflection of cracks at the various interfaces of adjacent layers and the resulting delayed

failure [10]. The increase of fracture toughness with decreasing A verifies the energy dissipation on

the crack tip between the respective layers. For the investigated specimens, the highest fracture

toughness was observed in the multilayer with A=200 nm showing a Kic value of 5.840.5 MPa m'/?.

The other multilayers display a fracture toughness lower than the one observed in single-layered

TiBN. The H?/E’ratio therefore allowed a good estimation on the effect of B addition and
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multilayering on the elastic strain to failure. Nevertheless, the H?/E*-estimation indicated a higher

fracture toughness compared to single-layered TiBN already in the coating with A=800 nm. This

mismatch though is not surprising owing to the different measurement principles, i.e.
nanoindentation and micromechanical bending tests. Post-mortem analysis of the fracture
cross-sections, which are displayed in Fig. 7c, allow a deeper insight into the failure mechanisms.
Though all of the herein investigated coatings are ceramics and therefore generally display brittle
material behavior, differences in the fracture cross-sections enable to explain the varying Kic values.
The fracture morphology of TiN suggests an inter-columnar fracture mechanism along the columnar
TiN grain boundaries. This behavior is in accordance with the observations of Bhowmick et al. and
results from the low cohesive energy between the individual columnar TiN grains [45,46]. In contrast,
in single-layered TiBN crack propagation through the coating is inhibited by the small-grained

structure, which is also true for the multilayers with low A. Within these coatings, the blurred

fracture morphology can be associated with an onset of ductile fracture behavior.

52



Christina Kainz Publication I

(b) | 1.
a e | o
7 1 ! ' £
5 i Ry
S | + -]
3 6+ | o
b (
w0 | ( _4§
%] ! ]
o | L : )
b 1 Il o
;5_ i + 0 43-5’
2 ; ! 3
[5} 1 Il .
o i o
4+ | i _21‘2
i ‘0 O | &
i H K
3 T . T T T T \IC1

i TiBN s
s 5at.%B | TiN/TiBN/1400

TiN/TiBN/800 TiN/TiBN/300 TiN/TiBN/200

Fig. 7: (a) SE micrograph of an unnotched bending beam in top view. (b) Fracture stress and
toughness of TiN and TiBN single-layers and the TiN/TiBN multilayers. (c) SE micrographs of

post-mortem fracture cross-sections of unnotched bending beams.

4. Conclusions

Single-layered TiN and TiBN as well as four TiN/TiBN multilayers with different bilayer
period A (1400, 800, 300 and 200 nm) were grown by thermal CVD and their microstructure, phase
composition and mechanical properties were investigated. The phase composition of TiBN layers

within a multilayer stack was examined using a combinatorial approach of X-ray diffraction, ELNES
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analysis, selected area electron diffraction and Raman spectroscopy and was found to consist of
primarily fce-TiN, co-existing with small amounts of h-TiB, and amorphous TiB. While the Young’s

modulus decreased with decreasing A, both B addition and increasing layer number resulted in an

increase of hardness. Miniature bending tests indicated a stronger dependence of the micromechanical
properties on the phase composition compared to the coating architecture. Although less pronounced
compared to the distinct increase with addition of B, an increase of the strength was observed with

decreasing A in the multilayers. The fracture toughness showed a strong dependence, both on the

elemental composition and the layered coating architecture and was highest in the coating with

A=200 nm. Complementary nanoindentation and micromechanical bending tests lead to the
conclusion that TiN/TiBN multilayers with small A might offer high performance gains in cutting

applications compared to single-layered TiN and TiBN.
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Abstract

Incorporation of additional elements into TiN grown by chemical vapor deposition (CVD) provides
an opportunity to enhance the performance of hard coatings used for the protection of cutting tools
in the demanding metal processing industry. Within the present work, the hardness, Young’s
modulus and fracture behavior of CVD coatings within the quaternary system Ti(B,C)N are
correlated with their chemical composition and microstructure. TiN, TiBN, TiCN and TiBCN
coatings were prepared in an industrial-scale thermal CVD plant by variation of the precursors.
X-ray diffraction revealed the majority phase to be face-centered cubic within all investigated
coatings, accompanied by small amounts of hexagonal TiB, in both B-containing coatings and
amorphous TiB in TiBN. Transmission electron microscopy unveiled grain refinement and an
increment of structural defects, when B, C or a combination thereof is added to TiN. Complementary
nanoindentation and micro-mechanical bending tests identified the quaternary TiBCN as the
optimum choice with respect to hardness (32.2+1 GPa), Young’s modulus (587+29 GPa) and
fracture stress (8.5+0.4 GPa). Fracture toughness was superior in the B containing coatings
compared to TiN and TiCN with the highest value observed in TiBN (5.04+0.3 MPa m'?). A

post-mortem elevation profile of micro beams’ fracture cross-sections verified, that within the B
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containing coatings the crack is deflected more effectively normal to the crack propagation direction

in comparison to TiN and TiCN.

1 Introduction

As a reaction to increasing industrial demands, the continuing development of sophisticated hard
protective coatings for the metal cutting industry is crucial. Both, physical and chemical vapor
deposition (CVD) are well suited to grow protective hard coatings onto cemented carbide indexable
inserts, where they significantly increase the tool’s application performance [1]. Although TiN
coatings offer chemical stability and good wear resistance, strengthening is necessary for machining
of advanced steel or Ti-based workpiece materials [2]. Therefore, over the last decades a variety of
possible additional elements to TiN has been reported in literature. The required improvement of
hardness is achieved through grain refinement, as obtained with addition of B or Si [3,4] or through
solid solution strengthening by adding C or Al [5,6]. While a smooth nano-scaled microstructure can
be observed in TiBN within a broad composition range, the microstructure of CVD TiCN is highly
affected by the ratio of C/(C+N). Here, a high N content results in a globular structure, whereas C
rich TiCN coatings are characterized by columnar grains [7]. A combinatorial approach of both B
and C addition in CVD Ti(B,C)N was reported by Holzschuh et al., who correlated the chemical
composition of quaternary TiBCN coatings with their performance in cutting tests [8]. Czettl et al.
found the microstructure of CVD TiBCN coatings to be defect-controlled and reported a hardness
increase compared to TiCN already for small amounts of B [9]. Consequential to their promising
mechanical properties and versatile microstructures, literature on CVD TiBN, TiCN and TiBCN
coatings is comprehensive [5,8,10]. However, the existing reports focus only on comparisons within
one of the mentioned coating systems, but are lacking a correlation between the presence of B, C or
a combination thereof and their mutual influence on the coating properties within CVD Ti(B,C)N
coatings.

Thus within this work, a juxtaposition of TiN, TiBN, TiCN and TiBCN with respect to their
composition-dependent microstructure, mechanical properties and microscopic fracture behavior is

presented. The complementary use of crystallographic, microscopic and spectroscopic
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characterization methods allowed a detailed insight into the microstructure and phase composition
of Ti(B,C)N coatings. In addition to the composition-dependent hardness of the coatings,
micromechanical bending tests were applied to identify the strongest and toughest of the investigated

samples.

2 Experimental details

TiN, TiBN, TiCN and TiBCN coatings were deposited in an industrial-scale thermal CVD plant. A
gas mixture of TiCly, Hy, N» and Ar was used to synthesize TiN. While for the deposition of TiBN
BCl; was added, CHs was used as C precursor in order to prepare a TiCN coating. TiBCN was
obtained through the simultaneous use of all aforementioned precursors. Within the B-containing
coatings, the BCl; gas flow was adjusted to ~0.2 vol.%, while for the C containing samples a CH,
fraction of ~6 vol% within the feed gas was applied. All coatings were deposited at a temperature of

~925 °C and a base pressure of 930 mbar onto a ~0.5 um thick TiN base layer. The total coating
thicknesses were between 4 and 5 pm. Coatings were grown on cemented carbide cutting inserts in

SEKN 1203 geometry (according to ISO 1832) with a composition of 87 wt.% WC, 9 wt.% Co and
4 wt.% mixed carbides.

The elemental composition of the TiN and TiCN coatings was determined by a combination of
energy and wavelength dispersive X-ray spectroscopy (EDX, WDX) with an Oxford Instruments
INCA and an Oxford Instruments INCAWave extension to a Zeiss EVO50 scanning electron
microscope (SEM). Within this combined measurement, the elemental composition of Ti was
determined using EDX, while for the lighter elements N and C WDX was applied. C was quantified
in comparison to five Fe-C alloys with known composition, Ti using the pure element, N by means
of TiN and B in comparison to TiB: coating standards calibrated by elastic recoil detection analysis
(ERDA). The composition of the B containing coatings was additionally evaluated by ERDA using
a 43 MeV #CI™" ion beam, due to the higher accuracy especially for light elements [11]. The
morphologies of surface and cross-section of the coatings were surveyed by an in lens detector using

a field emission gun SEM of type Zeiss Auriga. Phase analysis and residual stress evaluation was

conducted by X-ray diffraction (XRD) using a Bruker AXS D8 Advance diffractometer with Cu-K,
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radiation. Measurements in grazing incidence geometry with an incidence angle of 3° were applied
to illuminate the microstructure of the coatings. Recording the diffraction data in Bragg-Brentano
geometry allowed the assessment of the preferred orientation using texture coefficients [12]. There,
texture-free intensities Io(hkl) of face-centered cubic (fcc) TiN and fece-TiCN were used [13,14]. In
both cases, seven reflections were considered for calculation, i.e. (111), (200), (220), (311), (331),

(420) and (422). The residual stress was determined using the sin’¢) method on the same

diffractometer. For this purpose, the measurement was conducted in iso-inclination set-up on the
(422) peak [15]. Recording of Raman spectra using a LabRAM HR800 spectrometer from Horiba

Jobin-Yvon with a frequency-doubled Nd-YAG laser (A = 514.5 nm) provided supplementary

information on the phase composition. Lamellae for the transmission electron microscopic (TEM)
investigations were prepared by focused ion beam (FIB) milling in a FIB/SEM dual beam microscope
of type Nova200 from FEI. The lamellae were investigated using a FEI Tecnai F20 energy-filtered
microscope, which was equipped with a Schottky field emitter operating at a voltage of 200 kV. In
order to obtain the electron energy loss spectra (EELS) of the respective coatings, the device was
operated in imaging mode.

Indentation hardness and Young’s modulus were measured using a UMIS nanoindenter from
Fischer-Cripps Laboratories with a diamond Berkovich indenter. A plateau test was carried out in
a load range between 30 and 10 mN with an increment of 1 mN. Data was analyzed accordingly to
the Oliver and Pharr method [16]. Bending tests, performed on free-standing micro-cantilevers, were
conducted to gain insight into the fracture behavior of the coatings. For that purpose, the cutting
inserts were initially mechanically cut and the cross-section was ion sliced using an IonSlicer 4000+
by Hitachi. The bending beams were fabricated using a FEI DualBeam Versa 3D FIB device,
equipped with an Everhart-Thornley detector. Removal of coating material around and substrate
material underneath the bending beam was realized by FIB milling at a current of 3 nA. Special
emphasis was laid on avoiding the presence of coating inherent tensile cracks within the test
specimen. Cleaning from re-deposited material and adjustment of the precise beam dimensions was
realized with a cutting current of 1 nA. A minimum of three notched and unnotched specimen each,

featuring a bending length of ~9 um and a cross-section of ~3x3 pm?, were tested to obtain reasonable
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statistics. Fracture stress of the coatings was determined using the unnotched beams. Beams with a
sharp notch, which was introduced ~1 um away from the cantilevers’ support, provided conclusions
on the fracture toughness of the investigated samples. Using a Hysitron Tribolndenter TT950,
equipped with a sphero-conical diamond tip (radius = 700 nm), the micro cantilevers were tested
applying a load-controlled function. Verification of the depth of the FIB-made notch and analysis of
the fracture cross-section morphology were done by post mortem SEM investigations using the above
mentioned Zeiss Auriga field emission gun SEM. With respect to the bending beams’ geometries and
the recorded load-displacement curves, data analysis was conducted accordingly to the method
proposed by Matoy et al. [17]. A three dimensional visualization of the crack propagation was realized
applying the software package Alicona MEX by overlaying three SEM micrographs recorded at
different tilting angles. The average elevation profiles of the fracture cross-sections were obtained by
cross-sectional line scans at three different positions on one tested micro-beam specimen for each

coating.

3 Results and discussion

8.1 Microstructure and chemical composition

The elemental compositions of the coatings are listed in Table 1. While the B content of TiBN
measured by WDX (5 at.%) correlated well with the results obtained through ERDA (7 at.%), a
significant discrepancy between WDX (1 at.%) and ERDA (6 at.%) was observable for TiBCN. Since
ERDA is assumed to be more precise for the determination of light elements, in the following, the
composition of TiBN and TiBCN refers to this measurement. For the B free coatings, in-house

standards allowed to determine the composition with a high degree of accuracy (compare section 2).
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Table 1: Elemental composition of the investigated coatings.

TiN TiCN TiBN TiBCN
EDX/WDX | EDX/WDX [ EDX/WDX  ERDA | EDX/WDX ERDA
Ti [at.%] 50 52 51 46 46 41
N [at.%] 50 34 44 a7 34 32
C [at.%] - 14 - —~ 19 21
B [at.%)] - - 5 7 1 6

For the investigated TiBN coating, the addition of 7 at.% B to TiN has no noteworthy influence on
the stoichiometric ratio between Ti and N. The composition of this sample lies close to the quasi-
binary tie line of TiN-TiB, within the ternary phase field of TiN-TiB>-BN [18]. Contrary, the addition
of C results in a significant decrease of the N content in favor of C, which is due to the formation of
a TiCN solid solution, where C replaces N in the unit cell. According to the C, N and B content in
the coatings, the normalized composition of TiCN and TiBCN is TiCysNo7 and TiB1Co36Nosa,
respectively. Hence, the addition of B to TiCN results in an increase of the C/(C+N) ratio.
Furthermore, the presence of B decreases the Ti content within the coatings, which is reflected in a
slight sub-stoichiometry in TiBN and a pronounced one in TiBCN. A possible explanation for this
could be, that B provokes the presence of metal vacancies in coatings within the system Ti(B,C)N.
As a consequence of the thermodynamic stability of the applied CHs precursor, the nominal
C-content in TiCN and TiBCN is low compared to literature values of coatings prepared with CH;CN
in the medium temperature CVD process [19,20].

The change in the elemental composition is already reflected by variations in the color of the
coatings, as shown within the inserts in Fig. 1. While the addition of B to the golden TiN results in
a bronze tint of the coating, TiCN displays a black metallic hue and TiBCN is grey colored. The
SEM micrographs in Fig. 1 provide insights into the surface and cross-section morphologies of the
coatings. TiN is characterized by a surface morphology consisting of star shaped and pyramidal

crystals (Fig. la), as was also reported by Wagner et al. for CVD TiN deposited at comparable
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temperatures [5]. The FIB cross-section reveals a competitive grain growth with columnar grains of

about 0.5 pm in-plane grain width, which in growth direction partly extend over the whole coating

thickness. The surface of TiBN (Fig. 1b) resembles the one of TiN accompanied by fine needles. A
fine grained morphology with herringbone features can be observed in the cross-section of TiBN,
which is in good accordance with the well-reported nanocrystallinity of TiBN [21-23]. Estimation of
the grain size from the SEM cross-sectional micrographs is not possible for TiBN due to the small
grained morphology, which is also true for TiBCN. Albeit less pronounced compared to TiBN, TiCN
as well displays finer grains compared to TiN. From the globular cross-sectional morphology shown
in Fig. 1c, the grain size can be estimated to roughly 170 nm. Facetted grains, which shape the
surface morphology of this coating, were also reported by Cheng et al. for a C-content and deposition
temperature comparable to the one applied within the present work [7]. Fig. 1d displays the hillocked
surface morphology of TiBCN with needles similar to the ones observed in the top-view micrograph
of TiBN. From the cross-section, a combined morphology between the herringbone structure of TiBN
and the globular grains of TiCN can be observed. The presence of CH, in the feed gas resulted in a

decrease of the deposition rate, from 2.06+0.03 pm/h and 2.10+£0.08 pm/h for TiN and TiBN,

respectively, to 1.914+0.09 um/h for TiCN and 1.7540.12 pm/h for TiBCN.

Fig. 1: Photographs and SEM images of surface and FIB cross-section morphologies of a) TiN, b)
TiBN, ¢) TiCN and d) TiBCN.
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The microstructural and phase analysis was done by XRD and the obtained diffractograms
are summarized in Fig. 2. Standard peak positions of fce-TiN, fee-TiC and hexagonal (h)-TiB, are
added to the diffractograms as dashed lines [13,24,25]. All peaks observed in the TiN coating can be
assigned to the fcc-TiN phase [24]. Peak broadening of TiN is lowest within all the here investigated
samples, which correlates well with the coarse grained microstructure of this coating evident from
Fig. 1a. The smaller grain size and increase in micro strains of TiBN is reflected in a more pronounced

peak broadening (Fig. 2) [26]. The additional small peak at 26 = 34.6° can be assigned to h-TiB, as

previously reported [21,27]. A detailed Rietveld peak refinement showed, that the lattice parameter
is largely unaffected by the addition of B, yielding about 4.24 A. Compared to TiN and TiBN, a
peak shift in the diffractograms is observable in the C-containing coatings, resulting from the
formation of a TiCN solid solution. Assuming that the lattice parameter exhibits a Vegard’s like
behavior between pure TiN and TiC, the measured lattice parameter of 4.27 A of TiCN is in good
agreement with the C to N ratio mentioned in Table 1 [13,25]. Addition of B to TiCN again results
in grain refinement, as confirmed by the more pronounced peak broadening. Ancillary to the
fcc-TiCN phase, formation of the h-TiB: phase can be assumed, but is obviously less distinct
compared to TiBN. While this becomes obvious already from a qualitative comparison of the two B
containing coatings presented in Fig. 2, Rietveld refinement showed a noteworthy decreased phase
fraction of h-TiB;, in TiBCN (< 1 wt.%) compared to TiBN (~7 wt.%). Peak fitting by Rietveld
refinement reinforced the trend of the observed peak broadening: TiN and TiCN exhibit coarser
grains in comparison to the B containing counterparts. While the given trend is reliable, absolute
values need to be interpreted with caution, as the fit was conducted on coatings and not on powdered
samples. For that reason, actual values are not given here. The additional presence of amorphous
TiB in the investigated TiBN coatings was verified by Raman spectroscopy [27]. On the contrary,
the characteristic Raman signal for TiB at 350 cm™ could not be observed in the quaternary TiBCN
coating, which is in good agreement with Raman studies of CVD TiBCN conducted by other authors
[28]. The absence of this phase is assumed to be attributed to thermodynamic limitations as soon as

C is present in the system.
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Fig. 2: Grazing incidence X-ray diffractograms of the investigated Ti(B,C)N coatings.

Detailed microstructural investigations by TEM, shown in Fig. 3, allowed to take a further
step towards a solid understanding of the influence of B and C on the microstructure of Ti(B,C)N
coatings. The microstructure of the coarse grained TiN (Fig. 3a) is characterized by a low number
of defects, which is illustrated in the high magnification image in the insert. Addition of both, B and
C, to TiN results in a significant increase of the defect density within the coatings, which is
observable from the high magnification micrographs in the inserts of Fig. 3b-d. The needle-like
appearance of TiBN (Fig. 3b) correlates well with the surface morphology observed by SEM
(Fig. 1b). In contrast to coarse grained TiN and TiCN, a reasonable estimation of the grain size from
the SEM images was not possible for the B containing coatings. However, TEM micrographs allowed

to estimate the grain size to roughly 60 nm and 50 nm for TiBN and TiBCN, respectively.
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Fig. 3: TEM micrographs of the investigated Ti(B,C)N coatings. Quverview: Bright field (BF) TEM
micrographs of a) TiN, b) TiBN, ¢) TiCN and d) TiBCN coatings. The white arrow indicates the
growth direction. Inserts: BF images at higher magnifications reveal increased incidence of defects,

when B or C is added to TiN.

The electron energy loss near edge structure (ELNES) of Ti, N, C and B recorded for the
four different coatings allows further conclusions on phase composition and is presented in Fig. 4.
While the recorded Ti L,3; and the N K ELNES resemble those of pure TiN (Fig. 4a), the fine
structures of the B K and C K-edge verify the presence of additional species [29]. In comparison with
measurements reported by Gupper et al., the shape and peak maxima of the B K-edge of TiBN
(Fig. 4b) speak in favor of a superimposition of amorphous TiB and h-TiB, [30]. The different shape
of the B K fine structure recorded for TiBCN compared to TiBN underlines the difference in the
phase composition of the ternary and quaternary B containing coatings. Taking into account the
lack of the characteristic Raman signal for TiB, the weak intensity of the h-TiB, phase observed by
XRD and the elemental composition of TiBCN, the incorporation of B into the fcc-TiCN lattice can
reasonably be assumed. The fact that the TiCN lattice is stronger distorted than that of TiN
(compare Fig. 3a and ¢) may explain the stronger tendency of B incorporation into the lattice of
TiBCN in comparison to TiBN. However, the low intensity of the B K edge within the quaternary

coating and the lack of distinctive peaks do not allow an unambiguous statement on phase
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composition. The C K ELNES recorded for TiCN and TiBCN (Fig. 4c) do not vary significantly
from each other and are in good agreement with the energy position and relative intensities of TiC
reported in literature [31]. Site specific determination of the composition was realized through
conduction of an EELS line scan including two neighboring grains and their grain boundary within
each scan. No significant difference of the B content within the grains compared to that of the grain

boundaries was observable for the investigated TiBN. This finding also applies for the distribution

of B and C within TiCN and TiBCN.
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TiCN
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Fig. 4: Normalized ELNES of the investigated Ti(B,C)N coatings. (a) Comparison between the

Ti Lys (red) and N K (blue), (b) the B K and (c) the C K-edge.

3.2 Mechanical properties

Hardness, Young’s modulus and residual stresses of the investigated coatings are summarized
in Fig. 5. B addition to TiN results in a pronounced hardness increase from 18+2 GPa for TiN to
29+1 GPa for TiBN. This is on the one hand reasoned by Hall-Petch hardening as a result of grain
refinement with addition of B [8,22,32,33]. Furthermore, the higher covalent bonding fraction due to

formation of a B-containing fcc-TiN based solid solution, incorporated hard B-containing phases and
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increased defect density are suggested to positively affect the coating hardness [34]. The intermediate
grain size and defect density of TiCN is reflected by a moderate hardness of 25+1 GPa. Among the
investigated coatings, the highest hardness was observed for TiBCN (3241 GPa), which is attributed
to the most pronounced defect density, smallest grain size and highest fraction of covalent bonding
partners. Both, the apparent trend and the absolute values of the hardness are in good agreement
with results on CVD Ti(B,C)N coatings reported by other authors [5,8,9,21]. The conducive effect
of additional elements on TiN is also reflected by the Young’s modulus, where again TiBCN displays
the topmost value of 587+29 GPa. According to the hardness to modulus ratio (H*/E?), the presence
of additional elements in TiN-based coatings positively affects the resistance to plastic deformation
[35]. An increase of H?/E? by a factor of 2.18 for TiCN, 3.57 for TiBN and 4.20 for TiBCN compared
to TiN indicates a beneficial resistance to dislocation movement in the ternary and quaternary
coatings. The presence of B results in a significant increase of the tensile residual stresses compared
to the B free counterparts (see Fig. 5). While the stresses of TiN and TiCN account only for 43747
and 413+18 MPa, respectively, values of 879+36 MPa in TiBN and 897487 MPa in TiBCN were
determined. It is suggested, that the smaller grain size and the thus higher number of grain
boundaries in the B containing coatings entails an increase of tensile stress. This is attributed to the
higher fraction of grain boundaries resulting in an increase of the thermal expansion coefficient
(TEC) [36]. As a result, a more pronounced mismatch of the TECs of TiN (9.3x10°/K) and TiCN
(~8.0x10°/K) in comparison to that of the cemented carbide substrate (~5.2x10°/K) [37,38] is
caused. The higher stresses in the B containing coatings furthermore suggests that these coatings
withstand the cooling step during the deposition without crack formation in comparison to TiN and

TiCN.
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Fig. 5: Hardness, Young’s modulus and residual stresses of the investigated Ti(B,C)N coatings.

Bending tests on free-standing coating micro-cantilevers were conducted to investigate the
effect of B and C addition on the fracture behavior of CVD TiN coatings. An exemplary unnotched
micron-sized fracture-mechanical sample used for the investigation of the fracture stress is depicted
in Fig. 6a. Testing of bending beams featuring a sharp notch allowed to assess the fracture toughness
of the investigated coatings [17]. Both, fracture stress and toughness were determined at the
maximum load applied, where failure of the bending beams was signified through the sudden drop
of the load-displacement curve. All recorded curves reflect linear elastic bending behavior until
fracture, as one would expect for brittle ceramic materials. The increase of the fracture stress with
addition of B and C to TiN is clearly evident from the exemplary load displacement curves depicted
in Fig. 6b. The coatings’ strength increases from 3.940.5 GPa in TiN to 7.3+0.1 GPa and
8.1£0.6 GPa in TiBN and TiCN, respectively. Taking into account different deposition techniques
and test set-ups, these values are in reasonable agreement with data reported in literature [39,40].
Going hand in hand with the topmost hardness and Young’s modulus, TiBCN with a fracture stress
of 8.5+0.4 GPa outperforms the binary and ternary coatings. The beneficial influence of C and B on
the coatings’ strength can be ascribed to Hall Petch strengthening, an increased fraction of covalent
bonding character within the fcc-TiN based solid solution, the formation of hard B-containing phases
and defect hardening. In accordance to the brittle nature of ceramic materials, the fracture strain is

~1 % for TiN and TiBN and ~2 % for the C containing coatings.
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Fig. 6: (a) SEM image of an exemplary unnotched bending beam (TiBCN) used for the determination
of the fracture stress. The image was obtained using a FEI DualBeam FIB Versa 3D. The circle at
the edge of the beam was added by FIB milling to facilitate subsequent identification of the planned
indentation position with the nanoindenter tip. (b) Exemplary load-displacement curves of unnotched

micro-cantilever beam specimens.

In addition to hardness, Young’s modulus and strength, also high fracture toughness is
beneficial for coatings being applied in metal cutting. All of these mentioned properties are enhanced
by the addition of C to TiN. Hereafter, the stress intensity factor Kic, calculated accordingly to ref.
[41], is used as a measure for the fracture toughness. As can be seen in Fig. 7a, the Kic value increases
from 2.240.4 MPa m"? for TiN to 3.74£0.7 MPa m'? for TiCN, which is ascribed to the observed
grain refinement. An even more pronounced enhancement of the fracture toughness can be observed
with the addition of B. TiBN displays a Kic value (5.040.3 MPa m'?) comparable to the one of
TiBCN (4.940.4 MPa m'?), which again reflects the beneficial influence of grain refinement.
Additionally, the higher fraction of grain boundaries, which represent amorphous and probably
ductile fractions within the microstructure, are assumed to foster relaxation of the stress around the
crack tip [42]. A further aspect, that has to be taken into account, is the difference in the preferred
orientation of the B containing coatings in comparison to TiN and TiCN. The expressiveness of the
texture coefficient in (110) orientation is significantly stronger for TiBN (2.9) and TiBCN (2.6)

compared to TiN (1.3) and TiCN (1.9). In accordance to observations by Daniel et al., TiN based
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coatings featuring a higher amount of grains orientated in this direction seem to display a higher
fracture toughness compared to their un- or differently textured counterparts [43].

A closer examination of the two-dimensional fracture cross-sections of the unnotched beams shown
in Fig. 7b depicts qualitative differences in the cleavage of the four different coatings. The coarse
fracture cross-section of TiN goes hand in hand with the observed big columnar grains of TiN (see
Fig. 1la), which in turn determine the fracture strength and toughness of the coatings. The post
mortem morphology of the fracture cross-section of a TiN bending beam suggests intergranular
fracture as a result of a lower cohesive energy of the boundaries between the TiN columns [44]. The
intermediate Kic value of TiCN and the superior ones of TiBN and TiBCN go hand in hand with
the decreasing grain size observable from the post mortem micrographs of the fracture cross-sections.
The three-dimensional depiction of the fracture cross section presented in Fig. 7c allows a more
detailed explanation of crack propagation within the tested bending beams. The quantitative
roughness profiles of the four different depictions can be considered as a measure of the distance the
crack had to travel through the coating prior to fracture. A more pronounced difference of the peak
to valley height P, indicates a stronger deflection of the crack, a more pronounced increase of the
formed fracture surface and consequentially a retained crack propagation. The mean P, (Fig. 7a)
increases from 6843 nm and 79+1 nm in TiN and TiCN, respectively, to 11445 nm in TiBN and
126+16 nm in TiBCN, which is good agreement with the observed increment of the Kic values and

the decrement of the grain size.
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Fig. 7: (a) Kic values and roughness of the investigated Ti(B,C)N coatings. Post-mortem fracture
cross-sections investigated by SEM of one representative tested bending beam each in (b) two and
(c) three-dimensional representation. It should be noted, that the positions depicted in the

three-dimensional representation are not identical to the ones of the two-dimensional ones.

4 Conclusions

TiN, TiBN, TiCN and TiBCN coatings were grown by thermally activated CVD and their
microstructure, phase composition and mechanical properties were evaluated and compared to each
other. All coatings investigated are dominated by fce-TiN based phases. In addition, low fractions
of amorphous TiB and h-TiB, were detected in TiBN, while the formation of these B rich phases
seems to be inhibited for incorporation of B into the fcc-TiCN lattice in TiBCN. The addition of B
resulted in a significant increase of the tensile residual stresses, which is related to the higher fraction
of grain boundaries and the concomitant higher mismatch of the thermal expansion coefficients of
coating and substrate. Addition of C to TiN entailed an increased hardness, Young’s modulus,
strength and fracture toughness through formation of a TiCN solid solution, coincident smaller
globular grains and higher fraction of covalent bonding character. This beneficial effect on hardness
and fracture toughness was even more pronounced for the B containing coatings, which is further
reinforced by the more pronounced fracture resistant (110) crystal orientation. Concluding, the
present study verifies, that the addition of B, C or a combination thereof results in an enhancement

of the mechanical properties and identifies TiBCN as the most promising coating.
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Abstract

Hard protective coatings are commonly subjected to temperatures exceeding 1000 °C, which
has significant influence on their thermo-physical properties and the associated performance in
application. Within the present work, temperature dependent physical properties of coatings within
the Ti(B,N) system grown by chemical vapor deposition were correlated with their chemical
composition. High-energy X-ray diffraction experiments in inert atmosphere proved that TiN, TiB,
and ternary TiB.N, coatings with varying B contents are thermally stable up to 1000 °C. In-plane
strains of TiN and TiBN, coatings diminish during heating, whereas TiB, exhibits compressive
strain enhancement up to the deposition temperature. Nanocrystalline TiB, exhibits more

pronounced grain growth during annealing compared to coarse grained columnar TiN. Within the
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investigated coatings, the mean thermal expansion coefficient decreases as the B content increases.
The same trend was observed for the thermal conductivity, which correlates with the grain size of

the coatings.

1. Introduction

Ternary TiB:N, coatings are commonly used for the protection of tools during metal cutting,
as they are reported to show high hardness, combined with excellent wear resistance and oxidation
stability [1,2]. The outstanding properties of TiB.N, coatings are mainly attributed to their
nanocrystallinity and nanocomposite structure consisting of face centered cubic (fcc) TiN and
hexagonal (h) TiB.. A vast number of publications is dedicated to TiBNy coatings with different B
contents prepared by physical vapor deposition [3-6]. However, it is also possible to deposit TiB.Ny
using chemical vapor deposition (CVD), where the B content is adjusted by the relative amount of
the B precursor in the feed gas. Microstructure, mechanical properties, tribological behavior as well
as cutting performance of CVD Ti(B,N) have been investigated in the past [7,8]. The hardness of
coatings within the Ti(B,N) system is reported to increase with B addition, with the hardest being
TiB.. However, a significant hardness drop was observed by Tkadletz et al. at a B content of
~45 at.%. This deterioration of the hardness was correlated with the transition from a fcc TiN
dominating structure to sub-stoichiometric h TiB2.Ny [7,9]. In CVD TiB\Ny coatings with B contents
<18 at.%, amorphous TiB was observed by Dreiling et al., who reported that this compound
improves the oxidation resistance within the Ti(B,N) system [10].

As protective coatings for cutting applications are subjected to temperatures, which may
exceed 1000 °C, their thermal stability is of major importance [11]. In order to prevent the underlying
tool from overheating, the coating should additionally exhibit good heat barrier properties. Ideally,
the film should possess a low thermal conductivity out-of-plane to protect the substrate from
overheating and a high one in-plane to dissipate the heat from the contact zone [12]. A further aspect
that has to be considered is the mismatch in thermal expansion coefficient of coating and substrate,

which should favorably be low. Otherwise cracks may arise during cooling or application, which

86



Christina Kainz Publication III

fosters oxidation and wear [13]. However, detailed information on the thermo-physical properties of
CVD coatings in the Ti(B,N) system is missing in literature.

Thus, the goal of this work is to provide a summary on the thermo-physical properties of
CVD coatings ranging from pure TiN over ternary TiB.N, coatings with different composition to
pure TiB,. High energy X-ray diffraction (HE-XRD) at a synchrotron radiation source was used to
monitor the phase stability, thermal expansion and lattice strain of the different phases in the
coatings as a function of the temperature. Additionally, the thermal conductivity of the coatings was

evaluated as a function of B content in order to assess their potential use as heat barriers.

2. Experimental methods

Coating depositions were carried out in a SuCoTec SCT600 TH industrial-scale thermal CVD
plant using a gas mixture comprising TiCli, Ho, N2 and Ar to synthesize TiN. BCl; was supplied
additionally in the depositions of the B containing coatings and N, was omitted to obtain pure TiB..
Further details on the deposition conditions can be found in ref. [14]. The resulting coating thickness

ranged from 4.0 to 7.1 pm and the growth rate was between 0.76 and 1.64 um/h. Cemented carbide

cutting inserts with 92 wt.% WC, 6 wt.% Co and 2 wt.% mixed carbides in SNUN geometry

(ISO 1832) served as substrate. In order to prevent B diffusion into the substrate, a ~0.2 pm thick

TiN base layer was applied underneath the B containing coatings. TiN and TiB, were additionally
deposited onto Fe foil. In order to obtain TiN and TiB, powders, the Fe substrates were then
dissolved in an aqueous solution of HNOs (20 vol. %) at 70 °C for 1 h.

The chemical composition of the B containing coatings was determined by means of elastic
recoil detection analysis (ERDA) using a 43 MeV*CI™ ion beam and a Bragg ionization chamber in
30 ° angle with respect to the beam. Energy dispersive X ray spectroscopy (EDX) was used in order
to determine the elemental composition of TiN [15]. The EDX measurement was carried out with
an Oxford Instruments INCA spectrometer, equipped with an INCA extension mounted on a Zeiss
EVO50 scanning electron microscope (SEM).

For a first assessment of the microstructure of the as-deposited and annealed Ti(B,N)

coatings, a Bruker AXS D8 Advance diffractometer in grazing incidence geometry (incidence
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angle 2°) with Cu K, radiation was used. TiN and TiB, coatings were annealed in an HTM Reetz

vacuum furnace at a base pressure of 5x10° mbar and 1000 °C for 15 and 120 min. The morphology
of as-deposited and annealed TiN and TiB, coatings was compared using a field emission gun SEM
of type Zeiss Auriga.

HE XRD investigations were carried out at the P07 High Energy Materials Science Beamline
of the Helmholtz Zentrum Geesthacht at DESY. For that purpose, samples with a size of 4x4x8 mm?
were prepared by mechanical cutting. The experiments were conducted using a monochromatic

synchrotron beam with an energy of 87.1 keV and a cross section of 400x100 um?. Fig. 1 shows a

schematic view of the test set up used for the determination of the temperature dependent phase
evolution, lattice expansion and strain of the coatings. The chosen maximum temperature for all six
samples was 1000 °C, as this is a realistic temperature arising during metal cutting. A coil heated
the substrate inductively and the temperature was monitored with a thermocouple mounted to the
substrate material. In order to prevent oxidation, heating was performed in Ar atmosphere.
Debye-Scherrer rings were collected in transmission geometry on a Perkin Elmer XRD 1621 flat
panel detector. The geometric relations between sample and detector were calibrated with a LaBs
powder standard. The one dimensional data obtained through azimuthal integration over the entire
angular range were used to compile temperature resolved phase plots of the coatings. Evaluation of
the 2D diffraction data was conducted using the software DAWN 2 [16]. In addition to phase
identification, the distortion of the obtained Debye Scherrer rings allowed the determination of the
temperature dependent in-plane strain. The Debye Scherrer rings of the (200) reflection in case of
the TiN and (101) in case of the TiB, phase were divided into cake segments of 10° and azimuthally
integrated. Due to the low intensity of the reflections in the lower part of the Debye-Scherrer rings,
resulting from the absorption of the cemented carbide substrate (compare Fig. 1), only the upper
part was used for the evaluation. The peak positions were fitted applying a Pseudo-Voigt function.

A custom made Python script allowed processing of the data following the sin*p method to obtain

the lattice strain.
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Fig. 1: Schematic of the measurement set-up used to determine the temperature dependent thermal
expansion and in-plane strains of the Ti(B,N) coatings. The respective sample was irradiated by a
monochromatic X-ray beam perpendicular to the cross section of the sample. While the sample was
heated, Debye Scherrer rings were collected in transmission geometry on a Perkin Elmer 2D detector

located behind the sample.

Analysis of the thermal expansion of the coatings in the temperature range 25-860 °C was
performed according to the method reported by James et al. [17]. 860 °C was chosen as the maximum
temperature for this evaluation, as this was the lowest applied deposition temperature. The (200)
reflection was used in case of fce-TiN and the (101) reflection in case of h-TiB.. h-TiB, exhibits a
different thermal expansion in a and c direction [18]. Eq. (1) enables to calculate an averaged mean

thermal expansion coefficient o, . by
204+
Aac = % [18] (1)
For the ternary TiB«N, coatings, the expansion of both phases, fcc-TiN and h-TiB,, was

evaluated and averaged as a function of the actual B content to obtain .. The evaluation was

conducted at the strain free azimuthal angles calculated by

cosdycosby = i%:, (2)
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with v representing the Poisson’s ratio of the respective material, & the strain-free azimuthal
angle and 6, the conducted Bragg angle [19,20]. A segment of + 5° from the respective strain-free

azimuthal angle was evaluated in order to obtain a reasonable data volume for the subsequent fit.
Poisson’s ratios of 0.23 and 0.11 were used for the calculation of the fcc-TiN and h-TiB, phases,
respectively [18,21]. The obtained data were validated by comparison with the thermal expansion
determined for powdered TiN and TiB, of the corresponding deposition runs. Therefore,
diffractograms of these powders were recorded at the high resolution powder diffraction beamline
ID22 at the European Synchrotron Radiation Facility. The powders were encapsulated within a
quartz capillary in Ar atmosphere and heated to 1000 °C. Pt powder served as standard for the
temperature calibration. Detailed information on the measurement set up for the powdered samples

are given in ref. [22]. The lattice parameters of both, the powdered and solid coatings, were fitted

applying a polynomial of second order to obtain t... In case of the solid coatings, o., was determined

from an average of the data gained at the two respective strain-free angles.

The thermal conductivity of the coatings in as-deposited state was determined by time
domain thermoreflectance (TDTR). For TiN and TiB,, the annealed samples were also measured.
TDTR measurements were conducted in out-of-plane direction and realized by a pulsed laser
pump-probe system, as described in ref. [23]. The necessary laser pulses were generated by the
Ti:Sapphire laser system Mai Tai from Spectra-Physics with a pulse width of 500 fs, a pulse repetition
rate of 80 MHz, a wavelength of 785 nm and an average laser power (i.e. added average power of
probe and pump beam) of 30 mW. The pump beam was modulated with a frequency of 11.1 MHz,
resulting in an information depth between 0.25 and 0.64 pm [23]. The time delay between pump and
probe beam was in the range of 0 to 3600 ps. As a transducer layer, 70 nm of pure Al were deposited
on the samples prior to the measurement. Directly before the measurements on the samples, the
measurement system was validated with two reference samples, namely a pure Si wafer and an

oxidized one.
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3. Results and discussion

The chemical composition of the coatings as determined by ERDA is shown in Fig. 2a. For
the nomenclature, the B and N content in the coatings was normalized to the Ti content. All coatings
are located on the quasi-binary tie line of TiN-TiB,, except TiB12Nos6, which is slightly shifted beside
this line [24]. XRD investigations (Fig. 2b) allowed the assessment of the microstructure of the
coatings at room temperature (RT). With increasing amount of B in the coating, both, the intensity
of the h-TiB, (101) reflection and the peak broadening gradually become more pronounced. The
higher TiB; fraction explains the decrement in the Ti content with increasing B in the coating, as
less Ti is needed for the formation of TiB, in comparison to TiN. The grain refinement is reflected
in the evolution of the full width at half maxima (FWHM) shown in Fig. 2c. An increment of the
FWHM correlates with the smaller size of coherently diffracting domains [25]. In case of TiB,, the
(101) reflection was applied for the evaluation of the FWHM, whereas for the TiN and TiB«Ny
coatings the (200) reflection of fec-TiN was used. The pronounced peak broadening of TiB;2Ngss had
already been observed by other authors and is suggested to result from the distorted structure and
the concomitant high micro strains of this coating [9]. From the lab scale X-ray diffractograms it

may be assumed that only one peak is present at 20 ~42°, which seems to shift towards larger

diffraction angles with increasing B content. However, the observed peak is comprised of the (101)
h-peak of TiB; and the (200) fcc peak of TiN as can be seen from the results of the HE-XRD in
Figure 3. Thus, for the evaluation of the FWHM of the TiB.N, coatings, the peak was deconvoluted

into two peaks, which were fitted using the Pseudo-Voigt function.
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Fig. 2: (a) Chemical composition, (b) X-ray diffractograms, measured in grazing incidence geometry

and (¢c) FWHM of the Ti(B,N) coatings.

The temperature dependent phase plots in Fig. 3 show a d-spacing range including the (200)
fee-TiN and (101) h-TiB; reflections. Standard d-spacings of these two phases at RT were taken
from ICDD file # 00-038-1420 and # 01-071-0298 for fcc-TiN and h-TiB,, respectively [26,27]. In
agreement with the X-ray diffractograms given in Fig. 2, the phase plot of the TiN coating shows
only fee-TiN [26]. With increasing amount of B, a second phase with a d-spacing of 2.06 A emerges,
which is assigned to h-TiB,. Other minor intensities stem from the Co binder in the substrate. The
(200) peak of fcc TiN and the (101) peak of h-TiB, overlap in the lab-scale XRD (Fig. 2b), however,
differentiation of these two reflections is possible by means of HE XRD. Up to TiBgsNoes, the signal
of fce-TiN is more pronounced than the one of h-TiB,, which changes in case of TiB;2Ngssin favor
of h-TiBs. None of the diffractograms show formation of additional phases at elevated temperatures.
Temperature induced reactions between coating and substrate, as for instance the formation of brittle
W-Co-B phases, can thus be excluded up to 1000 °C in protective atmosphere [28]. The ratio between
fce-TiN and h-TiB, in the ternary TiBN, coatings seems to be, to a large extent, independent of the
temperature. The position of the (200) peak of TiN is in reasonable good agreement with the one
reported for fee-TiN [26]. However, a slight peak shift is observable in case of the (101) reflection of
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h-TiB,, which is more pronounced at lower B contents. This observation suggests the formation of
a sub stoichiometric h-TiB, Ny structure, which converges to stoichiometric h-TiB, with increasing
B content. At higher B contents there is less N incorporated in this h-phase, which is why the lattice

expands less and thus the lattice parameter is smaller.

1000 V¥ (200)

log,q intensity [-]

1 1 1 i ¥ fce-TiN
2.15 2.10 2.05 2.00 2.15 2.10 2.05 2.00 MW h-TiB;
d-spacing [A] d-spacing [Al

Fig. 3: Phase evolution of the Ti(B,N) coatings as a function of the temperature. Literature d
spacings of the (200) reflection of fec-TiN and the (101) reflection of h-TiBs are indicated by the
red rectangle and blue square, respectively. The white dotted lines mark the deposition temperatures

of the respective coatings.

The temperature resolved HE-X-ray diffractograms allow the determination of the thermal

expansion of the coatings. Fig. 4 shows the mean coefficient of thermal expansion o, in the

temperature range 25-860 °C of the investigated coatings. Additionally, the estimated phase fraction
of h-TiB, used for the calculation of a,, is plotted. This fraction was calculated according to the B
content in the coating available for the formation of h-TiB,, neglecting a possible sub stoichiometric
composition for this estimation. Further, it was assumed that no B is incorporated into the fce-TiN

lattice, which is in agreement with Nowotny et al. [24]. As can be seen in Fig. 3, the h-TiB, phase
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shows a deviation from non-linear behavior when the deposition temperature (Taep) is exceeded. In
order to ensure that no effects other than the expansion of the lattice falsify the evaluation, the
lowest applied Ta,, was chosen as maximum temperature. The mean thermal expansion coefficient
of the investigated coatings gradually decreases as a function of increasing B content. Thus, a lower

mismatch of o between coating and the used cemented carbide substrate (5.5x10° K) is achieved

when applying protective coatings with high B contents [29]. Consequently, B rich coatings should
be chosen in favor over TiN and B lean coatings in regard of the thermal expansion coefficient to
possibly retard crack formation [13]. However, it should be noted that the deposition of B containing
coatings onto cemented carbide always requires a base layer in order to prevent B diffusion into the
substrate. Otherwise, the resulting formation of brittle W-Co-B phases causes decarburization of the
substrate, which deteriorates the cutting performance [28]. Thus, commonly a TiN base layer is
applied underneath TiB,. The adhesion problem between these two layers, which arises from the
difference in crystal structure, stresses and grain size, can be overcome by using an additional graded
TiB«N, transition layer. The ternary TiB:N, coatings investigated within this study were shown to
be suitable for cutting applications as a graded interlayer stack between binary TiN and TiB, [9,14].

Commonly, the thermal expansion coefficient is determined by XRD using powdered samples

[30,31]. Thus, the herein obtained values for a,. for solid coatings were validated through comparison

with powders of TiN and TiB; coatings of the respective deposition runs. An excellent agreement
between the TiN powder (8.94x10° K') and the solid coating (8.94x10° K') was found using the
Poisson’s ratio reported by Almer et al. [21]. This was also true in case of TiB,, when using the

Poisson’s ratio reported by Munro [18]. The powder exhibited a value of a,=7.40x10° K" and the
solid coating a,=7.56x10° K! verifying the feasibility of determining the thermal expansion

coefficient on intact coatings.
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Fig. 4: Estimated phase fraction of h-TiB, based on the available B content and mean coefficient of

thermal expansion in the temperature range 25-860 °C of the Ti(B,N) coatings.

The temperature dependent evolution of the in-plane strains of the investigated coatings is
shown in Fig. 5. It should be pointed out that the calculation of the strain is based solely on one
orientation for each phase, being (200) in fce-TiN and (101) in h-TiB,. In case of TiBy12Nogs and
TiBos1Noss, only the strain in the fce-phase could be evaluated, due to the minor fractions and thus
low signal intensity of h-TiB, within these coatings. In the ternary coatings with higher fractions of
the h-TiB, phase, both the strain within the fcc- and the h-phase was investigated. Nevertheless, a
reasonable evaluation could be achieved. The results in Fig. 5 demonstrate how different phases
influence each other during thermal treatment. At RT, the strain in the fce-phase within TiN and
the ternary coatings (Fig. 5a) is tensile due to the higher thermal expansion coefficient of the coating
in comparison to the substrate. With increasing fraction of h-TiB, in the coating, the tensile strain
in the fcc-TiN phase at RT increases to its highest value in TiB12Nos. It is assumed that the reason
for that are coherency strains, which arise as a result of the coherent epitaxial relationship between
fce-TiN and h-TiB, [32]. The strain of the fcc phase within TiN and the ternary coatings changes
from tensile at RT to unstrained or slightly compressive at the respective Tqe,. This change becomes
more pronounced with increasing fraction of the h-TiB, phase, as evidenced in Fig. 5b and c.

Regarding the h-phase, a higher fraction of fcc-TiN in the coating is suggested to provoke both,
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higher compressive strains at RT and stronger change of the strain during heating (Fig. 5b and c).
With increasing temperature, the strain of the h-phase in the ternary coatings moves towards a
tensile strained state, which is in contrast to binary TiB., where the strain becomes more compressive
up to Taep. Afterwards, the coating strain of TiB, shows a pronounced relaxation up to the maximum
test temperature of 1000 °C. This behavior was not observed for the h-phase in the ternary coatings.
It may thus be suggested that the presence of the second phase impedes the relaxation. The reason
for the compressive strains in CVD TiB, coatings is up to now not entirely understood. However,
the higher Laplace pressure due to the high surface energy and nanocrystalline grain size of TiB,
was suggested by Schalk et al. as a possible source for the compressive strains [33,34]. During cooling,
the tensile strain of the fcc-phase increases again for TiN and the ternary coatings. TiN shows a
deviation from the linear strain evolution in the cooling curve. The most plausible reason for this is
formation of thermal cracks, as was reported by Bartosik et al. for CVD TiN coatings [35]. The
presence of such cracks in the here investigated TiN was verified by SEM, as is shown below in
Fig. 7. While a slight kink may also be suggested from the cooling curve of TiBy12Nggs, the tensile
strain of the fce-phase within the other coatings do not display this feature. Otherwise, the TiB:N,
coatings show only minor deviations of the strain during heating and cooling, which is true both for
the fce- and the h-phase. Therefore, the extent of relaxation of strains during heating is low.
Contrarily, a major difference between the heating and cooling curve in pure TiBs is evident. The
strain within this coating does not change noteworthy during cooling and the coating remains in a
slightly tensile strained state. A further decisive aspect that has to be considered in the discussion
of the strains is the texture of the coatings. The intensity of the peaks was largely invariant on the
azimuth in case of the binary coatings and the (220) fce-TiN reflection of the ternary ones. This was
not the case for the (101) h-TiB; reflection in the TiB.N, coatings, which indicates the presence of

a texture. However, the sin®p plots were linear and thus the effect of the texture on the strains is

suggested to be negligible.
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Fig. 5: Evolution of the in-plane strain as a function of the temperature within the Ti(B,N) coatings.
The (200) peak was evaluated in case of fee-TiN phase (a), whereas for the h-TiB: phase the (101)

reflection was used (b). Arrows with H depict the direction of heating, arrows with C the direction

of cooling. The vertical dotted lines mark the respective deposition temperature. (c¢) Astrain/AT in

the fcc and in the h-phase between RT and Ty as a function of the B content.
Being a measure of the distribution of heat within a tool, the thermal conductivity is a
decisive parameter when evaluating the suitability of a material for a given application [30]. Fig. 6

shows the estimated specific heat capacity ¢, and the measured thermal conductivity A of the

investigated coatings. ¢, of the TiBN, coatings was averaged from the values of TiN and TiB; in
dependence of the estimated fraction of the h-TiB, phase applying the rule of mixture [18,36].
Provided that the TiB, content in the sample is directly related to the B content, the specific heat
capacity decreases when going from B poor to B rich samples. The thermal conductivity decreases

inversely proportional with the B content. While the highest value was found for TiN (45 W/mK),
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TiB1sNoss features the lowermost one with 7 W/mK. This behavior can be ascribed to the grain
refinement through B addition. With decreasing grain size and concomitant higher defect density,
the phonon scattering increases and consequentially the thermal conductivity declines. The fact that
TiB, exhibits a higher thermal conductivity (14 W/mK) in comparison to TiB12Nyss is assigned to
the alloy scattering in the ternary coatings. The thermal conductivity of TiB, in the present study
is low in comparison to data reported in literature (96 W/mK). This discrepancy is most likely due
to the difference in microstructure between the nanocrystalline TiB; in our study and the material

in the reference with a grain size of 12 pm [18]. A similar situation applies to TiN. The columnar
grains of TiN in our study partly extend over the whole coating thickness of ~6 pm. In comparison,

Samani et al. report a thermal conductivity of 11 W/mK in a TiN coating with a thickness of

1.2 pm and thus smaller grain size in growth direction [37]. The larger grain size and thus less

pronounced phonon scattering of TiN in our work explains the discrepancy. As the h-TiB, phase in
TiBogsNoes and TiB12Nose exhibited a texture, a possible anisotropy of the thermal conductivity
cannot be fully excluded. However, as the TiB: is reported to be nanocrystalline and distributed
between the larger TiN grains, the effect is assumed to be negligible [33,38]. It should be emphasized
at this point that the thermal conductivity was determined in out-of-plane direction, while the strains
and thermal expansion refer to the in-plane direction. Furthermore, the information depth was

noteworthy lower in the TDTR measurements (between 0.25 and 0.64 pm) in comparison to the

synchrotron experiments, where the whole coating thickness was probed. Thus, possible gradients in
stress, grain size and texture over the coating thickness may affect the results of the two
measurements in a different extent. The impact of annealing on the coatings’ microstructure is
reflected in the thermal conductivity. There is no major change of this parameter when annealing
TiN for 15 or 120 min at 1000 °C. Contrarily, the annealing of TiB; results in an increase from
14 W/mK in the as-deposited state to 26 W/mK and 37 W/mK in the coating annealed for 15 and
120 min, respectively. These observations suggest that TiB, undergoes more pronounced grain

growth and defect annihilation during annealing at 1000 °C compared to TiN.
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Fig. 6: Estimated specific heat capacity and measured thermal conductivity of the Ti(B,N) coatings.
Partly filled symbols represent measurements of coatings annealed at 1000 °C for 15 min, open

symbols indicate annealing for 2 hours at the same temperature.

The cross-section morphologies of TiN and TiB, in as-deposited and annealed state (Fig. 7)
verify this presumption. While no major difference between the micrographs of as deposited and
annealed TiN is visible, grain growth is unambiguously observable in the heat treated TiB. coatings.
After 15 min of annealing, only a few larger grains are visible, however, grain growth becomes clearly
evident after heat treatment for 120 min. The behavior of the FWHM follows the same trend: the
peak broadening of TiN, determined on the (200) reflection, was invariant on the heat treatment.
Contrarily, the FWHM of the (101) reflection of TiB, decreases from 1.00° in the as-deposited state
to 0.73° and 0.35° after annealing for 15 and 120 min, respectively. Considering both, the
cross-section morphology and FWHM, it may be concluded that the reduced FWHM in the TiB,
coating annealed for 15 minutes is mainly related to defect annihilation. The reason for the
pronounced grain growth in TiB, is due to its high number of grain boundaries. As they constitute
defects in a perfect lattice, reduction of the grain boundary area results in a decrement of the Gibbs
free energy [39]. The cross sectional crack depicted in the micrograph of as-deposited TiN (Fig. 7a)

is representative for the morphology of this coating. These cracks arise in TiN during cooling after

99



Christina Kainz Publication III

the deposition, as was discussed above (compare also Fig. 5a). Cracks were not observable in case of
TiB,, which is suggested to stem from the nanocrystalline grains and concomitant high strength
according to the Hall-Petch effect [40,41]. Furthermore, the higher Kic value of TiB, (6.2 MPa/m'/?)
in comparison to TiN (1.2 — 3 MPa/m'?) and thus better resistance to crack propagation explains

the lower abundance of cracks in TiB, [18,42,43].

as-deposited 15 min, 1000 °C 120 min, 1000 °C
FWHM: 0.21° FWHM: 0:21°

as-deposited 15 'min, 1000 °C 120 min, 1000 °C
o

1um  EwHM: 1.00° il e EWHMED FWHM: 0.35°

Fig. 7: Cross-sectional secondary electron micrographs of a) TiN and b) TiB, in as-deposited state

(left) and annealed at 1000 °C for 15 (middle) and 120 min (right) with the corresponding FWHM.

A cross-sectional crack is marked by a white arrow in the as-deposited TiN (a).
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In order to summarize the findings gathered within this work, Table 1 gives the numerical
values of the coating thickness, thermal expansion coefficient, specific heat capacity and thermal

conductivity of the investigated coatings as a reference.

Table 1: Summary of thermo-physical properties of all investigated Ti(B,N) coatings.

Coating thickness [pm] | a [10° K'] ' | A [W/mK] ? | ¢, [10° J/m’K] ®
TiN 7.1 8.94 45 3.14
TiBo.12No.o3 5.0 8.93 35 3.12
TiBo.51No.s4 5.4 8.70 26 3.09
TiBo.6sNo.c4 5.9 8.51 23 3.02
TiB1.2No.ss 7.4 8.50 7 2.94
TiB. 4.1 7.57 14 2.84

"' mean coefficient of thermal expansion (25-860 °C), ? thermal conductivity,

Sspecific heat capacity

4. Conclusions

TiN, TiB, and TiBN, coatings with varying B contents have been grown by thermally
activated chemical vapor deposition and their thermo-physical properties have been studied.
HE-XRD experiments showed that annealing the coatings in protective atmosphere between 25 and
1000 °C does not alter the phase composition. The thermal expansion, directly determined from the
coatings on the substrate, declines as the B content increases. TiB, exhibits an increment of the
in-plane compressive lattice strain during heating up to Taep. The relaxation of the in-plane tensile
strains during cooling in TiN is suggested to result from the formation of thermal cracks. In the
ternary coatings, both the tensile strains in the fcc- and the compressive strains in the h-phase
diminish as the thermal load increases to the deposition temperature. The thermal conductivity in
the coatings decreases with increasing B content, which is ascribed to increased phonon scattering
as a result of smaller grain size and higher defect density. The results gained within this work give
an overview of selected thermo-physical properties of CVD coatings in Ti(B,N) system and thus

allow for a better understanding of these application relevant materials.
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Abstract

The established industrial processes used for the growth of TiCiNi coatings by chemical
vapor deposition (CVD) suffer from substantial limitations, either in regard of brittle phase
formation or restriction in the C/(C+N) ratio. Using the alternative C precursor C;Hs allows to
overcome these issues. Thus, within this work, the microstructure, phase composition, micro
mechanical and thermo-physical properties of CVD TiCNiy coatings grown with C.Hs were
investigated. Through adjustment of the C;Hg and N; flow in the feed gas, the C/(C+N) ratio in the
coatings was varied between pure TiN and TiCysoNozo. All coatings are characterized by a single
phase face centered cubic structure. The <110> fiber texture present in all coatings becomes more
pronounced with increasing C content. None of the investigated coatings showed thermal cracks on
the surface. The thermal conductivity decreases with addition of C from 45+5 W/mK in TiN to
3243 W/mK in all ternary TiC\Niy coatings. TiCou:Noss exhibits the highest hardness

(30.0+£1.4 GPa), while TiCyNoss turned out as the stiffest coating with a Young’s modulus of
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576+23 GPa. The fracture stress or and toughness Kic are superior in coatings with moderate C and

N content, with TiCysNosr being the strongest (op = 7.7£0.4 GPa) and TiCyaNoss
(Kic = 4.440.3 MPa m'/?) the toughest within this series. Coatings with moderate to high C content
were found to exhibit a microstructure provoking a lower thermal conductivity and improved

mechanical properties compared to those with a low C/(C+N) ratio.

1. Introduction

a-Al,O3 deposited by chemical vapor deposition (CVD) is one of today’s most important

industrial hard coating materials for indexable carbide cutting tools. Owing to its reasonable
hardness, good wear resistance and high oxidation stability, it is an ideal candidate for steel turning
applications [1,2]. ALOs is commonly applied onto a multilayer stack of TiN/TiCiNy/TiCiN,O1y.
The oxy-nitride layer is required for the deposition of the stable a-Al,O; phase, TiCiNix provides an
enhanced mechanical support and TiN serves as diffusion barrier [3]. The most commonly applied C
feeding precursors for the synthesis of CVD TiCNyare CHy and CH3CN, which are used in the high
(HT) and moderate temperature (MT) process, respectively [4]. Due to the high stability of CH,,
deposition temperatures exceeding 950 °C are necessary to obtain a sufficient deposition rate. The

concomitant economic issues as well as higher tendency for thermal crack and brittle n-phase

formation reason the substitution of this method by the MT process. However, the chemical bonding
within CHsCN limits the C/(C+N) ratio in the coatings to ~0.66, which is invariant on both
temperature and feed gas composition [5-7].

Within layered materials, a high mismatch between the thermal expansion coefficient of the
respective layers is reported to result in thermal cracks during cooling [8]. While ALOj; features a

mean thermal expansion coefficient o,.(25-1000°C) of 8.3x10° K, a,, strongly depends on the
C/(C+N) ratio in TiC.Ni [9,10]. Similarly, o, of the cemented carbide substrate depends on the
Co content [11]. According to literature, the o, mismatch between TiCiNi. coatings and the

cemented carbide substrate decreases with increasing C/(C+N) ratio [10]. Owing to the C/(C+N)

ratio of ~0.66 in industrially prepared CVD TiCN.« coatings, these materials often exhibit a dense
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crack network [8]. As the cracks provide diffusion paths and thus foster oxidation, prevention of
them is reported to enhance their mechanical properties [12,13].

The possibility to combine the advantages of the MT and HT process, being moderate
deposition temperature of ~900 °C and free variability of the C content, qualify C.Hs as feasible C
source. Czettl et al. studied the microstructure and morphology of TiCgsoNo2o grown with CsHg as a
base system for quaternary TiBiCyNi(uy) [14]. However, a variation of CVD TiCiNiy coatings
prepared with CyHg over a broad C/(C+N) range is still missing in literature. Thus, the aim of this
study is to correlate the C/(C+N) ratio and resultant microstructure with the micro mechanical and
thermo-physical properties of CVD TiCNy coatings. A fundamental characterization of the coatings
was conducted by means of scanning electron microscopy (SEM), X-ray diffraction (XRD), Raman
spectroscopy and nanoindentation. Micro-mechanical bending tests allowed insight into the fracture
behavior of the materials. Finally, the thermal conductivity, which is a decisive parameter for heat

management of materials, was evaluated by time-domain thermoreflectance (TDTR).

2. Experimental methods

All coatings investigated within this study were deposited in an industrial scale thermal CVD
plant type SCT600 TH by Sucotec. The feed gas mixture contained C.Hg, TiCly, N2, Ho and Ar. In
order to obtain coatings with varying C/(C+N) ratios, the C feeding precursor was varied between
0 and 1.52 vol.%. A temperature of 920 °C and a pressure of 160 mbar were chosen for the deposition.
The coatings were grown onto substrates in SNUN geometry (according to ISO 1832), containing

76 wt. % WC, 12 wt. % Co and 12 wt. % mixed carbides. To avoid inter diffusion between coating

and substrate, all C containing coatings were grown on a ~0.3 pm thick stoichiometric TiN base

layer. The thickness of all coatings was between 5.1 and 6.7 pm.

The chemical composition of the coatings was determined using a glow discharge optical
emission spectroscope (GDOES) of type JY10000 from Jobin-Yvon Horiba. Calibration of the
elements of interest was conducted using pressed powder reference materials. An Ultra 55 plus
scanning electron microscope (SEM) from Zeiss allowed visualization of the coating surface. Coating

cross-sections were obtained by focused ion beam (FIB) milling on a crossbeam workstation of type
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Nova200 Nanolab from FEI. The crystallographic structure of the coatings was studied by XRD

using a Bruker AXS D8 Advance diffractometer operating with Cu-K, radiation. Phase identification

was conducted in Bragg-Brentano geometry. Residual stress determination and acquisition of pole
figures were realized on a Bruker AXS D8 Advance DaVinci diffractometer. The stress state of the

coatings was determined applying the sin?p method in x mode [15]. Up to a C/(C+N) ratio of 0.63,
the 422 reflection was used for the evaluation. Y was varied between 0 and 58.5° in such a way that
equidistant sin®}p steps were obtained. For the coating with a higher C content, the 420 reflection

was chosen, due to the close vicinity of the 422 reflection to a substrate reflection at high C/(C+N)

ratios. Here, Y ranged from 0 to 48°. Elastic constants used to derive stress from strain were taken
from ref. [16]. XRD pole figures of the 111, 200 and 220 reflections were collected to assess the

texture of the coatings. The azimuthal and polar angle ranged from 0 to 360° and 0 to 80°,

respectively, and the step size was 5° in both cases. Processing and visualization of the experimental
XRD pole figure data was realized using the MTEX toolbox [17]. Raman spectroscopy complemented
the investigation of the phase composition by XRD. The measurement was carried out on a
Labram-HR800 spectrometer by Horiba Jobin-Yvon operating with a frequency-doubled Nd YAG

laser (A=532 nm).

Hardness and Young’s modulus of the coatings were determined using a UMIS nanoindenter
from Fischer-Cripps Laboratories with a diamond Berkovich tip. A load range between 30 and 12 mN
with a decrement of 0.75 mN was applied. Data was analyzed according to the Oliver and Pharr
method [18]. The fracture mechanical behavior of the TiC.Nix coatings was evaluated by bending
tests performed on free-standing micro cantilevers of the coatings. Specimen preparation was done
by FIB milling on a DualBeam Versa 3D system by FEI. The dimensions of the micro cantilevers

amounted to a bending length of ~9 um and a cross-section of ~3x3 pm?. Two sets of specimen were

fabricated: the first set, for evaluation of the fracture toughness, exhibited a sharp notch located

~1.5 pm from the micro cantilever’s support. The actual depth of the notch was measured post

mortem by SEM. The second set without notch allowed determination of the fracture stress. For

each set of notched and unnotched micro cantilevers, a minimum of three specimens was tested. A
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FIB made circle facilitated the subsequent positioning with the indenter. A spheroconical tip,
installed within a Hysitron Tribolndenter TT950 system, was subsequently used for imaging and
loading of the specimen. Loading of the micro cantilevers was performed displacement controlled at
a rate of 5 nm/s. The recorded load-displacement curve allowed determination of fracture stress and
toughness according to the method of Matoy et al. [19].

TDTR experiments were conducted to determine the thermal conductivity of the coatings.
The operational principle of this measurement follows a pump probe system realized with a pulsed
laser [20]. Laser pulses with a pulse duration of 500 fs, a pulse repetition rate of 80 MHz, a wavelength
of 785 nm and an average laser power of 28 mW were generated by the Ti:Sapphire laser system
Mai Tai from Spectra-Physics. The pump beam modulation frequency amounted to 10.7 MHz. The
time delay between pump and probe beam was in the range of 0 to 3600 ps. 70 nm of pure Al were
deposited on the sample surface prior to the measurement to serve as transducer layer. Oxidized and
un-oxidized Si wafers were used for validation of the measurement system, which was done prior to

the actual sample measurement.

3. Results and discussion

In Fig. 1 the influence of the C;H; flow rate on the elemental composition within the coatings
is presented. A C/(C+N) ratio of 0.63, which is comparable to the one of coatings prepared with
CH3CN [21,22], is obtained when applying a C,Hg fraction of 0.8 vol.%. At a fraction of 1.5 vol.%, a
higher C/(C+N) ratio of 0.80 is achieved. To the best of our knowledge, a C content that high is
not realizable when using solely CH;CN or a combination thereof with other hydrocarbons [4,21,23].
The moderate deposition temperature in comparison to the HT process with simultaneous lower
mismatch in the theoretical stress of cemented carbide and coating are thus benefits of using C,Hs
[24]. The GDOES composition profiles showed a constant C/(C+N) ratio throughout the coating
thickness in all ternary coatings (cf. Suppl. Fig. 1). Although the N and C content within the coatings
changed significantly with the feed gas composition, all coatings exhibit the same Ti content of

~50 at.% according to the GDOES measurements. The deposition rate was ~0.8 um/h for TiN,
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TiCo3Nogs and TiCos0No20, whereas it only amounted to ~0.68 pum/h for the coatings with moderate

C/(C+N) ratios.

0.8 1 o
0.6 1 °
= @
+ 0.4 1
Q
S Qo
0.2 1
0041 @
0.0 0.5 1.0 1.5

C,H; flow [vol.%]
Fig. 1: C/(C+N) ratio of the TiC.Ni.. coatings depending on the C:Hy flow rate.

The step wise change from N rich to N poor resulted in a pronounced difference of the surface
and cross-sectional microstructure of the coatings as depicted in Figs. 2a-e. TiN exhibits facetted
grains on the surface and columnar ones in the cross-section (Fig. 2a). The large grains partly extend
over the whole coating thickness and display competitive growth. Up to a C/(C+N) ratio of 0.47,
the addition of C results in a needle like surface structure (Figs. 2b and c), whereas TiCosNosr and
TiCos0No20 exhibit equiaxed grains on the surface. While TiCy3Nos7shows both large and small grains
on the surface (Fig. 2d), a more homogeneous grain size distribution is evident for TiCys0No.2o
(Fig. 2e). On the surface of TiCygNosr and TiCysoNo2o, twinned crystals are visible, which are
commonly observed in CVD TiCNyy coatings over a broad compositional range [22,25,26]. The
influence of the C content on the cross-sectional microstructure is less pronounced in comparison to
the coatings’ surface. After the small grained TiN base layer, the grains in the actual TiCiN layer
form V-shaped columns, which increase in size as the coating thickness increases. This microstructure
is typical for the prevailing competitive growth [27,28]. Tt appears that the TiCN coatings with
low amounts of C (Figs. 1b and ¢) also exhibit some small globular grains in addition to the columnar
ones. Thus, TiCyesNosr and TiCysoNo2o seem to display more pronounced features of competitive

growth. The ternary coatings show a smaller column width compared to binary TiN. No cracks were
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visible on the surface or in the cross section of the herein investigated coatings. Stylianou et al.
investigated the effect of the Co content in the substrate on the thermal crack formation in CVD
TiCiNyy coatings. The authors report on the absence of thermal cracks at Co contents exceeding
10 wt.% [11]. Thus, the absence of cracks in the here investigated coatings is presumably a result of
the high Co content (12 wt.%) in the substrate. In accordance to the microscopic changes, also the
color of the coatings is influenced by the chemical composition. TiN features the typical golden color,

TiCo32Noss is greyish red and the coatings with higher C content display a grey hue.

Fig. 2: Pictures and SEM images of the surface and cross-sectional microstructure of (a) TiN,

(b) TiCys2Noss, (¢) TiCoy2Noss, (d) TiCyssNosz and (e) TiCy.soNo.oo.

The evolution of the crystallographic structure, from bottom to top with increasing C/(C+N)
ratio, is shown in Fig. 3a. The peak position of the 111 and 220 reflection of TiN is in good agreement
with the reference ICDD file of face-centered cubic (fce) TiN [29]. With increasing C content, the
peaks shift towards the reported peak position of TiC at lower diffraction angles, while the
crystallographic structure remains fcc [30]. This observation is in accordance to calculations by

Ivashchenko et al., who predicted miscibility of TiN and TiC over the whole compositional range
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[16]. None of the diffractograms show any indication for the brittle n-phase in the substrate, which

is commonly observed when applying the HT process [7]. Coarse grained TiN and C rich
TiC:Nixcoatings exhibit lower peak widths in comparison to the small grained TiCNix with a low
C/(C+N) ratio. Since both, a smaller size of coherently diffracting domains as well as enhanced
micro strains contribute to XRD peak broadening [31-33], the observed differences in the peak widths
are in good agreement with the microstructure of the coatings (Figs. 2a-e). From the X ray
diffractograms, it can be seen that the intensity of the 220 reflection increases with increasing
C/(C+N) ratio. As the texture in TiN based coatings is reported to affect adhesion, hardness as well
as tribological properties [5,34,35], the dominant texture in the investigated coatings was investigated
through acquisition of pole figures. Fig. 3b shows the recalculated pole figures of the 220 reflection
for all investigated samples. A summary of the 111, 200 and 220 pole figures of all samples,
normalized to the highest intensity within one coating, is presented in Suppl. Fig. 2. All coatings
exhibit a <110> fiber texture, which becomes more pronounced with increasing C content, as can

be seen in Fig. 3c.
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Fig. 3: (a) X-ray diffractograms and (b) recalculated 220 pole figures of the TiC.Ny. coatings. (c)

Comparison of the intensity maxima in the 220 pole figure of the respective coating.
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Raman spectra of the coatings were recorded to complement the crystallographic phase
investigation with special focus on possible amorphous phases. The obtained Raman spectra (Fig. 4a)
are in good agreement with Dreiling et al., who studied CVD TiC,N; coatings grown with CH4 and
CH;CN [21]. With increasing C/(C+N) ratio, the positions of the transversal acoustical and
transversal optical modes shift closer towards each other, which was also observed by Saringer et al.
[10]. None of the investigated coatings showed indications for amorphous C, which seems reasonable,
considering the metal to non-metal ratio of 1:1 within all investigated samples [36].

The mechanical properties and residual stress of the investigated coatings are summarized in
Fig. 4b. The formation of a TiCiNi« solid solution results in a pronounced hardness increase from
20.2+1.4 GPa in TiN to 26.7£1.6 GPa in TiCy3Noe. The maximum hardness of TiCgurNoss
(30.0+1.4 GPa) among the ternary coatings is reasoned by both, the C content and the
microstructure. On the one hand, an increasing C/(C+N) ratio is accompanied by a more pronounced
covalent bonding character, which is reported to exhibit high hardness [37-39]. On the other hand,
the hardness is positively affected by the small grained microstructure through Hall Petch hardening
[40,41]. These concurring phenomena are assumed to be the reason for the hardness plateau after a
moderate C/(C+N) ratio is reached. The Young’s modulus increases stepwise with the addition of
C to TiN up to TiCyNosr and afterwards slightly decreases. This evolution of the Young’s modulus
with increasing C content is in good agreement with calculations by Ivashchenko et al. They report
on an increment of the Young’s modulus with addition of C to TiN [16]. Within the investigated
coatings, TiCy4Noss exhibits the highest H®/E? ratio, which allows a rough estimation on the
resistance to plastic deformation [42]. In addition to hardness and Young’s modulus, the effect of the

C/(C+N) ratio on the determined residual stress o is also shown in Fig. 4b. The sin®yp plots used for

the evaluation are shown in Suppl. Fig. 3. All investigated samples exhibit tensile residual stress. As

mentioned above, none of the coatings display cracks on the surface. The decrement of o with
increasing C content is in agreement with theoretical considerations, as oy (25-1000°C) decreases

with increasing C content from 9.59x10° K' in TiN to 8.27x106 K' in TiCysNo2o [10]. As a

consequence, the mismatch between a., of coating and substrate decreases and thus the tensile

residual stress is lower. For the coatings with C/(C+N) ratios > 0.47, the tensile residual stress

117



Christina Kainz Publication IV

seems to approach a minimum of ~370 MPa, although the o.. mismatch between coating and
substrate further decreases. In addition to residual stress arising from the aforementioned .y

mismatch, also intrinsic stress should not be neglected in the present discussion. As proposed by El

Azhari et al., defect incorporation during deposition and grain boundary relaxation may influence

the intrinsic stress state of CVD TiCNy coatings as well [43].
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Fig. 4: (a) Raman spectra of the TiC,N,.. coatings. The position of the transversal acoustical (TA),
transversal optical (TO) and carbide mode are depicted as well as the two positions of amorphous C

(a-C) [21,36]. (b) Hardness, Young’s modulus and residual stress of the TiC:Ni. coatings.

Micro-mechanical bending tests allowed to correlate the fracture behavior of the investigated
coatings with their C content. An unnotched FIB made bending beam, which was used for the
investigation of the fracture stress, is shown in Fig. 5b. Load-displacement curves recorded in the
micro mechanical bending tests reveal a linear-elastic fracture behavior for all coatings, which is
typical for ceramic materials. Failure occurred at the end of the respective curve by brittle fracture.
The fracture stress increases gradually from 4.6+0.4 GPa in TiN to 7.740.8 GPa in TiCysNo.2o
(Fig. 5a). The experiments are in agreement with theoretical considerations that a higher C/(C+N)
ratio results in an increased strength due to the higher fraction of strong covalent Ti-C bonds [37-39)].
Taking into account different C/(C+N) ratios, the obtained results are in good agreement with data

reported in literature [44,45]. The fracture toughness, denoted by the critical stress intensity factor
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Kic, can be determined from notched bending beams [46]. Initially, the fracture toughness is hardly
affected by the addition of C, as TiN (3.1£0.3 MPa m'/?) and TiCy 3Ny (3.5+0.1 MPa m'/?) exhibit
a similar K¢ value. However, further addition of C results in a pronounced increase of the fracture
toughness, with the highest Kic value in TiCy47Nos; (4.44:0.3 MPa m'/?). A further increment in the
C/(C+N) ratio provokes a slight reduction of the fracture toughness. The behavior observed in case
of the ternary TiCiNi« coatings is suggested to rely on a superimposition of two mechanisms. While
TiCo32Noes and TiCy47Ngs3 exhibit small grains and thus multiple crack deflection sites, the <110>
texture is more prevalent in TiCoeNos; and TiCosNo2o (compare Fig. 3c¢) [47]. CVD TiN with a
random orientation is reported to show a noteworthy lower Kic value (2.240.4 MPa m'?) compared
to the <110> textured TiN in this study [48]. It may thus be suggested that a more pronounced
<110> texture results in a better fracture resistance also in ternary TiCNix coatings. Post-mortem
fracture cross sections of the investigated coatings (Fig. 5b) display the typical appearance of brittle
fracture. According to Ivashchenko et al., Cy, is lower than Cy for all here investigated coatings [16].
The Pettifor criterion thus predicts that all TiCiNi. coatings are brittle [49]. The micrographs
suggest an intergranular fracture, which is in good agreement with observations from other authors

for similar materials [44,50].
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Fig. 5: (a) Fracture stress op and toughness Kic of the TiC,Ny., coatings. b) SE micrograph of an

unnotched bending specimen, as well as post-mortem fracture cross-sections of each investigated
sample.
A lower thermal conductivity is reported to be beneficial for cutting applications as this

allows a good protection of the substrate from overheating [51]. The thermal conductivity of the
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coatings was thus assessed by means of TDTR and the results are summarized in Fig. 6. The specific
heat capacity ¢, and density of the TiCiN« coatings was estimated from the values of TiN and TiC
in dependence of the C/(C+N) ratio according to a general rule of mixtures [39,52]. Following this
estimation, the ¢, of the coatings decreases linearly with increasing C/(C+N) ratio. TiN exhibits a
thermal conductivity of 45+5 W/mK, which is higher in comparison to data reported in literature.
Samani et al. measured a thermal conductivity of ~11 W/mK for a TiN coating deposited using the
lateral rotating cathode arc method [53]. The discrepancy is most likely due to the difference in
microstructure between the material investigated in literature and the one in our study. In contrast

to a grain size of ~1.2 pm in the TiN coating studied by Samani et al., the columnar grains of TiN
in our work partly extend over the whole coating thickness of ~6 pm. Furthermore, CVD TiN

coatings are reported to exhibit a lower defect density in comparison to the ones deposited by
deposition techniques relying on arc evaporation [54]. Grain refinement and higher defect density
result in a more pronounced phonon scattering, which provokes a decrement of the thermal
conductivity [53]. All ternary coatings investigated here show a comparable thermal conductivity of
~33 W/mK. The lower thermal conductivity in comparison to TiN can be again explained by the
smaller grain size and thus stronger phonon scattering of the C containing coatings. Furthermore,
the scattering is more pronounced in ternary materials like TiCiNix in comparison to binary ones

due to the alloy scattering [55].

55
* ]
314 50
[ L 45
— 9 —
X
) X
£ 304 r40 €
Q -
3 Q? =
On . - $ r 35 <
2.9 | ® 130
° o @ 25
]
2.8 T A T T T T 20
0.0 0.2 0.4 0.6 0.8
C/(C+N) [-]

Fig. 6: FEstimated specific heat capacity ¢, and measured thermal conductivity A of the TiC,Ny,

coatings.
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4. Conclusions

A series of TiCNix coatings was grown by CVD with varying C,Hg fraction in the feed gas
and their microstructure was correlated with the micro mechanical properties and thermal
conductivity. Using C;Hs as C feeding gas allows to vary the (C/C+N) ratio freely and thus to
increase the amount of incorporated C in comparison to CH3;CN. Thus, the present study confirms
the feasibility to use CsHs as C feeding precursor for the deposition of TiCiNix coatings. The
microstructure appeared large columnar grained in TiN, needle like in TiCy3Noes and TiCg47Noss
and equiaxed in the coatings with high C content. All coatings exhibited an fce-TiN based crystal
structure with no indication for amorphous C. A higher C content resulted in a more pronounced
<110> fiber texture. None of the investigated coatings featured cracks on the surface, which is

ascribed to the low mismatch in o,y between coating and substrate. As the C/(C+N) ratio increased,

the tensile residual stress decreased. The C/(C+N) ratio significantly affected the mechanical
properties of the coatings: TiCy.47Nos3 was the hardest and toughest among the tested coatings, while
TiCo.Nosr exhibited the highest fracture stress. The thermal conductivity decreased with addition
of C to TiN, but was largely unaffected by the amount of C in the coating. In conclusion, the small
grains in coatings with moderate C/(C+N) ratio and a stronger fracture resistant <110> fiber
texture in those with a high C content, both positively affect the micro mechanical properties and

thermal conductivity of the material.
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Suppl. Fig. 2: Pole figures of the 111, 200 and 220 reflections of the TiC,N,., coatings quantified by

TiN
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multiples of random distribution (m.r.d).
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Suppl. Fig. 3: sin®y plots of the investigated coatings.
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