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1. Introduction

Cemented carbide tools used today for metal cutdireg markedly improved by the
application of a thin, hard and uniform layer oreithsurface, the so-called coating.
Around 1970 the manufacture of such coatings bynited vapor deposition (CVD) was
introduced. These CVD coatings permit to incredme wear resistance and lifetime of

cemented carbide tools by a factor of 40.

Today typical industrial coatings deposited by C\dpe for example of TiCN,,
TiB4C,N, and Ti-B-N.

TiC1Ny coatings deposited by CVD have advantageous piepetike excellent
adherence, high hardness and high toughness. Thplete miscibility within the TiN-
TiC system enables the variation of the propeftm® high toughness and good chemical
stability of TiN to high hardness and abrasionstesice of TiC %4

In addition to ternary TiCN,, quaternary TiBC,N, coatings have more recently received
a lot of attention since it has been shown thatatii@ition of boron to TigN, improves
the wear resistance by increasing the film hardfi¢s$. Furthermore, TiBCyN, coatings

were found to display excellent tribological prafes & ©)

Deposition and
characterization of TiCyN, coatings are part of an overall program to deveiop-

sticking, oxidation and wear-resistant coatingsfdoming tools.®

Deposition parameters like temperature and gas ositign have a great influence on the
microstructure, composition and mechanical propsrtf CVD TiG.,N, and TiBC/N,
coatings. In high-temperature CVD (HTCVD) the C#io in the coating can easily be
changed by varying the precursor flow rates gfaNd CH during the CVD process. This
results in a variety of coatings with different qousitions and properties. However, the
elevated temperatures in HTCVD support boron diffusand decarburization of the
cemented carbide inserf$ &%

As a result, a brittlg-phase and CoWB is formed at the substrate-coattegface, which

can cause chipping when subjected to the cyclic hamgical and thermal stresses




characteristic for milling*® ', The lower temperatures (700-900°C) in combinatidth
more reactive precursors (@EN) used in moderate-temperature CVD (MTCVD) reduce
diffusion and decarburization, and thus avoid tirenfation of brittle phases in the surface
region*?. Therefore, MTCVD coated inserts are known to hiaceeased toughne&¥:
1819 However, in contrast to HTCVD, it is not possitite vary the composition of
MTCVD coatings in such a wide range. The C:N ragidere almost independent from

the precursor flow rates & 13,

Ti-B-N coatings also possess excellent propertieitting applications. They combine
extreme hardness with high toughness; furthermoeg exhibit good corrosion and wear
resistance, and show high thermal stabffity® 1" 18 The different phases within the
ternary Ti-B-N system provide the possibility ofpdsiting wear-resistant coatings that
offer a wide range of propertiéd® 2% 2YThys, a significant amount of work has already
been published on this coating system depositgzhiggical vapor deposition (PVIY: 1%

22 23) and plasma-assisted chemical vapor deposition YRAC®7 18 24 25 26)
Investigations of CVD Ti-B-N coatings revealed orthe formation of TiN and TiB

where the coating composition could be varied fmme TiN to pure Tig % 16

Not only the composition but also the oxidationisesice has a great influence on the
wear performance of hard coatings because of ttreased temperatures occurring in the
contact zone during machining operation. The degiad (chemical reaction, cratering)
of titanium-based coatings is known to be due toftrmation of titanium oxides at the
surfaces which can cause delaminafférf®. For titanium carbonitride coatings the extent

of oxidation was found to be highly dependent andarbon and nitrogen concentratidn
29; 30)

The oxidation behavior of Ti-B-C-N coatings hasalbly been studied to some extent. It
has been suggested that they are inherently pooogidize, since most of the oxidation
products are gaseous and evaporate, thereforer rdéstroying than protecting the

coating. "3V

In Ti-B-N coatings, on the other hand, low boronnoentrations are known to

considerably increase the thermal stability compaoeTiN % 32 33 34 Byt despite being




important, the oxidation behavior of CVD Ti-B-N ¢wms with different boron
concentrations has not yet been investigated mildet

In the field of materials science, tribological nebdests are typically performed in the
laboratory scale to evaluate the performance af kaatings in real working conditions.
The tribological behavior of Ti-B-N coatings has ehe investigated before and
outstandingly low friction values were fouffd '®. As an explanation a self-lubrication
mechanism resulting from tribochemical reactionghi@ contact zone was proposed by
the formation of Magnéli-phases or boric acigBB; ©°.

In the last decades, Raman spectroscopy has beeowey powerful tool to study
molecules and materials due to the developmentuwf technologies like high stability
laser excitation, sensitive charge coupled deveteaors (CCDs), and the coupling with
optical microscopes. These advantages combinedtiétfact that this analysis method is
non-invasive and non-destructive resulted in theation that many more research groups

today elaborate the potential of Raman spectrosétpy

In the late 1980s Raman spectroscopy has furthen betroduced as a promising
technique for the analysis of wear debris and westks formed during tribological
testing, since it provides a possibility to obseawvel quantify surface chemistry changes
with a high spatial resolutiofi®. Nowadays, also real-time identification of trasfilm
composition is possible by the usage of in-situ Rautnibometers*” 38

Raman spectroscopy takes advantage of the ineksditering of monochromatic laser
light by molecules or crystal lattices. The resigtinformation can be used to determine
details on the structure and composition as webrashe crystallinity and orientation of

the sample. Furthermore different prevailing st@ssditions can be identified.

In the field of surface engineering the majorityRman spectroscopy investigations are
performed on films like diamond-like carbon (DL@trahedral amorphous carbon (ta-C)
and chemical vapor deposited (CVD) diamond filmsawse of its high sensitivity for

different carbon phasé¥: 4041




Furthermore, Raman spectroscopy has already stgltyesseen used to study first
generation transition-metal hard coatings, like @M TiC. In such cubic crystal systems,
first-order Raman scattering is actually forbiddbni the relatively high percentage of
lattice defects in such coatings allows the detectif defect-induced Raman spectra. The
intensity, frequency and width of the Raman featuase thereby strongly dependent on
the chemical composition, defects, short-range rorcgstalline structure, and internal
stresses in the materi&P: 42 43: 44: 45,46, 47)

However, up to now only little work has been domeamlvanced multicomponent hard
coatings like TICN, TiAIN, TiZrN or TSiC, ©> 48

The objective of this work is to demonstrate thelgical power of Raman micro-
spectroscopy on different ternary and quaterngamitim-based CVD coatings, like TiC

Ny, TiB,CyN, and Ti-B-N. The analyses were performed with regardhanges in the
basic coating properties, like the composition amicrostructure. Since Raman
spectroscopy is up to now no commonly used analysthod for such coatings, the
results are correlated to those obtained by wetbéished other techniques like X-ray
diffraction (XRD), wavelength-dispersive X-ray spescopy (WDS), scanning electron
microscopy (SEM) and X-ray photoelectron spectrpgdXPS).

In order to gain better understanding of thih temperature oxidation, Raman
spectroscopy was further used to study the atixid processes of TiC, TiN, TC

«Ny, TiB,C,N, and Ti-B-N coatings by the spectroscopidedion of the formed

oxidation products after annealing under ambientid@mns at different temperatures.

To study tribochemical reactions of Ti-B-N coatinggaman analysis was performed on
the wears tracks of tribological tested samplesx@mine the types of the formed oxides

in the contact zone. The identified compounds veareelated with the observed friction
coefficients Additionally, turning tests with Ti-B-N coated inserts were perfed at

various turning speeds. The compounds identifiedRaynan spectroscopy on the rake
face were compared to those found on the weargraft&r tribological testing to estimate

an approximate value for the contact temperatureanhining operations.




2. Theoretical background

2.1 Chemical vapor deposition (CVD)

Today approximately 90% of cutting tools are codtedrder to increase the lifetime of
hard metals for cutting and milling operations. Teenands on coated inserts surfaces are
that they have to resist interactions with the wpigce (e.g. steel) and the environment
(e.g. oxidation). Furthermore, an excellent adhegeto the sintered compact is needed,
and the coating in itself must possess high hagjnfescture toughness and strength.
Coatings of transition-metal compounds (e.g. theesponding nitrides, carbides and
borides) are mainly produced by chemical vapor ditjom (CVD) and physical vapor
deposition (PVD)“®)

In thermal CVD, a defined mixture of the carriesg&b) and the reaction gases (=
precursors, usually a volatile metal compound ssch chloride with a nitrogen and/or a
carbon or boron based gas like SHCH;CN or BCE) is passed over a substrate
(typically cemented carbide inserts) at temperatwe 850-1000°C. A typical CVD
system (Fig. 1) therefore consists ¥

1) gas sources and feed lines

2) mass flow controllers

3) the reaction chamber

4) heating system for the substrate on which theilaeposited

5) temperature sensors

The reaction products form a solid, strongly adhedayer on the substrate with a

thickness of approximately 5-20 pum.




Typical CVD System

Flow )
controller Reaction Chamber

Vaporizer

Substrate

(O

Heating Device

Carrier Gas

Reactive Vacuum Pump

Gas

Exhaust

Fig. 1: Typical set-up of a thermal CVD systét.

In addition to thermal CVD, plasma- or lasessisted CVD has ba developed where tl
temperatures can be lowered to about 406%CThis reduce$or exampl undesired side
reactions, like the decarburization of the cemectetide insertas well as the formatic
of thermal cracks due to the different thermal egian coefficierts of the substrate ai

the coating.
The most important CVD processes &t

e Atmospheric pressure CVD (APCVD) — conditions: B6{-1300°C, p = 1 bar.
Advantage: High deposition rates are achieved @ use of atmospheric
pressure.

¢ Low-pressure CVD (LPCVD) - conditions: T = 500a0C, p = 0.01-10 mbar.
Advantage: The reduced pressure retardsianted gephase reactions and

improves the film uniformity.




¢ Plasma-Enhanced/Assisted CVD (PECVD/PACVD) - coodg: T = 200-
500°C, p = 1 mbar. Advantage: Deposition at lovamperatures is possible

since plasma is used to enhance chemical reacties of the precursors.

The coatings investigated in this work were all@@fed by LPCVD. LPCVD itself can
further be separated into high-temperature (HTCVB)d moderate-temperature
(MTCVD) processes. In HTCVD, the deposition tempam is about 1000°C and the
precursors are usually a metal chloride, nitrogmhmethane. In MTCVD, the usage of a
more reactive precursor (GEIN) instead of M and CH enables the deposition at lower
temperatures (700-900°C). A detailed descriptionttef used parameters is given in
Chapter 3.1.

The fundamental steps in a CVD process (Fig. 2)easummarized as follow¥

1) A defined mixture of reactant gases and diluenttigases are introduced into
the reaction chamber at a specified flow rate

2) Diffusion of the gas species to the substrate sarfa

3) Adsorption of the reactants on the substrate saffflaysisorption)

4) Chemical reaction (chemisorptions) of the reactavith the substrate to form
the film

5) Desorption of the gaseous by-products of the reastand evacuation from the

reaction chamber

During the CVD process, the reactant gases can rgodéeterogeneous and

homogeneous reactions. Heterogeneous reactions ogdhe heated surfaces, not only
of the tool but in the entire system of the reactahamber. In this case, good-quality
films are observed (high-purity, high-performancalids materials). Homogeneous

reactions, on the other hand, occur in the reacttrhosphere in the gas phase and
aggregates of the depositing material are forméeés& aggregates adhere poorly to the
surface and low-density films with a high defecteraare obtained. Therefore,

heterogeneous reactions are much more desiralbhehibmogeneous reactions during

CVD. ®9
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Carrier & reaction gas Carrier gas, un-reacted
reactants, by-products

Main gas flow region

Transfer of by-

Gas phase reaction products to
main gas flow
GAS .
i Desorption
Transport to the |  Surface Desorption
sErface diffusion & P of by-products
reaction
I @ — @® OOOO0 (J |
Adsorption Nucleation +
SOLID Film growth

Fig. 2 Fundamental steps in a CVD proc&3s

Similar to CVD, PVD processes can be separateddiffierent variints, which include fo

example®?:

¢ Cathodic Arc Deposition (Arc-PVD)
¢  Electron beam physical vapor deposition (EBPVD)
¢ Pulsed laser deposition (PLD)

e Sputter deposition

However, since the here studied coatimggre all deposited bCVD, details on the
different PVD techniques are beyond the scope isftéxt For further information thi
reader may refer 5.
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2.2 Titanium-based hard coatings

Hard coatings, which are actually in use and widglydied, are binary, ternary and
quaternary compounds containing titanium. Partitylahe titanium nitrides, carbides,
borides, carbonitrides and boronitrides exhibitoabination of outstanding properties,
like exceptional hardness, high melting points, affiet luster and simple metallic

structures, resulting in a variety of technical liaggtions“®.

Generally, these coatings form interstitial all@yscompounds, where the small carbon,
nitrogen or boron atoms are located in the intimbtvoids of the densely-packed host
lattice. They either exhibit face-centered cubic.¢f) or hexagonal close packed (h.c.p.)
metal lattices with randomly distributed non-mesébms on the interstitial sites. The
metal atoms form thereby close packed arrangenafmsetal layers with ABCABC...
(cubic) or ABAB... (hexagonal) stacking sequence, #drelnon-metal atoms occupy the
octahedral interstitial sités>. The crystallo-chemical rul® 57 states, that a pure cubic
type phase can posses a maximum non-metal/mei@lofat, whereas for the hexagonal

type phase the maximum ratio is €%

Ternary systems often consist of mixtures of défferbinary compounds®. This applies
for example for the Ti-B-N system, where Fi&nd TiN coexist as a crystal mixture, due
to the insolubility of boron in TiN as well as oftnogen in TiB, ! 2 59 Contrarily,
binary TiC and TiN are known to form a solid soiutiover a wide homogeneity ran§®
5D resulting in ternary Ti-C-N compounds where theperties are highly dependent on

the nitrogen and carbon concentratfof )

A table summarizing the most important propertiéshe binary systems TiC, TiN and
TiB, can be found in the appendix (Table 15, p.134)uds are taken frorff? and
references therein.

As is apparent from the two examples described @bfov the deposition and analysis of
different ternary coatings, it is essential to ustend the phase diagrams, not only of the

ternary systems of interest, but also of the biramrounding systems. Therefore, the

12



phase diagrams of the here studied TiN, TiC, Ti-CF¥B, and Ti-B-N coatings will be
discussed in the following.

2.2.1 The Ti-N and Ti-C systems

TiN and TiC exhibit a NaCl-type structure, in whithe cubic close packed titanium
atoms form octahedral voids which are filled by cartor nitrogen atoms. The bonding
character is a mixture of metallic, covalent andido The metallic character is thereby
displayed by the high electrical conductivity (sgmendix Table 15, p. 48). The covalent
contribution, given by the molecule orbital (MO)heme, shows a change in bonding
strength from strong Ti-C interaction in TiC to ragronounced Ti-Ti interaction in TiN.

The ionic contribution, due to charge transfer frite metal to the nonmetal atom, is

about half an electron and contributes to eleatisinteractions*®

Weight Percent Nitrogen

0 1
3500 - T T T )
PR,

3000

2500

TiN

2000

Temperature °C

1500+

1000

T b
0 5 10 15 20 25 30 35 40 45 50 55
Ti Atomic Percent Nitrogen

Fig. 3: Equilibrium phase diagram of the Ti-N systéf
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The equilibrium phase diagram of the Ti-N systéthis shown in Fig. 3t can be seen,
that nitrogen exhibits a high solubility oiTi. The phase diagram exists mainly cofi,

BTi, tetragonal TiN and cubic TiN, which provides a wide homogene#tyge between
28 and 55 at.% N. IN on the other hand has a narrow homogeneity rén@38 at %)

and is surrounded hyTi and TiN on the nitrogen rich side.

TiC crystallizes in the f.c.c. type structure morashide. The equilibrium phase diagram
of Ti-C ®¥ shown in Fig. 4 depicts the homogeneity rangei6f Between 35-48.8 at.%
C. Carbon concentrations above 48.8 at.% resudt finary-phase structure of TiC and
graphite. Another existent titanium carbide isCliwhere vacancies are ordered on the
carbon sublattice. JC is stable between 32-36 at.9%°¢%%

Weight Percent Carbon

3000+

2500 -

2000

TiC + graphite

1500

Temperature °C

1000

Z—— (aTi)
500 T T T Py

10 20 30 40 50 60 70
Ti Atomic Percent Carbon

Fig. 4: Equilibrium phase diagram of the Ti-C systéfh
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2.2.2 The Ti-C-N system

Due to the high similarities between TiN and Ti@r{e crystal structures with similar
atomic radii of carbon and nitrogen), carbon/nitegcan be replaced completely by
nitrogen/carbon, without changing the structurehef binary phas&® 5% %0 within the
ternary carbonitrides, Ti-C-N is one of the mosparnant systems. The phase diagram
(Fig. 5) shows a complete quasi-binary solid sotutof the binary f.c.c. carbides and
nitrides. All octahedral interstitial lattice sitese randomly occupied by carbon and
nitrogen and consequently also the voids are rahddistributed. A large variation of

composition is possible because of the wide rafig@mogeneity®® 6

Ti  50.00

N 5000 Data / Grid: at.%
Axes: at.%

Ti 50.00
C 50.00
N 0.00

Ti

Fig. 5: Phase diagram of Ti-C-N at 500°C w&h= TiCy, (TigCs); € = TiN; 8 =Ti(C,Ny.). ¢
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Coatings deposited in the Ti-C-N system are verpdrtant for technical applications
since they possess high hardness, high corrosisistance and high thermodynamic
stability. The properties can thereby be tailorgdhe variation of the carbon and nitrogen
concentratiort®™. For example, transition-metal carbides exhilgtay color, whereas the
nitrides show an intense golden appearance. Forcdnieonitrides, the color can be
changed as a function of the C:N rdfid. The appearance of the coating can thus be used
to distinguish between C- and N- rich carbonitridgsnilar dependency applies for the
microhardness, which increases constantly witheiasing carbon concentratiéh ©.
Furthermore, it is known that the curve of latfi@ameter of a continuous series of solid
solutions between the isostructural binary phas€sand TiN vs. composition is almost

linear®©°: 6%,

2.2.3 The Ti-B system

Transition-metal borides generally exhibit high dregss, possess exceptional physical
properties (like high melting points, high elecaticconductivity) and the chemical
resistance against oxidation increases with therboomcentration. Many diborides show
therefore superhardness (i.e. hardness values GR#H), are chemically inert and high-
temperature stable with high melting points (> 3@)0 Furthermore, the electrical

conductivity often exceeds that of the correspongiare element§®

TiB, crystallizes in the AlIB type structure, which can be described as a segqueh
alternating metal and boron layers of hexagonalmsgtry. The metal layers are closed-
packed, stacked in an A-A-A sequence, resulting Irasal-centered unit cell. The boron-
atoms are six-fold coordinated and situated incttrger of a trigonal prism formed by the
metal atoms. Combined, the titanium and boron atimnms a planar primitive hexagonal,
two-dimensional, graphite-like structure with an ABAB ... stacking sequence,

resulting in a P6/mmm space grofip.

16



The Ti-B system is completely different to the TieNTi-C system. This becomes evident

by looking at the equilibrium phase diagr&i shown in Fig. 6. Here, neither boron is

soluble inaTi or BTi, nor titanium in rhombohedral boron. The onlyotatable phases are

TiB (FeB-type structure) and TiRAIB,-type structure) whereas the existence gBJis
still discussed®® . The homogeneity ranges of TiB (49-50 at.% B) @i, (65.5-66.7

at.% B) are very narrow. Independent of the tentpesathey exist as stoichiometric

compounds.
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Fig. 6: Equilibrium phase diagram of the Tis/sten .

2.2.4 The Ti-B-N system

The Ti-B-N phase diagrafi® is shown in Fig. 7. It clearly demonstrates thatternary

compounds can exist in the Ti-B-N system. Furtheenthe diagram reveals a very
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limited solubility of boron in TiN and no signifioa solubility of nitrogen in TiB and
TiB, % 2L %9) Although different multiphase sections are présiris obviouse that the

phase diagram is dominated by the three phas@saitiTiB,+TiN+BN.

Owing to the fact that only binary phases exighim Ti-B-N system, the question arises

whether it is reasonable to synthesize Ti-B-N cagi Actually, it is known that
multiphase systems can offer considerable advasiaggr single-phase systems. They

often display higher hardness and toughness vébaesthe hardest single phase system,

but therefore coatings with compositions locategaaticular sections in the phase

diagram need to be synthesiz&d.
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Fig. 7: Phase diagram of Ti-B-N at 109093,
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2.3 Analytical methods

2.3.1 Raman spectroscopy

In this work, Raman spectroscopy was extensiveBdu® study the composition and
oxidation behavior of different CVD coatings. Altingh, it is not (yet) a commonly used
analysis method in this field of materials sciertbe, results presented herein may clearly
contribute to establish Raman spectroscopy as @leomentary technique compared to
e.g. XRD and WDS for studying coatings of the Ti-Gahd Ti-B-N systems. Therefore,
the theoretical background of this method will berly explained in this chapter.

Raman spectroscopy is a vibrational spectroscoggdan the inelastic scattering of a
monochromatic exciting source. A sample is irragtiaby an intense laser beam in the

UV-region o) and the scattered light consists of:

1. Rayleigh (elastic) scattering, which intensisyproportional to &, with the same

frequency as the incident ligh.

2. Raman (inelastic) scattering, which is very wgiak 10° of the incident light) and
frequency shiftedgt vy, (Vi is the vibrational frequency of the examined sanph- Vi,

is the so-called Stokes, angh v, the anti-Stokes in®®

The vibrational frequency,, emitted from the sample is measured as a shifh filoe

incident beam frequenay, given in wavenumbers (¢t

Raman scattering can be explained according tel#ssical theor{f> ®®. Based thereon,
an electric dipole moment P is induced by irradiata molecule with light due to the
charge separation:

P =aE 1)
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wherea is the polarizability, and E =¢go0s2tvqt, the electric field strength of the laser

beam.

The nuclear displacement g for a vibrating moledsiigiven by:

g = @ COSATV,t (2)

wherev,, is the frequency of the molecular vibration, agdsathe vibrational amplitude.

For a small amplitude of vibratioo,becomes a linear function of q:

o =0+ (0a/&) q + ... @)

where 0, is the polarizability at the equilibrium positioand (da/dq), is the rate of

change ofx with respect to the change in q at the equilibrposition.

By combination of Eq. (1)-(3) P can be written as:

P =0gEy cosatygt + ¥2(80/00)y o Ep [cOS{2TT(Vo + Vi)t} + coS{21T(Vg - Vi)t}] (4)

where the first term represents an oscillating igbat radiates light of frequenay
(Raylight scattering), while the second term repnés Raman scattering of frequengy
+ vy, (anti-Stokes) and, - v, (Stokes). In conclusion, a vibration is Ramarivacif the

(65; 66)

polarizability changes during vibratio@®o/6q), # O.

An electric field can induce dipole components atte of the directions (x, y, z). Thus,

the polarisability is a tensor:

PX a XX a Xy a Xz EX
P, = Olyx Oyy Oy, E, (5)
PZ a zX a zy a 7z EZ
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This is important for the measured Raman intensitych is depending on the orientation

of a molecule or crystal and the polarization &f ithcident laser beam:

I Dlg-R-gf ()

where e is the polarization direction of the eliecfield of the incident (¢ and scattered
(e) light and% is the Raman tensor, which reflects the symmetrthe molecule or
crystal. By measuring Raman intensities in parz{t&diles) and cross {€- &) polarization

configurations, information on the molecule or tayrientations can be obtainéd: ¢

The theory described above is a simplification usedxplain vibrations and the Raman
effect in molecules. However, in this work Ramamdmscopy was applied to study
different CVD coatings, i.e. crystalline solids.€Fafore the vibrational spectra need to be
defined by a frequency distribution. This can Hesirated by using a simple one-

dimensional, crystalline, diatomic, linear latti€&: ® 7

For a one-dimensional, infinite chain consistingatdms with alternating masskksand
m, separated by the distanaevith a force constarft two neighboring atoms are located
at the lattice points 2 and 2+1. The equations of motion for the corresponding

displacementsund y,.; are given by:

M Uzn =f (Upnsa + Uana - 2 W) (1)

M Upnea = (Uznaz + Uan - 2 Wons) ®)
with W, and Yp.1:

Uzn = Y1 eXp [i(2tvt + 2nka)] )

Uzns1 = Y2 €XP {i[2mvt + (2n +1) kal} (10)
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where k is the wave vector, which corresponds to the phdifferences for each
successive cell. Two equations for the amplitudesnygl y are obtained, and the solution
for these equations leads to the secular determinan

2f - 4n>v?M  —2f cos ka

=0 11
—2fcoska 2f - 4n*vim (1

for which a dispersion formula results, based @nftaquency dependency on masses, the

force constant and the distance between the tweesas

v2 = 14 H[(fl) + ((Hp?) — (42 sirf ka)/Mm)*3] (12)

where | is the reduced mass. The value of k isicest by the finite length of the lattice
between #2a < k < 11/2a, called the first Brillouin zon&% " In the limit of smallka,

two solutions fomw can be obtained, corresponding to the optical aodstical branches:

v = 1/21¢2f/p )2 (13)

v = 1/2112f (M+m)]¥? ka (14)

The optical branch is so-called because it reptedeaquencies occurring in the optical
spectral region (infrared or Raman), whereas far dlgoustical branch, which passes

throughv = 0, the frequencies correspond to the sonic toasdnic regior(Fig. 8). > 5
70)
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Acoustical

Fig. 8: Dispersion curves in the positive half of thetfBsillouin zone for the longitudinal vibrations
in a diatomic chaiff® ™.,

In addition to the above described longitudinalrattons also transversal vibrations
(displacement of atoms perpendicular to the chaih & bending force constafy) need

to be considered in a three-dimensional motion dfagomic chain consisting of atoms
with alternating massdd, andM,. These can take place in two dimensions (two [glame
right angle to another), and therefore one pattigersion curves (acoustical and optical

branch) in each direction in space (transversallanditudinal) is obtained (see Fig. 9).
(69; 70)
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Fig. 9: Dispersion curves of longitudinal and transvensaties of a diatomic chaff?.

In the case of a crystal with N atoms and n atoersymit cell, 3N normal modes of
vibration on 3n branches are observed of which 3lemcare acoustical and 3n-3 are

optical modes.

In addition to classical considerations, the Raefé@ct can be explained according to the
quantum theory’. Here, it is based on the inelastic light scattgrivith energy and
momentum transfer between the photons and scafteniaterial. The energy of the
photon is described &= hv; and the momentum @s= hk. The interaction results either
in an increase or decrease of the scattered ptestergy fhivy) as well as a momentum

transfer (see Fig. 10).
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Vibrational states ' t

(@) (b) (©

Fig. 10: The Raman effect: (a) Stokes, (b) Anti-StokesR@yleigh®®.

The Raman process can thereby be separated irtodtep&® % 7:

1. An incoming photon with frequency, and wave vectok; is absorbed, and the

absorbing material is excited from its initial stainto an intermedte virtual state.

2. An elementary excitation is created (Stokespmmihilated (ati-Stokes) with a wave

vectorq and frequency.

3. The material undergoes a transition from therinediate stal v to the final statf,

which is accompanied with the emission of a scatt@hotonK,, vs).

These three steps can occur all within the timeatdidnby the keisenberg uncertaint
Furthermore, the Raman effect can be desciiyedll the possibl permutations of thes
interactions resulting in six typical processesy(ffean’s Theory. However, theabove
shown order presents the most important contributi®d phonon is thus created with
energy and momentum transfén/(andhag) to or from the materil. In the case of first-

order Raman scatterindne energy and momentum conservatiorsthen lead to:
hvs=hy, thv (15)

ks=kixq (16)
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If the energy transfdrv from the photon to the material is positive (S&)ké¢he final state
is above the initial state, otherwise the mateniahsfers energy to the photon (anti-
Stokes) ™

For standard Raman experiments in solids with lzdtexing geometri and thusgyax
(= 2k is about 1000 times smaller than characteristiwavvectors of phonons. As a

result, first-order Raman scattering experimentsaray probe excitations in the lingt=
0. (69:70;71)

For second- and higher-order procesgesecomes the sum of the frequencies of two or

more quanta, and the total wave vedtds "2

ks=2;4q; 17

The summation is carried out over all elementaitaions, andy; can range from zero
to values at the Brillouin zone boundary. In secoadd higher-order processes the
prominent spectral features are known to be relaiestructures in the density of states
(DOS) of the respective modé&’ An experimental determination of the DOS is okedin
by inelastic neutron scattering, which provideg@meral a good agreement to the Raman

results®.

Defect-induced Raman scattering

In imperfect crystals with a small concentrationdeffects, the energy and momentum
conservation rules presented in Eq. (15)-(17) lweddwn since the medium has no
translation symmetry (or in quantum mechanical worthe Bloch theorem does not
apply). Here, the first-order Raman spectra areeebgul to display features reflecting the
DOS of the particular excitatiof? The detailed theory of defect-induced phonon spect
is well established and can be foundih’®)

As an example for this correlation between firstesrBaman scattering and the DOS, the

here studied titanium carbides and nitrides neetietanentioned. Actually, first-order
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Raman scattering is forbidden in stoichiometric HiNJ TiC due to their cubic structure
with a center of inversion symmetry and the mutalusion principlé®> 72, However, it

is known that CVD coatings contain a certain amairrystallographic defects, typically
(see Chapter 2.2). These point defects reduceffibetiee local symmetry due to atomic
displacements of neighboring atoms, and thus nom-Z@st-order polarizability
derivatives become possible. Spengler ef*3l** *® have shown that such vacant ion
positions can induce first-order Raman scatteringransition-metal carbides as well as
nitrides. It was found, that the first-order Ransgrctra are thereby directly proportional
to the phonon density of states and a very goodeagent between peaks in the Raman
spectra and data collected by neutron scatteririgolgained. The peaks in the acoustical
range (typically 150-300 ch) have been attributed primarily to vibrations itving the
heavy Ti ions (longitudinal acoustical LA- and tsmmrsal acoustical TA- modes),
whereas peaks in the optical range (400-650)dmve been attributed to the light-weight

N and C ions (longitudinal optical LO- and transemptical TO- modes)3> 42 43: 44: 45
46; 47; 48)

Generally, it is known the main factors responsfblechanges in defect-induced Raman
spectra at a given temperature are the chemicabasition, grain size, defects and
internal stress in the sampf€. Especially in solid solutions like Ti-C-N, comitisn
changes are assumed to primarily affect the peakipoes due to changes in the lattice
constant. The FWHM is expected to be correlatetthéograin size and the total intensity
of the Raman peaks is primarily determined by thfects concentration, thus a higher
amount of defects in the coating is supposed td I@ahigher total peak intensity.
Furthermore, internal stresses may also affectfrdguency and FWHM of the Raman
peaks (35 42 43 44: 4546, 475 oy effects were examined in this work for theSTN and Ti-
B-C-N coatings (see Chapter 4.1.1).

Temperature effects on Raman spectra

Different effects of temperature changes on firsteo Raman scattering are known. These

are for example the variation of the intensity cabietween Stokes and anti-Stokes
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scattering, as well as Raman peak shifts. At roemperature, Stokes Raman scattering is
in general more intense, since most molecules anchsaare in the ground state. At

elevated temperatures, the excited vibrationaéstaill be more populated, and therefore
the anti-Stokes signal will become more intenseusTlthe intensity ratio between Stokes

and Anti-Stokes scattering is a function of the glenemperatur&™:
Ia/ls = [(Votv)/(Vo-v)]* exp (-hv/KT) (28)

Balkansi et al™ reported a further effect of temperature changefRaman spectra of
crystals. They observed a shift in wavenumber, Wwhigses as a result of the contraction
or expansion of crystal lattices upon heating arliog. Therefore, here the temperature
dependence of the anharmonicity of the interatoputentials needs to be considered.
With increasing temperatures, the Raman peaks &hifard lower wavenumbers. At
temperatures < 1000K the nonlinear dependence mfBRgeak positions as a function of

temperature given by Balkansi et al. can approXint=t linearized™® 7"
Ac(T)lemt = -CAT/IK (19)

where C is the temperature coefficient, dependingnaaterial specific parameters. It
should be mentioned that, although not examinethig work, in addition to the peak
position the line widths of the Raman peaks canngba(broaden) with increasing

temperaturé’® 7).

Especially in Raman micro-spectroscopy experimemit®re the laser beams are focused
to a spot size with a diameter of only a few micetens (d = 1.22/NA @), the local
temperature at this point of measurement may iserdsy hundreds of degree Celsius
owing to the absorption of radiatidf?’. This can cause a wavenumber shift of Raman
modes as described above, and in addition alsoiladeced oxidation can occur. Such an

effect was examined in this work for the Ti-B-N tings (see Chapter 4.4).
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2.3.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a commonly used analgienethod for the characterization of
hard coatings. It is based on the elastic scagearfrK-rays from the electron clouds of the
individual atoms and can be used to determine mndtion about the crystallographic
structure (lattice constants), chemical composjtiorystallite size (grain size) and

preferred orientation (texture§®

Bragg's law is the fundamental equation for XRD ethilefines constructive interference,

i.e. certain angles under which X-ray diffracticztors for a crystalline body:
ni=2dsing (20)

wheren is an integer/} the wavelength of incident wave: the spacing between the planes

in the atomic lattice, anélthe angle between the incident ray and the saagtptanes®”

Phase identification

In XRD patterns, both the positions (correspondimdattice constants) and the relative
intensity of the peaks provide a "fingerprint" ofrystal. To identify different substances,
diffraction data can be compared to a databasetama@d by the International Centre for
Diffraction Data (ICDD).®”

Lattice parameters

The position of a diffraction peak (d) is deterndniey the size of the unit cell of the
crystal. Each peak corresponds to a certain IgpiiEmee and can therefore be characterized
by a Miller index. If the symmetry is high, e.g.bitior hexagonal like in the here studied
titanium coatings, the index of each peak can Isdyemlentified and the corresponding

lattice constants (a, c) can be calculated asvis!f& &
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Cubic: a=d (Ark?+1%)12 (21)

Hexagonal: a = d [(4/3) 3Rk>+hl) + Pi(c/af]Y? 22)

Especially for solid solutions like the examinedCFN coatings, it is knowtf* ®? that
the lattice parameters show a linear dependendlBeocomposition within the range from
TiN to TiC (see also Chapter 2.2.2). This linegpetedence is described through Vegard's
law V. Thus, lattice constants can be used to estim@tngs compositions, or rather

nitrogen or carbon concentratiofig:

Cphasel[at-%] = (QhaseZ' aphasel*r)/ (aphaseZ' z%Jhase) (23)

However, the results obtained by this method cdw lo@ used for a coarse classification,
since the titanium as well as the C+N concentraisamere always assumed to be exactly
50 at.%. This is often not right for coatings defeus by CVD or PVD due to small

amounts of additional amorphous phases (see Chéafité).

Size of Crystallites

Crystallite size changes are indicated by a broadeor narrowing of the peaks in an X-
ray diffraction®® 82 According to the Scherrer Equatifil the broadening of a peak in a

diffraction pattern can be used to determine the sf crystals (D) in a solid:
D=KX\A/Bcod (24)

whereK is the shape factor, is the x-ray wavelengttf is the line broadness at half the
maximum intensity (FWHM) in radians, artdis the Bragg angle. The dimensionless

shape factor has a typical value of ~ &

In addition to XRD, grazing-incidence XRD (GIXRD)ar be used to determine

thicknesses and composition of oxide layers. Bynghray the angle of incidence (0.5-4°)
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the penetration depth can be varied (e.g. 0.13 uin in the case of pure Ti&®), and
near surface information as well as depth profites be obtained®®

2.3.3 Wavelength-dispersive X-ray spectroscopy (WDS

Wavelength-dispersive X-ray spectroscopy (WDS)isiecophysical method for
identifying the elemental composition of materidisthe field of materials science it is
often used for determining the nitrogen, carbonlam@n concentration in transition-
metal compound$?. It takes advantage of the characteristic X-rays gézeizy
individual elements to enable quantitative analygdesvn to trace element levels)
measured at spot sizes of a few micrometers. Tdmigue is complementary to energy-
dispersive spectroscopy (EDS), but WDS spectrométers a significantly higher
spectral resolution and the low energy,BC«q and Ny, radiation can easily be detected.
Furthermore, WDS exhibits an enhanced quantitgtotential by analyzing only one
specific element®® &7

A quantitative analysis with a wavelength-dispezsapectrometer involves following

stepé%; 87; 88)

Exciting an atom to emit X-rays

To generate characteristic X-rays for the analyzlesnents, electrons are accelerated in
an evacuated electron column to the sample suvfitbesufficient energy (typically with
a potential difference of 10-20 kV).
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Focusing the X-rays by an analytical crystal to tieector

The generated X-rays aselected using analytical crystals withecific lattice spacini
®8) The geometry of the Xay generating sample and the ytical crystalthereby
maintains a constant take-off angle. When theays encounter tt analytical crystal at
specific angled, only those X-rays are reflected whisétisfy Bragg's Law. Thus, only
single wavelength is passed on to the detedwo types of aalytical geometry ai
typically used, the Johann and the Johansson geometry. Ifirst one the analytice
crystal is bended to a radius of 2R, where R isrtwus of tkz focusing circle(see
Fig. 11, Rowland Circle)in the latter one the crystal is bent to dius 2R and ground
radius R. In this way afpoints of reflection lie on the Rowland cle, which maximize:

the collection efficiency of the spectromet& 8"

Electron Beam

Analyzing Crystal

Detector

Fig. 11: Configuration of sample, analytical crystal andedttr on the Rovand circle €.
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Converting X-rays to photoelectrons

X-rays of specific wavelengths from the analyticaystal are passed on to the X-ray
detector (gas proportional counter type). The inognX-rays enter the detector through a
collimator, get absorbed by atoms of the countar;, gad a photoelectron is emitted by
each atom absorbing an X-ray. The photoelectroeasaecelerated to a central wire and
the additional ionization produces an electricdspwvith an amplitude proportional to the
energy of the original X-ray photofi® 87 88

Once the x-ray intensities of each element of @gkeare counted in a detector at a specific
beam current, the count rates are compared to tifagandards containing known values
of the elements of interest. The results are theengas a function of the weight % of the

elements, which can easily be converted into atémic

2.3.4 Tribology

Tribology is the science of interaction of surfageselative motion. It deals with friction,
wear and lubrication and is therefore an intergigtary field of physics, chemistry and

materials sciencé>? 67: 8% 90:91;92)

Friction

Friction is the force resisting the relative motiohsolid surfaces sliding against each
other ®® %2 The friction force and coefficient of friction erusually measured by a
tribometer (Fig. 12). A typical set-up consistsadftationary ball under an applied load in

contact with a rotating disc.

The friction coefficient p is defined by the ratibthe frictional force F or shear stres®

the loading force L or compressive stressn the balf*®:
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M =F/L (25)
F is thereby primarily determined by the energwpdiiesion:
F = (draddx) -A (26)

where A is the effective contact area. Furthermela&stic and plastic deformatiqp and
Yp» Crack formatiory; , tribochemical reactiop. as well as the hardness H and roughness

R have an influence. p can therefore be writtefi®as

H = [(draddx) + (dre/dx) + (dy/dx) + (dyi/dX) + (dy/dx)] Ro/H @7)

Fig. 12: Typical set-up of a tribometer. A stationary hailder an applied load is sliding on a rotating
coating surface (L = loading force, F = frictiofiaice,» = rotational speed).

34



Wear

Wear is the loss of material resulting from the hasgcal interaction of two sliding
surfaces under load. It can coarsely be separatadhiesion, abrasion and tribochemical
reactions. Adhesive wear is the most common tygeclwarises from material transfer
from one surface to another during sliding. As sule wear particles and transfer layers
are formed on the wear tracks. Abrasive wear ocedmsn a hard, rough surface slides
over a softer one, producing grooves on the laBevere abrasive wear can also result in
surface fatigue by crack formation or even in fasfrflanking. Tribochemical reactions
are chemical reactions occurring at the contacerfimte between the environment
(oxygen, moisture, etc.) and the rubbing surfac@se special case is for example
tribooxidation, which can take place because ofitisceesased temperatures during sliding
due to the tribomechanical stress conditions pliegaat the fretting contact in ambient
air. 7 8% 9D A convenient way to distinguish the kind of weahhvior of a coating is to

inspect the wear track by an optical microscope.

Lubrication

Lubrication includes any type of substance betwaihng surfaces which reduces wear
and friction. Such substances can be divided iltid fr solid lubricants. Since in this
work only dry sliding tests were performed, in-dibumed solid lubricants are of interest.
Solid-lubricants are often layer-lattice solidg.enaterials such as graphite, molybdenum
disulfide or boron nitride which have a crystalita structure arranged in layers. Strong
bonds between atoms within a layer and relativedgkwbonds between atoms of different

layers allow the lamina to slide on one anotf§é&r*® %3

In the case of Ti-B-N coatings, possible solid lchnts are rutile, Magnéli-phases of

titanium oxide (TjO,,.1) or boric acid. Further information about thesbstances can be
found in(94; 95; 96; 97; 98; 99; 100; 101; 102; 103)

35



2.3.5 Further used analysis methods

In addition to the above described analysis meth®danning electron microscopy (SEM)
was used to evaluate the fracture and surface rotogy of some coatings. Detailed
description of this technique can be found§f. Furthermore, X-ray photoelectron
spectroscopy (XPS) was applied to determine thedihin properties and surface
composition of the Ti-B-N coatings. Detailed degtian of this technique can be found in

many PhD theses in the group of Prof. Dr. T. Chasséell as in several textbodRS 1%+
105: 106)
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3. Experimental

3.1 Coating deposition

All investigated samples were coated cutting toptevided by the WALTER AG
Tabingen. The different coatings were deposited a@mented carbide inserts (ISOP10
grade with CNMA120412 geometry) using a Bernex BP5S production scale low-
pressure CVD system. Precursor flow rates were toi@d by mass flow and liquid flow
controllers. Deposition of all coatings startedhaan adhesive TiN base layer of 0.3 to 0.5
pum thickness. The main functional layers are of g8 thickness. Coating thicknesses
were measured using the ball crater metfioti*® 16 199 The statistical distribution was
evaluated by measuring the coating thickness ofIRinserts evenly sampled from a full
load of ~ 2500.

TiCy 4Ny coatings were deposited at 1015°C (HTCVD) usin@lJiCH, and N as
precursors and Has the carrier gas. Different carbon and nitrogemcentrations in the
coatings were obtained by varying the ©H, ratio in the gas phase. These coatings will

later be introduced as A-series.

Furthermore, Tig,N, coatings were deposited at 850 - 1000°C (MTCVDHg£H,CN

as precursors instead of ¢bhd N (a-series).

The TiB.CyN, coatings were deposited at 1015°C (HTCVD) usin@lfiCH,, BCl; and
N, as precursors as well as Hs the carrier gas. On the top of the 0N, layers an
additional Ti-B-N (9 at.% B) layer of approximatelyum thickness was applied. In the
design of CVD multilayer coatings on cutting insdttis a common practice to cover dull
or dark colored outer wear protecting layers widh tayers of< 1 um thickness which
have a brighter color for the purpose of wear iatian, facilitating the differentiation
between used and unused cutting edges. Two diffesenes of HT-TIRC,N, coatings
were generated: first the BQtoncentration in the gas phase was kept congi@rdéqcm)
and the NM:CH, ratio was varied from 0.25 - 18 (B-series). In seeond series the,)\CH,
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ratio was kept constant at 18, whereas the;B@hcentration in the gas phase was varied

between flow rates of 0 - 240 sccm (C-series).

MT-TiB,CyN, coatings were deposited at 900°C using;CN as precursor and varying
BCl; concentrations in the gas phase between 20 - @40 &-series). Two coatings of
this series (those deposited with 30 and 60 sccig)BRhibit again an additional wear-
indicating Ti-B-N (9 at.% B) top layer.

For the deposition of the Ti-B-N coatings, Ti@hd N were used as precursors as well as
different flow rates of BGI(30 - 480 sccm). The deposition temperature wagsg50°C

(D-series).

The references coatings TiN, TiC and Ti®r XRD, WDS and Raman analysis were

prepared in the same LPCVD system in order to entier comparability.

Detailed deposition parameters for the investigatestings can be found in the appendix
(Table 16, p.135).

3.2 Hardness measurements

For most coatings Vickers microhardness tests werformed by the WALTER AG
Tlbingen with a Fischerscope H100VP ultramicrohasdntester on plane polished
metallographic cross sections (1 um diamond pastéhé final polishing step). The
indenter was positioned in the central part ofrtian functional coating layer and at least
ten indentations were performed and averaged oh eass sectiof’”. The load was
100 mN for 20 s. The deviation is estimated todweer than +100 HV. Results are given
in the appendix (Table 16, p.135).
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Further details on deposition parameters, as wellc@ating thickness and hardness
measurements for TiGN, and TiBC,N, coatings can be found " ®. Details on Ti-B-N

coatings are given iff> 1©,

3.3 Syntheses of reference samples

Due to the deposition by an industrial LPCVD pragethe surface layer of the TiB
coatings typically contains impurity phasé®. Thus, for the surface sensitive analysis
methods WDS, XPS and Raman spectroscopy, an aulifioB, reference sample was
synthesized. Furthermore, TiB, FeBé&nd TiBQ were synthesized as reference samples
for Raman measurements. All materials were madthatinstitute flir Anorganische
Chemie, Universitat Tibingen with the aid of DrGJaser.

Synthesis of TiB, and TiB

Appropriate quantities of Ti powder (purum, >98.5Biuka) and B (crystal powder, 99.7
%, ABCR) were mixed thoroughly in an agate morfgre mixtures (~ 100 mg) were
pressed into pellets 6 mm in diameter and 1-2 mhmeight. The pellets were arc welded
under inert-gas atmosphere for several secondsniater-cooled copper block. Reaction
products were inspected by powder XRD (STOE StadlRBjng germanium-
monochromated Cu-K-radiation. For mixtures containing Ti: B = 1 :2RD patterns
show only TiB reflections. Hexagonal indexing resulted in l&tigarameters o =
3.0300(8) A andt = 3.2294(7) A, in accordance with literature d&f®. For mixtures
containing Ti: B=1: 1, XRD patterns show TiBthe main phase and TiBca. 10 wt
%) as a by-product. Orthorhombic indexing resultethttice parameters @f = 6.115(1)
A, b = 3.0541(5) A, and ¢ = 4.5616(9) A. The valume in good agreement with
previously published dat&®.
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Synthesis of FeBO;

For FeBQ, FeB (> 98%, Alfa Aesar) was heated in a corunduacible for 60 h at 800
°C in a furnace under ambient conditions. Reactimducts were inspected by powder
XRD (STOE StadIP) using germanium-monochromatedKguradiation. XRD patterns
showed only FeB@related reflections. Trigonal indexing resultedatiice parameters of
a=4.627(3) A una = 14.48(2) A, which are in good accordance witbréiture dat&d.

Synthesis of TiBOs

A boron covered Ti foil (B crystal powder, 99.7 %BCR; Ti 99.6+%, Goodfellow,
20x10x0.05 mm) was heated in a corundum crucible6® h at 1000 °C under a
continuous argon flow. XRD investigation of the gwat showed reflections of TiBO
which were identified by comparison with the ICDBry 85-165%),

Additional reference substances,(B, HsBO;, and TiQ) were purchased from Sigma

Aldrich and Alfa Aesar in reagent-grade purity.

3.4 Analysis methods

3.4.1 Raman spectroscopy

Raman spectra were recorded with a Jobin-Yvon LabR#R800 confocal Raman
spectrometer, equipped with a 600 I/mm grating andCD camera. The samples were
excited using the 532.2 nm line from a frequencylded Nd-YAG laser in
backscattering geometry with a spectral resolubérabout 2 cnt and varying laser
powers between 1.6 - 16 mW at the samples. Alltspethiown in this work of TiN, TiC
and TiG..N, and TiBC,N, were recorded with a laser power 8 mW except wotiser
noted. For TiB and the Ti-B-N coatings a laser power of 4 mW wsead. The boron-rich
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coatings were thereby placed in a small glass waller a flowing stream of argon to
prevent laser-induced oxidation (see Chapter AH¢ oxidized coatings as well as the
tribotested samples were analyzed with 1.6 mW. dMgampling was accomplished with
an Olympus 108 objective (numerical aperture of 0.9) and a laseam focal point
diameter (d = 1.22NA ©7) of approximately 0.7 pm. The information depthXtink,
where k is the extinction coefficient (35)) can désimated to be in the sub-micrometer

range (e.g. TiNE 25 nm, TiQ = 1 pm™*?) for the here studied titanium coatings.

In the case of the TN, coatings, the high lateral resolution (< 1pm) \attd
measurements in calottes or cross-sections totdatécthe TiBC,N, layer without any
interfering signals of the top Ti-B-N or the TiNdmlayer. Spectra were taken from at

least ten different points of the coatings to abtainsistent data sets.

The energetic positions, intensities, areas arldvidth at half maximum (FWHM) of the
Raman peaks were determined using commercial sat{tabspec 4.02, Horiba/Jobin-
Yvon, Kyoto, Japan) by applying mixed Gaussian/btzin peak function$** **) The
experimental error of this method can be estimaied2 cm®.

3.4.2 X-ray diffraction analysis (XRD)

The microstructure, chemical composition, crysilize and lattice parameters were
investigated by applying Bragg-Bretano X-ray diftian analysis. TigN, coatings
were analyzed twice with a Siemens D5000 diffragtanusing Cu-Kradiation at the
Institut fiir Mineralogie, Universitat Tibingen by.0C. Berthold as well as with a Bruker
D8 GADDS using Co-Kradiation ® ®. The TiBC,N, and Ti-B-N coatings were
analyzed at the WALTER AG Tubingen with a PTS30f&attometer (GE Inspection
Technologies) using Cu¢adiation (40 kV, 40 mA) and a Ni filter from 205 1£00° at a
scanning rate of 0.025°/3s. To separate the ova@rigppeaks of the adhesive TiN layer
(and in the case of the TiB,N, coatings also of the top Ti-B-N layer) least-s@sdits to

experimental points were carried out based on ms¥migt functions 2. The
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overlapping K- and K,,-lines of the peaks were separated and thepkaks were used
for analysis. Lattice constants were calculatedhftbe (111), (200) and (220) reflections
of the cubic phases, as well as from the (100kctfn of the hexagonal phases. The

uncertainty for the obtained values was found te Bel %.

To estimate the compositions of the coatings from TiC_,N, series by XRD lattice
parameter measurement using Vegard's & TiN and TiC samples prepared in the
same LPCVD system were used as references to ecmmgarability. The uncertainty of
this method can be estimated to be about + 0%

Grazing-incidence XRD (GIXRD) experiments were perfed on a PTS3003
diffractometer (GE Inspection Technologies) to abtsurface informations as well as
depth profiles of oxidized coatings. The angle mdidence was varied from 0.5 - 4°

corresponding to a penetration depth of 0.13 yhBin the case of pure Ti&®.

3.4.3 Wavelength dispersive X-ray spectroscopy (WDS

The chemical compositions of the coatings were rdeteed by WDS using a JEOL
Superprobe jx8900R instrument (10 kV, 20 mA, dianef excitation volume ~ 1um) at
the Institut fir Mineralogie, Universitat Tibingéy Dr. T. Wenzel. Detailed description
of the set-up and measurements conditions can bedfdn . At least five
measurements were performed at different positoonthe coatings, and the results were
averaged. TiN, TiC coatings as well as aJfi8erence sample were used as standards for
calibration. LDE1H, LDEB, and PETH were used aslyiiag crystals for N, C, B and
Ti, respectively®®. The deviation from the analytical total was founde + 2 wt%. This
can most likely be explained by deviations fromnpliasurfaces (porosity and roughness
of a sample significantly affects the analyticatatd**®) as well as heterogeneity of the
TiB, standard which causes an uncertainty in boromofie10%. Furthermore, a problem
of the examined coatings was the close overlapetitanium L1-line with the P-line,
which cannot be separated by diffraction methi@8sSince for the analysis in this work

no titanium-free nitrogen standard was availablegraection of the L1+, peak was not
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possible. The uncertainty of nitrogen was thereéoqeerimentally determined to be about
3 %.

3.4.4 Scanning electron microscopy (SEM) and optitanicrographs

A scanning electron microscope (SEM, Zeiss Sigma\@®uipped with an energy
dispersive X-ray spectrometer (EDX, Oxford INCA ctlawas used at the WALTER AG
Tubingen to evaluate the fracture and surface nuogfies of the coatings. In addition,
SEM images (SEM, Zeiss DSM 962) were taken in sgapnelectron contrast mode at
the Institut fir Physikalische Chemie, Universittibingen by E. Nadler. Optical
micrographs are from the WALTER AG Tubingen by MhSible.

3.4.5X-ray photoelectron spectroscopy (XPS)

XPS was used to determine the surface composifidheoTi-B-N coatings. The set-up
consisted of a Specs XR 50 Mg-Kx-ray source and a Specs PHOIBOS 100
hemispherical energy analyzer. The pass energyseta® 30 eV for the recording of all
spectra. Prior to being transferred into the vacsystem, the samples were polished, but
no further sputtering step was performed. Spedtehion was paid to the titanium 2p,
boron 1s and nitrogen 1s core-levels. Since thepksnwere deposited by an industrial
LPCVD process, the surfaces show contaminatiores dittsorbed carbon species as well
as titanium, boron and nitrogen oxides. The measemnés and analysis of the spectra
were performed at the Institut fir Physikalischee@re, Universitat Tibingen by C.

Raisch.
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3.5 Static oxidation

Heat treatment was typically performed with a Hasahermicon P furnace in ambient air
at 300°C, 500°C and 700°C for 0.5, 1 and 3 h.

3.6 Tribological tests

Dry-sliding tribological tests were performed at 380, 500 and 700°C against steel and
alumina balls (100Cr6, AD;, 6 mm diameter) using a CSM high-temperature tibier.
The tests were performed in ambient air with atsedahumidity of ~ 35 % using
SPNN150408 inserts. The time to reach 700°C takesita35 min.Prior to testing the
inserts were polished to mirror shine with 3 umnmibad suspensions and cleaned with
ethanol. Normal load, sliding speed and wear-trackus were kept constant at 7 N,
7.5 cm/s and 3 mm. The sliding distance was 300 rarder to determine the friction
coefficient after running-in. An average value waken from 3 measurements. In
addition, sliding distances of 0.3 m were useddtednine tribochemical reactions at the
contact interface. Turning tests against 100CrGibgateel using CNMA120408 inserts
with a P20 grade substrate were done without coalatine following conditions: Cutting
speed ¥ 150 m/min, 180 m/min, 200 m/min; feed f: 0,32 miepth of cut @ 2,5mm;

cutting time 3 min.
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4, Results and Discussion

In the following chapters the results obtaineddifferent CVD coatings deposited in the
TiC1Ny, TiBCyN, and Ti-B-N systems will be presented. The coatiwgse thereby
studied with respect to their compositions, oxiolatand tribological behaviors, mainly by
means of Raman spectroscopy, XRD and WDS, but l3ys8€EM. Furthermore, XPS
experiments were performed for the Ti-B-N coatings.

Compared to XRD, WDS, SEM and XPS, which are all egtablished analysis methods
for the characterization of CVD coatings, Ramancspscopy is up to now not

commonly used. Therefore, the results of the diffetechniques will be compared and
correlated, in order to demonstrate the advantafj@aman spectroscopy in the study of
such samples. The findings will be discussed imseof the properties of the different
coatings.

For further discussions the different HTCVD coatingill hereafter be labeled with
capital letters as follows:

A-series - TiG.,N, coatings with varying C:N ratio.
B-series - TIRC,N, coatings with varying C:N ratio.
C-series - TiIRCyN, coatings with varying B concentration.
D-series — Ti-B-N coatings with varying B concetitra.

The corresponding MTCVD TiGN, and TiBC,N, coatings will be denoted with lower

case letters (a- and c-series).

4.1 TiC,..Ny and TiB,CyN, coatings

First, coatings deposited in the Ti, and TiBC/N, systems will be discussed. They
were analyzed using WDS, XRD, SEM and Raman spemipy with regard to different
compositions. Therefore, the C:N ratio in the {[j8, (A1-A5) and TiBC/N, (B1-B5)
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coatings was systematically changed as well asbtiten concentration in TiE/N,
coatings (C1-C5). Furthermore, different depositiechniques were chosen: high- and
moderate-temperature CVD. MTCVD thereby refersltec@atings deposited by GBN,
although the deposition temperature was actualtiegdebetween 850-1000°C in the case
of TiC,..Ny coatings (al-a4). For MT-Ti&,N, coatings, the BGlflow rate during the
CVD process was systematical changed (20-240 sctio5).

The results of the different analysis methods Ifier full set of samples will be correlated
in order to demonstrate the analytical power of Ramspectroscopy for the

characterization of these kinds of coatings.

4.1.1 High-temperature CVD coatings (A-, B- and Cevies)

Deposition and microhardness

The known CVD reaction for the formation of HT-TiN, proceeds according to the

following equation:
TiCly + 1/2x N, + 1-x CH, + 2x H, > TiCy,N, + 4HCI (x: 0-1)

As apparent from this equation, in HTCVD procegbesC:N ratio in TiG,N, coatings

can easily be changed by varying the@H, precursor ratio in the gas phase.

This possibility was applied for the here studie@;N, coatings Al-A5, where the
N,:CH, ratio was varied between 18 and 0.25 during th® @vbcess. It was found, that
the microhardness of TiGN, coatings A1-A5 increases about linearly with tlaebon
concentration from 1800 HV in TiN to 2900 HV in T{€ee appendix Table 16, p. 135).

For the deposition of TigE,N, coatings B1-B5 an additional, constant B@bw (60
sccm) was supplied to the gas phase during the @\Pess. This results in an increased
microhardness. Independent from the C:N ratio & d¢bating, the hardness values are

about 300 HV higher in Tig,N, compared to the corresponding Tiffl, coatings
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deposited at the same,:RH, ratio (appendix Table 16, p. 135). This is in good
accordance with other reports on TGN, coatings”.

To study TiBC,N, coatings with different boron concentrations (C3)-@ precursor ratio
of N,:CH, = 18 with different B flow rates (0-240 sccm) was applied. Samples Gil an
C3 therefore correspond to Al and B1, respectivbly, they will always be listed
separately in this work for clarity. Comparison thie hardness values of Ti&N,
coatings C1-C5 shows an increase from 2022 HV (€514 HV (C5) with increasing
BCl; flow rates.

WDS analysis

The compositions of TiCN, coatings A1-A5 and TiCyN, coatings B1-B5 and C1-C5
were evaluated by WDS analysis. The results aremmarimed in Table 1. The
compositions are given in atomic percent, and adtitly in the normalized form TiC
«Nyx with x=0-1 and TiBC,N, with x+y+z=1.

Although the total amount of N+C+B is somewhat bey&0 at.%, the relative deviation
(see titanium) hardly exceeds 10%. Furthermore|lsmounts of amorphous phases may

affect the nominal Tig,N, and TiBC,N, film compositions to a minor extent.

In TiC,,Ny coatings the variation of the,)CH, ratio between 18 and 0.25 results in an
increase of the carbon concentration from 7.7 t8 35%, and respectively a decrease of
the nitrogen concentration from 43.5 to 17.6 aifaddition, the titanium concentration
slightly decreases by about 2 at %.

In TiB,CyN, coatings B1-B5 the additional supply of a cons&@l; flow (60 sccm) leads
to an increased carbon concentration and slighéiguced nitrogen and titanium
concentration compared to Ti¢N, films A1-A5 deposited at the same:®H, precursor
ratios. Furthermore, at this constant Bfldw, the observed boron concentration is higher
in nitrogen-rich than in carbon-rich TjB/N, coatings (0.6 — 3.7 at.% B).
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Table 1: Chemical composition determined by WDS of Til, and TiBC,N, coatings deposited at
different BC}, flow rates and NCH, precursor ratios.

Coating composition

Sample N:CH, BCl;flow (at.%] Normalized composition
[scem] Ti N C B  with Ti=1 and N+C+B=1
Al 18 0 488 435 7.7 - THzNo.ss
A2 9 0 489 416 9.5 - TiGdNo.s2
A3 35 0 481 41 109 - TH21No.79
A4 1 0 478 325 197 - TizNo.s2
A5 0.25 0 46.6 17.6 358 - TéGeNo 33
Bl 18 60 445 419 108 2.9 T98Co.1No.75
B2 9 60 443 416 106 3.5 TdBCo.2No.74
B3 35 60 418 368 176 3.7 TRCo.2No.64
B4 1 60 46 221 311 08 TBLCo.sMNo.a1
B5 0.25 60 447 165 381 0.6 BiBCo.6No.3
cr 18 0 48.8 435 1.7 - TG Nogs
c2 18 30 459 461 7.1 09 TBCo.1MNoss
c3 18 60 445 419 108 29 TiBCo.1No.75
C4 18 120 452 404 94 50 BRCo.1MNo.74
C5 18 240 445 384 101 6.9 BiBCo.1No.60

#Samples C1 and C3 are the same samples as Al anespéctively. Listed separately for clarity.

With increasing BG flow rate in the TiRC,N, coatings C1-C5 the boron (0.9 - 6.9 at.%
B), and interestingly also the carbon concentratiothe coating increase, whereas the

nitrogen concentration decreases.
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XRD and SEM analysis

In Table 2 the lattice constants determined by XR&surements (see Experimental part)

of TiC,\N, (A1-A5) and TiBC,N, (B1-B5, C1-C5) coatings are summarized.

Table 2: Lattice constants obtained from XRD of Tilly and TiBC,N, coatings deposited at
different BC}, flow rates and NCH, precursor ratios.

Lattice Lattice Lattice
Sample constant Sample constant Sample constant
[nm] [nm] [nm]

Al 0.42503 B1 0.42551 ¢1 0.42503

A2 0.42564 B2 0.42616 Cc2 0.42538

A3 0.42670 B3 0.42690 €3 0.42551

A4 0.42778 B4 0.42827 C4 0.42576

A5 0.43210 B5 0.43080 C5 0.42616

#Samples C1 and C3 are the same samples as Al anespéctively. Listed separately for clarity.

For the TiG.N, coatings, the expected nearly linear shift to aigattice constants with

increasing carbon concentration in A1-A5 is obsérve

As described in Chapter 2.3.2, XRD lattice parameheasurement can be used to

estimate compositions of TiGN, coatings according to Vegard's 1&%. Although this

method is not very accurate (the titanium concéommas always hypothesized as 50 at

%) and itallows only a coarse classification of the coatiimgthe normalized form TiC

«Ny with the assumption Ti = 1 and N+C = 1, a goodalation to the results obtained by

WDS was found (see Table 3). Thus, for the herdistuTiC,_,N, coatings XRD may

additionally be used to determine the composititierviooking at the C:N ratio only.
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Table 3: Comparison of the chemical composition determinetMdS ard XRD of HT-TiC;«Nx

coatings A1-A5.

Sample WDS XRD
Al TiCo.1No 85 TiCo.1No.84
A2 TiCo 14N 52 TiCo.1dNo.s2
A3 TiCo.21No 79 TiCo.2No.75
Ad TiCo.3No62 TiCo.3MNo.63
A5 TiCo.6MNo.33 TiCo.6No.31

The XRD patterns of the TiE/N, coatings B1, B3 and B5 as il as of the reference
TiC and TiN are displayed in Fig. 13. Note thateetionsof the TiN adhesive layer an

the top Ti-B-N layer are also present in thesecpast

TiN

B1

B3

Intensity (arb. u)

BS

TiC

30°

40"

50 60°
20

70° 80"

Fig. 13: XRD patterns of TiC, TiN and Ti&,N, coatings B1, B3 and Bm indicates thaeflections
of the cubic phase, denotes WC, the substrate.

Analogous to the TiCN, coatings, the cubic TifE/N, reflections (w) shift from TiN
toward the TiC positions with increasing C-conceidraand he lattice constal show a
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very similar decrease (compare Table 2). In aduito this shiff a broadening of th

reflections can be seen in the XRD patterns ofTjBl, coatings vith increasing carbon
concentration in B1-B5The related reduction of the grain size vestimated by applyin

the Scherrer formul&® (see Chapter 2.3.2and it was found thahe average grain si:

decreases by about 30% in B1-B3e grain refinement of the B,C,N, coatings with

increasing carbon concentratioan also be seen in the SEM imzs ir Fig. 14, showing
the surface morphology of B1-B4.

Fig. 14: SEM images (secondary-electron contr#¢D = 8 mm, EHT = 1(kV) showing the surface
morphology of TIRCyN, coatings B1-B4.

The XRD analysis of the TifE,N, coatings CIE5 revealed the all coatingsexhibit a
cubic crystal structure (NaCl-type)ndependent from theirboron concentratic.
Exemplary XRD patterns of the coatings C2 and C5 mvidec in Fig. 15. The
diffraction peaks of cubic TifyN, are designated by and thostof WC, the substrate,
by o. Only traces of other compounds, likely h-BN anB,] can be¢ found at higher borc

concentrations.
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With increasing boron concentration (and decreasitrggen concentration) in C1-C5 a
shift to lower ® angles is observed. This indicates an increagbeofattice constants.

The corresponding lattice constants are given inl€f@. Also included in Fig. 15 is an
impression of the multilayer architecture of theatiogs C2 and C5 provided by SEM
images in the secondary-electron contrast mode Ti¥edhesive layer (bottom) exhibits
a fine scale structure different from the polycajlste TiB.C/N, layer (center) with a

columnar microstructure. Furthermore, the Ti-B-| tayer shows much finer crystallites.

Intensity (cps)
n

. o
o o 0.00 o C5

30° 40° 50° 60° 70° 80° 90°
20

Fig. 15: SEM (secondary-electron contrast) images showiadracture morphology of Ti&N,
coatings C2 and C5 (WD = 3.2 mm, EHT = 2.5 kV) &fD patterns of C2 and Ch,indicates the
reflections of the cubic TiEyN,, o denotes WC (substrate).

Additionally to the above described shifts, faimbddening of the reflections with an

increasing amount of boron in the films can be ctet in the XRD patterns of the
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TiB4CyN, coatings C1-C5. Thaverage grain size was estimato decrease by abc
20% from 84 nm (C2) to 69 nm (C5). This can alsadlybe seerby the SEM imagein
Fig. 16, showing exemplarily the surface morpholo§¥iB.C/N, coatings C3 and (.

Fig. 16: SEM images (secondary-electron contrast, WD =8nmm, EH™ = 10 kV) showing the
surface morphology of Ti,N, coatings C3 and C5.

Raman analysis

The Raman spectra of the coatings do not showfiignt D (“disoider”, ~1355 cr?) and

G (“graphitic” ~1555 crit) bands, in this marer indicating thebsence ¢ amorphous
carbon phases in all the cubic Ti@l, and TiBC/N, coatings. Bt characteristic mode
of the coating materials due to defect-induced-brsler Raman sctering as described

Chapter 2.3.1 are obtained in the range of 100-1800

Fig. 17 exhibits the Raman spectra of the ;T (A1-A5, left) anc TiB,C,N, coatings
(B1-B5, right)with different C:N ratios. For comparison, the dra ofthe TiC and TiN
reference coatings are added at the bottom anoftiye TiG_N, series.

For TiN, four peaks at approximately 225 (TA), 315 (LA), 48®&) and 550 cr! (TO),
and for TiC four peaks located at 280, 385, 585 &iffsl cn are icentified in the Rama

spectrum. All these Ramanifil are in good agreement with faerly published resuls
(43; 44; 45; 46; 47; 48)
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Fig. 17: Raman spectra (solid lines) of %@, coatings A1-A5 (left) andiBxC/N, coatings B1-B5
(right) recorded in calottes including curve figmfor B5 as an example (ted lines)

Since in the case of the TiB /N, coatings, the top Ti-B-N layer ¢&.% B) would show a
sharp and intense peak at ~ 350'disee Chapter 4.2.5)hich caniot be observed hel
the results confirm that only the Ti8 /N, sublayer is sampled witthe used s-up. The
Raman spectra of the coatings displayed in Figxtibit significant changes regardi
the positions of the peaks and also theliative intensities. Positic, heights, areas as
well as FWHMs of the individual Raman peaks wertamtedas described irthe
Experimental pardnd an exemplary fit of the signals of sample b included il Fig.17
(dotted lines). Fig. 18 visualizes the derived wawaberdor the TA, LA, TO and LO
modes of TiG..Ny coatings (A1-A5) and TiCyN, coatings (B1B5) and a summary of

all values is given in Table 4.
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Fig. 18: Raman peak positions of the TA, LA, TO and LO mode$iC,.xNx coatings A1-A5 (left)
and TiBCyN, coatings B1-B5 (right).

The optical phonons are known to be primarily daated by the vibrations of the lighter
jons (43 44 45; 46; 47: 4845 at first glance a variation of the C:N andtdhcentration is
expected to contribute to the optical rather thaam acoustical modes. However, in the
here studied coatings, the Raman peaks in the ticalusinge appear to shift in a nearly
linear manner to lower wavenumbers (by about 30Y)cmith increasing nitrogen
concentration in A5-Al and B5-B1 (see Fig. 18), vetas in the optical range an apparent
transition in the spectral shape of the Raman b&wods C-rich to N-rich coatings can be
observed. In rather carbon-rich (> 30 at.% C) camtilike A5, B4 and B5 the most
intense peak in the optical range is located clos90 crit, which correlates well with
the TO mode of TiC*®. The nitrogen-rich (> 30 at.% N) coatings Al-AddaB1-B3
show a maximum peak intensity at approximately 660, resulting from the TO mode
of TiN %),
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Table 4: Raman peak positions as determined from the iryagstil TiG..Nx (A1-A5) and TiBC,N,

(B1-B5) samples.

Sample Raman peak position (&m
TA LA TO LO
Al 244 326 555 672
A2 245 333 550 664
A3 249 342 546 658
A4 262 353 556 643
AS 276 364 591 673
Bl 247 331 559 671
B2 249 334 554 665
B3 258 351 550 657
B4 266 359 590 685
B5 270 369 587 689

Besides the shift of the peaks, also intensity gharare observed. The peak shoulder at
~ 450 cm' (see Fig. 17), which can be attributed to the séamder acoustical (2A)

phonon of TiN®® slowly disappears with increasing carbon concéintrian A1-A5. In

the same way the peak at 675 ;massigned to the LO mode of Ti¥, becomes more

pronounced (see Fig. 17). Thus, a well-definedhghan the spectral shape of the Raman

bands is seen when the nitrogen or carbon contientia the coatings exceeds at least 30

at.%. The evident changes of the complex spedtagesin the optical region between the

C-rich and N-rich coatings suggest that the apmearaf this region may serve as a

fingerprint to discriminate between C- and N-ricatings.
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As anexample, coatings B4 and A4, which were both deedsising the same ,:CH,
precursor ratio, can be clearly distinguishedtigir Raman spera (see B4 anA4 in
Figs. 17 and 18) due to the higher carbon condsmtrén TiB,CyN, coating B4 (31.1 at
% C) compared to TiCN, coating A4 (19.7 at % CThe spectru of A4 still resemble
TiN with a TO peak maximum at ~560 ¢min thecase of sample4, where more carbc
than nitrogen is incorporated, the spectrum isadlyedominatedby TiC with a maximum
intensity at ~590 crh
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Fig. 19: Lattice constants (broken lines) and Raman peakigus of the A mode (solid lines) ¢
TiBxCyN, coatings B1-B5«€ ando) and TiG..Nx coatings A1-A5 g ando).

On the other hand, the acoustical region may bsoresbly vell described by tw
overlapping peak structures, which gradually chamigie coating omposition. Therefore
the TA (or LA) peaks are much better suited to abgarize coating by their Raman ifts

than the TO (or LO) peaks. In Fig. 19, the pealitsiof the TA mode (solid lines) o
coatings A5-Al i) and B5-B1 ¢) arecompared to the lattice cctans (broken lines) of
the coatings asletermined by XRD. Obviously, the trends caman and XRCdata
correlate very well for the investigated coatinfjss worth notiny that with decreasir

lattice constant a shift to lower Raman wavenumiseobserved.
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However, differences between C-rich and N-rich icgst may not only characterized by
Raman peak positions, but also peak heights, @aedsFWHM. These values exhibit
significant changes in dependence on the coatingposition. A subset of corresponding
data is presented in Table 5. The TA mode is usexkémplarily demonstrate effects for
the TiC..N, coatings A1-A5 as well as TiByN, coatings B1-B5. Generally, the main
factors responsible for changes of Raman spectiagaten temperature are the chemical
composition, grain size and defects in the sanfffle Composition changes in mixed
crystals are assumed to primarily affect the peasitipns due to changes in the lattice
constant. The FWHM is expected to be correlatetthéograin size. The total intensity of
the Raman peaks of the cubic crystals is determiyediefects (see Chapter 2.3.1), thus a

higher defect concentration in the coating is sgpgao lead to higher total peak intensity
(35; 42; 43; 44; 45; 46, 47)

Table 5: Raman peak positions, intensities (peak height}iM and peak areas of the TA mode of
the coatings A1-A5 and B1-B5

Peak

B Normalized peak FWHM Peak Areas
Sample  mode Position

(e height (cm?) (arb. u.)
Al TA 244 0.56 86 33.79
A2 245 0.55 89 34.02
A3 249 0.54 105 43.61
A4 262 0.41 70 19.85
A5 276 0.39 58 15.73
Bl TA 247 0.54 96 37.58
B2 249 0.55 88 33.39
B3 258 0.53 99 39.11
B4 266 0.32 60 13.47
B5 270 0.36 61 15.35
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The TA modes of the measured A- and B-samples Tabée 5)exhibit roughly simila
heights, areas and FWHMsr CVD coatings deposited at theime I,:CH, precursor
ratios. Tentatively, the related quantities tendhtmease with higer N-concentrations in
the coatings. A significant drop to higherlues is observed betenA4-A5 and Al1-A3,

as well as B4-B5 and B1-B3, most likedgcompanying the trartion from nitroge- to

carbon-rich coatings.

Fig. 20 (right side) presents the Raman spectithefTiB,CyN, coatings C-C5. Again,

the dotted lines at the bottom give an exampleéHferseparation in components by cun

fittings. Interestingly, with increasing boron cemtration in theTiB,C,N, coatings the
overall spectral shape of the Raman bands doeshamige signcantly. However, the
peak positions of the different modes in the adoakand opticarange slightly shift to
higher wavenumbers (about 10 tnhwith increasing boromoncenration in C1-C5 (see
Fig. 20, left).
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Fig. 20: left side - Raman peak positions of JBN, coatings (CIE5); right side- Raman spectra
(solid lines) of TIRC,N, coatings C1-C5 with different borarencentrapns recorded in calottes
including curve fittings for C1 as an example (ddttines).
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In Table 6 the derived wavenumbers of the Ramakspage summarized. As indicated
by the atomic concentrations from WDS measuremésgs Table 1) increasing boron
incorporation affects the C:N ratio in the coatlmgreducing the nitrogen concentration.
As described above, increasing nitrogen conceaotrasi found to cause a shift of the TA
and LA modes to lower wavenumbers. The same trande found in the Raman spectra
of C5-C1.

Table 6: Raman peak positions as determined from the irpegst TIRC,N, samples C1-C5.

Sample Raman peak position (&m
TA LA TO LO
cr 244 326 555 672
Cc2 245 330 556 669
c3F 247 331 559 671
C4 250 336 561 675
C5 252 339 563 682

@Samples C1 and C3 are the same samples as Al anespéctively. Listed separately for clarity.

Comparison of the TA peak positions (Fig. 24; solid line) with the lattice constants
(Fig. 21; *, broken line) of coatings C2-C5 again demonstrategood correlation
between the Raman and XRD data.

Obviously, an increase in the lattice constant Itesa a shift of the peaks to higher
frequencies. The increase of the lattice constatht igher boron concentrations may be
an effect of the larger atomic radius of boron 98.0)m) compared to nitrogen (0.071
nm). Furthermore, an excess of boron may existforma of interstitial atoms. This may
also result in higher lattice constants. On thesotiand, the frequency changes may in
addition be related to mass changes (B=10.81 gitwd4.01 g/mol)“®
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Fig. 21: Lattice constantsX broken line) and Raman peak positions of tA mode A solid line)
of TiBxC,N, coatings C2-C5.

By increasing the boron concentration in JJGBN, coatings C1€5, XRD and SEM
measurements indicate grain refinement takes pldds.should caespond to a

increase of the FWHM in the Raman spectra of C1-C5.

However the modes in the acoustical range do not shomifgignt changes in their pei
intensity, area or FWHM. The TO maden the other hand, extts ¢ slight increase of
the FWHM from C1-C5, most likely correlatedttee grain refinerent found by XRI and
SEM. In Table 7 th@bserved FWHMSs, peak intensities and a of the prominent Tt
mode of coatings CG5 are summarized. In contrast to the FW of the Raman peak
the intensities and areas remain nearly constatit imicreasin¢ boron concentration.
Therefore, it can be assumed that the latfiefect concentrion does not chang

considerably with higher boron concentrations m ¢batings.
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Table 7: Raman peak positions, intensities (peak height)}HMMnd peak areas of the TO mode of
the coatings C1-C5.

Peak
- Normalized peak FWHM  Peak Areas
Sample  mode Position ) L

N height (cm™) (arb. u.)

(cm?)
cr TO 555 0.61 96 43.02
c2 556 0.61 98 43.25
c3 559 0.62 102 44.65
c4 561 0.60 103 43.21
C5 563 0.56 107 42.41

Correlation of Raman results with WDS and XRD

In order to shed light on the general trends ofsthectural coating properties, Raman data
of all examined TigN, and TiBCyN, coatings are compared to the composition and
lattice constants as independently derived from VeD& XRD measurements. The focus
was set on the wavenumbers determined for the TrAadRapeaks. The dependence of the
TA Raman shifts on the composition and lattice tamtsis presented irFig. 22. All
subsets of data as well as the binary referencepeonds TiC and TiN have been
included in the figures, and the data of the subbkate been characterized by different
symbols. The composition is characterized by théara concentration only. Despite of
minor scattering, the measured Raman shifts chaatier systematically with either
carbon concentration or lattice constant, quiteilaimto the well-known one-mode
behavior of the optical phonons in pseudobinary emtigrystal alloys!®. Here, the
dependencies may be described by a nearly lindeviom in case of the N-rich coatings,
but the variation of Raman shifts of the C-richtougs is much reduced in comparison to
the N-rich region of the figures. Lines of the ftinonal form [a + b-x + ¢-x-(1-X), with x =

0...1, e.g. relative carbon concentration] have bewwn in both figures to match the
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TiCyN; data (A-coatings) closely. Similar deviations fraéfaegard’s law have frequently
been reported, especially for semiconductor alley=re c is typically called the ‘bowing

parameterf'17: 118)
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Fig. 22: Raman shifts of the TA modes of TBN, (B- and C-series) and TiGN, (A-series) in
dependence of lattice constant (top) and coatimgposition (bottom).

Interestingly even the data of quaternary coatif@ysand C-coatings) fall close to these
lines. The apparent deviation from a linear behawbthe Raman shifts seems to be
somewhat larger in case of the dependence on carbanentration. This may be
explained by a slightly higher uncertainty in themposition compared to the lattice
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constants, especially for the boron-containing ingat (see Chapter 3.4.3). Nevertheless,
these results clearly demonstrate the close ctioelaf Raman shifts to the structural
coating properties, even for the more complex ,TiBl, coatings. Thus, Raman
spectroscopy may be used to estimate local lattiostants for such coatings. In the case
of TiC,..Ny, also the composition may be derived locally, exen for TiBC,N, coatings
concentrations of the major C and N components b@estimated. Due to the high
spatial resolution, these information may be presidocally by using Raman micro-

spectroscopy as is demonstrated here.

4.1.2 Moderate-temperature CVD coatings (a- and cesies)

MT- TiC.4N, coatings (a-series)

In addition to HT-TiG.,N, coatings, moderate-temperature (MT-)Tifl, coatings were
investigated in this work by Raman spectroscopy fasults are compared to those of the
HTCVD coatings. MT-TiG,N, coatings hereby refer to all coatings using thecprsor
acetonitrile (CHCN), although the actual coating temperatures war&d from 850 to
1000°C.

The composition of the MT- TGN, coatings can be compared with the values reported

by Bonetti et al™®. The overall reaction at 850°C is assumed t6%e

BTiCl, + 2 CHCN + 9 H, > 6 TiCy N 37+ 24 HCI

From this equation, it is suggested that the coitipasof MTCVD coatings is directly
proportional to the C:N ratio in the precursor L. Therefore, in contrast to HTCVD

coatings, it is not possible to vary the compositid MT- TiC,_,N, in a wide range.
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Fig. 23 shows SEM images of MT-TigN, coatingsdeposited at 50°C and 1000°CG> 9.

It was found, that the microstructure in MT- TiBl, coatings is ccumnar when prepare
at temperatures between 850-1000°C. @herage column widthrows from 0.4 um ¢
850°C to 0.6 um at 1000°C when keeping the conagoir of thre precursors const;,
while coating deposition rates changes from 1.2.® um/h. (n the other hand, r
influence on microhardness (2400 + 100 HV, see iagigeTable B, p. 135) and scratch
adhesion is observe:®

1000°C

1
A

it

A

r\.-" W
i

Fig. 23: SEM images showing the microstructure of MT-TiN, coatings deposited at 850°C a
1000°C*©),

The compositions of the here studied MT- Tj, coatings depsited at temperatur
between 850-1000°C (in the following labeled al-afye estinated by XRD lattice
parameter measurement$o recheck the results, the compons of three of th
MTCVD coatings (al, a3 and a4) were further deteetiiby WD Table 8). Again, both
methods show very good agreement for the examioatings.
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Table 8: Comparison of the chemical composition determineMDS and XRD of MT-TiG«Ny

coatings.

Sample Temperatur WDS XRD
al 850°C TiGsMNo.a3 TiCo5MNo.43
a2 900°C - TiGsMNo.as
a3 950°C TiG 51N 49 TiCo.5:1No.49
a4 1000°C TiG4MNo 52 TiCo4dNo 51

The carbon concentration, at a deposition temperatfi 850°C, was found to be quite
similar to those reported by Bonetti et &. However, with increasing temperature, the
nitrogen concentration of MT-TiGN, coatings slightly increases from x = 0.43 foral t
0.52 for a4. Thus, the C:N ratio is to some extdependent on the deposition

temperature.

Fig. 24 exhibits the Raman spectra of MT-Tjf, coatings al-a4. Spectra of all coatings
show peaks located at approximately 275, 365, 560620 crit. No significant changes
of the peak positions in the acoustical range ataioed, in contrast to the results of HT-
TiC,.xN, coatings. However, the quite small compositionngfes from al to a4 seem to
be visible in the different intensities of the @ali modes located at 550 and 6207 %cm
With higher deposition temperatures, the nitrogemcentration slightly increases, and the
peak at 550 cth becomes more pronounced. In addition the peak 620-cm' shifts

slightly to higher wavenumbers (from 610 for aB&® cm' for a4).
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Fig. 24: Raman spectra of MT- TiGN coatings al-a4 deposited at temperatures of &&0),%0
and 1000°C, respectively.

Furthermore, direct comparison of the MT-Ti@l, coating a4 (deposited at a similar
temperature as used in HTCVD processes) with thelt€r. N, coatings reveals that a4
fits very well into the above described regulastief TiC_,N, with varying C:N
concentration (shift in wavenumbers and intenshganges). In Fig. 25 (left side) the
Raman spectra of different HT-Ti¢N, coatings (Al, A2 and A4) and the MT-Ti@N,
coating a4 are compared with TiN. The correspondiagenumbers are also given in Fig.
25 (right side). In the acoustical range, the etgubcshift to lower wavenumbers is
obtained (30 - 40 ci) by increasing the N-concentration from MT-giNo s2(a4) over
A4, A2 and Al to TiN, whereas the optical modedtshivard higher values (~ 50 ¢hin
the case of the LO mode). In addition, intensitgraes can be clearly observed (Fig. 25,
dashed-boxes). With increasing nitrogen concentratihe intensity of the LO mode of

TiC gradually decreases, whereas that of the 2Aenaéd’iN increases.
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Fig. 25: Comparison of the Raman spectra (left side) anddRapeak positions (right side) of TiN
with HT- and MT-TiG.«Nx coatings Al, A2, A4 and a4.

MT- TiB,C,N, coatings (d-series)

Cubic MT-TiB,CyN, coatings can be deposited under similar conditassed for MT-
TiC1.4Nx by the addition of BGlto the gas phase during the CVD proc®$ The BC}
flow rate was therefore varied between 20 - 24@nscomparable to the C-series HTCVD
coatings. Thus, the MT-TiE,N, coatings will hereafter be labeled as c1-c5. Furth
deposition details can be found in the appendibigas6, p. 135).

It should be mentioned, that the compositions eftthre studied MT- Tif N, coatings

was not determined by WDS measurements, but resiufesmer analysis are given ff
6)

The SEM images of the MT-TiB,N, coatings (Fig. 26) show grain refinement by
increasing the BGlflow rate in c1-c5, but the Raman spectra (Fig. @7 not exhibit
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significant changes in the spectral shape of tb&idual Raman bnd: These results are
in good agreement with the HT-Ti8 N, coatings C1-C5.

Fig. 26: SEM images (secondary-electron contrast, WD =10 mm, EH = 10 kV) showing the
surface morphology of MT-TIg,N, coatings c2-c5.

Although no considerable changes of the peak positareobtaine:, the intensities of the
Raman bands in the optical range vary systematicBlis obsenation seems similar to
the MT-TIiC_,N, coatings al-a4, where an increasetltdé TC mode intensity wa
observed with an increasing nitrogen concentratith regard o theWDS results of
HT- TiB,C,N, coatings it can be assumed that boron aon decreases the -
concentration and increase the C-concentratifitus, compare to a4 (shown at the
bottom of Fig. 27) the relative intensity of the Fdeat ~ 550 n™* should abate with
higher BC} flow rates, whereas the intensity of the LO mate~620 crit should
increase. Indeed, this can clearly be seen inZig.
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Fig. 27: Raman spectra of MT- TiByN, coatings deposited at different B@bw rates.

In conclusion, for the MTCVD coatings, the ratheradl variation in the C:N and B
concentration seems to contribute to the optidhlerathan the acoustical modes. This is in
contrast to the results obtained for HTCVD coatjrimg in good agreement with results

of other authorgs; 42; 43; 44; 45; 46; 47; 48)
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4.1.3 Summary

TiC1Ny and TiBC,N, coatings have been prepared applying HT- and MT\P and
characterized using Raman spectroscopy, WDS, XRDSEM. It was shown that first-
order, defect-induced Raman spectra of good quedity be obtained from the coatings,

even if buried within a multilayer stack like th&8JC,N, coatings.

Even small changes in the C:N ratio result in systiical shifts of the Raman peaks. With
increasing nitrogen concentration, the acoustibanpns shift to lower frequencies (30 -
40 cm?). In the optical range, on the other hand, a weflned change in the spectral
shape of the Raman bands is obtained when theggeitror carbon concentration in the
coatings exceeds at least 30 at.%. Direct compamgadhe MTCVD coatings with the
HTCVD coatings reveals that they fit very well irtt@ese regularities.

Furthermore, a high correlation of the Raman shifth the lattice constants derived from
XRD measurements has been found. Both methods gteogsame transition trends for the
examined coatings. Additionally to the peak postiocintensity and FWHM of the Raman

bands change during the transformation from carbmnitrogen rich coatings.

The sensitivity of the TA-mode shifts to changestlie structural properties of the
investigated coatings (composition and lattice tamts) was found to be largest for N-
rich coatings. Looking at the full range of coangTiC,..N, and TiBC/N,) the

dependence of the Raman shifts is slightly nontinea

In conclusion, for coatings deposited in the i€, and TiBC/N, system, Raman
spectroscopy may be used to estimate locally coitipas and lattice constants due to the

high spatial resolution as is demonstrated here.
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4.2 Ti-B-N coatings (D-series)

In this chapter, coatings deposited by MTCVD in TieB-N system will be discussed.
The influence of different boron concentrations6(9. 55.4 at %) on the coating
composition is studied by means of WDS, XRD, SENSXand Raman spectroscopy.

XRD, SEM, WDS and XPS are commonly used techniqoeshe analysis of such

coatings. However, Raman spectroscopy has notébfrn used for this coating system.

The findings of the different analysis methods vié correlated with regard to their
varying information depths (e.g. XRS10 nm, XRD> 10 pm) and information contents
(crystallographic structure, chemical composition.foy the characterization of the
different phases in Ti-B-N coatings with varyingrbo concentrations (hereafter labeled

as D-series).

4.2.1 Deposition and microhardness

Coatings in the Ti-B-N system with increasing bommcentrations were deposited by
systematically varying the Bglflow rate (30 - 480 sccm; D1-D5) during the CVD
process (850°C, 900 mbar) at a constant jJGlratio (TiCL= 2 ml/min, N= 6 L/min).
The hardness values were found to constantly iseré@m 3490 HV for D1 to the very
high value of 4360 HV for D5.

4.2.2 WDS analysis

The compositions of the Ti-B-N coatings were eveddaby WDS analysis. The results

are given in Table 9. An increasing B@bw rate from 30 to 480 sccm during the CVD
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process leads to an increased boron concentratidnei coatings from 9.6 - 55.4 at.%,

whereas the nitrogen and titanium concentrationsedse.

Table 9: Chemical composition of Ti-B-N coatings depositédifferent BC} flow rates determined

by WDS.
Sample BC] flow Coating composition [at.%)]
[sccm] Ti N B
D1 30 46.7 43.7 9.6
D2 60 447 37.1 18.2
D3 120 40.1 24.4 355
D4 240 37.6 20.1 42.3
D5 480 33.3 11.3 55.4

Fig. 28 presents the positions of coatings D1-D&hiwithe simplified ternary Ti-B-N
phase diagram according to Réf: 2. As described in Chapter 2.2.4, the Ti-B-N system

comprises several elementary regions and binarggsh&ut no ternary phase exists.
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Fig. 28: Positions of coatings D1-D5 in the phase diagr&ifi-8-N as determined by WDS.
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The coatings D1-D5 can be found in the section,#iBN+BN, very close to the quasi-
binary tie-line of TiN and TiB The positions of coatings D1-D5 in the phase mdiag

suggest a nearly pure two-phase structure.

4.2.3 XRD and SEM analysis

The crystallographic structures of the Ti-B-N cogt were examined by XRD. Fig. 29
shows characteristic reflections of the XRD paseshD1-D5 compared to the references
TiN (bottom) and TiB (top) coatings. The diffraction peaks of cubic Take designated
by e, those of hexagonal TiBby m, and those of WC, the substrate, by

o = o= =y=)
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Fig. 29: XRD patterns of TiN, TiBand Ti-B-N coatings D1-Da indicates the reflections of the
hexagonal phasae, reflections of the cubic phase, akddenotes WC.
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For the TiB coating, a pronounced (001) texture was foundrbintense diffraction peak
at 0 = 33.94°. The TiN coating exhibits three charastir reflections located at62=
36.6, 42.7 and 61.8°, that are assignable to thd)(1(200) and (220) reflections,
respectively, of the cubic TiN structure. With imgoration of B into the coatings,
different transition trends in the XRD patterns dpepositions, intensity and FWHM)
appear, which will be discussed in the followingtsms.

It is evident that the addition of 9.6 at.% bordl) to TiN leads to a decrease in the
(111) and (220) reflections intensity, whereas (&@0) diffraction peak broadens and

shifts toward higher@angles.

At a boron concentration of 18.2 at.% (D2), a wehlulder located at62= 34.55°
appears, which may be attributed to the (100) ¢8fla of TiB,. This reflection becomes
more intense with increasing boron concentrationsoiatings D2-D5 and shifts to lower
20 angles (correlating to a higher lattice constantjard the peak position of the TiB
reference coating (2= 33.94°).

In addition to the intensity of the (100) reflectiof TiB, in D2-D5 increasing, the (111)
reflection of TiN gradually decreases. Furthermevith increasing boron concentrations
in the Ti-B-N coatings, the (200) and (220) refieat of TiN broaden and shift toward
the positions of the (101) and (110) reflectiongi®,, respectively. This can also be seen
in Table 10, where the cubic and hexagonal latticestantsa and the corresponding
FWHMs of the coatings are given, determined from tlubic (200) reflection and the

hexagonal (100) reflection.

According to Vegard's laf¥ the formation of a continuous solid solution betwdiB,

and TiN is impossible, because Fi&ystallizes in a hexagonal lattice, and TiN fortims
well-known cubic structure. Nevertheless, the ot#di shifts of the TiN reflections
toward TiB, positions in D1 to D5 are in agreement with theutes of other studie¢é® 2%

119 They attributed a supersaturated cubic,IB phase to the coatings deposited with
low boron concentrations (D1-D2, 818 at %), whereas higher boron concentrations (B
> 18 at %) in the Ti-B-N coatings resulted in thexistence of a hexagonal TiBnd a
cubic TiN phase. This phase behavior was obsemvetld XRD spectra of D2-D4. The
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coatings with even higher boron concentrations (BB)y be interpreted as a single-

hexagonal TiB..N, phase in which nitrogen substitutes boron in tlegagonal TiB

framework®?,

Table 10: Cubic and hexagonal lattice constamtnd the corresponding FWHM of Ti-B-N coatings
D1-D5 as determined by XRD.

Lattice constant Lattice constant
) FWHM of FWHM of
a from cubic afrom
Sample (200) (200)
(200) . hexagonal (100) .
[°] [°]
[nm] [nm]
TiN 0.42466 0.41 - -
D1 0.42310 0.83 - -
D2 0.42140 0.93 0.29951 0.91
D3 0.41638 1.51 0.29968 1.72
D4 0.41648 1.51 0.30074 1.35
D5 0.41194 3.45 0.30671 1.75
TiB, - - 0.30474 0.51

Other than those of TiN and TiBno significant reflections of other phases, sasiBN,
boron or TiB were observed in the XRD patterns @fDb, in accordance with the Ti-B-

N phase diagram (Fig. 29).

The increased broadening of the diffraction peaith imcreasing boron concentration in
the Ti-B-N coatings can be attributed to a decrepgrain size. An estimation of the grain
size according to the Scherrer equaffShindicates a nanocrystalline phase for all of the
Ti-B-N coatings. Furthermore, the grain size of thenocrystallites decreases with
increasing boron concentration. This assumptiosugported by the SEM images in
Fig. 30, which show the multilayer architecturecofitings D1, D2, D4 and D5. The TiN
adhesive layer (bottom) exhibits a columnar mictagttire with coarse grains that are
different from those of the polycrystalline Ti-B-Mdyer (top). For D1, the addition of
small amounts of boron results in Ti-B-N coatingghwinterrupted TiN columns. A
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further increase of the boron concentration in CBL.d&creases the grain size to a larger
extent and leads to a fine-crystalline structureatings D4 and D5). This is in good
agreement with other reports on Ti-B&J 120

Fig. 30: SEM images (secondary-electron contrast, WD = T min, EHT = 10 kV) showing the
fracture morphology of Ti-B-N coatings D1, D2, DAdaD5 (top) and the adhesive TiN layer and
WC/Co substrate (bottom).

4.2.4 XPS analysis

XPS analysis provides unique information about biveling properties of elements in
compounds. Thus, it was used to study the cheraivatonment of the atoms in the Ti-B-
N coatings. The information depth of XPS.{Bis dependent on the inelastic mean free
path (IMFP)\, in the examined energy range, which is here apmately 2 - 3 nn{®
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104; 105, 106) Thys, only surface information is obtained with iaformation depth of
~6-9 nm. By comparing the energetic positiohshe core-level signals to literature
data®? or reference samples different components in theméined coatings can be
identified.

Fig. 31 shows the evolution of the boron Bls cesel signals with increasing boron
concentration for D1-D5 compared to data of the,Ti@&erence sample (Fig 31, top).
Three main signals (vertical bars) are observednargies of 187.5 eV, 190.8 eV and

192.2 eV. They are identified as belonging to baroiiB,, BN and BOs;, respectively
(26; 122; 123)
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Fig. 31: XPS spectra of the B1ls core-level signal of Ti-B:dhtings D1-D5 compared to data of the
TiB, reference sample. Grey lines indicate the pogtiohthe binding-energies of boron in TiB
(187.5 eV), BN (190.8 eV) and,B8; (192.2 eV).




Boron nitride and boron oxide are assumed to bedanainly in the surface region due to
the preparation conditiod¥” and the high surface sensitivity of XPS, becahsé peak
intensities vanish after sputter etchiy®. This assumption is further supported by the
absence of BN and,B); signals in the XRD patterns (see above) as wdilyahe Raman

spectra (see below), which are both more bulk seashethods.

Nevertheless, the relative amount of BN increasethé addition of boron in D1-D2, and
decreases at the expense of ;TiB D2-D5. The relevant feature at the lowest bigdi
energy can be associated with Jihe intensity of which clearly increase in sarsfl2

to D5. Furthermore, D2 shows an additional shouloleated at about 188.0 eV, and only
this peak at 188 eV is obtained for D1. A compariggth the literature suggests that this
signal may be attributed to boron that replacesogén in the TiN lattice or
substoichiometric titanium boron compounds, likeB 2% 26 122 123) These results
correlate well with data obtained from XRD, thabshno TiB, phase in the coating with
the lowest boron concentration (D1, B < 18 at %)ctirermore, the results suggest the
formation of a boron-containing phase in D1 thatswaot evident from XRD

measurements, most likely because the boron pxa#gits an amorphous structure.

The evolution of the titanium 2p core-level signalgh increasing boron concentration
for D1-D5 compared to data for the Titop) and TiN (bottom) reference samples is
shown Fig. 32. The most prominent features aredatrenergies of 454.3 eV, 455.7 eV
and 458.8 eV (vertical bars) and are attributedhto Ti2p,, species in TiB TiN and
TiO,, respectively®s 122 123 The higher binding-energy peaks are derived fithin
Ti2py» components. Ti@Qis found on all surfaces and its formation res@itsn the
preparation proces$” and the contact of the samples with ambient aith \Wecreasing
boron concentration, the peak located on the lawdibg-energy side of Ti§) which is
related to TiB, shifts toward higher binding-energies, i.e.,he position associated with
TiN. The transition from nitrogen-rich to boron+icoatings is therefore directly reflected
in the surface-sensitive XPS data presented hegainA these results are in good
agreement with the XRD data; both methods shovedinee trends.
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Fig. 32: XPS spectra of the Ti2p core-level signal of Ti-Bzbhtings D1-D5 compared to data of the
TiB, and TiN reference samples. Grey lines indicatepthgtions of the binding-energies of titanium
in TiB, (454.3 eV), TiN (455.7 eV) and Ti@458.8 eV).

Comparison of the N1s spectra of D1-D5 to the refegedata for TiN (Fig. 33) indicates
that there is no significant difference between T897.1 eV) and the coating with the
lowest boron concentration (D1). But with incregsboron concentration the TiN-related
signal is reduced in favor of a peak related to &M binding-energy of 398.6 eV. As
previously noted, this observation is most likelyedo the very high surface sensitivity of

XPS & 10 nm) compared to the other techniques usedsrstady.
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Fig. 33: XPS spectra of the N1s core-level signal of Ti-Bdatings D1-D5 compared to data of the
TiN reference samples. Grey lines indicate thetjmos of the binding-energies of nitrogen in TiN
(397.1 eV), BN (398.6 eV) and N@400.5 eV).

The results derived from the XPS datasets show ggoeement with the XRD results and
allow the identification of the relevant speciestied during the CVD deposition process
of Ti-B-N coatings D1-D5. The transition from TiN fTiB, is clearly observed in the
core-level spectra of N1s, Bls and, in particulei2p. The boron spectra show a
discrepancy between the lowest and the higher booorentrations, as also observed in
the XRD analyses. Furthermore, the high surfacsitety of the XPS probes, allows the
detection of surface-enriched species, such ag BN and BOs, which are not observed
in the bulk phases. However, in contrary to Ranpetgoscopy no local information can

be obtained.
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4.2.5 Raman analysis

Characteristic modes of the examined coating nadsedre again obtained in the range
between 100-1000 cidue to defect-induced first-order Raman scatte(iig. 34).
These results will be discussed below. Furthermawesignificant peaks were detected by
Raman spectroscopy (information depth in E25 nm®'?) in the range between 1000-
2000 cnit, where characteristic modes of BN phases aredd¢H. This supports the
assumption, that the BN phases detected by XP®rdyepresent in the very surface
region.

Fig. 34 shows the Raman spectra of Ti-B-N coati(lp&-D5) with different boron
concentrations. For comparison, the spectra of dild TiB, have been added at the
bottom and top, respectively. The spectrum of Tés hlready been described in Chapter
4.1.1.

For TiB, five signals at 245, 332, 433, 559 and 662'cme obtained. To the best of
knowledge, Raman spectra of FiBhave not yet been reported, and therefore an
assignment of the peaks to reference data is resifie. On the other hand, these spectral
contributions may be ascribed to peaks in the tieosistates spectrum of T2 126)
similar to the case with TiN and as previously mepd for the Raman spectra of other
AIB ,-type transition-metal boridé%”. Based on previous dat®, these bands may be
ascribed to different acoustical and optical moiles, TA (245 crit), LA (332 cm?), 2A
(433 cmt), TO (559 crit) and LO (662 c). Compared to those of TiN and BiBhe
spectral shape of the Raman spectra of Ti-B-N ogatD1-D5 shows some differences
and becomes more complex. The differences in tbestical range (150-350 cthare
the most pronounced. Here, the spectra of coafixigand D2 (low boron concentration,
B < 18 at %) exhibit a reproducible sharp and intqresk at 350 cih(Fig. 34, grey line).
This signal cannot be easily observed in the spadt@atings D3-D5 with high boron
concentrations (B> 18 at.%), TiN or TiB. It is therefore attributed to a compound, that

forms only at low boron concentrations in the TNBsystem.
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Fig. 34: Raman spectra of Ti-B-N coatings D1-D5 compareditd (bottom) and TiB (top). TA,
LA, 2A, TO and LO indicate the different phonon reedf the samples. The grey dotted and dashed
lines are added for discussion in the text.

According to published accounts, TiB can be depdsity CVD from BC{ and TC}, at
low partial pressures of boron trichlorid®® Therefore, TiB was synthesized as
described in the Chapter 3.3 and examined by XRIDReman spectroscopy. Indeed, by
comparison with the Raman measurements of theersfersample, the peak at 350°cm
can unambiguously be attributed to TiB (see Fig. 3hus, the Raman spectrum of D1
can be well characterized as a superposition ofTiheand TiB spectrum, where all

characteristic peaks of TiB (Fig. 3&€) can be found. The different relative intensités
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the TiB and TiN peaks in the acoustical and optiegion of the Ti-B-N spectrum may be
explained by orientation effects. Whereas the CVaatings exhibit a preferred
orientation, the synthesized TiB sample is completisordered. This may result in

different intensities of the individual Raman modes

In conclusion, the results of Raman spectroscopyfin, in accordance to XRD and
XPS, that a TiB phase is hardly formed in the boron-poor<(RB8 at %) Ti-B-N coatings.
Furthermore, these data demonstrate the high Bétysiof Raman spectroscopy to
composition changes in the examined coatings. Teearance of this sharp and
characteristic peak correlates also well with tlRSXesults (see above), in which a signal

located at 188.0 eV was found in the B1s spectmpafings D1 and D2.
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Fig. 35: Raman spectra of Ti-B-N coating D1 compared tcstieectrum of TiN and TiBa-eindicate
the characteristic bands of TiB.

The Raman spectra of D2 is similar to that of Dihaugh small amounts of TiBare

assumed to be present, as indicated by XPS and E&DFigs. 29 and 31), in addition to
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the TiB. However, the signals of TiBannot clearly be identified in the Raman speatra

D2, most likely because of the superposition ofititense signals of excess TiB and TiN.

With increasing boron concentration in D3-D5, thi8-Telated peaks vanish, whereas
those of TiB appear (see LA mode of TiBn Fig. 34 — dashed-dotted line). This
demonstrates the formation of TiB addition to TiN in these coatings, as also fbiny
XRD and XPS. The spectra of D3-D5 may thereforaltdsom a strong overlap between
the Raman bands of TiN and TiB

In the optical range, the transition from TiN oviéB to TiB, can also be observed. The
TO mode (grey dashed line in Fig. 34) of D1 anddb2ws additional shoulders at 580
and 630 crif compared to that of TiN, which correlate to peakdiB (see Fig. 35). As
the TiB signals attenuate, the spectral shapeefth mode becomes asymmetric in D3
and D4. This may also be attributed to internalssie in these coatings due to the
coexistence of the TiN and Tibhases. Coating D5 mainly exists of TiBs determined
by XRD, XPS and WDS, and the TO mode is rather sgtrimand similar to that of TiB
Furthermore, with the addition of boron, the 2A moof TiN at 448 crit vanishes,
whereas at higher boron concentrations the 2A nufdEB, at 433 crit appears as a
shoulder (Fig. 34, grey left box). Interestinglhet TO mode of TiB completely
disappears with the addition of nitrogen (grey rigbx). This may be due to the preferred
orientations of the CVD coatings compared to theodiered TiB reference sample, as
already described for TiB (see above).

Nevertheless, the results clearly demonstrateRhatan spectroscopy is a complementary
technique compared to XRD, SEM, WDS and XPS. Thaes&ransition trends were
found in the examined Ti-B-N system during the $farmation from TiN to TiB by the
addition of boron, and a good correlation betwdendifferent techniques was achieved.
Furthermore, the high sensitivity of Raman specwpg regarding composition changes
in the examined material system is clearly demautetir by the spectra of coatings D1 and
D2 with low boron concentrations. Here, only Ranspectroscopy was capable of
detecting the existence of a boron containing phaasmely TiB.
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4.2.6 Summary

Ti-B-N coatings with different boron concentratidmsve been prepared by MTCVD. The
composition was characterized by WDS, XRD, SEM, A8 Raman spectroscopy.

The results clearly demonstrate a good correlatietween the different techniques.
Despite the varying information depths and infolioratcontents, the same transition
trends were observed in the examined Ti-B-N systethe progression from TiN to TiB

by the addition of boron.

At boron concentrations 18 at.%, the examined Ti-B-N coatings exhibit a{phase
structure of TiN and TiBwhich was found by XRD and XPS. The high sensitivif
Raman spectroscopy to composition changes in thesiigated system enabled on the
other hand the clear identification of TiB in thei-B-N coatings with boron
concentrations 18 at %. This phase was not detectable by XRD} tiledy because of
an amorphous structure, and it was only indicatgd lweak (additional) signal in the
XPS spectra.

In conclusion, the combination of different anadysiethods, like WDS, XRD, SEM, XPS
and Raman spectroscopy as demonstrated here, algwscise characterization of the

different phases in Ti-B-N coatings with varyingrbo concentrations.
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4.3 Oxidation behavior of titanium-based hard coatigs after static annealing

To gain better understanding of the high-tempeeatitidation, Raman spectroscopy was
used to study the oxidation processes of TiC, TMCy..Ny TiB,C,N, and Ti-B-N
coatings by the spectroscopic detection of the éarroxidation products. In addition to
Raman spectroscopy, WDS and GIXRD were used tardite the oxidation depth and
the oxide layer composition in the case of the IBoatings. The aim was to develop a
qualitative picture for the oxidation behavior ¢fese kinds of coatings with different

compositions.

Therefore, the coatings were annealed for 1 h uachient conditions at 500 and 700°C.
The possible oxidation products are primarily asatand rutile. Anatase, the low-
temperature (metastable >T450°C) modification of TiQ exhibits characteristic Raman
peaks at 143, 397, 516 and 638 ‘cn'?® Rutile, the high-temperature
(thermodynamically stable, ¥ 600°C) modification, shows peaks at 236, 444 ab@l 6
cmt (125129 Eyrthermore, for TiBC,N, and Ti-B-N coatings, boron oxide 485; 500,
732, 801, 1260 cil) is also a possible oxidation prod{. It is known that crystalline
B,0s;, formed at > 600°C, easily transforms to volatileBD; (heat of formatiod\H® =
-1094.8 kJ/mol) in the presence of moisttife'3* %2 Consequently boric acid (209, 499,
880, 1166 cril) may also be detected in the Raman spectra abtidézed sample$®®),

As described in Chapter 2.3.4, boric acid is knderact as a self-lubricant and it is
therefore a highly desired oxidation product wittlyard to the tribological behavior of
coatings®® 97 98: 99)

Furthermore, volatile oxides of carbon and nitrqggetich possibly evaporate during
annealing, may only be detected by in-situ Ramattspscopy. However, this was not

performed in this work.

Reference Raman spectra of the above listed ogigioducts are summarized in Fig.
36.
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Fig. 36: Raman spectra of.Bs, H;BO;s, rutile and anatase.

It should be mentioned, that the coatings were ats®aled for 1h at 300°C in addition to
500 and 700°C. However, none of the investigatedtigs oxidized under these
conditions to such an amount that it was detectdlj)leRaman spectroscopy (the
information depth in the case of pure Ji® =~ 1pm“!?) or even GIXRD (information
depth 0.13-1.3 pm for TiDat angle of incidences between 0.5 {8). These data are

thus not shown or discussed herein.

4.3.1 Oxidation behavior of TiG_,N, coating (A- and a-series)

After being annealed at 500°C for 1 h the TiC, THN- (A1, A2 and A4) and MT- Ti¢€
«Ny (a4) coatings oxidized to different products withihe information depth of Raman.

This can be seen in Fig. 37.
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Fig. 37: Raman spectra of different Ti¢N, coating after annealing for 1h at 500°€.denotes
anataseq rutile, vertical bars indicate signals of un-oxefil TiG.\Ny.

The spectrum of TiC in Fig. 37 already exhibits tore of anatase and rutile at this
temperature, and carbon-rich Til, coatings like a4 and A4 are completely oxidized to
anatase. On the other hand, the nitrogen-rich mgathland A2 show only a beginning
oxidation to anatase (sharp and intense peak atct#3 and still bands of the un-
oxidized coating surface can be obtained (indicatgdthe vertical bars). Thus, a
correlation between C:N ratio and oxidation behairidhe coatings can be observed. The
higher the carbon concentration in the iR, coatings, the easier they get oxidized
(correlating to a higher oxidation depth). It isIMknown that the oxidation resistance
generally decreases with increasing carbon coratéon*>®. This fact can be explained
by the Gibbs energy of oxidation which is more niegafor TiC (- 1122 kJ/mol) than for
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TiN (- 582 kJ/mol). Accordingly the tendency foridation is stronger for TiC and carbon
rich TiCp.,N, coatingg® 2% 134:139)

o

9 [Tic, N,

O rutile
o anatase

TiN
A1l
A2

Intensity (arb. u.)

A4

a4

TiC

annealed at 700°C
200 400 600 800 1000

Raman shift (cm™)

Fig. 38: Raman spectra of different Ti¢N, coating after annealing for 1h at 700%Cdenotes
anatases rutile.

However, after being annealed at 700°C for 1 h, dkielation trends of the coatings
changed (see Fig. 38). The nitrogen-rich coatifigd @and Al) predominantly oxidize to

rutile, which is the expected oxidation produc?@0°C, with only small peaks of anatase
left. The carbon-rich coatings, on the other hatitl, show a mixture of anatase and rutile
in different ratios In conclusion, with decreasiogrbon concentration in the TigN,

coatings the rutile peaks get more pronounced.
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The oxidation behavior of the coatings at 700°Crse¢o be in contradiction with the
Gibbs energies of oxidation. Looking at thermodyi@monly, rutile, the high-
temperature modification of TiQis most likely to be formed by the less oxidatsiable
coatings with high carbon concentrations. The nedso the observed opposite behavior
may be related to the different composition of théde layer. For TiC, a change in
oxidation kinetics as well as in the relative asateand rutile concentration with
temperature has been report8d®®® At higher temperatures further oxidation was
inhibited by forming a denser oxide layer. Follogithese reports, it can be assumed that
at 700°C the coatings with high carbon concentnatioill form a denser oxide layer than
those formed at 500°C. Therefore the oxidationhef toating may be retarded due to

kinetic effects.

4.3.2 Oxidation behavior of TiB.C,N, coatings (B-, C- and c-series)

Oxidation behavior of HT- TiB,C,N, (B-series)

Low boron concentrations in TiN coatings are kndarimprove the thermal stabilif§™
%2 To compare the oxidation resistance of low barontaining TiBC,N, coatings with
TiC14N,, the coatings B1-B5 were annealed under analogonditions as used for the

A- and a-coatings.

As described in Chapter 3.1, the J@BN, coatings are covered by a wear-indicating Ti-
B-N layer. But influences of boron diffusion thrduthe thermal treatment from the top
layer into the examined TiByN, coating could be excluded by SEM-EDX line scans
through the calottes. Furthermore, Raman specttheobxidized samples were taken at

various positions in calottes to confirm homoggnaitd reproducibility.

After being annealed at 500°C for 1 h, Raman spsctipy evidently indicates oxidation
of the coatings by significant changes in theircs@e(see Fig. 39). The Raman spectrum
of nitrogen-rich Bican be well characterized by a mixture of JGEN, and anatase. With

increasing carbon concentration in B1-B3, the amwmteelated peaks become more

91



pronounced. The spectra of B2 and B3 correlateftdl axidation of the sampled layer to
anatase. Interestingly, with even higher carborcentrations in B4 and B5, the spectra
already exhibit a mixture of rutile and anatasthisttemperature similar to TiC.
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Fig. 39: Raman spectra of HT-TiB,N, coatings B1-B5 after annealing for 1h at 5003G@enotes
anataseg rutile, vertical bars indicate signals of un-oxeti TiBC,N,.

These results suggest that the boron-dopedC[N, coatings show the same tendencies
as TiG.«Ny. The higher the carbon concentration in,GBN, coatings, the easier they get
oxidized at 500°C. This is again in accordancehi Gibbs energy of oxidation (see
above). Furthermore, it seems that boron-dopingadfon-rich TiG.,N, coatings reduces
the oxidation resistance to such an amount thie ristalready formed at 500°C although
it is expected to be the stable modification of T#T > 600°C??,
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Raman spectra of coatings after being annealed0@tC7 show similar to Ti€Ny
different relations between coating composition axilation products (Fig. 40). The
nitrogen-rich coatings B1-B3 predominantly oxidie rutile with only weak peaks of
anatase left in the spectra. The spectra of carishrepatings B4 and B5 exhibit features
of a mixture of anatase and rutile in differeniast Yet again, the oxidation behavior of
the coatings at 700°C seems to be in contrastetdsthbs energies of oxidation and may

therefore be explained by kinetic effects.

Furthermore, the Raman spectra of some oxidizetingsashow a sharp peak located at
880 cm' which may be attributed to ;8O; 9 likely formed during oxidation in

presence of ambient humidity.
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Fig. 40: Raman spectra of HT-TiB,N, coatings B1-B5 after annealing for 1h at 7008Glenotes
anataseg rutile, A HsBOs.
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Oxidation behavior of HT- TiB,C,N, (C-series)

To confirm the possible formation of boric acid wsll as to shed further light on the
capacity of boron to affect the thermal stabilifyTaC,_,N,, the TiB.C)N, coatings C1-C5
were annealed at 500 and 700°C (Fig. 41).
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Fig. 41: Raman spectra of HT- TiByN, coatings C1-C5 after annealing for 1h at 500°@)(knd
700°C (right).o denotes anatase, rutile, A HiBO;, vertical bars indicate signals of unoxidized
TiBxC)N,.

After thermal treatment at 500°C, the Raman specwiithe boron free TiCN, coating
(C1) shows only a small amount of oxidized mateiiadlicated by a sharp and intense
peak at 143 cth(anatase). With increasing boron concentratiofif)CyN, coatings C2-
C5, the anatase peaks get more intense, and tbhesspécoatings C4 and C5 correlate to

full oxidation to anatase within the informationpde of Raman. After being annealed at

94



700°C, Raman spectra of all coatings show a mixtfienatase and rutile peaks, whereas
TiB.CyN, features cannot be observed anymore. The rutié¢esepeaks increase with the
boron concentration at the expense of the anataskspIn conclusion, with increasing
boron concentration in the coatings, a higher degfeoxidation is observed at 500°C and
700°C. Furthermore, with a higher concentratiorbafon in TiBC/N,, the peak located
at 880 crit gets more pronounced, likely confirming the presewmf HBO; as an

oxidation product of boroff*®),

As already mentioned above, boric acid is a vemaetive oxidation product due to its
self-lubricating characteristic€> °7 % %) Therefore with regard to the practical
application, it can be assumed that the,Gl, coatings exhibit a higher wear resistance
compared to Tig,N,, which may further increase with higher boron aartcations,
although the oxidation resistance was found to dweet and likewise decreases with

increasing boron concentration.

Oxidation behavior of MT- TiB,C,N, (c-series)

Since the MT-TIBC,N, coatings c1-c5 showed quite similar oxidation terales as the
HT-TiB,C,N, coatings C1-C5, only a short summary of their atiwh behavior will be
given.

It was found that with increasing BGlow rate the oxidation resistance of MT-T(BN,
coatings decreases at 500 and 700°C. The spectdifed coatings cl-c5 after being
annealed at 700°C for 1 h are exemplarily showridn 42.

It can clearly be seen, that with increasing Bfldw rate, the anatase related peaks
vanish, whereas those of rutile increase. This vbtien correlates very well with the
results of the HT-TIRC,N, coatings C1-C5.

However, in contrast to the HTCVD coatings, no aigrof BO; could be obtained for
any of the MT-TIBC)N, coatings. A possible explanation for this obseovatcan be
given by following the reports on former coatingslysis® . They reveal that in the
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MTCVD process the boron concentration in the ca@ticannot be varied in a wide range
by changing the precursors flow rates. Furthermatge to the lower deposition
temperature, it can be assumed that less boronc@porated into the growing film
compared to the HTCVD process. Thus, identificatidroxidation products of boron is
most likely not possible in MT-Tig,N, coatings c1-c5 since their amount appears to be
less than the detection limit of Raman spectroscopy
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Fig. 42: Raman spectra of MT-Ti&,N, coatings c1-c5 after annealing for 1h at 7005@enotes
anatases rutile.
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3.3.3 Oxidation behavior of Ti-B-N coatings (D-se&s)

As mentioned before, low boron concentrations N @oatings are known to improve the
thermal stability®® %2, To compare the oxidation resistance of Ti-B-Ntirwgs D1-D5
with TiN, the samples were similarly annealed foln &t 500 and 700°C under ambient

conditions.

Here, in addition to Raman spectroscopy, GIXRD WidS were used for analyzing the

oxidized coatings.

The influence of boron diffusion and the oxidatiepth was estimated by WDS line scan
measurements, i.e. the variation in the X-ray isitgrof boron, oxygen and titanium was
analyzed across a straight line over the wholeimgamn cross-sections. The line scans on
the cross-sections of the annealed samples revemledther homogeneous boron
distribution over the whole Ti-B-N layer with anerall boron concentration similar to the
un-annealed coatings. For the coating with the dsgtboron concentration (D5), the
oxidation depth, as estimated by oxygen line sca@s, approximately 1 um after the
sample was annealed at 500°C (see beam locatigragis) in Fig. 43, right side of the
scans), and it increased to about 2 um after itammealed at 700°C (Fig. 43, left side of

the scans).

GIXRD was further used to evaluate the oxidatioptdeand to identify the composition
of the oxide layers. Diffraction patterns were tala incident angles of 0.5-4°, which
correspond to penetration depths of 0.13-1.3 uthércase of pure TiOAfter boron-rich
coatings (D3-D5) were annealed at 500°C, only ctift@s from TiQ could be obtained at
incidence angles from 0.5-2°, but none were obsefuem the Ti-B-N coating. At an
incidence angle of 3°, peaks related to ;Tii@gan to appear, which correlats to an oxide
layer thickness of approximately 1 um. This is iood agreement with the WDS
measurements. The reflections of the oxides obdeat/éower angles and therefore at the
top of the layer could be attributed primarily toagase and only small amounts of rutile.
Compared to the Raman results of the oxidized; N and TiBC,N, coatings, these
compounds are the expected oxidation products afteealing at temperatures < 700°C.
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Fig. 43: WDS line scans analyzing the variation in the X-dragnsity of boron, titanium and oxygen
across a straight line over two cross-sections Bf(§perated by a metall foil, grey areas in the
middle) after oxidation for 1h at 500°C (right sidend 700°C (left side). The Ti-B-N layer is given
by the white areas, the grey areas at the rightefhdide correlate to the substrate (WC/Co).

After coating D5 was annealed at 700°C, no sigaificreflections of Ti-B-N could be
observed by GIXRD, even at an incidence angle oftdérefore, the oxide layer is
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assumed to be thicker than 1.3 um. The bulk ofottide layer (higher incidence angle)
mainly consists of rutile, whereas anatase andrboxides are more pronounced at the
outer part of the oxide layer (see Fig. 44natasen rutile,] boron oxide).
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Fig. 44: GIXRD patterns of Ti-B-N coating D5 after annealiig700°C for 1h with incidence angles
varying from 0.5-4°o denotes anatase,rutile, ¥ B,Os.

For TiB, coatings, similar results have already been regdf’: 1*® The formation of a
double oxide layer was observed after oxidatioteatperatures between 600-800°C; the
layer consists of a rutile inner layer, and a tvinage top layer composed of@ with
anatase inclusions. These authors suggested tirg girotective qualities of B as an

explanation, which may lead to the formation of thetastable anatase rather than rutile
(137)

In the present investigation, Ti-B-N coatings wibv boron concentrations (D1 and D2),
however, exhibited only small amounts of oxidesalg in the GIXRD patterns. After the

samples were annealed at 500°C, primarily anatase abserved, and the oxide layer
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thickness was estimated to be approximately 0.5 After being annealed at 700°C, the
coatings produced diffraction peaks of predominantiile, and an oxidation depth of

approximately 1 um was observed.

In addition to XRD, Raman spectroscopy was usestidy the composition of the oxide
layers. The Raman spectra of the oxidized Ti-B-Mtiogs (Figs. 45 and 46) also include
the spectra of TiN at the bottom for a better comgpa, although the oxidation behavior
of TiN is already described in Chapter 4.3.1.

After being annealed at 500°C, Ti-B-N coatings D3-€xhibit significant changes in their
Raman spectra (Fig. 45, anatasep rutile) compared to the un-oxidized samples (see
Chapter 4.2.5). The spectra of boron-poor Ti-B-Natows D1-D2can be well
characterized by a mixture of the un-oxidized sam@nd TiQ (mainly anatase, only
weak shoulders of rutile). With increasing boroma@entration in D1-D5, the Tigrelated
peaks become more pronounced, whereas those of\l¥Bnish. The spectrum of D5
correlates to full oxidation of the sampled laydthim the information depth of Raman

(~ 1 um), and the spectrum exhibits a mixture eaftase and rutile at 500°C.

In conclusion, the degree of oxidation (oxidatiapth) increases with increasing boron-
concentration in Ti-B-N from D1-D5, which is in amdance with the GIXRD and WDS
results, and furthermore correlates very well witie results obtained for TiByN,

coatings (see Chapter 4.3.2

The Raman spectra of samples annaeld at 700°C46jg. anataseq rutile, [1 B,O3, A
HsBOs) show the same trends in the devolution of thdéikga&omposition and the degree

of oxidation, but differences were observed regaydihe generated oxidation products.
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Fig. 45: Raman spectra of Ti-B-N coatings D1-D5 and TiNt{am) after annealing at 500°C for 1h.
o denotes anatase,rutile.

As already described above, the spectrum of TiNibéghonly features of oxidation
products after being annealed at 700°C. In contik and D2 still exhibit peaks of the
un-oxidized Ti-B-N coating surface in their spectes indicated by the sharp peak at
~ 350 cm' of TiB (see Fig. 46), owing to a lower degree (ti¢pof oxidation. The
observation of an increased oxidation resistanc&@°C by the addition of small
amounts of boron<(18 at %) to TiN is in good agreement with the hssof other studies
(23:32:33: 34) Most likely, the increased oxidation resistarsedrrelated to the existence of
TiB in these coatings, and TiB is reported to tablket up to 800°C. Furthermore, TiB is
known to improve oxidation resistance and to desrethe oxide layer thickne&§® 140)
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The important role of TiB in oxidation behaviorfigther supported by the observation
that Ti-B-N coatings with higher boron concentrato(> 18 at %; D3-D5) show, in
contrast to D1 and D2, full oxidation in their Ramspectra after oxidation at 700°C (Fig.
46). The oxide layer mostly consists of rutile, am@ddition, peaks of boron oxide at 800
cm* and of the possible self-lubricant boric acid #9,2500 and 880 cthare found.

Ti-B-N
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O rutile
O anatase
* BZO3

A H3803

72(‘
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Raman shift (cm™)

Fig. 46: Raman spectra of Ti-B-N coatings D1-D5 and TiN {bwot) after annealing at 700°C for 1h.
o denotes anataserutile, %B,Os;, A H3BOs.

Crystalline BO; reportedly possesses strong protective qualitiéss also been reported
to effectively heal pores and macro-defects, amthseto support the formation of anatase

instead of rutile®®”. Furthermore as already mentioned before, it ydsinsforms to
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HsBOj; in the presence of residual moistdié **% 32 which would be favorable for

tribological applications (see Chapter 2.3.4).

The protective role of B); against the formation of the thermodynamically enstable
rutile is indicated by the well-pronounced anatpsek at 143 cihobserved in Ti-B-N
coatings D4 and D5, where boron oxide was observedi-B-N coating D3, only small
amounts of boric acid were detected, and the apatimface was completely transformed

to rutile.

4.3.4 Summary

The oxidation behavior of TiC, TiN, TiGN,, TiB,CyN, and Ti-B-N coatings were
studied by annealing the samples for 1h at 300, & 700°C and inspecting the
oxidation products by Raman spectroscopy, GIXRD \AfiS.

It was found that oxidation products like anatassile and different boron oxides can
easily be distinguished by Raman spectroscopy.okidation depth and the oxide layer

composition correlates well with results obtaingd¥DS and GIXRD.

The degree of oxidation is largely dependent ondbating composition (C:N ratio as
well as boron concentration). In Ti¢N, and TiBC)N, coatings the extent of static
oxidation at 500°C can be explained by decreaskidation resistance with increasing
carbon concentration. Kinetic effects retard thehfer oxidation at 700°C, therefore a
higher relative anatase concentration is observedcarbon-rich coatings. Direct
comparison of Tig,N, with TiB,C/N, coatings shows a higher degree of oxidation with

increasing boron concentration as well as an eiwludf boron oxides.

The oxidation behavior of the Ti-B-N coatings wasirid to be highly affected by the
boron concentration. Low boron-concentrations< (B8 at %) improve the thermal
stability compared to TiN at annealing temperatwpsto 700°C. This behavior most

likely correlates to the TiB phase in these coatinghich obviously enhances the
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oxidation resistance and decreases the thicknetiseodxidation layer. Coatings with a
high boron concentration exhibit a higher degreexidation compared to TiN after being
annealed at 500°C. In contrast, at>T600°C, these coatings form boron oxides on their
surfaces, which exhibits protective qualities arddks to the formation of metastable

anatase rather than the thermodynamically statile.ru

4.4 Laser-induced effects on titanium-based hard etings

In addition to the oxidation after static annealiigvas found that the boron-rich Ti-B-N
coatings as well as the TiBcoating begin to oxidize at ambient conditions mpo
increasing the laser power on the sample surface. tie other titanium coatings
investigated in this work, also different lasertndd effects could be observed. In this

chapter such effects will be discussed.

It is well known (7% 141142/ 143k at the high density of power from a laser exigitasource
often poses a problem in Raman experiments. Thigigcularly true for Raman micro-
spectroscopy, where the laser beam is focusedgpmtasize of only a few micrometers or
less. Due to the absorption of the applied radiatihe local spot temperature may
increase by hundreds of degrees. The temperaseaepends thereby on quantities such
as laser power, dimension of the excited samplé&aseir exposure time, wavelength of
radiation as well as color reflectivity and thermahductivity of the samplé*? 143 As a
result, wavenumber shifts of the Raman modes maurpor even the alteration of the

examined samples due to oxidation, recrystalliratithase transition or decomposition.
(75; 79; 141, 144; 145; 146)

In order to demonstrate the laser-induced effext3iB, and Ti-B-N, exemplary Raman
spectra of the TiBcoating obtained with irradiation at different pawevels from 1.6-16
mW are shown in Fig. 47. The spectrum recordechathighest laser power (16mW)
resembles that of the high-temperature form of,Ti@tile. The intermediate spectra
taken at 4 and 8 mW laser power, however, showa& petween 147 and 150 rwvhich

is quite close to the characteristic, very stroegkpof anatase (143 & indicating the
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transition of TiB to such an anatase structure at lower laser poWershe contrary, the
spectrum recorded at the lowest laser power doésappear to be affected, even at
repeated and longer measurement times.

o O rutile
O anatase
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Raman shift (cm'1)

Fig. 47: Raman spectra of a TiBoating recorded at different laser powers frof--116 mW.o
denotes anatase,rutile.

For a comparative study, Raman spectra of twoersiitgle crystals (100) and (111) are
compared with the completely oxidized spectra tekenigh laser powers of TiBand Ti-
B-N coatings D4 and D5 (Fig. 48). The spectra efdhkidized TiB and Ti-B-N coatings
still show a small anatase peak at 147-152.drowever, the intense high energy peak at

600-604 crit reveals the almost complete transformation tderuti
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Even if the spectral shape does not change signific with additional irradiation, their
two lower energy peaks do not match exactly withdbrresponding peaks of rutile at 236
and 444 cnt. The observed shift of the lower-energy peaksaih anatase and rutile can
be attributed to oxygen deficiencies as reportecPhyker and Siegéf*”. This may
indicate a slight deviation from stoichiometry inetlaser-formed Ti© Furthermore,
thermal shifting of the peaks due to thermal loaddascribed in the next sections may

contribute as well.
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Fig. 48: Raman spectra of two rutile single crystals (18@) (111) compared to the completely
oxidized spectra of TiBand Ti-B-N coatings D4 and D5 taken at high Igs®rers of 16 mW.

106



The spectra of the boron-poor coatings D1 and D2atoshow such changes even with
the highest laser power used in this study of 16./Ws is in good agreement with the
results of oxidation after annealing (see Chapt8r3} and can most likely be explained

by the existence of an oxidation-stabilizing TiBaph in these coatings.

Furthermore, laser induced oxidation can only taleee, if of course oxygen is present,
and the temperature sufficiently increases as altre$ the absorption of the exciting
radiation. As already mentioned above the temperatise depends thereby on various
quantities such like the thermal conductivity of gample. As described in Chapter 4.2.3,
with higher boron concentration the grain sizehaf Ti-B-N coatings decreases and as a
result the thermal conductivity of these coatings/rdecrease. This may further lead to a

higher local spot temperature in the boron-richtioga.

The problem of laser induced oxidation could ealsé#yprevented by placing the samples
in a small inert atmosphere cell under a flowingeain of argon. However, the local
heating through laser irradiation still causes adeshift to lower wavenumbers (see
Fig. 49) which may be related to thermal expansibhand lengths. This has to be taken

into account carefully, when specifying precisekpgasitions.

TiCy4Ny coatings, on the other hand, do not undergo laskrced oxidation at the
different laser powers used in this work. Therefbrgas not necessary to measure under
argon. But similar band shifting as found for Ti-BeNatings were obtained.

Fig. 49 exemplarily demonstrates the dependendbeoband position of the transversal
optical mode at ~550 cfof the HT-TiG.,N, coatings A1-A3 (black lines) as well as the
vibration at ~ 545 cfh of Ti-B-N coatings D2, D4 and D5 (grey lines) oiffatent laser
powers. With increasing laser power, and thus hidgbeal temperature, a nearly linear
shift is observed. This shift may become up to &0 drom 1.6-16 mW. Similar results

were obtained for the other titanium coatings itigased in this work.
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Fig. 49: Dependence of the Raman band position of HT-JWg coatings A1-A3 (black lines) and
Ti-B-N coatings D2, D4 and D5 (grey lines) on diffiet laser powers.

In conclusion, when analyzing Raman spectra of . JN;, TiB,C,N, and Ti-B-N
coatings, not only the C:N ratio and boron coneitn has to be taken into account, but
also the laser power has to be chosen appropriatelyoid measurement artifacts.

To compare different peak positions (like in Chaptd.1) same laser powers, exposure
times, wavelengths of radiation and focal pointntbéers need to be used. The laser
power should thereby be chosen in that way, thaufficient signal-to-noise ratio is
obtained, but on the other hand, no laser-indudtsaination of the examined coatings
occur. Therefore, all spectra shown in this workltd, TiC and TiG.,N, and TiBC/N,
were recorded with a laser power 8 mW, whereadTiBs and Ti-B-N coatings a laser
power of 4 mW was chosen. The boron-rich coatingsevthereby examined under an

argon atmosphere to prevent oxidation (see alspt€ha.4.1).
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4.5 Tribological behavior of Ti-B-N coatings

Motivated by the detection of large amounts of $k#-lubricating compound boric acid
in boron-rich Ti-B-N coatings after annealing (s€&hapter 4.3.3), the tribological
properties of the Ti-B-N coating D5 were studiedadm and elevated temperatures (25-
700°C) and compared to those of single-phase Thé fEsults will be discussed in the
following Chapter.

Ball-on-disk sliding tests were performed using,@ and 100Cr6 bearing steel as
counterparts. The sliding distance was set to 308 typical value in tribology testing to
determine the wear behavior and friction coeffitieand furthermore comparable to the
turning tests performed in this work. These kind difling tests will hereafter be
abbreviated as LTS (= long track sliding). Post-assitu Raman analysis was performed
on the samples to examine the types of formed exithethe wear track after sliding. The

identified compounds were correlated to the obgkfrietion coefficients of the coatings.

Since thick transfer layers hindered the deteabibtihe interfacial composition of the Ti-
B-N coating after LTS testing against 100Cr6, a plementary set of ball-on-disk tests
was performed at exceptionally short sliding disemof 0.3 m (= STS — short track
sliding) at room temperature. In this way a comppaedy thin transfer layer is obtained
and the surface chemistry changes in the wear dragn be analyzed by Raman
spectroscopy. For better comparison with the sasnpliéer LTS testing at elevated
temperatures, the STS-samples were post-annealediffatent temperatures and
durations, since the surface composition is likelghange during tribological testing (i.e.
during heat-up and cooling-down). In this way teenperature dependence of chemical
reactions at the interfaces could be studied mareigely.

In addition to the ball-on-disk tests, turning sestith Ti-B-N (D5) coated inserts were
performed at various turning speeds. The compoideitified by Raman spectroscopy
on the rake face were compared to those found enwiar tracks after LTS and STS
testing. In this way, an approximate value for ttntact temperature in machining
operations could be estimated.
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4.5.1 Characteristics of the Ti-B-N coating D5

For the direct comparison of the tribological pmdj@s of the Ti-B-N coating D5 with
single-phase TiN, it is important to directly compathe coatings characteristics.
Therefore, an XPS analysis was performed to analyeesurface composition of the

coatings.

B1s
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Fig. 50: XPS data of the N1s region (left) of TiN and Ti-Bedating D5 as well as in the B1s region
(right) of TiB, and D5, showing the coexistence of titanium nirahd titanium diboride in the
investigated sample.

As already described in Chapter 4.2, the Ti-B-NtiogeD5 is predominantly composed of
hexagonal TiB, and small amounts of cubic TiN. This becomes enicby the curve
fittings of the XPS core-level spectra of D5 in thiés (Fig. 50, left) and the B1s (right)
regions compared to the reference TiN and,BBmples. In the N1s region three main
signals can be found (grey vertical bars in Fig. &0energies of 397.1 eV, 398.6 eV and
400.9 eV. They can be attributed to nitrogen in, TBM and NQ respectively?® 122 123
Furthermore, in the Bls region three signals amatémd at 187.5 eV, 190.8 eV and

192.2 eV correlating to boron in TiBBN and BO; ¢ 122 123 The different oxide phases
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as well as the boron nitride found in the XPS gpeate assumed to exist mainly in the
surface region as explained in Chapter 4.2. Intanfdio XPS, the XRD patterns of D5
(Fig. 51, left side, top) confirms the coexisten€diB, and TiN. An intensive hexagonal
(100) reflection of TiB is obtained (correlating to a pronounced (001juiexof D5) and
also weak cubic reflections of TiN are visible.

femenaaaas 0(200)

CCOTETETITRES RECEREY - RIS
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Fig. 51: left side - XRD patterns of the investigated TiNdaD5 coating (top)m indicates the
reflections of the hexagonal phaseteflections of the cubic phase, akddenotes WC, right side -
SEM images (secondary-electron contrast mode, WDn¥m, EHT = 10 kV) showing the fracture
morphology of TiN and D5.

Direct comparison of the SEM images of D5 and ti¢ doatings (Fig. 51right side)
indicates much finer grains for D5. Furthermoreg tddition of boron increases the
hardness from HV 1890 for TiN to HV 4360 in D5 (sggpendix Table 16, p. 135). In
contrast to TiN, for which the hardness typicalécoeases at elevated temperatures due to
a reduction in defect density, it is known thatBFN coatings exhibit thermally induced

self-hardening. Hardness values of Ti-B-N coatiags reported to increase up to T =
8000c(l7; 33; 120; 148.)
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4.5.2 Tribological behavior against AJO3

Friction coefficients and wear behavior

Measured friction coefficients p (mean value froom8asurements) of 4D balls sliding

on TiN and D5 coatings at ambient and elevated ¢éeatpre are shown in Fig. 52. The p
values were obtained after LTS when running-in becurred in all cases except for the
measurement of the TiN coating at 700°C. In thigec¢he coating had been worn through
and friction coefficients were measured after 40efore the coating was used up. Two
exemplary friction curves of D5 coatings againsitilat r.t. can be found in the appendix
(Fig. 60, p.137).
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Fig. 52: Friction coefficients (mean value from 3 measuretsieerror bars give standard deviation)
of Ti-B-N coatings D5 and TiN against8; (L=300m, k=7 N, v=7.5 cm/s, r = 3 mm).

The friction values of coating D5 against 84 correspond well with previously
published results obtained on CVD Ti-B-N coatingighvhigh boron concentratior&”.
The lowest u value (1 = 0.35) is obtained at roemperature. It increases up to 500°C

(1 = 0.82). However, at 700°C the friction coe#ici dramatically decreases to a value
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again closer to that at room temperature (1 = &8).TiN the friction coefficient at first
shows an increase from p = 0.59 at rt. to u = @Y2B00°C, whereas at higher

temperatures it decreases (1 = 0.44 at 700°C).

Both optical micrographs and SEM images of the wescks were recorded to obtain
information on the dominating wear mechanism. Sawremplary optical microscope
images of D5 (left side) and TiN (right side) cogs after sliding against AD; at r. t.,

300, 500 and 700°C are summarized in Fig. 53. @alain the wear tracks (similar drill
depths) are made to show the influence of ballisk-aliding tests on the coating
thickness (abrasive/adhesive wear) as well as thideolayer thickness at elevated

temperatures.

Fig. 53: Optical micrographs of the wear tracks after baldisk sliding tests of D5 and TiN against
Al,O; at r. t., 300, 500 and 700°C (L = 300 m,#7 N, v =7.5 cm/s, r =3 mm). Calottes on the
wear tracks show the influence of ball-on-diskislidtests on the coating thickness
(abrasive/adhesive wear).

113



At all examined temperatures, no adhesive wearroediafter sliding AIO; on TiN and
D5 coatings most likely due to the hardness andriees of the counterpdf?. For TiN
coatings, the observed wear mechanism was mildigsake wear at r.t. and 300°C (Fig.
53 - right side, top) and severely abrasive wednigher temperatures (Fig. 53 — right
side, bottom). At 700°C the TiN coatings were wtihrrough.

The optical micrographs of the wear tracks of c@pD5 (Fig. 53, left side) show most
notably differently colored areas. These may bdaied as resulting from interference
effects at transparent oxide layers, and theréfatieate substantial oxidatid?’. Thus, it
can be assumed that the dominant wear mechanisrti-BEN against A}O; is

tribochemical oxidation.

Raman analysis of the wear tracks and correlation to the observed friction coefficients

Since all coatings were polished to possess a cafblgaroughness prior to testing, the
observed trends of friction coefficients with tergtere are assumed to primarily
correspond to the nature of the formed oxides &ftdiron-disk testing as well as to the
different hardness values of TiN (1890 HV) and D&atings (4360 HV). The absence of
adherent material from the ball as well as thespparency of AlO; permitted to identify

different titanium compounds by Raman spectrosapthe wear tracks (Table 11). Note
that the compounds identified by Raman spectrosdopyTiN at 700°C are from

measurement points located on the wear track wiierecoatings was not yet worn

through.

In Fig. 54 exemplary Raman spectra taken on the waeks after sliding D5 and TiN
coatings against AD; are shown and correlated to the observed frictoefficients.
Interestingly, after sliding at room temperatungtjle (indicated byo in Fig. 54) could
already be detected by Raman spectroscopy in tbdlenof the wear track of D5, most
likely formed through tribochemical oxidation. Obusly, the flash temperature in the

contact zone during sliding must have reached gahfeT > 600°C, the temperature
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where rutile has been reported to be the stable TWidification ?°. This observation

may be explained by the high hardness values of jpartts of the tribocouple.

Table 11: Compounds identified on the wear track by Ramattspscopy after LTS testing D5 and
TiN coatings against ADs.

Coating Counterpart Temperature [°C]
25 300 500 700
TiN Al,O3 TiN TiN, anatase, rutile,
carbon rutile anatase
D5 Al,O3 Ti-B-N, Ti-B-N, Ti-B-N, rutile,
rutile carbon anatase anatase

On the other hand the spectra taken on the week wh TiN were similar to those
measured for the as-deposited TiN surface (compiare54 with Fig. 17, page 54). This
may correlate to the lower hardness values of TiMgared to D%1890 HV compared to

4360 HV)resulting in lower contact temperatures duringistd

The formation of a lubricious oxide transfer layef rutile in the presence of
environmental humidity has been frequently repoftéd3> 134 14% 189 Here, this could
not be observed for TiN but for Ti-B-N and may #fere explain the lower friction

coefficient of D5 compared to TiN at r. t. (see.F5d).

After sliding at 300°C the Raman spectra of bothticms showed two intense bands at
1375 and 1595 cth These bands can be attributed to the D- and &d lsharacteristic
for carbon, most likely due to C-adsorption at thésnperature®? as well as C-
contaminations of the AD; balls found by EDX (see appendix Fig. 61, p. 13B)is
observation likely explains the similar frictionefticient of both coatings at 300°C (see
Fig. 54).
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Fig. 54: Correlation between Raman results and frictiorffaments. Raman spectra were taken on
the wear track of D5 and TiN coatings after slidagginst AIO; balls at r.t, 300, 500 and 700°C (L =
300m, k=7N,v=7.5cm/s, r=3 mm).

The wear tracks after ball-on-disk testing at 5080w different oxidation products for
TiN and D5 coatings. For D5, the center of the weack can be well characterized by a
mixture of the un-oxidized sample and anatase datdd byo in Fig. 54), whereat the
initial oxidation to anatase is indicated by a sharm intense peak at 143 ¢min
addition, at the border zones of the wear track,RBman spectra already correlate to full

oxidation to anatase, where all characteristic peak be identified.

For TiN in contrast, the Raman spectra taken on imalrgpositions of the wear tracks
already exhibit a mixture of anatase and rutilerttiermore, in the center on the wear

track full oxidation to rutile is observed.
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By comparison with the above described results ovi ahd D5 coatings after static
oxidation at 500°C (see Chapter 4.3.3) the obsediffdrences may be explained as
follows: after heating up to 500°C (about 30 mim¢ surface of the D5 coating is most
likely oxidized to anatase. Thus, the sliding tdbople is anatase against,®4, where
the oxide layer is protecting the underlying cogtituring sliding®® 1> However, due to
the large differences in molar volume between a®atand the coating, formation of
compressive stresses may lead to oxide spall&fohi? 159 As a result of this effect, at
some measurement points in the center on the wads, where the oxide layer is spalled
off, also the spectrum of the un-oxidized D5 caatican be detected by Raman
spectroscopy. In addition, such oxide spallatiosuigposed to lead to rough surfaces, and

therefore higher friction valué® 152 153 This can be seen in Fig. 54.

In contrast, the oxidation behavior of the TiN dogs$ reveal that after static oxidation at

500°C only beginning oxidation of TiN to anataselserved (Chapter 4.3.1). It can thus
be assumed that no protective oxide layer is formedng heating up. Consequently

severe abrasive wear occurs during sliding, duthéodecreasing hardness of TiN with

increasing temperature (see Fig. 53). This sevierasave wear further seems to lead to
higher flash temperatures in the contact zone,aand result the TiN coating oxidizes to

rutile due to tribooxidation. This observation viaand here by Raman spectroscopy and
further correlates well with literature dat. As mentioned above, rutile is said to lower

friction by acting as a solid lubricant, whereaatase is assumed to increase friction due
to oxide spallation. Thus, the differences in therfed oxides may be the reason for the
lower friction coefficient of TiN compared to D5 800°C (Fig. 54).

Raman spectra measured on the wear tracks afiergskt 700°C show that both coatings
favor the formation of stable rutile. Thus the tioo coefficients of TiN and D5 are

assumed to decrease at this temperature, whidmnismstrated by the p values in Fig. 54.
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4.5.3 Tribological behavior against 100Cr6

Friction coefficients and wear behavior

In addition to the sliding tests using.®s, similar experiments as described above were
carried out on TiN and Ti-B-N coating D5 with balif 100Cr6 bearing steel as
counterpart. Steady-state friction coefficientsantd after LTS testing are shown in Fig.
55. Similar to experiments described in Chagtér2, the TiN coating at 700°C had been
worn through after a sliding distance of 300 m, émction coefficients were measured
after 40 m.
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Fig. 55: Friction coefficients (mean value from 3 measuretsieerror bars give standard deviation)
of Ti-B-N coatings D5 and TiN against 100Cr6 (L&03m, k=7 N, v=7.5cm/s, r = 3 mm).

At room temperature, the friction coefficient foiNT(LL = 0.79) is in good agreement with
previously published results were p was reportebet®.8°%. However, with increasing

temperature the friction values continuously deseda p = 0.5 at 700°C.
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For D5 the friction coefficient at room temperatpe= 0.82) correlates well with values
reported in earlier studies on PACVD Ti-B-N coa&t§. Furthermore, at r. t. and 300 °C
(u = 0.62) it is quite similar to that of TiN. Birt contrast to TiN, 4 decreases much
stronger for D5 at 500°C (1 = 0.4) and considera@idyeases again at 700°C (u = 0.93).

Optical micrographs and SEM images (secondary+electontrast mode) in Fig. 56
indicate that the dominant wear mechanism for Tgiliast 100Cr6 is primarily transfer of
ball material to the coating at r. t. and 300°Ce(d€g. 56, right side). At higher
temperatures, the wear mechanism changes to abrasiar, and at 700°C the coating

was worn through.

Fig. 56: Optical micrographs and SEM images of the weak#after ball-on-disk sliding tests of
D5 and TiN coatings against 100Cr6 at r. t., 3@O, &d 700°C (L = 300 my= 7 N, v=7.5 cm/s,

r =3 mm). Calottes on the wear tracks show theénice of ball-on-disk sliding tests on the coating
thickness (abrasive/adhesive wear).
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Similar to TiN, coating D5 shows adhesion of baklterial after sliding (Fig. 56, left
side). But in contrast to TiN, this effect is foufudt all examined temperatures. At 700°C,
the coating was not worn through, but severely iagd The evidently different wear
mechanism active for TiN and D5 at=T500°C may be related to the varying hardness

values of these two coatings at elevated tempesi{see Chapter 4.5.1).

Raman analysis of the wear tracks

The compounds identified by Raman spectroscopyhenaear tracks after LTS against
100Cr6 bearing steel are listed in Table 12.

Table 12: Compounds identified on the wear track by Ramawtspscopy after LTS testing D5 and
TiN coatings against 100Cr6.

Coating Counterpart Temperature [°C]
25 300 500 700
TiN 100Cr6 Fe, FeO,, Fe0s;, Fe0s,
Fe;0,, Fe,0s anatase, rutile,
Fe,Os rutile anatase
D5 100Cr6 Fe, FeO,, FeOs Fe0;
FesOu, F&0;
Fe0;

Obviously it was not possible to detect any of fhemed titanium compounds at the
interface of the wear track by Raman spectroscagytd the large amount of transferred
material from the 100Cr6 ball. However, at 500°@ @00°C the wear mechanism of TiN
changed to abrasive wear (see Fig. 56) and hersatine titanium oxides were found as
after sliding against ADs. This is also indicated by the similar frictionetficients of TiN
against 100Cr6 and AXD; at these two temperatures. For all other slideglst typical
spectra obtained from the wear tracks (Fig. 57y @axhibit different iron oxides like
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Fe,0, (222, 242, 289, 410, 498, 610, 658, 1318'rand FeO; (309, 541, 669 cif) 14%
143 Thus, a correlation of the Raman results with dhserved friction coefficients was

not possible in this case.

669

Intensity (arb. u.)

' 600 1000 1400

Raman shift (cm™")

200

Fig. 57: Exemplary Raman spectra demonstrating the formatiatifferent iron oxides on the wear
tracks after LTS testing D5 and TiN against 100@r& 300 m, k=7 N, v=7.5cm/s, r =3 mm).
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4.5.4 Temperature dependent chemical reactions dte interface (coating — ball)

Considering that adhesive wear is the dominant ar@sm in the above described
material pairing (coating — 100Cr6 ball), it wagpesgted that a comparatively thin transfer
layer should be formed when sliding an exceptignakhort distance. Tribochemical
reaction products at the interface between theirmpaind the counter material may thus
be detectable by Raman spectroscopy and a coorelafi the results to the friction
coefficients may be possible.

For that reason, a complementary set of ball-ok-thsts was performed with sliding
distances of only 0.3 m ( = STS) at room temperattog a better comparison with the
LTS tests at high temperatures, the samples westegmmealed at 300, 500 and 700°C for
0.5, 1 and 3 h. In this way influences of frictibmeeating, heat-up and cooling down
phases as well as temperature gradients acrosadbe (the thermocouple was placed
below the coated insert, the temperature drop & upper surface may be roughly
estimated to 100 °C) are avoided, and the temperatependence of chemical reactions

at the interfaces can be studied more precisely.

Since in this work the tribological behavior of BiN coatings was of interest, the STS
post-annealing experiments were only performed wWith and not with TiN coatings.
However, for a better comparison, not only 100Ce& wsed as counter material, but also
Al,Os.

Raman analysis of the wear tracks and correlation to the observed friction coefficients

The compounds found by Raman spectroscopy on the twaeks of the post-annealed D5

samples after STS testing against@®land 100Cr6 are summarized in Table 13.

As a matter of fact, the usage of shorter slidirstptices enabled the detection of different
titanium compounds in the contact zone of the 16&€sted samples. With longer
annealing times and higher annealing temperatin@svear tracks on the samples were
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found to oxidize to a higher extent and the amatihe thermodynamically stable oxides
(rutile and FgO3) obviously increases. Furthermore, the titaniund @n compounds
identified on the post-annealed STS samples agoaa agreement with the results after
LTS testing at high temperatures (compare TableillBTables 11 and 12).

Table 13: Compounds identified by Raman spectroscopy onvée tracks after post-annealing
STS-tested Ti-B-N coatings (D5) against@d and 100Cr6.

Duration of post-annealing [h]

T [°C] Counterpart 0.5 1 3
25 Al,O3 Ti-B-N Ti-B-N Ti-B-N
300 Ti-B-N Ti-B-N + anatase anatase
500 Ti-B-N + anatase anatase anatase + rutile
700 rutile + anatase + rutile + anatase rutile
H3;BO; + H3BO; + B,03 + H;BO;
25 100Cr6 Ti-B-N / Fe Ti-B-N / Fe Ti-B-N / Fe
Ti-B-N
300 Ti-B-N / F&O, + anatase / R®, + anatase / B©;
Fe,0s
500 Ti-B-N : anatase anatase H3BO;/ anatase + rutile /
H3BO; / F&Os Fe:Os Fe:Os
rutile + anatase, rutile + anatase rutile / FeOx +
700 +H3BO; + B,0O3 +H3BO; +B,03/ &%

| F&Os

Fe,0s

FeBO;

Although the titanium compounds found on the STseid samples correlate very well for

100Cr6 and AIO,, significant differences can be found regarding thrmed boron

oxides.
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In the case of A3, boric acid HBO; (209, 499, 880, 1166 ci‘m and traces of boron
oxide B,O; (500, 732, 801, 1260 ¢t could be detected at, B 700°C. Fig. 58 (right
side, bottom) shows the Raman spectrum taken onvélae track of a coating D5 after
STS and post-annealing at 700°C for 1h. For betenparison, the spectra of anatase,
rutile, boron oxide and boric acid are added iryg#hdl the characteristic Raman shifts of

the latter species can be found in the spectrebafHDy. 58 right side, bottom, black line).
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Fig. 58: Correlation between Raman results and frictiorffmdents. Raman spectra were taken on
the wear tracks of D5 coatings after ball-on-dies#ting against AD;and 100Cr (L = 0.3 m,\=7

N, v=7.5cm/s, r = 3 mm) at r.t. and post-anmepdit different temperatures and durations. Raman
spectra of reference samples (anatase, ruti@s, Bi;BO; and FeB@) are added for comparison
(grey lines).
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As already mentioned before, boric acid is well\knao act as a self-lubricafft °% %
%) and thus it most likely contributes to the lowdction coefficient of D5 at 700°C
compared to 500°C as well as compared to TiN (se5B, left side).

However, HBO; could not be detected in the wear track after kd$ing against AD;
at 700°C (see Table 11). This may be explainedhbyehhanced mechanical stresses in
the latter case which result in an easier relefifeedboron atoms from the coating as well
as in an increased flash temperature at the contamet. Boric acid has been reported to
evaporate at ¥ 900°C ©®, Therefore, after LTS (300 m sliding takes 1.1ihkan be

assumed that a loss of boron had occurred dueafmoeation of this volatile species.

In contrast to the STS tests againstGy| with 100Cr6 as counterpart boric acidB®;
and boron oxide ED; could already be detected af ¥ 500°C. This result may be
explained by two effects: (i) Although the thernfiatimation of BO; is said to occur at
600°C, the oxidation of TiBcan even be initiated at much lower temperatuoestd the
tribomechanical stress conditions prevailing at ftesting contact as reported in the
literature % %) (ii) Boron atoms easily diffuse into ferrous gobecause of their
relatively small size and very mobile nature. Thay dissolve in iron interstitially and
readily react with ambient oxygen and moistureotonf H;BO; Y. The high solubility of
boron in ferrous alloys may thus be the reason tbrpon oxide and boric acid could
already be found at 500°C after STS against 100@nh&reas after sliding against,8k
both compounds could not be detected until 700%Creached. Furthermore, here again
the appearance of boric acid seems to be strorgipected to the very low friction
coefficient of D5 against 100Cr6 at 500°C (Fig. &#, side).

It is known, that boron - after dissolving in ir@md forming HBO; - can react in a
subsequent step with iron oxides to form FeB®. And indeed, after prolonged
annealing of the 100Cr6-STS-tested D5 samples @t(7the formed boron oxides seem
to undergo such reaction. In Fig. 58 (right sidg) tthe spectrum taken on the wear track
after annealing at 700°C for 3 h is shown (blacie)i By comparison with reference
measurements of FeBQgrey line) and literature dat&®, the sharp peaks located at 274,
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392, 922 and 1205 c¢hcan be clearly assigned to iron borate. Furthernsigmals of
rutile (reference spectrum is also added in grap)lme found.

The strong re-increase of friction of the coatibgsafter sliding against 100Cr6 at 700°C
(see Fig. 58, left side) may therefore be explaibgdhe formation of FeBOfound in
these STS tests after prolonged annealing at 708°@is temperature, the entirgB;
- formed at 500°C in the contact zone - is assutoaeact with the iron oxides from the
transfer layer. As a result, it can no longer aca aelf-lubricant, and consequently friction

increases.

In conclusion, the usage of a shorter sliding distaand post-annealing the samples at
different conditions seems to be a suitable teaknip study the temperature dependence
of tribochemical reactions at the interface coatinall. Although dissimilarities were
obtained for DX oatings at r.t. and 700°C after LTS and STS tgstigainst AIO; (most
likely due to higher flash temperatures in thetfaase) both results provide support for

the observed friction coefficients.

4.5.5 Turning of 100Cr6 with Ti-B-N coated inserts

In addition to the ball-on-disk tests, turning testh D5-coated inserts were performed at
different turning speeds. Fig. 59 includes SEM igm(secondary-electron contrast mode)
showing the inserts after turning 100Cr6 steel. @bminant wear mechanism in the tests
was crater wear, and the crater width increasirth witting speed. Raman spectra were
recorded at different positions on the rake faceharacterize the coating and adherent
work piece material. The identified compounds amammarized in Table 14. Note, that the

considerable amounts of carbon detected on thetsnsey result from the work piece

material (1 wt% C, see appendix Table 17, p. 1B&esno lubricant was used.
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In order to estimate an approximated value forcithhetact temperatures during machining

operations, the detected phases of the inserts tihenturning tests were correlated with

the results of the LTS and STS tests.

Table 14: Phases identified by Raman spectroscopy on insertsturning tests (summary of
measurements at different positions on the rake)fac

V¢ [m/min]
150 180 200
Ti-B-N
Ti-B-N Ti-B-N anatase
anatasegmall amount anatase rutile

Fe0, FeO, Fe;04
Fe0s; Fe0s Fe0s;
carbon carbon TiBO3

carbon g¢mall amount

Within the cutting time of 3 min, only slight oxitian of the coating (Ti-B-N and anatase)
was found at moderate cutting speeds.cf €50 m/min and y= 180 m/min. Comparison
of the detected phases with the results given ibléBall-13 suggests that the contact

temperature on the rake face did not exceed 506 fiizse two cases.
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Fig. 59: SEM images (secondary-electron contrast) of D5ezbanserts from turning tests after
3 min cutting time at different turning speedst(lefle and top). Resulting Raman spectrum (right
bottom) of the cutting insert at ¥ 200 m/min (points of measurement are marked wiilie dots)
compared to TiBE@(grey line).

On the other hand, at a cutting speed oEv200 m/min, several measurement spots
showed full oxidation of the coating to rutile, aatso the borate spectrum shown in
Fig. 59 was found (points of measurement are maikede SEM image). At first sight,
the spectrum looks similar to the iron borate speetfound on the post-annealed (3h,
700°C) STS-tested coating D5 (Fig. 58, right sittgy). A closer look at the peak
positions, however, reveals differences. In paldicithe first two peaks are shifted about
15 cm’ toward lower wavenumbers. By comparison with litera datd*>” and reference
measurements, it was found that the peak posi{@5, 379, 932, 1199 ch may rather
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be attributed to TiB@than FeBQ. The formation of TiB@ has been reported at 785 °C
from TiO, and amorphous bord®® as well as at 900°C from TjBand Q@ . The
annealing experiments in this work, on the otherdhalemonstrated that FeB@ only
formed after prolonged heating to 700 °C. In cosidn, the increased cutting speed of v
= 200 m/min generated highest contact temperaturabe rake face of the coating D5 at
the inner edge of the crater (marked in Fig. 5@ythermore, it can be assumed that the
temperature in this region reaches values of st [Ea 785 °C, which would be in good

accordance with literature d&t§® 16162

4.5.6 Summary

Tribological wear tracks formed on MTCVD Ti-B-N da&y D5and TiN during ball-on-
disk testing against AD; as well as 100Cr6 were successfully charactetizecheans of

Raman spectroscopy.

Different oxide and borate phases resulting frombotthemical reactions and
tribooxidation could clearly be identified. It wahown, that the temperature dependence
of tribological reactions at the interface can hecgssfully studied by combining
exceptional short sliding distances and post-ammpabf the samples at different
temperatures and durations. A good correlation éetmthe detected compounds and the

observed friction coefficient was achieved.

Different oxide phases identified by Raman spectpg on the rake faces of inserts used
in turning tests allowed an estimation of contachperatures and wear behavior. It was
found, that the temperature of the inserts is Wigiffected by the cutting speed. The
temperature is assumed to reach values ®f785 °C at increased cutting speeds ofv
200 m/min, especially supported the detection 8Os

A strong local diversity of composition was found the wear tracks and rake faces,
which may reflect local variations of the flash fmrature during sliding and turning. A

mapping of larger sample areas using Raman micctgseopy is possible and may be
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used in future works as a powerful alternative méghe to estimate temperatures
generated during machining. In the sight of thesgné results, it should be possible to
obtain a fingerprint of local heating which occorsan insert during cutting.
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5. Conclusion

TiC1,N,, TiBCyN, and Ti-B-N coatings prepared by HT- and MT-LPCVDer&

characterized using Raman spectroscopy, WDS, XRD] &nd XPS. The results of the
different analysis methods were compared and ade@! It was shown that first-order,
defect-induced Raman spectra of good quality caohitgined from all the coatings, even

if buried within a multilayer stack (like the TjByN, coatings).

For TiC,«N, and TiBC)N, coatings, it was found that even small changekerC:N ratio
result in systematical shifts of the Raman peakih \Wicreasing nitrogen concentration,
the acoustical phonons shift to lower frequencighlig correlating to a decreasing lattice
constant as derived from XRD measurements. Thetséysof the TA-mode shifts to
changes in the lattice constant and compositioth@finvestigated samples was found to
be largest for N-rich coatings. Looking at all istigated TiG..N, and TiBC/N,
coatings, the dependence of the Raman shiftsghtllinonlinear. Nevertheless, Raman
spectroscopy may be used to estimate locally coitipos and lattice constants for such
coatings due to the high spatial resolution. Initaid to the band shifting, the intensity
and FWHM of the Raman modes was found to changmglthe transforamtion from
carbon- to nitrogen rich coatings. Furthermorethia optical range a well-defined change
in the spectral shape of the Raman modes is olstaivieen the nitrogen or carbon
concentration in the coatings exceeds at least.3@ @his suggests that the appearance of

this region may serve as a fingerprint to discraménbetween C- and N-rich coatings.

For Ti-B-N coatings with different boron concenioas a good correlation between
WDS, XRD, XPS and Raman spectroscopy was foundpiethe different information
depths and information contents, the same transitrends were observed in the
progression from TiN to TiBby the addition of boron. At boron concentrationd8
at.%, the coatings were found by XRD and XPS tcsisrof two phases, namely TiN and
TiB,. On the other hand, the high sensitivity of Rarspactroscopy to small composition
changes in the investigated material system enahkedlear identification of TiB in the
Ti-B-N coatings with low boron concentrations B18 at %). In these boron-poor

coatings XRD could not detect any boron-contairphgse, whereas XPS only indicated
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one by an undefined, weak signal in the spectrath examined Ti-B-N samples with
varying boron concentrations, it was therefore tbtimat only the combination of WDS,
XRD, XPS and Raman spectroscopy allows a preciseacterization of the different

existing phases in coatings.

The oxidation behavior of TiC, TiN, TiGN,, TiB,CyN, and Ti-B-N coatings was studied

in this work. Therefore the coatings were anne&dedh at 500 and 700°C under ambient
conditions. The oxidation products were inspectgdRman spectroscopy, GIXRD and
WDS. Oxidation products like anatase, rutile anifedént boron oxides could easily be
distinguished by Raman spectroscopy. The oxidatimpth and the oxide layer

composition correlates well with the results obedily WDS and GIXRD.

The degree of oxidation is largely dependent ondba&ting composition (C:N ratio as
well as boron concentration). In Ti¢N, and TiBC)N, coatings the extent of static
oxidation at 500°C can be explained by decreaskidation resistance with increasing
carbon concentration. Kinetic effects retard thehfer oxidation at 700°C, therefore a
higher relative anatase concentration is observedcarbon-rich coatings. Direct
comparison of Tig,N, with TiB,C/N, coatings shows a higher degree of oxidation with

increasing boron concentration as well as an eiwludf boron oxides.

The oxidation behavior of Ti-B-N coatings is sigcéitly affected by the boron
concentration. The thermal stability against oxmlatis improved at low boron-
concentrations (B< 18 at %) compared to TiN at annealing temperatupgeso 700°C.
This behavior most likely correlates to the TiB gdan these coatings. This compound
obviously enhances the oxidation resistance ancedses the thickness of the oxidation
layer. After being annealed at 500°C, coatings waithigh boron concentration show a
higher degree of oxidation compared to TiN. HowewaéfT, > 600°C, these coatings form
boron oxides on their surface,@; exhibits protective qualities and leads to theriation

of metastable anatase rather than the thermodyrstatite rutile.

Furthermore, tribological wear tracks formed orBIN and TiN coatings during ball-on-
disk testing against AD; as well as 100Cr6 were characterized by meansanfiaR

spectroscopy. Different oxide and borate phasesltieg from tribochemical reactions
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and tribooxidation could clearly be identified.dbuld be shown, that the temperature
dependence of tribological reactions at the interfgan be successfully studied by
combining exceptional short sliding distances amstfannealing of the samples at
different temperatures and durations. A good cati@h between the detected compounds

and the observed friction coefficient was achieved.

Different oxide phases identified by Raman spectpyg on the rake faces of inserts used
in turning tests, allowed an estimation of cont@ehperatures and wear behavior. The
local heating of the inserts seems highly affedigdthe cutting speed. Therefore, the
contact temperature is assumed to reach values>0f85 °C at increased cutting speeds

of v, = 200 m/min, especially supported by the deteabioniBOs.

In conclusion, the results of this work may cleadgntribute to establish Raman
spectroscopy as complementary technique compar¥® SEM, WDX or XPS for the
characterization of titanium-based CVD coatingsalfsis of the composition, oxidation
and tribological behavior can be studied less tor@suming (in most cases measurement
under ambient conditions is possible, minimal effam sample preparation) and with a
very high spatial resolution. Raman spectroscopiliis a method with great potential for

the investigation and development of ceramics arghrticular CVD coatings.

133



Appendix

Table 15: Properties of TiC, TiN and TiBValues are taken frofff and references therein.

Coating Crystal Lattice p m.p. Linear Thermal Electrical Enthalpy Young Modulus  Micro- Ox.
structure parameter [o/cn?] [°C] thermal conductivity  resistivity  [kJ mol] [10° N mm?] hardness  resistance
[nm] Expansion [W m!K7] [10° Qcm] [1ONmm?  [100°C]
[10° K]
TiC fcc 0.429-0.433 4.91- 3060- 7.4-8.74 17.17-33 45-68.2 183.8- 2.59-5 2094-3200 11-14
4.94 3180 239.7 HV
TiN fcc 0.42-0.425 4.73- 2949- 8.3-94 19.26-38 17-30 303.1- 2.5-6 1800-2450 11-14
5.43 3220 338.1 HV
TiB, hex 0.3- 4.38-4.5 2900- 6.39-8 25.96-27 7-9 150.7- 3.7-5.7 2500-2480 11-13
0.303034/0.3 3230 324.1 HV
2-0.322953
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Table 16: Deposition parameters, coating thicknesses ardhbas values of the examined coatings.

Thickness (TiN-

HT?.?{STXGNX N2:CH,4 T[°C] p [mbar] Hardness [HV] TICN) [um]

A5 0.25 1015 300 2694 0.3-9.6

A4 1 1015 300 2579 0.7-9.2

A3 35 1015 300 2116 05-8

A2 9 1015 300 2174 0.5-6.3

Al 18 1015 300 2022 05-438

Sample Thickness (TiN-
: N,:CH, BCl; [sccm] T[°C] p [mbar] Hardness [HV] TiBCN-TiBN)
HT-TiB ,C,N, [um]
B5 0.25 60 1015 300 3124 05-94-11
B4 1 60 1015 300 2722 06-34-1.2
B3 35 60 1015 300 2581 04-35-16
B2 9 60 1015 300 2538 0.7-53-13
B1 18 60 1015 300 2334 05-54-15
Sample Thickness (TiN-
. N,:CH, BCl; [sccm] T[°C] p [mbar] Hardness [HV] TiBCN-TiBN)
HT-TiB ,C,N, [um]

Al 18 0 1015 300 2022 05-48-0
Cc2 18 30 1015 300 - nm-81-1.2
C3 18 60 1015 300 2334 05-54-15
C4 18 120 1015 300 2415 nm-3.8-1.2
C5 18 240 1015 300 2514 04-53-15

Note: Samples C1 and C3 are the same samples as Al anesBéctively.
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Continuation of Table 16:

Thickness (TiN-

Sample TiCl,:CHCN BCl, [sccm] T[°C] p [mbar] Hardness [HV] TiBCN-TiBN)
MT-TiB ,CyN, fum]
cl 8.5 20 900 90 3371 0.3-5.5
c2 8.5 30 900 90 3500 0.3-6.9-0.6
c3 8.5 60 900 90 3400 0.3-59-05
c4 8.5 120 900 90 3310 nm->5.4
c5 8.5 240 900 90 3500 0.7-6.1
Sample ) . . T.hick'ness
Ti-B-N TiCl, [ml/min] N, [I/min] BCl; [sccm] T[°C] p [mbar] Hardness [HV] (Tll\[l-Tll]BN)
pm
D1 2 6 30 850 900 3490 0.7-3.7
D2 2 6 60 850 900 3815 0.8-45
D3 2 6 120 850 900 - 0.3-4.8
D4 2 6 240 850 900 3960 0.8-5.2
D5 2 6 480 850 900 4360 0.9-6.5
Sample Flow rates T [°C] p [mbar] Hardness [HV] Kmess [um]
TiC TiClzCH;=1.4 1010 100 2935 TiN: 1.2 - TiC: 5.6
TiN N, = 11 l/min, 970 500 1889 TiN: 6.3
TiCl,= 2 ml/min
TiB, TiCls= 2.6 ml/min, 850 900 nm TiN:0.5-TiB3.4

BCl; = 480ml/min
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Friction curves of Ti-B-N (D5) against AL,O, at r.t.

0.1 T T T T T T T T T T T
0 50 100 150 200 250 300

Distance (m)

Fig. 60: Exemplary friction curves of Ti-B-N coatings D5adgst AbOs at r. t. (L =300 m, =7 N,
v=7.5cm/s, r =3 mm).
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Fig. 61: EDX spectrum of AlO; balls.

Table 17: Composition of 100Cr6 steel as specified from sbpplier (Test Certificate of material
AISI-E-52100).

Element C Mn  Si Cr S P

Weight% | 099 0.35 0.27 154 0.019 0.013
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