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Abstract

TiCrAIN coatings are superior compared to TIAIN tings with regard to protect the
cutting tool fromoxidation. The promotion ai-(Cr,Al)>O3 has been suggested to be the

reason for the improved oxidation resistance withreasing Al content irex-situ
oxidation experiments in the literature, whereas ghomotion of TiQ, as known from
the literature, has a negative impact on the okidatesistance. Furthermore, the
formed oxide scale is assumed to suppress or &t lBa hinder a complete
decomposition of TICrAIN at elevated temperatufdselevated temperatures, TiCrAIN
exhibits a spinodal decomposition into cohereniced TiN TiCr(Al)N and enriched
AIN (Ti)CrAIN domains, followed by a transformationom cubic to hexagonal AIN.
By in-situ time resolved synchrotron radiation x-ray powddfrattion (SR-XRPD)
real-time oxidation studies, it is possible to gaitetailed information about
transformation, oxidation and growth kinetics ofid®s. For this purpose, a self-
designed thermal annealing setup was constructegetiorm real-time oxidation
studies on TICrAIN powder samples with a heatirtg af 3000 K mif* up to 1250 °C.
The results provide information regarding the o#@a mechanisms of the coating,
which shows that the spinodal decomposition of Ailrshows a negative effect on the
oxidation resistance, whereas it shows a positifecieon the thermal stability in
vacuum. Depending on the Ti-content in TiCrAIN, #AIN can maintain the cubic
structure at elevated temperatures, which are aypicthe edge of a cutting tool during
metal machining. Using a detailed peak fitting @ahare it is revealed that the spinodal
decomposition also appears under annealed oxidataditions. Furthermore, by the
in-situ SR-XRPD technique two assumptions are confirmed: Iigh oxidation
resistance in TiCrAlIN is related to a convoluteddexscalex-(Cr,Al),O3 and this oxide
scale can nearly suppress a complete decompositid®iCrAIN. These results provide
new findings of the oxidation behavior of TiCrAINné confirm previousex-situ
oxidation investigations of binary, ternary and guaary material systems.



Zusammenfassung

TiCrAIN Beschichtungen zeigen, im \ergleich zu T¥ABeschichtungen, uberzeugende
Eigenschaften im Bezug zur Oxidationsbestandigikeis den in der Literatur bekannten
ex-situ Oxidationsexperimenten wird vermutet, dasgCr,Al),O; Beschichtungen mit
steigendem Al Gehalt der Grund sind fir eine vesbde Oxidationsbesténdigkeit. Dem
gegenuber zeigt Tikeinen negativen Einfluss auf die Oxidationsbesgkeii. Die hier
entstehenden Oxidschichten unterdriicken oder wdghin zumindest eine komplette
Entmischung von TIiCrAIN Schichten bei erhdhten Terapuren. Bei erhohten
Temperaturen zeigt TiCrAIN eine spinodale Entmisain koh&rent angereicherten TiN
TiCr(Al)N und angereicherten AIN (Ti)CrAIN Domainegefolgt von der Transformation
der kubischen zu hexagonalen AIN Phase. Durckitu zeitaufgeléste Synchrotron
Rontgen Diffraktion von Echtzeit Oxidation an Puggynchrotron radiation x-ray powder
diffraction: SR-XRPD) ist es mdglich detailliertenfbrmationen Uber Transformation,
Oxidation und Wachstumskinetik zu erhalten. Zu elleZweck wurde ein selbst erstelltes
Heizexperiment konstruiert, um Echtzeit-Oxidatiamsusuchungen an TiCrAIN Puder
Proben mit eine Heizrate von 3000 K miand dabei erreichten Temperaturen von bis zu
1250 °C durchzufihren. Die Resultate liefern Infationen beziglich der
Oxidationsmechanismen, welche zeigen, dass di@dpia Entmischung in TiCrAIN einen
negativen Effekt auf die OxidationsbestandigkeitLinft zeigt, jedoch einen positiven
Effekt auf thermische Stabilitat im Vakuum. Abh&mgon dem Ti-Gehalt in TiCrAIN bleibt
die kubische Struktur bei erhéhten Temperaturenalenh, welche bei einem
Schneidprozess erreicht werden. Durch Verwendumgy &eak-Fit Prozedur konnte gezeigt
werden, dass die spinodale Entmischung auch unifgelaeizter Oxidation entsteht.
Zusatzlich konnten mitn-situ SR-XRPD zwei Annahmen bestétigt werden: die hohe
Oxidationsbestandigkeit von TIiCrAIN steht im Bezuzgm verschachtelten Oxidi-
(Cr,Al)203 und dieses Oxid kdnnte annahernd eine komplettenBeothung von TiCrAIN
unterdriicken. Die Resultate liefern neue Erkensénisu dem Oxidationsverhalten von
TiICrAIN und bestatigen vorherigex-situ Untersuchungen an bindren, ternaren und

guaterndren Materialsystemen.



Hiermit erklare ich an Eides statt, dass ich didiegende Dissertationsschrift selbst

verfasst und keine anderen als die angegebenete@ueald Hilfsmittel benutzt habe.

Die eingereichte schriftliche Fassung entsprichtr dauf dem elektronischen

Speichermedium.

Die Dissertation wurde in der vorgelegten oder ed@mnlichen Form nicht schon einmal

in einem friheren Promotionsverfahren angenommen ad ungentgend beurteilt.

Hamburg, den 15.06.2017

Unterschrift



Das diesem Bericht zugrundeliegende Vorhaben wund Mitteln des
Bundesministeriums fir Bildung und Forschung urdem Fdrderungskennzeichen
05K12CG1 gefordert. Die Verantwortung fur den Intdieéser Veroffentlichung liegt

beim Autor, Daniel Michael Ostach.



Contents

1. Introduction and MOLIVALION .........coeeiiiiiiimeiiiie e 1
000 Y 1 PSSRSO 3
1.2 OULING oo e 3
2. Material science background ... 5.
22 R 7 [ RSP 5
2 O A |\ SRR PRRR 5
128G R 1O 7N | SRR 8
2.4 Phase transformation and phase stability ....ccccceoooiiiiiiiiiiiieenn, 10
ARSI © ) d (o F- 110 o [PPSR 11
3. X-ray SYNCAIOtrON SOUICE .......ceeiiiiiiiieeeimmmseeeeeeeeesteeeeee e e e snnneeeeeeeesnssen 12
3.1 Synchrotron radiation .............ooociiiieenien e 12
3.2 HEMS DeamMIIN@ .......oeiiiiiiiiiiiiee et 13
4. Deposition of TICrAIN thin films ... 15
4.1 Physical vapor deposition — PVD ............ummerrereeeeenniieeeeeessniieeeeeens 15
4.2 CathodiC arc eVaporation ............ocuueemcccmmeeeeee e e e eseeeeee e 15.
4.3 Growth of the COAtING .....coeii i e 17
4.4 Texture of TICTAIN COALINGS ...cooiviiiiiiiiieeeee e 21
5. Sample preparation (Powder samples)..........cceeeeeiiiiiiieiee e 25
6. Characterization Methods............uueiiiiiiiceee e 29
6.1 X-ray DEAM ....oiiiii e e 29
6.2 X-ray diffraCtion ........coooiiiiiiiiiiii i ieeee e 30
6.3 In-situ synchrotron radiation x-ray powder diffraction (3IRPD)....... 33
6.4 Scanning electron microscopy — SEM.........coeeeeeiiiiiiiiiiieeiieen 33
6.5 Energy dispersive x-ray spectroscopy — EDS ..., 33
6.6 Transmission electron microscopy — TEM and STEM..................... 34
6.7 High resolution transmission electron microscogyRTEM................ 34

6.8 Selected area diffraction — SAED ......... oo, 35



6.9 Analysis Of the data ..........cuueeiiiiiiiiiee e 35

7. Experimental setup —in-situ measurements ...........coccvveeeeeeeeivve e 41
7.1 Custom-designed thermal annealing Setup... e ooooiieeeeeeniiiiinennn. 41
7.2 Furnace in oxidation atmosphere — parameters.used...................... 44

8. RESUILS ...ttt ettt e e e e e e e e e —————————————— 46
8.1 SR-XRPD lINEOULS....cceiiiiiiiiiie e eiitmee e a7

8.1.1 DISCUSSION ..ccceiiiiiiiie ettt e e e e e e e e e e 52
8.2 In-Situ SR-XRPD IN VACUUM......ciiiiiiiiiieeiiiiiiie st e e e 55
8.2.1 DISCUSSION ..coiiiiiee ettt e e e 58
8.3 In-situ oxidation behaviour of TICrAIN coatings.......ccccccovicuvveeeeeennnns 59
8.3.1 Microstructural analySis...........cccoeiiimeemmeee e 61
8.3.2 DISCUSSION ...ttt e e e e 66
8.4 Oxidation —in-situ growth of OXIdesS.........ccooiiiiiiieiee s 71
8.4.1 DISCUSSION ...cceitiiiiee ettt e e e e e e e e 76
8.5 KINELIC @NAIYSIS ....ccoiiiiiiiiie ittt 78
8.5.1 DISCUSSION ..cceiiiiiiiie ettt e e e e e 83
8.6 h-AlIN transformation in vacuum and oxidation ................cccceeeeeinnnee. 85
8.6.1 DISCUSSION ...oiiiiiiiie ettt e e e e 88
8.7 Relation between coating grais.h-AlN vs.oxide...........cccoveeieiiiinnen. 91
8.7.1 DISCUSSION ...ceiiiiiiiie ettt e e e e e 92

9. SUMIM@NY ..ttt bbb e e e e e e e e e aaaaeeeeaeessammmmmnnnnes 94

10.Conclusion and OULIOOK ............uueeiiiiiieiee e 96
@0 o (1] (0] o 1R PP 96
L0.20ULO0K ... e e 98

L1, PUDBNCALIONS ...ttt e e e e e e e e memmme e e 99

12 . RETEIENCES ..ot e rmmeee e 100









Chapter 1

1. Introduction and motivation

Figure 1: a) Cutting inserts and b) mills and drills are typical cutting tools for application and
metal machining in the cutting tool industry. The gold colour is typical for a high TiN
content [1] [2] [3].

TiCrAIN films show high hardness, good thermal stability and high oxidation
resistance. They are currently replacing more and more the, so far, mostly used coating
surface of TiAIN. These films are applied to dry machines and high performance cutting
applications. In a real cutting or drilling situation the tools need special requirements
depending on their application. High hardness, wear resistance and the ambient impact
are only some points which are mentioned. While running a cutting application, the tool
heats up very fast, and the point of contact between the cutting tool and the work piece
is under high pressure [4]. In the literature there is still a lack of knowledge, whether
this point of contact is protected from an oxidation process due to the high pressure or
not. Generally, it is important to investigate the reaction between oxygen and an
annealed cutting tool. In this thesis, the applied condition on a high performance cutting
tool, i.e. high heating rates, is used to study the oxidation behavior of TiCrAIN by in-

situ time resolved synchrotron radiation x-ray powder diffraction.
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One important point in a cutting application is the oxidation process, which the tool is
exposed to. The focus of this thesis, therefore, is to simulate an industrial cutting
application by a self-designed thermal annealing setup to perform fast heating rates in
order to investigate the oxidation process of TiCrAIN under reproducibly controlled
conditions.

Protective coatings in the cutting tool industry have been used since 1960s [5], and
more than 80 % of the tungsten carbide/cemented carbide inserts (Figure 1) are coated
for their specific applications. Coatings on cutting tools show up to 8 times higher
lifetime compared to normal bulk material without any protective coating. In the early
stage of the industrial use TiN was one of the coatings for the purpose of protecting a
cutting tool. But higher requirements on the tools, e.g. higher cutting speed, higher

hardness, protection of corrosion and oxidation, etc. led to an extension of material

classes into ternary systems.

950 °C
850 °C
I

750 °C

650 °C

Work material e Bs50°C

Figure 2: Cutting tools have to fulfil high requirements on the corrosion, wear resistance,
hardness, high thermal stability and oxidation. a) Chip formation on a TiAIN cutting
insert, b) temperature distribution inside the cutting insert (from [4] [6]).

TiAIN is one of the most used coatings in the cutting tool industry since the 1980s [7]
[8], and one can find a lot of specific knowledge in the literature [9] [10] [11] [12] [13]
[14] about this ternary coating system. The mechanical properties and oxidation
resistance of TiAIN are superior compared to TiN at elevated temperatures [7] [8] [10]
[12]. The oxidation process can lead to a deteriorated cutting performance and substrate

protection. This is aggravated if the coating is exposed to an oxygen rich atmosphere,



Introduction and motivation

e.g.normal air instead of protective gases, and éxposed to elevated temperatures
(which is a consequence of the cutting operation).

To minimize the oxidation process, the ternary @ystCrAIN coating can be used,
which shows superior oxidation resistance comp&e@AIN [15]. However, CrAIN
coatings have lower hardness compared to TIAIN #metefore, are not suited for high
performance cutting applications. There are manmgdtigations to improve the thermal
stability and the cutting performance of addindhidt metal, like Nb, Hf, B or Zr to
TiIAIN to form a quaternary system. Multilayer grdwbf coatings is also typical
concept to improve required properties for a cqoesliing application. The phase
transformations and decomposition processes irtiysdal structure of the coating can
lead to a decrease in the thermal stability or rap@al stability of the coating which
can be suppressed or delayed by the two describedepts above. Therefore, time
resolvedin-situ investigation of these described processes isugstamding method to
study them.

1.1 Aim

The focus of this thesis is to investigate thal-time oxidation behavior of TiCrAIN
coatings by in-situ time resolved synchrotron radiation x-ray powder dffraction
(SR-XRPD) technique. For this purpose, | designed huild a thermal annealing
setup, in order to perform real-time oxidation whichaksely related to a real-time
cutting situation. Especially, fast realistic hegtrates of 3000 K mihwere employed
to anneal c-TiCrAIN in air.

It has been pointed out, that TICrAIN with low Tartent outperforms TIAIN in
hardness and oxidation resistance [5]. There It astlack of knowledge, how the
oxidation process arises. By high energysitu SR-XRPD thetime resolved phase
evolution and phase transformation during oxidationcould be followed under real-

time industrially relevant conditions for a highrfsemance cutting application.
1.2 Outline

In Chapter 2, a short introduction to the backgmbahthe material science relevant for

this thesis is presented. Chapter 3 gives a shverview about the unique high energy
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synchrotron source PETRA Ill used for timesitu SR-XRPD experiment in the thesis.
Chapter 4 describes the high-end industrial scatbodic arc evaporation technique
which was used for the deposition of the TiCrAINatings followed with chapter 5, the
sample preparation for the experiments. The chenization methods used are
described in Chapter 6. In Chapter 7, the selfgrhesl thermal annealing experimental
setup is presented. Chapter 8 presents the relessuits of the oxidation experiment.
And the last chapters summarize the thesis andagsfeort conclusion with an outlook

into future work.



Chapter 2

2. Material science background

In this chapter, a short overview into the mates@énce around the TICrAIN ternary

system is given.
2.1 TiAIN

TiAIN is widely used as a protective coating fottowg applications, as is has excellent
mechanical properties at elevated temperature@B[7The intention, here, was to add
Al to the previously used TiN systems in orderrtgprove the oxidation resistance and
the mechanical properties [16] [17]. Both propert@an be enhanced by higher Al-
content while maintaining the metastable cubic N-8fructure, i.e. without the possible
transformation into the hexagonal h-AIN phase. remmhore, with higher Al-content the
protective aluminium oxide ADs layer forms at the surface of the coating [7] [Bls
further enhancing oxidation resistance, as the eo¥ayer acts as an oxide barrier to
avoid the diffusion of oxygen atoms deeper into tbating. As a consequence, the
improved mechanical properties can be attributedth® protective AlOs layer.
However, for higher Al-content the metastable c-Alhbse transforms into the stable h-
AIN phase with the consequence that the mechaproglerties deteriorate. In general,
the ternary TIAIN and the later mentioned CrAIN tiogs have better oxidation
resistance than their binary counterparts, TiN @nd coatings [18].

2.2 CrAIN

Face centered cubic (fcc) CrN coatings (NaCl or dlcture) are widely used in
industrial applications like metal forming or plasimolding to protect the tools from
oxidation and corrosion [19]. In terms of wear s&mice and hardness, however, CrN
coatings araot suitedfor protection of tools used for metal machiningcomparison to

5
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other transition metal nitrides [20]. CrN is known to be superior to TiN in corrosion

resistance, friction behaviour, and toughness [21] [22] [23] [24].

Like for TiN, by adding Al the mechanical properties of CrN can be improved, thus
forming a metastable ternary system, CrAIN. Similar to TiAIN, the incorporation of Al
into cubic c-CrN structure, the hardness of CrAIN is enhanced [25]. Likewise, the Al
addition leads to the formation of a protective layer of chromium and aluminium (Cr,
Al),O3 oxide layers at the surface of the coating, preventing diffusion of oxygen deeper
into the coating [15]. The addition of Al also leads to thermally stable dense c-AIN
bonds [26], which improve further the oxidation resistance. The nitrogen concentration
can also play a critical factor in determining the CrN film oxidation behaviour [27]. In
general, CrAIN coatings have many good properties, such as high toughness, high
compressive residual stress, good oxidation resistance and high wear resistance. With an
Al-content up to 60 — 70 at. %, it is achievable to deposit metastable cubic c-CrAIN
coatings (fcc- structure, B1 cubic structure) [28] [29]. For higher amount of Al, the
more stable hexagonal h-AIN phase will form during deposition and thus finally

decreases the hardness [29]. Figure 3 sketches the structures involved.

a)

Figure 3: a) B1, NaCl, cubic structure and b) B4, wurtzite, hexagonal structure. The large atoms

correspond to Ti,Cr or Al and the smaller one to N. Taken from [4].

In Chapter 4 a short overview about the deposition technique used is given, and in this

context the above described transformation from the c-AIN into h-AIN is illustrated in
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Figure 10 of Chapter 4.3. The result is a chang®yistal structure of c-CrAIN from Bl
cubic to B4 hexagonal. Hence, there is a drivirgddo transform the cubic c-AIN into
the h-AIN phase, and with sufficient energy for fusion processes at elevated
temperature, the mechanical properties deterioft€00 °C the cubic phase and the
high hardness can be retained up to 2 hours [29].dBring typical metal machining
the temperature at the edge of a cutting tool each 1000 °C and above [30]. As a
consequence, the protective coating used must leetabwithstand those extreme
conditions. For comparison, the “normal”’, i.e. usgarvice life time of cutting inserts

or drilling cutting tools mentioned and shown ab®vabout only 5 minutes [31].

CrAIN coatings are in these temperature regionsallysuinadequate for high
performance cutting applications. This is explainediterature both, by the smaller
curvature of the mixing free energy and the magiatiself compared to TIAIN [32]
[33]. A coherent decomposition doesn't take plateCrAIN is annealed at high
temperature compared to TIAIN [34] [35]. The crystaentation of c-CrAIN is also
related to the Al concentration and shows prefeteedures [36]. Similar results are
also observed for TICrAIN in chapter 4.4. CrN shamsabnormal hardness variation —
i.e. increase of the coating hardness — in an agiatmosphere after annealing at
temperature of 800 °C. This might be attributed to the formatidrihe dense structure
Cr,O3 [18] but the underlying mechanism of this behavioustii not clear. The
compressive residual stress in CrAIN coatings iases with increasing Al-content [36].
This behavior can be surmised (in Figure 10 of Gérag.3) also for TiCrAIN. CrN and
CrAIN coatings usually grow in a randomly orientadn-columnar dense structure.
CrAIN also shows good oxidation resistance inlaforms dense oxide mixture layers
(Cr,03 + AlyO3) at the surface, which is dominated by,@y at high temperature
(900°C). Further diffusion of oxygen into the butkaterial is prevented, thus also
preventing the decomposition of c-CrAIN, which, shuaises the oxidation resistance
temperature [37]. The oxidation kinetics and phssacture evolution are strongly
depended on the nitrogen and Al-contents [26]. Vdithimilar Al-content of c-TIAIN
coating, c-CrAIN coatings generally feature higleerdation resistance than c-TIAIN
due to the dense mixture structure of@J and CsOs on the surface of the coatings
[29] [26] .
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2.3 TiCrAIN

TiCrAIN is a part of a group of used commercially available quadruple material systems
commonly used in industry. It is mainly applied as a protective coating for high
performance cutting applications. It contains two important properties, which originate

from two different coatings, CrAIN and TiAIN.

superior mechanical properties oxidation resistance

TIAIN CrAIN

\ /
TICrALN

Figure 4: The motivation of a functional coating having bageod mechanical properties and

high oxidation resistance [20]. TiCrAIN could beeosolution.

CrAlN coatings are superior compared to TiAIN with regard to protect the cutting tool
from oxidation and corrosion [15], but at elevated temperatures the mechanical
properties deteriorate [12] [13]. TIAIN coatings show superior mechanical properties at
elevated temperatures (900 °C) [10], but in terms of corrosion and oxidation, it is
inadequate at temperature of 1000 °C and above which is typically reached at the edge
of cutting tools during metal machining [30]. In short, the motivation of TiCrAIN is
having both, oxidation resistance at elevated temperatures and an improved hardness
[20], or at least equal high hardness. Figure 4 illustrates this motivation. In comparison
with TiAIN, several studies about the TiCrAIN coatings have shown an improved

performance [38] [39] [40] [41].

Depending on the Cr- or Ti-content in TiCrAIN coatings, either Ti-rich TiCrAIN or
Cr-rich CrTiAIN coatings were studied with regards to the mechanical stability, thermal
stability and oxidation resistance [20] [39] [40] [42] [43] [44] [45] [46] [47] [48] [49]
[50] [51]. Yamato et al exhibit that the addition of a small amount of Cr in a TiAIN
composition increases the onset of the oxidation from 850 °C to 1000°C [51]. In
particular, the improved thermal stability and the retained hardness at higher

temperature above 1000 °C compared to TIAIN coatings is explained by an intermediate

8
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metastable phase in the decomposition route ofa@ddiCrAIN coatings. In case of
TIAIN, cubic (c)-TIAIN decomposesn two stages under such conditions; first a

spinodal decomposition into coherent c-TiN and BkAlch domains, followed by a
second stage, where c-AIN transforms to hexagdnahiN. The latter transformation
is detrimental for the coating’'s mechanical propsrtand, hence, the cutting
performance. Alloying of Cr in TiAIN coatings praleas an additional decomposition
route through the formation of intermediate c-AlCaNd c-TiCrN ternary phases prior
to the final stage, where h-AIN and c-TiCrN phaases formed [52]. In effect, Cr in
TiAIN delays or suppresses the detrimental effétt-AIN on the coating’s hardness.

Forsénet al. studied the effects of Ti-content alloying of CKAtoatings on thermal
stability and oxidation resistance, and reportedt tthe hardness of the CrTiAIN
coatings retained after annealing up to 1100 °Ctduke spinodal decomposition of the
grain interiors into TiCr- and Al-rich c-TiCrAIN [@ [42]. In summary, alloying of Cr
in TIAIN increases the thermal stability, while mtaining its hardness [33]. Early
oxidation studies of the oxidation resistance ACrANIN coatings were focused on
coatings with high Al-content due to the protectiwreperties of AlOs. Jianliang Linet

al. focused on Al-content less than 30 at. % . Thepred a strong correlation between
the chemical composition, texture, oxidation regise and mechanical properties of the
CrTIAIN coatings. The cubic phases and the (11%jute of Cps1Tio.10Al0.29 COating
were reserved after annealing in air up to 1000BYCTi addition in the ternary CrAIN
system, the oxidation process is negatively aftectaused by the promotion of porous

TiO, surface layer over a more protectiweAl,O3 [52] [53] [54]. The prefixa, 6, etc.
describes the crystalline form of the oxides. Thephase of Al,O; is a
corundum/sapphire structure, and Ghehaseof Al,O3is a monoclinic structure.

On the other hand the result of Forgéral. shows that the hardness of CrAIN coatings
is improved by the addition of Ti. The striking udisis that with TiCrAIN coatings it is
possible to generate coatings that outperform Ti/klkerms of oxidation resistance and
mechanical properties at high temperatures.



Material science background

2.4  Phase transformation and phase stability

The stability of a phase in the crystal structure is an important property for the
performance of a coating. Essential coating properties, such as hardness, adhesion or
oxidation, are depended on different phases. Both, the existing phases and the beneficial
phase transformation are important factors to get a qualitative and quantitative relation
to the properties described. In crystalline materials, their atoms are arranged in a long
range ordered lattice in three dimensions, and for each periodic lattice the unit cells can
be obtained for different phases. The most common phases are the body centred cubic
(bce), the face centred cubic (fcc) and the hexagonal close packed (hcp). The latter two
examples are shown in Figure 3 for the TiAIN/TiCrAIN structure. Dependent on
external parameters like pressure or temperature one material structure can exist in

different phases. Some of these phase transitions are described in chapter 2.1 - 2.3.

Energy barrier

Driving force

Free energy

Reaction path

Figure 5: Schematic reaction path of the free energy. Position 1 represents a local minimum,
indicating a metastable state. By passing the energy barrier, a more stable state can be

reached, the global minimum — or more stable lower energy, further local minimum — at

position 2 [4] [55].

In Figure 5 an example is illustrated to explain the thermodynamic state of a stable

phase. The minimum of the free energy at position 1 represent a local minimum, e.g. the

10
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metastable phase. The minimum at position 2 skegltesent (for simplification) the
global minimum, i.e. stable phase and, therefdne, inost favourable state at the
minimum energy. There must be a driving force far dlescribed system at position 1 to
transform to position 2. In order to get from a as¢able phase to a stable phase, the

passing of an energy barrier is required.

2.5 Oxidation

In a general view, the oxidation process is a chahrieaction, where oxidized sort
donates electrons to a second reactant, which ¢spéng them reduces itself [56]. All
metal oxides are of ionic nature. The standard émeergies of oxygen formation of all
non-noble metals (show no resistance to oxidatimh @rrosion whereas noble metals
show resistance to oxidation and corrosion) areatneyg[57]. Therefore, oxidation of
non-noble metals always occurs in an oxygen-comgimtmosphere. However, the
guestion on which time scale this occurs is, tmas,yet theoretically determined [56].
At low temperatures, the oxidation reactions aosvetl down to long time scales, and
the activation energies are generally large. Fewvated temperatures, the oxidation
process deteriorates the metallic properties in hmstworter time, and the activation
energies are low [56]. Oxides remain at surfacasethls, and form a continuous oxide
layer, if the oxide is not volatile. The ongoingiaetion slows down, if the oxide layer
is resistant to transport of oxidized species ®rdmaction zone, i.e. that if it forms an
oxide barrier that separates the reactants andelthedelays the transport of the
reactants through it. The aim for engineering nigtermust be to design materials,
which withstand high temperature exposures in &ipand aggressive environment.
Consequently, materials rely on the formation aftcauous and slowly growing scales
[56]. Specifically, alloys that form AD3, Cr.Oz or SiQy diffusion barriers as a coating
protection are often used constituents to reachpable lifetime of metallic or ceramic
component for high temperatures and high performapplications in an oxidizing
atmosphere [58] [59] [60]. The aforementioned ogiti@ve this property as they show

the smallest relative growth rates in comparisoReg® or CoO [56] [59].

11



Chapter 3

3. X-ray synchrotron source

This chapter gives a short overview of the x-rayree used for then-situ annealing
measurements. The high brilliance of synchrotrodiaton sources enables x-ray
characterisation of the used TiCrAIN powders witQuality and time resolution much
superior to that with a lab-based-x-ray source.

3.1 Synchrotron radiation

This kind of radiation takes its name from the $fietype of particle accelerator where
it was first recognized in 1945. The radiation cerfrem charged particles which move
at relativistic speed in a magnetic field, whicincs them to change its flight direction,
i.e. accelerates them, thereby emitting stronghgéatially directed “white” radiation.
Most synchrotron radiation is nowadays producedtarage rings like in the case of
PETRA Ill, DESY, Hamburg. The synchrotron radiation a storage ring can be
produced in bending magnets, which keep the elestim a closed orbit, or in insertion
devices like wigglers or undulators, situated iaight sections of the storage ring. In
undulators, the small-amplitude oscillations frohe tpassage of a single electron
produce a coherent addition of the radiation fraanheoscillation, thus leading to an
enormous flux in comparison to lab-sources or hempdiagnets. Synchrotron radiation
is not an artificially generated radiation, in faittoccurs also naturally and has been
observed from plasmas around stellar nebula [@i4. f€atures of synchrotron radiation
diffraction are especially attractive for quantiatdiffraction. The advantages agey.
high resolution, high peak-to-noise ratio, and plessibility to enable thin film studies
with low background level due to elimination of gales fluorescence by suitable
wavelength selection with narrow spectral band, dod level of instrumental
aberrations [62].

12



X-ray synchrotron source

3.2 HEMS beamline

The High Energy Materials Science beam line HEM$BTRA Il (Max von Laue

Hall) is part of a worldwide unique infrastructuoé research with high brilliance
synchrotron x- ray photons in an energy range fsoift to hard x-rays. This beam line
is focused on a tunable energy range of 50-200 68y [64]. At HEMS, one of the

material science activities is applied researche Tombination of high flux, the
availability of fast detector systems together witie small scattering angles (high
photon energy) allows time resolved investigatiohesomplex and dynamic processes.

available techniqu: XRD, SAXS, 3C-XRD, Tomograph
photon sourc Undulato

source brillianc 101€ ph / s/ 0.1% bw / mA
Polarizatiol linear horizonte

energy ranc 32 keV - 200 keV\

beamline energy resoluti | 5—-250 eV at 80 ke’

méx flux on sampl 7x 101 ph /s at 100 keV

spot sizeon sampl 1 mmx1mr down tc 2um (v) x 30um (h) with Al-
CRLs 0.9 (v) x 6 (h) mm for 3D-XRD for low-beta
mode

angle of incidenc 0 to 9®, 3.5 Al(solid, liquid in EH2)
0 to 1% (EH3), 0 for 3D-XRD and Tomography

sample typ solid or liquic

Table 1: General specifications of the HEMS beamli6g] [64].

This optimized instrumental situation was the inpot prerequisite for thén-situ
investigations of annealed TICrAIN samples in tthissis with high and low heating
rates. Table 1presentshe general specifications.

13
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1! Experimental hutch EH1
Powder diffraction experiments &

/ oxidation experiments

3" Experimental hutch EH3
Powder diffraction & annealing
experiments in vacuum

Optical hutch OH1 sputtering chamber and PVD

SBM (53 keV and 87 keV)
DCM (33 keV - 200 keV)

Optical hutch OH2 —

Al CRL

2" Experimental hutch EH2 _/

Run by DESY

Optical hutch OH3
New optics for future experiments

4 Experimental hutch EH4
Micro-tomography

Figure 6: Overview of the HEMS beamline P07. The experiments were conducted at EHI, and
EH3 as shortly described under the left listed headlines.

The optics hutch OH1 (Figure 6) harbours two main optical systems: the single bounce
monochromator (SBM) for the side station/test facility experimental hutch EH1, and the
double crystal monochromator (DCM) for the other parts/experimental hutches of the
beamline. The SBM consists of two flat water-cooled Laue crystals Si(111) and Si(220)
with an asymmetric angle of 35.56°. The energy can be changed between 53.7 keV and
87.1 keV with a fixed horizontal scattering angle of 4.25°. The maximum beam size in
EHI1 is approximately 0.9 x 0.9 mm”? with an integrated flux of approx. 7x10°
photons/sec. 0.01 % bw [63]. A challenge for experiments in EHI is the higher
harmonics generated by the SBM (here the 2™ harmonic for 87.1 keV) which poses an
issue specially for the measurements and data analysis. But with a direct identification

of the 2" harmonic generated Debye-Scherrer rings the data analysis was succesfull.

14



Chapter 4

4. Deposition of TiCrAIN thin films

For the cutting tool industry the cathodic arc evapion is a widely used method to
fabricate coatings. The main advantages of thishatetare the high grade of

reproducibility and fast growth.

This cathodic arc evaporation method belongs to dategory of physical vapour
deposition (PVD) technique [65]. In PVD, the madérs vaporized from a solid or
liquid source in the form of atoms or moleculesisTforms a vapor, which moves
through a vacuum to a substrate and condenses@ulistrate [66]. This chapter gives
a short overview of the deposition process usedthé thesis, an industrial scale
cathodic arc evaporation system was used. In thmgegt, industrial scale represents

high growth rate of 1 — 10 nm per second or more.
4.1 Physical vapor deposition — PVD

In general, the PVD process starts with a transifiom a solid or liquid phase into a
vapor phase. The vaporized material moves towdrdsstibstrate, and the material
condenses on the surface of a substrate, firsteatsoy in islands or monolayers,
followed by further growth of more or less tiltedhddor texturized columns.

Alternatively, the film grows in epitaxial layersider certain parameter constellations.

4.2 Cathodic arc evaporation

In cathodic arc evaporation, a high current and imitage discharge between two
electrodes leads to characteristic small, meltedtions (spots) on the cathode surface.
An electric arc is responsible for the evaporatod locally melted areas on the target
[67]. From the cathodes, the solid material trame® into a plasma consisting of
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Deposition of TiCrAIN thin films

electrons and positively charged ions. The plaser@eated transports the electrical
current between the electrodes and, thereforeath@rocess is self-sustaining [68]. To
avoid impurities from air in the coating while dejtong the substrate, the whole
evaporation process takes place in a high vacuwinoament.

The cathode is made up of the material which Iset@sed for the vapor deposition. The
composition of the film is controlled by using coosmd cathodes which contain
several elements in different quantity — or by diemeously/sequentially operated
several mono-elemental targets. In addition, one mlace the cathodes at different
positions in the deposition chamberg.at different height positions (Figure 7a), thus,
thin films with several compositions can be achievéhis configuration results in a
gradient change in compositions of the coating)@lthe height of the drum, as
illustrated in Figure 7b. The substrates are maume a drum that rotates during
deposition. In this thesis, an industrial scale @vaporation system Sulzer Metaplas
MZR323 from SECO® Tools ABwas used, which allows this configuration just
described. Here, Ti-Al and Cr-Al compound cathodéh different quantity of these
elements were used. As the final coatings wereetaityides, the compound cathodes
used, however, were metallic, a flow of Bas into the deposition chamber had to
supply the nitrogen and react with the ejected atom the way to the substrate. The
pressure during the deposition process was 4.Béfare the onset of the deposition
process, the substrates were Ar ion etched andeddat 30 min. The evaporation
process is initiated by a high current of 150 Aath cathode. The high current density
results in a high local surface temperature onciteode surface, which is high enough
to melt and evaporate the cathode material [69]e Blbstrate temperature was
approximately 550 °C. The temperature is determinethe energy transfer of the ions
and the heater in the chamber wall.

The high grade of electron collisions in the ioti@a zone [70] reaches a high degree
of ionization [71] [72]. The high ionization is dexble to affect the kinetic energy and,
hence, the surface mobility of the impinging atocositrolled with the substrate bias.
These ions are attracted by a negatively biasestisib of -35 V.

! http://www.secotools.com/déSeco Tools has an established reputation asdirig manufacturer and
supplier of carbide cutting tools and associatadmgent”.
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Figure 7: a) Schematic illustration of the deposition system used to synthesize the films.
The targets marked with a black arrow represent the height position, top, middle, and
bottom. The compound cathodes in this sequence mentioned are used as follows:
Configuration 1: Tiz;Alg7, CrspAlsy ,TizsAlys & Configuration 2 (here shown): CrspAlsy,
TigsAlss, CrzpAlso. b) Photo of the substrate magnet drum inside the Sulzer Metaplas
MZR323 from SECO® Tools AB.

In this thesis two cathode configurations were used for the deposition of the TiCrAIN
coatings. In Figure 7 the configuration settings are illustrated with the compound
cathodes used. The drum consists of many small cylindrical magnets, which are
perpendicular to the drum surface. On the magnets, iron foils (shown) and WC

substrates (back side of the drum, not shown) were placed.
4.3  Growth of the coating

The generation of small droplets (macro-particles) on the surface of the substrate are
characteristic for cathodic arc evaporation (Figure 8). These particles are incorporated in
the coating during film growth. The high current density on the surface of the cathodes,
the cathodes material and the located molten spots of the cathodes lead to these droplets.
The droplets consist of pure metal from the cathodes and they are positively charged.
The particle number and microstructure at the surface can be controlled with the

substrate bias [73]. Compared to the coating, the mechanical properties of these metallic
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Deposition of TiCrAIN thin films

droplets are generally lower [4]. The surface shows a high amount of impurities which

is typical for coatings fabricated under industrial conditions.

Figure 8: Surface of TiCrAIN on WC manufactured with PVD with the industrial cathodic
arc evaporation. The black arrow shows one droplet. These small melted droplets are
characteristic for cathodic arc evaporation. SEM with magnification 5000, 5 kV, WD

5.2 mm, the scale bar is 10 um .

Usually, cathodic arc depositions are implemented between 300 °C - 500 °C. With these
low temperatures, it is possible to deposit coatings with unstable phases. The atoms do
not get enough energy to diffuse and rearrange to their equilibrium positions during the

deposition [52]. However, it is high enough for crystalline growth.

The film growth is controlled by the energy of the atoms at the surface of the film. By
increasing the deposition temperature, the diffusion leads to an increasing grain size and

lower porosity [74] [75]. Figure 9 shows a cross section of a scanning electron

microscope (SEM, described in Chapter 6.4) of TiCrAIN coated WC substrate.
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Figure 9: SEM cross section of Tig6Cro36AlpasN on WC-Co substrate. The thickness of
the coating is up to 8 pm after 30 min deposition time. Magnification 5000, 5 kV
and WD (Working Distance) 3.2 mm.

In Figure 10, a 0-20 diffractogram (Cu-laboratory system) of as-deposited coatings
fabricated with configuration 1 A is shown as described in Figure 7. The range is
between 30° to 70°. The arrow direction on the right side represents the increasing of
the elements Ti, Cr and Al of the compositions. The Ti,CryAL,N coatings were deposited
across an aluminium concentration range of 0.23 < z < 0.64, across a chromium
concentration range of 0.04 <y < 0.44 and a titanium concentration range of 0.09 < x <

0.73. The range is determined by the cathode composition as described above.
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Figure 10: X-ray 6-20 diffractograms of as-deposited coatings. The coitipas are the results
from the configuration 1A as described in FigurelTfie c-TiCrAIN (111), (200) and
(220) are red labeled. The WC substrate is gregléal with S. The as-deposited

composition Tj3:Cro0sAloedN illustrates the onset of the h-AIN phase transfation
as described in Chapter 2.

All coatings have a cubic structure. The diffractog contains peaks from the WC
substrate indicated by S and the cubic TiCrAIN ge@kil), (200) and (220). The as-
deposited composition with z = 0.64 (highest Al4som) shows a transformation into
the equilibrium hexagonal structure h-AIN. The @@se or suppression of the c-
Tio.31Cro0sAlo 64N peaks are not the result of an oxidation processrditer a phase
transformation and nano-crystalline coating growthe shown transformed mixture of
hexagonal structure and cubic structure of AIN he tis-deposited coating was also
reported in [76] with high Al-content (Al > 60 a%). In this thesis, then-situ
measurements were conducted on powder materiasdble quantitative information

andnot on coated WC substrates. The reasons are describsare detail in Chapter 5.
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Deposition of TiCrAIN thin films

Figure 11: Fraction cross section of TiCrAIN coated WC. a) Tig3,CrggsAlpeN, b)
Tig.15Cro30Al0 55N, C) Tip.00Cro.44Alg 47N, d) Tig 35Cr.20Al 36N, e) Tip73Cro.04Alo23N. SEM
magnification 5000, 5 kV, WD 3.2 mm.

The fractured cross section studied in the SEM (Figure 11) reveals that the coatings show
a thickness between 7-8 pm. The coating with high Al-content has a fine-grained,
smooth structure with flat surface, whereas with a decrease of the Al concentration the
smooth structure transform in a more random, defect rich structure. The structure shows
more big grains and a dense columnar structure with a high density of defects. The
surface is rougher. With lower Al concentration and higher Ti-content, the structure
becomes mixture of porous structure and a columnar structure with a lower density of

defects.

4.4  Texture of TiCrAIN coatings

From the 0-26 data of the as-deposited state of the coating, the preferred orientation can

be described by the texture coefficient Tc. It is defined in Eq. (1):
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Ioi{hm is the intensity of every peak extracted from ICDB&abase (International Centre
of Diffraction Data), #na is the measured spectrum of all peak intensitiedy (peaks
of the coating) from Figure 104y is the measured peak intensity of one peak and

1% is the intensity from the ICDD database.

The TG coefficients with their equivalent composition® gresented in Table 2 and
Table 3. As seen from the as-deposited data inr&igQ, three coating reflections (111).
(220) and (200) are used for the;T€&alculation. Therefore, TGan vary between 3
(complete preferred orientation) and 0 (randomndaigon).

Composition TG (111) TC; (200) TCi (220)
Tio.31Cro.05Al 0.64N 0.94317 1.04105 1.01578
Tio,lacro,36A|o,48N 1.05499 1.67904 0.26597
Tio.0dCr0.44Al0.4MN 1.22291 1.43609 0.341
Tio.35Cr0.20Al 0.3\ 0.61741 2.23531 0.14728
Tio.73Cr0.04Al0.23N 0.76633 1.99412 0.23955

Table 2: Texture coefficients of (111), (200) and (220)coddted with Eq(1) of the diffraction

pattern from Figure 10 of the deposition with dgipon configuration 1 (see Figure 7).

Composition TG (111) TCi (200) TC; (220)
Tio.0Cro53Al0.45N 1.15624 1.4893 0.35446
Tio.05Cro.49Al 0.46N 1.19756 1.46649 0.33595
Tio.16Cr0.36Al0.48N 0.94966 1.84975 0.20059
Tio.32Cr0.16Al0 52N 0.56519 2.29516 0.13966
Tio.20Cro.18Al0.62N 0.93354 1.61326 0.4532
Tio.03Cro0.38Alp.50N 0.72345 1.87412 0.40243

Table 3: Texture coefficients of (111), (200) and (220)coddted with Eq. (1) of the diffraction

pattern from Figure 10 of the deposition with dgipon configuration 2 (see Figure 7).
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Table 2 and Table 3 show only an overview of the fabricated samples and their
calculated texture coefficients. Most of the compositions in Table 2 and Table 3 show a
(200) preferred orientation after deposition, whereas the composition Tip 35Crp29Aly 36N
(Table 2) and Tip32Cro.16Alp 52N (Table 3) show the strongest preferred orientation
TC; > 2, and the composition Tip31Cro0sAlycsN (Table 2) shows the weakest preferred
orientation TC; = 1. There is no change of the preferred orientation depending on the

compositions, nevertheless only a trend can be estimated.

|
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Radius (pixels) Radius (pixels)

Figure 12: Synchrotron texture measurements of the compositions a) Tig03Cro33Al50N and b)
Tig.16Cro36Al0.4sN from Table 2 and Table 3 with textures and the transformed  images
in ¢) (corresponds to a)) and d) (corresponds to b)). The arrows show the in plane
direction (IP) of the coating and the growth direction (GD). Synchrotron energy
E =53.7 keV, measured in side station EH1 (see Chapter 3).

23



Deposition of TiCrAIN thin films

In Figure 12a) and b), the images represent then@ad aligned pattern. There are
dark regions without or with less data informatidoe to the absorption of the
synchrotron radiation upon transmission throughpepared WC sample. Figure 12c)
and d) are the transformed images of Figure 12d) lan The transformed image
corresponds to a radial plot of the diffractiontpat in Figure 12a) and b). This is a
"binning” in radial direction of the diffraction pi@rn, and additionally, an adding of the
radial plot around the azimuth angle, which resintshe transformed images in 12c)
and d). According to the program analysis useglpih size is 2. Therefore, the Bins on
the left scale is: 360° full rotation (360° azimwthgle) multiply with 2, results in 720
Bins. The x-axis is the radial distance in pixelfie two samples show a strong
preferred (200) orientation. The a)o.diCrossAlosdN sample shows a strong texture
between the IP and GD in 45° related to the IP. TiggsCro.36Al0.4dN sample showsa
strong texture in the IP and in the GD. In the nékapter 5, there are some reasons
given why, for the next step, other samples (moeeipe: powder samples) are used for

the oxidation measurements.
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Chapter 5

5. Sample preparation (Powder samples)

For the oxidation experiments only powder samples could finally be used: when heating
the coatings on their substrate, the different thermal expansions between coating and
substrate led to an ablation of the coating, whereby the coating moved out of the beam,
hence, it was necessary to remove the coating from its substrate (Figure 13).
Furthermore, removing the coating from the substrate was advantageous in order to
prevent any interaction with the substrate for annealing temperatures of 1000 °C and
above, and in order to avoid peak overlaps from WC-Co-substrate and coating in the

XRD diffractograms (alleviating data analysis).

a) Low Ti-content b) High Ti-content
High oxidation resistance Low oxidation resistance

Figure 13: TiCrAIN coatings on WC substrates. The pictures show the TiCrAIN samples
after annealing within 6 minutes for a) low Ti-content and b) high Ti-content. Both
samples show a deformation and partial ablation after annealing. The two photos
show the reason why the coating had to be removed from the substrate for the in-situ
synchrotron radiation experiments. TiCrAIN with low Ti-content seems to protect

the WC substrate much better compared to that with high Ti-content.
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heavily oxidized

{
=

\TiCrAIN

Figure 14: SEM cross section of Tig 03Crp 33Alp 50N on WC-Co substrate. The thickness
of the coating is up to 8 pm after 30 min deposition time. Magnification 10000,

5kV, WD 3.2 mm.

In Figure 14 a SEM of a cross section of Ti03Crp33Alyp50N on WC-Co substrate is
illustrated, the as-deposited state and the state after annealing up 3 min at 1250 °C.
Here, the fine-grained structure is destroyed by oxidation at the indicated temperature.
The result is a heavily oxidized coating, with coarse-grained structure. Nevertheless,
the coating withstands and protects the WC substrate within a short time, which

corresponds approximately to the normal service life time of cutting inserts (Chapter 2).
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Figure 15: Schematic illustration of the fabrication of the TiCrAIN powder used in this thesis.

Also thin iron sheets were used as substrate during deposition. The iron sheets were
placed in the same height of the WC-Co inserts to ensure that the coating compositions
were identical (see Chapter 4). After deposition, the backsides of the iron sheets were
mechanically ground as thin as possible, such that a following hydrochloric etching
removed the residual iron and dissolved the coating into flakes (Figure 15). These flakes
were cleaned in acetone and distilled water, and finally ground into a fine powder. With

this procedure the structure of the coating is retained [10].

After grinding the iron foils coated with TiCrAIN, the powder samples were measured
with SEM again. With energy dispersive x-ray spectroscopy technique the element
content of the compositions was measured. After grinding, the contents have been
changed only slightly for all compositions. The nitrogen contents were about 50% for

every composition. With these results, only compositions were chosen which showed a
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constant Al and Cr (Figure 16). The powder compmsit after grinding are

summarized in Table 4.

= TiCrAIN compositions 0.0 10

5 J \

1.0 " /1

p AR A VA VI, L. - Sl . VA . W |

0.0 0.2 0.4 0.6 0.8 1.0
AIN

Figure 16: Ternary phase diagram of powder samples fabdcateSECO Tools AB. The
diagram shows compositions with constant €N and AIN - content. The numbers

indicate the respective compositions in Table 4.

No. Composition Internal label
1 TiologcrolggAl 0.5N R368-A02-Pos6
2 Tio.16Cro.36Al 0.4gN R368-A01-Pos?2
3 Ti0,23Cr0,35A|0,4cN R368-A02-Pos3
4 Tiollgcrol4EA|0.4cN R368-A01-Pos3
5 Tio.0LCro.59Al .37 R368-A02-Pos2

Table 4: Overview of fabricated TiCrAIN compaositions showmnFigure 16. The coloured
sample labels mark the samples with constant 6] content and AINred)

content.
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Chapter 6

6. Characterization methods

This chapter introduces the techniques which haeh lapplied for characterizing the
TICrAIN powder samples within this thesis. The teicues are x-ray diffraction
(XRD), energy dispersive x-ray spectroscopy (EDX EDS), scanning electron
microscopy (SEM), transmission electron microscoffEM), wide-angle x-ray

scattering (WAXS) andn-situ synchrotron radiation x-ray powder diffraction (SR
XRPD). The SR-XRPD technique was performed at tigh HEnergy Material Science
(HEMS) beamline PO7.

6.1 X-ray beam

An x-ray is classically a transverse electromagn&tve, where the electric fieleland
magnetic fieldH are perpendicular to each other and to the dneaif propagatiork.
The wavelength is in the region of Angstroms™®). In this thesis, a monochromatic
synchrotron x-ray radiation was used. The intevacbf x-rays takes place with the
electron shells of atoms or the electronic bandsine of crystals. From the quantum
mechanical perspective, this monochromatic elecuigimatic wave can be quantized

into photons of specific energy:

hc
E=hv=hw=— 2

with the Planck constait the frequency and the wavelength
The momentum of a monochromatic electromagneticanwayv
p = hk (©)
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with A =h/2/randk is the wave vector.

The numerical relation between the wavelerigith A and the Energy E in keV is

l_hc_12.398
" E E

(4)

The Intensity of an x-ray beam is given by the nem&@f photons passing thorough a
given area per unit time. The used x-ray detectee (Chapter 7 for experimental

details) measures the intensity in counts withenubed exposure time in one pixel.

6.2 X-ray diffraction

This technique is most important for investigatiord determination of crystallographic
structures of solid materials. Figure 17 illustsaschematically the diffraction from
atomic planes of an x-ray beam in a laborat#) geometry.

dhk|
e ® *—
d sin® - .29/
- -

Figure 17: Schematic illustration of Bragg's law for x-rayfdiction of lattice planes in a
crystal.f is the half angle of the diffracted beam, d&ias the path length and,gs the
interplanar spacing. The incoming and outgoinglblrrows represent the x-ray beam

radiation.
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This technique was used for the diffraction pattern in Chapter 4.3. The measured
intensity as function of scattering angle makes it possible to determine the lattice plane

distance dj by Bragg's law:

Zdhleine = naA (5)

where A is the wavelength of the incoming beam, 0 the half angle of the diffracted
beam, n an integer, and djy the interplanar spacing. The recorded intensity versus
scattering angle 20 is displayed in a diffractogram. Bragg’s law is fulfilled if the
scattering of x-ray by the core electrons lead to a constructive interference. Typical
diffraction peaks/reflections will be detected corresponding to certain lattice plane
spacings dpn. Peak position and peak shape are a result of strain, lattice parameter,

phase, grain size and composition of the crystallites.

In case of x-ray diffraction in transmission geometry (Figure 18), fu/l Debye Scherrer
rings are recorded with omne shot at a polycrystalline or powder sample. With the
known/measured sample-to-detector distance, and the known wavelength, the d-
spacings — thus the unit cell parameters (e.g.: a, b, ¢, a, B, Y) via peak position — can be
calculated, hence phase, strain and size analysed. Preferred orientation and porosity can
be obtained, and with detailed analysis of the peak shape, statements can be made about

disorder or defects in the crystal structure.

hard X-rays
(50-100 keV)
4—

powder sample

area
detector

Figure 18: Schematic illustration of x-ray diffraction in transmission geometry. With one x-ray
shot it is possible to gain very quickly a full diffraction pattern of a TiCrAIN powder

material.

31



Characterization methods

Vice versa also specific information about the radiation (wavelength), instrumental
alignment, sample alignment and axial divergence [77] of the beam [78] can be
obtained. This transmission configuration is able to get very quick detailed information
about a material, i.e. it allows a high temporal resolution making it a powerful tool for
following dynamic processes in-situ. This was indeed necessary for the annealing of

powders in Chapter 8.

Figure 19 shows the 2D diffraction pattern of Tig21Cro39Alo 4N powder (a) with the

corresponding radially integrated one-dimensional lineout (b).

b) TiCrAIN 200
/ 2 TiCrAIN 111
"#‘.
g
=
]
E
TiCrAIN 220
L] b L b T
1.5 2.0 25
d-spacing [A]

Figure 19: (a) Diffraction pattern of a Tig,Crg30Alp4N sample recorded by a Perkin Elmer
Detector XRD1622. (b) Integrated one-dimensional lineout of the two dimensional

diffraction pattern of the white marked section in (a).

Here, the 1D-lineout is obtained by dividing the circle into about 5° wide sectors, then
summing the intensity within those sectors. The transformed pattern is obtained by
adding all 5° wide sectors of the whole 360° rings. The radial distance of the resulting
transformed pattern is converted to the scattering angle 20 and used with Eq. (6.4) to
finally find the d-spacing. Here the (111), (200), and (220) reflections of as-deposited
Tip21Cro39Alp40N are shown. The broadness of the peaks is mainly due to small grains,
in combination with the pixel size of the detector. A LaBs standard was also used to
estimate the instrumental peak broadening. The peaks were fitted with a pseudoVoigt
function during data analysis to calculate the peak position, peak width and integrated
peak intensity (see Chapter 6.9, Analysis of the data).
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6.3 In-situ synchrotron radiation x-ray powder diffraction (SR-
XRPD)

The x-ray powder diffraction technigue uses th&atition of x-rays on crystallites in a
powder sample to study the structural and micretiiral properties of a material. It
allows a quick and non-destructive analysis of radimponent samples [79] [80] [81].
The synchrotron radiation x-ray powder diffracti®R-XRPD) technique is widely
superior to a standard laboratory source in terrhsargular resolution, counting
statistic, energy tuneability, and fast acquisitibome [82] [83]. The structural
characterization of materials is improved by thghhbrilliance of the synchrotron
radiation. By combining SR-XRPD with a fast detedtoe speed of the measurements
makes it possible to perform kinetic studies orudtrral changes during chemical
reactions or under high temperatures. In this vibekhigh brilliance synchrotron x-ray
source with a wavelength range of= 0,14 — 0,23 A as described in Chapter 3 was
used.

6.4 Scanning electron microscopy — SEM

Scanning electron microscopy (SEM) has been ustdsrthesis to study the surface as
well as cross section of thin TiCrAIN films. In SEfLeo 1550 Gemini), a focused
electron beam scans the surface of the samplepidba beam. The electron energy is
usually varied between a few and several tens M Kmie to interaction with the
surface backscattered electrons, secondary elsc{&f) and x-rays are generated. By
ionization of the sample, the SE are generatedthadrigin is close to the surface.
Therefore, the detected SE are necessary to gpigtaphic information about the
surface. The contrasts in the SEM images are dakadowing effects.

6.5 Energy dispersive x-ray spectroscopy — EDS

During the interaction between the electron beam e sample, the transmitting
electrons knock core electrons out of the atome. fHsult is an electron hole in the
atom. The hole must be filled by an electron inghér energy level to get back to the
ground energy level. This energy transfer fromghér energy level to a lower energy
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level is accompanied by energy release in the fofran x-ray photon. The described
energy transfer is characteristic for all elememd, therefore, the detection of the x-ray
spectrum of the atoms yields elemental contentin&tion about the observed sample.
The EDS detector was equipped in the SEM Leo 15&8@iGi. With EDS and SEM the
compositions of the coatings and the cross sectidribe coated WC samples were
determined.

6.6 Transmission electron microscopy — TEM and STEM

An acceleration voltage of several hundred kV igdudor transmission electron
microscopy (TEM). In this thesis powder particldsaonealed and oxidized TiCrAIN
were investigated where the electrons are transthitirough the sample. The TEM
requires a special sample preparation, and theepxalume must be very small
Nevertheless, it is wieldy used for coating analy8vith TEM one gains information
about crystal structure, chemical compositions, amncrostructure. In TEM images, a
broad electron beam illuminates a selected parthef sample, which fulfills the
requirements (thickness < 100 nm, and preferatay contaminated). The underline
principle is as follows: the electrons are emittiedm an electron gun and are
accelerated by a potential difference in the patigth. Before the electrons transmit the
powder particles and after they transmit the sapgliectromagnetic lenses focus the
electron beam. During the interaction of the etawdr with the sample, there is
transmission, absorption, reflection and scattenmgch are the contrast mechanisms
of the resulting TEM pattern. A CCD or fluorescenteen after the sample is necessary
to form an image of the electron beam. In scanniugle, TEM is sometimes called
STEM.

6.7 High resolution transmission electron microscopy -HRTEM

At higher magnification, the contrast mechanismscdbed above are used, which
produces high resolution micrographs. With HRTEM ist possible to achieve
information about lattice spacing and orientatiGnain boundaries, interfaces between

domains or dislocations can directly be imaged.
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6.8 Selected area diffraction — SAED

The underline principle is the same for x-ray dfion. Here, the electrons are mainly
scattered by the nuclei, whereas the x-rays artdesed by the core electron of the
atoms. Information about crystal structure, lattsgacing and orientation is obtained.
The aberration is the limitation in electron difft@mn that originates from the
electromagnetic lenses. The result is a loss irrékelution for determining.g. lattice
spacings. With electron diffraction in TEM, a smarka of the sample,g.a grain, can
be selected to obtain information in the nm sizegea

6.9 Analysis of the data

The main benefit using the pseudo-Voigt functiopeak fitting is the direct separation
of the FWHM into Gaussian and Lorentzian contribngi to the peak-shape function.
Those two represent two different effects: therursental broadening (Gaussian) and

the grain size broadening from the sample specifo@mentzian) [78].

Figure 20 and Figure 21 show a sequel of the pbaskition of the c-TiICrAIN (111)
peak (d = 2.38 A), magnified from a diffractograwith the pseudo-Voigt peak fitting
model [84] at different selected isothermal timesas-deposited and before heating, d)
the phase evolution after 13 min and h) the pheskigon after 125 min. This example
shows only a short sequence of the oxidation psostgdied at 1100 °C of the c-
TiICrAIN coatings. Below, the overlapping of theginal c-TiCrAIN (111) peak with

emerging oxides and new phases will be explainedare detail.
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Figure 20: The peak fitting model of pseudo-Voigt functions used for data analysis to extract

integrated intensities, full-width-at half-maximum (FWHM) values, and peak positions.

Here, the fitting procedure of the TiCrAIN (111) peak at 2.38 A (marked with a vertical

green solid line) and additional convoluted peaks from oxides and emerging phases of

Tig.16Cro36Al04sN are shown. The blue crosses represent the measured data points, the

black line through these data points is the resulting fitting curve with the corresponding

residuum below in blue line (x-axis is the readout of the radial bin-size position of the

data points, and the y-axis gives the intensity in counts, according to the selected

exposure time. The sample was annealed in air at a temperature of 1100 °C for 125 min.
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Figure 21: Continued sequel of the phase evolution of the peak fitting model of pseudo-Voigt
functions of Figure 20.

In Figure 20 and Figure 21, the x-axis is the readout of the radial bin-size position of the
data points (for the analysis adequate to d-spacing), and the y-axis gives the intensity in
counts, according to the selected exposure time. In Figure 20 a), the green dashed line,
as c-TiCrAIN, represents the peak fit model and final data fit for this isothermal time
step, the blue crosses are the measured data points and the green vertical line marks the
investigated peak as an example. Below each figure, the residual is depicted as the blue
plot for each fitting model. In Figure 20b), new emerging phases and oxide phases show
up. With further annealing time, from Figure 20b) to Figure 21h), the c-TiCrAIN peak
intensity decreases whereas the intensity of the other peaks increases. Here, the dashed
red, dashed blue, dashed magenta and the above mentioned dashed green peak

represents the best possible pseudo-Voigt fitting model to find the best data fit (black
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full fit = data fit) to minimize the residuum. lhis example, the dashed red line is the h-
AIN phase, the dashed blue the®d, the dashed magenta is the@yand the dashed
green line the above mentioned TiCrAIN. At thisrgat will be clear that only powder
samples make the analysis possible. Overlappedpatkthe substrate and with oxide
peaks of the substrate itself would make interpismiaand modelling more difficult. 4
different fitted pseudo Voigt functions are usdihwn in the magnified peaks in Figure
20 and Figure 21. The number of fitted peaks camxpained by the measured and
observed oxides and emerging phases at other dagpadues. For example, the 8k
and CpOs as a convoluted peadte also observed around 2.60 A (Figure 22). Ireoth
words, the identified emerging phases show up etiBp d-spacing values, according
to their lattice constants, and are also very chuoséhe d-spacing values of the c-
TiICrAIN. Here, this is the case for the convolutgel,Al),O3 and the h-AIN. In the
literature [52] [85], ex-situ oxidation experiments on TICrAIN with different
compositions were performed and a good agreemettteobbserved phases are found.
In addition to that, typical databases JCPDS, aliggfraphy open database, etc. were
used to identify the peaks in the diffractogranee(€hapter 8).

At this point the outstanding advantagesimebitu SR-XRPD method become clear.
With the outperforming angular resolution of th@alyrotron radiation, the evolution of
oxide phases can be studied separately. Figureea2mts the raw data of a convoluted
(Cr,Al)203 peak magnified from a diffractograra.¢.Chapter 8). The right side presents
the time scale of the evolution of the peak. Framragnified lineout it is obvious that
the increase in the peak intensity is fast in theeb of the transformation and slows
down with time. Compare for example the evoluti@meen ad (as-deposited) and 12.5
min, and 12.5 min and 25 min. This evolution of thede peak is shown in Figure 23.
Here, the intensity of both peaks is plotted foDAOC. A plateau can be seen. This
behavior can be compared with the Figure 21. Tteheld blue line, the ADs, grows
with the isothermal time whereas the dashed madmtahe CsO3 stops to grow. The
convoluted oxide peaks show the same behaviouauecthe intensity dependsaqg.
illuminated volume of the powder sample, the initgnsan vary between the different
measurements (here not shown) and therefore at dimoparison is not possible.
Hence, this circumstance will also affect the cubiase of as-deposited state of the
TiCrAIN.
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Figure 22: Integrated data lineout of the measured diffractiwattern of a convoluted
(Al,Cr),03 peak with selected time steps 0f 1ECrosAlo4dN at 1000 °C. The peak

grows with the isothermal time.

This problem can be overcome by normalizing thensity data to get the fraction
values of the emerging oxide phases and other ph@ilse measured intensity is divided
by the intensity of the cubic (200)-TiICrAIN as-degied peak of the measured sample
[4]. The result of the described calculation is whoin Figure 23: the normalized
integrated intensity or Integr. intensity norm. ther, this operation is used to calculate
the fraction transformed value in Chapter 8.6 fog h-AIN. In this case, an annealing
vacuum setup was used to obtain the fraction toamsdd value for a possible
comparison between annealing in vacuum and oxidatimosphere. Additionally, the

fraction values were used to gain kinetic informati

For the kinetic analysis the raw data have to lepaned for further analysis. In Figure
22 the convoluted (Al,C#Ds peak is magnified. Both oxide peaks start to gréer 880
seconds, in which the temperature reaches 110@\ft€r. reaching 1100 °C the peak
rapidly grows with time at the beginning and slodewn with time. For a better
comparison, the intensity grows fast between adl2i min compared to 12.5 min till
25 min. Furthermore, the peak intensity at 2.62A%@Qs) increases with isothermal
time and after 20 min the peak dominates over th®{peakat 2.60 A. At that point
both peaks are overlapped. In Figure 23 this stinais revealed. The @D; peak
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reaches its maximum value after 7 min and getsaioration whereas the Ab; peak

slowly continues to grow.
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Figure 23: Integrated intensity normalized extracted from the diffraction lineout of Figure 22.

The a-Cr,0O3 peak gets in saturation, whereas a-Al,O; slowly continues to grow.

From Figure 23, the integrated intensity values were used and normalized with fully
transformed values of the formed oxides. This fraction values were used to analyze the

growth kinetics of oxides in section 8.5.
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Chapter 7

7. Experimental setup —in-situ measurements

This Chapter gives a short overview about the self-designed oxidation setup, the

experimental details and the parameters used to perform the SR-XRPD measurements.
7.1 Custom-designed thermal annealing setup
To simulate the conditions in a high performance cutting tool, fast heating rates are

necessary.

Diflraction pattern Perkin elmer

Moving stage
: g stag detector

Heating lamp
osram xenophot

Synthetic air

Sample and
sample holder

Moving stage

Quartz tube Quartz bar

Figure 24: Schematic illustration of the custom-designed annealing setup for fast heating of
(TixCryAl,)N powders. The fast heating was performed with an Osram Xenophot® lamp
mounted above the powder sample. On the right side is the diffraction pattern from the

powder sample. This setup was used for the in-situ SR-XRPD measurements.
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For this purpose, a self-designed thermal annealing setup was designed and constructed.
It consists essentially of an Osram Xenophot® heating lamp (MR 16 64635 HLX [86]),
a quartz tube, quartz rod, and synthetic air (Figure 24).

With small moving stages the lamp can manually being moved to bring the sample into
the focus of the parabolic reflectors. The device was placed into the diffractometer of

the Test Facility EH1, in order to bring the sample into the x-ray beam.

\ RN
> L

]
, focus

/ Y, —

focal distance

Figure 25: (left) Gold coated Osram Xenophot® lamp MR16 64635 HLX. (right) Scheme of

the beaming characteristic with focal distance a= 2 cm.

The Osram Xenophot® lamp is a special low voltage halogen lamp with a gold coated
parabolic reflector, which optimizes the focusing of the infrared part of the emitted light
spectrum. According to specifications, inside the focus one should reach ~1300 °C with
a focal distance of a =2 cm and maximum power of 150 Watt. The lifetime reaches
under full power approximately 50 hours (Figure 25). For the temperature measurement,
the lamp was connected to a variable power supply (maximum output: 20 V, 15 A) and
the tip of a k-type thermocouple was placed in the focus of the lamp inside the quartz
tube as shown in Figure 26. Figure 27 gives a typical calibration curve: the
manufacturer’s specification deviates from the measured values. In order to reach the
maximum temperature of 1250 °C, one had to power the lamp to around 200 Watt,
which drastically reduced the lamp’s lifetime. One explanation of this variance could be
the high resistance of the used electric cable and therefore the high power output. In

addition to that, the quartz tube shows a low absorption of ~5% of the transmitted
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heating radiation of the lamp. Furthermore, the gas flow also reduced the measured
temperature. These circumstances require an increase of the power output to more than

150 Watt.

Both, the lamp and the thermocouple were mounted on a 3 axis moving stage system.
For the optimization of the focal point, the thermocouple was placed in the quartz tube
close to the focal point of the lamp as described above. By using the 3 axis moving
stage of the Osram Xenophot®, the focal point could be exactly determined with a
temperature readout controller. The optimum focal point is found if the temperature
controller shows the maximum value of the measured temperature with a fixed power

value.

Figure 26: Annealing setup for temperature calibration at beamline PO7B with a k-type

thermocouple mounted in the lamp focus.

Notabene, this furnace setup was also successfully used for annealing CaO-CoO thin
films in another joint collaboration with the University of Linkdping, where the

mechanisms of the formation of thermoelectric layered cobaltate Ca3Co4O9 was
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thoroughly studied. The maximum temperature used for this later study was up to

1120°C with the heat ramping of 8 K min™' [87]°.
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Figure 27: Characteristic curve of the temperature against the used power output.
7.2 Furnace in oxidation atmosphere — parameters used

The powder sample was put on a half open Al,Os cylindrical holder with a radius of
~0.8 mm. For the experiment, the powder sample was inserted into the quartz tube via a
quartz rod to the exact same position of the k-type tip contact for temperature
calibration. The quartz tube itself is highly mechanically and thermally stable, and,
therefore, suitable for these annealing experiments. The position of the holder was
determined by a theodolite. The atmosphere around the sample was controlled via a
continuous low flow of 100 sccm (standard cubic centimeters per minute) of synthetic
air through the quartz tube regulated by a mass flow controller (MFC). Before

connecting the MFC, a pressure regulator was installed to set the right pressure of

2p, Biplab, J. L. Schroeder, S. Kerdsongpanya, N. V. Nong, N. Schell, D. Ostach, J. Lu, J. Birch and P.
Eklund, “Mechanism of Formation of the Thermoelectric Layered Cobaltate Ca3 Co 4 O 9 by
Annealing of CaO—CoO Thin Films,” Adv. Electron. Mater., vol. 1, p. 1400022, 2015.
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maximum ~1.5 bar. Therefore, one side of the qualtie was directly connected with
the synthetic air gas hose pipe. The temperatungirey was done manually with the
connected power supply and a watch. The ramping@ tmas ~40 sec to get the
maximum temperature of 1000°C, 1100°C and 1250°9CSR-XRPD measurements
were performed at the HEMS beamline PO7B. The xerssrgy was set to 53.7 keV and
the slit-defined beam size was 0.5 x 0.5fhe x-ray diffractograms were captured
with 5 sec exposure times using the two-dimensicarala detector Perkin-Elmer

XRD 1621 with a pixel size of 200m x 200um. The detector was positioned 1418
mm from the sample.
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Figure 28: Time selected diffractogram of the in-situ SR-XRPmeasurements of
TiCrAIN powder.

Figure 28 visualizes 1D-lineouts for various animgatimes of the diffraction patterns.
The procedure is described in Chapter 6.2. In olieving chapter the phase evolution,

the oxide growth and the oxidation process is desdrproviding kinetic information
on the TiICrAIN samples
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Chapter 8

8. Results

The experiments performed in this thesis are véogeaty related to a real-time cutting
situation. To understand the oxidation behavioufiGFfAIN coatings during the cutting
process, | investigated the growth of oxides arated oxidation mechanisms by using
in-situ SR-XRPD. According to my knowledge, this high tergiurein-situ SR-XRPD
real-time oxidation experiment on TICrAIN matergistem has not been reported in the
literature yet.

The TICrAIN powders were extracted from the coai@oh foils. Compared to the
coating on a substrate, the powder offers muchefasgrface area for the oxidation
reaction and, therefore, some results might no¢ lirect correspondence to a real-time
cutting process. However, the advantages of thedpowre a stronger signal to noise
ratio for easier analysis of the diffraction signhaland because there are no
coating-substrate reactions it is the best waytudysthe phase evolution. Therefore,
TiCrAIN powders were used to perform-situ SR-XRPD. In addition to thatn-situ
SR-XRPD vacuum annealing experiments on TiCrAIN demwere also performed to
investigate long-term effects. Additionally, | haperformed annealing experiments in
an air atmosphere with TIiCrAIN composition on a WG- substrate. A real-time
oxidation situation with fast annealing in air &108 K min* led to a bending of the
substrate and the coating and, therefore, to alignsaent of the sample out of the
optical axis of the synchrotron radiation (see Geap).

This Chapter presents the results of tmesitu SR-XRPD real-time oxidation
measurements. The first section summarizes thetafnad analysis of the SR-XRPD
lineouts. The second section summarizes the resitilthe annealingn-situ WAXS
experiment in vacuum which have been submittedpfdslication. The third section
illustrates the quantitative analysis of thesitu oxidation behaviour of the coating. The
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fourth section summarizes thesitu SR-XRPD oxidation measurements of the oxides.
The fifth section presents the kinetic reactionlgsis. The sixth section gives a brief
comparison to h-AIN evolution in vacuum and theesgln section summarizes the

relationship between coating, the oxide growth tnedbehaviour of the h-AIN.

8.1 SR-XRPD lineouts

Figure 29 shows x-ray diffractograms in the d-spgaiange from 2 A to 3 A of the
powder samples J16Cro.36Al0.4gN Of the real-time oxidation process at 1000[8€].

The peaks in as-deposited (a.d.y8CroseAlosdN, at d =2.38 A and d =2.06 A, are
detected corresponding to c-TiCrAIN (111) and (2[82] [20], while no other phases
are observed. The lattice constant is a = 4.12 & agrees with the estimated lattice
parameters [33]. These peaks are shifted to hidhsgpacing values within 0.75 min
which indicates a thermal expansion.

After reaching 1000 °C, the peak intensity of tA@CrAIN phase starts to decrease
rapidly and slows down with time until it is totalanished after ~180 min. However,
for (111) and the (200) peak, a low peak intensip be still detected after ~120 min.
At the same time of the decrease of the peak iityentthe c-TiCrAIN, convoluted
peaks originating fronu-Al,Os, a-Cr,0s and a-(Cr,Al),0z at d =2.62 A, d = 2.44 A,

d = 2.12 A start to grow after 0.75 min. These auted peaks are also observed in an
ex-situoxidation process of TiICrAIN [52] [20]. It is sedhat the convoluted peaks,
corresponding ta-Cr.0s (d = 2.60 A) and to ADs (d = 2.62 A), grow together. With
further isothermal time the peak intensity at d.622A grows much stronger compared
to the peak intensity at d = 2.60 A. After 180 rifie peaks are overlapped and only one
broad peak is detected. The dominating peak hetkeisAbOs at d = 2.62 A. Weak
peaks belonging to the Tiphase can be also detected at d = 2.49 A, d =4.32
d=2.21A, and d =2.07 A which are also obseinedn ex-situoxidation experiment
of TiICrAIN [52] [20]. The onset of the forming ofid, phase has a time delay of
0.5 min compared to the-(CrAl)2O0s. The time delay is more clearly seen at
d =2.32 A. Eventually, high intensity peaks beloggto a-Al,Os at d = 2.45 A and
d=2.15A can be also detected. Additionally, asyetric or overlapped peaks of
h-CpN and a-Al,O3; also appear. The h-flN phase was found during c-Cr phase
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formation in decomposed TiCrAIN and CrAIN coatings [52] [20] [85] [48]. However,

c-Cr was not observed in my x-ray diffractograms.
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Figure 29: The in-situ x-ray diffractogram of Tig ;Cr36Alp4sN in the range from 2 A to3A of
the as-deposited samples (a.d.), after heating in air up to 1000 °C with a heating rate of
3000 K min™ (0.75 min), and after isothermal times with additional selected indicated

time steps [88].

After 0.75 min, peaks atd =2.71 A and d = 2.51 A are detected corresponding to h-AIN
phase, (100) and (002). The h-AIN phase formation was also observed in ex-situ
annealing experiments of TIAIN, CrAIN and TiCrAIN [4] [20] [35] [89]. During further
isothermal times an additional peak at d = 2.38 A belonging to h-AIN (101) can also be
detected (see Chapter 6.9, the red dashed line). After 11 min, the peak intensity of the
h-AIN (100) starts to decrease, whereas the h-AIN (002) does not show this behavior. It
is clearly seen that the h-AIN (002) peak is asymmetric. This suggests overlapped peaks
originating from the above mentioned TiO, phase and the h-AIN phase. After ~180 min
both peaks are overlapped and only one clear peak at d =2.51 A can be detected, which
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indicates that this peak is dominated by a TiO,. After 14 min, the peak intensity of the
h-AIN (101) starts to decrease and shows the same behavior like h-AIN (100) but with a
short time delay of 3 min. At the same time of the decrease of the h-AIN phase, a new
phase starts to growth at d=2.89 A and d =2.26 A after 11 min of annealing which is

identified as 6-ALOs phase. Here, a transformation takes place from h-AIN into

0-ALO;, which was also observed in an ex-sifu oxidation process of CrAIN [90].
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Figure 30: The in-situ x-ray diffractogram of Tig03Crg33Al59N in the range from 2 A to 3 A of
the as-deposited samples (a.d.), after heating in air up to 1000 °C with a heating rate of
3000 K min™ (0.75 min), and after isothermal times with additional selected indicated

time steps [88].

Figure 30 shows x-ray diffractograms in the d-spacing range from 2 A to 3 A of the
powder samples Tig 03Cro 33Alp 59N of the real-time oxidation process at 1000 °C [88].

For as-deposited Tip03Cro33Alp 50N, the same cubic structure is detected as seen for
Tio.16Cro36Alo.4sN, while no other phases are observed. The lattice constantis a = 4.10 A
and agrees with the estimated lattice parameters [33]. Here again, theses peaks are
shifted to higher d-spacing values within 0.75 min which indicates a thermal expansion.
After reaching 1000 °C, the peak intensity starts to decrease very slowly compared to
Tip.16Cro36Alo4sN and after 180 min the c-TiCrAIN phase is still clearly detectable
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compared to TBi1eCrosAloagN. With further annealing time a convoluted peak
originating froma-Al,O3, a-Cr,O3 anda-(Cr,Al) .03 close to the c-TiCrAIN (111) and
(200) can be detected. A convoluted peak origigafrom a-Al,Os, a-Cr,O3 and
a-(Cr,Al),0s at d = 2.60 A and d = 2.62 A can be also cleadiedted. In comparison
to Tio.1eCrossAlo4dN, the onset of the growth of these convoluted exithases has a
~3 min time delay and no dominating peak can babéished. Furthermore, the peak
intensity slowly grows compared to the convolutecealp intensities of
Tio.16Cro36Alo4gN. Before that, after 0.75 min annealing a peakl at2.14 A is also
detected and belongs to the hICiphase. The peak intensity has its maximum after
~12 min. It can be seen that theAl,Os starts to grow at first at d = 2.62 A and ~3 min
later thea-Cr,O3 peak at d = 2.60 A follows. After 0.75 min, peaksdas 2.71 A and

d = 2.51 A are detected corresponding to h-AIN pHa80) and (002). The increase in
the peak intensity of the h-AIN phase is rapidhe beginning and slows down with
time. In comparison to JieCro.36Alo.48N, the h-AIN (002) peak at d = 2.51 A shows no
asymmetric shape, so no overlapping with ;le@n be seen. However, the h-AIN phase
formation and the growth of the oxides show a $icgt time delay compared to
Tio.16Cro36Al0.4dN. For TboxCro3sAlosdN, at first the h-AIN starts to grow and after
~3 min the convoluted oxides start to grow. For@i10 (not shown), higher peak
intensities of the oxide phases are observed to1CTio 36Al0.49N coOatings, whereas for
Tio.0aCro38Alo.sdN the peak intensities of the observed oxide phaseslightly higher
compared to the peak intensities of the oxide phasd 000 °C. No new phases were
observed for BiozCro.38Al0.50N and To.16Cro.36Al0.4eN at 1100 °C.

Figure 31 illustrates the last lineouts of thgo¥Cro 35Al0.5dN at 1000 °C after 180 min
annealing, at 1100 °C after 180 min annealing d&dtime evolution of the oxidation
process at 1250 °C for selected time steps. Atdight, both last lineouts after 180 min
at 1000 °C and at 1100 °C, show small differencethé evolution or changes of the
oxide phases, as shortly mentioned above. Howthese differences will be discussed
in the next sections.

At d =2.89 A a new emerging phase, identified asoaide 6-Al,03(100), starts to

grow after ~2 min of annealing. This phase doesshotw up at 1000 °C or 1100 °C
compared to BireCrossAlosdN, where it shows up. At d =2.70 A, the h-AIN (J00
shows up at 1000 °C and 1100 °C, whereas at 125h&Ch-AIN (100) grows rapidly
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within the first 2 min of annealing and then starts to decrease rapidly. Here, this
supports again the transformation of h-AIN into of 6-Al,03 (100) as mentioned above,
but here at 1250 °C. At d=2.60 A, the convoluted a-ALOs, a-Cr,03 and a-(Cr,Al),0;
show up. The emerging oxide phases show slightly higher intensity for higher
temperatures. For 1250 °C, the convoluted peak a-(Cr,Al);Os shows the same
behaviour as shown in Figure 29 for Tip 16Cro 36Alp.4sN at 1000 °C. For
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Figure 31: In-situ time resolved SR-XRPD of Tig03Cro33AlosoN annealed in air at 1000 °C,
1100 °C and 1250 °C with additional indicated isothermal time steps. The first two
lineouts represent the last data lineout, after 180 min at 1000 °C, and after 180 min at

1100 °C. For a better overview, the 1250 °C lineout starts after 0.75 min.

Tip 03Cro33Alo 50N, both peaks grow together and after ~100 min one complete peak can
be seen. At d = 2.43 A convoluted peaks a-Al,Os, a-Cr,03 show up. These peaks can be
recognized due to the asymmetric shape of the peak at 1000 °C and 1100 °C, as shown
in Figure 29 for 1000 °C. At 1250 °C, this oxide peak starts to grow clearly and after
~25 min no intensity change can be measured. For 1250 °C, the c¢-TiCrAIN (111) and
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(200) peaks start to decrease whereas for 1000dCLEO0 °C these coating peaks are
still clearly detectable.

8.1.1 Discussion

The impressive result, seen directly from the liteas that the cubic structure for
Tio.0CrozsAlosdN is clearly detectable, for 1000 °C and 1100 °Chergas for
Tio.16Cro36Al0.49N the cubic structure obviously vanished after &80. In the literature
similar phenomena were also observedebossituoxidation experiments of c-TiCrAIN
coatings with low Ti-content [20] [85], but undeommal laboratory conditions. It is
known, that Ti-rich TiCrAIN coatings show degradexidation resistance compared to
Cr-rich TIiCrAIN coatings. The results from my lings, here, are consistent with the
ex-situoxidation study of TiCrAIN of Forséet al, who showed a trend in the degraded
oxidation resistance with increasing Ti-contenTi@rAIN coatings [20].

The observation of the oxide phases in msitu oxidation experiment agrees with
early ex-situstudies on the oxidation resistance of TIAIN am@I@ coatings. On the
one hand, in TIAIN coatings a porous %i@yer formed between the top layer®@d
and the bottom TIAIN coating due to inward diffusi@f oxygen [91] [92], which
reduces the oxidation resistance. On the other ,h@amdN coatings can form a dense
convoluted (Cr,ARO3 oxide scale on the surface which results in agcéffe blockage
of the inward attack of oxygen and the outwardugitbn of the coatings species [26]

[15]. Additionally, it is known that crystalline @amorphousx-(Cr,Al),O3 acts as good

oxygen diffusion barrier [37]. These observed pheaoa in the literature can partially
help to describe the oxidation process here inhmegis.

Therefore, one possible explanation for the goodidaiion resistance in
Tio.0aCro38AlosdN is that the oxidation resistance is likely redhte the formation of a
thin dense convoluted protective oxide layer cdamgisof a-Cr,Oz and a-Al,Os (see
lineouts and description in 8.13uppressing the further diffusion and penetratibn o
oxygen inside the coating®9]. This explanation is supported by the factt tbaly a
convoluted (Cr,AQO; oxide scale is formed and no hif@ observed, as seen from the
lineouts in Figure 29. In the literature mentiorjad], the CrTiAIN coating still retains
basically its crystalline structure after oxidatian 900 °C. In myin-situ oxidation
experiment, the dbCro3sAlosdN sample retains its cubic structure after oxidatid a
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much higher 1100 °C. The difference in the tempeeais due to different compositions
and microstructure, powder used here, and coatirgjeel substrate used in [39].

In e.g. TIAIN, the promotion ofa-Al,Os has been suggested to be the reason for the

improved oxidation resistance with increasing Akt in ex-situ oxidation
experiments [7] [8] [15] [93]. However, the high&t-content is not mirrored in the
XRD-lineouts of Tp.03Cro.38AlosdN. The thino-(Cr,Al) O3 protective layer observed in
Tio.0aCro38AlosdN is clearly more effective (to maintain the cubioucture) compared to
TiO,, as seen in the lineouts with higher Ti-content {&Cro.36Alo4dN) and in the
lineouts with low Ti-content (§o3Cro.38Alo.59N). Similar observations were also made
by Forséret al.[20].

It is known that with increasing Ti-content the daiion resistance becomes worse [20].
The porous TiQ benefits the inward diffusion of the oxygen andstlattacks the

Tio.16Cro36Al0.4dN coating and leads finally to the promoted growththe o-Al,O3

phase, as seen in the TdCrp 36Alp.4gN coating.

TiO, formation can be associated with compressive andl stress generation during
its formation leading to crack formation in the aeilayer [91] [92] which results in a
reduced protection [93]. Therefore, the promotidmparous TiQ affects the oxidation
resistance negatively. Remember Figure 13 on pagéHe bending of the sample with
higher Ti-content can be likely associated witls thxplanation, whereas no bending is
observed in the coating with low Ti-content. Thaaon between the coating and the
substrate plays also a role and will be not disedi$ere.

The onset of the oxidation process starts at thmeséime when the mentioned
convoluted oxide peaks and new emerging oxide pestiest to grow, and
simultaneously, when the peak intensity of the cidbiucture starts to decrease. The
coating Ty.0LCr3gAlpsodN shows a time delay of ~3 min annealing, at 1000 Ro
oxide growth and no decrease of the cubic structuee observed within ~3 min.
Furthermore, the fact that the h-AIN phase tramsfiion appears demonstrates two
important facets.

The h-AIN phase appears at 1000 °C at first aed the oxide scale grows. Secondly,
the appearance of the h-AIN phase formation ind&at decomposition of c-TiCrAIN,
which was also observed in TIAIN, CrAIN and TiCrA[M] [20] [35] [89].
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At this point it has to be mentioned that from t#mnealing experiments in TIAIN,
CrAIN and TiCrAIN in [4] [20] [35] [89] it is knownthat the peak intensity of the cubic
structure can also decrease, but due to the demitopoprocess. Therefore, in my
in-situ oxidation experiment the decrease in the pealngitie of the cubic structure
indicates mainly an oxidation process, due to theikaneous growth of oxides, and
obviously additionally a decomposition of the c-fA&IN, in both compositions.
However, only the h-AIN phase of the decomposifiwaducts appears. We will see in
section 8.2, that in theén-situ vacuum annealing experiment more decomposition
products appear.

With the outstandingn-situ SR-XRPD method it is possible to measure the phase
evolution of the oxide phases, the coating andht#dN phase separately. This is not
possible with a normal x-ray lab source. At thisnpdhe problem with overlapped
peaks must be discussed. In the literature [20] [8&], the identified oxide phases of
the XRD measurements are often overlapped withrqgihases due to the very close
lattice constant. A 100 % identified phase is nosgible and a correlation is very
difficult. This fact is also true for the synchror radiation data. For example, in the
literature [85] the h-AIN is overlapped with thex®k or TiO, at one specific d-spacing
range, as shown here in this section. However, ti@her resolution of the synchrotron
radiation data, the evolution of convoluted oxidals could be analyzed separately in
combination with peak fitting procedure.

The major difficulty for the quaternary TICrAIN sesn is to find the origin of the
oxidation mechanism and its inner working. For eglanJ. Linet al.have reported an
improved oxidation resistance ingTyCros1Alp.29(coating on bulk annealed at 1000 °C)
One explanation is that the improved oxidationstesice is likely related to a strong
preferred orientation of the coating.

These kinds of explanations are not sufficient pnavide only an assumption of the
improved oxidation resistance related to the ols®ms. Summarizing the literature,
many explanations to describe the oxidation progesgiaternary TiCrAIN are mostly
suggestions or assumptions and based on the walrkiternary systems TIAIN and
CrAIN. Therefore, it is important for the cuttingdustry €.9.SECO Tools, LMT Fette
Werkzeugtechnik) to understand, why the TICrAIN teug shows superior properties,
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and to find out enhanced explanations for the diidaprocess and also for other
mechanisms like hardness, thermal stability, etc.

8.2 In-stu SR-XRPD in vacuum

As described in the introduction of Chapter 8, ppr@ach a real cutting situation, we
also performed annealing experiments in vacuum, [9d$ides the real-time oxidation
experiment in air. Only long-time effects were meas and they cannot really replace
a real cutting situation, but, these experimenésaso a methodological approach to
find out what effects can appear in coatings ofitireg tool, which mechanisms, which
phase transformation, thermal stability, etc..his following section 8.2 the results and
the description of the experimental setup, takemmfr[94], are presented. The
background of this vacuum experiment is as follows.

Cubic c-TixAlxN coatings are extensively used in hard metalrogitivol inserts due to
their superior mechanical properties [95]. The higindness after exposing the coating
to high temperatures is related to spinodal decaitipo [12] [13] [14] [20] [96] [97]
resulting in c-TiN and c-AlIN rich domains where tvagiations in elastic properties and
the strain between domains give rise to age hamdentowever, the subsequent
transformation of c-AIN to hexagonal h-AIN followgrthe spinodal decomposition [96]
reduces the mechanical properties of the alloytduess of coherency between c-TiN
and c-AIN domains [98] [99]. Therefore, to enhatlwermal stability the h-AIN phase
formation has to be suppressed during decomposiiuah this was also demonstrated in
TIAIN multilayers [10] [49] or in other quaternasystems [20] [33] [40]. Introducing
Cr leads to lower coherency strain between Ti- Ahdch domains [10] [48], and the
detrimental effect on the mechanical propertieshbIN formation is also less strong
due to formation of semi-coherent interfaces betieAIN and c-TiCrN domains [20]
[48] [49]. The addition of Cr in TICrAIN-alloys hashown to yield superior mechanical
properties after high temperature annealing and vesastance compared to TIAIN [40]
[39], also as mentioned in Chapter 2.3.

In particular, Forséret al. describe two co-occurring and competing decomuositi
mechanism for Bi11Cro28Alp.6sN. One mechanism is the precipitation of the h-AIN
domains at the grain boundaries, the observed degsiton route in CrAIN coatings
[100] [20]. The other mechanism is the spinodalodegosition route of the grain
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interiors into TiCr- and Al-rich c-TiCrAIN domainghich are similar to the observed
decomposition route in TIAIN coatings [12] [13] [[10] [96] or in TICrAIN coatings
[48]. Consequently for JCr1-xAlo 61N, there is a transition of the decomposition pssce
from nucleation and growth process of h-AIN preei@s at grain boundaries fo=0

to a spinodal decomposition route of the grain riate into TiCr- and Al-rich
c-TiICrAIN domains x= 0 [20]. With the condition O < x < 1 for the congi®mns, these
two mechanism are co-occurring and one may dommae the other depending on X
[20].

Therefore, the formation of h-AIN still limits thieigh temperature properties and the
details regarding its transformation is lackingnBuoarizing, the evolution of the h-AlN
and the decomposition process of the c-TiCrAIN areestigated in this vacuum
experiment.

In this annealing experiment the same powder sarqle Td.16Cro.36Alo.4gN and a.d.
Tio.0aCro38AlosdN, as described in Chapter 8.1, are annealed mcaum furnace. The
in-situ x-ray scattering experiments were performed at PETR P07, DESY in
Hamburg using an 80 keV x-ray beam with a definéd size of 500 x 500 pf
Isothermal anneals were carried out at a workieggure of 1.6 mPa for 3-5 hours and
isothermal annealing temperatures,{J were between 1000 °C and 1150 °C with a
heating and cooling rate of 20 K rifinThe x-ray beam was let through the vacuum
chamber by x-ray transparent viewports, and thfeadted x-rays were recorded with a
two-dimensional area detector (Perkin Elmer) withix@l size of 200 by 200 pmThe
detector was placed 2155 mm from the sample arekposure time of 4 s was used. In
Figure 32, the intensityersusd-spacing lineouts generated from two-dimensional
exposures (as described in Chapter 6.2) are shomselected annealing temperatures
and times. For a better presentation of the decsetpphases, only a part of the data is
shown,i.e. centered at the c-TiCrAIN 220 and h-AIN 100 signdh the lineout, both
Tio.16Cro36Alo4dN and ThoLlro38AlosoN display only the c-TiCrAIN phase in the
as-deposited state and the lattice constants afig1&fro3eAlo4dN) = 4.12 A and
a(Tio.02Cro3eAlosdN) = 4.10 A, as already mentioned in section 8.fterAramping the
temperature to 1150 °C, additional peaks from th&IN phase appear, indicating
decomposition of the c-TiICrAIN phase. This phase appears in my real-time
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Figure 32: Lineouts of the samples (a,b) Tig16Cro36Alp4sN and (c,d) Tig3Cro3sAl0.50N While
ramping to 1150 °C (dashed line) with 20 and holding for 180 min. lllustrated
are the (b,d) h-AIN and (a,c) c-TiCrALN. The legemarks the indicated phases.
Taken from [94].

oxidation experiment. Also, the positions of the peaks from c-TiCrAIN shift to higher
d-spacing due to thermal expansion. With regard to the peak position of the c-TiCrAIN
in Figure 32 a) and c), obviously, the d-spacing positions are shifted in different ways.
For Tip.16Cro36Alo 48N, the c-TiCrAIN peak shifts to higher d-spacing and shifts back,
whereas this behaviour is not observed for Tig03Cro33Alp50N. Additionally, the onset of
the decomposition can be extracted from the FWHM of the c-TiCrAIN peak. Here, the
FWHM of Tip16Cro36Alo4sN is described. For the as-deposited coating, the FWHM

decreases during annealing at temperatures below 1000 °C. This is an effect of point
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defect (interstitials and vacancies) annihilatiomenonly observed during annealing of
arc evaporated transition metal nitrides [101] [10®bove 1000 °C, the FWHM
increases for §i1eCrop36Al0.4gN Which is attributed to the described processodsws.

In Figure 32 a), it is observed that during thetflBO min of isothermal annealing, so
after reaching Jax there are a large peak broadening for the c-TiRr@R0). They can
be interpreted as domains enriched in c-AIN (c&MAIN) and c-TiN (c-TiCr(Al)N)
respectively, as seen in Figure 32. After some teiwf isothermal annealing the
FWHM decreases and simultaneously pure c-Cr, cdmd h-AIN have formed and
grown. And after isothermal annealing for 180 minoanplete transformation of these
decomposition products, c-Cr, c-TiIN and h-AIN, heen reached. In the lineouts from
the TboLro3sAlosdN sample in Figured2c), no peak broadening corresponding to
c-TiN or c-AIN enriched domains are observed. Femtinore, the peak broadening seen
for Tip.16Cro.36Al0.4dN vanishes after 30 min of isothermal annealing #w@dcomposition

of the remaining cubic phase is close to c-Cr.his £xperiment, the decrease of the
peak intensities of c-TiICrAIN is associated witle thtbserved decomposition. No oxides
are formed.

The first appearance of the h-AIN phase is best $een the (100) diffraction signal
(d ~ 2.7 A) which is first observed at 1000 °C #.0BCro.38Alo.soN in Figure 32 d) and
at 1150 °C for 16Cro.36Al0.4gN in Figure32 b).

8.2.1 Discussion

The results in this vacuum experiment show dire¢kigt there are two different
decomposition routes which can be associated with do-occurring mechanisms of
decomposition. In the studies of GQri-xAlpsiN [20] alloys, the two co-occurring
mechanisms of decomposition are the spinodal deosttign of the c-TiCrAIN phase
and the direct precipitation of h-AIN from the chHOrAIN phase. The spinodal
decomposition is the decomposition of one metastallase into two co-occurring
metastable or stable phases. In our case iniriksgu annealing experiment, it is the
decomposition route of c-TICrAIN into enriched cNA{c-(Ti)CrAIN) and c-TiN
(c-TICr(Al)N). Therefore, in T9.16Cro36Alo.4gN, the evolution of the compositional
modulated microstructure is consistent with spindgaomposition.
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In contrast, TH.oLro3sAlosdN does not display this behaviour. Only nucleatamd
growth of the h-AIN and two cubic phases, c-TiN an@rAIN, appear. Furthermore,
the presence of the phases, the decomposition giodeCr, c-TiN and h-AIN at the
end of isothermal annealing, suggests, that a etmplecomposition of the c-TiCrAIN
phase into its equilibrium phases have occurreds @pplies for both compositions.
Additionally, for both compositions, the h-AIN pleas expected to precipitate from the
c-CrAIN phase [35]. However, the earlier observatid h-AIN (at 1000 °C, see Figure
32 d) in Tp.0xCro38Al0.5dN sample indicates that c-CrAIN forms earlier isteample. In
contrast, in T.16Cro.36Alo.4dN, there are relatively more stable c-CrAIN domainkere
h-AIN precipitates and is surrounded by c-TiICrN doms, compared to
Tio.0aCro38Alo.sdN. The stability is given by a reduced lattice a@mey strain with the
presence of Cr in TIAIN alloys [49]. In a simplensence: c-CrAIN domains caused by
spinodal decomposition in glieCro36Al0.4gN are more stable (higher thermal stability)
compared to the c-CrAIN domains ing##CrossAlosdN. This is the reason why the
formation of h-AIN is suppressed ing T6Crop 36Al048N, and this is supported by the fact
that the h-AIN appears at 1150 °C, a higher tentperaand not at 1000 °C (as shown
for Tip.03Cro38Alp5oN). The observed different behaviour of the shifthe@ peak position
of the c-TIiCrAIN,i.e. the d-spacing, and the trace of FWHM for both cosijpns also
indicates the different decomposition processes. Whas described above.

To summarize the observation in the vacuum expeatina first, there are two different
decomposition processes observed iny1d036AloagN and TpoCrpsgAlos9N.
Secondly, the FWHM behaviour and the shape of thpatting for T9.16Cro.36Al0.48N IS
associated to the spinodal decomposition. ThirdiZrAIN domains, and therefore
h-AIN, are surrounded by c-TiN enriched c-TiCr(Al@bmains and c-AIN enriched
c-(T)CrAIN domains in T4.16Cro36Al0.4dN.

We will see in the next section 8.3 that some tesof the vacuum annealing

experiment are also mirrored in my real-time ox@aexperiment.
8.3 In-gitu oxidation behaviour of TiCrAIN coatings

This chapter starts with the presentation of theetresolved phase evolution of the
c-TICrAIN coating in a real-time oxidation procesEhe data is extracted by the
methodological analysis described in Chapter 619 Figure 33, the time resolved
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normalized integrated intensity of the a) c-TiCrAIN (111) of Tip03Cro36Alp 50N and b)

¢ -TiCrAIN (111) of Tip 16Cro36Alo4sN are shown versus the isothermal time.
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Figure 33: a) Normalized integrated intensity of Tig¢3Cro36Alg50N of the c-TiCrAIN (111)
peak for 1000 °C, 1100 °C and 1250 °C and b) the normalized integrated intensity of
Tig 16Cro36Al0.4sN of the c-TiCrAIN (111) peak for 1000 °C, 1100 °C and 1250 °C [88].

In Figure 33 a), the normalized integrated intensity decreases very slowly after reaching
1000 °C and 1100 °C (at 0 isotherm al time). After ~180 min, the intensity looses about
20 % - 30 %. This illustrated phase evolution supports the fact that the cubic structure of
the Tip.03Cro36Al0.50N is still remaining, also at 1100 °C, and the difference is a lower
intensity compared to the intensity at 1000 °C. For 1250 °C, the intensity decreases
within 30 min indicating a total oxidation of the cubic structure as observed in the
lineouts in Figure 31. In Figure 33 b), for 1000 °C and 1100 °C the peak intensity of the
c-TiCrAIN (111) vanishes within ~180 min indicating a total oxidation of the coating.
For 1250 °C, the peak intensity vanishes within 10 min indicating a faster oxidation of

the coating.
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8.3.1 Microstructural analysis
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Figure 34: FWHM as a function of isothermal time of a) Tig3Cro33AlosoN ¢-TiCrAIN (111)
and b) Ti0.16CI'0.36A10.48N c-TiCrAIN (111)

The FWHM values of the c-TiCrAIN (111) coating are seen in Figure 34 for

a) Tip.03Cro33Alp soN and b) Tip 16Cro36Alp 4sN. The instrumental broadening (0.21 mrad)

of the peaks are included. The FWHM for the as-deposited state for both coatings

is ~1 mrad. In Figure 34 b), the FHWM shapes can be described as follows. In the
beginning of the annealing process the FWHM drops down within 1 min for all
indicated temperatures. An effect of point defect annihilation, which was also
commonly observed during annealing of arc evaporated transition metal nitrides [94]
[101] [102], can appear here. This effect is mirrored in an increase of the integrated
intensity of the measured c-TiCrAIN peaks in both compositions which can be indicated

as a re-orientation and grain growth. The peak broadening is inversely related to domain
size, as described in Chapter 6 and implied bySitieerrer equation, so the decrease in
FWHM with isothermal time and temperature is redate an increase of the domain
size and decrease of micro-strain, whereas a pesldbning indicates a reduction in
grain size or an increase of microstress [93]Figure 34 b), after reaching the local
minimum of the FWHM shape, the broadening increagdsin ~11 min (~0.58 mrad),
~6 min(~0.55 mrad), or ~2 min(~0.58 mrad) dependinghe temperature. This can be
attributed to the onset of a decomposition procgsigh was also observed in the
vacuum annealing experiment in section 8.2. Afeaiching the local maximum in the
peak broadening, the FWHM slowly decreases. ThHereifit values between the local
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maximum and the end of annealing time are not latg&igure 34 a), the FWHM of
Tip 03Cro33Alo 50N does not show this behaviour compared to the composition
Tig.16Cro36Alo4sN. Here, there is a decrease in the FWHM within the first 1 min, an
increase of the FWHM is not observed. A plateau value is reached (~0.74 mrad). But for
1250 °C, a decrease and an increase of the FWHM can be measured within 10 min. By
comparing the FWHM of both samples, Tig 03Cro33Aly 59N shows a smaller domain size,

or higher microstrain.
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Figure 35: d-spacing of a) Ti0,03Cr0,38A10,59 (111) and b) Ti0.16CI'0.36A10.48N (111) as a

function of isothermal time.

Figure 35 shows the shift in d-spacing of the c-TiCrAIN (111) for a) Tig03Cro338Alp 50N
and b) Tip 16Cro 36Alp 4¢N for the indicated temperatures. For all temperatures, d-spacing
increases within 1 min which can be attributed to the thermal expansion. In Figure 35
a), for 1000 °C and 1100 °C the d-spacing increases within 1 min and shows a plateau
after reaching its maximum value. For high temperatures, the d-spacing is shifted to
higher values. For 1250 °C, only the first 10 min could be analysed due to the vanished
c-TiCrAIN peak. In Figure 35 b), after 1 min the d-spacing further increases and shows
a “peak”. For 1000 °C, a low increase can be seen. After that, the d-spacing slowly
decreases followed by a plateau. The reason why the d-spacing shows nearly the same
values at 1000 °C and 1100 °C after 60 min could be due to the decreased resolution of
c-TiAIN (111) peak caused by the strong oxidation of the cubic structure. For 1100 °C
and 1250 °C, the increase is more pronounced. This peak can be attributed to the early
stage of the decomposition process as surmised in the FWHM in Figure 34 at the same
time scale.
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Figure 36: SEM of grains of Tig ¢;Crg38Alp5N coating surface after 1 min annealing at 1250 °C

In Figure 36 grains of the Tig ¢3Cro33Aly 50N coatings are illustrated. The measured grain
size is about 55-100 nm at 1250 °C after 1 min isothermal annealing based on the SEM.
Based on the in-situ SR-XRPD the estimated mean grain size is 57-92 nm thus lying in
the same range. The oxidation process of the SR-XRPD measurements is shown in
Figure 37. Here, the 2D patterns from a) to c¢) show that no texture will form during the
isothermal time of ~180 min at 1100 °C. On the right side of each pattern is the colored
intensity scale. In the middle of the pattern the beam stop is located and around the
beam stop a broad ring appears. This can be identified as a halo caused from the

scattering of the quartz tube of the experimental setup by the synchrotron radiation.
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Figure 37: 2D diffraction pattern of the annealing process of Tig 14Cro36Alo4sN at 1100 °C. a)
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c-TiCrAIN(200)
- TiCrAIN(111)

Figure 38: 2-D diffraction pattern of Tip 14Cro36Alp4sN powder sample at 1100°C measured with
the synchrotron radiation energy of 53.7 keV. Clockwise the indicated time steps of the
isothermal time during the oxidation process. For a detailed view of the oxides, see

Figure 29.

In Figure 38, a 2-D diffraction pattern is shown of the oxidation process of the
Tig.16Cro36AloasN powder sample at 1100 °C. The illustration is subdivided into
7 sections to reveal an overview of the oxidation process. Each section represents a
defined time step of the annealing process of the oxidation experiment. On the right side
the isothermal time from the as-deposited state (ad) until 6.5 min is illustrated and on
the left side the last pattern of the annealing oxidation experiment is shown.

The ad section represents the beginning of the annealing. The c-TiCrAIN phases are
easily seen. The inner Deby-Scherrer ring is the (111) and the outer one the (200). The
short one at the edge is the (220). At 15 sec a small shift to the inner direction of the
Debye-Scherrer rings of the c-TiCrAIN coating can be seen which is stronger at 30 sec.

This is caused by the fast thermal expansion which results in a decreasing of the
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20 angle respectively increasing of the d-spacingaad also shown in Figure 35. At
this time, new Debye-Scherrer rings with low intgnsappear. This marks the
beginning of the oxidation process. These diffattings become stronger with longer
isothermal time. In this diffraction pattern, iteges that the intensity and the width of
c-TICrAIN become stronger and broader within 6.:nBut in this case, there is an
overlap of 4 phases of the coating, some oxideshaAllN. After ~3 hours, the coating
is totally oxidized. A strong contrast between dmset of the oxidation process and the
end can be easily seen at the edge between 6.anmdir180 min for the c-TiCrAIN.

8.3.2 Discussion

With the methodological approach, as describedhiapg@er 6.9, it is possible to analyze
the real-time oxidation process. The method endoleshalyze the heavily oxidized and
partially overlapped c-TiCrAIN peak (overlapped wit-Al,O3 anda-Cr,Og) with an
additionally strong peak position shift.

By comparing these two resuli. the evolution of the integrated intensigrsusthe
isothermal time in Figure 33, it is obvious thag ttoating with less Ti-content and high
Al-content shows a much better oxidation resistatian the coating with higher
Ti-content and lower Al-content. olgzCrosgAlosdN shows an outstanding oxidation
behaviour up to 1250 °C and confirms the rough otagien from the lineouts at
1000 °C in section 8.1. The relevant cubic phaseskarly detectable after 180 min
for Ti 3at. % at 1000 °C and 1100 °C compared le toating for Ti 16 at. %
respectively. At 1250 °C, a total oxidation of tlkeating for Ty 03CrpsgAlosdN is
measured within 30 min, whereas fop 1HCro36Alo4gN a total oxidation is measured
within 10 min. The oxidation resistance 0 ddCro 3sAlo.sdN shows an improvement of
300 % up to 1250 °C, based on this timescale antiistemperature.

In the real-time annealing oxidation process, Hi@GrAIN phase expands in the early
stage of the decomposition process. This is midrarethe d-spacing behaviour, the
measured “peak”, and additionally, the thermal eigi@n, which was also observed in
our in-situ vacuum annealing experimeiot Tip 16Cro36Alo.4dN in [94], as the shift of

the peak position in Figure 32 in section 8.2. Tadslitional increase in the d-spacing
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shift cannot be seen in Figure 35 folp oBCro 38AlosdN. Here in Tg.03Cro3sAlo 59N,
obviously, the observed effect is only thermal eéxg@n in this coating.

An explanation for the stronger peak-shift, ing1bCro3AloadN, could be the
appearance of strained crystallites in the eadgesbf the decomposition process [73]
[89], which were also observed in-situ annealing experiments of TIAIN. A volume
expansion of surrounded domains associated withaaegtransformation, therefore in
my oxidation experiment the transformation of cfAMN into convoluted oxides, into
the domains (observed and described in section &) the h-AIN phase, can be also
possible. Similar phenomena were also observedmeaed TIAIN for the cubic to
hexagonal transformation [89]. The following deseaof the d-spacing shift
corresponds to the onset of the forming and grayttihne decomposition products, but
the decomposition products themselves cannot beuregh in my real-time oxidation
experiment due to the oxidation effect on this siamp

The increase of the FWHM after reaching the acogydémperature indicates a phase
separation into c-AIN and CrN components by spihddaomposition, according &x-
situ annealing experiments of other authors [103] [108%] [106] [107], or in our case
into enriched c-AIN (c-(Ti)CrAIN) and c-TiN (c-TiGAIN) domains (see section 8.2).
The following decrease can be related to the owidaprocess and the observed
forming of domains mentioned in Chapter 8.2. Néwadss, the measured time
resolved full shape of the FWHM in this quaternapmpositional TiCrAIN system
under oxidation atmosphere was not measured amdteepin the literature yet. Based
on other systems, binary or ternary systems cltsdde TiCrAIN system, only parts of
the FWHM progression can be found in the literati@thermore, the annealing time
varies in the literature which makes an interpretamore difficult.

As we know from the literature [20] [48] (see aBbapter 2.3), the elements in the
c-TiICrAIN in the annealing process segregated fogra structure containing h-AIN
and c-(Ti)CrAIN domains located in the grain boumek and the grains are
decomposed into coherent TiCr- and Al-rich c-TiQWAHomains [20] [48]. This
processes are observed in the quaternary TICrAffiesy in a vacuum environment [20]
[48], and a similar process appears in our reppiacussed in 8.2.1. Therefore, it is
concluded that two co-occurring decomposition ma@ms [20] can happen,
dependent on the Ti-content. One mechanism desdfigespinodal decomposition as a
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dominating mechanism [20], with higher Ti-conterand the other one is the
precipitation and growth of h-AIN domains at theaigrboundaries [20], which was
observed in CrAIN [100]. These two co-occurring @@position mechanisms are
responsible for higher hardness in TIiCrAIN with Hidi-content compared to less
Ti-content.

The behaviour of d-spacing shift and the behavoluthe FWHM in my real-time
oxidation experiment for JheCro3AloadN show a similar trend, as the described
FWHM and d-spacing shift in ouin-situ vacuum annealing experiment for
Tio.16Cro36Al0.4dN in section 8.2. Both behaviours, the d-spacini§ sind the trend of
the FWHM, are associated with the spinodal decoitipos Therefore, | assume that
the decomposition mechanisms, observed in our vaaKperiment [94], also appear in
the real-time oxidation process, but it is overkghpwith the additional effect of the
oxidation process. And additionally, my assumpi®ithat the spinodal decomposition
has negative effect onghieCrossAlo.4gN in air, i.e. the stronger oxidation of the cubic
structure as shown in Figure 33.

However, in myin-situ oxidation experiment obviously the formed oxidealss

o-(Cr,Al)20s3, in Tip.0Cro.33Al05dN, provide a nearly protective effect against a ptate

decomposition into the decomposition products (seetion 8.2) of the metastable
c-TiICrAIN phase. The protective effect against anpete decomposition is better in
Tio.03Cro3sAlosdN compared to i1eCrossAlo4gdN. The evidence for this statement is
supported by the fact that the described behaviolitke FWHM and d-spacing shift
only appear in Bi1eCro.36Alo.4N, but in both experimental setups in vacuum anairin

Therefore obviously, the formed oxide scale, conegosf a-(Cr,Al)2Os and TiO2, in

Tio.16Cro36Al0.49N provides a less protective effect against theagal decomposition in
my real-time oxidation experiment.

From the peak evolution of the c-TiCrAIN in the vamn experiment (see Figure 32), a
strong decrease of the peak intensity (c-TiCrAlidh de seen directly in both lineouts
(thein-situ evolution of intensitys.isothermal time is not shown).

By comparing the intensity of the annealed o¥Cr 38AlosdN in vacuum with the
intensity of the annealed ¢bizCro3sAlosdN in air, the cubic structure is still remaining
after 180 min in the real-time oxidation experimantl only a low decrease of the peak
intensity is observed. This low decrease of theegrated intensity is therefore
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connected with the simultaneous growth of oxialed the growth of h-AIN. This is not
the case for $i1eCrossAloadN. Here, no cubic structure is remaining due to the
oxidation process. Nevertheless, in both compestia complete decomposition is
prevented or at least is nearly hindered, as wieses in section 8.6.

It was not possible to see directly the decompmosigroduct and decomposition parts
from the XRD-pattern of the c-TiCrAIN,e. the broadening of FWHM (the interpreted
c-AIN (c-(Ti)CrAIN) and c-TiN (c-TiCr(AI)N), the c€r and the c-TiN, due to the
oxidation effect. Additionally, it seems that the-(T6)CrAIN domains, in
Tio.16Cro36Al0.4dN, caused by the spinodal decomposition in our@rAIN material
system, as described in 8.2.1, are not stable uheéesxidation aspect, whereas theses
domains are stable under vacuum environment [94)e TWecomposition of the
c-(T)CrAIN domains into coherent TiCr- and Al-richTiCrAIN domains, as mentioned
above, can be responsible for the worse oxidagsistance. As we know from section
8.1.1, Ti rich coatings like TIAIN, can form poroti®,, which shows a negative effect
on the oxidation resistance. Therefore, Ti- enkchdomains located at the grain
boundaries can show a similar effect. This bendfitther oxidation and growth of
oxides, as we will see in section 8.4.

Another situation appears forobheCrossAlosdN. In our vacuum annealing experiment
only nucleation and growth of CrAIN appear [94].tBve know from the literature (see
Chapter 2.2) that annealed CrAIN in air can fordease mixture structure of A); and
Cr,0O3. Obviously, further diffusion of oxygen into theagns is prevented, thus also
nearly preventing the complete decomposition ofr&HS, which, thus, raises the
oxidation resistance temperature. A similar phenmmnewas also observed lex-situ
oxidation experiment of CrAIN by Reitet. al.[37]. Here, the assumption was that the
complete decomposition of the c-CrAIN (decompositproducts are h-AIN, CrN and
Cr) are prevented by the fk-Al,O3 oxide scale. From my real-time oxidation
experiment | propose the same assumption, howlever; TICrAIN material system.

The sample BioxCroszsAlosdN shows an excellent oxidation resistance and carma b
candidate for high end industrial applications undetreme conditions. One has to
consider, that a powder sample shows much moracidrea. The powder sample
compared to a bulk material or coating surface &awsajor surface target area for
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incoming oxides. So, it can be concluded that ¢hipositions Tip3Cro3sAlo.sdN will
also show an impressive oxidation resistance asang for cutting tools.
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8.4 Ocxidation — in-situ growth of oxides
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Figure 39: Normalized integrated intensity as a function of isothermal time of (black)
(X'A1203(104) and (red) (X'CI'203(104) Of a) Ti0,03Cr0,38A10,59N and b) Ti0.16CI'0.36A10.48N at

1000 °C. The inset in right upper corner shows a magnification of the square frame in

the left bottom corner.
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Figure 39 a) and b) show the time resolved norredlintegrated intensity as a function

of isothermal time of the new emerging convolute@ie phases:-Al,03(104)(black)

and a-Cr,03(104)(red)separately at d =2.62 A and d=2.60 A (from Fég@9) at
1000 °C of both compositions. In Figure 39 a),aih de clearly seen, that the onset of
the emerging phases are not at the same time édocamposition with low Ti-content
and high Al-content, §iosCrp3sAlosoN. The a-Al,O3 starts to grow after ~2.5 min, as
indicated in Figure 39 a), after reaching 1000 Pk growth of thex-Cr,Os is delayed
by additional 2.5 min, the onset starts at ~5 rasindicated in Figure 39 a). The inset
shows a magnification of the first 30 min of theeiresolved evolution of the described
oxide phases. After 10 min both phases grow withslime rate and after 80 minutes it
seems thatr-Al,O3 constantly grows whereas tleCr,Os growth slows down with
time. Thea-Al,O3 (black) is still growing after 180 min whereasCr,O3 shows a trend
to reach a saturated value. The value is 0.025 88@ min, respectively 0.04.

Figure 39 b) shows the same oxide phases as ing=8fua) but for Bi16Cros6Alo.48N,
high Ti-content an low Al-content. Both phaseststargrow together and do not show
any time delay. After ~5 min the-Cr,O3 seems to reach a saturated value of 0.02, it
holds this value for 20 min, and after 20 min tiege slowly grows to the normalized
integrated intensity value 0.05 after 180 min.daahes a saturated value 0.05 after
60 min. The value is 2 times higher in comparisonhe Ty 03Cro3sAlosoN coating. In
summary, the normalized integrated intensity val@? for a-Cr,Os3 is reached after
~5 min in Th.1eCro.36Al0.48N, Whereas the value 0.02 farCr.Os in Tip.03Cro.38Al0.50N IS
reached after ~100 min.

In Figure 39 b), thex-Al,O3 (black) phase rapidly grows within 10 min and slal@svn
with time. After 180 min a normalized integratedeinsity value 0.18 is reached. In
Figure 39 a), TBioCrhsAlosdN, the normalized integrated intensity value 0.84 i
reached after 180 min. The compositiono3Cro3sAlosdN with low Ti-content and high
Al-content shows a much lower normalized integraigténsity value (0.04) of the
o-Al203 than the composition olieCrozsAlo.4gN with high Ti-content and low
Al-content (0.18).
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Figure 40: a) Integrated intensity of the c-TiCrAIN (111) and (220) as a function of isothermal
time at 1000 °C of Tig,03Crg38Alp5oN. b) see Figure 39 a). The vertical black dashed line

marks the onset of the oxidation of the coating and the transformation of the oxides
(black) a-Al,03(104) and (red) a-Cr,O5(104). ~2.5 min (black for a-Al,O3) and ~5 min

(red for a-Cr,03) mark the start time of the transformation.
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Figure 40 a) illustrates the integrated intensity as a function of isothermal time of the
c-TiCrAIN (111) and (200) of Tip03Cro3sAlyos9N, and Figure 40 b) illustrates the
transformation of the emerging oxides. The onset of the decrease of the intensity in
Figure 40 a) and the beginning of the growth of oxides in Figure 40 b) are marked with
the dashed black line. Additionally, the intensity of c-TiCrAIN (111) increases within
the first ~2.5 min after reaching 1000 °C. This corresponds to the same observed time
delay before the onset of the emerging oxides from the lineouts in Figure 29. The
increase indicates likely a strong reorientation of the crystallites in the indicated lattice
planes. In comparison to Tip3Cro33Alp 50N, the increase of the intensity of coating
peaks is also observed for Tig;6Cro36Alp4gN, but within the ramping time to Tmax
1000 °C. After reaching Tma, the peak intensity of Tip16Cro36Alp4sN decreases

immediately and does not show a continued increase as shown in Figure 40a).
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Figure 41: The normalized integrated intensity of the AL,O; at d = 2.60 A as a function of
isothermal time for 1000 °C, 1100 °C and 1250 °C of a) Tig03Cro3sAlg50N and b)
Tip.16Cro.36Al0.48

Figure 41 illustrates the normalized integrated intensity versus isothermal time of
(X-Aleg for a) Ti().()gCI‘().ggAl().sgN and b) Ti0.16Cr0.36A10.48N for 1000 OC, 1100 °C and
1250 °C. In Figure 41 a), the normalized integrated intensity for 1000 °C and 1100 °C

shows small differences in the time evolution of the emerging oxide phase. The
normalized integrated intensity values after 180 min are 0.04 for 1000 °C and 0.05 for

1100 °C and no plateau of normalized integrated intensity can be observed after
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180 min. At 1250 °C, the integrated intensity rapidly grows within 10 min in the
beginning of the transformation and saturates within additional 10 min. The normalized
integrated intensity value for 1250 °C is 7 times higher than the normalized integrated
intensity value for 1000 °C, respectively 1100 °C. The plateau can be indicated as a full

transformation of the a-Al,O3 oxide or at least as part of a full transformation of the

coating into an oxide. This fact is strongly supported by Figure 33 a) and b). The drastic
decrease of the c-TiCrAIN (200) can be clearly seen for 1250 °C within 30 min

Figure 41 b) shows a similar scenario. For 1000 °C and 1100 °C the transformation
rapidly grows and slows down with time. After 180 min the normalized integrated
intensity values are 0.18 for 1000 °C and 0.22 for 1100 °C and the difference between
these temperatures are slightly higher compared to Figure 41 a) Tip3Cro3sAlps9N.
Compared to the Tip 03Crp 33Alp 59N coating, the values are 4-5 times higher.

c)

c-TICrAIN + oxide
h-AIN -
¢-TiCrAIN + oxile ===l

-
’ -

~

c-TiCrAIN
+ oxide

Figure 42: a) STEM micrograph showing a Tig3Cro3sAlosoN powder particle after 5 min
annealing at 1250 °C in Air. b) HRTEM micrograph showing overlapped domains of
oxides and c-TiCrAIN domains. The dashed line marks a grain boundary. ¢) SAED

pattern from the area of the powder particle in b).

For 1250 °C the normalized integrated intensity values is 0.48 after 180 min and a

plateau can be observed.
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In Figure 42, a STEM pattern of a contaminated pawahrticle of Tg.03Cro.38Alp50N is
illustrated. Figure 42 a) illustrates the powdertipke, Figure 42 b) presents a HRTEM
micrograph of a part of the particle in a) and Fegd2 c) presents a SAED of an area of
b). Unfortunately, the shown domains are stronglgriapped with oxides and a definite
conclusion cannot be drawn. Nevertheless, the teeleéSAED was close to the grain
boundaries. From c), a precipitation of h-AIN andgdes along the grain boundaries can
be surmised. This can be used as an explanatidhddr-AIN behaviour in 8.6.

8.4.1 Discussion

According to the structure factors, | study té\l,03(104) peak, see Figure 29, with

the highest intensity for a better signal to no&e. The sample with higher Al-content
shows a lower integrated intensity afAl,Os, whereas the sample with lower Al-
content shows a higher integrated intensityoehl,Os. All o-Al,O3 peaksshow this
behaviour. These effects were also observed irKRB-pattern of TiICrAIN in [85] or
[20]. The different peak intensities in the comgioas with different Ti-content and Al-
content can be related to the thermal stabilityd #imerefore the observed different
decomposition mechanism, and the observed oxidatsistance of the TICrAIN
powder samples. The enhanced oxidation resistancetife low Ti-content in
Tio.0CrossAlosoN is related to the formation of the observed dewsevoluted
(Cr,Al)203 peak.

Zhouet al.have assumed in their report that the higher oxidatsistance of TiCrAIN
is likely related to the formation of dense protecxide layers consisting of-Cr,O3
and AbOs, which supress the further diffusion and penetratf oxygen inside the
coatings. Furthermore, the promotionoefAl,O3 has been suggested to be a reason for
the improved oxidation resistance [7] [93] [108br@paring the evolution of integrated
intensity of the c-TICrAIN of T9.16Cro3sAlo.agN (Figure 33) with the growth of the
o-Al203 of Tip.16Cro36Al0.4gN (Figure 41) | can confirm this assumption with applied
peak fitting modelling of the oxidized coating stture and convoluted oxide growth.
By summing the integrated intensity of the oxidized@iCrAIN (decreased intensity)
with the integrated intensity of oxide growth (ieased intensity), | nearly get a simple

horizontal line (not shown). A plateau of the ingd intensity otx-Al,O3 means, in
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combination with a vanished cubic structure, a cleteptransformation of the oxidized
coating into an oxide.

The decreased oxidation resistance of higher Tterdnin Th16Cro36Al04dN can be
attributed to the formation of porous Bighase in the oxide scale, which was discussed
in section 8.1.1. The T¥phase shows a negative effect on the oxidatiostaege. As

a consequence, the attack of oxygen and the outwdiasion of nitrogen and
aluminum/chromium became more significant for highB&-content and lower
Al-content. This leads to a fast degradation of #wAIN phases, or here of
c- (Ti)CrAlIN, in the powder sample and the formatmf a-Al,03 and h-AlN.

The outstanding oxidation resistance afpdCro38Alo5dN can be explained by a slowed
down inward attack of oxygen and outward diffus@fnAl. This is also seen from the
time resolved evolution of the convoluted (Cra&)}, the slow growth of the oxidem
this case, there may have been a small amount ahdIlCr in the dense convoluted
(Cr,Al)203 scale, but most Al of §baCrp.38Al0.5dN should remain in the cubic lattice and
bond with Cr and N, and be transformed into h-AlNs suggested [36] [26] that the
adding of Al to CrN is related to an altered bomicture with stronger Al-N bonds,
which can suppress nitrogen release and stabhigectibic structure [20]. The high
Al-content in the TgoLrossAlosdN coating supports this explanation above. This
stabilized cubic structure ofglgzCro3sAlosdN In the real-time oxidation experiment was
also analysed in section 8.3 before. Therefore,dhiggestion can be supported.
Furthermore, Zhwet al. reported in theiex-situoxidation experiment of CrAIN that
a-Al,03 and a-Cr,03 formed simultaneously [109], which, according to mmysitu
synchrotron data, is here not the case for TiCrith low Ti-content.

Likely due to the higher Al-content and due to thigher affinity of Al to oxidize
compared to that of Cr [109], which is seen from synchrotron radiation data, the
inward diffusion of oxygen atoms leads to emergingAl,O3 phase at first. Due to a
low penetrability of oxygen atoms a+Al>O3[90] [110] the a-Cr,O3 forms very slowly
and also only a small amount is formed. Howevex fétt that the h-AIN forms at first
and after ~2.5 mir-Al,O3 starts to form means that the c-CrAIN domains forms

earlier, which was also observed in ossitu annealing vacuum experiment.
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8.5 Kinetic analysis

As oxidation is a thermally activated reaction, dation rates follow Arrhenius law

where the kinetic constant increases with tempegatu

In material science phase transitions are one ef itost important topics. The
crystallization process and other solid state faamsations of materials usually involve
nucleation and growth. These transformations aserieed by Kolmogorov-Johnson-
Mehl-Avrami KIMA model. This is a most frequentlgad methode.g, for oxidation
in Al powders [111] and transformation in ceram@atngs [112]. To extract kinetic
information of phase transformation and growth kg from the experimental
synchrotron radiation data this Kolmogorov-Johnbtehl-Avrami KIMA equation
[113] [114] [115] [116] is used. The equation ia differential form Eq. (6) and after
integration Eq. (7) is:

df = (1 — f)dx (6)

f=1-—e> )

f is the transformed fraction and x an Arrheniusregpionf is obtained by normalizing

the integrated intensitye(g. from Figure 23) values with the maximum transfodme
values.

For the given isothermal conditions x is given lgy B) and Eq. (9):

x = (kt)" (8)

k = kgexp <%?) 9)
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t is the isothermal timeky a pre-exponential constark,transformation rate, n is the
shape factor (known as Avrami constant), T the Bibsdgemperature in (Kelvin), R the
gas constant andabs the activation energy to be determined. The KJuation is
valid if a random homogenous nucleation in an itdig large bulk is assumed and the
nuclei grow without interfering with other nucl&or the growth of the oxides it is not
strictly fulfilled as it has been reported to natein grain boundaries [111]. There are
modified models taking grain boundary nucleatiortoiraccount [117] and are
successfully used [4]. These models modify Eq.wi@) an impingement factae. Its

differential state and integrated state is showign(10) and Eq. (11)

df = (1 — f)adx (10)

f=1—(14x(e—1))i= (11)

A relation to the impingement facterto physical properties is lacking in the literaur
Values below unity are related to a weak impingetmaard values above unity are
related to a strong impingement. The probabilitynatlei interfering with each other
increasese.g. in grain boundaries, if a strong impingement osclifr the nuclei are
positioned far from each other with less risk akemfering, the impingement is weak
followed by a slower transformation rate as comgat@ Eq. (6) [4]. During the
transformation in TiCrAIN tests of the impingeméattors are performed and values of
€ between 0.1 and 3 have been investigated. Ther&fpréll) is rewritten to Eq. (12).

In case fore=1 the equation takes the form of Eq. (13)

((1 — )19
In(———

p— > = n(Ink + Int) (12)

In(—In(1 — f)) = n(Ink + Int) 13
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According to [111] [117] this model describes vergll a system with a nucleation and
the fitting procedure will be similar to the KIMAgeation [4]. However, here this

nucleation mechanism is a mixture of the decomjppwoséind nucleation of oxides.

Lines with the correspondingvalues can be obatined by plotting the left siddqgf
(12) vs. In t for some of the above mentioned igpment factors. The real situation is
described by the straight lines which cannot bélled by all € values, but the best
linear fit with the minimum residuum yields the mpam € value. In Figure 43, a
randomly selected number of the impingement facdtpused for the Eq. (12) and (13),
are plotted vs. Int for §h6Cro36Alo4gN at 1100°C.

In(((1-H"-1)/(e-1))

20 25 30 35 40 45 50 55 60

Figure 43: Plots of the Eq.(12) and Eq.(138). Int for randomly selected impingement

factorse.

For low g-values the plots show a negative curvature andhifgivere-values a positive

curvature. This trend can be seen for all sampigsstigated phases and temperatures.

The residual plot and the?Rvalues can be compared [4] to determine the tyuzflithe

linear plots for alle-values. In that way the bestvalues can be selected which
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describes the real situation. Depending on the temperature and the composition, the &-

values between 0.1 and 3 represent the best fits. These steps have to be performed for

the other compositions and temperatures. From Eq. (12) and Eq. (13), the intersection

with the y-axis is equal to n x In k. n is the slope of the curve. For the calculation of the

activation energy the slope is needed. Therefore, the Eq. (9) can be written as Eq. (14):

1.0

E
Ink =Ink, ~RT

0.8-
0.6-
0.4
0.24
0.0-
02
0.4

In(-In(1-f))

-0.6

W 1000 °C
@ [100°C

A 1250 °C

(14)

Figure 44: Plots of the KIMA equation vs. Int at 1000 °C, 1100 °C and 1250 °C for
Tig16Cro36Alo4sN. With linear fitting of these straight lines, the slope and the

intersection with the y-axis can be calculated.

Plotting In k vs. T results in linear functions with a slope determined by the Eq. (14)

and finally in Arrhenius Plots. Hence, this equation describes a well-known linear

function y = mx+b, where y = In k, b= In ko, m = -Ea/R and x = 1/T. The activation

energy is calculated by the slope and multiplied with the gas constant R.
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Figure 45: Arrhenius plot of extracted data from Eq.(14), the fitted lines and data points
according to Eq.(12) and Eq.(13). Arrhenius plot of a-Al,Os.

Figure 45 shows the Arrhenius plot according to Eq.(14) and the corresponding linear
fits of a-Al, O3 for Ti03Cro338Alp5o0N and Tip 16Cro36Alo4sN. A clear difference in the
slope of both compositions, and therefore in the activation energy can be seen. For
Tio.03Cro38Alp.50N the activation energy is 431.7 kJ mol™ and for Tig.16Cro.36Alo.4sN 50N
the activation energy is 276.3 kJ mol”. Including an impingement parameter whose
value depends on the nucleation site (e.g. grain boundary or bulk site) [89] [117] has
also been tested and results in small changes in the activation energies when the
impingement parameter (¢) is varied in the range of 0.5-2.This fact is illustrated in

Figure 46.
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Figure 46: Activation energies versus e—values of both compositions. The error bars are the

standard error of the linear fit proceeding.

8.5.1 Discussion

The calculated value 431.7 kJ mol' of o-Al203 for Tig03Cro33Alo.soN agrees very well
with the value 450 kJ mol™” determined for the diffusion of oxygen in polycrystalline
ALO; [118] [119] and is in the range of values reported by other authors [120] [121]
[122]. The observation in my measurement suggests thatxigde layer is principally
o-Al203. According to my XRD-pattern inFigure 31, only a small amount is
transformed into6-Al,O3, specially at higher temperatures, and mainbAl,O3 is
observed with a small amouatCr,O:s.

It is known from the literature, that the Gibbsefrenergy ofx-Al,Os; formation is more
negative than that ofi-Cr,Ogz; therefore, AIN is preferably to be oxidized [123]
However, for lower temperatures (1000 °C and 1XDP& continuoust-Al,Os layer did
not form, so here a-(Cr,Al),O3; oxide scale, which means that the Al activities in

TIiCrAIN coatings are not high enough for the cogumith low Ti-content and high Al-
content.
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A similar explanation was also found in [123], haefor oxidation of CrAIN [123].
And this has a very positive effect on the coatimgl this can be a reason why the
amount ofx-Al,Oz are low for the coatings with low forglgaCro 3gAl 0. 5dN.

The reason for a higher activation energy couldd®llows. In the literature, there is a
transition of the oxide scale, consisting mainly @wfr,O; with some amount of

a-Al,O3 at lower temperature, and at higher temperaitde,Os3 is the main oxide with
traces otx-Cr,0O3[90] [124].

In Tip.03Cro.38Al059N @ similar conclusion can be drawn. Both oxiddesca-Al,O3 and

a-Cr,O3 were observed, whereasAl,O; dominates slightly oveo-Cr,O3 at lower

temperaturédsee Figure 39a), and at the highest temperatus® 12 o-Al,Os is the

main oxide (see Figure 41 a)). More energy is neadeoxidize the BiosCrp3Alp.50N
sample, which shows a higher oxidation resistantbe high Al-content in
Tio.0Cro38AlosdN doesn’t mirrored in the peak intensities @fAl,O3 in the XRD-

pattern, but, now it shows definitely an affecthe activation energy, a positive impact
of the oxidation resistance.

The calculated value 276.3 kJ mdaf Tip.16Cro.36Al0.4eN agrees very well with the value
271 kJ mot [119], however, the value is higher than the valueported by
Suryanarayana [124]. One reason is, as Bretwal. reported [119], likely a higher
impurity level in the AIN powder used in [124]. Csidering that the TiCrAIN coatings
and powders used are fabricated with an industkiaporation system, which shows
definitely a high amount of impurities (see ChapteFigure §, | could conclude the
same argument. However, both compositions exhibiurities. The difference in the
activation energies of JieCrossAlo4dN and TpoxCrozsAlosdN is the variation of
composition and the different growth of oxide whishillustrated in Figure 41. For
higher Ti-content in TiCrAIN, the affinity of formg oxides is much higher as described
in Section 8.4.1 and 8.3.2.
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8.6 h-AIN transformation in vacuum and oxidation

This sub-chapter summarizes our results of the growth of the h-AIN phase in the
vacuum atmosphere [125] in order to compare these results with the results of my
real-time oxidation experiments [126].

Figure 47 illustrates the evolution of the fraction transformed of the h-AIN (100) of
a) Tip.16Cro.36Alp4sN and b) Tip 03Cro33Alp 50N at 1000 °C, 1100 °C and 1250 °C in an
oxidation atmosphere.

The calculation of the fraction of the h-AIN was performed with the synchrotron
radiation data of the vacuum experiments. The data (integrated intensity) of the h-AIN
phase of the oxidation experiment was normalized with integrated intensity of the
plateau value of the full transformed h-AIN in the vacuum experiment (at 1150 °C) in
order to ensure comparability and to get a fraction. With these data a conclusive
statement about the fraction of the evolution of h-AIN can be done (see Chapter 6.9). In
Figure 47 a), it is obvious that the increase of the transformation is very fast in the

beginning of the transformation.
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Figure 47: Fraction transformed of h-AIN (100) of a) Tig 16Cro36Alp4sN and b) Tig,03Cro33Al0.50N
at 1000 °C, 1100 °C and 1250 °C in the oxidation atmosphere.

For 1000 °C, a maximum value 0.15 of the fraction transformed is reached after
~11 minutes. With higher temperature, the maximum is shifted to lower isothermal
times and to higher fraction values. At 1100 °C the maximum value 0.17 is reached after

~6 min and at 1250 °C the maximum value 0.23 is reached after ~ 2 min. At 1250 °C, a
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very fast growth of the h-AIN phase can be measured. This fact can be rudimentarily
seen at the onset of the growth in Figure 47 a).

After reaching the maximum values, the fraction value decreases with isothermal time.
At 1000 °C the h-AIN decreases very slowly and after 70 min it reveals a linear
behaviour. At 1100 °C, the decrease of the h-AIN phase is faster compared to the
measurement at 1000 °C. At 1250 °C, the h-AIN decreases very fast and shows an
exponential decrease. In Figure 47 b), Tig03Cro33Alp 50N, the h-AIN fraction transformed
for 1000 °C increases very fast at the beginning of the evolution and slows down with
time. After ~150 min there is no significant change in the fraction transformed. A
plateau is reached. The same situation is observed for 1100 °C, but with a higher
fraction transformed value. Due to beam loss during the measurements, the last
12 minutes could not be recorded. At 1250 °C, the onset of the evolution is very fast and
after ~2 min the maximum fraction transformed value is reached. After that, the curve
shows an exponential decrease. This curve exhibits almost the same situation as for the

sample Tip 16Cro36Alp4sN at 1250 °C in Figure 47 a).
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Figure 48: Fraction transformed h-AIN (100) of Tig6Cro3Alp4sN as a function of isothermal
time in a) oxidation atmosphere and b) in vacuum at 1000 °C, 1100 °C and 1250 °C and
respectively 1050 °C, 1100 °C and 1150 °C

In Figure 48 a), the h-AIN (100) evolution of Tiy 16Crg 36Alp 43N in oxidation atmosphere
is shown and in Figure 48 b), the evolution of the same h-AIN (100) phase of
Tip.16Cro36Alo4sN in a vacuum environment is presented. For 1050 °C, the fraction

transformed of the h-AIN grows slowly without reaching a plateau value within
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275 min. For 1100 °C, the onset of the growth is fast and slows down with time without
reaching a plateau value. Due again to the beam loss the last 40 minutes could not be
measured. For 1150 °C, the increase is fast in the beginning of the transformation and
slows down with time. A plateau is reached after ~180 min which indicates a full

transformation of h-AIN, a fraction transformed value of ~1.
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Figure 49: Summarized fraction transformed of h-AIN as a function of isothermal time at three
different temperatures for Tig6Cro36Alp4sN in oxidation atmosphere and in vacuum

environment [127] [126].

Figure 49 presents the h-AIN (100) evolution of Tig16CrossAlp4sN in an oxidation
atmosphere and in a vacuum environment for different indicated temperatures in one
plot. This plot illustrates the differences of the fraction of the h-AIN evolution in Figure
48 a) and Figure 48 b) more pronounced. With this result it can be clearly seen that in
the oxidation atmosphere only a max fraction of ~0.23 of the h-AIN is transformed, for
short period of isothermal time, whereas a full transformation is reached in a vacuum

environment.
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8.6.1 Discussion

It is evident from my peak fitting data analysisattkhe evolutions of the h-AIN phase in
my real-time oxidation experiment for the composis Tb16CrossAlosdN and
Tio.03Cro38Al0.50N show different behaviour.

By comparing the h-AIN phase evolution of the vamouwannealing experiment
(Tip.16Cro.36Alo.agN) with the h-AIN phase evolution of the oxidatiogxperiment
(Tio.16Cro.36Al0.48N), it is seen that, additionally, these behavioars also different.
Furthermore, the data analysis of the h-AIN phasdudon (in my oxidation setup) at
1000 °C confirms my rough observation from the dmes in Figure 29 at this
temperature. For dbp<rp 38Al0.sdN, the presented curves at 1000 °C and 1100 °Geof t
h-AIN in the real-time oxidation experiment exhitgimilar trends as the h-AIN
evolution for Tp.16Cro36Alo.4gN In the vacuum annealing experiment at 1050 °C and
1100 °C.

A full transformation of the h-AIN phase in my oagitbn experiment, as indicated here
as a plateau in Jp3Crp3sAlo.5dN, does not correspond to a complete transformatfon
c-CrAlIN into h-AIN as indicated in our vacuum anlieg experiment. My calculation
of the fraction transformed value has shown th& threctly (compare Figure 47 b)
with Figure 48 b)). The data analysis shows thdy ¢ime maximum fraction value of
0.23 has been reached at 1250 °C and furthernioseydlue is reached for a short time
before the h-AIN phase decreases. In other wordly, 23% of the possible h-AIN
transformation takes place, for a short time. Dughe very fast growth of the h-AIN
phase at 1250 °C in both compositions, it was jessvith the fast detector and with
the optimized detector configuration to record fad#oints before the maximum of the
fraction value is reached.

At first, the different behaviour of the h-AIN ewtion can be explained by the different
observed oxidation processes. Obviously, the ptigeeoxide scale (Cr,Af0s is more
effective in Ty oLCrp.38Alps0N compared to the oxide scale composea-@¢Cr,Al),03
and TiIQ in Tip1eCroseAloadN. In my real-time oxidation experiment a finished
transformation of the h-AIN evolution is measured iy 03Cro38AlosdN, but not a
complete. At this point | can repeat my conclusioihe formed oxide scales

o-(Cr,Al)203, in Tip.0Cro.3sAlo5dN, provide a nearly protective effect against a ptate
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decomposition into the decomposition products (seetion 8.2) of the metastable
c-TICrAIN phase. The phase evolution of the h-AlNnGrms my conclusion. The
transformation of h-AIN evolution is protected bhetdescribed oxide scale at 1000 °C
and 1100 °C for BiolrossAlosdN and only maximum 17 % (0.17) of the h-AIN is
transformed (se€igure 4%. Therefore, there is no complete transformatiod his
analysis of the evolution of the h-AIN phase alsafems this conclusion.

For Tob.1eCrossAlo4dN, the transformation of h-AIN evolution is alscopgcted by the
described oxide scale. But here, the transformatiothe h-AIN evolution stops after
~11 min, ~6 min and ~2 min, and the h-AIN phasetstto decrease. The decrease of

the h-AIN is associated with a transformation o titAIN into 6-Al,O3 and therefore

an oxidation of the h-AIN phase. At 1250 °CpoBCrossAlosdN shows the same
oxidation behaviour of the h-AIN evolution as shovior Tig16Clo36AloadN, a
transformation of the h-AIN int6-Al,Os.

Secondly, the data analysis shows directly, thafptifotective oxide scale (Cr,AQ)s for
Tio.0aCro38Alo.sdN provide a better protective effect against theplete decomposition
(see section 8.2) into the decomposition productapared to Bi16Cro.36Al0.4eN. This
fact can be directly seen kigure 47 For 1000 °C, the fraction shows a value of 0rl fo
Tio.03Cro38AlosdN after ~20 min compared to 0.15 forp 7dCro 36Al0.49N, 50 % more
based on this observation. The h-AIN transformatigs less distinct in
Tio.03Cro38Alo5dN. For 1100 °C, the fraction shows a value of Gdlr5Tip 0zCro 38Al0.5dN
after ~10 min compared to 0.17 forp1éCro36Alo.4dN, respectively. Here it can be
noted, that in Bi16Cro36Alo.48N, the increase of the h-AIN evolution becomeseiakir
higher temperatures, and with higher temperatueeetifect of the oxidation process
becomes stronger.

Thirdly, the fact that the first appearance of INAhase in vacuum is at first at 1150 °C
for Tio.16Cro.36Al0.4gN, and in my oxidation experiment the same h-AlNigd appears at
1000 °C, which additionally starts to oxidize aftee declared minutes, support one fact
distinctly.

Here obviously, | can confirm my assumption tha gpinodal decomposition (which
suppressed the h-AIN transformation and increaseottset-temperature of the h-AIN
transformation, which results in a higher thernmtabsgity) has positive stability effect in
vacuum for Tg.16Clo.36Al0.4dN, but has a negative effect in air. The evidemeelHis fact

89



Results

will be clearer in the last section 8.7. So, thAlN-domains are surrounded by the
c-TiCr and c-CrAIN domains (caused by the spinattmomposition) or, as Forséms
al. decomposition model described, the Al-rich c-Tid¥Alomains are not stable and,
therefore, there is a transformation into h-(Ti)AMMh traces of Ti inside these domains
[20]. It seems that these traces promote the agidatf the h-AIN for higher Ti-content
in Tio.16Cro.36Al0.4gN Which was shown in Figure 47.
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8.7 Relation between coating grain vs. h-AIN vs. oxide
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Figure 50: The integrated intensity of h-AIN(black) and 6—Al,O3(blue), and the FWHM of the
c-TiCrAIN(red) of Tig 16Crg36Alp4sN at 1000 °C, 1100 °C and 1250 °C. The arrows
mark the curves for a better view. On the left side is the scale for the integrated
intensity related to h-AIN(black) and 6—Al,Os(blue), and on the right side is the scale
for FWHM related to c-TiCrAIN(red). This plot [88] illustrates the relation between
FWHM evolution of TiCrAIN (FWHM) coating, the h-AIN and the emerging Oxide
6—-ALO:s.
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Figure 50illustrates the correlation between the transfdionaof the h-AIN, the new
emerging 6-Al,Os and the evolution of the FWHM of the c-TiCrAIN d¢oay as a
function of isothermal time. On the left side i thtegrated intensity and represent the
scale for the evolution of the h-AIN(black) and thew emergin@-Al,Os(blue) On the
right side is the FWHM and represent the scale doolution of FWHM of
c-TICrALN(red). As described in Chapter 8.5, théAlN reaches a maximum value
after around ~11 min, ~6 min and ~2 min. This tistep is correlated with the new
emerging6—Al,0s. The h-AIN phases starts to oxidize and transforto 6-Al,Os as
described in Chapter 8.1. At the same time stépcal maximum of the FWHM of the
TiCrAIN is reached. The mechanism behind this olzt@n can be described as

follows.

8.7.1 Discussion

During the spinodal decomposition CrAIN domains ai@N domains build up and at
the same time h-AIN starts to transform. In the mvddle oxygen diffuses into the
coating and oxides will form. Additionally, Cr, &nd/or Al can also diffuse to the oxide
scale interface and form (Cr,AQ)s and porous Ti@ This confirms my conclusion that
Tio.16Cro36Al0.4dN in My oxidation experiment does not provide a gpaatective effect
against the described decomposition. After 11 @imin and 2 min, the h-AIN domains
are surrounded by these c-TiCr and c-CrAIN domaarsl the onset of the
transformation of h-AIN into9-Al,Os starts. The Al-rich c-TiCrAIN domains are not
stable and therefore there is a transformation m{@i)AIN with traces of Ti inside
these domains [20], as Forsé&h al. have described the decomposition model of
TICrAIN in their ex-situannealing experiment.

Therefore, further oxygen diffusion, supported b thigh Ti-content, promotes the
transformation of h-AIN int®-Al,Os. This behaviour is observed for all temperatures
in the Tb.1eCrossAlo.adN. The higher the temperature is the faster thesteamation of
h-AIN takes place. For JCri4AlpeiN with small amount of Ti (% 0), the nucleation
and growth of the h-AIN precipitates at grain boarmes, as mentioned above. Under

the assumption, that the oxidation process atthekgrain boundaries, a protective
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oxide layer (Cr,AROs will build up at the grain boundaries and no sigiht porous
TiO2 will form. Therefore the growth of the h-AIN is usturbed and the limited
activity of Al in h-AIN hinders a further transfoation of the h-AIN, and into &-

Al;Os. The observed plateau of the h-AIN transformatiman be interpreted as
impingement of the h-AIN domains and the oxide fayl@a addition to that, the
mentioned limited Al activity is mirrored in thevilogrowth kinetic of the h-AIN for the
sample with low Ti-content [94] and this low Al agty leads finally to a low affinity
for the h-AIN in Tp02Cro 38Al0 5dN to oxidize.
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Chapter 9

9. Summary

The a.d. compositions of they hECro.38Al0.sdN and Tp.16Cro36Al0.4gN coatings deposited
by industrial scale cathodic arc evaporation arepn®1 structure type. For the-situ
synchrotron radiation x-ray powder diffraction (3®RPD) real-time oxidation studies
in air the coatings have to be ground into powAeself-designed thermal annealing
setup was constructed to perform the real-timeatiad studies on c-TiCrAIN coatings
and to simulate the conditions in a high perforneaagtting tool with a heating rate of
3000 K min! up to 1000 °C, 1100 °C and 1250 °C. By using & Faskin Elmer 1621
detector in read-out mode with 15 seconds expdsueeper diffraction pattern, a time
resolved evolution of the oxidation process coulel mheasured. The composition
Tio.0aCro38Alo.5dN, shows a superior oxidation resistance compaveitid composition
Tio.16Cro36Al0.4dN due to a time delayed dense growth of a convdhite oxide scale
composed ofx-Al,O3 and a-Cr,0O3. The decrease of the peak intensity of the cubic
structure indicates mainly an oxidation proces® thuthe time correlated growth of
oxides, and, additionally, a decomposition of tR€CrAIN into the decomposition
product h-AlIN.

Assumptions made in the literature about the oiddatesistance of TiCrAIN and the
prevented complete decomposition due to the oxidgbrocess, are confirmed by the
in-situ SR-XRPD real-time oxidation studies. The higheidakon resistance is related
to convoluted oxidex-(Cr,Al).O3, and thea-(Cr,Al),O3 oxide scale likely provide a
protective effect against a complete decomposifiteaction kinetic studies of-Al,Os
show a low Al activity in Tj03CrossAlosdN. This result is supported by the observed
low growth of a-Al,O3 and the observed strong stability of the cubiadtre. This
results in a high activation energy for a complexelation. Both compositions show
different oxidation behaviour accompanied with eléint evolution of the h-AIN. Up to
1250 °C, a complete transformation of the h-Alxiag observed in an air atmosphere in

both compositions. For didCros6Alo.4gN, the h-AIN transformation stops after several
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minutes and starts to oxidize and transforms iMeAl,O; whereas for

Tio.0Cro38AlosdN, the h-AIN transformation reaches a plateau afi@® min which,
here, does not indicate a complete transformatioh-AIN. In this connection, the
studied decomposition mechanisms of the c-TiCrAlNvacuum also appear in the
oxidation experiment of the coating in air. The device for the decomposition
mechanisms were found in the time resolved evaiugb the FWHM and of the d-
spacing, in both experimental setups. The spinddabmposition process, promoted by
the higher Ti-content in TheCro36Alo0.48N, leads to a decreased oxidation resistance due
to the growth of porous TiOin the formedenriched c-TiN (c-TiCr(Al)N) domains
whichbenefits the growth ak-Al,Os, which in turn lead to a higher Al activity andsth

results in a lower activation energy for a compleigidation. The spinodal
decomposition in these compositions shows a negatiect on the oxidation process in
air, whereas it leads to a higher thermal stahilityacuum.

95



Chapter 10

10. Conclusion and outlook

10.1 Conclusion

According to my knowledge, this is the first time present results from a high
temperaturan-situ SR-XRPD real-time oxidation experiment on this cosiponal
TixCr-p37Al1-0.37-N material system in the literature. The appliadetiresolved SR-
XRPD technique is a powerful tool to perform oxidat experiments on TiCrAIN
material systems on short timescales. With thishneme, time resolved phase
transformations and oxidation processes could kesared.

The higher oxidation resistance in diCro 3sAlo 50N IS related to thin dense convoluted
o-(Cr,Al)203 oxide scale. The assumption in the literature that higher oxidation
resistance in TICrAIN material system is likelyatdd too-(Cr,Al)>,O3 oxide scale can
be confimed by myin-situ SR-XRPD real-time oxidation experiment. The
methodological peak fitting approach for timesitu SR-XRPD real-time oxidation data
analysis reveal that the B1 structurgoBCro3sAlosdN is still remaining up 1250 °C for
30 min annealing in air. The kinetic studies shbat tthe activation energy ofAl,O3

is 431.7 kJ mot for TigoCrossAlosdN, whereas the activation energy for
Tio.16Cro3eAlo4gN is 276.3 kJ mol, which supports the observation of the higher
oxidation resistance of the obeCrp3sAlosdN coating. The oxidation of the cubic
structure is composed of the oxides saaleCr,Al),O3 TiO, and the decomposition
product h-AlIN.

So far, it was known from the literature that thielision of Cr delay the formation and

growth of h-AIN, in vacuum. With my real-time oxiilan setup it was shown that the
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formation of h-AIN is additionally strongly suppeesl in air, and the formation of h-
AlIN starts to oxidize, depending on the decompmsiprocess and Ti content.
Additionally, in this thesis it is reveal that tlo&idation process severely hinders the
complete decomposition of my Or-3/Al1037-N system, also with respect to the
different decomposition mechanisms. So far, simabaservation was known for the
ternary system CrAIN.

These results provide new knowledge of the temsa@lience of the growth of oxides,
the temporal sequence of the oxidation of the ngafipeak) itself and the temporal
sequence of the phase transformation g&Th 37Al1.0.37-N, in an air environment.
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10.2 Outlook

The next step must be to deposit coatings withetlo@snpositional content, or similar
compositions with low Ti-content, on substrates.t Bdditionally, a local pressure
should be applied directly on the coating to préwverstrong bending caused by the
coating-substrate reaction. Therefore, this leada better direct correspondence to a
real-time cutting process. Due to the analysed, datdoe first 15 min of my oxidation
experiments there is a thermal expansion in thpatiag of the c-TiCrAIN. So, one can
assume a high stress in the coating. From the datan be assumed that if there is a
contact and a pressure between a cutting edgehand-TiCrAIN coating, the thermal
expansion can lead to a counter pressure and $tod time there is an equilibrium
between the pressure of the cutting edge and thengo This short equilibrium state
can have a positive effect on the oxidation ressaand mechanical properties. Similar
experiments were also performed in TIAIN. The fotima of h-AIN still limits the high
temperature properties and the details regardingtsintransformation is lacking.
Therefore it is very important to study the h-AllNgse evolution in c-TiICrAIN under
oxidation atmosphere in more detail and try to deetic studies on the h-AIN. Here,
the temperature range depends on the compositiesedBon the coating-substrate
reaction | observed textured coatings. Here, amaghpf the texture on the oxidation
resistance may have been possible. Based on theadalysis, | observed a short time

delay of the growth of the-(Cr,Al)2O3 components. A further investigation in this

process can maybe lead to a better understanditige (fuggestion that by adding of Al
to CrN, which is related to an altered bond streectwith a stronger Al-N bonds,
nitrogen release can be suppressed which stabilieescubic structure. For further
studies on this material system in air, | wouldyvilre Ti-content close from 3 at. % to
16 at. %, and with a constant Al-content of ~ 60at
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