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Nazanin Fateh Introduction

1. Introduction

High performance manufacturing processes such &s ntlichining or other high
temperature applications require new properly desigcomponents. The demand on
advanced materials to reduce or control econonssel® generated by friction and wear in
order to extend machinery lifetime drives the depaient of thin film technology. Coated
materials allow the combination of beneficial bpHoperties like high toughness and strength
with excellent film properties like hardness, waad corrosion resistance [1-3]. In this way,
the surface properties of bulk materials are ubefohanged according to the diverse
application requirements.

Within the last decades, plasma-assisted methods &@mulated the development of
advanced hard coatings where material limitaticagehbeen overcome. First generation hard
coatings based on transition metal nitrides andidas showed success in reducing wear and
corrosion of tools and increasing lifetime, comliveth the drawback of unfavourable high
friction, limiting their ability in dry machiningDue to the high performance requirements, the
major trend of synthesizing multi-component and tphased structures has gained
considerable interest [2-5]. Well-established itting tool industry are metastable coatings in
the Ti-Al-N system due to their high hardness awddywear resistance combined with
superior oxidation resistance up to 700°C [2,4hcBithese coatings reveal a rather high
coefficient of friction at elevated temperaturesieotrend in the development of next
generation coatings follows the strategy of addwegv elements to the matrix to achieve
enhanced friction behaviour at high temperatures.

A lot of effort has been made to develop the stedalow-friction protective coatings,
which act as solid lubricants, to replace the comgnased external fluid or lubricants. Low
friction due to the lubricating action of such dogs can effectively reduce contact heating
during sliding and thus improve the tribologicahbeiour in high speed and dry machining
applications. Developments of hanocomposite coatthgt consist of solid lubricants (such
as diamond like carbon (DLC), Me®r WS) and a hard metal nitride or carbide (i.e., TiN,
TiC, WC) have greatly improved the tribological pesties [6-8]. However, these intrinsic
solid lubricants often begin to fail in their tribgical effectiveness due to degradation at
elevated temperatures.

In recent years, oxide materials have become nmegeisting due to their low adhesion

tendency and high oxidation stability. The so-ahlléubricious oxides with easy
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crystallographic shear planes can serve as luliscrelevated temperatures. They are found
among the oxides of V, Mo, W and Ti [9-12], whiabrrh oxygen deficient homologous
series with a variety of phases. Such lubriciousesxcan accommodate the velocity between
two surfaces in relative motion by shearing, an@ ¢ their crystallographic easy shear
planes, provide low friction and also even prewaeetar damage [13]. Several researchers
have explored the feasibility of incorporating heiimus oxides and/or oxide forming elements
that can potentially result in lubricious oxide pba during machining or other sliding
operations [6,13]. A major progress in terms of iaying the tribological performance at
elevated temperatures has been achieved by théioaddf V into a hard matrix, like
TIAIN/VN superlattices and AICrVN coatings. The ingwement of the tribological
properties of these coatings at high temperatsresnnected to vanadium oxide formation, in
particular vanadium pentoxide {85s), which is known to act as solid and liquid lulamt at
elevated temperatures [14,15].

The contribution of the present work is focusedtib@ design of a new class of low-
friction coatings based on lubricious vanadium egidThe main approach is to fill the gap
between room temperature low-friction coatings.(®&gC or MoS) and high temperature
low-friction coatings such as the previously depeld TiAIVN [14] or AICrVN [15]. In the
first step of this work, TiN, VN and V coatings pered by unbalanced magnetron sputtering
were characterized with respect to their oxidatlmehaviour to verify the concept of
solid/liquid oxide lubrication. The correspondingdaeventually lubricious oxides within the
system Ti-O and V-O are expected to be formed dutibological testing at elevated
temperatures. Next step concentrated on the eshaidint of interrelationships between
growth parameters and the structure evolution bfitious V.Os thin films. Subsequently,
the correlation of YOs film structure and properties with its tribolodgigaerformance was
characterized by deposition 0b®5 as single-layer and bi-layer coatings. The outbhéhis
thesis starts with a general overview of mater@édion, i.e. vanadium containing nitride
coatings and lubricious oxides, in particulaiO¢, by reviewing the published literature. The
following chapters in this thesis outline the tfilm synthesis, the tribology of films as well
as some experimental aspects of the coating cleaization, particularly with regard to the
investigated films. Subsequent to a short summdrythe main findings, the major
experimental research is given in five scientifibjications, where the obtained results are

comprehensively discussed.



Nazanin Fateh Material selection

2. Material selection

Within this chapter, the general concept of lulmis oxides for high-temperature
lubrication and an overview of available literatued recent scientific findings designing

low-friction coatings are provided. Furthermoreg tirystal structure of ¥Ds is introduced.

2.1. Lubricious oxides

Lubrication is defined as any means capable ofrobimy friction and wear of interacting
surfaces in relative motion under load [13]. A widariety of materials, gases, liquids or
solids have been used as lubricants to reduceittmiial force between surfaces. However,
at very low or high temperatures, in vacuum or@&xe contact pressures, often the only way
to control friction is to use solid lubricants suatt MoS, DLC or WS [2]. Nevertheless, in
modern industrial operations like metal cutting,stnaf these solid lubricants begin to fail due
to their limited thermal stability and loose théiibological effectiveness. As a result, they
oxidise under ambient atmosphere, thus, frictioth\@ear are subsequently dominated by the
formed oxide film. On the contrary, soft, stablel aadherent oxides with low shear strength
can serve as lubricants at different temperatunelsame, therefore, referred to as lubricious
oxides. First investigations on oxidised TiN an@ Toatings by Gardos revealed low friction
coefficients in air due to the formation of rutisgrer TiO, [10,11]. Gardos et al. demonstrated
that oxygen vacancies in rutile TiGQignificantly change the shear strength in thdaser
region [11]. Further work by Gardos revealed theraelation between oxygen deficient
structure of rutile (TiQx), shear strength and the tribological behaviowtatail [12].

In 1953, Magnéli first investigated the crystalsture of substoichiometric oxides of Mo
and W with planar faults belonging to homologousese They can be described generally by
the formulas Mg03,-1 or Mg,0O3n-2, and consist of a crystalline structure basedutifer[16].
Andersson first reported on the existence of a Hogumus series of vanadium oxides
corresponding to the formula,@,,-; with n>4 [17]. Generally, these sequences of oxides
exhibit a high concentration of vacancies and ciifié stoichiometries, leading to reduced
binding strength and easy crystallographic sheangd. Such oxides are referred to as
Magnéli phases.

To predict the lubricity of oxides or oxide mixtgréor designing advanced low friction
coatings, a new crystal-chemical approach was ptedeby Erdemir [6,18]. Specific

selection and incorporation of such oxides may hsigaificant beneficial effects on the
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tribological behaviour. The crystal-chemical paréenés based on the ionic potentigt Z/r,
defined as the ratio between the cationic chargad the radius of the cation[19]. lonic
potential controls several physical and chemicatnoimena in oxides. Specifically, it is
possible to establish a correlation between iooiemtial of an oxide and its shear rheology,
and hence, with its lubricity. In general, the reglthe ionic potential is, the greater is the

extent of screening of a cation by surrounding asyi@s illustrated in Figure 2.1.

Oxide Cationic Cat!on lonic
case charge ra((jlﬂi;s potential
B.O, 3 05 6
AQ, 3 0.2 15

Xx=2,y=3

Figure 2.1: A schematic illustration of the concept for ionit@ntials of two oxides having the same

cationic charge but different cation radius [18].

Oxides with highly screened cations (such a®y WO; and RegO;) are normally soft,
shear rather easily and their melting point is |oWheir cations are well-separated and
completely screened by the oxygen atoms. As atrdbelr chemical interaction with other
cations is greatly hindered and most of their bogdsé with surrounding oxygen anions. They
also can act as liquid lubricant due to their lowltimg points at elevated temperatures. On
the other hand, oxides with lower ionic potenti@sch as AlOs;, ZrO,, FeO; and MgO) are
very strong and stiff. Their cations are free tteiact with each other and form strong
covalent or ionic bonds which make them very stramgl hard to shear even at high
temperatures [18].

Figure 2.2 presents the correlation between thac igotential and the frictional
performance of some oxides. It can be noticeddkattes with higher ionic potentials appear
to provide lower friction coefficients. XDs with a high ionic potential o$=10.2 provides
excellent lubricity and reveals a friction coeféint of ~ 0.2. Several promising investigations
have been published in which the existence of ¢utws oxides, in particular XDs, has
improved the tribological behaviour of VN and VNAIN coatings [5,9,16,20,21]. Thus, the
incorporation of V into a hard matrix to produceO¢ on sliding surfaces has attracted

significant research activities in the last yeard & in part also the scope of this work. Most
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of these observed lubricious effects are attribtivethe structure of MDs which is described

in more detail in section 2.3.
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Figure 2.2: Relationship between ionic potentials and averdigetibn coefficients of various oxides [18].

2.2. Nitride coatings containing vanadium

As already mentioned, several researchers havenisgs promising strategies where the
addition of vanadium to hard coatings improves tieological performance during dry
machining, mainly due to the formation of an oxiden containing \,Os in the frictional
contact. TIAIN/VN coatings have proven to have dbere wear resistance and low friction
coefficient under dry sliding conditions at elevhtemperatures due to the detected surface
oxide V,Os [5,20-25]. Mlnz et al. [23] and Hovsepian et &@5][ have reported on the
excellent wear behaviour and low friction coeffiieof TIAIN/VN multilayer coatings
synthesised by a combined cathodic arc/unbalanpattesing technique. Concerning the
friction mechanism operating in the TIAIN/VN mu#iijer coatings, the oxidation and the
tribological behaviour of TIAIN/VN at elevated teemature have been studied extensively
[27,28]. According to their observations, the agbik low coefficient of friction and wear
rates are attributed to the formation of a tribadexfilm in the wear track during sliding,
which contains lubricious X0s. Mayrhofer et al. investigated TiAIN/VN superlati

coatings, where by the incorporation of vanadiuto ithe hard coating efficient lubrication
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with a friction coefficient as low as 0.18 at 700W&s achieved [14]. The observed low
friction effect at 700°C compared to the room terapge values of approximately 0.6-0.8
was attributed to the formation and melting ofO¢ on the coating surface. However, the
V.05 undergoes a transition to lower oxidised M@9], which is responsible for the loss of
the liquid oxide lubrication effect and a rise bétfriction coefficient with annealing time.
Further work by Gassner et al. on VN and by Kutgethel. on vanadium containing TiAIN
coatings has also confirmed the formation of lubtis oxides on the coating surface at
elevated temperatures [30,31]. Franz et al. haperted the tribological behaviour of arc
evaporated AICrVN coatings from room temperaturetauy00°C for different V contents.
The best friction performance was observed at 70f@tChigher V concentration in the
coating. Due to the formation and melting ofO¢ on the coating surface, the coefficient of
friction could be reduced from 0.7 at room tempaeto 0.2 at 700°C [15].

Publication | and Il present the influence of oxiglase formation on the high
temperature tribological performance of VN and \atoags. Differential scanning calorimetry
(DSC) measurements revealed that the onset of tiodéor V and VN coatings occurs in a
range between 400 and 450°C, whereas the oxidatmresses of these coatings seem to be
different. For both coatings, a significant decesa&s friction coefficient at temperatures
above 400°C was observed reaching a value of Q25b-#& 700°C. The formation of,@s
gives rise to solid lubrication while the subseduerelting of this phase at temperatures

above 600°C leads to liquid lubrication.

2.3.  Vanadium pentoxide — \LOs

In recent years ¥0s has been the subject of a number of studies dues tmaterial
characteristics, and has been sucessfully intedyret® various applications. This oxide
corresponds to theD,,+1 Series, with n=2, 3, 6, which can be considereoxggen deficient
(face-centre-cubic) fcc structures. It is deducesnf the cubic structure by introducing
different ordered vacancies in the oxygen closd«pgcarray. There are some polymorphs of
V,0s which are identified in the literature asV,0s (orthorhombic)3-V,0s (monoclinic or
tetragonal) and-V,0s (a modification off3-V,0s) [32]. The most stable crystal structure is
orthorhombica-V,0s which belongs to the space group Pmmn (59) witticeaparameters
defined as a=11.512, b=3.564 and c=4.368 A [32,3Bk crystal structure ofi-V,Os,
determined by Bystrom et al. [34] has been refibgdBachmann et al. [35] and Enjalbert

[33]. Galy et al. reported a general expansion ha# tattice constants with increasing
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temperature but no phase transition could be mb{i8&]. The \LOs structure is characterized
by periodic arrangements of distorted &/€uare pyramids, which share corner and edges, as
shown in Figure 2.3.

The vanadium atoms form five bonds with oxygen wikO bond lengths varying
between 1.585 and 2.021 A. There are three stalbtudifferent oxygen atoms, terminal
(vanadyl) oxygen ©coordinated to one vanadium atom through the ssbhond (1.585 A)
and bridging oxygen £03 coordinated to two or three vanadium atoms wit \distances
ranging between 1.78 and 2.021 A. The result isres of \bOs layers parallel to the (001)
plane and stacked along [001]. The layers so foraredheld together by weak vanadium-
oxygen interactions with a distance as large a8 A7The interaction between the®%
layers is so weak (van der Waals type) that thstaly cleave easily along the (001) plane, as

described in detail by Ramana et al. [37].

® Oxygen
@® Vanadium

Figure 2.3: Perspective view of orthorhombicWs crystal lattice [36].

This specific structure with easy crystallograp$iiear planes along (001) determines the
potential of \bOs as solid lubricant. Several research works havenbecused on the
structure characterisation and optical properties/gOs thin films. Different deposition
techniques have been used to synthesi®; Yhin films, such as, sol-gel method, magnetron
sputtering, pulsed laser deposition and thermapenaion [37-41]. The crystallinity and
properties of YOs films are mainly dependent on the deposition tepieand the deposition
conditions. The synthesis of (001) textured cryisi&alV,Os films by sputtering a ¥Os target
in the presence of oxygen was reported by Benmaeisah [42]. Ramana et al. investigated
V.05 thin films synthesized in a wide temperature rang@g pulsed laser deposition [43].

They reported an onset of crystallization at 200#8ile at lower temperature an amorphous
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film was observed. Annealing of2@s films in vacuum at 400°C or higher causes a rednct
to VO,, as reported by Ningyi et al. [29]. The oxide retitan follows a sequence with several
vanadium oxides formed in the intermediate step€s¥V30;,—V 4,09—V013—VO; [29].
Publication 1ll and IV report mainly on synthesisugture relations of YOs thin films
deposited on MgO (100) and silicon substrates undeying deposition condition and
deposition techniques.

There are only few investigations on mechanical tihdlogical properties of ¥0s thin
films, since they are more of interest for elecitaand optical applications. Lugscheider et al.
reported the hardness of vanadium oxide coatings palycrystalline VQ and \LOs phases
being in the range of 13-18 GPa [44]. Ga#iki et al. reported the correlation between
friction coefficient and testing temperature, retmat during a temperature cycle of 100-700°C
against an alumina ball as counterpart [45]. Accgydo their observation, the friction
coefficient decreases from a high value of 0.80&°C to 0.4 at 500°C and then to about 0.3
where melting induced effects occur. The almosntidal friction coefficient during the
cooling sequence confirms the stability 0fO¢4 coatings. In publication V the tribological
behaviour of ¥Os single-layer as well as VN-Ds bi-layer coatings was investigated in the
temperature range between 25 and 600°C. The miatmefficient of \bOs single-layer
coatings decreases from 0.55 at room temperatureOt@9 at 300°C and reaches its lowest
value of 0.15 at 600°C.
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3. Thin film synthesis

To obtain required coating properties for severnapligations, numerous deposition
techniques have been developed. The most impoasgpects of the deposition techniques

used for this thesis are included in the followatgpter.

3.1. Physical Vapour Deposition

In the Physical Vapour Deposition (PVD) process thansport of material to the
substrate results from different physical phenom&enerally, PVD techniques are based on
the common steps of transition from a liquid ong@hase to the vapour phase, transport of
the vapour from the source to the substrate, andllyi its condensation followed by
nucleation and growth. These processes mostly pidee in vacuum in order to minimize
collisions during the transport of vaporized cogtmaterial and avoid involuntary reactions.
Nowadays, numerous deposition process variatiodsnaodifications have been developed
for different applications and are in industrialeusPVD methods include sputtering,
evaporation, ion plating and ion-assisted sputtef#6-51]. Details on differences between
these processes can be found in [48,52]. The nthiardages of these methods rely on the
variation of coating materials which can be degasiand the deposition temperatures, from
less than 100°C up to 500°C and more, that allbvsdeposition of coatings on a diversity of
substrate materials [46,47]. Coatings synthesizeB\D, however, are usually far from their
state of thermodynamical equilibrium [46-50]. Theatings investigated in this thesis were
deposited by the PVD technique using an unbalantaghetron sputtering (UBMS) system
in dc and/or pulsed dc mode operated in reactiveoreactive atmosphere.

3.2.  Magnetron sputtering

Sputtering is a momentum transfer process wherggetie particles (inert gas atoms, e.g.
Ar) are accelerated towards a target, resultingdimect ejection of surface atoms, i.e.
transferring them from the solid to the vapour ghpt8,53]. The energetic Ar ions, which
show higher velocities and energies than evaposttads, originate from the glow discharge
which is ignited between target and substrate [53].

Figure 3.1 shows schematically the basic elemehts tgpical direct current (dc) diode
system which mainly consists of two electrodesrfig@ach other. The target is referred to as

the cathode since it is connected to the negatoe af the direct current power supply in
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order to sustain the glow discharge [49]. The sabss, which are placed at the opposite
anode, can be either grounded or negatively ottigei charged (bias voltage). Before the
ignition of the glow discharge, an inert gas, €Ag, is inserted into a chamber which is
evacuated prior to deposition to a pressure tylyidal the range of 16 Pa. The Af ions
bombard the target and the momentum transfer cdaheaseutral atoms of the target source
to be dislodged. These atoms transit through teehdrge and condense onto the substrate.
The power dissipated at the target by the highciaments accelerated to the cathode causes
an increased heating. Therefore, such systemssaidly water cooled from the backside to
protect the cathode and prevent the target frontimgel

*,
T —— pumping unit

= gas inlet

~—— substrate holder
T~ substrate

cathodic shield

’T i| :\ target
1 [
dc power supply
I
L| 7

Figure 3.1: Principle of a dc planar diode sputtering system.

Several different sputtering methods are widelydule the deposition of thin films in
different practical applications. Sputter systemes asually powered by direct current (dc).
Other deposition techniques are working with rafifequency (rf), pulsed dc or alternate
current (ac) power supplies [48,54]. In a dc platiade arrangement, the ions are generated
relatively far away from the target, thus, havingigher probability to loose energy on their
way which results in rather low deposition rateeede limitations have been overcome by
applying magnetic fields generated by magnets loeline target which is known as the
magnetron sputtering technique. The applied magniids parallel to the target and
perpendicular to the electric field concentrate éectrons near the target and lead to an

increased ionization of the sputtering gas duéeohigher concentration of charged particles.

10
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The increase of the positive ion production radéeto a higher deposition rate at much
lower working gas pressures [55-58].

Generally, two different types of magnetrons canulked: the conventional balanced
magnetron (CBM) and the unbalanced magnetron (UBdfigurations, as shown in Figure
3.2a and b, respectively. In case that all thedfleles loop between the two magnets, the
magnetic system is called a conventional balancaghetron. Otherwise, if the field lines are
partially open towards the substrate, it is termabalanced magnetron (UBM) [59]. In an
unbalanced magnetron configuration, where some atagfield lines do not loop between
the outer and the inner magnet, the plasma expandg from the target area (Figure 3.2b)
[60,61]. As a result, some secondary electronspasgdrom the target follow the magnetic
field lines towards the substrate and undergo ingizollisions with gas atoms. As there is a
net movement of negative charge from the magnetegion, positive ions can also be
attracted to the substrate influencing the ad-atoability as well as film nucleation and
growth kinetics. Consequently, there is a higher and electron bombardment of the
substrate. The energy of ion flux can be adjusteddrying the magnetic field achieved by
using stronger central or stronger outer magnet®yom@pplying a bias potential to the
substrate [52,60-64].

a area of erosion magnetic field lines b)
electric field, Eg|

deposition

electric field, Eg|

cathode, sputtering

(targey)

¥
s | 8 T—15 ‘
[ ——magnetic poles
cycloidal motion S N S 9 P

| — pole shoe

magnetic poles pole shoe of electron

Figure 3.2: Planar magnetron configuration a) balanced magnekounbalanced magnetron [50,56].

If the working gas atmosphere used to obtain thetspng process is inert (e.g. Ar) and
the plasma consists only of the working gas andsphdtered particles, the process is termed
non-reactive. However, if at least one of the fitmmponents is added to the deposition
chamber in the form of a gas, such as & as within this thesis, it becomes part of the
plasma and contributes actively to the processlof growth. Such deposition technique is

termed reactive magnetron sputtering [66,67].

11
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3.3. Pulsed dc magnetron sputtering

Pulsed magnetron sputtering is a well-developedchn@logy, particularly for the
deposition of dielectric coatings used in micro#l@uics [68-75]. Pulsing of the magnetron
discharge can eliminate or significantly reduce #meing problem and stabilizes the
deposition process. Pulsed dc magnetron sputteisngnainly based on the regular
interruption of the sputtering cycle (negative &rgoltage) by pulses during which the target
voltage acquires a small positive value with freguies up to several 100 kHz. The operating
conditions are typically optimized empirically, aade dependent on the properties of the
pulsed plasma in the immediate vicinity of the metgon. The correct selection of pulse
parameters such as frequency, pulse length, pwissepand pulse voltage can result in
extended arc-free operating conditions [72]. Twm@pal methods of pulsing have been
proposed: asymmetric bipolar pulsing and unipolalsipg. Asymmetric bipolar pulsing in
the medium frequency range (10-350 kHz) has becestablished as one of the main

techniques for deposition of oxide and nitride 8lf72-76].

Time

Voltage

T

rev on Tcycle

\ 4

Figure 3.3: The voltage sequence applied to asymmetric bi-pmiéred dc sputtering [76].

Figure 3.3 illustrates a typical voltage sequersmdun pulsed dc sputtering. The power is
applied to the target for a tinm, (on-time) during which a negative voltage pulseadew
hundred volts is applied to the target. At the ehd,, the power is usually switched to a
small positive voltage (typically 10% of the nonlin@ltage), which is termed as ‘reverse
time’ 1. The duty cycley, is defined as the ratio of negative pulse pefmg to overall
period [ortTrey).

One of the main advantages of pulsing is to prevleatproblem associated with the
continuous dc reactive sputtering, namely the arenes at the target when depositing

dielectric materials. Arc-free operation requires ton-time’ to be sufficiently short to avoid
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charge build-up that can cause arcing and the rseveéme’ to be sufficiently long to fully
discharge the surfaces in order to avoid chargamglation in sequential ‘on’ and ‘reverse’
cycles. Furthermore, recent investigations havevshihat pulsing the magnetron discharge
significantly modifies the characteristics of thepdsition plasma and lead to an increased ion
energy and ion flux which may contribute to the ioy@ment of film structure, film density
and stoichiometry, as well as the mechanical arblogical properties of the coatings
[72,73]. Within this thesis, the pulsed dc approdch depositing YOs thin films was
particularly used to gain additional control oven ienergy and ion flux to the substrate and to
promote polycrystalline growth with certain prefetial orientation.

3.4. Coatings deposition

Within this work, the TiN, VN and V coatings invegdted in Publications | and Il were
deposited from a Ti or V target (g X8 mm), respectively with an unbalanced dc magnetron
sputtering system (Leybold Z-400), as shown in f@g3.4. The deposition process was
carried out at a constant working gas pressure2 Pa. To support film growth, a negative
substrate bias of -50 V was applied to attract idose to the substrates and enhance the ad-
atom mobility of the films. Depending on the cogsninvestigated, the deposition process
was operated in reactive or nonreactive atmosplseeePublications | and Il for details).

lid

heater
recipient

sample holder

magnetron

Figure 3.4: Leybold Z-400unbalanced magnetron puttering system.

Figure 3.5 shows the deposition system used fairgminvestigated in Publications I,
IV and V. This device is equipped with three V &tsy(g 50.86.35 mm) mounted to a cluster
of three unbalanced magnetrons (AJA cluster witl2PAZP magnetrons). Sputtering was
conducted in a reactive atmosphere applying dopaiteed dc discharges. The substrates were
positioned parallel to the magnetron cluster ancewetated at approximately 10 revolutions
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per minute during deposition to obtain uniform tiilms. The total gas pressure for both

sputtering modes was kept constant at 0.28 Pa wheld¢arget current was set to 0.35 A at
each magnetron for all experiments. Furthermore,stimples were heated from the reverse
side and after reaching deposition temperatureriagh of 30 minutes was used to establish a
homogeneous temperature distribution. The sampipdeature was determined using a k-
type thermocouple attached to the substrate hofemr.the pulsed dc magnetron sputtered
films, three bipolar pulsed dc power supplies (MR®G-50) were used to generate the
plasma. The target pulsing frequency was kept eonstt 100 kHz with 16% duty cycle. In

this case, each magnetron acts alternatively anade and a cathode during the pulse cycle.

| sample holder

recipient
shutter

target

magnetron

Figure 3.5: Deposition system equipped with the coupled coméitian of three unbalanced magnetrons, the

corresponding shutter protection and the rotatsateple stage with heater and sample holder.
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4. Nucleation and thin film growth

In thin film technology, the microstructure of theatings has a significant influence on
their mechanical, tribological and oxidation prdpes. Thin films exhibit a wide variety of
microstructures which can be characterized in teshggrain size, phase composition, surface
morphology and crystallographic orientation. Durihg evolution of the structure, different
mechanisms occur which are all influenced by thgodiion method and process parameters.
Detailed discussions on the fundamental structareihg phenomena of thin films can be
found in several textbooks and publications [77-88] the following chapter, a short

summary of the mechanisms involved in the growttess will be presented.

4.1. Structure evolution mechanisms

The growth processes controlling microstructure l@i@n include nucleation, island
growth, coalescence of islands, formation of pofgtalline islands and channels,
development of a continuous structure and film dhoj84,85]. After arriving at the surface,
particles, atoms or ions are either adsorbed ectlyr reflected, depending on the appearance
of the substrate surface. Usually, most partiokgsain on the substrate surface for a certain
time, and if they encounter a stable lattice siterdy their diffusion time, nucleation starts
(see Figure 4.1).

Arrival
rate

Reevaporation

T Metastable Critical size

Thermal cluster cluster

accommodation

Surface diffusion

Figure 4.1: Processes in the nucleation and growth of crystals substrate [77].

Sufficiently high impingement rates can lead to tbhemation of metastable and stable

clusters which can continuously grow by bindingldfusing ad-atoms or by direct capture of
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atoms from the vapour phase. Once a metastabléeclagceeds a critical size, adjacent
crystals come into contact and the coalescences ®tgts. To form a single crystal film,
atoms of the film material in the vapour must arat the substrate surface, adhere to it and
settle into possible equilibrium positions befoteistural defects are left behind the growth
front. To form an amorphous film, on the other hast®dms must be prevented from seeking
stable equilibrium positions once they arrive at tbrowth surface. The nucleation
phenomena are influenced by several parametersngdutieposition such as energy
distribution of impinging ions, substrate temperatuthe ad-atom-substrate affinity or
stress/strain state with film thickness [79-85].

island growth layer-by-layer growth Stranski-Krastanow growth

£ R | ] —

_
A . == P

Figure 4.2: Schematic representation of possible film growtltinaamisms [79].

Figure 4.2 shows three different growth modes, eaththem depending on the
predominant energy distribution. If the binding &yyebetween the ad-atoms is equal to or
smaller than that between film atoms and substtiaés, layer-by-layer growth (Frank van der
Merwe growth) appears. Here, a second monolayéronil/ occur after the first monolayer
has fully covered the surface. When the ad-atorassaonger bonded to each other than to
the substrate, small clusters and islands are atedealirectly on the substrate surface. Due to
the coalescence of growing islands, a continudos litely covers the whole substrate. This
mechanism is termed as island growth (Volmer Wejvewth), as illustrated in Figure 4.2
[79,81]. These two growth modes can also be condbiwhich is often referred to Stranski-
Krastanow growth. Typically, after forming of 5-6omolayers, further layer-by-layer growth
becomes unfavourable and island growth appears.ekieny the mechanisms driving the

transition from layer-by-layer growth to islandogth are not yet fully understood [77]. One
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explanation might be the release of elastic enbagyeen film and substrate due to the lattice

mismatch [79].

4.2. Structure zone models

In general, the evolution of film structure and iteorphology is determined by the
elementary processes of diffusion and the fundaahestienomena of structure formation
during grain growth. Since these processes andgohena, i.e. nucleation, crystal growth and
recrystallization, have an Arrhenius type behaviwith temperature, their rates are controlled
by their corresponding activation energies. In tddito ad-atom mobility, other parameters
such as the deposition rate, impurities, enerdpimbardment etc. determine the film growth.
To represent the influence of several depositiorarpaters on the final film structure and
morphology, various structure zone models (SZMs)lheen published by many authors [85-
91]. Since the microstructure of thin films is stgty influenced by the surface mobility or the
temperature on the growing surface, the SZMs atenofepresented as function of the
homologous temperature, i.e. the ratio betweensthstrate temperature and the melting
temperature of the deposited material. MovchanReahchishin [93] were the first to define
three structure zone models classified by the hogmls temperature. To extend this
concept, a similar model was derived by Thorntdh§&], where additionally to temperature,
the inert gas pressure, i.e. argon, was introdux®d variable. This model was further
modified by Messier et al. [88], whereas the gasgure was replaced by the substrate bias
voltage which affects the energy of impinging i@hsing film growth. Nearly all published
SZMs use the terminology introduced by Movchan Brednchishin (zone |, Il and III) [93]
and by Thornton (zone T) [86,87]. A comparison iffiedlent SZMs and detailed explanations
can be found in literature [49,54,89-92].

thermal

kinetic o thermal _ thermal _ thermal =
$) N
v . e v
R = -
i (T QoOin [
substrate subs, n". e substrate | substrate substrate
Zone la Zone b Zone Ic Zone T Zone |l

Figure 4.3: Schematic structure zone model as published by &t al. [91].
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In the following, the structure zone model as hed by Mahieu et al. [91] will be
presented briefly (see Figure 4.3 ). Since theudiffin processes and structure formation
phenomena are not only controlled by the substemtgerature, but by the total energy flux
to the growing surface, the use of quantitativegerature values is avoided in this model.

Zone la At very low temperature, the ad-atoms have littteno mobility and they
cannot overcome the diffusion barrier. Consequeititly ad-atoms stick to the growing film
at the place they hit it (known as hit-and-stickwth or “ballistic” deposition). The resulting
structure is only influenced by the incoming direstof the material flux. In this case, a
columnar structure separated by voids is develapgeidh is mainly caused by roughening
and self-shadowing (see Figure 4.3). The Zoneraciire can also be obtained at higher
temperature by using a high deposition rate, wiaeratoms are buried by the high flux of
incoming particles and diffusion processes are egged. In general, the films deposited
under zone la conditions exhibit an amorphous4ikacture or consist of small grains due to
the very limited ad-atom mobility. They usually leaow density and do not show a specific
crystallographic direction perpendicular to thesttdte.

Zone Ib Deposition of thin films under zone la conditionsyt with continuous
bombardment by energetic particles, leads to eemdifft structure. Due to the energetic
bombardment, the voids between the columns wilffilbed by atoms and a more dense
columnar structure is observed. The transition frmone la to zone Ib is only possible by
energetic bombardment and not by increasing thpdeature. Since the mobility of ad-atoms
is mainly controlled by kinetic energy and is nle¢rimally induced, an amorphous-like film
with no preferential orientation is developed.

Zone Ic At higher temperature, the thermally induced mopaind nucleation increases
and crystalline islands are formed. Since the adiatin zone Ic are able to overcome the
diffusion barrier, a polycrystalline random growilith faceted structure is observed, while
grains are terminated by the planes of lowest alpgjraphic growth rate. However, the ad-
atoms are unable to diffuse from one grain to amwtthus, there is no real interaction or
competition between neighbouring grains. Thereftine, columns are separated by grain
boundaries while voids between the columns aredfitiue to the increased ad-atom mobility.

Zone T Further increase in temperature leads to the diffusf ad-atoms from one
grain to another. Due to the high mobility, grairowgth and faceting occur, whereas the
planes with lowest perpendicular growth rate forime tresulting facets. Since no

recrystallization or restructuring can happen,ghans with the geometrically fastest growing
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direction perpendicular to the substrate will ovevg the other grains. Consequently, V-
shaped, faceted grains develop. The out-of-plammgmmaknt is completed at a certain film
thickness while at higher film thickness, a colums#&ucture with faceted tops can be
observed.

Zone Il At higher temperatures, recrystallization and regdtrring take place. Former
stable nuclei or islands become unstable and icatipn of islands into other islands by
ripening, cluster diffusion or grain boundary migwa occurs. Since the unstable islands are
dissolved in more stable islands, no V-shape oeertr is observed. In this growth region, a
columnar structure with approximately straight cohs throughout the whole film thickness
is formed. Due to the thermodynamically most staiieation, the columns are oriented with
the plane of lowest surface energy parallel toghlestrate. Further increase in temperature
gives rise to the effect of recrystallization aedtructuring, thus increasing the lateral size of

the resulting columns.

Figure 4.4: AFM images of a) an amorphous® film grown at room temperature (z-scale: 10 nmhe

transition from amorphous to crystalline film gréwet 80°C (z-scale: 70 nm) and c) a polycrystalifa®s film

grown at 300°C (z-scale: 140 nm).

Publication Il and IV provide an insight into stture evolution of YOs thin films for
different deposition techniques at various depasittemperatures. The observed results
showed that the variation of deposition temperaturg change in the energy flux regarding
to different deposition modes influence the thimfmicrostructure. Figure 4.4 presents the
AFM images of dc magnetron sputteredOy films deposited onto MgO (100) substrate at
different deposition temperatures (see Publicatibh In this case, a transition from

amorphous to polycrystalline growth with increasidgposition temperature due to the
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increased mobility of ad-atoms on the surface aritheced diffusion could be observed. The
AFM image of a MOs film deposited at 300°C shows the granular stmectuvhere a

morphology characterized by small plates coulddumd.
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5. Tribology

Tribology can be defined as the science and tedgyadf interacting surfaces in relative
motion, and covers the field of friction, wear adunbrication [94,95]. During the industrial
revolution, friction and wear became increasinghportant, since reducing or controlling
friction and wear play a significant role to exteahd machinery lifetime and efficiency and to
save energy. An etablished tribology related eraging concept is to apply a thin layer on
one or both contacting surfaces in relative motwnmprove the tribological performance.
Development of a new class of low-friction coatifgsed on lubricious oxides is the central
point within this thesis. Therefore, a brief ovewiof tribological aspects is presented in the

following chapter.

5.1. Theories of friction and wear

Friction is the resistance encountered by one batlgn moving over another. The
resistive force, which acts tangentially to thesifdce, perpendicular to the normal force and
opposite to the direction of motion, is known astion force. The ratio between the frictional
force and the normal load is defined as coeffic@ntriction u, and is often abbreviated as
COF. Friction is characterised by three basic Istated as follows [94-96]:

1. The friction force is proportional to the norniaice.

2. The friction force is independent of the appaeea of contact. Thus large and small

objects may have the same COF.

3. The friction force is independent of the slidivegocity.

The first two laws are generally well obeyed withe third law of friction is rather less
well founded. It is well known that the frictionrfae required to start sliding is usually greater
than the force required to maintain sliding. Buteihe sliding is established, the coefficient
of dynamic friction (for surfaces in motion) is fodi for many systems to be nearly
independent of sliding velocity. The friction cdefént is not an inherent material property,
but is dependent on various parameters, e.qg. itiegdistance, sliding velocity, normal load
or the environment. Suh and Sin presented in 198®&va concept of friction, called the
“genesis of friction” [97]. They point out that, dilug sliding, the frictional behaviour
undergoes six different stages before reaching steady state. There are three basic
mechanisms behind friction: adhesion of the flatipas of the sliding surfaces, ploughing by

wear particles and hard asperities and deformaifosurface asperities, as shown in Figure
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5.1. According to this theory, the mechanical praops affect the frictional behaviour to a
greater extent than chemical properties when glidiocurs without a significant interfacial
temperature rise. Depending on the tribosystem, afnthese mechanisms turns into the
dominant effect while the contribution of each basiechanism is determined by the

interface, the material pairing, the operation ¢bowls and the environment [97].

ete

a) adhesion  b) ploughing c) asperity deformation

Figure 5.1: The three components of sliding friction a) adhesh) ploughing, c) asperity deformation [98].

Figure 5.2 shows the previously mentioned six stagjdriction in sliding contact during
the initial period of sliding [97]. In stage 1, tlfwiction coefficient is mainly controlled by
ploughing of the surface by asperities. Adhesivam@ays a minor role due to the surface
contamination such as oxidation, while occurringpeagy deformation affects the static
coefficient of friction and the surface is easilyliphed. Ploughing of the surface leads to the
removal of the oxides. Once the surface contanunatare removed, the bare surface will
appear which results in a slight increase in theffament of friction due to the increased
adhesion (stage 2). During stage 3, the frictioaffcdent increases further due to a rapid
increase in the number of wear particles in thdirglj contact as a consequence of higher
wear rates. Some of the wear particles are trappédeen the surfaces, causing ploughing.
Once the overall number of wear particles reaches@uilibrium between the particles
entering and leaving the interface, a constantidnccoefficient can be observed in stage 4. In
the case that two identical materials slide aga@asth other, stage 4 represents the steady
state friction. For two different materials, i.e.hard counterpart sliding against a soft
specimen, the asperities of the hard surface adugtly removed and the surface of the hard

material gets polished. As a consequence, weaiclgartcannot anchor easily to such a
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polished surface and the friction coefficient deses due the reduction of ploughing and
asperity deformation (stage 5). As the hard surfamsmes mirror smooth to a maximum
extent, the softer surface also acquires a mirrusH, leading to a steady state value of
friction coefficient, as shown in stage 6. The shayevelopment of the friction coefficient is
valid for a steel contact and may change in sewesgls for other materials [97]. Although
many friction theories have been developed to éxpgleese mechanisms, it is not possible to

predict the resulting friction coefficient for avgn situation.

Friction coefficient u

1 2 3 4 5 6

Sliding distance, s

Figure 5.2: Stages in friction coefficient vs. sliding distarfoe steel counterparts [97].

Another important topic is wear which is defined tag material removal from solid
surfaces as a result of one contacting surface mgowver another. Wear appears
simultaneously to friction as a result of the saimigological contact processes and their
interrelationship is still not well understood ietdil. To quantify and compare wear effects
for design and material development purposes, tharwoefficient or wear rate is widely
used. The term wear rate describes (see Equ.HeXpte of material removal or dimensional
change due to wear per unit of exposure paramfierexample, volume/ of removed
material per applied loaBy and sliding distance [13,95-98] and is often given with the

dimensions [18mm*Nm]:

K= v E 5.1
F & qu. (5.1)

According to the observation of Holm and Archard1®53, the wear rate is inversely

proportional to the hardness of the material [9b,%8nerally, wear occurs by mechanical
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and/or chemical means, and usually increases wateld® temperatures. There are different
ways of classifying wear mechanisms. However, meegd agreement has been reached up to
now. The most common classification was done by B1089) who defined four basic wear
mechanisms: adhesion, abrasion, surface fatigudrdomthemical reaction, as illustrated in
Figure 5.3 [13], When two surfaces slide againsheather, asperity junctions are formed.
These junctions are sheared during the relativgetatial motion until they break. Some of
them break through some surfaces usually insideviieker body, resulting in the transfer of
small particles to the other contact surface. Tdthienomenon is called adhesive wear, see
Figure 5.3a. The physical and chemical propertfeth@® interacting materials, the mode and
value of loading and properties of the contactimgaxes such as contamination or roughness

determine the adhesion tendency of the materiatentact [95,98-100].

F=1. A\; / o —
T > ’[zrf*’/‘—“‘\\ >

a) c)
hard —
ey
b) soft hard d)

Figure 5.3: The four main wear mechanisms a) adhesion, b) mloras surface fatigue, d) tribochemical

reaction [13].

Abrasive wear occurs, when asperities of a roughg Burface or hard particles slide on a
softer surface and damage the interface by pldsfiermation or fracture, see Figure 5.3b. It
covers two types of situations, known as two-bobisasion and three-body abrasion. In case
of two-body abrasion, the abrasive material is dixe one of the rubbing surfaces (e.g.
grinding, cutting, machining), whereas for threelp@brasion, loose abrasive particles can
move between both surfaces (e.g. polishing). Serfatgue wear (Figure 5.3c) originates
from surface and subsurface cracks induced by tegpdaading and unloading cycles which
eventually, after a critical number of cycles, wdbkult in delamination of long and thin wear
debris. In tribochemical wear, the wear procesdasiinated by chemical reactions of the

sliding surfaces with each other, and with the @sisre environment resulting in removal of
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material and wear debris, see Figure 5.3d. Eleveewperatures, typically in the range of
700°C to 1300°C in cutting applications, promotesth reactions. Oxidative wear is the most
common tribochemical wear process, where in therades of sliding a thin oxide layer may

form which can be continuously removed by a rublaiogion [99,100].

5.2. Tribological coatings: contact mechanisms

In the middle of the 2Dcentury, attention focused on discrete componéinésr, interactions
and also on the modelling and study of contactshat asperity level. To optimize the
properties of two surfaces in contact and to ahig¢he required friction and wear
performance, a fundamental understanding of theharm@sms involved in tribological
contacts at different scale levels is necessargd@lly, attention has been focused on the

tribological mechanisms in a coated contact antb&cular and atomic level.

Macromechanical
mechanisms

Material transfer

Micromechanical _ _ Nanophysical
mechanisms Tribochemical mechanisms
mechanisms | ;

—

Figure 5.4: Schematic representation of the tribological canta@chanism relations according to Holmberg
and Matthews [13,100].

As illustrated in Figure 5.4, Holmberg and Matthewkassified the tribological
mechanisms of coated surfaces as being macromeahanicromechanical, tribochemical as
well as mechanisms of material transfer and th@playsical contact [13,99,101].

Macromechanical tribological mechanismsdescribe the friction and wear phenomena
by considering the stress and strain distributionthe entire contact, the resulted elastic and

plastic deformations, the wear particle formation @s dynamics. In contacts with one or
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two coated surfaces, the tribological process istroled by four main parameters: the
coating to substrate hardness and elasticity oslsiiip, coating thickness, the surface
roughness and the size and hardness of the deforigibolayers in contact. The mechanisms
involved are very different depending on whether¢bating and the substrate are soft or hard
(their deformability and not only their hardnesk},[L01].

b)

Figure 5.5: Schematic illustration of a hard slider moving 0agsoft counterface, b) hard coating on a soft

substrate and c) a hard coating with a soft mibroét the top [13].

The friction force is ideally calculated as the gwot of contact area and the shear
strength. Thus, low friction coefficients are faved by low shear strength and small contact
areas. Soft films provide a low shear strengthtbetcontact area can be large because of the
low load carrying capacity resulting in lower adbesand ploughing effects (see Figure
5.5a). Hard coatings can reduce the contact aredebyeasing the ploughing component
which also increases the wear resistance (Figbit®).3However, hard coatings mostly show a
high friction coefficient caused by their higheeah strength. The combination of both a hard
coating and a thin soft film at the top is oftennékcial to optimize the response to
deformation forces, and is very popular in mangdiogical applications. The soft layer can
accommodate the shear stresses while the harchggatovides the load support and good
wear protection. A further benefit of having a spftase present is that it may trap wear
debris, and therefore take it out of the systend, r@aluce it possibility to act as an abrasive
(Figure 5.5c¢).

Micromechanical tribological mechanismsembrace the formation of the stress and
strain at an asperity level, the crack generatiwh@opagation, material liberation and single

particle formation. Shear and fracture are basicchaeisms for the nucleation and
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propagation of a crack which might result in matehiberation and wear scare formation.
One approach to consider micromechanical tribokigisechanisms is by using the velocity
accommodation concept developed by Berthier e1@2][ According to Berthier et al., there
are four mechanisms by which velocity differencedwieen contacting surfaces can be
accommodated: elastic deformation, fracture, shedrrolling. These basic mechanisms may
occur in either of the two surfaces (first bodies)n the layer between them (third body).In
the contact with a coated surface, the situati@ven more complex since the number of sites
for velocity accommodation increases. In this caségcity accommodation can take place
also at the interface between the substrate andaaeng, within the coating and within a
microfilm on top of the coating. Holmberg and Mativs [103] extended this velocity
accommodation concept in the form of an energy mocodation approach, which identifies
the elastic modulus, shear strength and fractwrghioess as key material parameters for the
study of micromechanical tribological mechanisms.

Tribochemical mechanismstake place at the surfaces during sliding contact are
strongly influenced by high local pressure and flash temperatures which can exceed
1000°C in the tribological contact zone. The fonmatof low shear strength microfilms on
hard coatings and the oxidation of soft coatingstaro main surface phenomena for which
the chemical effects are essential. In environmeatgaining oxygen, a thin oxide layer can
be formed very quickly on most surfaces. The oxitabn the coating surface may influence
in different ways the tribological properties, whiare strongly dependent on the nature, the
thickness, the adherence and the hardness ofriimedooxide.

Mechanisms of material transferoccur from liberated wear particles that are esdued
to the surface. Material transfer takes place ah Inticro- and macro-level but it is mainly
the macro material transfer that influences thetioh and wear behaviour.

Nanophysical contact mechanismsnclude all friction and wear phenomena related to
the interaction between molecules and atoms, ssitheaeffects of van der Waal's forces and
related interatomic phenomena, and are determinyethé crystal structure and bonding

structure of materials.
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6. Coating characterisation

The coatings investigated in this work were cham@med with respect to their chemical
composition and microstructure as well as mechémind tribological properties. Different
common experimental techniques were used to ashess properties which are briefly
explained in this section. Furthermore, some seteotethods are described in more detail in
the following chapter.

X-ray Diffraction (XRD) reveals the evaluation of the crystalline struetand phase
composition in Bragg-Brentano geometry [104].

Scanning electron microscopy (SEM)rovides information of the surface- and coating
morphology, microstructural changes after dry asldtests and supplies high magnification
images and compositional maps by scanning a focedectron beam over the sample
[104,105].

Differential scanning calorimetric (DSC) and simuleneous thermo-gravimetric
(TGA) analysis are applied to characterise the thermal stabdftyhe coatings in a wide
temperature range with respect to their oxidatienaviour.

Atomic force microscopy (AFM) is used for studying short-range order on a sarfad
obtaining topographical information of the flms amanometer scale.

Nanoindentation is used to obtain values of the hardness and Ysumgdulus of the
films according to the proposed evaluation methgd Qliver and Pharr [106]. More

information regarding to this method can be foundeferences [107,108].

6.1. High temperature tribotesting

To apply friction and wear, different experimengg@lparatus have been used. One of the
most common methods applied to obtaining frictiod aear data is the ball-on-disc test. The
principle of the test is that the ball (counterpawthich is weighted with a defined load, is
pressed on the rotating sample during the totding)i distance causing wear on the coating
and on the counterpart itself. The disc speed,rolbed by the radius and circular speed, can
reach up to 2 mswhile a Linear Voltage Displacement Transducer suess the friction
force at the selected recording rate. Dividing thetion force through the normal force
caused by the load delivers the friction coeffitidrhe tribological behaviour of the coatings
in this thesis was studied up to 700°C using a heghperature ball-on-disc tribometer. The

parameters used for the ball-on-disc tests conduntéhis work are given in Publications 1, 1l
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and V. The resulting wear track of the coatingsrafiall-on-disc tests is investigated with an
optical profiling system revealing information albothe depth and the volume of the

displaced material without any physical contadhi surface.

Friction coefficient

o 1 20 30 40 50
Sliding distance [m]

Figure 6.1: Recorded friction coefficients of XDs single-layer coatings vs. sliding distance.

An example of recorded friction coefficient oveethliding distance is shown in Figure
6.1 where a significant reduction of COF 0fQ¢ single-layer coatings with increasing the
temperature can be seen. The lowest COF (u ~ 6f18)Os single-layer coating is reached
at 600°C where thermally activated processes seele thecessary to promote low friction

due to the easy shearing of(¥ lattice planes.

6.2. Raman spectroscopy

Raman scattering was first discovered by Krishréh Raman in 1928 and arises from an
interaction of light with the optical and vibrat@inoscillations of molecules [109,110].
Besides the absorption of light, a small fractibmhe incident photons will be scattered either
with the same frequency (Rayleih scattering) oriféer@nt, material specific frequency
(Raman scattering). Scattering of an incident phatesults in a loss or gain of energy,
depending onto whether the molecule is in an edciibrational state or not, leading to
Stokes or anti-Stokes Raman scattering. Both Stakdsanti-Stokes peaks are symmetrically

positioned about the Rayleigh scattering, but dfetgnt intensities. Further, anti-Stokes
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scattering depends on the existence of thermatlyated lattice vibrations and, thus, yields a
very weak intensity, whereas Stokes scatteringlig weakly influenced by the temperature.
Raman spectroscopy is an excellent way to identifgterials via fingerprints by
comparing the recorded spectrum with a databastioaong reference spectra and also to
determine the structure of materials, since it ensgtive to the length, strength and
arrangement of atomic bonds. It is common to itatst the Raman spectra in terms of the
difference between the frequency of the Rayleigid the Stokes-scattering, the so-called
Raman shift as a function of wave number in redglocentimetres. The Raman shift
depends on the crystallinity, the defects, strattudisorder and stresses in materials.
Furthermore, quantitative information can be ol#difrom the Peak intensities, whereas the
Peak position provides information about the stoictetry [110-113]. Especially the good
lateral resolution of Raman spectroscopy combingld avery surface-sensitive information
depth give rise to the utilization of this methad the field of thin film technology. A
combination of an optical microscope with a lasevpling monochromatic light of high
intensity and a sensitive detector offers a possibleasurement setup for Raman
investigations. Different exciter wavelengths araise depending on the Raman active mode

of the investigated material [114].

bl S-700°C

Is, wT - 600°C
_,JL___,L,’———I

uM ns WT - 500°C

JULLS, WT - 400°C

NSRS

Intensity

¢

>

: | —T
200 400 600 800 1000 1200 1400

Raman shift [cm '1]

Figure 6.2: Raman spectra of VN coatings after high temperatisemeter testing against alumina at

different temperatures, S...surface and WT...wear track
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Within this work (Publications I-1V), Raman measments were performed by a confocal
Raman spectroscope which provides a high spatsaluton while a He-Ne laser with an
excitation wave length of 632.8 nm was used. InliPation | and Il, Raman spectroscopy
was applied for studying the wear tracks of TiN, ¥hd V coatings, to identify the possible
oxides generated during dry sliding experimentslevated temperatures. Figure 6.2 shows
the Raman spectra of VN coatings after dry slidiesis against alumina balls at different
temperatures up to 700°C where different vanadinites could be easily distinguished. The
observed vanadium oxides corresponding to,,V@,0; and \LOs indicate the ongoing
oxidation reactions above 400°C (see PublicatipnAldetailed study on structural changes
of deposited YOs coatings at different deposition temperaturesaftet annealing using also

Raman spectroscopy is presented in PublicatioremdIIV.

6.3. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a spedethnique among electron
microscopy whereby an electron beam is transmittedugh an ultra-thin specimen,
interacting with the specimen as it passes thraughhe most common TEM (conventional
TEM) is operated with high-energy electrons (10-126V). The specimens for TEM
investigation must be prepared as a thin foil,tohed to obtain some portion of the specimen
thin enough for the beam to penetrate. Preparatimmniques to achieve an electron
transparent region include ion beam milling and geegbolishing. The focused ion beam
(FIB) is a common new technique to prepare thingasfor TEM examination from larger
specimens which is explained in detail in referen¢&l5,116]. Most materials require
extensive sample preparation to produce a sampieetiough to be electron transparent,
which makes TEM analysis a relatively time consiwgrprocess.

The basic principle of TEM is very similar to a entional microscope operating with
visible light which contains elements like condenkmnses, sample manipulator, and an
objective to form the primary image. However, iragiice the light is coming from an
electron source and the optical lenses are sutestitoy electromagnetic complements with a
variable focal length to magnify or condense theagem Moreover, a complex sample
handling system for tilting and translating withvary high mechanical stability, and a
fluorescent screen to convert electrons into ligytet required [117]. The two possible TEM
operation modes are diffraction mode and imaginglendasically, the only difference
between these two modes is the strength of themet#iate lens. In diffraction mode, the
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specimen is illuminated with a parallel electroraiime To determine the crystallographic
relation between two neighbouring crystallites be torientation of specific ones, the
diffraction pattern volume must be limited to thiga. This is achieved by inserting a selected
area aperture in the image plane of the objectre Iresulting in selected area electron
diffraction (SAED) which provides information th& equivalent to XRD [117]. In the
imaging mode, the objective lens system is focusedthe objective image plane. An
objective aperture in the back focal plane is ideghto set the objective lens at the optimum
value. According to its position around the dirédeam or any diffracted beam in the
diffraction pattern, either bright-field (BF) or iafield (DF) images can be observed [104].

{220}wgo0  {200}yg0
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{020}y40
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® <001>y40

Figure 6.3: a) TEM cross-sectional bright-field image of gO¢ film deposited on MgO (100) at 80°C, b)
corresponding SAD patterns taken from the uppaone(®) of the film and c) the lower part of thénii (C) and

adjacent substrate.

In Publication 11, the microstructure investigatiof synthesised X0s thin films grown

at different substrate temperatures was accompliflyeTEM using bright- and dark-field
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imaging. For TEM investigations in this thesis, tbeoss-sectional TEM samples were
prepared by focused ion beam (FIB). To obtain teanformation of the crystal structure,
selected area electron diffraction (SAED) was udéidure 6.3 presents a TEM cross-
sectional bright-field image of the ,®@s film deposited on MgO (100) at 80°C with
corresponding SAED patterns taken from two differezgions of the film. Figure 6.3(a)
displays the presence of discrete crystalline grawithin a flat and uniform matrix.
According to the SAED pattern of the polycrystatliregion taken from the upper part of the
film in Figure 6.3(b), the d-spacings match veryli@ orthorhombica-V,0s crystal lattice.

A comparison between BF and DF images of th@:\film deposited on MgO (100) at 300°C

at the same position can be seen in Publication I
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7. Summary and conclusions

The need to design a new class of low-friction icagst for tribological applications in the
medium- and high-temperature range, and to fill ga@ between room temperature low-
friction coatings (e.g. DLC or Map and high temperature low-friction coatings such a
previously developed TiAIVN or AICrVN, representetldriving force which leads to the
investigation of coatings based on lubricious ogide conducted within this work.

In the first step, TiN, VN and V coatings were usesdmodel systems to be characterized
in the temperature range from room temperatureouf00°C with respect to their oxidation
behaviour at elevated temperatures, and to stuelynfluence of the formed oxides on the
tribological properties of the coatings. TiN cogsnshowed only minor changes in friction
coefficient over the whole temperature range, whigar increased with raising temperature.
The onset of oxidation and the appearance of rdi@®, in the wear track occurred at
temperatures above 300°C, while no efficient luddran or wear protection could be
observed. A detailed study on the oxidation behaviof these coatings under ultra-high
vacuum conditions by X-ray photoelectron spectrpgcOXPS), reported by Glaser et al.
[118], showed that the TiN surface oxidises pdstitd a mixture of TiQ and Ti oxynitride
(TiOxNy) at elevated temperatures 600°C), while on the surface of VN only vanadium
oxides are formed. The observed Ti oxynitride phasg be responsible for the poor self-
lubrication properties of TiN coatings at elevatethperatures. On the contrary, VN and V
coatings show promising tribological properties citeag low friction coefficients at
temperatures above 400°C. Both coatings investigsitewed the expected vanadium oxides
(VO,, V203, VeO13 and WL0Os) at elevated temperatures which improve the togickl
performance during high-temperature dry slidingstefo combine the solid oxide lubrication
effect in the temperature range between 400°C &4 with sufficient wear resistance, an
oxide layer of overcritical thickness has to benfed on the coating surface. Such an oxide
layer seems to be stable and efficient after re@clhi certain oxidation temperature. It is
particularly interesting that even a soft substli&&V can be protected by a sufficiently thick
oxide. The lowest friction value of 0.25-0.27 wdsserved at 700°C, due to the formation of
easy-shearable @5 and the subsequent melting of this phase whichaHas/ melting point
of ~ 680°C, resulting in liquid lubrication.

Since these vanadium oxides formed in situ durifgh-temperature dry sliding, in

particular \AOs, have the potential to work as a lubricious trilbefand to provide low
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friction and wear protection it is obvious that thext step is the deposition of,®5 thin
films, which defines the main focus of the preseatk.

V,0s thin films were grown on (100) oriented MgO ands8bstrates using dc and bipolar
pulsed dc reactive magnetron sputtering, in ordesttidy in detail the interrelationships
between deposition conditions, growth and the sirat evolution, and the influence of these
parameters on the resulting mechanical properfidseccoatings.

The effect of deposition temperature (varying bemve6°C and 300°C) on structure and
surface morphology was first investigated by degpusiV,Os thin films on MgO (100) by dc
reactive magnetron sputtering. TheO{ thin films grown at room temperature exhibited an
amorphous structure with a smooth morphology. Tiebof crystallisation during thin film
growth occurs at ~ 80°C, where the film region elés the substrate is mostly amorphous
and the region near to the surface polycrystallasederived from TEM analysis. Increasing
the deposition temperature to 80°C and above, favtdlie onset of crystallisation and
subsequent grain growth due to the increase irt@d-enobility on the surface and enhanced
diffusion. The \MOs films deposited at temperatures above 100°C welgcpystalline,
exhibiting the orthorhombia-V,0s phase with (200) preferred orientation and witblate-
like morphology. The results obtained for dc magmresputtered YOs thin films on Si (100)
at 26, 100 and 300°C revealed that the transitiomfamorphous to polycrystalline growth
with (200) preferred orientation with increasingodsition temperature is independent of the
substrate used, and the increasing crystallindéideto an increase in hardness and Young’s
modulus. The films deposited by pulsed dc magnedpritering exhibit a polycrystalline-
V,0s structure over the whole deposition temperaturgeattue to the increased energy and
flux of ions bombarding the substrate by applying pulsed dc mode. It seems that there is a
change in the preferred orientation from (001) Q) with increasing deposition
temperature. The hardness of these films decreaslkesncreasing deposition temperature
while the Young’s modulus is almost unaffected.

Finally, to verify the suitability of ¥Os as low-friction coating and to gain a detailed
understanding of the influence of sputtering masteycture and growth orientation of the
V.05 films on their tribological performance, dry shdi experiments of M0s single-layer
and VN-\,Os bi-layer coatings were performed in the tempemtange between 25 and
600°C. Structural investigations revealed that\h®s single-layer and the XDs top-layer of
dc sputtered VN-YOs coatings have preferred (200) orientation whike ¥aOs top-layer of
pulsed dc VN-Os coatings shows preferred (110) growth. The ingastid coatings show
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high friction and wear at room temperature and do provide the expected lubrication.
However, the friction coefficient of all investigat coatings decreases with increasing
temperature, where thermally activated processes) 4e be necessary to promote the low
friction effect. Growth orientation and film struceé seem to determine this onset
temperature, and both together with the surfacephwogy determine the frictional
behaviour. Furthermore, also the wear resistancemigroved with increasing testing
temperature. The use of,0)s acting as a solid lubricant in the case of biageds single-
layer and pulsed dc VN-XDs bi-layer coatings has advanced the operating rdoge
tribological performance to lower temperatures. eésluced friction (U ~ 0.39) could be
observed at 300°C, reaching low friction coeffi¢ge(0.29-0.15) at 600°C which are lower in
comparison to the friction values of the V and Mdtings investigated within this work.

The investigations conducted in the present thesie confirmed that X0s provides low
friction and wear protection in the temperaturegearetween 300 and 600°C due to its
substantial beneficial lubricious effect. Howevehere is still a gap between room
temperature and 300°C which should promote theldpreent of novel tribological coatings
with lubricious capability. Besides s, oxides with high ionic potentials such as YO
MoOs;, ReO; and NBOs are expected to provide low friction and wear andld be used in
new concepts for tribological applications [6]. Acding to the obtained findings within this
work, the lubrication effect of 305 is a thermally induced process, and the onsehisf t
thermal activation might depend on its melting poifhus, the application temperature of
lubricious oxides might be defined by their meltitegnperature. By taking this finding into
consideration, R©®; with a melting point of 296°C may be a good caatbdo provide low
friction at temperatures below 300°C, while J® (melting point ~ 1460°C) might be
capable to offer sufficient lubricity at temperasirabove 600°C. Nevertheless, a systematic
investigation on the deposition and tribologicahdégour of the mentioned oxides and a
distinct understanding of the underlying triboladicnechanisms is a prerequisite to succeed

in applying such oxides as solid lubricants in dewariety of tribological systems.
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Influence of high-temperature oxide formation on tte tribological

behaviour of TiN and VN coatings

N. Fateh, G. A. Fontalvo, G. Gassner, C. Mitterer

Department of Physical Metallurgy and Materialstires University of Leoben, Franz-Josef-StrasseAL8,
8700 Leoben, Austria

Abstract

The formation of thin reaction films in sliding daets has provided the basis for the
recent development of adaptive, self-lubricatingatoms with optimum tribological
properties. The aim of this study was to charantefiiN and VN coatings deposited by
reactive unbalanced magnetron sputtering with idpeheir oxidation behaviour at elevated
temperatures and to correlate the formed oxidetheotribological properties. Dry sliding
experiments were performed in the temperature rapgeeen 25°C and 700°C. Oxide phases
were identified by X-ray diffraction and Raman dpescopy after tribometer testing. In the
case of TiN coatings, only minor changes in thetifsn coefficient were detectable in the
investigated temperature range. The onset of aridatf TiN coatings, as evidenced by DSC
and TGA, occurred at 600°C-700°C and vyields thenfdron of rutile. In the case of VN
coatings, oxidation starts at about 500°C withftivenation of Magnéli phases of vanadium
oxides, which were identified by XRD as®;, VO, and \tOs3. In addition, it was found that
the friction coefficient decreases continuouslyemperatures above 400°C, reaching a value
of 0.25 at 700°C due to the formation and meltihly £0s which leads to liquid lubrication.

Keywords: TiN; VN; friction; Magnéli oxides

1. Introduction

Over the last few years, several new solid lubtie@md modern lubrication concepts have
been developed to achieve low friction and wear #mdncrease tool performance and
lifetime in various tribological applications likbigh-speed cutting and dry machining

processes [1-3]. Nowadays, many new solid lubmgatioatings such as diamond-like carbon
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(DLC), MoS,, WC/C, as well as nanocomposite and multilayereatiogs are already used
for practical applications in drilling, tapping andlling [4,5]. Recently, a low-friction effect
for PACVD TiN coatings due to incorporation of ctitee in the TiN matrix has been reported
[6]. However, the tribological effectiveness of skesolid lubricants often begins to fail at
elevated temperatures, in humid atmospheres orodoedation [6-8].

To meet the increasing requirements of modern madniapplications, a new concept for
lubrication was found by using oxide materials. &snatter of fact, oxide materials are
interesting for high temperature lubrication beeaastheir expected oxidation stability and
low adhesion tendency. A variety of oxide phasdiedd'Magnéli-phase oxides”, which
represent oxygen deficient homologous series widhagy faults, show easy crystallographic
shear planes with reduced binding strength. Thesges are supposed to be ideal high-
temperature solid lubricants if they are stableadras liquid self-lubricants due to the low
melting points of the formed oxide phases [9,10].

Several investigations have been published in wtiiehexistence of lubricious oxides on
the basis of Ti, Mo, V, Si and W as a result obdroxidation was found [10-13]. The
beneficial influence related to Magnéli phases fedrby oxidation of VN on the tribological
behaviour of TIAIN/VN superlattic coatings and VMatings has already been reported
[9,12,14-16]. The aim of this work was to charaeithe respective oxides formed on the
surface and in the wear track of TiN and VN coatiag) elevated temperatures and to study

their influence on the tribological behaviour.

2. Experimental

The coatings investigated in this work were dejalsitom Ti and V targetss(75x6 mm),
respectively, with an unbalanced DC magnetron spotg system and a reactive ArzN
discharge. For all the coatings, the depositioncgse was carried out at a constant
temperature of 400°C and a working gas pressu@a¥ Pa. For the TiN coatings, the N
partial pressure was 30 % of the total pressurethi® VN coatings it was decreased to 24 %.
The magnetron discharge current was adjusted tpthhefapplied bias voltage was -50 V. The
deposition rates were ~ 1.8 um/h for TiN and ~ 4/tufor VN coatings. After target pre-
cleaning and ion etching of the substrates, coatimith an average thickness of 3 um were
deposited. Prior to deposition, all substrates wgm@unded, polished and ultrasonically

cleaned with acetone and ethanol. Low-alloyed dtelsl (thickness 0.05 mm) and high-speed
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steel discs (DIN 1.3343, AISI M2) with 30 mm diametaind 10 mm height, which were
guenched and tempered to a hardness of 65 HRC,usetkas substrates.

The tribological behaviour of the coatings on hggieed steel was studied at temperatures
from room temperature (RT, ~ 25°C) up to 700°C gsirCSM high-temperature ball-on-disc
tribometer. Dry sliding tests were conducted in smbair (relative humidity of 30 to 40 %)
under a load of 5 N and a sliding speed of 0.1usiisg alumina balls of 6 mm in diameter as
counterparts. The radius of the wear track wasossétmm and the sliding distance to 100 m.
The wear tracks on the coatings were investigat@dgua 3D profiling system (Wyko
NT21000).

X-ray diffraction (XRD) analyses were conducteddi&termine the film structure and to
identify possible oxide phases formed after tribteneéesting by comparing to the JCPDS
powder diffraction files [17]. The XRD patterns werecorded using a Siemens D 500
Bragg—Brentano diffractometer and Cue-kKadiation. A scanning electron microscope (SEM,
Cambridge Instruments Stereoscan 360) was usedvestigate the wear tracks on the
coatings and to characterize the oxides on theasarbfter tribometer testing at elevated
temperatures. Identification of tribochemical réats and the chemical structure of wear
products generated during the dry sliding experisi@ras conducted by Raman spectroscopy
using a Horiba Dilor Raman spectrometer with arlasevelength of 532.2 nm (He-Ne-Laser,
100 mW).

Differential scanning calorimetric (DSC) and sinaméous thermo-gravimetric analysis
(TGA) investigations were conducted in a NetzschSZ409 C thermal analyzer to
characterize the thermal stability of the coatingth respect to their oxidation behaviour. To
avoid the influence of the substrate material om EISC investigation, the coatings were
chemically removed from their low-alloyed steel swates using a hydrochloric acid. The
dynamical DSC/TGA experiments were carried out itificial air (20% Q, 80% N)
between room temperature and 1000°C at a heatidganling rate of 20 K/min. Prior to
DSC measurements, temperature and energy wergatatibby use of five standards (tin,
zinc, aluminium, silver and gold, each of 99.99%@4ity) with an accuracy of £ 0.2 K and +

0.007 mW, respectively.
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3. Results and discussion

3.1. Tribological behaviour

Fig. 1 shows the average steady-state frictionfimoerft of TiN and VN coatings sliding
against alumina balls in ambient air. For the diiirsg experiments, six different
temperatures in the range between RT and 700°C ehesen. It can clearly be seen that TiN
shows higher friction coefficients over the whodanperature range compared to VN. The
friction coefficient of the TiN coatings increasiesm about 0.5 at RT to values between 0.6
and 0.7 at higher temperatures. Also in the caséNyfthe values increase for temperatures
up to 400°C. Above 400°C, the friction coefficiadcreases continuously with increasing
temperature reaching a value of 0.25 at 700°C. Tdwisfriction effect agrees with earlier
studies on TIAIN/VN superlattices, Ti-Al-V-N and @4-V-N coatings [18-20].

0.8

07k o --m-- VN
/"»/- h .\‘
I~ - \«
- . =TT
06 | P \‘\?-"" { e

o U

.
04 kN

Friction coefficient

03 RN

02|

01 [ R P T NP R RENPR |
0 100 200 300 400 500 600 700

Temperature [°C]

Fig. 1. Temperature dependence of the friction coefficfenfTiN and VN coatings.

Investigation of the wear tracks after tribometesting by 2D/3D profilometry showed
differences in the wear behaviour of TiN and VN taogs with increasing temperature. 2D
surface profiles of the wear tracks after testin®&, 400 and 600°C are shown in Fig. 2 and
3D profiles after testing at 600°C in Fig. 3. Inetltase of TiN coatings, wear and
consequently the amount of produced wear debriseases continuously with raising

temperature until at 700°C the coating is compjetebrn through. In Fig. 3(a) some
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transferred material is visible at both sides @& tear track and wear plough tracks in the
direction of sliding. On the contrary, VN coatingisow no visible wear after testing at RT.
However, at 300°C the wear behaviour is similafifd. With increasing temperature, higher
amounts of transferred material appear in the waaks indicating the formation of a third

body during the tests, as Fig. 3(b) clearly shows.

The increase in the friction coefficient at eledatemperatures might be related to the
production of coating wear debris with diametengéa than the peak to peak roughness
values of both surfaces, slider and coating, wimtéract with both surfaces by scratching or
getting crushed in the contact [21]. In the caseTidf, the slight decrease in the friction
coefficient at temperatures above 400°C (whichbisve the deposition temperature used in
this work) might be connected to the softeningh&f toating due to annihilation of growth-
related defects [31] and thus, to a reduction efatihesive and ploughing components of the

friction force.
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Fig. 2. Two-dimensional profiles of the wear tracks o). TéN and (b) VN coatings after ball-on-disc tests
against alumina at 25°C, 400°C and 600°C.

The formed wear debris acts as an abrasive leddifigrther material removal from the

coating. This is the case for VN and TiN, whereadipularly softening leads to higher wear
with increasing temperature. For carbon steelbag been shown that mechanically stable
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oxide scales may act as protective layers, and ié\bay are partially removed they can still
protect the surface if wear particles are transteipack to the wear track forming load-
bearing compact layers [22,23]. TiIN oxidizes maialy temperatures above 600°C (see
below), and although Fig. 2 indicates that weatigdas are partially back-transferred to the
wear track at 600°C, whether the surface oxiderlage back-transferred material can protect
the surface effectively against wear. The tribatagibehaviour of VN differs from that of
TiN at temperatures above 400°C. As surface ingastins showed (see below), an oxide
layer which consists mainly of the Magnéli phas®y/forms on the VN surface during the
heating step. This oxide shows low shear strengéhtd its crystallographic structure leading
to lower friction coefficients [10]. During the teghe oxide layer is partially removed and
wear debris is formed which acts as a third bodgadebris particles are partially back-
transferred to the wear track and additional tchemical reactions take place, leading to the
formation of other oxides than those formed dutimg heating step (see below). The oxides
formed during heating and the oxide glazes formetthé wear track during testing protect the

coating from weatr, in the same way as previoushcrdeed for steels.

a)

Fig. 3. Three-dimensional profiles of the wear tracks(aj:TiN and (b) VN coatings after ball-on-disc gest

against alumina at 600°C.
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3.2. Surface investigations

Fig. 4 shows XRD patterns of TiN and VN coatingelathe ball-on-disc tests. The total
temperature exposure time during tribological téstair at different test temperatures was
about 2 h. The XRD patterns of the TiN coating® (B&. 4(a)) reveal an fcc TiN structure,
where all peaks are shifted to lower diffractiorgles than the standard value of TiN. A
possible reason can be the influence of deposp@rameters and the resulting residual
compressive stresses, as proposed by Constallld2t]aThe patterns of TiN coatings show
no evidence of significant changes in structurdnwitreasing test temperatures up to 600°C.
After a tribotest at 700°C, a few new peaks wereaed which could be identified as %O
(rutile). It should be noted that in this case olmgly the formed rutile on the TiN coating

does not have any significant beneficial tribolagiofluence (see Fig. 4(a)).
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Fig. 4. XRD patterns of: (a) TiN and (b) VN coatings aftégh-temperature tribometer testing up to 700°C.

The XRD investigations show that the VN coatingse($-ig. 4(b)) exhibit an fcc VN
structure, which is stable up to 400°C. After lmaikdisc testing at 500°C, the XRD patterns
indicate generation of various vanadium oxideshendoating surface which can be assigned
to the lubricious Magnéli oxide series®Mn.1 and WOsnp With n = 1,2,3, etc. Most oxide
peaks were identified as,¥s; and VQ. There are also some minor peaks corresponding to
VeO13. These results agree widely with the publishedadat refs. [19,25]. When the
temperature increases up to 600°C, the ¥ad \tO:3 peaks become more pronounced. This
is related to oxide reduction following the sequeRgOs — V30; — V409 — V013 — VO,,
as reported in [26,27]. As the test temperatuesrie 700°C, the VN coating peaks disappear
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and the intensity of the substrate peaks increas#isating that the coating is almost
completely oxidized and partially removed in theawtack. Increasing the temperature leads
to the reduction of ¥Os as stated before. Thus, ne®4 peaks, but lower oxidized vanadium
like VgO11 and k0,3 was found. Further, it is known that bulk®6 melts at approximately
685°C and reaches its boiling point at 1750°C [26].no evidence of crystalline,@s was
found after testing at 700°C, the drop of the imictcoefficient could be attributed to the
melting of \,Os which yields liquid lubrication. For further inv&gation of the oxidation
behaviour, the surface morphology of the coatings analysed by SEM after the tribological
tests. Fig. 4 shows a SEM image of the surface WNacoating after testing at 700°C. The
whole coating exhibits a uniformly oxidized surfas@h a needle-like morphology which
indicates the solidification of a liquid phase. §might be the reason for the vanishing fcc
coating peaks observed in the XRD investigatiors (5g. 4). It is also assumed that most of
the liquid oxide phase is moved away from the disdace due to centrifugal forces during
ball-on-disc testing, where consequently the nekkkestructures seen in Fig. 5 result from
crystallization of a very thin vanadium oxide layeetting the steel surface, thus explaining

the low intensity of the oxide peaks seen in F{9)4

Fig. 5. SEM micrograph of the oxidized VN coating aftetl4mm-disc testing at 700°C.

Different areas of the wear tracks were investidaieing Raman spectroscopy. Fig. 6
shows Raman scattering spectra of TiN and VN cgatafter tribometer testing at different
temperatures. To illustrate the possible changesRaman spectra of the unaffected TiN and

VN coating surface were taken as a reference @tting at RT (see Fig. 6 for TiN and VN).
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At temperatures below 400°C, there were no siganficchanges visible, neither on the
coating surfaces nor in the wear tracks of the @ddtings. However, the spectrum of the
wear track after ball-on-disc testing at 400°C skhidwo broad peaks at approximately 443
and 610 crit. This spectrum is in good agreement with the shiel Raman data of rutile
TiO, in Fig. 6(a) [28,29]. Increasing the temperatwr&®0°C leads also to the formation of
rutile, however, not only in the wear track butoats the TiN surface. This result agrees well
with the XRD results obtained for the coating scefat the same temperature (see Fig. 4(a)).
In different areas of the wear track generatednenTiN coating at 700°C, peaks of oxidized
substrate material (F®; and FgO,) were found which indicates the already mentioned

coating failure during the tribometer test.
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Fig. 6. Raman spectra of: (a) TiN and (b) VN coatingsrafigh temperature tribometer testing. S: surface

and WT: wear track.

Raman investigations of VN coatings show no evidgr@nges after tribo-testing up to
400°C (see Fig. 6(b)). The spectrum obtained fd°@0shows some minor peaks for the
coating surface indicating the presence gDy In the wear track produced at 400°C, a high
amount of M\Os and a new phase corresponding to AM®@uld be detected (see the range
between 800 and 1000 &nin Fig. 6(b)). The AIVQ phase forms from a reaction between
V.05 and ALO; [30]. The generation of AIVQis assumed to be an interaction between the
formed \LOs and the alumina counterpart during the tribologieat. At 600°C, the spectrum
shows sharp peaks which fit well to theO¢ standard peaks (see Fig. 6(b)). A further

increase in test temperature to 700°C leads todact®n of the amount of XDs. The
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spectrum of the wear track indicates a predomiddxO 4 phase indicating that any,%s

formed in the wear track has reacted with the ahanbiall during the test.

3.3. DSC investigations

Fig. 7 shows the results of dynamic DSC/TGA measergs of TiN coating material in
artificial air. Compared to measurements in inemjoa atmosphere where no distinct
observations in the DSC/TGA signals were made [3&j;eral ongoing reactions can be
detected during measurements in air (see Fig..®ajh the DSC and TGA signals indicate
ongoing oxidation starting at ~ 300°C, leading tpranounced increase in sample mass for
temperatures higher than 600°C. Our previous iny&sbns on TiN coatings in the same
DSC/TGA system [32] confirmed the commonly obsergadet of oxidation of ~ 600°C [1].
The minor reactions taking place at lower tempeestare thus related to the large surface of
the powder used for DSC/TGA analysis and are, apresgly, not relevant for the oxidation
of TiN coatings. After the complete thermal cydlee sample mass has increased from 25.60
mg to 32.41 mg (~ 130%). Nevertheless, no mateviaporation was indicated by DSC/TGA.
The oxidation reaction is completed during sam@atimg, since no further reactions and no
additional mass gain can be observed by TGA duwoging. Additionally, even a second
heating/cooling cycle of the pre-oxidized mateshbws no further reactions of the coating
material (see Fig. 7(b)).
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Fig. 7.(a) DSC/TGA heating/cooling cycle of TiN to 1000itCartificial air atmosphere at 20K/min and (b)

rerun measurement of pre-oxidized coating material.

Similar to the observations for TiN, DSC/TGA measuents of VN coating material in

argon atmosphere show no distinct ongoing reactipbp DSC/TGA measurements in air,
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however, indicate massive oxidation of VN starteig~ 500°C and leading to a gain in
sample mass at a temperature above 400°C (se®(&)y. Herein, several peaks at ~ 500, 650
and 800°C signify the oxidation processes. At ~°@lahe superposed endothermal melting
of the partially oxidized VN material takes plad&e molten phase solidifies again at ~620°C
during cooling, indicated by a pronounced exothénpeak. Nevertheless, also in the molten
state, the oxidation processes continue sinceaimple mass steadily increases up to ~ 130%
where the temperature becomes too low during cgplisee the TGA signal in Fig. 8(a)),
indicating their uncompleted state. A rerun measr@ of the already pre-oxidized coating
material clearly displays melting of the materialridg heating at ~ 670°C (see the
endothermal peak in Fig. 8(b)). Oxidation of thetenial continues at higher temperatures,
where the gain in sample mass can be observece iM@A signal increasing from 48.67 mg
(100%) to 66.86 mg (~ 135%). During this secondtihg&ooling cycle, the oxidation
processes seem to be completed, as no additiorsd gan during subsequent cooling is
indicated. The advanced coating material oxidatiemds to a pronounced shift of the
exothermal peak signifying solidification to a teengture, which is ~ 90°C lower compared

to the first heating/cooling cycle.
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Fig. 8.(a) DSC/TGA heating/cooling cycle of VN to 10009Cadrtificial air atmosphere at 20K/min and (b)

rerun measurement of pre-oxidized coating material.

4. Conclusions

The aim of this work was to study the oxidation debur of sputtered TiN and VN
coatings at elevated temperatures and its influendde tribological properties. TiN coatings
showed only minor changes in friction coefficiemeo the whole temperature range, while
wear increased with raising temperature. At 700A@wdent formation of rutile TiQon the
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coating surface could be observed. According to &#ameasurements, the onset of oxidation
and the appearance of rutile in the wear track mattemperatures above 300°C. However,
this oxide offers no efficient lubrication or wganotection. On the contrary, for VN coatings,
a continuous decrease in friction coefficient amperatures above 400°C was found.
Pronounced coating oxidation at temperatures ad0@&C in air atmosphere was proven by
DSC/TGA measurements. After testing at 500°C, Magnéde phases on the sample surface
were identified by XRD, with ¥Os and VQ representing the dominating phases. The lowest
friction coefficient of 0.27 was found after tribeter testing at 700°C. According to the XRD
and SEM results, the entire coating was fully azedi forming a liquid lubricant. Further, a
high amount of AIVQ formed due to an interaction of vanadium oxidetghvaiumina could
be detected in the wear track by Raman spectroséopslly, it can be concluded, that VN
coatings, compared to TiN coatings, offer self-lcilous abilities at elevated temperatures
achieving low friction coefficients during high-t@erature dry-sliding against alumina.
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Abstract

The mechanisms for frictional self-adaptation ovatted hard coatings with optimum
tribological properties are based on the formabbrthin reaction films in sliding contacts.
The aim of this work was to characterize VN and &datings deposited by unbalanced
magnetron sputtering and to determine the influeriaxide phase formation on their friction
and wear properties during high-temperature exgosuambient air. Dry sliding experiments
were performed in the temperature range betwee@ 25d 700°C. Structural changes and
oxide phases were identified by X-ray diffractiomdaRaman spectroscopy after tribometer
testing. The friction coefficient of the V coatingecreases from about 1.05 at RT to 0.27 at
700°C, while the VN coating has a lower coefficienfriction (~ 0.45) at RT which further
decreases at temperatures above 400°C. The onsmgpidfoxidation of V and VN coatings,
as evidenced by differential scanning calorime®SC) and thermo-gravimetric analysis
(TGA), occurred at 400-450°C with the formationvahadium oxides, which were identified
by XRD as \Os, VO, and 0,3 For both coatings evaluated, a significant deswe# the
friction coefficient at temperatures above 400°G waserved reaching a value of 0.25-0.27
at 700°C, due to the formation of,®s, giving rise to solid lubrication, and subsequent

melting of this phase at temperatures above 60@adjng to liquid lubrication.

Keywords: V; VN; friction; lubricious oxides

1. Introduction

Over the last few years, several research acsviigve focused on development of new

solid lubricants and modern lubrication conceptsathieve low friction and wear and to
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extend the lifetime of tools and engineering congras [1-3]. Especially the oxide materials
have become interesting for tribological applicasi@ue to their expected oxidation stability,
low adhesion tendency and their low tribo-oxidatgemsitivity [4,5]. A recently introduced
new concept for low friction coatings in intermadiao high-temperature applications is the
formation of lubricious surface oxides, the so-@dlMagnéli phases. These are supposed to
be ideal high-temperature solid lubricants duehtarteasy crystallographic shear planes and
they also act as liquid self-lubricious films duwetheir often low melting points. Possible
metals forming Magnéli phase oxides are W, Moahil V [6-12].

The beneficial influence of molten oxide phasedrartion has already been reported in
the case of V alloyed solid solution as well aseslgttice coatings [13-15]. The lubricating
effect of vanadium oxides has recently been dematest in high-temperature tribological
testing of VN coatings [16,17]. The purpose of finesent study was to characterize VN and
V coatings prepared by unbalanced magnetron smgtand to verify the expected lubricious
oxide concept. Main emphasis was laid on a potefdianation of lubricious oxides, in

particular on the comparison of oxide formationsoift metallic V and on hard VN coating.

2. Experimental

The coatings investigated in this work were dejalsftom a V targetg 75x6 mm), with
an unbalanced DC magnetron sputtering system. &thr ¢toatings, the deposition process
was carried out at a constant temperature of 4%0f€Ca working gas pressure of 0.25 Pa.
The applied substrate bias voltage was -50 V. Megage thickness of VN and V coatings
was 3.2 and 5.6 um, respectively. The coatings \yese/n on ground and polished high-
speed steel discs (DIN 1.3343, AISI M2), which wgtenched and tempered to a hardness
of 65 HRC, and on iron foils (thickness 0.05 mm).

Dry sliding ball-on-disc experiments were conduatsthg coated high-speed steel discs
at temperatures from room temperature (RT, ~ 25ig)to 700°C in ambient air using
alumina balls of 6 mm diameter as counterpart. B&ah coating systems, the sliding speed
was kept constant at 0.1 m/s and the wear tradkigaat 7 mm. For the VN coatings, the
sliding distance was 100 m and the load 5 N. Indase of pure V coatings, the sliding
distance was reduced to 10 m and the load to 1 drder to avoid failure of the coating.
After the tribometer tests, the wear tracks ondaba&tings were characterized using an optical
3D white light profiling system (Wyko NT 1000).
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X-ray diffraction (XRD) analysis was conducted thvestigate the phase composition and
identify possible oxide phases formed after tribtenéesting using a Siemens D 500 Bragg-
Brentano diffractometer and Cuekadiation. Raman spectroscopy was conducted terobs
structural changes and identify tribochemical neast generated during the sliding
experiments using a Horiba Dilor Raman spectromsitir a laser wave length of 532.2 nm
(He-Ne-Laser, 100 mW). Scanning electron microsc(@&M, Zeiss EVO 50) and energy-
dispersive electron probe microanalysis (EDX, Odafarstrument Inca) were also used to
characterize film microstructure and to investighe wear tracks on the coatings.

Differential scanning calorimetry (DSC) and simokaus thermo-gravimetric analysis
(TGA) investigations were conducted in a NetzsciASZ09 C thermal analyzer to
characterize the thermal stability of the coatingh respect to their oxidation behaviour. The
dynamical DSC/TGA experiments were carried out itificial air (20 % Q, 80 % N)
between room temperature and 1000°C at a heatidgcanling rate of 20 K/min. Prior to
DSC measurements, temperature and energy wereatatitby use of five standards (Sn, Zn,
Al, Ag, and Au, each of 99.999 % purity) with ancaacy of £ 0.2 K and £ 0.007 mWw,
respectively. To avoid the influence of the sulistraaterial on the DSC investigation, the
coatings were chemically removed from their iroit $mbstrates using a 10 % hydrochloric

acid.
3. Results and discussion

3.1. Tribological behaviour

The average steady-state friction coefficient adind VN coatings sliding against alumina
balls in ambient air at different temperaturesheven in Fig. 1. Sliding tests show pure V
coatings to have a much higher friction coefficiaptto 500°C compared to VN coatings. At
room temperature, a friction coefficient of ~ 1\@&s obtained for the V coating, while VN
shows a significantly lower value (~ 0.45). At 50%oth coatings show almost the same
friction coefficient of ~ 0.4-0.5, which decreassmtinuously for a further increase of the
testing temperature, reaching the lowest value.24-0.27 at 700°C. This low friction effect
agrees with earlier studies where V incorporatiooviged a lubrication mechanism due to
oxide formation at moderate or/and high temperat{8-16].

Two-dimensional surface profiles of the wear traaker tribometer testing at RT, 300°C,
500°C, and 600°C are shown in Fig. 2 for VN andoéatmgs. It should be mentioned first
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that the mean surface roughness of the samplgsa&measured by white light profilometry,
increases with increasing test temperature. Thig#@tes surface oxidation during the heating
step. In the case of VN coatings, there is no lasitear after testing at RT, as Fig. 2a clearly
shows. The increase in the friction coefficientnirdRT to 300°C might be related to the
generation of loose wear debris of both slider eoating, which interact with both surfaces
by scratching or getting crushed in the contact.[I8is is supported by the increasing wear
track depth and material accumulation at the berdédrthe wear track (see Fig. 2a). At
temperatures above 400°C, an oxide layer whichistnmainly of \AOs forms on the VN
surface during the heating step, as already destrib [17]. With increasing temperature,
material accumulation increases as shown in Fig.iritficating an increasing amount of

oxidized and transferred material in the wear tracting as third body.
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Fig. 1. Friction coefficient of the V and VN coatings frdRT-700°C against alumina.

In the case of V coatings, the predominant wearhaigism for temperatures below 500°C
is abrasion as evidenced by the deep grooves irRBigoepth of the wear track and produced
wear debris tend to decrease from RT to 400°C.eAtperatures above 500°C, the wear
mechanism changes and no significant material raiiswisible in the wear track indicating
massive oxidation and material transfer. Furthergase in temperature results in a higher
amount of oxidized and transferred material indingathe formation of a third body during
the test, as Fig. 2b clearly shows. The SEM miaplrin Fig. 3 shows the wear scar of the V
coating after tribometer testing at 600°C, whereefad features on the surface can be

observed. EDX analyses showed that both surfacevaad track of the coating were entirely
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composed of V and O. The smeared appearance iedita formation of a soft V-O phase
during the test, while the dendritic nature [13,b#]a molten and subsequently solidified

V,0s phase is absent.
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Fig. 2. 2D profiles of the wear tracks of a) VN and b) datings after ball-on-disc tests against alumina at
25, 300, 500 and 600°C.

From literature [19,20] it is known that both fran coefficient and wear are considered to
be dependent on the nature, the thickness anddtierence of the oxide layer generated on
the surface of a solid. For many metals, there tsamsition temperature above which a
continuous oxide layer is established which giveduced resistance to sliding and good
protection against wear. It is supposed that thideolayers formed on the V coatings at
temperatures below 500°C do not reach the suffi¢tleokness to act as a protective layer and
prevent mechanical wear. However, if the oxideeséatmed during heating and oxide glazes
in the wear track allow easy shear due to theistatipgraphic structure, they should be the
reason for the drop in the friction coefficient\éfcoatings with increasing temperature [21,
22]. The oxides formed at temperatures above 5@0eCassumed to be mechanically stable
and thus protect the coating against wear. In oralererify this suggestion, another test at

600°C with the same test condition was carried Quily the sliding distance was increased
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from 10 to 100 m. The friction coefficient observiedthis case remains identical with an
average value of 0.43 and the wear track lookslainm that in Fig. 3 with no evidence of
material removal but a smeared oxide layer. Thigpetts the assumption of a protective
oxide layer.

Fig. 3. SEM micrograph of the wear track of the V coatifiggr dry sliding against alumina at 600°C and
100 m sliding distance.

3.2. Surface investigations

The XRD patterns of V and VN coatings in the ased#ed state and after ball-on-disc
tests at different temperatures are shown in FigBeth coatings are stable up to a test
temperature of 400°C; no significant oxidation cbble observed. As the test temperature
increases to 500°C, the XRD peaks indicate thergéna of various oxides on the coatings
surface which can be identified agQ4, VO, and \60s3. In the case of V coatings annealed
at temperatures above 500°C, the XRD peaks shougea teviation from the standard value
of V indicating the incorporation of oxygen in tematrix. It seems that V£and \O;3 are
the dominating phases formed on the oxidized Viogaat 500°C, whereas )05 peaks
predominate in the XRD patterns of the oxidized $Nface. Increasing the temperature to
600°C leads to massive oxidation of the coatindaser The fractions of 305 and 603
increase in both cases. At 600°C, considerableatioid of the V coating has taken place
since only a very weak signal of the V peaks caolimerved. As the test temperature rises to
700°C, the V and VN coating peaks disappear andiritensity of the substrate peaks
increases in both cases. This suggests that atasbh temperature the V and VN coatings
are completely oxidized and removed from the serfdige to melting of the XDs phase. In
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particular, \AOs shows a melting point of 685°C and a boiling pahi750°C [21,23]. Thus,
the low friction coefficient of 0.24-0.27 measurad700°C should be related to sliding over

the molten Os phase.
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Fig. 4. XRD patterns of a) V and b) VN coatings after htgimperature tribometer testing against alumina
up to 700°C.

For a further investigation of oxidation productee surface of V and VN coatings,
different areas of the wear track and wear delaselbeen analysed by Raman spectroscopy
after testing at different temperatures (see Fig. A room temperature, there are no
significant peaks because of the weak intensithefRaman active scattering mode of V and
VN coatings. In the case of V coatings, differdmarp peaks could be observed after ball-on-
disc tests at 400°C. These peaks fit well to the,XQO3 and \LOs standard peaks indicating
the ongoing oxidation reactions during the tribatagjtest at 400°C on the coating surface as
well as in the wear track (see Fig. 5a). At 500t observed ¥0O; peaks on the coating
surface and in different areas within the wearkrlecome more pronounced while the
intensity of VQ peaks decreases. In the case of VN coatings,pbetrsm of the coating
surface shows some small peaks indicating the ggaerof VO, and \LOs at 400°C. Peaks
corresponding to MOz could be detected only in the wear track of the ddating after
tribometer testing at 400°C. The spectrum of thdase and the wear track after testing at
500°C shows some distinct peaks indicating,\&0d \,O3; phases besides,¥s. The results
obtained by Raman spectroscopy suggest that tliatom of VN coatings might take place

at higher temperatures compared to pure V coatifigs.change in the onset of oxidation can
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be attributed to the more stable bonding configonabf V in the nitride compared to the
metallic coating. The appearance of ¥@d \W\O; peaks only in the wear track of VN
coatings at 400°C can be the result of higher Ifleah temperatures in the contact area for
the nitride coating [24]. With further increaset@st temperature to 600°C, the spectra of both
coatings show only sharp peaks corresponding A0s Which seems to be the most stable
oxide in this temperature range (Fig. 5b). A furtimerease in test temperature to 700°C leads
to a reduction of the amount ob@s for both coatings. In the case of VN coatingsrehere
several small peaks which could not be identifigsl already mentioned, at 700°C the V and
VN coatings are completely oxidised and due tolthe melting point of 4Os it is assumed

that most of the liquid oxide phase is moved awaynfthe surface during the test.
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Fig. 5. Raman spectra of a) V and b) VN coatings afteh lignperature tribometer testing against alumina,

S...surface and WT...wear track.

3.3. DSC/TGA investigations

It was shown that in the case of VN protective exglazes are already formed at
temperatures above 400°C [17], whereas for V cgatimgher oxidation temperatures are
needed. For further investigation of the oxidatlmhaviour DSC and TGA analysis were
conducted in artificial air for both V and VN caags.

For V coating material, several ongoing reactioas be observed (cf. Fig. 6a). Both the
DSC and TGA signals indicate oxidation reactionartstg at ~ 400°C, leading to a
pronounced increase in sample mass at higher temopes. The DSC signal indicates several

reaction steps by multiple overlapping exotherngaks centred around 500 and 620°C. After
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the first cycle up to 1000°C, the sample mass haeased to 135% of the initial sample
mass. No material evaporation was indicated by DS®/ However, the oxidation reaction
is not completed during heating up to 1000°C amdionaes during cooling until the threshold
temperature is too low, indicated by a constant T$&fal after cooling below 700°C in Fig.
6a. During the cooling cycle, a pronounced exotlarneaction is observed at 630°C
indicating oxide phase solidification [15,16]. Tleerresponding melting reaction of the
oxidized V coating material was not observed during DSC heating cycle but may be

superposed by the pronounced exothermal oxidagiactions [15].
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Fig. 6. DSC/TGA heating/cooling cycles of a) V and c) Vbating material up to 1000°C in artificial air at

20 K/min, rerun measurements of pre-oxidized bnd d) VN coatings.

Comparing the results obtained for VN shown in Bigy.an almost similar oxidation onset
temperature between 400 to 450°C was found for botlatings. Additionally, a
corresponding mass gain was observed under ideakparimental conditions. Further proof
for the incomplete oxidation reactions of V and \dating material after the initial
DSC/TGA heating/cooling cycle is observed in remmeasurements of the already pre-

oxidized coating materials. The rerun clearly shduwther mass gain at temperatures above
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600°C (see TGA curves in Fig. 6b and d). The DS§bali clearly displays melting of the
formed V-O phases during heating above 590°C fqiFlg. 6b) and above 500°C for VN
(Fig. 6d) and subsequent solidification during auplbelow 620°C for both coatings.
Additionally, the heating above 900°C vyields som®@teermic reactions for V coatings
indicating possible reduction processes eDy¥to other oxides [25,26]. While the oxidation
processes seem to be completed for VN, as no fumhss gain during subsequent cooling is
indicated (see the TGA signal in Fig. 6d), an addél rerun shows even further coating
material oxidation for V in the TGA curve at a redd level and a slight change of the two
pronounced melting/solidification reactions in tBSC signal to higher (melting)/lower
(solidification) temperatures indicating differdatmed V-O phases.

Summing up, the tribological behaviour of V contagicoatings should be influenced by
three factors; (i) the mechanical stability of thradized/unaffected coatings system, (ii) the
thickness of the oxide scale as determined by tixidahermodynamics and kinetics and (iii)
the chemical nature of the oxide scale formedait be assumed that the system VN/V-O
with a hard nitride base layer is mechanically mstable than the system V/V-O with the
softer V layer. The results of DSC/TGA measuremeevgal that the onset of oxidation of
both V and VN coatings occurs in a range betweeh &@d 450°C. Despite these similar
onset temperatures, the exothermic and endothemedctions observed at different
temperatures during the DSC measurements indidfiéeethit oxidation processes for V and

VN coatings, as also supported by Raman Spectrgscop

4. Conclusions

Within this work, the oxidation behaviour of V aN@\ coatings and its influence on high-
temperature tribological properties has been studmfferential scanning calorimetry and
thermo-gravimetric analysis investigations revéailt the onset of oxidation in the case of V
and VN coatings occurs in a range between 400 &08C} whereas the oxidation processes
of these coatings seems to be different. Both wgstiinvestigated clearly showed the
expected vanadium oxides at elevated temperatunehact as an effective lubricant during
high-temperature dry sliding tests. The preserdesicould be identified as \{OV203, V205
and V0.3 by X-ray diffraction and Raman investigations. Thieyther revealed that the
oxide composition depends on the oxidation tempegai.e. the higher the temperature, the
higher is the amount of )05 present in oxide layers and oxide glazes. Dry rsdi
experiments show that the friction coefficient ofcwatings at temperatures below 500°C is
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much higher than that measured for VN. However,cth&tings show promising tribological
properties reaching low friction coefficients bylidaoxide lubrication in a temperature range
between 400 and 600°C. For combining this solidlexubrication effect with sufficient wear
resistance, an oxide layer of overcritical thiciwéss to be formed on the surface of the
coating, where the critical thickness seems to éq@ddent on the mechanical properties of
the coating material below. The best friction perfance was found for both coatings at
700°C, enabling liquid oxide lubrication with adtion coefficient of ~ 0.25.

Finally, it can be concluded that the mechanisriv oikide formation with self-lubricious
contributions can be employed to design low-frigticoatings over a broad temperature

range.
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Abstract

V.05 films were grown onto MgO (100) substrates by tigacmagnetron sputtering
between 26°C to 300°C to establish a detailed sgkstructure relation. The effect of
deposition temperature on structural charactesigticd surface morphology was characterized
using X-ray diffraction, Raman spectroscopy, atofi@ice microscopy and scanning and
transmission electron microscopy. Films preparemain temperature are amorphous while
those deposited above 80°C exhibit a polycrystllstructure with the orthorhombic
symmetry of the YOs phase.

Keywords. V,0s; Thin films; Atomic force microscopy (AFM); Ramaspectroscopy;

Transmission electron microscopy (TEM)

1. Introduction

Vanadium pentoxide (30s) thin films have been studied intensively in redcgrars due to
their attractive physical and chemical propertigasticularly its optical properties, which
makes them interesting for various applicationshsas electrochromic devices and optical
switches [1,2]. There are some polymorphs gDAivhich are identified in the literature as
V,0s (orthorhombic),3-V20s (monoclinic or tetragonal) and\V,0s (a modification off3-
V205) [3]. The most stable crystal structure is ortlmonivic a-V,0s which belongs to the
space group Pmmn (59) with lattice parameters &iP2].b=3.564 and c=4.368 A [4]. This
structure is characterized by periodic arrangemehisdge and corner sharing Y®quare
pyramids. The vanadium atoms form five bonds witligen with V-O bond lengths varying
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between 1.585 and 2.021 A. The layers so formedhalé together by weak vanadium-
oxygen interactions with a distance as large a8 A7The interaction between the®%
layers is so weak (van der Waals type) that thstaly cleave easily along the (001) plane, as
described in detail by Ramana et al. [5] and Jukéral. [6]. Thus, ¥YOs should be a
promising solid lubricant [7-11]. Recently, sevemaVestigations on temperature-structure
relationship of amorphous and polycrystallingdy films have been reported, where the films
were fabricated by different deposition techniqaesl under varying deposition conditions
[6,12-17]. However, the fabrication of ;@5 thin films still needs a more detailed
characterization for understanding the correlabetween the deposition conditions, growth
and morphological aspects in order to design wefirgéd coatings for potential applications.
The aim of this work was to prepare®% thin films using DC reactive magnetron sputtering
over a wide range of substrate temperatures ont® NIPO) substrates and to study the

influence of the deposition temperature on theucitire and morphology.

2. Experimental details

V205 films were grown onto MgO (100) substrates whiatrevultrasonically pre-cleaned
in acetone and ethanol prior to deposition. Aftesceiating the vacuum chamber down to a
pressure of 810 Pa, the substrates were thermally cleaned at 7&)°C0 minutes within
the deposition chamber. The films were depositethfthree metallic vanadium targets (
50.8x6.35 mm) with a purity of 99.8 % using unbalance@ Bagnetron sputtering in an
Ar+0O, atmosphere. The total gas pressure was kept co@dtd.28 Pa, the {partial pressure
was 21 % of the total pressure for all deposite@s\films. The substrates were positioned at
a distance of 7 cm from the target center and weiaed at a rate of ~ 10 rotations per
minute during deposition to obtain uniform thinnis. All films were deposited at floating
potential for 60 minutes resulting in an averadm fthickness of 1.2 um. The deposition
process was carried out at various substrate tatnpes of T= 26, 80, 100, 150, 230 and
300°C. The samples were heated from the reverse aidl after reaching deposition
temperature, a period of 30 minutes was used tehrem homogeneous temperature
distribution. The sample heater was controlled myYDgden Microprocessor, while the sample
temperature was determined using a thermocoupbe ¢y Ni-Cr/Ni) which was placed at the
steel substrate holder.

X-ray diffraction (XRD) analysis was conducted 8iructural investigations of the films

using a Bragg-Brentano diffractometer (Siemens D5@@th Cu—K, radiation. Raman
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spectroscopy measurements were performed usingibaHoilor Raman spectroscope with a
laser wavelength of 532.2 nm (He-Ne laser) at aguoevel of 100 mW. In addition, to
corroborate the findings from XRD and Raman spsctpy, atomic force microscopy
(AFM, Digital Instruments Nanoscope llla) using wentional Si-tips in tapping mode,
scanning electron microscopy (SEM, Zeiss EVO 5@ aansmission electron microscopy
(TEM) were employed. The root mean square (rmgasaroughness, as an integral measure
for the vertical film roughness, was also obtaibgdAFM in the tapping mode from at least
three different 10x1@m scans. Cross -sectional TEM samples were prefaréacused ion
beam (FIB) and analyzed using a 200 kV Tecnai M TSelected area electron diffraction

(SAD) patterns were taken to investigate the chgttacture and orientation.

3. Results and discussion

All deposited VOs films adhered well to the MgO (100) substrate had a bright orange
appearance. The films exhibited a dense structitream average thickness of about 1.2 pm
according to cross-sectional SEM analysis. XRDegpa#t of \LOs films deposited onto MgO
(100) substrates at different substrate tempem@neshown in Fig. 1.

® Substrate

x V,0,

% (200)
% (001)
% (400)
% (600)

-JL.../ u....__JL J.LL T =300°C
o J T =80°C

J T =26°C

15 20 25 30 35 40 45 50 55 60 65
Diffraction angle 26 [°]

Intensity [a.u.]

Fig. 1. XRD patterns of YOs films grown at different temperatures on MgO (160bstrates.

The peak observed ab-243.3° is attributed to the Bragg reflection of lgO substrate.
The XRD pattern of the film grown at room temperatwoes not evidence any peaks

according to the orthorhombic,¥s or any other vanadium oxide which indicates timat t
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film is amorphous. In the case of the film depakitd 80°C, three small peaks appear at
26=15.38°, 20.31° and 31.04° which correspond to(#@®), (001) and (400) orientations of
the orthorhombica-V,0s phase according to the JCPDS file (01-077-2416)pectively.
This indicates the onset of crystallineQ4 film growth at temperatures around 80°C. The
XRD results reveal an increase in the intensitypsadf the \bOs peaks with further increase
in deposition temperature up to 150°C (not showgreas no structural differences could be
observed in the range between 150-300°C (see FiglHe results suggest that the films
deposited above 150°C have a preferred (200) grawigntation. The change from an
amorphous to a polycrystalline structure of th®films could be attributed to the enhanced
ad-atom mobility with increasing deposition tempeara [18]. XRD single line profile
analysis employing the Pseudo-Voight method [1%Idyia mean coherently diffracting
domain size of 15 nm for the films deposited ata®d 100°C which increases to 33 nm for

films deposited above 100°C.
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> :
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Fig. 2. Raman spectra of )@s films grown at different temperatures on MgO (180pstrates.

Fig. 2 shows Raman spectra of films depositedfégrdnt temperatures which are in good
agreement with the XRD results. Raman spectra eadidgcussed in terms of internal and
external vibrations. Internal modes observed inhilgh-frequency region can be attributed to
the stretching and bending of V-O bonds. The eslembdes, which normally lie in the low-
frequency region, can be connected to the relatiséon of structural units with respect to

each other [15,20,21]. The Raman spectrum&:\film grown at room temperature (cf. Fig.
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2) clearly demonstrates the amorphous charactegheffilm as no Raman active peaks
corresponding to the-V,0Os crystal could be observed. Some low-intensity drpaaks
appear in the Raman spectrum of a film deposit&D&E, indicating the onset of crystalline
growth. The spectra of films deposited above 156i@w sharp crystalline features which are
in good agreement with the standard Raman peakbdaor-V,0s crystal. Most authors agree
that the absorption band located at 995" d¢sncharacteristic for ¥O double chemical bonds
(Vanadyl mode) and corresponds to the stretchinghefshortest bond (1.58 A) between
vanadium and oxygen. This mode is an indicatiothefstructural quality and stoichiometry
of the film [5,6,15,21]. For the film deposited 80°C, a small peak at 995 &ntould be
detected which becomes more intense and sharperinveiteasing deposition temperature of
the analysed sample (Fig. 2). This suggests therbetystallinity and stoichiometry of the
V.05 films with increasing deposition temperature. Anfga peak at 145 chappears for
films deposited at temperatures above 150°C, amlglseen in the spectrum of the film
deposited at 300°C in Fig. 2. Different author$6][8]] stated that the presence of this mode
indicates the layer-like structure of,®s films. In the present investigation, this might be
interpreted as further indication of the increasamgstallinity of the films with increasing

deposition temperature.

»

Fig. 3. AFM images of a) an amorphous film grown at roemperature (z-scale: 10 nm), b) the transition

from amorphous to crystalline film growth at 80°£sale: 70 nm) and c) a polycrystallingd¢ film grown at
300°C (z-scale: 140 nm).

The morphology of YOs films as function of the deposition temperature haen studied
using AFM in order to understand the microstructeslution. AFM data of the film
deposited at room temperature shown in Fig. 3afydts amorphous nature as no
characteristic features besides 5 nm high contamima could be revealed. The onset of
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crystallisation occurs at 80°C as some fine featwigh an average size of 50 nm to 100 nm
appear on the surface (Fig. 3b). It might be assuthat those features represent clusters of
crystallinea-V,0s grains. The AFM image in Fig. 3c clearly shows g¢jnenular structure of
V,0s film deposited at 300°C, where a morphology charégmed by small plates could be
found. Fig. 4 shows the variation in rms surfacegtmmess of YOs films with increasing
deposition temperature. The rms values increases ©.7 nm to 21 nm as the deposition
temperature increases from room temperature to@G0Uhis is attributed to the transition
from amorphous to crystalline growth and promotedirg growth with higher deposition

temperatures.

24 T T T T T T T T T T T T
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- A 1 " 1 " 1 " 1 L 1 L 1
0 50 100 150 200 250 300
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Fig. 4. Variation of rms surface roughness of¢ films on MgO (100) substrates with increasing

deposition temperature.

Fig. 5a shows a bright-field TEM micrograph of & fum thick \4Os film deposited on
MgO (100) at 80°C. It displays the presence of réigc crystalline grains within a flat and
uniform matrix. The fine stripes seen in the brifjald image are induced by FIB preparation
damages. Fig. 5b demonstrates SAD pattern of tichystalline region taken from the
upper part of the film (indicated by “B” in Fig. barhe d-spacings of the diffracted spots
match very well to orthorhombia-V,0s crystal lattice. A diffuse ring is slightly visibl
which indicates that this part of the film is notally crystallized. The SAD pattern (Fig. 5¢)
taken from the region near to the substrate (indiceby “C” in Fig. 5a) displays an
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amorphous pattern as only a typical diffuse ringides the diffraction spots of MgO could be

observed.

{220}yg0  {200}y40

{020}40

® <0010

Fig. 5.a) TEM cross-sectional bright-field image of thgdy film deposited on MgO (100) at 80°C, b)
corresponding SAD patterns taken from the uppdaore(®) of the film and c) the lower part of thénii (C) and

adjacent substrate.

The bright-field TEM image in Fig. 6a shows thag ¥.05 film grown at 300°C is clearly
polycrystalline. Grains exhibit irregular column agles and different contrasts. The
corresponding dark-field image of the same areahiswn in Fig. 6b. The bright areas
demonstrate the crystallites having a same orientavthere some of them range from the
bottom to the top of the film. Fig. 6¢ and d shoABpatterns of the upper and lower part of
the film deposited at 300°C, respectively. Excéptdiffraction spots from the MgO substrate
(see Fig. 6d), all diffracted spots in Figs. 6¢c ahdin which the intensities varies with
orientations, belong to orthorhombir-V,0s. It indicates that the crystallized film has

preferred orientations with the MgO substrate lfer deposition conditions used.
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® <001>,.6 B © <0015y,

Fig. 6.a) Bright-field TEM image and b) the corresponditagk field image of the M5 film deposited on
MgO (100) at 300°C. SAD patterns taken from c)upper part of the film and d) the lower part of fih@ and
adjacent substrate.

4. Conclusions

From the results presented here it is obvious tiratdeposition temperature plays an
important role in nucleation and growth of®% films deposited onto MgO (100) substrates
using reactive DC magnetron sputtering. Accordinghte XRD, Raman, AFM and TEM
investigations in this work, the X205 films grown at room temperature exhibited an
amorphous structure with a smooth morphology. Tieebof crystallisation during thin film
growth occurred at ~ 80°C, where the film regionsel to the substrate is mostly amorphous
and the region farer away from the substrate has loeystallized, as derived from TEM
analysis. The YOs films deposited at temperatures above 100°C waergcpystalline
exhibiting the orthorhombia-V,0s phase and irregular column shapes. AFM resulta/stio

an increase in rms surface roughness gDsVfilms from 0.7 to 21 nm with increasing
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deposition temperature. From the obtained resuttan be concluded that deposition at room
temperature dose not provide sufficient thermakgynéor ad-atom mobility, resulting in an
amorphous film structure. Increasing the depositemperature to 80°C and above favours
the onset of crystallization and subsequent greowth due to the increase in mobility of ad-
atoms on the surface and enhanced diffusion.
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Abstract

Vanadium pentoxide (30s) thin films were deposited onto Si (100) subssatsing dc
and pulsed dc reactive magnetron sputtering aL@®,and 300°C to investigate the influence
of substrate temperature and sputtering mode ondinectural and mechanical properties. X-
ray diffraction (XRD), Raman spectroscopy and saapnelectron microscopy (SEM)
revealed that the structural characteristics ared silvface morphology of the,®s films
depend on both sputtering mode and deposition teanpe. With increasing deposition
temperature, the films deposited by dc sputterimgnsa transition from amorphous at room
temperature to polycrystalline growth with a prefer (200) orientation. This leads to an
increase of hardness and elastic modulus of thes fitom 3.2+0.1 and 79.4+3.2 GPa at 26°C
to 4.8+0.6 and 129.2+6.4 GPa at 300°C, respectivielycontrast, the films deposited by
pulsed dc sputtering exhibit a polycrystallineV,0Os structure over the whole temperature
range. The hardness of these films decreases matbdsing deposition temperature while the

Young’'s modulus is almost unaffected.

Keywords: V,0s thin films; magnetron sputtering; Raman; hardness

1. Introduction

The attractive multifunctional properties of,®3, especially in thin film form, have
attracted interest for various applications suchaalysis, electrochromic devices and optical
switches [1,2]. There are some polymorphic phade¥ s which are identified in the
literature asa-V,;0s (orthorhombic),3-V,0s (monoclinic or tetragonal) and-V.,0Os (a

modification of 3-V,0s) [3]. The orthorhombica-V,0s shows the most stable crystal
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structure belonging to the Pmmn (59) space group iattice parameters a = 11.512, b =
3.564 and ¢ = 4.368 A [4]. The crystal structureae¥,Os is built up from V@ square

pyramids shearing edges and corners. The so fokfp@d layers are held together by week
V-0 interactions (van der Waals type) which alldve tcrystals to cleave easily along (001)
planes, as described in detail by Ramana et ahrj8]Julien et al. [6]. Thus,®@s should be a

promising solid lubricant [7-11]. Recently, sevenavestigations on structural and optical
properties of YOs films prepared by various deposition techniqueds amder varying

deposition conditions have been reported [6,12-H®\wever, understanding the role of the
deposition process to control the crystallinityystallographic orientation, morphology of the
V05 films and consequently their mechanical propergegiires detailed investigations. The
purpose of the present work was to growDY thin films onto Si (100) substrates using dc
and pulsed dc reactive magnetron sputtering arsluidy the effect of deposition technique

and deposition temperature on their structuralraedhanical properties.

2. Experimental details

V.05 thin films were deposited onto Si (100) substrattéch were ultrasonically pre-
cleaned in acetone and ethanol prior to depositidter evacuating the vacuum chamber
down to a pressure ofx80* Pa, the substrates were thermally cleaned at 7360
minutes within the deposition chamber. The filimsravdeposited from three V targe (
50.8x6.35 mm) mounted to a cluster of three unbalancaghetrons (AJA cluster with A320-
XP magnetrons), focused to the substrate holdeA (83Q400). Sputtering was done in a
mixture of Ar and @ applying dc and pulsed dc discharges. The totalpgassure for both
sputtering modes was kept constant at 0.28 Pa whel€) partial pressure was 21 % of the
total pressure for all deposited® films. The target current was set to 0.35 A per nedn
for all experiments. The substrates were positiopadhllel to the magnetron cluster in a
distance of 7 cm and were rotated at approximal€lyrevolutions per minute during
deposition to obtain uniform thin films. All filmsere deposited at floating potential. As
observed in our experiments, the growth rate obthlny dc sputtering is higher than the one
of the pulsed dc process. To keep the film thicknemnstant at approximately 1.2 um, the
films were deposited for 60 and 90 minutes by dt pmsed dc sputtering, respectively. For
the pulsed dc films, three bipolar pulsed dc posgpplies (MKS RPG-50) were used to
generate the plasma. The target pulsing frequerasy kept constant at 100 kHz with 16%

duty cycle. The deposition process for both techesgqwas carried out at three different
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substrate temperaturess=T26, 100 and 300°C. The samples were heated fhenreverse
side and after reaching deposition temperatureriag of 30 minutes was used to establish a
homogeneous temperature distribution. The sampipdeature was determined using a k-
type thermocouple attached to the substrate holder.

The film structure was determined by X-ray diffiaot (XRD) analysis using a Siemens
D500 diffractometer in Bragg-Brentano configuratiand Cu-K radiation. Raman
spectroscopy measurements were performed at rompetature in air using a LABRAM
confocal-Raman spectroscope with a laser wavelenigé32.8 nm (He-Ne laser) at a power
level of 100 mW. To investigate possible structuchlanges in the films at elevated
temperatures, 305 films deposited at 300°C in dc and pulsed dc madee annealed in
vacuum (R1.5x10° Pa, T=500°C) for 10 min and then analysed with Ramarctspscopy.
The surface morphology of the films was investigatsing scanning electron microscopy
(SEM, Zeiss EVO 50). Hardness and Young's modulighe films were evaluated by
nanoindentation (UMIS Il Nanoindenter) using a Betkh diamond tip with a constant load

of 3 mN. The presented values are averaged fromdzints.

3. Results and discussion

Fig. 1 presents XRD patterns of dc and pulsed dttesed \AOs films deposited onto Si
(100) substrates at 26, 100 and 300°C. The reseNtsal that the film structure depends
strongly on both substrate temperature and spuogtariode. The XRD pattern of the film
deposited in dc mode at room temperature indicGtesmorphous structure. As the substrate
temperature increases to 100°C, the typical pedkgolycrystalline a-V,0s appear. The
peaks located at62= 15.38°, 31.04° and 47.34° correspond to the )(2@W0) and (600)
reflections, respectively, of the orthorhombi¢/,0Os phase according to the JCPDS file (01-
077-2418). The film deposited at 300°C shows neatable changes in the XRD pattern
compared to the film grown at 100°C. The resulggsst that the films deposited at 100 and
300°C grow with a preferred (200) orientation. Thange from amorphous to polycrystalline
structure of the YOs films could be attributed to the enhanced ad-atoobility with
increasing deposition temperature [20]. More dstait the structural characterization of dc
sputtered YOs films can be found in a previous publication [18RD single-line profile
analysis employing the Pseudo-Voight method [2HIdyia mean coherently diffracting
domain size of 35 nm along (200) for the film dafemsat 100°C which increases to 54 nm
for the film deposited at 300°C.
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The XRD patterns of the films deposited in the pdlslc mode indicate a polycrystalline
structure over the whole deposition temperaturgeain this case, several diffraction peaks
which belong to the orthorhombac-V,0s could be observed. The films deposited at room
temperature and 100°C seem to have a preferred @i@htation while the intensities of the
(001) and (110) reflections of the film depositeéd3@0°C are almost equal. It is worth to
mention that the intensity of the peaks from th€i/phase increases for rising substrate
temperatures. Applying the Pseudo-Voight methodtier(001) and (110) peaks indicates a
decrease in the mean grain size with increasingsiepn temperature from 57 to 15 nm for
the (001) orientation, and an increase in graire §iom 27 to 36 nm along the (110)
orientation. In contrast to the amorphous naturdilmis grown at room temperature by dc
sputtering, the polycrystalline growth of the pulsi films at room temperature is related to
the increased energy and flux of ions bombardiegstibstrate compared to the dc mode [22].
This is assumed to lead to higher ad-atom mobjii] and consequently more crystalline

V205 films.
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Fig. 1. XRD patterns of YOs films deposited by dc and pulsed dc sputterirdjfégrent substrate
temperatures.

Fig. 2 shows Raman spectra of the films depositgddd and pulsed dc magnetron
sputtering at different temperatures which confitre XRD results. The dc sputtered film
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grown at room temperature shows no sharp peaksricond its amorphous character. With
increasing deposition temperature, the spectrabéxsiarp crystalline peaks which are in
good agreement with the standard Raman peaks\6fOs. The intense peak at 145 ¢nis
related to vibrations of V-O-V chains and its preseindicates the layer-like structure of the
V.05 phase. The Raman band located at 995" @morresponds to the terminal oxygen
(V=0) stretching mode and gives information about stmattquality and stoichiometry of
the film [5,6,15,16].

The spectra of the films deposited by pulsed ddtepog verify the polycrystalline
character of thex-V,0s phase over the whole deposition temperature rgsge Fig. 2).
However, a broadening of the Raman peaks compartéthse deposited in dc mode could be
observed which may be due to structural disorder on-stoichiometry of the pulsed dc
V05 films.
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Fig. 2. Raman scattering spectra of dc and pulsed £ ¥ims deposited at different substrate

temperatures.

Raman spectra of the films deposited by dc andepulic sputtering at 300°C after
annealing in vacuum at 500°C are shown in Fig. @nealing of the dc sputtered film does
not lead to any distinct structural changes, camfig its thermal stability of up to 500°C (cf.
Fig. 3). On the contrary, the Raman spectrum ofaheealed film deposited in pulsed dc

mode shows, besides the Raman-active mode-#sOs, some additional peaks. These peaks
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are located at 167, 846, 884 and 937 cand they agree very well to those obtained by Liu
et al. for \bOs nanotubes [24]. Julien et al. [6] reported that land at 846 crhis normally
Raman-inactive because of theO# symmetry but becomes active due to a structurally
disordered film after annealing. This peak miglsoabe assigned to the Raman-active mode
of VO, [25]. Lee et al. [15] reported that the peak ledaat 938 ci is attributed to ¥'=0
bonds due to a direct conversion fromi=0 bonds and/or the breaking of the single oxygen

bonds involving VV* ions.
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Fig. 3. Raman scattering spectra of dc and pulsed £ ¥ims deposited at 300°C after vacuum annealing
at 500°C.

According to cross-sectional SEM analysis, all daged \V.Os films exhibit a dense
structure with an average film thickness of apprately 1.2 um. Top-view SEM images of
dc and pulsed dc films prepared at different sabsttemperatures (see Fig. 4) show
considerable differences in their surface morphpldgpending on the deposition method and
temperature. The dc sputtered film prepared at rmmperature (Fig. 4a) has a very smooth
surface which might be related to its amorphousineatand shows a dense structure. On the
other hand, the film sputtered in the dc mode & B0shows a flake-like structure (Fig. 4b).
The pulsed dc sputtered film deposited at room teatpre clearly shows a granular surface
structure (Fig. 4c). As the deposition temperainmeeases to 300°C, the granular structure
gets finer (Fig. 4d). The differences in surfacephology of the films are in good agreement
to XRD and Raman results. They are assumed to dmnsequence of the different growth

orientation of the films as function of sputterimpde and deposition temperature.
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Fig. 4. SEM images of the surface of®5 films deposited by dc reactive sputtering at swalbst
temperatures of a)sF 26, b) T=300°C and by pulsed dc sputtering at ¢¥ 26 and d) T= 300°C.

The average hardness and Young’s modulus of dpaised dc sputtered,@s films as a
function of substrate temperature are present&igm 5a and 5b, respectively.

The amorphous film deposited in dc mode at roomptFature has a hardness value of
3.2+0.1 GPa and a Young’'s modulus of 79.4+3.2 (@edh hardness and modulus increase
with deposition temperature due to the change faonorphous to polycrystalline structure
and reach values of 4.8+0.6 and 129.2+6.4 GPa @tC30respectively. In the case of the
pulsed dc films, the hardness decreases continufrash 7+0.5 GPa at room temperature to
5.320.4 GPa at 300°C. This should be attributablghe observed changes in preferred
orientation, grain size of the,@s phase and grain boundary fraction. The Young’s uhed
of the pulsed dc films deposited at room tempeeaturd 100°C is almost unaffected by the
deposition temperature, with an average value 6f3t5.5 GPa.
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Fig. 5. Averaged hardness and Young’'s modulus of dc atskgulc sputtered @s films as a function of

substrate temperature.

4. Conclusions

Based on the results presented in this work, it lmarconcluded that the structural and
mechanical properties of, s films grown by reactive magnetron sputtering agéedmined
by the sputtering mode and the deposition temperagtructural investigations using X-ray
diffraction and Raman spectroscopy revealed thaspldtered YOs films grown at room
temperature are amorphous having a very smootld@nse surface. Increasing the deposition
temperature favours crystallization of the filmsedw the increased ad-atom mobility and
enhanced diffusion. This leads to a polycrystalbtreicture at substrate temperatures of 100
and 300°C with (200) preferred orientation and dldike surface morphology. The transition
from amorphous to polycrystalline growth with ineseng deposition temperatures yields an
increase of hardness and Young’'s modulus from 312#hd 79.4+3.2 GPa at room
temperature to 4.8+0.6 and 129.2+6.4 GPa at 30@%pectively. The YOs films deposited
by pulsed dc reactive magnetron sputtering exlailpblycrystalline structure over the whole
deposition temperature range due to the increasetdambardment. The surface morphology
of the films changes from coarse granular at roemperature to a finer granular structure at
300°C. The films show a continuous decrease of remsl from 7+0.5 GPa at room

temperature to 5.3+0.4 GPa at 300°C which is aiteith to changes in preferred orientation,
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grain size of the ¥Os phase and grain boundary fraction. The Young’s uhalis almost

unaffected by the deposition temperature and reachlees of approximately 129.3+6.5 GPa.

Acknowledgements

This work was supported by the Austrian NANO lIritia via a grant from the Austrian
Science Fund FWF within the project “LowFriction@ogs”. The assistance of Rostislav
Daniel in nanoindentation and the help of Daniedriér for SEM investigations are kindly

appreciated.

References

[1] Yurdakoc M K, Haffiner R, Honicke D 199dater. Chem. Phys. 44 276

[2] Nadkarni G S, Shirodkar V S 1988in Solid Films 105 115

[3] Balog P, Orosel D, Cancarevic Z, Schon S, Jahnd007J. Alloys Comp. 42987
[4] Enjalbert R, Galy J 198Acta Crystallogr. A 42 1467

[5] Ramana CV, Hussain O M, Naidu B S, Reddy P97TThin Solid Films 305219
[6] Julien C, Guesdon J P, Gorenstein A, Khelfavanov | 1995Appl. Surf. Sci. 90 389
[7] Lugscheider E, Barwulf S, Barimani C 1999 f. Coat. Technol. 120-121458

[8] Greenwood N N, Earnshaw A 19%hemistry of the Elements, 2nd ed., (Oxford:

Butterworth-Heinemann)

[9] Gassner G, Mayrhofer P H, Kutschej K, Mittefer Kathrein M 2004Tribol. Lett. 17
751

[10] Fateh N, Gassner G, Fontalvo G A, Mitterer@2Wear 2621152

[11] Fateh N, Gassner G, Fontalvo G A, Mitterer@2Tribol. Lett. 281

[12] Ramana C V, Smith R J, Hussain O M, Julien @Q0A4J. Vac. ci. Technol. A 22 2453
[13] Ramana CV, Smith R J, Hussain O M, Julien Q004Mater. Sci. Eng. B 111218

[14] Gies A, Pecquenard B, Benayad A, Martinez idb&u D, Fuess H, Levasseur A 2005
Solid State lonics 176 1627

[15] Lee S H, Cheong H M, Seong M J, Liu P, Traci (Mascarenhas A, Pitts J R, Deb S
K 2003Solid Satelonics 165111

95



Nazanin Fateh Publication IV

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Meng L J, Silva R A, Cui H N, Teixeira V, d&antos M P, Xu Z 2008hin Solid
Films 515195

Lim S P, Long J D, Xu S, Ostrikov K 2007Phys. D: Appl. Phys. 40 1085
Fang G J, LiuZL,Wang, LiuY H, Yao KL PQJ. Vac. <i. Technol. A 19 887

Fateh N, Fontalvo G A, Cha L, Klinsner T, Hemek G, Teichert C, Mitterer C 2008
Surf. Coat. Technol. 2021551

Thornton J A 1974. Vac. Sci. Technol. 11 666

Dekeijser T H, Langford J I, Mittemeijer EMogels A B P 1982. Appl. Crystallogr.
15308

Bradley J W, Backer H, Kelly P J, Arnell R D@L Surf. Coat. Technol. 135221

Kelly P J, Beevers C F, Henderson P S, ArRel), Bradley J W, Backer H 20(&irf.
Coat. Technol. 174-175795

Liu X, Huang C, Qiu J, Wang Y 200%ppl. Surf. Sci. 2532747

Schilbe P 200Physica B 316-317600

96



Nazanin Fateh Publication V

Publication V

Tribological properties of reactive magnetron sputered
V,05 and VN-V,0Os coatings

N. Fateh, G. A. Fontalvo, C. Mitterer

Submitted for Publication

97



Nazanin Fateh Publication V

Tribological properties of reactive magnetron sputered V,0s5
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8700 Leoben, Austria

Abstract

Next generation of advanced hard coatings for lodpcal applications should combine
the advantages of hard wear resistant coatings lawtkriction films. Within this work, the
tribological behaviour of vanadium pentoxide,Q¢) single-layer as well as VN2Ds bi-
layer coatings was investigated in the temperatange between 25 and 600°C. For VN-
V.05 bi-layer coatings, YOs top-layers were deposited by dc and bipolar putkedeactive
magnetron sputtering, where theQ4 phase shows preferred growth orientation in (20®)
(110), respectively. The X5 single-layer coatings were prepared by dc reactegnetron
sputtering with a substrate bias of -80 V whichde#o a preferred (200) growth orientation.
Tribological properties were evaluated using a-baldisc configuration in ambient air with
alumina balls as counterpart. The structure ofakeleposited films and eventual changes
after tribometer testing were identified using X-rdiffraction, Raman spectroscopy and
scanning electron microscopy. The friction coeéfiti of VN-V,Os bi-layer coatings
deposited in dc and pulsed dc mode decreases fvom temperature to 600°C, while the
pulsed dc VN-VOs coatings have a significantly lower coefficientfo€tion over the whole
testing temperatures, reaching a value of 0.2808f®. Up to 400°C, YOs single-layer
coatings showed almost the same coefficient otidrcas pulsed dc VN-XOs bi-layer
coatings, but reached a value of 0.15 at 600°Csekms that thermal activation of

crystallographic slip systems is necessary fgdafilms to show a low-friction effect.

Keywords: V,0s thin films; magnetron sputtering; dry sliding; ¢tron
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1. Introduction

Over the last few years, oxides and their combbmati have attracted interest for
tribological applications due to their potentialles-friction coatings in the high-temperature
range [1-9]. In an earlier study [9], we reportadtbe beneficial effect of vanadium oxide
formation on tribological properties of V and VNatmgs. It could also be demonstrated that,
to achieve a low-friction effect and at the sameetisufficient wear resistance, an oxide layer
of overcritical thickness has to be formed on thating surface, which seems to be stable and
efficient after reaching a certain oxidation tengere.

Recently, we have studied in detail the structuré surface morphology of D5 thin
films deposited by reactive magnetron sputteringlitierent deposition temperatures [10].
Investigations on amorphous and polycrystallin®3/coatings deposited by dc and bipolar
pulsed dc magnetron sputtering showed the roleepbsition method as well as substrate
temperature on structure, preferential orientatibthe \,Os phase and mechanical properties
[11]. In literature, several investigations on stwwal and optical properties of,®s films
prepared by various deposition techniques and umaeing deposition conditions can be
found [10-18]. However, with the exception of a fawestigations [5,19], the tribological
properties of YOs films, particularly at elevated temperatures, hageyet been reported in
detail. Therefore, the purpose of the present weak to prepare VN-MOs bi-layer coatings
by dc and bipolar pulsed dc reactive magnetrontspaog with \,Os top-layers having a
sufficient thickness and to study their tribolodigaoperties. We also characterized the
tribological behaviour of ¥Os single-layer films during high-temperature testsvérify their

suitability as low-friction coatings.

2. Experimental details

The coatings investigated in this work were degasiby means of reactive magnetron
sputtering on high-speed steel discs (DIN 1.33481AM2), which were quenched and
tempered to a hardness of 65 HRC. After evacudtiagyacuum chamber down to a pressure
of 8x10* Pa, the ground and polished substrates were aificaly pre-cleaned with acetone
and ethanol and ion etched within the depositicandber prior to deposition. The films were
deposited from three V targets 60.8<6.35 mm) mounted to a cluster of three unbalanced
magnetrons (AJA cluster with A320-XP magnetronegused to the substrate holder (AJA
SHQ400). Depending on the investigations foreseenand bipolar pulsed dc magnetron
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sputtering were applied in a gas mixture of Ar + @ Ar + N,, respectively. The target
current was set to 0.35 A at each magnetron foreapleriments. The substrates were
positioned parallel to the magnetron cluster inséadce of 7 cm and were rotated at ~ 10 rpm
during deposition to obtain uniform films. In alepsition runs, the total gas pressure was
kept constant at 0.28 Pa, where for VN an@3/coatings the pland Q partial pressure was
15 % and 21 % of the total pressure, respectivalgase of the VN-YOs bi-layer coatings,
the VN layer was deposited in dc mode at 500°C evtiie \LOs top-layer was grown in dc
and pulsed dc (MKS RPG-50 power supplies, 100 kHudsipg frequency) modes,
respectively, at 300°C and floating potential. Tehéso different modes for depositing®s
top-layer were used in order to elucidate the deeeay between friction coefficient and
frequency-stimulated structural differences of filnas. The \LOs single-layer was prepared
by dc reactive magnetron sputtering at 300°C witulastrate bias potential of -80 V. The
average thickness of the VN,Ws bi-layer coatings was 4 pm (2 um VN / 2 puOy) while
the \,Os single-layer coating had an average thicknesspoh?2

The film structure was determined by X-ray diffiaot (XRD) analysis using a Siemens
D500 diffractometer in Bragg-Brentano configurateomd Cu—Ki radiation. Dry sliding ball-
on-disc experiments were conducted using coatet-$pged steel discs in ambient air
starting from room temperature (RT, ~ 25°C) up 6O using alumina balls of 6 mm
diameter as counterpart. For all coating systehes stiding speed was kept constant at 0.1
m/s and the wear track radius at 7 mm while ttaéirgli distance was 50 m. A load of 1 N was
used for all experiments. After tribometer testitige wear tracks on the coatings were
characterized using an optical 3D white light dno§j system (Wyko NT 1000). Wear tracks
and surfaces of the samples were examined usingy>diffraction, Raman spectroscopy
(Horiba Jobin-Yvon LabRAM Raman Microscope, He-Mdsdr A = 632.8 nm) and scanning
electron microscopy (SEM, Zeiss EVO 50) to chammtechanges in surface structure and

composition after ball-on-disc testing at differésnperatures.

3. Results and discussion

Fig. 1 presents XRD patterns of the investigateatings in the as-deposited state. The
patterns are presented in a diffraction angle rdrggeveen 12-33° to show the preferential
orientation of the YOs phase formed. The XRD pattern of thgDy¢ single-layer deposited in
dc mode at -80 V substrate bias (Fig. 1a) indic#ttespresence of polycrystallireV,0s
with a preferred (200) orientation (cf. JCPDS f&-077-2418). The VN-YOs bi-layer
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coating deposited in dc mode (see Fig. 1b) showsigoificant differences in the XRD
pattern compared to the,Us single-layer while the growth orientation of thelged dc VN-
V,0s coating (Fig. 1c) changes due to its differentadgon condition. In this case, the peak
at @ = 26.153° dominates, indicating that the pulsed\i:V,0s coating grows in a

preferred (110) orientation.
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Fig. 1. XRD patterns of a) dc magnetron® single-layer deposited at -80 V substrate biasictgputtered
VN-V 05 bi-layer and c) pulsed dc sputtered VNS bi-layer film grown at floating potential.

More details on the effect of deposition conditi@msstructural characteristics of dc and
pulsed dc sputtered, X5 single-layer films can be found in our previquglication [11].
There, it was shown that,®s films deposited in pulsed dc mode grow with pnefer(110)
and (001) orientation. Here, it seems that the \ASeblayer favours the growth of theQ4
phase in (110) direction. XRD single-line profileadysis employing the Pseudo—-Voight
method [20] yields a mean coherently diffractingn@din size of the ¥Os phase of 21 nm for
the V,Os single-layer, 40 nm for the dc sputtered VoY and 13 nm for the pulsed dc VN-
V.05 bi-layer along (200). Applying the Pseudo-Voighethod for the (110) orientation
indicates a mean domain size of 21 nm for th@®:\&ingle-layer, 15 nm for the dc VN5
and 37 nm for the pulsed dc VN,@s bi-layer coatings. Structural investigations by IXR
and Raman spectroscopy of the films after tribometgting up to 600°C reveal no detectable
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structural changes compared to the as-depositesl Stiae results suggest that all single- and
bi-layer coatings are stable and remain unchan¢gd adter exposure in ambient air up to
600°C.
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Fig. 2. Friction coefficient of \Os single-layer and VN-YOs bi-layer coatings obtained by high-

temperature tribometer tests against alumina.

Fig. 2 shows the average friction coefficient iigeged by ball-on-disc tests against
alumina at different temperatures. It is obviouattthe changes in structure and different
preferential growth orientation of the coatings e®ing on the deposition mode influence
the value of the friction coefficient. The resudtsow the pulsed dc VN-Ds coatings to have
a significantly lower friction coefficient over thiehole temperature range compared to the dc
sputtered VN-YOs coatings. In the case of dc sputtered VpBYcoatings, the coefficient of
friction increases from ~ 0.57 at RT to ~ 0.63 @0 and decreases again with further
increase in test temperature. As no significantcstiral changes could be observed by XRD
and Raman measurements after tribometer testingoup00°C, the increased friction
coefficient at 300°C can be attributed to changesuming at the contacting sliding surfaces,
presumably due to the interaction of wear partigdéh both surfaces in contact. The pulsed
dc bi-layer coatings show a continuous decreadeeofriction coefficient to a low value of
~0.28 at 600°C (see Fig. 2). The considerable temtuof the friction coefficient to ~ 0.39 at
300°C compared to RT indicates presumably the ezaninset of thermal activation of slip

processes along easy shearable crystallographmegpleompared to those deposited in dc
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mode. This might be related to the (110) prefegexlvth orientation of the pulsed dc VN-
V.05 films. As reported in our previous work, thereastransition from amorphous to
polycrystalline growth for YOs films deposited by dc magnetron sputtering wittréasing
deposition temperature [10]. In order to illumingte friction coefficient further, dry sliding
tests of the dc sputtered VN5 coatings with an amorphous,®s top-layer (deposited at
RT [10]) were also investigated. It is worth menti@y that no remarkable changes in the
friction coefficient compared to dc sputtered VNO¢ coatings with polycrystalline XDs
top-layer (deposited at 300°C) could be observedaake of the 05 single-layer deposited
in dc mode, the friction coefficient observed at RRlmost identical to the dc sputtered VN-
V.05 bi-layer. However, the friction values of the® single-layer above 300°C are clearly
lower compared to the VN-XDs bi-layer deposited by dc sputtering. As the prefr
orientation in both coating systems is (200), tleerdase in friction coefficient might be
attributed to the different structure of singleday-,Os films due to the applied substrate bias
[21]. The friction coefficient decreases from ~®& RT to ~ 0.39 at 300°C and reaches its
lowest value of 0.15 at 600°C.

An interpretation of the low friction coefficientppearing at 600°C requires further
investigations. According to the XRD patterns df @atings after testing at 600°C, grain
coarsening occurs during the test. Applying theuBee/oight method for the (200)
orientation for both dc sputtered films revealst tine mean domain size of the® single-
layer increases to 500 nm while that of the bidagereases to 262 nm. In case of the pulsed
dc sputtered bi-layer film, the mean domain sizeaases to 211 nm along (110) orientation.

Local melting of the YOs phase due to high flash temperatures in the glidontact and
thus liquid lubrication could also contribute toethow-friction effect. However, SEM
investigations did not give any evidence for thendt@ic structure observed on oxidized
vanadium containing nitrides [7,8]. We also invgsted the surface morphology of the
single-layer MOs and VN-\L,Os bi-layer coatings after dry sliding tests at didfet
temperatures by SEM. The results indicate a matito of the surface morphology of all
investigated coatings after testing at 600°C. Biglustrates the top-view SEM micrographs
of V05 single-layer coatings after dry sliding tests dt R0O0°C and 600°C outside of the
wear track. Single-layer XDs coatings show after testing at 300°C a granutacsire similar
to the as-deposited state indicated in Fig. 3(&jlesmhe surface morphology of the coating
changes to a plate-like structure as the test teatyre is increased to 600°C. According to

cross-sectional SEM analysis, this phenomenon actyrs on the surface of the coatings and
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does not apply for the total coating thickness. @l@nge in the surface morphology might be
another reason for the reduction of the frictiomf@ioient for all investigated coatings with
increasing testing temperature. However, sincectedficient of friction of the single-layer
and bi-layer coatings after the dry sliding te$t6@0°C is different, this can obviously not be

the only factor determining the resulting frictiooefficient.

Fig. 3. SEM images of biased,@s single-layer coatings after dry sliding againstnaina at a) RT, b) 300
and c) 600°C outside of the wear track.

It has been mentioned before that grain coarsetakes place at elevated temperatures.
Assuming that deformation of the film plays a rahe determining the resulting friction
coefficient (in accordance with the theory of vélp@ccommodation of Berthier et al. [22]),
it is plausible that a coarsened structure whicliordes easier, e.g. by shearing of
crystallographic planes, yields a lower frictionefficient. Also the orientation of the films
should be related to the deformation mechanisngesite slip systems that might be
activated depend on the orientation. Both bi-lay@aitings investigated (sputtered in pulsed
dc and dc mode, respectively) show comparable giaes after thermal exposure to 600°C.
The difference in the friction coefficient shouldus mainly be related to the different
orientation of the films. In case of thex® single-layer, the resulting friction coefficient
might be determined not only by the orientationiflihis similar to the dc sputtered bi-layer
film), but also by the coarsened structure of ilre.fThis mechanism might also be effective
at lower temperatures since testing at 300°C ajreepresents a homologous temperature of
~ 0.6 for \LOs. It is also worth mentioning that, according toXRBingle-line profile analysis,
the biased single-layer s film shows a more pronounced coarsening than tHaybr
coatings with increasing test temperature. Emplpyive Pseudo—Voight method revealed an
increase in the mean domain size of the singlerl®y®s from 21 nm at RT to ~ 39 nm at
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300°C, while the mean domain size in case of thkaymr coatings changes only slightly.
Summing up, grain size, surface morphology and trawientation might be determinant for

the friction coefficient of sputtered,®s films.

| a | b
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Fig. 4.2D profiles of the wear tracks of the dc magnesputtered YOs single-layer coatings and the VN-
V,0;s bi-layers deposited in dc and pulsed dc mode dftesliding tests at a) RT and b) 600°C.

Two-dimensional surface profiles of the wear tradfsthe coatings after tribometer
testing at RT and 600°C are shown in Fig. 4. Ferdt and pulsed dc sputtered VNO¢ bi-
layers, the predominant wear mechanism at RT iasam as evidenced by the deep grooves
with a wear track depth of ~ 2.2 um. In this cdke, V,Os layer is completely worn trough
while the hard VN layer remains intact after baikdisc testing. The M5 single-layer failed
during the test at RT. The wear mechanism in thgeds the same, and the depth of the wear
track is ~ 2 um, as shown in Fig. 4a. At a testieigperature of 300°C, all investigated
coatings failed. After increasing the temperatord@0°C, most areas of the wear tracks of all
investigated coatings show no significant mateeahoval. However, in some small regions
grooves with 1.3 - 2.4 um depth could be observed.

Fig. 5 presents a SEM micrograph of the wear tddke dc sputtered VN-XDs bi-layer
after dry sliding at 400°C as an example for thevabmentioned behaviour. Fig. 4b shows
the 2D profiles of the wear tracks of theQ¢ single-layer and the VN-XDs bi-layers
deposited in dc and pulsed dc mode, respectivéthy, dry sliding tests at 600°C. This further
increase in testing temperature leads to a redudaifothe depth of the wear track and to

transfer of wear particles, as evidenced by thatigeswear shown in Fig. 4b. As clearly
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shown in Fig. 4b, the VN-MOs bi-layer deposited by pulsed dc magnetron sputiehias a
better wear performance compared to both, the dttespd VN-\LOs bi-layer and ¥Os
single-layer coatings. It is assumed that the bé&itdion and wear performance of the pulsed
dc V,Os coating is attributed to its (110) growth oriernati

Fig. 5. SEM micrograph of the wear track of a dc sputtarddV,Os bi-layer film after dry sliding against

alumina at 400°C.

4. Conclusions

VN-V 05 bi-layer coatings grown by dc and pulsed dc rgaathagnetron sputtering and
V205 single-layers synthesized by dc reactive magnetparitering have been investigated in
the temperature range between 25 and 600°C toatkarz the influence of sputtering mode,
structure and growth orientation of the films orithtribological performance. Structural
investigations using X-ray diffraction revealedttiize \,Os single-layer and the XOs top-
layer of dc sputtered VN-XDs coatings have preferred (200) orientation whike ¥a0Os top-
layer of pulsed dc VN-YOs coatings shows preferred (110) growth. AccordiagXtray
diffraction and Raman analysis, all single- andalger coatings investigated in this work are
stable and remain unchanged during high-temperahyresliding tests in ambient air up to
600°C. However, coarsening of the(®4 phase occurs as temperature rises, where {0g V
single-layer shows the most pronounced coarseinghermore, a considerable change in
the surface morphology of all investigated coatifrgen granular to plate-like structure after
dry sliding test at 600°C could be observed. Baldisc experiments against alumina show
that the friction coefficient of all investigatedatings decreases with increasing temperature,
where thermally activated processes seem to bessageto promote low friction due to easy
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shearing of lattice planes. Growth orientation &hm structure seem to determine this onset
temperature, and both together with surface mongytetermine the frictional behaviour.
Furthermore, also the wear resistance is improvét wcreasing testing temperature.
Finally, it can be concluded that a combinatioraafell-adherent VN base-layer with aQ¥%
top-layer is a promising candidate for coating eys providing low friction with sufficient

wear resistance over a wide temperature range.
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