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1. Introduction

With the increasing number of commercial and mijitlights, air-based gas turbine manufacturers
are looking for suitable methodologies to improke éfficiency of the engines working. Many of the
material related problems like fretting of compaiserorrosion, oxidation, bio-fouling etc. [1, 2a
generally encountered in the aero engines. Ondefmain problems encountered by the military
engines due to their operation in dusty environnethe Solid Particle Erosion (SPE). This problem
has been reported mainly for the helicopters arldamyi airplanes operating in dusty environments.
Literature reports that dust erosion proved to kmewere problem during the Vietham War where
engines have to be removed after 100 hours of tpereEven after two decades of technological
advances, many of the helicopter engines have tereved after 20 hours of operation during the
Gulf War [3]. The particle erosion leads to the wef& components and hence lead to decrease of
engine efficiency and inefficient use of fuel. Theplacement of worn components also leads to
increase in overhaul costs for the turbine manufacs. Hence, heavy investments have been made in
order to produce efficient filters but still vergnall particles are still able to enter the engind arode

the components [4].

Figure 1.1: Landing of aircrafts in dusty enviromtgeleading to erosion of components (Reference:
Airbus)

A conventional method to reduce component weahés use of erosion resistant coatings. Such
coatings should bear high hardness along with fregtture toughness in order to absorb energy of the
incoming erodent before plastic deformation takese Literature indicates a number of single layer
coatings like TiN, ZrN [5], TIAIN and multilayer etings like Ti/TiN [5, 6], Ti/TiC [5], W/WN [7],

Ti/TiB, [8] as possible coatings systems against erosion.



A traditional way to deposit such type of coatingghe conventional Direct Current (DC) method
which finds its roots in Physical Vapor DepositigVD) methods. By employing this method a high
deposition rate along with defect free structureliserved for the coatings. Moreover, the process i
regarded to be economical and user friendly in @mapn to other PVD methods as no complicated
electronic devices are used in order to achievh Hansity plasma or to direct the electrons towards

the surface.

The aim of this work is to study the behavior afgbe layer ceramic coatings and multilayer metal-
ceramic coatings deposited through DC method. bferoto deposit a multilayer coating with a
metallic and ceramic layer, a study of the propsrtf the individual layers is necessary to seleet
best performing coatings. A combination of the bestforming layers would allow achieving a
multilayer coating with required properties. Thestfipart of the work focus on the properties of the
materials used for the deposition of coatings. Medatal properties like Hardness and E-Modulus,
coating growth rate, coating structure etc. of¢batings have studied to provide a correlatiorhef t
coating behavior at various process parameters. mbkilayer coatings are then deposited by
selecting a combination of metal-ceramic or ceréreimmic coating on the basis of highestEA

value obtained from the mechanical analysis.

In order to estimate the mechanical propertieshefdoatings, Inconel 718 alloy has been used as a
substrate in the present study. The choice of lelcéh8 has been made due to its ability to withstan
high temperatures (till 700 °C). The most frequasé of In718 is found in the last stages of low

pressure compressors of an aero engine.

The research work deals with the deposition pararsetsed for the deposition of the coatings along
with the discussion of the coating structure. M@esrpa discussion on the mechanical properties and
the adhesion of the single and multilayer coatings been added to this section. This section is
followed by a crystallographic analysis of the daferl multilayer coatings. An estimation of the

crystal size of the deposited coatings was doneanslyzing the obtained diffractograms (phase

analysis). Moreover, stress analysis of some ofi#gosited multilayer coatings has been included in
order to explain the behavior of the individual ailst and ceramic components affecting the behavior

of the coatings.

The next section includes the erosion testinghef deposited single and multilayer coatings. An
analysis on the erosion wear has been conductes amhouse developed erosion test rig. A suitable
erodent (SiQ) with defined testing conditions has been usedHertest. In order to understand the
erosion behavior, the tests have been supportdd gvavimetric analysis and crack propagation
analysis. Erosion rate analysis and their cormatvith the measured mechanical properties have

been performed to study the process in furtherildeta



The last section summarizes the important resultclwwere obtained during the research work.
Moreover, some recommendations have been addeusirseéction which could be helpful for the

development of erosion resistant coatings.



2. Literature Survey

Product Life Cycle (PLC) and asset management teways been key issues for the power
generation companies. The integrity of the comptmatfier a particular time decides and controls the
life of the machine. It has an influence on thedirand indirect costs of the product. Maintenaarad
repair of the components also play a vital rolenproving the life cycle of a commodity. Gas turbdin
manufacturers have documented severe problems mieced due to the erosion of gas turbine blades
especially during takeoff and landing in dusty eomiments. As a result of material removal, high
maintenance costs are required in order to repaimaany blades have to be replaced in severe cases

[9].

Blunting leading

edges and/or cutting Blade
shortening and
cracks

Unacceptable

dimensional Sharpened
changes like trailing
reduced blade edges
chords
. Material
N\ removal
from
pressure
side
Damaged Blade New Blade

Figure 2.1: A comparison of eroded compressorebiat new blade [10]

Similar to other component degradation processasg(fe, corrosion, oxidation), Solid Particle
Erosion (SPE) has also been identified as one efnhjor problems which is responsible for the
reduction of the life of a component. Solid Padi@lrosion (SPE) is a wear process where particles
strike against surfaces and promote material D$ferent models have been proposed which estimate
the stresses of a moving particle imposing on getasurface [11, 12]. During the impact, the target
can be locally scratched, extruded, melted andkethén different ways. The imposed surface
damage will vary with the target material, erodeatticle, impact angle, erosion time, particle
velocity, temperature, atmosphere and other fac®old particle erosion is usually defined in term
of weight loss per unit charge [13]. A comparis@iween new and tested blade can be observed in
Fig. 2.1. Shortening of blade, sharpening of tgiledges, loss of material from pressure side and
blunting of the leading edges were reported as sainke effects of the erosion on blades in sandy

environments [10].



The main idea of erosion analysis is to understdra erosion mechanisms in general and to
characterize the erosion resistance of materiafarticular for a selected application (e.g. flaét
beds, nozzle flows, pneumatic flows in pipes et&r).understanding on the effect of abrasive charge
is not only meant to understand the different stagfecrosion process but is also helpful in modglin

and extrapolating laboratory date more precisefijetd conditions [13].

2.1. Deterioration of turbomachinery performance due to erosion of gas
turbine components

Erosion of low compressor gas turbine blades has beserious problem for the manufacturers and
users of industrial and aeronautical gas turbiResticle erosion in compressors lead to the reduicti

in blade chord, changes in the shape of leadingraiithg edge and an increase in surface roughness
of the blade surface too [14]. Bons et al. repoerdaverage roughness increase of 4-8 times greater
due to erosion in comparison to after productiamgtmess [15]. A lot of research has been conducted
to observe the aerodynamic performance of the if@nbdades after erosion which was determined in
terms of blade geometry, axial flow velocity, flomngles, upstream pressure, temperature and
Reynolds Number [3]. Ghenaiet. al [16] reported a degradation of engine performathee to the
blunting of blade leading edges, reduction of chemd increase tip clearance and surface roughness.
Simulations on the reduction of static pressureradtosion with a mass flow of 0.69 kg/s are degict

in Fig. 2.2a. It is very clear from the illustratiohat high pressure drop occurs at the pressutehan
suction side. Adiabatic efficiency which determities efficiency of the engine after heat gain asslo
which is important in order to acquire the actuakkv(Fig. 2.2b) showed a decrease of in 10 % after
the ingestion of sand for 9 hours. Another impdrtaspect is the pressure rise coefficient which
determines the pressure drop passing through ti®rhachine and is responsible for the engine

efficiency.
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Figure 2.2 :(a) Static pressure observed aroundebleear tip (b) corrected mass flow rate with
reference to change in pressure rise coefficietitagiabatic efficiency [16]

This ingestion of sand in the engine does not tedy to loss in power of the engine but also reduce
Mean Time Between Overhauls (MTBO) which leadsirtorease in logistic support and the
associated costs [4]. Maintenance costs of a ttage blisk compressor were estimated to be about $
200.000 per year whereas $1.000.000 for large ocessprs [17]. Another aspect of the erosion of
compressor components is inefficiency of the fugdtem which can lead to high costs for the
organizations. A comprehensive study of the in@ddael consumption due to the erosion in turbine
has been made by Uihlein et. al [17] where he tegoan increase of 0.02 % of specific fuel
consumption for an engine which does not land istydenvironments. The eroded components of
such engines can be changed after 3000 cyclegiogflAlternatively, engines which are used in high
aggressive dusty environments show an increaseédb#®specific fuel consumption and the life time

of the components were reported not to be more2680 cycles.

2.2. Solid Particle Erosion

Erosion because of solid particle impact is a cexgrocess combining numerous wear processes
instantly. A particle with a high velocity strikéfse surface of the material imparting its kinethesgy

into it. A consequence of this transfer of energyhie deformation of surface or removal of material
A number of factors have been discussed in liteeadiescribing their influence on the erosion preces

Some of them can be found in Tab.2-1:

Material Properties Particle Properties Air/Atmospheric Properties

Fracture Toughness [18]

Shape [19, 20]

Incidencglé\[R1, 22]

Hardness [23]

Size [24-26]

Particle Velocity [28] 2

Material structure [29]

Hardness [30]

Particle Riotg31]

Intinisic Stresses [32]

Particle Flux [33]

Microstructure [29]

Temperature [21, 34]

Humidity[35]

Table 2-1: Factors influencing the erosion phenamen

On the other hand a number of models have beensdisd in literature to study the erosion behavior
of systems. One of the first models developed tatite materials was proposed by Finnie [28]. He
studied the behavior of ductile materials by vagyihe incidence angles and velocity of the erodent.
Finally he formulated a numerical model which pegelil the erosion behavior of ductile materials.
The proposed model also predicted that when pestiektack a surface at shallow angles, craters

having a length/depth ratio of 10:1 were observepiating a cutting mechanism clearly. Nelson and



Gilchrist [36] studied a number of ductile matesiaind found that deformation takes place when an

alloy is attacked at normal angles.
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Erosion on brittle materials

Figure 2.3: Erosion mechanism in (a) ductile (ljtlermaterial [37]

A schematic model of the erosion mechanism in dildumaterial is depicted in Fig.2.3 [37]. They
made an FEM analysis in order to understand thsi@rdoehavior of Ti6AI4V alloy and found that
material removal due to plastic deformation is ohéhe major wear processes at lower impingement
angles for ductile materials. With increase in ing@ment angle, low material removal is observed
due to an increase in plastic deformation. Hencaximum depth of penetration occurs at oblique
angles. Erosion in brittle material is generallffimed by the Hertzian crack theory. According to
Hertzian theory, the particle kinetic energy of #medent is converted into the elastic deformation
energy. When the deformation energy exceeds tlstielanit of the material, a plastic deformatian i
ought to be observed within the material [38]. $mito ductile materials, a FEM model for the
erosion of brittle materials was also devised bynand Chang (Fig. 2.3b) [37]. They found that
formation of subsurface cracks is the major reasonthe failure of brittle material. The normal
component of the impinging velocity is responsitdethe subsurface cracking the target. At oblique
angles, a maximum value was observed for the nocoraponent of the alloy. Moreover, high crack
coalescence of the subsurface cracks is also aasetvobliqgue angles. The behavior of penetration

depth and the development of residual stressémiaubsurface are similar to that of ductile matsri

2.3. Physical Vapor Deposition

Physical Vapor Deposition (PVD) has been an effectnethod in order to deposit thin films which

protect the surfaces from external effects.
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Figure 2.4: Classification of PVD Methods

PVD is a vacuum process where material is tranegdrbm an evaporator or a magnetron source in
the form of vapors and then condensed on a suitslitstrate. Vacuum evaporation refers to the
thermal vaporization or sublimation of the soum® ivapor phase. Typical vacuum pressures of 10
to 10° Torr are used during vacuum evaporation procedspsnding on the contamination within the
vacuum chamber. One of the main advantages of wa@ra processes is the use of evaporator in
solid as well as in liquid or gaseous form. Morapudgh purity in the deposited coating can be
observed through this process. This method alsrofin easy control and monitoring of deposition
process. Good adhesion, high evaporation ratgsd@p 10° g/cnfs) and constant coating thickness

are identified as advantages of the vacuum evaparptocess [39].

Another PVD method often used is the magnetrontepng process. In this process, Argon is used as
a process gas and act as a medium for the transepaons towards substrate. In comparison to
vacuum evaporation, the coating material is notdteto transform into gas but are knocked out from
the coating target in form of ions. Magnetron sgurtig offers better adhesion due to highly enecgeti
ions along with low sputtering rates [39]. Detailatbrmation regarding the magnetron sputtering can
be found in Section 2.3.1.

A third sub classified form of PVD method is theniplating method. With the improvement of
electro-magnetic field within the coating chambthrqugh the addition of strong magnets), high
energy ions can be collected on the substratenfease in sputtering rate with a similar ion eperg
was reported for ion implanting as compared to reérgn sputteringMoreover, the high adhesion
and low deposition temperatures were also fourltetamong some advantages of ion plating process
[39].

2.3.1. Magnetron Sputtering

In a basic magnetron sputtering process plasm@&ted in which the positively charged ions (Argon
ions in most cases) are used to eject the electoomsthe negatively charged targets. In orderjecte

the atoms from the target, the ions should haveigim@nergy to dislodge the atoms from the target.
The ejected atoms would find their way and condemsethe substrate which is present in the



proximity of the magnetrons. Secondary electromsadso generated in this process which play their
role in maintaining the plasma as can be obsemddg. 2.5a. Magnetrons which are located behind
the Metal or compound target, are series of magwhtsh are responsible for the concentration of
electrons in the vicinity of the target. This conttation of electrons will lead to a higher probitpi

of electron-atom collision resulting in increasesh ibombardment of the target, higher sputtering

rates, higher deposition rates etc. [40].

Substrate

G- OO 1 ®
Argon lons

© s o

Metal/ Compound Target

Figure 2.5: (a) Schematic of a magnetron sputtepingess (b) Plasma generation in a conventional
circular magnetron

A configuration of the conventional or balanced metgon sputtering is depicted in Fig. 2.6a. In this
case almost all of the field lines are trapped ketwthe poles. In such a configuration the plasma
discharge is concentrated in the target regiontduegh efficiency of trap and therefore the distan
between target and substrate plays an importast [fd]. Low coating deposition rates, low ion
current densities, low energy of atoms during ditjoos are some of the properties defined for

balanced magnetron sputtered coatings in literdti®e

In case of unbalanced magnetron sputtering (Figp)2the magnetic field is directed towards the
substrate by using high volume magnets leadingtensification of magnetic field at outer poles. In
this case the plasma is not concentrated to tlyetsarand allows a flow towards the substrate [40].
An important parameter is the ion-to-atom ratio ebhidefines the structure development and
properties of the coating. In case of unbalancednei@on sputtering, the ion-to-atom ratio remains
fixed at a constant target to substrate distantp [4
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Figure 2.6: lllustration of various magnetron sputtonfigurations (a) Conventional or balanced
magnetron sputtering (CM) (b) Unbalanced Magnet&puttering (UBM) (c) Magnetron with
Additional Coil (MAC) [41]

A configuration of the Magnetron with Additional ILEGVAC) can be shown in Fig. 2.6c¢. In this case
an extra coil is added to the unbalanced magnewafiguration in front of the target. This allowet
control of the magnetic field in the target-sulbtgtnagion [41]. Studies show that in an additicrail
configuration, the plasma was found to be uniforithwow values of ion to atom ratio. A reason for
this type of behavior is the electron flow deviatiof the radiating magnetic field away from the

substrate area leading to low density plasma [4B, 4

A number of advantages have been addressed iatliterfor magnetron sputtering in comparison to
other PVD methods. High adhesion is obtained dukidber electron energy achieved for the ions
arriving at the substrate. Due to no chemical reast the stoichiometry of the coating and the
substrate remains unchanged. A possibility to depositings at low temperatures can be realized
using magnetron sputtering. Almost no limitationtbe type of substrate or coating material can be
observed for magnetron sputtering. Reproducibilityquality and thickness of the coating was

reported too [45].

2.3.2. Reactive Magnetron Sputtering

Reactive magnetron sputtering is a process wharive gas like N, O etc. takes part in order tonfo
respective metallic nitrides or oxides. Similamtagnetron sputtering, an inert gas like Ar is adaed

a working gas responsible for ejecting the atoramfthe target surface layer. The ejected metal ions
together with the inert and reactive gas molectde® plasma and the magnetron allows this plasma
to concentrate close to the target surface. Thidimement of plasma near the target is supported by
the permanent magnets. A high probability of cmhs between molecules and atoms takes place
leading to highly ionized plasma. These ionizedigas deposit on the chamber walls as well as on
the negatively charged substrate [46]. The reagas process is generally controlled by the amount
of reactive gas induced into the chamber and thegss is generally classified into three phases (a)
metallic (b) transition and (c) reactive. A chaeaudtic of reactive mode is the lower depositiote raf

the compound (CrN, TiN, Ti©etc) than in pure metallic mode. The reason ferlthw deposition in
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reactive mode is the low sputtering yield of cemnsiompounds compared to pure metallic
compounds. The sputtering yield in a reactive phasdependent on the sputtering yield of the

metallic material and the type of reactive gas usade chamber [47].

Some of the limitations involved in the reactivegmatron sputtering process are as follows:
a) Hysteresis Losses:

As mentioned in the previous section, the readjuattering modes works in three different modes a)
metallic mode (b) transition mode and (c) reactivede (Fig. 2.7a). A decrease in coating thickness
and deterioration of coating quality is generalbserved during the reactive sputtering processtwhic
is generally related to the hystereses losses.n&rgeschematic of the hysteresis losses can bensho
in Fig. 2.7b where hysteresis occur only in disghanode. At an interval AB low rates of reactive ga
(RG) were introduced into the chamber and hencéhallamount of reactive gas is gettered by the
sputter material. At stage B, the flow rate of te@cgas is equal to the gettering rate of sputtere
material. During the interval BC, the flow rate mfactive gas further increased leading to linear
increase of the chamber pressure and decrease degosition rate of coating. A further increase of
reactive gas at point C, shows again an increasearall pressure and a constant coating thickimess
interval CD. Interval DE shows that a result inatege gas would decrease in a linear decrease in
pressure of reactive gas leading to a delayed medde sputtering. This delay is observed due to the
presence of metallic compounds present on thettargéace and time is required to be completely
removed from the surface. Hence the area BCEFésreel as a closed hysteresis loop in literature
[47, 48].

a, TG discharge
A
‘ all 4 RG gettered off on
. A Mmetalicmode g by metal atoms D
D Me Q"‘G
N
transiton mode
/ [C
region of
£ hysteresis
A0 com oo - .
C reactive mode D {\
—> ¢RG A - ° e ¢RG

Figure 2.7: Schematic illustration of (a) depositicate of sputtered films (b) partial pressure of
reactive gas as a function of flow rate  [47]

A hysteresis loss in a reactive magnetron spugiasran undesirable process as it does not allew th
deposition of coating with a reliable stoichiometijhis problem generally arises due to the

competitive sputtering of the metal and its degastompound during the reactive sputtering process.
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This deposition of metallic compounds on the tasgeface is referred as target poisoning whichdead
to unstable sputtering of the target [47].

b) Arcing

The existence of uneroded areas on the planar rirageds usually found in the neighborhood of
magnetron race track. During the reactive sputigpiocess, metallic compounds are deposited on the
surface which decreases the efficiency of the hiettdrget. These metallic compounds acts as
insulators on the metallic target and by chargivegrt during the process leads to arcing in frorhef
metallic targets. Arcing leads to inhomogeneity aoatings defects during the sputtering process
[47].

2.4. Coating Deposition and Structure Zone Models
2.4.1. Coating Deposition Mechanisms

The condensation of a vapor phase on a solid subgdefines the growth of the coatings and decides
the material properties. The atomic growth of cugiis generally associated to the difference of

interfacial energies evolved due to the depositibmapor phase on the substrate which is termed as
“free surface energy” and “adhesion energy”. A nambf coating deposition models has been

described in literature to understand the atommatin behavior of coatings. The most discussed

coating deposition models are discussed in nexiossc

Frank-van-der-Merwe was one of the first scientist®o introduced a model of a layer-by-layer
growth of atoms on surfaces. According to the modéter the first monolayer is formed, the
subsequent monolayer finds its way on the previons until a critical thickness is achieved.
Dislocations tend to find their places after aicait thickness is achieved and the phenomenon of
strain relief begins. Strain relief continues tketalace till the film growth continues. Such agtio

mode is generally observed for epitaxial growtloxitie layers on semiconductors [49].
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Figure 2.8: Atomistic growth of coatings structwecording to various models (a) Frank-van-der-
Merve (b) Volume Weber (c) Stranski-Kranstov

Volume Weber growth is generally regarded as a Bbvth of a coating system as the incoming
adatoms grow in form of islands. According to VotAvéeber model, thin films initially grow due to

the initial nucleation of atoms in form of islandgh various orientations. With the passage of time
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these islands grow and coalescence takes placenoa network. The film grows till the substrate is

completely covered with such islands and thickewihgoating takes place [50].

The Stranski-Krastanov growth is generally obseimdueteroepitaxy which generally takes place due
to the lattice mismatch of two different materigdanilar to the previous section, a thin film geadigr
grows in a layer by layer fashion till a criticélickness is achieved. Deposition of a film aftez th
critical thickness is achieved is followed by 3Maigl growth which is generally known as Stranski-
Krastanov growth in literature. Such a type of figrowth can be influenced by using a suitable
coating temperature, coating deposition rate éid].[A comprehensive analysis on the stress
produced due to Stranski-Krastanov film deposii®made by Othman et. al. He simulated that an
increase in total stresses in a film has an expga@lencrease with the increasing coating monolayer

He also proved that an increase in lattice mis8uits in high lattice strain within the coating&]

2.4.2. Structural Models

In order to understand the relationship betweeiouarprocess parameters used during the coating
process, various structure zone models have bempoged. These parameters show a relationship

between process temperature, pressure, substittgesdon energy etc.

Movchan and Demchishin (1969) were among the d$icgntists who gave a detailed overview of the
coating growth of evaporated films. They proposedt® T/Tm (homologous temperature) in order to
define various phases which are generally obsedueithg the deposition process T is defined as the
deposition temperature whereas Tm is defined amtieng temperature of the coating material. They

classified the structural zone diagram in threted#nt zones (Fig.2.9).

Figure 2.9: Structure Zone Model proposed by Mowciiad Demchishin [53]

Zone 1 is a region where low admobility of atomeetaplace with T/Tm < 0.2. This type of coating

structure is generally achieved by deposition ditiogs at low temperature which results in low
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admobility of atoms and low rate of nucleation ohigs. Deposition process like CVD allows
shadowing of atoms as there is oblique depositfdores on the surface. The result is a fine graine
coating structure and the direction of the coatlegosition was proposed to be in the direction of
arriving vapor flux with domed tops [54]. Such dogs are highly porous and with high lattice

defects at the grain boundaries [55].

Zone 1 Zone 2 Zone 3
Metals <0.2 0.2-0.4 >0.4
Oxides <0.26 0.26-0.45 > 0.45

Table 2-2: Schematic of Structure Zone Model prepgdsy Movchan and Demchishin

The transition zone (Zone 2), defined by T/Tm ie tange of 0.2-0.4, is achieved by depositing at
high temperatures. Surface diffusion is considéodak the major process controlling the grain ghowt
in this zone. The coating growth is of columnamunatand the grain size increases with the increbse
T/Tm ratio [55]. These grains are separated byaéngsatlline boundaries and the surface structsire i
believed to be smooth and dense [56]. Zone 3, grawturs at homologous temperatures above 0.4.
High admobility with a strong tendency in nucleatitakes place during the deposition. Grain
boundary migration plays a vital role in the growethcoatings. During this stage, coalescence of
grains with various orientations takes place legqdim grain coarsening. This restructuring allows
mobility of grain boundaries to a position gensgralerpendicular to film plane. The size of the gsai
increases with increasing temperature too andtémay to orient themselves in the same order [57].
Thornton (1974) analyzed 25- 250 um thick Ti, G¥, €Eu, Mo and Al coatings and found that a third
parameter along with homologus temperature is respke for the different structural growth in
coatings. Therefore, he proposed the addition other dimension (sputtering gas pressure) to the
Movchan and Demchishin model resulting in fourfadiént zones [56, 58]. Unlike Movchan's
structure zone model, four different coating growtimes (Zone 1-Zone 3) depicted in Fig. 2.9. Zone
1 defines the growth of coatings at extremely lemperatures (below 0.1 Tm). Here the admobility
of atoms is very low and hence low nucleation talese. No coalescence neither grain migration
takes place. In this zone substrate roughness lhasvend texture play a vital role as the behawgior
nucleated atoms is influenced by the substrate. [bB¢ coating grows generally in form of fibers
(diameter: 1-10 nm), often found in bundles [5A].competitive structure growth takes place in Zone
T. The grains start to grow parallel at the sulbstraterface but proceed to grow in V-shape as the
coating thickness increases. Due to low temperaiuself-diffusion of atoms on the substrate takes

place with low boundary migration [57].

14



Transition structure Columnar Grains ZO} JE I E , :
consisting of densely | E ZONE T ‘ ZONE II . ZONE III
packed fibrous grains : H i
Recrystallized Grain ' . :

Porous structure consisting Structure

of tapered crystallite
seperated by voids

PO

Argon Pressure

04
Substrate Temperature

(m Torr) : 1 0. (T/Tm) }
Ts/Tm

Figure 2.10: Structure Zone Model proposed by Ttworior sputtered metal coatings [60]

A similar growth of coatings as described by Movthaas been presented by Thornton (Fig. 2.10) in
Zone 2 (0.3< T/Tm< 0.5). Sufficient values of T/Tare responsible for the domination of adatom
surface diffusion process leading to localizedagjitfollowed by columnar growth of crystals [61].
These crystals are generally separated by densenystalline boundaries. In case of high adatom
diffusion, crystal formation takes place in formpmételets and needles. Such structures are ggneral
found to be porous in nature. The growth of thesatings is dependent on the lattice absorption
probabilities, surface diffusion characteristicsl dhe crystal face condensation probabilities[56é. T
transition of surface diffusion (Zone 2) to bulkfdsion as well as recrystallization (Zone 3) allaw
equiaxed grain growth of coatings [61]. The streatbehavior of coatings is generally influenced by
the adatom mobility. At low deposition temperatusesiegligible or low admobility is observed
resulting in amorphous coatings. With the increimséemperature high mobility of adatoms takes
place allowing the atoms to grow in forms of valegnd hence a columnar structure takes place.
Further increase of deposition temperature calmearinealing of coatings and such coatings act as a
bulk material. Dense grain, twin boundaries andngsadapes that do not coincide with the substrate

and coating surface topographies are some of thecteristics of the coatings in this zone [61].

Meisser investigated coating growth of FiBVO;, BN, SiC etc. and found that the coating growth
due to low mobility adatoms lead to various colusires in Zone 1. The energy change in the
adatoms has been induced be applying a substréatid (Vs) whereas Movchan und Thornton
discussed the admobility of atoms in relation tesgure and high temperatures. In contrast to other
Structure Zone Models he also discussed that tka af Transition Zone can be increased or

decreased by influencing the substrate voltage [62]
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Figure 2.11: Sturcture zone model proposed by Meist al. [62]

According to Meisser (Fig. 2.11) Zone 1 can behartclassified in subzones (Zone 1A-1E). Zone 1A
represents the grains with column size of 1-3 ni,viith column size of 5-20 nm, 1C shows column
size of 20-40 nm, 1 D represents column size c2@Dnm and 1 E has a column size of 200-400 nm.
He interpreted that a growth of film is a non-lin@aocess and is therefore plotted on a logarithmic
scale. The boundaries drawn between the differmmtsz show dominant change in column sizes of the
coating. He also postulated that the coating atracis a function of the thermal and bombardment
induced mobility which can be influenced by subistrpotential (Vs). Hence he proposed an
additional parameter along with the parametersudsed by Thornton und Movchan for detailed

investigation of the coating structure.

2.5. Erosion resistant coatings
2.5.1. Single layer Coatings

Various metallic nitride/carbide/boride monolithioatings have been used in past for applications
against particle erosion. Single layer coatingsukhbe able to show enough hardness and fracture
toughness to be able to stand the indented loadl fosethat conditions [63]. Literature indicates a
number of monolitihic coatings used for the apgi@as against erosion Table 2-3.

Substrate Coating Angles Velocity Reference
OT4-1-Titanium alloy | V, ZrN, TiN, 20,70 | 80m/s S. A. Muboyadzhyan [5]
MoN, CrN, NbN
Ti64 TiAIN 30,90 | 70-150 m/s Levy and Bugian [63]
Ti64 CrTiAIN, TiN 15-90 | 60 m/s Yang. et. al. [6]
Polymer (CFRP) Ti, TiN, Cr, Al 20,90 65m/s, 95 m[{sMaurer and Schulz [64]
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IN718 CrAIC 30,90 | Not available | Schroeter [65]

Ti64 TiSIiC 30,90 | 84 mis Wei et. al. [66]
W-Substrate Diamond 90 33-268 m/s Wheeler and Wood [67]
Coatings

Table 2-3: Literature analysis of investigated mawer coatings for erosion applications

During the last decades monolithic diamond coatiagsieved their popularity for use in erosion
applications. Monolayers with inclusion of smallnoarystals of hard transition nitrides within hard
layers (e.g. WN or TiN) leading to further increase in hardnesd amproved fracture toughness of
the coatings is often used for wear applicatior®e Wear rate of such a coating is approximately 4
times less than the conventional TiN coatings [&#frature also indicates a limited use of single
layer coatings for wear applications. A single lageating are generally composed of a material with
common properties and does not have the potentiabdct differently due to the various material
removal process taking place during the materiedoneal process. On the other hand, multilayer
coatings is an overlapping of various layers wleetensition of properties can be observed provided

by each single layer [69].

2.5.2. Multilayer Coatings

Multilayer coatings seem to be popular during &t decases due to their structural stability durin
the erosion process. The coating should consistvofor more different layers with various crystal
structures, various hardness, Elastic Modulus Bbe first layer should be able to provide high
toughness and should have a high load bearing itgphat no cracks can be induced in the coating.
Once the crack has been induced, the crack shoajuhgate till the interface of the two layers is
reached and should deflect at the interface. Thisldvdecelerate or prevent further crack propagatio
into the second layer and resistance against er@sin be obtained. Once, the crack is initiated int
the second layer, this layer should have the céfyato deform plastically in order to improve the
plastic deformation capability of the entire cogtify0]. Such an effect is generally achieved by
combining a hard phase (metal nitrides/carbided) asoft phase (metals) within a coating system.

Table 2-4 suggests some of the possible multilagatings deposited for wear applications.

Substrate Coating Angles Velocity Reference
Ti64 TiN/TiNy.« 20,90 90-100 m/s Feuerstein et.al. [71]
Ti64 W/WC 30°-90° 240 m/s Quensnel et.al. [72]
Ti64 W/WN 30°, 90° 396 m/s Gachon et. al. [7]
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AlSI1 4140 TiCN/TINbCN 30° - Aperador et. al. [73]

Table 2-4: Literature analysis of investigated mayer coatings for erosion applications

Literature indicates two theories used to explagarious wear phenomenon taking place during the
erosion process: elastic and elastic-plastic. Atiogr to elastic theory, the hertzian cracks are
responsible for the initiation of erosion procesthin a coatings. Therefore, the coatings should be
hard enough with a high load bearing capacity iteorto avoid crack initiation during the impact

process. The elastic-plastic theory refers to #mesite stresses after particle impact which lead to
lateral crack propagation within the coatings [7MEnce both of the above defined models refer
hardness, elastic modulus and fracture toughnefiseofoatings as the key parameters which define
the erosion resistance of a coating. Hence théwtion of metallic and ceramic layer would lead t

a higher hardness and fracture toughness of thtigagdahan in a monolithic metallic or ceramic layer

2.5.3. Design of an erosion resistant coating system

A number of studies have been conducted in pdstddahe optimal design for the use in wear/erosion
applications. A model discussing most of the imgatrtproperties for an optimal coating design is
referred in Fig. 2.12. The devised model represémis different parts of a coating system which
influence the wear behavior of a system. Thesespadlude properties of: 1) the surface of the
coating 2) the mechanical and chemical propertidbencoating 3) processes at the interface between
coating and substrate 4) the properties of thetsatbs An elaboration of each of the above mentione

factors is discussed in the next section.

Contact mechanics points to the fact that highasarfstresses lead to high wear of materials. Hence,
high surface finish/roughness is considered asrgroitant factor influencing the wear of surfaces.
During wear of the coating, a crack generation @gions with high surface stresses is likely to
nucleate more quickly than in a region with low rar stresses. The result is stress relaxation of
stresses in the surface. The crack propagatiomch segions is very fast leading to large flakes or
chip formation. In the later stages, the inducedcks interact with each other resulting in

fragmentation of coatings in large pieces [75].

Hardness and Elastic Modulus are the most discuassetianical parameters for the design of optimal
coatings for applications in wear. The toughnesshef coating is dependent on Hardness and E-
Modulus of the materials. Holleck and Schier [70lraduced a comprehensive idea of interface
toughening of a multilayer coating. Such coatings@mposed of two different materials containing

different crystal structure, Hardness, E-Modulus &he first layer is resistant to the impact ane d

to its properties phenomena like interface toughgtéke place. Once the crack is generated thé& crac

propagates till the interface between the two ogatiand reduced crack propagation takes place [70].
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Coating thickness is also defined as an importardrmpeter influencing the behavior of the coating in
a particular application. Simulations revealed thix (E=300GPa, H=23GPa) seems to have a poor
erosion resistance when the coating thickness whsvb8pum. A fracture toughness of 5 MP&#m

was calculated to be ideal for erosion applicat{G@s3.

Simulation results suggested that the stress geokeaa the film substrate interface is respondite

the adhesion of the coating on the substrate. Sinotde normal and shear stresses contribute to the
removal of the coating from the interface, a pred¢irowledge of the possible stress generation after
the coating process would optimal design of thetiogasystem. Moreover, the elastic mismatch
between the film f, and the substratesksael€eads to stress generation at the interface toesdh
stresses influence not only the adhesion but digocbating growth, mechanical and chemical
properties, fracture behavior of the coating, textetc. Hence, optimal combinations of substrate an
coatings, defined coating thickness along withrojzitd coating parameters would allow the coating

designers to achieve better interfaces for the @tmb coating structure [77].

Shear Strength
Chemical Reactivity
Roughness

Adhesion iL

Shear Strength 1.Surfac
2. Coating (—| Hardness
[

Elasticity
3. Interface Fracture Toughness
4. Substrate Thermal Stability
Thickness

Residual stress

Thermal Expansion
Elasticity

Fracture Toughness
Hardness

Figure 2.12: A schematic of the important composéait the design of an erosion resistant coating

The importance of properties and structure of tiiessate is very often studied in the semiconductor
industry. WQ films were deposited on XD; substrates with different molecular structure.igtéon

in the substrate structure was found to lead eadifference in the coating structure and condiigtiv
of the WQ films [78]. An effect on the mechanical propertasa TiN coating due to the variation of
substrate material was discussed by Han et. dl. ffound variations in Hardness and E-Modulus
when deposited on stainless and high speed stediodihe variation in coating structure on the two

metals.
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3. Experimental Setup
3.1. PVD- Coating Machine and coating process descriptro

The coating process has been performed in a PVEngomachine from CemeCon AG (Aachen,
Germany) Fig. 3.1. The coating machine is equippid a vacuum chamber with dimensions of 850
mm x 850 mm x 1000 mm. One of the two heating etémis installed on of the door whereas inlet of
Argon gas into the chamber is also installed onfiitvet door. The second heating element is situated
on the opposite side of the first heating elem&nto cathodes (targets) have been installed on each
door opening to left and right.

Figure 3.1: PVD coater CC800/9 from CemeCon AG deethe coating of specimen

The table located in the center of the chamberbearotated at various speeds. The distance between
the cathodes and the anodes can be adjusted ygehef various distances adjusting apparatus. The
process is controlled by a control panel whichnitalled on the door of the chamber. The process
control software “DataView” has been used to desggmtrol and visualize the performed coating
processes.

Each coating process is divided into four stepsitihg, etching, coating and cooling. Prior to the
heating process, the chamber the equipment is atedtuo a pressure of 8mPa. After the given
temperature is achieved, the etching process talkes which allows the cleaning of unwanted dirt
and oxide layers from the oxide layers from thefasg of the substrate. At the end of the etching
process a static or rotating motion of the specimalder is to be defined before the coating begins.
Induction of reactive gas, in case of reactive @msieeded to be defined before the coating process

starts.
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3.2. Coating Characterization
3.2.1. Coating Thickness Measurements

On order to measure the coating thickness a batibcmethod is used. In this method a ball generall
made of hardened stainless steel is rotated aghmsbated surface until the ball removes theingat
and reaches the substrate. A diamond suspensioseid as a cooling medium for the process
(Fig.3.2a). The specimen is then observed undemibsscope in order to observe the diameters of
the substrate and coatings (Fig.3.2b).

\BCh ‘ Diamond Suspension
\S »

Figure 3.2: Working principle of ball crater method

A mathematical formula based on the parametersoddafter the ball crater test has been defined to

measure the thickness of the coating which cambed as follows:

h =\/R2 —%Z—JRZ —DTZ Equatidri

where

h= thickness of the coating

R= Radius of the steel ball

d= inner diameter of the crater

D= outer diameter of the crater

Where d is the diameter of the substrate and Beisliameter of the coating after the ball cratetewy
has been performed. These tests have been perfomea equipment provided by CemeCon AG.

3.2.2. Adhesion Testing

Scratch testing is believed to be a popular quativé technique which is used in order to addriess t
adhesion properties of coatings and tin order tineeheir cohesive or adhesive nature with the
substrate. A CSM Revetest® is used in the presewlysin order to analyze the behavior of the
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coatings (Fig.3.3b). Fig. 3.3a. shows the princypteking of a scratch tester. A progressive loaal (1
80N) is applied with a diamond tip is indented orite coating surface and moved across the surface
with a constant velocity. This method is generalbed in order to determine the critical loads)(Lc
defining the cracking, chipping (cohesive failuog)delamination (adhesive failure) of the coatings.
Coating thickness, internal stresses in the materizases of bulk material, hardness and roughokess
the coating, hardness and roughness of the subsgtrat friction between surface and indenter are

some of the factors which directly influence theules obtained from scratch tester.

Normal
load

Coating
\
N Rockwell
N _~ diamond
Tangential force /
——

N

™ Substrate

Scratch channel

|

Sample motion

Figure 3.3: (a) Working principle of Scratch Tegtar Scratch Tester from CSM Instruments

A microscopic analysis of the scratch allows thsewter to identify the loads at which the failufe o
the coating takes place. A record of tangentiatifshal force can also be observed which allow the
user to understand the coating-substrate systerthdychange in the coefficient of friction. An
acoustic emission detector integrated in the systhioh is responsible for detecting the elastic @gav

as a result of formation and propagation of migexks.
3.2.3. Nanoindentation

Nano-indentation is a technology employed in ondestudy the mechanical properties of materials
such as Young's modulus, hardness, yield strestherbuckling loadings. This method uses an
indenter tip of known geometry which is indentedooa coated surface with a normal load. The load
IS increased to a pre-set maximum value and theefotd is reduced until complete relaxation occurs.
A piezoactuator is used to apply the load anddhe is monitored using a control loop. The achieved

load-displacement curve allows the user to detegrtie mechanical properties of the coatings.
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Figure 3.4: A load-displacement curve showingaasiphases of indenter loading

Nanoindentation measurements for the present warkbaing conducted on UNAT- from ASMEC

GmbH. A designed software INSPECTOR X is used tyae the properties of the coatings. A 10%
rule (penetration depth of 1/46f the coating thickness) in order to avoid théuiafice of mechanical

properties obtained from substrate. A Berkovichemér has been opted for the nanoindentation
measurements. A Quasi Continuous Displacement Me{@@SM) method is used instead to of a
conventional hardness method for the accuracy silt® In comparison to conventional method,
QCSM method allow the stiffness measurement atldbding as well as unloading phase of the

indentation. Therefore, the achieved results pmdepth dependent results for a particular sample.

3.2.4. X-ray Diffraction

A qualitative Phase analysis of the coated specinanbeen conducted with help of a BRUKER D8
DISCOVER. The instrument is equipped with a Car K-Ray Tube § = 0.15418 nm) and runs on a
voltage of 40KV and current of 40mA. The x-ray caiftrometry is based on the basic physic law of
Bragg proposed in 1913 which is based on the mtenice behavior of the incoming and reflected X-
rays used to study the system. The mathematicaiulation of the Bragg Law can be studied as
under:

nid = 2dsinf Equation 3.2

Where n is an integer
A is the length of the incident wave
d is the spacing between the atoms

0 is the angle between the incident and the scagtgdanes.

23



\\ \ 4 4 Primary Optics Secondary Optics

O\ VAR * Cu Tube, Line Focus « Long Soller 0.23°
\\ \\ // // + Gébel Mirror 40 mm « Nal Scintillation Counter
(RN Yo + 0,2 mm Exit Slit
AN /] « 4°Soller
\ \ / / e
\ \ / /
\\ \ / //
\ /
o /! \ ’)cmcmr

Gobel Mirror

Soller slit

Sample

X-ray tube

Figure 3.5: Schematic of (a) Braggs principle dase interference of incident and reflected rays (b
Grazing Incidence X-Ray Diffractometer

A Theta-Theta combination Goniometer configuratiwmsed for the measurement of phase analysis
(Fig. 3.5b). A combination of X-ray tube, opticditss mirrors and a scintillation counter is used f
the above mention XRD configuration. A scintillaticounter or detector comprises of a scintillator
coupled with a photomultiplier or a photodiode. Tantillation counter is made of a single crystal
material generally Nal, Cal or GalX-rays in form ofy-rays are send towards the sample which are
partially absorbed and the reflected rays are sewdrds the scintillation counter. The reflectegsra
first pass through the soller slits where the @gsintensified and further send to scintillati@ucter.
X-rays absorbed by the scintillator are send topghetomultiplier tube and are reemitted in form of
electrons due to photoelectric effect [80]. Thegghanalysis has been performed for at angle$ of 2

ranging from 30° to 70° for the measurements.

3.2.5. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) has been usethtbanalysis of the surface structures. For that
purpose a SEM from Tescan is used with an integrgf®S (Electron Dispersive Spectroscopy) for

the estimation of element composition within the@men. In order to measure Carbon or Nitrogen
content WDX (Wavelength Dispersive X-rays) is udalle EDS, WDS has also been coupled within

the vacuum chamber of the SEM and have been mantdddy the OXFORD Systems.

3.2.6. X-Ray Photon Spectrometry

X-ray photon spectrometry is a widely used methmdtlie analysis of the surface below 5 nm. XPS
analysis is generally conducted with a with argom etching as it disrupts the chemical reduction,
surface roughening, preferential sputtering etginguthe XPS analysis [81]. XPS works on the
principle of emission of the atoms of their enebginds leading to emission of photons. The binding
energy of the emitted atom can be estimated byyaingl the kinetic energy of the photon(Eand

the work function (W which can be observed in Fig. 3.6. The energgyefincident x-ray photohv
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and and BE is referred as the binding energy ofetiméted electron in the material with a work

function of (@). The kinetic energy can therefoecexpressed as:

KE=hv—BE+ ¢ Equation 3.3

An excitation of the electrons with a medium enexgsays generally Al-k or Mg-Ka is used. Ultra
High Vacuum (UHV) is generally used for such typene@asurements (base pressuré idr) in order

to avoid collisions with any other foreign ion/peles present within the chamber. Quantitative
element analysis of of the surfaces can be estimdm®ugh the spectral analysis. Moreover, an
information of the chemical states of specific edes can be analyzed through peak position and
shift.

The X-ray photoelectron spectroscopy measuremeaits performed using Specslab system available
at the Chair of Physics. The MgukK-ray emission source is used for emission of phaif energy
1253.6 eV. The XPS measurement was performed atauwm level of 18 mBar of pressure and the
data are collected with a scan rate of 0.01eV pep svith acquisition time of 1sec for each
step. Measurements were conducted for Cr, N andd@als in order to understand the formation of

various phases in CrN coatings.

3.3. Erosion Testing
3.3.1. Erosion Test Rig

The erosion testing has been performed using &wouse built erosion testing rig (Fig. 3.7). The tes
rig consists of the three components 1) compreg$otesting chamber 3) sand Feeder. Highly
pressurized gas is achieved from the compressarhwhixes with the sand particles from the powder
feeder. These particles attain a high velocity raftéxing with the pressurized gas and are then

accelerated towards the surface.

Figure 3.6: Erosion test rig showing various congras
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The specimen is placed in a specimen holder whachbe oriented at various angles with respect to
the incoming stream of particles. The specimendratdn be oriented between angles of 0°-90° with a
step change of 15°. A Sartorius measuring balaased in order to measure the weight changes

during the erosion procedure for gravimetric analys
3.3.2. Properties of Erodent and Laser Doppler AnemometeMeasurements

The erodent used for the erosion testing can berebéd in Fig. 3.7a. The particle size was founbdeo

in the range of 75-210 pm. The hardness of the seas measured to be 7 Mohs. The main

component of the erodent was found to be,&i@d are found to sharped edge particles. A particl

flow of 1 g/min was used for the tests and werdgoered at room temperature. A distance of 25 mm
was kept constant between the nozzle and specingamincidence angle of 30° and 90° was used
for the tests.

80

o Measurement via LDA
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Figure 3.7: (a) SEM image of SiQarticles used as erodent (b) velocity measureofgudrticles
using LDA

LDA is one of the most popular method used for nieasurement of particle velocity in air. LDA
works on the principle of frequency shift of thesda due to an incoming foreign particle. LDA
consists of an incident light of a known frequerfoy, and a photomultiplier tube consisting of a
photodetector. A small buoyant particle is seedghimvflowing air, which intersects the incidengtit

of known frequency. The scattering light is themedead by a Photomultiplier tube which generates
and amplifies the current which is in proportionthe absorbed photon. The difference between the
incidence and scattered light is calculated arkh@wvn as Doppler shift. A set including an 800 W
laser with a wavelength of 514.5 nm connected bard pass filter of 20-80 MHz within a signal
processor and a photo detector module was usatidaneasurements. The data were collected with
the software “FlowSizef’. An analysis of the velocity measured through LBe be observed in
Fig.3.8b. It was found that a large number of pbrti have a velocity between 75-80 m/s. An

availability of large range of particle size alsad high velocity particles in the range of 150-806.
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4. Materials
4.1. Inconel 718

Inconel 718 is one of the most popular nickel sugkmy with high amounts of Ni, Fe and Cr
elements. This alloy finds its application in laaid/based gas turbines, rockets and nuclear reactor
After a relevant heat treatment, the applicatiomperature of the Inconel 718 super alloy lies in
between -250 °C and 700 °C [82]. In addition, highsile strength, fatigue and creep strength ak wel
as good corrosion and oxidation resistance of log has been reported due to the high amounts of
alloying elements like Cr, Nb and Mo. Inconel 7E3a popular alloy for industrial applications
because of its simple and easy production. Inc@h8lis also known for its highly ductile behavior

and good cold forming properties [83].

Ni Co Cr Mo Fe Si Mn C Al Nb+Ta

52.50 1.00 19.00 3.05 17.00 0.35 0.35 0.080 0.600.12%

Table 4-1: Atomic percentage of elements in Incob@lalloy

-5 ~ | Metal Carbides | ,.
£ 1 » ; ‘
-« W

-

Figure.4.1: BSE image of Inconel 718 super alloy

Fig. 4.1 represents a Back Scattered Electron (B®Eye of Inconel 718 alloy. The alloy consists
mainly of aY-Ni fcc matrix. Plates like phases depict the B@dered ¢ (NisNb) particles and
appearance of metal carbides. MoreoW&rand Y’ precipitates are assumed to be present within th
alloy but can only be detected via TEM due theialbisize (0.4 um).
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4.2. Chromium

Chromium is one of the metals which is often used Hard coatings like CrN, TIiAICrN and
multilayer Cr/CrN [84], TIiAIN/CrN, CrN/NbN [85], T™N/CrN [86] coatings etc. Some of the

interesting properties of Chromium are listed if[€ad-2.

Crystal structure bcc
Atomic Number 24

Density 7.19 g/cm
Molecular Weight 52 g/mol
Lattice Parameters (a = c) 2.88390 °A

Thermal expansion coefficient 4.9 x 10° m/mK

Melting point 1260-1336 °C

Hardness 6-10 GPa

Table 4-2: Properties of Chrome

In order to study the properties of Cr-coating®sth coatings were deposited with various process
parameters like substrate bias, substrate frequeratiiode power, chamber pressure etc. For the
discussion the effect of the cathode power has lopéed here. The columns grown at 3500W are
perpendicular to the surface and are parallel th edher. Such a type of column growth can be
discussed using microscopic model for columnar fiins devised by Fan et. al [87]. According to
them, in case of flat smooth substrate surfacew@®érs) the deposited atoms prefer to arange them
form of islands in equal sizes and hence no cotizeirowth between two islands take place. This
results in a column growth of equal size paralledach other. A homologous temperaturg 6F 0.4,

a columnar growth of coatings with high equiaxedimg are expected to be observed in this zone
(Zone 3, Thornton Model) (Fig. 4.2).
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Figure 4.2: Coating structure of Cr at variousode power (a) 2000 W (b) 3500W

A high hardness of Cr-coatings is reached for lathhade power. A rapid decrease in coating hardness
with the increase in cathode power from 1000 WA@06@W was measured. With further increase of
power the hardness was found to decrease. Anasena surface roughness can be reported with the
increase in cathode power.

4.3. Titanium

The use of titanium coatings in order to incredse ductility of a brittle system has often been

reported in literature [88]. Some of the propertésitanium coatings are listed in Table 4-3.

Crystal structure hcp

Atomic Number 22

Density 4.5g/cm
Atomic Weight 47.86

Lattice Parameter a:2.95;c: 4.68
Thermal Expansion coefficient 8.6 x 10° m/m.K
Melting point 1668 °C
Hardness 5-9 GPa

Table 4-3: Properties of Titanium

Similar to Cr-coatings, an influence of variousqass parameters has been studied for Ti-single laye
coatings. An influence of substrate bias on thecsiire of Titanium coatings is documented in Fig.

4.3. A brittle fracture has been performed forTheoatings in order to study the structure.
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Figure 4.3: Titanium-single layer coatings at @as substrate bias (a) 60 V (b) 90V (c) 120V

The coatings were deposited with a homologous tesype of 0.3. Hence, the presence of Zone T
structure is expected to be available accordirightarnton [60]. The presence of Zone T structure can
be predicted from the available SEM images wheYe ahaped and competitive growth of coatings
can be depicted. At 60V, the coating column diamistéarger than at 100V and 120V. Additionally,
the columns show a feathery and dense structuhégher voltages. Hence low porosity and better
mechanical properties are expected at high voltages

4.4. Chromium Nitride

An increasing popularity of the CrN coatings in ieas applications is due to their high higher
hardness and low porosity. Moreover, a combinatib@rN with a metallic or ceramic layer in form
of matrix has been used extensively for wear appbas [89]. Some of the properties of CrN coatings

have been reported in Table 4-4.

Crystal structure CrN-fcc; CpN-hep

Density 6.178 g/lcm

Molecular Weight CrN: 66, CpN: 118

Lattice Parameter CrN:4.14, CsN:a=4.81130;c= 4.48410
Thermal conductivity 310 W/mK

Thermal expansion coefficient 2.3x10°m/m.K

Melting point 1770 °C

Hardness 12- 22 GPa

Table 4-4: Properties of Chromium Nitride

In reactive sputtering processes, the ratio betwhenreactive and the working gas regulates the
growth of the coating, the stress and conductivwitythe films, the texture, the chemical and
mechanical properties of the films etc [90]. Henoe,order to obtain CrN films with required
mechanical properties, different ratios of &hd Ar have been tested (Fig.4.4). With the insirep
N/Ar ratio, a denser growth of the coating colunoaktplace on Si-wafer.
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Figure 4.4: Structures of CrN coatings depositedagious N/Ar realtionships (a) 0.15 (b) 0.23 (c)
0.37

With the increase of MAr relation, an increase in hardness values ofGhe coatings as well as a
decrease in E-Modulus can be reported. A lineadledray can be observed within the decrease or
increase of mechanicl properties with increase pédhtent. The changes in mechanical properties of
the CrN-coatings can be related to the avergaa giae, average residual stresses and the formation
of various phases formed due to the increasingdiveagas flow rates within the coatings [91].

4.5. Titanium Nitride
TiN coatings are well known for use in various wapplications due to their high hardness. Low

friction coefficient, high elasticity, high thermahd environmental stability have been identified a
some of the properties of TiN coatings [92, 93].

Crystal structure a-TiN-fcc, TioN-tertagonal
Density 5.22 g/cm3

Molecular Weight 61.91 g/mol

Lattice Parameter TiN: a= 4.24173

Thermal Expansion Coefficient 9.35 x 1 m/m.K

Melting point 2930 °C

Hardness 24-35 GPa

Table 4-5: Properties of Titanium Nitride

The properties and the structure of the reactiaiogs can be altered by the addition of reacta® g
(N2 gas) in various amounts. A WDX analysis has besfopmed in order to analyze the amounts of
titanium and nitrogen using various amounts ofogén to argon ratios. Deposition of TiN coatings
was performed with MAr ratios of 0.24, 0.47 and 0.66.

31



Figure 4.5: Coating structure of TiN coatings atious cathode powers (a) 6000 W (b) 7000 W

The TiN coatings were deposited with @A ratio of 0.66 at cathode powers of 6000 W aBaorw
(Fig. 4.5).A constant substrate bias of 90V wasdgdor the deposition of the coatings. From the
SEM images, a large diameter of TiN columns wasnolesl at higher cathode power. In both the
cases, V-shaped of columns were observed on Skwafe sputtering rates were also reported
increase with the decrease in hardness of coatritgsncrease in cathode power.
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5. Deposition Parameters and properties of multilayeccoatings
5.1. Deposition parameters and coating structures

5.1.1. Cr/CrN Multilayer

The coatings have been deposited with the procassneters as described in Table 5-1:

Argon etching period 0.5h
Chamber pressure during etching 300 mPa
Coating deposition temperature 500 °C

Substrate Bias NV

Cathode power 2000 W

Chamber pressure during coating 300 mPa
No. of Targets used 1
Target-Substrate distance 70 mm
N, flow 60 min

Sputtering Rate (Cr)-Static Mode 140 nm/min
Sputtering Rate (CrN)-Static Mode 100 nm/min

Table 5-1: Deposition process parameters for Cr/@ciilayer coatings

A variation in deposition time has been observedtie multilayer coatings due to the difference in
sputtering rates of Cr and CrN coatings (Table .5BE¥gposition of multilayer Cr/CrN coatings has
been performed by controlling the flow of nitroggas during the deposition process. A gradual flow
of nitrogen gas was allowed in the chamber duriregdeposition of CrN layer in order to avoid the
lattice misalignment arising due to the additiorhighh amounts of Nitrogen at the Cr-CrN interfage.
NJ/Ar ratio of 0.37 has been used for the depositbrroatings. The effect of the growth of CrN

coating with the variation of MAr ratio was discussed in Section 4.4.
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Figure 5.1: Coating structure of Cr3/CrN1 multilageating grown on Silicium wafer(left) individual
Cr and CrN single layers (right)
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growth of Cr and CrN layer, the individual coatistgucture in a detailed SEM image in Fig. 5.1. The
Cr-coating grows in form of densly packed columns @erpendicular to the substrate and tends to
orient itself at a particular angle during the aogtgrowth. Thin CrN layers orient themselves in
accordance to the Cr-coating as no clear discouig are observed at the interface of Cr-CrN
coatings. Columnar structure of Cr and CrN coatceys also be observed in the Fig. 5.1. Cr columns
are feathery, have a porous structure with lardenmo diameters whereas CrN seems to have small
width columns with low porosity. This variation the structure can lead to positive or negative

changes in the behavior of multilayer coatings Whecdiscussed in the next section.

5.1.2. CrN/X (X=Ti, TiN) Multilayer, TiN Single layer

The coatings have been deposited with the procssneters as described in Table 5-2:

Parameters No. of Targets
Argon etching period - 0.5h
Chamber pressure during etching - 300 mPa
Coating deposition temperature - 500 °C
Substrate Bias - 90V
Cathode power - 2000W
Chamber pressure during coating - 300 mPa
Target-Substrate distance - 70 mm
N, flow for CrN - 60 min
N, flow for TiN - 50 min
Sputtering Rate (Ti)-Rotation Mode 2 50 nm/min
Sputtering Rate (TiN)-Static Mode 1 66.6 nm/min
Sputtering rate (TiN)- Rotation Mode 2 30 nm/min
Sputtering Rate (CrN)- Rotation Mode 2 60 nm /min

Table 5-2: Deposition process parameters for Ti/diN/CrN, TiN coatings

An analysis on the quality of the deposited Til/@rNTi:1lum/CrN:3um) and TiN1/CrN3
(TiIN:2um/CrN:3um) (Fig. 5.2). An SEM image of th&lMCrN3 (Fig.5.2a) shows that the coating
surface is highly saturated with coating defectsr@s). Moreover, it seems that the grinding marks
on the surface have an effect on the coating grastihe surface shows high roughness comparable to
the structure of the grinding marks. In comparisthre TiN1/CrN3 coating (Fig. 5.2b) is poorly
influenced by the grinding marks as a relativelysth surface was observed in this case. The surface
is not dominated by a large number of coating defetereas the size of the defects is larger & siz

as compared to Ti/CrN coating. Large carrots can bBe found on TiN coating surface (5.2c) but the
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density of such defects is much lower than thaTid€rN coating and smaller in size than in the
TiN/CrN coating.
H\ N T LA

Figure 5.2: SEM analysis of surface quality of tegposited (a) Ti/CrN (b) TiN/CrN coatings (c) TiN
coating

A columnar structure of the deposited Ti/CrN cogtia depicted in Fig. 5.3. SEM analysis of the
surface of the coating shows a surface covered wiittular columns which orient themselves
according to the grinding marks on the substrabe. dolumn diameter for CrN varies between 250nm
and 500 nm whereas the column diameter of Ti seerhe much smaller and fibrous (cross-sectional
image). Additionally, the coating structure seerbéadense and with low porosity. No clear change in
growth orientation of the deposited CrN layers otayers can be seen in consecutive bilayers.

Figure 5.3: Coating structure of Til/CrN3 coatisfowing detailed column growth on the surface of
the coating and columnar structure in cross-section

In contrast, a feathery coating growth structutsag/&nown as nodular structure) is seen for TiN/CrN
(Fig. 5.4). By comparing the coating depositionTdfCrN and TiN/CrN, it can be observed that the
addition of a metallic or ceramic component witldnceramic matrix can lead to a change in

deposition kinetics of the coating growth. This Wbagain affect the mechanical and chemical
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properties of the coating. Even the change in bilgeriod of a multilayer coating shows a change in

coating growth and surface roughness of the cogip

Figure 5.4: Coating structure of TiN1/CrN3 coatirg®wing detailed column growth on the surface
of the coating and columnar structure in crossigect

The deposition kinetics of the coating supportedeation of V-shaped columns between the coating
layers for TiN/CrN coating (Fig. 5.4). This type ioterruption of a continuous coating growth can
lead to the weakening of the coating structure kmad to imperfections within the coatings. The
formation of such V-shaped structure is the resfila competitive growth of the columns. Such a
coating growth results in a preferred orientatiorthe coatings and an increase in roughness due to
open column boundaries because of atomic shadd@iig

Figure 5.5: Coating structure of TiN coating shayvihetailed column growth on the surface of the
coating and columnar structure in cross-section
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In the depicted coating structure (Fig. 5.4), tinst fTiN layer seems to control the structure & th
multilayer as no change in the structure of therlaeposited CrN layers was observed. In case of
reactive sputtered TiN coating (Fig. 5.5), @At ratio play a vital role in defining the propies of

the coating. A WAr ratio has been opted in our case as it provittedbest possible mechanical
properties in the test series. From the crossesmitimage (Fig. 5.5c¢), TiN coatings grow in form o
very thin columns with an orientation of about Wath respect to the substrate having a fibrous elens
structure. With a homologous temperaturg) @f 0.17, the coating lies within Zone T as defiri®y
Thornton (Section 2.4.2). Reactive coatings whiawgin Zone T are expected to show nano or micro
columns on the surface of the coatings [56]. lexpected that such coatings deposit by surface
diffusion of the adatoms leading to local epitaxydabetter adhesion between the coating and
substrate. Additionally, due to competitive grovahcolumns in Zone T, a continuous change in

morphology, texture and surface topography wouleéxgected with increasing film thickness [95].

5.2. Mechanical Properties

5.2.1. Cr/CrN Multilayer
Mechanical properties of the coatings have beeeraéted by means of nanoindenation with a load

of 100 mN. Hardness and E-Modulus have been datednby analyzing the nanoindentation
measurements depicted in Table 5-3. These measat®rhave been conducted for six different
Cr/CrN multilayer and two single layer coatingsifefientiated through the individual thickness of
metal and ceramic coating deposited in a particatantilayer architecture. An average of 15
measurements has been used for the determinationeohanical properties. Absolute values of

Hardness and E-Modulus have been selected formthelations of H/E? in the present work.

_ Coating
_ Bimodal ) Hardness E-Modulus S
Coating , Thickness H°/E°(GPa)
Period (GPa) (GPa)
(um)
Cr single layer - 2.8 7.55+0.43 308,17 £ 22.24
0.005 + 0.001
CrN single layer - 11 20.43 £ 1.7( 195.76 + 25.17 0.223 + 0.080
Cr1/CrN1 2 19.40 20.49 + 0.86 319.04 +14.93 0.085 + 0.013
Cr3/CrN1 4 29.21 17.02 + 1,37 282.92+ 24.54 0.062 + 0.018
Cr0,5/CrNO,5 1 24.11 20.05 +1.86 252,97+ 23.73 0.126 + 0.042
Cr1/CrN3 4 24.23 12.40 + 1.13 91.80 + 7.69 0.220/G73
Cr0,25/CrN0,25 0.5 23.78 19.82 + 1.5p 298.01 =240 0.088 + 0.025
Cr0,25/CrN03,75 4 25.35 21.42+2.18 303.68 + 3083 0.107 + 0.039

Table 5-3: Mechanical properties of Cr/CrN multéaygoatings
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The measurements show that Cr-single layer showedhiardness compared to CrN-single layer
which is expected due to the formation of harddetiphases within the coating. In contrary, a low E
Modulus of CrN coating was measured in comparisorCt-layer, proving CrN to be a better
candidate for the load carrying capacity applicgiolt can be observed that in almost all coating
except Cr1/CrN3 the hardness values were identac&rN-single layer coating. Moreover, the E-
Modulus of all coatings except Cr1/CrN3 rapidly re@sed as they were deposited in form of

multilayer coatings.

In previous studies, various methods have been tsedlate hardness and elastic modulus to the
mechanical properties for wear applications. A famonethod is the ratio of hardness and elastic
modulus (H/E) which is referred to the elasticistta failure of the coating [96]. Moreover, Johnso
[97] referred H/E? as an important parameter which is associatedthvtftoating resistance to plastic
deformation. This ratio is generally used in amtlizns for impact loading. Another parameter
(H/E)"?has been related to the fracture toughness ofngmafp8]. Since, an impact loading has been
observed in case of erosion’/Ef has been used as a characterizing parameterefaotrelation of H
and E with mechanical properties. This parametdisisussed detail in the next section (Section. 7.3)
In the present study the single layer coatings wlith highest BIE? have been selected for the

deposition of multilayer coatings.

5.2.2. CrN/X (X=Ti, TiN) Multilayer, TiN Single layer

Mechanical properties of Ti/CrN and TiN/CrN coasnare depicted in Table 5-4. It can be observed
that the hardness values for a combination of N/@re lower than that of CrN coating single layer
coatings and higher than that of Ti-layer. Conlyathe E-Modulus values of the Ti/CrN combination

increased in comparison to CrN coatings and deedeagth respect to Ti-single layer.

, Coating
_ Bimodal _ Hardness E-Modulus -
Coating , Thickness H°/E* (GPa)
Period(um) (GPa) (GPa)
(um)
Ti - 1.78 6.67 £1.53| 183.42+51.5Pp 0.088 +0.007

TiN - 1.95 23.66 +6.00 328.43+77.25| 0.122+0.109
Til/CrN3 4 23.64 15.59 + 2.90 336.6 + 57.3 0.033@21
TiN1/CrN3 4 24.14 18.55+2.14 376.10+52.58  6.84).020

TiN - 24.85 23.74 2,77 358.45+57.3 0.132a60.

Table 5-4: Mechanical properties of multilayer amble layer coatings

In case of TiIN/CrN coatings, hardness and E-Modahesreported to be almost the same as that of

thick TiN coating. It can be clearly observed frdable 5-4 that the #E of TiN coatings was proved
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to be highest in all cases. With the addition oEeamic TiN or metallic Ti coating with CrN coating

matrix a clear reduction in the hardness for TN@nd Ti/CrN multilayer coatings is measured.

5.3. Adhesion behavior of coatings

The adhesion behavior of coatings plays a vitag fiol determining the mechanical properties of
coatings used in surface engineering applicatituiiterature indicates intrinsic stresses, extrinsic
stresses, loading rates, substrate propertiesrnbssdelastic modulus), scratching speed and goatin
properties as some of the factors influencing tbeatsh tests [99, 100]. Adhesion tests for the
deposited Cr/CrN multilayer coatings, Ti/CrN,TiNKCrmultilayer coatings and TiN single layer

coatings has been discussed in the next sections:

5.3.1. Cr/CrN Multilayer

Adhesion of coating is one of the most importamapeeters which defines the wear rate of a coating
system. Low adhesion of the coatings takes plaestduow energy of the atoms impacting on the
surface during the deposition process [101] or tduthe high elastic and thermal mismatch between
coating and substrate [102]. In impact applicatiosisch discontinuities at the coating-substrate

interface lead to crack generation at the interfatewed by buckling or spalling of the coatings.

Scratch testing is a popular method for the deteaition of coating adhesion. An estimation of the
adhesion of the above discussed Cr/CrN multilapatings on IN718 substrate is depicted in Table 5-
5. The scratch tests have been performed usinggrgssive loading method with an initial load of 1N

increasing to 80N.

Coating Critical Load (N)
Cr1/CrN1 51.27 + 3.265
Cr1/CrN3 45.33 + 3.87

Cr0.5/CrN0.5 51.35+ 1.67
Cr0.25/CrN0.25 75.1+1.38
Cr0.25/CrN3.75 18.58 +1.11
Cr0.25/CrN0.75 43.93 +3.26

Cr3/CrN1 No measurements available

Table 5-5 Adhesion behavior of Cr/CrN multilayeatings obtained through scratch tests

No clear scratch tests result can be provided foB/@N1 coating. A possible reason for
unavailability of acoustic emissions can be thehhigoportion of metallic coatings in the coating

architecture. The American Society of Testing Mater (ASTM) defines scratch test as a non-
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suitable method in order to test metallic or polyimeoatings due to their failure in a ductile and

plastic manner. Hence this characterization methdichited for brittle coatings [103].

Figure 5.6: SEM images of scratched Cr1/CrN3 ogati

A detailed analysis of the scratch test performadtlie Cr1/CrN3 coating can be seen in Fig. 5.6.
Chipping is observed within the coating of Crl/Crbifating after the application of load. This type
of failure is generally observed for thick coatings soft substrates. For the adhesion test, enough
stresses are needed to be introduced in orderngdleh coating away from the surface. Hence during
the performance of these tests high stresses aegajed leading to chipping within the coating.

Figure 5.7: SEM images of scratched Cr1/CrN1 cgatin
Fig.5.7 shows a CLSM (Confocal Laser Scanning Micopy) as well as SEM images of the scratch

test performed for a Crl/CrN1 coating. At the begig of the scratch test a series of cohesive srack
is can be seen due to the applied load by the tadeBuch type of cracks occurs when tensile stgess
are induced into the coating due to the appliedefoAn SEM image of the coating at Lc2 with a

complete spallation of coating can be seen in Figh. This type of can be addressed to an adhesive
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spallation of the coating as appearance of thetiaibscan be seen resulting due to no/low adhesion

between the coating and substrate.

5.3.2. CrN/X (X=Ti, TiN), TiN Single layer

A CLSM of Ti/CrN coating after scratch testing (F&§8) show removal of coating at a critical lodd o

34.1436 + 7.04 N. After the critical load is acheédva plastic deformation of the coating occurs
together with complete delamination leaving thessate behind. This type of failure is generally
noticed when, the coating and substrate posses$idadness.

Figure 5.8: SEM images of scratched Ti1l/CrN3 c@atin

This type of coating failure has been referredytoss/large area spallation in literature and takes
place when the adhesion between coating and stéb&rpoor. Such coatings generally possess high
residual stresses. In such type of spallation ksrgenerate at the substrate-coating interfacaaan
interfacial flaw which propagates through the augtiowards the surface with increasing load. Hence,

a poor adhesion between coating and substrat@écted [104].

SN TS

Figure 5.9: SEM images of scratched TiN1/CrN3 cuati
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An analysis on the adhesion behavior of a TiN/Ctimg can be observed in Fig. 5.9. At the
beginning of the loading process, an appearanagawks moving away from the direction of the
scratch can be seen. Regions of the coating areved which extend laterally from the edges of the

scratch groove. Both of the mentioned forms of kirag behaviors occur when distortion within the

coating takes place due to external load. Moreawespallation on the loading track can be detected
through CLSM. Hence, a high adhesion between ogadimd substrate (Lkc51.76 + 2.87 N) is

reported in this case.

Figure 5.10: SEM images of scratched TiN coating

A series of tensile and Hertzian cracks is gengralborted for hard coatings on soft substratas (e.
TiN, CrN, TiAIN) [105]. CLSM of TiN coating on Inawel718 show a dominant appearance of tensile
cracks is observed on the surface of coating. Nalagfpn of the coating from the substrate was
observed due to the available compressive stregisigis the coating (Fig. 5.10). Hence, a cohesive
failure of the coating can be interpreted for the Toating system. An EDS analysis of that those
areas proved that no spalling of coating till thbstrate took place. Such a failure form occursmédoe
good adhesion between substrate and coating é€xiatks are first generated within the coating
finding their way towards the substrate with thelegation of high loads [12]. A critical load of 6&

+ 6.26 N was estimated from three measurementBifbroatings.
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6. Crystallography and XPS Analysis
6.1. Phase Analysis
6.1.1. Cr/CrN Multilayer Coatings

A crystallographic analysis of the Cr/CrN Multilayeoatings is discussed in this section. The phase
analysis of the coatings would allow to understtrel presence of the phases which are responsible
for the mechanical and chemical behavior of thetioga. XRD analyses of three Cr/CrN coatings
with a bimodal period of four (4) can be depictedrig. 6.1. The diffractogram of Cr3/CrN1 coating
shows a combination of high intensity for the Crl(D) and low intensity for the Cr (2 0 0) peak.
Moreover, the presence of 8r(1 0 0) phase along with CrN (2 0 0) can alsodmpmrted in this case.

In comparison, Cr1/CrN3 depicts a high intensitjagfCrN (2 0 0) as well as of Cr (2 0 0). Hence no
formation of hexagonal-GK phase was allowed during the deposition of cgatititerature reports
high hardness and high E-Modulus of coatings irsgmee of GN phase or in presence of CrN and
Cr,N mixture as well. The ratio of covalent bondingG@mnN atom is also reported to be higher as
compared to CrN crystal which requires higher epédog to break the bonding in @t crystal[106].
Presence of high quantity of 8 phase in comparison to CrN phase could leadgbdnihardness of
the coatings [5]. The calculation of binding enesgas well as quantitative phase analysis of GriN a
CrN is discussed in section 6.1.1. In contrast €0@hl/CrN3 coating, Cr1/CrN3.75 coating consists
of combination of CrN and GX phases. The influence of the thickness of thea@ CrN layer
coatings affect the coating growth and the fornmatibvarious phases in the coating. A similar tgpe
investigation was performed by Holleck and Schalx7] deposited TiC/TiBmultilayer coatings with
different bilayer periods. A presence of amorphphgse is reported at the intermixed boundary of the
two layers. The single layer thickness of both congmts was reported to be 20nm. A partially
crystalline structure of TiBwas reported with an epitaxial growth of TiC iri{] direction. When the
layer thickness was reduced to 5 nm an amorphoBg doating was observed with TiC coating
growth in [200] direction. No influence of the ampbous TiB phase on the nucleation of TiC coating
was detected. Formation of amorphous phases ircdhtng was addressed due to extreme lattice
distortion during the crystal growth. Hence thetowathickness seems to influence the various phase

formations as well as the presence of amorphousashaithin the coating.
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Figure 6.1: XRD Analysis of Cr/CrN coatings (a) {@iN3 (b) Cr0.25/CrN3.75(c) Cr3/CrN1
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A distribution of the various phases during the as#jion of CrN coating can be understood by the
XPS analysis shown in Fig.6.2. This analysis wadaxfar a CrN layer (approx. 2.4um) deposited on
Inconel 718 substrate. From the analysis of Cragtspgram a higher binding energy is measured for
CrN (576.8 eV) as compared to CrN (575.15 eV) whiebatibes the preferential formation of CrN
phase in comparison to &f phase. Since the binding energy of CrN angN(Qshases is similar to
many other phases, the evidence of the presente @finding of Cr with N atoms (and not wit F, C)
can be observed from the XPS analysis of N1s dritt@sence of GD; oxide (476.9 eV) shown in
Fig.6.2c, demonstrates the presence of oxygen aladituring the coating process even at high
vacuum of 300 mPa. The deconvolution of peaks pnbthfrom N1s peaks allowed a quantification of
CrN and CsN phases which were found to be 36.4% and 63.4peotisely.
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Figure 6.2: XPS analysis of the CrN coating showiagous phases and respective binding energies
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A note on the thermodynamic stability of CrN anNCiphases was provided by Seok et.al.[108].
According to them, the Gibbs energy for the formatiof CeN phase is not enough at low
temperatures. Thermodynamic calculations show foomaf CLN phase due to a eutectoid reaction
Cr + CrN = CgN at a temperature of 430 °C. The formation of aNQrhase during deposition can be
influenced due to extraordinary high perturbatidike high voltage bias on substrate or high
deposition power. Hence the presence of stabjd @Glhase is generally reported above 500 °C. Since
the deposition temperature of the Cr/CrN multilageatings was also at a temperature of 500 + 10 °C,

hence the formation of a stable,Rphase is not guaranteed [108].
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30 35 40 45 50 55 60 65 70

20
Figure 6.3: XRD Analysis of Cr/CrN coatings (a) @4N1 (b) Cr0.5/CrN0.5(c) Cr0.25/CrN0.25

In order to study the effect of thin (nanometer)aiie and ceramic coatings, Cr and CrN coatings
were deposited in a thickness range of 250nm-100@ign6.2 for Crl/CrN1 shows the presence of
CrN (11 1) and GN (1 1 1) phase along with Cr-phase. A phase aisatygshe Cr0.5/CrNO.5 coating
show a presence of only CrN phase with two origanat(1 1 1) and (2 0 0). Presence of Cr phase is
detected in all the multilayer coatings. A simitgpe of structure can be detected for Cr0.25/Crbl0.2
where CrN phase along with Cr can be obtained floendiffractograms. Similar to Cr1/CrN3, an
absence o-Cr,N phase was found in Cr0.25/CrN0.25 and Cr0.5/CsN0atings.
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6.1.2. CrN/X (X=Ti,TiN) Multilayer Coatings, TiN single la yer

The phase analysis of a TiN coating can be showiigrs.4.The absorption for the TiN coating using
a Copper X-ray cathode was calculated to be 3.35nitman assumed absorption of 90% through
ABSORB DX software (Bruker AG). Only three peaksfof-TiN phase (various orientations) are
detected from the surface. The XRD results clearlgw that no TN hexagonal-phase formation
takes place at these deposition conditions.
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Figure 6.4: XRD Analysis of TiN single layer coain

XRD analysis of the Ti/CrN multilayer is depictadfig. 6.5. Since the top layer is CrN, afC(0 O
2) phase is detected. Similar to Crl/CrN3 coatitg, deposition parameters does not favor the
formation of bcc-CrN phase. Presence of théNJTpeak shows formation of possible nitrides at the
CrN and Ti-layer interface. In combination with thlkeove mentioned phases, a large number of hcp-
Cr,Ti phase were also detected. Presence of intedinatampounds like F&i0,, FeTi and CgTi-
phase as the possible elements causing the eeméitt in a structure and are responsible for

decrease in bonding strength between two metaf.[Ibe availability of an amorphous phase is also
detected in XRD pattern.
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Figure 6.5: XRD Analysis of Ti/CrN multilayer coatj
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Figure 6.6: XRD Analysis of TiN/CrN multilayer caad)

In contrast to the Ti/CrN coating, presence of Gcht phase along with ¢M phase in TiN/CrN
coating. Similar to Ti/CrN, formation of N, and hcp-GiTi phases were detected through
diffractrometry.
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6.2. Crystal Size Determination

Crystallite Size(grain size) is generally referred to the smaltitacting domain of a material. This
should not be confused with the particle size paréicle may consist of a number of crystallites. A
approach to calculate crystallite size is madena gresent work in order to correlate the sizehef t
grains with the hardness of the coatings. It igelelthat by refining the grain size of one caritlittme
size of the pre-existing microcrack which is repdrtto be beneficial for the strength. On a
macroscopic level, smaller grain size is less tas¢® to crack extension by reducing the potency of
any grain bridging which reduces the toughnessi®imaterial [110]. Literature refers to two various
type of dislocation processes for nanocrystalliregemals. In case of crystal size lower thentde
deformation process takes place through small sgladeng in the grain boundaries. In case of d
greater than 30-50nm, the Hall-Patch rule applieghvsupports dislocation nucleation and motion
[111].

Intergranular processes Intragranular processes
* 8mall scale sliding in the grain * Dislocation nucleation and
boundaries ' motion
Hardness

T

Amorphous Nanocrystalline Microcrystalline phase

1
d, =10 nm ——3» Grain size

Figure 6.7: lllustration of relationship betweemigrsize and material hardness [112]

In 1918, Scherrer formulated a method to prove that size of the Braggs peaks is directly
proportional to the crystallite size of the powdedting. Since then line profile analysis gainexd it
popularity for applications in crystallography. hg the time period it was found that the width of
Bragg reflections does not only reflect the sizethaf crystal, but is also a result of instrumental,
crystallite size and strain broadening which scdssed in detail in the next sections. Therefois,
important to consider all the above mentioned f&cito order to calculate an accurate grain sizeceSi

all these line broadening factors occur togethestrumental broadening as well as line profile (for
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size strain and microstrain) have to be analyzatteSn the present work only crystal size has been

discussed the instrumental broadening analysibéas performed (see Section 6.2.1).
6.2.1. Instrumental Broadening Analysis

Diffractograms obtained from Bragg reflections affected by the instrumental settings like width of
diverging and receiving slits, emission profiletbé tube, filters, monochromaters etc. Factors like
misalignment of the diffractometer and no perfdesaption of the radiation are some sources of
instrumental error. Therefore, instrumental broaugnanalysis was performed before the

determination of the lattice parameter [113].

Instrumental broadening is measured experimentallyneasuring peaks of a reference material. A
standard specimen for line profile analysis shdwlde a crystal size of about 1 um, with large numbe
of untextured polycrystalline grains with zero aghigible microstrain [113]. A peak profile of the
reference material should be available measureld thi¢ same data set as of the specimen to be
measured. Background substratcion is performedbdtin the specimen and their Fourier coefficients
are determined [114, 115]. Literature refers treafsBak, LaB6 (SRM660), sintered corundum plate
(SRM1976) and KCI as some of the reference maseuakd for the measurement of instrument
broadening [116].

20(radians) O (radians) (hkl pinst =FWHM of instrument

0.911 0.455 420 0.052

Table 6-1: Estimation of instrumental error throdHM analysis of AIO; standard

In order to analyze the XRD peak profiles, Full-Wiét Half Maximum (FWHM) is often used as a
factor to estimate the lattice parameters of singlestals, texture or stress in a polycrystalline
material. A number of researchers have analyzetigavailability of stacking faults and structural
disorderness by means of FWHM of the XRD peaks JJ1Measurement of tensile stresses in a
material by estimation of FWHM has also been cotetld¢118]. An estimation of the instrument
broadening for the present work has been perfornsaty ALO; standard (Table 6-1). All the peak
broadening obtained during the measurement oftéimelard are due to the instrumental broadening as
99% of the particles are about 1pum resulting is sn 0.01° Full Width Half Maximum (FWHM)

because of sample influence in the measurement.

6.2.2. Scherrer Method
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A conventional method to determine the crystaliiee is the Scherrer Method proposed by Paul
Scherrer in 1981 [119]. Equation 6.1show a mathealatormulation of the proposed Scherrer
Method.

K.A
- COSQ.ﬁhkl

Equati6.1

Bhkl? = Binstrument?- fmeasurment? Edjoa 6.2

where

nt = FWHM peak of the crystal
Binstument= FWHM peak of the instrument
Bmeasuremen= FWHM ' peak of the crystal with instrumental &rro
K= shape of crystallite size

A = X-ray wavelength in nm

Using X-ray diffraction and Braggs Law the mearesi nano-crystallines in nano-crystalline bulk
material can be measured. This method does notdawrthe crystal strain effects present within the
material [120]. In the present study K=0.89 whishassumed for crystals of spherical shape. The
Scherrer equation is suitable for crystals wherctlgstal size is less than 100 nm. A big disadvgata
of the Scherrer equation is that no particle strainonsidered during the calculation of crystaksi
Crystal size analysis under consideration of sttaimbe obtained through modified modified Scherrer
or William Hallson method. Literature proposes Bmission Electron Microscopy as an accurate

method to estimate crystal size [121].

Coating Crystallite Size (nm)
Cr1/CrN1 CrN: 41 +4,Cr: 65
Cr1/CrN3 CrN: 19, Cr:25
Cr3/CrN1 CrN: 21 £ 4, CyN: 27, Cr: 49

Cr0.25/CrN0.25 CrN: 19 £ 4: CgN: 19: Cr:30
Cr0.5/CrN0.5 CrN: 26, G;N: 26, Cr:23
Cr0.25/CrN3.75 CrN: 16: CgN: 20: Cr: 24
TiN 25+ 4, 3089

Ti/CrN Cr,Ti: 74 + 26; CgN: 34; TiN,:12

TiN/CrN CrN:6; CpTi: 12; CpN: 27

Table 6-2: Average crystal size analysis of mulBlaand single layer coatings
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In Table 6-2, the crystal size of various multilesyand TiN single layer can be seen. Measureménts o
2-4 peaks were performed for each diffractogram amchverage crystal size was calculated. Only
Cr1/CrN1 and Ti/CrN multilayer coatings show laiggstal sizes, 35nm and 49nm respectively. All
other coatings show an average crystal size benn3

The crystal size of the reactive sputtered coatiagtependent on the ion/atonyJ,) ratio which is
influenced by the MAr ratio during the deposition process. A crystiae of approximately 20-60 nm
was reported for a mixture of £t and CrN phase within a,Mr ratio of 0.2-0.4 [122]. Similar
results were found through the measurements (Tédae where the size of CrN/&N phases was

found to be between 16-41 nm.

6.3. Stress Analysis
6.3.1. Sin ?y- Method for stress analysis

Due to high energies during plasma assisted vageposition macrostress)(is expected which
influences the properties of the coatings. An esigesamount of stress can lead to film and sulestrat
cracking in case of tensile stresses and film doheand buckling in case of compressive stresses
[123].

High T, Low T,
Materials Materials

Total stress
Intrinsic stress o,
f(U,, i, T,/T,) \

Thermal stress o,

macrostress o

Deposition temperature T./T,
Figure 6.8: Schematic diagram of the macrostsessrsus TT,

Macrostresses within coatings can be further dladsinto intrinsic (growth) stresses and thermal
stresses. Intrinsic stresses take place when ammadation of crystal defects within the film occurs
during deposition. The generation of thermal sggdsakes place due to different thermal expansion
coefficients of film and substrate [124]. A compeekive analysis on stress generated during
deposition process show that intrinsic stressekinvit coating decrease with the increase in Ts/Tm
ratio (Fig. 6.8). In contrast, an increase in therstresses correlated to an increase in homologous
temperature. Hence total stress, which is a sumtifisic and thermal stress decrease with incneasi
homologous temperature and increase with the iser@dter a critical homologous temperature is

approached [124].
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In this work a conventional € method is used to address the macro stresseswiithideposited
coatings. In conventional Sip method, the distance between two atoms (d) isideres! as the strain
gauge. A <hkl> is opted for which all the measuretadave to take place. By tilting the table at an
angley, from normal to the hkl, strain in various graimfsthe same hkl values are measured. The
stress is then measured through linear elasticityndllism through elastic constant tensor of the

material [125]. A schematic of the $§inmethod can be seen in Fig. 6.9.

F {/ 5
& \ / P=40

P=20°

a) b) c)

Figure 6.9: Shift of diffraction peak with changitilg angle

Stress through sy method can be estimated from the following formula

_ E (dn—do). )
o=1+ (1+9)sin2¢  doO EQU&II@B

where

o = residual stress within the coating
E= E-Modulus of coating

Y= Tilt angle of the specimen

v = Poisson ratio

do = d-spacing without stress

dn= d-spacing with stress
By plotting a relationship between ‘d’ and ‘&j, macro stress and the stress free lattice pasmet

can be estimated from slope and ordinate respéctideviations of the values from the linearity can

be obtained due to the availability of texture andtress gradients [125].
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6.3.2. Stress Measurements

An analysis of the Cr1/CrN3 coating with analysisCts and CrN phases is conducted through XRD
analysis (Fig.6.10)The Cr-peak is only identified when the specimendstilted {y=0; shown with
light green color). With tilting of table of Cr (L 0)-peak disappears with appearance of other paks
various angles (Fig. 6.10a). This behavior hinta togh texture of the coating. The Cr (1 1 0)-pmsak
considered for further analysis with a constant &lilus of 279 GPa and a Poisson ratio of 0.21. The
d-spacing values of the Cr (1 1 0) peak at tilinglas were recorded as a function of angles iraplgr
(Fig.6.10a) and the observed slope representsviduéalale residual stress within the coating layer.
Stress analysis showed that a compressive stre$86& + 1045 GPa for the Cr-layer within the
multilayer coatings. The high standard deviatiorthimi the measurements indicates a pronounced

texture of the Cr-coating or the superimpositiothef CrN coating on the Cr-layers.
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Figure 6.10: Peaks observed at various Chi anglesa(44.393° for Cr (110) (b) @63.204° for
CrN(220) in Cr1/CrN3 multilayer coating
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Figure 6.11: Siny plots for (a) Cr-layer (b) CrN-layer performed ©rl/CrN3 multilayer coating

A similar type of analysis has been conducted fGrld layer for a peak measured at 63.204° with an
orientation of (2 2 0). The disappearance of Cri? (@ peak was observed as the specimen was tilted

at various angles (Fig. 6.10b) as in the previoastjte, the d-spacing was calculated at varidtilsdi
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angle and was plotted against the*girvalues. The stress in the CrN coating was foundeo

compressive and was in the range of 1418 + 136& GP

The effect of the increase in the thickness of ro@rdayer (CrN) and decrease of metallic layer (Cr)
layer is discussed through a stress measuremeformped for the Cr0.25/CrN3.75 specimen. It was
found that no Cr-reflections for the coating aréedeed. It is assumed this behavior of Cr layetus

to the high thickness of CrN top coating. An analyd CrN for a (2 0 0) and (2 2 0) peak are shown
in Fig.6.12a, b. In contrast to Crl/CrN3, the Crdaks can be observed in all the possible tilt
positions which was not the case in Cr1/CrN3. Asialpf the d-spacing at various angles witfysin
for CrN (2 2 0) showed the presence of a compressiess of 1195.8 + 176.3 GPa (Fig. 6.13).
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Figure 6.12: Peaks observed at various Chi anglega(44.393° for CrN (200) (b) @63.204° for
CrN(220) in Cr0.25/CrN3.75 multilayer coatings
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Figure 6.13: Sify plots for a CrN-layer in a Cr0.25/CrN3.75 multiéaycoating

The above discussed analysis shows that similaltsesere obtained for the top layers for Cr1/CrN3
and Cr0.25/CrN3.75 coatings. This leads to therpnétation that the thickness of the metallic ar th
ceramic components in the deposited multilayer dmgsnfluence the stress level within the coating

significantly.
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7. Erosion Behavior
7.1. Cr/CrN Multilayer Coatings

During the last years various ductile and brittbatings for protection against wear of compressor
components in aeroengines. Ductile coatings ledddl plastic deformation at low angles (15-55°)
whereas brittle coatings display a high materiaisiem at high incidence angles (75-90°). Since
particle impingement with compressor componentseggpce is possible at 0-90°, it is necessary to

design a coating containing ductile and brittle poments [5].

A possible method to design such a coating is gpsition of alternating metallic and ceramic layer
to form a multilayer coating. The ductile layersaimultilayer system would allow erosion resistance
at high angles whereas the brittle layers wouldstabe particle penetration at low angles. It was
postulated by Lawn et. al. [98] that multilayer togs comprising of brittle coatings with thin soft
intermetallic layers provide best energy absorptiae to restricting cracks to individual layers and
due to the distribution of energy through the whelstem. Moreover, the different material

parameters of such a system are responsible faothbined behavior of the coatings.

In the present study an approach has been madederstand the erosion mechanism of Cr/CrN
multilayer coatings. The reason for the applicatadnCr/CrN coatings lies in the mechanical and
chemical properties achieved from the individuanponents used in this coating architecture. CrN
coating is known as wear resistant and offers pigitection against corrosion [126]. Moreover, low
intrinsic stresses and low friction coefficientsvlaalso been reported for CrN coatings [127]. A
combination of Cr and CrN layers would provide anbination of ductile properties of Cr coating

leading to low removal during erosion whereas CrdNilg provide more fracture toughness leading to

resistance to crack propagation.

7.1.1. Gravimetric Analysis

Erosion tests were conducted at room temperatuigci@tence angles of 30° and 90°. Macroscopic
images of the exemplary specimens of Cr0.25/CrNarbCr0.25/CrN3.75 are depicted in Fig.7.1.
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30° 90°

Cr0.25/CrN0.25

Cr0.25/CrN3.75

Figure 7.1: Macroscopic images of multilayer CNGnultilayer coatings

It can be seen that the shape of the erosion beaiged from oval/elliptical at 30° to a round shape

90° incidence angle (Fig. 7.1). This change in shegpn be related to the increase in contact area
between the particles and the coating surface guhie erosion process at various angles. Another
interesting finding is the optical difference ohamt at 30° incidence angle between the two coatings
It can be observed that sharp transfer from sulesttbacoating can be observed within the eroded are

for Cr0.25/CrN3.75 whereas no clear coating edgeewbserved for Cr0.25/Cr0.25. This indicates

that the erosion process for Cr0.25/CrN0.25 do¢slimw rapid spallation during the erosion process
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Figure 7.2: Gravimetric measurements for erosiamutilayer Cr/CrN coatings at 30° impact angle

Such type of behavior is generally observed fortinga with a good adhesion to the substrate or
which support layer by layer removal of coatingraegts. Gravimetric analyse of Cr/CrN multilayer
coatings at an incidence angle of 30° show that wiohe multilayer coatings protect against ernsio
(Fig.7.2). Cr0.5/CrN0O.5, Cr1/CrN3 and Cr0.25/CrND.@oatings show relatively longer incubation
times compared to IN718 substrate without coafiige erosion curve of Cr0.5/CrNO.5 is found to be
nearly parallel to the erosion curve of the uncddté718 after the incubation time depicting that
coating has been rapidly eroded after the incubaperiod. In contrary, Cr0.25/CrN0.25 and
Cr1/CrN3 showed a non-parallel behavior after theubation time indicating slow removal of the
coatings. This behavior also indicates that evedar ahe first cracks are generated, the coating
architecture does not allow the acceleration ofcitaek propagation process. High energetic pasticle
are required to completely erode the coating far shbstrate. Since metal phases show critical
behavior during erosion at an incidence angle df, &@rther improvement of the system with a

coating with higher hardness and higher fractunghaess is intended.
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Figure 7.3: Gravimetric measurements observed dwiosion of multilayer Cr/CrN coatings at an
incidence angle of 90°

Erosion analyses of the coatings at normal anglesdapicted in Fig. 7.3. No coating showed an
incubation time in this case. Hence, the perforreamicthis coating deteriorated during the erosion
process at oblique angles. Multilayer coatings whigh CrN volume i.e. Crl/CrN3 and
Cr0.25/CrN3.75 seem to be showing the worse erdsgtyavior in this case. Since ceramic phases are
critical at oblique incidence angles, hence it baninterpreted that high volumes of ceramic phases
within a coating would always be critical duringsion at 90°. A thickness of 0.25 pum of CrN seems
to be a better option but still not the best oneother possibility to improve the coating behaaor

obligue angles can be used as a ceramic coatiregadively higher fracture toughness.

7.1.2. Erosion Mechanism

The erosion mechanisms in single or multilayer iogat differ in accordance to the various testing
conditions. In the present investigation a variatio the bilayer period of the Cr/CrN multilayer
coating is used to study the erosion mechanisnis.vEmiation would lead to different mechanical and
structural properties affecting the crack propagatvithin the coating. Moreover, a variation in the
particle incidence angle of the erosion particle Ao been discussed here to understand the more

ductile or brittle behavior of the coating due tmnges in the bilayer period.
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A SEM image of a Crl/CrN1 coating shows the remaMathe coating in large pieces from the
coating surface (Fig. 7.4a). A high density of lateeracks mostly on the metallic-ceramic interface
can also be detected. Hence, formations of suaksiat the interface of the coating are causedalue
low mechanical bonding between the two layers. Meee, intercolumnar shearing of the coating also

took place at some locations within the cross-sacti

PVD coatings grow in form of columnar structuresl @ame prone to failure when these columns are
subjected to external loading. Due to impingemdmaaticles with high velocities, bending of these
columns take place leading to vertical cracking singlaring of columns [64]. A similar effect can be
seen for the Crl/CrN1 coating eroded at 90° (Figudréb). Once a crack is initiated in the top layer
instead of crack deflection in the second layentiooous crack propagation between the grown
columns takes place until the crack reaches thetisub. Initiation of lateral cracking is expeciad

the further stages of the erosion process leadinngrhoval of the coating in form of pieces between
two vertical cracks. Failure of coatings due to poessive stresses can be related to the continuous
particle impact on the coating surface leadingurfese fatigue [128].

Intercolumnar shearing

Removal of coating in
large pieces

I S -

=

Propagation of cracks along the
Lateral cracks deposited columns

Sum

Figure 7.4: Cr1/CrN1 coating at (a-b) 90 °incidenogle

Due to high cyclic loading during the solid pari@rosion, the coating applies a compressive stress
on the substrate. When these compressive stregssesdethe plastic limit of the substrate, a shear
failure of the coating occurs leading to embeddifithe coating into the substrate accompanied with
substrate deformation. This is also referred asrskp in literature [129]. A similar effect caa b
seen in Fig. 7.5a. where a number of coating cotuame displaced (delta) due to the incidence of
sharped edged erodent. According to Bhomwick et[1219] when an indenter penetrates a coating
surface, and a displacemeints induced by the indenter, the columns at theeeafgthe indenter
displace vertically with a distan@eas shown in Fig. 7.5b. This leads to push theirgatithin the
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substrate resulting in expansion of plastic cawtthin the coating. Therefore, the indenter hast to
overcome the resistance due to intercolumnar shedrthe elasto-plastic resistance of the bulk
substrate. A possibility to reduce this shear failig to increase the thickness of the coatingdeioto
decrease the intensity of the internal stressesdagt the two consecutive layers or between coating
and substrate [23].

¢ shear at
inter-

columnar

boundary

- plastic zong|

'\\\ Shearing of coating

layers leading to
substrate deformation

Figure 7.5: Intercolumnar shear sliding of (a) QM1 coating (b) Schematic

Fig. 7.6a shows the erosion of surfaces at obléngtes for a Cr1/CrN3 coating with an appearance of
consecutive semicircular cracks (cone cracks) erctiating surface. Cone crack generation is caused
due to residual stresses on the surface and tlueefaif surface due to contact. This type of cragki
has been defined as the Mode | type failure angkeaific stress intensity factor is required to ioelu
such type of cracks [130]. The generation of calingracks is a consequence of radial cracks (Fig.
7.6b). Radial cracks generated at the coating matbsinterface which propagate during the erosion
process finally leading to distortion of the cogtinto pieces. Multiple radial cracks generate rmlyri
the erosion and finally tend to form a network tluéhe cohesive property of the cracks.

Initiation of radial cracks

Figure 7.6: (a) SEM image of Crl/CrN3 at 90° ictp@ngle (a) surface (b) cross-section
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Formation of cone and radial cracks during the ichpa a characteristic of ceramic layer. An
interesting development of cone or radial crackenguthe abrasion process has been studied by
Qasim et. al [131]. According to them, the indivédlcoating thickness in a bilayer coating and the
size of the indenter (incoming particle) is respolesto decide if the failure would lead to cone or
radial cracking. Critical load has been identifesione of the important factors which lead toameaf
yielding in form of cone cracks or to interfacebstrate yielding leading to radial cracks. Another
theory of the material removal process in form afie cracks or radial cracks have been provided by
Lee et. al. [132]. They found that the elastic nagrh between coating and substrate is one of the ke
factor in ruling the formation of radial or coneacks. For Ec/Es < 5 (hard substrates) a formation
radial cracks would initiate first whereas Ec/ES ¢soft substrates) would favor the formation afi€o
cracks. Radial cracks pop at the coating-subsitnegeface and propagate radially into the coatingro
lateral distances. They propagate in the subsudaddind their way to the surface when the externa
loading exceeds the critical load values of thetinga. Formation of such cracks is a function of
material properties and the external loading [1B34]. Cone cracking is referred as a secondary
abrasion process in literature as it is observest #ie formation of radial cracks [135]. Cone &rag
needs generally needs higher impact energies #uhal cracking [133].

Crack deflection at metal-ceramic interface

Sum

Figure 7.7: Erosion mechanism observed for Cr1/Qmd®ilayer coatings (a) incidence angle 30° (b)
incidence angle 90°

A layer by layer material removal is depicted foriacidence angle of 30° (Fig. 7.7a) for Cr1/CrN3
coating. A crack is originated during the erosioogess in the CrN layer which deflected with a slop
within a metal layer. The crack propagation frontah€r to CrN layer further deflected at an andle o
135 ° and propagated in further stages normaleartterface. The sloped propagation of the cragks i
a metal layer clearly addresses to the advantagsind materials of various mechanical properties.
can also be observed that many of the cracks gedeaa the metal-ceramic interface and stopped at
the next metal-ceramic interface. Hence, it camba&preted that the toughness of the metal Crrlaye
was high enough for such loading conditions whigtisted the further propagation of the crack. This

layer by layer removal process would prolong theema removal process which is essential for the
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long incubation times. Most of the specimen testethis work at shallow angles show a similar

behavior.

A comprehensive explanation of tribological behawbmultilayer coatings with thin metal layers has
been defined by Chen et. al. [136]. According tenth metal and ceramic layers having different
crystalline structures lead to crystal mismatcratn boundaries. This led to a stress generatitimea
interfaces and hinders the movement of dislocatiothe metallic layer. Coatings with thin metallic
layer generally lead to high stresses at the baiggland hence more amount of ceramic layer i®to b
removed before a crack can be initiated in the lietayer. As the thickness of the metallic layer
increase low stresses are needed to initiate gitgsith the metallic coatings. A similar effedrc be
observed for Crl/CrN3 eroded at oblique anglesig F.7b. It can be observed that the crack
generated in CrN layer stop or deflect at the fatar of the Cr and CrN coating interface. Hence the
energy of the particles were enough to generatertieks but not to allow the movement of this crack
into Cr thin layer.

A single particle impact is depicted for Cr3/CrNdating (Fig. 7.8a). Plastic deformation of thetfirs
layers took place which can be seen in form ofrat.dehe compressive stresses observed at the edges
of the impact seem to exceed the plastic yielthefdoating leading to damage (spalling) in thahare

Figure 7.8: (a) Single particle impact Cr3/CrN1 @joss-sectional image of Cr3/CrN1 at normal
incidence angle

The theory of plastic deformation of the coatinge da single particle impact observed in Fig. 7.8a
which can be supported with the cross-section ebsgen Fig. 7.8b. It can be observed that squeezing
of ceramic CrN thin layers took place between theattic Cr layers during the erosion process. Such
a type of behavior can be related to the critickiness of the layers and the fracture toughnkweo
coatings. CrN with low thickness and inadequatetén@ toughness does not seem to withstand the
external loading due to the particles. In contr@stietallic layers seem to be tough enough to bear
the external loading, because no squeezing of leek@ers is reported in previous discussed cases.
Therefore, while designing a multilayer systemisitmportance to understand the concept of critical
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thickness of single layers, so that a combinatibmechanical properties can be obtained for the
desired applications. SEM and gravimetric analy#e€r3/CrN1 coating lead to the conclusion that
such a system did not provide the advantages ofiltilaer coating system where no load bearing
capacity of CrN layers were observed in a Cr maWiiecinski [84] too reported on the critical

thickness of layers where he found an increasedsi@n rate with the increasing ductile phase in
Cr/CrN multilayer coating. Maurer and Schulze [620 discussed the importance of critical thickness
of films and postulated a variation in the erosijoimenomenon when the coating thickness is

sufficiently high or low.

An interesting finding on the availability of duetiphase within a ceramic matrix has been repdiyed
Ramanujam and Nakamura [137]. They investigatecethsion behavior of multiple particle erosion
of ceramic coatings using FEM analysis. They maded NiCrAlY coating with no metal phase, with
an addition of 11% CoNiCrAlY and 29% CoNiCrAlY meétphase. A schematic of the eroded
behavior during erosion can be observed in Fig. T simulated results were categorized into
kinetic energy (T), elastic strain energy (We) sgitastrain energy (Wp) and total fracture/separati
energy €).In case of pure ceramic coating, high valuesngddrted kinetic energies were observed
with low values of elastic strain energy and sefiamaenergy. With the addition of 11% metal phase,
a reduction in the imparted kinetic energy into shbstrate in observed as compared to pure ceramic
coating. Moreover, plastic strain energy was oleskrior this specimen along with elastic strain
energy. With the increase of metal content, higisfit strain energy values were observed with the

decrease in the kinetic energy values impartedheyparticles.

Rananjam and Nakamura [137] also postulated tlegiar of a coating is sensitive to the coating
structure just below the impacts. A higher mata®ahoval in coating with high metallic content was
found as compared to pure ceramic coatings andngoatith less metallic content. The material
removal was found to be in form of large chunks #edlarge material removal was addressed to high
inhomogeneity of coating material and microstruatueficiencies next to the impact locations. The
simulation results correspond to the two main trectmechanisms in metallic/ceramic coatings. The
first factor is the fracture toughness at the metahmic boundaries and the second mechanism was
the plastic absorption capacity of the coatingschssing the combination effect of the two factors,
the fracture toughness of the ductile phase plagsrtore important role. Higher fracture toughndss o
the ductile phase is responsible for the energgratisn and would lead to high plastic deformation

resistance of the coating.
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Figure 7.9: SEM image of Cr0.5/CrNO.5 at 90° impangle (a) single particle impact (b) cross-
section image

A single particle impact for Cr0.5/CrN0.5 multilayeoating after erosion at oblique angle is shown i
Fig. 7.9a. The size of the crater was found to fygaimately 150 um which can be related to the
size of a single erodent particle. The first fevatong layers (from the top) revealed a layer byetay
erosion which is desired for the deceleration @ ¢nosion process. Detailed analysis of the cross-
section of the same specimen shows that an intdistalrtion of the coating took place leading te th
detachment of the coating into pieces (Fig. 7.10M)ltiple impact of the particles lead to crack
propagation from the coating surface to the coadungstrate interface but the crack propagation does
not lead to a delamination of the coating from sstrate. No clear crack deflection can be seen
during the crack propagation and the cross-sedtiotensely occupied by lateral cracks which is
typical for ceramic coatings.

7.2.  CrN/X (X=Ti,TiN) Multilayers, TiN single layer

In order to study on the erosion behavior due tatian in material properties, the Cr (metalligda)
was replaced with another metallic layer (Ti-cog}irA combination of ceramic-ceramic layer was
studied by introducing a TiN (ceramic coating) W&hN (ceramic coating). A TiN single layer was
deposited in order to compare the multilayer cagtiwith a conventional single layer erosion resista

coating.

7.2.1. Gravimetric analysis
A gravimetric analysis of the erosion behavior loé tifferent coatings at an incidence angle of 30°
can be observed in Fig.7.10. It can be observedniharotection against erosion was obtained for

TiN1/CrN3 coating. Hence a total failure can beestsed for a ceramic-ceramic combination in this

case. An incubation period of 5 minutes was obskimecase of Til/CrN3 coating. In contrast,

65



Cr1/CrN3 coating was observed to be best amongtiiglayer system. In case of single layer TiN

coating, no erosion was observed after an erosdogbof 8 hours.
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Figure 7.10: Gravimetric analysis of Multilayer ahgle layer coatings at 30°

Between all the four tested multilayer coatingshiis case, Cr1/CrN3 coating in this case showed the
best erosion resistance. Therefore it can be agbkimihis case, that the 1:3 ratio observed foCeN/
combination cannot be applied for Ti/CrN and TiNXCcombinations. Gravimetric analysis of the
four tested coatings at oblique angles can be vbden Fig. 7.11. It can be seen that TiN singlefa
coating proved to be the best among all the testedings. At normal incidence angles, Cr/CrN
multilayer coatings did not show better performatien Ti/CrN and TiN/CrN coating. Hence it can
be here directly interpreted that coatings did staaw a similar performance during tests at oblique

angles as in case of 30°.
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Figure 7.11: Mass Loss graphs of various multilagsed monolayer coatings eroded at 90° impact
angle
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A comparison between Cr/CrN and TiN/CrN coatings weade by Major et.al. [138] with a thickness
of 1 um of each layer. Moreover, they also proveat the wear performance of a bilayer period of
2um of TiN/CrN multilayer was better than Cr/CrNating. Improved performance of TiN/CrN
multilayer was related to the presence of smalstetg of TiN (25nm) in the CrN (40nm) coating
whereas high lattice distortion of was observedhim Cr/CrN multilayer during deposition process.
The findings observed in Fig.7.11 clearly show B&CrN multilayer was a better option for erosion
applications at low angle. Moreover, the numbdrbilayers also play a vital role for a particular

coating system used for a particular application.
7.2.2. Erosion Mechanism
The erosion behavior of Til/CrN3 coatings at vasiewosion behavior can be observed from Fig.7.12.

After first 10 minutes no removal of material cam dbserved from the optical micrographs. At the
end of 20 min, appearance of substrate can beauserhich became more evident after erosion at

19 39 10g 209 409

Figure 7.12: Optical images observed for Til/CrNt®ravarious intervals during erosion tests at 30°
impact angle

Fig.7.13a shows an SEM image of the Ti/CrN coatinga low eroded area. It can be seen that the
crack initiation took place at the CrN-Ti interfadéerefore, it can be assumed that a weak intaffac
energy exists at the CrN-Ti interface which caneler be a result of the difference in lattice
structure or in deposition energy of the ions betwe&rN and Ti layers. Moreover, the crack
propagation did always take place in the CrN lagstead of the Ti layer. This can be related toEhe
Modulus of the used materials in the coating sysféne low E-Modulus of the Titanium (183.42 +
51.52 GPa) in comparison to CrN (195.76 + 25.17)&ams to be one of the parameters affecting

the behavior of crack propagation.
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Figure 7.13: SEM images of Ti/CrN coatings at (@) Bnpact angle (b-d) 90° impact angle

An interesting study on the density of the crac&eegated during a wear process is discussed by L.
Leterrier [139]. According to him, the fragmentatiprocess of a coating system can be classified int
3 stage mechanism. During the first stage, cratate at the defect sites and the propagatiothef
cracks takes place perpendicular to the loadirection. In order to generate the onset of crackimgy,
applied load should exceed the critical strain @alfalso known as crack onset strain, COS). The
density of the cracks generated during phase isrged by the statistical number of coating defects
available in the coating system. During the secstagie, the size of the coating fragments reach a
maximum size and no generation of new cracks asergbd. Further strain in this stage leads to
transverse buckling of the coatings. As observeHig. 7.13c, a high density of cracks can be seen
for 90° as compared to 30° and can be interprétadhigh strain was observed during impact angles.
Moreover, presence of lateral cracks at 30° andadoitity of lateral and transverse cracks at 99° i
also a clue that high strain was observed at 96A #t 30°. During stage 3, the crack generation
reaches a saturation value and delamination ottla¢éing was addressed as one of the main wear
process.
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Detailed SEM investigation on the growth of Til/GrMoatings shows a high density of coating
defects (Fig. 7.13d). Defects at coating-subsirdexface affect the growth of the multilayer cogs
which can be referred as a discontinuation in agagirowth. Such type of contamination takes place
due to presence of foreign particles before omdutie coating process [140]. Literature indicaites
growth of such cones at the coating-substratefatteriead to poor adhesion of the coating eventuall
leading to decohesion and delamination. In caskigif residual stresses within the coatings, such
defects can lead to spalling of the coating fromdhrface [141]. In erosion applications, penairati
of particles at the opening between defect andirmpatan lead to rapid crack propagation till the
coating-substrate interface. Scratch test resfiltiseoTi1l/CrN coating (Section 5.3.2) also suppbet
above mentioned theory as low adhesion and laegesgrallation were observed for these coatings.

A series of optical images during erosion testin@itN1/CrN3 can be observed in Fig. 7.14. With
reference to the gravimetric analysis (Fig. 7.11gss removal of the coating starts from the vest fi
minutes be no clear damage can be observed frooptieal image. With increasing erosion time, the

size of erosion scar seem to increase leadingriosdlcomplete material removal after 20 min.

19/1 min 3 9/3 min 10 g/ 10 min 20 g/ 20 min B0 min

Figure 7.14: Optical images observed for TiN1/Cif&r various intervals during erosion tests at 30°
impact angle

Another important coating growth characteristid®i/CrN is the abnormal growth of CrN coating on
TiN layer. It was observed that coating growth eNGayer is form of V-Column structure on TiN
coating with nucleation of new columns during tleating process (Section 5.1.2). It can be assumed
that an incoming incident particle has a high philitg to detach CrN columns because the adhesion
between the two consecutive layers is low due eddtv contact area. This can be also observed from
Fig.7.15a shows a CrN layer is completely removecdhfthe TiN layer. Moreover, crack propagation
between the columns which further propagated tosvétid coating-substrate interface. Hence, better
adhesion between two consecutive layers can béutiosoto improve the erosion of these coatings.
The erosion of a TiN/CrN coating at oblique angias be observed in Fig. 7.15b. The load bearing
capacity of the coating is very low leading to stunal disintegration of the coating columns. The
crack generation seems to start from the coatibgtsate interface moving rapidly towards the caatin
surface. Hence TiN as the bonding layer betweetingpand substrate may be responsible for the

poor adhesion between coating and substrate.
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Figure 7.15: SEM images of TiN/CrN coatings a) Bpact angle b) 90° impact angle

Erosion of a TiN coating at 30° impact angle carobeerved in Fig.7.16. The kinetic energy of the
incoming particles seems to be low to initiate @ckrpropagation mechanism in the coating. Removal
of the coating surface due to a coating defectbmanbserved in Fig. 7.16a. It can be observed here
that the incident particle was able to remove & péara carrot leaving behind an opening on the
coating surface. An effect of a single particle @opis seen in Fig.17.6s available from the edges
the fine columns the TiN coating resist the bendifigthe columns. Low plastic deformation is
determined in this case with no removal of coaffig. 7.10).

Figure 7.16: SEM images of TiN coatings at a-b) id@3act angle

An optical analysis of a TiN coating at 90° inciderangle at various instances during the erosion ca
be observed in Fig. 7.17. at various instants dutive erosion process. During the first minutes,
nucleation of discontinuities leading to small lkan be seen on the coating surface due to the
particle erosion. With further erosion, these hajesw in size making their way to the substrate. A
coalescence of these holes in the later stagdweddrbsion process can lead to removal of coating i

large pieces.
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Figure 7.17: Optical images observed for TIN1/Cafi@r various intervals during erosion tests

Fig.7.18 shows SEM images of TiN after erosionrabhlique angle. The presence of carrot-effects
(7.18 a) due to availability of contaminates ordiequate arc management process can lead to

deterioration in coating structural integrity. Aack propagation between the columns has been

preferred at these erosion conditions (7.18-b,cpredver, distortion of the coating in form of

intercolumnar crack propagation took place. Theeatin of the coating with the substrate sufficient
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Figure 7.18: Erosion behavior of TiN coating a2l)° impact angle

A shear step mechanism can be identified in Fi§d.IThis mechanism takes place when the
compressive stresses in the coating exceed thecpliasits of the substrate leading to embedding of
coating in the substrate. This behavior was alsm ger Cr/CrN coatings (Fig. 7.5a). The erosion
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behavior of TiN coating was studied by Yang.et[42]. According to them lower erosion rates were
observed at 30° than at 90°. They proposed thasitran metal nitrides belong to a group of semi-
brittle material. Cutting was identified as the manaterial removal process at shallow angles and
cracking at oblique angles. They also formulateat #h moderate cutting and cracking should be
offered by a coating for erosion applications. Téé be achieved by a combination of optimum
hardness and toughness of a coating. In contrastguna et.al. reported a ductile erosion of TiN
coatings on AISI 4140 Steel [143]. They found agteffects with the formation of radial cracks at
shallow incidence angles in comparison to cratenéion at oblique angles. Hence, a higher erosion
rate was reported at 30° incidence angle as comp@ar®0°. No analyses on residual stresses or
texture of the coatings have been provided whichfagher explain the behavior of the TiN coating

system.

7.3. On the design of erosion resistant coatings
7.3.1. Correlation between H/E? and erosion rate

Elastic deformation and resistance to plastic aeédion should be offered by protective coatings
during solid particle contact. Hence protectivetoms should possess low Elastic Modulus (E) and
high hardness (H). A high hardness will provideistasice against penetration whereas low Elastic
Modulus will distribute load on a large area [14M4].order to simulate contact behavior, Johnson
proposed a model where a load Py is needed tatmifilastic deformation in a flat plane with adligi
sphere of radius ‘r'. The contact analysis of te tigid body lead to the following relationship:
Py=0.78 F (H¥/E?)
Hence, a direct relation between plasticity of thaterial and material parameters (Hardness and E-
Modulus) was obtained. Literature indicate¥H4 as a parameter which controls the resistance of a
material against plastic deformation [145-147].the present discussion, the relationship between

erosion rate and ¥£? was analyzed.
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Figure 7.19: Relationship between Erosion rate emeghanical properties of coatings (a) Cr/CrN
coatings (b) all tested single layer and multilayeatings

Fig. 7.19a,b illustrates the relationship betweetEHand the erosion rate for various coatings.
Erosion rates were calculated for 60 minutes aheidence angle of 30°. A comparison of the erosion
behavior of various Cr/CrN coatings is given in.Hidl9a. An exponential decay of the trend lindhwit
increasing FE? values can be seen. A fit of 20% was estimatedhi@rCr/CrN coatings through the
data fit. In the second analysis, a correlatiorwben H/E? and the erosion rate between the tested
Cr/CrN coatings, Ti/CrN, TiN/CrN and TiN coatingsshown (Fig 7.20b). A fit of 26% is obtained by
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a non-linear regression analysis in this case. Tdwe exceptions Cr0.25/CrN0.25, Cr1/CrN3,
Cr0.25/CrN3.75 and Til/CrN3 did show almost no elation with the plotted trend. Previous
analysis revealed that the Cr0.25/CrN0.25 coatimyvsa low H/E® value with high adhesion on the
substrate (Section 5.3). Contrarily, in case of. Z3(CrN3.75, extremely low adhesion (Section 5.3)
values were measured for this coating along wittova H¥E” In case of Cr0.25/CrN0.25 and
Til/CrN3 high adhesion values were estimated (8edhi.3). As available from this data (Fig. 7.19
a,b), coatings with exceptional good/worse propsrtio not fit with the trend line. The comparisén
the two illustrations provides similar mathematidahctions. Hence, it can be concluded that
Johnson’s model can be an optimum method in oadstudy the erosion behavior of coatings with an
assumption that the coating adhesion and the maetgmoperties (Hardness/E-Modulus) should be
high enough. A similar type of analysis has beemdooted by Bousser [18]. He analyzed the erosion
rates of CrN, TiN and TiSiN coatings against hassngf the coating (H), elastic strain to failurégH
and onset of plastic deformation to failure’/ff). He identified the hardness of the coating (Hjhes
best fit for this relationship (87%) was found followed by a H/E? (44%) and H/E (10%).

7.3.2. Effect of elastic mismatch between coating and sutrate

Deposition of hard coatings on soft substrates med®mthe wear resistance of coatings but such a
combination can also lead to interface problemsyd3iion of coatings on substrates lead to high
residual stresses due to thermal or elastic migmagtween the coating and substrate (Ec/Es). These
stresses can result to buckling and spalling oficgs [148]. Lee reported that maximum tensilesstre
occurs at the surface of the coating when Ec/Es veds less than 1.5 whereas for Ec/Es ratio greate
than 1.5, these stresses were found to be on #tgesubstrate interface [148]. Difference in Eias
Modulus between coating (Ec) and substrate (E€) play an important role in determining the
critical load of a coating. For a soda-lime glagatmng an increase in EC/Es ratio lead to a deerigns
the critical load resulting in fast delaminationtbe coating. Coatings with an Ec/Es > 5 prefer to
laminate with the initiation of radial cracks. Arc/Es < 5 leads to cone cracks whereas Ec/Es<1
(highly stiff substrates) are resistant againdtation of radial fractures [2]. A similar type afodel

has been proposed by Miranda et. al. [149] defielagtic mismatch between coating and substrate as
a critical factor in brittle coatings. In Fig. 7,20e quotient of ratio of yield strength of subgtr(Yc)

and tensile stress of coating (Sc) as a functigheglastic mismatch modulus can be seen. Acagrdin
to the authors the tensile stresses/von Misessssagenerated within the coating and coating-satiestr
interface is responsible for the type of crack pggtion within the coatings system. Moreover,
knowledge about the yield strength of coating aresgate would help to localize if the yielding ¢ak
place within the substrate or coating. If, the tidasismatch modulus is unity (Ec/Es=1), the stesss
present at the coating-substrate interface willdiecegarding the yielding in coating or substré&iay.

high stresses at the interface, yielding startsiftbe coating going towards the substrate. In cése
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soft coating on hard substrate (Ec/Es<1) yielditagts from the substrate [149]. Similar type of
analysis has been conducted by various researathene the formation of radial or cone cracks after

loading is dependent on the Ec/Es ratio [150].
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Figure 7.20: Influence of elastic-modulus ratio the (a) substrate-coating fracture (b) force-
displacement response

A relationship between the quotients elastic mosluitio of the coating to substrate and ratio efdyi

strength of substrate to tensile stresses in qpatan be observed in Fig. 7.20b. FEM simulations
were performed for a substrate with an E-Modulusl@® GPa. E-modulus of coating was varied
between 84.5 GPa and 507 GPa. With increase insEefo, higher load is required to achieve a
similar penetration depth. A higher elasticity hi@ved when the increase in Ec/Es ratio results in
resistance against plastic deformation. Such a ¢yfeehavior is expected for hard coatings on softe
substrates. In case of soft coatings and hard reiést(Ec/Es < 1) lower loads are required for the
onset of plastic deformation. For such systemdeupieffect is observed during the nanoindentation
process and no plastic deformation of the subsfshiear-step effect) is expected after the erodien

to the higher hardness of substrate [151].

Coatings System Ef/Es Dominant Erosion Mechanism
Inconel 718 Es: 241.2 -
Cr1/CrN3 0.38 Crack deflection, Lateral cracks
Cr3/CrN1 1.17 Plasticity of Substrate/ No cleariahdr lateral cracks observed
Cr1/CrN1 1.32 Lateral/ Radial Cracks

Cr0.25/CrN0.25 1.23 Lateral Cracks

Cr0.5/CrNO.5 1.04 Lateral/radial cracks
Cr0.25/CrN3.75 1.25 Lateral cracks

75



Til/CrN3 1.39 Lateral /radial cracks
TiN1/CrN3 1.55 Lateral /radial cracks
TiN 1.486 Plasticity of Substrate/Inter/Intra coluan cracks, shear sliding of
columns

Table 7-1: Dominant erosion mechanisms observedalge/Es ratios

In the current study a correlation between thetielasismatch ratio (Ec/Es) and the dominant erosion
mechanism in the single and multilayer coatings gaested. A low Ec/Es value for the Cr1l/CrN3
coating (Table 7-1) proved the presence of lataatks at an impact angle of 30°. Radial/cone @ack
have been observed for the same coating at an imapate of 90°. In other multilayer coatings, the
elastic mismatch was found in the range of 1-1&aéihg a dominant presence of radial or lateral
cracking. In case of single layer TiN coating, @alial cracks were visible. The dominant coating
mechanism was inter/intra columnar crack generahlamoindentation theories cannot be idealized to
describe the erosion behavior of coatings but aindentation theory can be used to understand the
contact behavior between particle/coating, sulesttasting or coating/coating. For all most all the
calculated Ef/Es ratios a combination of radial dawkral cracks has been observed which is in
contrast to the nanoindentation theories. Sulesttatormation (shear step) can be seen fo/l& E
ratio of 0.38 (Cr1/CrN3) which is proved from theodel proposed in Fig. 7.20b. On contrary,
presence of shear steps can also be found for d#itings (EEs= 1.486). Erosion investigation has
been performed at various incidence angles leattingifferent wear mechanisms for high speed
particles. In case of nanoindentation, a defined $peed indentation is opted for the measurements

which makes the technique incomparable with erossting.

7.3.3. Effect of modulus mismatch between consecutive lagge

The influence of effect of elastic mismatch of pédes on the crack propagation can be understood
from contact mechanics. Generally, a FEM model isting of a substrate with a single or multilayer

is used which is indented using a spherical rigaknter with various forces. The elastic propenies

the substrate and coatings (Elastic Modulus andsBairatio) are varied in order to observe various
indentation effects and to identify the weak posisi within a coating system. These weak positions
are addressed to be the locations where spallingeotoating can take place. Lardner et. al. [152]
found that the E-Modulus of top layer (E1) and emsdive coating layer (E2) play a vital role in
understanding the load absorption capability of ¢bating. They concluded that with the help of
E1/E2 ratio it is possible to localize if the maxm tensile stresses and shear stresses between the

coating-coating or at the substrate-coating intexfa
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E1-E2 (GPa) | Erosion Rate @30° (mg/g) Erosion Rate @° (mg/g)

Cr1/CrN3 112.42 0 2.52
Til/CrN3 12.23 0.84 0.84
TiN1/CrN3 275.25 1.8 1.8

Table 7-2: Comparison of erosion rates for varicoestings

An analysis of the relationship between modulusmmaieh between CrN and Cr,Ti, TiN is depicted in
Table 7-2. No direct relationship between elastamus mismatch and the erosion rates at 30° and
90° incidence angles can be seen. Since erosi@ncigmbination of various wear processes like
cutting, chipping, elastic deformation, shearing éterefore no clear statement can be made on the
relationship between two parameters. Hence, iteaassumed that a correlation between modulus of
mismatch and a wear process can be provided wheingke form of wear process takes place. A
similar type of analysis has been conducted by Bsgkaet.al. [153]. He tested TiAIN coatings with a
combination of metallic interlayers (T, Zr, Hf, NbNo clear trends between the elastic mismatch
modulus and the erosion rate were found for thdilayr coatings when eroded with glass angDAl

particles.

In order to discuss the effect of elastic modulusnmatch, it is necessary to understand the coating
structure of various coatings. In case of Cr/CrNtitayer coating, a growth of CrN layer (E= 195.75
+ 25.17) takes place on the Cr layer (308.17 +£2.Phe CrN coating shows a combination of bcc
and hexagonal structure whereas the Cr layer dsrsfisa bee structure. Similarly in case of Ti/CrN
coating, the CrN coating was deposited on a hexagdn(E= 183.42 + 51.52 GPa) layer and in
TiN/CrN on a TiN (E=470 = 67.56 GPa) fcc structuire all the cases CrN was the topmost layer in
the coating system. If crack propagation startmftbe top most layer (CrN), the bcc and hexagonal
phases will decide the direction and the cracksairgensity of crack propagation. If the consaauti
layer offers a change in crystal structure, a tasie or change in crack direction would be offdmed
the incoming crack. If the crystal structure of #@nsecutive layer is similar to that of the CrN
coating, low/no resistance against crack propagdtcexpected. It is important to mention that not
only the crystal structure is the deciding factor the control of crack propagation but material
properties like fracture toughness (Kc) plays anaéimportant role in this case. If a radial cratk
the substrate-coating interface takes place dutiegwear process, the mechanical properties of the
coating intact with the substrate will decide oae thack propagation behavior of the crack. A dethail
study on the macro-crack propagation with materadlvarious structures has been performed by
Lipperman et. al. [154]. With the help of FEM simatibns, the authors were able to prove that in a
triangular structure, crack propagation has onlg orack type which can propagate in three possible
directions. In case of hexagonal structure, thriéferdnt types of cracks can take place with three

possible directions. Hence 9 possible propagatiathspwere proposed for a hexagonal structure.
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Stress intensity factor and the material propestiese some of the factors influencing the propagati

paths of a crack.

Literature also refers to some of the fracture raeats factors known as Dunders Parameigifs
which are responsible for the chracteristics oftioga in a bilayer period. Parameterefers to the
extensional stiffness between two materials wheestsows a mismatch in the volumetric stiffness.
These parameters based on Elastic Modulus andohaigsos of two or more materials [155]. Lower
values of Dunders parameter indicate larger elasigmatch leading to shield crack propagation

within the interlayer [156].

8. Conclusions and future prospects

Erosion of turbine components due to solid participact has been identified as a major problem.
Replacement of such components leads to high imesdt costs and low mean-time-between-
overhaul. The most popular method to reduce weauof components is the application of coatings
providing a protection due to their special projesttin the present work, various PVD coatings have
been developed in order to study and understandrtgston behavior of coatings. Single layer as well
as multilayer coatings have been deposited in angtegn sputtering coater and subsequently tested

under defined testing conditions.

The deposition parameters used for the PVD magnejpattering process play a vital role the coating
growth resulting in variation in mechanical propest In case of reactive gas sputtering, the ratio
between WAr causes the formation of more or less hard phésading to increase or decrease in

hardness of the coatings. Chamber pressure, sigbbies and cathode power seem to influence the
growth of the coating too. In case of Cr/CrN malygr coatings, some coatings prefer the formation
of CrN phase whereas in other systems a combinafid®N and CiN was analyzed by means of

diffractometry. A stable formation of CrN becauddoover binding energies was found using an XPS

analysis resulting in a high probability for therfation of CrN phase in contrast to,8r In case of
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single layer TiN coatings, only the presence ofpliN phase was detected from the diffractograms.
Formation of CrN, TiN and a mixture of Cr and Tigsles were received during the deposition of
Ti/CrN and TiN/CrN phases. Similar to single laydgie mechanical properties of multilayer coatings
were affected by various phase formations witha ¢batings. The formation of £ii has also been
reported during the deposition of Ti/CrN and TiNN3zoatings which is responsible for embrittlement
of the structure resulting in deterioration of meaical properties. Hence, the selection of optimum
deposition parameters, change in bilayer perioduggon or increase in the thickness of the
alternating deposited layers etc. formation of umed phases can be avoided. This would lead to

better mechanical properties for the particuladiapfion.

Detailed investigation on the erosion behavior of0@N, CrN/X (X= Ti, TiN) and single layer TiN
coating has been performed in this research wohe @&rosion behavior of the above discussed
coatings varies with variable testing conditionscifange in erosion mechanisms with the changing
incidence angle was proved. Dominant lateral cragkivas detected while erosion at low angles
whereas a dominant radial and Hertzian cracking face at normal angles. A change in bilayer
period of the Cr/CrN multilayer showed a visibldeet on the erosion behavior of those coatings.
Contrary to the Cr1/CrN3 coating, Til/CrN3 and TIRAN3 coatings did not show erosion protection
against sand erosion. TiN monolayer coating onother hand showed no erosion at low angles and

almost no protection at normal angles.

A relationship between #E2 and erosion rate of the coating was discussdtkifest sections. Low fit

of the data between the two parameters but a kbgaid decreasing trend can be seen. Low adhesion
and low values of ME® due to high Elastic Modulus were identified as safithe factors which lead

to low correlation between the two factors. Anaysi the elastic mismatch between coating and
substrate show that Ec/Es is a useful method ityz@ao define nanoindentation processes but no
relation was found for this parameter for erosiogawprocesses. Similarly, a relationship between
differences of Elastic Modulus of consecutive layar a multilayer coating was studied. No direct
relationship between erosion rates was and difteréam E-Modulus and erosion rates at low as well as
at oblique angles. This effect was again referoeith¢ various wear mechanisms occurring at difteren

incidence angles.

Fracture toughness of coatings plays an importalet in order to forecast the behavior of hard
coatings. In the present research work, effortiiegs made in order to estimate the fracture towgghne
of coatings. Unfortunately, no success has beenewsth through the nanoindenation methods.
Literature hints the use of a 4-point bending testan alternative method to estimate the fracture
toughness of coatings. Hence, analytical methi@dsAtpoint bending test can be used to address the
important parameters like fracture toughness anthan material parameters to forecast the propertie
of the coatings. Alternative to scratch tests, #¥pbending tests have also been used to estirhate t

adhesion of coatings on a substrate.
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Another important aspect which influences the ba&fraef multilayer coatings is the adhesion
between two consecutive layers. The interface toegh between two consecutive layers can be
analyzed through Nano indentation or bending tédtss would allow to identify the weak points
within the coatings and to explain the wear medmaniAn estimation of Dunders Parameters
(fracture mechanics) can also be considered adtamative method to understand the combined

behavior of two consecutive deposited layers anit thfluence on the wear behavior.

Coatings with high hardness and low E-Modulus Hzaen established as the best candidates for wear
applications. In order to improve the hardness of W/CrN multilayer coatings, the CrN ceramic
layer can be replaced using harder TiN, TiAIN, TGAN or TiAISIN coatings. The hardness value of
these coatings ranges to between 28-60 GPa as oeiinfma20 GPa for CrN coating. On the other
hand, replacement of CrN with orther possible heodtings can lead to high stresses due to
elastic/thermal mismatch. Moreover, high Elasticddlois values have been reported for the described
hard coatings. Hence an optimum combination of tigtdness, low Elastic Modulus and optimum

stress values should be obtained for wear appbiasti

Understanding the structural strength and weaksesse be a suitable method to analyze the wear
behavior of multilayer coatings. The deposition aainsecutive layers with different mechanical
properties leads to variation in the coating streectduring growth of the coatings. This results in
different mechanical and chemical properties of ¢batings with the variation of depth. Hence a
detailed structural examination of coating can beeffective method to study the behavior of
multilayer coatings. Transmission Electron Micrgsg¢TEM) can be an effective to study the coating
structure, porosity, crystal structure and size anentation of the coating layers. TEM analyses on
the growth of coatings at various deposition pregegrameters, deposition methods and effects on

coating growth due to various substrates are irg@fiol the future.
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