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ABSTRACT

Hard particle ingestion to aerojet engines is detrimental to metallic engine
components, in particular, the rotating compressor blades. Thin TiN coatings have been
applied to compressor components to mitigate erosion from hard particles. However, the
TiN coatings deposited upon stainless steel components have created a galvanic coupling
which leads to unsatisfactory corrosion performance. Chromium has been incorporated
into the binary TiN system to create a ternary (Ti,Cr)N coating system to improve erosion
and corrosion resistance. Cathodic arc deposition was used to deposit coatings using coevaporation of a titanium and chromium cathode as well as evaporation of a titaniumchromium alloyed cathode. The coatings were characterized using x-ray diffraction
(XRD), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and
Vickers microhardness testing. In addition, the coating corrosion and erosion
performance was analyzed. ASTM B117 corrosion testing was performed and the
corrosion performance was largely dependent on the coating thickness and density.
Nanolayered (Ti,Cr)N coatings deposited at low bias had the least corrosion resistance.
Erosion testing was conducted in an in-house erosion rig at 30o and 90o critical
impingement angles at particle velocities of 475 fps and 325 fps, respectively. Erosion
performance decreased as the chromium composition was increased in the (Ti,Cr)N
coatings. When chromium evaporator current was varied, the nanolayered (Ti,Cr)N
coating erosion performance was bounded within TiN (upper limit) and CrN (lower limit)
coating erosion performance. The nanolayered coatings possessed the erosion
performance of both the binary TiN and CrN coatings and were dependent on the coating
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TiN / CrN phase volume. Nanolayered (Ti,Cr)N composite coatings deposited with low
substrate bias values (-25 V, -50 V and -100 V) had improved erosion performance above
the TiN coating. (Ti,Cr)N coatings deposited using a titanium-chromium alloyed source
yielded monolithic single-phase (Ti,Cr)N coatings; however, analysis was limited due to
processing issues. Finite element method (FEM) leading edge deformation modeling of a
GE T58 first-stage compressor blade showed that particle velocity was more detrimental
than particle size, and horizontal and vertical displacement values varied with particle
impingement angle. Select results will be presented.
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CHAPTER 1

INTRODUCTION

1.1

Background
Hard particle erosion to turbojet compressor blades and components is extremely

detrimental to engine, and thus aircraft, performance [1]. Along with performance
deficits, engine maintenance becomes costly and time consuming. Jet engine compressor
components are exposed to erosive particles when the aircraft is operated in aggressive
environments [2]. Engine air particle separators (EAPS) have been utilized prior to the
engine inlet, but there is inherent performance losses associated with these filters [2,3].
Ceramic coatings have been used both in lieu of and in conjunction with EAPS. Coatings
have been shown to extend the service life of the metallic compressor blades [4,5].
Titanium nitride has been the most widely used nitride to date for aerospace applications
[5]. However, it has recently been documented that TiN is not a completely satisfactory
coating due to its propensity to corrode when deposited on stainless steel components
[6,7]. The addition of other elements into the titanium nitride system has offered both
improved corrosion and oxidation resistance [8,9]. Chromium has been incorporated in
titanium nitride to form (Ti,Cr)N coatings for increased erosion and corrosion resistance;
however, the erosion performance and optimization of (Ti,Cr)N has been rarely studied.
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1.2

Objectives
The main objective of this effort was to synthesize titanium-chromium-nitride

((Ti,Cr)N) coatings using the cathodic arc physical vapor deposition technique while
varying the deposition parameters to improve erosion performance. Deposition
parameters such as cathode current and substrate bias were varied to change intrinsic
properties and structure of the coating – all in an attempt to optimize the erosion and
corrosion performance of the (Ti,Cr)N coatings for the application to turbojet compressor
blades. The coating stoichiometry was changed by varying the chromium target
evaporator current while employing constant titanium evaporator current to observe the
effect of the change in composition on the coating performance. Substrate bias was varied
to observe the effect of ion arrival energy on coating microstructure and the resulting
coating performance.
Secondary objectives were:
‐ Deposit TiN and CrN coatings as baselines for erosion and corrosion
comparison.
‐ Make comparisons between coatings deposited by simultaneous evaporation of
homogeneous titanium and chromium targets and the evaporation of a single TiCr alloyed target.
‐ Make correlations between erosion and corrosion performance with coating
hardness, coating morphology, coating crystallographic phase(s) and coating
composition.
‐ Replicate leading edge burr erosion found to occur on first-stage compressor
blades of a GE T58 engine by using finite element method modeling software.
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CHAPTER 2

LITERATURE REVIEW

This chapter is divided into three sections. The first section explains and
quantifies the hard particle erosion phenomenon in the gas turbine compressor section of
an aircraft. The consequences of compressor blade erosion are also described in detail.
The second section discusses physical vapor deposition (PVD) and more specifically, the
cathodic arc deposition technique. Cathodic arc is a coating deposition method that is
advantageous for these types of erosion-resistant coatings being deposited. There are
multiple parameters that are tailored during the cathodic arc process which can be
optimized for a superior coating. These parameters and their tailoring implications are
discussed in detail. The third section discusses coating materials, in particular the ternary
titanium-chromium-nitride ((Ti,Cr)N) and titanium-aluminum-nitride ((Ti,Al)N) systems.
In addition, titanium nitride, a binary nitride, has been extensively studied for erosion
resistance. The benefits of these nitride-based ternary systems are discussed.

2.1

Erosion and Foreign Object Damage (FOD) of Aero Jet Engines
In some environments and during different flight maneuvers, abrasive airborne

particles are ingested into the inlet of a gas turbine engine of an aircraft [1]. Ingested
particles such as dust, sand, ice and volcanic debris subsequently impact engine
components. The damage done by these particles is termed Foreign Object Damage
(FOD) [2]. FOD is known to be severe even from small ingested particles – those ranging
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from 1 to 30 microns [1]. Different maneuvers that are susceptible to particle ingestion
are: high power settings that form an inlet-to-ground vortex for rotary aircraft, landing
reverse thrust efflux, or flight through an airborne cell containing an abrasive (volcanic
ash, sand storm or ice) [10]. Although encountering volcanic ash is rare due to their
predictability, tests at the University of Cincinnati have shown that volcanic ash is four
times more erosive than quartz sand which is found in desert environments [2,10].
Helicopters and other vertical take-off and landing aircraft (VTOL), especially in desert
environments, are the most susceptible to FOD due to rotor downwash as seen in Figure
2.1 [1,10]. The aircraft downwash facilitates the introduction of foreign matter into the
engine. It is military vehicles that predominantly experience engine blade erosion due to
unprepared landing and lift off sites but civilian aircraft experience it as well.

Figure 2.1: CH-46 Sea Knight in an adverse environment (Afghanistan) [11].
FOD is most common to the compressor section since the compressor is the first
section encountered on turbojet (Figure 2.2) and turboshaft engines [12]. Turbojet and
turboshaft engines are quite similar but with a significant difference. The thrust from a
turbojet is produced by the momentum of expanding hot gases that exit the nozzle of the
4

engine whereas in a turboshaft, there is a turbine that extracts the power from the
combusted gases that drives a shaft-driven rotor (after gearbox reduction). Turboshafts
are primarily found on rotorcraft.
In a turbofan engine, the fan is the first section encountered, however the size of
the concerned particles does not pose as much of a problem to the large thrust-producing
fan blades. Turbofan engines also do not experience as much FOD since they normally
redirect oncoming debris to the outer radius where it is sent downstream with bypass
thrust (never entering the engine) [2]. The larger fan blades are affected more by large
debris such as birds or tools, which is not studied in the present work.

Figure 2.2: Schematic of a turbojet engine [13].
The compressor is generally composed of multiple stages (Figure 2.2) that
progressively compress the incoming air so a more dynamic combustion can occur [14].
A compressor section is comprised of multiple segments. In most engines, there is a lowpressure compressor (LPC) and a high-pressure compressor (HPC). In addition, in some
engines there are intermediate compressors (IPC). Each compressor section is on its own
5

shaft and is driven by the corresponding turbine (e.g. high pressure compressor is driven
by the high pressure turbine). The compressor section supplies energy to the atmospheric
air that enters the engine as the turbine extracts energy from the combustion gases
following combustion. Because of its position, the LPC is damaged the most [15]. Within
the LPC, the first stage of blades experiences the most FOD due to its exposed location
and interaction with high-speed abrasive particles.
Erosion of compressor blades greatly reduces engine efficiency, decreases aircraft
performance and increases the frequency for overhaul. Through erosion, the blade
geometry is altered and the surface is roughened, changing the aerodynamic
characteristics of the blade and reducing mass flow. As the blade surface roughens, it
becomes more susceptible to further erosion [14]. Also, any indentation created by debris
can become a site for fatigue crack initiation [16]. These eroded components necessitate
regular engine overhaul which proves costly and keeps the aircraft from service.
Compressor blade erosion is principally responsible for an increase in specific
fuel consumption (SFC) [14,15,17,18]. Due to the lack of compression, additional fuel is
consumed in an attempt to account for the deficiency in combustor inlet pressure to
maintain power output [12,14]. Not only is the increased fuel consumption costly, it also
has an effect on the turbine hot section because it produces a higher turbine inlet
temperature (TIT) (as much as 60oF increase) from additional fuel being consumed [15].
With an increased temperature, thermal adverse effects such as creep, oxidation, hot
corrosion and melting may occur in the turbine hot section [18]. In cases where turbine
blades have cooling holes extending to their surfaces, small debris can plug these holes or
even the bypass air lines leading to them [1,12]. This leads to turbine overheating and
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eventual failure of the turbine components. Turbine component overheating of a Cessna
Citation can be seen in Figure 2.3. This aircraft flew through a volcanic ash cloud and the
debris clogged cooling pores which led to melting of the turbine blades and eventual
engine failure.

Figure 2.3: Overheating of turbine components due to cooling passages being clogged
within a Cessna Citation after flight through volcanic ash debris [19].
In extreme cases, FOD on compressor components can lead to surge in which an
engine suffers a complete loss of compression. The surge margin provides a measure of
how close an operating point is to surge. Erosion reduces the surge margin leading to
compressor stall and even flame-out [1,15,20].
Some aircraft (mostly helicopters) have employed air inlet filtration systems,
termed Engine Air Particle Separators (EAPS), which are mounted prior to the engine
inlet to limit the size and density of ingested debris (Figure 2.4) [2-5].
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permitted into the engine inlet. IBF EAPS employ several layers of woven cotton mesh to
barricade particulate from the inlet [3]. They begin with very high separation efficiencies
but over time, the particulate matter begins to cake on the filter surface and decrease mass
flow [3]. An EAPS is extremely efficient at restricting larger particles from entrance to
the engine, however finer, and yet quite abrasive particles continue to enter.
In an effort to give physical values to the effects of erosion on compressor blades,
Naeem used a military-validated computer simulation to introduce low pressure
compressor damage to the engine [15]. A simulated McDonnell Douglas F-18 aircraft
which is powered by two turbofan and afterburning F404-GE-400 engines was used to
perform the analysis. The simulation required data for the following: engine
operation/range, geometric and aerodynamic aircraft characteristics and the proposed
mission profile [15]. Naeem defines a “fouling-index (FI)” as a combined effect of a
reduction in efficiency as well as a reduction of flow capacity [15]. In his definition, a 1%
FI is considered a 1% decrease in efficiency and 0.5% decrease in flow capacity. This
definition is linear throughout each FI (e.g. a 2% FI is a 2% decrease in efficiency and
1% decrease in flow capacity) [15]. Eleven simulated mission profiles were run, each
having an integer FI (0,1,2,…10%). A FI of 0 is a clean engine with no fouling. Naeem
tabulated the change in performance from an aircraft with an FI of 0% and an aircraft
with an FI of 10%. The following are the performance deteriorations of the fouled aircraft
as compared to the clean aircraft [15]:


A 1.41 second increase in time required for takeoff



A 34 meter increase in required run-way distance for takeoff
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A 0.574 kilometer decrease in range covered when afterburners were on
for 60 seconds



A 15.5 second increase in time for the aircraft to accelerate from Mach 0.7
to 1.0



A 272 kilogram increase of fuel consumed to reach a distance of 3000
kilometers from home base



A 119.6 km decrease in range covered until a preset fuel weight of 5000
kilograms was consumed

Through all these losses, Naeem calculated that a 10% FI would result in a
92.82% mission operational-effectiveness index (MOEI), where 100% MOEI is a FI of
0% [15]. The MOEI decreased linearly for each subsequent FI. As can be seen, these
limitations can be quite costly and unacceptable for a military mission.
2.1.1

Hard Particle Erosion Phenomenon on Compressor Blades
Compressor blades are generally fabricated from titanium, aluminum or stainless

steel alloys [2,23]. It is beneficial to use titanium and aluminum alloys because of their
low density and thus less accumulative engine weight [2]. Titanium alloys offer more
strength and higher temperature resistance than aluminum alloys and thus are practical
for high pressure compressor stages. Temperatures can reach up to 1200oF in this area
due to increased temperature through compression and proximity to the combustion
chamber [18]. Recently, high pressure compressor sections have been manufactured with
a denser nickel-chromium super alloy termed (Inconel 718) [24]. Inconel 718 has already
been used in service in turbine sections due to its high temperature properties. In some
cases, especially military aircraft use, a high-strength stainless steel alloy is employed for
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The erosion rate and erosion mechanism of metallic blades are dependent on
erodent impingement angle and will be discussed later. A model using Fluent, a CFD
software, was constructed by Hamed et al. to determine the range of impingement angles
that a compressor blade is subjected to [25]. As can be seen in the impingement angle
contour of Figure 2.6, most impacts occur on the pressure surface at angles ranging from
20o to 40o.

Figure 2.6: Contour of impingement angles to the pressure surface of a compressor blade
[25].
For the same material and at the same velocity, a larger particle will inflict more
damage than a smaller particle. There are two primary reasons for this. First, a larger
particle is not as easily influenced by the airflow turning (due to linear momentum)
around compressor surfaces as a smaller particle and therefore it collides with
components as illustrated in Figure 2.5b. The second reason is that the larger particle is
simply more massive and has more kinetic energy. While the larger particles are more
damaging per particle, there is generally a greater amount of small particles in the flow
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field than larger particles. Large particles are usually fractured from the force of impact
with a blade, thus introducing multiple smaller particles with irregular geometries to the
latter compressor stages. According to Nagy et al., small particles are swept along in the
airflow and mostly come in contact with trailing edges of compressor airfoils at low
angles of impingement [14]. However, the erosion mechanism is heavily dependent on
the engine design and operation parameters.
Blade erosion mechanisms that results in engine efficiency loss are blade
deformation and reduction in blade chord [1,10,14]. There are two ways the chord is
reduced due to erosion: one is leading edge deformation and the other is trailing edge
shortening. The erosion mechanism unique to a particular blade is entirely dependent on
the engine design.
Leading edge deformation occurs when particles impinge and plastically deform
the leading edge. With each progressive contact, the ductile metal begins to flatten (or
blunten) and in some cases, curl back towards the suction surface of the airfoil to create a
burr [1,14]. Leading edge deformation is common in the first compressor stage (seen in
Figure 2.7) for engines that experience this type of erosion mechanism. Kurz et al.
believe that erosion has the most significant effect on the leading edge of the blade which
is very influential in the laminar to turbulent boundary layer transition [20].
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Figure 2.7: a) Leading edge curl of first stage compressor blisk and b) a cross-sectional
of a single blisk blade.
Chord loss primarily occurs as the trailing edge of an airfoil is eroded away, thus
shortening the chord length. This type of erosion is common throughout the entire
compressor section and predominately occurs on the pressure surface of the blade
[1,4,14]. Once the chord length reaches the critical chord length (or is reduced by 1.8% of
the original length), the blade is deemed to be unfit for service and must be replaced
[1,4,14]. A schematic showing the critical chord length can be found in Figure 2.8.

Figure 2.8: Schematic of critical chord length [14].
Trailing edge erosion of a compressor blade most significantly impacts service
life. Deformation of the leading edge may be re-contoured, although costly and not
14

practical, whereas trailing edges currently are not rebuilt. The trailing edge is thinner than
the leading edge so there is less material thickness to offer stiffness to erosion at the
trailing edge. Figure 2.9 shows an eroded compressor blade that experienced both leading
and trailing edge erosion, with significantly more erosion at the trailing edge [14].
According to Klein et al, the most important surface to be protected from erosion is the
pressure side of compressor rotor blades from mid-chord location to the trailing edge [4].
Nagy et al. agrees and claims that the low angle trailing edge erosion is what most
seriously results in performance losses [14].

Figure 2.9: An eroded titanium compressor blade due to operation in a desert
environment showing the effect erosion has on both the leading and trailing edges [14].
Overall, erosion occurs on the outer half span of a blade of an axial compressor
due to increased local tangential blade velocities. Erosion on the outer blade locations
enlarges the blade tip clearance [1,10]. As the blade tip clearance increases, it becomes
more difficult to pressurize the intake air and the compressor is more susceptible to surge.
An increased particle density can also be found at blade outer span locations due to
particle radial migration through subsequent stages due to centrifugal force [1,10].
15

An erosion experiment by Hamed and Tabakoff on a single stage axial-flow
compressor confirmed the following blade defects: blunted leading edges, sharpened
trailing edges, reduced blade chords and increased pressure surface roughness [1,10].
Kurz agrees and generalizes that the three main mechanisms that deteriorate compressor
performance are increased tip clearance, change in airfoil geometry and changes in airfoil
surface quality [20]. Surface roughness causes early boundary layer transition leading to
an increased boundary layer which reduces the flow capacity [20]. In order to reduce the
adverse effects of erosion on a turbojet engine, a mechanism must be applied to the
blades that will limit or, if possible, prevent these effects from occurring. One solution is
the application of a thin, erosion-mitigating coating.

2.1.2

Erosion Mechanisms and Erosion Variables
The common parameter used for erosion quantification is erosion rate. Erosion

rate, ER, is defined as either the volume or mass removed per mass of erodent particles
[1,26]. In this work, the erosion rate is in terms of mass removed per mass of erodent
used. The units of this ratio are generally given as mg/g. Quartz sand, or silica, and
aluminum oxide, or alumina, are primary erodents used in erosion testing. Crushed quartz
is often used because it is encountered in service in sandy environments such as the
Middle East. Alumina media is used for its high abrasive properties resulting from its
irregular morphology and sharp corners; although it is not commonly experienced in
service [1]. Other erodents such as fly ash and Arizona road dust have also been used as
erosive media [1]. Arizona road dust is found in the dusty environments of the
southwestern United States. It is virtually impossible to measure the amount of particles
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being ingested into engine during service, so erosion rate is often used in laboratory trials
to rank material systems for erosion resistance performance.
There are two primary erosion modes: brittle and ductile erosion. A material that
is harder than the eroding media will undergo brittle erosion [14]. However, a material
that is softer than and yields to the impacting hard particle will experience ductile erosion
[14]. When compared to the hard particles ingested into an engine, ceramics display
brittle behavior whereas metals or metallic alloys primarily display ductile behavior.

2.1.3

Brittle Erosion
The impact of a hard particle on a brittle surface leads to plastic deformations

which increase both compressive and shear stress [27]. These stresses lead to crack
formation and as multiple cracks propagate and link, the material is removed [27,28].
This is referred to brittle erosion and is illustrated in Figure 2.10.

Figure 2.10: Brittle erosion schematic [27].
An erosion model for a brittle material is given by the Evans model and is described
below [29]:
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(2.1)
where,
Vo: volume removed by each impact (m3)
U: velocity of impacting particles (m/s)
R: radius of impacting particles (μm)
ρ: density of impacting particles (kg/m3)
KIC: fracture toughness of target material (MPa √m)
Ht: indentation hardness of target material (GPa)

Hockey [14] modified Evans model to be:
(2.2)
where,
Vα: modified model to account for particle impingement angle
m: coefficient based on target material
α: particle impingement angle
From Hockey et al.’s model, volume loss due to erosion is proportional to
velocity, particle radius, particle density and impingement angle of impacting particles
and is inversely proportional to target material fracture toughness and hardness [14]. For
decreased volume removal, or increased erosion resistance, both material fracture
toughness and hardness are to be maximized. However, fracture toughness and hardness
are inversely related so the fracture toughness/hardness product should be maximized to
increase erosion resistance. Although a material may have superior hardness, subsurface
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cracking length (affected by fracture toughness) is increased during a collision because
there is less plastic deformation to dissipate the kinetic energy.

2.1.4

Ductile Erosion
Ductile erosion occurs when a particle ploughs into the surface and displaces

material plastically as illustrated in Figure 2.11 [27]. This displaced volume causes
severe, localized plastic strain [28]. It is believed that the kinetic energy of an impacting
particle may transform to heat energy upon impact thus softening the material and aiding
in deformation [14]. The material can be removed in two ways: 1) when the strain
exceeds the material’s strain-to-failure [28] or 2) when another particle impacts the
extruded material causing removal [14]. Again, it is primarily multiple impacts which
remove surface material.

Figure 2.11: Ductile erosion schematic [14].

Finnie’s kinetic energy erosion rate model for ductile volume removal by erosion
is given by [14,28]:
sin 2

tan

(2.3)
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cos 2

tan

(2.4)

where,
q: volume of material removed by a single particle (m3)
m: particle mass (kg)
V: impact velocity (m/s)
p: plastic flow stress (Pa)
k: tangential to normal impact force ratio
ψ: contact length to impact depth ratio
α: incident angle (degrees)
As can be seen, the volume removal of a ductile material is proportional to both
the particle mass, m, and particle velocity, V, squared which is proportional to the kinetic
energy of impact (1/2mV2).
Brittle and ductile erosion modes manifest themselves in the particle impingement
angle. Ductile erosion is more common for lower impinging incidence angles, more
specifically between 20 and 40 degrees as illustrated in Figure 2.12 [14,28]. Brittle
erosion is more common for higher incidence angles, with the highest erosion rate taking
place with particles impacting normal to material surface [28]. Figure 2.12 illustrates the
basic trend of erosion rates for brittle and ductile materials and how they compare solely
as a function of incidence angle.
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Figure 2.12: Erosion rate as a function of particle incidence angle [1].
At low particle impingement angles, particles are deflected without causing
significant damage for brittle materials because they possess high hardness [14].
However, ductile materials deform plastically when particles impact them at these same
shallow angles.
At high particle impingement angles, brittle materials have the highest erosion
rate because they are less able to absorb energy from the impacting particle plastically
[14]. The inability to absorb the energy leads to the formation of increased subsurface
cracks and subsequent material removal b crack coalescence. Ductile materials are able to
absorb the particle energy at large angles and therefore demonstrate a lower erosion rate
[14]. In some cases, the hard particle can actually become embedded in the ductile
surface. This is detrimental to blades as it increases the blade surface roughness.

21

According to ElTobgy et al., there are three variables affecting erosion: particle
flow (or trajectory), the particle’s geometry, as well as, both the substrate and particle
material properties [28].
Particle flow is comprised of the velocity, impact angle and concentration of
particles in a flow [28]. With a greater velocity, a particle possesses more kinetic energy
and therefore causes more damage at impact. The way a material erodes at different
impact angles can classify itself as either a brittle or ductile material compared to the
erodent. The final way to describe particle flow is particle concentration. A greater
concentration of impinging particles in a flow increases the chance of one specific site
being struck multiple times, as previously stated, leading to removal of substrate material
(in both ductile and brittle materials). Also, a greater concentration of particles roughens
a greater area of material; in the case of a compressor blade, it becomes more susceptible
to further erosion.
Particle variables such as shape, size and density are used to categorize the
erodent [28]. The more irregular an erodent’s shape, the more erosive it is. Erosion is
relative to both particle size and density in that an increase in either parameter offers a
more erosive media.
The final classification is substrate and particle intrinsic material properties [28].
Mechanical properties such as Young’s modulus, Poisson’s ratio, plastic behavior and
failure behavior contribute to this classification. Young’s Modulus gives insight into the
hardness of the material. Generally, as the Young’s modulus increases, the hardness
increases. Hardness is defined as the material’s resistance to plastic deformation. The
plastic behavior influences how much energy from the particle impact the material
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absorbs. With a high degree of plasticity, the material is defined as ductile, whereas with
little to no energy absorption from the particle, it would be classified as a brittle material.
Finally, a materials’ failure behavior is especially significant in erosion context because
subsequent particle impacts will eventually lead to failure. The material lifetime and the
way it fails when subjected to debris is important because it provides insight to erosion
effectiveness for the given application.
2.1.5

Erosion Resistant Coatings
It is beneficial to use low density materials in the compressor section to reduce the

total weight of the engine. As previously stated, the most used materials are titanium or
aluminum alloys. Materials used for blades or blisks (rotor disc and blades integrally cast,
IBR) in the compressor are generally metals or metallic alloys which are ductile
materials. Therefore, these materials are more susceptible to low-impingement angle
erosion as shown in Figure 2.6 [14]. As previously stated, a brittle material, such as a
ceramic, has better erosion performance than ductile materials at low incidence angles. It
has been proven that the application of a thin ceramic coating improves erosion
performance for a compressor blade of an aero jet turbine engine [1,4,5].
According to Nagy et al, an effective erosion resistant coating can be classified by
the following: good erosion resistance, good adherence to base material, a coefficient of
thermal expansion (CTE) similar to substrate, a smooth surface that replicates the
substrate geometry, and a coating process that does not compromise the substrate
mechanical properties [14]. Firstly, erosion resistance can be attributed to mechanical
properties such as hardness and toughness [14,30]. Typical hardness values should be
greater than that of the erodent so that the particle can be harmlessly deflected at shallow
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impingement angles. Toughness improves impact resistance at larger incidence angles
[14]. Secondly, the coating must have good adhesion to the substrate or else the coating
will fail prematurely [14]. A lack of adherence can be attributed to poor substrate
preparation, failure of a bond coat or excessive coating residual stresses intrinsic to the
coating process or that build up with coating thickness. Thirdly, a similar CTE of coating
and substrate is very important because if the two materials do not perform alike in
cyclical thermal environments, the coating can delaminate from the substrate due to
stresses at the substrate-coating interface [14]. It is necessary for the coating to conform
to the substrate geometry (such as a blade) so that the aerodynamic characteristics remain
unaltered [14]. A thin, uniform coating can significantly increase erosion protection while
also preserving designed aerodynamic qualities. Finally, a coating process that deposits at
relatively low temperatures (significantly lower than melting point of substrate) is ideal
so that microstructure and mechanical properties of the substrate material remain
unaltered [14].
The most common ceramic coatings are generally comprised of nitrides, carbides,
borides or mixed combinations which all possess high hardness and toughness, as well as
low density and smooth coating surfaces [14]. Carbides and borides can achieve very
high hardness (more so than nitrides) but in consequence are more brittle. Titanium
nitride, a binary nitride, has been used extensively because it satisfies the above criteria
very well. It exhibits high hardness, good toughness and has a metal-like CTE [14].
Titanium nitride has been proven to extend the lifetime of compressor blades up
to three times [5]. In fact, as of 2007, it was the only coating approved by the aerospace
industry for erosion protection in gas turbine engines [5]. A computer model by Nagy et
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al. suggested that a thin ceramic TiN coating of compressor blades enhanced the
operational life by a factor of two [14]. Yet in many applications a TiN coating is not
sufficient and an improved coating is required [5]. It has been shown that TiN coatings
have shown a propensity to corrode, especially when coated upon steel compressor
components [6,7]. In addition, the humid air ingested by the engines in some
environments is quite conducive to initiating corrosion sites, making it imperative for any
coating deposited on compressor blades to also offer corrosion resistance. Many believe
that adding a third element to the TiN compound to achieve a ternary nitride will improve
erosion and possibly corrosion and oxidation performance [8,9].

2.2

Physical Vapor Deposition (PVD)
In industry, physical vapor deposition (PVD) has become widely used due to its

ability to deposit dense hard coatings at low substrate temperatures, especially for the
wear resistance of tools [31-33]. The application of hard coatings has also been widely
used for its erosion resistance such as jet engine compressor blades.
PVD is termed as such because during its process, it uses a high-energy source to
evaporate or sputter source material from a solid target [18]. A source, target and/or
cathode are terms for the solid material to be evaporated that is composed of all or part of
the desired coating material. The term used for the evaporated material is usually
depended on the deposition process. In comparison, chemical vapor deposition, CVD, is
a process which uses a chemical (gaseous) reaction at elevated temperatures [18]. Both of
these processes are used to deposit a thin film on a substrate surface.
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Common PVD techniques include cathodic arc, electron beam evaporation and
sputtering. Cathodic arc uses a sustained electric arc as the high-energy source which
simultaneously evaporates and ionizes material from the target [34,35]. Electron beam
evaporation uses a high intensity electron beam that is focused and directed toward the
source material. The source material melts due to the energy of the electron beam and
subsequently evaporates. The evaporation vapor rises and deposits on the substrate.
During the sputtering process, a noble gas (commonly argon) is ionized by a high-energy
electron collision. Once ionized, the ionized particles are accelerated towards a biased
target. The ionized particles collide with the substrate with enough energy to break the
atomic bonds of the target material. The target material is removed due to momentum
transfer and the ejected atoms deposit on the substrate.
In PVD techniques, as the target material is evaporated, an evaporation cloud or
plasma is formed [18]. An evaporation cloud is comprised of the evaporated species in a
vapor form. Plasma is comprised of evaporated ions, electrons and neutral atom species
and has an overall neutral charge. Dependent on the PVD technique, either a vapor cloud
or plasma is formed. As material is removed from the target or source, the vapor
cloud/plasma is formed and sustained. The vapor cloud/plasma is composed of all
constituents evaporated, and any reactive or working gases, being flowed into the
chamber. Within this vapor cloud/plasma, the substrate to be coated is positioned. PVD
methods coat in a line-of-sight manner and therefore in some methods, a bias is often
induced to the substrate to attract the evaporated species. The bias influences the electron
voltage between the ion and the substrate. This electric potential induces a kinetic
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potential which accelerates the ion towards the substrate surface. This entire process
occurs in a low pressure gaseous environment [35].

2.2.1

Cathodic Arc Coating Process
Cathodic arc deposition was the process of choice for this study. The advantage to

this process compared to the others is its high degree of ionization and that it produces
dense coatings [31-35]. On the cathode surface, a voltage is placed on the cathode while a
grounded trigger contacts the cathode for an instant to initiate the arc. Through magnets
and physical barriers, this arc movement is constrained to the target face. The physicality
of the motioning arc is a successive sequence of ignition and extinction of discrete sites
referred to as cathode spots [31,32,34,35]. These cathode spots vary in size from about 110 microns, have a high current density (106-108 A-cm-2), and their lifetime is about 10
nanoseconds to 1 microsecond [31,32,34,35]. The accumulation of these cathode spots
creates a dense plasma of the cathode material [35]. The high pressure of the cathode spot
ejects ionized and molten material from the cathode surface into the chamber, thus
forming the plasma [35]. The arc is maintained from the electrons released from the
atoms (both cathode material and gas in chamber) that have become ionized as well as
the expulsion of the plasma away from the cathode surface (Figure 2.13) [31,35]. Plasma
generation is proportional to the supplied current by the power supply; higher current will
result in more cathode spots [32,35]. This plasma is ionized with energetic ions which
promote the adhesion and formation of dense coatings on the substrate [32].
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behind the target. The cooled cathode will have less molten material on its surface and
therefore a reduced number of liquid globules will result [32]. The use of a background
gas also deters macroparticle generation because it elevates the chamber pressure which
effectively increases the melting point of the cathode [35,37]. The most effective
macroparticle reduction comes in the form of a physical filter. These filters commonly
come in different geometries but mostly all have some sort of a bent tube. The tubes have
a coil of wire surrounding them. When the ions and macroparticles enter the tube, the
ions are directed through the bend with the aid of the coiled magnetic field. The neutrally
charged macroparticles deposit on the tube since there are no outside forces influencing
these neutral species around the bend. Macroparticle filters are efficient but they
significantly reduce deposition rate [35]. If the other suggested macroparticle deterrents
are utilized, minimal macroparticles could be incorporated in the coating.
A substrate bias potential is often placed on the substrate to attract the cations
within the vapor. The bias potential has a direct effect on the ion energy of the particles
[34,35,38]. Substrate biasing is advantageous for cathodic arc deposition because of the
high degree of ionization of the cathode material [32]. Not only does substrate biasing
affect microstructure but bias can greatly influence the type and amount of intrinsic and
extrinsic stress of a coating. Coating compressive stress is often more desirable than
tensile stresses for most applications. However, excessive compressive residual stress can
lead to delamination and failure of the coating. Another variable that can reduce residual
stress is the substrate temperature. A heated substrate will exhibit less intrinsic residual
stress due to increased adatom mobility, but could result in increased extrinsic residual
stress due to differences in the coefficient of expansion.
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Ions have both a kinetic and potential energy [32]. If the kinetic energy of the ion
is high enough, it can penetrate and become incorporated beneath the surface of the
substrate or growing film. This substrate penetration is called subplantation and is
advantageous for adhesion [32,38]. Through subplantation there is intermixing of the
substrate and coating material which improves adhesion. The size of this intermixing
zone depends on the kinetic energy of the depositing material. According to Anders, the
sum of kinetic energy and potential energy is responsible for substrate heating due to ion
bombardment [32]. In order to achieve high-energy ions, there must be a large negative
bias applied to the substrate because the ions, or cations, are positively charged.
However, if a large bias is applied for too long it will deplete the ions from the plasma,
overheat the substrate and/or cause excessive ion damage [38]. To compensate, in some
cases, a high voltage pulse is applied. During the bias pulse, the ions are subplanted
beneath the substrate surface while also heating the substrate. During the interval of time
that there is no bias, the previously accelerated particles settle on the substrate surface
while more ions are generated in the plasma [38]. Due to the high ion acceleration, some
of the deposited material already on the substrate will be sputtered off at impact leading
to a loss in deposition rate and inhomogenities.
As material is expelled from the cathode, ionized, and attracted to the biased
substrates, the ions activate any reactive gas in the chamber through atom collision. The
energetic ions collide with the neutral gas atoms and can transfer energy and charge to
break apart and effectively ionize the reactive gas in the system. The arc on the cathode
surface is also responsible for the activation of reactive gases. Both the metallic and
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gaseous ions combine and form a compound on the substrate surface when a reactive
deposition, such as nitride-based coatings is conducted.

2.2.2

Cathodic Arc Coating System
The cathodic arc system is comprised of the following components: evaporation

systems, substrate system, gas system, pumping system, as well as heating and cooling
systems. The schematic for the in-house system and locations of each component is
shown in Figure 2.14.

Figure 2.14: Schematic of cathodic arc system.
As can be seen there are three evaporation sources (or arc sources, A. S.) in the
chamber. Each source has a single cathode which is water cooled. A cathode, or target, is
comprised of the metallic material of desired coating composition (i.e. Ti for forming
TiN) to be evaporated. A target can be manufactured with a flat surface or a dished
surface where the target lip provides additional containment for the arc (Figure 2.15).
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different parameters (i.e current) to compensate for differences in melting point and
vapor pressures [39,41]. Multiple cathodes can be evaporated simultaneously to
incorporate both species into a single coating on the substrate. To do this, the substrate
must be placed in the intersection of the cathode plasmas [41]. According to Jehn et al.,
the disadvantage of a multi-source mode is that it may lead to inhomogeneities in the
coating composition and properties because of the lack of intermixing as compared to the
alloyed target [39]. This mode also requires constant substrate rotation so that the
substrate is introduced to all evaporated species and is not subjected primarily to the
species of the closest source.
Each arc source has a mechanical trigger to ignite the arc (Figure 2.13). The
physics of the arc and arc generation has previously been explained. Each cathode has an
arc welder as its power supply. There is a shield plate that surrounds the cathode and is
slightly recessed behind the flat surface of the cathode. Behind the shield plate and
encircling the cathode is a boron nitride ring. This ring serves as an electrical insulator
between the cathode and electrically grounded system. Magnets can be placed behind the
cathode to control the movement of the arc. When magnets are used, it is considered a
steered arc whereas without the use of magnets it is called a random arc [32]. The number
of magnets is indicative of the cathode wear pattern.
The substrate system consists of eight substrate positions and the biased substrate
stand. The substrates rotate in a “planet-sun” arrangement. By this, there is a central
rotation of the whole stand as well as single substrate rotation. The negative voltage bias
is induced on the substrates so that the positively charged ions are accelerated towards the
substrates. An electrical insulator is used to insulate the bias from the chamber.
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Gas is flowed into the chamber and can be either controlled by flow rate or
flowed to maintain a chamber pressure. Gases that can be used in this system are argon,
nitrogen and carbon containing gases such as acetylene (C2H2) and methane (CH4).
Argon, an inert gas, is used to control the pressure of the chamber if needed whereas
nitrogen and carbon are reactive gases that react with the evaporated species to deposit a
nitride or carbide coating, respectively, on the substrate.
The pumping system consists of a mechanical roughing pump and an oil diffusion
pump. The roughing pump has a line to the diffusion pump and the deposition chamber.
To initially evacuate the chamber, the roughing pump evacuates the deposition chamber
to low vacuum pressure. The mechanical pump is limited in its pumping capacity and
becomes inadequate to reach high vacuum. Therefore, once a certain threshold pressure is
attained (0.1 Torr for this system), the system turns over to the diffusion pump to reach
high vacuum. The diffusion pump heats a low vapor pressure oil until it boils. The
evaporated oil rises upward through a channel and then is jettisoned downward through
vanes. The oil vapor collides with any molecules that are present in the pump and through
momentum transfer, direct them downwards to the mechanical pump for exhausting
(Figure 2.16) [42]. Through this, the number of molecules in the system is diminished
and thus the pressure decreases. The oil condenses and returns to the heater where the
cycle can occur again. At this stage, the mechanical pump works in conjunction with the
diffusion pump [42].
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Figure 2.16: Schematic of a diffusion pump [42].
As previously mentioned, there is chilled water flow to the cathodes. There is also
a water-lined flow jacket over the diffusion pump to prevent overheating and to allow the
heated oil to condense.
There is a radiant heater to heat the chamber. The heater is necessary to evaporate
and subsequently evacuate any moisture (i.e. hyrdocarbons) from the chamber prior to
deposition and also is functional during deposition to keep substrates at an elevated
temperature.

2.2.3

Process Parameters
According to Nainaparampil et al., the primary parameters that affect the coating

composition and microstructure are arc current and voltage, gas pressure, substrate
temperature and bias as well as substrate preparation [43]. These parameters can be
tailored in an effort to obtain a superior coating.
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As stated previously, the supplied current is proportional to the plasma generation
current. According to Brown, the efficiency of plasma generation from the arc current is
about 10% [35]. To evaporate a greater amount of material from the cathode (or a denser
plasma), a higher current should be employed. The arc voltage is the product of the arc
current and the resistance of the system. The arc current to each cathode is changed to
alter the atomic flux for deposition.
Although the chamber is evacuated, either a reactive or inert gas is flowed into the
chamber. The inert gas elevates and stabilizes the chamber pressure so that the arc can be
sustained. The reactive gas, as mentioned, is flowed so that it reacts with the target
metallic ions to form a compound of both the metallic and gas constituents (i.e. N2 gas for
TiN coatings). The flow rates of both the inert and reactive gases can be modified for
deposition.
The substrate temperature can be changed by either radiant heat or through ion
bombardment. The radiant heater is limited in its temperature capabilities and the rate of
ion bombardment does not necessarily dictate a specific temperature. Temperature is
difficult to change directly but with the use of a pyrometer and thermocouples, the
temperature can be read and indirectly changed through these methods of temperature
alteration.
The substrate bias has a central importance in cathodic arc deposition and it has
been discussed extensively. The bias voltage can be either continuous or pulsed during
the coating process.
A variable in the coating process that can affect adhesion is the surface
preparation of the substrate prior to coating. Some substrates need to have their surface
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activated, or ridded of the native oxide layer. An oxide layer is a natural barrier to protect
the substrate. The substrate can be activated by using abrasive blasting, grinding or
chemical etching techniques. An abrasive blast is used to roughen the substrate surface
and grinding is used to smooth the surface. Substrate preparation also entails degreasing
and ion etching, which will be explained in Chapter 3.

2.3

Ternary Nitride Systems
There has been extensive work with the binary nitride TiN coatings for erosion

mitigation. However, it has been documented that TiN coatings are not completely
satisfactory for aircraft engine in desert environments and that a ternary nitride could
improve coating erosion resistance and coating performance [6-8]. It has been shown that
TiN coatings on stainless steel blades have creates a galvanic coupling making the system
susceptible to corrosion [6]. A ternary nitride that incorporates another element to the
TiN coating system has improved characteristics such as hardness, corrosion resistance,
oxidation resistance and erosion protection under some conditions [8,9,43-45]. Erosion
protection is still the primary objective of this research, however with the environments
being interacted with, a coating must also display corrosion and oxidation resistance.
In regards to the cathodic arc coating process, the ability to add multiple cathodes
(MSM) enables a more versatile coating process [39,41]. In some cases, a ternary nitride
may actually be formed in a nanocrystalline structure more readily than a binary nitride
[33,46]. However, it has been documented that achieving a monolithic ternary nitride of
single phase using MSM can be tedious [40]. For depositions utilizing MSM, there may
be insufficient intermixing of evaporated species at the substrate in which case creates a
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multilayered coating (e.g. TiN/CrN) instead of a homogenous coating (e.g. TiCrN2). For
these reasons, some ternary nitrides have been comprised of multiple phases in nanolayer
or nanocomposite form [43,46]. For a ternary nitride utilizing a single alloyed source, the
composition of the coating can change with time due to the multiple factors: changes in
vapor pressure as each of the alloyed species is evaporated, the difference in melting
temperature for each material, and the grain boundary sizes of each material within the
alloyed target [44].

2.3.1

Titanium-chromium-nitride (Ti,Cr)N
Ternary nitrides are normally comprised of multiple phases and this remains true

for (Ti,Cr)N coatings. However, in some cases, chromium atoms replace some titanium
atoms in the crystal lattice to form a solid solution [33,46]. In a (Ti,Cr)N solid solution
coating, the NaCl face centered cubic (fcc) crystal structure of TiN is retained [33]. The
implementation of Cr into the TiN film to form a (Ti,Cr)N coating has been proven to
increase both corrosion resistance and high-temperature strength over TiN coatings for
some applications [6,44,45,47]. However, the parameters have not been optimized to
form the best erosion resistant coating.
There has been various literature on synthesizing (Ti,Cr)N coatings using
different PVD methods for various applications. Coatings deposited by different
processes have inherent differences in their performance for a given application due to
differences in microstructure. There is limited research that has synthesized coatings
using an identical process for direct comparison [45,47].
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Vetter et al. deposited (Ti,Cr)N coatings using the cathodic arc method (SSM and
MSM) while varying nitrogen pressure and substrate bias voltage for wear application
[40]. It has been documented that the mechanical properties of a coating are dependent on
the coating composition which was dependent on both the nitrogen pressure and the bias
voltage during the deposition [7,40]. It was shown that the chromium content in the
system increased weakly with increasing nitrogen pressure and decreased with increasing
bias voltage because of chromium’s preference to resputter from the substrate surface.
Vetter achieved maximum hardness in coatings with chromium content of approximately
25-30 at. %. Vetter et al. found multiple phases in all but one of the synthesized the
coatings [40]. The lone single phase coating performed poorly in the hardness tests.
Vetter et al. believes a multi-phase structure is advantageous due to the strengthening
from both the multiple-phase structure and solid solution strengthening which both
inhibit the movement of dislocations through the lattice [40].
Nainaparampil et al. synthesized TiN, CrN and (Ti,Cr)N coatings for wear
protection using the MSM cathode arc method [43]. Nainaparampil et al. varied cathode
currents for (Ti,Cr)N coatings to deposit multiphase coatings consisting of both TiN/CrN
phases with differing compositions. The main result from these coatings was that all
(Ti,Cr)N coatings were found to possess lower hardness than the monolithic TiN coating.
As the Ti:Cr composition ratio increased from 0 (monolithic CrN), the hardness value
decreased until a Ti:Cr ratio of 0.46 [43]. At larger Ti:Cr ratios, hardness approached that
of TiN.
Hasegawa et al. used both arc ion plating and cathodic arc ion plating to deposit
various binary and ternary nitrides for wear protection in two different experiments [47].
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While utilizing arc ion plating, Hasegawa et al. deposited a TiN, CrN and (Ti,Cr)N
coating for comparison while applying a high cathode current (100 A) and low substrate
bias (20 V) [47]. Hasegawa et al. found that the (Ti,Cr)N coating was harder than the TiN
coating [47]. A composition quantity was not given in the report. In regards to
morphology, it was found that the (Ti,Cr)N coating had a columnar structure consisting
of a single phase. In the second experiment, Hasegawa et al. conducted various cathodic
arc ion plating depositions using alloyed targets, of differing Ti:Cr compositions, with the
same coating parameters as in the previous experiment [47]. Again, the (Ti,Cr)N coatings
were found to be single-phase ternary coatings and all (Ti,Cr)N coatings had higher
hardness than the monolithic TiN coating, with the maximum hardness at a Ti:Cr ratio of
approximately 4.0 [47]. All coatings maintained the NaCl fcc cubic crystal structure of
TiN and had a columnar structure.
Lee et al. produced (Ti,Cr)N coatings in an effort to study the oxidation behavior
of the coatings during high temperature wear applications [48]. The coatings, deposited
by arc ion plating, were found to be a multiphase composition of TiN and CrN [48].
Oxidation tests showed that there was an increase of oxidation resistance as the
chromium content of the (Ti,Cr)N coatings was increased. This is attributed to the fact
that chromium oxidizes to Cr2O3 at a 103 times slower oxidation growth rate than
titanium to TiO2 as well as CrN having a greater oxidation limit than TiN (750oC as
opposed to 600oC) [48].
Through reactive magnetron sputtering and hollow cathode discharge (HCD)
electron beam evaporation, Jehn et al. created (Ti,Cr)N coatings to increase both wear
and corrosion resistance by varying nitrogen content [44]. Coatings deposited by reactive
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magnetron sputtering used an alloyed target with a composition of 80 at.% titanium and
20 at.% chromium. For HCD, titanium and chromium sources were co-evaporated. The
increase in nitrogen yielded an increase in Ti:Cr ratio for the sputtered coatings but the
same was not true for the HCD coatings, which utilized substrate rotation, thus altering
composition [44]. All coatings were multiphase with hardness values less than that of the
TiN coating. The hardness of the coatings increased with increasing nitrogen pressure
because increasing the nitrogen pressure showed it correlated to decrease in chromium
content [44]. The decrease in chromium led to an increase in titanium incorporation.
However, the decrease in chromium content also led to a decrease in corrosion
performance of the coatings [44]. The authors noted that using two unique sources makes
it more difficult to attempt to synthesize a homogenous ternary coating.
Zhang et al. deposited (Ti,Cr)N coatings using magnetron sputtering for wear
resistance [49]. Titanium and chromium targets were simultaneously evaporated to create
a single-phase columnar structure. Hardness was not provided by Zhang et al [49].
Ward et al. used unbalanced magnetron sputtering for wear resistant coatings to
outperform TiN coatings [45]. To achieve this, refractory elements were incorporated
into TiN to create a ternary nitride [45]. Ward et al. reported that the TiN coating was
harder than the (Ti,Cr)N coating and that the (Ti,Cr)N coating possessed a multiphase
columnar structure [45].
Vishnyakov et al. deposited monolithic ternary (Ti,Cr)N coatings using ion beam
assisted deposition to engineer a coating that had increased wear properties to TiN
coatings [50]. Hardness values by Vishnyakov et al. were in contrast to all others, in that
the CrN coating was found to be harder than the TiN coating. Vishnyakov et al. claimed
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that this was attributed to the ion beam assisted deposition (IBAD) which changes
microstructure, density and residual stress of the coating [50]. Another result that is
contrary to other work is that the hardest (Ti,Cr)N coating had the lowest titanium
content of the coatings (Ti:Cr ratio of 0.25) [50]. This particular coating had superior
hardness of all the coatings, even the binary CrN coating.
Gabriel et al. deposited (Ti,Cr)N multi-phase coatings using cathodic arc MSM
for erosion resistance [51]. Gabriel et al. varied the chromium evaporator current and the
substrate bias in different experiments to vary the chromium concentration within the
coatings as well as the coating microstructures and then observe their effect on erosion
performance [51]. When the chromium current was varied, it was observed that the
highest chromium content within the films possessed the best erosion performance [51].
When bias was varied, a low (-50 V) bias had the best erosion performance due to
decreased interfacial stress.
Guoshun et al. deposited (Ti,Cr)N coatings by arc ion-plating for cavitationerosion resistance [52]. The (Ti,Cr)N coating had high hardness (3400 VHN) and
outperformed deposited TiN and CrN coatings in cavitation-erosion resistance [52].
When the bias was varied for (Ti,Cr)N coatings, coatings with high bias (-200 V, -300 V
and -400 V) had the lowest weight loss due to cavitation [52].
Most literature of (Ti,Cr)N coatings is concerned with wear resistance. Wear and
erosion have some correlations but there is one significant difference between the two:
wear coatings are thin (generally 3-5 μm thick) [43-45] whereas erosion resistance
coatings can be as thick as 20 μm [14]. While most of literature is concerned with wear
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performance, limited information exists in literature [51,52] regarding the erosion
performance of any (Ti,Cr)N coatings and is what makes this study novel.
As seen, there is a variety of results from depositing the same coating, (Ti,Cr)N in
this case, using different deposition techniques and processing parameters. Since cathodic
arc deposition is the PVD process of choice for this work, deposition parameters and
results from literature that used the same technique were emphasized.

2.3.2

Titanium-aluminum-nitride (Ti,Al)N
Although not studied in this work, (Ti,Al)N coatings have been the most

considered ternary nitride alternative to TiN coatings because of its high hardness and
high temperature oxidation resistance [45,53]. As with (Ti,Cr)N, when in the NaCl
crystal structure, the system is considered a solid solution where some titanium atoms are
substituted with aluminum atoms [47,54,55]. This ternary system has two main crystal
structures which depend on the composition: NaCl fcc and ZnS wurtzite [8,53-55]. There
is conflicting literature regarding the exact composition of (Ti1-xAlx)N coatings in which
the wurtzite crystal structure begins to appear. All literature has the same basic trend: the
NaCl fcc crystal structure occurs for lower concentrations of aluminum (0 < x < 0.7
[54,55] or 0 < x < 0.6 at. %[53]) and at higher aluminum concentrations (x = 0.85 [54] or
x > 0.7 at. % [53,55]) the ZnS wurtzite crystal structure is present much like in AlN
[8,54] as shown in Figure 2.17. It has been documented that in a narrow compositional
range, both of the mentioned structures are present (x = 0.7 [54] or 0.6 < x < 0.7 at. %
[53]) as observed in Figure 2.17. When the system possesses the NaCl fcc crystal
structure, it is generally harder than with the ZnS wurtzite crystal structure [53,55].
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Hardness increases as the aluminum content increases until the wurtzite crystal structure
becomes incorporated at which point there is a dramatic decrease in hardness [53]. This
can be attributed to a decrease in lattice parameter as more of the smaller aluminum
atoms substitute for the titanium atoms [53,55].

Figure 2.17: Measured hardness (dashed) and lattice parameter (solid) of (Ti,Al)N for
varying compositions of aluminum [55].
As mentioned in the previous section, there is limited research comparing
coatings that were processed with the same methods and parameters. Both Ward et al.
[45] and Hasegawa et al. [47] conducted experiments which also included (Ti,Al)N
coatings. All results obtained were the same as for the (Ti,Cr)N coatings except for the
phases present in the coating. Ward et al. found that the TiN coating was a harder coating
than the (Ti,Al)N coating and Hasegawa et al. found that the (Ti,Al)N coating was harder
than the TiN coating. In regards to morphology, it was found that the TiN and (Ti,Al)N
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coatings each had a columnar structure in both investigations. Both experiments showed
that the coatings consisted of a single phase.
According to Ikeda et al., the oxidation resistance increases with increasing
aluminum concentration [54]. Ikeda reported that TiN coatings begin to oxidize in air at
550oC but (Ti1-xAlx)N coatings oxidize at 750oC when x = 0.25 and oxidizes at 830oC
when x = 0.60 at. % [54]. As can be seen, high hardness and increased oxidation
temperature are achieved with a composition of x = 0.60. These two properties are
paramount for an erosion and oxidation resistant coating.
It is suggested that the MSM mode be utilized in depositing (Ti,Al)N. Due to
aluminum’s low melting point, it is prone to eject macroparticles during evaporation [41].
It is problematic to employ a titanium / aluminum alloyed SSM due to the disparity in
melting points of the two elements. If the evaporation temperature is too high, there will
be aluminum droplet ejection and if the evaporation temperature is too low, there will be
a deficiency in titanium ions. Overall, it was documented that any evaporation of
aluminum is still problematic [41].
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CHAPTER 3

EXPERIMENTAL PROCEDURE

The first section of the experimental procedure describes the basic preparation of
substrates prior to coating deposition. Substrate preparation is a significant factor in
coating adhesion, subsequent coating growth and performance. The second section
discusses the cathodic arc deposition process and the variables that can be tailored for
each desired coating. The present work synthesized (Ti,Cr)N coatings using both multiple
homogeneous targets and a single alloyed target. The coating intrinsic properties are
dependent upon cathodic arc processing parameters which makes cathodic arc deposition
a very versatile physical vapor deposition (PVD) process. The third section discusses the
characterization analytical methods used to evaluate coating performance. These
characterization methods and techniques included optical microscopy for coating
thickness, environmental scanning electron microscopy (ESEM) for both coating surface
and cross-section analysis, energy dispersive spectroscopy (EDS) for determining coating
composition, and x-ray diffraction (XRD) for phase determination. Correlations between
coating characterization results and the coating erosion and corrosion properties can
assist in understanding performance qualities. The final section of the experimental
procedure explains Abaqus/CAE (a FEM software) which was used for the two
dimensional modeling of leading edge burr to compressor components such as GE T58
engine blades.
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3.1

Substrate Preparation
Eight substrates were used for each coating deposition and included three titanium

alloy (Ti-6Al-4V), three stainless steel alloy (17-4 PH), and two Inconel 718 alloy
substrates. Each substrate was 1” x 2” x 1/8” in dimension. The substrates were all
stamped by using alphabetical and numerical taps so that they could be identified
following coating deposition and subsequent characterization. All substrates prefixed
with a “T” were titanium alloy (Figure 3.1a), substrates with an “S” were the stainless
steel-based alloy (Figure 3.1b) and substrates with an “R” were Inconel 718 alloy (Figure
3.1c). Following each substrate’s corresponding alphabetical prefix, a chronological
number was appended. The substrate surfaces in Figure 3.1 are all as-received prior to
any surface preparation.

(a)
(b)
(c)
Figure 3.1: Digital images of a) Ti-6Al-4V titanium alloy, b) 17-4PH stainless steel alloy
and c) Inconel 718 samples with stamped identification.
The substrate surfaces and edges were ground with 240 grit silicon carbide paper
to remove surface porosity and edge perforations from machining. The backside of the
silicon carbide paper was adhered to a grinding wheel which was spun at 250 RPM while
there was water deployed onto the wheel. Epoxy fixtures were fabricated so the 2” x 1” x
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1/8” sample could be set within the molding and pressure was applied to grind the sample
surfaces. Grinding was performed until there were no visible signs of defects, such as
porosity, and the substrate surface was lustrous. In conjunction with surface preparation,
the substrate edges and corners were all rounded in an attempt to relieve possible edge
stress buildup during coating deposition. Once ground, the substrates were placed in a
vibratory tumbler with 50 pounds of ceramic media. Tumbling was lubricated by a
solution of 1000 mL deionized water and 3 mL of dish soap. The substrates were tumbled
for 48 hours for further edge and corner rounding. After tumbling, the substrates were
washed with tap water to remove the lubricating solution and subsequently air dried. All
edges and both surfaces of the substrates were then abrasively blasted using 400 grit
aluminum oxide (alumina). Each substrate was held so that the media blast would
impinge at 45o to the substrate surface and was held 8 inches from the nozzle. The
nozzle-to-substrate distance ensured uniform coverage of the surface. Abrasive blasting
both roughened the surface of the substrate and rid the surface of the native oxide layer
that formed. A slightly roughened surface promotes coating adhesion by effectively
increasing the surface area allowing increased mechanical bonding. In general, an oxide
layer is a natural protective barrier for a metallic substrate (e.g. TiO2 for titanium). The
barrier compromises coating adhesion and therefore must be removed. Following the dry
blasting, the substrate was wet blasted in which 400 grit alumina abrasive particles were
combined with water to form a slurry (5 lbs alumina to 5 gallons of tap water). This wet
blast was essential because it aided in removing any imbedded particles from either of the
two blasting procedures. The prepared surface roughness after both blasts was 16.41 ±
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1.29 µinch Ra. The substrates were then rinsed with tap water and immediately dried with
compressed air. Due to the roughened surfaces, the substrates had a matte finish.
Following surface and edge preparation, the samples were rinsed with acetone, a
degreaser. After each rinse the samples were N2 dried. Once all samples were rinsed, they
were submerged in an acetone bath at 30oC and ultrasonically cleaned for 15 minutes.
Upon completion, each sample was individually removed from the bath, N2 dried and
then methanol (an evaporative) rinsed. The samples were all then submerged in a
methanol bath at 30oC and ultrasonically cleaned for fifteen minutes. When removed
from the bath, the samples were N2 dried.
The samples were then loaded into the deposition chamber and the system was
pumped down to high vacuum of less than 5 x 10-6 Torr. If the samples were not loaded
immediately into the chamber, they were vacuum sealed until they were ready to be
loaded into the deposition chamber so that they were not exposed to oxygen or any
airborne particulates.

3.2

Cathodic Arc Deposition Processing
Cathodic arc deposition was the PVD process of choice for this study. A digital

image of the cathodic arc system is shown in Figure 3.2a which was located in the
Advanced Coatings Department of the Penn State Applied Research Laboratory. The
system, model number 2020, was manufactured by the Surface Engineering Group,
Incorporated (SEG) in Mendota Heights, Minnesota. An image of the installed target and
mechanical trigger can be seen in Figure 3.2b. The substrate fixture with eight substrate
holders can be seen in Figure 3.2c. The uprights on the substrate fixtures are termed
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shadow bars and are used to limit edge coating. For a line-of-sight coating process such
as PVD, ions are attracted to geometrical points (such as a sample corner) because they
are locations of minimal surface energy. The lower the surface energy of a location, the
less energy it takes to deposit at that location. The shadow bars acts as physical barriers
to prohibit excess edge coating growth.

(a)

(b)
(c)
Figure 3.2: Digital images of a) the internals of the cathodic arc deposition chamber, b)
the target / mechanical trigger assembly and c) the biased sample fixture holder capable
of holding eight samples.
Prior to deposition, the sample surfaces were prepared and they were loaded into
the deposition chamber. The sample was attached to the sample fixture by placing the
sample in between two flanges. These flanges were tightened by ratcheting an end cap
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nut onto a bolt to compress the flanges and clamp the sample rigidly in place. The sample
holders were attached to the main substrate fixture by tightening set screws to ensure
there was solid contact for biasing. The 20 x 20 x 20 inch deposition chamber was
evacuated using a mechanical and diffusion pump to a base pressure of less than 5 x 10-6
Torr.
Once a satisfactory base pressure was attained, the chamber was baked out to
remove any moisture from the chamber. Moisture was introduced to the chamber from
the atmosphere while the chamber door was opened. Moisture is detrimental to the
coating process because it compromises coating adhesion which could result in coating
spallation upon chamber venting. Spallation is violent removal of coating due to
compromised adhesion or mismatched stress between the coating and the substrate.
Prior to deposition, the high vacuum valve was closed from the diffusion pump
and a rate of rise test was conducted to check for any chamber pressure leaks. The
pressure in the chamber was only permitted to rise to acceptable pressure limits during a
one minute period to ensure that there was no breach in seals. Once the rate of rise check
was successful, the high vacuum valve was reopened. While this process was taking
place, the chilled water loop was opened to begin coolant flow to the chamber, bias and
cathodes.
A 10 kW Advanced Energy MDX II DC power supply was used to provide the
negatively bias potential for the substrates. The bias performed a self-check to make sure
that the bias supply was isolated from the chamber. If there was a short, the bias would
not function properly during deposition. A grounded collar was installed about the bias
post of which the sample fixtures were mounted. The collar acted as a shield to prevent
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coating deposition on the rotating bias post. Proper spacing between the bias post and the
collar was necessary or arcing would occur. Even a small spacing was problematic
because any debris that came in contact with the bias post or collar can act as an arcing
catalyst between the two. Arcing caused the bias assembly (and thus the substrates) to
instantaneously be grounded. Persistent arcing provided a virtual grounding to the
substrates, defeating the purpose of the bias. The bias check occurred while the bias post
was rotated to ensure that there were no shorts through a full revolution. Substrate
rotation, in the planet-sun fashion (sun 2.4 RPM, planet 6.75 RPM), continued until the
end of the deposition process. In addition to the electrical isolation confirmation, the
radiant heater was set to 325oC to begin heating the substrates.
All arcs were generated and maintained using a Miller XMT 304 CC/CV DC
welding power supply. Prior to coating deposition, the arc was ignited to bombard the
substrates with ions to both clean and heat the substrates. This occurred in a nonreactive
argon atmosphere. The ion clean rid the substrate surface of any residual oxide layer or
contaminants. It was important to heat the substrates to promote adhesion once the
deposition started for increased adatom mobility and surface diffusion. For one minute, a
high voltage (-1000 VDC) was set on the bias and an arc source was triggered to immerse
the substrates with ions. These ions were accelerated towards the substrate surface with
such a high kinetic energy that they cleaned the surfaces through sputtering. Through
momentum transfer, the accelerated ions bombard the substrate and expel any loosely
bonded atoms. In some cases, these ions penetrate the substrate and become imbedded
within the substrate. These subplanted ions increase the adhesion of the bond layer
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through intermixing. In addition to adhesion strengthening from this step, the substrates
were heated from the energy dissipation from the ion / substrate collision.
This same process was repeated for five minutes while the arc was intermittently
initiated and extinguished to obtain a thorough heating through the thickness of the
substrates. It was necessary to extinguish the arc so that the substrates could “soak” at the
desired temperature. If the arc were to remain on, the constant heating at high bias could
compromise the substrate surfaces’ physical and mechanical properties via overheating.
This step yielded a 300oC substrate temperature which was approximately 50oC less than
the deposition temperature as prescribed by SEG, the system manufacturer.
Following heating and ion cleaning, a thin metallic bond layer was deposited on
the substrates for ten minutes which yielded an approximate 0.3 micron bond layer. A
chromium bond layer was used for (Ti,Cr)N and CrN coatings, and a titanium bond layer
was used for TiN coatings. A chromium bond layer was applied because it has higher
yield strength than titanium and also is known to be compatible with stainless steel
substrates. The bond coating was applied in a nonreactive argon atmosphere. The bond
layer is an adhesive strengthening and stress alleviating interface between the substrate
and the nitride coating. The aforementioned ion clean utilized the cathode which was
composed of the bond layer material.
The nitride layer was deposited next in a nitrogen-rich atmosphere. The
cathode(s) were ignited simultaneously and were sustained for the entirety of the
deposition with the prescribed bias. Since temperature of the substrates was dependent
upon the number of species evaporated (cathode current) and the kinetic energy of the
species (substrate bias), deposition temperatures varied for each coating. An approximate
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deposition temperature ranged from 350oC to 450oC. Nitrogen gas was introduced to the
chamber to maintain a chamber pressure of 70 mTorr. Nitrogen flow rate ranged from
190 to 220 sccm to maintain pressure.
Following deposition, the coated substrates were permitted to radiantly cool to
room temperature prior to removal from the chamber. If the chamber was opened
immediately after coating deposition, the rapid cooling of the adhered coating and
substrate system could cause coating spallation. The mismatch of coefficients of thermal
expansion for the substrate and coating and rapid “quenching” would introduce too large
of a stress between the coating / substrate interface and therefore the coating spalls. Once
the coated substrates were removed from the chamber, any debris was vacuumed and all
seals were cleaned.
In time, the source target began to erode due to the species being evaporated into
the chamber by the arc. Source target erosion was monitored while the chamber was
open. As previously mentioned, the number of magnets on the arc source assembly
dictated the wear pattern of the source target. When a virgin target was installed, three
magnets were utilized to obtain a distinct wear ring on the outer radius of the target dish.
This created a larger lip that acted as a physical boundary to the ground-seeking arc. As
the outer boundary became more prominent, magnets were removed so the arc eroded the
central face of the cathode.

If the target lip eroded to the point that the arc-initiating

trigger could not come in contact with the target, the target was rotated so that contact
was again possible. The same targets were used for a like set of depositions for
minimized coating variability.
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After each deposition set, the targets were replaced with virgin cathodes. Along
with replaced targets, the chamber shields and bias assembly were removed from the
chamber for cleaning. The chamber walls were cleaned to remove the residual coating
that accumulated as well as the atmospheric moisture that was absorbed while the
chamber was open. These items were cleaned using an abrasive 240 grit alumina blast
and then wiped with methanol and reinstalled into the chamber.

3.3

Experimental Design for Nitride Deposition
Five sets of coatings were deposited, characterized and evaluated for

performance. Cathode currents, bias and deposition time were dependent on the selected
deposition parameters for the specific coating. Parameters for all depositions are
tabulated in Table 3.1 and the five primary sets of experiments were:
1.

Two baseline depositions (TiN and CrN) for comparison. Two cathodes of
the respective material (titanium for TiN and chromium for CrN) were used
with an evaporator current of 85 A to achieve comparable coating
thicknesses to other coating sets. A constant substrate bias of -200 VDC was
used. These coatings served as baselines to compare with the (Ti,Cr)N
coatings (TiN for erosion and CrN for corrosion).

2.

Four (Ti,Cr)N coatings employing a titanium and chromium cathode. This
set of experiments used a constant titanium evaporator current (105 A) and
varied chromium evaporator currents (45 A, 65 A, 85 A and 105 A). A
constant substrate bias of -200 VDC was used. These coatings were
deposited to determine the effect of coating composition on performance.
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3.

Four (Ti,Cr)N coatings employing a titanium and chromium cathode. This
set of experiments used a constant titanium evaporator current (85 A) and
varied chromium evaporator currents (45 A, 65 A, 85 A and 105 A). A
constant substrate bias of -200 VDC was used. These coatings were
deposited to determine the effect of coating composition on performance.

4.

Five (Ti,Cr)N coatings with varied substrate bias (-25 VDC, -50 VDC, -100
VDC, -150 VDC and -200 VDC). A titanium (105 A) and chromium (45 A)
cathode was employed. These coatings were deposited to determine the
effect of ion arrival energy and coating microstructure on performance.

5.

Five (Ti,Cr)N coatings using a Ti-Cr (70:30 at. %) alloyed cathode. The TiCr cathode used an evaporator current of 85 A with varied substrate bias
(-25 VDC, -50 VDC, -100 VDC, -150 VDC and -200 VDC). With an
alloyed source, the coating composition was generally comprised of similar
metal composition as the alloyed source; therefore, the concentration was
inflexible. Therefore, the coatings were deposited with varied ion arrival
energy to the substrate. These coatings were deposited to observe the effect
on coating performance for coatings deposited with simultaneous
evaporation of multiple homogenous targets to coatings from a single
alloyed source material.

56

Table 3.1: Deposition parameters for all synthesized TiN, CrN and (Ti,Cr)N coatings.
Coating Cathode 1 // Current (A)
Cathode 2 // Current (A)
Bias (V)

Bond Layer

Deposition Time (min)

TiN
CrN

Ti // 85
Cr // 85

Ti // 85
Cr // 85

200
200

Ti
Cr

360
360

(Ti,Cr)N
(Ti,Cr)N
(Ti,Cr)N
(Ti,Cr)N

Ti // 105
Ti // 105
Ti // 105
Ti // 105

Cr // 45
Cr // 65
Cr // 85
Cr // 105

200
200
200
200

Cr
Cr
Cr
Cr

360
360
360
360

(Ti,Cr)N
(Ti,Cr)N
(Ti,Cr)N
(Ti,Cr)N

Ti // 85
Ti // 85
Ti // 85
Ti // 85

Cr // 45
Cr // 65
Cr // 85
Cr // 105

200
200
200
200

Cr
Cr
Cr
Cr

360
360
360
360

(Ti,Cr)N
(Ti,Cr)N
(Ti,Cr)N
(Ti,Cr)N
(Ti,Cr)N

Ti // 105
Ti // 105
Ti // 105
Ti // 105
Ti // 105

Cr // 45
Cr // 45
Cr // 45
Cr // 45
Cr // 45

25
50
100
150
200

Cr
Cr
Cr
Cr
Cr

360
360
360
360
360

(Ti,Cr)N
(Ti,Cr)N
(Ti,Cr)N
(Ti,Cr)N
(Ti,Cr)N

Ti-Cr alloy (70-30 at.%) //
Ti-Cr alloy (70-30 at.%) //
Ti-Cr alloy (70-30 at.%) //
Ti-Cr alloy (70-30 at.%) //
Ti-Cr alloy (70-30 at.%) //

N/A
N/A
N/A
N/A
N/A

25
50
100
150
200

Cr
Cr
Cr
Cr
Cr

720
720
720
720
720
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3.4

Coating Characterization and Performance
Following deposition, the coatings were subjected to various performance and

characterization tests. The analytical characterization techniques included x-ray
diffraction (XRD), scanning electron microscopy (SEM), optical microscopy (OM),
energy dispersive spectroscopy (EDS) and hardness. With these characterization
techniques, the coating phase(s), defect concentration, coating thickness, composition
quantification and hardness were determined. Correlations were made between
characterization results and coating erosion and corrosion performance.

3.4.1

X-Ray Diffraction (XRD)
X-ray diffraction was conducted using a Philips X’Pert XRD-MRD X-ray

diffractometer as seen in Figure 3.3.

Figure 3.3: Philips X’Pert XRD-MRD X-ray diffractometer utilized at Penn State
Applied Research Laboratory.
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The three main components of an x-ray diffraction device are the goniometer, xray tube and detector. The goniometer is where the sample is fastened and is capable of
rotation about any of the three principle axes. The x-ray tube emits x-rays which are
conditioned through collimator slits to create a parallel beam. The x-ray tube is usually
fixed in location. The detector receives the x-rays once they are diffracted from the
sample being analyzed. The detector is able to rotate about an axis that is normal to the xray tube-sample plane to receive the diffracted x-rays. The type of scan conducted was a
θ-2θ scan. During this scan, both the sample-fixed goniometer and the detector rotated.
However, they rotated at different rates with the detector rotating at twice the rate as the
goniometer. For every θ the sample rotated, the detector rotated 2θ as seen in a schematic
in Figure 3.4.

Figure 3.4: Schematic of a θ-2θ XRD scan [56].
Acquired XRD x-ray intensities over a range of 2θ angle created a diffraction
pattern. Diffraction patterns were used to determine the crystallographic phase(s) of the
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coating — whether the coating was a homogeneous ternary coating or a composite of
multiple phases of nanolayered structures. However, the known binary constituents of
TiN and CrN have similar diffraction patterns. It was difficult to distinguish the phase(s)
present in the (Ti,Cr)N coatings as the (111) preferred and therefore most intense
diffraction planes of TiN and CrN are separated by only 0.875o 2θ. As the 2θ angle
increases, the peaks become more distinguishable. A prominent distinction between the
TiN and CrN phases can be made at the (422) oriented planes which are separated by
5.47o. Therefore, a scan was performed with a 2θ range of 120o to 137o in order to
encompass both the TiN and CrN (422) plane diffraction patterns. To aid in the analysis,
the samples were tilted 19.47o on the ψ axis so that the (422) plane was in line with the
detector for a more intensive scan. The tilt angle was calculated using:
cos(δ) =

uu '+ vv'+ ww '
( u ) 2 + ( v) 2 + ( w ) 2 ( u ' ) 2 + ( v' ) 2 + ( w ' ) 2

(3.4)

where δ (Equation 3.4) is the angle between the [uvw] preferred direction (111) and the
[u’v’w’] directions (422) [51].
The coating residual stress was also calculated using XRD. XRD measures the
strain of the crystalline lattice and by using the coating’s Young’s Modulus, E, the
residual stress can be calculated through Hooke’s Law. For residual stress analysis, a
sin2ψ measurement was conducted at different ψ values over a specific crystallographic
orientation ((422) for this case). The ψ axis is parallel to the x-ray incident beam. At least
two ψ values are necessary for stress analysis with more values increasing the result
accuracy. Psi values of 0o ψ, 15o ψ, 30o ψ and 45o ψ were used.
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3.4.2

Microscopy Preparation
For coating cross-sectional analysis, samples were cut to expose the cross-section

and then mounted in epoxy. From each deposition, one Ti-6Al-4V coated sample was
used for microscopy analysis. The coated titanium alloy samples were cross-sectioned
using a diamond wafering blade. Two ¼” sections were cut from the coated specimen.
These specimens were then positioned back-to-back in a mount filled with an epoxy
mixture so that the coating cross-section of two cut segments was exposed (Figure 3.5a).
A paper identifier was also placed in the epoxy prior to hardening for distinguishing the
samples as seen in Figure 3.5b.

(a)
(b)
Figure 3.5: Hardened epoxy containing sample segments for cross-section microscopy
analysis.
Once the epoxy hardened, the samples were ground and polished for optimum
imagery using a LECO polisher (model 828-200-230) as seen in Figure 3.6. For each
polishing procedure, three samples were loaded and fastened into a sample holder for
circular epoxied inserts. Three samples were polished at a time since this was considered
optimum between number of samples and polishing quality. The surface to be observed
through microscopy was loaded face down so that they would be the surfaces to be
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ground and polished. The first five steps were to grind the sample surface with
progressively finer silicon carbide media.

Figure 3.6: LECO polisher used to grind and polish cross-sectioned samples.
The 320, 600 and 800 grit media was in the form of silicon carbide that had
adhesive backing for application to the grinding wheel. Each of these steps required water
lubrication. Between each step, the sample holder was removed from the grinder head
and the samples were washed with tap water and N2 dried. A cloth was applied to the
wheel for the three micron and one micron polishing steps. Either a three micron or one
micron diamond air spray, in conjunction with DP Green lubricant, was applied to the
cloth intermittently throughout polishing. Between these steps, the sample holder was
removed from the grinding head and the samples were rinsed with Alconox, a degreaser,
by applying the Alconox and lightly passing a cotton swab over the surface to avoid
scratching. These samples were rinsed with deionized water and N2 dried. A cloth was
placed on the wheel that was specifically used for colloidal silica polishing. Colloidal
silica was applied prior to and was replenished during polishing. Once removed from the
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polishing head, the samples were washed with warm tap water to remove any colloidal
silica residue. A tabulated procedure can be found in Table 3.2. A constant head speed of
150 RPM (CW) and head pressure of 5 lbs was used for all steps.

Table 3.2: LECO grinding / polishing procedure for cathodic arc samples for microscopy
Grit
Time (min)
Wheel Speed
Wheel
Lubrication
(RPM)
Direction
320
2
175
CCW
Water
600
2
175
CCW
Water
800
2
175
CCW
Water
3 micron
1.5
150
CW
DP Green
1 micron
1.5
150
CW
DP Green
Colloidal Silica
1
150
CCW
Colloidal Silica

In addition to the exposed sample surface being ground and polished, the opposite
face, or identification face, was ground to 600 micron so that the paper identifier was
visible and that the sample face was flat for microscopy. The back surface did not require
polishing.

3.4.3

Environmental Scanning Electron Microscopy (ESEM)
A Quanta 200 environmental scanning electron microscope (ESEM) was used for

coating characterization. An ESEM is capable of observing small samples or miniscule
features of a sample at much higher magnifications than an optical microscope. Prior to
ESEM observation, leads were created on the sample so that a negative potential could be
imposed on the sample from the grounded stage. If the samples were not grounded, the
epoxy that the samples were mounted in would act as an insulator so as the electron beam
impinged the samples, the instilled current would not be dissipated to the grounded stage.
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Grounding was required so that electron charging would not occur which was detrimental
to image quality. To create an electrical connection from the metallic samples to the
stage, an aluminum stub was epoxied to the identification face of the epoxied sample.
Once the epoxy dried, silver paint was used as a lead from the sample to the aluminum
stub. Once the silver paint dried, the sample could be imaged. The sample was mounted
to the grounded stage via the stub and the chamber was placed under vacuum so that a
high energy electron beam could be created. The electron beam is produced by passing a
high current though a tungsten filament. The heated filament emits electrons which are
focused into a beam. An ESEM produces an image through a raster of a high energy
electron beam (with a diameter of a few nanometers) that impinges the sample and results
in the emission of electrons and x-rays. The intensity of the electron emissions depends
on the sample composition and surface morphology. An image is assembled as the
electron beam scans the sample and receives the electron emissions.
Both the cross section and surface of the coated samples were imaged. Cross
sectional images were taken to examine coating structure and incorporated defects
through the coating thickness. Approximately four cross sectional images per sample
were taken at a magnification of 5000x to 8000x (dependent upon coating thickness).
Surface images were taken to observe grain size and surface defects. The observed grain
size gave details into the desired function of the coating. For erosion resistant coatings
many small grains are generally desired because grain boundaries inhibit dislocations.
However, for corrosion resistance, few, large grained microstructures are generally
desired so no contaminants could travel along grain boundaries. For both erosion and
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corrosion resistance, dense coatings with minimal defects are desired. Surface
morphology images were taken at magnifications of 1000x and 2500x.

3.4.4

Optical Microscopy (OM)
Optical microscopy was conducted primarily for coating thickness measurements,

basic cross-sectional images and measuring diagonal length from hardness indentation.
For more sophisticated imagery of the coating morphology and structure, an ESEM was
used. A camera was attached to the column of the microscope for digital imaging. Spot
Advanced software was used to analyze the images created from the camera. The
software was vital in obtaining measurements of coating features such as coating
thickness and hardness indentation lengths. The software used the resolution pixels to
determine the length of the measurement made. A minimum of ten thickness
measurements were taken and averaged since the coating thickness varied at different
sample locations. Images of thicker coatings were taken at 500x magnification and
thinner coatings at 1000x magnification for improved accuracy. For hardness tests, two
diagonals were created from the pyramidal indention. The lengths of these diagonals
were measured in order to determine the coating hardness. The diagonal dimensions
(necessary for Equation 3.3) were measured at 1000x magnification for increased
accuracy.

3.4.5 Energy Dispersive Spectroscopy (EDS)
EDS is located within the ESEM system and was used to quantify the coating
composition. As with the ESEM, an electron beam impinges the sample but EDS
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processes the emitted x-rays from the sample. Each element has unique x-ray intensity (or
intensities). The emitted x-ray intensity as well as the intensity volume was analyzed. The
atomic weight percentage of the focused area was assessed. EDS coating analysis was
conducted at four or more different locations so an average coating composition could be
obtained. The average composition and standard deviation of the composition
quantification were calculated. Coating macroparticles were also identified with this
method.

3.4.6 Hardness
Hardness is a measure of a material’s resistance to plastic deformation. The
Vickers hardness test subjected samples to a prescribed load using a right pyramidshaped diamond indenter. Once the load was removed, the diagonals of the indentation
were measured to calculate the hardness value. The diagonals were measured to
determine the depth of penetration. To calculate the hardness number, the two indentation
diagonals were measured and averaged. Hardness was calculated by dividing the force
applied by the surface area of the indentation using the following formula [57]:
(3.1)
where
(3.2)
therefore
.

(3.3)

with:
HV = Vickers hardness value (VHN)
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F = applied load (kg)
A = area of indentation (mm2)
d = diagonal length (mm)
As can be seen from Equation 3.3, the hardness is proportional to the load force
and inversely proportional to the diagonal lengths.
Average Vickers hardness measurements were obtained by making indentions on
the coating cross sections to ensure that the Vickers hardness value was solely of the
coating and not influenced by the substrate. At least twelve indentations per coating were
made to ensure accuracy of values. A successful indentation was one that experienced
plastic deformation with no cracking. A load of 50 grams was attempted on all coatings.
For any indentations that caused cracking multiple times, the load was decreased to 25 g.
The indentation diagonals were measured using an optical microscope. Once the diagonal
lengths, d, were obtained, they were averaged and inserted into Equation 3.3 to determine
the hardness value.

3.4.7

Corrosion
Corrosion performance was conducted in accordance with ASTM B117 standard

[58] for a salt fog spray test. This test exposed samples to a constant salt fog spray within
a chamber for 1000 hours. The test chamber is shown in Figure 3.7a. Prior to the ASTM
B117 corrosion test, the edges of the samples were masked in clear silicone caulk to
expose only the sample faces to the salt fog environment (Figure 3.7b). Clear silicone
was utilized so that the sample’s identification number was still visible and the coatings
could be classified post corrosion testing. From each deposition, two coated 17-4PH
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sttainless steeel alloy subbstrates and two Inconeel 718 subsstrates weree exposed too the
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m
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in
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temperature of the humidification tower was kept at 47oC (118oF). Samples were
observed daily for evidence of surface corrosion as a function of exposure time. A funnel
collected salt fog precipitate and was used to determine the pH of the salt fog. A chart
with each sample location was used for identification and can be seen in Figure 3.8.
DOOR HINGE
S153
R77
R74
R91
S177 R106 R103
R73
S176
S143
R76
R89
S179 R105
S188
R75
T213*
R88
S138
R83
S180
S175
S191
S208
S224*
R87
S131
S132 R108 R116 R114
S207
R138* R80
R78
R79
S189
S174
R121
S202
T214*
R84
S123
S133 R113 R110 R122
S201
S225* S142
S139
S170 R101 R109
S183
R126
R137* R107 S129
S172 R102 R115 R104
R125
S151
S126
S127 S156
S193
R92
R90
Funnel
S124 S154
S182
Funnel
Figure 3.8: Chart of sample locations within the B117 corrosion chamber. The asterisk
indicates that the sample is uncoated.
Viewed periodically, the samples were ranked with the amount of estimated
corrosion on their surfaces. Samples were removed from the test once a criterion of 50%
surface corrosion was observed.

3.4.8

Erosion
An in-house erosion rig was built by the ARL Advanced Coatings Department at

Penn State University and was used for coating performance evaluation. This rig included
a high pressure air inlet with regulator, a vibratory media feed, an acceleration / mixing
vessel and a vacuum chamber in which the erosion occurred. A digital image of the
erosion rig is shown in Figure 3.9.
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The air pressure directly managed the erodent velocity. Upon fabrication of the
erosion rig, a calibration test was conducted to produce a relationship between air
pressure and erodent velocity. For the current effort, two particle velocities were used for
determining erosion performance: 475 ft/s ( ≈ 150 m/s) and 325 ft/s ( ≈ 100 m/s).

Figure 3.9: Erosion rig used for erosion performance testing.
The vibratory feed regulated the rate at which erodent was introduced to the high
pressure airflow. A dial was located on the face of the vibrator so that feed rate could be
adjusted. For these experiments, the feed rate was set to 100 g/min.
The erodent was fed into a mixing chamber where it was introduced to the air
flow which accelerated the erodent into the erosion chamber. A hardened 4130 alloy steel
tube was used to accelerate the air / erodent mixture to the erosion chamber and obtain
the desired velocity. Some erosion occurred on the inner wall of this tube so it was
replaced periodically to ensure that calibrated erodent velocities were being achieved.
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240 grit aluminum oxide, or alumina, was the erodent of choice for these experiments.
Alumina is quite abrasive because of its irregular shape and high hardness as seen from
an SEM image in Figure 3.10a.
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(a)
(b)
Figure 3.10: a) SEM image of 240 grit alumina and b) the particle size distribution
(PSD) of alumina erodent.
Particle size distribution (PSD) analysis of the erodent media was determined
using dynamic light scattering by the Particle Characterization Laboratory at the
Pennsylvania State University. The particle size distribution of the 240 grit alumina is
shown in Figure 3.10b and the average particle size was approximately 60 μm in
“diameter.”
The accelerated flow of erodent impinged upon a coated sample that was fixed in
the erosion chamber. The erosion chamber was under low vacuum and aided in the seal
of the chamber and erodent removal following impingement. The sample fixture was
capable of rotation about an axis normal to the erodent trajectory for varied impingement
angles. Surface impingement angles of 90o (Figure 3.11a) and 30o (Figure 3.11b) were
used. These angles were chosen based on critical erosion rates of ductile and brittle
materials at these angles (Figure 2.12). These impingement angles provided insight into
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the erosion behaviors and mechanisms of both the coatings and uncoated substrates. For
the erosion at 30o, a velocity of 475 ft/s (150 m/s) was used and for 90o, a velocity of 325
ft/s (100 m/s) was used. A decreased velocity for the 90o impingement was used because
the high velocity impingement was too aggressive. The decreased velocity allowed more
data points to be collected for a better-established erosion curve. A mask with a 1-1/8”
diameter opening was placed over the substrate to fasten and position the sample (Figure
3.11c). The mask also created a constant erosion exposure area.

(a)
(b)
(c)
o
o
Figure 3.11: Erosion fixture at a) 90 impingement, b) 30 impingement and with c) 11/8” diameter exposure.
Prior to being exposed to the erodent, the sample was weighed on a four decimal
scale (0.0001 g) in order to determine the sample mass. For all mass measurements, a
minimum of four values were recorded and averaged. The sample was then fastened to
the holding fixture and loaded into the erosion chamber. A cyclonic filter was attached to
the erosion chamber by corrugated tubing for dust removal from the chamber after
erodent impingement. The cyclonic filter provided a vacuum-like environment in the
erosion chamber. The filter was activated as the erodent was loaded into the vibratory
feed. The high pressure air solenoid and vibratory feed control were on a single switch so
that both systems were initiated simultaneously. The erosion experiment was initiated and
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was stopped once all of the erodent was introduced to the erosion chamber and impinged
upon the sample. Vacuum was removed from the erosion chamber and once it returned to
atmospheric pressure, the eroded sample was removed from the fixture. The sample was
weighed to determine the mass loss during the given experiment. The sample was then
replaced into the holding fixture so that the erosion scar was in line with the opening in
the mask to ensure that the same location was eroded. After each erosion experiment, the
sample was weighed to determine the mass loss. This continued until approximately 50%
of the substrate was exposed due to coating removal at the unmasked area. The 50%
substrate exposure was considered the failure condition.
The dosage schedule constructed for the erosion experiments is listed in Table
3.3. This dosage procedure was followed until the 50% failure condition was achieved.
The erodent mass of the first column of Table 3.2 was introduced to the chamber for each
subsequent test while the total dosage was in the range of the second column.
Table 3.3: Erosion dosage procedure.
Erodent Mass (g)
Total Erodent Range (g)
25
0 Æ 100
50
100 Æ 300
100
300 Æ 1000
250
1000 Æ
As an example, the first four erosion trials used 25 grams of erodent per trial. This
yielded a total erodent mass of 100 grams. Thereafter, 50 grams of erodent were used for
each following trial up to 300 grams exposure and so on as tabulated in Table 3.3.
Coatings deposited on the titanium alloy substrate were subjected to the erosion
test because the coating process was optimized for these substrates. For a baseline
comparison, an uncoated titanium alloy substrate was eroded. Each erosion test was
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conducted two times for each sample for verification purposes. The erosion tests were
time consuming and labor intensive.

3.5

Finite Element Method (FEM) Modeling of Leading Edge Curl
Leading edge curl to first stage compressor blades due to aggressive environments

has been found to be the main erosion mechanism of the GE T58 engine components.
Using FEM modeling software, field damage to these blades can be modeled. The
erosion process (and plastic deformation) of the blades can be further understood through
field damage replication. Once the field damage is modeled, a simulated coating can be
applied to the blades within the FEM software to analyze erosion mitigation performance
of the coating. FEM allows a cheaper and less time consuming way to mimic the complex
erosion phenomenon.

3.5.1

FEM Blade Deformation Initialization
2-D FEM simulations of a GE T58 blade leading edge burr (or curl) were

conducted using ABAQUS/CAE FEM software. 3-D simulations were also conducted;
however, results from both the 3-D and 2-D simulations were quite similar. Therefore
2-D simulations were conducted because they were more computationally efficient and
simpler to initialize than their 3-D counterpart.
Within a model, the geometries and material properties of all components of a
simulation were defined. The T58 blade geometry was extracted using coordinate
measuring machine (CMM) measurements. The coordinates were imported into
ABAQUS and were connected with lines to create the 2-D wireframe of the blade. Quartz
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particles were created as circles with a specified diameter. Although alumina erodent,
with jagged and irregular shape, is known to be more aggressive, the circular quartz
particulate used in these simulations was effective in creating blade deformation. The use
of complex erodent geometries is less computationally efficient and is beyond the scope
of this work.
Once the part geometries were created, the properties of the parts were assigned.
The properties that were assigned include the in-plane thickness as well as the material
property. Although a 2-D simulation was conducted, an in-plane thickness was required.
This value extruded the entities into the “third dimension” and gave added stiffness. The
larger the value, the more stiff the material became and therefore experienced less
deformation. Based on previous, similar work for other blade contours [59], the in-plane
thickness used was 0.027 inches which reproduced the best comparison between FEM
and field data. The in-plane thickness along with the element type definition (discussed
later) gave the added blade span stiffness for 2-D models. Material properties pertaining
to bombardment-type simulations included physical, elastic, and plastic properties.
Depending on the entity (blade or particle), some or all of these properties were defined.
The physical property pertains to the material’s density. In its simplest form, these
simulations could have been conducted while only defining the density; however, the
addition of the other material properties created a more robust and realistic model. The
elastic properties of the blade and erodent particles such as Young’s modulus and
Poisson’s ratio were defined. Both physical and elastic values of the blade material
(A286) and the quartz particle are listed in Table 3.4. To enhance the accuracy of the
plastic deformation of the blade, the plastic properties for the blade such as plastic and
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work hardening behaviors were also defined. Plastic properties of the A286 material
such as plastic behavior and work hardening behavior are listed in Tables 3.5 and 3.6,
respectively.
Table 3.4: Physical and elastic properties of A286 alloy (blade material) and quartz
particle [59].
A286
Quartz Particle
0.000741
0.000258
Density (lbf-s2/in4)
25,500
15,000
Young’s modulus (ksi)
0.3
0.25
Poisson’s ratio

Table 3.5: Plastic properties and behavior of the A286 alloy (blade material) [59].
Yield Stress (psi)
Plastic Strain
92,625

0.0

97,500

0.0002

140,000

0.198

530,740

2.0

Table 3.6: Work hardening behavior of the A286 alloy (blade material) used for FEM
modeling [59].
Equivalent
Yield Stress
Plastic Strain
Ratio (σ)
Rate (R)
1
0
1.05

0.001

1.1

0.01

1.15

0.1

1.4

10

1.6

100

2

900

FEM modeling is based on the interaction of elements that are constructed by
nodes for simulations. Abaqus Explicit solves the displacement, velocity and acceleration
of each node through explicit integration. This solver package uses only the inputs from
76

ward integraation.
thhe previous step (i.e. the first integration uses the user inpputs) for forw
E
Explicit
uses FEM matrixx inversions as opposed to iteration techniques.
t
w
the parrt geometry.. Three nodees are
Nodess are points on the surfaace of and within
used to creatte a trianguular element and four nodes
n
are ussed to creatte a quadrilaateral
ellement. Morre elements within a part will increease the accuuracy of results for a model;
m
however, they
y cost more computing power. An increased nuumber of finne elements were
desired at loccations wheree most of the deformatioon occurred for simulation accuracyy. The
ments since itt was only being
b
errodent particcle was messhed (Figuree 3.12) withh large elem
used for bom
mbardment and
a the partiicle deformaation after im
mpact was irrelevant forr this
innvestigation..

μ diameterr quartz partiicle after meeshing.
Figuree 3.12: 200 μm

pressor bladde meshing was more complex beecause theree was signifficant
Comp
plastic deform
mation at thhe leading edge.
e
Approoximately tw
wo-thirds off the blade chord
c
reemained und
deformed and as a resultt, it was ineffficient to creeate many sm
mall elemennts for
thhe blade enttirety and laarge elementts would ressult in inacccuracies at the
t blade leaading
eddge. With ABAQUS
A
m
meshing,
elem
ment sizes did
d not need to be uniform in size and
a it
77

was advantageous to vary the element sizes of the blade for computational efficiency. In
general, for each model, there was a large number of fine elements at the leading edge
and elements progressively became coarser at locations aft of the leading edge as is seen
in Figure 3.13.

Figure 3.13: Meshing of the leading edge of the T58 compressor blade.

To specify the desired meshing, seeds were created on the object surface. Seeding
specified the location of nodes on the surface of the object. For finer elements at the
leading edge of the blade, seeds were placed closer together. Seeds were progressively
spaced further apart at locations aft of the leading edge. Once the surface was seeded, the
object could be meshed. An algorithm within the Abaqus software created the nodes
within the entities for meshing.
Following meshing, the element types were identified. There were multiple
element types within the software that had different applications. The one most relevant
to compressor blade modeling was the Plane Strain element type. This type enacted a
zero normal and shear strain for the specified protrusion of the blade in the third
dimension. This type was used because it simulated the protrusion length being larger
than the chord length of the airfoil (which is accurate for a compressor blade since the
span of a compressor blade is larger than the blade chord). This, in conjunction with the
in-plane thickness, allowed the 2-D model to have valid results.
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After creation and definition of all particle elements, the entities were assembled
together for simulation initialization. The configuration, interaction, boundary condition,
and velocity of the entities were all imposed during assembly. Assembly parameters were
all varied to compare the effect on blade deformation and are discussed in greater detail
in the next section.
The particles were placed at different angles and distances with respect to the
blade to create the configuration. All particles of the simulations were translated onto a
line at the specified impingement angle from the leading edge. There was proper spacing
between the elements so that there was ample time for blade damping between
subsequent impacts.
Interactions were created between each of the particles used and the blade. An
interaction defined a physical contact between the two entities involved. However, no
interactions were created between particles because the recoil trajectory once the particle
hit the blade was random and if it was in the path of the next subsequent impinging
particle, the impinging particle would not strike the blade as desired.
Boundary conditions used throughout these simulations were in regard to
constraining sections of the blade. From previous work [59], it was shown that the whole
blade would deform if there were no constraints imposed upon the blade as illustrated in
Figure 3.14.
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Figure 3.14: Blade deformation if no boundary conditions were imposed.
Constraints permitted only leading edge deformation as well as blade oscillations
to dampen out from the high velocity particle impact in a timely fashion for subsequent
particle impacts. Oscillation damping is required because in configuration, the particles
are on a trajectory to progressively impact the blade at the same blade location. It should
be noted that it is highly unlikely that multiple particles would sequentially impact the
blade at the same location due to the changes in flow incidence angle.
Once the assembly and all of its subsidiaries were complete, the simulation was
initiated and allowed to iterate. To begin the simulation, the model and assembly were
submitted as an input file (.inp). The simulation results were stored as an output database
file (.odb) which was used for taking images. For imaging, each simulation output
database was opened to the final frame of the output (after all particles impinge and blade
oscillations cease). Each image was taken at the same location of the viewport so the
deformations of each blade were directly comparable with regards to vertical and
horizontal displacement. Vertical and horizontal displacement is defined in Figure 3.15.
The origin is at the location of the leading edge of the undeformed blade.
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Table 3.7: FEM modeling parameters used to simulate leading edge curl for a T58
compressor blade.
#
Particle size
Particle speed
Impingement angle
BC
(μm)
(ft/s)
(deg)
(% chord)
1
200
1.21x
37
4
2
200
x
37
4
3
100
1.21x
37
4
4
100
x
37
4
5
200
1.21x
30
4
6
200
x
30
4
7
100
1.21x
30
4
8
100
x
30
4
9
200
1.21x
45
4
10
200
x
45
4
11
100
1.21x
45
4
12
100
x
45
4
13
200
1.21x
37
6
14
200
x
37
6
15
100
1.21x
37
6
16
100
x
37
6
17
200
1.21x
30
6
18
200
x
30
6
19
100
1.21x
30
6
20
100
x
30
6
21
200
1.21x
45
6
22
200
x
45
6
23
100
1.21x
45
6
24
100
x
45
6
25
200
1.21x
37
2
26
200
x
37
2
27
100
1.21x
37
2
28
100
x
37
2
29
200
1.21x
30
2
30
200
x
30
2
31
100
1.21x
30
2
32
100
x
30
2
33
200
1.21x
45
2
34
200
x
45
2
35
100
1.21x
45
2
36
100
x
45
2
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As listed in Table 3.7, two particle sizes were generated: 100 micron and 200
micron diameter particles. These particle sizes were used because the T58 engine is still
be exposed to 100 and 200 micron diameter particles that the installed EAPS do not
extract. Although small, these particle sizes are still capable of entering the engine,
resulting in significant blade damage.
Particle velocities of 1.21x fps and x fps were used. Due to engine rotational rate,
a tip speed and mid-span blade speeds were supplied as 1.21x fps and x fps, respectively.
This assumed stagnant incoming airflow (and particle velocity) which does not occur in
an engine. With this assumption, there is the absence of an incoming flow velocity vector
which will increase the local particle velocity (and thus the particle kinetic energy). The
rotational speed of the blades is the main velocity component of a traditional axial
turbomachinery velocity triangle so this can be seen as a valid assumption. Without an
inlet flow velocity, the magnitude of simulated velocity will be lower than that in service.
Although this does not replicate the exact leading edge deformation solution in the field,
it provided a close simulated solution with the lower modeled particle velocities.
Therefore, the damage seen in service would be worse than the modeled damaged so the
models can give a “best-case scenario” if the blades were subjected to the same
parameters.
Particle impingement angles, α, to the blade leading edge of 30o, 37o and 45o
(measured from the chord line) were used for the current modeling. Through
experimentation [59], leading edge curl was found to be most significant with particles
impinging the blade at 37o to the chord line. These angles accounted for the change in
incidence angle of the flow (and thus particles) approaching the blade.
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For practicality of the simulations, some blade nodes had to be constrained to zero
displacement. The pinned nodes simulated the stiffness provided by the blade span blade
(which cannot be simulated in a 2-D model). Three boundary conditions were imposed
that left the chord aft of the leading edge unconstrained at percentages of 2% (Figure
3.16a), 4% (Figure 3.16b) and 6% (Figure 3.16c). These boundary conditions were within
a range that provided realistic results. The red dots show nodes that are constrained with
pins so that there are no displacements.

Figure 3.16: Constraints placed on the blade at different blade locations of (a) 2% chord,
(b) 4% chord and (c) 6% chord.
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Through experimentation, a method was developed for blade bombardment. Ten
particles were used for each simulation. Each simulation of ten particles mimicked
0.000045 real-time seconds. This time was chosen as it allowed all particles to impact the
blade as well as for the blade oscillations from impact to dampen. For the first simulation,
the undeformed T58 blade and ten particles were imported. The particles were each
displaced at different locations along a trajectory line that was at the prescribed angle, α,
from the chord line. For the first simulation, each particle was shifted 0.01 inches in the
Y(-) direction so that they would impinge on the pressure surface of the blade (Figure
3.17).

Figure 3.17: Schematic of trajectory angle, α, and the Y(+) / Y(-) displacement
definition.
Once the simulation ended, a new simulation was initialized with the deformed
blade from the previous simulation being imported. For each subsequent simulation of
ten particles, the particles were shifted in the Y(+) direction (0.0025 inches for the 100μm
diameter particle and 0.005 inches for the 200μm diameter particle) as can be seen in
Figure 3.17. The difference in displacement resulted because the larger particle deformed
more blade area and to account for this, the smaller particle was displaced less so that it
impacted the same area as the larger particle. Another difference for simulations using
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The Y(+) displacement and deformed blade importation continued after each
simulation until particles no longer came in contact with the blade. This ensured that a
full range of bombardment occurred.
Screenshots of the deformed blade were taken after each simulation so that the
progress of deformation could be observed. Each screenshot was taken at the same zoom
value and location to keep the integrity of each blade deformation.
Within the ABAQUS software, quantitative measurements were obtained for the
deformed blade with the origin being at the leading edge of the undeformed blade.
Visually, a node on the deformed blade was designated as the node which underwent the
most displacement. The x- and y- coordinates of this node were recorded.
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CHAPTER 4

RESULTS AND DISCUSSION

Determining the erosion performance of (Ti,Cr)N coatings deposited by multicathode cathodic arc deposition compared to baseline TiN and CrN coatings was the
main objective of this work. Understanding the corrosion performance of these coatings
was a secondary objective. Characterization techniques such as XRD, SEM, EDS and
hardness were used to make correlations to coating corrosion and erosion performance.
Correlations between coating performance and characterization results of (Ti,Cr)N
coatings were determined so that the erosion and corrosion performance of this ternary
system could be better understood.
4.1

X-ray Diffraction
It has been shown that (Ti,Cr)N can be deposited as a monolithic ternary nitride

(e.g. TiCrN2) or as a multiphase composite consisting of TiN and CrN binary nanolayers
[40,41,43-51]. X-ray diffraction was used to determine the phase(s) present in the
deposited coating – whether each coating was monolithic or multiphase. θ/2θ analysis
was conducted to determine the peak location of the TiN, CrN and TiCrN2 coating (422)
oriented planes within each coating phase and were compared to the International Centre
for Diffraction Data (ICDD) [60-62].
Since the coatings thickness varied based on deposition conditions, it was
necessary to calculate the depth of penetration of the incident x-ray beam for phase
analysis. If the depth of penetration was greater than the coating thickness, peak locations
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from the substrate phase(s) would be included in the diffraction pattern. The maximum
depth of penetration of the incident x-ray beam was calculated to be approximately 13.0
μm for all coatings using X’Pert HighScore Plus. Due to the nature of a θ/2θ x-ray
diffraction scan, the depth of penetration increased with increased 2θ angle (Section
3.2.7). These scans were conducted at relatively high 2θ angles so the depth of
penetration had to be considered.
The residual stress within the various coatings was determined using the sin2Ψ
technique. Residual stress cannot be measured directly by x-ray diffraction but rather
strain was measured and the stress was calculated. The coating residual stress will affect
its performance.

4.1.1. Phase determination of TiN and CrN baseline coatings
XRD analysis was of all coatings within this study were conducted with an
emphasis over the (422) oriented plane. This was done due to the overlapping of the TiN
and CrN coating diffraction patterns at low 2θ angle. As observed in Figure 4.1a, the TiN
(ICDD JCPDF 01-38-1420) [60] and CrN (ICDD JCPDF 01-11-0065) [61] peak location
at low angles is too close to accurately determine which phase is present. As 2θ angle
increases and other oriented peaks are observed, the spacing between the TiN and CrN
peak locations increases. For this reason, XRD diffraction analysis was conducted over
the (422) oriented peak which occurs between 120o and 137o 2θ. There was proper
spacing between the (422) peak locations to allow more refined analysis.
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Figure 4.1a: XRD peak locations for TiN [60] and CrN [61] for a range of 30-150o 2θ.

XRD (422) oriented peaks of deposited monolithic TiN and CrN coatings are
observed in Figure 4.1b. Since there was one distinct peak for each of the coatings over
this range, these coatings were classified as single-phase monolithic coatings as expected.
Figure 4.1b shows that the x-ray diffraction patterns for both the TiN and CrN
baseline coating matched those listed in the ICDD with a slight shift in peak position due
to the stress within the coatings. The difference in the scanned peak locations and the
JCPDF peak locations were attributed to a different stress state in these coatings due to
both the relatively high deposition bias and coating thickness. The change in coating
residual stress is known to shift peak locations and can be measured using the sin2Ψ
technique discussed later [63]. The 2θ location of the TiN and CrN peaks provided
information in determining the crystallographic phase of the TiN and CrN coatings being
of the cubic phase. Both the TiN and CrN coatings possessed coating thicknesses greater
than the x-ray depth of penetration (13μm) so diffraction from the substrate was not
observed in the diffraction patterns shown in Figures 4.1b.
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Figure 4.1b: XRD pattern of TiN and CrN coating of the (422) oriented plane.

4.1.2

Phase determination of MSM (Ti,Cr)N coatings deposited with constant
titanium evaporator current (105 A), varying chromium evaporator current
(45 A, 65 A, 85 A, 105 A) and constant substrate bias (-200 V)
All coatings deposited using 105 A Ti current while utilizing MSM were found to

be multi-phase compositions of TiN and CrN in the form of nanolayers [51]. As can be
seen in Figure 4.2, all the (Ti,Cr)N coatings have two peaks which are at the same 2θ
angle as both the deposited TiN and CrN diffraction peaks from the baseline samples.
With an increase in chromium evaporator current the TiN peak intensity decreased and
the CrN peak intensity increased. The area under each diffraction peak correlates to the
volume of that particular phase within the coating. Therefore, x-ray diffraction analysis
showed that an increase in chromium evaporator current correlated to an increased CrN
phase volume and a decreased TiN phase volume within the coatings, which was
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expected. All coatings had thicknesses greater than the depth of penetration (13 μm) so
diffraction peaks from the substrate were not observed.

Figure 4.2: XRD pattern of (Ti,Cr)N coatings deposited with a constant titanium current
(105 A) and a varying chromium current (45 A, 65 A, 85 A, 105 A) of the (422) oriented
plane.

4.1.3

Phase determination of MSM (Ti,Cr)N coatings deposited with constant
titanium evaporator current (85 A), varying chromium evaporator current
(45 A, 65 A, 85 A, 105 A) and constant substrate bias (-200 V)

As with the 105 A titanium current, all coatings deposited using 85 A Ti current
were found to be multi-phase compositions of TiN and CrN as seen in Figure 4.3.
Analysis again showed that an increase in chromium evaporator current correlated to an
increased CrN phase volume and a decreased TiN phase volume within the coating.
However, for these coatings, the TiN phase volume for the (Ti,Cr)N coatings was less
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prominent than the coatings from Section 4.1.2 due to the lower titanium nitride volume
fraction within the coating. Since the coating thickness was greater than 13 microns, no
diffraction from the underlying substrate was observed.

Figure 4.3: XRD pattern of (Ti,Cr)N coatings deposited with a constant titanium current
(85 A) and a varying chromium current (45 A, 65 A, 85 A, 105 A) of the (422) oriented
plane.

4.1.4

Phase determination of MSM (Ti,Cr)N coatings deposited with constant
titanium evaporator current (105 A), constant chromium evaporator current
(45 A) and varying substrate bias ( -25 V, -50 V, -100 V, -150 V, -200 V)
XRD analysis of coatings that maintained the same target currents (105 A Ti / 45

A Cr) and varied the bias can be seen in Figure 4.4. These coatings were also determined
to be multiphase composites of TiN, CrN and monolithic (Ti,Cr)N cubic phases.
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Figure 4.4: XRD pattern of (Ti,Cr)N coatings deposited with a constant titanium and
chromium current (105 A and 45 A, respectively) and a varying substrate bias (-25 V, -50
V, -100 V, -150 V and -200 V) of the (422) oriented plane.

Figure 4.4 showed a prominent peak corresponding to the TiN phase and
convoluted with possible TiCrN and CrN phases. These coatings were determined to
have a (Ti,Cr)N solid solution phase because of the differences in these patterns with
those of Section 4.1.2 and Section 4.1.3. (Ti,Cr)N coatings from Section 4.1.2 and
Section 4.1.3 had distinct TiN and CrN diffraction patterns, whereas the diffraction
patterns as a function of bias appeared to encompass all three concerned phases. Due to
the proximity of all three phases and the high intensity of the TiN peak, it was difficult to
obtain resolution of the other incorporated diffracted peaks. The change in bias promoted
intermixing which was more prominent at -25 V bias (2θ peak approaching TiCrN2). As
the bias was increased, the TiN diffraction peak 2θ position shifted to a lower 2θ angle. A
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peak shift for the same material (bulk or coating) has strong correlation with a difference
in intrinsic residual stress within the material [64]. This suggests that there was an
associated change in coating stress state due to the ion arrival energy, which was
proportional to the substrate bias. This is discussed in more detail later. These coatings
also had thicknesses greater than the incident x-ray depth of penetration and therefore no
substrate peaks were observed.

4.1.5

Phase determination of SSM (Ti,Cr)N coatings deposited with constant Ti-Cr
alloy evaporator current (85 A), and varying substrate bias ( -25 V, -50 V, 100 V, -150 V, -200 V)
For coatings deposited using a single Ti-Cr alloyed target (70 at.% - 30 at.%),

there appeared to be a single ternary phase present within the coatings. As can be seen in
Figure 4.5, there is a dominant peak for all coatings at approximately 127o 2θ (shown by
the solid black arrow) which corresponds to the monolithic (Ti,Cr)N phase [62].
Before discussing the monolithic (Ti,Cr)N phase, the other diffraction peaks
within Figure 4.5 observed at approximately 123o and 132o 2θ (shown by the dashed
black arrows) needed to be identified. These two diffraction peaks at 123o and 132o 2θ
were determined to be from the underlying Ti-6Al-4V substrate. These coatings had
thicknesses that were less than the calculated depth of penetration (13 μm) and therefore
diffraction from the substrate was also observed in the diffraction patterns. The high
angle diffraction pattern of the uncoated Ti-6Al-4V substrate is observed in Figure 4.6.
As can be seen, dominant peaks of Figure 4.6 are at the same 2θ location as the minor
peaks in Figure 4.5, confirming that the diffraction peaks were from the substrate and not
the coating. As for possible TiN and CrN phases, these peak locations were too distant
from the TiN and CrN peak locations of Figure 4.1 to merit consideration.
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Figure 4.5: XRD pattern of (Ti,Cr)N coatings deposited with a Ti-Cr alloyed (70 at. % :
30 at. % Cr) at a constant current (85 A) and a varying substrate bias (-25 V, -50 V, -100
V, -150 V and -200 V) of the (422) oriented plane.

Figure 4.6: XRD analysis of the uncoated Ti-6Al-4V substrate at high 2θ angle.
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As observed in Figure 4.5, the peak location corresponding to the ternary
monolithic (Ti,Cr)N phase was slightly offset of that of the TiCrN2 ICDD pattern. This
was expected as there is no ICDD powder diffraction pattern corresponding to the
Ti0.70Cr0.30N2 composition. The alloyed target (70 at. % Ti: 30 at. % Cr) composition was
expected to yield a ternary TiCrN coating with similar parent metallic composition of the
alloyed target. The target was composed of more elemental titanium and therefore more
titanium was expected to be incorporated within these coatings. The shift towards the TiN
peak position was attributed to the greater number of titanium atoms than chromium
atoms in the monolithic ternary (Ti,Cr)N lattice and thus a greater resemblance of the
TiN cubic lattice. The lattice parameter is the spacing between unit cells in a crystalline
lattice. Since more titanium was evaporated, the lattice parameter was expected to be
closer to the TiN lattice parameter than the CrN lattice parameter. The theoretical lattice
parameter of TiN is 4.242 [60] angstroms, of CrN is 4.140 angstroms [61] and of TiCrN2
is 4.184 angstroms [62]. As seen, the theoretical TiCrN2 lattice parameter is in between
the TiN and CrN lattice parameters.
The sin2Ψ x-ray analysis measures the strain in the coating of a certain orientation
which leads to the calculation of the coating residual stress. Strain observed in the coating
leads to a change in the lattice parameter. Since the crystal structures for TiN, CrN, and
TiCrN2 are cubic (B1 NaCl), the lattice parameter is expected to be the same in all
directions, or isotropic, (as opposed to hexagonal structure which would not be the same
in all directions). However, defects within a certain plane of atoms can shift the lattice
spacing due to residual strain.
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There was minimal effect of varying bias for these coatings. As can be seen in
Figure 4.5, there was a distinct difference between the coating utilizing a -25 V bias and 200 V bias. The -200 V bias deposited coating exhibited a peak shift towards the TiN
peak location due to the preferential resputtering of chromium from the substrate surface
and stress resulting from the high bias.
Peak shifting due to composition variations was observed with increasing bias
and was attributed to increased compressive residual stress. However, the bias values
were not significantly high to cause phase segregation.
The -50 V bias deposition was problematic due to equipment issues and as a
result only a very thin coating was able to be deposited. The XRD analysis showed that
there was a moderately intense (Ti,Cr)N peak and the Ti-6Al-4V peaks were almost as
intense.

4.1.6

Residual stress analysis of TiN and CrN baseline coatings
The residual stress analysis of the TiN and CrN coatings can be seen in Figure

4.7. The range (y-axis) of the compressive stress for all coatings was kept constant so that
direct comparison between each coating was easier. The Young’s Modulus used to
determine the stress from the measured strain was 514.2 and 325 GPa for TiN and CrN,
respectively [60,61]. It should be noted that these values found in literature were for the
(111) plane orientation as the E422 was unavailable. The difference in E111 and E422 is a
source of error in the absolute magnitude of the residual stress. As shown in Figure 4.7,
the TiN coating has higher compressive residual stress than the CrN coating. The reason
for the difference observed in the residual stress for the TiN and CrN coatings is
attributed to variations in composition (i.e. Ti:N and Cr:N ratios) as well as different
98

defect concentrations and argon incorporation. A perfect lattice is difficult to achieve in
coatings and therefore the Young’s Moduli for each specific coating was estimated. The
difference in Young’s Moduli between bulk materials and coatings is due to more defects
residing in coatings. This is another potential source of error in the absolute magnitude of
the residual stress values.

Figure 4.7: Residual stress analysis of the TiN and CrN coatings. The analysis was
conducted over the (422) oriented plane.

The TiN and CrN baseline coatings had the lowest compressive residual stress of
all the deposited coatings. The TiN coating had a larger compressive stress than the CrN
coating. This is significant analysis because the residual stress of a coating changes with
increasing defect concentration in the coating lattice as well as defects in the bulk such as
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grain boundaries. Defects result in lattice strains and the conglomeration of these residual
coating strains, ε, leads to residual stress, σ, through Hooke’s Law (σ = Eε). The stress
is proportional to the strain and can be calculated with Young’s Modulus, E. TiN and
CrN have the most ideal lattices when the Ti:N and Cr:N ratios are 1:1. As shown
through EDS, the CrN coating (0.97:1) had a ratio that was closer to 1:1 than the TiN
coating (0.76:1) and the resulting residual stress can be seen in Figure 4.7.
4.1.7

Residual stress analysis of MSM (Ti,Cr)N coatings deposited with constant
titanium evaporator current (105 A), varying chromium evaporator current
(45 A, 65 A, 85 A, 105 A) and constant substrate bias (-200 V)
Figure 4.8 shows the residual stress of (Ti,Cr)N coatings deposited as a function

of chromium cathode current. The residual stress of each (Ti,Cr)N coating decreased with
an increase in chromium incorporation. Compressive residual stress values were higher
for these coatings than the TiN and CrN baseline coatings because there was additional
stress associated with the TiN/CrN interfaces. There are several possible reasons
contributing to the lower compressive residual stress with the increase in chromium
content. As seen with the TiN and CrN baseline coatings, the CrN has less residual stress.
Therefore, with a greater CrN phase volume, there was less total compressive stress
through the entirety of the coating. Another reason for the decreased residual stress could
be that with more CrN phase within the coating, there were less alternating TiN/CrN
layers leading to fewer interfaces.
The same Young’s Modulus value, E111, (493.1 GPA) [62] was used for all
(Ti,Cr)N coatings, although the E111 value would change with coating composition. As
stated in Section 4.1.6, the absolute residual stress magnitudes may be off by a constant
factor but trends comparing each coating within the same deposition set should be valid.
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Figure 4.8: Residual stress analysis of (Ti,Cr)N coatings deposited with a constant
titanium current (105 A) and a varying chromium current (45 A, 65 A, 85 A, 105 A). The
analysis was conducted over the (422) oriented plane.

4.1.8

Residual stress analysis of MSM (Ti,Cr)N coatings deposited with constant
titanium evaporator current (105 A), constant chromium evaporator current
(45 A) and varying substrate bias ( -25 V, -50 V, -100 V, -150 V, -200 V)
The residual stress of coatings deposited with simultaneous titanium and

chromium evaporation and a varied bias is shown in Figure 4.9. Analysis shows that the
stress increased with substrate bias until it peaked at -150 V bias and then decreased
slightly for the coating deposited with -200 V bias. An increase in bias resulted in a
denser coating through ion bombardment and increased adatom mobility. Higher ion
bombardment can cause strain in the lattice through energy transfer. The strain imposed
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can be through the generation of lattice defects, compositional variations, inert gas
incorporation, grain boundaries or through changing the crystallographic orientation.
Error in the absolute magnitude of the residual stress can be attributed to error in the E422
value used for the residual stress analysis.

Figure 4.9: Residual stress analysis of (Ti,Cr)N coatings deposited with a constant
titanium and chromium current (105 A and 45 A, respectively) and a varying substrate bias
(-25 V, -50 V, -100 V, -150 V and -200 V). The analysis was conducted over the (422)
oriented plane.

Bilek et al. shows the residual stress as a function of ion impact energy in Figure
4.10 [38]. In both Figures 4.9 and 4.10, a peak in stress appears (-150 V for the (Ti,Cr)N
coating).

According to Bilek et al., the coating stress becomes more tensile (less

negative) at higher ion bombardment energy because these ions become subplanted
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below the coating or substrate surface [38]. Intermixing of the deposited species resulted
in less compressive stress. There may have been increased intermixing between the TiN
and CrN phase within the -200 V coatings resulting in the slight reduction of compressive
stress.

Figure 4.10: Schematic diagram of the intrinsic residual compressive stress within the
coating as a function of ion impact energy [38].

4.2

SEM and Optical Microscopy
Microscopy provides the ability to observe the coating structure, morphology,

defect concentration and thickness in cross-section as well as grain size and defect
concentration of the coating surface. The microstructure is one of the most important
aspects of a coating in regards to both erosion and corrosion performance.

4.2.1 Structure, morphology and thickness of TiN and CrN baseline coatings
As observed by scanning electron microscopy in Figure 4.11a, the TiN coating
and the CrN coating (Figure 4.11b) had dense coatings with numerous defects. Defects,
in the form of voids (shown by the arrows in Figure 4.11), were evident in the both the
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TiN and CrN coatings. However, defects in the form of macroparticles were observed
more so in the CrN coating and are generally observed as circular species (circled in
Figure 4.7b).

Figure 4.11: Cross-sectional SEM images at 8000x magnification of a) TiN and b) CrN
coatings. Arrows show porosity and circles show macroparticles.
The high degree of macroparticle incorporation in the CrN was expected as chromium
evaporation is known to deposit macroparticles within the coating [31-36].
Macroparticles are the main disadvantage to the cathodic arc deposition process and the
degree of macroparticles is dependent on the evaporating element(s) [32,35,41]. Both
voids and macroparticles disrupt coating growth during deposition and are detrimental to
erosion and corrosion performance.
As seen in Figure 4.11a, there is a distinct coating-substrate interface. It can also
be seen that the coating mimics the substrate surface geometry. The bright region near the
top of the coating was an artifact from charging under SEM investigation. EDS analysis
was used to identify the coating macroparticles and substrate.
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The surface of the TiN and CrN coatings (Figures 4.12a and 4.12b, respectively)
showed some macroparticles on the TiN surface, but an abundance of macroparticles on
the CrN surface. Macroparticles were generally observed as white circular globules. The
macroparticles appear brighter in the SEM micrographs due to the compositional phase
contrast (metallic macroparticle as opposed to the ceramic coating). EDS was used to
confirm that the macroparticles were metallic phases.

Figure 4.12: Surface SEM images at 2500x magnification of a) TiN and b) CrN coatings.
The crater-like features on the coating surface observed in Figure 4.12 are macro
grains. Within each macro grain is a collection of sub-grains. In digression, a grain is a
collection of adatoms that have nucleated together in order to minimize their surface
energy. There are boundaries between each grain because there is a mismatch of lattice
orientation and therefore too much energy would be required to combine grains. For this
reason, it is known that there is very low surface energy at grain boundaries and therefore
is a prime location for further coating nucleation. Grain boundary size is influenced by
the energy of the depositing adatoms on the surface. Higher energy generally leads to an
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increased grain size. For erosion resistant coatings, fine grains are often desired as the
hardness of the coating is increased. However, erosion performance varies depending on
the failure mechanism of the coatings such as micro- chipping and crack coalescence. For
corrosion resistant coatings, coarse grains are desired because there are fewer boundaries
for a possible galvanic coupling to occur between the corrosive environment at the
coating surface and the underlying substrate. From Figure 4.12, the grain size of the CrN
coatings appeared to be smaller than the TiN grains.
An optical microscope was used to measure the coating thicknesses. Figure 4.13
represents the average thickness values for the TiN (19.08 μm) and CrN (21.05 μm)
coatings (Appendix A).

Figure 4.13: Coating thickness of the TiN and CrN coatings measured by optical
microscopy.
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All coating thickness plots were made with the same range for better comparison
between all synthesized coatings. Both of these coatings had average thickness values
with the CrN being slightly thicker than the TiN coating. A thicker coating will generally
provide greater erosion and corrosion performance; however, for compressor blade
function, there are limits to coating thickness. Nagy claimed that a compressor blade
coating up to 20 microns does not degrade the aerodynamic efficiency [14].

4.2.2

Structure, morphology and thickness of MSM (Ti,Cr)N coatings deposited
with constant titanium evaporator current (105 A), varying chromium
evaporator current (45 A, 65 A, 85 A, 105 A) and constant substrate bias (200 V)
SEM cross-section images (Figure 4.14) of (Ti,Cr)N coatings synthesized with a

constant 105 A titanium evaporator current showed a very dense coating. Some
macroparticles were observed throughout the coating cross sections but much less than
those observed for the TiN and CrN baseline coatings. Some macroparticles were in the
shape of a horizontal ellipse as prominently seen in Figure 14 indicated by arrows. This
may be due to the energy it arrived with as they flatten upon impact. The chromium bond
layer for each coating can be easily observed in Figure 4.14 as the thin metallic layer at
the coating-substrate interface. SEM cross-section images also show qualitatively how
the thickness varied between depositions since they were all taken at the same
magnification.
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Figure 4.14: Cross-sectional SEM images at 5000x magnification of (Ti,Cr)N coatings
deposited with constant titanium current (105 A) and substrate bias (-200 V) with varying
chromium evaporator currents of: a) 45 A, b) 65 A, c) 85 A and d) 105 A.

Surface SEM images of the (Ti,Cr)N coating surface are shown in Figure 4.15.
The coating grain boundaries can be also observe in Figure 4.15. The grain boundaries in
these coatings appeared to be similar in size. From Figure 4.15, it appears that changing
the chromium flux through evaporator current did not result in increased macroparticle
generation as approximate equal concentration of macroparticles are observed in Figure
4.15. The macroparticles appeared to be located on or near grain boundaries and
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generally disrupt grain growth. Observable grains were on the size of 15 microns in
diameter for coarse grains and about 5 microns in diameter for fine grains.

Figure 4.15: Surface SEM images at 2500x magnification of (Ti,Cr)N coatings deposited
with constant titanium current (105 A) and substrate bias (-200 V) with varying
chromium evaporator currents of: a) 45 A, b) 65 A, c) 85 A and d) 105 A.

As shown in Figure 4.16, coating thickness for the coatings deposited with a
constant titanium current and constant bias (-200 V) as a function of varied chromium
content showed an increase in coating thickness as the chromium cathode current was
increased (Appendix A). The titanium cathode current, substrate bias and deposition time
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were all fixed for this experimental set so a direct correlation between chromium current
and coating thickness was valid. The increase in coating thickness was fairly linear with
increase in chromium flux, but it should be noted that this linear correlation should not be
assumed for all depositions. PVD processes have much variability that influences coating
properties (including thickness). If coatings of the same thickness are desired with
increasing evaporator current, then the deposition time would need to be adjusted to
obtain the same thickness.

Figure 4.16: Coating thickness of (Ti,Cr)N coatings with a constant titanium current
(105 A) and a constant bias (-200 V) as a function of varied chromium current. Coating
thickness was measured by optical microscopy.
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4.2.3

Structure, morphology and thickness of MSM (Ti,Cr)N coatings deposited
with constant titanium evaporator current (85 A), varying chromium
evaporator current (45 A, 65 A, 85 A, 105 A) and constant substrate bias (200 V)
(Ti,Cr)N coatings deposited at a constant evaporator current (85 A) and bias (-

200V) with increasing chromium content showed similar microstructure as the (Ti,Cr)N
coatings deposited with 105 A titanium current (Section 4.2.2). As seen in Figure 4.17,
the (Ti,Cr)N coatings were again dense with minimal defects. These coatings each
possessed a very dense columnar structure. The black particles at the coating-substrate
interface are embedded grit incorporated during the dry and wet blast cleaning procedure.

Figure 4.17: Cross-sectional SEM images at 8000x magnification of (Ti,Cr)N coatings
deposited with constant titanium current (85 A) and substrate bias (-200 V) with varying
chromium evaporator currents of: a) 45 A, b) 65 A, c) 85 A and d) 105 A (5000x).
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The nanolayers were not directly observable using SEM, but XRD analysis
confirmed that they were present. TEM (transmission electron microscopy) would be
required to see the nanolayers which was beyond the scope of this work. However,
previous studies have identified nanolayers for coatings deposited under similar
conditions [44,47]. An image of the TiN and CrN nanolayers forming a (Ti,Cr)N
composite can be seen elsewhere [51].
Surface morphology observations, such as those in Figure 4.18 again showed
expected macroparticle incorporation. With lower chromium cathode current (Figure
4.18a and Figure 4.18b), there appeared to be more, smaller grains than for the 105 A
constant titanium current coatings (Section 4.2.2). Figure 4.17 shows that these (Ti,Cr)N
coatings were quite dense. Figure 4.18 appears to show a slight increase in grain size with
increasing chromium evaporator current, but additional analysis is required to confirm. A
parameter that could change the nucleation rate and thus grain size is the temperature of
the substrate during deposition (Appendix A). Increased substrate and coating
temperature increases the mobility of the adatoms on the surface. Mobile adatoms on the
surface promote the growth of larger grains. Since the bias was constant for these
coatings, the higher current most likely resulted in increased substrate temperature for a
given increase in chromium evaporator current. A lower substrate temperature was
expected for coatings deposited with 85 A titanium current because there were less
titanium species being evaporated and thus less substrate bombardment and heating.
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Figure 4.18: Surface SEM images at 2500x magnification of (Ti,Cr)N coatings deposited
with constant titanium current (85 A) and substrate bias (-200 V) with varying chromium
evaporator currents of: a) 45 A, b) 65 A, c) 85 A and d) 105 A.

The measured coating thickness (Figure 4.19) increased with an increase in
chromium cathode current as expected (Appendix A). Overall, all of these coatings were
thinner than the coatings of corresponding chromium current from Section 4.2.2 (e.g. 105
A Ti, 45 A Cr had greater thickness than 85 A Ti, 45 A Cr and so on). This was expected
due to the decrease in titanium coating flux.
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Figure 4.19: Coating thickness of (Ti,Cr)N coatings with a constant titanium current (85
A) and a constant bias (-200 V) as a function of varied chromium current. Coatings
thickness was measured by optical microscopy.

4.2.4

Structure, morphology and thickness of MSM (Ti,Cr)N coatings deposited
with constant titanium evaporator current (105 A), constant chromium
evaporator current (45 A) and varying substrate bias ( -25 V, -50 V, -100 V, 150 V, -200 V)
Cross-sectional SEM images of coatings with constant evaporator currents (105 A

Ti and 45 A Cr) and varied bias can be seen in Figure 4.20. These coatings were not as
dense as the coatings that only varied chromium cathode current (Section 4.2.2 and
4.2.3).
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Figure 4.20: Cross-sectional SEM image at 8000x magnification of (Ti,Cr)N coatings
deposited with constant 105 A titanium current and constant 45 A chromium current with
varying substrate bias of: a) -25 V, b) -50 V, c) -100 V, d) -150 V, and e) -200 V.

The main result of varying the substrate bias on surface morphology was the
decrease of macroparticle incorporation in the coatings as the bias was increased. The
decrease in surface macroparticles as bias was increased can be observed in Figure 4.21.
With an increase in bias, the ions within the plasma were accelerated towards the
substrate at a higher rate. With an increase in ion arrival energy, more macroparticles
were removed. Macroparticles are loosely adhered because they do not create strong
bonds with the surrounding coating and often have regions of localized porosity near the
macroparticle. As previously mentioned, macroparticles deter coating growth and with
their removal, a denser coating can be synthesized. Also, as the bias was increased, there
was an increase in grain size. This was attributed to the decreased macroparticle
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incorporation deterring grain growth and increased adatom arrival energy promoting
more adatom mobility on the surface.

Figure 4.21: Surface SEM image at 2500x magnification of (Ti,Cr)N coatings deposited
with constant 105 A titanium current and constant 45 A chromium current with varying
substrate bias of: a) -25 V, b) -50 V, c) -100 V, d) -150 V, and e) -200 V.

As seen in Figure 4.22, all coatings were approximately 15 microns thick
(Appendix A). The coating deposited with the lowest bias (-25 V) had the thickest
coating as there was less resputtering of the coating species due to the low arrival energy
ions. As with macroparticles, ion impingement upon the substrate or coating surface
expels (sputters) weakly-bonded atoms if the ion impingement is energetic enough. With
atoms being sputtered from the (Ti,Cr)N substrate surface, the deposition rate was
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decreased with increasing bias and therefore the coating thickness decreased. There was
no consistent general trend of decrease in coating thickness with increasing bias observed
from the various coatings deposited as a function of increasing bias. The coating
thickness was expected to decrease slightly with increasing bias. However, other
functions such as pressure and target evaporation rate can affect the coating deposition
rate.

Figure 4.22: Coating thickness of (Ti,Cr)N coatings with a constant titanium current
(105 A) and a constant chromium current (45 A) as a function of varied substrate bias.
Coating thickness was measured by optical microscopy.
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4.2.5

Structure, morphology and thickness of SSM (Ti,Cr)N coatings deposited
with constant Ti-Cr alloy (70 at. % Ti – 30 at. % Cr) evaporator current (85
A), and varying substrate bias ( -25 V, -50 V, -100 V, -150 V, -200 V)
Figure 4.23 shows the cross-sectional images of the (Ti,Cr)N coatings deposited

using a Ti-Cr alloyed target as a function of substrate bias.

Figure 4.23: Cross-sectional SEM image at 8000x magnification of (Ti,Cr)N coatings
deposited with a Ti-Cr (70 at. % - 30 at. %) alloyed target with varying substrate of: a) 25 V, b) -50 V, c) -100 V, d) -150 V, and e) -200 V.

As observed in Figure 4.23, the coating deposited with -25 V bias had a relatively
thick, dense coating. The other (Ti,Cr)N coatings as a function of bias were thin and had
macro-scale defects that were believed to be locations of macroparticles that were
removed during cross-section polishing. As previously discussed, these coatings did not
deposit well. Additional efforts are needed to optimize the deposition conditions for the
(Ti,Cr)N coatings deposited from the alloyed target. Due to the difficulty in applying
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thick (Ti,Cr)N coatings with increasing bias, it was difficult to compare the coatings
microstructure. X-ray diffraction of the (Ti,Cr)N coating suggested a monolithic phase,
but TEM would be required to see the difference between the ternary and nanolayered
system from cross-section imaging. SEM imaging of the coating cross-sections shown in
Figure 4.23 reveal the coatings to be quite dense with minimal defects.
SEM surface images of the coated samples deposited using an alloyed source
(SSM) and varying bias can be seen in Figure 4.24.

Figure 4.24: Surface SEM image at 2500x magnification of (Ti,Cr)N coatings deposited
with a Ti-Cr (70 at. % - 30 at. %) alloyed target with varying substrate bias of: a) 25 V, b)
-50 V, c) -100 V, d) -150 V, and e) -200 V.

Figure 4.24b shows pinholes on the coating surface. Pinholes do not offer good
erosion or corrosion protection to the substrate. These pinhole defects are often attributed
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to dust or dirt on the substrate surface prior to coating deposition in which the coating
deposits then flakes off due to stress or caused by macroparticle ejection. These coatings
also had macroparticle incorporation.
The thicknesses of the SSM (Ti,Cr)N coatings are plotted in Figure 4.25. These
coatings were deposited for 720 minutes to account for the use of only single cathode
evaporation as compared to two cathodes (360 minutes) for the previous coatings using
MSM.

Figure 4.25: Coating thickness of (Ti,Cr)N coatings with a constant current (85 A) of an
alloyed Ti-Cr target (70 at. % Ti – 30 at. % Cr) as a function of varied substrate bias.
Coating thickness was measured by optical microscopy.
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These were the thinnest coatings deposited. The relative thinness of these coatings
affected their erosion and corrosion performance. The thickest coating using the SSM
was deposited with -25 V bias and had a thickness of approximately 12 microns. All
other coatings within this set had coating thicknesses of 5 or less microns which resulted
in poor erosion performance as discussed later (Appendix A). Additional research would
have to be conducted on depositing coatings with this cathode to determine the reason for
the unexpected lower thickness values. There was definite evaporation from the Ti-Cr
cathode as observed from the high degree of wear when visually inspected. All other
coating process parameters were of the ordinary. An increase in target current may
increase the evaporation flux to obtain higher deposition rates.

4.3

Energy Dispersive Spectroscopy (EDS)
EDS analysis provided quantitative elemental composition of the coatings. Using

EDS, the Ti:Cr ratio of each coating was determined. The influence of varying the
evaporation flux of the coating species as well as varying bias on the Ti:Cr ratio was
studied. The Ti:Cr ratio can offer a correlation between the metallic composition of the
(Ti,Cr)N coatings and the erosion and corrosion performance as discussed later.

4.3.1

Quantitative elemental composition of TiN and CrN baseline coatings
The composition of the TiN coating and the CrN coating can be seen in Table 4.1.

The Cr:N ratio for the CrN coating was approximately 1.0 suggesting a nearstoichiometric coating composition. The Ti:N ratio was less than 1.0 indicating a slightly
metal-deficient TiN coating composition.
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Table 4.1: Composition of TiN and CrN coatings determined by EDS.
Coating
Ti (at. %)
Cr (at. %)
N (at. %)
TiN

43.2 ± 0.26

-

56.8 ± 0.26

CrN

-

49.3 ± 0.64

50.7 ± 0.64

The TiN coating was determined to be slightly nitrogen rich. However, upon
visual inspection, the TiN coatings were still gold in color, which generally is indicative
of stoichiometric TiN. The gold color is generally indicative of an approximate 1:1 Ti:N
stoichiometry. When TiN is nitrogen rich, the coatings are purple and when they are
nitrogen deficient, the coatings are generally gray. However, it should be noted that the
NKα and TiKβ x-ray lines of nitrogen and titanium, respectively, overlap and could be a
source of compositional error. Additional analytical techniques such as field emission
electron probe analysis could be used to determine the composition of the titanium and
nitrogen concentrations more quantitatively.

4.3.2

Quantitative elemental composition of MSM (Ti,Cr)N coatings deposited
with constant titanium evaporator current (105 A), varying chromium
evaporator current (45 A, 65 A, 85 A, 105 A) and constant substrate bias (200 V)
EDS analysis (Figure 4.26) revealed that as the chromium evaporator current

increased, the atomic percentage of titanium decreased (Appendix A). The atomic
percentage of chromium increased almost linearly. These results corresponded closely to
those found from XRD analysis which resulted in an increase in CrN phase volume and
subsequent decrease in TiN phase volume with an increase in chromium cathode current.
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The nitrogen content for these coatings was approximately 55 at. %. The reason
for the nitrogen rich coatings was due to the coating process chamber pressure being
maintained by a feedback loop that regulated nitrogen gas flow. To maintain the 70
mTorr prescribed chamber pressure, an approximate 215 sccm N2 flow was required
(Appendix A). With this relatively high flow rate, there may have been more dissociation
of the N2 as it entered the chamber and therefore more chemical interactions of nitrogen
with the titanium and chromium atoms at the substrate.

Figure 4.26: EDS results showing the atomic elemental composition of each (Ti,Cr)N
coating as a function of chromium cathode current with a constant 105 A titanium
cathode current.
Figure 4.26 suggests that if a chromium cathode current of 75 A was used, an
approximate Ti:Cr ratio of 1.0 would result. This suggests that the flux of species being
evaporated from the titanium target at 105 A and the chromium target at 75 A are equal
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under these deposition conditions. This seemed counterintuitive for two reasons: titanium
has a lower melting point and therefore would require less energy to evaporate and also
the chromium target was installed closer to the pumping system which would consume
and evacuate some of the evaporated chromium species (A.S. #2 of Figure 2.11 for
reference).
However, as observed in Figure 4.13, using identical titanium and chromium
cathode currents (85 A) for depositing TiN and CrN, respectively, the CrN coating had a
larger coating thickness than the TiN coating for the same deposition time. Therefore, for
a given cathode current, the chromium cathode had a higher evaporation rate (leading to a
larger deposition rate) than the titanium cathode and therefore a higher titanium cathode
current would be required to evaporate a 1:1 Ti:Cr ratio of species which was observed in
Figure 4.26.
Another possible explanation for disparity in titanium and chromium cathode
currents to achieve a 1:1 Ti:Cr ratio was that the titanium target was installed closer to the
nitrogen gas injection port into the chamber (A.S. #3 of Figure 2.11 for reference).
Although not prominent in cathodic arc, there could have been some “poisoning” of the
titanium cathode which means that a thin TiN layer formed on the face of the titanium
cathode. Since ceramic TiN has a higher melting point than metallic titanium, more
energy would be required to evaporate the “poisoned” target. If this indeed did occur, it
should be noted that it was at a very low degree.
The changes in stoichiometry led to a decreasing Ti:Cr ratio as the Cr current
was increased. The Ti:Cr ratios are listed in Table 4.2. The Ti:Cr ratio decreased as the
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chromium cathode current was increased. These differences in Ti:Cr ratio resulted in
different coating hardness, corrosion performance and erosion performance.
Table 4.2: Ti:Cr ratio of (Ti,Cr)N coatings deposited with a constant titanium evaporator
current (105 A) and varied chromium evaporator current.
Chromium Evaporator Current (A)
Ti:Cr
45
2.4
65
1.3
85
0.8
105
0.6

4.3.3

Quantitative elemental composition of MSM (Ti,Cr)N coatings deposited
with constant titanium evaporator current (85 A), varying chromium
evaporator current (45 A, 65 A, 85 A, 105 A) and constant substrate bias (200 V)
EDS results for varying the chromium cathode current with constant titanium

cathode current of 85 A are shown in Figure 4.27. Again, there was a decrease in titanium
and increase in chromium compositions as the chromium cathode current was increased
(Appendix A). The chromium content increased quite linearly while the titanium did not
decrease linearly. The titanium and nitrogen data point for a chromium cathode current of
65 A had the highest standard deviation. This may explain why the titanium composition
did not decrease with the same linearity as the chromium composition increased.
For this set of coatings, the nitrogen content was approximately 45 at. %. The
slightly lower N2 concentration than desired was due to the decreased N2 flow rate (≈ 205
sccm) needed to maintain the 70 mTorr chamber pressure during depositions. The
decreased N2 flow rate to maintain chamber pressure for the 85 A constant titanium
cathode current as compared to the 105 A titanium cathode current (Section 4.3.2) was
unexpected. A decrease in titanium cathode current emits less atomic titanium species
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into the chamber therefore resulting in a lower chamber pressure. Therefore, it was
expected that to offset the pressure deficit, more N2 needed to be injected into the
chamber. However, lower N2 flow rate was observed during these coating deposition
trials.

Figure 4.27: EDS results showing the atomic elemental composition of (Ti,Cr)N
coatings as a function of chromium cathode current with a constant 85 A titanium
cathode current.

Figure 4.27 suggests that a Ti:Cr ratio of 1.0 would occur with an approximate 95
A chromium cathode current. This suggests that the chromium cathode current would
have to be higher than the titanium cathode current to obtain a 1:1 Ti:Cr ratio. This
correlates with the energy (i.e. current) required to evaporate the metallic species due to
their different melting points (with chromium being higher). Titanium and chromium
have melting temperatures of 1660oC and 1857oC, respectively. This is higher than the
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approximate 75 A Cr from the previous set. As explained previously, there may be a
minor degree of poisoning from the nitrogen gas at the titanium cathode surface. Since
the nitrogen flow rate was lower than the last set, TiN cathode “poisoning” was less
likely to have occurred.
The Ti:Cr ratio decreased with an increase in chromium cathode flux as seen in
Table 4.3. The Ti:Cr ratios of this set were higher than those of Section 4.3.2 (e.g. the
105 A Ti and 45 A Cr from the last set compared to the 85 A Ti and 45 A Cr from this
set) which may be misleading due to the N2 incorporation. The differences in Ti:Cr ratios
between sets was attributed to the decrease in N2 within the chamber for these depositions
which led to a decrease in nitrogen incorporation within the coatings. Subsequently, more
titanium was incorporated into the coating.

Table 4.3: Ti:Cr ratio of (Ti,Cr)N coatings deposited with a constant titanium evaporator
current (85 A) and varied chromium evaporator current.
Chromium Evaporator Current (A)
Ti:Cr
45
2.6
65
1.9
85
1.1
105
0.9

4.3.4

Quantitative elemental composition of MSM (Ti,Cr)N coatings deposited
with constant titanium evaporator current (105 A), constant chromium
evaporator current (45 A) and varying substrate bias ( -25 V, -50 V, -100 V, 150 V, -200 V)
A plot representing the change in elemental composition as a function of bias is

shown in Figure 4.28. As shown, there was minimal change in coating composition with
a change in bias (Appendix A). This suggests that the coating composition was more
dependent on the incoming flux constituents than the energy at which they arrived at the
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substrate. The nitrogen content within the coatings was slightly more than the
stoichiometric 50% expected. Since a constant titanium cathode current of 105 A was
utilized for these depositions, a nitrogen composition value above 50 at. % was expected
as seen and discussed in Section 4.3.2.

Figure 4.28: EDS results showing the composition of (Ti,Cr)N coatings as a function of
substrate bias with a constant 105 A titanium cathode current and a constant 45 A
chromium cathode current.

Since the compositions were fairly independent of the bias, the Ti:Cr ratio was
minimally influenced (Table 4.4). The Ti:Cr ratios for this set of (Ti,Cr)N coatings were
approximately 2.7. These Ti:Cr ratios were the largest of all the experiments conducted
within this work, suggesting titanium-rich (Ti,Cr)N coatings.
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Table 4.4: Ti:Cr ratio of (Ti,Cr)N coatings deposited using MSM with a varied substrate
bias.
Substrate bias (-V)
Ti:Cr
25
2.7
50
2.6
100
2.7
150
2.7
200
2.5

4.3.5

Quantitative elemental composition of SSM (Ti,Cr)N coatings deposited with
constant Ti-Cr alloy evaporator current (85 A), and varying substrate bias ( 25 V, -50 V, -100 V, -150 V, -200 V)
As shown in Figure 4.29, depositions conducted with a single Ti-Cr alloyed

source with varied bias, coating composition was almost constant (Appendix A).

Figure 4.29: EDS results showing the composition of (Ti,Cr)N coatings as a function of
substrate bias with a constant 85 A cathode current of a Ti-Cr alloyed cathode (70 at. %
Ti – 30 at. % Cr).
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The titanium concentration was higher within the coatings because the target had
a 70:30 atomic ratio of titanium:chromium. The nitrogen content was greater than but in
proximity to the expected stoichiometric value.
The Ti:Cr ratio of the (Ti,Cr)N coatings deposited with a single alloyed target as
a function of bias was approximately 1.8 (Table 4.5). The coating Ti:Cr ratio of 1.8
differs from the composition of the alloyed cathode Ti:Cr ratio of 2.3. The coating
usually has the approximate composition of the evaporated target(s) unless fractionation
occurs [35]. Fractionation is the process in which alloyed or multi-component materials
dissociate upon evaporation which results in compositional changes in the coating.

Table 4.5: Ti:Cr ratio of (Ti,Cr)N coatings deposited using SSM with a varied substrate
bias.
Substrate bias (-V)
25
50
100
150
200

Ti:Cr
1.7
1.8
1.8
1.8
1.8

The disadvantage of using a single alloyed source is that there is less ability to
tailor the coating composition which was observed.

4.4

Hardness
The hardness of a material (coating in this case) is defined as its resistance to

plastic deformation. Vickers hardness values were measured in order to provide some
insight into the erosion performance of a coating. In general, the erosion rate of a brittle
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material, such as the (Ti,Cr)N ceramic coating, is inversely proportional to its hardness,
therefore a high hardness is generally desired.

4.4.1

Hardness of TiN and CrN baseline coatings
The hardness of the TiN and CrN baseline coatings are shown in Figure 4.30. As

expected, the TiN coating was harder than the CrN coating. Common convention for
Vickers hardness number (VHN) expressions is that the load (in kilograms) of the
indenter is appended as a subscript (e.g. VHNxxx). The Vickers hardness value of the
baseline TiN coating and CrN coating was 2295 VHN0.050 and 1474 VHN0.050,
respectively. The hardness values of these coatings were in close agreement with values
found in literature (2000-2300 VHN for TiN and 1400-1450 VHN for CrN) [40,45,47].

Figure 4.30: Vickers hardness values of TiN and CrN coatings deposited on Ti-6Al-4V.
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There is standard deviation error associated with all Vickers hardness values
because the diagonals of the indenter are measured independently of the indentations.
The indentation diagonals were measured using an optical microscope which was quite
tedious and may have produced error within the results. An example indentation can be
seen by the arrow in Figure 4.31. Light filters were used on the optical microscope for
contrast between the coating and the indentation diagonals for more accurate
measurements.

Figure 4.31: An example indentation on the cross-section of a (Ti,Cr)N coating. The
indentation diagonals were then measured to determine the Vickers hardness value of the
coating.
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4.4.2

Hardness of MSM (Ti,Cr)N coatings deposited with constant titanium
evaporator current (105 A), varying chromium evaporator current (45 A, 65
A, 85 A, 105 A) and constant substrate bias (-200 V)
Vickers hardness values for (Ti,Cr)N coatings deposited with a constant 105 A

titanium cathode current and varying chromium cathode current are shown in Figure
4.32. The blue and red curves in Figure 4.32 represent the Vickers hardness of the
baseline TiN and CrN coatings, respectively.

Figure 4.32: Vickers hardness values for (Ti,Cr)N coatings with a constant titanium
evaporator current (105 A) as a function of chromium evaporator current.
The Vickers hardness values decreased with increased chromium current. As
shown from XRD and EDS, the increase in chromium cathode current led to increased
CrN phase volume for these nanolayered (Ti,Cr)N coatings. Therefore, for these coatings,
an increased CrN phase volume lead to decreased coating hardness. Two (Ti,Cr)N
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coatings, 45 A Cr and 65 A Cr, had greater hardness values than the TiN coating. The
(Ti,Cr)N (45 A Cr) with the highest hardness value also had the highest TiN phase
volume and the highest Ti:Cr ratio of the (Ti,Cr)N coatings within this experimental set
of coatings. All (Ti,Cr)N coatings with 105 A titanium cathode current and varying
chromium current had higher Vickers hardness values than the CrN coating.

4.4.3

Hardness of MSM (Ti,Cr)N coatings deposited with constant titanium
evaporator current (85 A), varying chromium evaporator current (45 A, 65
A, 85 A, 105 A) and constant substrate bias (-200 V)
Vickers hardness values for (Ti,Cr)N coatings deposited with a constant 85 A

titanium cathode current and varied chromium cathode current are shown in Figure 4.33.

Figure 4.33: Vickers hardness values for (Ti,Cr)N coatings with a constant titanium
evaporator current (85 A) as a function of chromium evaporator current.
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The hardness value again decreased with an increase in CrN phase volume. There
was only one (Ti,Cr)N coating (45 A Cr) that had superior hardness to the TiN coating
for these deposition conditions. All (Ti,Cr)N coatings of this experimental set had higher
Vickers hardness values than the CrN coating. The coating synthesized with 65 A
chromium current had a greater Ti:Cr ratio than the corresponding (Ti,Cr)N coating from
Section 4.4.2 (105 A Ti / 65 A Cr). However, the coating under these conditions did not
have higher hardness than TiN. As explained in Section 4.3.3, the Ti:Cr ratio’s were
skewed because of the difference in nitrogen content in the coatings. From EDS analysis,
these coatings were determined to be nitrogen deficient. The coatings from Section 4.4.2
were nitrogen rich. The nitrogen content within the coatings may dictate hardness, with
more nitrogen content producing a harder coating. Further analysis of the TiN and CrN
phase volume fractions may provide additional insight into the coating performance.
However, this was not quantitatively extracted from the XRD results.

4.4.4

Hardness of MSM (Ti,Cr)N coatings deposited with constant titanium
evaporator current (105 A), constant chromium evaporator current (45 A)
and varying substrate bias ( -25 V, -50 V, -100 V, -150 V, -200 V)
Vickers hardness values of (Ti,Cr)N coatings deposited as a function of substrate

bias had the smallest range (Figure 4.34). This was expected since the Ti:Cr ratio of these
coatings was approximately constant. The coating deposited with the lowest bias (-25 V)
had the lowest Vickers hardness value. In contrast, the coating deposited at -100 V had
the highest hardness value. Other than the coating deposited at -25 V, all coatings within
this set had comparable hardness values to the TiN baseline coating. Again, all coatings
had a higher Vickers hardness value than the CrN coating.

135

The coating deposited with the lowest bias (-25 V) had increased porosity (i.e.
lower density) due to lower deposition energy. As a result, the coating had less resistance
to plastic deformation, or decreased hardness.
In general, high substrate bias results in denser coatings with larger grains from
the increased mobility of the adatoms on the coated surface. The large grains were
thought to be detrimental to the hardness but the density of the coating was advantageous
for increased hardness.

Figure 4.34: Vickers hardness values for (Ti,Cr)N coatings with a constant titanium
evaporator current (105 A) and constant chromium evaporator current (45 A) as a
function of substrate bias.

Another element that may have factored in the coating hardness was the residual
stress within the coatings. The hardness trend was very similar to the residual stress of
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these coatings. The coating residual stress was highly compressive and therefore may
have offered additional resistance to the hardness indenter, resulting in increased
hardness values.

4.4.5

Hardness of SSM (Ti,Cr)N coatings deposited with constant Ti-Cr alloy
evaporator current (85 A), and varying substrate bias ( -25 V, -50 V, -100 V,
-150 V, -200 V)
Vickers hardness values for the Ti-Cr alloy deposited (Ti,Cr)N coatings could not

be tested due to the reduced coating thickness. Only one coating (-25 V) had a thick
enough coating to measure coating hardness. Typical diagonals of indentations were
approximately 4-5 microns. The thicknesses of these coatings were comparable to the
indentation size which would have yielded invalid results.
Vickers hardness value of the (Ti,Cr)N coating deposited using a Ti-Cr alloyed
source with a -25 V bias had a hardness value of 2068 ± 124 VHN0.050. This was less than
the TiN coating hardness (2295 VHN0.050) but greater than the CrN coating hardness
(1474 VHN0.050). The hardness of the -25 V bias (Ti,Cr) coating within this set was
higher than the -25 V MSM coating of Section 4.4.4 (1908 VHN0.025). Overall, it could
not be concluded how the ternary nitride coatings would compare to the nanolayer nitride
coatings with respect to hardness.
Although it was not studied, it would have been advantageous to measure the grain
sizes for all the deposited coatings and correlate them to the hardness value. Hardness is
inversely proportional to the square root of the grain size.
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4.5

Corrosion
The incorporation of chromium into binary TiN to form a ternary (Ti,Cr)N was

performed to enhance the coating corrosion performance. Corrosion is an adverse
standalone mechanism that can also degrade the coating erosion performance [6,22].
Corrosion was conducted in a salt fog chamber for 1000 hours while following the
guidelines of ASTM B117. Coatings that were deposited upon Inconel 718 (R) and 174PH stainless steel (S) were placed in the corrosion chamber. Corrosion quantification
was measured in two ways. When corrosion was observed on 50% or more of the sample
face, the sample was removed from the chamber due to failure. The second method to
quantify corrosion was by the first evidence of any corrosion products on the sample
surface. This quantification method was more important to this study because any
corrosion sites act as an initiation site for erosion failure.

4.5.1

Corrosion of TiN and CrN baseline coatings
The corrosion performance of the TiN and CrN coatings was an integral part of

this study. The addition of chromium into the TiN coating to form (Ti,Cr)N was
necessary because it was documented that TiN coatings on stainless steel blades were
unsatisfactory because they created a galvanic cell and corroded [6,65,66]. The corrosion
of the TiN coatings aided in the erosion of the coatings. TiN, like all PVD coatings,
generally have microscopic defects called pinholes in them that allow the atmosphere to
interact with the substrate causing the substrate to corrode. A dense (high packing
factor), thick coating is often desired to act as a barrier between the atmospheric elements
and the substrate [65,66].
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Table 4.6 shows the hour mark at which corrosion was first observed and failure
for the TiN and CrN coated samples.
Table 4.6: Corrosion performance of the TiN and CrN coatings after 1000 hours of B117
salt fog testing.
First Evidence
Failure
Coating
Sample
(Hours)
(Hours)
R101
R102
TiN
S170
165
237
S172
R103
R104
CrN
S174
S175
-

If no number is presented, the samples showed no signs of corrosion throughout the 1000
hour experiment.
As listed in Table 4.6, one TiN coated stainless steel began to show corrosion at
165 hours of salt fog exposure. Within 75 hours of the first evidence of corrosion, the
coating failed (237 total hours) as shown in Figure 4.35.
The other TiN coating on stainless steel did not corrode for the entirety of the test
(1000 hours). Chen et al. proposed that TiN coatings on stainless steel can be corrosion
resistant if they possess two traits: a high packing factor and a thick coating [65,66]. The
packing factor correlates coating density and decreases with the amount of voids within
the coating. The packing factor is given as the percentage of coatings with defects (a
packing factor of 1 (100%) indicates no coating defects). Coating thickness is vital since
it dictates the rate at which/if corrosive elements can permeate to the substrate. In fact,
Chen et al. proposed that the product of the packing factor and the thickness can be a
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good measure for corrosion performance [65]. With a relatively thin coating, the packing
factor would be required to be very high (close to 100%) to be corrosion resistant. If
voids or pinholes were expected in the coating, a thick coating would be necessary. Only
the thickness was measured for the current coatings. The high-bias (-200 V) deposition
most likely promoted a high packing factor (i.e. dense coating). This was evident in the
TiN coated stainless steel sample that did not fail. However, a pinhole most likely caused
the corrosion failure of the other TiN coated stainless steel sample.

Figure 4.35: Digital image showing corrosion on the TiN coated stainless steel sample
(S170) after 237 hours.
There was no observed corrosion on the TiN coated Inconel 718 samples. Since
Inconel 718 is a nickel-chromium alloy, corrosion of these coated components was not
expected to be as prominent as the stainless steel coated samples. However, corrosion
could still be observed due to iron being present in the Inconel 718 composition.
Following the 1000-hour test, the remaining TiN coated stainless steel and
Inconel 718 surfaces were scribed with an “x” down to the base alloy to remove the
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coating and expose the substrate. This was done to confirm that the coating was in fact a
barrier to corrosion. Once scribed, these coatings were checked after 24 hours and
corrosion was observed on the scribed TiN coated stainless steel sample. There was no
corrosion on the TiN coated Inconel 718 substrates after scribing. The scribed TiN coated
stainless steel samples before and after salt fog exposure can be seen in Figure 4.36.
These results suggested that the TiN coating deposited under these coating
deposition conditions was dense and thick enough to serve as a sufficient corrosion
barrier, even on the stainless steel substrate. As discussed in Section 4.2.4, the high bias
produced larger grains, a more dense coating and less grain boundaries for the corrosive
elements to travel along to complete the galvanic cell. A dense coating and subsequent
absence of coating defects is imperative for a corrosion-resistant coating.

Figure 4.36: Digital images showing the a) surface of the TiN coated stainless steel
sample (S172) after scribing and b) after the scribed sample was exposed to the salt fog
for 24 hours showing failure.
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CrN coatings did not exhibit any signs of corrosion and this was expected
throughout the entirety of the 1000 hour test due to the corrosion-resistant properties of
chromium. After 1000 hours of salt fog exposure, the CrN samples were also scribed.
After 24 hours there was corrosion on the CrN coated stainless steel samples which
confirmed the superior corrosion resistance of the CrN coating. No corrosion was
observed on the CrN coated Inconel 718 samples even after scribing.

4.5.2

Corrosion of MSM (Ti,Cr)N coatings deposited with constant titanium
evaporator current (105 A), varying chromium evaporator current (45 A, 65
A, 85 A, 105 A) and constant substrate bias (-200 V)
The corrosion performance of the (Ti,Cr)N coatings deposited with a constant

titanium cathode current of 105 A and varying chromium current are listed in Table 4.7.
Table 4.7: Corrosion performance of the (Ti,Cr)N coatings deposited with 105 A
titanium cathode current and varied chromium cathode current.
Process
First Evidence
Failure
Coating
Sample
Parameters (A)
(Hours)
(Hours)
R73
R74
105 Ti, 45 Cr
S123
25
S124
25
R75
R76
105 Ti, 65 Cr
S126
S127
(Ti,Cr)N
R77
R78
105 Ti, 85 Cr
S129
357
S131
165
R79
R80
105 Ti, 105 Cr
S132
S133
-
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Figure 4.37 shows images of samples after completion of the 1000-hour
corrosion test. Although some corrosion was evident, corrosion was not seen on 50% of
the surface to constitute failure.

Figure 4.37: Digital images of (Ti,Cr)N coated stainless steel samples a) S124 and b)
S129 after 1000 hours of salt fog exposure.

Both of the (Ti,Cr)N coated stainless steel samples with the lowest chromium
concentrations (45 A Cr) began to show corrosion after 25 hours in the corrosion
chamber. Although there were early signs of corrosion sites, the corrosion did not
propagate to warrant failure. As expected, this set of (Ti,Cr)N coatings deposited with 45
A chromium cathode current, was expected to have the worst corrosion performance due
to the high TiN coating volume fraction. In addition to the lack of chromium in these
coatings, they were the thinnest coatings and therefore lacked the thickness component
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for a corrosion-resistant barrier coating. The other coatings within this set that
experienced surface corrosion were the two stainless steel coatings deposited with 85 A
chromium current. These samples (S129 and S131) showed corrosion signs later than the
previously discussed coatings (357 and 165 hours, respectively, from Section 4.5.1).
Although these coatings showed signs of corrosion, they did not meet the 50% surface
failure criterion and were permitted to remain in the corrosion chamber for the test
duration. For corrosion to be observed, salt fog precipitate was able to penetrate the
coating and reach the substrate to begin the corrosion process. It was believed that the
surface chromium oxide layer disallowed corrosion propagation. Chromium is generally
very resistant to corrosion. It was believed that the existence of the chromium within the
coating was influential in deterring corrosion propagation on the sample surfaces. The
TiN coatings did not have the corrosion resistance mechanism offered by chromium and
was evident by the rapid TiN coating failure after the galvanic cell was initially
completed. Although a small corrosion site is significant, the ability to contain the
corrosion to a small site has some advantage.
The (Ti,Cr)N coatings deposited using 65 A and 105 A chromium cathode
currents each showed no signs of corrosion for either coated substrate material even after
1000 hours of exposure. This was expected for the (Ti,Cr)N coatings deposited with 105
A chromium because of the increased chromium concentration in the coating and the
larger coating thickness. The coating deposited with the 65 A chromium current had
unexpected corrosion results because coatings with lesser (45 A) and greater (85 A)
amounts of chromium showed corrosion. These results suggested that the corrosion was
not dependent on the chromium coating concentration but rather the thickness and density

144

of the coatings. These (Ti,Cr)N coatings were dense and/or thick enough that the galvanic
cell could not be completed.

4.5.3

Corrosion of MSM (Ti,Cr)N coatings deposited with constant titanium
evaporator current (85 A), varying chromium evaporator current (45 A, 65
A, 85 A, 105 A) and constant substrate bias (-200 V)
The corrosion performance of the (Ti,Cr)N coatings that were deposited with a

constant titanium cathode current of 85 A and varying chromium current is shown in
Table 4.8.
Table 4.8: Corrosion performance of the (Ti,Cr)N coatings deposited with 85 A titanium
cathode current and varied chromium cathode current.
Process
First Evidence
Failure
Coating
Sample
Parameters (A)
(Hours)
(Hours)
R89
R90
85 Ti, 45 Cr
S151
S153
R83
R84
85 Ti, 65 Cr
S138
48
82
S139
971
(Ti,Cr)N
R87
R88
85 Ti, 85 Cr
S142
S143
R91
R92
85 Ti, 105 Cr
S154
S156
48
82

The (Ti,Cr)N coatings with the least amount of chromium incorporation
(deposited with 45 A chromium current) did not show any corrosion throughout the 1000
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hour test duration. This coating, deposited with 45 A chromium, must have been densely
deposited to act as a complete barrier to salt fog penetration (i.e. corrosion) since it was
the thinnest coating of the set. Since these coatings had a high TiN phase volume, they
must have had a high packing factor to minimize/reduce salt fog penetration.
However, some coated samples had unsatisfactory performance in both resisting
initial corrosion and corrosion failure as listed in Table 4.8. S138 (65 A Cr) and S156
(105 A Cr) both had rapid corrosion initiation (48 hours) and subsequent failure (82
hours) and shown in Figure 4.38.

Figure 4.38: Digital images of (Ti,Cr)N coated stainless steels samples a) S138 and b)
S156 after corrosion failure (82 hours of ASTM B117 exposure).

It should be noted that no coatings from Section 4.5.2 showed sufficient corrosion
to constitute coating failure whereas coatings deposited with a constant 85 A titanium
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current did fail. The coatings deposited with 85 A titanium current did have a higher
Ti:Cr ratio than coatings from Section 4.5.2 (105 A Ti) and therefore lacked sufficient
chromium to mitigate corrosion. However, the other (Ti,Cr)N coated stainless steel
samples (S139 and S154) deposited under similar conditions as S138 and S156 showed
excellent corrosion performance. Since there were only two stainless steel coated samples
to represent a specific coating, it was difficult to determine if the coatings were
demonstrating anomalous behavior. The most likely reason for the disparity between
coatings from the same deposition run was attributed to a coating pinhole. As previously
stated, PVD processes are susceptible to coating pinholes. The fact that these coatings
have columnar structures makes them vulnerable to pinholes.

Additional testing is

suggested to determine the corrosion performance disparities.

4.5.4

Corrosion of MSM (Ti,Cr)N coatings deposited with constant titanium
evaporator current (105 A), constant chromium evaporator current (45 A)
and varying substrate bias ( -25 V, -50 V, -100 V, -150 V, -200 V)
Corrosion performance of coatings deposited with a constant titanium and

chromium evaporator current (105 A and 45 A, respectively) as a function of bias is
shown in Table 4.9. As observed in Table 4.9, there was an abundance of poorperforming (Ti,Cr)N coated stainless steel samples deposited as a function of bias.
Inconel 718 coated samples also showed significant corrosion within this experimental
set.
For (Ti,Cr)N coatings deposited with a bias of -25 V, both stainless steel coated
samples showed corrosion after 25 hours of ASTM B117 salt fog exposure. These
samples, S176 and S177, were removed due to coating failure after 74 hours of exposure.
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With a low bias, a subpar packing factor was expected thus making the coatings more
inclined to corrode. However, the (Ti,Cr)N Inconel 718 samples with -25 V bias showed
no signs of corrosion for the entire 1000-hour test. This coating was believed to have the
highest degree of intermixing of coatings deposited as a function of bias (XRD). This
may have aided in the corrosion performance as compared to the other coatings deposited
as a function of bias.
Table 4.9: Corrosion performance of the (Ti,Cr)N coatings deposited using MSM as a
function of bias.
Process
First Evidence
Failure
Coating
Sample
Parameters (-V)
(Hours)
(Hours)
R105
R106
25
S176
25
74
S177
25
74
R113
R114
237
50
S188
25
48
S189
25
48
R107
82
406
R108
213
100
(Ti,Cr)N
S179
25
48
S180
25
82
R115
74
74
R116
213
308
150
S191
25
25
S193
25
74
R109
R110
200
S182
261
523
S183
48
-

(Ti,Cr)N coatings deposited using -50 V bias also exhibited rapid coating
deterioration from corrosion on the stainless steel samples. These samples (S188 and
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S189) were both removed after only 48 hours due to coating corrosion failure. In
addition, an Inconel 718 coated sample showed corrosion after 237 hours but did not
reach failure.
All (Ti,Cr)N coatings deposited at -100 V bias, on both stainless steel and Inconel
718 showed corrosion to some degree. As with the -25 V and -50 V bias coatings, the 100 V bias coatings showed signs of failure on the stainless steel substrates, S179 and
S180, and failed quickly thereafter (48 and 82 hours, respectively). The Inconel 718
coated samples (R107 and R108) showed initial corrosion after 82 and 213 hours of
exposure, respectively. Sample R107 proceeded to fail after 406 hours.
The -150 V bias (Ti,Cr)N coatings failed regardless of the substrate material. The
sample that lasted the longest at -150 V bias was an Inconel 718 coated sample which
failed after 308 hours. As previously discussed, there is some iron in Inconel 718 that
could render itself susceptible to corrosion if the corrosion media came in contact with
the iron within the substrate. There was a noticeable difference in the color of the
corrosion products between the stainless steel coated samples and the Inconel 718 coated
samples (Figure 4.39). Cross-sectional images showed that there was porosity in the -150
V bias (Ti,Cr)N coatings. These coatings also had the thinnest coatings which led to their
expedited corrosion. Again, the stainless steel coated samples (S191 and S193) had the
worst performance as corrosion was observed after only 25 hours of exposure.
The (Ti,Cr)N coatings deposited with a bias of -200 V had the best corrosion
resistance of the MSM coatings deposited as a function of bias. Both stainless steel
samples showed corrosion but after a much longer exposure time compared to the
previous coatings deposited as a function of bias. Only one stainless steel coated sample
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(S182) failed and it was after 523 hours. There was no evidence of corrosion on the
Inconel 718 coated samples even at 1000 hours.
The (Ti,Cr)N coatings deposited as a function of bias got progressively worse as
the bias was increased up to -150 V and then at -200 V bias, the coating displayed the
best corrosion resistance. The coatings with lower bias were expected to experience
increased corrosion because of the porosity within the coating from less mobile adatoms
during coating deposition. Also, smaller grains resulting from a decreased bias lead to an
increased number of grain boundaries. The decrease in corrosion performance up to -150
V bias was attributed to coating residual stress. The coating compressive stress caused an
interfacial stress between the coating and the substrate. Chen et al. claimed that the
interface stress (affecting adhesion) was a secondary parameter that affected corrosion
[66]. The (Ti,Cr)N coating at -25 V bias showed voids within the microstructure.
However, the low bias resulted in lower residual stress than the coatings with higher bias
(-100 V – -200 V) resulting in better corrosion performance. As shown in Section 4.1.8,
the residual stress in the coatings increased as a function of bias with coating residual
stress climaxing for the -150 V bias (Ti,Cr)N coating. A consequence of the increasing
coating residual stress was decreased corrosion performance as a function of bias with the
worst performance for -150 V bias (Ti,Cr)N coatings. The -200 V bias had a relatively
high compressive residual stress (less than the -150 V bias coating); however, the packing
factor was the largest due to the high bias.
Digital images of (Ti,Cr)N coated stainless steel and Inconel 718 samples
showing corrosion are observed in Figure 4.39. There was a distinct difference in the way
the stainless steel and the Inconel 718 sample corroded. The stainless steel coated sample
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exhibited the traditional rust color (Figure 4.39a) whereas the Inconel 718 sample did not
(Figure 4.39b). The different corrosion mechanisms were attributed to differences in
composition between the base alloys.

Figure 4.39: Digital images of (Ti,Cr)N coated (-100 V bias) a) stainless steel sample
S191 and b) Inconel 718 sample (R107) after corrosion failure after 25 hours and 406
hours respectively. The arrows show the difference in color of the corrosion of coatings
on stainless steel and Inconel 718 samples.

Since all coatings within this set had comparable coating thickness, the corrosion
performance comparison of these coatings was mainly dependant on the coating packing
factor. Since Inconel 718 has a high percentage of nickel and chromium, the substrate
itself is quite corrosion resistant. This explained the reason the stainless steel coated
samples had worse corrosion performance than the Inconel 718 coated samples. Once the
salt fog penetrated through the coating and bond coat, the stainless steel was susceptible
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to corrosion whereas the Inconel 718 samples provided additional corrosion protection to
delay or prevent corrosion due to the composition of the nickel-chromium superalloy.

4.5.5

Corrosion of SSM (Ti,Cr)N coatings deposited with constant Ti-Cr alloy
evaporator current (85 A), and varying substrate bias ( -25 V, -50 V, -100 V,
-150 V, -200 V)
The ternary (Ti,Cr)N coating corrosion performance deposited from the alloyed

target as a function of bias was inconclusive due to the poor coating quality from the
coating deposition processing. Only the coating deposited using -25 V bias had an
acceptable coating for corrosion testing as observed in Table 4.10.
Table 4.10: Corrosion performance of the (Ti,Cr)N coatings deposited using SSM as a
function of bias.
Process
First Evidence
Failure
Coating
Sample
Parameters (-V)
(Hours)
(Hours)
R121
R122
25
S207
25
165
S208
25
152
N/A
N/A
N/A
N/A
50
N/A
N/A
N/A
N/A
(Ti,Cr)N
N/A
N/A
N/A
N/A
100
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
150
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
200
N/A
N/A
N/A
N/A
152

Similar to the -25 V bias (Ti,Cr)N coated samples from Section 4.5.4, there was
evidence of corrosion after 25 hours of salt fog exposure time for the -25 V coated
samples from this experimental set. However, these samples lasted roughly two times as
long ( > 150 hours) in the chamber before failure than the (Ti,Cr)N coatings deposited
with -25 V bias from Section 4.5.4. These coatings were determined to be ternary solid
solutions (meaning the chromium atoms would substitute some of the titanium atoms in
the TiN lattice).

The ternary (Ti,Cr)N coatings had a different corrosion failure

mechanism than the nanolayered (Ti,Cr)N coatings. These samples appeared to corrode
as salt fog condensation ran down their faces as seen in Figure 4.40.

Figure 4.40: Digital images of (Ti,Cr)N coated stainless steel samples a) S208 and b)
S207 after corrosion failure. The corrosion products appeared to run down the face of
these samples leading to further corrosion as the arrows show.
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Based on the observed corrosion damage means, it is believed that the salt fog
precipitate carried the corrosion products across the sample which made the sample more
conducive to further corrosion. This type of corrosion degradation was not observed in
any other samples. Although there was not enough data to confirm a difference in
corrosion mechanisms between the SSM and MSM method of depositing (Ti,Cr)N for
corrosion resistance, the preliminary data suggested the (Ti,Cr)N ternary coating offered
better corrosion resistance. The inherent defects of low bias depositions are what most
likely lead to the unsatisfactory corrosion performance of the coatings deposited with -25
V bias using an alloyed target.
4.6

Erosion Performance
Investigating the erosion performance of the nitride-based coatings was the

primary objective of this work. Multiple (Ti,Cr)N coatings were synthesized by varying
process parameters in an effort to obtain a superior erosion resistant coating. The erosion
performance of the (Ti,Cr)N coated Ti-6Al-4V substrate as compared to the uncoated Ti6Al-4V substrate was studied. (Ti,Cr)N coating erosion performance was also compared
to binary nitride coatings such as TiN and CrN. Currently, TiN coatings are the only
nitride-based coatings approved for increased erosion resistance. The coating erosion
performance was rated in two ways. The first rating of erosion performance was made by
measuring the erosion rate. The erosion rate was defined as the linear erosion trend
characteristic to the coating and continued until failure was initiated. Failure initiated was
defined as the observation of localized sites where there was complete coating removal
and the substrate was exposed. Coating comparison based on erosion rate was ideal
because it was primarily dependant on coating properties such as coating composition
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and microstructure rather than coating thickness. The second method for coating erosion
performance was rated was by coating failure. Once 50% of the substrate was exposed
due to coating removal, the coating was determined to have failed. This erosion
performance criterion was not as accurate because it was largely dependent on coating
thickness. As seen in Section 4.2, the coating thicknesses of all the coatings in this work
were not uniform and therefore determining erosion performance based on coating failure
would be misleading. Therefore, for erosion performance analysis, erosion rate was
emphasized to compare erosion performance for each coating.

4.6.1 Erosion of TiN and CrN baseline coatings
A progression of the four stages of erosion generally observed during erosion
performance is shown in Figure 4.41. These four stages were characteristic to all the
coatings of this study; however, the gold-colored TiN coated samples showed the most
color contrast between the exposure of the substrate and therefore it was used for
demonstration. A brief description of these four stages is given below.
The first stage (Figure 4.41a) is prior to erosion testing (i.e. no erosion damage).
The coated surface was inspected for any defects that may initiate premature erosion. If
there were any major defects observed, the erosion mask was placed over them so that
they had no impact on the erosion results. The second stage (Figure 4.41b) was after early
erosion exposure (usually 25 to 200 g). It is described as a darkened area over the
unmasked area of the sample. The darkened area was due to increased surface roughness.
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Figure 4.41: Images of the nitride coating failure stages: a) coated sample prior to
erosion testing, b) erosion scar forms after preliminary erosion testing, c) evidence of
coating removal at discrete sites and d) discrete erosion sites join and coating removal is
expedited. The e) location of each of these stages on the TiN erosion performance trend is
illustrated.
This stage in erosion performance is critical to erosion performance as it is
indicative of the coating performance. No substrate exposure is observed during the
second stage and the erosion trends are linear (Figure 4.41e). The third stage, shown in
Figure 4.41c occurs when part of the substrate became exposed. This was demonstrated
as the dark sites in Figure 4.41c. The third stage signified the beginning of coating failure
and was shown as the divergence from the linear erosion trend (Figure 4.41e). This stage
usually was the shortest in terms of erodent exposure because a single failure site often
leads to coating removal of coating at sites in its immediate vicinity due to the
coalescence of subsurface cracking. The fourth and final stage was failure (Figure 4.41d)
at which point 50% of the coating has been eroded. This occurs when failure sites
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propagate and link. This stage was shown as the final point on the erosion trends (Figure
4.41e).
The characteristic erosion scar after failure at 30o and 90o impingement angles
can be seen in Figure 4.42a and Figure 4.42b, respectively, for the TiN coated Ti-6Al-4V
substrates.

Figure 4.42: Digital images of the titanium nitride coating characteristic failure at a) 30o
and b) 90o impingement angle.
30o erodent impingement (Figure 4.42a) created an elliptical erosion scar while
erodent impingement at 90o (Figure 4.42b) created a circular scar. Although the scarring
is shown on TiN coatings, the characteristic scarring was observed for all coatings.
The erosion performance of the binary TiN and CrN coatings as compared to the
uncoated substrate at 30o impingement is observed in Figure 4.43. The TiN served as a

157

baseline to compare the (Ti,Cr)N coatings because TiN has been used as protective
coatings on aircraft engine compressor blades. CrN has been more commonly used in

Figure 4.43: Erosion performance trends of uncoated Ti-6Al-4V, TiN coated Ti-6Al-4V
and CrN coated Ti-6Al-4V at 30o particle impingement angle and 475 fps particle
velocity.
wear and corrosion-resistant applications, as opposed to erosion applications, but its
erosion protection was also studied. Erosion performance showed that the TiN was the
superior of the binary nitrides. The TiN coating (higher hardness) was expected to
outperform the CrN coating (lower hardness). Both nitrides outperformed the uncoated
substrate at 30o impingement angle. Although the CrN had a thicker coating (Section
4.2.1), the CrN coating had 50% coating failure prior to the thinner TiN coating. The CrN
coating experienced 50% coating failure after being exposed to 500 g of alumina and the
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TiN coating failed after 600 g alumina exposure. This illustrates the reasoning for not
selecting the 50% coating failure criterion to rate erosion performance results. Once the
coatings began to fail (e.g. 300 g for CrN), the erosion trend (i.e. slope) began to parallel
the uncoated substrate erosion trend reducing coating protection of the substrate.
There was a linear erosion trend for both the TiN and CrN until coating failure
became evident as seen in Figure 4.43. The erosion rate was defined as this linear erosion
trend as shown in Table 4.11. The erosion rates showed that the TiN and CrN coatings
provided approximately 3.8x and 1.7x erosion performance improvement over the
uncoated substrate, respectively (Table 4.11).
Table 4.11: Erosion performance values of the uncoated Ti-6Al-4V, TiN coated Ti-6Al4V and CrN coated Ti-6Al-4V at 30o particle impingement angle and 475 fps particle
velocity.
Coating ER
Coating
Normalized ER
Coating
(mg/g)
improvement (x)
(Coating ER / TiN ER)
TiN
0.083
3.78
1.00
CrN
0.182
1.73
2.19
Uncoated
0.314
Substrate
The homogenous substrate had a linear erosion trend throughout the entire evaluation as
it was the same material being eroded. Erosion rates were then normalized to the TiN
baseline coating since it is the coating that the (Ti,Cr)N coatings are to be compared
against. A normalized erosion rate of 1.0 meant that the coating had the same erosion rate
as the TiN coating. A normalized erosion rate greater than 1.0 showed that the coating
underperformed TiN coating and a normalized erosion rate less than 1.0 meant the
coating outperformed the TiN coating. The magnitude of the normalized erosion rate
offered the degree of erosion performance compared to TiN. For example, in Table 4.11,
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the normalized erosion rate of the CrN coating was 2.19. Therefore, TiN roughly
outperformed CrN by two times for this erosion test. It should be noted that a high
coating improvement factor and a low normalized erosion rate was desired for this
study.
Erosion performance at 90o and 325 fps particle velocity for the TiN and CrN
coatings in addition to the uncoated substrate is shown in Figure 4.44.

Figure 4.44: Erosion performance trends of uncoated Ti-6Al-4V, TiN coated Ti-6Al-4V
and CrN coated Ti-6Al-4V at 90o particle impingement angle and 325 fps particle
velocity.
Although ductile materials (such as Ti-6Al-4V) generally have better erosion
performance than brittle materials (such as the nitride coatings) at 90o erodent
impingement angle, the TiN coating outperformed the uncoated substrate for these
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erosion conditions. However, the uncoated substrate outperformed the CrN coating
(Figure 4.44).
The erosion rates calculated for the TiN coating, CrN coating and the uncoated
Ti-6Al-4V substrate are shown in Table 4.12. The CrN coating underperformed the
uncoated by a factor of approximately 1.7. In contrast the TiN coating provided an
approximate 1.7x improvement in erosion performance over the uncoated substrate.
Overall, at both critical angles of erosion performance (30o and 90o), TiN had a lower
erosion rate than the uncoated Ti-6Al-4V titanium alloy substrate when subjected to the
same erosion conditions.
Table 4.12: Erosion performance values of the TiN and CrN coatings at 90o particle
impingement angle and 325 fps particle velocity.
Coating ER
Coating
Normalized ER
Coating
(mg/g)
improvement (x)
(Coating ER / TiN ER)
TiN
0.059
1.66
1.00
CrN
0.168
0.58
2.85
Uncoated
0.098
Substrate

Although TiN offers more protection against hard particle erosion at 30o than at
90o impingement angle, it should be noted that erosion to uncoated compressor
components occurs at predominantly lower impingement angles (as shown in Figure 2.12
and therefore 30o erodent impingement was of more concern). The erosion performance
of TiN compared to the uncoated substrate at both impingement angles supports TiN as
being a good candidate coating material for metallic compressor components for hard
particle erosion resistance. However, erosion performance is heavily influenced by the
working environment (compressor speed, particle type, geometry, etc.) and variation in
erosion performance can result.
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4.6.2

Erosion of MSM (Ti,Cr)N coatings deposited with constant titanium
evaporator current (105 A), varying chromium evaporator current (45 A, 65
A, 85 A, 105 A) and constant substrate bias (-200 V)
The erosion performance of the (Ti,Cr)N coatings synthesized as a function of

chromium cathode current and constant titanium cathode current (105 A) at 30o
impingement angle and 475 fps particle velocity are shown in Figure 4.45.

Figure 4.45: Erosion performance trends of (Ti,Cr)N coatings deposited with 105 A
titanium current and varied chromium current at 30o particle impingement angle and 475
fps particle velocity.
All (Ti,Cr)N coatings within this set had erosion trends within the TiN and CrN
binary nitride coating trends. As the chromium current (and therefore the CrN phase
volume within the coatings) increased, the erosion performance decreased until the
(Ti,Cr)N coating performance approached that of the CrN coating. In the opposite degree,
with a decrease in chromium cathode current and subsequent increase in TiN phase
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volume, the (Ti,Cr)N coatings approached the performance of the TiN coating. The
erosion performance of the (Ti,Cr)N coatings within this set correlated with the measured
hardness of the coatings, in that the erosion performance also increased with hardness.
However, although two coatings had higher hardness than the TiN coating, the TiN
coating resulted in the best erosion performance. This strongly suggests that hardness
alone cannot be used to measure erosion performance and that erosion is a complex
phenomena affected by the coating composition, microstructure and the phase(s). All
(Ti,Cr)N coatings outperformed the uncoated Ti-6Al-4V substrate.
The quantitative erosion rates of the (Ti,Cr)N coatings (corresponding to Figure
4.45) deposited as a function of chromium cathode current is shown in Table 4.13.

Table 4.13: Erosion performance values of the (Ti,Cr)N coatings deposited with 105 A
titanium current and varied chromium current at 30o particle impingement angle and 475
fps particle velocity.
Coating ER
Coating
Normalized ER
Coating
(mg/g)
improvement (x)
(Coating ER / TiN ER)
(Ti,Cr)N
0.101
3.11
1.22
105 Ti, 45 Cr
(Ti,Cr)N
0.125
2.51
1.51
105 Ti, 65 Cr
(Ti,Cr)N
0.152
2.07
1.83
105 Ti, 85 Cr
(Ti,Cr)N
0.172
1.83
2.07
105 Ti, 105 Cr
TiN
0.083
3.78
1.00
CrN
0.182
1.73
2.19
Uncoated
0.314
Substrate
The erosion rates increased with an increase in chromium cathode current for the
(Ti,Cr)N coatings. The best (Ti,Cr)N coating (45 A Cr) provided a 3.1x erosion
performance improvement compared to the uncoated substrate. As the chromium content
163

increased in the (Ti,Cr)N coatings, the coating improvement factor decreased and the
normalized erosion rate increased. With respect to erosion mitigation, both of these
parameters trended negatively with increased chromium content. These (Ti,Cr)N coatings
did not outperform the TiN coated Ti-6Al-4V.
The erosion performance range of the (Ti,Cr)N coatings was attributed to the TiN
and CrN nanolayering within each coating. From this set, it appeared that a nanolayered
composite coating had upper (TiN-confined) and lower (CrN-confined) limits of coating
erosion performance. For example, as there were thicker and more abundant TiN layers
(increased TiN phase volume), the erosion performance approached - but did not exceed the performance of the monolithic, single layer TiN. The presence of CrN layers offered
weaker erosion performance to the composite, which was detrimental in this study. For
the increased CrN layer thickness, the presence of TiN layers prevented the erosion
performance from underperforming the CrN baseline coating. From these results, the
nanolayered TiN/CrN composites possessed both TiN and CrN erosion performance
characteristics but the degree of which was dependent on the binary nitride phase volume.
The erosion performance of this set at 90o impingement angle and 325 fps
particle velocity is observed in Figure 4.46. Similar trending resulted at 90o hard particle
impingement angle as did for 30o impingement angle in that the erosion performance
decreased as the chromium cathode current was increased. Again, the (Ti,Cr)N coatings
had erosion rates bound by TiN and CrN coating erosion performance. These erosion
trends further supported that these composite (Ti,Cr)N coatings exhibited both TiN and
CrN erosion characteristics and that the erosion performance approached, but did not
surpass, that of monolithic TiN or CrN coatings. These coatings all failed after 400 grams
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of erodent exposure, which was less than that required to fail the coatings at 30o
impingement angle and 475 fps particle velocity.

Figure 4.46: Erosion performance trends of (Ti,Cr)N coatings deposited with 105 A
titanium current and varied chromium current at 90o particle impingement angle and 325
fps particle velocity.

As shown in Table 4.14, only one (Ti,Cr)N coating outperformed the substrate.
This (Ti,Cr)N coating had the highest TiN phase volume due to being deposited with the
lowest chromium cathode current (45 A). This particular (Ti,Cr)N coating provided a
1.2x erosion performance improvement at 90o erodent impingement angle and 325 fps
particle velocity. The (Ti,Cr)N coating synthesized with a 65 A chromium current had an
erosion rate quite similar to that of the uncoated substrate until the coating began to fail
as seen in Table 4.14. As with 30o impingement angle, the coating improvement factor
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decreased and the normalized erosion rate increased with increasing CrN content. The
coating improvement factor for all but the 45 A chromium coating was less than 1.0
suggesting that these coatings would experience more mass removal than an uncoated
compressor component when subjected to the same amount of erosive particulate. Due to
the erosion rates of ductile and brittle materials, this was expected; however, the (Ti,Cr)N
coating with a 1.2x erosion performance improvement was unexpected and further
investigation into the improved performance is warranted.
Table 4.14: Erosion performance values of the (Ti,Cr)N coatings deposited with 105 A
titanium current and varied chromium current at 90o particle impingement angle and 325
fps particle velocity.
Coating ER
Coating
Normalized ER
Coating
(mg/g)
improvement (x)
(Coating ER / TiN ER)
(Ti,Cr)N
0.080
1.23
1.36
105 Ti, 45 Cr
(Ti,Cr)N
0.100
0.98
1.69
105 Ti, 65 Cr
(Ti,Cr)N
0.128
0.77
2.17
105 Ti, 85 Cr
(Ti,Cr)N
0.165
0.59
2.80
105 Ti, 105 Cr
TiN
0.059
1.66
1.00
CrN
0.168
0.58
2.85
Uncoated
0.098
Substrate

4.6.3

Erosion of MSM (Ti,Cr)N coatings deposited with constant titanium
evaporator current (85 A), varying chromium evaporator current (45 A, 65
A, 85 A, 105 A) and constant substrate bias (-200 V)
The erosion performance of the (Ti,Cr)N coatings synthesized as a function of

chromium cathode current and constant titanium cathode current (85 A) at 30o
impingement angle and 475 fps particle velocity is shown in Figure 4.47. As expected,
the erosion performance of the
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Figure 4.47: Erosion performance trends of (Ti,Cr)N coatings deposited on Ti-6Al-4V
with 85 A titanium current and varied chromium current at 30o particle impingement
angle and 475 fps particle velocity.

(Ti,Cr)N coatings decreased with an increase in chromium flux. The increase in
chromium flux, increased the CrN phase volume which effectively decreased the TiN
phase volume within the coating. These (Ti,Cr)N coatings had trends that were all within
the TiN and CrN coating erosion trends as those deposited with a constant 105 A titanium
current (Section 4.6.2). The erosion performance trends appear to be a function of the
design and texture of the TiN and CrN layered composite (Ti,Cr)N coatings. The coatings
of this set failed earlier than those of Section 4.6.2 due to thickness differences. Since the
constant titanium cathode current was lower (85 A) for this set, there was less evaporated
titanium species during a constant deposition time and therefore the thickness was lower
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as compared to coatings with 105A titanium cathode current. All (Ti,Cr)N coatings of
this set outperformed the uncoated substrate.
Erosion rates of the (Ti,Cr)N coating are shown in Table 4.15 and quantitatively
show a decrease in erosion rate with an increase in chromium cathode current. Of all
eight (Ti,Cr)N coatings (this set (85 A Ti) and the previous set (105 A Ti)) deposited as a
function of chromium cathode current, the (Ti,Cr)N coating with the best erosion
performance was deposited with 85A Ti and 45A Cr. This coating had the highest
improvement factor (3.6x) and the lowest normalized erosion rate (1.06) (Table 4.15).
Table 4.15: Erosion performance values of the (Ti,Cr)N coatings deposited with 85 A
titanium current and varied chromium current at 30o particle impingement angle and 475
fps particle velocity.
Coating ER
Coating
Normalized ER
Coating
(mg/g)
improvement (x)
(Coating ER / TiN ER)
(Ti,Cr)N
0.088
3.57
1.06
85 Ti, 45 Cr
(Ti,Cr)N
0.095
3.31
1.14
85 Ti, 65 Cr
(Ti,Cr)N
0.140
2.24
1.69
85 Ti, 85 Cr
(Ti,Cr)N
0.164
1.91
1.98
85 Ti, 105 Cr
TiN
0.083
3.78
1.00
CrN
0.182
1.73
2.19
Uncoated
0.314
Substrate

Overall, there was a decrease in all erosion rates for these coatings when
compared to the corresponding (Ti,Cr)N coating from Section 4.6.2 (e.g. 105A Ti, 65A
Cr and 85A Ti, 65A Cr). This was unexpected because these coatings generally all had
lower hardness values than the coatings from Section 4.6.2. Although there was a lower
hardness for the (Ti,Cr)N coatings within this set, there may have been increased fracture
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toughness. As shown in Hockey’s erosion model of Equation 2.1, the erosion rate of a
brittle material is inversely proportional to both hardness and fracture toughness. Also,
hardness and fracture toughness are inversely proportional to each other. Generally, with
a harder a coating, there is less fracture toughness to prevent coating fracture. This is
evident by harder coatings demonstrating larger fractures than softer coatings when
subjected to a load. Also, fracture toughness has a higher exponent and therefore would
have a more sizeable effect on erosion performance if it was varied. However, measuring
fracture toughness was beyond the scope of this work.
The erosion performance of the coatings deposited with 85 A titanium current as a
function of chromium current at 90o impingement angle and 325 fps particle velocity can
be seen in Figure 4.48. Again, erosion performance suffered as the CrN phase volume
increased. The coating with the highest TiN phase volume (45 A Cr) outperformed the
uncoated substrate. At 90o erodent impingement angle, the (Ti,Cr)N coating deposited
with the highest chromium current (105 A) underperformed the CrN coating. All other
coatings had erosion trends that fell within the TiN and CrN coating erosion trends. Since
there was a marginal difference between this specific (Ti,Cr)N coating (85 Ti, 105 Cr)
and the CrN coating (Table 4.15), this does not necessarily disprove that a nanolayered
composite consisting of TiN and CrN phases possesses characteristics of each binary
coating system with upper and lower limits. There may have been accumulated error
throughout the erosion testing that contributed to this particular result that did not concur
with the rest or a variation in the coating deposition process may have occurred.
However, as stated, since the difference in erosion trends of this (Ti,Cr)N coating and the
CrN coating was small, this unexpected result was not overanalyzed.
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Figure 4.48: Erosion performance trends of (Ti,Cr)N coatings deposited on Ti-6Al-4V
with 85 A titanium current and varied chromium current at 90o particle impingement
angle and 325 fps particle velocity.

Table 4.16 shows quantitative erosion rates of the (Ti,Cr)N coatings for 85 A
titanium current with increasing chromium current at 90o impingement angle and 325 fps
particle velocity. The coatings deposited with a 45A and 65A chromium cathode current
improved the erosion performance of the uncoated substrate by 1.2x and 1.02x,
respectively. In contrast the 85 A Ti / 85 A Cr and 85 A Ti / 105 A Cr coatings
underperformed the Ti-6Al-4V substrate. From the shown trends of the past two sets of
coatings that were varied as a function of chromium current, it appeared that the
normalized erosion rate would not decrease below 1.0 by only varying evaporator current
for both critical impingement angles. Therefore, the changes in the bias voltage were
explored to improve erosion performance.
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Table 4.16: Erosion performance values of the (Ti,Cr)N coatings deposited with 85 A
titanium current and varied chromium current at 90o particle impingement angle and 325
fps particle velocity.
Coating ER
Coating
Normalized ER
Coating
(mg/g)
improvement (x)
(Coating ER / TiN ER)
(Ti,Cr)N
0.080
1.23
1.36
85 Ti, 45 Cr
(Ti,Cr)N
0.096
1.02
1.63
85 Ti, 65 Cr
(Ti,Cr)N
0.131
0.75
2.22
85 Ti, 85 Cr
(Ti,Cr)N
0.190
0.52
3.22
85 Ti, 105 Cr
TiN
0.059
1.66
1.00
CrN
0.168
0.58
2.85
Uncoated
0.098
Substrate

4.6.4

Erosion of MSM (Ti,Cr)N coatings deposited with constant titanium
evaporator current (105 A), constant chromium evaporator current (45 A)
and varying substrate bias ( -25 V, -50 V, -100 V, -150 V, -200 V)
The erosion performance at 30o impingement angle and 475 fps particle velocity

of the (Ti,Cr)N coatings synthesized as a function of substrate bias with constant titanium
cathode current (105A) and constant chromium cathode current (45A) are shown in
Figure 4.49. When bias was varied, (Ti,Cr)N coatings were deposited that resulted in
better erosion performance than the TiN coating. The (Ti,Cr)N coatings with the best
erosion performance of this set were those deposited with low bias (-25 V and -50 V).
Although lower arrival energy was expected to have more porous coatings due to limited
adatom mobility at the substrate surface, these coatings excelled in erosion performance.
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Figure 4.49: Erosion performance trends of (Ti,Cr)N coatings deposited using MSM
with a varied substrate bias at 30o particle impingement angle and 475 fps particle
velocity.
Since the Ti:Cr ratio was approximately equal for all coatings, the change in bias had an
effect on the residual stress within the coatings (as discussed in Section 4.1.8). There was
a strong correlation between the coating erosion performance and the XRD residual stress
values. The greater the residual compressive stress within these (Ti,Cr)N coatings, the
worse they performed when subjected to high speed hard particles. Higher bias values
were expected to generate higher residual compressive stress within the coatings, but
mechanical bonding and species intermixing was also expected to increase and therefore
the high bias was originally chosen. The low bias deposited a coating with low
compressive residual stress within the coatings and improved erosion performance. Not
only was there residual stress present in each of the TiN and CrN binary nitride layers,
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but residual stress was accumulated at every interface between layers to contribute to the
total residual stress of the (Ti,Cr)N nanolayer composite. It appears the accumulation of
stress within the coating had a greater impact than originally considered.
Of the two coatings at low bias, the coating deposited at -50 V bias had the best
erosion performance. Although the compressive stress was higher for the coatings
deposited with -50 V bias than for the coating deposited with -25 V bias, the -50 V bias
coating benefitted from greater ion arrival energy due to the increased bias. The higher
bias (-50 V) created a more dense coating by ion bombardment and increased adatom
mobility. Also with a higher bias, more interdiffusion was expected to occur between the
layers which would create a greater mechanical (and possibly chemical) bond within the
nanolayered coatings. This coating had an approximate 400 VHN higher hardness than
the -25 V coating which contributed to the difference in erosion performance. In addition
to (and quite possibly responsible for) the higher hardness and erosion performance at -50
V, there was a decreased density of macroparticles in the -50 V bias coating than for the 25 V bias coating (Section 4.2.4).
The (Ti,Cr)N coating with the worst erosion performance was the one deposited
with the -150 V bias. This again was attributed to a high residual compressive stress
within the (Ti,Cr)N coating. Stress analysis showed that the coating deposited with -150
V bias had the highest compressive residual stress. These coatings all had the same
approximate Ti:Cr ratio (EDS), TiN/CrN/TiCrN phase volume (XRD) and similar
hardness values so the resulting residual stress within the coating was the primary
contributor to erosion performance. In general, erosion performance decreased with
increasing bias.
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All (Ti,Cr)N coatings of this set exhibited a lower erosion rate than the TiN
coating (Table 4.17). The best coating deposited within this set (-50 V bias) had a 9.8x
increase in erosion performance as compared to the uncoated substrate. This coating had
a normalized erosion rate of 0.39 which meant that this particular coating had 2.5 times
the erosion performance of the TiN baseline (Table 4.17). At 30o erodent impingement
angle, this proved to be the best of all synthesized coatings. Even the (Ti,Cr)N coating
with the lowest erosion rate resulted in a 4.1x improvement factor and a 0.93 normalized
erosion rate. The 0.93 normalized erosion rate signified an approximate 10% increase in
erosion performance over TiN.
Table 4.17: Erosion performance values of the (Ti,Cr)N coatings deposited using MSM
with a varied substrate bias at 30o particle impingement angle and 475 fps particle
velocity.
Coating ER
Coating
Normalized ER
Coating
(mg/g)
improvement (x)
(Coating ER / TiN ER)
(Ti,Cr)N
0.038
8.26
0.46
-25 V
(Ti,Cr)N
0.032
9.81
0.39
-50 V
(Ti,Cr)N
0.054
5.81
0.65
-100 V
(Ti,Cr)N
0.077
4.08
0.93
-150 V
(Ti,Cr)N
0.067
4.69
0.81
-200 V
TiN
0.083
3.78
1.00
CrN
0.182
1.73
2.19
Uncoated
0.314
Substrate
It should be noted that the TiN and CrN coatings were synthesized utilizing a -200
V bias and therefore it cannot be said that these coatings were better than all TiN coatings
because this work did not deposit TiN coatings at different biases. It has been shown that
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the residual stress within the coating was highly contingent on the deposition bias and
therefore the same effect would presumably affect the residual stress (and ultimately the
erosion performance) of the TiN and CrN coatings. However, it is clear that the coating
performance is a strong function of coating microstructure and further improvements may
be obtained through process optimization.
Another interesting aspect was that the (Ti,Cr)N coating deposited at -200 V bias
was a repeated deposition of a (Ti,Cr)N coating in Section 4.6.2. However, this
deposition had a lower erosion rate. There may have been some variation in the
deposition process contributing to this variation. This particular coating (105 A Ti, 45 A
Cr, -200 V bias) was processed using a used cathode while the one described in Section
4.6.2 utilized a virgin cathode. A used cathode has a developed wear pattern and this may
influence the metallic flux during evaporation. This suggests that there is some variability
in coating depositions and that all things need to remain as constant as possible for
repeatable results.
The erosion results at 90o erodent impingement angle and 325 fps particle velocity
as function of substrate bias is shown in Figure 4.50. (Ti,Cr)N coatings deposited at -25
V, -50 V and -100 V had better erosion performance than the TiN coating. The -50 V bias
(Ti,Cr)N coating, again, had the best erosion performance. This coating had the best
erosion performance of all coatings evaluated in the present work at 90o hard particle
impingement angle. The -200 V (Ti,Cr)N coating had the worst erosion performance of
the bias samples evaluated at 90o impingement.
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Figure 4.50: Erosion performance trends of (Ti,Cr)N coatings deposited using MSM
with a varied substrate bias at 90o particle impingement angle and 325 fps particle
velocity.

The variations in erosion performance were most likely due to the difference in
residual stress values between coatings. It was shown that the highest residual stress was
observed in the coating deposited at -150 V and therefore would be expected to have the
worst erosion performance. The energy transfer from a particle impinging at a 90o angle
(normal to the substrate face) induces an additional compressive stress and complex
strain field upon impact. Since both the -150 V and -200 V bias (Ti,Cr)N coatings were
deposited with high compressive residual stress, these coatings both had rapid coating
removal. All (Ti,Cr)N coatings possessed better erosion resistance than the uncoated
substrate.
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Table 4.18 shows the tabulated values of the erosion rate for (Ti,Cr)N coatings
deposited as a function of bias and eroded at 90o impingement angle. The -50 V bias
(Ti,Cr)N coating had a 4.5x increase in erosion performance over the uncoated substrate.
At 90o impingement angle, some coatings had a normalized erosion rate greater than 1.0
(worse than the TiN coating) unlike at 30o where all normalized erosion rates were less
than 1.0. The nature of the 90o impingement angle and the high coating compressive
residual stress were believed to contribute to these results.
Table 4.18: Erosion performance values of the (Ti,Cr)N coatings deposited using MSM
with a varied substrate bias at 90o particle impingement angle and 325 fps particle
velocity.
Coating ER
Coating
Normalized ER
Coating
(mg/g)
improvement (x)
(Coating ER / TiN ER)
(Ti,Cr)N
0.025
3.92
0.42
-25 V
(Ti,Cr)N
0.022
4.45
0.37
-50 V
(Ti,Cr)N
0.043
2.28
0.73
-100 V
(Ti,Cr)N
0.076
1.29
1.29
-150 V
(Ti,Cr)N
0.088
1.11
1.49
-200 V
TiN
0.059
1.66
1.00
CrN
0.168
0.58
2.85
Uncoated
0.098
Substrate

4.6.5

Erosion of SSM (Ti,Cr)N coatings deposited with constant Ti-Cr alloy
evaporator current (85 A), and varying substrate bias ( -25 V, -50 V, -100 V,
-150 V, -200 V)
Although other analytical methods were able to be completed for coatings

deposited using an alloyed cathode (SSM) as a function of bias, the erosion performance
testing was futile for most of these coatings due to problems associated with unoptimized
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coating deposition process and the resulting thin coatings. Erosion results that were
acquired are presented in Figure 4.51 to attempt to gain some insight into the erosion
performance of coatings deposited with a single Ti-Cr alloyed source.
Erosion performance at 30o particle impingement angle for the deposited (Ti,Cr)N
coatings utilizing a Ti-Cr alloyed cathode (SSM) and varied bias is shown in Figure 4.51.

Figure 4.51: Erosion performance trends of (Ti,Cr)N coatings deposited using SSM with
a varied substrate bias at 30o particle impingement angle and 475 fps particle velocity.

The only SSM deposition process that deposited an acceptable coating for erosion
performance was the one conducted at the lowest bias (-25 V). This coating had a similar
erosion trend to the TiN baseline coating until it began to fail. Although the -25 V bias
(Ti,Cr)N coating was the thickest of all coatings deposited by SSM, it was still relatively
thin and for this reason, it failed prematurely. Some erosion performance data was
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extracted from the coating deposited with -50 V bias, although it failed after only 50 g
exposure of erodent. The results indicated that the coating had worse erosion
performance than the CrN baseline coating. This was primarily due to it being such a thin
coating and therefore this trend seemed inaccurate. All other coatings within this set (100 V, -150 V and -200 V) failed after only a single erosion test of 25 g erodent
exposure. Further investigation optimizing the deposition conditions of (Ti,Cr)N coatings
deposited by SSM is suggested.
Table 4.19 shows that there was an approximate 3.3x improvement in erosion
performance over the uncoated substrate for the (Ti,Cr)N coating deposited with -25 V
using an alloyed target. All other coatings had premature failure and therefore a linear
erosion rate could not be determined. The normalized erosion rate of 1.16 maintains that
this coating had somewhat similar erosion performance to the TiN coating but still
slightly underperformed it.
Table 4.19: Erosion performance values of the (Ti,Cr)N coatings deposited using MSM
with a varied substrate bias at 30o particle impingement angle and 475 fps particle
velocity.
Coating ER
Coating
Normalized ER
Coating
(mg/g)
improvement (x)
(Coating ER / TiN ER)
(Ti,Cr)N
0.096
3.27
1.16
-25 V
(Ti,Cr)N
-50 V
(Ti,Cr)N
-100 V
(Ti,Cr)N
-150 V
(Ti,Cr)N
-200 V
TiN
0.083
3.78
1.00
CrN
0.182
1.73
2.19
Uncoated
0.314
Substrate
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The erosion performance at 90o particle impingement angle and 325 fps particle
velocity of the ternary (Ti,Cr)N coatings as a function of bias is shown in Figure 4.52.
Again, the coating deposited at -25 V was superior of all the (Ti,Cr)N coatings and, at
this angle, was superior to the TiN coating as well. The coating deposited with -50 V bias
was the only other coating to not fail after the first erosion dose. The coating still failed
prematurely after only 75 g of erodent exposure. As at 30o impingement, the other ternary
(Ti,Cr)N coatings offered little erosion resistance and failed after only 25 g of alumina
exposure.

Figure 4.52: Erosion performance trends of (Ti,Cr)N coatings deposited using SSM with
a varied substrate bias at 90o particle impingement angle and 325 fps particle velocity.
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The erosion performance at 90o particle impingement angle of the ternary
(Ti,Cr)N coatings deposited as a function of bias are shown in Table 4.20. The -25 V
synthesized ternary (Ti,Cr)N coating offered a 3.8x improvement to the uncoated
substrate and approximately a 2.25x better erosion performance than the TiN coating
since it had a calculated normalized erosion rate of 0.44. Again, the poor erosion
performance of the SSM coatings as a function of bias was primarily attributed to
problematic processing and relatively thin coatings. The change in performance of this
(Ti,Cr)N coating relative to the TiN coating at different impingement angles should be
further investigated.
Table 4.20: Erosion performance values of the (Ti,Cr)N coatings deposited using SSM
with a varied substrate bias at 90o particle impingement angle and 325 fps particle
velocity.
Coating ER
Coating
Normalized ER
Coating
(mg/g)
improvement (x)
(Coating ER / TiN ER)
(Ti,Cr)N
0.026
3.77
0.44
-25 V
(Ti,Cr)N
0.134
0.73
2.27
-50 V
(Ti,Cr)N
-100 V
(Ti,Cr)N
-150 V
(Ti,Cr)N
-200 V
TiN
0.059
1.66
1.00
CrN
0.168
0.58
2.85
Uncoated
0.098
Substrate

These coatings were comprised of ternary (Ti,Cr)N solid solutions as opposed to
the nanocomposite (Ti,Cr)N coatings of all previous sets (as shown by XRD). The -25 V
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biased (Ti,Cr)N coating from this set did not have similar erosion performance as the
corresponding (Ti,Cr)N coating deposited at -25 V bias utilizing a titanium and
chromium cathode from Section 4.6.4. There are multiple explanations for the differences
in performance between these two coatings. The first explanation is that they did not have
the same Ti:Cr ratio. The nanolayered (Ti,Cr)N coating had a higher Ti:Cr ratio (2.7)
than the ternary (Ti,Cr)N coating (1.7). Experiments varying the chromium cathode
current to tailor the Ti:Cr ratio showed that higher Ti:Cr ratios provided better erosion
performance. For a better comparison, these coatings would need to have similar Ti:Cr
ratios. Also, the residual stress between the two types of coatings should be similar for a
more complete comparison. A monolithic ternary (Ti,Cr)N coating would be expected to
have a more uniform residual stress state because there are no discrete layered interfaces
within the coating as with the nanolayer coatings. Residual stress analysis of the
monolithic ternary coatings was not conducted. As shown previously, the coating residual
stress was highly dependent on the deposition bias. For a true comparison between the
ternary and nanocomposite (Ti,Cr)N coatings, the above provisions should be satisfied.

4.7

FEM Modeling of leading edge deformation
In addition to physical erosion of coatings applied to substrates to mitigate

erosion, Finite Element Method (FEM) modeling of leading edge curl of a GE T58
compressor blade was conducted. The objective of this task was to replicate the leading
edge curl found on blades that have been exposed to erosive particulates that lead to
blade deformation. Parameters such as particle size, speed and impingement angle were
varied. Once a model of the curl was constructed within the FEM modeling software, a
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coating can be applied to the modeled blade to determine the coating improvement
computationally. The coating implementation was not conducted in this work but a basic
guideline of parameters used to obtain appreciable curl on the uncoated base alloy was
constructed. Simulation presentation was divided into sets according to the boundary
conditions that were imposed on the blade. The boundary condition is defined as the
percentage of the blade from the leading edge to the trailing edge that remained
unbounded by fixed nodes (i.e. allowed to deform). Boundary conditions of 2%, 4% and
6% were varied for the deformation modeling.
There are an infinite number of solutions to replicate leading edge curl. The
primary goal of this effort was to vary parameters such as particle speed, particle size,
particle impingement angle and boundary condition to determine their effect on blade
deformation. Once completed, more complex models could be created for more accurate
results.

4.7.1 2% Boundary Condition
The 2% boundary condition had the most number of fixed nodes of the blade
modeling. Therefore this condition had the least degrees of freedom and therefore less
deformation was expected to occur. The final qualitative result of each simulation
conducted with a 2% boundary condition is shown in Figure 4.53. The designated
particle speeds (defined as x and 1.21x) were used because they were supplied as the
tangential blade tip speed and tangential blade half-span speed, respectively of this
engine. These speeds were proprietary and therefore their values have not been disclosed.
The blade tip speed and blade half-span speed were given in terms of x. The tangential
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Figure 4.53: The finite element modeling (FEM) simulation results of the T58 blade with 2% boundary condition imposed.
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blade tip speed is 1.21x and the blade half-span speed is x. These blade speeds were used
in an attempt to determine the damage done by particles at the blade tip and blade halfspan. It should be noted that more damage is typically found in the outer span of an axial
turbine engine due to the centrifugal force imparted on the particles as they enter the
engine and therefore a greater density of particles reside at the outer radial locations. This
concept was not implemented since the blades modeled were first stage blades.
Comparing erodent particle size (100 and 200 μm) shows that the larger, 200
micron particle inflicted more deformation to the blade than the 100 micron particle for
each given velocity as shown in Figure 4.53. This was expected due to the difference in
kinetic energy of each sized particle.
Similarly, for particle velocity, a higher particle velocity resulted in more
deformation to the leading edge. Again, this is attributed to the kinetic energy of the
impinging particles. These results were expected because the blade tip has been known to
experience the most erosion primarily because of the larger, local tangential velocities
occurring at their outer location.
There were noticeable differences in the leading edge curl with the change in
impingement angle (Figure 4.53). As the impingement angle increased, the deformation
in the y-axis increased. This was expected because the increased impingement angle
correlated to an increase in the y-component of velocity. The lower impingement angles
result in more blunting of the leading edge than burr formation. However, the
methodology used in setting up these simulations would always result in some leading
edge burr as the particles rastered the leading edge.
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Every deformation that occurs on a blade is highly detrimental to the aerodynamic
characteristic since there would be significant flow separation over the blade deformation
peak. The compressor blades would supply less energy to the ingested airflow resulting in
compressive efficiencies being greatly diminished. It should be noted that the expected
impingement angle of the blade for the blade tip and blade half span may differ because
of the compressor blade twist from root to tip. In addition, the degree of deformation is
heavily dependent on the compressor design and operation characteristics.
Quantitative blade deformation was taken for each of the completely deformed
blade models and is listed in Table 4.21.
Table 4.21: FEM deformation in the x- and y-direction of the T58 blade leading edge as
a function of simulation parameters such as particle speed, particle size and impingement
angle for the imposed 2% boundary condition.

Particle
speed
(fps)

Particle
size
(µm)

Impingement
angle (o)

x

100

30

X

Y

Mag.
(10 in.) (10 in.) (10-3 in.)
-3

-3

3.5

9.4

10.1

x

200

30

6.2

12.2

13.7

1.21x

100

30

7.9

14.3

16.3

1.21x

200

30

11.9

19.8

23.1

x

100

37

2.9

9.0

9.5

x

200

37

6.2

13.3

14.7

1.21x

100

37

5.5

14.4

15.4

1.21x

200

37

12.2

21.0

24.3

x

100

45

2.8

12.9

13.2

x

200

45

4.8

15.0

15.7

1.21x

100

45

4.5

15.3

15.9

1.21x

200

45

11.7

21.7

24.7

The blade deformation in the x-direction and the y-direction were measured using
Abaqus and the deformation magnitude was calculated. The deformation lengths were
measured from the leading edge of the undeformed blade since this was the FEM model
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origin (as shown in Figure 3.15). The deformation magnitude was on the order of about a
hundredth of an inch for most conditions modeled.
At each impingement angle, the magnitude of deformation was ranked (from most
to least): 1.21x – 200 micron > 1.21x – 100 micron > x – 200 micron > x – 100 micron.
The results from the FEM model show that the velocity had more of an impact than the
particle size on the degree of deformation. This appears to be reasonable since the
particles are transferring kinetic energy to the blade that is proportional to mV2. The
velocity, V, of the particle is squared while the mass, m, is a linear term. The mass is
roughly proportional to the particle size because the density and 2-D area of the particle
is known. Density is the fraction of mass over volume but since these simulations are 2D, the third dimension needed for volume is virtual.
Contributing to the increasing rank of deformation magnitude for each
impingement angle was the also increasing, y-component of deformation. The ycomponents increased in the same manner as the magnitude. However, this was not true
for the x-component of deformation.
Overall, there was a general increase in the y-component of deformation and a
general decrease in x-component of deformation with an increase in impingement angle
for each simulation case listed in Table 4.21 (e.g. 1.21x – 200 micron). As shown (Figure
4.53) and discussed qualitatively, this was expected since the y-component of velocity
increased and the x-component of velocity decreased with increasing impingement angle.
Again, this was attributed to the kinetic energy and the transfer of energy to the blade
elements through collision.
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The simulation sequences of four models within this boundary condition set are
shown in Appendix B (Figures B.1-B.4). Since 37o impingement angle was the median
impingement angle, it was used for demonstration purposes. It was important to show the
results of varying particle size and speed since these parameters were of primary interest
by those observing the blade leading deformation of the GE T58.

4.7.2 4% Boundary Condition
With this boundary condition imposed, there were more degrees of freedom
within this set of simulations and therefore more leading edge deformation was expected.
Qualitative results of the deformation within this boundary condition set are observed in
Figure 4.54. There was more significant deformation for this set (4% B.C.) than the
previous (2% B.C.) as postulated.
The deformation for the 100 micron diameter particle at 37o impingement for both
x and 1.21x speeds was minimal. There was very little observable leading edge curl for
these simulations. The lack of deformation for this case can be attributed to the energy
being dissipated by the less-bounded blade elements which resulted in less observable
deformation.
It is important to observe trends for blade deformation models. To determine the
most accurate solution to the field leading edge curl, interpolation or extrapolations of
pre-existing models such as the ones produced in this effort may be required. If a trend is
observed, interpolation or extrapolation of parameters could be used to achieve exact
replication of service deformation.
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Figure 4.54: The finite element method (FEM) simulation results of the T58 blade with 4% boundary condition imposed.
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Quantitative data of leading edge deformation is listed in Table 4.22. Again, for
each impingement angle, the magnitude of deformation decreased according to: 1.21x –
200 micron > 1.21x – 100 micron > x – 200 micron > x – 100 micron.

Table 4.22: Deformation in the x- and y-direction of the T58 blade leading edge as a
function of simulation parameters such as particle speed, particle size and impingement
angle for the imposed 4% boundary condition.

Particle
speed
(fps)

Particle
size
(µm)

Impingement
angle (o)

X
Y
(10-3 in.) (10-3 in.)

Mag.
(10-3 in.)

x

100

30

2.8

8.6

9.0

x

200

30

5.5

11.8

13.0

1.21x

100

30

6.5

12.4

14.0

1.21x

200

30

9.5

16.8

19.3

x

100

37

3.3

10.6

11.1

x

200

37

8.3

15.4

17.5

1.21x

100

37

5.3

14.4

15.3

1.21x

200

37

13.8

23.2

27.0

x

100

45

2.6

11.2

11.5

x

200

45

4.7

14.4

15.2

1.21x

100

45

4.5

16.0

16.6

1.21x

200

45

11.9

23.2

26.0

An observation made from Figure 4.54 was in disagreement with the quantitative
values. The two simulations that had little curl (100 micron, 37o impingement at x and
1.21x speed) were discussed as having very little deformation (Figure 4.54). However,
they had higher quantitative deformation magnitudes than some other simulations. The
reason for the apparent disagreement between the observed and measured data was due to
added blade bending. Not only was there curl observed at the leading edge, but from
successive impacts, the bulk of the blade began to deform as it absorbed energy from the
impinging particles. The blade bending was not easily discerned in qualitative images.
The quantitative measurements were given more weight in this analysis because any
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deformation negatively affects the blade aerodynamics regardless of the mechanism (i.e.
burr, bending etc.). The FEM images did not allow astute, direct comparisons but they
were provided to further support the measurements. Since the deformation measurements
were taken from the leading edge of the undeformed blade, any blade bending in
conjunction with leading edge curl will augment the measurement values and contribute
to error. This was not an issue in the previous FEM model with 2% boundary condition
because the boundary condition clamped nodes closer to the leading edge which
disallowed the bending that was observed for the 4% boundary condition. Blade bending
can be discerned from Figure 4.54 for the 37o impingement angle, 1.21x speed and 200
micron particle case on the pressure surface (bottom) of the blade.
Comparing the FEM modeling of the 4% boundary condition and the 2%
boundary condition at 30o impingement, the set with 2% B.C. had higher deformation
magnitudes for each specific case (e.g. 1.21x – 200 micron). Not only were the
magnitudes larger, but both the x and y-components were also larger; A less restrictive
boundary condition was expected to yield more deformation. The 30o impingement angle
had the highest x-component of velocity of all the impingement angles modeled and
therefore more compression and blunting of the leading edge was expected to occur.
Since fewer nodes were restricted with a 4% than the 2% boundary condition, the blade
elements were compressed chord-wise into the blade. Therefore, to absorb the energy, the
elements were displaced in the y-direction due to less elemental stiffness. At the
elemental level, there are practically an infinite number of elements in the x- (chord-wise)
direction. However, in the y-direction, there are not as many elements to resist
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deformation. Therefore, displacement due to kinetic energy absorption occurred primarily
in the y-direction.
Comparing the 2% and 4% boundary condition at 37o impingement, the 4% B.C.
had generally higher magnitudes (all but one case) as shown in Tables 4.21 and 4.22. The
higher magnitudes were expected due to the added y-component of velocity from the 30o
impingement angle combined with less material resistance in this direction.

4.7.3 6% Boundary Condition
The 6% boundary condition had the least number of fixed nodes of the blade
modeling and therefore had the most degrees of freedom and more deformation was
expected to occur. The final qualitative result of each simulation conducted with a 6%
boundary condition is shown in Figure 4.55.
One of the simulation cases (30o, 1.21x and 200 micron) was unable to be
simulated due to extreme deformations and element distortions. Multiple element
distortion algorithms were attempted to alleviate the distorted elements within the output
grid but they were ineffective in providing realistic results.
Similar to the previous FEM models, the cases with higher velocities had the most
deformation with the 200 micron particle case having the highest degree of deformation.
This statement held true throughout all simulations as expected due to the differences in
kinetic energy for each case.

192

Figure 4.55: The finite element method (FEM) simulation results of the T58 blade with 6% boundary condition imposed.
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Quantitative data of leading edge deformation for the 6% boundary is shown in
Table 4.23. Although a case was not presentable, the results suggest that for each
impingement angle (30o, 37o and 45o), the magnitude of deformation decreased in the
same manner as previously described: 1.21x – 200 micron > 1.21x – 100 micron > x –
200 micron > x – 100 micron.
Table 4.23: Deformation in the x- and y-direction of the T58 blade leading edge as a
function of simulation parameters such as particle speed, particle size and impingement
angle for the imposed 6% boundary condition.

Particle
speed
(fps)

Particle
size
(µm)

Impingement
angle (o)

x

100

30

X

Y

-3

-3

Mag.
(10-3 in.)

3.8

8.8

9.6

(10 in.) (10 in.)

x

200

30

6.2

12.6

14.0

1.21x

100

30

5.9

16.4

17.5

1.21x

200

30

-

-

-

x

100

37

1.9

7.6

7.8

x

200

37

5.7

13.9

15.0

1.21x

100

37

4.6

19.1

19.6

1.21x

200

37

10.9

28.3

30.3

x

100

45

2.3

6.8

7.1

x

200

45

4.5

12.5

13.2

1.21x

100

45

4.3

12.5

13.2

1.21x

200

45

13.2

28.0

31.0

As with the other FEM cases, the largest degree of deformation was observed in
the y-direction due to a lack of material stiffness. Although it seemed reasonable, it
cannot be said for all cases that higher particle impingement angles, result in more
deformation in the y-direction. Based on the preliminary FEM models, additional
analysis could be performed on the blade to determine the “boundary condition” value to
obtain more accurate results. The boundary conditions chosen for the current models
proved to produce realistic curl. With too small a boundary condition, there could be too
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minimal of deformation and with too great a boundary condition, the elements could
become unstable. Contrary to hypothesis, the larger boundary condition did not necessary
lead to the greatest amount of deformation. The larger boundary condition had less
oscillation dampening to allow the blade leading edge to act elastically.
For ease of reference, a table was assembled to show which case had the
maximum and minimum displacement for all boundary conditions used. These values are
color-coded with green being the maximum and blue being the minimum magnitude
(Table 4.24).
Table 4.24: Comparison of deformation magnitude at the T58 blade leading edge as a
function of simulation parameters such as particle speed, particle size, impingement and
boundary conditions.

2%

4%

6%

Particle
speed
(fps)

Particle
size
(µm)

Impingement
angle (o)

x

100

30

10.1

9.0

9.6

x

200

30

13.7

13.0

14.0

1.21x

100

30

16.3

14.0

17.5

1.21x

200

30

23.1

19.3

-

x

100

37

9.5

11.1

7.8

x

200

37

14.7

17.5

15.0

1.21x

100

37

15.4

15.3

19.6

1.21x

200

37

24.3

27.0

30.3

x

100

45

13.2

11.5

7.1

x

200

45

15.7

15.2

13.2

1.21x

100

45

15.9

16.6

13.2

1.21x

200

45

24.7

26.0

31.0

Mag.
Mag.
Mag.
(10-3 in.) (10-3 in.) (10-3 in.)

At 30o impingement angle, the 4% B.C. resulted in the least deformation.
The 6% B.C. models showed at least two blade models with the maximum deflection, but
it was inconclusive since one of the blade models could not be modeled. At 37o
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impingement angle, the 6% B.C. had two of the minimum deformation cases (blade halfspan speed) and two of the maximum deformation cases (blade tip speed). At 45o
impingement angle, the 2% B.C. had two cases with the maximum deformation (blade
half-span speed) and the 6% B.C had the minimum at this speed.
There are diverse trends between each impingement angle and therefore more
simulations are needed to better simulate in-field erosion. The 6% B.C. had five cases
that had the maximum deformation of all boundary conditions and also five cases that
had the minimum deformation.
Compressor blades are fabricated to exact specifications to achieve desired
aerodynamic characteristics. Therefore any mechanism (erosion, corrosion, deposition,
etc.) that compromises their geometry is detrimental on a small scale, but the
conglomeration of these deficiencies can lead to large-scale efficiency losses. The
increase in the magnitude of deformation per blade is propagated since there are many
blades within a single compressor stage. These FEM simulations presented possible
leading edge deformations that can occur when exposed to small ingestible particulate
and modest velocities (with only the engine rotational speed accounted for and not the
acceleration of the particle into the engine). Since these deformations are created from the
parameters seen in service, it becomes imperative to apply an erosion resistant coating to
these blades to avoid this type of degradation.
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CHAPTER 5
CONCLUSION

This chapter states the conclusions regarding coating characterization and
performance analysis of TiN, CrN and (Ti,Cr)N coatings deposited using cathodic arc
physical vapor deposition. Coating phase(s), residual stress, microstructure, composition
and hardness were interrelated with varying degrees to the coating corrosion and erosion
performance of the coatings.
5.1

Monolithic TiN and CrN baseline coatings
The TiN and CrN baseline coatings were approximately stoichiometric in that the

Ti:N and Cr:N ratios were approximately 1:1. The TiN coating was determined to be
slightly nitrogen rich (0.76:1). Measured hardness of the TiN and CrN baseline coatings
was 2295 VHN0.050 and 1474 VHN0.050, respectively. The corrosion performance of the
TiN and CrN coatings was attributed to the coating thickness. The only sample to corrode
during 1000 hour ASTM B117 corrosion test was a TiN coated stainless steel sample.
Corrosion of this particular sample was observed after 165 hours. The TiN and CrN
coated stainless steel samples only showed corrosion after scribing confirming that the
coatings were acceptable barriers to corrosion. With respect to erosion performance, the
TiN coating outperformed the CrN coating at 30o (475 fps) and 90o (325 fps) particle
impingement angles. The TiN coating offered a 3.78x and 1.66x erosion performance
improvement over the uncoated substrate at 30o and 90o impingement angle, respectively.
In comparison, the CrN coating offered a 1.73x and 0.58x erosion performance
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improvement over the uncoated substrate at 30o and 90o impingement angle, respectively.
Both the TiN and CrN coating offered erosion protection to the uncoated substrate at 30o
impingement angle; however, only the TiN coating outperformed the uncoated substrate
at 90o impingement angle. This was attributed to the higher hardness and toughness of the
TiN coating.
5.2

MSM (Ti,Cr)N coatings with constant titanium evaporator current (105 A),
varying chromium evaporator current (45 A, 65 A, 85 A, 105 A) and constant
substrate bias
The (Ti,Cr)N coatings that were deposited by varying stoichiometry (i.e. varying

chromium evaporator current) while using a constant 105 A titanium cathode current
were determined to be nanolayered composites of TiN and CrN cubic phases. An increase
in chromium evaporator current lead to: hardness decrease (3035– 2053 VHN0.050 range),
CrN phase volume increase (XRD), grain size increase (SEM), Ti:Cr ratio decrease (2.4 –
0.6 range) (EDS) and thickness increase (18.0 - 28.5 μm) (OM). The (Ti,Cr)N coatings
deposited with 45 A and 85 A chromium showed corrosion during the salt fog test after
25 and 165 hours, respectively. The poor corrosion performance of the (Ti,Cr)N coating
using 45 A chromium evaporator current was attributed to it having the lowest coating
thickness (18.0 μm) and the lowest coating CrN phase volume. The erosion performance
decreased with an increase in chromium evaporator current. The best performing
(Ti,Cr)N (45 A Cr) presented a 3.11x and 1.23x erosion improvement compared to the
3.76x and 1.66x erosion improvement of the TiN coating at 30o and 90o particle
impingement angle, respectively. The erosion rates of the (Ti,Cr)N coatings were bound
by those of the monolithic TiN and CrN coatings at both the 30o and 90o impingement
angles. As the phase volume of TiN and CrN varied within the coating, the erosion
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performance began to approach the erosion performance of the parent binary nitride (e.g.
as TiN phase volume was increased, the erosion performance approached that of the
monolithic TiN coating). The (Ti,Cr)N coatings all had better erosion performance than
the uncoated substrate at 30o impingement angle but only the (Ti,Cr)N coating deposited
with 45 A chromium had better erosion performance than the uncoated substrate at 90o
impingement angle.

5.3

MSM (Ti,Cr)N coatings with constant titanium evaporator current (85 A),
varying chromium evaporator current (45 A, 65 A, 85 A, 105 A) and constant
substrate bias
The (Ti,Cr)N coatings that were deposited by varying stoichiometry (i.e. varying

chromium evaporator current) while using a constant 85 A titanium current were
determined to be nanolayered composites of TiN and CrN phases. With an increase in
chromium evaporator current, the hardness decreased (2610 – 1925 VHN range), the CrN
phase volume increased (XRD), grain size increased (SEM), the Ti:Cr ratio decreased
(2.6 - 0.9 range) (EDS) and the thickness increased (15.5 – 26.3 μm) (OM). The
corrosion performance of the (Ti,Cr)N coatings deposited with 65 A and 105 A
chromium both showed corrosion during the salt fog test at 48 hours exposure. Corrosion
was observed on the (Ti,Cr)N coating with 105 A chromium evaporator current after 48
hours although it was the thickest coating and had the highest CrN phase volume. The
poor corrosion performance was due to a low coating packing factor. The erosion
performance decreased with an increase in chromium evaporator current. The best
erosion performing (Ti,Cr)N coating was deposited with 45 A Cr and offered an erosion
improvement factor of 3.57x and 1.23x at 30o and 90o, respectively. The erosion rates of
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the (Ti,Cr)N coatings were bound by the monolithic TiN and CrN coatings at both the 30o
and 90o impingement angles. The (Ti,Cr)N coatings all showed better erosion
performance than the uncoated substrate at 30o impingement angle but only the (Ti,Cr)N
coatings deposited with 45 A and 65 A chromium evaporator current showed better
erosion performance than the uncoated substrate at 90o impingement angle.

5.4

MSM (Ti,Cr)N coatings with constant titanium evaporator current (105 A),
constant chromium evaporator current (45 A) and varying substrate bias ( 25 V, -50 V, -100 V, -150 V, -200 V)
The (Ti,Cr)N coatings that were deposited with constant titanium and chromium

cathode currents while varying substrate bias were determined to be nanolayered
composites of TiN, CrN and TiCrN cubic phases. All (Ti,Cr)N coatings had an
approximately uniform Ti:Cr ratio of 2.7 (EDS), hardness of 2200 VHN0.050 and thickness
of 14 µm (OM). The density of macroparticles incorporated within the coating decreased
with an increase in bias due to their low adherence (SEM).

Coating corrosion

performance decreased with increasing substrate bias up to -150 V bias. The -200 V bias
had the best corrosion performance due to an increased packing factor. A few Inconel
718 coatings showed corrosion (not seen with any other coatings) indicating that these
particular coatings were unsatisfactory. The coating thickness and coating density
associated with low bias combined with the coating residual stress values all influenced
the corrosion resistance of these (Ti,Cr)N coatings. The erosion performance of the
(Ti,Cr)N coatings deposited with -25 V, -50 V and -100 V bias outperformed the TiN
baseline coating at 30o and 90o impingement. All (Ti,Cr)N coatings outperformed the

200

uncoated substrate at both impingement angles. The increase in compressive residual
stress adversely affected the erosion performance of the (Ti,Cr)N coatings.
5.5

SSM (Ti,Cr)N coatings with constant Ti-Cr alloy evaporator current (85 A),
and varying substrate bias ( -25 V, -50 V, -100 V, -150 V, -200 V)
(Ti,Cr)N coatings deposited using a Ti-Cr alloyed source as a function of bias had

problematic processing. All coatings were determined to be of the monolithic ternary
(Ti,Cr)N phase. However, not all characterization and performance was able to be
completed. The Ti:Cr ratio ( ≈ 1.8) of the (Ti,Cr)N coatings had a lower Ti:Cr ratio than
the alloyed target (calculated as 2.3). The lone coating that had acceptable thickness for
performance analysis was the coating deposited with -25 V substrate bias. The hardness
of this coating was 2068 VHN0.025. Corrosion was observed on the coated samples
deposited with -25 V bias within 25 hours of ASTM B117 testing. The rapid corrosion
was mainly attributed to the coating having insufficient coating thickness. In addition, the
low substrate bias may have resulted in a porous coating unable to act as a corrosion
barrier. The -25 V coating (3.27x coating improvement factor) slightly underperformed
the TiN coating (3.78x improvement factor) at 30o impingement angle but outperformed
(3.77x coating improvement factor) the TiN coating (1.66x coating improvement factor)
at 90o impingement angle.
5.6

Finite element method modeling of leading edge deformation of the GE T58
first stage compressor blade
Finite element modeling of leading edge curl of the GE T58 showed the most

critical parameter affecting the leading edge curl was the particle velocity. The 4%
boundary condition possessed the stiffness trait of the 2% boundary condition and the
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blade damping of the 6% boundary condition. Overall, the imposed boundary condition
did not dictate the amount of deformation. The magnitude of the leading edge
deformation was shown to be a function of both material deformation and blade bending.
With the simplicity of the current model, advanced models can be constructed
incorporating various coating materials, coating thickness and material properties to
perform a desired simulation that represents a “field” environment. These models can
then be used to design and develop advanced coating systems for engine compressor
components.

202

CHAPTER 6

FUTURE WORK
The investigation of (Ti,Cr)N coatings for erosion and corrosion protection was
the primary effort of this work. It was shown that tailoring process parameters such as
substrate bias, cathode current and MSM/SSM affected both the erosion and corrosion
resistance of the coating.
In regards to multiphase (Ti,Cr)N coatings deposited using MSM (co-evaporation
of a titanium and chromium cathode), an optimization of the Ti:Cr ratio and the substrate
bias is suggested. A high Ti:Cr ratio was found to be ideal for erosion performance and a
high bias enhances the coating packing factor for improved corrosion performance. An
increase in titanium evaporator current or a decrease in chromium evaporator current
from the values used in this effort would presumably increase the Ti:Cr ratio. Substrate
bias values higher than -200 V should be investigated; however, the best performing
coatings were deposited with -50 V. From research and preliminary experimentation, an
increased bias would increase the coating density and change the coating residual stress
(where it was found to peak at a substrate bias of approximately -150 V). Coating
deposition with a high bias may also lead to the synthesis of a monolithic (Ti,Cr)N
coating using MSM.
In regards to ternary (Ti,Cr)N coatings deposited using SSM, more research and
experimentation in the deposition of monolithic ternary (Ti,Cr)N coatings by using an
alloyed source (i.e., SSM Ti-Cr) is suggested. Determining the effect of cathode current,
substrate bias, number of cathodes and cathode alloy composition on erosion and
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corrosion resistance is also recommended. Once satisfactory coatings are deposited by
SSM, they should be compared to a multiphase (Ti,Cr)N coating deposited under the
same deposition conditions to determine whether the multi-phase composite or the
monolithic solid solution (Ti,Cr)N offers better erosion and corrosion resistance.
In regards to erosion resistant coatings, other ternary nitride-based coatings such
as titanium-aluminum-nitride (Ti,Al)N should be researched as an alternative to the TiN
coating currently being used. Preliminary erosion testing with this system showed that the
(Ti,Al)N coatings deposited from a Ti-Al alloyed source were ternary solid solutions and
that their erosion performance was greater than TiN coatings by multiple factors. In
addition, (Ti,Al)N coatings are documented to enhance the oxidation resistance; however,
they would most likely not possess the corrosion resistance of (Ti,Cr)N coatings.
Experimentation with (Ti,Cr,Al)N, a quaternary nitride-based system, for erosion,
corrosion and oxidation resistance would be quite novel.
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APPENDIX A
PROCESSING PARAMETERS

205

Table A.1: Cathodic arc deposition processing parameters including substrate bias, substrate temperature, N2 flow rate, coating
thickness, and coating composition for the various coating depositions
Composition (atomic percentage)

Coating
TiN
CrN

Cathode

85 A Ti, 85 A Ti
85 A Cr, 85 A Cr
105 A Ti, 45 A Cr
105 A Ti, 65 A Cr
105 A Ti, 85 A Cr
105 A Ti, 105 A Cr
85 A Ti, 45 A Cr
85 A Ti, 65 A Cr
85 A Ti, 85 A Cr
85 A Ti, 105 A Cr
105 A Ti, 45 A Cr
(Ti,Cr)N
105 A Ti, 45 A Cr
105 A Ti, 45 A Cr
105 A Ti, 45 A Cr
105 A Ti, 45 A Cr
85 A Ti-Cr
85 A Ti-Cr
85 A Ti-Cr
85 A Ti-Cr
85 A Ti-Cr

Bias
200
200
200
200
200
200
200
200
200
200
25
50
100
150
200
25
50
100
150
200

Substrate Deposition
o

Temperature ( C)
480
481
418
425
450
452
405
409
465
453
404
405
404
408
420
398
356
336
359
375

N 2 flow
Thickness
rate (sccm) (microns)
190
201
218
218
218
220
203
208
208
213
208
213
207
214
209
205
198
203
203
204

19.1
21.1
18.0
21.1
25.8
28.5
15.5
15.8
19.1
26.3
16.0
14.4
14.8
13.0
14.8
11.8
4.5
5.0
3.6
4.5

Ti

Cr

N

43.2
30.0
24.9
19.3
16.2
39.0
36.6
27.2
25.4
34.8
33.5
33.6
34.6
33.8
29.7
30.0
29.9
30.1
30.7

50.7
12.8
19.4
24.3
28.6
14.9
19.3
24.3
28.0
13.0
12.6
12.6
13.0
13.3
17.0
16.7
16.6
16.4
17.1

56.8
49.3
57.2
55.8
56.4
55.2
46.1
44.0
48.5
46.5
52.3
53.9
53.8
52.4
52.9
53.4
53.2
53.5
53.5
52.2
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APPENDIX B
ABAQUS SIMULATIONS
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Figure B.1: The simulation sequence of the T58 blade being bombarded with 100 micron diameter quartz particles at x velocity
(blade half-span location) with particle impingement of 37o with a 2% B.C.
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Figure B.2: The simulation sequence of the T58 blade being bombarded with 200 micron diameter quartz particles at x velocity
(blade half-span location) with particle impingement of 37o with a 2% B.C.
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Figure B.3: The simulation sequence of the T58 blade being bombarded with 100 micron diameter quartz particles at 1.21x velocity
(blade tip location) with particle impingement of 37o with a 2% B.C.
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Figure B.4: The simulation sequence of the T58 blade being bombarded with 200 micron diameter quartz particles at 1.21x velocity
(blade tip location) with particle impingement of 37o with a 2% B.C.
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Figure B.5: The simulation sequence of the T58 blade being bombarded with 100 micron diameter quartz particles at x velocity
(blade half-span location) with particle impingement of 37o with a 4% B.C.
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Figure B.6: The simulation sequence of the T58 blade being bombarded with 200 micron diameter quartz particles at x velocity
(blade half-span location) with particle impingement of 37o with a 4% B.C.
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Figure B.7: The simulation sequence of the T58 blade being bombarded with 100 micron diameter quartz particles at 1.21x velocity
(blade tip location) with particle impingement of 37o with a 4% B.C.
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Figure B.8: The simulation sequence of the T58 blade being bombarded with 200 micron diameter quartz particles at 1.21x velocity
(blade tip location) with particle impingement of 37o with a 4% B.C.
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Figure B.9: The simulation sequence of the T58 blade being bombarded with 100 micron diameter quartz particles at x velocity
(blade half-span location) with particle impingement of 37o with a 6% B.C.
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Figure B.10: The simulation sequence of the T58 blade being bombarded with 200 micron diameter quartz particles at x velocity
(blade half-span location) with particle impingement of 37o with a 6% B.C.
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Figure B.11: The simulation sequence of the T58 blade being bombarded with 100 micron diameter quartz particles at 1.21x velocity
(blade tip location) with particle impingement of 37o with a 6% B.C.
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Figure B.12: The simulation sequence of the T58 blade being bombarded with 200 micron diameter quartz particles at 1.21x velocity
(blade tip location) with particle impingement of 37o with a 6% B.C.
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