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ABSTRACT

This research is focused on developing nuclear fuel claddings with ceramic coatings that
can perform well during normal operation and can withstand transient conditions such as loss of
coolant accident for longer durations than current cladding material and then provide longer
coping times. This was done by creating TiAIN coatings using physical vapor deposition and
optimizing the deposition parameters and multilayer architecture to achieve the best performance.

Zirconium-based alloys are currently widely used as cladding materials due to their low
neutron absorption cross-section, good mechanical properties and high melting point. However,
waterside corrosion of these alloys cause zirconium oxide formation and hydrogen generation
which leads to hydrogen pick up and hydride embrittlement. Moreover, hydrogen generation in
case of accelerated corrosion at higher temperatures due to loss of active cooling can lead to
hydrogen explosions such as observed in the Fukushima-Daiichi accident when hydrogen
explosions in the reactor building worsened the accident conditions. This accident motivated
research into Accident Tolerant Fuels (ATF), which are fuels that are more forgiving in case of a
loss-of-coolant-accident (LOCA). This research is an innovative approach since it considers
application of TiN and TiAIN ceramic coatings on ZIRLO® substrate by cathodic arc physical
vapor deposition (CA-PVD), which improve corrosion resistance without a major change in core
design and contribute to the design safety.

Cathodic arc physical vapor deposition was used since it provides flexibility in coating
properties by adjustment of deposition parameters. A systematic study was performed to identify
the optimum deposition parameters to achieve enhanced adhesion of nitride-based coatings on
ZIRLO® substrates and best corrosion performance. The developed coatings are subjected to
scratch tests and long-term corrosion tests. First, the single-layer TiAIN and single-layer TiN

coating deposition on ZIRLO® sheets were characterized in detail with regards to their as-
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deposited coating properties (topography, uniformity, crystal structure, residual stresses), failure
modes during scratch testing and oxide formation after corrosion testing. Second, a multilayer
coating design architecture is investigated to achieve enhanced corrosion resistance. Then the 8-
layer TiN/TiAIN coatings deposited on ZIRLO® tubes were exposed to long-term corrosion
testing. Throughout the study, the following parameters were optimized to provide best corrosion
resistance: (i) substrate surface roughness, (ii) substrate surface preparation method, (iii) titanium
bond coating layer thickness, (iv) total coating thickness, (v) cathode composition, (vi) substrate
bias, (vii) nitrogen partial pressure and (viii) multilayer design architecture.

Mechanical performance evaluation involved scratch testing and post-scratched sample
failure mode characterization. The corrosion tests were performed at Westinghouse in autoclave
in static pure water at 360°C and 18.7 MPa up to 128 days in order to evaluate the normal
operating condition performance of the coatings. Furthermore, supercritical water testing was
performed in University of Michigan autoclave at in deaerated water at 542°C and 24.5 MPa for
48 hours. Additionally, differential scanning calorimetry and thermogravimetric analysis were
performed to test oxidation onset point in air atmosphere. Furthermore, high temperature air
oxidation testing was performed in furnace in air atmosphere up to 800°C. Weight gain analysis
and characterizations (optical microscopy, X-ray diffraction, scanning electron microscopy,
energy-dispersive spectroscopy, Raman spectroscopy) were performed to examine as-deposited
coating properties and to evaluate coating performance after corrosion and mechanical testing.

The results determined that 8-layer TiN/TiAIN coatings deposited with optimized
parameters achieved good adhesion and substantially enhanced corrosion performance,
which makes this approach promising for development of accident tolerant nuclear fuel

cladding.
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Chapter 1

Introduction

1.1. Nuclear Reactors and Cladding

The world needs an increasing supply of cleanly-generated electricity. Nuclear power can
contribute to this need since it is a highly efficient, low-cost clean energy source [1]. However,
the current state of nuclear power plants still needs to be further improved for operational
reliability under normal and transient conditions. The most common reactors are boiling water
reactor (BWR) and the pressurized water reactor (PWR). Among these, the pressurized water
reactor (PWR), which is a type of light water reactor (LWR), is the most widely used in the world
[2—4]. The main difference of the PWR type nuclear power plant from the BWR is that PWRs are
composed of two separate water loops: primary and secondary, whereas the BWR has a single
cycle. Having two separate loops provides the advantage of restricting the irradiated water in the
nuclear reactor building, at the cost of some thermal efficiency.

Figure 1-1 shows a schematic representation of a PWR nuclear power plant. The PWR
nuclear power plant is composed of five main parts: reactor pressure vessel, steam generator,
steam turbine, generator and condenser. Energy is created within the reactor core at the nuclear
reactor with the splitting of uranium atoms in the nuclear fuel rod (nuclear fission), resulting in
heat generation. The generated heat is transferred to the coolant water which flows by the nuclear
fuel rods. The coolant water is kept under pressure in the reactor core by the pressurizer to allow
it to be at high temperature (and then increase efficiency) without boiling. The heated water is
transferred from the reactor core to the steam generator, where it transfers heat to the water in the
secondary loop to produce steam. Then, the water in the primary loop, returns to the reactor

building to be reused. Meanwhile, the steam in the secondary loop is used to turn the turbines in



the generator and create electricity. Finally, the steam is condensed back to water in the

condenser and returns to the steam generator to be reused again in the secondary loop. [3,5]
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Figure 1-1. Schematic representations of the five major parts in a pressurized water reactor
(PWR) power plant [4].

Figure 1-2 shows a schematic representation of a nuclear fuel assembly [4]. A nuclear
fuel assembly is composed of about 200 tubes kept in place by with spacer grids. These tubes
include both guide tubes and fuel rods containing enriched uranium dioxide (or a mixture of
uranium and plutonium oxide in the case of MOX fuel) in the form of ceramic fuel pellets stacked
in the cladding tube [4]. The cladding separates the fuel pellets from the surrounding coolant
water, thus functioning as a barrier to avoid fission product release while permitting neutron flux
and heat transfer to the coolant water [6]. During normal operation conditions, the fuel cladding is
exposed to the coolant water (Chemistry; O2:<0.05 ppb, H.: 2-5 ppm, pH: 6.9, 7.4, B: 0-2200
ppm, Li: 0.5-5 ppm) at 280-330°C and 15.5 MPa, and a neutron flux on the order of 6-9 x 10* n
cm?st (E>1 MeV) [4,5]. Therefore, the cladding materials must have a combination of material
properties including low neutron absorption cross-section, high thermal conductivity, high
chemical stability, good mechanical properties, and a high melting point to maintain performance

during operation [7].
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Figure 1-2. Schematic representation of a nuclear fuel assembly. [4]

Zirconium-based alloys have been widely used as LWR cladding tubing materials
because of their low neutron absorption coefficient, high strength and good corrosion resistance
in water near 300°C [7,8,5]. Zr-based alloys have been continuously optimized to improve their
corrosion resistance and strength with the aim of achieving improved safety margins and higher
burnup. Throughout the years, the positive effects of Sn, Fe and Cr alloying elements on
corrosion resistance, yield strength and creep resistance have been observed, and eventually,
Zircaloy-4 (Zr-4, Zr-1.5 wt.% Sn- 0.2 wt.% Fe- 0.1 wt.% Cr [9]) became the standard cladding
material for PWRs since 1970s [7]. Recent trends have transitioned to zirconium-niobium alloys
since Nb provides better corrosion resistance [10]. This has led to the development of new Zr-

based alloys including M5 (Zr-1 wt.% Nb- 0.05 wt.% Fe - 0.015 wt.% Cr- 0.01 wt.% Sn [9]) and



ZIRLO® ! (Zr-1 wt.% Nb- 1 wt.% Sn- 0.1 wt.% Fe [9]), which exhibited better corrosion
performance, creep resistance and in-reactor performance compared to Zircaloy-4, and has now
replaced it in reactor cores [7,11-13].

Although Zr-based alloys have advanced properties, waterside degradation of nuclear

fuel cladding limits its life.

1.2. Accident Tolerant Fuels (ATFs)

The cladding performance is highly challenged in the case of design-basis (DB) or
beyond design basis (BDB) accident conditions. The stages of one of the principal DB accidents,
the loss-of-coolant-accident (LOCA), are schematically shown in Figure 1-3. During a LOCA
core cooling capability is lost, and decay heat boils off the remaining coolant water. The
temperature increases as a result and at ~800°C, alpha to beta phase transformation takes place.
As the temperature increases, corrosion reactions and the corresponding heat and hydrogen
generation are significantly accelerated [6]. Meanwhile, oxygen diffusion due to enhanced high
temperature corrosion on clad surface makes alpha phase more brittle. The pressure outside the
cladding tube drops because of coolant water loss and inside the cladding, the pressure rises with
increased temperature. This results in ballooning and burst of the cladding. The cladding
temperature may increase above 1200°C leading to a significant acceleration of the corrosion
reaction and corresponding hydrogen generation. If the emergency core cooling system (ECCS) is
operational, then the fuel is quenched with the injected coolant into the core. However, if the
ECCS is not operational, then the degradation can lead to fuel rod melting [14]. An example of

this occurred during the US Three Mile Island (TMI) accident in 1979, which occurred due to a

1 ZIRLO® is a registered trademark of the Westinghouse Electric Company LLC, its Affiliates
and/or Subsidiaries in the United States of America and may be registered in other countries
throughout the world. All rights reserved. Unauthorized use is strictly prohibited. Other names
may be trademarks of their respective owners.



malfunctioning of the coolant system, leading to fuel damage, partial melting of core internals
and radioactive material release [15]. A more recent example occurred in the Fukushima-Daiichi
accident, which started as a station blackout (SBO) accident but progressed to a beyond design
basis accident. The Fukushima-Daiichi accident occurred in 2011 in Japan due to an earthquake
and tsunami, in which a loss of offsite power created a station blackout condition in which there
was little cooling for the reactors. In this case, as the temperature increased, high temperature
steam oxidation (exothermic) of the Zr-based alloy cladding led to large amounts of heat
production [16]. In particular, the generation of large amounts of hydrogen resulted in elevated
hydrogen concentrations in the reactor buildings which led to hydrogen explosions that severely
worsened the accident development [12,15,17]. This accident motivated research into Accident
Tolerant Fuels (ATF). These are defined as fuels that provide additional coping time in the case
of a loss of active cooling in the reactor core making external intervention possible before severe

fuel damage can occur [12,11].

~1500°C
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Zr Cladding
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ATF Cladding

No ECCS

Cladding Temperature

e —

Figure 1-3. General overview of coolant-limited accident progression inside an LWR core
comparing Zr-based alloy cladding behavior with accident tolerant fuel (ATF) cladding
expectation in the case of no emergency core cooling system (ECCS) [14]

Different accident tolerant fuel concepts have been investigated by various groups. These
studies were based on preliminary fuel cladding performance technology criteria that were

identified through the scope of light water reactor sustainability program: critical performance,

desired performance and licensing criteria [11]. These criteria are summarized in the Advanced



LWR Nuclear Fuel Cladding System Development Trade-off Study document and some of them
can be listed as a maximum operating temperature >650°C, melting temperature >2000°C, higher
strength (UTS>437 MPa), and a coping time > 10 h [11].

The ATF cladding concepts can be grouped into three categories: (i) full replacement, (ii)
hybrid and (iii) protective coating applications. Candidate ATF technologies thus include coated
Zr-based alloys (coating) [11], SiC ceramic matrix composite/ Zr-based alloy hybrids (hybrid)
[11], SiC/SiC (full replacement) [11,18-32], advanced Zr-based alloys (fully replacement) [11],
FeCrAl coated Mo-alloys (full replacement) [12,33,34], FeCrAl (full replacement) [35], TisSiCs
(full replacement) [34], Ti-AIC (full replacement) [34] and engineered stainless steel alloys (full
replacement) [12,11,34,16,36]. Full replacement approaches require end cap seal technology
development in the case of SiC, fuel modification due to neutronic penalty in the case of FeCrAl
and major engineering design changes to the reactor cores, which are not preferred due to limited
experience and vast amount of effort required for licensing. Hybrid cladding designs require
bonding technique development between the SiC ceramic matrix composite (CMC) and Zr-based
alloy tubing. The third concept involves applying a protective coating layer application to the
outer skin of the Zr-based alloy cladding tube. The challenges regarding a protective coating
application involve the requirement for low neutronic penalty, ease of fabrication, mechanical
properties, adhesion of the coating to the cladding and coating process scalability to production
size compounds. Although these are challenges, a protective coating application is one of the
most promising approaches that would improve the corrosion characteristics of the currently used
Zr-based claddings without requiring a major change in cladding material. Coating designs that
have been studied for Zr-based alloy substrates involve metallic, nonmetallic, oxide, carbide,
nitride and multilayer coating designs [7,11,37-69]. These designs are summarized in Table 1-1.
In this study, we focused on TiN and (Ti,Al)N coatings since they have been proven to enhance
component mechanical performance and chemical stability, especially in the tooling industry for

years.
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1.3. Motivation/Objective

Thus, a promising approach for developing ATF is the application of a protective coating
to a Zr-based alloy cladding tube. However, most proposed coating designs in discussed literature
have only been tested in laboratory scale and many of the coating deposition processes cannot be
scaled to production size efficiently. Furthermore, coating studies in literature were mostly
performed on Zircaloy-4 substrates with limited studies discussing adhesion of coatings to
ZIRLO® substrates. Thus, the objective of this study is to develop coatings that adhere well to
ZIRLO® to enhance corrosion resistance both during normal operation conditions and in the case

of a loss of coolant accident.

1.4. Proposed Work

It is hypothesized that adherent TiN and (Ti,Al)N coatings can be deposited on ZIRLO®
substrates by using cathodic arc physical vapor deposition (CA-PVD) to enhance corrosion
resistance both during normal operation and accident conditions. It is anticipated that:

(&) The deposited CA-PVD coatings will have compressive residual stresses that will help resist
crack propagation.

(b) The coating will adhere well to the ZIRLO® substrate and isolate it from the surrounding
coolant water. These coatings will increase the corrosion performance of ZIRLO® samples by
forming a passivating oxide layer on the surface of the (Ti,Al)N and TiN coatings which will
act as a barrier for further oxidation.

(c) This protective layer will limit further oxidation, hydrogen generation and oxygen/hydrogen

penetration in the case of a high temperature excursion.
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(d) For the multilayer design architecture, increased corrosion tolerance is expected. For
example, if degradation occurs to the top layer, successive layers may act as a new barrier

and maintain the corrosion performance of the coating.

1.5. Background

1.5.1. TiN and (Ti,Al)N Coatings Deposition

Transition metal nitrides provide enhanced hardness, wear resistance and chemical
inertness due to a mixed bonding structure involving ionic, covalent and metallic bonds [70]. TiN
and (Ti,AI)N coatings have been widely used for years on high-speed tool steels, cemented
carbides, and cermet substrates for various cutting and finishing operations in the tooling industry

[70-77].

Table 1-2. Typical parameters and quantity of target ions of different PVD processes [78].

Processes
Parameters Magnetron Anodic arc ion Electron beamion  Cathodic arc ion
sputtering plating plating plating
Evaporation tool Sputter effect Electron beam Electron beam Thermal arc
Phase Solid-vapor Solid-vapor Liquid-vapor Solid-vapor
transformation
Geometry of Flexible Limited Limited Flexible
target/cathode
Quantity of 1-5 5-40 <1 50-100
ionized target
atoms (%)
Additional Aimed Unusual Aimed Not necessary
ionization
Inert gases Yes No Variable No
necessary
Reactive Yes Yes Yes Yes
deposition

possible
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Several physical vapor deposition (PVD) methods can be used to deposit these coatings.
Table 1-2 shows typical parameters of magnetron sputtering, anodic arc ion plating, electron
beam ion plating, and cathodic arc ion plating. Among these, magnetron sputtering, and cathodic
arc PVD (CA-PVD) are most commonly used [70]. Compared to other methods, the CA-PVD
method of coating deposition provides additional advantages such as higher ionization and
flexibility in cathode geometry, which generally results in increased coating adhesion and
manufacturing scalability [70,78]. In this study, the cathodic arc physical vapor deposition
method will be used to deposit the coatings. Details of the CA-PVD process are provided in the
following sections.

To achieve corrosion-resistant coatings, the deposited coatings should be dense and free
of porosity and defects [79]. CA-PVD is a line-of-sight deposition process and has several
advantages over other PVD processes such as the energetic particle bombardment on the substrate
surface leading to good adhesion, dense coating formation, coating microstructure improvement,
grain size reduction, microhardness enhancement due to high preferred orientation and the
development of compressive stresses that help terminate crack propagation, tailorability of the
interfacial products (especially in multilayer coatings), and scalability to production size and
guantities [70,79-82]. However, there are also some disadvantages of the CA-PVD process,
which should be considered. The first disadvantage is the potential deleterious effect of high
compressive stresses on coating adhesion. Although high compressive stresses can improve the
coating mechanical properties, residual stresses can also affect adhesion adversely depending on
the type (compressive or tensile) or how large its magnitude is [79,83]. Extensive residual stresses
are caused by thermal expansion coefficient differences between the coating and the substrate
during temperature changes, and by intrinsic stresses caused by ion bombardment, composition
fluctuations during the deposition process caused for example by variation in the ion-to-vapor
arrival ratio. Depending on the deposition conditions residual stresses can reach the GPa level

[79]. The second disadvantage of CA-PVD is the possibility of macroparticle formation.
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Macroparticles can disrupt the continuity of the deposited coating and lead to coating
degradation. However, they can be minimized by using macroparticle filters or steered CA-PVD
[80]. These filters include magnetic filters, straight filters, duct filters, S-filter, out-of-plane
double-and bent filter. [80].

Different coating process parameters such as substrate temperature, bias voltage, arc
current and nitrogen pressure allow the coating properties to be tailored for application-specific
use in extreme environments [82,84,85]. The substrate bias affects film microstructure, coating
composition (Al content in (Ti,Al)N coating), impinging ion energy on the growing film (i.e.,
residual stress, density) which can lead to a denser coating, resputtering of depositing species, and
surface texture [70,72,85,86]. Another effect of bias voltage is related to the reaction kinetics; a
high bias voltage results in increased substrate surface temperature, thus increasing the kinetic
energy of incident ions which facilitates the chemical reaction (Ti + %Nz = TiN) by overcoming
the activation barrier at much lower temperatures as compared to standard equilibrium conditions
[25]. Additionally, the nitrogen content (i.e., partial pressure) affects coating composition,
crystallography, hardness, toughness, wear/abrasion performance and degree of adhesion [72,87].

Thus, deposition parameters should be optimized depending on the application requirements.

1.5.2. Thermal Properties of TiN and (Ti,Al)N Coatings

Thermal properties of ATF coating designs are important since they are expected to
maintain their properties at high temperature, as explained in Section 1-2. Figure 1-4 shows the
equilibrium binary phase diagram of titanium and nitrogen. Pure titanium crystallizes as alpha (o)
phase having a hexagonal crystal structure (a=0.2973 nm, ¢=0.47888 nm) up to 880°C [88,89].
TiN exhibits a face centered cubic NaCl crystal structure and a lattice parameter of 0.423 nm
[70,90], as shown in Figure 1-5a. When Al is incorporated into the structure, titanium atoms are

substituted by aluminum atoms and the lattice parameter decreases to almost 0.417 nm since Al
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atoms are smaller than the Ti atoms [70,91,92]. After a certain concentration of Al, the crystal
structure transforms into hexagonal, as shown in Figure 1-5b. Figure 1-6 shows the metastable
TiN-AIN phase diagram for 50 at.%N [93,94]. During the deposition of (Ti;-xAlx)N coatings, for
a substrate temperature of 325°C, a cubic structure forms below 64 at.%Al (corresponding to 32
at.%Al on the diagram), a hexagonal structure forms above 68 at.%Al (corresponding to 34
at.%Al on the diagram) and a two-phase region exists in between the specified compositions.
However, it should be noted that, differing from Figure 1-4, Zhou et al. [95] observed the
coexistence of cubic NaCl and hexagonal wurtzite structure (AIN) in the range of 0.6<x<0.7 for

(Ti;—xAlx)N coatings deposited with a substrate temperature of 450°C.

3500 L ] ] 1 1 1 1 (] 1

3000

2500+

2000+

1500+

Temperature, °C

1000+

5004

© ASM |International 2006. Diagram No. 907045

Figure 1-4. Ti-N equilibrium phase diagram adapted from the experimental investigation of
Vahlas et al. [89].
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Figure 1-5. Crystal structures of (a) TiN (Crystal system: cubic; space group: Fm3m) and (b)
Tios2AloesN (Crystal system: hexagonal; space group: P6s/mmc). (Images were drawn using
Crystal Maker software based on the TiN data of Inamura et al. [96] and the Tii.xAlxN of Tuilier

etal. [97])
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Figure 1-6. Metastable TiN-AIN phase diagram (vapor deposition phase diagram [98]) prepared
according to experimental work of Cremer et al. [93,94].

Wang et al.[99] showed that coating adhesion to the substrate depends on the

microhardness and the thermal expansion coefficient compatibility between the coating and the
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substrate. A large mismatch between the microhardness and/or thermal expansion coefficients
between the coating and the substrate results in poor adhesion [70]. In (Ti,AI)N and TiN coatings
deposited by cathodic arc deposition, the coefficient of thermal expansion (CTE) of (Ti,Al)N
(coating composition was not provided in the reference) was determined to be 7.5 x 105 K while
that of TiN is 9.4 x 10 K1 [99]. At room temperature, ZIRLO® has a hexagonal crystal structure
(o phase), but it undergoes phase transformations as Toc.ap=741°C and Tq:po=973°C, where
phase has a body-centered cubic crystal structure [100]. Previous studies have shown that the
thermal expansion behavior of ZIRLO® and Zircaloy-4 is similar for the temperature range of
290-400°C [101]. The CTE of Zircaloy-4 is ~6.3 x 10 K (in tube axial direction) at 360°C
[102]. Therefore, application of a titanium bond coating would be expected to improve coating
adhesion since its CTE of 8.5 x 10 K (at room temperature) [103], lies in between that of the
substrate and the coating.

Samani et al. [104] performed thermal conductivity measurement on CA-PVD single-
layer TiN, single-layer (Ti,Al)N and multilayer TiN/(Ti,AI)N structures. It was shown that single
layer TiN has a thermal conductivity of ~11 W/M-k. Incorporation of aluminum into the structure
decreases the thermal conductivity such that single layer (Ti,AI)N has a thermal conductivity
value ~4.8 W/mK. Furthermore, it was also shown that as the number of bilayers in the multilayer

structure increases, thermal conductivity decreases.

1.5.3. Mechanical Properties of TiN and (Ti,Al)N Coatings

Mechanical properties that are important for coatings developed for nuclear fuel
claddings involve fracture, fretting-corrosion, wear and spallation resistance considering the
conditions experienced at both normal and accident conditions that were explained in section 1-2
[37]. Kimura et al. [105] demonstrated that arc ion plated TiN coatings had a microhardness of

~2000 HV, however (Ti,Al)N hardness values varied depending on the coating composition.
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Figure 1-7 shows the change in the hardness value of TiixAlxN coatings with respect to the
change in coating composition. Figure 1-8 shows the fracture toughness variations with respect to
the change in coating composition. Both hardness and fracture toughness increase with increase
in Al content in the Ti1xAIxN coating until x=0.6 [95,105,106]. Above this value they started to
decrease which was attributed to the hexagonal crystal structure formation. So, there is an
optimum Al concentration in terms of the mechanical performance, which should be considered

during coating deposition.

4000 4.25
NaCl Type . ZnS Type
D - 424
3500 NaCl + ZnS
— L Vickers Hardness 1423
E —
£ 3000 - }a22 2
2 5
2 421 2
£ 2500 g
& 142 0o
T 8
£ 2000 / ta19
4 -l
=
> 4.18
1500
. 417
Lattice Parameter
1000 4.16

0 0.2 0.4 0.6 0.8 1

Al Content of Films : x (mol fraction)

Figure 1-7. Average hardness numbers as a function of aluminum content in (Ti,AI)N coatings
[105].
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Figure 1-8. Fracture toughness with respect to the aluminum content in the (Ti,AI)N coatings
[107].
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Considering the possible hardness difference between the substrate and the coating, a
solution was searched to enhance adhesion. In the literature, Ti arc etching or Ti bombardment
for several minutes prior to the coating deposition were shown to improve coating adhesion [75].
Specifically, the use of titanium as a bond coating and its effect on coating performance were
studied for TiN coatings on various stainless steel substrates [108-111] and it was demonstrated
that adhesion improved in TiN coatings deposited by plasma assisted chemical vapor deposition
(PACVD) and PVD as Ti interlayer thickness increased. Furthermore, Pishow et al. mentioned
the titanium interlayer thickness optimization requirement to achieve better adhesion between the
oxidized stainless steel substrate and PVD TiN coating [109]. Additionally, it should be noted
that in the case of titanium-based hard coatings, the hardness is affected by microstructure and the
amount of residual stress within the coating.

For multilayer coating design, structures which increase the total number of layers result
in a larger number of interfaces which enhance hardness and strength. This was observed in
(Ti,A)N multilayer super lattice coatings having a lattice periodicity of 5-10 nm bilayer thickness

[70].

1.5.4. TiN and (Ti,Al)N Coatings Corrosion Performance

There are many corrosion studies performed on TiN and (Ti,Al)N. Corrosion studies
performed on PVD TiN and (Ti,AI)N coatings have been performed in air, water and oxygen
environments at high temperature [62,92,95,112-123]. These are summarized in Table 1-3.
Further information and details of the listed corrosion studies are provided in the following

paragraphs in the current section.
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TiN oxidation has been determined to initiate at 500-550°C in air [92,95,120]. Oxidation
growth kinetics have been described in different studies as parabolic [112], quadratic [114], and
pseudolinear [121,124] for coatings deposited with different deposition techniques. Anatase and
rutile phases were observed as the oxide phase depending on temperature. TiN oxidation was
described to be nonprotective in air due to the delamination of the oxide layer. This oxide
spallation was attributed to the molar volume difference between TiN and TiO,, which are 11.4
cm® and 18.8 cm® per mole, respectively [113,124,125]. Furthermore, it was mentioned that
nitrogen released from the TiN during the oxidation process was entrapped in the coating layer
causing pore formation and eventual degradation of the corrosion performance of the TiN
coatings [119]. This contradicts with the suggestion of Piippo et al. [126] who performed
corrosion studies on CVD TiN coatings in electrolyte environment and stated that enhanced TiN
corrosion resistance in aqueous environments can be attributed to the formation of a thin oxide
film and elemental nitrogen at the interface of TiO2-TiN.

Initially, Rudenja et al. [127] determined the Pourbaix diagram of TiN-H.O and Ti-H,O
systems at room temperature shown in Figure 1-9. TiN has a large thermodynamically stable
region. As a result of the reaction 2, Ti(OH)s formation, and then at a zero potential and a pH
value of 7, it is expected to observe TiO, as a result of the reaction 3 [127]. Recently, Cook et al.
[128] determined the Pourbaix diagrams of aluminum and titanium for high-subcritical and low-
supercritical water conditions for dissolved species concentrations of 10 mol/kg and 10 mol/kg

at 25 MPa pressure and 350°C and 400°C, respectively.



24

Potential, V

-2.5 + + + + ¥ ¥ -+

pH
Figure 1-9. E-pH diagram for TiN-H2O and Ti-H2O (dashed lines) systems at 25°C [127].

The Pourbaix diagrams for aluminum and titanium are shown in Figure 1-10 and Figure
1-11, respectively. Although these diagrams are prepared for 25 MPa, they can provide some
insight on the possible behavior at typical PWR normal operation condition (15 MPa). The
electrochemical potential is -820 mVsqe and pH ~7 for PWR core environment [5,129].
Accordingly, titanium was shown to form stable oxides and to provide passivity for hydrothermal

corrosion at normal operation conditions and both TiO, and Al,Os showed good stability above

the critical point [128].
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Korablov et al. [117] performed TiN oxidation tests in high temperature and high
pressure water environment. Although not much detail was provided about the coating deposition
method, it was said to be a PVD method. As titanium oxidizes, titanium dioxide forms. Naturally
occurring polymorphs of TiO- are brookite, anatase and rutile [130]. In water environment, TiN
oxidation started with the formation of non-stable brookite (TiO-, orthorhombic) at 200°C. As the
duration increased, the brookite was observed to transform into an amorphous anatase (TiOy)
phase. As temperature increased to 400°C, crystalline anatase (TiO-, tetragonal) phase formation
was observed. Finally, above 500°C, Ti,Os and rutile (TiO,, tetragonal) phases were observed to
be the oxide phases. Additionally, Khatkhatay et al. [62] performed supercritical water tests on
PVD TiN coatings deposited on Zircaloy-4 substrate. This study demonstrated that TiN coatings
can be used to protect Zircaloy-4 claddings against corrosion in supercritical water environment.
As the oxide phase, anatase and rutile were observed to be forming on the surface.

Oxygen diffusion in rutile occurs by a vacancy mechanism. A summary of the oxygen
diffusivity studies in rutile available in the literature is presented in Figure 1-12. Slower
diffusivity than dry oxygen environment was observed in the case of hydrothermal environment.

[131]
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Figure 1-12. Summary of experimental results on the temperature dependence of oxygen
diffusion in rutile, under dry conditions in air, and under hydrothermal conditions. Abbreviations:
AT79 — Arita et al. (1979); H65 — Haul and Dumbgen (1965); D81 — Derry et al. (1981); D93 —
Dennis and Freer (1993); M98 — Moore et al. (1998) [131].

In the case of (Ti,Al)N coatings, two oxidizing species are available which are titanium
and aluminum. According to Ellingham’s diagram, aluminum oxidation is expected to be
observed first since it has a more negative Gibbs free energy than that of titanium. Zhou et al.
investigated oxidation initiation of TiN and (Ti,Al)N coatings and determined that the oxidation
initiation in (Ti,Al)N can be shifted higher to 950°C in air by increasing the aluminum content to
the point where cubic and hexagonal phases coexist as shown in Figure 1-13 [92,95]. Vaz et al.
[115] performed oxidation studies at high temperature air environment in order to determine the
oxidation behavior as a function of Al content in the (Ti,Al)N coatings. Figure 1-14 shows the
weight gain as a function of temperature for (Ti,AI)N in which the oxide growth rate was
determined to be parabolic [113,115,122]. As presented in Figure 1-15, the oxidation behavior of
(Ti,Al)N proceeded through the formation of two oxide sublayers, one of them Ti rich and the
other one being Al rich. It was also demonstrated that different oxide layers formed based on the

temperature depending on the coating composition. Specifically, it was determined that increased
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aluminum content enhances the corrosion resistance up to 65 at.% through alumina layer
formation. This oxidation enhancement was determined to be caused by the formation of a dense
amorphous Al;Oz layer which decreases diffusion out of or into the film [70,115]. However,
starting with the transition from the NaCl to the wurtzite hexagonal structure, the corrosion
performance was reduced, becoming similar to the oxidation behavior of pure AIN without Al,O;
layer observation as outermost layer. Although, an Al-rich layer was observed to be the outermost
layer in the studies of Vaz et al. [115] and Mclntyre et al. [113], there are also studies in which a
Ti-rich layer was observed to be the outermost layer [121,122]. Observation of titanium dioxide
ahead of aluminum oxide was attributed to cracks from the oxide formation which occurred due
to the thermal expansion coefficient difference between TiO; and Al,O3, and opened the way for

titanium diffusion to surface [121].
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Beck et al. [132] showed that in the case of pure aluminum oxidation in dry oxygen at
450-575°C, an amorphous Al;O3 and crystalline y-Al,O3 two phase mixture was formed, in which
the rate limiting step of amorphous Al.Oz growth is Al diffusion towards oxide-gas interface and
of crystalline y-Al,O3 growth is O diffusion towards oxide-metal interface through the amorphous
film. EKlund et al. [133] demonstrated that crystallization of y-Al,Os takes place at ~900°C.
Additionally, 6-Al,O3 phase was observed at 1000-1100 °C in amorphous or low y-Al>O3 films.
At ~1100°C, y-Al;0s to a-Al,Os transformation was observed. Figure 1-16 shows the compiled
oxygen diffusion coefficient data obtained in three different Al,O3z phases a, y and amorphous
[134]. Amorphous Al,O3; showed a higher oxygen diffusion coefficient compared to the
crystalline y-Al,Os. The activation energies of amorphous and y-Al,O3z were lower than those in

a-Al,Os. This was attributed to the defective spinel phase of the amorphous and y -Al,Os. [134]
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Figure 1-16. 80 diffusion results for both amorphous and y-Al,Os films obtained in [134].
Volume and grain boundary diffusion data taken from the literature on a-Al>Os single crystals
and bulk are also plotted. a-Al2O3 polycrystals: (I) Oishi and Kingery. a-Al.Os single crystal: (I1)
Oishi and Kingery; (I11) Prot and Monty; (IV) Gall, Lesage and Bernardini. [134]



31

Doping or alloying additions have been utilized to improve the coating performance. For
example, Zr and V increase the wear resistance, Cr and Y enhance the oxidation resistance, B
increase abrasive wear behavior, and Si enhances hardness and chemical inertness [70].

As a part of the corrosion performance evaluation of these coatings for applicability in
nuclear cladding applications, Kashkarov et al. performed a hydrogenation study on TiN coatings
deposited on Zr-1Nb samples by using the vacuum arc deposition method. The study
demonstrated that even with thicknesses as low as 400 nm these coatings are effective hydrogen

diffusion barriers [135].

1.5.5. TiN and (Ti,Al)N Coatings Neutronic Performance

Neutron absorption in coatings results in a loss of reactivity relative to uncoated cladding
which reduces fuel efficiency. The calculated penalty on burnup and cycle length increases
linearly with coating thickness. Considering that these coatings are developed for the nuclear fuel
cladding applications, one must consider the neutron penalty. Younker and Fratoni [136]
performed a neutronic analysis by using the Monte Carlo Serpent code to evaluate the neutronic
penalty of such coatings. They considered pressurized water reactor parameters and based on
Zircaloy-4 cladding, they determined a reference cycle length of 443 effective full power days
(EFPD). Then they investigated the cycle length penalty caused by different coating materials
with various coating thicknesses deposited on Zircaloy-4. For the (Ti,AI)N coatings, they
determined cycle length penalty values as -3.4, -16.9 and -35.3 EFPD for coating thicknesses of
10, 50 and 100 um, respectively. As a reference, the cycle length penalty values caused by a
Zircaloy-4 layer of 10, 50 and 100 um thickness were also investigated and determined to be -1.2,
-3.9 and -8.8 EFPD. They also demonstrated that the penalty in the case of (Ti,Al)N coating with

10 pm thickness can be compensated with a fuel enrichment of increment less than 0.05 at.%.
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Thus, they concluded that neutronic penalty can be limited when ceramic coatings have a

thickness less than 30 um.

1.6. Summary

The aim of this research study is to develop corrosion resistant ceramic coatings which
adhere well to ZIRLO® substrates and that can withstand nuclear reactor environment both under
normal operation conditions and in the case of a loss-of-coolant accident. Up to this point, an
introduction and background on the proposed coating material and coating deposition method
have been provided with the intention of demonstrating the rationale of this research study. The
following chapters present the approach conducted in this research to test the hypothesis and
evaluate the results.

Chapter 2 describes the experimental and theoretical approaches. The experimental part
includes information about the sample preparation methods, coating deposition technique and
parameters, corrosion tests, mechanical tests, and analytical material characterization methods
used to examine the as-deposited and tested samples. Chapter 3 presents the results obtained
through the corrosion tests and characterizations. The relevant discussion of the presented results
and neutronic analysis is provided in Chapter 4. Finally, Chapter 5 summarizes the conclusions

obtained from this research and presents suggestions for future study.
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Chapter 2

Experimental Methods

The experimental procedure of this research study was constructed with the objective of
developing corrosion resistant coatings that can withstand nuclear reactor environment both
during normal operation and accident conditions, mainly the loss-of-coolant-accident. As
described in the introduction chapter, TiN and TiAIN coatings were investigated as a barrier
against the corrosive environment of the nuclear reactor. ZIRLO®, which is a zirconium-based
alloy developed by Westinghouse Co., was selected as the substrate material since it is one of the
most widely used nuclear fuel cladding materials. TiN, TiAIN, and multilayer TiN/TiAIN
coatings were deposited on ZIRLO® substrates using the cathodic arc physical vapor deposition
(CA-PVD) technique. Details of the deposition process are described in following sections.
Among a variety of coating deposition methods, CA-PVD was selected because of its distinct
advantages, which are discussed in more detail in section 2.3. The research was conducted in a
systematic manner in which select deposition parameters were varied to optimize coating
properties and will be referred henceforth as generations (GENS).

Figure 2-1 shows the simplified route of the parameter optimization approach conducted
in each GEN. First, substrate surface preparation was performed by surface grinding, which was
followed by characterization using optical profilometry to determine the substrate surface
roughness value. Upon confirmation of the required substrate surface roughness value, coatings
were deposited by CA-PVD, which is a flexible deposition method, known for producing high
coating adhesion. Variations in the deposition parameters provided adjustment of the coating
composition, crystal structure and microstructure, and thus coating properties. After the coating
deposition stage, analytic materials characterization was performed using X-ray diffraction

(XRD), scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) to
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characterize the coating phase and microstructure, and the details of these characterizations are
provided in section 2.6. To evaluate the corrosion resistance, samples were tested in various
corrosive environments such as in an autoclave having static pure water at 360°C and 18.7 MPa
for up to 128 days, in an autoclave at 542°C and 25 MPa, and in air up to 1000°C in a furnace,
followed again by characterization using XRD, SEM and EDS to evaluate the coating oxidation
behavior and overall corrosion performance. Based on the corrosion performance, coating
deposition processing parameters and/or substrate surface roughness were modified until
optimum coating properties for enhanced corrosion resistance was achieved. A more detailed
discussion of each of the generations and the coating corrosion performance improvement will be
explained in more detail in the following sections.

Characterization

Characterization Characterization
N — N

Substrate Coating Corrosion
preparation deposition testing

—— o Optimization//

Figure 2-1. The schematic representation of the parameter optimization approach performed in
each generation.

Evaluation

2.1. Substrate material properties

ZIRLO® is a registered trademark of Westinghouse Co. and during this research the
substrate material was provided in sheet and tubular geometries by Westinghouse Co. Initial
coating studies were performed on flat substrates (sheet) as a simpler geometry than tubing free
from complex stress states made it easier to deposit uniform coatings and to evaluate coating
adhesion performance compared to the curved surface of a tubular geometry. Figure 2-2a shows a
schematic of a flat sample (sheet). The thickness of the flat ZIRLO® sheets was 0.05 cm. These

sheets were cut to dimensions of 5 cm x 2.5 cm x 0.05 cm using a shear. Figure 2-2b shows the
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dimensions of a tubular sample. The outer diameter of the tubular sample was ~1 cm and the
inner diameter was ~0.85 cm, resulting in a wall thickness of 0.075 cm. The tubes were cut to a
length of ~4 cm using a slow-speed diamond saw. After cutting, the cut edges of both flat and
tubular samples were prepared with 240 grit dry SiC papers to achieve the desired surface
roughness value of 0.1, 0.25. 0.5, or 0.875 um Ra.

~0.05 cm
W

n- ~2.5cm

~1.7mm®

~5cm

Y

7 it

(a) (b)

Figure 2-2. Schematic representation of the (a) flat and (b) tubular ZIRLO® samples showing
dimensions.

2.2. Substrate surface preparation

The surface of the metal substrate contained hydrocarbons and other residues which
needed to be removed before coating deposition to achieve good coating adhesion. Thus, the
ZIRLO® substrate surface was prepared using SiC hand grinding, SiC lathe grinding, green scotch
brite grinding or alumina grit blasting depending on the GEN. The rirst method considered for the
surface preparation was SiC hand grinding. SiC hand grinding was used as the surface

preparation method for the first eight GENs until the last GEN (GEN-9) of coatings. During
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GEN-9, other methods (SiC lathe, green scotch brite and alumina grit blast preparation methods)
were used to investigate the effect of substrate surface preparation method on the coating
adhesion and corrosion performance by comparing the results obtained from samples prepared by
the different methods.

For flat samples, the sample was laid flat and half of its surface was ground while holding
along one long edge. Then, the sample was rotated 180° to grind the remaining section. The same
procedure was applied to the other face of the flat sample. For SiC hand grinding, samples were
laid on 800 grit pad, and both of its surfaces were dry ground lengthwise with SiC papers of 240,
600 and 800 grits as described previously. In the case of the green scotch brite method, the flat
samples were laid on a spec wipe. Then, the grinding process was performed lengthwise using
Norton St. Gobain brand green scotch brite composed of 240 grit Al,Os. After achieving the
desired substrate surface roughness, a hole with a diameter of 1.65-1.75 mm was drilled centered
on the short side and ~3.2 mm away from the top short edge, followed by scribing the sample ID
on the surface close to the bottom left of the sample at a distance ~6.5 mm away from the bottom
edge, as shown in Figure 2-2a.

For tubular samples, a ~1.7 mm diameter hole was drilled and the sample ID scribing was
performed before the substrate surface preparation rather than afterwards, due to their complex
geometry. In the case of the lathe preparation method, samples were mounted in the lathe, which
was set to 270 rpm. Grit paper strips having 240, 600 and 800 grit were wrapped around the
spinning tube and the paper was moved slowly back and forth on the tubular sample surface over
its full length. The last method considered was alumina grit blasting, which was performed using
400 grit AlOs.

Finally, samples were ultrasonically cleaned with acetone for 10 minutes, rinsed with
deionized water, ultrasonic cleaned for 10 minutes in methanol, rinsed with deionized water and

blown dry with nitrogen gas.
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The surface roughness of the samples was tightly controlled to achieve the desired value.
Roughness measurements were performed using a noncontact optical profilometer prior to

positioning substrates in the deposition chamber subsequently.

2.3. Cathodic arc physical vapor deposition method

As mentioned before cathodic arc vapor physical vapor deposition (CA-PVD) is a line-
of-sight coating process. The CA-PVD process involves condensation of the depositing species
from a plasma phase.

Figure 2-3 shows a schematic representation of the cathodic arc physical vapor deposition
(CA-PVD) equipment and process used in this study. The CA-PVD equipment model number
was 2020, produced by the Surface Engineering Group, Incorporated (S.E.G.) in Mendota
Heights, MN. The dimensions of this vacuum chamber of the CA-PVD equipment were 50.8 cm
x 50.8 cm x 50.8 cm. The equipment was fitted with a vacuum pump and a gas inlet into the
chamber, which was used to inject argon gas and nitrogen gas (99.999 % purity). The deposition
system could use three sources simultaneously which could be used to double or triple the coating
deposition rate if needed. In this study, two solid water-cooled cathodes were used during each
deposition trial. The diameter of the cylindrical cathodes was 6.3 cm and their thickness was 3.2
cm. One of the cathodes was a dished elemental high purity (99.999%) titanium cathode and the
other one was a TiAl cathode. Two different compositions for the TiAl cathode were used,
depending on the desired objectives, either 33 at.% Ti — 67 at.% Al (46.6 wt.% Ti — 53.4 wt.%

Al) or 20 at.% Ti — 80 at.% Al (30.7 wt.% Ti — 69.3 wt.% Al).
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Figure 2-3. Schematic representation of the cathodic arc physical vapor deposition (CA-PVD)
equipment and process.

The titanium and the desired TiAl cathodes were placed at 180° from each other within
the deposition chamber. A Miller XMT 304 CC/CV DC welder power supply was used as the

power source for the arc. The substrates were mounted on the rotating sun/planet system in the
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center of the chamber ~23 cm away from the cathodes. The rotating sun/planet system
accommodates up to eight samples. The mounted samples rotated individually to achieve uniform
coating on the substrate surface. The sun/planet system rotated clockwise at 6.75 rpm with
individual sample holders rotating clockwise at 2.4 rpm.

The tubular samples were mounted by fastening them at the two ends, which helped to
keep them in position, whereas flat samples were mounted by using a clamp (Figure 2-4). In the
case of flat sample mounting, shadow bars were also used (Figure 2-4a). These shadow bars were
placed in parallel to the long edge of flat samples to avoid increased coating buildup along these
sample edges during coating deposition. The chamber was heated using a radiative heater located
on the back side of the chamber and the substrate temperature was measured radiantly by a
thermocouple having a tip located parallel to the center of the cathodes in the center of the
planetary rotation in the z-direction located 5 cm away from the center of each sample in the x-y
direction. The described thermocouple location corresponded to the bottom edge of the samples
in the case of 2.5 cm riser usage. During deposition, all faces and edges of flat samples were
coated with the exception of the clamped region, whereas in the case of tubular samples, the

entire outer surface was coated. The radiant heater temperature was set to 325°C.

Shadow bars

Sample
holder

(b)

Figure 2-4. Digital images showing the mounting method of (a) flat sample and (b) tubular
sample during the deposition process.

The CA-PVD coating process was performed in three stages: (1) vacuum, (2) ion etching

and (3) coating:
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Q) In the vacuum stage, the chamber was evacuated to a high vacuum level < 2.7 x 10 Pa
(2 x 10° Torr) using the vacuum pump.

2 The aim of ion etching is to remove oxides and clean the substrate surface that might
have oxidized or contaminated while waiting in air before being placed into the deposition
chamber. The ion etching stage was performed for 5 minutes. During this step, argon gas was
introduced into the chamber and a pressure of 0.7 Pa (5 x 10°® Torr) was established. The
substrate was negatively biased to -1000 V using a 10 kW Advanced Energy MDX Il DC power
supply. Because of the high negative bias voltage of -1000 V on the substrate surface, titanium
ions were accelerated towards the substrate such that they bombard the substrate surface, thus
removing the native oxide from the substrate surface through sputtering. This effectively clean
the substrate surface before coating deposition. The substrates were also heated by the ion
bombardment.

3 Sample coating included two processes: arc vaporization and coating deposition.
Coating deposition involved first the deposition of the titanium bond coating (Ti-BC) layer and
then the deposition of the coating layer consisting of TiAIN layer or TiN layer or both TiAIN and
TiN in the case of multilayer coatings.

In the arc vaporization process, the anode acts as a passive electron collector and the
cathode provides the depositing species [80,137]. The arc vaporization process is initiated when
the mechanical trigger creates an arc by making a temporary short circuit between the cathode
and the anode [137]. The current density in the arc is extremely high (can be as high as 10° A/cm?
[138]) and the arc voltage is low (typically 20 V [80]) [79,137]. This results in a high power
density (10° W/cm? [80]) and in the formation of “cathode spot” on the cathode material [79,137].
At the cathode spot, melting, evaporation, and molten or solid particle ejection take place which
results in arc erosion of the cathode surface [137]. The arc spot can be confined to the cathode
surface by using either a passive border or magnetic fields [139] achieved by placing magnets

behind the cathode targets. In this study, we utilized random arc on the cathode surface. Electron
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bombardment at the anode and ion bombardment at the cathode leads to heating up of the
electrodes [137]. Typical cathode temperatures are 50-200°C [139]. Cathode temperature is
controlled through water cooling.

The left magnified image in Figure 2-3a shows a schematic of the arc vaporization
process in the case of the dished high purity (99.999%) elemental titanium cathode. A high
percentage of the vaporized species was ionized in the arc [137]. The arc vaporization of the
titanium cathode resulted in vaporization and ionization of titanium ions forming a blue colored
plasma as illustrated in Figure 2-3a. lons are often multiply charged, that is, charge states of +1,
+2 and +3 for titanium ions [139,140]. These ions were used to fabricate the Ti-BC layer and the
TiN coating layer. The magnified image on the right of Figure 2-3b schematically shows the arc
vaporization process in the case of a TiAl cathode. To obtain the titanium and aluminum ions for
the TiAIN coating layer, a TiAl cathode with the select composition (either 33 at.% Ti — 67 at.%
Al or 20 at.% Ti — 80 at.% Al) was vaporized. Multiply charged titanium and aluminum ions of
+1, +2 and +3 can be observed forming a plasma [139,140] as illustrated in pink. Since electrons
move faster than the ions, the space charge in the plasma becomes positive, resulting in the
acceleration of positive ions away from the plasma to the negatively biased substrate resulting in
high energies of 50-150 eV (much higher than thermal energies) [137].

First, the Ti-BC layer was deposited in an inert argon atmosphere at 1.6 Pa (1.2 x 1072
Torr). The substrate bias was -150 V. Negative biasing was applied to achieve electron repulsion
and particle flux enhancement towards the substrate surface through ion acceleration due to the
difference between the potential of the substrate and the plasma [80]. In fact, a positive space
charge layer is formed on the negative biased substrate surface, called the sheath [80]. The
energetic condensation of the cathode species having a substantial kinetic and potential energy
from the plasma onto the substrate is accompanied by high-energy ion bombardment [137]. There
is not much study on the potential energy release of these ions but the studies showed that ions

will stop on the surface by losing their kinetic energy at a rate of 100 eVV/nm, which can also be
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accompanied with short collision cascades [80]. Titanium ions bombard the substrate surface and

penetrate below the substrate surface resulting in ion implantation and in good coating adhesion.

Table 2-1. Schematic representation of various deposition parameter(s) and different design
architectures for various generations. The investigated parameters are highlighted with red color
on the figures.

Generation Investigated parameter

GEN-1 Titanium bond coating (Ti-BC) thickness

Ti-BC
ZIRLO®

4

GEN-2 TiAIN coating thickness Substrate surface roughness

Ti-BC
ZIRLO®

Ti-BC
ZIRLO®

4

GEN-3 TiN coating TiAIN deposition parameter effect
Ti-BC
ZIRLO®
GEN-4 Multilayer design architecture
Ti-BC
ZIRLO®
GEN-5 Scratched sample
Ti-BC
ZIRLO®
GEN-6 Supercritical water test
Ti-BC
ZIRLO®
GEN-7 Multilayer coated tube

TiN/TiAIN
Ti-BC
ZIRLO®

O
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GEN-8 Substrate surface preparation Sectioning effect

GEN-9 Deposition parameter effect Furnace test

After the bond coating is deposited, the coating layer of TiAIN layer or TiN layer (or
both TiAIN and TiN in the case of multilayer coatings) was deposited. The bottom magnified
image in Figure 2-3c shows the TiAIN coating layer deposition. The TiAIN coating layer
deposition was a reactive deposition performed in a nitrogen atmosphere at a nitrogen partial
pressure value ranging between 1.6-1.9 Pa ((1.2-1.4) x 102 Torr) and using a substrate bias value
between (-50) — (-150) V. The nitrogen partial pressure and the substrate bias values were
determined depending on the desired coating properties of the relevant generation. Negative
substrate bias attracted the positively charged titanium and aluminum ions towards the substrate
surface which energetically condensed on the surface as they react with the surrounding nitrogen
gas atmosphere. Finally, the TiN coating layer was deposited through the reaction of the titanium
ions arriving on -150 V biased substrate surface with the nitrogen atoms in the reactive
atmosphere at a 1.6 Pa (1.2 x 102 Torr) nitrogen partial pressure.

In this study, filtered CA-PVD (to avoid macroparticles) was not used since it decreases
the deposition rate causing low coating deposition rates. Instead, the production of macroparticles

was minimized through deposition parameter optimization.
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As described at the beginning of this chapter, the deposition parameters were
systematically varied and grouped according to generations. Table 2-1 summarizes and
schematically shows the deposition parameters investigated and optimized in each successive
generation with respect to their impact on corrosion resistance of each of the multilayer design
architecture. In the first generation (GEN-1), the thickness of the bond coating was investigated
by depositing titanium bond coating (BC) thicknesses values of 0.2, 0.4, 0.6 and 0.8 pum, which
were achieved by deposition time adjustment. In the second generation (GEN-2), both the
ZIRLO® coupon substrate surface roughness (0.1, 0.25. 0.5, and 0.875 um Ra) and the TiAIN
thickness (4, 8, and 12 um) were investigated. In the third generation (GEN-3), both monolithic
TiN and monolithic TiAIN coatings deposited with varying substrate bias (50, 100, and 150 V)
and nitrogen partial pressure (1.6 and 1.9 Pa) were investigated. The fourth generation (GEN-4)
investigated the TiN/TiAIN multilayer coating design architecture: multilayer designs of 2-, 4-, 8-
, and 16-layers of TiN/TiAIN coatings were examined. The self-healing nature of the coatings
were investigated in the fifth generation (GEN-5). For the first five generations, the autoclave
tests were performed at Westinghouse at 360°C, but the coatings deposited in the sixth generation
which were composed of multilayer TiN/TiAIN were tested in an autoclave at the University of
Michigan at 542°C. The details of the autoclave tests are described in the following sections.
Starting from generation 7 (GEN-7), coatings were deposited on tubular geometries. From GEN-7
through GEN-9, substrate geometry, substrate surface preparation, deposition parameter (cathode
composition, substrate bias, and arc current) and sectioning effects were investigated. Finally, a
high temperature (800-1200°C) furnace test was performed to evaluate the corrosion performance

of the final optimized coating design architectures.
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2.4. Mechanical testing

Scratch testing was performed to determine the failure modes and the adhesion strength
of the coatings according to ASTM C1624: Standard test method for adhesion strength and
mechanical failure modes of ceramic coatings by quantitative single point scratch testing [141].
The test was performed using the Romulus IV Universal Materials Tester (Spokane, WA, USA)
on coated flat and tubular samples. Figure 2-5a shows a schematic representation of the
progressive scratch test method. A Rockwell C, 200 pum radius diamond stylus was used to
develop a ~1 cm scratch on the coating with a tangential force. Progressive loading with normal
force was applied from 0 to 50 N with a 50 N/min rate corresponding to 0.83 N/s. Figure 2-5b
schematically shows the initiation of chevron crack cluster formation (IN). The coating damage
was examined using optical microscopy (OM), scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) to identify failure modes and the initiation point of each failure
mode on the scratch. Then, the critical scratch load for each failure mode was determined by

comparing the relevant OM and SEM images with the corresponding load-distance diagrams.

Applied Normal o
Force FN SCl'atCh
Direction - Chevron crack cluster
Diamond Stylus
Coating on ‘ IN ‘
Progressive Damage /
Along Scratch Substrate / : 2
Track =77 f/f
e\ \
Progressive Damage |
Specimen Horizontal with Increasing Normal Force

Displacement (dx/dt)

(a) (b)

Figure 2-5. Schematic representation of (a) progressive scratch test method and (b)
progressive damage. [141]
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2.5. Corrosion testing

2.5.1. Autoclave testing

Two methods of autoclave corrosion testing were performed. Figure 2-6a shows a picture
of the Westinghouse autoclave where corrosion tests were performed in static pure water at
360°C and 18.7 MPa for up to 128 days to assess the coating performance during normal
operation conditions. This autoclave corrosion testing was performed according to ASTM G2:
Standard Test Method for Corrosion Testing of Products of Zirconium, Hafnium, and Their
Alloys in Water at 680°F (360°C) or in Steam at 750°F (400°C) [142]. This standard describes a
test method used to evaluate the corrosion performance of zirconium-based alloys and
specifically it has been used to determine the corrosion performance of nuclear fuel claddings.
The autoclave material was 316 stainless steel. An uncoated ZIRLO® sample was also included in
each autoclave test to serve as a reference to assess the performance of various coating design
architectures. Static pure water is defined to be Grade A in the relevant standard having a pH
value ranging between 5-8 [142]. In a pressured water reactor, the reactor environment has a pH
value of 6.9-7.4 [5], the nuclear reactor temperature range is 280-330°C and the pressure is 15.5
MPa [4,5]. Figure 2-6b shows the Westinghouse autoclave tree in which the samples were

mounted within the autoclave system.
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Figure 2-6. The Westinghouse (a) autoclave apparatus and (b) autoclave tree which were used to
perform the static pure water tests at 360°C and 18.7 MPa. (c) The University of Michigan
autoclave apparatus which was used to perform supercritical water (SCW) test in water at 542°C
and 24.5 MPa.

The second type of autoclave testing was performed at the University of Michigan in a
deaerated supercritical water recirculation loop held at 542°C and 24.5 MPa for 48 hours to
assess the coating performance at higher temperature. The dissolved oxygen content of the
supercritical water was less than 10 ppb. Figure 2-6¢ shows the University of Michigan autoclave
tree.

During these autoclave tests, weight gain analysis was performed according to the ASTM
G2 standard. The weight gain measurement is a widely used technique to assess the oxide
formation during exposure. It is a valid measure of corrosion as long as there is no oxide
dissolution or spalling. The measurement is performed by weighing the sample at the start of the
test and at its end. By calculating the sample surface area exposed to the corrosive environment, it
is possible to determine the weight gain per unit area. To determine the weight gain amount, the
initial and final weight values are subtracted from each other and then divided by the surface area

that was calculated.



48

2.5.2. Furnace testing

Furnace testing in air was performed at the Applied Research Laboratory at Penn State
University. The aim of this test was to determine the corrosion behavior of the deposited coatings
in high temperature air environment. Air oxidation performance of coated samples was

investigated at a temperature range of 500-800°C.

2.5.3. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were
performed to determine the phase transformation temperature, oxidation initiation temperature
and weight gain due to oxidation as the samples were tested in air. Coated and uncoated flat
ZIRLO® samples were cut to 4.8 mm x 5.6 mm dimension to fit into alumina crucibles. The
cutting process was followed by grinding the edges with 320 grit silicon carbide paper. Then,
samples were ultrasonically cleaned in acetone for 10 minutes and methanol for 10 minutes. DSC
and TGA analyses were performed using a SDT Q600 Thermal Analysis instrument (New Castle,
DE) by heating from room temperature to 1200°C at a rate of 5°C/min in air with a flow rate of
100 mL/min, and holding at 1200°C for one hour. The collected DSC and TGA data were
analyzed using the TA Universal Analysis software. The temperature for the initiation of
oxidation was determined from the intersection of the reaction peak starting point tangent line
with the extended DSC curve as described in ASTM E2009 with the diagram in Figure 2-7 [143].

The data was also confirmed with conducting manual calculations using the Origin software.
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Figure 2-7. DSC oxidation onset temperature (OOT), extrapolated onset temperature. [143].

2.6. Material characterization

2.6.1. Cross-sectional sample preparation

Cross-sectional samples were prepared by cutting the samples either in the vertical or

horizontal direction depending on the required analysis. For example, Figure 2-8a and b show

digital images of the untested GEN-9 flat and tubular samples cut into ~7 mm long sections.
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Figure 2-9a shows a digital image of the Allied Techcut 4™ instrument used to cut the samples

with a diamond metal bonded, high concentration, 12.7 cm (5”) ® blade x 0.038 c¢cm (0.015”)

thick wafering blade at speeds ranging from 100-130 rpm. Allied cutting fluid (60-20110) was
used as the coolant during cutting operation. Epoxy mounts were prepared with Allied resin (145-
10010) and Allied hardener (145-10015), mixing with a 10:3 weight ratio and curing at room

temperature.

(a-1) (a-2) (b-1) (b-2)

-

Figure 2-8. Digital images of characterized virgin samples; show as-received (a-1) flat and (b-1)
tubular samples with (a-2) and (b-2) showing cut sections for cross-section analyses.

Figure 2-9b shows a digital image of the Allied automatic polisher. This polisher was
used to grind and polish the samples. During these processes three samples were placed in the
instrument, but individual pressure at 1-3 Ib was applied on each sample. The grinding process
was performed with water and using SiC papers having 240, 600, 800, 1200 grit for 4-8 minutes
as needed depending on the quality of surface finish after each step in the specified sequence.
Then, additional polishing was performed with 3 um and 1 pum diamond slurry; followed by 0.04
um colloidal silica to achieve a mirror finish. After each polishing and grinding step, the sample
surface was rinsed with dionized water to remove deforming loosely adhered particles. Prior to
SEM analysis, the epoxy mounted cross-section sample surface was sputter coated with iridium to

avoid charging during SEM examination.
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(a) (b)

Figure 2-9. (a) Allied Techcut 4™ instrument and (b) Allied automatic polisher.

2.6.2. Scanning electron microscopy (SEM)

Figure 2-10 shows the FEI Quanta 200 Environmental scanning electron microscopy
(SEM) instrument, located in the Pennsylvania State University Materials Characterization
Laboratory, which was used to perform high resolution imaging of the samples. SEM analysis
was performed both in the secondary electron mode and the backscattered electron mode. Both
surface and cross-section analysis of the as-deposited and tested samples were conducted.
Secondary electron imaging was performed on the sample surface to observe surface defects and
surface topography, while backscatter electron mode was mainly used to examine the cross-
section of the samples to distinguish the different individual layers, determine the deposited
coating thickness, analyze the interface between the substrate and the coating, observe coating
spallation/delamination and image coating and substrate oxidation. The data was collected at 80
Pa with 20 kV high voltage and a spot size of 4. The collected images were analyzed using

ImageJ software.
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Figure 2-10. The FEI Quanta 200 Environmental scanning electron microscope (SEM) instrument
located within the Materials Characterization Laboratory at the Pennsylvania State University.

2.6.3. Energy dispersive spectroscopy (EDS)

Energy dispersive spectroscopy was performed to identify and quantify the chemical
composition of the samples in the as-deposited coating as well as the degree of oxygen
penetration after corrosion testing. Both surface and cross-sectional analyses were performed. FEI
Quanta 200 Environmental scanning electron microscopy (SEM) instrument with the
incorporation of EDS detector. Characteristic X-rays were collected and analyzed using the
AZtec software. The data was collected at 80 Pa pressure and 20 kV high voltage, substrate
height adjusted to 12.5 mm, and spot size ~6.8 to achieve a dead time of ~40%. The EDS
analyses was performed in three modes composed of point analysis, elemental line scan, and
elemental mapping. Figure 2-11 presents EDS analysis performed on the cross-section of 33 days
autoclave tested PF324: (TiN/TiAIN 8-layer) / Ti / ZIRLO® (0.25 um Ry), as an example. Figure
2-11a shows the SEM image; Figure 2-11b shows a point analysis spectrum obtained from the top
TiN layer; Figure 2-11c shows the cross-section line scan performed from the coating surface

towards the ZIRLO® substrate; Figure 2-11d shows the EDS-elemental mapping analysis
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performed on the cross-section of the sample. Detailed results for these examinations are

prese

nted in the next chapter.
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Figure 2-11. EDS analysis results performed on the sample PF324: (TiN/TiAIN 8-layer) / Ti /
ZIRLO® (0.25 um R,) showing (a) cross-section image, (b) point analysis, (c) elemental line scan
and (d) elemental mapping.

2.64.

X-ray diffraction (XRD)

XRD analysis was used to determine the phases and crystal structures of the substrate,

coating and oxides formed after corrosion testing. Figure 2-12 shows an image of the PANalytical

XPert Pro Multi-Purpose Diffractometer (MPD) instrument located in the Pennsylvania State
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University Materials Characterization Laboratory. X-ray diffraction (XRD) patterns were
obtained with the MPD instrument. The instrument has a 240 mm radius and the 20 scan was
performed using Cu Ka radiation (Kai=1.54056 A, Ka,=1.54443A) with fixed divergence slit
(0.25°), receiving slit (0.25°), and a step size of 0.026°. XRD analysis was performed on the
surface of the flat and tubular samples. Two different XRD scans were acquired, which included
normal Bragg-Brentano (XRD-BB) and Grazing Incidence (GIXRD). XRD-BB scans were
performed to determine coating crystallography and phases from the surface through the substrate
which also provided information about coating and substrate preferred orientation. The aim of the
grazing incidence measurements was to distinguish the coating phases from the substrate phases
and was performed with varying incidence angles ranging from 0.5°-15° that were adjusted
depending on the desired depth of analysis. The penetration depth of the incident X-ray through
the coating thickness depending on the incident angle value was determined by using the
HighScore software. The corresponding penetration depth ranges for specified incident angle
range used were calculated to be 0.2-8 pum for TiN layer and 0.3-9 pum for TiAIN layer based on

the density assumptions of prin=5.5 g/cm?® and prian=5.5 g/cm?, respectively.

PANalytical

—

Figure 2-12. The PANalytical XPert Pro Multi-Purpose Diffractometer (MPD) instrument located
in the Materials Characterization Laboratory at the Pennsylvania State University.
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2.6.4. Raman spectroscopy

Raman spectroscopy was performed to identify chemistry of the coatings. Horiba
LabRam — Vlabinir spectrometer was used located at the Pennsylvania State University Materials
Characterization Laboratory. The excitation wavelength used was 532 nm (110 mW laser) (notch
filter £ 10 cm™). Grating was set to 300 gm/mm which provides a spectral resolution of ~4 cm™ at
532 nm). Power of 4-5 mW was incident on the samples through a standard x50 microscope
objective. Spectral range was 50-1500 cm™ and the acquisition time was 30 sec. Instrument was
used in duo scan, line scan and depth scan modes. The Raman spectra analysis were performed

sing the LabSpec6- HORIBA scientific software.

2.7. Neutronic model and methodology

To evaluate the neutronic performance of TiAIN coatings, the Monte Carlo code Serpent
[144] was used to calculate the ke in the presence of coatings. The calculation assumed a single
assembly model based on a typical PWR 17x17 assembly [145]. Such an assembly contains 264
fuel rods, 24 guide tubes, and 1 instrumentation tube. Reflective boundary conditions on four
sides were used to generate an infinite array of assemblies with finite length. The assembly
extremities contain axial reflectors composed of a water and steel mixture (50%-50% volume
mix, 100 cm length). Table 2-2 shows the core parameters used in the calculations. The cycle
length and attainable burnup were projected from the depletion of a single assembly averaging
reactivity under the assumption of constant power throughout the lifetime of the assembly [146].
To correct for the infinite lattice, radial leakage was assumed to be 3%. Neutronic results for
TiAIN, TiN and 8-layer TiAIN/TiN used ENDF/B-VII cross-sections. However, since ENDF/B-
VII does not contain Yb cross-section data, JEFF 3.1.1 cross-section data was used for all doping

results. Cross-sections (ENDF/B-VII) were applied at the following temperatures: 1057 K for



56

fuel, 637 K for clad, 600 K for coolant, and thermal scattering cross-sections were applied to
water. Depletion calculations employed Chebyshev Rational Approximation Method (CRAM)
and a high-resolution flux spectrum based on the unified energy-grid structure to calculate one-
group cross-sections.

As a reference, undoped monolithic and multilayer coatings were analyzed using the
model described above, and coatings were applied to the cladding exterior. The reference UO;
was assumed 4.5 at.% enriched and Zircaloy-4 (0.1% Cr, 0.21% Fe, 1.45% Sn, and 98.24% Zr;
6.56 g/cm?®) was chosen as the reference cladding material. The reference cycle length was found
to be 446.5 EFPD (effective full power days) with ENDF/B-VII cross-section data. The reference
cycle length was recalculated to be 445.5 EFPD with JEFF 3.1.1 cross-section data. The results of

this calculation are shown in Chapter 4.

Table 2-2. Pressurized water reactor (PWR) reference design properties [145].

Property Value
Total power, MW 3400
Assemblies 157
Core average coolant temperature, °C 303
Pressure, bar 155
Core average coolant density, °C 0.719
Active length, cm 426.720
Pellet diameter, cm 0.820
Clad thickness, cm 0.057
Fuel rod outer diameter, cm 0.950
Pitch-to-diameter ratio 1.326

2.8. Summary

This chapter provided information on the experimental methods used in this research
study to create corrosion resistant coatings that can withstand nuclear reactor environment both

during normal operation and accident conditions. First, substrate ZIRLO® material was examined
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and its surface was prepared for proper coating deposition with good adhesion. Then, coatings
were deposited using the cathodic arc physical vapor deposition process. The theory and
considered parameters to deposit coatings with desired properties were described in the relevant
sections of this chapter. Coating properties were optimized through coating generations and the
optimized property information were also introduced in this chapter. Then, testing and
characterization methods performed throughout the study to evaluate the coating performance

were described. Finally, the procedure for neutronic analysis was discussed.
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Chapter 3

Coating Optimization Results

This study has been conducted with the aim of developing coatings to enhance the
corrosion resistance of nuclear fuel claddings both during normal operation conditions and in the
case of a loss of coolant accident. As described in more detail in the introduction chapter, ceramic
materials have high melting point, high chemical stability and good wear resistance. They have
been used as coating materials, especially in the tooling industry, for years. Among the different
types of ceramic coatings, physical vapor deposited TiN and TiAIN coatings have been proved to
be more effective in enhancing the corrosion resistance of the substrate material because of the
formation of passivating TiO; and Al.Os layers upon interaction with the oxidizing environment.
Thus, the application of TiN and TiAIN coatings against oxidation shows potential; however,
there has been limited study in the literature on their corrosion performance in high temperature
water and steam environments.

Nuclear fuel claddings are generally made of zirconium-based alloy mainly because of
their low neutron absorption cross-section, yet their corrosion performance could be improved by
depositing a protective coating. Several types of coatings have been considered. Khatkhatay et al.
[62] considered depositing single layer TiN and single layer TigssAloesN by pulsed laser
deposition on Zircaloy-4 tubes and corrosion tested them in deaerated water at 500°C and 25
MPa. They observed that coated tubes stayed intact while uncoated tubes experienced severe
oxidation and they emphasized that optimization of TiossAlossN coating might make it
outperform TiN coating. The pulsed laser deposition method provides flexibility and growth
control but is not suitable for large-scale film growth. Although, Khatkhatay et al.’s study
provides some insight about the performance of TiN and TiAIN coatings in a nuclear reactor

environment, there has been no study on the TiN and TiAIN coating performance at normal
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operation conditions of a pressurized water reactor (PWR) in literature. As a result, in this study,
we decided to apply TiN and TiAIN coatings on ZIRLO® substrate and investigate their corrosion
performance both at normal operation conditions and at higher temperatures. To deposit TiN and
TiAIN on ZIRLO® substrate, we decided to use cathodic arc physical vapor deposition (CA-PVD)
method. CA-PVD is a method that can be used to deposit various types of coatings, and in
addition to its various advantages that were mentioned several times in previous chapters, they
are also scalable to the production size.

This research project has been conducted in a systematic manner to achieve coating
adhesion and corrosion performance enhancement through deposition generations. We
sequentially optimized one deposition parameter per generation to be able to individually

determine the effect of each parameter on the coating adhesion and corrosion performance.

3.1. As-received ZIRLO® Substrate Properties

In this study, ZIRLO® has been used as the substrate material, since it has been proved to
be a convenient nuclear fuel cladding material with good mechanical properties and high
oxidation resistance. ZIRLO® materials were obtained from Westinghouse Co. in sheet and
tubular geometries. Digital images of as-received sheet (L5 cm x W2.5 cm x T0.05 cm) and tube
(L4cm X Douerl cm and Dinner0.85 cm) samples are shown in Figure 3-1a and b, respectively. In
Figure 3-1a, a lined pattern on the sample surface parallel to the width of the sheet ZIRLO® can
be observed. These lines are created because of the fabrication process [147] used to produce
these ZIRLO® sheets. Further characterization was performed using X-ray diffraction (XRD) to
determine phases and texture, and energy dispersive spectroscopy (EDS) in the SEM to determine
the chemical composition of the as-received ZIRLO® samples since these properties can affect

the deposited coating properties and adhesion between the coating and the ZIRLO® substrate.
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(b)

Figure 3-1. Digital image of as-received (a) ZIRLO® sheet (L5 cm x W2.5 cm x T0.05 cm), (b)
ZIRLO® tube (L4cm X Bouter cm and Binner0.85 cm).

The EDS measurement was conducted at point analysis mode on four different locations
on the sample surface and averaged. The results are presented in Table 3-1. The measured
niobium and iron values were determined to be higher than the ZIRLO® chemical composition
given in literature as 1 wt.% Nb, 1 wt.% Sn, 0.1 wt.% Fe and balance Zr [147]. The variation in
the measured composition values from the literature might origin from the surface roughness of
the sample, overlapping of Zr L, (2.042 keV [148]), Zr Lp (2.124 keV [148]) and Nb L, (2.166
keV [148]), and not using standards specific for our samples in addition to the poor energy
resolution, low peak-to-background ratio and input signal limitation disadvantages of the EDS
analysis [149]. Data also showed an oxygen composition of 2.96 + 0.18 wt.%. The measured
oxygen content might not be representative of the overall of substrate content since it might be
due to oxidation on the surface due to the reaction of zirconium with air or the cleaning process
with methanol and isopropanol. Throughout the study, ZIRLO® composition was also measured
from cross-section samples and oxygen content was determined to be similar confirming the
values measured from the surface. However, the oxygen content observed in the case of cross-
section samples can also be attributed to the cross-section sample procedure during which
samples come in contact with several alcohols having oxygen and carbon in them (carbon was

also detected in the case of cross-section samples which was attributed to the smearing from the
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epoxy mounting.) or oxidation that might have occurred during iridium coating that was applied
to avoid charging during electron microscopy.

Table 3-1. As-received ZIRLO® composition measured from sample surface based on energy
dispersive spectroscopy (EDS) point analysis data.

Zr Nb Sn Fe 0]
at.% 82.14 £ 0.63 2.17+0.10 0.68 £ 0.09 0.16 £ 0.05 14.86 + 0.81
wt.% 93.40 £ 0.02 2.51+0.11 1.01+0.13 0.11+0.04 2.96+£0.18
Ref wt.% balance 1 1 0.1
[147]

Figure 3-2 shows XRD-Bragg Brentano (Cu Ka radiation) patterns taken from ZIRLO®
sheet and tubes. The XRD scanning was performed along the longitudinal axes of the ZIRLO®
sheet and tubes. Both ZIRLO® sheet and ZIRLO® tube patterns were compatible with the o-Zr
phase having hexagonal close packed crystal structure and a pattern with the ICDD PDF# 00-005-
0665. The powder diffraction lines corresponding to their standards are shown above for
comparison. This phase identification indicated the polycrystalline hexagonal crystal structure of
the ZIRLO®. The samples were clearly textured, as the peak intensities do not match the powder
pattern. In particular, a higher intensity of the (002) plane was observed compared to the standard
pattern. This is caused by the preferred crystallite orientation generated during sample production
(rolling [147] and pilgering). Overall, peak intensities in the case of ZIRLO® sheet XRD pattern
were higher and more symmetric compared to the peaks observed in the ZIRLO® tube XRD
pattern. A non-symmetric peak shifting observed in the case of tubular ZIRLO® XRD pattern
occurred towards lower angles due to a geometrical effect. Thus, a high percentage of the planes

parallel to the surface have the basal plane orientation, as expected.
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Figure 3-2. XRD-Bragg Brentano patterns of uncoated flat and tube ZIRLO® samples along axial
direction with Cu K, (K,=1.54 A) radiation. The powder diffraction pattern lines corresponding to
the ICDD PDF# 00-005-0665 standard are shown above for comparison.

3.2. Monolithic TiAIN and monolithic TiN coating deposition on ZIRLO® sheets

Initial coating development studies were performed by depositing single-layer TiAIN and
single-layer TiN coatings on flat samples to maximize research efficiency considering the ease of

production and to understand the effect of each layer on corrosion performance.

3.2.1. Scratch testing and post-scratch observations

Scratch testing was performed according to the ASTM C1624: Standard test method for
adhesion strength and mechanical failure modes of ceramic coatings by quantitative single point
scratch testing. Measurement parameter information were provided in Section 2.4. ZIRLO® sheet

surfaces were ground by hand using SiC to a substrate surface roughness value of 0.25 um Ra.
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TiAIN coating was deposited in nitrogen atmosphere with a 1.6 Pa partial pressure and using 60
A arc current. Parameters investigated through scratch testing involved deposition time (TiAIN
coating thickness), substrate bias and cathode composition. Deposition parameter summary of

samples tested for scratch testing is presented in Table 3-2.

Table 3-2. Cathodic arc physical vapor deposition (CA-PVD) parameter summary of TiAIN
coatings prepared for scratch testing. Varied parameter for each sample is indicated with bold
font.

Deposition time (BC/TC)* Negative substrate bias (BC/TC) | Cathode composition
(min) (V) (at.% Ti/Al)

8/150 150/50 33/67

8/300 150/50 33/67

8/450 150/50 33/67

8/450 150/50 20/80

8/450 150/0 20/80

8/450 150/25 20/80

8/450 150/50 20/80

8/450 150/100 20/80

*BC=bond coat, TC=Top coat

3.2.1.2. Deposition time variation

The coating deposition time affects coating thickness. The resulting coating thickness
depends not only on deposition time but also on other properties which affect coating density
such as substrate bias and arc current. Deposition time variation effect was investigated by
depositing single layer TiAIN coatings for three different time durations of 150 min, 300 min and
450 min. Figure 3-3 shows the cross-section scanning electron microscopy (SEM) backscattered
electron (BSE) images of equivalent TiAIN coatings deposited for 150 min, 300 min and 450
min. The cross-section SEM-BSE images of samples having TiAIN coatings deposited for
different durations are presented in Figure 3-3. These images show the uniform and dense TiAIN
coatings were deposited. The coating surface texture mimicked the substrate surface texture,

helping to keep the coating thickness fixed throughout the sample surface.
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Figure 3-3. Cross-section scanning electron microscopy (SEM) backscattered electron (BSE)
images of TiAIN coatings deposited for 150 min, 300 min and 450 min.

Figure 3-4 shows the relationship between TiAIN layer deposition time and TiAIN
coating thickness obtained. Coating thickness measurements were made from the cross-section
SEM-BSE images of the samples (three examples were provided in Figure 3-3) using ImageJ
software. On average, 13 measurements per sample were made on SEM-BSE images taken from
at least three different locations of the cross-sectioned sample. Figure 3-4 shows the average of
these coating thickness measurements of each sample. Accordingly, the coating deposition
durations of 150 min, 300 min and 450 min led to coating thicknesses of 2.6+0.3 um, 4.1+1.0 um
and 9.6+0.5 pum, respectively. A linear relationship was established between the deposition time

and the coating thickness. Thus, the deposition rate was 0.0231 um/min.
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Figure 3-4. Graph showing the change in TiAIN coating thickness with respect to the deposition
time.
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Then, scratch testing was performed to evaluate coating adhesion according to the
procedure that was described in Section 2.4. The loading rate, during scratch testing of different
samples, was primarily kept fixed and specifically, the loading rate during scratch testing of
TiAIN coatings deposited for 150 min, 300 min and 450 min were 47.4 N/min, 49.3 N/min and
50.4 N/min, respectively. Figure 3-5 shows the coating failure mode with respect to the load
applied. TiAIN coating deposited for 150 min experienced gross spallation at 17.84 N (Figure 3-
5a). The gross spallation was also observed in 300 min deposited TiAIN coating at the end of the
scratch testing corresponding to a loading of 49.3 N (Figure 3-5b). TiAIN coating deposited for
450 min did not show gross spallation during the scratch testing up to a value of 50.4 N.
Additionally, differing from the coatings deposited for shorter times, TiAIN coating deposited for
450 min showed recovery spallation which initiated at 21.5 N loading (Figure 3-5c). An inverse
relationship between the coating deposition time and critical load to cause gross spallation was
expected based on previous results in literature [141]. However, in this study an increase in
coating deposition time (coating thickness) led to an increase in the critical load to cause gross
spallation.

TiAIN coatings (in this section) were deposited using 33 at.% Ti — 67 at. % Al cathode
with a substrate bias of -50 V and an arc current of 60 A at 325°C chamber temperature in 1.6 Pa
N2 atmosphere. In summary:

- TiAIN coating deposition rate for set parameters was determined to be 0.0231 pm/min.

- Deposition time resulted in increased coating thickness, almost linearly.

- Increased coating thickness led to an increase in the critical load value to cause gross
spallation of the TiAIN coating.

- Coating thickness affected the coating failure mode during scratch testing.
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Figure 3-5. Scanning electron microscopy-backscattered electron (top) and secondary electron
(bottom) images of scratches obtained after scratch testing of TiAIN coating deposited for (a) 150
min, (b) 300 min and (c) 450 min. Loading rate during scratch testing of TiAIN coatings
deposited for 150 min, 300 min and 450 min were 47.4 N/min, 49.3 N/min and 50.4 N/min,
respectively.
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3.2.1.3. Cathode composition variation

The effect of cathode composition was investigated by depositing single-layer TiAIN
coatings with two different cathode compositions of 33 at.% Ti — 67 at.% Al and 20 at.% Ti — 80
at.% Al. Figure 3-6 shows the surface scanning electron microscopy (SEM) secondary electron
(SE) images and cross-section SEM backscattered electron (BSE) images of coatings deposited
by using cathodes having 20 at.% Ti — 80 at. Al and 33 at.% Ti — 67 at.% Al. Both coating
surfaces had a vertical wavelike texture mirroring the substrate surface texture obtained from SiC
grinding. Both surfaces had sphere-like macroparticles at sizes that can reach up to 10 um.
Macroparticle formation is a common defect of arc coatings and they is attributed to (i) low
melting point aluminum droplet formation in the case of TiAIN deposition [70,150] and (ii)
excess incompletely ionized atoms because of too fast evaporation rate that may coalesce to
macroparticles during flight [72]. A higher volume fraction of macroparticles was observed in the
case of the coating deposited with 80 at.%Al cathode. The cross-section SEM-BSE image of
coating deposited with the cathode having 80 at.% Al showed a pore-free, uniform thickness
TiAIN coating. There were only a few crack-like features along the coating. Macroparticles were
also observed in the cross-section SEM images, a less dense growth occurs underneath the
macroparticle, while almost unperturbed coating deposition rate is observed on top of the
macroparticles. The reason of this is high ion bombardment on the top compared to the negligible
ion bombardment occurring under the macroparticle as they shadow underneath and decrease the
ion and coating deposition flux in their vicinity leading to a low-density zone or a gap between
the defected region and the unperturbedly growing region, which results in an almost parabolic
boundary between the perturbed and unperturbed region [151,152] and also makes macroparticles
less adhered to the surface [150]. For small macroparticles (@ < ~5 um), deposition rate on top of
the macroparticle did not vary significantly from that of the unperturbed regions, but for larger

macroparticles, a slight decrease in deposition rate was observed on top of the macroparticle
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which decreases even more towards the edges of the perturbed nodular macroparticle. For large
macroparticles, having lower deposition rate on top of the nodular structure can be attributed to
the lack of contact with the substrate because of porous boundary in between the nodule and the
substrate, and eventually not being able to maintain the negative substrate bias effect. Deposition
rate decrease towards the sides of the nodular macroparticle can be attributed to not being able to
receive ions orthogonally. The existence of nodular macroparticle on surface and coating
deposition on top of it with at almost the same rate with the unperturbed regions leads to
increased surface roughness which is not desired for applications involving, decorative coatings,
optical and electrical fields. In the case of coating deposited with the cathode having 67 at.%Al, a
few pore-like features and deformation regions were observed. Some of the deformations might
have occurred during cross-section sample preparation. Additionally, coating thicknesses were
measured to investigate any variations due to the change in aluminum content. The coating
thicknesses were measured using ImageJ from cross-section SEM-BSE images taken from five
different locations on both sides of the coating (3-measurement locations from one side, 2-
measurement locations from the other side) and three measurements at each location, which lead
to 15 measurements. The average TiAIN coating thickness was determined to be 10.6 £ 0.8 um
and 9.6 £ 0.5 um for coatings deposited with a cathode of 20 at.% Ti — 80 at.% Al and 33 at.% Ti
— 67 at.% Al, respectively. Thus, increased aluminum content resulted in a slight increase in the

coating thickness.
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Figure 3-6. The surface scanning electron microscopy (SEM) secondary electron (SE) images and
cross-section SEM backscattered electron (BSE) images of coatings deposited by using cathodes
having 20 at.% Ti — 80 at. Al and 33 at.% Ti — 67 at.% Al.

Table 3-3 presents the TiAIN coating chemical composition determined by using the
energy dispersive spectroscopy (EDS) equipment mounted to the scanning electron microscopy
instrument as described in Section 2.6.3. The coating chemical compositions were measured from
five different locations on both sides of the coating (3-measurement location from one side, 2-
measurement location from the other side). The chemical composition measurement was

performed from the middle of the coating thickness. The data presented in Table 3-3 represents
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the average of 5 measurements for each sample. The aluminum to titanium ratio was determined
to be 3.76 and 1.97 for coatings deposited with 20 at. % Ti - 80 at.% Al and 33 at. % Ti - 67 at.%

Al respectively. Thus, the coating composition mimicked the cathode composition.

Table 3-3. Composition of TiAIN coatings deposited by using cathodes having 20 at.% Ti — 80 at.
Al and 33 at.% Ti — 67 at.% Al. Coating compositions were determined using energy dispersive
spectroscopy (EDS) point analysis

Cathode Ti, at.% Al, at.% N, at.% Ti, wt.% Al, wt.% N, wt.%
composition
20at.% Ti— | 8.76+0.20 3298 + 58.26 + 19.73 + 41.85+ 38.39+
80 at.% Al 0.34 0.50 0.36 0.29 0.50
33at.% Ti— 13.10 % 2583+ 59.68 + 28.71 + 3190+ 38.26
67 at.% Al 0.47 0.60 2.34 0.77 0.54 1.51

Figure 3-7 shows the Raman spectra of the single layer TiAIN coatings deposited with
cathodes having a composition of 33 at.% Ti — 67 at.% Al and 20 at.% Ti — 80 at.% Al. TiAIN
coating deposited with 33 at.% Ti — 67 at.% Al cathode showed two broad bands having peaks at
257 and 673 cm™. TiAIN coating deposited with 20 at.% Ti — 80 at.% Al. TiAIN showed four
peaks at 190, 485, 625 and 774 cm™. Both spectra exhibited peaks that could be indexed as the
TiAIN phase. The total spectral density between the two broad bands was increased in the case of
20 at.% Ti — 80 at.% Al cathode deposited TiAIN coating compared to the 33 at.% Ti — 67 at.%

Al cathode deposited TiAIN coating.
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Figure 3-7. Overlaid Raman spectra of coatings deposited with cathodes having a composition of
33 at.% Ti—67 at.% Al and 20 at.% Ti — 80 at.% Al.

Figure 3-8 shows the overlaid X-ray diffraction - grazing incidence (GIXRD)
measurement patterns of coatings deposited with cathodes having a composition of either 33 at.%
Ti — 67 at.% Al or 20 at.% Ti — 80 at.% Al . GIXRD was performed using a Cu-Ka (1.54048 A)
radiation and with a grazing incidence angle of 1°. Peak identification was performed using
JADE software. For a cathode composition of 67 at.% Al, the coating phase is determined to be
TiosAlosN (ICDD PDF# 04-005-5251), which has a cubic crystal structure. For a cathode
composition of 80 at.% Al, peak patterns were fitting with the Tig32Al0esN phase (ICDD-PDF#
04-017-4686) and AIN (ICDD PDF# 04-004-4544), which have hexagonal crystal structure. The
difference between the two patterns can easily be observed from the (200) peak of TigsAlosN
phase at 43.14°, which is not observed in the case of Tigs2AloesN phase pattern. Broad peaks
appeared suggesting an amorphous or nanocrystalline composite coating structure. This
broadening was more pronounced for coatings deposited with 80 at.% Al indicating increased
nanocrystalline composite structure.

Scratch testing was performed on samples having TiAIN coating deposited with either 33

at.% Ti — 67 at.% Al or 20 at.% Ti — 80 at.% Al cathode. The post-scratch testing SEM images
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and load-distance diagram for TiAIN coating deposited with 33 at.% Ti — 67 at.% Al cathode was
provided in Figure 3-5c. The loading rate was 50.4 N/min, there was no gross spallation, but there
was recovery spallation. In the case of TiAIN coating deposited with 20 at.% Ti — 80 at.% Al
cathode, scratch testing was performed with a loading rate of 50.19 N/min as shown in Figure 3-
9. Recovery spallation was observed but at a lower load value of 15.2 N compared to the TiAIN
coating deposited with 33 at.% Ti — 67 at.% Al cathode. Additionally, gross spallation occurred at
41.7 N.

In conclusion, the cathode composition has a strong influence on the coating
composition. TiAIN coatings with higher aluminum content and hexagonal crystal structure
required lower critical load to cause recovery spallation and gross spallation indicating lower

adhesion. So, it is recommended to keep aluminum content limited in the TiAIN coating.
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Figure 3-8. GIXRD measurement patterns of coatings deposited with cathodes having a
composition of 33 at.% Ti — 67 at.% Al and 20 at.% Ti — 80 at.% Al. GIXRD was performed
using a Cu-Ka (1.54048 A) radiation and with a grazing incidence angle of 1°.
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Figure 3-9. Scanning electron microscopy-backscattered electron (top) and secondary electron
(bottom) images of scratches obtained after scratch testing of TiAIN coating deposited with 20
at.% Ti — 80 at.% Al cathode.

3.2.1.4. Substrate bias variation

The substrate bias effect was investigated by depositing single layer TiAIN coatings with
four different substrate bias values of 0 V, 25 V, 50 V and 100 V as it was shown in Table 3-2.
Figure 3-10 shows digital images of as-deposited coatings. The images presented in the Figure 3-
10 were taken after cutting samples. All coatings had a dark gray color, but they had a different
shine. Coating deposited with no substrate bias, was adherent and had a darker gray color with a
matte finish. Coatings deposited with 25 V and 50 V substrate bias were also adherent and glossy,
in contrast to the appearance of the coating deposited with no substrate bias. Coatings deposited
with 100 V substrate bias had a less shiny surface finish and coating was flaking off, which can

be observed clearly at the right edge of the sample image (arrow)presented in Figure 3-10.
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Figure 3-10. Digital images of TiAIN coated ZIRLO® sheets. Deposition process was performed
with four different substrate biases: 0 V, 25V, 50 V and 100 V.

Figure 3-11 shows scanning electron microscopy images of coating surfaces taken in two
different modes: backscattered electron (BSE) and secondary electron (SE). The surface of the
coating deposited with 0 V substrate bias was full of spherical macroparticles in various sizes.
This spherelike deposition on the surface indicates a passive deposition with a 90° angle strike on
the flat sample surface without the effect of a force that can cause deviation in the geometry. This
nonsmooth surface covered with spherelike macroparticles could be the reason of the matte finish
observed in the digital image of the coating shown in Figure 3-10. The surface characteristics of
the coating deposited with 25 V and 50 V were similar to each other with a surface topography
that mirrored the substrate surface topography obtained after SiC surface grinding. Coatings
deposited with 25 V and 50 V substrate bias also had spherelike macroparticles on the surface but
to a much less extent than for the coating deposited with 0 V. The number and size of the
macroparticles on the surface of these two types of coatings were similar to each other; however,
macroparticles in the case of coatings deposited with 50 V substrate bias were less spherelike
than the coatings deposited with 25 V substrate bias, which can be due to the increased attraction
forces caused by ion bombardment with higher kinetic energy. The surface of the coating
deposited with a substrate bias of 100 V was completely different than the other three samples as
can be observed in Figure 3-11. The coating surface exhibited a spattered appearance, which can

be attributed to the excessive energy of the ion bombardment due to too high substrate bias.
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Almost no macroparticles similar to those previously observed macroparticles on the coatings
deposited with 0 V, 25 V and 0 V were seen, but a few very small (~1 um) spherelike

macroparticles on the surface were observed with the appearance of a back spatter.

oV

Figure 3-11. Scanning electron microscopy images of coating surfaces taken using two different
imaging modes: backscattered electron (BSE) and secondary electron (SE). Deposition process
was performed with four different substrate biases: 0 V, 25 V, 50 V and 100 V.

Figure 3-12 shows cross-sectional SEM-BSE images of TiAIN coatings deposited with
four different substrate bias values of 0 V, 25 V, 50 V and 100 V. The coating deposited with 0 V
substrate bias exhibited a ~15 um thickness and was adherent to the substrate but had a porous
structure. The coating deposited with 25 V substrate bias had ~10 um thickness and showed much
less porosity compared to the coating deposited with 0 V substrate bias. Some crack-like features
of 5-10 um in length were observed within the coating indicating possible delamination at these
regions. The coating deposited with 50 V substrate bias had a coating thickness in between that of
coatings deposited with 0 V and 25 V substrate bias. Crack-like features were also observed in
the 50 V deposited coatings with similar characteristics to the ones observed in coatings deposited

with 25 V substrate bias, but no porosity was observed in this case. The coating deposited with
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100 V substrate bias was very delicate most likely due to high intrinsic residual stresses. It
exhibited longer cracks in the coating and delamination at regions closer to surface and
decohesion of the coating. Because of excessive deformation on the coating surface, it is difficult
to determine the exact thickness of the coating, but it was estimated to be ~5 um. High resolution
imaging results shows that to obtain successful coatings, the 50 V substrate bias is an optimum
substrate bias value, providing smoother surface with minimum macroparticles, dense structure
with minimum porosity and good adhesion with minimum delamination. Thus, this substrate bias
was chosen.
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Figure 3-12. The cross-section SEM-BSE images of the TiAIN coatings deposited with four
different substrate bias values of 0 V, 25V, 50 V and 100 V.

Figure 3-13 shows the coating thicknesses measured using ImageJ. The average coating
thickness values were determined from 15 measurements. The average TiAIN coating thicknesses
were determined to be 14.7 + 0.5 pum, 11.2 £ 0.6 pm, 13.1 £ 1.5 ym and 3.9 £ 1.2 um,
respectively for the 0 V, 25 V, 50 V and 100 V conditions. The large error bar for the coating
deposited with 100 V substrate bias originated from coating deformation during sample
preparation. An approximate linear relationship is observed between the substrate bias and

coating thickness, according to which as substrate bias increased, coating thickness decreased.
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Figure 3-13. TiAIN coating thickness variation with the substrate bias value used during the
deposition process.

Figure 3-14 shows the average coating chemical composition determined by energy
dispersive spectroscopy (EDS). The sample chemical composition was measured from five
different locations from the middle of the coating thickness. The data presented in the Figure 3-14
represents the average of 5 measurements. The composition variation with substrate bias was very
slight (Nitrogen content decrease with increasing substrate bias, but within the standard
deviation). Titanium, aluminum and nitrogen compositions are 8.5+0.38 at.%, 32.7+0.38 at.% and
56.9+2.1 at.% on average. Thus, aluminum composition is ~4 times greater than the titanium
composition, which is reasonable considering the cathode composition used during the coating

deposition process, which was 20 at. % Ti - 80 at.% Al
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Figure 3-14. The TiAIN coating chemical composition variation based on the substrate bias used
during the deposition process.

Figure 3-15 shows the overlaid GIXRD measurement patterns of coatings deposited with
0V, 25V, 50V and 100 V. GIXRD was performed using Cu-Ka radiation with a grazing
incidence angle of 1°. Peak identification was performed using JADE software. Most of the peak
patterns were fitted with the Tio32AloesN phase diffraction pattern data shown in yellow (in the
caption) having the ICDD-PDF# 04-017-4686, which is a hexagonal crystal structure. There was
peak shifting. Some peaks shifted to higher angles indicating compressive stresses as expected.
There are also some peaks shifting towards lower angles which is attributed to the compressive
strains in normal direction but elongation parallel to the coating surface due to the Poisson’s ratio
[153]. The diffraction peaks were relatively broad indicating nanocomposite coating structure.
With increased substrate bias, the peaks became broader, indicating decreased sample
crystallinity. Other peaks were identified as TiosAlosN (ICDD PDF# 04-005-5251) and AIN

(ICDD PDF# 04-004-4544). TiosAlosN has a cubic crystal structure and AIN has a hexagonal
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crystal structure. X-ray diffraction examination of the coating shows evidence of both the cubic

and hexagonal phases.

=) . o
S 3 g TigsAlg<N
Al
AIN
~
—_ o 4~ —
‘e S I o —_
et 9 = ] =
= + - = 8.7 _
= T8y _
- s A e
s 8 A
fn NN
) % S
J\N"\
= f“\ R T o USRS, W —— N 100V
& Y
) \__j\
g \ \--__./A‘ i 50V
L ){ v
\"’j\ kJ&__,—\_,_,/‘\_J\ 25V
\\"""/\ | L_.__J”/L /\_../' oV

20 30 40 50 60 70 80 90
26 (degree)

Figure 3-15. GIXRD measurement patterns of coatings deposited with 0 V, 25 V, 50 V and 100
V. GIXRD was performed using a Cu-Ka (1.54048 A) radiation and with a grazing incidence

angle of 1°.

The coating adhesion performance of coatings deposited with different substrate biases of
0V, 25V, 50V and 100 V was evaluated by comparing the critical load to start gross spallation
in each of the coatings. Figure 3-16 shows the SEM backscatter electron images of the failure
progress during the scratch testing. For TiAIN coating deposited with 0 V substrate bias, scratch
test progressed through parallel crack formation, angular crack formation and finally recovery
spallation towards the end of the scratch testing without gross spallation even at the maximum
loading of 48.5 N. For TiAIN coating deposited with 25 V substrate bias, three main deformation
mechanisms were observed through the scratch. Lateral cracks started to form at 3 um scratch
length and 13.1 N load. Second deformation mode was the buckling spallation that started to

occur at 5.9 um scratch length and 26.9 N load. Simultaneously, recovery spallation was initiated
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at the two edges of the scratch. Finally, gross spallation of the coating, i.e. critical load to start

spallation, occurred at 8.4 um scratch length and 38.7 N load.
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Figure 3-16. SEM backscatter electron images of the failure progress during the scratch testing
performed on sample having a TiAIN coating deposited with 0 V, 25 V, 50 V and 100 V negative
substrate bias, 60 A source current, cathode with 20 at.% Ti — 80 at.% Al. For 0 V: (a) parallel
cracks (white arrow), (b) angular cracks (white arrow), (c) recovery spallation (black arrow) and
angular cracks (white arrows). For 25 V: (a) parallel cracks (white arrow) and spallation (black
arrow), (b) buckling spallation (white arrow), recovery spallation and chipping (black arrow), (c)
transverse cracks, crushed fragments and gross spallation. For 50 V: (a) minor spallation (white
arrow), (b) buckling cracking, (c) no gross spallation. For 100 V: (a) chipping, (b) transverse
cracks, (c) gross spallation.
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In the case of TiAIN coating deposited 50 V, coating spallation was not observed even at
maximum load of 47.9 N. For the coating deposited with 100 V substrate bias, critical load to

cause spallation was determined to be 2.9 N.

3.2.2. Corrosion testing and post-corrosion testing observations

3.2.2.1. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were
performed to determine the oxidation initiation temperature of ZIRLO®, TiN and TiAIN in air
atmosphere. Measurement and analysis were conducted as described in Section 2.5.3. Tested
samples were uncoated flat ZIRLO®, TiN coated ZIRLO® involving a titanium bond coating and
TiAIN coated ZIRLO® involving a titanium bond coating. The cathode composition used to
deposit the TiAIN layer was 33 at.% Ti - 67 at.% Al. Samples with a 0.5 cm diameter were cut
from uncoated ZIRLO®, TiN coated ZIRLO® (TIN/Ti/ZIRLO®) and TiAIN coated ZIRLO®
(TIAIN/TI/ZIRLO®) to fit into the crucible of the DSC/TGA measurement instrument. Figure 3-
17a shows the digital images of the TiN and TiAIN coated ZIRLO samples before and after
differential scanning calorimetry and thermogravimetric analysis. The TiN coated sample had a
gold color whereas the TiAIN sample had a gray color prior to DSC (Figure 3-17a). After testing,
both samples were excessively oxidized, turning almost completely into white powder. The
temperature for the initiation of oxidation was determined from the intersection of the reaction
peak starting point tangent line with the extended DSC curve as described in ASTM E2009.

Figure 3-17b shows the results of differential scanning calorimetry (DSC) experiments
performed on uncoated ZIRLO®, TiN/Ti/ZIRLO® and TiAIN/Ti/ZIRLO® samples. DSC analysis

was conducted with manually drawn tangent lines and as shown in Figure 3-17b, the oxidation
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onset temperatures were determined to be ~999°C, ~1050°C and ~1133°C for ZIRLO®, TiN and
TiAIN, respectively. In the case of TiN and TiAIN coated sample DSC curves, two different
slopes were observed. The oxidation onset temperatures determined from the location of the
minimum slope on the curve were 1007°C and 1000°C for TiN coated and TiAIN coated samples,
respectively. The reason of these values is the existence of ZIRLO® as the substrate material,
which started to oxidize before coating oxidation. This is because the substrate was in contact
with the air in the chamber since the coating was removed from the edges during the cutting
process, which was performed to prepare the samples for the DSC an TGA analysis.

Figure 3-17c¢ shows the results of thermogravimetric analysis (TGA) performed on
uncoated ZIRLO®, TiN/Ti/ZIRLO® and TiAIN/Ti/ZIRLO® samples. All three samples had a
weight gain of ~34% which was attributed to the ZIRLO® oxidation. The weight change %
decrease that occurred towards the end of the TGA analysis in the case of ZIRLO® sample
(starred in Figure 3-17c) occurred because ZIRLO® sample was completely covering the crucible
bottom surface and touching the inner wall of the crucible, and it crumbled with a burst due to
increased thermal expansion stresses at higher temperatures in the crucible. The burst caused
some sample to fall from the crucible which is observed as the weight loss. According to the
oxidation onset point analysis, the oxidation onset temperatures were determined to be ~995°C,
~1043°C and ~1108°C for ZIRLO®, TiN and TiAIN, respectively. Oxidation onset temperatures
determined from TGA data are slightly different from the temperatures determined from the DSC
data. Considering that the DSC and TGA data were collected simultaneously from the same
samples, the slight difference between the oxidation onset temperatures was attributed to the
preciseness of the manually drawn tangent lines and ignored. Overall, DSC and TGA data
supported each other in terms of reaching to the conclusion of TiN and TiAIN coatings are

helpful in postponing oxidation initiation temperature in air atmosphere.
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Figure 3-17. (a) Digital images of the TiN and TiAIN coated ZIRLO samples before and after the
simultaneous differential scanning calorimetry and thermogravimetric analysis (SDT) performed
up to 1500°C. (b) Differential scanning calorimetry and (c) thermogravimetric analysis (TGA)
ZIRLO®, TiN coated ZIRLO® and TiAIN coated ZIRLO®.

3.2.2.2. Autoclave testing in static pure water at 360°C and 18.7 MPa for 3 days

Autoclave testing of single-layer TiAIN and single-layer TiN coated ZIRLO® sheets was
performed at Westinghouse in static pure water at 360°C and 18.7 MPa pressure up to 3 days
according to the ASTM G2 standard as described in Section 2.5.1. Single-layer TiAIN and single-

layer TiN coatings deposited on ZIRLO® sheets for autoclave testing were prepared to investigate
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the effects of (i) titanium bond coating (Ti-BC) thickness, (ii) substrate surface roughness, (iii)
coating thickness, (iv) substrate bias and (v) nitrogen partial pressure on the corrosion
performance of the coated material. Table 3-4 shows the summary of the parameters investigated.
Substrate surface preparation was performed by SiC hand grinding as described in Section 2.2.
Substrate surface roughness values presented in Table 3-4 were determined using profilometry
after substrate surface preparation prior to the coating deposition. The Ti-BC was deposited in an
argon atmosphere using a pure titanium cathode with 150 V substrate bias and 65 A arc current.
After Ti-BC deposition, either single-layer TiAIN or single-layer TiN coating was deposited.
TiAIN layer deposition was performed in nitrogen atmosphere using the 33 at.%Ti — 67 at.% Al
cathode with 60 A arc current. TiN layer deposition was performed in nitrogen atmosphere using
the pure titanium cathode with 150 V substrate bias and 65 A arc current. The possibility of
varying coating thickness by controlling the deposition time was demonstrated in Section 3.2.1.2.
Accordingly, Ti-BC and TiAIN coating thickness were varied through deposition time
adjustment. The as-deposited coating thickness values presented in Table 3-4 were determined by
scanning electron microscopy imaging of the coated sample cross-sections. Cross-section samples
were prepared according to the procedure described in Section 2.6.1 and examined as described in
Section 2.6.2.

The corrosion behavior was investigated and determined through visual examination,
weight gain analysis, high resolution imaging, phase identification and compositional inspection.
The weights of the coated samples before the corrosion test and after the corrosion test were
measured, and the difference between these two values indicate the change that is caused by the
corrosion test. If the oxide layer forming on the surface after the corrosion test stays on the
surface of the sample after the corrosion process, a weight gain is expected. If the oxide formed
after the corrosion test does not stay on the surface (i.e., if spallation occurs), then a lower weight,
in other words negative weight gain, can be observed. Weight gain analysis is not enough to

evaluate the corrosion behavior on its own, but it provides an estimate of the corrosion
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performance of the coating. In this section, weight gain data is presented in groups depending on

the investigated parameter.

Table 3-4. Cathodic Arc Physical Vapor Deposition Parameters for TiAIN and TiN coating

fabrication
Coating | Ra Coating Deposition | Substrat N2 partial | Varying Parameter
(um) | Thickness | time e Bias pressure
(nm) (BC/TC) (BC/TC) | (Pa)
(min)

TiAIN 0.100 | ~4 8/112.5 150/50 1.6 TiAIN =4 um
Ra=0.1pum

TiAIN 0.250 | ~4 8/112.5 150/50 1.6 TiAIN =4 um
Ra=0.25pum

TiAIN 0.500 | ~4 8/112.5 150/50 1.6 TIAIN =4 pm
Ra=0.5pum

TiAIN 0.875 | ~4 8/112.5 150/50 1.6 TIAIN =4 pm
Ra=0.875pum

TiAIN 0.100 | ~8 8/225 150/50 1.6 TIAIN =8 um
Ra=0.1um

TiAIN 0.250 | ~8 8/225 150/50 1.6 TiAIN =8 um
Ra=0.25 um

TiAIN 0.500 | ~8 8/225 150/50 1.6 TiAIN =8 um
Ra=0.5pum

TiAIN 0.875 | ~8 8/225 150/50 1.6 TIAIN =8 um
Ra=0.875pum

TiAIN 0.100 | ~12 8/450 150/50 1.6 TIAIN =12 pm
Ra=0.1pum

TiAIN 0.250 | ~12 10/450 150/50 1.6 TIAIN =12 um

8/225 Ra =0.25 um

TiAIN 0.500 | ~12 8/450 150/50 1.6 TiAIN =12 um
Ra=0.5pum

TiAIN 0.875 | ~12 8/450 150/50 1.6 TiAIN =12 um
Ra=0.875 pm

TiAIN 0.250 | ~13 6/450 150/50 1.6 Ti BC-0.2 um

TiAIN 0.250 | ~14 8/450 150/50 1.6 Ti BC-0.4 um

TiAIN 0.250 | ~12 10/450 150/50 1.6 Ti BC-0.6 um

TiAIN 0.250 | ~14 15/450 150/50 1.6 Ti BC-0.8 um

TiAIN 0.250 | ~12 8/450 150/50 1.9 slightly increased N2
pressure

TiAIN 0.250 | ~12 8/450 150/100 | 1.9 increased substrate bias to
100 V and N> pressure

TiN 0.250 | ~12 8/370 150/150 | 1.6 Composition (TiN)

*BC=Dbond coat, TC=Top coat

Before coating deposition, the substrate surface must be prepared by grinding the surface

to remove native oxides that might degrade coating adhesion and to achieve adequate surface
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roughness that is rough enough to provide more surface area to achieve more bonding and
mechanical interlocking between the substrate and the coating, while remaining smooth enough
to avoid unfilled valleys at the substrate and coating interface [154]. The effect of substrate
surface roughness on the TiAIN coating durability was investigated through examination of four
different substrate surface roughness values (0.100, 0.250, 0.500 and 0.875 um Ra). The substrate
surface roughness is represented with Ra because considered values are the arithmetic average
values of peaks and valleys. Figure 3-18 shows cross-sectional scanning electron microscopy
(SEM) backscattered electron (BSE) images of samples having substrate surface roughness of
0.25 pm R and 0.875 um Ra. In the case of 0.875 um R, unfilled valleys were observed,
indicating too high of a substrate surface roughness. Thus, there is an optimum substrate surface
roughness value that can provide good adhesion between the substrate and coating and this was

investigated through corrosion testing.

TIiAIN,

ZIRLO -T1AIN

. . |
ZIRLO TiAIN A Unfilled T1AIN
T valleys o
0.25 ym R, 0.875 ym R,

Figure 3-18. Cross-sectional SEM-Back scattered electron images of as-deposited samples having

monolithic TiAIN coating with a substrate surface roughness values of 0.25 um Ra and 0.875 um
Ra.

Figure 3-19 shows digital images of 4 um thick TiAIN coated ZIRLO® sheets having
surfaces prepared to different substrate surface roughness values before and after corrosion
testing. These digital images were selected as an example to present visually observable changes
that occur during the corrosion test. The as-deposited samples showed coatings with a shiny

silver surface. After the corrosion test, the coating colors changed to a mixture of matte gray and
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white regions. This color change is likely related to the oxidation of the coated surface. As
expected, uncoated regions (where the substrate was held during deposition) showed a different

corrosion appearance compared to the rest of the coated surface.

fAfter 4 pm After autoclave testing
TiAIN coating (at 360°C and 18.7 MPa)

Front Back Front Back

0.1pm R,

0.25 pm R,

0.5pmR,

0.875 pm R,

Figure 3-19. Digital images of as-deposited and autoclave tested 4 um TiAIN/Ti/ZIRLO® sheets
having substrate surface roughness values of 0.1, 0.25, 0.5 and 0.875 um R, as indicated.

TiAIN coating thickness optimization is also important since cathodic arc physical vapor

deposition process introduces intrinsic compressive stresses which can often exceed the
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interfacial adhesion strength of the coating leading to a lower critical load for spallation. The
TiAIN coating thicknesses that were considered involved 4, 8 and 12 pum, which were achieved
through deposition durations of 112.5, 225 and 450 min, respectively. Figure 3-20 shows the
weight gain data obtained with respect to four different ZIRLO® substrate surface roughness
values of 0.1, 0.25, 0.5 and 0.875 um R,, and three different TiAIN coating thickness values of 4,
8 and 12 um. In this case, one sample corresponding to each property value was tested. Among
tested samples, a combination of substrate surface roughness of 0.25 um Ra. and a coating
thickness of 12 pm provided the minimum positive weight gain without spallation as confirmed
through visual observation. As a result, this combination was chosen as the optimum design for

enhanced coating adhesion.

25
a Coating thickness=12 um
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% Coating thickness=8 pm
E 15 Coating thickness=4 um
.£ 10 -
2]
&n c |
5D
® 0
=
_5 I I I I

0 0.2 0.4 0.6 0.8 1

Substrate surface roughness, Ra (um)
Figure 3-20. Sample weight gain data after autoclave test exposure at 360°C and 18.7 MPa for 3
days with respect to ZIRLO® substrate surface roughness and TiAIN coating thickness values.
The combination of a 0.25 um R, substrate surface roughness and a 12 um top coat layer

thickness provided the optimum coating characteristics to obtain best adhesion among
investigated samples.

Figure 3-21 shows the weight gain observed after autoclave testing of ~13 pm TiAIN
coated ZIRLO® sheets having titanium bond coating at four different thicknesses of 0.2, 0.4, 0.6
and 0.8 pm between the ZIRLO® substrate and the single-layer TiAIN coating. The titanium bond

coating has a fundamental role in enhancing the coating adhesion by dissolving the native oxides
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remaining on the substrate surface prior to the coating deposition and by balancing intrinsic
stresses between the coating and the substrate that originate from the production process or
extrinsic stresses originating from temperature variations. To determine the optimum titanium
bond coating thickness, four different Ti-BC thickness values of 0.2, 0.4, 0.6 and 0.8 pum were
investigated. One sample each was tested for 0.2, 0.4 and 0.8 um Ti-BC thickness whereas four
samples were tested for 0.6 um Ti-BC. The coating deposition rate was kept between 0.03-0.05
um/min such that deposition times of 6, 8, 10 and 15 min yielded Ti-BC thickness values of 0.2,
0.4, 0.6 and 0.8 um, respectively. The TiAIN deposition parameters were kept fixed leading to a
TiAIN of ~13 pm thickness to be able to investigate the Ti-BC thickness effect individually.
Although almost all of the coatings were deposited with the indicated parameters, during the 0.8
um Ti-BC layer deposition, a substrate bias drop to 0 V was experienced, which might have
degraded the coating density. Two uncoated ZIRLO® sheets were included in the test as a
reference for the evaluation of the TiAIN coated ZIRLO® corrosion performance. As shown in
Figure 3-21, after 3-day autoclave testing, the uncoated ZIRLO® sheet showed an average weight
gain of 14.4 mg/dm?. The coated samples with 0.2 and 0.4 um Ti-BC showed negative weight
gain, which means that they lost weight during the test indicating coating spallation. The weight
loss of the 0.4 um Ti-BC sample was slightly higher than that of the 0.2 um Ti-BC sample,
indicating either more coating spallation in the case of 0.4 pm Ti-BC sample or excessive coating
spallation in the case of 0.2 um Ti-BC sample assisted with ZIRLO® oxidation which led to a
slight increase in weight gain. Sample having a 0.8 um Ti-BC showed positive weight gain,
which can either mean coating oxidation without any coating spallation or coating oxidation with
some spallation. This can only be resolved through visual examination. The average weight gain
of the samples having 0.6 um titanium bond coating thickness was ~3 mg/dm?, was similar to that
of samples having a titanium bond coating thickness of 0.8 pm. During visual examination, minor
spallation was observed in the case of 0.8 um Ti-BC, which can possibly be attributed to the

substrate bias drop which occurred during deposition. The 0.6 um Ti-BC samples did not show
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any spallation on their surface and had an average weight gain equal to ~20% of the uncoated
ZIRLO®, which suggests significant corrosion protection. Thus, 0.6 um Ti-BC was chosen as the

optimum Ti-BC thickness value to achieve adhesion between the ZIRLO® substrate and the

TiAIN coating.
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Figure 3-21. Sample weight gain data after autoclave test exposure at 360°C and 18.7 MPa for 3
days with respect to Ti bond coat thickness with TiAIN (~13 um thickness) top coating.

In addition to the titanium bond coating thickness, substrate surface roughness and TiAIN
coating thickness effects, substrate bias and nitrogen partial pressure effects on the coating
adhesion and coating corrosion performance were also investigated. In this case, two different
substrate bias values (50 and 100 V) and two different nitrogen partial pressure (1.6 and 1.9 Pa)
were used to investigate the effect of bias and nitrogen partial pressure on coating adhesion and
corrosion performance. Additionally, TiN coating corrosion performance was also investigated.
The effect of variation of select coating deposition parameters on weight gain is shown in Table
3-5, and the resultant weight gain data is presented in Figure 3-22. As mentioned in the previous
paragraph, uncoated ZIRLO® exhibited a weight gain of 14.4 mg/dm? after 3 days of autoclave
testing. The increase in nitrogen partial pressure to 1.9 Pa resulted in a higher average weight gain

value of 17 mg/dm?, which is much larger than that measured on the sample having the same
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coating thickness and surface roughness but deposited with 1.6 Pa N, pressure. The data
presented in Table 3-5 also showed that increased substrate bias slightly improved corrosion
resistance of the layers, resulting in a lower weight gain of 10.1 mg/dm?2. As shown in Figure 3-
22, TiN showed the lowest average weight gain of 1.2 mg/dm? among the samples studied after
the autoclave test, with no delamination. This result corresponding to a significant improvement
in the corrosion resistance of the coated material relative to the uncoated substrate. In summary,
an increase in nitrogen partial pressure showed a slight reduction in corrosion performance for the
deposition conditions studied. An increase in substrate bias slightly improves corrosion
resistance, but the magnitude of the change is less than that effected by a change in nitrogen

partial pressure for the deposition conditions studied.

Table 3-5. Weight gain data after autoclave testing at 360 °C and 18.7 MPa for 3 days samples
having TiAIN coatings deposited with various substrate biases and nitrogen gas partial pressures
that were.

Coating Substrate Bias N2 partial Weight gain
(BC/TC) pressure (mg/dm?)
(Pa)
TiAIN 150/50 1.6 15
TiAIN 150/50 1.9 17
TiAIN 150/100 1.9 10.1

No coating N/A N/A 14.4
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Figure 3-22. Weight gain data of samples that were autoclave tested at 360 °C and 18.7 MPa for 3
days having TiAIN and TiN coatings deposited with various substrate biases (50 V and 100 V)
and nitrogen gas partial pressures (1.6 and 1.9 Pa).

Phase identification of the uncoated ZIRLO®, TiAIN coated and corrosion layers formed
on corrosion tested samples were performed using X-ray diffraction (XRD) Bragg Brentano (BB)
measurement using Cu K, radiation. Figure 3-23 shows the overlaid XRD-BB patterns of
uncoated flat ZIRLO® (Figure 3-23a), TiAIN coated ZIRLO® sheet (Figure 3-23b) and 3 days
autoclave tested TiAIN coated ZIRLO® sheet (Figure 3-23c). The uncoated ZIRLO® XRD-BB
scan was performed on as-received ZIRLO® sheet. The obtained XRD-BB patterns were
identified using JADE software and the database. The peaks from the substrate material were
identified as consistent with the hexagonal a-Zr phase (ICDD PDF# 00-005-0665). The higher
intensity at (0002) plane compared to the reference pattern (ICDD PDF# 00-005-0665) means
texturing during fabrication leading to higher percentage of basal poles aligned with the sample
normal. The coating was identified to be TiosAlosN (ICDD PDF# 04-005-5251) having a cubic

rocksalt structure with a lattice parameter of 0.42 nm. In the case of the 3-day autoclave tested
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sample XRD-BB pattern, in addition to the a-Zr and TiosAlosN phases, anatase (TiO2, ICDD
PDF# 04-002-8296) and boehmite (AIO(OH), ICDD PDF# 00-021-1307) peaks were observed.

The latter were attributed to the exposure to corrosive environment during autoclave testing.
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Figure 3-23. XRD Bragg Brentano (Cu K, radiation) patterns of uncoated ZIRLO®, as-deposited
TiAIN coated ZIRLO®, and post autoclave testing of TiAIN coated ZIRLO® at 360°C for 3 days.

In the as-coated XRD pattern, a slight shift to higher angles in the TiAIN peak was
observed, possibly indicating compressive strains in the coating as has been previously observed

for TiAIN coatings deposited by CA-PVD process [34]. Part of the stresses in the sample are
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intrinsic residual stresses associated with the CA-PVD process, which are due to the higher
energy of the ionic species bombarding the substrate during deposition. There are also stress
contributions due to compositional variations and differences in thermal expansion. Thus,
extrinsic residual stress (190 MPa) occurred upon cooling to room temperature from the
deposition temperature (325°C) and thermal expansion mismatch between the TiAIN and
ZIRLO® as calculated for v=0.23 [155] and E=406.5 [156]; which is tensile since TiAIN has a
higher CTE than ZIRLO®. Additionally, there was a slight shift of the Zr peaks towards lower 20
values, again possibly indicating tensile strains which is attributed to the balancing of the coating
compressive strains. After the autoclave test, it was determined that TiAIN, anatase and most of
the boehmite phase peaks shifted towards lower 20 values as compared to the literature
(unstressed) values, indicating tensile strains in the newly formed phases, possibly caused by
strain relaxation because of aluminum depletion during autoclave testing and the extrinsic
residual stress occurred upon cooling from the autoclave test temperature to room temperature
which is determined to be 210 MPa (Calculations are provided in Appendix A). It is also possible
that the peak shift is caused by variations in composition in the phases studied.

Figure 3-24 shows surface and cross-sectional SEM images performed on two different
regions of a TiAIN coated ZIRLO® sample having a titanium bond coating thickness of 0.6 pm.
Coating spallation was observed in some locations as shown in the SEM image of Figure 3-24a.
Figure 3-24b shows a cross-section SEM-BSE image performed on a region corresponding to the
spallation region. Poor substrate surface preparation quality was observed. Figure 3-24c shows
the SEM-BSE image of a region where the TiAIN coating was remained adhered to the surface.
Figure 3-24d shows the cross-section SEM-BSE image corresponding to this region. In contrast
to Figure 3-24b, adequate substrate surface preparation was observed in this region. The
spallation was thus attributed to poor substrate surface preparation. Accordingly, the weight gain

data of the sample having spallation because of poor substrate surface preparation was excluded
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from the weight gain data presented in Figure 3-21 for the evaluation of the Ti-BC thickness

effect.

(b) (d)
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Figure 3-24. Surface (a and c¢) and cross-sectional (b and d) SEM-Back scattered electron images
of autoclave tested 0.6 um Ti-BC having samples with spallation (a and b) and without spallation
(c and d). Cross-sectional analyses revealed that spallation at samples having 0.6 um Ti-BC
thickness was due to poor sample preparation.

High-resolution SEM imaging after autoclave testing for 3 days was performed using
scanning electron microscopy (SEM)-backscattered electron (BSE) mode to understand the
oxidation behavior of the coatings. Both surface and cross-sectional samples were examined.
Figure 3-25a shows the surface SEM-BSE of a TiAIN coated and 3 days autoclave tested sample.
The presence of the AIO(OH) (boehmite) phase that was initially detected in the XRD-BB pattern
(Figure 3-23) was confirmed via the SEM analysis. The AIO(OH) phase was observed as non-
uniformly distributed crystals on the sample surface with sizes ranging between 1-10 um.

Figure 3-25b shows a cross-section SEM-BSE image of a 12 um TiAIN coated ZIRLO®

sheet. The image confirms the intact structure of the Ti-BC and uniform thickness, as the TiAIN
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coating remained adherent to the surface after the autoclave testing. No substrate oxidation was
observed demonstrating the contribution of the TiAIN coating in enhancing the ZIRLO®
corrosion performance. Additionally, an ~4 pm thick darker (lower atomic number) region was
observed close to the outer surface of the TiAIN coating after autoclave testing. This darker
region indicates a compositional variation compared to the rest of the TiAIN coating. The cause
of it was investigated using energy dispersive spectroscopy and the results are presented later in
this section.

Figure 3-25c presents the cross-sectional SEM-BSE image of 4 um TiAIN coated sample
after the autoclave testing. No substrate oxidation was observed. The formation of AIO(OH)
crystals of various sizes on the surface was confirmed with this SEM-BSE image. However, the

dark region with compositional variation mentioned above was not observed.
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Figure 3-25. Scanning electron microscopy (SEM)- backscattered electron (BSE) images of (a)
TiAIN coated and 3-day autoclave tested surface, (b) 12 um TiAIN coated and 3-day autoclave
tested sample cross-section and (c) 4 um TiAIN coated and 3-day autoclave tested sample cross-
section. SEM analyses showed a composition variation at ~4 um region after oxidation leading to
degradation of 4 um coated samples.

Energy dispersive spectroscopy (EDS) was performed on the compositional variation
region of the cross-section of the 12 um TiAIN coating sample. Figure 3-26a shows the EDS
maps obtained showing the distribution of aluminum, titanium, nitrogen, oxygen and zirconium.

The ZIRLO® substrate region was observed in the zirconium map (last map) as expected. The
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titanium bond coating is observed as a dense layer of ~1 um at the interface of the ZIRLO®
substrate and the coating. The TiAIN coating was confirmed to be composed of titanium,
aluminum and nitrogen. The outer 4 um of the coating showed aluminum depleted region,
suggesting aluminum migration to the outer surface and reacting with oxygen and hydrogen to
form the boehmite phase.

Figure 3-26b shows an EDS line scan performed starting from the AIO(OH) crystal
towards the ZIRLO® substrate. The EDS line scan confirmed the EDS map analysis observations
and showed oxygen penetration through the coating terminating before reaching the substrate.

In summary, weight gain occurred in TiAIN coated samples during high temperature and
high-pressure water corrosive environment exposure, which was attributed to the AIO(OH) and
TiO; formation. Since the aluminum depletion from a ~ 4 um deep layer in the coating, studies
focused on thicker coatings, such as those having 12 pum thickness which could maintain ~2/3 of

the coating intact after oxidation.



99

cps

Figure 3-26. EDS analyses of TiAIN coated ZIRLO® samples with 0.875 pm surface roughness
after the autoclave test at 360°C for 3 days, (a) EDS-elemental map analysis showing Al, Ti, N, O
and Zr, and (b) EDS-line scan showing Al, Ti, N, O and Zr elemental concentrations. Al is shown
to have migrated from the top 4 um TiAIN layer.

Figure 3-27 shows a scanning electron microscopy (SEM) image performed on a TiN
coated and autoclave tested sample. Figure 3-27a shows the surface SEM image of the autoclave
tested TiN coated sample. Some macroparticles and a texture mirroring the substrate surface were
observed in the SEM surface image. Compared to the corrosion tested TiAIN coatings, the

primary difference was the lack of AIO(OH) crystals observe on the surface due to the lack of Al
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content in the coating. Instead, TiO, formation was detected on the surface which was confirmed
with XRD analysis. Accordingly, the weight gain of 1.5 mg/dm? observed in this sample was
attributed to TiO, formation. Cross-section analysis presented in Figure 3-27b confirmed that a
uniform, intact TiN coating was maintained on the surface and no ZIRLO® substrate oxidation

occurred. This suggests that TiN is a strong candidate to enhance the corrosion resistance of the

ZIRLO® substrate.

Ti-BC

ZIRLO®
10pm

(b)

Figure 3-27. SEM- Back Scattered Electron (BSE) images of TiN/Ti/ZIRLO® (0.25 pm R,)
sample that was autoclave tested at 360 °C and 18.7 MPa for 3 days; (a) surface, and (b) polished
cross-section. As shown by the polished cross-sectional images, no boehmite phase is detected on
the surface of the TiN coated sample.

3.3. Multilayer TiN/TiAIN coating design architecture optimization on ZIRLO® sheets

Based on the coating corrosion performance data presented in the previous sections, a
multilayer structure was considered to benefit from oxidation performance of both TiAIN and
TiN layers, avoid boehmite formation at normal nuclear reactor operation temperatures, avoid
crack propagation and achieve successive corrosion barrier at each layer. The optimum multilayer

coating design that would provide the enhanced corrosion resistance was developed through
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coating design architectures involving number of layer variation, layer thickness variation and
composition grading. The corrosion performance of different coating architectures was evaluated
through corrosion tests for up to 90 days in standard condition and also through supercritical
water test that was performed in autoclave at University of Michigan in deaerated water at 542°C
and 24.5 MPa. Corrosion tests also involved scratched samples to investigate the effect of initial
scratching on the subsequent corrosion performance of the coating.

Table 3-6 lists the multilayer TiN/TiAIN coating designs investigated in this study. To
compare the corrosion performance of various multilayer coating design, uncoated ZIRLO® and
single layer TiN were also tested as a reference. Both sides of each sheet were coated except the
sample holder part, as shown in Figure 2-4. Multilayer coated samples presented in the current
section were prepared according to the following procedure: Substrate surface was prepared by
SiC grinding to a substrate surface roughness of 0.25 pm Ra. Titanium bond coating was
deposited using pure titanium cathode with 65 A source current and -150 V substrate bias in
argon atmosphere having 1.6 Pa pressure for 8 min to achieve thickness of 0.6 um. TiAIN layers
were deposited using 33 at.% Ti- 67 at.% Al in nitrogen atmosphere having 1.6 Pa pressure with
60 A source current and -50 V substrate bias. TiN layers were deposited using pure titanium
cathode in nitrogen atmosphere having 1.6 Pa partial pressure with 60 A source current and -50 V
substrate bias. The total coating thickness was kept at ~10 um. Four main multilayer TiN/TiAIN
coating designs were considered: 2-layer, 4-layer, 8-layer and 16-layer structures. In the case of
2-layer TiN/TIiAIN coatings two different designs were considered, one with the same layer
thickness per layer corresponding to ~5.9 um, and another having an ~1 um TiN thickness and a
~10 um TiAIN layer. For other multilayer TiN/TiAIN coating designs of 4-layer, 8-layer and 16-
layer, each layer had the same thickness, which corresponded to ~2.2 um, 1.2 um and 0.7 pm,

respectively.
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Table 3-6. Cathodic Arc Physical Vapor Deposition Parameters for monolithic TiN and
multilayer TiN/TiAIN coating fabrication.

Coating Deposition rate (um | Total coating
# of layers /min) Thickness, (um)
TiN TIAIN | TiN TiAIN

TiN 1 0.018 8.1

TiN(thin)/ Tii«AlN (thick) 1 1 0.017 0.025 11.1

TiN/ Ti1xAlkN 2-layer 1 1 0.026 0.026 11.8

TiN/ Ti1xAlN 4-layer 2 2 0.020 0.020 8.9

TiN/ Ti1xAlxN 8-layer 4 4 0.022 0.022 9.8

TiN/ Ti1xAlN 16-layer 8 8 0.024 0.024 10.9

3.3.1. Autoclave testing in static pure water at 360°C and 18.7 MPa

Figure 3-28 shows the weight gain data of TiN/TiAIN multilayer coated, single layer TiN
coated and uncoated ZIRLO® sheets obtained after the autoclave testing for 7 days. Four samples
were tested for each coating design which is the origin of the error bars shown. The uncoated
ZIRLO® sheet showed a weight gain of ~13 mg/dm? consistent with standard testing of ZIRLO®
in Yilmazbayhan et al. [157]. Single-layer TiN coated samples and multilayer TiN/TiAIN coated
samples showed much lower average weight gains at 1.5-2.2 mg/dm?. No negative weight gain
was observed, indicating no coating spallation after 7 days of autoclave testing. Note that the
measured weight gain of the coated samples includes weight gain which occurred on the uncoated
regions on the samples (Figure 2-4). This means that the actual weight gain of the coated sample
is smaller than the values above. Regardless, the average weight gain value of coated samples is
at least an order of magnitude lower than the average weight gain of uncoated ZIRLO®, a
significant corrosion improvement. To confirm this corrosion improvement and better understand

the performance of the coated samples, cross-section optical microscopic analysis was performed.
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Figure 3-28. Weight gain (mg/dm?) data of TiN/TiAIN multilayer coated, single layer TiN coated
and uncoated ZIRLO® sheets tested in autoclave in static pure water at 360°C and 18.7 MPa for 7
days. Multilayer design architectures showed better corrosion resistance compared to uncoated
ZIRLO® shown by the inset figure.

Figure 3-29 shows cross-section optical microscopy images of the as-deposited and 7
days autoclave tested samples of the following materials: single layer TiN coated (Figure 3-29a),
TiN (thin)/TiAIN(thick) coated (Figure 3-29b), 2-layer TiN/TiAIN coated, (Figure 3-29c), 4-layer
TiN/TiAIN coated (Figure 3-29d), 8-layer TiN/TiAIN coated (Figure 3-29e) and 16-layer

TiN/TiAIN coated (Figure 3-29f) ZIRLO® sheets.
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Figure 3-29. Optical images in the as-deposited condition (left) and after 7-day autoclave testing
in 360°C and 18.7 MPa water (right) for the cross-sections of samples with coatings (a) TiN, (b)
TiN(thin)/TiAIN (thick), (c) TiN/TiAIN 2-layer, (d) TiN/TiAIN 4-layer, (e) TiN/TiAIN 8-layer,

and (f) TiN/TiAIN 16-layer.
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Cross-sectional images of as-deposited samples in Figure 3-29 show that the coating
layer thicknesses were quite uniform in each case. The coatings are not much altered after the
autoclave test and no delamination/spallation is observed. The ZIRLO® substrate was not
oxidized and AIO(OH) crystals did not form on the surface although each sample had at least one
TiAIN layer in the multilayer TiN/TiAIN coating design. This indicates that the weight gain
observed can be directly related to the oxidation of the TiN top layer (if the oxidation occurred at
the uncoated sample holder region is ignored). The cross-section optical microscopy analysis also
confirmed that a top ~1 um thick TiN layer is effective to prevent oxygen ingress towards the
substrate and aluminum diffusion towards the surface during 7 days of autoclave testing. After
confirming the corrosion performance enhancement with multilayer coatings in static pure water
at 360°C and 18.7 MPa for 7 days, the corrosion tests were repeated for longer durations.

Figure 3-30 shows the weight gain data of TiN/TiAIN multilayer coated (several
architectures), single layer TiN coated and uncoated ZIRLO® sheets obtained after the autoclave
testing for up to 89 days. The inset weight gain diagram shows weight gain data without the
uncoated ZIRLO® data to better discern the differences in the coated samples. Three samples
were tested for each coating design up to 33 days and after 33 days, only two samples for each
coating design were tested up to 89 days since one of the samples from each group was removed
from the autoclave for characterization. After 89 days of autoclave testing ZIRLO® showed a 32
mg/dm? weight gain, showing parabolic or cubic kinetics as expected [157]. The single-layer TiN,
8-layer TiN/TIiAIN and 16-layer TiN/TiAIN coated samples showed a positive total weight gain,
increasing test duration. The maximum weight gain reached with these coatings was lower than 6
mg/dm?, which is one fifth of the uncoated ZIRLO® weight gain. Again, this takes no account of
the oxidation in the uncoated region. This suggests that multilayer coatings can provide better
improved corrosion resistance relative to uncoated samples. The TiN(thin)/TiAIN(thick), 2-layer
TiN/TiAIN and 4-layer TiN/TiAIN coated samples showed positive total weight gain; however,

some samples (notably the 2-layer TiN (thin)/TiAIN(thick) sample) showed negative weight gain
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slopes at various times indicating coating spallation. This indicates that the multilayer
architecture has a strong influence on corrosion, which means that proper multilayer design is
essential to achieve effective corrosion protection. Further analysis was performed on 33-day
autoclave tested samples. The corresponding ZIRLO® sample showed a weight gain of ~20
mg/dmz2, whereas the coated samples showed weight gains around 1-3 mg/dmz, again an order of
magnitude lower than that of the uncoated sample. Characterizations were conducted using SEM,
EDS and XRD to evaluate whether the observed weight gain was caused only by oxidation or

included spallation/delamination.
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Figure 3-30. Weight gain (mg/dm?) as a function of exposure time (days) for samples tested in
autoclave at 360°C and 18.7 MPa up to 89 days. Multilayer design architectures show better
corrosion resistance compared to uncoated ZIRLO® as shown in the inset figure.
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Overall, the coatings were adherent to the ZIRLO® substrate during corrosion testing.
Figure 3-31 shows digital and SEM images of the 2-layer TiN/TiAIN coated sample that was
removed from the autoclave after 33 days of testing. This sample showed a weight gain of -3
mg/dm? and a considerable degree of spallation was seen on the surface, especially at the edges.
At the regions, where TiN layer spalled, AIO(OH) (boehmite) formation occurred due to the
interaction of the TiAIN layer with the 360°C and 18.7 MPa water. As both TiN and TiAIN layers
spalled, oxidation of the ZIRLO® substrate took place leading to the formation of ZrO,. Thus, it is
concluded that the measured weight gain for this sample is an unreliable measure of corrosion,
and the coating was not protective. The identification of the oxidation regions was performed

using EDS analysis.

(a)

Figure 3-31. Spallation at a 2-layer coated sample after being autoclave tested in pure water at
360°C and 18.7 MPa for 33 days; (a) digital image, and (b) SEM-BSE surface image.

Phase identification of the corrosion tested samples were performed by using X-ray
diffraction - Grazing Incidence (GIXRD) method. Four different incidence angles were
considered to investigate formation of different oxide phases as we go from surface towards the
substrate. Figure 3-32 shows GIXRD patterns of 16-layer TiN/TiAIN coated sample conducted
using incident angles of 0.5°, 1°, 5° and 10°. For penetration depth calculations, the density of

TiN was assumed to be 5.4 g/cm® and TiAIN was assumed to be 4.8 g/cm?. Accordingly, the
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corresponding penetration depths for the specified incident angles were calculated to be ~0.5, 1, 3
and 6 um using the HighScore software, respectively. Both anatase (TiO2, ICDD PDF# 00-021-
1272) and rutile (TiO,, ICDD PDF# 00-021-1276) phases were indexed on the pattern obtained
with 0.5° incidence angle. Anatase and rutile are phases with same chemistry but different
crystallographic space groups. TiN layer was indexed as cubic TiN (ICDD PDF# 04-015-0336)

and TiAIN layer was indexed as cubic Tio4sAlossN (ICDD PDF# 01-080-4072). No other oxide

phase was identified as the incidence angle increased.
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Figure 3-32. GIXRD patterns of 16-layer TiN/Tii.«AlxN with 11.9 um coating thickness that was
exposed to the autoclave test at 360°C and saturation pressure of 18.7 MPa for 33 days. GIXRD
measurement was conducted with incident angles of 0.5°, 1°, 5° and 10°. The corresponding
penetration depth for specified incident angles were calculated to be ~0.5, 1, 3 and 6 um,
respectively. Oxide phases were determined to be anatase (A-TiO2) and rutile (R-TiOy).
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Figure 3-33 shows the overlaid GIXRD patterns for all the samples in the test. For these
measurements, a 1° incident angle was used for all samples. Peaks associated with oxide phases
were once again confirmed to be consistent with the presence of anatase (A) (ICDD PDF# 00-
021-1272), rutile (R) (ICDD PDF# 00-021-1276), and also Ti»Os (ICDD PDF# 04-002-0457). No
peaks from the boehmite phase were observed in these samples, although it is known that

boehmite formed on the 2-layer sample (Figure 3-31).
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Figure 3-33. GIXRD patterns of samples that were exposed to the autoclave test at 360°C and
saturation pressure of 18.7 MPa for 33 days. GIXRD measurement was conducted with an
incident angle of 1°. The penetration depth was calculated to be ~1 um, and assuming the density
as 5.5 g/cm? for TiN.
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As it was mentioned in Section 1.5.4, PWR core environment has a pH of ~7 and an
electrochemical potential of -820 mVspe [5,129]. Titanium Pourbaix diagrams presented in
Figure 1-11 showed that for this environment, titanium forms a stable TiO. oxide and provide
hydrothermal corrosion passivity [128]. After autoclave testing for 3 days, we observed anatase
(metastable) phase and boehmite phase formation in the case of single-layer TiAIN coatings as
shown in Figure 3-23. However, in the case of multilayer TiN/TiAIN coatings we observed rutile
(stable) and Ti.Os after longer durations of autoclave testing as presented in Figure 3-32 and
Figure 3-33. Observation of Ti,O3 can indicate the presence of TiAl intermetallics in the coating
since Ti,O3 formation is how they start oxidize [158]. The degradation observed in coatings as
outermost TiN spallation or delamination, apart from macroparticle effect, can be attributed to the
anatase phase formation because it has a high Pilling-Bedworth ratio of 1.95 [159], which can
lead to internal compressive stresses and eventually breaking down of the layer [159,160]. As the
cracks form, relaxation occurs which can render the anatase phase transform into the stable rutile
phase which is more protective because of its Pilling-Bedworth ratio of 1.73 [160]. Crack
formation can open the way for titanium diffusion towards surface and water diffusion towards
substrate leading to the further oxide formation in anatase phase on the surface [160]. It is
claimed that further oxidation lead to a two layered oxide structure with anatase phase as the
outermost TiO; layer and rutile phase as the inner TiO, layer [160]. However, GIXRD analysis
performed with various incidence angles providing information from various depths on the
coating presented in Figure 3-32 showed that both rutile and anatase phases existed on the surface
and the peak intensities did not change much as we go deeper into the coating invalidating the
two-layer TiO- structure suggestion.

Figure 3-34 shows SEM-Secondary electron images of the 33-day autoclave tested single
layer TiN, TiN(thin)/TiAIN(thick), 2-layer TiN/TiAIN, 4-layer TiN/TiAIN, 8-layer TiN/TiAIN
and 16-layer TiN/TiAIN coated ZIRLO® sheets. The wave-like structures along the horizontal

direction (with an elevated region of width ~1 um) were attributed to polishing traces of the
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substrate surface. No coating spallation, delamination or cracks on the surface were observed, but
macroparticles and craters were seen on the sample surfaces. Crater formation occurred due to
macroparticle expulsion because of compressive stresses in the growing film [150]. The
composition of these macroparticles was determined both from surface and cross-section samples
using EDS point analysis. Surface analysis showed that macroparticles were composed of ~65
at.% oxygen and ~15 at.% titanium, the rest being mostly iron, carbon, chromium and nickel, and
are related to contamination from the autoclave. Cross-sectional analyses revealed that the macro-
particles extended through the layers, exhibiting a composition similar to the composition of the

corresponding layer.
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Figure 3-34. SEM-SE surface image of samples after the autoclave test at 360°C and saturation
pressure of 18.7 MPa for 33 days, which were coated with: (a) TiN, (b) TiN(thin)/TiAIN(thick),
(c) TIN/TiAIN 2-layer, (d) TiN/TiAIN 4-layer, (e) TiN/TiAIN 8-layer, and (f) TiN/TiAIN 16-
layer.

Figure 3-35 shows the cross-section SEM-backscattered electron images of the 33-day

autoclave tested samples. The layer thicknesses are quite uniform in all the samples. The coating
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layers are also seeming to remain dense and well adherent to each other and to the ZIRLO®
substrate, even after 33 days of autoclave test. Coating thicknesses remained at ~10 pum similar to
the as-deposited coating thickness as initially presented in Table 3-6. The coating composition
was evaluated using EDS to assess the coating effectiveness in preventing oxygen ingress. EDS
spectra (taken from 2-layer coatings) revealed the composition of the TiAIN layers as 16 at.% Ti,
32 at.% Al and 52 at.% N. The Ti/Al ratio is in good agreement with the cathode composition of

33 at.% Ti and 67 at.% Al.

Figure 3-35. SEM-BSE cross-section image after autoclave test at 360°C and saturation pressure
of 18.7 MPa for 33 days: (a) TiN, (b) TiN(thin)/TiAIN(thick), (c) TIN/TIAIN 2-layer, (d)
TiN/TiAIN 4-layer, (e) TiN/TiAIN 8-layer, and (f) TiN/TiAIN 16-layer. These SEM images
demonstrates that only a thin TiN layer is required as a barrier to minimize Al migration and
prevent boehmite formation.

Figure 3-36a shows oxygen profile and Figure 3-36b shows a line scan of the multilayer
coating for the TiN/TiAIN 8-layer coated sample. Figure 3-36a shows that oxygen penetrated to a

depth of only ~1.5 um into the coating multilayer, corresponding only to the outermost TiN layer.
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Near the substrate/coating interface, an increase in oxygen concentration was observed which is
consistent with the oxygen that was already present in the alloy when it was produced, which is
acceptable up in the range of 0.09-0.16 wt.% [3]. Very little oxygen was seen within the
multilayers, as shown in the line scan in Figure 3-36b. Figure 3-36b shows that the multilayer

compositions are also seeming to be quite consistent throughout the layers.
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Figure 3-36. EDS cross-section line scan after autoclave testing at 360°C and saturation pressure
of 18.7 MPa for 33 days, (a) oxygen profile through TiN, 2-layer, 4-layer, 8-layer, 16-layer and
TiN (thin)/TiAIN(thick) coating starting from the outer layer towards the substrate and (b)
oxygen, titanium, aluminum and nitrogen profile through cross-section of (8-layer
TiN/TIAIN)/Ti/ZIRLO® sample.

In summary, SEM, EDS and XRD analysis confirmed that multilayer TiN/TiAIN
coatings are helpful in protecting the ZIRLO® substrate against corrosion. The top TiN layer
forms anatase, rutile and TiO, as it interacts with the 360°C and 18.7 MPa water but does not
allow for boehmite formation. For that purpose, ~1 um TiN top layer is determined to be enough
to avoid oxygen ingress and aluminum egress, which contributes to the corrosion performance of

the coatings. Among the investigated multilayer coating designs, the 8- and 16-layered
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TiN/TiAIN coated samples showed positive weight gain through the autoclave testing up to 90
days. Specifically, the 8-layered samples showed the minimum positive weight gain among the
architectures studied. Considering the ease of manufacturability when comparing 8- and 16-
layered coatings, the 8-layer design architecture was chosen as the most desirable. Thus, the
TiN/TiAIN 8-layer coating was determined to be the optimum architecture that makes it possible
to both stop boehmite phase formation, show good adhesion, and to provide lowest weight gain,

without spallation or delamination.

3.3.2. Supercritical water (SCW) testing

Supercritical water (SCW) testing was performed at the University of Michigan in
autoclave in deaerated water at 542°C and 24.5 MPa for 48 hours on the same samples. Figure 3-
37 shows the weight gain obtained after the SCW autoclave testing. The uncoated ZIRLO®
sample showed a weight gain of 176 mg/dm? after the corrosion test, an expected increase from
the testing at 360°C. Both the single layer TiN coated and 2-layer TiN/TiAIN coated ZIRLO®
sheets showed negative weight gain, indicating coating spallation. TiN(thin)/TiAIN(thick) and 8-
layer TiN/TiAIN coated samples had excessive amount of weight gain reaching to 182 mg/dm?,
i.e. even more than the uncoated ZIRLO® weight gain value. Additional characterization was
performed to further study the corrosion performance of the coatings in SCW environment using

scanning electron microscopy (SEM), both on surface and cross-section.



115

200

150 - 176.2 182.6 182

100 -

50 -~

Weight Gain (mg/dm?2)

-100 - -71.8

-150

ZIRLO® TiN/Ti/ZIRLO®  TiN (thin)/TIAIN  (TiN/TiAIN 2- (TiN/TiAIN 8-
(thick)/Ti/ZIRLO® layer)/Ti/ZIRLO® layer)/Ti/ZIRLO®

Figure 3-37. The weight gain data of uncoated ZIRLO® TiN/Ti/ZIRLO®,
TiN(thin)/TiAIN(thick)/Ti/ZIRLO®, (TiN/TiAIN 2-layer)/Ti/ZIRLO® and (TiN/TiAIN 2-
layer)/Ti/ZIRLO® after supercritical water testing in deaerated water at 542°C and 24.5 MPa for
48h.

Visual examination showed significant degrees of coating spallation and delamination on
all samples studied, except for the 8-layer TiN/TiAIN coated sample. Figure 3-38 shows the
surface and cross-section SEM images of SCW environment tested for the following samples:
uncoated ZIRLO® (Figure 3-38a), single-layer TiN coated (Figure 3-38b),
TiN(thin)/TiAIN(thick) coated (Figure 3-38c), 2-layer TiN/TiAIN coated (Figure 3-38d) and 8-
layer TiN/TiAIN coated (Figure 3-38¢) ZIRLO® sheets. The TiN coated sample (Figure 3-38b)
showed large coating delaminated regions and cracks in the oxide film. The
TiN(thin)/TiAIN(thick) and 2-layer TiN/TiAIN coated samples showed a few delaminated
regions and cracks in the oxide film. No AIO(OH) crystal formation occurred at the TiAIN
regions that came into contact with the supercritical water environment, as expected. Two-layer
coatings showed better corrosion performance than the monolithic TiN coating regardless of the
coating layer thickness. For these samples approximately half of the coating surface remained

adherent. In contrast, almost all the coating remained adherent on the surface of the 8-layer
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TiIN/TiAIN coated sample. However, even in that case high-resolution SEM images revealed
microcracks on the coating surface.
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Figure 3-38. Surface and cross-section SEM-Backscattered electron images of (a) uncoated
ZIRLO®, (b) TiN coated, (c) TiN (thin)/TiAIN (thick) coated, (d) TiN/TiAIN 2-layer coated, and
(e) TIN/TiAIN 8-layer coated samples after exposure to supercritical water (SCW) performed at
the University of Michigan autoclave at 542°C and 24.5 MPa water for 48 hours.
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Cross-sectional samples for SEM examinations were prepared by cutting samples from
the mid-width along the longitudinal axis to stay away from the edge effect. The results of this
examination are shown in Figure 3-38. The uncoated ZIRLO® sample showed zirconium oxide
formation to a thickness of ~10 pm (3-38a). In the case of monolithic TiN coating, spallation of
almost all the coating led to the substrate oxidation at a thickness equal to that of the uncoated
sample, as confirmed through cross-sectional SEM analysis. Among the tested coatings, the 8-
layer coating design was the most promising since almost all the coating was maintained on the
surface. However, cross-sectional analyses demonstrated that although the 8-layer TiN/TiAIN
coating was maintained on the surface, substrate oxidation occurred to a thickness similar to that

of the uncoated sample, indicating that the coatings were not protective in this environment.
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Figure 3-39. X-ray diffraction (XRD)-Bragg Brentano scans (Cu K,) of SCW environment tested
uncoated, single layer TiN coated, TiN(thin)/TiAIN(thick) coated, 2-layer TiN/TiAIN coated and
8-layer TiN/TiAIN coated ZIRLO® sheets.
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Figure 3-39 shows X-ray diffraction (XRD) — Bragg Brentano scans of the samples after
SCW testing. Although the data was measured in the Bragg Brentano mode, not all the zirconium
peaks were observed. The TiN layer could be identified but the TiAIN layer could not be
identified. Finally peaks consistent with the presence of the anatase, rutile and monoclinic ZrO;
were identified.

In conclusion, low coating corrosion performance might be attributed to the coating
adhesion, macroparticles or coating density, indicating further optimization requirement of
coating deposition parameters.

As a part of multilayer coating optimization, functionally grading was considered, and the
results are presented in the Appendix B, but at the end functionally grading did not improve
corrosion performance. Additionally, the corrosion performance of a scratched sample was also
investigated, and the results are presented in the Appendix C. Scratching did not degrade the

overall coating integrity and did not accelerate the substrate corrosion at the scratched regions.

3.4. Optimization of the 8-layer TiN/TiAIN coating architecture on ZIRLO® sheet and tube

Based on the previous analysis which confirmed that 8-layer TiN/TiAIN coating
deposited on ZIRLO® substrate with a surface roughness of 0.25 um Ra, 0.6 um titanium bond
coating, and an overall thickness of ~10 um was the optimum design to enhance corrosion
resistance, these coatings were applied on tubular samples. This is called the “standard” design.
During investigation of the 8-layer coated ZIRLO® tube corrosion performance investigation,
deposition parameter optimization was performed once again because of the geometry difference
between sheet and tube. Additionally, substrate surface preparation method effect was also
investigated. Tests involved Scratch testing on sheet samples and corrosion testing of sheet and

tubular samples in autoclave in static pure water at 360°C and 18.7 MPa and high temperature
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furnace testing in air. Characterizations were performed using optical profilometry, scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction (XRD) and

Raman spectroscopy.

3.4.1. Scratch testing and post-scratch observations

Scratch testing was performed to investigate the effect of (i) cathode composition, (ii)
deposition time and (iii) substrate surface preparation method effects on the 8-layer TiN/TiAIN
coating adhesion to the ZIRLO® sheet substrate. Scratch testing was performed according to the
procedure described in Section 2.4. Coating deposition parameters and substrate surface

preparation methods considered for this study are summarized in Table 3-7.

Table 3-7. Substrate surface preparation method and cathodic arc physical vapor deposition (CA-
PVD) parameter summary to deposit TiAIN layers in the 8-layer TiN/TiAIN coating design
prepared for scratch testing. Considered parameter for each comparison group is highlighted.

Substrate surface Deposition time Negative Arc current, TIAIN/TiN | Cathode
preparation (min) substrate bias (A) composition
(V) (at.% Ti/Al)

Green scotch brite | 50 75 45/45 33/67
Green scotch brite | 50 75 45/45 20/80

Grit blast 17.6 50 60/65 20/80

Grit blast 35.2 50 60/65 20/80

SiC hand grinding 35.2 50 60/65 20/80

3.4.1.1. Cathode composition variation

The cathode composition effect was once again considered for the 8-layer TiN/TiAIN
coating design, as previously discussed in Section 3.2.1.3. Figure 3-40a shows the overlaid
GIXRD patterns of 8-layer TiN/TiAIN layer having TiAIN layer deposited with either 20 at.% Ti
— 80 at. % Al or 33 at. % Ti — 67 at. % Al. ICDD PDF patterns of TiN, TiosAlosN and

Tios2AloesN are provided on top of the diagram. Independent of the cathode composition, TiAIN
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layer phase in both coatings was identified as Tio.32AloesN. Additionally, a slight shift towards

lower angles was observed in the case of TIAIN XRD patterns as more clearly presented in Figure

3-40b.
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Figure 3-40. GIXRD patterns of 8-layer TiN/TiAIN layer having TiAIN layer deposited with
either 20 at.% Ti — 80 at.% Al or 33 at.% Ti — 67 at.% Al; (a) 26 range: 20-90° and (b) 26 range:

30-50°.



121

Figure 3-41a shows the optical microscopy image of the scratch performed on 8-layer
TiN/TiAIN coating having TiAIN layers deposited using 33 at.% Ti — 67 at.% Al cathode. Gross
spallation was observed to occur after 6.15 mm scratch distance at 27 N. The gross spallation
location was also confirmed with energy dispersive spectroscopy (EDS) elemental map analysis
shown in Figure 3-41b. In the EDS-map analysis titanium, aluminum, nitrogen having regions

and then zirconium appearance because coating spallation can be observed.

i 6.15mm > 27N

(b)

Figure 3-41. (a) Optical microscopy image and (b) EDS-elemental map analysis of the scratch on
green scotch brite prepared 8-layer TiN/TiAIN/Ti/ZIRLO® sheet. (TiAIN layer deposition
parameters: cathode 33 at.% Ti — 67 at. % Al, 75 V substrate bias and 45 A source current. TiN
layer deposition parameters: 150 V substrate bias and 45 A source current).

Data presented in the Figure 3-42 refers to 8-layer TiN/TiAIN coated ZIRLO® sheet with
TiAIN layers deposited using 20 at.% Ti — 80 at. % Al. Figure 3-42 shows scanning electron
microscopy (SEM) secondary electron (SE), SEM- backscattered electron image of the scratch
and corresponding load-distance data. Only one mode of failure which was identified to be gross
spallation occurred. The gross spallation onset took place at ~26 N. Compared with the scratch
testing data presented in Figure 3-41, it can be concluded that cathode composition variation did

not affect coating adhesion significantly in the case of select deposition parameters.
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Figure 3-42. Analysis of the scratch on green scotch brite prepared 8-layer
TiN/TIAIN/Ti/ZIRLO® sheet. (TiAIN layer deposition parameters: cathode 20 at.% Ti — 80 at. %
Al, 75 V substrate bias and 45 A source current. TiN layer deposition parameters: 150 V substrate
bias and 45 A source current).

Additionally, substrate bias variation effect was investigated by considering two different
substrate biases of 50 V and 75 V during deposition of the TiAIN layer in the 8-layer TiN/TiAIN
coating design while keeping other parameters constant (except TiN deposited with 65A). Figure
3-43 shows the surface scanning electron microscopy (SEM) secondary electron (SE) images of
both flat and tubular samples. Surface SEM-SE images of the coatings having TiAIN layers
deposited on flat and tubular samples with 50 V substrate showed a surface structure mirroring
that of the substrate surface structure. As the substrate bias increased surface started to have a
spatter appearance as it was previously observed in the case of single layer TiAIN coatings. The
substrate bias effect on the coating appearance is more obvious in the case of tubular samples.

Additionally, amount of macroparticles appeared to be decreased with increased substrate bias.
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Figure 3-43. Surface scanning electron microscopy (SEM) secondary electron (SE) images of 8-
layer TiN/TiAIN coated flat and tubular samples having TiAIN deposited with either 50 V or 75
V substrate bias.

Figure 3-44 shows the energy dispersive spectroscopy (EDS) elemental map analysis
performed on the surface of as-deposited 8-layer TiN/TiAIN coated ZIRLO® samples. The
elemental map analysis of flat sample having TiAIN layer deposited with 50 V, flat sample
having TiAIN layer deposited with 75 V, tube sample having TiAIN layer deposited with 50 V
and tube sample having TiAIN layer deposited with 75 V substrate are presented in Figure 3-44a,
b, ¢ and d, respectively. EDS map analysis performed on the surface confirmed that all the
coatings were composed of titanium, aluminum and nitrogen. In the case of flat samples not much
variation was observed between 50 VV 75 V deposited coatings. However, in the case of tubular
samples, the spatter appearance that was initially observed in Figure 3-44 was also confirmed to
be leading to nonuniform elemental distribution which was clearly observed in the case of
aluminum elemental map. The spatter appearance and nonuniform elemental distribution on the

surface increased with substrate bias increase.
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Figure 3-44. EDS elemental map analysis of 8-layer TiN/TiAIN coated flat (a, b) and tubular (c,
d) samples having TiAIN deposited with either (a, ¢) 50 V or (b, d) 75 V substrate bias.
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Figure 3-45 shows the cross-section SEM-BSE images of the flat and tube samples
having TiAIN layers deposited with 50 V and 75 V substrate bias. Cross-section SEM-BSE
analyses were mainly performed to determine Ti-bond coating and coating thicknesses. There
was no porosity in TiAIN and TiN layers. Although there were some minor variations due to
surface roughness and macroparticles, overall coatings deposited with that sample preparation
showed an almost uniform layer thickness through the cross-section as shown in the cross-section

SEM images. Tubular samples had thicker coatings compared to the flat sample counterparts.

50V 75V

Epoxy

S TN TIAINS

Figure 3-45. Cross-section scanning electron microscopy (SEM) secondary electron (SE) images
of 8-layer TiN/TiAIN coated flat and tubular samples having TiAIN deposited with either 50 V or
75 V substrate bias.

Table 3-8 shows the Ti-BC, TiAIN and TiN layer thickness of tube and flat samples

having TiAIN deposited with 50 V and 75 V substrate bias. Ti-BC, TiN and TiAIN layer
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thicknesses were measured using ImageJ from cross-section SEM images with magnification
10000x by measuring thickness from 3-15 different locations at each sample. Tubular sample
TiAIN and total coating thicknesses were 1.3 um and 10.7 um, respectively, independent of the
substrate bias applied. Flat samples determined to be having thinner TiAIN coating of 0.7 um and
total coating of ~6 pm compared to the tubular samples. However, like the tubular sample
thickness measurements, TiAIN and total coating thicknesses were independent of the applied

substrate bias.

Table 3-8. Total coating and individual layer thickness data of 8-layer TiN/TiAIN coated flat and
tubular samples having TiAIN deposited with either 50 V or 75 V substrate bias.

Tube-50 V  [Tube-75V Flat-50 V Flat-75 V
Total 10.66 10.7 6.81 6.07

Ti-BC 0.45+0.12  (0.46+0.10 0.36+0.03 0.40+0.14
TiAIN 1.27+0.03  [1.29+0.00 0.74+0.00 0.72+0.03
TiN 1.34+0.05  [1.38+0.01 0.77+0.01 0.75+0.04

Figure 3-46 shows the cross-section elemental line scan (Figure 3-46a) and cross-section
elemental map analysis (Figure 3-46b) of 8-layer TiN/TiAIN coated tubular sample having TiAIN
coating layers deposited using 50 V substrate bias. The EDS analysis helped to confirm the
uniform coating layer deposition on the substrate surface. The EDS analysis also showed the

oxygen layer at the substrate and coating interface.
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Figure 3-46. (a) EDS elemental line scan and (b) EDS- elemental map analysis of 8-layer
TiN/TiAIN coated tubular sample having TiAIN deposited with either 50 V.

Figure 3-47 shows the overlaid GIXRD scans of the 8-layer TiN/TiAIN coated flat
samples having TiAIN layers deposited with 50 V and 75 V substrate bias. Grazing incidence

measurement was performed with 1° incidence angle. Figure 3-47a shows identification of the



128

coating layers as TiN and TiosAloesN. Additionally, a 0.3° shifting towards lower angles is

observed in TiAIN phase peaks, which is presented in enlarged GIXRD pattern in Figure 3-56b.
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Figure 3-47. GIXRD patterns of 8-layer TiN/TiAIN coated flat and tubular samples having TiAIN
deposited with either 50 V or 75 V substrate bias; (a) 20 range: 20-90° and (b) 26 range: 30-40°.
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Finally, TEM-EDX map analysis was performed by Jing Hu at Argonne National
Laboratory which showed the elemental mapping in each layer, and the columnar grain structure

of the coating layers as shown in Figure 3-48.

overlay

Figure 3-48. Cross-sectional sample TEM image and EDX map analysis. High magnification
cross-section image revealed the columnar structure of the deposited coating and compositional
variation in each layer is observed with the EDX analysis.

In summary, higher substrate bias resulted in rougher surface morphology on coated
samples, leading to non-uniform coating deposition on the surface. No embedded grit was
observed at the substrate and the coating interface in case of green scotch brite prepared samples,
which is beneficial in terms of achieving better adhesion between the substrate and the coating.
Tubular samples were shown to have thicker coatings compared to their flat counterparts,
corresponding to 1.5 times more thickness. As all other parameters were kept constant but only
the deposition time was varied from 35.2 to 50 min (1.4 times more duration); while depositing
TiAIN layer, layer thickness also increased by ~1.4 times. There was no significant difference in
coating layer thickness with substrate bias variation. Increased bias from 50 V to 75 V while
depositing TiAIN layer was expected to result in an increased Al content, however no significant
compositional variation was observed with EDS analysis. Increased substrate bias was also
expected to increase coating density, which might have observed as a thinner coating. This
thinning was observed in case of flat samples, but could not be detected in tubular samples.
Decreased current from 65 A to 45 A while depositing TiN layer did not show a significant

difference in EDS compositional investigation. Changing Ti/Al cathode composition from 20/80
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at.% to 33/67 at.% while depositing TiAIN layer was expected to cause a decrease in the
aluminum composition but no significant change could be detected with the EDS analysis. In
conclusion, future coatings are decided to be deposited with 50 V substarte bias to avoid
nonuniform elemental distributiona and spatter appearance that might degradade corrosion

performance.

3.4.1.2. Deposition time variation

Figure 3-49 shows the cross-section SEM-BSE images of 8-layer TiN and TiAIN
coatings deposited on ZIRLO® sheets with two different deposition times. Deposition of each
layer was performed either with 35.2 min corresponding to 280.6 min for whole coating
deposition or with 17.6 min corresponding to 140.8 min for the total coating thickness. The

variation in the deposition time reflected the coating thickness as expected.
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Figure 3-49. Cross-section SEM-BSE images of 8-layer TiN and TiAIN coatings deposited on
ZIRLO® sheets for (a) 280.6 min and (b) 140.8 min.

Data presented in the Figure 3-50 is belong to 8-layer TiN/TiAIN coating with each layer
deposited for 17.6 min. Figure 3-50 shows SEM-SE, SEM-BSE image of the scratch and
corresponding load-distance data. Only one mode of failure which was identified to be gross
spallation occurred. The gross spallation onset took place at ~7.9 N. Figure 3-51 shows SEM-SE,

SEM-BSE image of the scratch and corresponding load-distance data performed on 8-layer
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TiN/TIiAIN coatings with each layer deposited for 35.2 min. Until gross spallation onset point
three other damage structures were observed. First one was the buckling cracks that occurred at
2.7 N. Second one was the recovery spallation that occurred at 4.7 N. Third one, the wedging
spallation, occurred at 14.7 N. Finally, gross spallation took place at 34.6 N. In conclusion,

thicker coating provided better adhesion.
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Figure 3-50. Analysis of the scratch on alumina grit blast prepared 8-layer

TiN/TiAIN/Ti/ZIRLO® sheet. (TiAIN layer deposition parameters: cathode 20 at.% Ti — 80 at. %

Al, 17.6 min/layer, 50 V substrate bias and 60 A source current. TiN layer deposition parameters:
150 V substrate bias and 65 A source current).
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Figure 3-51. Analysis of the scratch on alumina grit blast prepared 8-layer
TiN/TiAIN/Ti/ZIRLO® sheet. (TiAIN layer deposition parameters: cathode 20 at.% Ti — 80 at. %
Al, 35.2 min/layer, 50 V substrate bias and 60 A source current. TiN layer deposition parameters:
150 V substrate bias and 65 A source current).
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3.4.1.3. Substrate surface preparation

Scratch testing was performed on 8-layer TiN/TiAIN coatings deposited on ZIRLO®
sheet substrates prepared with either SiC hand grinding or alumina grit blasting to investigate the
effect of substrate surface preparation method on coating adhesion. Figure 3-52 shows the cross-
section SEM-BSE images of the 8-layer TiN/TiAIN coatings deposited on ZIRLO® sheets with
surfaces prepared by 400 grit alumina grit blasting (Figure 3-52a) and 800 grit SiC hand grinding
(Figure 3-52b). Cross-sectional SEM analysis showed that residual alumina grits exist on the
substrate surface, when the surface is prepared with alumina grit blasting. These grits remain at
the interface of the substrate and the titanium bond coating layer and can cause deadhesion. These
alumina residues were observed in many locations at the interface. On the other hand, samples
prepared by SiC hand grinding showed almost no residual grits at the substrate and titanium bond

coating layer interface.

Ti-BC

ZIRLO®

.\

10 um

(a) (b)

Figure 3-52. Cross-section scanning electron microscopy (SEM) — backscattered electron (BSE)
images of the 8-layer TiN/TiAIN coatings deposited on ZIRLO® sheets having surfaces prepared
by (a) 400 grit alumina grit blasting and (b) 800 grit SiC hand grinding. Alumina grit particles are
present in (a) but not in (b).

Figure 3-53 shows the EDS elemental map analysis performed on the 8-layer TiN/TiAIN
coatings deposited on ZIRLO® sheets with surfaces prepared by 400 grit alumina grit blasting

(Figure 3-53a) and 800 grit SiC hand grinding (Figure 3-53b). The EDS elemental map analysis
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demonstrates uniform TiAIN and TiN layer deposition on the ZIRLO® sheet. Figure 3-53a
confirmed that the residue observed at the interface was composed of aluminum and oxygen
indicating it to be the alumina grit blasting procedure residue. Figure 3-53b shows an EDS map of

rarely observed residue type, which showed that the residue was composed of silicon.
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Figure 3-53. Energy dispersive spectroscopy (EDS)-elemental map analysis of the 8-layer
TiN/TIiAIN coatings deposited on ZIRLO® sheets having surfaces prepared by (a) 400 grit
alumina grit blasting and (b) 800 grit SiC hand grinding.

The scratch testing data of alumina grit blast prepared sample was presented in Figure 3-
51. Figure 3-54 refers to 8-layer TiN/TiAIN coated ZIRLO® sheet prepared with SiC hand
grinding. Figure 3-54 shows SEM-SE, SEM-BSE image of the scratch and corresponding load-
distance data. Until gross spallation onset point three other damage structures were observed.
First one was the buckling spallation that occurred at 2 N. Second one was the lateral cracks that

occurred at 8 N. Third one, the wedge spallation, occurred at 24,8 N. Finally, gross spallation
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took place at 35.3 N. As expected, compared to the alumina grit blast prepared sample, SiC hand
grind prepared samples showed better adhesion considering higher critical load necessary to

initiate gross spallation.
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Figure 3-54. Analysis of the scratch on SiC hand grinded 8-layer TiN/TiAIN/Ti/ZIRLO® sheet.
(TiAIN layer deposition parameters: cathode 20 at.% Ti — 80 at. % Al, 35.2 min/layer, 50 V
substrate bias and 60 A source current. TiN layer deposition parameters: 150 V substrate bias and
65 A source current).

3.4.2. Autoclave testing and post-autoclave observations

Autoclave testing was focused on substrate surface preparation effect. Samples having
substrate surfaces prepared by SiC hand grinding, SiC lathe preparation, green scotch brite
grinding and alumina grit blasting were tested in static pure water at 360°C and 18.7 MPa up to
128 days. Substrate surface roughness values were adjusted to be the approximately same to be
able to compare only the effect of the substrate surface preparation method. Substrate surface
roughness was determined using optical profilometry. Figure 3-55 shows the substrate surface
roughness values of as-received, grit blast prepared and SiC lathe prepared ZIRLO® tubes. The
substrate surface roughness value was tried to be maintained around 0.25 pm Ra, which was the
optimum substrate surface roughness value that was initially determined to be enhancing coating

adhesion and eventually, corrosion performance. For tubular samples, the actual topography
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values had substrate surface roughness values ~13 um Ra. To be able to evaluate the substrate

surface roughness values in terms of the flat sample substrate surface roughness values that were

initially studied, cylinder form was removed from the topographical analysis.
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Figure 3-55. The optical profilometry results showing the surface roughness of the ZIRLO® tubes
having surfaces prepared by using either alumina grit blast or SiC lathe preparation methods.

Coating deposition parameters and substrate surface preparation methods considered for

this study are summarized in Table 3-9.

Table 3-9. Substrate surface preparation method and cathodic arc physical vapor deposition (CA-
PVD) parameter summary to deposit TiAIN layers in the 8-layer TiN/TiAIN coating design
prepared for scratch testing. Considered parameter for each comparison group is highlighted.

Geometry Substrate surface Deposition | Negative Arc current, Cathode
preparation time substrate TiAIN/TiN (A) | composition
(min) bias (at.% Ti/Al)
(V)
Flat SiC hand grinding 35.2 50 60/65 20/80
Tube SiC lathe 17.6 50 60/65 20/80
Tube Green scotch brite | 35.2 50 60/65 20/80
Tube Grit blast 35.2 50 60/65 20/80
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3.4.2.1. SiC hand grinding

Autoclave tests were first performed on 8-layer TiN/TiAIN coated ZIRLO® sheets. Figure
3-56a shows the as-deposited 8-layer TiN/TiAIN coated ZIRLO® sheet. Figure 3-56b shows the
image of 23 days autoclave tested sample, which had 7.1 mg/dm? weight gain. Color change
occurred due to the oxidation as it was also observed in the case of other corrosion tested samples
that were presented previously. There was no spallation or delamination of the coating. Figure 3-
56¢ shows the average weight gain data obtained from three samples tested up to 23 days and

then two samples tested up to 128 days. No negative weight gain was observed confirming no

spallation of the coating.
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Figure 3-56. (a) Digital image of as-deposited, (b) digital image of 23 days autoclave tested and
(c) weight gain data of 128 days autoclave tested 8-layer TiN/TiAIN coated ZIRLO® sheet having
a surface prepared by SiC hand grinding.

Raman spectroscopy was performed to differentiate between coating and oxide phases on
the surface of the as-deposited and 23 days autoclave tested 8-layer TiN/TiAIN coated ZIRLO®
sheet having a surface prepared by SiC hand grinding. Figure 3-57 shows Raman spectroscopy
performed on as-deposited samples and 23 days autoclave tested 8-layer TiN/TiAIN coated

ZIRLO® sheet. In the as-deposited sample Raman spectra peaks were observed at 75, 216, 326,
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460, 549, 620, 812 and 1121 cm™. These peaks confirmed TiN and TiAIN layers. In the case of
autoclave tested samples, peaks were observed at 146, 198, 399, 446, 517, 610 and 638 cm™.
These peaks are consistent with the presence of anatase and rutile phases on the surface after
corrosion testing. The formation of anatase and rutile phases after corrosion test was confirmed

with XRD analysis.
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Figure 3-57. Raman spectrum of as-deposited and 23 days autoclave tested 8-layer TiN/TiAIN
coated ZIRLO® sheets showing the peaks due to stokes (positive Raman shifts) scattering.

Figure 3-58 shows the X-ray diffraction (XRD) — Bragg Brentano (BB) pattern of 23
days autoclave tested 8-layer TiN/TiAIN coated ZIRLO® sheet with the surface prepared by SiC
hand grinding. The ZIRLO® substrate phase was identified to be a-Zr (ICDD PDF#00-005-0665).
TiN layer identified as cubic TiN (ICDD PDF# 04-015-0336) and TiAIN layer was determined to
be having hexagonal TiosAloesN structure (ICDD PDF# 04-017-4686). Oxide phases were

identified to be anatase (A-TiO,, ICDD PDF# 04-002-8296) and rutile (R-TiO,, ICDD PDF# 00-
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021-1276) phases confirming Raman spectroscopy results. Additionally, AIO(OH) phase was

identified in the XRD-BB pattern.
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Figure 3-58. X-ray diffraction (XRD) — Bragg Brentano (BB) pattern of 23 days autoclave tested
8-layer TiN/TiAIN coated ZIRLO® sheet having a surface prepared by SiC hand grinding.

3.4.2.2. SiC lathe prepared

ZIRLO® tube surface was prepared using 800 grits SiC lathe. Figure 3-59 shows the
digital images of as-deposited (Figure 3-59a), 23 days autoclave tested (Figure 3-59b), and 98
days autoclave tested (Figure 3-59¢) 8-layer TiN/TiAIN coated ZIRLO® tubes having SiC lathe
prepared surface. Color change was observed due to the oxidation. After 23 days of autoclave
testing, some minor spallation regions on the surface was observed in a bulging appearance.
These bulging regions extended after 98 days of autoclave test and lead to vast amount of

spallation after 98 days of autoclave testing.
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Figure 3-59. Digital images of as deposited, 23 days tested, and 98 days tested 8-layer TiN/TiAIN
coatings deposited on tubular ZIRLO® substrates having surfaces prepared with SiC lathe
preparation methods. Corrosion tests were performed at autoclave in static pure water at 360°C
and 18.7 MPa.

Figure 3-60 shows the XRD-Grazing incidence (GIXRD) patterns collected using Cu K,
radiation. The as-deposited and 23 days autoclave tested sample grazing incidence measurements
were conducted with 1° incidence angle. The 98 days autoclave tested sample grazing incidence
measurement was performed with 5° incidence angle. The as-deposited, 23 days autoclave tested,
and 98 days autoclave tested sample grazing incidence patterns are overlaid in Figure 3-67. The
coating layers were confirmed to be composed of TiN and Tios2AloesN. After 23 days of
autoclave testing, AIO(OH), anatase and rutile were determined to be formed. After 98 days
autoclave testing in addition to the previously observed oxide phases, Al,Oz and monoclinic ZrO;
peaks were also observed. Additionally, XRD-Bragg Brentano scan was also performed. The
zirconium phase was identified to be a-Zr as before but differing from the previous XRD patterns
highest intensity peak was observed to be at (101) plane of Zr, which also overlaps with the (111)
peak of Tiops2AloesN and (101) peak of TiN phases. As before, anatase and rutile phases were
formed at all samples. Additionally, AIO(OH) was observed at samples having vast amount of

spallation.
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Figure 3-60. GIXRD (Cu Ka) patterns of 23 days autoclave tested 8-layer TiN/TiAIN coatings
deposited on tubular ZIRLO® substrates having surfaces prepared with green scotch brite,
alumina grit blast and SiC lathe prep methods.

Figure 3-61 shows the surface scanning electron microscopy images of the as-deposited
(Figure 3-61a), 23 days autoclave tested (Figure 3-61b) and 98 days autoclave tested (Figure 3-
61c) samples. The surface SEM images of the tested samples for two different magnifications are
presented in Figure 3-61. The as-deposited sample showed a wavy structure interpreted to be
mimicking the substrate surface structure. After 23 days autoclave testing, defects observed to be
formed on the surface which were initially identified as bulging regions in the visual analysis.
High-resolution imaging showed that these regions were small spallation regions, where the TiN
top coating layer was cracked and opened the way for TiAIN layer and corrosive environment
interaction, which lead to AIO(OH) crystal formation below the cracked and spalled regions.
After 98 days of autoclave testing these spallation regions were extended as can be observed in
Figure 3-61c, which resulted in substrate oxidation and crack formation at the edges of the spalled

regions.
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(a)

Figure 3-61. Surface SEM-Backscattered electron images of (a) as-deposited, (b) 23 days
autoclave and (c) 98 days autoclave tested 8-layer TiN/TiAIN coated ZIRLO® tubes having
surfaces prepared by SiC lathe method.

Figure 3-62 shows the cross-section energy dispersive spectroscopy (EDS) of the 23 days
autoclave tested sample. Figure 3-62a shows the SEM and EDS analysis performed at a spallation
region demonstrating the boehmite formation at the TiAIN layer, which was observed to be
passing several layers of coating but still being stopped at a final successive layer showing the
success of the coating. Oxidation of TiAIN layer mostly start at crater regions where the
macroparticle is expelled as can be observed in cross-section SEM and EDS-elemental map
images presented in Figure 3-62a. This occurs because as mentioned before, macroparticles have
low adhesion to the coatings, there are gaps at the unperturbed coating and perturbed
macroparticle nodule boundary which opens the way for corrosive environment to reach to lower
layers of the coating. In the case of autoclave corrosion test, as water penetrates below TiN
through the crater, it reacts with the following TiAIN layers leading to boehmite phase formation
(Figure 3-62a) according to the reaction (1) [161]:

2Al + 4H,0 — 2Al00H + 3H, (1)

Figure 3-62b shows observation of embedded Si grits on the surface of the substrate.

Figure 3-62c shows that oxidation could be stopped through the coating preventing the substrate

from oxidation.
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Figure 3-62. Cross-section energy dispersive spectroscopy (EDS) (a) map analysis showing the
spallation region, (b) residual Si and non-uniform roughness region, and (c) EDS line scan of the
23 days autoclave tested 8-layer TiN/TiAIN coated ZIRLO® tubes having surfaces prepared by
SiC lathe method.
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3.4.2.3. Green scotch brite prepared

Figure 3-63 presents the digital images of green scotch brite prepared as-deposited
(Figure 3-63a), 23-days (Figure 3-63b), 26-days (Figure 3-63c), and 98-days (Figure 3-63d)
autoclave tested samples. Coatings had a golden color in the untested state. During the corrosion
test, their color turned to blue and then, to a dull gray color due to the oxidation of the top layer.
Initial coating degradation was observed as minor localized spallation points like the ones
observed in the case of SiC lathe prepared samples, which later lead to larger spallation regions

after 98 days autoclave testing as can be observed in Figure 3-63d.

@ (b) ©

Figure 3-63. Digital images of green scotch brite prepared samples showing the coating corrosion
progress on the surface through the autoclave test duration (a) untested, (b) 23 days, (c) 26 days,
and (d) 98 days tested.

d
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Figure 3-64 shows the SEM-BSE images of the 23 days, 26 days and 98 days autoclave
tested samples. The coating degradation during the corrosion testing started locally by showing
spallation regions having areas of ~100 x 150 pm?. These spallation regions, which started to
occur on the top TiN layer, were limited by successive layers that acted as an additional barrier as
demonstrated in Figure 3-64a and Figure 3-64b. As the corrosive environment interacted with the
TiAIN phase, boehmite phase (AIO(OH)) formed which can be observed at the edges of the
spalled coatings. After 98 days of autoclave testing, spallation region enlarged, and zirconium

oxidation occurred as shown in Figure 3-64c.

Figure 3-64. Surface SEM image of green scotch brite prepared samples showing corrosion

progress on the coating after being exposed to the autoclave test in static pure at 360°C and 18.7
MPa for (a) 23 days, (b) 26 days, and (c) 98 days.

Figure 3-65a and Figure 3-65b show the EDS map analysis performed on 23 days
autoclave tested 8-layer TiN/TiAIN coated ZIRLO® tube. The EDS analysis was performed at
two different locations to present the corrosion behavior at spallation and no spallation regions.
The spallation region EDS-elemental map analysis confirmed the surface SEM observations since
with spallation at the top TiN layer, AIO(OH) formation was observed at the TiAIN layer causing

cracks and delamination of the surrounding coating layer. In the case of presented EDS- map
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analysis, cracks lead to the oxidation of the substrate material. Zirconium oxidation occurred with
a uniform thickness at the coating spallation regions indicating that spallation did not cause a
deflection in the substrate oxidation behavior. Figure 3-65b presents EDS-elemental map analysis
at a region where the coating was maintained. The uniform layer thicknesses without spallation or
delamination was confirmed. Figure 3-65¢ shows Raman spectroscopy results performed from
examinations on the cross-section of 23 days autoclave tested 8-layer TiN/TiAIN coated ZIRLO®
tube having a surface prepared by green scotch brite method. The optical microscopy image of
the region at which the Raman spectroscopy was performed is shown in Figure 3-65c. The Raman
spectrum was collected through the green line starting from the epoxy region towards the
ZIRLO® substrate. Raman spectrums along the green line were collected at 1 pm increments. The
overlaid Raman spectrum data at left side in Figure 3-65c presents all the data starting from
epoxy. The peaks obtained at 449 and 609 cm-1 indicated rutile phase of TiO,. Additionally,
TiAIN and TiN layers were identified.

Longer oxidation durations result in excessive amount of boehmite phase formation
leading to cracking of the adjacent coating and spallation of the coating layers and eventually
substrate oxidation was presented for 23 days, 26 days and 98 days of autoclave testing in Figure
3-65a, b and c, respectively. This can be occurring because at high temperature as duration
increases, crystallite size of the boehmite phase increases. However, d-spacing and pore size
decreases. Accordingly, this may indicate a shrinkage in the phase volume as time passes at
360°C [162]. This shrinkage at the top boehmite phase could open the way for further boehmite
formation at lower coating layers. Finally, the boehmite phase may be separated from the surface
since there is no strong bonding in between them. Further oxidation occurs with the zirconium
from the substrate at the spalled region.

Even after 98 days SEM and EDS analyses demonstrated that multilayer coating structure
was maintained, and little oxygen penetration occurred. Overall, most of the coating surface

remained adherent and oxygen penetration through the coating was eventually eliminated.
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Figure 3-65. Surface analyses of the 23 days autoclave tested 8-layer TiN/TiAIN coated ZIRLO®
tube having a surface prepared by green scotch brite method; (a-1) Spalled region EDS map
analysis, (a-2) spalled region EDS line scan, (b-1) no spallation region EDS map analysis, (b-2)
no spallation region EDS line scan, and (c) Raman spectroscopy performed on the cross-section
sample along the green line indicated on the figure.
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3.4.2.4. Alumina grit blast prepared

Figure 3-66 shows digital images of two sides of the as-deposited, 3-days, 10-days, 26-
days 98-days and 128-days autoclave tested samples. A color change was observed after 3 days of
exposure due the oxidation of the TiN layer. After 10 days, in addition to the color change, some
localized spallation was observed. However, such spallation was not observed for the sample
exposed to 26 days of testing. After 98-days a larger amount of spallation was observed at a
localized region. This excessive spallation was not observed in the case of 128 days autoclave

tested samples.

As-
128 d
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Figure 3-66. Digital images of autoclave tested (in pure water at 360°C and 18.7 MPa) 8-layer
TiN/TiAIN coated grit blast prepared tubular ZIRLO® samples.

Figure 3-67 shows the X-ray diffraction (XRD) pattern obtained in Bragg Brentano
scanning of as-deposited, 3 days autoclave tested,10 days autoclave tested, 26 days autoclave
tested, and 98 days autoclave tested 8-layer TiN/TiAIN coated ZIRLO® tubes with surfaces
prepared with alumina grit blasting. XRD-Bragg Brentano scan was performed to determine the
phases formed after the corrosion testing. ZIRLO® substrate peaks were indexed as a-Zr (ICDD

PDF# 00-005-0665). The outer titanium nitride phase was determined to be TiN (ICDD PDF# 04-
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015-0336). The crystal structure of the TiAIN coating was difficult to confirm due to the overlap
of the TiAIN peaks with the underlying peaks from the Zr substrate. After 3 days of autoclave
testing, peaks corresponding to the anatase phase (A-TiO.) appeared (ICDD PDF# 00-021-1272)
which were attributed to oxidation of the TiN. Between 3-10 days of exposure, the boehmite
phase (AIO(OH)) corresponding to ICDD PDF# 00-021-1307 formed due to localized spalled
coating regions or near the metallic macroparticles. After 98 days of autoclave exposure, ZrO,
(ICDD PDF# 97-002-6488) was determined to be formed in the small region where spallation of

the coating occurred.
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Figure 3-67. XRD-Bragg Brentano (Cu K,) scan patterns of 8-layer TiN/TiAIN coated grit blast
prepared tubular samples that were autoclave tested in pure water at 360°C and 18.7 MPa up to
98 days.

Figure 3-68 shows the XRD-Grazing incidence patterns collected from 128 days
autoclave tested 8-layer TiN/TiAIN coated ZIRLO® tube. Grazing incidence measurements were
performed with incidence angles of 2° and 5°. Two different incidence angles patterns were

examined to be able to evaluate phases forming on the surface at two different depths from the
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sample surface. Coating layers were identified as TiN and Tio32AloesN. Oxide phases were
identified to be anatase and rutile as determined with the XRD-BB analysis that was presented in

Figure 3-67. Additionally, Ti.Os phase was identified in the GIXRD analysis.
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Figure 3-68. GIXRD (Cu K,) scan patterns of 8-layer TiN/TiAIN coated grit blast prepared

tubular samples that were autoclave tested in pure water at 360°C and 18.7 MPa up to 98 days.
Incidences angles were 2° and 5° as indicated in the figure.

Figure 3-69 shows the surface SEM-secondary electron (SE) images of as-deposited
(Figure 3-69a), 3 days autoclave tested (Figure 3-69b), 10 days autoclave tested (Figure 3-69c)
and 26 days autoclave tested (Figure 3-69d) 8-layer TiN/TiAIN coated ZIRLO® tubes. SEM-SE
analysis was performed to study the surface topography of the autoclave tested coatings.

Considering that all the samples investigated up to now mirrored the substrate surface
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topography, the grain-like topography observed on the surface of currently examined samples is
attributed to the grit blasting procedures and these grain sizes were measured to be ranging from

1-5 microns.

Figure 3-69. SEM Secondary electron images showing the surface morphology of the 8-layer
TiN/TIiAIN coated grit blast prepared tubular ZIRLO® samples in their (a) as-deposited state, and
in autoclave tested state in pure water at 360°C and 18.7 MPa for (b) 3 days, (c) 10 days, and (d)
26 days.

Figure 3-70 shows the spallation surface SEM-SE images of 10-days and 26-days
autoclave tested samples. In the case of 10 days autoclave tested sample (Figure 3-70a) spallation
region, zirconium oxidation took place and AIO(OH) formation was observed at the edge of the
spalled coating. Additionally, some fiber-like structures were observed. In the case of 26 days
autoclave tested sample spallation region SEM-SE imaging, AIO(OH) phase was not observed.
Zirconium substrate was oxidized as expected. Fiber-like structures were also observed in the
case of 26 days autoclave tested samples. These fibers were not distributed uniformly on the

spalled region. Their thicknesses varied between 0.1-1.5 pm.

Figure 3-70. Surface SEM Secondary electron images of (a) 10 day tested and (b) 26 day tested 8-
layer TiN/TiAIN coated ZIRLO® tube.
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Figure 3-71 shows the EDS- elemental map analysis performed on the surface of a
spallation region of the 26 days autoclave tested 8-layer TiN/TiAIN coated ZIRLO® tube. Half of
the EDS image presented in Figure 3-70 shows the maintained coating on the surface and the
other half shows a spallation region example. EDS analysis confirmed zirconium oxidation at the
spallation region. EDS elemental analysis also demonstrated that fiber-like structures were

composed of aluminum and oxygen.
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Figure 3-71. EDS Map analysis of 26-day autoclave-tested (in pure water at 360°C and 18.7
MPa) 8-layer TiN/TiAIN coated grit blast prepared tubular ZIRLO® sample.

Figure 3-72 shows the cross-section EDS- elemental map analysis (Figure 3-72a) and
EDS-elemental line scan (Figure 3-72b) of the 98 days autoclave tested 8-layer TiN/TiAIN coated
ZIRLO® tube. Both EDS analysis demonstrated that a uniform coating thickness was achieved.
SEM and EDS map analyses presented in Figure 3-72a showed that there were embedded
alumina particles from the grit blasting process at the substrate and coating interface.
Nevertheless, the oxygen line scan (Figure 3-72b) demonstrated that oxygen penetration
terminated near the cladding surface at the regions where the coating was maintained on the

surface indicating that the coating design architecture is an excellent corrosion barrier when the
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coating is adherent. 128 days tested sample results also confirmed previous results and

demonstrated substrate oxidation avoidance even after 128 days.
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Figure 3-72. EDS analyses of 98-day autoclave-tested (in pure water at 360°C and 18.7 MPa) 8-
layer TiN/TiAIN coated grit blast prepared tubular ZIRLO® sample cross-section, (a) map
analysis and (b) elemental line scan.

In conclusion, although no residues were observed in the case of green scotch brite
prepared samples, coatings showed widespread spallation. SiC lathe prepared showed silicon
residues which can contribute to adhesion degradation. Alumina grit residues were observed in
the case of alumina grit blasting prepared samples which can lead to adhesion degradation,
however they seem to be performing well in the autoclave test compared to green scotch brite
prepared and SiC lathe prepared. Additionally, sectioning effect was investigated, and the results
are presented in Appendix D but the coating properties were observed to be uniform and there

was no variation through sample sections.
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3.4.3. High temperature air oxidation

Coating deposition parameters that were optimized for flat samples were applied to the
outside of tubular samples and initial furnace tests were performed at 800°C air for 30 min at
Westinghouse Co. Because of these corrosion tests, almost all the coatings were spalled off
leading to uniform oxidation of the substrate at an amount same as the uncoated sample.
Predicting the cause of spallation as stress variation between layers caused by the composition
and accordingly thermal expansion coefficient variations, the coating adhesion was tried to be
enhanced through functional grading of the coating layer composition. Then, the corrosion
performance was tried to be evaluated through furnace tests conducted in air at 500, 600, 700,
800 and 900°C for 30 min at the Pennsylvania State University. First, functionally graded
coatings were deposited as TiAIN/FG-TIiN design architecture. Digital images, surface SEM and

cross-section SEM images of these untested and tested samples are provided in Figure 3-73.

Figure 3-73. Digital images of TiAIN/FG-TiN/Ti/ZIRLO® samples that were exposed to air at
elevated temperatures of (a) PT41: 500° C, (b) PT42: 600°C, (c) PT43: 700°C, and (d) PT40:
800°C at the Pennsylvania State University. SEM images of TiIAIN/FG-TiN/Ti/ZIRLO® samples
that were exposed to air at elevated temperatures; (e) PT41: 500° C surface, (f) PT41: 500°C
cross-section, (g) PT43: 700°C surface, and (h) PT43: 700°C cross-section.
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In the case of samples presented in Figure 3-73, an increase in weight was observed.
After corrosion test, darkening was observed starting at 500°C, but the coatings could be
maintained on surface and no substrate oxidation was observed. These observations were also
valid for samples that were exposed to 600°C air for 30 min. However, they started to delaminate
at 700°C. Moreover, coating cracks and spallation occurred at 700°C tested samples resulting in
substrate oxidation. At 800°C, in addition to delamination, surface cracks were also observed.

Another multilayer design architecture tested in furnace at 800°C air for 30 min was
TiN/TiAIN coating. The digital image of the as-deposited coating, tested coating, surface SEM
image and cross-section SEM images of the tested samples are presented Figure 3-74a, b, ¢, and
d, respectively. Initially TiN coated sample had the gold color that is significant for TiN coatings.
Due to the oxidation, the tested sample changed color. In the initial visual examination performed
after the autoclave test, no cracking was observed but the surface was speckled/spotted. However,
SEM analyses revealed cracks on the surface, macroparticles and cross-section analysis showed
uniform zirconium oxide formation underneath the cracked coating layer. The EDS-map analysis
performed on the surface confirmed that the TiN coating was maintained on the surface and the
macroparticles were composed of higher aluminum content. Considering that the functionally
grading was less effective in enhancing the corrosion resistance, it was not applied in future

generations.

(@)

Figure 3-74. PT84- TiN /TiAIN/Ti/ZIRLO® sample; (a) digital image at as-deposited state, (b)
digital image after exposure to air at 800°C for 30 min, (c) surface SEM image of tested sample,
and (d) cross-section SEM-backscattered electron image of tested sample.
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This chapter presented characterization results performed on as-received ZIRLO®
samples, and mechanical and corrosion test results performed on single-layer TiN, single-layer
TiAIN and multilayer TiN/TiAIN coatings deposited on sheet and tubular ZIRLO® substrates
using the cathodic arc physical vapor deposition method. Presented results exhibited the
systematic study conducted to determine the optimum deposition parameters to obtain well
adhered coatings with enhanced corrosion performance. Parameters considered for optimization
included: coating deposition time (coating thickness), substrate surface roughness, Ti-BC
thickness, nitrogen partial pressure, substrate bias, cathode composition, substrate surface
preparation method and multilayer coating design architectures. Characterization data presented
in this chapter mainly collected using optical microscopy, scanning electron microcopy, energy
dispersive spectroscopy, X-ray diffraction and Raman spectroscopy. Analysis and discussion of

the data presented in this chapter is provided in more detail in Chapter 4.
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Chapter 4

Analysis and Discussion

This chapter is going to provide evaluation of the results presented in Chapter 3 regarding
the mechanical and corrosion performance of the developed single-layer TiAIN, single-layer TiN
and multilayer TiN/TiAIN coatings deposited on sheet and tube ZIRLO® samples using the
cathodic arc physical vapor deposition method. The investigated parameters through the
determination of the optimum parameters to enhance mechanical and corrosion performance
involved (i) coating deposition time (coating thickness), (ii) substrate surface roughness, (iii) Ti-
BC thickness, (iv) nitrogen partial pressure, (v) substrate bias, (vi) cathode composition, (vii)

substrate surface preparation method and (viii) multilayer coating design architectures.

4.1. Coating deposition parameter optimization

4.1.1. Coating deposition time (coating thickness)

In section 3.2.1.2, a directly proportional relationship between the deposition time and the
coating thickness was observed. The scratch test showed that an increase in coating deposition
time from 150 min to 300 min led to an increase in the critical load to gross spallation from 17.84
N to 49.3 N (Figure 3-5). Further increasing the deposition time to 450 min resulted in no gross
spallation during the scratch test, which were performed up to a load of 50.4 N. This result
demonstrates that as the deposition time and the coating thickness increase, higher critical loads
are required to cause gross spallation of the CA-PVD deposited TiAIN coatings. Some studies on
TiN coatings deposited on various substrates showed that coating thickness and the critical load

to cause gross spallation are inversely proportional [141]. This is because of the larger residual
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stresses in the case of thicker coatings which reach their practical adhesion stress value with a
lower applied stress [141]. However, this work supports that the relationship between the coating
thickness and the critical load value to cause the gross spallation is directly proportional. It should
be noted that ZIRLO® has a hardness of 212 HV [163] and CA-PVD TiAIN coating has a
hardness of 2720 +314 HV [164]. Thus, the evidence shown in section 3.2.1.2 suggests that
higher critical load requirements in samples having thicker coatings, is due to extensive substrate
deformation prior to the coating delamination [141].

Figure 3-20 presented the results obtained after autoclave corrosion testing of TiAIN
coatings with four different coating thickness values. There are some examples of increased
corrosion performance with increased coating thickness in literature such as tin coating on
Zircaloy-4 [45], however there was no systematic study on the coating thickness effect on the
corrosion performance of the CA-PVD deposited TiAIN coating on ZIRLO® substrates. Due to
the residual stresses in the coating and nonuniform oxide formation on the surface, it is expected
that there is an optimum coating thickness to enhance corrosion performance, as shown in
Chapter 3. As discussed in Chapter 3, weight gain analysis can be used to evaluate the corrosion
performance of materials. However, in the case of coatings, weight gain analysis is not sufficient
due to possible coating spallation which make kinetic analysis useless.

For the coating deposition time parameter, it is evaluated that longer coating deposition
time leading to the thicker coatings provides better mechanical and corrosion performance. Better
mechanical performance with thicker coatings is due to a combination of high load-bearing
capability of the thicker hard coating and ductile substrate deformation prior to the coating
spallation. Higher corrosion performance achieved with the optimum coating thickness value of

12 um can be attributed to the sufficient coating remaining after aluminum depletion occurring on

the surface and an optimum amount of residual stress in the coating.
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4.1.2. Substrate surface roughness

The optimum substrate surface roughness value was investigated based on visual
observations which are partially presented in Figure 3-19 and weight gain data presented in
Figure 3-20, obtained from autoclave corrosion testing. Spallation occurring at lowest substrate
surface roughness value of 0.1 um R, indicated low adhesion between the coating and the
substrate. This can be attributed to the lack of mechanical interlocking between the substrate and
the coating. The evidence shown in section 3.2.1.2 showed that rougher surfaces had higher
weight gain indicating higher oxidation with less spallation. The increased oxidation can be
attributed to the poor coverage of the substrate surface with coating due to deep valleys that
cannot be filled during the orthogonal ion bombardment. Another reason for increased oxidation
may be nonuniform coating deposition due to deposition rate variation based on surface
roughness [140]. The evidence shown in Section 3.2.1.2 suggests that the reason of enhanced
corrosion performance in the case of 0.25 pum Ra can be the mechanical interlocking between the
substrate and the coating, and full surface coverage during coating deposition without any

unfilled valley [165].

4.1.3. Titanium bond coating thickness

Another parameter considered to enhance coating adhesion and corrosion performance
was the application of titanium bond coating layer in between the substrate and the coating layer.
This is a technique that has been considered in literature for several applications
[70,75,99,106,108,110]. Specifically, the effect of titanium usage as a bond coating layer on TiN
coatings on various stainless steel substrates [108-111] was also studied and Bull et al. [108]
demonstrated adhesion improvement with titanium interlayer application. Figure 3-21 showed

titanium bond coating thickness affected corrosion performance. Negative weight gain occurred
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at lower titanium bond coating thicknesses because of coating spallation indicating weak
adhesion between substrate and the coating. However, with increasing bond coating thickness, it
is possible to avoid coating spallation, indicating enhanced adhesion between the substrate and
the coating. As a bond coating layer, the role of titanium is to dissolve weak native oxide
(chemical gettering effect) and decrease shear stresses at the substrate-coating interface due to its
ductile nature [108,110]. Bemporad et al. [166] showed that titanium interlayer thickness affects
wear and hardness properties of TiN coatings and emphasized the importance of optimizing
titanium thickness to benefit from its ductility to absorb intrinsic and extrinsic stresses.

However, no work has been done to investigate the effects of Ti interlayer deposited by
CA-PVD between either a TiAIN coating or a TiN coating and its thickness on the corrosion
resistance of ZIRLO® substrates. Compared to other PVD techniques, depositing species in CA-
PVD have higher Kinetic energies leading to higher compressive stresses, and these values are
affected by various parameters including the type of coating and the coating thickness. Hence, the
bond layer thickness should be tailored according to the type of substrate, type of coating and
coating thickness in order to be able to absorb stresses associated with the coating formed during
the deposition and operation. If the bond coat is too thin, it cannot absorb extrinsic (thermal)
stresses associated with coating degradation exposed to extreme environmental conditions such as
oxidation, moisture, or elevated temperatures. SEM examination confirms that there were
delaminated regions, indicating poor coating adhesion; cracks were observed around delaminated
regions which are attributed to stresses caused by oxide formation of the underlying ZIRLO®
substrate.

For the titanium bond coating thickness parameter, it is evaluated that 0.6 um bond
layer/coating thickness value combinations provided good protection for increased durability
against cladding corrosion under the autoclave conditions selected due to the absence of

delamination and the minimal weight gain.
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4.1.4. Nitrogen partial pressure

Additionally, the effect of the nitrogen partial pressure effect was investigated. Increased
nitrogen partial pressure led to increased weight gain indicating lower corrosion performance.
This can be attributed to the increase in aluminum content of the coating with increased nitrogen
partial pressure [86] resulting in increased non-protective boehmite formation with increased
nitrogen partial pressure.

For the nitrogen partial pressure parameter, it is evaluated that 1.6 Pa is the optimum

value due to lower oxidation achieved.

4.1.5. Substrate bias

As it was mentioned in Section 2.3, electrons have higher mobility than ions. For that
reason, first electrons move towards the substrate and we apply negative biasing to repel electrons
and accelerate positive ion flux towards the substrate surface [80]. Additionally, we perform
reactive deposition in nitrogen atmosphere and to achieve the compound formation, energy on the
surface, which is equal to the difference between energy fed to and emitted from the surface,
should be bigger than the formation energy (Enthalpy of formation of TiN, cubic TiAIN and
hexagonal TiAIN are -333, +50 and +50 kJ/mol, respectively [167]) and less than the dissipation
energy [140]. So, substrate bias is also effective in controlling the surface reaction intensity
because energy fed to surface is calculated according to the reaction 2 [140]:

E=Ey+¢eZ (2)
Where E is the energy fed to the substrate surface, Eo is the ion energy acquired at the cathode
spot, @ is the substrate bias and eZ is the ion charge.

The substrate bias effect on as-deposited single layer TiAIN coating properties were

presented in Section 3.2.1.4. As shown in Figure 3-11, macroparticles with sphere-like structure
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in the case of 0 V, macroparticles with perturbation in the case of 50 V and a spattered
appearance on the surface was observed in the case of 100 V substrate bias. A sphere-like
structure indicates solidification of macroparticle before arriving on the surface [150] or a passive
deposition without a force to damage the shape of the macroparticle. Perturbation of
macroparticles observed in the case 50 V can be attributed to arrival on surface in liquid state
[150] or distortion in its geometry due to substrate bias. However, cross-section SEM images of
coatings deposited with 100 V, showed a much thinner coating indicating that backscattering of
ions were more dominant during coating deposition. So, the spatter appearance can be attributed
to the backscattering of ions instead of liquid macroparticle deposition on the surface. Substrate
bias effect on the amount of macroparticles were previously demonstrated in literature [168-171].
Paldey et al. [171] attributed increase in macroparticle amount to the increase in aluminum
content in the coating. Kale et al. [170] attributed the high value of macroparticles at medium
bias to the positive charging of macroparticles due to collisions with ions with increased velocity;
whereas, macroparticle amount decrease at high bias voltage was attributed to evaporation of
them before reaching to the substrate because of excess ion energy. In this study, no significant
aluminum content variation was observed during the EDS analysis. Thus, the lower macroparticle
amount with increased substrate bias could be the negative charging of the macroparticles in the
plasma and repelling at the substrate surface [168] or evaporation due to high ion energy
collusion [170].

In the XRD patterns presented in Figure 3-15, as we consider (111) peak of the
TiosAlosN phase, we see that it is slightly shifted to lower angles and broadened as we go higher
substrate bias values. One of the reasons for this is the higher titanium content in the coating at
higher substrate bias values resulting in expansion of the lattice parameter compared to lower
aluminum content state [172,173]. We have higher titanium content at higher bias because
titanium ionization is higher compared to aluminum [140,86] and in the case of backscattering on

the surface titanium is backscattered less compared to aluminum ions since titanium is heavier
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[70]. Another reason is the complex residual stress state in the coating involving high
compressive stresses in normal direction to the coating due to higher energy ion bombardment
with increased substrate bias leading to lattice expansion parallel to the surface because of the
Poisson’s effect [174]. This high ion energy bombardment is also the reason of peak broadening
at higher substrate biases [173]. Since the data presented in Figure 3-15 are grazing incidence
patterns, it is not convenient to talk about preferred orientation, but it should be mentioned that
{002} texture is observed at lower substrate bias, but {100} texture is observed at higher
substrate bias values. Change of texturing with substrate bias was also observed by Ahlgren et al.
[82,85]. The texturing occurrence can be attributed to the driving force to lower the overall
coating energy [85].

The failure modes observed during the scratch testing of the single-layer TiAIN coatings
deposited with the four different substrate bias values (0, 25, 50 and 100 V) were presented in
Figure 3-16. Lowest adhesion performance with early gross spallation was expected in the case of
TiAIN coating deposited with 0 V substrate bias due to its porous structure (Figure 3-12)
associated with rough surface topography due to macroparticles covering the surface (Figure 3-
11). However, no gross spallation was observed, which may be attributed to a resilience achieved
in the coating against being depressed crushed by the scratch testing stylus due to the porous
structure of the coating. The evidence shown in the 3.2.1.4 demonstrated that coatings deposited
with 50 V substrate bias exhibited the best performance compared to others based on the as-
deposited coating properties and mechanical performance. The higher critical load required for
gross spallation in the case of 50 V substrate bias compared to 25 V can be attributed to the
increased coating adhesion because of ejection of metal ions from the surface or penetration to
the substrate lattice during ion bombardment leading to surface roughness and defects that can
enhance coating adhesion [70]. The decreased critical load in the case of 100 V could be

attributed to increased surface roughness [175].
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Opposing to the mechanical performance results, increasing substrate bias from 50 to 100
V resulted in lower weight gain as shown in Figure 3-22. Lower weight gain can indicate better
corrosion performance. However, it should be noted that lower weight gain can also occur
because of spallation of weakly adhered top layers of the coating, which requires further
characterization.

Additionally, substrate bias effect was investigated for 8-layer TiN/TiAIN coatings
deposited on ZIRLO® sheet and tubes in section 3.4.1.1. There was no obvious coating property
difference because of 50 V and 75 V deposited samples. Instead the main differences observed in
investigated samples in this section originated from substrate geometry. Coating thicknesses
varied for flat and tubular samples as shown in Figure 3-45. Total coating thickness deposited on
tubular samples was ~1.6 times thicker than flat samples (Table 3-8). This thickness increased to
~1.7 times in the case of TiN layer deposition. The reason of obtaining thicker coating can be
attributed to the increased number of ions captured in the case of tubular samples since the
equilibrium sheath thickness is smaller for cylinder geometry according to the Child-Langmuir
law [176,177]. Substrate bias increase leads to sheath thickness increase [177], which might have
cause repelling of more positive metal ions leading to thinner coating in the case of flat substrates
with -75 V substrate bias (Table 3-8), but this effect was not that obvious in the case of tubular
geometry which can be attributed to the fact that as the radius of curvature decreases causes
maximum sustainable voltage drops [177]. Additionally, CA-PVD is a line-of-sight procedure, in
which the ions deposit to the surface orthogonally. In the case of tubular samples, because of the
cylindrical geometry, ion arrival angle on the surface might vary from the perpendicular angle.

The evidence shown in sections 3.2.1.4 and 3.4.1.1 suggests an optimum substrate bias
value for achieving dense coatings with better corrosion and mechanical performance. For the
substrate bias parameter, it is evaluated that 50 V is the optimum value due to dense coating

obtained with higher mechanical properties.
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4.1.6. Cathode composition

In plasma deposition, TiAIN is deposited as a metastable and the amount of titanium
atoms replaced by aluminum atoms can be controlled through cathode composition, evaporation
rate and other deposition parameters [70,167]. Figure 3-48 shows the columnar grain structure of
the deposited coatings. Dense, pore-free, columnar grains are common for arc deposited coatings
because of the high ion density and resulting high ion-plating effect [178]. Since the coating
microstructure is independent of the cathode microstructure [179], only the cathode composition
effect was investigated in the current study. The results regarding the cathode composition effect
investigation were presented in Section 3.2.1.3 for single-layer TiAIN coatings and in Section
3.4.1.1 for 8-layer TiN/TiAIN coatings. In the case of single-layer TiAIN substrate bias was 50 V
and arc current was 60 A. In the case of 8-layer TiN/TiAIN deposition, substrate bias was 75 V
and arc current was 45 A. The difference between the select substrate bias and arc current values
used during single-layer and 8-layer coating deposition made it inconvenient to directly compare
the properties of these coatings.

For cathode compositions of 20 at.% Ti — 80 at.% Al and 33 at.% Ti — 67 at.% Al, we
obtained single-layer TiAIN coatings having Ti/Al ratio ~4 and ~2 as shown in Table 3-2,
because cathode composition dictates [70]. Surface SEM image of single-layer TiAIN coatings
presented in Figure 3-6 showed that coatings deposited with 20 at.% Ti — 80 at.% Al had more
macroparticles compared to the single-layer TiAIN coatings deposited with 33 at.% Ti — 67 at.%
Al. The number and size of macroparticles claimed to be decreasing with increasing cathode
melting point [180-182]. Thus, since pure titanium, TigssAlosz, Tio20Aloso and aluminum have
melting points of ~1670°C, ~1660°C , 1678°C and ~660°C, respectively [183], one would expect
to have less macroparticles in the case of 80 at.% Al cathode. However, we observed the opposite
and considering that the main difference between the two coatings deposited with two different

cathodes was the increased aluminum content in coating deposited with the 80 at.% Al cathode,
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the increased macroparticle amount in the case of 80 at.% Al cathode can be attributed to the
increased aluminum content in the cathode [171].

The cathode composition effect on the coating was also investigated through Raman
spectroscopy which is based on the lattice vibration frequency of molecules. The Raman spectra
of the stokes side was presented in Figure 3-7 [184]. Scattering occurring at the acoustic range
(150-300 cm™) is attributed to the titanium ion vibrations and at the optic range (400-650 cm™) is
attributed to the vibration of light nitrogen atoms in TiN structure [184,185]. As aluminum is
added to a TiN system, molecule becomes more complex leading to vibration-induced changes in
its electronic polarizability. If the crystal structure of the coating was a perfect FCC structure, we
would not be able to obtain first-order Raman spectra of TiAIN because of every ion being at a
site of inversion symmetry (On symmetry) [186]. However, because of defects existing in PVD
coatings, first-order Raman spectra becomes possible for these coatings [184,187]. As we
increased the aluminum content in the coating by using a 80 at.% Al cathode, we observed that
the total spectral density in the gap region between the acoustic and optic modes increases. Peak
shifting and broadening can be attributed to the increased amount of stoichiometric defects and
increased density of first- and second- order spectra density [184,187]. Additionally, GIXRD
patterns presented in Figure 3-8 showed that cubic crystal structure obtained in the case of 67
at.% Al cathode whereas hexagonal crystal structure obtained in the case of 80 at.% Al cathode.
Peak broadening indicated reduced crystallinity as it was also observed in literature [107].

The effect of cathode composition effect on the coating composition was not that obvious
in the case of 8-layer TiN/TiAIN coatings. However, shifting towards lower angles and texturing
were observed ones again as discussed in the case of single-layer coatings.

Scratch testing results presented in sections 3.2.1.3 and 3.4.1.1 showed that higher critical
load values are required to cause gross spallation in the case of coatings deposited with cathode
having a 33 at.%Ti-67 at.%Al composition. This can be attributed either to the increased hardness

because of more aluminum concentration in TiAIN coating leading to higher microhardness
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difference between the substrate and the coating, and eventually critical load decrease [99] or to
the lower surface roughness and better coating integrity due to less macroparticle that can be
attributed to less aluminum content [86,171,175].

Furthermore, as we compare critical load value to cause gross spallation in single-layer
and multilayer coatings, we see that multilayer coatings require lower critical load which can be
attributed to less Hertzian stress distribution due to thinner layers in the case of multilayer
coatings.

In summary, this work support the idea that coatings should be deposited with cathode
having a 33 at.%Ti-67 at.%Al composition, because it provides lower amount of macroparticles

and better mechanical performance.

4.1.7. Substrate surface preparation method

Another parameter considered to enhance coating corrosion performance was the
substrate surface preparation method and the results were presented in section 3.4.1.3. The
oxidation observed on the green scotch brite prepared samples were in nodular form. Green
scotch brite pad involves alumina as in the case of alumina grit blasting. However, the green
scotch brite had a 240-grit size which corresponds to 50 microns, while alumina grit blast grit size
was 400 which corresponds to 18.3 microns. Larger grit size might have resulted in higher
roughness at the interface of the substrate and the coating, which may have deteriorated coating
adhesion. The blister diameter of ~0.2 mm was observed in the case of grit blast prepared tubular
sample surface after 23 days of autoclave test, while green scotch brite prepared samples did not
show these blisters. However, after 98 days of autoclave test, grit blast prepared samples showed
a localized spallation, while green scotch brite samples showed a nodular type of corrosion
uniformly distributed almost all the tubular sample surface. The localized spallation observed

along a line on the grit blast prepared samples can be attributed to the cracking of the coating
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because of thermal stresses, lower adhesion caused by residual stresses or non-protective iron and
chromium oxides observed to be forming on the surface because of contamination during
autoclave testing. The loosely adhered fiber like structures observed in the case of grit blasted
samples after corrosion was identified to be involving aluminum and oxygen as shown in Figure
3-70. These fibers are in agreement with the bayerite (AI(OH)s) structures observed in literature
with 1 um diameter and vertical crystal growth [188]. These bayerite fibers were observed only
after corrosion testing of alumina grit blast prepared samples, and only at the complete coating
spallation regions. This indicates that they are formed on the oxidized ZIRLO® surface because of
corrosion of alumina residues embedded on the substrate surface (Figure 3-71).

For the substrate surface preparation method, the evidence shown in section 3.4.1.3
demonstrate that alumina grit blast prepared samples performed better in the autoclave test
compared to green scotch brite prepared and SiC lathe prepared samples. The exact reason of the
higher corrosion performance in the case of alumina grit blast prepared samples cannot be
identified, but it may be attributed to a possible healing effect due to bayerite fibers forming with
the reaction of high temperature and pressure water with the residual alumina grits at the coating

and substrate interface.

4.2. Neutronic analysis

Neutronic analysis was performed by lan Younker and Dr. Massimiliano Fratoni. A
summary of this work is shown here. In principle the TiAIN coating can introduce parasitic
reaction absorption into every fuel assembly. It is necessary to calculate the percentage of
neutrons absorbed within each coating layer, to quantify the effect of excess neutron absorption
on fuel cycle lengths, and present design solutions to maximize fuel performance without

sacrificing accident tolerance. For lattice-level neutronic investigations, SERPENT Monte Carlo
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code and SCALE 6.1 package TRITON, KENO-VI, CENTRM modules have been used in
literature [136,189-193]. Among these, Monte Carlo codes are demonstrated to be more reliable
[190]. Previously, a neutronic penalty investigation was performed for TiosAlosN using the
SERPENT Monte Carlo Code, which concluded that a 10-30 pum coating thickness will to limit
cycle length loss [136].

SERPENT Monte Carlo code [194] is utilized in the present work to understand the
neutronic performance of single-layer doped and undoped TiAIN, and 8-layer TiN/TiAIN
coatings. The selected reference pressurized water reactor (PWR) was the Westinghouse AP1000
with 17x17 fuel assembly [145]. Such assembly contains 264 fuel rods, 24 guide tubes, and 1
instrumentation tube. Reflective boundary conditions on four sides generate an infinite radial
lattice with finite length, and assembly extremities contain axial reflectors composed of a water
and steel mixture (50%-50% volume mix, 100 cm length). Core parameters are shown in Table 4-
1 [145]. Cycle length and attainable burnup were projected from depletion of a single assembly
averaging reactivity under the assumption of constant power throughout the lifetime of the
assembly [146]. To correct for the infinite lattice model, radial leakage was assumed to be 3%
[146]. Neutronic analysis for single-layer TiAIN, single-layer TiN and 8-layer TiAIN/TiN used
ENDF/B-VII cross-sections. However, since ENDF/B-VII does not contain Yb cross-section
data, JEFF 3.1.1 cross-section data was used for all doping results. Cross-sections (ENDF/B-VII)
were applied at the following temperatures: 784°C (1057 K) for fuel, 364°C (637 K) for clad,
327°C (600 K) for coolant, and thermal scattering cross-sections were applied to the water.
Depletion calculations utilized Chebyshev Rational Approximation Method (CRAM) and a high-
resolution flux spectrum based on the unified energy-grid structure to calculate one-group cross-

sections.
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Table 4-1. The reference pressurized water reactor (PWR) design core parameters [54].

Property Value
Total power, MW 3400
Assemblies 157
Core average coolant 303
temperature, °C
Pressure, bar 155
Core average coolant density, °C 0.719
Active length, cm 426.72
Pellet diameter, cm 0.82
Clad thickness, cm 0.057
Fuel rod outer diameter, cm 0.95
Pitch-to-diameter ratio 1.326

The reference UO, was assumed 4.5 at.% enriched and Zircaloy-4 (0.1% Cr, 0.21% Fe,
1.45% Sn, and 98.24% Zr; 6.56 g/cm®) was chosen as the reference cladding material. The
reference cycle length was found to be 446.5 EFPD (effective full power days) with ENDF/B-VII
cross-section data. The reference cycle length was recalculated to be 445.5 EFPD with JEFF 3.1.1
cross-section data. The fuel enrichment compensation was determined as described in Younker et
al. [136].

To understand the neutronic impact of each coating layer, the 8-layer TiAIN/TiN was
broken into its most basic parts, pure TiN, Tio2AlosoN, and TiossAloszN. Each coating was
applied at thicknesses of 4, 8, and 12 pm and included the 0.6 um Ti-BC layer. Table 4-2 shows
the neutron capture percentage within coating and cycle length penalty based on this neutron
capture. Two major trends occurred pertaining to neutron capture: (1) the percentage of neutrons
absorbed within the coating increases linear with coating thickness; (2) overall absorption is
driven by the most absorbing element, titanium. TiN captures the most neutrons because it
consists of an entire atom of Ti, whereas Tio.33Alos7N and Tig20AlogoN contain one-third and one-
fifth of a Ti atom, respectively. The Ti-BC layer composition and thickness remained constant

resulting in an unvarying percentage of captured neutrons, 0.01%. Parasitic absorption associated
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with each coating leads to fewer neutrons available for fission, decreases reactivity, and
ultimately shortens fuel cycles, which exhibit trends like those of neutron capture percentage.
Overall the neutronic penalties stemming from Tio20AlosoN, and TigssAloszN coatings are minor

and require slight increases to fuel enrichment (< 0.05 at.%).

Table 4-2. Percentage of neutrons captured within coating/Cycle length penalty (EFPD) derived
from coatings as a function of the monolithic coating composition and thickness.

Thickness, um

Coating 2 3 32

TiN 0.12/-2.8 0.24/-5.1 0.37/-8.0
Tio.20Alo.80N 0.05/-1.1 0.10/-2.5 0.15/-4.0
Tio.33Alo.67N 0.06/-1.5 0.11/-2.7 0.17/-4.3

Neutronic penalty of 8-layer TiN/TiAIN having a coating thickness of 8 and 12 um was
investigated. To determine neutronic penalty in the case of 8-layer TiN/TiAIN coatings, layers of
TiN, Tio20AlogoN, and TioasAloszN, 1 and 1.5 um thick, combined in an alternating pattern along
with a 0.6 um Ti-BC layer. Table 4-3 shows the percentage of neutrons captured and cycle length
penalty caused by the entire coating (including 0.01% from Ti bond layer) and each individual
layer. As expected neutron absorption and cycle length penalty follow the trends previously
described for single-layer TiN and single-layer TiAIN coating. One would envision total coating
absorption and cycle length penalty values for 8-layer TiN/TiAIN to lie between those of pure
TiN and TiAIN, which they do. As in the case of single-layer coatings, neutronic penalties are

low and less than 0.08 at.% excess fuel enrichment is necessary to match reference cycle length.

Table 4-3. Percentage of neutrons captured within each coating layer/ Cycle length penalty
(EFPD) derived from multilayer coatings as a function of the 8-layer coating composition and
thickness.

Coating Thickness, Capture, % EFPD
pm TiAIN TiN Total
Tio.20Alo.80N/TiN 8 0.05 0.12 0.18 -4.1
Tio.33Alo.67N/TiN 0.06 0.12 0.19 -4.2
Tio.20Alo.80N/TiN 12 0.07 0.18 0.27 -5.7

Tio.33Alo.67N/TiN 0.08 0.18 0.28 -6.0
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The neutronic penalty effect of Y and Yb doping on TiAIN coating was investigated
through consideration of four dopant concentrations: 1, 2, 5, and 10 wt.%. TiAIN layers were
doped with either Y, Yb, or a 50%-50% mixture of both. Investigated doping concentrations and
corresponding cycle length penalty values are summarized in Table 4-4. To provide the most
conservative analysis, the 8-layer TIAIN/TiN with the highest neutronic penalty was doped, in
this case 12 pm thick Tio33Alos7N/TIN. TiN layer composition remained constant. Tio.3sAloe7N
compositions incorporated the dopant concentrations, while scaling the previous TigssAloerN
composition accordingly. TiossAlos7N densities were also adjusted to account for denser doping
agents. Microscopic radiative capture cross-sections at 327°C (600 K) for titanium, yttrium, and
ytterbium, and percentage of neutrons captured within doped 12 um 8-layer TiN/TigssAloe7N
coating as a function of dopant and concentration are presented in Figure 4-1. Yttrium contains a
neutron absorption cross-section lower than titanium. Thus, cycle length penalty (Table 5) and
coating absorption (Figure 1a) trend inversely with yttrium concentration. Conversely, ytterbium
possesses an absorption cross-section much larger than titanium, causing increased neutronic
penalty. Linear progression of neutron capture for the entire 12 um 8-layer TigssAloe7N/TiN
coating was observed when doped with Y, Yb, and a Y/Yb mixture (Figure 1b). As one would
expect, the Y/Yb mixture produces results in between those of Y and Yb. Dopant limits shall not
exist when using yttrium, however strong consideration should be given to minimize ytterbium
concentration. Although, worst-case scenario (10 wt.% Yb) only requires less than 0.1 at.% fuel

enrichment compensation.
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Table 4-4. Cycle length penalty (EFPD) derived from doped 12 um 8-layer TiN/TigssAloe7N
coating as a function of dopant and concentration. Coating absorption and cycle length penalty
trend inversely with yttrium concentration.

Dopant Density Composition, wt.% Composition, at.% EFPD
) T T A [T [ v ]| N Al Ti | Y | Yb
None 3.56 29.2 | 375|333 | 0 0 | 50.00 | 33.32 | 16.68 0 0 445.5
Y1l 3.56 289 | 37.1 | 33 1 0 | 49.86 | 33.22 | 16.65 | 0.27 | 0.00 | -6.2
Y2 3.57 28.6 | 36.8 | 326 | 2 0 | 49.70 | 33.18 | 16.57 | 0.55 | 0.00 | -6.2
Y5 3.61 278 | 356 | 316 | 5 0 | 49.38 | 32.81 | 1641 | 1.40 | 0.00 | -5.9
Y10 3.67 26.2 | 33.8| 30 | 10 | O | 4844 | 3243 | 16.22 | 291 | 0.00 | -5.4
Yb1 3.6 289 | 37.1 | 33 0 1 | 49.93 | 33.26 | 16.67 | 0.00 | 0.14 | -6.5
Yb2 3.64 28.6 | 36.8 {326 | O 2 | 49.83 | 33.27 | 16.61 | 0.00 | 0.28 | -6.6
Yb5 3.78 278 | 356 | 316 | O 5 | 49.72 | 33.04 | 16.53 | 0.00 | 0.72 | -6.9
Yb10 4 26.2 | 338 30 0 10 | 49.14 | 32.89 | 16.45 | 0.00 | 1.52 -7.6
Y0.5/Yb0.5 3.58 289 (371 | 33 | 05|05 | 4990 | 33.24 | 16.66 | 0.14 | 0.07 | -6.5
Y1/Ybl 3.61 286 | 368 326 | 1 1 | 49.77 | 33.23 | 16.59 | 0.27 | 0.14 | -6.4
Y2.5/Yb2.5 3.7 27.8 | 356 | 31.6 | 25 | 2.5 | 49.55 | 3292 | 16.47 | 0.70 | 0.36 -6.6
Y5/Yb5 3.84 26.2 | 33.8 | 30 5 5 | 48.79 | 32.66 | 16.34 | 1.47 | 0.75 | -6.9
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Figure 4-1. (@) JEFF 3.1 microscopic radiative capture cross-sections at 327°C (600 K) for
titanium, yttrium, and ytterbium. (b) Percentage of neutrons captured within doped 12 um 8-layer
TiN/Tio3sAloe7N coating as a function of dopant and concentration.

The evidence shown in this section suggests that to minimize the penalty derived from
such coatings it is necessary to:
o reduce coating thickness,
o decrease the titanium concentration,
o increase the yttrium concentration, and

o lower the ytterbium concentration.

In summary, if 12 um 8-layer TiAIN/TiN coatings with high titanium and ytterbium
concentrations become required to ensure safety, the overall neutronic impact is minor and fuel
enrichment compensation will not exceed 0.1 at.%. Thin TiAIN/TiN based ceramic coatings
remain viable ATF options as they do not significantly limit fuel performance compared to

conventional fuel.
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4.3. Conclusions on coating deposition parameter optimization

There are optimum coating thickness, substrate roughness, titanium bond coating

thickness, nitrogen partial pressure, substrate bias, cathode composition and substrate surface

preparation methods to satisfy corrosion, mechanical and neutronic penalty requirements. While

many conclusions can be drawn from the discussed results, main conclusions regarding

deposition parameter optimization can be summarized as below:

1)

2)

3)

4)

5)

6)

7)

Based on the performed analysis, this optimum coating thickness value is determined
to be ~10 pm.

Optimum substrate surface roughness is determined to be 0.25 um Ra to satisfy
mechanical interlocking between the coating and the substrate and full coverage of
the substrate surface.

Optimum titanium bond coating thickness is determined to be 0.6 um, which enabled
lowest positive weight gain indicating better corrosion performance.

Optimum nitrogen partial pressure is 1.6 Pa.

A negative substrate bias value of 50 V is observed to be a convenient value to obtain
well adhered, dense and corrosion resistant coatings. However, it should be stated
that 25-75 V substrate bias is observed to be an acceptable range and there is a 100 V
limit at which coating integrity becomes severely damaged.

A cathode composition of 33 at.% Ti- 67 at.%Al determined to be providing desired
coating composition and lower macroparticle amount resulting in better mechanical
performance.

Different substrate preparation methods determined to be effective on the corrosion
behavior of the coating. Among the investigated methods, SiC hand grinding and the

alumina grit blasting determined to be the more convenient ones.



Chapter 5

Conclusions and Future Work

5.1. Conclusions

Research on accident-tolerant fuels (ATFs) that can delay the deleterious consequences
of a loss-of-coolant-accident (LOCA) is a topic of recent interest. In the reactor, because the
cladding outer surface is in contact with the coolant water, corrosion performance is one of the
main cladding performance evaluation criteria. Accordingly, the cladding materials developed are
expected to improve or at least maintain their properties during normal operation (water at 280-
330°C and 15.5 MPa [4,5]) and during accident conditions (LOCA or RIA). Full replacement of
the cladding tube, a hybrid design combining the currently used zirconium-based alloys with a
composite design or application of a protective coating on already existing zirconium-based alloy
claddings are all possible routes under consideration to create an accident tolerant fuel [11].
Among these, protective coating development is the least cumbersome approach due to no major
change requirement in cladding material. Historically, TiAIN and TiN coatings deposited on
various substrates are observed to be enhancing corrosion performance in air, oxygen and water
environments at high temperatures due to passivating oxide layer formation. However, while
developing coating for nuclear fuel claddings, low neutronic penalty, mechanical properties, ease
of fabrication, adhesion of the developed coating to the zirconium-based alloy cladding and
coating deposition method scalability to the production size are the major challenges.

Cathodic arc physical vapor deposition is a flexible method that can be modified through
adjustment of deposition parameters. The optimum deposition parameters to deposit well

adhered, dense nitride-based coatings on ZIRLO® substrates is systematically studied in this
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thesis using a carefully designed stepwise approach. Developed coatings are subjected to scratch
tests and long-term corrosion tests. First, the single-layer TiAIN and single-layer TiN coating
deposition on ZIRLO® sheets were studied (Section 3-2) with a detailed characterization of as-
deposited coating properties (topography, uniformity, crystal structure, residual stresses), failure
modes during scratch testing and oxide formation after corrosion testing. Mechanical and
oxidation performance of TiN/TiAIN coatings deposited on ZIRLO® sheets were studied (Section
3-3). Finally, the corrosion performance of developed 8-layer TiN/TiAIN coating deposited on
ZIRLO® tubes was studied (Section 3-4). Throughout these stages the parameters considered for
coating optimization included: (i) substrate surface roughness, (ii) substrate surface preparation
method, (iii) titanium bond coating layer thickness, (iv) total coating thickness, (v) cathode
composition, (vi) substrate bias, (vii) nitrogen partial pressure and (viii) multilayer design
architecture.

The mechanical and corrosion test results clearly showed how vital the deposition
parameter optimization is to achieve the desired coating performance while depositing TiN and
TiAIN coatings on ZIRLO® substrates using the cathodic arc physical vapor deposition.
Conclusions on determined optimum deposition parameters were summarized in section 4.3.
Thicker coatings hypothesized to be providing more corrosion performance because of unreacted
coating remaining ratio after oxidation test, providing more adhesion because of more load-
bearing capacity but also should be limited to avoid neutronic penalty. Additionally, thicker
coatings can lead to more residual stress in the coating that could cause degradation, which
should be considered when developing coatings with enhanced performance requirement. Coating
composition mirrors the cathode composition. In the case of higher aluminum content having
cathode (20 at.%Ti-80 at.%Al), due to the increase in the aluminum content in the coating,
hexagonal crystal structure is observed which led to lower mechanical performance and higher

amount of macroparticles degrading the coating integrity. Another factor that is effective on the
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amount and on the geometry of the macroparticles is the substrate bias. Lower substrate bias
results in increased amount of macroparticles with spherical geometry and a porous coating with
low density. Increasing substrate bias decreases macroparticles with enhanced coating density.
However, after a critical value of 100 V determined in this study, backscatter of ions occurs
during deposition degrading coating density and uniformity, which decreases coating adhesion.
And in multilayer design architecture investigation, it was concluded that 8-layer TiN/TiAIN
multilayer coating is the best architecture, as it showed the best corrosion performance
considering lowest positive weight gain without spallation and oxygen penetration stop at ~1um
distance from the surface.

It was hypothesized that adherent TiN and TiAIN coatings could be deposited on ZIRLO
substrates using cathodic arc physical vapor deposition with some anticipated outcomes such as
good adhesion on substrate, full coverage of surface, passivating layer formation and resistance to
crack propagation. These were hypothesized to be based on the characteristics of the cathodic arc
physical vapor deposition process and on the properties of the TiN and TiAIN coatings. Through
the study, it is shown that there is an optimum recipe of substrate surface roughness (0.25 um Ra,),
titanium bond coating thickness (0.6 um), substrate bias (-50 V), nitrogen partial pressure (1.6 Pa)
and multilayer design (8-layer) to achieve enhanced coating adhesion and corrosion performance.
The evidence in this thesis showed that this hypothesis is correct. In conclusion, optimized
TiN/TiAIN coatings deposited by CA-PVD method are promising for nuclear fuel cladding

applications to develop ATFs but further study should be performed as described in Section 5.2.

5.2. Future Work

Macroparticles were determined to be the most detrimental defect in the deposited

coatings. Future study should consider strategies for eliminating or for further minimization of
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these defects. Elimination of macroparticles in the coatings through filter usage is possible, but
this would cause a decrease in deposition efficiency. So, its value of modifying the deposition
procedure to eliminate macroparticles considering the advantages and disadvantages should be
evaluated in future studies. Additionally, to evaluate the effect of residual stresses on the coating
properties, an X-ray diffractometer with a high resolution y goniometer can be employed to make
more precise residual stress measurements.

This thesis work is mainly focused corrosion performance during normal operation but a
limited study was performed to evaluate accident condition behavior of the coatings. In an
accident, temperatures can reach above 1200°C, involving water corrosion at much higher
temperatures than the normal operation condition and steam corrosion. Thus, more extensive
(systematic) higher temperature and pressure water corrosion tests should be conducted, and
steam corrosion tests should be performed systematically to investigate oxidation behavior,
determine oxidation kinetics and evaluate the accident condition performance of the developed
coatings. Furthermore, a quenching test investigation can also be performed to evaluate the
performance of the coatings in the case of an emergency core cooling system incorporation that
can take place during the development of an accident.

Because when coating flat samples, the clamping region remained uncoated, the sample
holder can be modified to hang flat samples during coating deposition instead of clamping to
render the full surface coverage during the deposition process. A similar case is also valid for
tubular samples which can only be coated on the outside surface. These uncoated regions create
regions for corrosive environment interaction with the substrate material during testing and may
be misleading in the corrosion performance evaluation of the developed coatings.

Coating compositions were measured with EDS which is a method known for its low
energy resolution. Furthermore, the EDS quantitative analysis were performed without using

standard samples. Future EDS studies should be performed using standard samples. Additionally,



178

an alternative method that can provide better resolution might be considered to obtain make more
precise measurements.

The assessment of hydrogen generation and diffusion through the developed coating
during corrosion during normal operation and accident conditions are vital to evaluate the
corrosion performance in nuclear reactor environment. The hydriding performance of the
developed coatings can be investigated using a Gas Reaction Controller LPB technique and

measuring hydrogen concentration with an hydrogen analyzer as described in [135].

Additionally, claddings are expected to be wear resistant to maintain their performance
during in reactor operation against damages such as fretting. Thus, future studies should involve
hardness tests to evaluate wear performance that can be experienced due to fretting during in-
reactor operation. Ring-compression test (RCT), three-point-bend test (3-PBT), four-point-bend
test (4-PBT), axial tensile test, ring-stretch test or axial restraint test to assess ductility and
strength of the coated cladding to interpret the oxidation and temperature limit that the cladding
would maintain its geometry during transient condition.

Finally, materials experience microstructural changes under neutron irradiation which can
affect their mechanical and corrosion resistance properties. This requires in-reactor tests to
evaluate the irradiation growth, creep, pellet-cladding mechanical interaction which are effective

in deteriorating cladding performance, especially in the case of accident conditions.
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Appendix A: Residual Stress Calculation

The following calculation is done to determine the extrinsic residual stresses occurred

upon cooling to room temperature from the deposition temperature:

Ec (s

OcTE = 1 (as — ac)dT

— v,
Assuming constant thermal expansion

Ec
— v

Ocre = 7 (as — ac)(Ty — Ty)

as =63x107°K?

Aec = 7.5 x 10_6 K_l

ve = 0.23
E; = 406.5 GPa
Ty = 25°C

T, = 325°C

OcTE = 0190 GPa

The following calculation is done to determine the extrinsic residual stresses occurred
upon cooling to room temperature after the autoclave test:

Ec [("r
OcTe = 1_ (as — ac)dT

Uc Tq

Assuming constant thermal expansion

EC

OcTE = 1 (as — ac)(Tf - Ta)

as =63x107°K?

ac=75x10"K?



ve = 0.23
E. = 406.5 GPa
Ty = 25°C

T, = 360 °C

OcTE = 0.210 GPa
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Appendix B: Scratched Sample Corrosion Performance

As a part of the coating corrosion performance investigation, scratched samples were
tested in autoclave with their unscratched counterparts to evaluate whether there were accelerated
corrosion or healing effect in the case of scratched samples. Figure B-1 shows digital images of
scratched (Figure B-l1a) and unscratched (Figure B-1b) 2-layer TiN/TiAIN coated ZIRLO®
sheets, and weight gain data (Figure B-1c) obtained after autoclave testing in static pure water at
360°C and 18.7 MPa for 47 days. The spallation on the surface of both samples was visually
obvious. Spallation was concentrated around scratches in the case of the scratched sample
surface. This spallation was also reflected to the weight gain data as negative weight gain
reaching to -24 mg/dm? in the case of scratched and -21 mg/dm? in the case of unscratched
sample. Weight gain data obtained for both samples were like each other indicating similar
corrosion rate, but the scratched one showed a slightly more negative weight gain value. Further
investigation was performed using SEM and EDS analysis.

5.0
0.0 A
-5.0 4
-10.0 4
-15.0 A
-20.0 A

-25.0 A
-30.0 A

Weight Gain (mg/dm?)

—a—(TiN/TiAIN 2-layer)/Ti/ZIRLO®-Scratched
-35.0 9| o~ (TiN/TIAIN 2-layer)/Ti/ZIRLO®
-40.0

0 20 40 60
Days

(a) (b) ()
Figure B-1. (a) Digital image of scratched (2-layer TiN/TiAIN)/Ti/ZIRLO®, (b) digital image of
unscratched 2-layer TiN/TiAIN/Ti/ZIRLO® and (c) weight gain data after autoclave testing in
static pure water at 360°C and 18.7 MPa for 47 days.
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Figure B-2 shows the surface SEM image of the scratched and autoclave tested sample.
Figure B-2a shows the general appearance of the scratch, showing buckling of the coating

occurred because of scratching, spallation and delamination regions. Additionally, crack

formation occurred around scratches which are presented with higher resolution in Figure B-2b.

Figure B-2. Scanning electron microscopy (SEM) backscattered electron (BSE) image showing
(a) general scratch appearance and (b) cracks formed around the scratched region on the surface
of the 2-layer TiN/TiAIN coated, scratched and autoclave tested sample in static pure water at
360°C and 18.7 MPa for 47 days.

Figure B-3 presents the EDS point analysis data obtained from the surface of scratched 2-
layer TiN/TiAIN coated ZIRLO® sheet autoclave tested for 47 days. The EDS point analyses
were performed at two sites, one corresponding to a spallation region and the other site
corresponding to a region where the coating was maintained on the surface. Figure B-3a shows
the electron microscopy image and the two sites that the point analyses were conducted. The
chemical compositions obtained from these two sites are presented in Figure B-3b. The spallation

region (Site 1) was confirmed to be having ZrO, and the maintained coating confirmed to be

having TiO; on the surface according to the EDS point analyses. At the coating region, nitrogen



205

was also observed origin from the TiN layer. Additionally, minor amount of carbon was observed

at the EDS analysis of both sites which was because of the contamination in the autoclave.

Site |
Element Wt% Atomic %
C 1.05 352
(o) 25.40 63.81
Zr 72.33 31.87
Site 2
Element Wt% Atomic %
C 1.28 272
N 2.88 5.23
(o) 38.80 61.78
Ti 5322 29.37
(a) (b)

Figure B-3. Energy dispersive spectroscopy (a) electron microscopy image showing the point
analysis sites and (b) chemical analysis data of spallation site (site 1) and coating site (site 2)
performed on the scratched (2-layer TiN/TiAIN)/Ti/ZIRLO® autoclave tested in static pure water
at 360°C and 18.7 MPa for 47 days.

Figure B-4 shows the cross-section SEM-BSE images of the scratched regions. Cross-
section sample was prepared by cutting the sample into half perpendicular to the longitudinal axis
and then, molding the cut halves after placing them adjacent to each other. In these images two
side of the scratched sample are shown. The sample that is shown at the upper part of the image
has coating on the surface. The bottom part of the SEM-BSE images (Figure B-4a and Figure B-
4b) represent the scratched regions. These cross-section SEM images showed that the scratch
depth was ~10 um. As it was previously observed on the surface digital images in Figure 3-38,
scratched regions were assisted with coating spallation regions. These coating spallation regions
were confirmed once again with the cross-section analysis. At the spallation regions, zirconium
dioxide determined to be forming at a uniform thickness of 2.7+0.26 um at the region where the

substrate surface was exposed to the corrosive environment. Whereas at the regions where the

coating was maintained, ZIRLO® substrate was not oxidized.
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Figure B-4. (a) Digital images of scratched and unscratched 2-layer TiN/TiAIN coated samples

autoclave tested in static pure water at 360°C and 18.7 MPa for 47 days. Figures in (b) and (c) are
the cross-section SEM- BSE images of the two scratched regions along the cross-sectioned side

of the sample.



Appendix C: Functionally Grading

Functionally grading was performed to achieve a smooth transition from the pure
titanium layer to the TiAIN layer which will provide compensation of the thermal expansion
coefficient differences between different layers leading to the coating adhesion enhancement.
Based on the 2-layer TiN/TiAIN coating design three different functional grading approaches of
10%, 20% and 30% were investigated. Functionally grading was performed by increasing the
nitrogen pressure during deposition of the TiAIN layer. Both sides of the ZIRLO® sheets were
coated after deposition of the titanium bond coating layer with a thickness of ~0.6 um. Before
autoclave testing, one side of the samples were scratched to simultaneously evaluate the effect of
scratching on the corrosion performance of these coatings. Autoclave testing was performed in
autoclave in static pure water at 360°C and 18.7 MPa for 89 days.

Figure C-1 shows the front and back images of the autoclave tested samples. Samples
showed color variations on the surface in a color ranging between a bright purple and a matte
green color. These color changes were attributed to the oxidation of the coatings. Scratched
regions showed minor spallation, which were much less compared to the 2-layer TiN/TiAIN
coated sample that was presented in the previous section. This indicated an enhanced corrosion
performance of the 2-layer TiN/TiAIN coated sample achieved with functionally grading of the
TiAIN layer. Cross-section analysis was performed to determine whether there was any oxidation
of the substrate ZIRLO® both at the scratched and unscratched regions. Red dash line on the

images indicate the regions at which the cross-section analysis was performed.
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TiN/10% FG TiAIN/Ti/ZIRLO® TiN/20% FG TiAIN/Ti/ZIRLO® TiN/30% FG TiAIN/Ti/ZIRLO*
Front Back Front Back Front Back

(b)

Figure C-1. Digital images of the 89 days autoclave tested TiN/10% FG TiAIN/Ti/ZIRLO®,
TiN/20% FG TiAIN/Ti/ZIRLO® and TiN/30% FG TiAIN/Ti/ZIRLO® samples.

Figure C-2 shows the weight gain data obtained during the autoclave testing. Weight gain
data of both the scratched and unscratched samples having coatings deposited with the same
parameters were provided. All the coatings showed negative weight gain indicating coating
spallation and poor adhesion. However, compared to the not functionally graded sample data that
was presented in Figure 3-38, much less negative weight gain was observed, which is promising

in terms of functionally grading contribution to enhancing adhesion of the coating to the

substrate.

——TiN/10% FG-TIAIN/Ti/ZIRLO®-Scratched
——TiN/10% FG-TiAIN/Ti/ZIRLO®
——TiN/20% FG-TiAIN/Ti/ZIRLO®-Scratched
—o—TiN/20% FG-TiAIN/Ti/ZIRLO®
—=-TiN/30% FG-TiAIN/Ti/ZIRLO®-Scratched
——TiN/30% FG-TiAIN/Ti/ZIRLO®

B
1

Weight Gain (mg/dm?)
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'
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Figure C-2. Weight gain data of the 89 days autoclave tested scratched and unscratched TiN/10%

FG TIiAIN/TI/ZIRLO®, TiN/20% FG TiAIN/Ti/ZIRLO® and TiN/30% FG TiAIN/Ti/ZIRLO®
samples.
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Figure C-3 shows the cross-section SEM-BSE images of the 89 days autoclave tested
TiN/10% FG TIAIN/TI/ZIRLO®, TiN/20% FG TIiAIN/Ti/ZIRLO® and TiN/30% FG
TiAIN/Ti/ZIRLO® samples. Uniform Ti-BC, TiAIN and top TiN layers were observed on the
substrate surface. Functionally grading regions were also noticed in the SEM-BSE cross-section
images because of image contrast caused by the atomic number variation. Macroparticles were
observed as usual. 20%FG TiAIN and 30%FG TiAIN having coatings had some porosities in the
coating. 10%FG TiAIN having coating observed to be having a thinner coating compared to other

two coating designs.

Epoxy Epoxy

TiN Epoxy
N .

-

TiAIN TiAIN

TiAIN
lO"\A) FG TiAIN

300\/0 FG TiAIN

ZO‘V{ FG TiAIN

Ti-BC _ Ti-BC Ti-BC
REe s 5 um “ZIRLO® 5 um ZIRLO® 5 um

TiN/10% FG TiAIN/Ti/ZIRLO® TiN/20% FG TiAIN/Ti/ZIRLO®  TiN/30% FG TiAIN/Ti/ZIRLO®
(a) (b) (c)
Figure C-3. Cross-section SEM-BSE images of the 89 days autoclave tested TiN/10% FG
TIAIN/TI/ZIRLO®, TiN/20% FG TIiAIN/Ti/ZIRLO® and TiN/30% FG TIiAIN/Ti/ZIRLO®
samples.

Figure C-4 shows the EDS-line scans performed on the cross-section of the 89 days
autoclave tested TiN/10% FG TiAIN/Ti/ZIRLO®, TiN/20% FG TiAIN/Ti/ZIRLO® and TiN/30%
FG TiAIN/Ti/ZIRLO® samples to evaluate oxygen penetration, and functionally grading regions.
EDS-elemental line scans confirmed achievement of the functionally grading during the
deposition process. Titanium oxide formation on the surface was also confirmed. No substrate

oxidation was observed at the line scan performed region where the coating was maintained on

the surface.
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Figure C-4. EDS-elemental line scans of the 89 days autoclave tested TiN/10% FG
TiAIN/Ti/ZIRLO®, TiN/20% FG TIiAIN/Ti/ZIRLO® and TiN/30% FG TiAIN/Ti/ZIRLO®
samples.

Figure C-5 shows the EDS-elemental map analysis performed on the scratched regions of
the 89 days autoclave tested TiN/10% FG TiAIN/Ti/ZIRLO®, TiN/20% FG TiAIN/Ti/ZIRLO®
and TiN/30% FG TiAIN/Ti/ZIRLO® samples. EDS map analysis confirmed substrate oxidation at

the scratched regions and titanium oxide formation on the surface of the coatings where the TiN

layer was able to be maintained on the surface. The electron images taken during the EDS
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analysis also confirmed the cracked and almost crumbled structure of the coatings after
scratching. However, although the integrity of the coatings was diminished because of the
scratching that was performed before the autoclave testing, substrate oxidation was able to be
prevented through remaining coatings that were well adhered to the substrate surface.

In summary, functionally grading provided promising results in terms of enhancing the
coating adhesion to the substrate surface, which could be beneficial when it was performed to
another multilayer TiN/TiAIN coating design such as 8-layer coating which was already
determined to be the optimum multilayer TiN/TiAIN coating design to further improve its

adhesion and corrosion resistance performance.

(a)

ZIRLO®
Zr0O,
10% FG TsAIN Ti-QC \
N

T
TiO; N

Epoxy

50 um

TiN Epoxy

/ TiO;
e

TiAIN

Figure C-5. EDS- Elemental map analysis of the 89 days autoclave tested TiN/10% FG
TIiAIN/TI/ZIRLO®, TiN/20% FG TIiAIN/Ti/ZIRLO® and TiN/30% FG TIiAIN/Ti/ZIRLO®
samples.



Appendix D: Sectioning Effect

During the characterization of the tested samples, coating degradation was suspected to
be initiated from the edges. Although, coating uniformity on the surface of the tubular sample
was tried to be investigated along the axis of previous samples, since the sample length was small
(~4 cm) for this macroscale deposition process, no nonuniformity was observed. To confirm this
finding, sectioning approach was decided to be conducted, in which an ~15 cm (6”) tube sample
was coated and then, cut into three 4 cm sections as shown in Figure D-1. Several samples that
were prepared by either green scotch brite or grit blasting method were investigated for this
effort. The sectioning effect slightly observed only in case of green scotch brite prepared samples.
The substrate surface of the examined sample was prepared by lengthwise green scotch brite hand
grinding method. Then, 8-layer TiN/TiAIN coating was deposited on the surface with a cathode
composition of Ti/Al: 20/80 at.%. Coatings were exposed to static pure water at 360°C and 18.7
MPa for 98 days in an autoclave. To evaluate the coating uniformity and the corrosion
performance XRD, SEM and EDS analyses were performed. During visual analysis, it was
observed that although there was not a significant difference at the corrosion behavior of the

section a and b, section ¢ always showed less corrosion at the top region.



Coated

Section c
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Section a

Figure D-1. Digital images of as-deposited and autoclave tested sample sections that were
corrosion tested in static pure water at 360°C and 18.7 MPa for 98 days.
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Figure D-2 shows the SEM-BSE surface images of the autoclave tested sample. It was

observed that there was oxidation all over the surface. There were localized spallation and

boehmite formation on the sample surface. The vast amount of spallation was observed at the

cutting regions corresponding to the edges of the tube, which lead to zirconium oxide formation

that was confirmed with EDS analysis. Similar results observed during characterization of other

sections. Thus, it can be concluded that there was no sectioning effect, the spallation observed at

the edges was due to the cutting process during sectioning.
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Figure D-2. Digital image and surface SEM-BSE images of sample sections that were corrosion
tested in static pure water at 360°C and 18.7 MPa for 98 days
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