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a b s t r a c t

As a part of the effort to develop accident-tolerant fuel (ATF) that would delay potential deleterious
consequences of loss-of-coolant-accidents (LOCA), TiN and TiAlN coating application on nuclear fuel
claddings were shown as a promising path to enhance corrosion resistance of nuclear fuel cladding.
Recently, ytterbium doping was shown to contribute to improving TiAlN coating corrosion performance.
However, overall cladding coating performance evaluation requires investigation of neutronic penalties
and mechanical properties in addition to corrosion resistance. The current study is composed of two
parts. First, the neutronic impact of adding monolithic TiN, monolithic TiAlN and 8-layer TiAlN/TiN
coatings (with and without Yb dopants) to the exterior of conventional zirconium-alloy cladding was
investigated. Second, an experimental investigation was performed through the deposition of select
coating design architecture using cathodic arc physical vapor deposition process onto ZIRLO® 1 sheets
followed by mechanical testing to examine the adhesion and hardness of the coatings. Characterizations
were performed using optical microscopy (OM), scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), electron probe microanalysis (EPMA), Raman spectroscopy and X-ray diffraction
(XRD). It is concluded that to minimize the neutronic penalties, a limitation on the concentration of Yb-
dopant is necessary. Mechanical testing showed that hardness decreased with increasing Yb content. The
adhesion of the TiAlN coatings was not affected by doping but was affected by the cathode composition.

Published by Elsevier B.V.
1. Introduction

Nuclear energy is one possible contribution to solving the
world's energy problems since it is a highly efficient, low cost, and
clean energy source [1]. A light water reactor (LWR) nuclear fuel
assembly is composed of about 200 tubes kept in place by spacer
grids. These tubes include both guide tubes and fuel rods con-
taining enriched uranium dioxide (or a mixture of uranium and
plutonium oxide in the case of MOX fuel) ceramic fuel pellets
stacked in the cladding tube [2]. The cladding separates the fuel
pellets from the surrounding coolant water, thus functioning as a
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barrier to avoid fission products release while being almost trans-
parent to neutrons and allowing heat transfer to the coolant water
[2,3]. Zirconium-based alloys have been widely used as LWR clad-
ding materials because of their low neutron absorption cross-
section, adequate mechanical properties and good corrosion
resistance in water near 300 �C [4e6]. Cladding performance is
highly challenged in accident conditions with possible generation
of hydrogen that can lead to hydrogen explosions. A recent example
occurred in the Fukushima-Daiichi accident, in which a station
blackout caused a loss-of-coolant and progressed to a beyond-
design-basis accident. This has motivated research into Accident
Tolerant Fuels (ATFs), which 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 occurs [7,8]. These fuels are designed to improve the
performance, reliability, and safety of conventional UO2/zirconium-
alloy fuel during beyond design basis accident conditions and
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Table 1
The reference pressurized water reactor (PWR) design core parameters [60].

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 426.72
Pellet diameter, cm 0.82
Clad thickness, cm 0.057
Fuel rod outer diameter, cm 0.95
Pitch-to-diameter ratio 1.326
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improve performance, both during normal operations and during
design-basis-accidents. Specifically, ATF should prevent or at least
significantly slow down hydrogen formation from the interaction of
zirconium with high temperature steam.

There are several ATF approaches in literature. Candidate tech-
nologies include coated Zr-based alloys [8e13], SiC/SiC [8,14e28],
SiC ceramic matrix composite/Zr-based alloy hybrids [8], advanced
Zr-based alloys [8], Zr-based alloy or FeCrAl coated Mo-alloys
[7,29,30], FeCrAl [31], Ti3SiC2 [30], Ti2AlC [30] and engineered
stainless steel alloys [7,8,30,32,33]. These ATF cladding concepts
can be grouped into three categories: (i) full cladding replacement,
(ii) hybrid and (iii) protective coating applications. To prove viable,
ATF concepts should be easy to implement within the framework of
current and future LWRs, and to exceed or at least match current
LWR fuel performance. Among various ATF concepts, a protective
coating application is one of themost promising approaches since it
could improve the corrosion characteristics of the currently used
Zr-based alloy claddings without requiring a major change in
cladding design. Many coating approaches for Zr-based alloy sub-
strates have been previously proposed including metallic, nonme-
tallic, oxide, carbide, nitride and multilayer coating designs
[4,8e13,34,35]. The challenges regarding a protective coating
application include the requirement for low neutronic penalty, ease
of fabrication, scalability of the deposition method for production-
size components, adhesion of the coating to the substrate, and
thermal and mechanical compatibility of the coating and the sub-
strate material both at normal and accidental environment condi-
tions [35].

Transition metal nitrides provide enhanced hardness, wear
resistance and chemical inertness due to amixed bonding structure
involving ionic, covalent and metallic bonds [36]. TiN and TiAlN
coatings have beenwidely used for years on high-speed tool steels,
cemented carbides, and cermet substrates for various cutting and
finishing operations in the tooling industry [36e43]. Several
physical vapor deposition (PVD) methods can be used to deposit
these coatings such asmagnetron sputtering, anodic arc ion plating,
electron arc ion plating and cathodic arc ion plating [44]. Among
these, cathodic arc physical vapor deposition (CA-PVD) is a line-of-
sight deposition process which has several advantages over other
PVD processes, such as energetic particle bombardment on the
substrate surface leading to good adhesion, dense coating forma-
tion, 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 (espe-
cially in multilayer coatings), and scalability to production size
components [36,45e48]. Previously, the corrosion behavior of
single-layer TiN, single-layer TiAlN and multilayer TiN/TiAlN
coating design architectures deposited on ZIRLO® substrates using
CA-PVD and tested in static pure water at 360 �C and 18.7MPa was
investigated, although higher temperature investigation is still
necessary, current results are found to be promising [49,50]. To
extend the good behavior to higher temperatures, doping with
chromium and yttrium are possible [51]. Recently, ytterbium
doping contribution to advance corrosion resistance of single-layer
TiAlN coating deposited on ZIRLO® substrates using a hybrid
coating technique of resistance evaporation and CA-PVD was also
demonstrated [52]. However, the viability of these coating designs
for nuclear fuel cladding applications depends on an investigation
of mechanical properties and the neutronic penalty.

Neutronically, each TiAlN coating, whether the 8-layer TiAlN/
TiN or the doped 8-layer TiAlN/TiN, introduces parasitic neutron
absorption into every fuel assembly. It is necessary to calculate the
percentage of neutrons absorbed within each coating layer, quan-
tify the effect of the added neutron absorption on fuel cycle length,
and present design solutions to maximize fuel performance
without sacrificing accident tolerance. For lattice-level neutronic
investigations, the SERPENT Monte Carlo code and SCALE 6.1
package TRITON, KENO-VI, CENTRMmodules have been previously
used in literature [53e58]. Previously, a neutronic penalty inves-
tigation was performed for Ti0.5Al0.5N using the SERPENT Monte
Carlo Code, which concluded that a 10e30 mm coating thickness
would result in minimal neutronic penalty [58].

There are considerations in developing coatings, which are
initially mentioned in this section, but the current study will
discuss neutronic penalty andmechanical property effects of doped
and undoped single-layer TiAlN, single-layer TiN and multilayer
TiN/TiAlN coatings on Zr-based alloy nuclear fuel claddings. The
study was conducted in two parts. First, the neutronic impact of
adding monolithic TiN, monolithic TiAlN and 8-layer TiAlN/TiN
coatings with and without dopants to the exterior of conventional
UO2/zirconium-alloy cladding was investigated. Second, an exper-
imental investigation was performed through deposition of select
coating designs using CA-PVD method on ZIRLO® sheets and me-
chanical testing to examine adhesion and hardness of the coatings.
High temperature performance investigation will be considered as
a future study.

2. Neutronic model and methodology

The SERPENT Monte Carlo code [59] is used to evaluate the
neutronic performance of single-layer doped and undoped TiAlN,
and 8-layer TiN/TiAlN coatings. The selected reference pressurized
water reactor (PWR) was the Westinghouse AP1000 with a 17� 17
fuel assembly [60]. Such an assembly contains 264 fuel rods, 24
guide thimbles, and 1 instrumentation thimble. Reflective bound-
ary conditions on four sides generate an infinite radial lattice with
finite axial length. The assembly extremities contain axial reflectors
composed of a water and steel mixture (50%e50% volume mix,
100 cm length). Core parameters are shown in Table 1 [60]. Cycle
length and attainable burnup were projected from the depletion of
a single assembly averaged reactivity under the assumption of
constant power throughout the lifetime of the assembly [61]. To
correct for the infinite lattice model, radial leakage was assumed to
be 3% [61]. Neutronic analysis for single-layer TiAlN, single-layer
TiN and 8-layer TiAlN/TiN used ENDF/B-VII.0 cross sections. How-
ever, since ENDF/B-VII.0 does not contain Yb cross section data, the
JEFF 3.1.1 cross section data was used for all doping calculations.
Cross sections were Doppler broadened at the following tempera-
tures: 784 �C for fuel, 364 �C for clad, 327 �C for coolant, and ther-
mal scattering cross sections were applied to the water. Depletion
calculations used Chebyshev Rational Approximation Method
(CRAM) and a high-resolution flux spectrum based on the unified
energy-grid structure to calculate one-group cross sections.

The reference UO2 was assumed to be 4.5 at.% enriched and
Zircaloy-4 (0.1wt% Cr, 0.21wt% Fe, 1.45wt% Sn, and 98.24wt% Zr;
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6.56 g/cm3) 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 or 445.5 EFPD with
JEFF 3.1.1 cross section data. The fuel enrichment compensationwas
determined as described in Younker et al. [58].

3. Experimental methods

3.1. Materials and coating

ZIRLO®, a Zr-based alloy having a composition of 1wt% Nb, 1wt
% Sn, 0.1wt % Fe and balance Zr, was used as the substrate material.
In the present study, ZIRLO® was provided in sheet form by
Westinghouse Electric Company LLC (Pittsburgh, PA). The thickness
of the ZIRLO® sheets was 0.05 cm. These sheets were cut to di-
mensions of 5 cm� 2.5 cm x 0.05 cm using a diamond saw. Prior to
coating deposition, the substrate surface was prepared by hand
grinding with either 320-grit SiC paper or Green Scotch-Brite
scouring pads (240 grit Al2O3) to remove oxides and obtain a
substrate surface roughness value of 0.25 mm Ra, which was pre-
viously determined to be the optimum value for good adhesion
between the ZIRLO® substrate and the coating [49]. Then, sub-
strates were cleaned using ultra-sound in acetone andmethanol for
10min per each, rinsed with deionized water and dried with pure
nitrogen gas (99.999%).

3.2. Coating deposition

CA-PVD was used to deposit single-layer TiAlN, single-layer TiN
and 8-layer TiN/TiAlN coatings onto the ZIRLO® sheets. The CA-PVD
chamber was a cubic chamber with 50.8 cm side. Cylindrical solid
cathodes had 6.3 cm diameter and 3.2 cm thickness. The ZIRLO®

substrates were mounted in a planet-sun rotation arrangement
where the substrates represent the planets and individually rotate
clockwise at 6.75 rpm as well as the entire sample holder which
also rotates clockwise at 2.4 rpm. The chamber temperaturewas set
to 325 �C. First, ion etching was performed by applying
1.6� 10�3 Pa Ar atmosphere and �1000 V substrate bias to remove
the native oxides from the substrate surface. Then, a 0.6 mm thick
titanium bond coating (Ti-BC) layer was deposited onto ZIRLO®

using a pure titanium cathode (99.999%), 65 A arc current
and �150 V substrate bias in 1.6 Pa Ar atmosphere, as was done in
Ref. [49]. Undoped TiAlN layer deposition was performed using
cathodes with a composition of either Ti0.33Al0.67 or Ti0.20Al0.80 in
1.6 Pa N2 atmosphere using 45e65 A arc current and 0-(-100) V
substrate bias. TiN layer deposition was performed with the same
parameters used during the Ti-BC layer deposition except that the
TiN deposition took place in 1.6 Pa N2 atmosphere instead of Ar
atmosphere.

For Yb-doped TiAlN coating deposition, the CA-PVD systemwas
modified to achieve a hybrid coating technique combining resis-
tance evaporation and CA-PVD. Details of the ytterbium doping
during the TiAlN coating deposition and the schematic image of the
modified deposition chamber were provided in Brova et al. [52].
Resistive thermal evaporation of ytterbiumwas used in situ to dope
the outer half of the TixAl1-xN coatings during CA-PVD deposition.
The power supply ran high voltage through a high current trans-
former which led the current through a specially designed thermal
evaporation unit. Ytterbium metal was placed on tantalum evap-
oration boats of different sizes where the current would resistively
heat the dopant species. The different tantalum boat sizes changed
the resistance which in turn would change the amount of current
used to evaporate the ytterbium which allowed for the generation
of different dopant concentrations. A nitrogen gas flow line at 17
sccmwas used to direct the ytterbium vapor species to the samples
during the deposition process. The sample deposition parameters
are summarized in Table 2.

3.3. Testing and characterizations

Scratch testing was performed to determine 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 [62].
The test was performed using a Romulus IV Universal Materials
Tester (Spokane, WA, USA). Microhardness indentation testing was
performed using a Leco MHT Series 200 indenter (St. Joseph, MI,
USA) with a Vickers tip at a load of 10 g.

Characterizations were performed using optical microscopy
(OM), scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), electron probe microanalysis (EPMA), optical
profilometry, Raman spectroscopy and X-ray diffraction (XRD). OM
and SEM were utilized for high resolution imaging. On FEI Quanta
200 Environmental SEM instrument was used for SEM analysis
which was performed both in secondary electron mode (SEM�SE)
and in backscattered electron mode (SEM-BSE). Examinations were
performed both on surface and cross-section samples. Cross-
sectional samples were coated with iridium to avoid charging
during electron microscopy measurement. The coating thicknesses
were measured using ImageJ from cross-section SEM-BSE images.
The average coating thicknesses were determined by 15 data
collected from SEM-BSE images taken from five different locations
on both sides of the coating. EDS and EPMA were performed to
identify and quantify the chemical composition of the samples in
the as-deposited coating. The EDS analysis was conducted by uti-
lizing EDS equipment mounted to the scanning electron micro-
scopy instrument. Chemical composition measurement was
performed on cross-section samples with the help of AzTEC soft-
ware used in the point analysis mode. To identify the energy peaks
obtained during EDS analysis, standard values embedded to the
AzTEC software were used. The coating chemical compositions
were measured from five different locations on both sides of the
coating (3-measurement locations from one side, 2-measurement
locations from the other side). The chemical composition mea-
surement was performed from the middle of the coating thickness.
Optical profilometry was used to determine substrate surface
roughness. Raman spectroscopy and XRD scans were performed to
determine coating phases. XRD patterns were obtained with the
PANalytical XPert Pro Multi-Purpose Diffractometer (MPD). The 2q
scan was performed using Cu Ka radiation (Ka1¼1.54056 Å,
Ka2¼1.54443Å) 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 pattern identifications were
performed using JADE software.

4. Results

This study has been conducted with the aim of investigating the
neutronic penalty and themechanical properties of nitride coatings
recently developed to enhance the performance of nuclear fuel
claddings as an accident tolerant fuel. The investigated coating
designs involved doped and undoped single-layer TiAlN, single-
layer TiN, 8-layer TiN/TiAlN.

4.1. Neutronic analysis

To understand the neutronic impact of each coating layer, the 8-
layer TiAlN/TiN multilayer coating was broken into its basic



Table 2
Nitride-based coating cathodic arc physical vapor deposition process parameters. Deposition parameters are presented for (TiAlN/TiAlN þ Yb)/TiN in the specified order.

Coating TiAl cathode composition, Ti/Al
(at.%)

Deposition time
(min)

Substrate bias
(V)

Source current
(A)

Current through Yb
(A)

Yb plasma evaporation
(min)

TiAlN 20/80 (450/0)/0 (0/0)/0 (60/0)/0 0 0
TiAlN 20/80 (450/0)/0 (25/0)/0 (60/0)/0 0 0
TiAlN 20/80 (450/0)/0 (50/0)/0 (60/0)/0 0 0
TiAlN 20/80 (450/0)/0 (100/0)/0 (60/0)/0 0 0
TiAlN 33/67 (450/0)/0 (50/0)/0 (60/0)/0 0 0
8-layer TiN/TiAlN 20/80 4x[(50/0)/50] 4x[(75/0)/150] 4x[(45/0)/45] 0 0
8-layer TiN/TiAlN 33/67 4x[(50/0)/50] 4x[(75/0)/150] 4x[(45/0)/45] 0 0
TiAlN þ Yb (0.44 at.%) 33/67 (120/120)/0 (50/50)/0 (45/45)/0 170 30
TiAlN þ Yb (0.64 at.%) 33/67 (60/180)/0 (50/50)/0 (45/45)/0 116 180
TiAlN þ Yb (4.78 at.%) 33/67 (120/120)/0 (50/50)/0 (45/45)/0 165 66
TiAlN þ Yb

(19.72 at.%)
33/67 (120/120)/0 (50/50)/0 (45/45)/0 180 120

TiAlN þ Yb
(33.24 at.%)

33/67 (120/120)/0 (50/50)/0 (45/45)/0 200 120
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components, pure TiN, Ti0.20Al0.80N, and Ti0.33Al0.67N. Each coating
was applied at thicknesses of 4, 8, and 12 mm and included the
0.6 mm Ti-BC layer. Table 3 shows the percentage of neutron loss
due to absorption within coating and the corresponding cycle
length penalty as compared to the uncoated case. Twomajor trends
can be observed: (1) the percentage of neutrons absorbed within
the coating increases linearly with coating thickness; (2) the overall
absorption is driven by the most absorbing element, titanium.
Accordingly, TiN absorbs more neutrons than either Ti0.20Al0.80N or
Ti0.33Al0.67N. The Ti-BC layer composition and thickness remained
constant resulting in an unvarying percentage of absorbed neu-
trons in the bond coating, 0.01%. Parasitic absorption associated
with each coating leads to fewer neutrons available for fission,
decreases reactivity, and ultimately shortens fuel cycles. The
resulting EFPDs follow the trends of neutron absorption percent-
age. However, the neutronic penalties stemming from Ti0.20Al0.80N,
and Ti0.33Al0.67N coatings are minor and can be compensated by a
slight increase to fuel enrichment (<0.05 at.%).

The neutronic penalty of 8-layer TiN/TiAlN having a coating
thickness of 8 and 12 mm was also investigated. To determine the
neutronic penalty in the case of 8-layer TiN/TiAlN coatings, layers of
TiN, Ti0.20Al0.80N, and Ti0.33Al0.67N, 1 and 1.5 mm thick, combined in
an alternating pattern along with a 0.6 mm Ti-BC layer were
assumed. Table 4 shows the percentage of neutrons captured and
cycle length penalty caused by the entire coating (including 0.01%
from Ti bond layer) and individual components. As expected,
neutron absorption and cycle length penalty follow the trends
previously described for single-layer TiN and single-layer TiAlN
coating. One would envision total coating absorption and cycle
length penalty values for 8-layer TiN/TiAlN to lie between those of
pure TiN and TiAlN, which they do. As in the case of single-layer
coatings, neutronic penalties are low and an increase in enrich-
ment of less than 0.08 at.% could be enough to maintain the refer-
ence cycle length.

Finally, the neutronic penalty effect of Y and Yb doping on TiAlN
coating was investigated through consideration of four dopant
Table 3
Percentage of neutrons absorbed within the coating/Cycle length penalty (EFPD)
derived from coatings as a function of the monolithic coating composition and
thickness.

Coating Thickness, mm

4 8 12

TiN 0.12/-2.8 0.24/-5.1 0.37/-8.0
Ti0.20Al0.80N 0.05/-1.1 0.10/-2.5 0.15/-4.0
Ti0.33Al0.67N 0.06/-1.5 0.11/-2.7 0.17/-4.3
concentrations: 1, 2, 5, and 10wt%. TiAlN layers were doped with
either Y, Yb, or a 50%e50% mixture of both. Investigated doping
concentrations and corresponding cycle length penalty values are
summarized in Table 5. To provide the most conservative analysis,
the 8-layer TiAlN/TiN with the highest neutronic penalty was
doped, in this case 12 mm thick Ti0.33Al0.67N/TiN. TiN layer compo-
sition remained constant. Ti0.33Al0.67N compositions incorporated
the dopant concentrations, while scaling the previous Ti0.33Al0.67N
composition accordingly. Ti0.33Al0.67N densities were also adjusted
to account for denser doping agents. Microscopic radiative capture
cross sections at 327 �C for titanium, yttrium, and ytterbium, and
percentage of neutrons captured within doped 12 mm 8-layer TiN/
Ti0.33Al0.67N coating as a function of dopant and concentration are
presented in Fig. 1. The neutron absorption cross-section of yttrium
is lower than that of titanium. Thus, the cycle length penalty
(Table 5) and coating absorption (Fig. 1a) scale inversely with
yttrium concentration. Conversely, ytterbium possesses an ab-
sorption cross section much larger than that of titanium, leading to
an increased neutronic penalty. A linear progression of neutron
capture for the entire 12 mm 8-layer Ti0.33Al0.67N/TiN coating was
observed when doped with Y, Yb, and a Y/Yb mixture (Fig. 1b). As
one would expect, the Y/Yb mixture produces results in between
those of Y and Yb. Dopant limits are not needed when using
yttrium, but strong consideration should be given to minimizing
the ytterbium dopant concentration. However, the worst-case
scenario (10wt% Yb) requires less than 0.1 at.% fuel enrichment
increase to maintain the reference cycle length.

4.2. As-deposited coating analysis

The coatings were deposited using cathodic arc physical vapor
deposition. The method provides flexibility in terms of coating
properties by varying deposition parameters such as cathode
composition, nitrogen partial pressure, substrate bias and arc cur-
rent. The starting point for the deposition parameters used in this
study were based on our previous studies [49,50,52]. The arc cur-
rent was determined not to have a significant effect on the
deposited coating properties [38]. Thus, in this study we used two
different arc current values of 60 A and 45 A to deposit single-layer
TiAlN, and 8-layer TiN/TiAlN and Yb-doped TiAlN, respectively.
Starting from that point, we further investigated substrate bias and
cathode composition effects on coating adhesion. These results are
presented here.

In our previous study [49], an increase in the negative substrate
bias from 50 to 100 V only slightly enhanced the corrosion perfor-
mance of the TiAlN coatings. In this study, we further investigated
the substrate bias effect by considering four different substrate



Table 4
Percentage of neutrons absorbedwithin each coating component/Cycle length penalty (EFPD) derived frommultilayer coatings as a function of the 8-layer coating composition
and thickness.

Alternating layers Layer thickness, mm Total coating thickness, mm Neutron absorption, % Cycle length penalty, EFPD

TiAlN TiN Total

Ti0.20Al0.80N/TiN 1 8 0.05 0.12 0.18 �4.1
Ti0.33Al0.67N/TiN 0.06 0.12 0.19 �4.2
Ti0.20Al0.80N/TiN 1.5 12 0.07 0.18 0.27 �5.7
Ti0.33Al0.67N/TiN 0.08 0.18 0.28 �6.0

Table 5
Cycle length penalty (EFPD) derived from doped 12 mm8-layer TiN/Ti0.33Al0.67N coating as a function of dopant and concentration. Coating absorption and cycle length penalty
trend inversely with yttrium concentration.

Dopant Density, g/cm3 Composition, wt.% Composition, at.% Cycle length penalty, EFPD

N Al Ti Y Yb N Al Ti Y Yb

None 3.56 29.2 37.5 33.3 0 0 50.00 33.32 16.68 0 0 0
Y1 3.56 28.9 37.1 33 1 0 49.86 33.22 16.65 0.27 0.00 �6.2
Y2 3.57 28.6 36.8 32.6 2 0 49.70 33.18 16.57 0.55 0.00 �6.2
Y5 3.61 27.8 35.6 31.6 5 0 49.38 32.81 16.41 1.40 0.00 �5.9
Y10 3.67 26.2 33.8 30 10 0 48.44 32.43 16.22 2.91 0.00 �5.4
Yb1 3.6 28.9 37.1 33 0 1 49.93 33.26 16.67 0.00 0.14 �6.5
Yb2 3.64 28.6 36.8 32.6 0 2 49.83 33.27 16.61 0.00 0.28 �6.6
Yb5 3.78 27.8 35.6 31.6 0 5 49.72 33.04 16.53 0.00 0.72 �6.9
Yb10 4 26.2 33.8 30 0 10 49.14 32.89 16.45 0.00 1.52 �7.6
Y0.5/Yb0.5 3.58 28.9 37.1 33 0.5 0.5 49.90 33.24 16.66 0.14 0.07 �6.5
Y1/Yb1 3.61 28.6 36.8 32.6 1 1 49.77 33.23 16.59 0.27 0.14 �6.4
Y2.5/Yb2.5 3.7 27.8 35.6 31.6 2.5 2.5 49.55 32.92 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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biases of 0 V, 25 V, 50 V and 100 V. The arc current was set as 60 A
and Ti0.20Al0.80 cathode was used to deposit coatings. GIXRD was
used to identify the crystal structure of the phases in the coating
(Fig. 2). Most of the peak patterns were fitted with the Ti0.32Al0.68N
phase diffraction pattern data shown having the ICDD-PDF# 04-
017-4686, which is a hexagonal crystal structure. Other peaks were
identified as Ti0.5Al0.5N (ICDD PDF# 04-005-5251) and AlN (ICDD
PDF# 04-004-4544). Ti0.5Al0.5N has a cubic crystal structure and
AlN has a hexagonal crystal structure. X-ray diffraction examination
of the coating shows evidence of both the cubic and hexagonal
phases. There was (111) peak of the Ti0.5Al0.5N 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 ti-
tanium content in the coating at higher substrate bias values
resulting in expansion of the lattice parameter compared to lower
aluminum content state [63,64]. We have higher titanium content
at higher bias because titanium ionization is higher compared to
aluminum [65,66] and in the case of resputtering from the sub-
strate surface titanium is resputtered less compared to aluminum
since titanium is heavier [36]. Another reason is the complex re-
sidual 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
[67]. This high ion energy bombardment is also the reason of peak
broadening at higher substrate biases [64]. Since the data presented
in Fig. 2 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. [48,68]. The
occurrence of texture can be attributed to the driving force to lower
the overall coating surface energy [68].

Visual examination results, presented in Fig. 3, showed that all
coatings had a dark gray color, the substrate bias affected the
coating color tone and the coating texture. 0 V substrate bias led to
a matte finish, while other coatings, deposited with 25 V, 50 V and
100 V, showed a glossy finish (Fig. 3a). The surface SEM�SE images
(Fig. 3b) demonstrated that the surface of the coating deposited
with 0 V substrate bias was full of sphere-like macroparticles in
various sizes. This non-smooth surface covered with spherical
macroparticles could be the reason of the matte finish observed in
the digital image of the coating. This sphere-like macroparticles on
the surface indicates low kinetic energy and attractive forces which
can cause deviation in the macroparticle geometry. Coatings
deposited with 25 V and 50 V substrate bias also had sphere-like
macroparticles on the surface. 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 [69] or a passive deposition without high enough mo-
mentum distort the shape of the macroparticle. Perturbation of
macroparticles observed in the case 50 V can be attributed to arrival
on the substrate surface in liquid state [69] or distortion in its ge-
ometry due to substrate bias. The spatter appearance of the 100 V
substrate bias deposited coatings can be attributed to the high
momentum of the macroparticles resulting from the high substrate
bias [36]. Substrate bias effect on the amount of macroparticles
were previously demonstrated in literature [70e73]. Paldey et al.
[73] attributed the increase in macroparticle amount to the in-
crease in aluminum content in the coating. Kale et al. [72] attrib-
uted 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,
Al/Ti atomic ratiowas ~4matching the cathode composition and no
significant aluminum content variation with substrate bias was
observed during the EDS analysis (8.5± 0.4 at.% Ti, 32.7± 0.4 at.% Al
and 56.9± 2.1 at.% N). Thus, the lower macroparticle amount with



Fig. 1. (a) 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 mm 8-layer TiN/Ti0.33Al0.67N coating as a function of dopant and concentration.

Fig. 2. 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 Å) radiation and with a grazing
incidence angle of 1�.
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increased substrate bias could be the negative charging of the
macroparticles in the plasma and repelling at the substrate surface
[70] or evaporation due to high ion energy collusion [72]. The cross-
section SEM-BSE images presented in Fig. 3c showed that the
average TiAlN coating thicknesses of coatings deposited with 0 V,
25 V, 50 V and 100 Vwere 14.7± 0.5 mm,11.2± 0.6 mm,13.1± 1.5 mm
and 3.9± 1.2 mm, respectively. The lowest coating thickness
observed in the case of 100 V substrate bias was attributed a high
degree of resputtering from the substrate surface. So, there is an
optimum substrate bias value that provides a smooth surface with
minimum macroparticles, dense structure with minimum porosity
and good adhesion with no delamination. Thus, a 50 V substrate
bias satisfied these qualities as compared to the other substrate bias
values examined for the deposition conditions studied.

Next, single-layer TiAlN coatings deposited with two different
cathode compositions were investigated. The overlaid Raman
spectroscopy spectrums (Fig. 4) demonstrated that TiAlN coating
deposited with 33 at.% Ti e 67 at.% Al cathode showed two broad
bands having peaks at 257 and 673 cm�1; whereas, TiAlN coating
deposited with 20 at.% Ti e 80 at.% Al. TiAlN showed four peaks at
190, 485, 625 and 774 cm�1. Both spectrums demonstrated peaks
relevant to TiAlN phase [74,75]. Total spectral density, i.e., the gap
between the acoustic and optic modes, between the two broad
bands increased in the case of 20 at.% Ti e 80 at.% Al cathode
deposited TiAlN coating compared to the 33 at.% Ti e 67 at.% Al
cathode deposited TiAlN coating, which is because of more
aluminum atoms occupying titanium sites causing more deviation
from perfect face centered cubic crystal structure [74,75]. Fig. 5
shows the overlaid GIXRD measurement patterns of coatings
deposited with cathodes having a composition of either 33 at.% Tie
67 at.% Al or 20 at.% Ti e 80 at.% Al. For a cathode composition of
67 at.% Al, coating phase is determined to be Ti0.5Al0.5N (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
Ti0.32Al0.68N phase (ICDD-PDF# 04-017-4686) and AlN (ICDD PDF#
04-004-4544), which have hexagonal crystal structure. It should be
noted that slight peak shifting was observed due to slight deviation
in the coating chemistries from the ICDD card number. Peaks
appeared in a broad manner indicating nanocomposite crystal
structure.

Additionally, TiAlN coating chemical composition was deter-
mined by performing EDS analysis on cross-sectional samples and
the results are presented in Table 6. 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.

The as-deposited and corrosion tested 8-layer TiN/TiAlN coating
results and discussions regarding their composition, phases and
corrosion performance in static pure water at 360 �C and 18.7MPa
were provided in Alat et al. [50]. Yb-doped sample morphological
and crystal structure analysis were also performed by using SEM
and XRD. Additionally, Yb-doped sample compositions were
measured using the energy dispersive spectroscopy (EDS) and
confirmed by EPMA. Results and discussions regarding the as-
deposited Yb-doped coatings are provided in Brova et al. [52].

4.3. Mechanical properties

In single-layer TiAlN coatings scratch tests, three main defor-
mation mechanisms were observed through the scratch. Fig. 6
shows the SEM�SE, SEM-BSE and loading vs distance diagram of
the corresponding scratch performed on a sample having a coating
deposited with 25 V substrate bias. First observed deformation was
the lateral cracks that started to form at 3 mm scratch length and
13.1 N load. Second deformation mode was the transverse cracks



Fig. 3. (a) Digital images, (b) surface SEM�SE and (c) cross-section SEM-BSE images of TiAlN coated ZIRLO® sheets with four different substrate biases: 0 V, 25 V, 50 V and 100 V.

Fig. 4. Overlaid Raman spectrums of coatings deposited with cathodes having a
composition of 33 at.% Ti e 67 at.% Al and 20 at.% Ti e 80 at.% Al.

Fig. 5. GIXRD measurement patterns of coatings deposited with cathodes having a
composition of 33 at.% Ti e 67 at.% Al and 20 at.% Ti e 80 at.% Al. XRD-GI was performed
using a Cu-Ka (1.54048 Å) radiation and with a grazing incidence angle of 1�.
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assisted with chipping and buckling spallation that started to occur
at 5.9 mm scratch length and 26.9 N load. Simultaneously, coating
fragment detachments occurred at the rim of the scratch and re-
covery spallation was initiated at the two edges of the scratch
because of combined adhesive and cohesive failure [76e78].
Finally, gross spallation of the coating occurred at 8.4 mm scratch
length and 38.7 N load. The coating adhesion performance of
coatings deposited with different substrate biases of 0 V, 25 V, 50 V
and 100 V was evaluated by comparing the critical load to start
gross spallation in each of the coatings. For the coating deposited
with 100 V substrate bias, critical load to cause spallation was
determined to be 2.9 N. In the coatings deposited with 0 V and 50 V,
coating spallation was not observed even at the maximum loading
of 48.5 and 47.9 N, respectively. No spallation in the case of coatings
deposited with 0 V substrate bias can be attributed to a resilience
achieved in the coating with a higher volume fraction of macro-
particles. 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 ion penetration into the substrate lattice during
ion bombardment leading to enhanced coating adhesion [36]. The
low critical load in the case of 100 V substrate bias can be attributed
to the rougher surface and high degree of residual stress [79].

Fig. 7 shows the SEM-BSE image of scratch tested single-layer
TiAlN coatings deposited with two different cathode composi-
tions of Ti0.20Al0.80 and Ti0.33Al0.67. For the used scratch rate, gross
spallation was not observed in coatings deposited with Ti0.33Al0.67
cathode, indicating better adhesion compared to coatings depos-
ited with Ti0.20Al0.80 cathode. This can be attributed either to more
aluminum concentration in TiAlN coating leading to higher
microhardness difference between the substrate and the coating,
and eventually critical load decrease [80] or to the lower surface
roughness and better coating integrity due to less macroparticles



Table 6
Composition of TiAlN coatings deposited by using cathodes having 20 at.% Ti e 80 at. Al and 33 at.% Ti e 67 at.% Al. Coating compositions were determined using energy
dispersive spectroscopy (EDS) point analysis.

Cathode composition Ti, at.% Al, at.% N, at.% Ti, wt.% Al, wt.% N, wt.%

20 at.% Ti e 80 at.% Al 8.76± 0.20 32.98± 0.34 58.26± 0.50 19.73± 0.36 41.85± 0.29 38.39± 0.50
33 at.% Ti e 67 at.% Al 13.10± 0.47 25.83± 0.60 59.68± 2.34 28.71± 0.77 31.90± 0.54 38.26± 1.51

Fig. 6. SEM secondary electron (SE), SEM backscatter electron and loading vs distance diagram of the corresponding scratch performed on a sample having a TiAlN coating
deposited with 25 V substrate bias, 60 A source current, cathode with 20 at.% Ti e 80 at.% Al.

Fig. 7. SEM-BSE image of scratched TiAlN coatings deposited with 50 V substrate bias, 60 A source current, and using a cathode wither with 33 at.% Ti - 67 at.% Al or 20 at.% Ti -
80 at.% Al.
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that can be attributed to less aluminum content [66,73,79].
Fig. 8 shows scratch testing result of 8-layer TiN/TiAlN coated

ZIRLO® sheet having TiAlN layers deposited using 33 at.% Ti e 67 at.
% Al with 75 V substrate bias and 45 A source current. Gross
spallation observed to be occurring after 6.15mm scratch distance
at 27 N. The gross spallation location was also confirmed with en-
ergy dispersive spectroscopy (EDS) elemental map analysis shown
in Fig. 8b that shows titanium, aluminum, nitrogen having regions
and then zirconium appearance because of coating spallation. Fig. 9
shows scratch testing results of 8-layer TiN/TiAlN coated ZIRLO®

sheet having TiAlN layers deposited using 20 at.% Ti e 80 at. % Al.
The gross spallation onset took place at ~26 N. Based on these
results, it can be concluded that cathode composition variation did
not affect coating adhesion significantly in the case of 8-layer TiN/
TiAlN coating deposited with indicated deposition parameters.
Additionally, 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.

Vickers microhardness testing was used to evaluate the effect of
the ytterbium dopants on the mechanical integrity of the coatings.
The hardness values (Fig. 10) were in the range of 2600e3500 HV
[81]. As ytterbium content within the TiAlN coating increased,



Fig. 8. (a) Optical microscopy image and (b) EDS-elemental map analysis of the scratch on green scotch brite prepared 8-layer TiN/TiAlN/Ti/ZIRLO® sheet. (TiAlN layer deposition
parameters: cathode 33 at.% Ti e 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). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Analysis of the scratch on green scotch brite prepared 8-layer TiN/TiAlN/Ti/ZIRLO® sheet. (TiAlN layer deposition parameters: cathode 20 at.% Ti e 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). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 10. Cross-section Vickers microhardness values with respect to Yb content in the
TiAlN coatings deposited on ZIRLO® sheets.
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hardness decreased. The higher concentrations of ytterbium
resulted in an average loss of 464 HV. The decrease in hardness
with increase in ytterbium content can be attributed to the
increased metal content.

In all the coatings on ZIRLO®
flats, scratch adhesion testing

resulted in cohesive failure in the form of conformal cracking which
can be seen in Fig. 11a. The scratch length of the critical load for
conformal cracking was defined as the distance from the beginning
of the scratch to the center of the first crack. The average normal
force required to generate conformal cracking was 27.5 N. Adhesive
failure in the form of minor coating spallation also occurred with
the conformal cracking and was consistent until the total adhesive
failure of the coating. Fig. 11b shows the critical load values
required to induce initial cohesive failure. While all coatings are
relatively consistent in terms of critical loads, fluctuations in critical
load is most likely due to processing differences such as riser usage
during the deposition process. The cohesive failure is attributed to
the method of doping not being optimized, combined with varia-
tion in the coating dopant gradation through the coating thickness.

Fig. 12a shows an optical micrograph of the characteristic total
adhesive failure of the doped titanium aluminum nitride coating
systems. Across all coatings, reaching the critical load would result
in uniform and consistent coating removal. The average coating
total adhesive failure occurred at 58.7 N. Fig. 12b shows the critical
loads required to induce gross spallation within the ytterbium
doped titanium aluminum nitride films. There is no trend between
the amount of ytterbium within the film and the force required to
achieve adhesive failure (coating delamination from substrate).
This is most likely due to adhesive failure being dependent upon
the thickness and quality of the bond coat in addition to coating
preparation, thickness, stress, and microstructure. Minor process-
ing differences in the bond coat may explain the slight variation
within the data.

5. Conclusions

TiAlN, when combined in alternating layers with TiN, produces a



Fig. 11. (a) Optical microscopy image showing the conformal cracking consistent across all Yb-doped titanium aluminum nitride coatings as deposited on ZIRLO® sheets. (b)
Adhesion critical load values required to induce confocal cracking and minor spallation with respect to Yb content in the TiAlN coatings deposited on ZIRLO® sheets.

Fig. 12. (a) Optical microscopy image showing characteristic adhesive failure upon reaching a critical load, as the coatings uniformly exhibit gross spallation. (b) Critical loads
required to induce gross spallation within Yb-doped titanium nitride films.
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thin ceramic coating with improved corrosion resistance compared
to bare zirconium-based alloys. However, to withstand higher
temperatures, doping agents, yttrium and ytterbium, can modify
TiAlN/TiN layers. The neutronic impact of adding monolithic TiN,
monolithic TiAlN and 8-layer TiAlN/TiN coatings with and without
dopants to the exterior of conventional UO2/zirconium-alloy clad-
ding was evaluated. Also, select coating design architectures were
deposited by CA-PVD on ZIRLO® sheets and mechanically tested.
The conclusions derived from neutronic analysis, and mechanical
tests are as follows:

1. Minimizing the penalty derived from such coatings can be
achieved by reducing coating thickness, decreasing the titanium
concentration, increasing the yttrium concentration, and
lowering the ytterbium concentration.

2. Nevertheless, in the worst-case scenario of a 12 mm 8-layer
TiAlN/TiN coatings with high titanium and ytterbium concen-
trations, the overall neutronic impact is minor and the fuel
enrichment compensation to maintain the reference cycle
length does not exceed 0.1 at.%.

3. Substrate bias affects coating properties including coating color,
density, macroparticle amount, surface roughness and residual
stresses. There is an optimum substrate bias range to achieve
dense, defect-free coatings. Too low substrate bias led to porous
coatings with excessive amount of macroparticles. Too high
substrate bias cause nonuniform and defective coatings.

4. Higher values of critical load to cause gross spallation was
achieved in the case of single-layer TiAlN coatings compared to
8-layer TiN/TiAlN coating.

5. Microhardness indentation testing showed that the hardness of
lightly doped coatings was similar to that of un-doped coating at
2793 HV.

6. Scratch adhesion testing revealed that all Yb-doped coatings
initially experienced conformal cracking before undergoing
gross coating spallation. Coating adhesionwas determined to be
related to processing parameters rather than dopant
concentrations.
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