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ABSTRACT

Recent concern with fuel safety in accident scenarios has motivated research

into accident tolerant fuels (ATF), which are defined as fuels that could increase

coping time in case of an accident. This study is an attempt to develop an ATF by

improving the corrosion performance of nuclear fuel cladding during a high-

temperature excursion through the application of a ceramic coating using

physical vapor deposition. In this study, ceramic coatings constituted of single-

layer and multi-layer TiN/TiAlN coatings with a titanium bond coat layer to

improve adhesion were applied onto ZIRLO sheets using cathodic arc physical

vapor deposition. The coating architecture and deposition parameters were

systematically optimized to achieve good adhesion and corrosion performance,

and an initial evaluation was performed for resistance to radiation damage. The

coating performance was highly dependent on coating design architecture, and

the best coating architecture was found to be that of eight-layer TiN/TiAlN

coatings deposited with optimized parameters. The optimized coatings were
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corrosion tested in 360�C water for up to 90 days, showing essentially no

oxygen penetration, very low weight gain, and no spallation or debonding. The

samples were also examined in microscopy and X-ray diffraction after corrosion

testing, and little change was observed. To evaluate the coating performance

under irradiation, cross-sectional transmission electron microscopy samples of the

coating were subjected to in situ ion irradiation to a dose of 20 dpa with 1 MeV Kr

ions at 300�C, followed by further annealing to 800�C. Little interlayer mixing and

overall damage accumulation was observed. Coating adhesion was investigated

through scratch testing and post-scratched sample failure mode characterization

to determine a critical load value for spallation. The coating layers are found to

require a high load for debonding and spallation. The results suggest that this

optimized coating system is a promising path for developing an ATF.

Keywords

TiN, TiAlN, cladding, coating, accident tolerant fuel, corrosion, irradiation

Introduction

Currently, zirconium (Zr)-based alloys are commonly used as nuclear fuel cladding
material in light water reactors because of their desirable properties such as high
strength, good corrosion resistance in water at 300�C, and, principally, low neutron
absorption cross section.1–3 However, waterside corrosion limits Zr-based alloy
cladding service life. Furthermore, during the Fukushima Daiichi accident in 2011,
a station blackout significantly impaired reactor cooling, which led to temperature
increases in the reactors and accelerated Zr cladding steam oxidation, with signifi-
cant hydrogen generation.4 This resulted in hydrogen explosions in the reactor
buildings, which worsened the accident development.5–7

This accident motivated research for alternative nuclear cladding materials to be
used as accident tolerant fuels (ATFs) that can provide additional coping time in the
case of a loss of coolant accident in a nuclear reactor, thus allowing timely interven-
tion.7,8 Different approaches have been proposed to develop protective cladding for
ATFs such as the application of protective coating, completely new materials (such as
iron-chromium-aluminum [FeCrAl] and silicon carbide [SiC]) and hybrid designs,9

and these are reviewed in Terrani.9 Among these, the application of coatings on exist-
ing Zr-based cladding materials is an eminently practical approach. Various examples
of metallic, nonmetallic, oxide, carbide, nitride, and multilayer coating design applica-
tions on Zr-based alloys have been proposed.1,8,10–43 The present study focuses on
developing adherent and enduring multilayer TiN and (Ti,Al)N coatings on Zr-based
alloy claddings for enhanced accident tolerance.9,44,45

In developing a coating for nuclear fuel cladding, adhesion of the developed
coating to the zirconium-based alloy cladding, coating deposition method scalabil-
ity to the production size, ease of fabrication, mechanical properties, low neutronic
penalty, and maintenance of coating properties under irradiation are the major
challenges. The application of transition metal nitride coating can improve material
properties such as the wear resistance, chemical inertness, and hardness.46
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The enhancement of these properties can be adjusted through optimization of the
coating composition, coating layer thickness, and coating design architecture. Previ-
ous investigations showed that hardness and fracture toughness increase with
increasing Al content in the Ti1-xAlxN coating until X ¼ 0.6.47–49 Regarding the
neutronic properties, coating thicknesses of 10 to 30 lm limit cycle length loss in
Ti0.5Al0.5N coatings to only a few days.50 Previous studies observed that Argon
(Arþ) ion irradiation to �100 dpa causes interlayer mixing in thin-layered AlN/
TiN coatings (�5 to 10 nm) with indications of TiN grain size growth and the for-
mation of TiAlN layers.51–53 Bugnet et al. showed direct current (DC) sputtered
and annealed thin films of (Ti,Al)N/Ti2AlNx MAX phases to be radiation resistant
up to 12 dpa, with no change in either microstructure or crystalline structure.54

Studies have also been performed for Cr coatings in which samples were krypton
(Kr) ion irradiated to 10 dpa at the interface, showing small changes but good inter-
face and compositional stability after irradiation.55

This study uses cathodic arc physical vapor deposition (CA-PVD) to deposit
the coatings. This deposition method is a line-of-sight deposition, which provides
high ionization and energetic particle bombardment on the substrate surface, lead-
ing to good adhesion, dense coating formation, coating microstructure improve-
ment, grain size reduction, microhardness enhancement due to high preferred
orientation, and the development of compressive stresses that help blunt cracks, tai-
lorability of the interfacial products (especially in multilayer coatings), and flexibil-
ity in cathode and substrate geometry contributing to the scalability to production
size and quantities.46,56–60 A previous study found less than optimal behavior of
TiN and TiNAl coatings, but, as is made clear later in this paper, the coating perfor-
mance is highly dependent on the coating architecture and deposition parameters,
which were quite different in that study.45

Physical vapor deposition processes, both cathodic arc and sputter-based tech-
niques, can easily be scaled for high manufacturing throughput and high volume.
One method to scale the coating of the tube cladding is to translate the tubes
through an annulus composed of the metal (Ti or TiAl) that is evaporated and
reacted with nitrogen to form the various nitride-coated layers in a continuous pro-
cess. The second approach involves using large flat targets positioned a few inches
above a series of the rotating tubes to be coated in which the metal species (Ti or
TiAl) would be evaporated or sputtered in a nitrogen environment and deposited
onto the cladding in a continuous process. Depending on the number of desired
coating layers, alternating targets of either titanium or titanium aluminum could be
used (i.e., Ti-TiAl-Ti-TiAl) to obtain the desired multilayer design architecture.

One possible concern with CA-PVD is the generation of macrosized metallic
particles (1 to 10 lm) that can act as crack initiation sites or form macroparticles
on the substrate surface, degrading coating integrity.46,61,62

The aim of this study is to develop corrosion-resistant ceramic coatings that
adhere well to ZIRLO substrates and that can withstand the nuclear reactor envi-
ronment both under normal operation conditions and in the case of a loss-of-
coolant accident (LOCA).
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Experimental Method

MATERIALS AND COATING

Single-layer Ti1-xAlxN (where x is� 0.50 to 0.67) and multilayer Ti1-xAlxN (where x
is� 0.50 to 0.67) and TiN (henceforth referred to as TiAlN or TiN, respectively)
coatings were deposited onto ZIRLO corrosion coupons measuring 2.54 cm by
5.08 cm, using CA-PVD. ZIRLO sheets were provided by Westinghouse, with a
chemical composition of 1% niobium (Nb), 1% tin (Sn), 300 to 600 wt. ppm Fe and
balance Zr. The samples showed the normal texture with preferential orientation of
the basal poles close to the normal direction along the transverse plane. As detailed
earlier, this study used optimum substrate surface roughness and optimum coating
deposition parameters.63 The substrate surface roughness was adjusted to 0.25 lm
Ra, using SiC paper having 240, 600, and 800 grit, and the substrate surface rough-
ness measurement was performed using a Mitutoyo SJ-201P Surface Roughness
Tester. Prior to coating deposition, a 1.6-mm-diameter hole was drilled near one edge
of the sample for hanging on an autoclave tree during corrosion tests. The substrate
surface was cleaned through 10 min of acetone exposure in an ultrasonic cleaner,
deionized water rinse, 10 min of methanol exposure in the ultrasonic cleaner, deionized
water rinse, and drying with nitrogen gas.

COATING DEPOSITION

Coatings were deposited using CA-PVD. The dimensions of the PVD chamber
were 50.8 cm by 50.8 cm by 50.8 cm. Cylindrical solid cathodes with a diameter of
6.3 cm and a thickness of 3.2 cm were used with two different compositions. One of
these was a high-purity (99.999%) elemental titanium dished cylinder used for the
titanium bond coating and for the TiN layer deposition. To deposit the TiAlN layer,
titanium aluminum cathodes with two different compositions were used: 33at.%
Ti–67at.% Al and 20 at.%Ti–80 at.%Al (henceforth coatings deposited with these
compositions will be referred to as Ti33Al67N or Ti20Al80N, respectively). The pure
titanium and the TiAl cathodes were oriented 180� from each other, with the
ZIRLO samples located between the cathodes with a spacing of 23 cm. To control
the plasma density and location, magnets were placed behind the cathodes.64

Shadow bars were placed parallel to the long edges of each sheet substrate at the
sample holder to prevent increased coating buildup along the sample edges. The
rotating sun/planet system of the deposition chamber could hold eight samples.
The radiant heater temperature of the deposition chamber was set to 325�C, as
measured by a thermocouple located in close proximity to the samples during depo-
sition. The thermocouple tip was placed in the center of the chamber, parallel to the
center of the deposition target (cathode), and in the center of the planetary rotation
of the samples. The thermocouple was aligned 5 cm away from the center of each
sample in the X–Y direction and with the center of the sample in the Z direction.

The deposition process took place in three main stages: vacuum, ion etching,
and coating. During the vacuum stage, the chamber was evacuated to a high vac-
uum level< 2.7� 10�3 Pa (2� 10�5 Torr). Ion etching was then performed to
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remove the native oxide from the substrate surface by introducing Ar gas into the
chamber and establishing a pressure of 0.7 Pa (5� 10�3 Torr) while applying a
�1,000 V bias to the substrate. This was followed by titanium-bond coating (Ti-BC)
deposition to enhance adhesion between the substrate and the coating. Ti-BC deposi-
tion was performed in an inert argon atmosphere at 1.6 Pa (1.2� 10�2 Torr) at a sub-
strate bias of �150 V. The Ti-BC layer was deposited to a thickness of� 0.6 lm
with a deposition rate of 0.75 lm/min. The coating deposition was conducted in a
1.6 Pa N2 atmosphere, under a �(50 to 75) V bias, with an approximate deposition
rate of 0.028 lm/min (1.68 lm/h). The TiN coating layer was deposited through
the reaction of the titanium ions arriving on the �150-V biased substrate surface
with the nitrogen atoms in the reactive atmosphere at a 1.6 Pa (1.2� 10�2 Torr)
nitrogen partial pressure. Two coating architectures were investigated in the current
study: a single layer TiAlN (to separate the TiAlN layer composition effect from the
TiN layer) and the eight-layer TiN/Ti1-xAlxN. The latter was determined to be the
optimum design architecture for enhanced corrosion resistance in a previous
study.60 The total coating thickness was �10 lm, which for the elements used
caused a negligible neutronic penalty relative to uncoated ZIRLO.65

SCRATCH TESTING

The adhesion strength of the coatings was examined using scratch testing, accord-
ing to ASTM C1624, Standard Test Method for Adhesion Strength and Mechanical
Failure Modes of Ceramic Coatings by Quantitative Single Point Scratch Testing.66

The test was performed using a Romulus IV Universal Materials Tester (Spokane,
WA, USA). A Rockwell C 200-lm-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. The coating damage was examined using optical microscopy and using
scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS).

CORROSION TESTING

Corrosion testing was performed at Westinghouse in a pure water static autoclave
for 90 days at 360�C, with a saturation pressure corresponding to 18.7 MPa at this
temperature. The autoclave material was 316 stainless steel. The corrosion tests
were performed according to ASTM G2, Standard Test Method for Corrosion Test-
ing of Products of Zirconium, Hafnium, and Their Alloys in Water at 680�F (360�C)
or in Steam at 750�F (400�C). Weight gain measurements were performed following
the autoclave test as a measure of corrosion. The samples were also examined visu-
ally using optical microscopy and SEM.

The structural and morphological properties of samples were further character-
ized using X-ray diffraction (XRD), and SEM with EDS. Both surface and cross-
sectional SEM/EDS analyses were performed. Surface analyses were conducted
directly after the autoclave test. Cross-sectional analyses of coated samples were
conducted by cutting the samples in half, mounting in cold mount epoxy, grinding,
and polishing. XRD studies were conducted on a PANalytical XPert Pro
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multipurpose diffractometer instrument with a 240-mm radius, fixed divergence
slit (0.25�), receiving slit (0.25�), using copper (Cu) Ka radiation. XRD analyses
with grazing incidence (GI) and Bragg-Brentano (BB) scans were performed with a
step size of 0.026� two-theta to reveal the phases formed during corrosion. Back-
scatter and secondary electron (SE) SEM measurements were conducted using an
FEI Quanta 200 Environmental SEM at 80 Pa pressure and 20 kV voltage.

IRRADIATION TEST

For the irradiation test, cross-sectional transmission electron microscopy (TEM)
samples were prepared using a focused ion beam (FIB) lift out on a ZEISS 540XB
FIB with a final low-energy FIB thinning step to ensure that samples were electron
transparent for TEM and had a uniform thickness of� 100 nm.

In situ ion irradiation on TEM thin foils was performed in the Intermediate
Voltage Electron Microscopy facility67 at Argonne National Laboratory, which is a
Hitachi 9000 microscope operating at 200 keV that is connected to an ion accelera-
tor so that radiation damage can be observed in situ. TEM thin foils were irradiated
with 1 MeV Kr ions at a dose rate of 6� 1011 ions/cm2/sec at 300�C. The fluence
was converted to dpa using a Kinchin Pease calculation on the SRIM-2013 code
with a 100-nm foil thickness, 1MeV Krþþ ions, and displacement energy of 30 eV
for Ti, 25 eV for Al, and 28 eV for N.68,69 The majority of the ions (more than 97%)
were transmitted through the thin foil and, as a result, the damage rate variation in
the sample was small (� 15%). The final average dpa level on TiAlN/TiN layers was
around 20 dpa and� 45 dpa on the substrate. The difference was caused by the dif-
ferences in target masses and in displacement energies. Essentially all the Kr ions
penetrated through the thin foil. After irradiation, the samples were annealed in
situ to 800�C. Detailed TEM bright field (BF), dark field imaging and diffraction
analyses were systematically carried during the irradiation.

Post-irradiated samples were studied using a FEI-Talos microscope at the Cen-
ter for Nanoscale Materials at Argonne National Laboratory. The microstructure
and microchemistry of the samples were examined by TEM, scanning transmission
electron microscope, and energy dispersive X ray, which provide a complementary
view of the samples including the shape, size, and crystallographic texture of grains
in the ZIRLO substrate and coatings, the particles, cracking, nanoscale porosity,
and the local chemistry of the coating-bonding-substrate interface.

Results and Discussion

AS-DEPOSITED COATING

During plasma deposition, TiAlN is deposited as a metastable phase and the cath-
ode composition is one of the parameters that dictates the amount of aluminum
atoms that replace the titanium atoms.46,70 Table 1 shows the elemental analysis data
in atomic percent and weight percent of the single-layer Ti33Al67N coating and the
Ti20Al80N coating. Because the cathode composition controls the coating
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composition, the Al/Ti ratio of Ti33Al67N was� 2 and Al/Ti ratio of Ti20Al80N
coating was� 4, as expected.

To identify the phases in the coatings, grazing incidence x-ray diffraction
(GIXRD) was performed at a 1� incident angle. The overlapped XRD patterns of the
Ti33Al67N and Ti20Al80N coatings are presented in figure 1. The Ti33Al67N coating

TABLE 1 Composition of TiAlN coatings deposited using cathodes having 33 at.% Ti–67 at.% Al and

20 at.% Ti–80 at. Al

Cathode

Composition Ti, at.% Al, at.% N, at.% Ti, wt.% Al, wt.% N, wt.%

33 at.% Ti–67

at.% Al

13.10 6 0.47 25.83 6 0.60 59.68 6 2.34 28.71 6 0.77 31.90 6 0.54 38.26 6 1.51

20 at.% Ti–80

at.% Al

8.76 6 0.20 32.98 6 0.34 58.26 6 0.50 19.73 6 0.36 41.85 6 0.29 38.39 6 0.50

Note: Coating compositions were determined using EDS point analysis.

FIG. 1 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 Å) radiation and with a grazing incidence

angle of 1�.
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phase was identified to be Ti0.5Al0.5N (ICDD PDF# 04-005-5251), which has a cubic
crystal structure. The Ti20Al80N coating peak patterns were fitted as the Ti0.32Al0.68N
phase (ICDD-PDF# 04-017-4686) and AlN (ICDD PDF# 04-004-4544), which have
hexagonal crystal structures. The difference between the two patterns can easily be
observed from the (200) peak of the Ti0.5Al0.5N phase at 43.14�, which is not
observed in the case of the Ti0.32Al0.68N phase pattern. Broad peaks appeared, sugges-
ting an amorphous or nanocrystalline composite coating structure. This broadening
was more pronounced for coatings deposited with Ti20Al80N coating, indicating an
increased nanocrystalline composite structure. However, there was peak shifting
toward lower 2h angles relative to the PDF values (higher d-spacing), which is attrib-
uted to the compressive strains in the normal direction but with elongation parallel
to the coating surface due to Poisson’s ratio.71 Further analysis performed with TEM
during irradiation analysis will be presented later in this manuscript.

Figure 2 shows surface SEM images of single-layer Ti33Al67N and Ti20Al80N
coatings. The Ti20Al80N coating layer exhibited a greater density of surface macro-
particles compared to the Ti33Al67N coating, likely because of its higher Al con-
tent.72 Figure 3 shows the cross-sectional SEM-BSE images of the Ti33Al67N and
Ti20Al80N coatings. The cross-sectional image shows the ZIRLO substrate and tita-
nium bond coating, and it demonstrates that the eight TiN and TiAlN layers of the
coatings were deposited uniformly. Compositional analysis showed uniform con-
tent of Ti, Al, and N in the respective layers and no ingress of these allying elements
onto the metal substrate.

SCRATCH TESTING

Figure 4 shows SEM images of single-layer Ti33Al67N and Ti20Al80N coating samples
on which scratch testing was performed. The Ti33Al67N coating did not show gross
spallation up to the maximum load of 50 N, while coating gross spallation initiated in
the Ti20Al80N at 41.7 N, indicating that this coating is less adherent to the substrate
than Ti33Al67N. This is attributed to a combination of high residual stress within the

FIG. 2 Surface SEM SE images of coatings deposited by using cathodes having 33 at.%

Ti–67 at.% Al (A) and 20 at.% Ti–80 at. Al (B).
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coating and an increased hardness difference between the Ti20Al80N coating and the
ZIRLO substrate that resulted in a decrease in the adhesion critical load.73 Another
possible contributor could be differences in surface roughness between the two differ-
ent coatings resulting from different rates of macroparticle formation.72,74,75

The eight-layer TiN/TiAlN coatings with Ti33Al67N and Ti20Al80N showed
gross spallation at� 27 N and� 26 N, respectively. Figure 5 shows SEM SE, SEM-
BSE images of the scratch and the corresponding load-distance data of the eight-
layer TiN/Ti20Al80N-coated ZIRLO sheet. It can be concluded that cathode compo-
sition variation did not affect coating adhesion significantly in the case of select
deposition parameters. The fact that multilayer coatings require lower critical load
for gross spallation can be connected to the thinner layers present in the case of
multilayer coatings.76

FIG. 4 SEM-BSE image of scratched TiAlN coatings deposited with 50 V substrate

bias, 60 A source current, and using a cathode either with 33 at.% Ti–67 at.% Al

or 20 at.% Ti–80 at.% Al.

FIG. 3 Cross-sectional SEM-backscattered electron (BSE) images of coatings deposited

using cathodes with 33 at.% Ti–67 at.% Al (A) and 20 at.% Ti–0 at. Al (B).
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CORROSION TESTS

As long as no oxide spalling or dissolution occurs, weight gain analysis is a valid
method to evaluate zirconium oxidation. Figure 6 shows results of previous studies64

FIG. 6 Weight gain (mg/dm2) 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

showed better corrosion resistance compared to uncoated ZIRLO.64

FIG. 5 The scratch test result of the eight-layer TiN/Ti20Al80N/Ti/ZIRLO sheet.
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in which various multilayer coating architectures were tested during autoclave cor-
rosion, and the weight gain for each coating design was determined to evaluate the
coating design architecture corrosion performance. In addition to the weight gain,
the retention of the coating (no spallation or delamination) was also evaluated; one
of the samples showed weight loss, indicating spallation, so that was evaluated as a
poor performing sample. Contrary to what was stated in Brachet et al.,44 no weight
loss and thus no loss of Al was observed in the well-performing samples, and thus
their overall conclusion as to the unsuitability of TiAlN coatings is without basis.
The eight-layer TiN/TiAlN coating design, having TiAlN layers deposited using
33at%Ti–67 at.%Al cathode, showed the lowest weight gain and no coating spall-
ation or delamination.

This study has evaluated the corrosion performance of an eight-layer TiN/
TiAlN coating having a TiAlN layer deposited by using 20 at.%Ti–80 at.% Al cath-
ode. Figure 7A shows a digital image of the as-deposited coating with gold-colored
TiN as the top layer. Figure 7B shows a picture of the same sample after 23 days of
autoclave corrosion testing. The sample shows a small degree of discoloration due
to corrosion but no visible spallation/delamination of the coating. In this case, the
autoclave test was continued up to 128 days and the weight gain data are shown in
figure 7C. Visual analysis confirmed that no spallation of the coating occurred after
the 128-day exposure. After 90 days of autoclave testing, the weight gain was� 15
mg/dm2, which is two times more than the weight gain observed in the case of the
eight-layer TiN/TiAlN coating design having TiAlN layers deposited using
33at%Ti–67 at.%Al cathode but half of the uncoated ZIRLO sample weight gain.
The reason for the higher weight gain (fig. 7C) in the case of the Ti20Al80N coating
compared to that of the Ti33Al67N sample is not clear. Although its hexagonal

FIG. 7 (A) Digital image of as-deposited, (B) digital image of 23 days’ autoclave-

tested, and (C) weight gain data of 128 days’ autoclave-tested eight-layer

TiN/TiAlN-coated ZIRLO sheet.
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crystal structure with increased aluminum content can degrade corrosion perfor-
mance,46,77 the outer layer in each case is TiN.

IRRADIATION TESTS

The in situ ion irradiation experiments of coating samples with 1 MeV Kr ions
showed good irradiation resistance of the coatings (fig. 8A-3 and B-3). The coatings
retained their integrity after irradiation to a dose of 20 dpa at 300�C. No irradia-
tion defects above 1 nm and no obvious changes in the existing columnar grain
structure and size were observed. In particular, microcracks present in the
Ti20Al80N layer in Sample A before irradiation (arrowed in fig. 8A) did not grow
under irradiation. No evidence of layer intermixing was observed after ion irradia-
tion. The interface remains sharp and distinct with no signs of intermixing of the
layers. Diffraction patterns from the TiN layers showed no diffuse rings after irra-
diation, indicating no amorphization has occurred, which is in agreement with a
previous finding involving nanocrystalline TiN ceramics.78 The nanolayer struc-
ture within the TiAlN layer also remains during the irradiation, indicating that
there is no mixing of layers.

FIG. 8 TEM-BF images of Sample A (Ti20Al80NþTiN) and Sample B (Ti33Al67NþTiN):

(A, B) overview of coatings before irradiation, (C, D) higher magnified images

showing TiN and TiAlN layers before irradiation, (E, F) after 20 dpa/300�C ion

irradiation, and (G, H) after 20 dpa/300�C ion irradiation plus anneal at 800�C.
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After ion irradiation, the samples were annealed in situ to 800�C for 30 min to
mirror a reactor-accident condition. No irradiation defects above 1 nm and no
obvious changes in existing columnar grain structure and size were observed after
annealing. The cracks and voids did not grow, and coating layers remained intact,
as shown in figure 8A-4 and B-4.

The remarkable radiation resistance of the coating layers can be explained in
several ways. First, thermodynamically, TiN and AlN have a positive heat of mixing
(i.e., they are immiscible), so no chemical driving force is present for intermixing of
these two layers. Second, the very fine columnar microstructure in both TiAlN and
TiN layers created by the CA-PVD process provides a high density of grain bound-
aries that could act as effective defect sinks and recombination centers. Third, the
interfaces in the nanolayered structure also help to increase the sink density. In this
material, nanolayers of TiN and AlN within the TiAlN layers are present with a
dimension of around 5 to 10 nm, which is likely to be above the critical thickness
for intermixing, as reported in the literature.79 At an elevated temperature of
around 900�C, spinodal decomposition of TiAlN into TiN and AlN was observed
using an in situ X-ray study.80 However, in that case, because the TiAlN layer had
already decomposed during the PVD process, no phase transformation occurred.

Although no change was seen in the layers themselves, in one of the samples,
some change was observed in the bond coat layer. As mentioned previously,
between the Zr matrix and the first TiAlN layer, a thin layer of Ti was deposited as
the bonding layer to increase the coating adhesion to the matrix and to redistribute
the compressive stress at the interface.81,82 The thickness of the Ti layer is approxi-
mately 350 nm, and the columnar grain size is around 30 to 50 nm wide and 300
nm long (fig. 9). There are obvious differences between the two samples after
annealing. In the Ti20Al80N layer sample, a 20-nm-thick void layer developed at the

FIG. 9 TEM-BF images of coating/Zr matrix interface microstructure of Sample A

(Ti20Al80NþTiN) and Sample B (Ti33Al67NþTiN): (A-1)(B-1) before irradiation

overview, and (A-2) (B-2) after 20 dpa ion irradiation and 800�C anneal. Note

the void layer is highlighted by the arrows in (A-2).
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interface of the Ti bond coat layer and the first Ti20Al80N layer, which could lead to
a potential failure by coating delamination. At elevated temperature, the interface
becomes a vacancy sink and, after 30 min, vacancies accumulate into a layer of
porosity. However, this does not occur in the Ti33Al67N sample.

Overall, the preliminary results of the response of the material to radiation
damage after 20 dpa followed by high-temperature anneal was encouraging: no
changes were seen in the multilayers and the optimized sample composition also
showed no changes to the bond coating. The current results are preliminary, how-
ever, and although they are promising, among other issues the resistance of these
coatings to cracking and spallation during high-temperature excursions (also
involving ballooning) needs to be demonstrated.

Conclusions

In this study, single-layer TiAlN and eight-layer TiN/TiAlN coatings deposited on
ZIRLO corrosion coupons using cathodic arc physical vapor deposition were tested
for corrosion resistance and resistance to radiation damage with a view to develop-
ing an ATF coating. TiAlN layers deposited with either 33at.%Ti–67 at.%Al and 20
at.%Ti–80 at.%Al cathodes, and the coating performance deposited with these two
different composition cathodes was evaluated considering adhesion, corrosion, and
irradiation.

Key observations were as follows:
1. The coating performance depended strongly on deposition parameters.

Previously identified optimized parameters for layer deposition were:
a. Substrate surface roughness (0.25 lm Ra)
b. Titanium bond coating thickness (0.6 lm)
c. Substrate bias (�50 V)
d. Nitrogen partial pressure (1.6 Pa)
e. Multilayer design (eight-layer) with an overall layer thickness of about

10 lm.
With these parameters, coating adhesion and corrosion performance were

optimized.

2. Coated samples were corrosion tested in an autoclave at 360�C for 89 to 128
days and showed essentially no oxygen ingress and no spallation or delami-
nation. The Ti33Al67N showed better corrosion performance in the auto-
clave than Ti20Al80N.

3. In situ ion irradiation of both samples on the coatings showed good irradia-
tion resistance of the coatings. After irradiation to 20 dpa followed by anneal
at 800�C, no irradiation defects above 1 nm during irradiation were
observed and no obvious change in the existing coating’s columnar grain
structure and size were detected.

Although these results are encouraging, much more research and development
still need to be performed to ensure that such coatings are stable in the reactor
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environment for the exposures required. However, one advantage of physical vapor
deposition coating is that it is relatively straightforward to scale it up to industrial
manufacturing, raising the possibility that it can be developed for practical
applications.
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Discussion

Question from Johannes Berstch, Paul Scherrer Institut:—Irradiation damage of
the coating and the substrate develop differently. Does this lead to residual stress,
maybe measurable with synchrotron radiation XRD?

Authors’ Response:—This is an interesting question but one that we did not
investigate as one would need to perform neutron irradiation on the bulk sample.

Questions from Mirco Grosse, KIT:
1. Do you plan on performing oxidation tests under accident conditions

(LOCA, extended LOCA)?
2. Have you done or do you plan to do corrosion tests of bulk TiN and TiAlN

for a better understanding of the dissolution behavior?

Authors’ Response:
1. The project is finished and we do not plan any additional tests.
2. We only had a few tests at 500�C and 800�C. When the TiN layer was on

the outer surface, we saw no evidence of dissolution.
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Question from Marc Tupin, CEA:—Did you analyze the oxide formed at the
surface of the multilayer coating during the corrosion process? As you know, alumi-
num oxide or hydroxide can be dissolved in water.

Authors’ Response:—Yes, we are aware of that issue. As stated in the presenta-
tion, when TiN was the outer layer, no dissolution was observed. Also, oxidation in
air at 1,000�C yielded mixed oxide phases of aluminum oxide, titanium oxide, and
spinel formation based on the coating composition.

Question from Anand Garde, Zirashri, LLC:—In fuel loading, grid/fuel rod con-
tact generates scratches on the fuel rod surface. Did you evaluate the effect of such
surface damage on subsequent waterside corrosion?

Authors’ Response:—In principle, our coating is harder than the grid, so that
should not be an issue.

Question from Kit Coleman, ANT International:—During a LOCA or
Fukushima-type accident one cannot avoid breaking the cladding; therefore, one needs
to also protect the inside surface. Otherwise, the outside coating is a waste of effort.

Authors’ Response:—In the case of an extended LOCA and station blackout,
clearly it is not possible to totally avoid bad consequences, but stopping or slowing
corrosion during the early part of the transient should provide some benefit and
coping time.

Question from Bruce Kammenzind, Naval Nuclear Laboratory:—Due to the
hydrogen over pressure used in the PWR (pressurized water reactor) primary cool-
ant, the permeability of any coating to hydrogen is also an important property. It is
only the oxide film forming on the zirconium alloy cladding surface that protects
the zirconium alloy from direct adsorption of hydrogen. Can you comment on the
permeability of the TiN/TiAlN coating to hydrogen?

Authors’ Response:—Hydrogen permeability through TiN/TiAlN is several
(three to four) orders of magnitude lower than in most metals, depending on the
temperature. It has been shown that the hydrogen picked up during corrosion is
the hydrogen generated in the corrosion reaction rather than hydrogen from hydro-
gen water chemistry, for example. This is always measured in the presence of a pro-
tective oxide layer, however.

Question from Peter Rudling, ANT International:—Current BWR (boiling water
reactor) and PWR materials have excellent corrosion properties. How is this being
addressed for ATF fuel development?
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Authors’ Response:—We agree that current materials have very good corrosion
properties. Nevertheless, stopping corrosion and hydrogen pickup during normal
operation and providing some additional coping time during an accident should be
favorable. Whether it is worth the extra financial cost is something for fuel vendors
and utilities to decide.

Question from Zoltan. Hozer, Hungarian Academy of Science:—When should
the coatings be produced at an industrial scale? At the stage of capping tube pro-
duction or after fuel rod production?

Authors’ Response:—One of the advantages of the physical vapor deposition is
that it is straightforward to scale it up to fuel rod size. It would most likely be easier
to coat after fuel rod production but could also be performed after capping the
tube.

Observation from Michael Preuss, University of Manchester:—This is a com-
ment in response to Bertsch’s question. Manchester carried out plenty of residual
stress analysis on these coatings and we found very high compressive stresses after
fabrication. But as the material is heated up to several 100�C, the stresses release
very rapidly.

Authors’ Response:—This is correct. We have no data on the stresses induced
by irradiation damage, however.

Question from Rick Holt, Queen’s University:—Have you considered the effect
of thermal neutrons at high exposure on the chemical composition of the layers
(via transmutation)?

Authors’ Response:—We have not, unfortunately. This was only a three-year
project.

Question from Guanze He, University of Oxford:—In this study, the radiation
damage is investigated by in situ irradiation on a thin FIB sample. The large free
surfaces of the FIB may suppress the diffusion process across the multilayer struc-
ture. So, how do you address the possible differences between the damage by in situ
irradiation and what actually happened in service by neutrons?

Authors’ Response:—The questioner is correct. The study of radiation damage
in situ cannot be directly translated into an understanding of the behavior under
neutron irradiation. It is possible, however, that if one can understand the physics
of the radiation damage process that such experiments can provide valuable data
for the neutron irradiation case.
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Question from Yang-Pi Lin, GNF:—Please elaborate on the reason for the lay-
ered TiN/TiAlN architecture given that 1.5 lm of TiN provides protection. Why is
a TiN monolith not sufficient?

Authors’ Response:—The idea of the multilayer architecture was that the multi-
ple layer-to-layer interfaces can help protect against crack propagation by deflecting
or blunting the crack. This results in built-in damage tolerance. In addition, the
rational for incorporating the TiAlN into the design architecture is that it offers
three to four orders of magnitude reduction in oxidation due to the lower oxygen
permeability through the alumina outer layer as opposed to a titania oxide layer.
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