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In this work, an accident tolerant fuel cladding system with Cr coating deposited using physical vapour depo-
sition (PVD) method onto commercial Optimized ZIRLO™ was studied. The cladding tubes were machined into
C-rings and loaded to failure under compression with real-time synchrotron micro-X-ray computed tomography
(XCT) imaging at room temperature (RT), 345 °C, 650 °C and 950 °C in argon (Ar) atmosphere. The mechanical
behaviour and failure processes were found strongly temperature-dependent where the Cr coating showed brittle
fracture at RT and 345 °C, ductile fracture at 650 °C and a reversion to brittle fracture at 950 °C. Nano-
indentation measurements and scanning electron microscopy (SEM) imaging were conducted on the materials
after high temperature testing. It was found that recrystallisation of the Cr coating occurred at elevated tem-
peratures, which significantly affected its local properties hence the failure behaviour at different temperatures.
This work represents the first in situ 3D XCT observation of progressive failure processes in PVD Cr-coated ZIRLO
claddings up to 950 °C providing critical insights into its brittle-to-ductile transition (BDTT) behaviour and
subsequent ductile-to-brittle reversion with the increase in temperature. Moreover, results are compared with
other PVD Cr-coated Zircaloy materials from open literature; the influences of the coating microstructure and
local properties on the failure stress/strain and fracture processes are discussed.

1. Introduction temperature steam. This causes serious degradation of its strength and

loss of structural integrity of Zircaloys which also release combustible

Zr-based alloys (Zircaloys) have been widely used as fuel cladding
materials in light water reactors (LWRs) for decades, due to their high
melting point (1852 °C), low neutron absorption, excellent corrosion
resistance and mechanical properties [1]. To enhance the corrosion
resistance, reduce the hydrogen pickup and improve the dimensional
stability of the Zircaloys, ZIRLO® was developed by Sabol et al. in 1987
[2]. Optimized ZIRLO® (Opt. ZIRLO™) was subsequently developed by
Westinghouse Electric Company LLC with further improved corrosion
resistance and creep resistance [3].

However, Zircaloys can rapidly oxidise when exposed to high-
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hydrogen gas as well as heat [4], e.g., in the 2011 Fukushima-Daiichi
disaster [5]. Subsequently, concept of accident tolerant fuels (ATFs)
has been formally proposed [5]. The primary objective of ATFs is to
tolerate a severe accident in the reactor core for a longer period than the
current UO,-Zircaloy fuel system, while maintaining or improving the
fuel performance during normal operations and operational transients
[6]. Regarding Zircaloy claddings, the primary objective is to delay or
reduce the oxidation rate of Zircaloy under severe accident conditions.
For instance, when Zircaloy is exposed to steam at 1200 °C (represen-
tative of loss of coolant accident (LOCA) conditions) [7], the oxide layer
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growth rate is ~10 to 50 pm/min, accompanied by a weight gain of
~200 to 300 mg/cm? within the initial 1-2 h of exposure. The objective
is to achieve a reduction in the oxide layer growth rate to approximately
1 to 5 pm/min and limit the weight gain to approximately 50 to 100 mg/
cm? under comparable conditions [8,9]. Consequently, the application
of a protective coating layer on the outer cladding surface has been
proposed [4]. Cr has remarkable advantages (e.g., high oxidation resis-
tance, good chemical compatibility with Zircaloy materials [4]), and has
been chosen as the protective coating material on current Zircaloy
claddings in LWRs.

Various methods have been used to deposit Cr coating on the Zir-
caloy cladding, e.g, cold spraying (CS), 3D laser melt-coating and
physical vapour deposition (PVD) [10]. Among them, PVD process has
notable advantages and it is a widely studied coating on Zircaloy ma-
terials [11-13]. During the PVD process, Cr particles are vapourised into
gaseous particles, and subsequently deposited onto the substrate [14].
PVD process can be achieved at relatively low deposition temperatures
(below 500 °C, and can even be achieved at room temperature (RT)),
and it has the ability to precisely control coating quality by adjusting
flexible and controllable manufacturing parameters [15]. Typical PVD
Cr coating has fine Cr grains clustered close to the coating/substrate
interface region with larger columnar Cr grains grows towards outside
surface of the coating. It has been widely reported that the PVD process
does not introduce any obvious plastic deformation to the underlying
substrate (commonly occurs during CS process at the coating/substrate
interface region) or cause changes in the mechanical properties of the
substrate, resulting in relatively smooth coating/substrate interfaces
[4]. For example, Hong et al. [16] reported in a PVD Cr-coated Opt.
ZIRLO™ cladding material, the elastic modulus and hardness of sub-
strate close to the interface area (6 pm or less distance away from the
interface) are similar to that away from the interface: ~95.5 GPa and ~
3.1 GPa.

Various studies have been conducted to investigate the mechanical
behaviour of the PVD Cr-coated Zircaloy materials at elevated temper-
atures. In situ 2D scanning electron microscope (SEM) imaging combined
with mechanical loading has been used recently to investigate the failure
processes of such material in real-time. For instance, Jiang et al. [12]
conducted in situ tensile tests of PVD Cr-coated Zircaloy-4 sheet speci-
mens (~15 pm of coating thickness) up to 500 °C. The tensile strength
was reported to decrease with temperature (~430 MPa at RT to ~170
MPa at 500 °C), and the tensile strains at the initiation of coating cracks
was found to increase with temperature (~0.44 % at RT to ~13 % at
500 °C). However, such 2D SEM imaging could only provide information
of either cracks on the surface of the sample, or cross-sections at the edge
of the sample; without providing any 3D information of the pathways of
cracks in the coating/substrate system. These mechanical tests com-
bined with real-time SEM imaging were conducted on sheet specimens
exacted along the axial direction of the cladding tube, and the failure
stress/strain measured is orthogonal to the maximum hoop tensile stress
introduced during service due to internal pressurisation and potential
claddings and fuel pellets [17].

Moreover, during servicing in LWRs, the temperature of Zircaloy
claddings could rapidly raise to over 950 °C under LOCA and reactivity-
initiated accident (RIA) conditions [18], and even above 1200 °C under
severe accidents. At such high temperatures, the local properties and
microstructures of both Cr coatings and underlying substrate could
change, and consequently affect the mechanical behaviour and failure
processes of the entire Cr-coated cladding system. Therefore, to facilitate
the future industrial application of Cr-coated cladding materials, it is
essential to investigate their mechanical behaviour at extreme temper-
atures. However, authors note that to date, no openly published studies
have investigated the real-time failure processes of such PVD Cr-coated
Zircaloys claddings under loading at high temperatures over 500 °C. Our
previous study has combined C-ring compression loading and real-time
X-ray computed micro-tomography (XCT) to investigate the mechanical
behaviour and failure processes of a PVD Cr-coated Zircaloy-4 cladding
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material [4] under hoop tensile stress only up to 345 °C.

In current work, the mechanical behaviour and failure processes of
one PVD Cr-coated Opt. ZIRLO™ cladding materials were investigated
at elevated temperatures up to 950 °C under C-ring loading with real-
time XCT imaging. The microstructures and local properties of the as-
received materials and materials after high temperature testing were
also studied.

2. Materials and experimental procedures
2.1. Materials

In current study, the Cr-coated Opt. ZIRLO™ cladding material
(Fig. 1a) was manufactured via PVD method, more specifically unbal-
anced magnetron sputtering and descriptions of the manufacturing
processes can be found in refs [16,19]. One representative schematic of
the cross-section of the cladding material is presented in Fig. 1b. The
wall-thickness (t), outer radius (r,) and inner radius (r;) of the cladding
were estimated from XCT imaging, resulting in values of t = 0.57 +
0.017 mm, r, = 4.57 + 0.021 mm and r; = 4.00 + 0.016 mm.

2.2. Experiments and sample preparation

Various measurement techniques were utilised including scanning
electron microscopy (microstructures imaging), nanoindentation
(elastic modulus and hardness measurements), C-ring compression with
real-time synchrotron 3D XCT imaging. The detailed experimental setup
and corresponding materials preparation are described in Sections 2.2.1
to 2.2.4. The image analysis process for the XCT scans are described in
Section 2.2.5.

2.2.1. Samples preparation

For SEM imaging and nanoindentation on the cross-sections of both
as-received materials and materials after C-ring compression testing,
samples were mounted by a BUEHLER SimpliMet™ XPS1 hot
compression mounting machine. It was operated at a pressure of 3 MPa
and a temperature of 180 °C, with 180 s for both heating and cooling
times. A BUEHLER EcoMet™ 30 Semi-Automatic Grinder Polisher was
then used to ground the samples, with 400-grit (~2 mins), 600-grit (~2
mins), 800-grit (~4 mins), 1200-grit (~5 mins), 2500-grit (~5 mins)
and 4000-grit (~5 mins) sand grinding discs. The samples were subse-
quently polished using 3 pm (MD-Nap cloth) and 1 pm (MD-Nap cloth)
water-based diamond suspensions, with each polishing step being ~4
mins at a rotation speed of 260 rpm. Finally, the surface of the samples
was cleaned in water and ethanol and air-dried for more than 48 h
before the tests.

For C-ring compression experiments, a CUTLAM®1.1 manual cutting
machine combined with a slow speed diamond saw was used. Claddings
were firstly cut by the saw (operated at 230 rpm) into a C-ring geometry.

(2) (b)

Cr coating

Fig. 1. (a) One picture shows the Cr-coated Opt. ZIRLO™ cladding material.
(b) Schematic of the cross-section of the cladding material shows its geometry,
where r; is the inner radius, r, is the outer radius and t is the wall-thickness of
the cladding.
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The width of all samples is in the range of ~2.3 mm to ~2.5 mm. All the
samples were cleaned by water and ethanol, and air-dried more than 48
h before the experiments. For SEM imaging of the crack patterns after C-
ring compression testing, samples were first cleaned by ethanol, and
then mounted on to an aluminium SEM specimen pin stubs (AGG301,
Agar Scientific) by fast-drying silver suspension (Agar Scientific).

2.2.2. SEM imaging parameters

Zeiss Evo MA10 LaB6 scanning electron microscope was used in
current work. For all the samples, the microscope was operated at a
current of 62 pA, a 20 kV accelerating voltage, with a working distance
of 8.5 to 11.5 mm. The thickness of the Cr coating was also measured by
SEM imaging.

2.2.3. Nanoindentation

For nanoindentation measurements, a Hysitron TI Premier nano-
indenter with a Berkovich diamond tip (three-sided pyramidal shape)
was used. Prior to all the measurements, a tip calibration process was
performed using standard fused silica. This process generated a tip area
function to correct for any geometrical deviations from the ideal Ber-
kovich shape [5]. The polished specimen cross-sections were mounted
on loading stage using a thin layer of crystalbond adhesive. Location of
each indent was identified using a 40x objective lens. A depth control
was used during the experiment, with both loading and unloading rates
0f 100 nm s~%, and holding 2 s at a depth of 500 nm. For the areas where
multiple indents were conducted, the indents were spaced more than 5
pm apart. Hardness (H) and elastic modulus (E) were calculated using
the Oliver and Pharr method [20], from Egs. (1) and (2), respectively:

PMu.x
H = - Max 1
A @
1 1-v2 1-22
= 2
E, E, T (2)

where Pyqy is the maximum load (mN), A is the projected contact area,
E, is the reduced modulus of tested materials. E; and v; are respectively
elastic modulus (1140 GPa) and Poisson’s ratio of the indenter tip
(0.07). Avs 0f 0.21 [21] and 0.34 [22] was used for Cr coating and Opt.
ZIRLO™ substrate, respectively, in the current work.

2.2.4. Real-time high temperature C-ring compression experiments

In situ high temperature C-ring compression tests combined with XCT
imaging were conducted on the cladding materials at Beamline 8.3.2 of
the Advanced Light Source at Lawrence Berkeley National Laboratory.
As presented in Fig. 2, compressive load was applied to the specimen by
using two alumina ceramic plates. The maximum hoop stress (6ymax) can
be calculated from Eq. (3) following the ASTM Standard C1323-16 [23]:

PyR {r‘, - ra}

3

O, =
M btr, |ra— R

where Py = peak load, b = width of C-ring sample, average radius r, and
term R are defined by Egs. (4) and (5), respectively:

= (57) @
R_ToTi ®)

-
ln;j

Note that, to prevent the variations of circumferential stress across the
entire width (b) of sample, ASTM C1323-16 [23] suggests the b should
be no more than twice of the wall-thickness (t). This constraint has been
relaxed by Embree et al. [24] based on their finite element analysis
(FEA) of various b/t ratio combinations, with detailed results tabulated
in Table S1 in the Supplementary Materials. In this work, b/t ratios of all
C-ring samples are in the range of 4.0 to 4.4. This indicates, at the
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outermost surface of the sample, the hoop stress was at least an order of
magnitude higher than the axial stress [24] (Fig. 2).

The unique testing facility adopted in current work consists of a
mechanical loading system, a heating chamber and a X-ray system
[4,5,25-27]. During the test, the loading rig was operated in
displacement-control mode. A small pre-load of ~5 N was applied to all
tested samples to prevent specimen movement. To apply quasi-static
loading to the samples, a loading speed of ~0.5 pm/s was used. Inside
heating chamber, there are six 150 W infrared halogen lamps, each
equipped with a gold ellipsoidal reflector. The lamps generate a uniform
hot zone of ~0.5 cm® at the centre of chamber. During each experiment,
sample was positioned in this hot zone, with the testing temperature
monitored by a thermocouple attached to the outer surface of the sample
and controlled by a programmable power supply. For testing at high
temperature, experiments were conducted once the temperature stabi-
lized at 345 + 2 °C, 650 + 5 °C and 950 + 5 °C, in argon atmosphere.
Two samples were tested at each temperature. And the samples were
cooled down in the chamber.

During the test, a white light X-ray beam within energy of 6 to 43 keV
was employed. Sets of X-ray projection images were acquired when the
test instrument was incrementally rotated through an angular range of
180°. These radiographs were subsequently converted to visible light
using a Lutetium Aluminium Garnet scintillator, imaged with a Mitutoyo
objective lens (2x long working distance), and recorded on a high-
resolution detector (PCO Edge CCD camera, 2560 x 2560 pixels). This
setup resulted in a pixel size of 3.25 pm x 3.25 pm and a field of view of
8 mm x 4 mm, on the middle section of the C-ring samples where
maximum hoop stress was generated (as indicated by the dashed line in
Fig. 1). Each scan involves the collection of 1969 projections, with an
acquisition time of 30 ms per projection and a total acquisition time of
~6 mins. For each sample, the total testing time is about 1 h. Real-time
radiography projections were used to monitor the position of sample, as
well as observe the formation of cracks. For each sample, four to seven
XCT scans were collected at increasing loading steps. XCT scans at each
loading step were normalised to the peak load and are summarized in
Table S3.

Alumina
ceramic plate

Applied
Load

XCT
scanning
area

o-ymax T

Tension

Fussssssssnennnnnnnnngunn,

Cr coating

Applied
Load

Alumina
ceramic plate

Fig. 2. Schematic of the C-ring compression configuration for real-time XCT
testing of cladding materials, including the dimensions of C-ring sample and the
coordinate system. b is the width of C-ring sample. The XCT field of view,
indicated by the dashed rectangle, is positioned in the region of the sample
experiencing maximum tensile stress and strain. X is the radial direction, Y is
the hoop direction and Z is along the longitudinal direction of the cladding.
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2.2.5. Analysis of the real-time XCT scans for 3D visualisation

The reconstruction of XCT images was carried out using the Gridrec
algorithm [28] in the TomoPy package [29]. For each scan, the rotation
centre was manually identified to mitigate potential artefacts. To
improve spatial resolution and reduce fixed-pattern noise, a conven-
tional flat field correction was applied. The reconstructed scans were
converted into stacks of 32-bit tiff images and imported into the open-
source software ImageJ [30] to convert them into 8-bit raw data files.
These raw data files were then imported into Avizo Lite software
(version 2019.4) for 3D visualisation of coating cracks [31]. To mini-
mise the impact of tensile stress variations along the hoop direction of C-
ring sample on coating crack behaviours, all reconstructed XCT images
were cropped into a specific range. This range encompassed a radial
angle of +30° relative to the sample’s middle plane. As reported by
Embree et al. [24], in the selected range, similar hoop stress can be

(@)
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found on the outermost surface of the C-ring sample. Therefore, only
coating cracks in the selected range were analysed to investigate their
formation and progressive propagation.

3. Results

In this section, the results are presented for (i) the microstructures
and local properties of as-received materials and the materials after C-
ring compression tests (at RT, 345 °C, 650 °C and 950 °C), (ii) me-
chanical behaviour of the material tested at RT, 345 °C, 650 °C and
950 °C, and (iii) failure processes and crack patterns of the material
tested at these temperatures.

Substrate
® 5 pm
400 - B Area#l (-8 pm)
® Area#2 (-3 pm)
A Area#3 (+3 pm)|
V Area#d (+8 pm)‘
gsoo .
2 | gmmmgemtd
F ’ =
'g 200
S
E
2
5100' ‘.————‘-————‘-———*
0 T T T T
As-received  345°C 650°C 950°C

Tested temperature

Fig. 3. (a) SEM images collected in BSE mode showing the polished cross-sections of the as-received materials, the linescans where indentation measurements were
conducted are marked by dash lines and indicated as ‘Area#1’ at —8 pm away from the interface, ‘Area#2’ at —3 pm away from the interface, ‘Area#3’ at +3 pm
away from the interface, and ‘Area#1’ at +8 pm away from the interface. (b) EBSD mapping of the as-received Cr coating. (c) Inverse pole figures (IPFs) show
textures of the Cr grains in the as-received Cr coating based on the EBSD scan in (b). (d) SEM images collected in BSE mode showing the polished cross-sections of
materials after testing at 950 °C, with pores marked by green arrows. (e) and (f) are comparisons of hardness (H) and elastic modulus (E) values of as-received
material, and materials after C-ring compression testing at 345 °C, 650 °C and 950 °C. Dashed lines are for eye guidance only. Each data point is an average of

more than 20 measurements; the error bars represent standard deviation.
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3.1. Microstructures and local properties

The typical microstructure of the as-received material is presented in
Fig. 3a. Under current resolution, no obvious pores can be found in the
coating and at the coating/substrate interface. The Cr coating/substrate
interface was found to be relatively flat. The thickness of the Cr coating
was measured to be 15.78 + 0.42 pm. As presented in Fig. 3b, the Cr
grains exhibit a predominantly columnar morphology, with smaller
grains localised near the coating/substrate interface. Cr grains were
found showing strong texture: the majority of them oriented along the
[001] and [111] in the Y direction, Fig. 3c. The average area of the Cr
grains was measured to be 1.1 + 0.8 pm?

The materials after C-ring compression tests were also investigated,
with no obvious variation of microstructures were observed for the
materials after testing at RT, 345 °C and 650 °C. However, for the ma-
terials after testing at 950 °C, some pores were found at the interface, as
well as in the Cr coating near the interface, as marked by green arrows in
Fig. 3d.

Nanoindentation experiments were performed on the polished cross-
sections of the Cr-coated materials in four areas in the form of line scans,
as marked in Fig. 3a. Setting interface is the zero point, Area#1 is
located in the middle of the coating (—8 pm away from the interface),
Area#2 is located in the Cr coating but closer to the coating/substrate
interface (—3 pm away from the interface), Area#3 and Area#4 are both
located in the substrate (+3 pm and + 8 pm away from the interface,
respectively). Results are plotted in Fig. 3e and f, with detailed values of
each data point summarised in Table S3 in the Supplementary Materials.
Little to no variation of hardness and elastic modulus were found for the
as-received materials and materials tested at RT, therefore, only the
results of as-received materials were presented in the following text.
Overall, the substrate has a lower hardness and modulus value than the
coating.

For as-received materials, the middle of the Cr coating layer (Area#1
(—8 pm)) showed a H value of ~4.17 GPa and E of ~247.97 GPa. As one
moved towards the coating/substrate interface (Area#2 (—3 pm)), a
higher hardness value, H (~5.69 GPa, ~34.6 % higher than Area#1)
was measured while the elastic modulus, E (~241.65 GPa) remained
similar. In the substrate, the H and E values in Area#3 (+3 pm) and
Area#4 (+8 pm) were found to be similar: ~2.51 GPa (H) and 108.43
GPa (E), ~2.58 GPa (H) and 107.55 GPa (E), respectively. Note the data
from these two areas overlapped in Fig. 3e and f. This is as expected as
PVD method has minimum impact on the underlying substrate.

After testing at 345 °C, 650 °C and 950 °C, the middle of the Cr
coating (Area#1 (—8 pm)) showed a general increase in the hardness
values compared with as-received materials: ~4.71 GPa at 345 °C (11.8
% increasing), ~4.84 GPa at 650 °C (16.1 % increasing) and ~ 4.78 GPa
at 950 °C (14.6 % increasing), Fig. 3e. As for the elastic modulus, it
remains constant after testing at 345 °C (~244.72 GPa), a 7.4 % increase
after testing at 650 °C and 950 °C (~264.27 GPa and ~ 268.46 GPa,
respectively), Fig. 3f. In coating Area#2 (—3 pm away from the inter-
face), the hardness value (after testing at 345 °C) increased to ~6.30
GPa (11.1 % higher than as-received materials), and then decreased to
5.49 GPa (3.5 % lower) and 5.21 GPa (8.4 % lower) after testing at
650 °C and 950 °C, respectively, Fig. 3e.

In both substrate Area#3 (+3 pm) and Area#4 (+8 pm), compared
with as-received materials, the H first increases by 12.2 % after testing at
345 °C (~2.84 GPa and ~ 2.79 GPa, respectively), be similar to as-
received materials after testing at 650 °C (~2.60 GPa and ~ 2.53 GPa,
respectively), and then increases by 12.2 % after testing at 950 °C (both
~2.81 GPa), Fig. 3e. The E values remained constant after testing at all
temperatures: 105.77 GPa to 108.43 GPa, Fig. 3f. The potential reason of
the variations of local properties of post-tested materials will be dis-
cussed in Section 4.
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3.2. Load-displacement curves and hoop stresses/strains

For the Cr-coated cladding material, two samples were tested at each
temperature (samples S1 and S2 at RT, S3 and S4 at 345 °C, S5 and S6 at
650 °C, S7 and S8 at 950 °C), and their mechanical behaviour was found
to be consistent. Consequently, one representative load-displacement
curve for the materials tested at each temperature is presented in Fig. 4,
and the other load-displacement curves are presented in Fig. S1 in the
Supplementary Materials.

At RT, a linear relationship (slope of ~0.02) of load and displace-
ment can be observed at the initial loading stage in the curves (Fig. 4a),
which ends at ~0.72 of the peak load (Py), Fig. 4a. At 345 °C, linear
relationship is also observed but with a slope of ~0.005 (25 % of that at
RT), and ends at ~0.96Py. However, at 650 °C and 950 °C, such linear
relationship was not observed, which is different from materials tested
at RT and 345 °C, Fig. 4b. The potential reasons will be discussed in
Section 4.

At RT and 345 °C, the maximum hoop strength calculated from Eq.
(4) are summarized in Table 1. Note that, due to the sample deformation
exceeding the validity criteria specified in ASTM Standard C1323-16
[23], the calculated strength could be an overestimation. The calculated
maximum hoop strength at RT is ~955.5 MPa which is ~4.7 times of
that tested at 345 °C (~203.0 MPa). Due to the large deformation of
materials tested at 650 °C and 950 °C (Fig. 4b), Eq. (4) cannot be
applied. Additionally, as described in Section 2.2.5, in situ radiography
projections were collected to monitor the coating cracks during the ex-
periments. The loads at which these cracks were first detected by radi-
ography (also confirmed with XCT scans) are summarized in Table 1,
and the corresponding hoop stresses are calculated based on Eq. (4);
these stresses are referred to as coating failure hoop strength. For
instance, at RT, coating cracks were firstly detected at ~0.73Py, with a
corresponding coating failure hoop strength of ~697.5 MPa. At 345 °C,
coating cracks were firstly detected at ~0.96Py, with a corresponding
coating failure hoop strength of ~185.5 MPa.

Moreover, the hoop strains when coating cracks first being observed
and at peak load were calculated based on the corresponding hoop stress
and elastic modulus of the Cr coating (measured by nanoindentation
method, Table S3), and summarized in Table 1. At RT, the hoop strains
at the first observation of coating cracks and at peak load are 0.28 % and
0.38 %, respectively. Such values are respectively 3.7 times and 4.6
times of that measured at 345 °C: 0.075 % (first coating crack formation)
and 0.083 % (peak failure strain). Note that the elastic modulus of the Cr
coating may decrease at elevated temperatures, which suggests that the
calculated strains at 345 °C could be lower than the actual values.

During each XCT scan period (~5 mins), tested samples were held at
a constant displacement. In addition to the sudden decrease of load (load
drops), progressive decreasing of load was also observed for materials
tested at all temperatures, i.e., load relaxations, are marked in Fig. 4.
Such load relaxations were commonly reported for such PVD Cr-coated
Zircaloy materials under various loading configurations, e.g, Cr-coated
Zircaloy-4 claddings under C-ring compression at RT and 345 °C re-
ported by Yuan et al. [4], and Cr-coated Zircaloy-4 sheet specimens
under RT tensile tests reported by Nguyen et al. [32]. While a compre-
hensive analysis of these load relaxations is beyond the scope of current
study, and the load relaxation values are tabulated in Table S4.

3.3. Failure processes and crack patterns at different temperatures

In this section, real-time XCT scans were analysed to investigate the
failure processes of the materials tested at different temperatures, with
representative 2D XCT slices of X-Y plane and 3D visualisation of cracks
presented in Fig. 5, Fig. 7, Fig. 9 and Fig. 11. In these figures, the XCT
slices are collected at same locations of the tested materials at different
loading steps for direct comparison. The average distance between
coating cracks was measured using ~80 XCT slices (of the X-Y plane)
collected across the width of each sample. SEM images are collected to
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Fig. 4. Representative load-displacement curves of the C-ring compression tests of the materials at elevated temperatures: (a) sample S1 tested at RT and sample S3
tested at 345 °C; (b) sample S5 tested at 650 °C and sample S7 tested at 950 °C. The arrows indicate where the XCT scans were collected, as well as the load re-
laxations of the tested C-ring samples during the XCT scanning period. The dashed lines marked in Fig. 5a represent the linear relationship of load and displacement

of the materials at the initial loading stage in the curves.

Table 1

The width of specimens, the load, corresponding hoop stresses, and strains at
first coating crack(s) formation, peak loads and calculated maximum hoop
stresses for Cr-coated cladding materials tested at both RT and 345 °C.

Specimen Sample Load (N) and Peak Maximum
width corresponding hoop load hoop stress
(mm) stress (MPa) and strainat ~ (N) (MPa) and
first coating crack strain
S1-RT 25+0.1 29.4 /719.6 /0.29 % 40.2 985.8/0.40 %
S2-RT 2.4 +0.1 28.5 /675.0 /0.27 % 39.1 924.6/0.37 %
$§3-345°C  25+0.1 7.7 /192.8 /0.078 % 8.2 205.2/0.084 %
$4-345°C 24 +0.1 7.0 /178.4 /0.073 % 7.8 201.2/0.082 %

investigate the crack patterns of post-tested materials. At each testing
temperature, the samples showed similar failure process and crack
patterns, therefore one specimen is selected as representative example:
sample S1 at RT, sample S3 at 345 °C, sample S5 at 650 °C and sample S7
at 950 °C.

3.3.1. Cladding materials tested at RT

For sample S1 at RT, the simultaneous formation of multiple coating
cracks was captured at 0.73Py (29.4 N; estimated hoop stress: 719.6
MPa; estimated hoop strain: 0.29 %), Fig. 5a. Three typical examples of
the cracks (Crack#1 to Crack#3) are selected and reconstructed in 3D as
representative examples to illustrate the failure process, Fig. 5a.

Fig. 5b shows the 3D visualisation of Crack#1 to Crack#3. Once
formed, these cracks travelled through the thickness of the Cr coating
and arrested at the coating/substrate interface. All the coating cracks
formed almost perpendicular to the hoop direction (Y direction).
Furthermore, some cracks propagated across the full width of the tested
sample (see Crack#1 and Crack#2), while others terminated in the
coating, e.g., Crack#3 in Fig. 5b. The average distance between coating
cracks was measured to be 89.8 + 27.1 pm.

With loading to 0.86 Py (34.6 N; 847.8 MPa; 0.34 %), the number of
coating cracks increased, and average distance between coating cracks
reduced to 61.3 + 17.3 pm. For example, in the magnified image in
Fig. 5¢, the formation of new cracks Crack#4 and Crack#5 was observed
in-between the cracks formed in the previous loading step (0.73 Py in
Fig. 5a). With loading to peak load, Py (40.2 N; 985.8 MPa; 0.40 %), the
number of coating cracks further increased (e.g, a newly formed
Crack#6 is shown in the magnified image in Fig. 5d). Note that

Cracks#1 to #3 (in Fig. 5a and b) are the same cracks in Fig. 5c to e. 3D
visualisation shows none of the coating cracks propagated into the un-
derlying substrate, Fig. 5e. Crack#4 terminated in the coating (Fig. 5e),
and crack bridging was observed (marked by open circle in Fig. 5e). The
average distance between the coating cracks is measured to be 36.1 +
9.8 pm.

Coating crack patterns of the materials after testing at RT are pre-
sented in Fig. 6. On the coating surface, cracks propagated almost
perpendicular to the hoop loading direction (Fig. 6a, an angle range of
88° to 91°), shows consistency with the findings from XCT imaging.
Width of cracks (marked by yellow arrows in Fig. 6b) was measured to
be 1 to 4 pm. These cracks propagated mostly in an intergranular mode
on the surface of the coating (deflected along the Cr grain boundaries),
Fig. 6b.

3.3.2. Cladding materials tested at 345 °C

For Sample S3 tested at 345 °C, simultaneous formation of four
coating cracks was firstly observed at 0.94 Py (7.7 N; 192.8 MPa; 0.078
%), Fig. 7a. 3D visualisation of a typical crack, Crack#3, showed it
arrested at the coating/substrate interface and travelled across the width
of the C-ring sample once formed. Crack bridging was also found,
Fig. 7b. Coating cracks imaged by XCT all propagated at an angle range
of 81° to 96° with respect to the loading line direction (Fig. 7b), and
average distance between coating cracks was measured to be 367.5 +
160.0 pm.

With the load being increased to Py (8.2 N; 205.2 MPa; 0.084 %),
more coating cracks formed, e.g., newly formed Crack#5 and Crack#6
were shown in the magnified image in Fig. 7c. Note that Crack#3 (in
Fig. 7a and b) is the same crack in Fig. 7c and d. Crack#5 was found to
have terminated in the coating, while Crack#6 propagated across the
width of the sample, Fig. 7d. Average distance between coating cracks
reduced to 112.9 + 49.1 pm.

Coating crack patterns are presented in Fig. 8. Cracks travelled in a
range of 81° to 96° against the hoop direction (Fig. 8a, consistent with
the observations from XCT). Such angle range is larger than that at RT.
Similar to the RT test, the coating cracks at 345 °C also propagated
almost in an intergranular mode, Fig. 8b. But a larger opening of the
coating crack at the coating surface was found at 345 °C (width of
coating cracks is between 1 and 8 pm).

3.3.3. Cladding materials tested at 650 °C
For the sample S5 tested at 650 °C, simultaneous formation of three
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Progressive Failure Process at RT
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Fig. 5. Failure process of the cladding material tested at RT, illustrated from sample S1. (a), (c) and (d) are in situ XCT slices of X-Y plane, and the magnified images
extracted from the same location in the materials at increasing loading stages. (b) and (e) are 3D visualisation of part of the coating cracks, the selected length in (b)
and (e) is ~300 pm (marked by green arrows in Fig. 5d), ~12 % of the total width of the sample: ~2.5 mm. (a) Scan at 29.4 N (0.73Pyp), (b) visualisation of cracks in
magnified images in (a), (c) scan at 34.6 N (0.86Py), (d) scan at 40.2 N (Py), and (e) visualisation of cracks in magnified images in (e). Coating cracks were found

perpendicular to hoop direction, as marked in Fig. 5b and e.

Crack patterns of post-tested materials at RT

ZHoop direction

Fig. 6. SEM images (SE2 mode) collected at the outer surface of the sample show the coating crack patterns at RT, illustrated by sample S1: (a) low magnification
view shows coating cracks (marked by green arrows), angles of coating cracks against the hoop direction were also marked.; (b) high magnification view (collection
area was marked by open rectangle in Fig. 6a) shows coating cracks propagated in an intergranular mode. Width of coating cracks is marked by yellow arrows

in Fig. 6b.

coating cracks was observed at 5.2 N based on the XCT scan, Fig. 9a. 3D
visualisation of a representative crack, Crack#1, showed it propagated
perpendicular to the hoop direction, and arrested at the coating/sub-
strate interface, Fig. 9b. The width of Crack#1 on the coating surface is
~8 pm, and the average distance between coating cracks is estimated to
be 342.9 £+ 201.7 pm.

Note that Cracks#1 to #3 (in Fig. 9a and b) are the same cracks in
Fig. 9c and d. Different from RT and 345 °C, no newly formed cracks

were observed upon further loading until the peak load at 8.1 N, Fig. 9c.
Moreover, 3D visualisation revealed these coating cracks propagated
into the underlying substrate to a depth of ~10 pm, Fig. 9d. On the
surface of the coating, the opening of coating cracks further increased to
~20 pm, Fig. 9d.

SEM images of the surface coating crack patterns of the materials
after testing at 650 °C are presented in Fig. 10. The primary coating
cracks travelled mostly perpendicular to the hoop direction (Fig. 10a),
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Progressive Failure Process at 345°C
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Fig. 7. Failure process of the cladding material tested at 345 °C, illustrated from sample S3. (a) and (c) are in situ XCT slices of X-Y plane, and the magnified images
extracted from the same location in the materials at increasing loading steps. (b) and (d) are 3D visualisation of part of the coating cracks, the selected length in (b)
and (d) is ~320 pm (marked by arrows in Fig. 7d), ~13 % of the total width of the sample: ~2.5 mm. (a). (a) Scan at 7.7 N (0.94Py), (b) visualisation of Crack#3 in

magnified images in (a), (c) scan at 8.2 N (Py), (d) visualisation of cracks in magnified images in (d). Angles of coating cracks against the hoop direction were marked
in Fig. 7b.

Crack patterns of post-tested materials at 345°C
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Fig. 8. SEM images (SE2 mode) collected at the outer surface of the sample show the crack patterns of material after testing at 345 °C, illustrated by sample S3: (a)

low magnification view shows coating cracks (marked by green arrows); angles of cracks against the hoop direction were also marked. (b) high magnification view

(collection area was marked by open rectangle in Fig. 8a) shows coating cracks propagated in an intergranular mode. Width of coating cracks is marked by yellow
arrows in Fig. 8b.
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Fig. 9. Failure process of the cladding material tested at 650 °C, illustrated
from sample S4. (a) and (c) are in situ XCT slices of X-Y plane collected at
increasing loading stages. (b) and (d) are 3D visualisation of Crack#1, with
selected length is ~220 pm, ~9 % of the total width of the sample: ~2.4 mm.
(a) scan at 5.2 N, (b) visualisation of Crack#1 in magnified image in (a), (c)
scan at 8.1 N, and (d) visualisation of Crack#1 in magnified image in (b).
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which is consistent with the observations from XCT imaging. Between
these primary coating cracks, some finer cracks can be found in an
intergranular mode, Fig. 10b. However, these finer cracks have a width
less than 3 pm, which is below the detection resolution (3.25 pm/pixel)
of both XCT imaging.

3.3.4. Cladding materials tested at 950 °C

For sample S7 tested at 950 °C, simultaneous formation of multiple
coating cracks was observed at 3.5 N, Fig. 11a. Two typical examples of
the cracks (Crack#1 and Crack#2) are selected to illustrate the failure
process, as marked in the magnified image in Fig. 11a. The coating
cracks arrested at the coating/substrate interface, Fig. 11b. Some cracks
propagated across the width of sample (Crack#2 in Fig. 11b), while
others terminated in the coating, see Crack#1 in Fig. 11b. The average
distance between these cracks is measured to be 231.7 + 119.2 ym. The
total number of coating cracks increased with further loading, with the
last XCT scan collected at 2.7 N, Fig. 12c. Newly formed Crack#3 and
Crack#4 were observed in the magnified image, Fig. 12c. Note that,
Crack#1 and Crack#2 (in Fig. 11a and b) are the same cracks in Fig. 11c
and e. Under the current resolution of XCT images (pixel size of 3.25 x
3.25 pm), coating cracks were observed to remain arrested at the
interface, Fig. 12d. Distance between the coating cracks reduced to 83.7
+ 23.4 pm.

Coating crack patterns of sample S7 after testing at 950 °C are pre-
sented in Fig. 12. Cracks formed in an angle range of 89° to 92° against
the hoop direction (Fig. 12a, consistent with the observations from
XCT), which is similar to that at RT. However, different from the cracks
formed at RT and 345 °C, transgranular failure mode was found at the
crack tips at 950 °C, Fig. 12b. Width of the coating crack on the surface
of sample is measured to be 1 to 6 pm.

To summarize, different failure processes and coating crack patterns
were observed for the material tested at different temperatures. At RT,
345 °C and 950 °C, the number of coating cracks increased with
increasing load. At these three testing temperatures, coating cracks
arrested at the coating/substrate interface. However, at 650 °C, the
increasing of load did not lead to the increase in the number of coating
cracks, but resulted in the further opening of these cracks and drove the
cracks deeper into the underlying substrate.

Crack patterns of post-tested materials at 650°C
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Fig. 10. SEM images (SE2 mode) collected at the outer surface of the sample show the crack patterns of material after testing at 650 °C, illustrated by sample S5: (a)
low magnification view shows one of the primary coating cracks, Width of coating cracks is marked by yellow arrows. (b) high magnification view showing finer

cracks between these primary coating cracks.
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Progressive Failure Process at 950°C
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Fig. 11. Failure process of the cladding material tested at 950 °C, illustrated from sample S7. (a) and (c) are in situ XCT slices of X-Y plane, and the magnified images
extracted from the same location in the materials at increasing loading steps. (b) and (d) are 3D visualisation of part of the coating cracks, the selected length in (b)
and (d) is ~340 pm, ~15 % of the total width of the sample: ~2.3 mm. (a) Scan at 3.5 N, (b) visualisation of cracks in magnified images in (a), (c) scan at 2.7 N, (d)
visualisation of cracks in magnified images in (d). Angles of coating cracks against the hoop direction were marked in Fig. 11b.

(a) Hoop direction

Z Hoop direction
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Fig. 12. SEM images (SE2 mode) collected at the outer surface of the sample show the crack patterns of material after testing at 950 °C, illustrated by sample S7: (a)
low magnification view shows coating cracks (marked by green arrows), angles of coating cracks against the hoop direction were also marked.; (b) high magnification
view (collection area was marked by open rectangle in Fig. 12a) shows crack patterns. Width of coating cracks is marked by yellow arrows in Fig. 12b.

4. Discussion

the coating were formed close to the interface area after testing at 950 °C
(Fig. 3). This could be attributed to two primary mechanisms: (i)

4.1. Microstructures of PVD Cr-coated materials after high-temperature interdiffusion of Cr into Opt. ZIRLO™ substrate; and (ii) recrystallisation
testing of Cr grains under high temperature testing (1 h testing duration).

When heated to the same temperature, the diffusion coefficient of Cr

No obvious pores were found at the coating/substrate interface in the diffusing into Zr is greatly higher than Zr into Cr. For instance, in the

as-received materials, consistent with findings of similar PVD Cr-coated temperature range of 748 °C to 1197 °C, the diffusion coefficient of Cr

Zircaloy from open literature [4,33]. However, circular isolated voids in into Zr is between 8.7 x 10713 and 5.5 x 102 m?/s [34], which is more
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than 1000 times higher than the diffusion coefficient from Zr into Cr
(10_15 to 10716 mz/s) [35]. Moreover, at the same temperature,
maximum solubility of Cr in Zr is higher than Zr in Cr [36]. For instance,
at 1300 °C, the maximum solubility of Cr in Zr is ~8 at.%, and it is
significantly higher than Zr in Cr which is ~0.6 at.% [37,38]. These all
result in asymmetric atomic diffusion at the coating/substrate interface
region at high temperatures as Cr atoms diffuse more into the Zr sub-
strate, and higher diffusion flux of vacancies diffuse from Zr to Cr [39].
The clustering and coalescence of these vacancies can result in micro-
size pores in the Cr coating. However, the diffusion coefficient of Cr
into Zr at RT is reported to be ~3.6 x 1071 m?/s [34]: around 107° of
that at 748 °C to 1197 °C. This indicates that such asymmetric atomic
diffusion at low temperatures (and therefore interdiffusion or pore for-
mation driven by diffusion) can be effectively suppressed which is
consistent with the observation of current work.

As reported by Li et al. [36], they annealed their PVD Cr-coated
(~0.5 pm of coating thickness) Zircaloy-4 materials at 200 to 600 °C
in high vacuum furnace for 60 mins (similar to the high temperature
duration in current work which is about 1 h), and used transmission
electron microscopy (TEM) to investigate the microstructural evolution
of the Cr coating. At 600 °C, the recrystallisation of PVD Cr grains results
in the variation of finer Cr grains at the interface region from irregular
shapes into columnar structures, and consequently causes the formation
of nano-sized cavities at the interface region. Subsequently, these nano-
sized cavities coalesced together and formed micro-size pores [40] at the
coating/substrate interface area. Furthermore, Li et al. [36] also re-
ported the broadening of column Cr grains (in the middle of Cr coating)
with increasing of annealing temperature: from 30 nm after annealed at
200 °C for 1 h to 68 nm after annealed at 600 °C for one hour [36]. This
could also result in variation of local properties of the Cr coating, as
discussed in Section 4.2.

Moreover, as reported by Fazi et al. [41], interdiffusion of Cr and Zr
elements could occur at the interface area at high temperatures, and
consequently generate an intermixed bonding region and brittle inter-
metallic (e.g., ZrCry) at the interface area. These intermetallic phases are
brittle and susceptible to crack initiation, and could potentially act as
stress concentrators, thereby compromising the strength of the entire
cladding system. In future work, advanced characterisation techniques
such as transmission electron microscopy (TEM) will be employed to
analyse interdiffusion zones and to identify any intermetallic com-
pounds formed at the coating/substrate interface.

4.2. Local properties of PVD Cr-coated materials after high-temperature
testing

The hardness (~4.17 GPa) and elastic modulus (~247.9 GPa)
measured in the middle of Cr coating (Area#1) in as-received materials
are consistent with similar PVD Cr coating from open literature: 3.8 GPa
to 8.7 GPa of H [4,16,21,33,42,43], and 227.5 GPa to 328.8 GPa of E
[4,16,21,33,42]. The differences in the coating local properties could be
caused by the different manufacturing parameters (e.g., pressure and
temperature of the gas [44]). Detailed information of these coatings and
local properties are reviewed and summarized in Table S5 in the Sup-
plementary Materials. Moreover, in current work, the hardness of
coating Area#2 (close to the interface) is 34.6 % higher than that in
Area#1. This is attributed to smaller size of Cr grains clustered near the
interface (Area#2, Fig. 3) compared to the larger column Cr grains in
Area#1 [4]. The lower hardness (~2.51 GPa) and elastic modulus
(~108.43 GPa) of ZIRLO substrate indicates substrate is more ductile
than the coating.

For the materials after high temperature testing, increasing in
hardness and elastic modulus in Area#1 were found. As discussed in
Section 4.1, one potential reason is the microstructural variation in the
columnar Cr grains at elevated temperatures [36]. Another potential
reason is the variation of residual stress in the PVD Cr coating at high
temperatures. Quillin et al. [21] reported 300 MPa tensile residual stress
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in their PVD Cr coating (~5.3 pm of coating thickness), which relaxed at
elevated temperatures due to recrystallisation of Cr grains [36]. The
observed variation in local properties in Area#1 (middle of the Cr
coating) may thus result from combined effects of microstructural evo-
lution and residual stress relaxation. Future work is needed to identify
grain size variations and residual stress relaxation in the coating [45].

In coating Area#2 (close to the interface), the hardness increased to
6.3 GPa after tested at 345 °C. It is widely reported that under PVD
process, at the interface area, the Cr atoms build up in a disordered
manner and form amorphous Cr [40]. Under annealing at high tem-
peratures, such amorphous Cr could transform into crystalline Cr [36].
Additionally, Hoshino et al. [46] reported the recrystallisation of their
electrodeposited amorphous Cr coating (~20 pm of coating thickness)
occurred when annealed at 300 °C to 400 °C, evidenced by the Cr peaks
in their X-ray diffraction measurements. Furthermore, for their as-
received amorphous Cr coating, the Vicker’s hardness was measured
to be 1000 Hv, which increased to 1200 Hv after annealed at 300 °C, and
1500 Hv after annealed at 400 °C [46]. These all indicate that, in current
work, the transition of amorphous Cr into crystalline Cr at the interface
region could occur at 345 °C, and consequently resulted in the increase
in measured hardness values. With further increase in temperature, the
finer Cr grains at the interface region coalesced and transitioned from
irregular shapes into columnar structures [36]. This could cause the
steady decreasing of hardness in coating Area#2 in current work with
further increasing of temperature. Future EBSD mapping at the interface
area will be conducted to quantitatively investigate the variation of Cr
grains at elevated temperatures.

The hardness of substrate increased by 12.2 % after tested at 345 °C
but remained unchanged after tested at 650 °C. Yi et al. [47] reported
similar trend in their ZIRLO®, with the Vicker’s hardness increased from
260 Hv (as-received) to 280 Hv after annealed at 300 °C for 60 mins, and
then reduced to 260 Hv after annealed at 400 °C for 60 mins. They
suggested this could be caused by the precipitate of Nb from the sub-
strate; with further increasing of temperature, recovery processes may
occur, potentially mitigating the impact of the Nb precipitation on
hardness [47]. Moreover, as suggested by Jiang et al. [48], for the Zir-
caloy materials being annealed below 700 °C, the coalescence of a-grain
could reduce its hardness. For the materials tested at 950 °C, the
increased hardness could be caused by the refinement of the equiaxed
a-grain. As reported by Song et al. [49], when the annealing temperature
of Zircaloy-4 materials is higher than 1000 °C, the atomic diffusion
ability and its precipitation are enhanced, which consequently full
recrystallisation and dispersion of refined equiaxed a-grain. Future work
using EBSD and energy dispersive X-ray spectroscopy (EDX) mapping of
the coating cross-sections will be carried out for thorough analysis.

4.3. Mechanical behaviour and coating failure strain/stress

The linear relationship in the load-displacement curves at RT and
345 °C (Fig. 4a) could be attributed to the initial elastic deformation of
the materials. This has been commonly reported in similar materials
under different testing configurations [32], e.g, PVD (~14.4 pm in
thickness) Cr-coated Zircaloy-4 cladding tubes under C-ring compres-
sion tests at RT and 345 °C [4]. However, the linear relationship was not
observed at 650 °C and 950 °C, Fig. 4a, where significant softening of the
material was observed, which is the inherent physical properties of
metallic materials. The softening of Zircaloy materials at elevated tem-
peratures was commonly reported, especially when tested above 600 °C
[50].

The failure hoop strain/stress of the coating is defined as the strain/
stress at which the first coating cracks were formed. They are 0.28
%/~697.5 MPa at RT, and 0.075 %/~185.5 MPa at 345 °C. For the
Zircaloy claddings in LWRs, the designed failure hoop strain is reported
to be 0.1 % to 0.3 % [51], and the designed failure hoop strain/stress
under normal operating condition (~345 °C) is 1 % to 2 % and 90 MPa
to 120 MPa [52-54]. The failure hoop strain of Cr coating at RT in this
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work is in the reported range, and the failure hoop stress of Cr coating is
beyond such range, indicating competitive mechanical behaviour of
current Cr-coated materials at servicing conditions in LWRs. As
mentioned in Section 3.2, the actual coating failure strain at 345 °C is
likely much higher than the calculated value. To obtain more precise
hoop strain measurements at elevated temperatures, future research will
incorporate high-temperature nanoindentation measurements to deter-
mine the actual elastic modulus of the Cr coating at elevated
temperatures.

Very limited coating failure hoop strain/stress values of Cr-coated
Zircaloy cladding materials were reported from open literature, as
summarised in Table S5 in the Supplementary Materials. For instance,
Yuan et al. [4] reported coating failure hoop strain/stress of their PVD
Cr-coated Zircaloy-4 materials under same testing condition: 0.34
%/~897 MPa at RT and ~510 MPa at 345 °C. In this work, the coating
failure strengths are 22.2 % and 63.6 % lower at RT and 345 °C [4],
respectively, as well as 17.6 % lower of coating failure strain at RT. The
variation of microstructures could result in variation of local properties
in Cr coatings, and consequently caused the variation of coating failure
strain/stress. Specifically, their Cr coating [4] has higher hardness and
elastic modulus than that in current work (4.5 GPa vs. 4.2 GPa and 266
GPa vs. 248 GPa), caused by the finer Cr grains in their coating (average
area of the Cr grains measured by EBSD mapping is 0.39 + 1.22 pm? vs.
1.08 + 0.80 pm? in current work). According to the Hall-Petch rela-
tionship [55], a reduced grain size increases hardness and yield strength
of the material, and increased elastic modulus improves the material’s
resistance to elastic deformation. These factors could result in higher
coating failure stress/strain in the materials reported by Yuan et al. [4].
Another potential reason is the differences in residual stresses in
different Cr coatings. It is widely reported that compressive residual
stresses were introduced to the PVD coating during the manufacturing
process [21,56,57]. As suggested by Lille et al. [57], higher compressive
residual stresses in the coating could result in impeding dislocation
motion and reducing the propagation of microcracks. This enhances the
coating hardness and delays the fracture initiation in the coating, and
consequently increases the coating failure stress/strain. Therefore, the
coating failure stress/strain in this work could be affected by the com-
bination of microstructures and residual stresses.

4.4. Failure processes and coating crack patterns

The crack resistance of Cr coatings can be effectively evaluated by
monitoring the evolution of surface cracks, particularly through quan-
tifying the number of coating cracks under loading [12]. As discussed in
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Section 4.2, for the as-received material, the substrate is more ductile
than the Cr coating. It has been widely reported that in systems char-
acterised by a brittle coating on a ductile substrate, the formation and
progression of coating cracks generally follow three distinct stages: (i)
initiation stage where cracks form under relatively low strain; (ii)
propagation stage during which the number of cracks increases; and (iii)
saturation stage where the number of cracks stabilises, and the initiation
of new cracks becomes significantly more difficult [58,59]. However, for
a ductile coating on ductile substrate, the formation and progression of
coating cracks also follow three stages: (i) initiation stage where coating
cracks form under relatively higher strain; (ii) propagation stage with
the number of coating cracks is hard to increase, but width of cracks
increases; (iii) saturation stage where the width of coating cracks does
not increase with further loading as the cracks tend to propagate into the
underlying substrate [13,60].

In current work, simultaneous formation of multiple coating cracks
at RT occurred at 0.73 Py, the distance between coating cracks at peak
load is: 36.1 + 9.8 pm (Fig. 13a). Cracks formed almost perpendicular to
the hoop direction (88° to 91°). However, crack behaviour is different at
345 °C in three main points: (i) distance between coating cracks at peak
load is higher (112.9 + 49.1 pm (Fig. 13b)); (ii) larger angle range of
coating cracks against hoop direction was found (81° to 96°); (iii) cracks
opened up further on the coating surface, with width of crack of 1-8 pm
against 1-5 pm at RT. This indicates that at RT when the brittle Cr
coating subjected to hoop stress, it exhibits a crack formation pattern
that follows well-defined, energetically favourable paths, predomi-
nantly oriented perpendicular to the hoop direction [4,58,59]. This
behaviour is attributed to the coating’s limited plasticity at RT, which
constrains stress redistribution, thereby leading to a high density of
uniformly aligned cracks. In contrast, at 345 °C, the increasing of atomic
mobility could enhance the ductility of Cr coating, which consequently
results in larger crack width and a reduced crack density at peak load
[4,60]. Moreover, as suggested by Xu et al [61], the relaxation of
compressive residual stress in Cr coating at high temperatures could
alter the stress field in the Cr coating. And, the interaction between re-
sidual stress relief and applied mechanical loading creates a complex
stress state in the coating, consequently deviating crack pathways from
hoop direction [62,63]. Additionally, as suggested by Yuan et al [4], the
thermal expansion mismatch between Cr coating (4.9 to 8.2 x 1076/°C
[64,65]) and the substrate (6.6 x 107%/°C [66,67]) at elevated tem-
peratures could also generate thermal stresses deviating from hoop di-
rection, and caused the deviation of crack pathways from hoop tensile
direction. Therefore, the different crack orientation angles could be
caused by the combination effect of residual stress relaxation in the
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coating and thermal expansion mismatch between coating and
substrate.

In summary, a brittle failure mode was observed in the PVD Cr-
coated materials tested at both RT and 345 °C. The failure processes
can be classified into three stages: (i) initial deformation without for-
mation of coating cracks; (ii) simultaneous formation of multiple coating
cracks, where lower number of cracks formed at peak load at 345 °C; (iii)
the number of coating crack increases with increasing of load, until
reaches to saturation at peak load; cracks open up further after peak load
but no formation of new cracks.

Moreover, Yuan et al. [4] reported the failure processes and crack
patterns of their PVD Cr-coated Zircaloy-4 materials under same testing
condition, with the distance between coating cracks also plotted in
Fig. 13. Compared with the materials in this work, the distances between
coating cracks at their formation, and peak load of their materials are
both lower (Fig. 13). This could be attributed to the more brittle of Cr
coating in their material (higher hardness and elastic modulus, as dis-
cussed in Section 4.2). As suggested by Quillin et al. [62], a more brittle
coating exhibits limited plastic deformation capacity inefficient stress
redistributions under mechanical loading. As a result, microstructural
imperfections and flaws readily become crack initiation sites once the
applied hoop stress surpasses the fracture threshold. This inability to
dissipate strain energy promotes the simultaneous nucleation of multi-
ple cracks, leading to a higher crack density [8,58,59]. Additionally, for
their materials at 345 °C, a higher angle range of coating cracks was
found against the hoop direction: 75° to 109° ys. 81° to 96° [4]. One
potential reason could be the higher residual stresses in their Cr coating
[21,56,57]. The interaction between the relaxation of such higher stress,
and the applied mechanical loading induces a more complex stress
distribution in the coating [62,63], and consequently results in more
deviation of crack pathways. Therefore, as mentioned in Section 4.3,
investigation of the residual stress distribution inside the Cr coating will
be carried out in the future.

For materials tested at 650 °C, coating cracks formed in a ductile
mode. Once the three coating cracks formed, further loading did not
induce the formation of more coating cracks but increased the width of
the existing coating cracks from ~8 pm to ~20 pm. This indicates that
the brittle-to-ductile transition temperature (BDTT) of the PVD Cr
coating could be in the range of 345 °C to 650 °C. It was suggested that
the BDTT of Cr coating can be significantly affected by its microstruc-
tures and heat treatment processes [68-70]. For similar PVD Cr coatings,
such BDTT is reported in the range of 400 °C to 450 °C [12,43]. For a
more comprehensive understanding of the temperature-dependent of
such cladding materials, future experiments incorporating intermediate
temperature steps to determine the BDTT of current materials should be
conducted.

For materials tested at 950 °C, it is noteworthy that a brittle failure
mode was observed in the Cr coating (Fig. 11), despite the testing
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temperature is above the BDTT of the current PVD Cr coating (345 °C to
650 °C). Such ductile-to-brittle fracture could be caused by the increase
of Cr grain sizes at high temperatures. The IPFs figure of Cr coating in
materials after testing at 950 °C is presented in Fig. 14a with large
column Cr grains can be found.

The distribution of the area of Cr grains were presented in Fig. 14b,
where ~10 % of the Cr grains have an area of ~19.8 pm2. The average
area of Cr grains after testing at 950 °C is measured to be ~5.7 pm?%
~4.2 times higher than the as-received materials (~1.1 pmz). These all
indicate the growth of Cr grains at 950 °C in current study. Similar
phenomena has been reported by Liu et al. [71], they annealed Fe-6.5wt.
%Si alloy at 950 °C for 30 mins, the grain sizes increase from 91 pm (as-
received materials) to 255 pm. They suggested that larger grain sizes at
high temperature result in an increased density of dislocations distrib-
uted in each grain [72], and such significant stress concentration could
enhance the ability of transgranular cracking at lower levels of plastic
deformation and consequently results in the brittle fracture mode. Such
transgranular cracks were identified on the coating surface (Fig. 12b) at
950 °C in current work, and were not captured at other temperatures.
Therefore, at 950 °C, recrystallisation of PVD Cr grains could occur,
which resulted in the growth of Cr grains [36], concentrated stress in
each grain, and eventually caused the transgranular cracks and brittle
behaviour of the coating.

Lastly, as reported by Kim et al. [73], for PVD Cr-coated Zircaloy
cladding under compressive loading, the initial coating cracks could
concentrate stress towards the underlying substrate, and subsequently
lead to cracks formed in the substrate. Upon these cracks reaching a
critical penetration depth, the cracks undergo unstable propagation,
resulting in the catastrophic failure of the entire coated cladding system.
To further verify whether crack propagation is arrested at the coating/
substrate interface, cross-sectional characterisation—such as focused
ion beam (FIB) milling combined with SEM imaging—will be conducted
in future work.

5. Conclusions

The microstructures, local properties and the failure processes of one
PVD Cr-coated Opt. ZIRLO™ cladding materials were systematically
studied. Crack initiation and propagation under C-ring compression at
various temperatures (RT, 345 °C, 650 °C, and 950 °C) were analysed
using real-time 3D XCT imaging. Nanoindentation and SEM imaging
were employed to characterise the variation of local properties, micro-
structures, and crack patterns, supporting the interpretation of XCT
observations.

For the as-received materials, smaller Cr grains close to coating-
substrate interface exhibited higher hardness than the larger columnar
grains in the middle of coating. Local property variations in coating and
substrate  were potentially attributed to high-temperature
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Fig. 14. Cr coating after tested at 950 °C: (a) IPFs figure of Cr coating and (b) distribution of area of Cr grains inside the coating.
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recrystallisation, which enlarged grain size and caused coalescence of
finer grains, affecting mechanical behaviour. Relaxation of residual
stresses at elevated temperatures also likely contributed.

Load-displacement curves showed an initial linear stage at RT and
345 °C. Coating failure strain/stress was influenced by microstructure,
local properties, and residual stress distributions. Significant strength
degradation of the cladding materials was observed at 650 °C and
950 °C.

Temperature-dependent failure processes were investigated at
elevated temperatures. At RT coatings fractured brittlely, multiple
coating cracks formed simultaneously, with number of cracks increased
with loading. Cracks propagated almost perpendicular to the hoop di-
rection. At 345 °C, coating fractured in a more ductile behaviour, with
lower number of cracks, and higher width of crack on the coating sur-
face. However, a ductile fracture mode was observed at 650 °C, with
cracks growing in width rather than number, indicating a brittle-to-
ductile transition between 345 °C and 650 °C. Furthermore, coatings
fractured brittlely again at 950 °C. Such ductile to brittle transition
fracture mode at extreme temperatures could potentially be caused by
the increasing of Cr grain sizes during recrystallisation, which concen-
trated stress in each grain and ultimately led to the brittle behaviour of
the coating.

In summary, PVD Cr-coated cladding materials exhibit distinct
temperature-dependent mechanical behaviours and failure processes
under C-ring compression. These findings are essential for understand-
ing their performance and guiding the design of advanced cladding
materials for nuclear applications.
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