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Abstract

SiC fibre-reinforced SiC matrix composite (SiCt+SiCn) and Cr-coated zircaloy materials are
widely recognized as promising candidate cladding materials for the nuclear accident tolerant
fuels (ATF). For their future industrial application, it is critical to understand their mechanical
behaviour and failure processes under extreme conditions. Therefore, this project mainly
focuses on the deformation and fracture processes of two types of SiC¢-SiCn claddings (one
with single-layer outer/inner SiC coatings; one with multi-layer SiC coating), and four types
of Cr-coated zircaloy-4 claddings (three types of Cr coatings manufactured by cold-sprayed
(CS) method with different manufacturing parameters, one Cr coating manufactured by
physical vapour deposition (PVD) method). Real-time synchrotron micro X-ray computed
tomography (uXCT) is employed in current project to monitor the crack formation and
propagation via C-ring compression tests of these materials at ambient and high temperatures.
Both types of SiC¢SiCn claddings were tested at room temperature (RT) and 1200°C. Both
materials processed temperature-dependent variations in failure processes. For both types of
materials tested at both temperatures, cracks initiated in the outer SiC coating, and various
cracks’ toughening mechanisms occurred simultaneously rather than in a sequence. These are
significantly diverging from the widely assumed toughening theory in such SiCsSiCny
materials tested via uniaxial tension loading. Before the uXCT experiments, local property and
residual stress of individual components in the materials were respectively estimated by
nanoindentation and Raman spectroscopy. Lastly, the correlation between microstructures,

local properties, residual stresses and macro-scale performance of these materials are studied.

Four types of Cr-coated zircaloy-4 claddings were tested at both RT and 345°C. Post-failure
coating cracks’ patterns was analyzed via scanning electron microscope (SEM) imaging under
higher resolution. Prior to the real-time testing, local properties of Cr coatings and underlying
zircaloy-4 substrate were measured by nanoindentation method, and the microstructures of Cr
grain in these Cr coatings were analyzed by electron backscatter diffraction (EBSD) method.
It was found that, the different manufacturing processes of CS and PVD methods consequently
lead to different Cr grains’ microstructures in the coating, which subsequently affect local
properties of these materials, as well as their mechanical behaviour. Additionally, the different
manufacturing parameters of CS process could also result in different mechanical behaviour
and coating crack patterns. Finally, the relationship between microstructure, local properties
and high temperature mechanical behaviour of these Cr-coated zircaloy-4 materials are

investigated.
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Figure 4-3. Hardness and elastic modulus values across the thickness of both outer and inner
CVD SiC coatings of the polished cross-section of as-received material, with (a) for the outer
SiC coating, and (b) for the inner SiC coating. Optical images of polished cross-sections of
outer/inner SiC coatings are also included, with the blue arrows show the locations for line-
11T [=] £ USSR 92

Figure 4-4. Raman measurements collected across the thickness of the outer SiC coating in the
polished cross-section of as-received material. (a) Typical Raman spectra of SiC phase. (b)
Peak positions of selected SiC TO peak (=797 cm™) and corresponding estimated tensile
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Figure 4-5. Raman measurements collected across the thickness of the inner SiC coating in the
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measurements taken along the radial direction of the fibre; (b) to (d) are Raman spectra of
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between the centre and the periphery of the fibre, (3) PyC interphase area and (4) matrix next
to the fibre; with (b) for locations 1 and 2, (c) for location 3 and (d) for location 4. The insert
images show the fitting of individual peaks of SiC phase and carbon phase. ...........c.cccocu...... 97

Figure 4-8. (a) Polished cross-sectional SEM image shows line-scan of Raman measurements
taken along the radial direction of the fibre; (b) shows the FWHM of SiC TO peak at ~797
cm ! along the fibre radial direction; (c) shows peak positions of selected SiC TO peak (~797
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Figure 4-9. Load-time curves for the SiCSiCm materials under C-ring compression tests for
(a) samples S1-1 and S1-2 tested at RT and (b) samples S1-3 and S1-4 tested at 1200°C. The
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Figure 4-10. Crack formation and propagation processes at RT illustrated using sample S1-1:
(a) formation of first coating crack (Crack#1) at 0.52 PU before peak load (crack depth is
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coating/composite interface or inside coating are shown by cross-sectional Slices 1 and 2 of X-
Z plane; crack depth is illustrated by cross-sectional Slices 1 and 2 of X-Y plane); (c) widening
and joining of the outer coating crack at 0.36 PU after peak load (crack depth is illustrated by
cross-sectional Slices 3 and 4 of X-Y plane). The darker orange colour in the middle of the 3D
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at 0.65 PU after peak load: (a) the YZ view of the crack highlighting features such as crack
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Figure 4-14. Schematics of the toughening mechanisms for the materials under C-ring
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Figure 5-3. Hardness and elastic modulus values across the thickness of outer CVD SiC
coating of the polished cross-section of as-received material. Optical image of polished cross-
sections of outer SiC coating is also included, with the blue arrows show the locations for line-
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Figure 5-4. Raman measurements collected across the thickness of the multi-layer outer SiC
coating in the polished cross-section of as-received material. (a) Typical Raman spectra of SiC
phase. (b) Peak positions of selected SiC TO peak (~797 cm™) and corresponding estimated
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measurements taken along the radial direction of the fibre; (b) and (c) are Raman spectra of
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Figure 5-9. 3D visualization of the majority length of surface crack (Crack#1) in the outer SiC
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Figure 5-12. 3D visualization of the majority length of surface crack (Crack#1, fatal crack) in
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before peak load, (c) scan at 47.20 N (0.97 PU) before peak load, and (d) uXCT scan at peak
load 48.72 N (PU). (e) and (f) are 3D visualization of part of the representative coating cracks
in the magnified images of (b) and (d) respectively. ........cccccovvieiicic i, 162
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at RT, illustrated using sample S1: (a) image collected from the side surface of the sample (X-
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Figure 6-14. SEM images showing crack patterns of the post-failure PVD Cr coated materials
tested at 345°C, from sample S7: (a) image collected from the side surface of sample (X-Y
plane); (b) low magnification view of the outer surface of the sample (Y-Z plane); (c) to (e) are
high magnification views of the outer surface of the sample (Y-Z plane). One schematic of C-
ring sample with loading iS INCIUAEd. ...........coviiiiiiie e 172

Figure 6-15. (a) Concentration profiles across the intermixed bonding region (in a thickness
of around 40 nm) found at the CS Cr-coating/Optimized ZIRLO™ interface, performed by
energy dispersive X-ray spectroscopy (EDX); (b) 3D reconstruction of the elemental
distribution of Cr element at the CS Cr-coating/Optimized ZIRLO™ interface (in a distance of

Xviii



100 nm to 200 nm), performed by atom probe tomography (APT). Figures are reproduced from
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Figure 6-16. Schematic illustrations to demonstrate how when a crack runs from material 1
and impinges on the interface with a dissimilar material 2, it can have three ways to propagate:
(a) penetrate the substrate (material 2), (b) arrest or with single-side deflection or (c) arrest or
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coating at the orientation leading to the max coating strain when heating from room
temperature to 315°C. From the model, the coating will possess a slight (e) tensile residual
strain. Figures are reproduced from reference [105]. .....ccccocviieiieiiiic v 182
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arrows) between splats can be found: (a) HCS Cr coating; and (b) NCS Cr coating. (c) and (d)
are inverse pole figures (IPFs) show textures of the Cr grains in both the HCS and NCS
coatings, and random orientation of Cr grains in both types of coatings were found: (c) HCS

Cr coating; and (d) NCS CF COALING. .....ueiveieiieireieseeseesie e sieeeesree e ssaessaesaeeseesseesseaneessens 192
Figure 7-3. The distributions of the Cr grains’ areas in the HCS and NCS Cr coatings, the
selected range is 0 to 1 pm?: (a) HCS Cr coating, and (b) NCS Cr coating. ..............cc........ 193

XiX



Figure 7-4. Optical images of the polished cross-sections of the as-received Cr-coated zircaloy
cladding tube materials showing the four areas of the indent points: (a) HCS materials and (b)
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1. Introduction

1. Introduction

Due to its excellent corrosion resistance, excellent mechanical performances and low neutron
absorption cross-sections, the zirconium-based alloys (zircaloy) have been widely used as fuel
cladding materials in light water nuclear reactors (LWRs) for decades. However, under extreme
accident conditions (e.g., design-basis accident (DBA) and loss of coolant accident (LOCA)
conditions), the propensity of zircaloy to swiftly oxidize in high-temperature steam and
consequently emit combustible hydrogen gas poses a potential risk for severe incidents akin to
the 2011 Fukushima disaster [1]. Consequently, the concept of accident tolerant fuel (ATF)
cladding has emerged with the objective of enhancing the safety efficacy of nuclear fuels in
extreme events such as DBA and LOCA [2]-[5].

Based on the ATF concept, two main solutions has been raised for the cladding materials. The
near-term solution involves the application of an oxidation-resistant coating on the outer
surface of current zircaloy claddings. Among the array of coating materials available, Cr was
widely chosen for its remarkable attributes, including excellent corrosion and oxidation
resistance, high melting point and strength, and chemical compatibility with zircaloy [5]-[7].
Two methods are widely used for the application of Cr coatings on the zircaloy, including: cold
spraying (CS) and physical vapor deposition (PVD) [1]. However, the different manufacturing
processes of these two methods result in different microstructures and properties of the Cr
coatings, which subsequently affect the mechanical behaviour and failure processes of the
entire cladding system [1]. Additionally, for the same manufacturing method, the changes in
manufacturing parameters could also affect the mechanical behaviour of the coating and the
Cr-coated cladding system [8]. Therefore, for the future industrial application of these Cr-
coated materials, it is crucial to conduct mechanical testing under both normal and abnormal
service conditions. Such testing is essential for establishing a relationship between the
microstructures and the mechanical performance of these material systems, thereby improving

the design of these material.

The long-term solution is to totally replace the current zircaloy material by other materials [9]-
[13]. Silicon carbide (SiC) fibre reinforced silicon carbide matrix composites (SiC¢-SiCm) has
been considered as a promising candidate cladding material due to its superior irradiation and
oxidation resistance, good strength and toughness at elevated temperatures [14]. Such SiCst-
SiCm materials have also been considered to serve as channel boxes. For such complex material

system, their damage evolution and failure processes significantly rely on the existence and
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variability of local microstructures as well as imperfections and defects. Therefore, for future
applications, it is essential to conduct mechanical experiments on these materials under both
normal and extreme service conditions. These experiments are crucial for understanding the
materials’ microstructural evolution and mechanical behaviour under various conditions, and
thereby optimize the their design. Moreover, it is critical to employ novel techniques for

capturing three-dimensional microstructural evolution in such materials in real-time [14].

The materials investigated in current PhD project involve various types of SiCsSiCm claddings
and Cr-coated zircaloy-4 claddings. A unique set-up was adopted which allows real-time X-
ray microtomography imaging of the materials under mechanical testing at high temperatures.
The microstructures, local properties and residual stresses of as-received materials were also
characterized. Finally, the current project explored the establishment of a comprehensive link
between the microstructures, local properties, residual stresses, and the mechanical properties
and progressive failure processes in various types of SiCt+SiCny claddings and Cr-coated

zircaloy-4 claddings at both ambient and high temperatures.

The current thesis consists of 9 Chapters. In Chapter 2, the manufacturing processes,
microstructures, local properties, mechanical properties and failure processes at elevated
temperatures of various types of SiCSiCrn and Cr-coated zircaloy materials are reviewed. In
Chapter 3, detailed information of tested materials, sample preparation procedures,
experimental set-ups, and brief principles of the techniques involved in current PhD project are
presented. Chapters 4 to 8 and result Chapters. In Chapter 4 and Chapter 5, the microstructures,
local properties, residual stress distributions of two types of SiCsSiCr cladding materials (one
with single-layer outer/inner SiC coatings (Chapter 4); and one with multi-layers outer SiC
coating (Chapter 5) are investigated by several techniques, with the aim of illuminating their
mechanical behaviours and failure processes at room temperature (RT) and 1200°C. In Chapter
6, the microstructures and local properties of two types of Cr-coated zircaloy-4 cladding
materials (with the Cr coatings manufactured by CS and PVD methods, respectively), to
understand their potential influences on the mechanical behaviour, failure processes and
coating crack patterns of materials at RT and 345°C. In Chapter 8, two types of Cr-coated
zircaloy-4 cladding materials (the Cr coatings were produced by CS method with different
manufacturing parameters) are studied; the relationship between microstructures, local
properties, residual stresses in the coatings, and mechanical performance, failure processes and
coating crack patterns at RT and 345°C are investigated. Finally, the general conclusions of

current work are presented in Chapter 8 and future work is discussed in Chapter 9.
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2.1. Light water nuclear power reactor and zirconium alloy cladding
2.1.1. Light water reactor

Light water reactor (LWR) is the most common type of thermal-neutron reactor which uses
normal water as its coolant and neutron moderator [15]. Among the 451 civilian nuclear power
reactors in operation in the world, 372 of them are LWRs [16], [17]. In the LWR, the released
thermal energy from the nuclear fission reaction of uranium oxide (UO3) in the fuel rods is
absorbed by the surrounding water (which cycles through the core) to produce steam. And the
steam is subsequently employed to spin the turbine to generate electrical power [2], [17], [18].
There are two main types of LWRs, which including the boiling water reactor (BWR) and

pressurized water reactor (PWR), as presented in Fig. 2.1.

(a) Boiling water reactor (BWR)

Containment Structure

lm Control Rods

(b)

X

[

Figure 2-1. Schematics of (a) boiling water reactor (BWR) and (b) pressurized water reactor (PWR).
Figure is reproduced from ref [19].

In BWR, the water is boiled in the vessel in that, the generated steam directly spins the turbine
for generating electricity. The water within the circuit is ~275°C ~288°C at the inlet and outlet,

respectively; with the pressure maintains at ~7.6 MPa in the circuit [17], [20]. As for the PWR,
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unlike BWR, the water is maintained at a higher pressure (~16 MPa at 290°C to 330°C) in the
primary circuit to prevent it from boiling. And the steam is generated in the secondary circuit

(~285°C, with a pressure of ~7 MPa) to produce the power [20].

The core of the LWR is the fuel assemblies, and the schematic of a typical fuel assembly of
PWR is presented in Fig. 2.2. The fuel assembly is about 4 m to 5 m in height, 20 cm in width
and 0.5 t in weight. The top and bottom nozzles can provide mechanical support to the fuel
rods and control rods in the PWR [21]. The typical structure of one fuel rod is presented in Fig.
2.2, where fuel pellets are assembled in the fuel tube. A gap (typically 200 to 400 pum) is
designed between the fuel pellets and the inner surface of the cladding tube to facilitate the
insertion of the pellets into the cladding [22], as well as compensate for the deformation fuel
pellets during operation (e.g., temperature- and irradiation- induced swelling) [23]. In general,
the fuel cladding tube is of a length of ~4 m , ~9 mm of outer diameter and ~0.6 mm of wall-
thickness [24]. To maintain the continuity of the nuclear chain reaction and facilitate the
transfer of heat, the material of the cladding tube should possess several specific properties:
high thermal conductivity, good resistance to corrosion, excellent irradiation resistance and

low neutron absorption [25].

Rod cluster

Bottom
nozzle

Fuel rod _.Plug

guide thimble r‘ ' Pellet
4 p, elle
¥ Fuel tube
A
g Fuel rod

Figure 2-2. Schematics of typical fuel assembly and fuel rod in PWR. Figure is reproduced from ref
[21].
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2.1.2. Application Zirconium alloy cladding in LWRs

Due to its low neutron absorption, good corrosion resistance, excellent mechanical properties
and high melting point (1852°C), zirconium-based alloys (zircaloy) have been utilized as fuel
cladding materials in LWRs for decades [18], [20], [26]-[36].

The Zr element was first discovered by Kalproth in 1789, and the method of large-scale
industrial production of Zr from Zr-containing ores was established by Kroll in 1944 [37].
Typically, Zr has a hexagonal close packed (HCP) structure (a-Zr) [17] at the temperature
below 862°C, and changes to body centred cubic (BCC) structure (B-Zr) in the temperature
range of 862°C to its melting point (1852°C). The development of Zr alloys as cladding
material for the nuclear application started in the 1950s under the naval propulsion program in
USA [38]. To overcome the detrimental effects of nitrogen (N) on the corrosion-resistance
(especially under high temperature steam) of Zr, zircaloy-1 alloy was developed with 2.5% of
the Sn [39]. To further enhance the corrosion-resistance, Fe, Cr and Ni was further added into
zircaloy-1 and zircaloy-2 (Zr-1.5%Sn-0.2%Fe-0.1%Cr-0.05%Ni) was developed [39]; and the
zircaloy-2 is still utilized in BWRs at present. However, the application of Ni could facilitate
the formation of hydride in the zircaloy-2 at high temperatures and pressures, and limits its
application in the PWRs, which have higher temperature and pressure than BWRs [39].
Consequently, for reducing the occurrence of hydride and further increasing the corrosion-
resistance of zircaloy, zircaloy-4 was developed for PWRs with the removal of Ni, and the
increasing of contents of Fe from 0.12% to 0.2% [39]. The zircaloy-2 and zircaloy-4 alloys
have respectively became the standard cladding materials for BWRs and PWRs since 1970s
[40], [41]. Additionally, to enhance the corrosion-resistance and manufacturability of zircaloy-
2, three prototype zircaloys were designed, named zircaloy-3A, zircaloy-3B and zircaloy-3C.
However, the strength of these three types of zircaloys was only 75% of the zircaloy-2 and they
were not utilized in the nuclear reactors. In addition to the Zr-Sn alloy system developed by
USA, the former Union of Soviet Socialist Republics developed the Zr-Nb alloy system [42],
[43], with the successful application of three alloys (named E110, E125 and E635) in the Vodo-
vodyanoi energetichesky reactors (VVER) and Reaktor bolshoy moshchnosti kanalniy reactors
(RBMK). The chemical compositions of these zircaloy materials were summarized in Table
2.1.
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Table 2-1. Chemical compositions (weights%) of various types of zircaloy materials. The data are
compiled from ref [41].

Other

Alloy Sn Fe Cr Nb elements Application
Zircaloy-1 2.5 - - - - Not suitable
Zircaloy-2 15 0.12 0.1 - o1 EI 005 BWR
Zircaloy-3A 0.25 0.25 - - - Not suitable
Zircaloy-3B 0.5 0.4 - - - Not suitable
Zircaloy-3C 0.5 0.2 - - 0.2 Ni Not suitable
Zircaloy-4 1.5 0.2 0.1 - 0.09t00.130 PWR
E110 - - - 0.95t0 1.05 <0.100 PWR/RBMK/VVER
E110M - 0.;)(7);0 - 090t01.10 0.10t00.150 PWR/RBMK/VVER
E125 - - - 2.20t02.60 2.20t02.600 PWR/RBMK/VVER
1.10
E635 to 0.3t0 0.4 - 095t01.05 0.05t00.120 PWR/RBMK/VVER
1.30
ZIRLO 1.02 0.1 - 1.01 0.09t00.150 PWR
M5 - 0.05 0.015 1 0.09t00.130 PWR
AXIOM-X1 0.3 0.05 - 0.7t01 0.12Cu, 0.2V PWR
AXIOM-X2 - 0.06 - 1 - -
AXIOM-X4 - 0.06 0.25 1 0.08 Cu -
AXIOM-X5 0.3 0.35 0.25 0.7 0.05 Ni -
AXIOM-X5A  0.45 0.35 0.25 0.3 - -

Since 1980s, to attain a elevated burnup, coolant temperature and the refueling interval of the
PWRs were increased, and the ZIRLO (chemical composition: Zr-1.0%Sn-1.0%Nb-0.1%Fe)
was subsequently designed by Sabol et al. in 1987 [44]. Compared with zircaloy-4, the ZIRLO
possesses enhanced corrosion resistance, dimensional stability, creep resistance, and have been
utilized as cladding material in almost all the reactors designed by Westinghouse in USA since
1990s [45]. Recently, an optimized ZIRLO (OPT ZIRLO) has been developed by
Westinghouse [46], [47]. The enhanced corrosion resistance and creep resistance of OPT
ZIRLO is achieved by the reduction amount of Sn from 1% to the range of 0.6% to 0.8%, in
parallel to the optimizations in fabrication parameters and final annealing temperatures [46],
[47]. Another optimized zircaloy material, named M5 (chemical composition: Zr-1.0%Nb-

0.6%0), was developed since 1980s [48]. Compared with zircaloy-4, the absence of Sn and the

6



2. Literature review

refined heat treatment parameters of the M5 alloy lead to its better creep resistance and
relativity lower hydrogen pickups [49]. Until 2011, more than 4.5 million of M5 fuel claddings
have been utilized in around 94 commercial PWRs [50]. AXIOM Zircaloy was also designed
for high-duty PWRs since 2011 [51]. The chemical compositions of various types of zircaloy
materials are listed in Table 2.1, and one schematic of the development history of cladding

materials for LWRSs is presented in Fig. 2.3.

1940 | 1950 | 1960 | 1960 | 1980 | 1990 | 2000 | 2010 | 2020 Remarks
Stainless steel Obsolete

‘ Zircaloy-2 and Zircaloy-4 |

l . LU EI125, E63. . | In commercial use
| ZIRLO |
i i i
I M5 I
OPT ZIRLO

In developing phase

Figure 2-3. Schematic of history of the development of cladding materials in LWRs. Figure is
reproduced from ref [52].

2.2. Overview of accident tolerant fuel claddings for LWRs

The concept of accident tolerant fuels (ATFs) has been proposed after the Fukushima-Daiichi
accident happened in 2011 [18], [22], [29], [53], [54]. During such accident, the cooling water
could not circulate within reactors, which led to the significant increase of temperatures in the
reactors’ core: rapidly raised to around 700°C - 900°C, far beyond the normal operating
temperature: around 345°C [22], [55]. This type of accident is a typical station blackouts
(SBO). Under such circumstances, the zircaloy claddings was exposed and reacted with the

high temperature steam following Eq. 2.1.
Zr(s) + 2H20(l, v) « Zr0a2(s) + 2H2(g), (2.1)

The release of combustible hydrogen (H2) gas has caused serious explosions during the
accident, resulting in the seriously damage of the steam turbine factories and surrounding
facilities [56]. The heat generated during the reaction (Eq. 2.1) could also increase the
temperature of the zircaloy cladding materials, which further facilitates the oxidation of
zircaloy. Furthermore, due to their oxidation, zircaloy cladding materials experience a
significant degradation of their strength and structural integrity. This results in a release of fuel

pellets and fission products into surrounding water. The substantial hydrogen production in the
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core leads to an increase in reactor’s pressure, and the leakage and explosions of hydrogen led
to serious damage of the reactor containment building, and eventually led to the escape of
radioactive substances into the environment [57]. Therefore, the primary objective of the ATFs
is to enhance the safety and performance of nuclear fuels and cladding materials when
subjected to the normal operating conditions, anticipated operational occurrences (AOQs)
conditions (e.g., loss of offsite power and turbine trip) and serious off-normal operating
conditions (e.g., LOCA and RIA) [2]-[5]. Based on the ATFs’ concept, the desirable properties
of both the fuel pullet and fuel cladding for LWRs under normal operating (NO) condition, as
well as under some typical serious off-normal conditions (including: LOCA, power ramps
(PR), reactivity insertion accident (RIA), and SBO) are summarized in Table 2.2. The upward
and downward arrows in Table 2.2 respectively represent for the increasing or decreasing
magnitudes of a specific properties, and a dash signifies insensitivity to the properties [29]. It
can be found, although specific higher or lower properties are required for the fuel cladding
and pellet under different operating conditions, the oxidation resistance is consistently

desirable in the fuel cladding.

Table 2-2. Desirable properties of fuel claddings and fuel pellets in LWRs under both normal operation
(NO) conditions and some typical serious off-normal operating conditions: power ramps (PR), loss-of-
coolant accident (LOCA), reactivity insertion accident (RIA), and station blackout (SBO). Upward and
downward arrows respectively indicate that the increasing and decreasing magnitudes are desirable for
a specific property, while a dash indicates insensitivity of a specific property. The data are compiled
from ref [29].
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Strategies based on ATF concepts can be classified into three primary domains: improvements
of the fuel pellets, enhancements of the cladding materials, and enhancements of non-fuel
components (control rods and channel box) [58]. As for the cladding materials, the main
objective is to delay or avoid the oxidation of current zircaloy materials under serious
conditions, e.g., design basis accident (DBA) and LOCA [2]-[5]. To achieve such objective,
both the short-term and long-term solutions are under investigation [59], [60], and one
schematic of these solutions is presented in Fig. 2.4. The short-term solution is the application
of a protective thin coating on the surface of zircaloy claddings [61]. The coating materials
should possess the potential abilities under normal and off-normal operation conditions:
enhancing the cladding’s heat transfer [62], maintaining good adhesion to the zircaloy
substrate, enhancing the oxidation resistance of the cladding, and exhibiting good chemical
stability with the zircaloy. Materials capable of the high-temperature resistance to steam
oxidation include Cr203, Al>Os, and/or SiOz. As such, the protective coating must encompass
at least one element from the following set: Cr, Al, or Si [29]. Recently, investigations of the
application of various types of coatings on zircaloy claddings have been carried out; these
coating materials include: pure Cr [3]-[6], [63], CrAl [64], CrN [65], SiC [66], FeCrAl [67],
TiAIN [68], AICIN [69], ZrSiz2 [70] and MAX phases: Mn+1AXn, n in the range of 1-4, M
represents a transition metal, e.g., Sc, Ti, Cr; A represents elements in the A-group, mainly
I11A and IVA, or groups 13 and 14; and X represents either C or N [71]. Among these potential
materials for the coating, Cr is commonly selected due to its commendable corrosion and
oxidation resistance, elevated melting point (1907°C), robust mechanical strength and the good

chemical compatibility with zircaloy [5]-[7].
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Figure 2-4. Schematics of the development of ATF cladding materials in LWRs. Figure is reproduced
from ref [60].

The long-term solution involves the complete substitution of present zircaloy claddings with
alternative materials, and the SiC fibre-reinforced SiC matrix composites (SiC¢SiCm) has been
considered as a promising candidates [14] because of its exceptional tolerance to irradiation,
elevated strength, remarkable toughness, and resistance to oxidation at elevated temperatures
[9]-[13]. Additionally, FeCrAl alloys are also been considered as ATF claddings owing to its
good strength, excellent creep-resistance and oxidation resistance under normal operating
conditions [72]. However, the main challenges of FeCrAl alloy are its higher neutronic penalty
and potential for increased tritium release [73].

As the nuclear-grade Cr-coated zircaloy and SiC¢-SiCr cladding materials represent the subject
of this thesis, the subsequent portion of the literature review section will be dedicated
exclusively to describe the current comprehension of these two types of materials. For the Cr-
coated zircaloy materials, thorough considerations will be devoted to the manufacturing
methods of Cr coatings, microstructures and local properties of different types of Cr-coated
zircaloy claddings, mechanical properties of the entire coated claddings, and coating crack
patterns under mechanical loading. As for the SiC¢SiCn materials, considerations will focus
on the microstructures, properties and processing methods of individual components within the
composites and the mechanical performances of the entire composites. Such comprehensive

literature review will facilitate identification of the research gaps in current literatures, this
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further facilitates the selection of suitable experimental and characterization methodologies,

the discussion of which will follow.
2.3. Cr-coated zircaloy cladding materials

Various deposition techniques have been employed for the application of Cr coating onto the
Zircaloy substrate and these techniques can be categorized into three principal types: cold
spraying (CS) method [4], [6], [67], [74]-[78], physical vapour deposition (PVD) method [79]-
[85], and three-dimensional laser melt-coating (3D-LMC) method [86]-[88]. Among these
methods, CS and PVD are currently widely utilized, their preparation processes and the

characteristics of the prepared Cr coatings will be detailed discussed in the following sections.
2.3.1. CS Cr-coated zircaloy cladding materials
2.3.1.1. Intro to CS method

CS technique is a powder deposition method which evolves from conventional thermal
spraying process [25]. One schematic of the CS process is presented in Fig. 2.5. During CS
manufacturing process, powder particles are accelerated to attain high velocities at a relatively
low temperature (0-800°C) [89], which is different to the thermal spraying method as particles
are melted above their melting points. In the CS preparation process, coating materials’ powder
particles are firstly mixed with a preheated inert gas (either N2 or He) under pressurized
conditions within a spray gun. Subsequently, composite particle-gas streams are accelerated to
high speed and impacted upon the surface of the substrate material at supersonic velocities (200
to 1200 m/s) by the gas jet (Fig. 2.5). The mechanism of solid deposition of the coating is
actualized through high-strain-rate plastic deformation and the associated adiabatic shear
processes that occur among the particles, and more importantly, between the particles and the
surface of the substrate (Fig. 2.5). These eventually result in the mechanical interlocking and
metallurgical bonding between the powder particles and the surface of the underlying substrate

to form the coating [78].
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Figure 2-5. Schematics of the typical CS manufacturing process. Figure is reproduced from ref [4].

Such low deposition temperature leads to the advantages of CS method, as little to no oxidation,
decomposition, evaporation and phase transformations of the powder particles happen during
the deposition process [90]. Moreover, this prevents the extensive generation of oxide
inclusions and phase separation within the coatings [90]. Additionally, the high deposition rate
(more than 10 pm/min) of the CS technique enable its potential for the large-scale
manufacturing, particularly for the production of full-sized coating on the surface of cladding
tube [90]. However, the current CS technique also possesses several disadvantages, e.g., the
high deposition rate enhances the challenges of control of the coatings’ quality; and the plastic

deformation of underlying substrate during manufacturing process may affect its strength [4].

During the CS process, several main manufacturing parameters could affect the quality of the
coating, as listed below. (i) The type of the high pressure gases: N2 and He are two commonly
used gases, and a higher velocity of the powder particles can be achieved when using He (as
He is lighter than N2); however, the higher cost of He (compared with N2) limits its industrial
application [8]. (ii) The feed rate of the powder particles (quantity of particles dispensed into
the spray nozzle per unit time): a higher feed rate results in a lower velocity of the particles
when impacting with the substrate, which could subsequently increase the residual stresses in
the coating and in the coating/substrate interface due to shot peening effect [91]. (iii)
Parameters of spray nozzle, which include the transverse speed of the nozzle and the distance
between the nozzle and the substrate (stand-off-distance, SOD) [92]; generally, a higher
transverse speed of the nozzle results in a higher velocity of the particles, and subsequently
lead to the lower harness and lower residual stresses within the coating [93], [94]; as for the
SOD, the velocity of the particles and the deposition efficiency (DE) firstly increase with the
increasing of SOD, and then gradually reduce after reaching a critical value of SOD [95].
Parameters of powder particles (including size, composition, geometry and temperature of the

particles): the lower sizes of the particles could enhance their critical adhesion velocity; and a
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higher temperature of the particles reduce the critical adhesion velocity of the particles [96]. In
summary, the influences of CS manufacturing parameters on the properties of the coating are

summarized in Table 2.3.

Table 2-3. The influences of manufacturing parameters on the different properties of the coating during
the CS process. Upward and downward arrows respectively indicate that the increasing and decreasing
magnitudes with the increasing values of the parameters, while a dash indicates insensitivity of a
specific property. The data are compiled from ref [97].
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“ Although an increase of the particle velocity enhances the adhesion deposit efficiency, new findings
find that they could also decrease at very high velocity [98], [99].

2.3.1.2. Microstructures and local properties of CS Cr-coated zircaloy

The typical cross-sectional morphology of the one CS Cr-coated ZIRLO cladding materials are
presented by scanning electron microscopy (SEM) images in Figs. 2.6a and 2.6b [100]. It can
be found the coating/substrate interface is tortuous (Fig. 2.6a), which is attributed to the
mechanical interlocking of the Cr and substrate at the interface during the CS manufacturing
process [101], [102]. Some pores are observed in the coating, Fig. 2.6b; and splatted Cr grains
can be commonly observed in the CS coating. The bright-field transmission electron
microscopy (BF-TEM) images collected at the coating/substrate interface illustrates that,
deformed and elongated Cr grains distribute in the coating close to the interface (Fig. 2.6¢c),
with smaller grain sizes distribute in the Zircaloy substrate close to such interface, Fig. 2.6d
[100]. It is suggested that these are most likely attributed to the plastic deformation occurring
in the coating and underlying zircaloy substrate near the coating/substrate interface during
manufacturing process of CS method [100]. Additionally, during the manufacturing process of
cold spraying, the interdiffusion of Zr and Cr elements occur within a distance of around 40
nm to 200 nm, and subsequently resulting in the formation of a region with intermixed bonding

region close to the interface [100]
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Figure 2-6. (a) and (b) are respectively low and high SEM images of cross-section of CS Cr-coated
optimized ZIRLO cladding materials in as-received condition. (c) and (d) are BF-TEM images collected
at the interface of CS Cr-coated optimized ZIRLO cladding materials with (c) in the coating side and
(d) in the substrate side. Figure is reproduced from ref [100].

The plastic deformation incurred during cold spraying process may significantly influence local
properties of both the coating and substrate at the interface region [1]. Thus, for a
comprehensive understanding of the mechanical behaviour and overall structural integrity of
CS Cr-coated Zircaloy claddings, it becomes essential to investigate the impact of the CS
process on the underlying Zircaloy substrate [1]. However, limited literature exists focusing on
this specific research domain. Recently (2021), Fazi et al. [100] conducted nanoindentation
tests in the coating and substrate areas close to the coating/substrate interface of one CS Cr-
coated optimized ZIRLO™ material, with their results presented in Fig. 2.7. Although no exact
elastic modulus and hardness were reported by them [100], the measured hardness values from
the area in the middle of their coating was found ~27.8% higher than that measured in locations
adjacent to the interface (in the coating but with a distance of 3 um or less to the interface);
and the measured hardness of underlying ZIRLO™ substrate close to interface area (with a
distance less than 5 um to the interface) was ~40% higher than substrate away from the
interface
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Figure 2-7. Nanoindentation measurements performed on the coating/substrate interface area in the
polished cross-sections of a CS Cr-coated optimized ZIRLO™ cladding material. Figure is reproduced
from ref [100].

2.3.1.3. Mechanical behaviour and coating crack patterns of CS Cr-coated zircaloy

Before discussing the mechanical behaviour of the CS Cr-coated cladding materials, the

directions and corresponding stresses in a cladding tube is presented in Fig. 2.8a.

Table 2.4 displays hoop strength (maximum hoop stress of the material under uniaxial loading
in the hoop direction) of CS Cr-coated Zircaloy cladding materials with testing at RT and
315°C from open literatures. Shah et al. [103] investigated the mechanical properties of both
CS Cr-coated (with a coating thickness of around 50 um) and uncoated (selected as reference)
OPT ZIRLO cladding tube materials at RT under tensile tests. Similar ultimate tensile stress
(UTS) values were reported for the coated (~701 MPa) and uncoated materials (~715 MPa),
and they suggested the application of CS Cr coating showed minor influences on the

mechanical properties of the underlying ZIRLO substrate [103].
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Figure 2-8. (a) shows the definition of directions and corresponding stresses in a cladding tube material.
(b) and (c) are representative micrographs of coating surface fracture patterns acquired after (b) room
temperature and (c) 315°C expanding plug testing of CS Cr-coated Zircaloy cladding materials. (d) and
(e) are representative cross-sectional micrographs showing through-thickness cracks of samples tested
at 315°C. Figure is reproduced from ref [103].

Table 2-4. Maximum hoop stresses of different types of CS Cr-coated zircaloy materials (detailed
information of tested materials are included, extracting from corresponding literature in cited
references); tested by plug-expansion and tensile tests at RT and 315°C.

Testing Testing Maximum hoop

Information of the tested materials method temperature (°C) stress (MPa)

Cladding tube samples with a length of
12.7 mm; and the rubber plug insert
having a length of 6.35 mm; with a
coating thickness of 35 to 45 um and
zircaloy-4 substrate. Ref. [104].

Plug-

. RT 700-800
expansion

Cladding tube materials with a coating
thickness of ~50 um, and OPT ZIRLO Tensile RT ~701
substrate. Ref. [103].

Cladding tube samples with an inner

diameter of ~9.6 mm; with a coating Plug- RT ~1000
thickness of ~24 um and zircaloy-4 expansion .
substrate. Ref. [105]. 315°C ~500
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Roache et al. [105] recently (2022) conducted real-time plug-expansion tests at both RT and
315°C on their CS Cr-coated Zircaloy claddings with ~24 um of the thickness of the coating.
A reduction of the hoop strength was reported with the increasing of temperature: ~1000 MPa
at RT and reduced by 50% (~500 MPa) at 315°C. They also conducted acoustic emissions (AE)
and digital image correlation (DIC) methods to monitor the hoop strain at where coating cracks
initiated, and such hoop strains were reported to be ~0.40% at room temperature and ~0.34%
at 315°C. From their SEM imaging on the post-tested specimens, different coating crack
patterns were reported at RT and 315°C, Fig. 2.8 [103]. At RT, coating cracks were mostly
oriented at angles of ~85° to the axial direction, Fig. 2.8b; However, coating cracks were found
more tortuous (oriented at angles of ~65° to ~75° to the axial direction) and finer in width Fig.
2.8c [105]. Based on their finite element analysis (FEA) calculation, tensile residual strains
were estimated in axial (0.026%) and circumferential (0.031%) directions between the coating
and the underlying substrate [103], respectively. This could generate a shear stress conducive
to off-axis coating cracks and generate a multidimensional stress state within the CS Cr coating,
and subsequently attributed to the formation of tortuous finer cracks in the Cr coating at 315°C
[105]. Additionally, once cracks formed in the CS coating, they tended to deflect along the
splatted grain boundaries and link up with the pores within the coating, and consequently
formed tortuous crack pathways (in addition to a cleavage crack path) [105], [106], with

representative examples presented in Figs. 2.8d and 2.8e.

In summary, the vast majority studies of coating crack behaviours rely on the post-mortem
analyses, and they could not provide a comprehensive mechanical view of the initiation and
progressive development of these cracks. Additionally, as discussed in Section 2.3.1.1, residual
stresses could be introduced into Cr coatings during the CS manufacturing process and
consequently influence the mechanical performance of the cladding system. However, very
limited studies focus on the investigation of residual stress in the CS Cr coating.

2.3.2. PVD Cr-coated zircaloy cladding materials
2.3.2.1. Introduce to PVD method

PVD technique is commonly utilized to deposit thin films onto the substrate material and have
widely been used in various industrial applications, e.g., aerospace and chemical engineering
[107]. During the PVD process, the surface of the target coating material is firstly vaporized
into gaseous particles (including ionized particles, atoms or molecules) through a high energy

source. Subsequently, the deposition of thin film coating onto the substrate is accomplished by

17



2. Literature review

permitting these particles to move freely or by subjecting them to acceleration within an electric
field [25]. The PVD methods can be divided into three types based on the excitation
mechanisms for producing the coatings, which include sputtering-plating, evaporation-plating
and ion-plating [25]. During the sputtering-plating process, the coating materials (target
materials) serve as electrodes. The sputtered particles are produced through the bombardment
of the target surface by high-energy plasma particles, accelerated by an electric field generated
in argon gas. As for the evaporation-plating process, the target materials are firstly heated
within a molten pool, and subsequently evaporated at elevated temperatures and eventually
formed particles. The ion-plating process is a combination of evaporation-plating and
sputtering-plating methods, which involves both evaporation and ionization of target materials
in a low-pressure discharge [25]. The schematics of the sputtering-plating and evaporation-
plating process are presented in Figs. 2.9a and 2.9b, respectively [108].
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Figure 2-9. Schematics of the two typical PVD manufacturing processes: (a) sputtering-plating, and (b)
evaporation-plating. Figure is reproduced from ref [108].

The PVD method possesses the two notable advantages: (i) the relatively low deposition
temperature (less than 500°C, even can be achieved at room temperature), and (ii) the coating
quality can be controlled through adjusting the flexible and controllable manufacturing
parameters [109]. However, some certain limitations are associated with the PVD method: the
line-of-sight deposition nature of the PVD process limits the deposition of coatings on complex
3D materials; additionally, the low deposition rate (typically 1 to 3 um coating’s thickness per
hour) increases the cost of PVD method, especially when depositing thick coatings [107],
[110], [111]. During the PVD process, the deposition rate and adhesion of the coating are

significantly affected by the manufacturing parameters (e.g., flow, pressure and temperature of
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the gas, bias current and the geometry of the substrate) [108]; which subsequently affect the

properties of the coating (e.g., hardness, elastic modulus, thickness and microstructures).
2.3.2.2. Microstructures and local properties of PVD Cr-coated zircaloy

Typical cross-sectional morphology of the PVD Cr-coated zircaloy-4 cladding is presented by
scanning electron microscopy (SEM) images in Fig. 2.10a [79]. Compared with the Cr coating
produced by CS method, coating/substrate interface produced by PVD method is smooth as no
mechanical interlocking between Cr and substrate occurred at the interface are during the PVD
process. Electron backscattering diffraction (EBSD) map of PVD Cr coating indicates, Cr
grains are mostly in the shape of columns, and smaller grains can be observed clustering close
to interface region , Fig. 2.10b. Additionally, no obvious pores are observed within the PVD
Cr coating, Fig. 2.10b. The Fig. 2.10c displays the TEM image collected at the PVD
Cr/substrate interface. Compared with the materials produced by CS process, no discernible
plastic deformation was evident (e.g., elongation) of zircaloy substrate at the interface after the
PVD process [1].

Figure 2-10. (a) SEM image of cross-section of PVD Cr-coated zircaloy-4 cladding material in as-
received condition; (b) EBSD mapping on the coating shows columnar structured Cr grains with no
obvious porosity; (c) TEM image collected at the coating/substrate interface. Figure is reproduced from
ref [79].
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The PVD process is reported showing little to no influence on local properties of the substrate,
as modulus and hardness are widely reported to be of zircaloy close to the interface area (e.g.,
~2.7 GPa and ~113.4 GPa) and away from the interface (e.g., ~2.6 GPa and ~109.2 GPa) [1].
As for the Cr coating close to the interface area (with 3 um or less distance away from the
interface), higher hardness values (in the range of 10% to 20% [1]) are commonly reported
when compared with the middle of the coating; which could be mainly caused by the finer

grains close to the interface area [79].
2.3.2.3. Mechanical behaviour and coating crack patterns of PVD Cr-coated zircaloy

The hoop strengths of PVD Cr-coated zircaloy cladding materials tested at increasing

temperatures (up to 500°C) from open literature are summarized in Table 2.5.

Table 2-5. Maximum hoop stresses of different types of PVD Cr-coated zircaloy materials (detailed
information of tested materials are included, extracting from corresponding literature in cited
references); tested tensile and uniaxial tension tests at temperature up to 500°C.

Testing Testing Maximum hoop

Information of the tested materials method temperature (°C) stress (MPa)

1.2 mm in thickness, 4 mm in width and 17
mm long sheet specimen; zircaly-4 substrate;
with 10 to 15 um (in thickness) coating on
both surfaces. Ref. [79]

1.2 mm in thickness, 4 mm in width and 17
mm long sheet specimen; recrystallized
zircaly-4 substrate; with 10 to 15 pum (in
thickness) coating on both surfaces. Ref. [79]

Tensile RT ~700

Tensile RT ~680

1.2 mm in thickness, 14 mm in width and 60
mm long sheet specimen; M5 substrate; with
~16 pm (in thickness) coating on both
surfaces. Ref. [112]

Cladding tube samples with ~4.18 mm of
inner radius, ~4.75 mm of outer radius, 0.57
mm of wall thickness; 50 mm in gauge length;  Uniaxial

Tensile RT ~400

with 15 to 18 um (in thickness) Cr coating on  tension RT ~1322
the outer surface, zircaloy-4 substrate. Ref.
[112]
RT ~440
250°C ~300
0.6 mm in thickness, 3 mm in width and 20 300°C ~260
mm long sheet specimen; zircaloy substrate; 350°C 240
with ~13 um (in thickness) coating on both Tensile
surfaces, zircaloy-4 substrate. Ref. [53] 400°C ~220
450°C ~200
470°C ~185
500°C ~160
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Brachet et al. [79] investigated the tensile properties of PVD Cr-coated (10 to 15 pum in coating
thickness) zircaloy sheet samples at RT, with a un-coated materials as reference. Similar
maximum hoop strength values were reported for Cr-coated (~680 MPa) and un-coated
materials (~700 MPa), indicated the application of PVD Cr coating showed little influence on
the tensile properties of the un-coated reference materials [79]. However, according to Kim et
al. [113], application of Cr coating produced by PVD method, as well as subsequently initiation
and propagation of coating cracks under loading showed notable influences on the mechanical
performances of the cladding system. They performed room temperature ring-compression
experiments performed on two kinds of PVD Cr-coated zircaloy samples with two Cr coating
thicknesses (respectively about 8.3 um and about 18.8 um) and the un-coated reference
materials, with representative curves are displayed in Fig. 2.11a. Note that, the application of
even a relatively thin PVD Cr coating (~8.3 um) yielded a discernible impact on the curve.
Evident reductions in load can be observed when the displacement was over 6 mm, with the
values of load drop increasing in proportion to the thickness of the PVD Cr coating [79]. It is
suggested that cracks in the Cr coating served as pre-existing flaws and facilitated stress-
concentration. These coating cracks subsequently propagated into the underlying substrate and
consequently led to the failure of the entire cladding system. This failure manifests as the load
drops happened in the load-displacement curve when compared to reference materials

(uncoated materials) [79].
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Figure 2-11. Load-displacement curves obtained from ring-compression tests of the un-coated and
PVD Cr-coated zircaloy cladding materials at RT. Figure is reproduced from ref [79].

To monitor the initiation and progressive growth of coating cracks at elevated temperatures,
some mechanical tests combined with real-time SEM imaging were carried out. For instance,
Jiang et al. [53] recently (2021) carried out real-time tensile tests on PVD Cr-coated zircaloy

claddings (around 13 pum of Cr coating thickness) sheet samples from room temperature to
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500°C. The investigation revealed a substantial decreasing of the tensile strength, decreasing
of about 60% as the temperature increased from RT to 500°C. Specifically, the tensile strength
was approximately 430 MPa at RT and reduced to approximately 160 MPa at 500°C. The real-
time SEM images indicated a decline in the density of saturated cracks as the temperature
increased. At RT, the crack density was approximately 15 cracks per mm (the distance between
cracks in the Cr coating was estimated to be ~66 um); whereas at 450°C, the density was
approximately 3 cracks per mm (the distance between cracks in the Cr coating was ~330 pum)
[53].

Additionally, due to the different microstructures of PVD and CS coatings, the PVD coating
crack behaviours were commonly reported to be different with that of CS coating [1]. For
instance, compared with the tortuous crack pathways in the CS coating, cracks in PVD coating
was reported to propagate preferably along the boundaries between the Cr grains, which
resulted in a cleavage crack behaviours [14]. A representative example of cleavage behaviour
of PVD coating cracks is presented in Fig. 2.12.

\
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Figure 2-12. SEM images of the post-tested PVD Cr-coated zircaloy materials under RT tensile tests
showing cleavage coating crack behaviour. Figure is reproduced from ref [79].

In summary, investigations of coating crack behaviours of PVD Cr-coated zircaloy cladding
materials predominantly rely on the post-mortem analysis. Consequently, these could not offer
a thorough mechanical view of the initiation and the cracks’ growth in Cr coatings. And SEM

images in the recent studies only present information on the cross-sections on the edge of the
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tested samples, as well as on the surface of Cr coatings, without any information of the cracks

in the coating.
2.4. Nuclear-grade SiCs-SiCm cladding materials

Generally, SiC possesses the following advantages, including high melting point (2730°C), low
neutron absorption cross-section (0.08 barns), excellent irradiation tolerance and low thermal
expansion (3.2-5.1 ppm/K) [114]-[116]. Additionally, at the typical operating temperature of
LWRs (285°C to 350°C), it is reported that the B-SiC (in symmetric cubic structure) can
maintain good elastic modulus and hardness (390 GPa and 21 GPa, respectively), low thermal
expansion coefficient (4.12 ppm/K), high shear modulus (160 GPa) and good yield strength
(400 MPa) after neutron irradiation in 1 dpa [117], [118]. These indicates SiC materials can

potentially be utilized in nuclear applications, especially for fuel claddings in LWRs.

Nuclear-grade SiC fibre-reinforced SiC matrix composites (SiC¢-SiCm) commonly consists of
SiC fibres, SiC matrix, and interphase between the fibre and matrix [14]. For such SiC¢/SiCn
materials underloading, cracks are mostly propagated in the matrix; instead of broken the fibre,
cracks tended to deflect along the weak interface of fibre/matrix, and commonly resulting in
fibre pull-out [24]. These provide pseudo ductility of SiC+#/SiCn materials and enhanced their
fracture toughness [119]. The development of SiC¢-SiCrm for nuclear application can be traced
back to the 1970s, when SiC fibres with high tensile strength and high elastic modulus were
developed from polycarbosilane (PCS) by Yajima et al. [120]-[122]. In 1980s and 1990s, early
research mainly focused on the optimization of the chemical components and enhancement of
the irradiation-resistance of the SiC fibres [123]. In 2000s, significant progress was made in
the development of SiC¢-SiCn composites with enhanced mechanical properties and radiation
resistance. For instance, Snead et al. [124] conducted four-points bending tests on their plain
SiC¢-SiCm (Hi-Nicalon™ fibre, matrix produced by chemical vapor infiltration (CVI) method,
with porous SiC interphase). No significant reduction of the ultimate fracture stress (462 MPa)
was reported for the tested materials after irradiation at 385°C of ~1.1 dpa when compared
with the unirradiated ones (507 + 75 MPa). Subsequently, the maintenance of mechanical
properties of similar SiCsSiCm materials were reported to extend to temperature up to 900°C
[125] and irradiation dose up to 12 dpa [126]. After the 2011 Fukushima accident, SiC¢SiCn
has been widely considered as a promising candidate ATF cladding material to replace the

current Zircaloy cladding system in LWRs [14].

At LOCA conditions (with temperature up to 1000°C), compared with current zircaloy, it is

reported that SiC¢-SiCm materials can still maintain excellent corrosion resistance and oxidation
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resistance, excellent chemical stability and low neutron absorption (25% lower than zircaloy)
in both air and steam ambientes in a temperature up to 1600°C [18], [24]. For instance, after
being exposed to steam at 1200°C for 4 hrs (without irradiation), the Zircaloy-4 was found to
be completely oxidised and lost its structural integrity [127], Fig. 2.13a; however, no significant
oxidation of SiC¢SiCm materials was found after exposure to steam at 1200°C up to 110 hrs
[127], Fig. 2.13a. Furthermore, early studies reported SiCtSiCm materials (reinforced with
different types of fibres) can maintain more than 60% of the room temperature tensile strength
at elevated temperatures (in air) up to 1400°C, Fig. 2.13b [41]. In contrast, the zircaloy
materials experience a significant reduction of strength even below 500°C, Fig. 2.13b [41].
These observations again indicate the future industrial application of SiC¢-SiCm materials as
ATF claddings in LWRs. Indeed, several research studies have been conducted on the SiC¢-
SiCm materials and yielded promising results [119], [128]-[132].
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Figure 2-13. (a) Comparison of zircaloy-4 and SiCsSiCy, claddings after exposed to steam at 1200°C
for 4 hrs and 110 hrs, respectively [127]; (b) ultimate tensile strength (maximum tensile stress that
material can withstand before fracture) of several types of zircaloy materials and SiCs-SiCn materials
as a function of testing temperatures [41]. Figure is reproduced from ref [133].

Before discussing the physical and mechanical properties of various types of SiC¢SiCm
materials, it is important to introduce the individual components in SiC¢-SiCm materials as they
affect the properties of the entire composite materials [14]. Brief introduction of types and
properties of fibres (Section 2.4.1), matrix (Section 2.4.3), interphase (Section 2.4.4),
architecture of fibres (Section 2.4.2), as well as their influences on the entire composite

materials are presented in the following sections.
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2.4.1. Types and properties of SiC fibres

The continuous SiC fibres investigated by Yajima et al. [120]-[122] in 1975 is considered to
be the first generation SiC fibre, and currently various types of third generation SiC fibres have
been investigated and achieved commercialization [134]. For the nuclear-grade SiC fibres, the
most commonly manufacturing method is precursor polymer pyrolysis, where PCS is used as
precursor [121]. The development of the fabrication process of three generations of SiC fibres
are summarized in Fig. 2.14, with the detailed properties and chemical compositions of them
tabulated in Table 2.6. It can be observed that, with the development of the fibres, the tendency
is to fabricate near-stoichiometric (atomic Si:C ratio ~1:1) SiC fibres, as well as reduce the
content of oxygen. Such improvements consequently enhance the oxidation resistance,
irradiation resistance, corrosion resistance and the mechanical properties of the fibres [134].
Among these fibres, only the third generation of SiC fibres (e.g., Hi-Nicalon Type-S, Tyranno
SA and Sylramic-iBN) can be classified into nuclear-grade fibres, due to their high purity and

crystallinity.
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in N in N: in Ar in Hs Pyrolysis  Pyrolysis Pyrolysis
in N2 in N2 in N2
Sintering  Sintering Sintering
in Ar in Ar in Ar
Sintering
in N2
Hi-
5 Tyranno Tyranno || Tyranno || Tyranno Hi- 3 Tyranno || KD- . .|| Sylramic
Nicaton ff yoom [ X2l zm1 || LoxE ze || K2 [l Nicalon Ti“;‘:”;‘ EDS 1 “sa sa || Sytramic | ~_pN
— —— 7 T T —— T
T T
Generation I Generation II Generation III

Figure 2-14. Development of the fabrication processes of three generations of commercial SiC fibres.
Figure is reproduced from ref [133].
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Table 2-6. Properties and chemical compositions of three generations of commercial SiC fibres.

. Diameter Grain size R Tensile strength Elastic modulus
Generation Name (um) Elements (nm) C/Si ratio (GPa) (GPa)
Lt Nicalon 14 Si,C,0 2-3 1.33 3 200-220

Tyranno Lox-M 11 ; i 1-2 1.38 3.3 185
Ref. [135] y S|,-C, O, Ti
KD-I 11-14 Si,C,0 10 1.29 >25 > 170
Hi-Nicalon 14 Si,C,0 5-10 1.38 2.8 270
ond Tyranno Lox-E 11 Si,C, 0O, Ti - 1.59 2.9 199
Tyranno ZMlI 11 Si, C, O, Zr 2 141 3.4 200
Ref. [135] )
Tyranno ZE 11 Si,C,0, Zr - 1.54 3.5 233
KD-II 10-12 Si,C,0 8 1.35 >27 267-293
Hi-Nicalon Type-S 12 Si,C,0 12 1.02 2.6 420
Tyranno SA 7.5-11 Si, C, O, Al 7.5-11 1.1 2.8 375
- Sylramic 10 Si,C,0,B,N, Ti 10 1.01 3.2 ~400
Sylramic-iBN 10 Si,C,0,B, N, Ti 10 1.01 3.1 ~400
Ref. [134] . i .
Super Sylramic-iBN 10 Si,C,0,B,N, Ti 10 1.01 3 ~400
KD-S 11 Si,C,0 11 1.1 2.7 310
KD-SA 10.5 Si, C, O, Al 10.5 1.05 2.5 380
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Among these third generation SiC fibres, Tyranno SA3 (Ube Industries Ltd, Japan) and Hi-
Nicalon™ Type S fibres (NGS Advanced Fibers Co., Ltd, Japan) [136]-[138] are commonly
used in manufacturing the SiC+SiCn materials. Both types of fibres consist primarily of near-
stoichiometric and nano-polycrystalline B-SiC, they additionally encompass minute quantities
of residual oxygen and carbon, existing in the form of SiO2 and SiOC, both on surface of the
SiC fibre and throughout SiC fibre [139], [140]. The Hi-Nicalon™ Type S fibres have excellent
oxidation-resistance, and they can still maintain a tensile strength of 1.8 GPa (70% of the room
temperature tensile strength) after exposed to dry air for 10 hrs at 1200°C [141]. However, as
the sintered temperature of Hi-Nicalon™ Type S fibres is 1500°C, after being exposed above
such temperature, the SiC grains could grow rapidly and eventually lead to the loss of structural
integrity of the fibre, Fig. 2.15 [134]. As for the Tyranno SA3 fibres, with the additionally Al
content, as well as a higher sintered temperature (over 1800°C), they can maintain a tensile
strength of 2.2 GPa (80% of the tensile strength at RT) after heated in argon for 1 h at 2000°C
(Fig. 2.15 [134]), and maintain the room temperature strength after exposed to dry air for 100
hrs at 1000°C [142]-[144]. All these fibres were exposed to steam, without irradiation.
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Figure 2-15. Heat-resistance of the three generations SiC fibres (after heat-treatment in argon for 1 h)
[142]-[144]. Figure is reproduced from ref [134].
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2.4.2. Architecture of SiC fibres

The overall SiCs-SiCm materials’ properties (e.g., tensile strength and conductivity in multiple
directions [133]) are widely reported to be determined by the architecture of SiC fibres,
including the fibre braiding angles, fibre braiding patterns and the volume fraction of fibres in
the composites [145]. Therefore, to optimize the properties of SiCsSiCm materials for future
industrial application, many research studies have been conducted on the design of fibres’

architecture [146], [147].

To strengthen the nuclear-grade SiCsSiCrn materials in both the transverse (x direction) and
longitudinal (y direction) directions (as defined in Fig. 2.16), there are four common types of
fibre architectures: (i) one-dimensional (1D) filament winding, Fig. 2.16a; two-dimensional
(2D) braiding which typically takes the form of woven fabrics, Fig. 2.16b; 2.5D braiding
patterns with cross weaving through the woven fabrics and three-dimensional (3D) orthogonal
braiding, Fig. 2.16c. Among these architectures, the 2D and 3D braiding patterns have gained
popularity due to their remarkable conformability and damage resistance [148]. Additionally,
the 3D braiding patterns are produced by intertwining or orthogonally interlacing yarns to form
an integrated structure; such approach provides through-thickness reinforcement while
simultaneously offering adaptability to an extensive array of complex geometry. Generally, it
is reported that the flexural and tensile strengths of SiCs+SiCm materials follow the trend:
3D>2.5D>2D [148], [149].
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Figure 2-16. Examples of the architecture of fibres of nuclear-grade SiCs-SiCr, cladding materials: (a)
filament winding, (b) 2D braiding, and (c) 3D braiding. Figure is reproduced from ref [148].

The above fibre braiding patterns are widely reported to show significant influences on the
fibre volume fraction, and size and distribution of pores of the SiC¢SiCn materials, and
consequently show influence on mechanical and thermal properties of cladding system. It is
suggested that for the SiCtSiCnm tube materials in a filament winding of fibres, if the fiber
bundles are more parallel to the tube’s axis, under loading to failure a higher tensile strength
can be achieved with a reduction of strain at RT, Fig. 2.17a [148]. Additionally, for the 2D-
plain weave SiC¢SiCm materials, a [0°/90°] braiding pattern of fibre bundles could enhance

the materials’ tensile strength at elevated temperatures up to 1300°C, Fig. 2.17b [146].
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Figure 2-17. Influence of fibre architectures on the tensile strength of SiC+SiCy, materials: (a) for
filament winding and 2D braiding of fibre bundles at RT [148], and (b) for 2D braiding of fibre bundles
at RT in air and 1300°C in argon atmosphere [146]. Figure is reproduced from ref [133].

2.4.3. Interphase

Prior to the densification process of the matrix, an interphase is deposited on the surface of the
SiC fibres [133]. Once cracks formed in the matrix, the interphase between matrix/fibre is
expected to deflect the tips of matrix cracks through debonding and interfacial sliding without
breaking the fibres; and the subsequently occurrence of fibre pull-out consequently enhance
the strength and toughness of the entire SiCsSiCm materials [131]. The interphase materials
should possess the following abilities: irradiation-resistance, adequate bonding strength and
interfacial sliding strength [117]. Among the various types of interphase (e.g., pyrolytic carbon
(PyC), SiC, PyC/SiC multi-layers, boron nitride (BN) and BN/SIiC multi-layers), PyC
interphase is widely used in nuclear-grade SiCsSiCn materials [117]. The manufacturing
process of PyC interphase and its influences on the entire SiCs+SiCrn materials are discussed
below.
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Figure 2-18. (a) SEM image of the typical microstructure of polished cross-section of SiCsSiCp
material showing PyC interphase, fibre and matrix [13]; (b) typical RT flexural stress-displacement
curves of several SiCsSiCy materials, including: the one with PyC interphase, the one with SiC
interphase and the one with no interphase [150]. (c) to (e) are fracture surfaces of the above SiCtSiCn
materials, with (c) for the material without interphase, (d) for the material with SiC interphase and (e)
for the material with PyC interphase. Figure is reproduced from refs [13], [150].

PyC interphases are commonly deposited by CVI (chemical vapour infiltration) method from
the hydrocarbon precursors, including: methane (CHs), propylene (CsHe), and ethylene (C2Ha);
at the temperature range of 900°C to 1200°C [151]. Generally, PyC can be regarded as a
composite assembly comprising numerous discrete graphitic subdomains, which exhibit
distinct orientations or textures in relation to the fibres [152]. One typical microstructure of the
PyC interphase between fibre/matrix is presented in Fig. 2.18a. It has been widely reported that
the application of PyC interphase can significantly affect the mechanical properties of SiC¢-
SiCm materials [150]. For instance, Hou et al. [150] conducted room temperature three-points
bending tests on various types of SiC¢SiCm materials (including the one with PyC interphase,
the one with SiC interphase and the one with no interphase). It can be found, the application of
PyC interphase significantly enhances the flexural strength of the overall SiC¢SiCrn materials
(around 600 MPa) when compared with the materials with SiC interphase (around 400 MPa)
and materials with no interphase (around 100 MPa), Fig. 2.18b. Without interphase, SiCs-SiCm
materials mostly exhibit a brittle failure mode, representing by the large load drop when
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reaching peak load (Fig. 2.18b). And no fibre pull-out was observed, Fig. 2.18c. In contrast,
the materials with SiC interface and PyC interphase have enhanced resistance to sudden brittle
failure, Fig. 2.18b. Fibre pull-out was commonly observed for these two types of materials
(Figs. 2.18d and 2.18e), which facilitate crack energy dissipation, and thereby enhance the

material’s ductility.

Moreover, it has been widely reported that the thickness of PyC interphase could affect the
mechanical properties of SiCSiCm materials, and the thicknesses of the PyC interphase are
reported to be in the range of 25 to 1000 nm [114], [117], [138], [153]-[155]. It is suggested
by Katoh et al. [154] that the application of PyC interphases (in a thickness in the range of 50
nm to 300 nm) did not show significant influences on the tensile strength of their SiCs-SiCn
materials (Tyranno-SA fibre with [0°/90°] braiding angles to the tube axis, reinforced with CVI1
matrix) at RT [154]. However, Katoh et al. [138] also pointed out that if the thickness of PyC
interphase exceeding 300 nm, it could result in the insufficient load transfer between matrix
and fibre, and consequently reduces the tensile strength of the entire SiCtSiCn materials.
Additionally, if the PyC interphase is too thin (e.g., below 50 nm in thickness), it will result in
a relatively low interfacial shear strength and stiffness; which could subsequently cause
excessive frictional stress at the fibre/matrix interface and finally results in the brittle failure of
the entire SiC-SiCm materials [138], [154].

2.4.4. SiC matrix

Several methods have been developed to produce SiC matrix and densify the SiC¢-SiCn
materials, including: CVI, nano-infiltrated transient eutectic phase process (NITE), polymer
infiltration pyrolysis (PIP) and melt-infiltration (MI), and liquid silicon infiltration (LSI) [133].
Among these methods, CVI and NITE methods have been proved to provide high-crystallinity,
high-purity and good oxidation resistance SiC matrix, and thus have been widely used in the
manufacturing of SiCsSiCm materials [117]. The manufacturing processes of these two

methods and the SiC matrix produced by them are discussed below.

2.4.4.1. CVI SiC matrix

Currently, CVI process is reported to be the most reliable method for manufacturing high-
purity and crystalline SiC matrix of the SiCsSiCm materials [138]. Additionally, the processing
temperature of CVI method is relatively low (around 1000°C), which do not show significant
influences on the braiding fibres [156]. The investigation of CVI process is currently mature
and such process can be divided into 7 steps, as presented in Fig. 2.19 [157].

Methyltrichlorosilane (MTS) is widely selected as the precursor, as it has stoichiometric atomic
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ratio (Si:C=1:1), which subsequently facilitate the formation of stoichiometric SiC matrix
[133]. During the CVI process, MTS precursors firstly diffuse to the boundary layer and into
the pores within the fabric preform, and subsequently being absorbed onto the pores at the inner
surface. Then, these precursors react with the Hz on the surface and form SiC, with the by-
products (hydrogen chloride, HCI) being desorbed from the surface. Finally, these by-products
diffuse throughout the pore and subsequently through the boundary layer, Fig. 2.19. Note that,
the diffusion of MTS and the transportation of resultant by-product (HCI) are regulated through
mass-transfer, as marked in yellow in Fig. 2.19; and the surface absorption and subsequent

chemical reactions area regulated by kinetics, marked in purple in Fig. 2.19.
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Figure 2-19. Schematic of the 7-steps CVI process when producing the SiC matrix of the SiCSiCp,
materials. Figure is reproduced from ref [157].

One main limitation of the CVI-densified SiCsSiCm materials is the high level of porosity.
Two types of the pores can be found in the SiC+SiCm material, including: macropores locates
at fibre bundles’ crossovers, as marked Fig. 2.20; micropores locates in the SiC fibre bundles,
Fig. 2.20.
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Figure 2-20. High-resolution optical image of the polished cross-sections of one type of SiCtSiCn,
cladding material with CVI SiC matrix, showing macropores and micropores. Figure is reproduced from
ref [158].

These pores could potentially serve as the pathways for fission gases and reduce the hermeticity
of the cladding materials [14], [119]. Additionally, stress could concentrate on the sharp
boundaries of macropores when the SiC¢-SiCm material is under loading, which consequently
lead to crack initiation at these areas [14]. One solution for reduction of the porosity level in
the SiCsSiCm material is to reduce the deposition rate during the CVI process [159], but it also
results in a higher fabrication time. Generally, the porosity in SiCs-SiCm material is reported in
the range of 5% to 13.8% [119], [132], [160]-[162], and it is still challenging to achieve a low
porosity level of <5% for the CVI-densified SiCsSiCn materials. The detailed information of
these CVI-densified SiC¢-SiCm materials and corresponding porosity levels is summarized in
Section 2.4.5. Additionally, residual stresses could be introduced into the SiC fibres during the
CVI densification processes. For instance, Nance et al.[163] measured the residual stresses of
the SiC phase in Hi-Nicalon Type-S SiC fibres prior to and post the CV1 densification process,
and the compressive residual stresses were reported to change from -0.70 GPa to -1.08 GPa.

2.4.4.2. NITE SiC matrix

The NITE method is commonly utilized in manufacturing almost fully dense SiCsSiCnm
materials [164]. The NITE method was developed from the liquid phase sintering (LPS)
method with employing nano-sized SiC powders and a small amount of oxide additives [165].
The general outline of NITE process is presented in Fig. 2.21. Firstly, a slurry of nano-sized
SiC powders, along with oxide slurring additives such as aluminium oxide (Al>Oz) and yttrium
oxide (Y203), is infiltrated into SiC fibers to produce intermediary. Subsequently, these

intermediary prepreg sheets are sectioned, coiled, stacked, and subjected to compression to
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achieve varied configurations. Finally, following hot isostatic pressing (HIP) at temperatures
ranging from 1800°C to 2000°C, SiCtSiCrm materials of diverse geometries (e.g., tube, rod and
board) can be achieved [166], Fig. 2.21.
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Figure 2-21. Schematic of the NITE process for the producing the SiC matrix of the SiCsSiCy
materials. PCR is pre-composite ribbon, WIP is worm isostatic press, HRPF is hot roller press forming
and HIP is hot isostatic pressing. Figure is reproduced from ref [166].

Due to the hot-pressing sintering during the NITE process, the NITE-densified SiC¢SiCn
materials are commonly reported to have a relatively low porosity level (below 5%), and
consequently have good leak-tightness (hermeticity) [164]; with one representative example of

the microstructure of NITE-densified SiCt+SiCm materials presented in Fig. 2.22a.
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(2) (b)
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Figure 2-22. (a) SEM image shows the microstructure of polished cross-sections of one NITE-densified
SiCsSiCm materials, with low level of porosity but high level of the entrained oxides; and (b) SEM
images of the SiCsSiCn materials before and after the hot-pressing of NITE process, where distorted
SiC fibres and destroyed PyC interphase can be observed. Figure is reproduced from refs [164], [167].

However, there are still two critical drawbacks of the NITE method, including oxide slurring
additives and the HIP process [133]. The oxide slurring additives are commonly reported
distribute along the boundaries of SiC fibres (one representative example presented in Fig.
2.22a) and consequently resulting in a deterioration in thermal conductivity of the entire SiCs-
SiCm materials [145]. Note that, the Al>O3 additive is reported to give rise to the formation of
the very long-lived, radiologically-hazardous isotope 2°Al, which consequently diminishes the
irradiation stability of materials in nuclear reactors [168]. Additionally, the amorphization of
these oxide slurring additives has been experimentally established as a principal factor
contributing to the substantial irradiation-induced swelling. For instance, as reported by
Koyanagi et al. [169], for both NITE SiC (contain 9wt.% additives) and CVD SiC materials
under 5 dpa Si?* ion irradiation at 280°C, the swelling of NITE SiC was found to be twice of
the CVD SiC material. During the HIP process, materials are under high temperature and high
pressure conditions, the oxide slurring additives can react with the PyC interphase between
fibre/matrix, and damage it [164], [167], see Fig. 2.22b. Such phenomenon could subsequently
restrict the pull-out of fibre (which is facilitated by the PyC interphase to prevent the breakage
of SiC fibres) and consequently diminish the strength of the overall SiCtSiCn materials.
Additionally, under the same testing conditions and fibre braiding patterns, the tensile strength
of NITE-densified SiCsSiCn materials has been reported to be lower than the CVI-densified
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SiC¢SiCm materials, which could be attributed to the damage of fibres (e.g, distorted fibres
after NITE process, Fig. 2.22b) introduced by the HIP process [170]. The information of one
NITE-densified SiC¢SiCm materials and corresponding porosity level is summarized in Section
2.4.5.

2.4.5. Physical properties of CVI-densified SiCs-SiCm cladding materials

The class of CVI-densified SiCsSiCm materials represents the subject of this PhD project;
therefore a detailed summary of some physical properties (including fibre architectures, fibre
type, fibre volume fraction, porosity level and geometry) of various types of CVI-densified
SiC¢SiCm cladding tube materials is tabulated in Table 2.7. Generally, these materials have a
fibre volume fractions in the range of 20% to 51% [119], [128], [161], [162], [171], and the
tensile strength of SiCs-SiCm materials increases with the increasing of fibre volume fractions
[172]. For instance, Kim et al.[162] conducted room temperature ex-situ plug-expansion tests
on their SiC¢SiCm (with both outer and inner monolithic coatings, and reinforced with Hi-
Nicalon type-S fibres or Tyranno SA3 fibres) with various fibre volume fractions. It was found
that, for both types of fibres, the hoop strength of the SiC¢-SiCn tubes tends to increase with
the volume fraction of reinforced fibres, Fig. 2.23. However, further increase of fibre volume
fraction could increase the potential of contacting and damaging of the adjacent fibres, and
consequently diminish the strength of the entire SiCsSiCm materials, as suggested by Shimoda
et al. [172]. Additionally, the lower fibre volume fraction could not enhance the strength of the

SiC¢-SiCm materials and composite materials could still possess a brittle-fracture behaviour.
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Table 2-7. Summary of some physical properties (including porosity, fibre volume fraction and geometry) of various nuclear-grade SiCs-SiCn, cladding materials
from open literature with the matrix produced by CVI and NITE methods, respectively, brief information of these SiCs-SiCy, materials is also included.

o . . . Porosity  Fibre volumn _Outer Wall

Composite information Matrix Type of fibre (%) fraction (%) diameter thickness
(mm) (mm)

Three layers of fibre in a £45° of braiding angle to the tube
axis, 100 nm PyC interphase, without any inner or outer SiC CVI Hi-Nicalon type-S 10.4to11.1 - 9.6 1.75
coating. Ref. [161]
2D patterns with £30° of braiding angle between
reinforcement direction and the tube axis, PyC interphase, CVI Hi-Nicalon type-S - 35 9.6 1.7
without any inner or outer SiC coating. Ref. [128]
Axially biased fibre architecture, with PyC interphase CVI Hi-Nicalon type-S ~12 30-35 10.63 1.4
Duplex fibre architecture, 1.3:1 of the fibre tow in the hoop to
axial direction (hoop biased), 150 nm PyC interphase, with CVI Hi-Nicalon type-S ~20 - 8.8109.6 13tol5
inner Hexoloy SiC. Ref. [119]
Duplex fibre architecture, 1.3:1 of the fibre tow in the hoop to
axial direction (hoop biased), 150 nm PyC interphase, without CVI Hi-Nicalon type-S ~20 - 8.8109.6 12to 14
any inner or outer SiC coating. Ref. [119]
Duplex fibre architecture, 1.3:1 of the fibre tow in the hoop to
axial direction (hoop biased), 150 nm PyC interphase, with CVI Hi-Nicalon type-S ~20 - 8.8109.6 1.3t015
inner Hexoloy SiC coating. Ref. [119]
Duplex fibre architecture, 1:1.5 of the fibre tow in the hoop to
axial direction (axially biased), 150 nm PyC interphase, CVI Hi-Nicalon type-S ~20 - 8.8109.6 12to14

without any inner or outer SiC coating. Ref. [119]
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Table 2.7 continued

Duplex fibre architecture, 1:1.5 of the fibre tow in the hoop to
axial direction (axially biased), 150 nm PyC interphase, with CVI Hi-Nicalon type-S ~20 - 8.8109.6 19to 21
outer Hexoloy SiC coating. Ref. [119]

Duplex fibre architecture, without inner or outer SiC coating.
Ref. [171]

CVI - 8.7t012.7 35 10 1.8

+55° of fibre braiding angle to the tube axis, PyC interphase, o
] ) ) ] CVi Hi-Nicalon type-S  13.8+2.8 51 ~9.5 ~0.78
without any inner or outer SiC coating. Ref. [160]

+45° of fibre braiding angle to the tube axis, 200 nm PyC o
) ) o . Hi-Nicalon type-S
interphase, with both monolithic outer (~100 um in 9.6to0
) ) o ) CVvI or 10to 17 20to 25 1.1t01.6
thickness) and inner (300 pm to 500 pm in thickness) SiC 10.1

. Tyranno SA3
coatings. Ref. [162]

+55° of fibre braiding angle to the tube axis, 200 nm PyC o
) ) o . Hi-Nicalon type-S
interphase, with both monolithic outer (~100 um in 9.6to0
) ] o ) CVi or 10to 17 20to 25 11t0 1.6
thickness) and inner (300 pm to 500 um in thickness) SiC 10.1

] Tyranno SA3
coatings. Ref. [162]

+65° of fibre braiding angle to the tube axis, 200 nm PyC o
] ) o . Hi-Nicalon type-S
interphase, with both monolithic outer (~100 um in 9.6to
) ] ) CVi or 10to 17 20to 25 11t0 1.6
thickness) and inner (300 pm to 500 um in thickness) SiC 10.1

) Tyranno SA3
coatings. Ref. [162]

Plane-woven structure, £30° of fibre braiding angle to the tube
axis, PyC interphase (70 nm to 170 nm in thickness), without CVI Tyranno SA 15t0 24 30to 37 7.6 1.7

any inner or outer SiC coating [173]
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Table 2.7 continued

Plane-woven structure, £90° of fibre braiding angle to the tube

axis, PyC interphase (42 nm to 226 nm in thickness), without CVI Tyranno SA 18t0 23 35 7.6 1.7
any inner or outer SiC coating [173]
+60° of fibre braiding angle to the tube axis, with PyC

NITE - - - 10 1

interphase [174]
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Figure 2-23. Variation of the measured hoop strength of the 3D braiding SiCs-SiCy, cladding tubes with
the volume fraction of SiC fibres. Figure is reproduced from ref [162].

To serve as ATF claddings, some requirements of the geometries for the design of SiC¢/SiCn
tube materials should be considered. Firstly, to compensate for the deformation of UO;
cylindrical fuel pellets during operation (e.g., temperature- and irradiation- induced swelling
[23]), a gap (typically 200 to 400 um) was designed between the fuel pellets and the inner
surface of the cladding [22]. Therefore the inner diameter of SiC¢/SiCn claddings should be
slightly higher than the fuel pellets’ diameter (typically 7-10 mm [175]). Then, the thermally
conductivity of SiC«#/SiCm materials are relatively low: 18 W/m-K to 28 W/m-K at RT, and 16
W/m-K to 22 W/m-K at 1200°C [176], which could lead to high temperature gradients, and
thermal stress through materials’ wall-thickness, and increases its failure probabilities [119].
Therefore, the SiC#/SiCm claddings’ wall-thickness shouldn’t be too thick (less than 2 mm).
Based on these requirements, the SiC¢#SiCn claddings were widely reported with an outer
diameter of 8 to 11 mm, with the wall-thickness of 0.78 mm to 2.1 mm [119], [128], [161],
[162], [171].

The porosity of CVI-densified SiCt+SiCm cladding materials has widely been reported in the
range of 8-24% [119], [128], [161], [162], [171]. Such porosity level is significantly higher
than the NITE-densified SiCtSiCn cladding materials, mostly <5 [174]. As discussed in
Section 2.4.4.1, these pores could diminish SiC¢SiCny claddings’ hermeticity. SiC coating

layers (commonly produced by chemical vapour deposition (CVD) method) were applied to
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either or both outer and inner surfaces of the SiC+#/SiCn claddings, and served as impermeable
fission gas barriers [14], [119], [130], [132]. Among the recent studies, there is a trend to
increase the thickness of outer CVD SiC coating of SiC#/SiCn cladding materials [14], [119],
[130]-[132]: from ~50 um reported by Jacobsen et al [131] in 2014 to ~200 um reported by
Yuan et al. [14] in 2023. As far as the authors are aware, the thickness of outer CVD SiC
coatings were mostly below 200 pm in the openly-published references [14], [119], [130]-
[132], with only one early-published work (2015) reported a ~600 pum thickness (~30% of the
total wall-thickness of the composite, ~2.1 mm) of one SiC¢/SiCr cladding materials by Deck
et al [119]. To be noted that, such early design beyond the requirements of the claddings’

geometry mentioned above.
2.4.6. Tensile properties of CVI-densified SiCs-SiCm cladding materials

Recently, to understand the mechanical properties (mostly tensile properties) and fracture of
SiC¢/SiCn claddings, several testing configurations have been employed, including uniaxial
tension and compression, plug-expansion, open-end burst, closed-end burst and C-ring
compression experiments. The schematics of these testing configurations are presented in Fig.
2.24. For uniaxial tension/compression test, where samples undergo tensile/compressive forces
along a single axis to assess their ultimate tensile/compressive strength and fracture behaviour
[129]. For plug-expansion, internal pressurization is induced to the specimen by applying an
axial load to an elastic plug inserted in the specimen [131]. For C-ring compression, cladding
is firstly cut into C-ring shape, and compressive stress then applied to the sample. The open-
end and close-end burst testing entails subjecting a test specimen to progressively increasing
internal pressure until it reaches the point of bursting or fracturing. However, during the burst
testing, a mixed-mode stress (including hoop and axial stress) state is commonly introduced to
the cladding sample. And the combination of material anisotropy and the mixed-mode stress
conditions in such test can complicate the interpretation of the results [131]. Compared with
plug-expansion test, C-ring compression has various advantages, e.g., simplicity in equipment
setup and easy for high temperature testing, which services as a pertinent and expedient method
for evaluating the mechanical integrity of cladding materials[14], [131], [132]. Furthermore,
the C-ring compression configuration aligns more closely with service conditions experienced
by these cladding materials during their industrial application, where they are subjected to

internal pressure [1].
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Figure 2-24. Schematics of testing configurations of measuring the hoop strength of the SiCtSiCy,
cladding materials: (a) for uniaxial tensile/compression test; (b) for C-ring compression test; (c) for
plug-expansion test; (d) for open-end burst test and (e) for close-end burst test. Figure is reproduced
from refs [129], [131].

Most of the investigations of hoop strength of SiC+/SiCm cladding materials are performed at
RT. Jacobsen et al. [131] investigated the room temperature strengths of two types of SiC#/SiCm
cladding materials (named LWR SiC#/SiCmand EM? SiC¢/SiCnm, both reinforced with Tyranno
SA3 fibres and have outer SiC coating (less than 50 um in thickness), and a fibre volume
fraction of 30% to 35%) via plug-expansion and C-ring compression tests. Comparable
mechanical strengths were reported for both testing configurations: 413 + 55 (C-ring) and 418
+ 33 (plug-expansion) for LWR SiC¢/SiCn and 381 + 50 (C-ring) and 406 + 38 (plug-
expansion) for EM? SiC+/SiCnm, respectively. The post-mortem crack analyses indicated that for
both types of materials under loading, cracks deflected in the fibre bundles; and the pull-out
and broken of fibres were also observed [131]. Deck et al. [119] investigated room temperature
mechanical behaviour (via C-ring compression) of various types of SiC¢#SiCm claddings
(reinforced with Hi-Nicalon type-S fibres), including: composites with 1.3:1 of the fibre tow

in the hoop to axial direction (referred to hoop biased, as the fibre bundles are mainly braided
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in the hoop direction, which is the Y direction in Fig. 2.16), with or without outer Hexoloy SiC
coating; composites with 1:1.5 of the fibre tow in the hoop to axial direction (referred to axially
biased, as the fibre bundles are mainly braided in the axial direction, which is the Z direction
in Fig. 2.16), with or without inner Hexoloy SiC coating. It was reported that, for the hoop
biased composites, the application of outer Hexoloy SiC coating resulted in a slight reduction
(around 6%) of the hoop strength: ~331 MPa for the uncoated composites and ~311 MPa for
the composites with outer coating. As for the axially biased materials, the application of inner
Hexoloy SiC coating also led to a decreasing (around 20%) of the hoop strength: ~209 MPa
for the uncoated composites and ~174 MPa for the composites with inner coating [119].
Moreover, the applications of either outer or inner SiC coating enhanced the hermeticity of the
composites. Additionally, fibre braiding architectures were reported showing significantly
impact on the strength of uncoated SiC+/SiCm cladding materials, the hoop biased materials
possessed a higher hoop strength (~49%) than the axially biased materials: ~311 MPa and ~209
MPa, respectively [119].

Subsequently, acoustic emission (AE) and digital image correlation (DIC) methods were
adopted in the mechanical testing, to respectively measure the elastic limit and surface strains
of SiC#/SiCn claddings under loading. Rohmer et al. [128] performed room temperature axial
and hoop tensile tests on their SiC#SiCm claddings (reinforced with Hi-Nicalon type-S fibres,
+30° of fibre braiding angle between the reinforcement direction and axis of the tube, without
either outer or inner SiC coating), and markable anisotropy in the mechanical properties was
reported. In hoop direction, hoop stresses at elastic limit and the ultimate strength (~35 MPa
and ~64 MPa, respectively) were found to be significantly lower than that in the axial direction
(~80 MPa and ~460 MPa, respectively); however, the failure strain in the hoop direction (Y
direction in Fig. 2.16) was 1.50%. This was much higher than that in the axial direction (Z
direction in Fig. 2.16), 0.70%, and the strains at the elastic limit were measured similar at both
directions: 0.3%. They attributed such anisotropy to the geometry of the fibrous preform, and
it was suggested the strength in hoop direction could be enhanced by increasing the fibre
braiding angles. Furthermore, the post-mortem SEM images reviewed similar crack patterns as
reported by Jacobsen et al. [131], where cracks propagated in the fibre bundles and deflected
along the PyC interphases between fibre and matrix [128]. However, opposite results were
reported by Shapovalov et al. [129]. They studied the room temperature strength of one axially
biased SiC#SiCm claddings (reinforced with Hi-Nicalon type-S fibres, 1:1.4 of the fibre tow in
the hoop to axial direction, without either outer or inner SiC coating) via various testing
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configurations, including: elastomeric insert, open-end and closed-end burst tests for
measuring hoop strength; and uniaxial tensile tests and closed-end burst tests for measuring the
strength in axial direction. And DIC method was applied for estimating the failure strains at
the surface of the materials. In the hoop direction, the strengths and failure strains measured by
closed-end burst tests (135 MPa and 0.04%, respectively) were found higher than that measured
by uniaxial tensile tests (respectively 245 MPa and 0.64%). In axial direction, closed-end burst
tests showed the highest strength and strain (respectively 370 MPa and 0.73 %) among all
testing configurations, while elastomeric insert tests yielded lowest values (respectively 135
MPa and 0.04 %) among all testing configurations. It is noteworthy, the hoop strengths exceed
the axial strengths, despite the preferential fibre reinforcement along the axial direction. These
observations from Shapovalov et al. [129] imply that factors beyond the architecture of the
fibres, such as the distribution of pores, could also contribute to the anisotropic behaviours of
SiC¢/SiCn cladding materials. However, these studies were based on the post-mortem analyses
and characterizations of the surface of SiC¢#/SiCm materials, which still could not provide
sufficient characterizations of the microstructural evolution of the SiC¢#SiCrn materials under
mechanical loading [14].

To overcome such limitations, mechanical tests have been carried out, in the combination with
real-time micro X-ray computed micro-tomography (uXCT) imaging, which enable the 3D
characterizations of the damage evolution in the SiC¢/SiCn materials. Although more scarce,
these investigations have offered substantially deeper insights into the damage evolution and
failure mechanisms in the SiC¢#SiCmn materials [132], [158], [177], [178]. For instance,
Saucedo-Mora et al. [132] performed room temperature C-ring compression experiments on
theis SiC¢/SiCm claddings (£45° of fibre braiding angle between the reinforcement direction
and the tube axis) with outer monolithic SiC coating. The in-situ uXCT images directly
revealed the initiation of cracks in SiC coating on the outer surface, as well as the broken of
fibres after sample reaching peak load (around 123 N). More recently, Croom et al. [178]
performed RT plug-expansion tests combined with real-time XCT images at room temperature
on one SiC¢/SiCn cladding without either inner or outer SiC coating. It was observed that the
cracks exhibited a propensity to initiate primarily at fibre tows’ intersections, and subsequently
propagated in the axial direction and connected with the fibre tow overlap sites. Additionally,
their DVC calculation revealed the significantly variation of the hoop strains across the entire
thickness of the composite under loading; with the highest strains reported to be around 0.35%
at 95% of the peak load, as consequently resulted in the initiation of cracks in the SiC matrix
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[178]. Table 2.8 displays the room temperature hoop strengths and failure strains of various
types of SiC¢#SiCn cladding materials, a detailed information of these materials is also

presented.
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Table 2-8. Summary of the maximum hoop stresses and composite failure hoop strains (measured by either DIC or strain gauge methods) of different kinds of
SiCtSiCr composite materials (information of tested samples are included, extracting from corresponding literatures by author), tested by various testing

methods (including C-ring compression, plug-expansion, open-end burst, closed-end burst, tensile and compressive tests) at room temperature.

) o ) ) Maximum hoop Failure hoop
Composite name Composite information Testing method )
stress (MPa) strain
S : : : C-ring
LWR SiC+SiCn, with  Tyranno SA3 fibre, <560 um outer SiC coating produced by CVD, ) 413 +55
compression -
outer coating. Ref. with ~2.73 mm of r;, ~5.23 mm of r,,, 2.5 mm wall thickness of P )
) ] ] . 0.46% by strain
[131] composites tubes and ~2.5 mm width of C-ring samples Plug-expansion 418 + 33
gauge
. : : : : C-ring
EM? SiCSiCn with Tyranno SA3 fibre, <50 um outer SiC coating produced by CVD, ) 381 +50
compression -
outer SiC coating. with ~8.44 mm of r;, ~10.94 mm of r,,2.5 mm wall thickness of P ]
] ] ] . 0.57% by strain
Ref. [131] composites tubes and ~2.5 mm width of C-ring samples Plug-expansion 406 + 38
gauge
L ) Hi-Nicalon type-S fibre, 1.3:1 of the fibre tow in the hoop to axial
SiC+SiCn  without ) ) ] ) )
) ~direction (hoop biased), inner Hexoloy SiC coating, 1.3-1.5 mm C-ring
inner or outer SiC ] ] ] ) ] 331+74 -
) wall thickness of composites tubes and 2-3 mm width of C-ring compression
coating. Ref. [119]
samples
SiCsSiCn,  without Hi-Nicalon type-S fibre, 1:1.5 of the fibre tow in the hoop to axial i
-rin
inner or outer SiC direction (axially biased), 1.3-1.5 mm wall thickness of g- 209 £ 24 -
) ) ) ) compression
coating. Ref. [119] composites tubes and 2-3 mm width of C-ring samples
] ) o Hi-Nicalon type-S fibre, 1:1.5 of the fibre tow in the hoop to axial C-ring
SiCt+-SiCy with inner i . ) ) . ) 174 +28 -
] ] direction (axially biased), inner Hexoloy SiC coating, 1.3-1.5 mm compression
SiC coating. Ref. . . ) )
wall thickness of composites tubes and 2-3 mm width of C-ring )
[119] Plug-expansion 152 +8 -

samples
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Table 2.8 continued

Hi-Nicalon type-S fibre, 1.3:1 of the fibre tow in the hoop to axial

C-ring

SiCsSiCn with outer ) ) ) ) 311 +59 -
) ) direction (hoop biased), outer Hexoloy SiC coating, 1.9-2.1 mm compression
SiC coating. Ref. ] . ] )
wall thickness of composites tubes and 2-3 mm width of C-ring )
[119] Plug-expansion 271+2 -
samples
SiC+SiCn  without Hi-Nicalon type-S fibre, 1:1.4 of the fibre tow in the hoop to axial
outer SiC coating. direction, with ~4.00 mm of r;, 5.10 mm of r,, 1.10 mm wall  Plug-expansion 33614 0.82% by DIC
Ref. [129] thickness and 25 mm in length of composites tubes
SiC+SiCn  without Hi-Nicalon type-S fibre, 1:1.4 of the fibre tow in the hoop to axial
outer SiC coating. direction, with ~4.00 mm of r;, 5.10 mm of r,, 1.10 mm wall  Open-end burst 281 +21 0.76% by DIC
Ref. [129] thickness and 30 mm in length of composites tubes
SiCsSiCn,  without Hi-Nicalon type-S fibre, 1:1.4 of the fibre tow in the hoop to axial
outer SiC coating. direction, with ~4.00 mm of r;, 5.10 mm of r,, 1.10 mm wall  Closed-end burst 271 +£12 0.73% by DIC
Ref. [129] thickness and 64 mm in length of composites tubes
SiCsSiCn  without ) ) o )
) ) Hi-Nicalon type-S fibre, £30° of fibre braiding angle between ) 1.52% by strain
outer SiC coating. ) o o ] ) Tensile 64
reinforcement direction and the tube axis, with CVI SiC matrix gauge
Ref. [128]
2D-woven SiCs-SiCn . . ) L .
] __ Tyranno™ SA fibre, with +30° of fibre braiding angle, with PyC )
without outer SiC ) ) Tensile ~140 -
) interface between fibre and matrix
coating. Ref. [173]
2D-woven SiCs-SiCn ] ) ) o )
] ~ Tyranno SA3 fibre, with £90° of fibre braiding angle, with PyC ]
without outer SiC Tensile ~220 -

coating. Ref. [12]

interface between fibre and CVI matrix
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Generally, there are very few mechanical experiments on the SiC¢/SiCn cladding tubes
conducted at high temperatures, and a detailed summary of the hoop strengths and failure
strains are tabulated in Table 2.9. For instance, Nozawa et al. [9] conducted ex-situ uniaxial
tension and compression tests on their SiC¢/SiCm materials (Tyranno-SAS3 fibres, ~35% of fibre
volume fraction and ~13% of porosity, without either inner or outer SiC coating) at elevated
temperatures up to 1000°C in vacuum. No significant degradation of the strength was reported
for both tension and compression tests up to 1000°C: for tension, ~244 MPa at RT, ~230 MPa
at 600°C, ~240 MPa at 800°C and ~226 MPa at 1000°C; for compression, ~336 MPa at RT,
~370 MPa at 800°C and ~393 MPa at 1000°C. More recently (2019), Shapovalov et al. [130]
conducted ex-situ C-ring compression experiments on two types of SiC#/SiCn claddings (Hi-
Nicalon Type S fibres, with 33% to 37% of the fibre volume fraction) in air up to 1100°C,
including: (i) the materials without outer SiC; (ii) the materials with outer SiC coating (~100
pum of the coating thickness). It was reported that, for the uncoated materials tested in air, peak
loads (no exact strength values were reported) reduced by ~40% from RT to 1100°C: ~16 N at
RT, ~12 N at 700°C and ~10 N at 1100°C. As for the materials with coating, no reduction of
the peak loads was found at elevated temperatures: ~16 N at both RT and 1100°C. These
indicated the application of outer SiC coating could enhance the oxidation-resistance of the
overall SiC¢#/SiCm materials [130]. Note that, the high temperature mechanical tests on
SiC#/SiCm materials are mostly ex-situ experiments and based on the post-mortem analyses,
which could not provide 3D microstructural evolutions of the materials under loading.
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Table 2-9. Summary of the maximum hoop stresses and composite failure hoop strains (measured by strain gauge) of different kinds of SiCs-SiCr,, composite
materials (information of tested samples are included, extracting from corresponding literatures by authors) by various testing methods including C-ring
compression, tensile and compressive tests at high temperatures (in the range of 600°C to 1500°C) in various atmospheres including inert gas, vacuum and air.
To be noted that, in one high temperature C-ring compression test works on one SiCsSiCy, cladding tube materials [130], they did not report the maximum
hoop stresses but peak loads were reported, as presented in this table.

) o ) Testing Testing Maximum hoop Failure hoop
Composite name Composite information )
method temperature (°C) stress (MPa) strain
600 (vacuum) 230+ 36 0.71%
2D-woven SiCs-SiCp . . ] ) Tensile 800 (vacuum) 240 £ 27 0.14%
] __ Tyranno-SA3 fiber, with CVI SiC matrix and PyC
without outer SIiC 1000 (vacuum) 226 + 23 0.14%
) interphase, 3 mm of the gauge length
coating. Ref. [9] ) 600 (vacuum) 370+ 32 0.24%
Compressive
1000 (vacuum) 393191 0.39%
2D-woven SiCt-SiCn . i ) . 600 (vacuum) 282 + 57 0.20%
] __ Tyranno-SA3 fiber, with CV1 SiC matrix and PyC )
without outer SIiC Compressive
) interphase, 1.5 mm of the gauge length 1000 (vacuum) 280 £ 31 0.20%
coating. Ref. [9]
Tyranno™ SA fibre, with +90° of fibre braiding
angle, with PyC interface (70 nm to 170 nm in )
Tensile 1200 (Ar) ~195 -

thickness), 30% to 37% of fibre volume fraction,
2D-woven SiCtSiCy, and 15% to 24% of porosity
without outer SiC Tyranno™ SA fibre, with +30° of fibre braiding

coating. Ref. [173] angle, with PyC interface (42 nm to 226 nm in
thickness), ~35% of fibre volume fraction, and Tensile 1200 (Ar) ~115 -
18% to 23% of porosity
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Table 2.9 continued

2D-woven SiCsSiCn

Tyranno SA3 fibre, with +90° of fibre braiding

1300 (Ar) ~165
without outer SiC angle, with PyC interface between fibre and CVI Tensile
coating. Ref. [12] matrix 1500 (Ar) ~155
700 (Air) A peak load at ~13 N
Hi-Nicalon type-S fibre, with PyC interphase (a 1100 (Air) A peak load at ~11 N
SiC+SiCn  without thickness <500 nm), 33% to 37% of fibre volume o
-rin ~
outer SiC coating. fraction, ~4.0 to ~4.1 mm of r;, ~4.8 to ~4.9 mm of g- 1040 (An) A peak load at ~8 N
) ) compression
Ref. [130] 1,, 0.8 mm wall thickness of composites tubes and 1360 (Ar) A peak load at ~11 N
~2.1 mm width of C-ring samples 1760 (Ar) A peak load at ~10 N
1900 (Ar) A peak load at ~9 N
Hi-Nicalon type-S fibre, with PyC interphase (a
SICr-SiCm with outer thickness <500 nm), 33% to 37% of fibre volume 500 (Air) A peak load at ~16 N
SiC coating. Ref. fraction, ~4.0 to ~4.1 mm of r;, ~4.8 to ~4.9 mm of C-ring
. . . 950 (Air) A peak load at ~15 N
[130] 1, 0.8 mm wall thickness of composites tubes and  compression
~2.1 mm width of C-ring samples; with outer SiC 1100 (Air) A peak load at ~16 N

coating of ~100 um in thickness
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2.5. Summary
2.5.1. CS and PVD Cr-coated zircaloy cladding material

The various manufacturing processes of CS and PVD manufacturing methods result in varied
local microstructures and properties of Cr coatings and the coating/substrate interfaces. These
differences could consequently affect the coating crack behaviours, and the mechanical
properties and failure processes of the entire Cr-coated zircaloy materials. However, there is
still a lack of the investigation of the differences of interfacial properties (e.g., interfacial
toughness), and their influences on the behaviours of both CS and PVD Cr-coated zircaloy
claddings.

Furthermore, the investigations of coating crack behaviours are mostly based on post-mortem
analyses. Although few recent works combined mechanical testing with in-situ SEM imaging
to capture the initiation and propagation of coating cracks, the 2D SEM images could only
provide information of either cracks in the Cr coating at the cross-sections at the edge of the
sample or at the surface of coating, without any information for pathways of cracks in Cr
coating. There remains a deficiency in 3D image characterization methods to monitor
progressive failure processes and damage evolution of these materials under loading at
increasing temperatures relevant to operational conditions. Additionally, these in-situ
mechanical tests all used sheet samples, which could not thoroughly represent the behaviours

of Cr-coated zircaloy claddings under real operation conditions.

For the CS Cr-coated zircaloy claddings, differences in the manufacturing parameters (e.g.,
type of the high pressure gases) could result in different microstructures (e.g., porosity), local
properties and residual stress distributions in the coating, and consequently lead to differences
in the coating crack behaviours and mechanical properties of the entire material systems.
Moreover, it has been reported the residual stresses in the CS coating could lead to the
generation of a multi-dimensional stress-state in Cr coating at elevated temperatures and lead
to temperature-dependent coating crack bahaviours [105]. Therefore, for a more
comprehension of the mechanical behaviours of the CS Cr-coated materials, it is of critical

importance to conduct investigations of the residual stresses’ distribution in Cr coating.
In summary, several key questions are raised in this context:

i.  How do the microstructures of CS and PVD Cr-coated zircaloy claddings attribute to
their differences of coating crack behaviours and mechanical properties?
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ii.  For CS and PVD Cr-coated zircaloy claddings under loading, will their coating crack
behaviours and mechanical properties be temperature-dependent?

iii.  How do the interfacial properties affect the mechanical properties of both the CS and
PVD Cr-coated zircaloy claddings?

iv.  For the CS Cr-coated zircaloy cladding materials, how do the variation of residual
stresses and microstructures of the coating affect the mechanical properties of the entire

material systems?
2.5.2. CVI-densified SiC+-SiCm cladding materials

The documented failure processes of SiCs+SiCn materials under loading at RT are
conventionally considered to happen in three steps [129], [131], [179]: (i) the applied load is
shared by the fibres and matrix, with minimal formation of the cracks in the materials; (ii) upon
reaching the proportionality limit, cracks initiate in the matrix and propagate along the PyC
interphase between fibre/matrix; (iii) as the matrix experiences substantial fracture, the load is
primarily transferred to the fibres, leads to fibre pull-out and breakage. However, these
observations are mostly based on post-mortem analyses, and there is still lack of real-time
experiments (especially at high temperatures), which provide real-time observations of crack

initiation and progressive propagation in the SiC¢SiCm materials under loading.

Moreover, the applications of CVD SiC coatings at either or both outer and inner surfaces of
the materials have drawn researchers’ interests recently. As reported by Saucedo-Mora et al.
[132] for their coated SiCst-SiCm materials under C-ring compression load at RT, the cracks
first initiated in the outer SiC coating instead of occurred in the matrix. Therefore, for different
types of SiCsSiCm materials under different testing configurations, the real failure mores could
be different from the conventional failure modes. And it could be inappropriate to presume the
same failure processes in one certain testing configuration or in one type of material will apply
to all others. These again indicated that, it is critical to apply in-situ 3D characterization
methods to acquire the microstructural information of the SiCtSiCrn materials under loading,
especially at high temperatures representative of normal and abnormal service conditions;
which enables a comprehensive understanding of the complex behaviour of the composite
materials. And it is critical to investigate the influence of local microstructure on the fracture
processes of the complexed SiC¢SiCmn materials. Although some mechanical tests combined
with in-situ XCT imaging were conducted, but to date, there is still no such real-time high

temperature experiments with XCT imaging on these SiCsSiCn materials in the open literature.
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Additionally, residual stresses are generated in individual components of the SiCtSiCn
materials during the manufacturing processes. It is suggested that, the initiation of cracks, as
well as being exposed to increasing temperatures has the potential to alter the distribution of
residual stress in the SiCsSiCrm materials [14], [180]; and these modifications could potentially
affect the failure strain and mechanical behaviour of the entire cladding materials. Therefore,
it is important to perform a comprehensive examination of the distribution of residual stresses
in these cladding materials. This analysis is essential not only for the interpretation of their
deformation and fracture characteristics but also for the comparative assessment of different

materials produced by diverse manufacturing procedures.
Consequently, several research inquiries arise within this context:

i. Do failure modes exhibit consistency across distinct temperatures within various SiCs-
SiCm material systems?
ii.  What impact do diverse microstructural characteristics, such as pores, fiber
architectures, and outer SiC coatings, exert on fracture mechanisms?
iii.  What are the scale and patterns of residual stresses within different SiC¢SiCm material
systems?
iv.  How do residual stresses influence the failure strain of SiC¢+SiCm material systems at

increasing temperatures?

Addressing the questions presented above, a potential solution for exploring the relationship
between microstructures and failure modes involves the combination of high-temperature
mechanical testing with real-time 3D images, utilizing synchrotron X-ray computed
microtomography (XCT). 3D strain quantification in SiCsSiCn materials can be subsequently
accomplished through the application of optical tracking via digital volume correlation (DVC).
Therefore, a brief literature review of the XCT and DVC techniques will be presented in the

following sections.
2.6. X-ray Computed Tomography and digital volume correlation
2.6.1. Introduce to XCT

XCT is a 3D nondestructive imaging technique employed for visualizing the internal
microstructure of an object [181]-[190]. Its origins can be traced back to its initial development
for medical applications during the 1950s. Subsequent advancements have significantly
enhanced the accuracy of contrast and spatial resolution in XCT images by Grodizns [191] in

1983 and Flannery et al. [192] in 1987. Consequently, XCT has garnered growing interest
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across diverse research domains, encompassing materials science, biology, and geosciences
[193]-[198].

The fundamental principle of XCT is grounded in the attenuation of X-ray intensity as it
traverses a homogeneous target, adhering to Beer-Lambert's Law (Eqg. 2.2):
L, = Ihe ™™, (2.2)

where I, is the X-ray beam intensity after passing through the target, I, is the intensity of the
beam upon entering the target material, x is the linear attenuation coefficient and x is the
distance of the beam travelled through the target material [199]-[201]. In the case of
monochromatic X-ray beam traverse a heterogeneous object consisting of multiple materials,
the calculation for the transmitted beam intensity is as follows (Eqg. 2.3):

I(L) = Iye™ o neyax (2.3)
where Eq. 2.1 is modified by means of a line integral taken over a path L, and the linear
attenuation coefficient (x«) exhibits the variation at each point along the path [183].

A typical XCT setup comprises three primary elements: an X-ray source, an X-ray intensity
detection system, and a rotational apparatus to support the objects being imaged, as illustrated
in Fig. 2.25. The main imaging procedure involves the following two steps (Fig. 2.25):

(i) The acquisition of an adequate number of radiographic projections of the specimen. During
this process, either the specimen or the X-ray source are rotated over 180° or 360°, with
projections are acquired at different rotational intervals. In these projections, the grayscale
values signify the attenuation of X-ray intensity along linear trajectories as the X-ray beam
traverses the object [187], [188], [202].

(ii) The reconstruction of the 3D of X-ray attenuation, which is accomplished through the
application a computed algorithm to produce equidistant cross-sectional slices of the target
material [181]-[190]. The most commonly utilized algorithm is the filtered back projection.
The reconstructed slices correspond to grayscale images, with variations in contrast originating
from the distinct X-ray attenuation properties of various phases in the target material.
Consequently, after the reconstruction of XCT slices, it becomes feasible to differentiate and

quantitatively assess different phases by discerning their characteristic grayscale values.
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Figure 2-25. Schematic of a general workflow of laboratory based XCT scan. Figure is reproduced
from ref [182].
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2.6.2. Lab XCT and synchrotron XCT

Based on the differences of the X-ray sources, XCT setups can be categorized into two primary
classifications: lab XCT and synchrotron XCT [181]. Schematics of these two types of setups
are presented in Fig. 2.26.
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Figure 2-26. Schematics of typical setups of (a) lab-based XCT and (b) synchrotron XCT. Figure is
reproduced from ref [181].

The most common lab XCT setup is the standard cone-beam XCT [203], where the conical X-
ray beam permits the geometrical magnification by enabling the placement of the target
material at any desired position within the distance between the X-ray source and the XCT
detector [204], Fig. 2.26a. Three main parameters of the X-ray source affect the quality of XCT
images: (i) focal spot size of the X-ray source, a smaller spot size results in a higher resolution
of the XCT images [205]. (ii) Energy of the X-ray (represents the penetrative ability of X-ray),
the elevated energy levels generally result in a heightened penetrative ability. (iii) X-ray
intensity (X-ray flux), a higher intensity commonly results in a decreasing of the signal-to-
noise ratio (SNR) of the images in a certain exposure time; however, a higher X-ray flux results
in a bigger focal spot size, which consequently decreases the resolution of XCT images.
Additionally, the distance of sample-to detector should be taken into consideration for
obtaining a proper image resolution: a smaller distance leads to a lower resolution, but yields
a higher field of view (FOV) [206], [207].

In contrast to the point X-ray source of lab XCT setup, synchrotron XCT commonly uses

parallel X-ray beams with higher X-ray flux (Fig. 2.26b), which significantly reduces the
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acquisition time (to mins and secs), as well as considerably improves the SNR of the images
[208]-[213]. These parallel X-ray beams of monochromatic and narrow wavelength bands are
commonly generated during the acceleration of high-energy electrons in the large synchrotron
facilities (e.g., Advanced Light Source (ALS) in the U.S. and Diamond Light Source (DLS) in
the U.K.) [185], [187], [188], [192], [200]. As the synchrotron XCT uses parallel X-ray beams,
so the magnification of target material remains constant on the detector. Consequently, the
spatial resolution of synchrotron XCT is only dictated by the scintillator, optical lens (for
magnification) and charge-coupled device (CCD) camera [214]-[217]. In an XCT scan, when
its voxel size is several micrometres or less, it is therefore commonly referred to as micro X-
ray computed microtomography (uXCT).

Several types of artifacts have been commonly reported in the reconstrued uXCT images, and
are briefly discussed in the following context [183], [218]-[220]:

i.  Ring artifacts: these artifacts manifest as a consequence of variations in the sensitivities
exhibited by contiguous detector elements, and are commonly observed in the form of
concentric circles, with their center positioned at the rotational axis;

ii.  Beam hardening: when a polychromatic X-ray beam traverses an object, it is observed
that lower-energy X-rays experience greater attenuation compared to their higher-
energy ones. This phenomenon results in an overall elevation in the mean X-ray energy,
referred to as beam hardening. This could be corrected by employing a suitable filter to
suppress excessively low-energy photons from the X-ray beam;

iii.  Center of rotation error: center of rotation could be inaccurately determined (due to the
sample rotation), it can give rise to the appearance of double edges or, in the case of
minor discrepancies, result in the blurring of edges. Consequently, it becomes
imperative to detect the center of rotation after each scan, in order to facilitate the
precise application of alignment compensation during the subsequent reconstruction
process;

iv.  Motion artefacts: as the resolution of uXCT is in several micrometres or less, it is highly
susceptible to the occurrence of motion blur, which emanates from either or both the

intrinsic (e.g., breathing) or extrinsic processes (e.g., movement of the loading stage).

Note that, for the materials involved in this PhD project, the Cr coatings of the Cr-coated
Zircaloy cladding materials are very thin (~20 pum in thickness) when compared with the

underlying substrate (~1 mm in thickness); and the crack networks are complex in the SiCs-
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SiCm materials. Therefore, it is imperative to conscientiously account for the artifacts above,

as they could potentially impact the detection and quantification of damage in these materials.

Both the lab XCT and synchrotron XCT have been utilized in the microstructural
characterization and damage evolution of various types of nuclear materials, including: SiCs-
SiCm materials [14], [158], [177], [178], [221], [222], nuclear graphite [223], [224], MAX
phase materials [225]-[227], Cr-coated Zircaloy cladding materials [1], and tristructural-
isotropic (TRISO) fuel particles [180], [228]. They are also widely utilized in the
characterization of damage evolution in other types of materials, e.g., aerospace ceramic-matrix
composites (CMCs) [229], battery materials [230], fossils [231] and Ti-Al alloys [232].

2.6.3. Digital volume correlation

Digital Volume Correlation (DVC) is a technique rooted in digital image correlation (DIC)
method. DIC works on the fundamental principle of calculating displacement fields by tracking
and comparing successive recorded images of a deforming material's surface. This matching
process, known as correlation, is achieved by discretizing each image into a number of subsets,

or interrogation windows, that are identical in size and shape [233]-[235].

The schematic of DIC method is presented in Fig. 2.27. The displacement between point P (x,

y) in reference image and point P (x, y) in target image (after deformation) can be defined by
Eq. 2.4 and Eq. 2.5:

du ou (2.4)
"= A —Ax +—A
X Xo + x+,u+ax x+6y 5%
v dv (2.5)
"= A —Ax+—A
y' =y, + y+v+ax x+6y y
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Figure 2-27. Simplified schematic shows the DIC process. Point P (X, y) is from the reference image,
and it becomes point P'(x’, y") after deformation, and point O (x,, y,) is the centre point of the
reference image. Figure is reproduced from ref [236].

DVC extends the principles of 2D-DIC into 3D space. It calculates the strain field within a
material's volume using a correlation strategy fundamentally analogous to that employed in the
initial implementation of DIC [233]-[235].

Generally, the DVC process involves three primary steps: (i) the delineation of a region of
interest containing designated measurement locations; (ii) the determination of displacements
at each of these specified locations through correlating the reference and deformed datasets;
and (iii) the subsequent computation of strain values at each measurement point by estimating
the deformation gradients within their immediate vicinity [235]. And a schematic of DVC

process is presented in Fig. 2.28.

In current PhD project, full field DVC analysis is conducted for the investigation of local strain
distributions of the SiC¢SiCm cladding materials via XdigitalVVolumeCorrelation Module in
Avizo Lite software (version 2019.4); with the results will be presented in Section 4.5.
Specially, the local DVC approach is utilized, and a brief review of such approach is presented
in the following content. The local DVC approach consists of: (i) both the reference and
deformed datasets are divided into smaller sub-volumes; and (ii) these sub-volumes are
subsequently subjected to individual correlation analysis, primarily guided by cross-correlation
criteria [229]. The Fast Fourier Transform (FFT) is commonly employed to significantly reduce
the computational time required for correlation calculations. This method enhances the
accuracy of displacement measurements and increases the reliability of DVC measurements

due to its robustness against noise. [229]. For a FFT procedure, the reference and deformed
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datasets are first converted from spatial data into the frequency domain. Then, cross-correlation
between the reference and deformed interrogation windows is efficiently performed by
multiplying the FFT of the reference window with the complex conjugate of the FFT of the
deformed window. After this, the inverse FFT of the cross-correlated data is applied to return
the data to the spatial domain, providing the correlation map. Finally, the displacement vector
is determined by identifying the peak in the correlation map, which corresponds to the optimal
match between the reference and deformed sub-volumes. In such implementations, only a mean
3D displacement vector at the centre of each sub-volume is retained. Consequently, a
subsequent interpolation process becomes necessary to ascertain a continuous displacement
field. This interpolation step is carried out independently from the original registered images
and the DVC computation [237].
Peak detection
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Figure 2-28. Schematic shows the typical local DVC process, as sub-volumes are independently
correlated, and an additional independent interpolation step is required for the generation of continuous
displacement field. Figure is reproduced from ref [238].

The quality of local DVC approach can be accessed via the normalized cross-correlation

coefficient (C,4_pyc), Which is defined following Eq. 2.6:

Y FXgX) 2.6)
VX2 T g(x)?’

where X and X* refer to coordinates (in voxels) of the same material point in the reference and

CLA—DVC=
the deformed image, respectively. f(X) and g(X*) are the scalar grey levels in the reference and

deformed datasets, respectively. For the values of C,4_pyc, 1 represents for the perfect

correlation, whereas 0 represents for the complete mismatch [229], [238]. Furthermore, the
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employment of ‘multi-pass’ methods in local DVC approach has been reported to improve the
precision and accuracy of the measurement [229], [239]. A multi-pass approach employs a
predictor-corrector methodology, in which the displacement computed during the predictor
step serves as the initial value for the corrector step; and the corrector step utilizes smaller sub-

volumes compared to those employed in the predictor phase [240].

The DVC method combined with high resolution XCT images have been employed by many
researchers to investigation the damage evolution and estimation local strains of various

nuclear materials, e.g., SiC+SiCm materials [14], [158], [177] and nuclear graphite [241].
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3. Materials and experimental procedures

The materials and experimental procedures from current Chapter have been published in
Materials & Design during the PhD project. The current Chapter contains minor additions and
modifications compared to the published article by Yuan et al. [14]. Guanjie Yuan:
Investigation, Formal analysis, Data curation, Writing — original draft, Writing — review &
editing; J. Paul Forna-Kreutzer: Experiments; Peng Xu: Resources; Sean Gonderman:
Resources, Review & editing; Christian Deck: Resources, Review & editing; Luke Olson:
Resources, Review & editing; Edward Lahoda: Resources, Review & editing; Robert O.
Ritchie: Resources, Funding acquisition, Supervision, Writing — review & editing; Dong Liu:
Conceptualization, Resources, Methodology, Funding acquisition, Supervision, Writing —
review & editing. The current Chapter also contains minor additions and modifications
compared to the published article by Yuan et al. [1]. Guanjie Yuan: Investigation, Formal
analysis, Data curation, Writing — original draft, Writing — review & editing; J. Paul Forna-
Kreutzer: Experiments; Jon Ell: Experiments; Harold Barnard: Resources, Review & editing;
Benjamin R. Maier: Resources, Review & editing; Edward Lahoda: Resources, Review &
editing; Jorie Walters: Resources, Review & editing; Robert O. Ritchie: Resources, Funding
acquisition, Supervision, Writing — review & editing; Dong Liu: Conceptualization, Resources,

Methodology, Funding acquisition, Supervision, Writing — review & editing.

3.1. Introduction

In the current Chapter, the materials investigated in this PhD project are described, as well as
the sample preparation procedures and experimental setups. A brief introduction of the
investigated materials is presented in Section 3.2. The detailed experimental procedures and
setups, as well as the specimen preparation processes of different experiments are described in
Section 3.3. And Section 3.4 gives the conclusion of current Chapter.

3.2. Materials

The materials investigated in this research project include two classes of SiCtSiCm cladding
materials: (i) with single layer of CVD SiC coatings at both outer and inner surfaces of the
cladding (Chapter 4), and (ii) with multiple-layers CVD SiC coating at the outer surface of the
cladding (Chapter 5). It also includes four classes of Cr-coated zircaloy-4 cladding tube
materials, which have same type of substrate: zircaloy-4, but with different manufacturing
processes of the Cr coatings (Chapters 6 and 7). The detailed information for each type of

material is listed in the individual sections below.
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3.2.1. SiC+-SiCm cladding materials

The materials investigated in this part of the project comprised two SiCsSiCn cladding
materials produced by General Atomics (GA). The construction of the SiC¢SiCn materials
consisted of Hi-Nicalon™ Type S fibres (~12 um in diameter), SiC matrices, PyC coating at
the fibre/matrix interface and SiC coatings at either or both the outer and inner surfaces (will
be referred to as ‘outer SiC coating’ and ‘inner SiC coating’ in the text). The manufacturing
process of SiC¢-SiCn cladding materials comprises the following steps: (i) Hi-Nicalon™ Type
S fibres were first braided around a cylindrical mandrel [163]; (ii) PyC coating layers were then
deposited surrounding the fibres by CVD method [242], [243]; (iii) after that, SiC matrices
were deposited by CVI method to densify the tube structure; (iv) finally, either or both the inner
and outer SiC coatings were deposited by CVD method. For these two SiCtSiCm material
systems, one (Chapter 4) has both outer and inner single layer SiC coatings, and the fibre
braiding angle is £60° of braiding angles between the reinforcement direction and the tube axis.
whereas another system (Chapter 5), has multiple-layers outer SiC coating, and the fibre
braiding angle is +45° of braiding angles between the reinforcement direction and the tube axis.
These two material systems were characterized under C-ring compression tests via real-time
high-temperature puXCT, with results presented in Chapter 4 and Chapter 5, respectively.
Digital volume correlation (DVC) method was applied to the material (both outer and inner
single layer SiC coatings) to calculate the failure hoop strain of the outer SiC coating, with
results presented in Chapter 4. The typical geometry of the C-ring specimen is given in Fig.
3.1, 1, is the outer radius, r; is the inner radius, t is the wall-thickness and b is the width of the
C-ring sample. The exact C-ring sample dimensions for these two materials were measured by

UXCT imaging and are listed in Table 3.1.
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Figure 3-1. Schematic of the configuration of C-ring compression tests of the SiCs-SiCy, cladding tube
materials and Cr-coated zircaloy-4 cladding tube materials, including the coordinate system and
dimensions of C-ring specimens. 7, is the outer radius, r; is the inner radius, t is the wall-thickness and
b is the width of the C-ring sample. The uXCT images (marked by dashed rectangular) were scanned
at the region of the C-ring sample with maximum tensile stress/strain.

Table 3-1. C-ring specimen dimensions of SiCs-SiCr, cladding tube materials measured by pXCT
imaging.

Outer radius Inner radius  Wall-thickness
(r,, mm) (r;, mm) (¢, mm)

4,64 £0.16 3.74£0.16 0.90 £ 0.017

Material

With both outer and inner single layer SiC
coatings

With multiple-layers outer SiC coating 478 £0.19 3.74+0.13 1.04 £0.021

Prior to the in-situ mechanical testing, nanoindentation and Raman spectroscopy were applied
to respectively measure the local properties and residual stress distribution of individual
components of both types of the as-received materials. The microstructures of the polished
cross-sections of both types of as-received materials were captured by scanning electron
microscopy (SEM) imaging. These techniques and sample preparation methods are detailed
described in subsequent sections, and the results are presented in Chapter 4 and Chapter 5,

respectively.
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3.2.2. Cr-coated zircaloy-4 cladding materials

The materials investigated in this part of the project contained four types of Cr-coated zircaloy-
4 cladding tube materials provided by Westinghouse Electric Company LLC. They can be
classified into two groups: group one contains two types of Cr-coated zircaloy-4 materials with
the Cr coating produced by CS and PVD methods (Chapter 6), respectively, and will be referred
to as CS Cr-coated materials and PVD Cr-coated materials in the following text; group two
contains two types of Cr-coated zircaloy-4 materials with the Cr coating produced by CS
method but with different manufacturing parameters (e.g., carrier gases are helium and
nitrogen, respectively), and will be referred to as HCS Cr-coated materials and NCS Cr-coated
materials in the following text. Note that, these four types of materials have the same type of
substrate: zircaloy-4 material. And no more fabrication details can be provided by
Westinghouse Electric Company LLC. These four types of material systems were characterized
under C-ring compression tests via real-time high-temperature uXCT imaging; the typical
geometry of the C-ring sample can be found in Fig. 3.1, with the exact specimen dimensions

for these materials measured by uXCT imaging and are listed in Table 3.2.

Table 3-2. C-ring specimen dimensions of Cr-coated zircaloy-4 cladding materials measured by uXCT
imaging.

. Outer radius Inner radius Wall-thickness
Material
(r,, mm) (r;, mm) (t, mm)
CS Cr-coated 459 +0.014 3.94 £ 0.052 0.65 + 0.035
PVD Cr-coated 458 +0.018 3.94 +£0.076 0.64 +0.034
HCS Cr-coated 459 +0.026 3.95 +0.045 0.64 +0.052
NCS Cr-coated 459 +0.087 3.96 + 0.077 0.63+0.034

Prior to the high temperature mechanical testing, nanoindentation and electron backscatter
diffraction (EBSD) mapping were conducted on the polished cross-sections of all types of the
as-received Cr-coated zircaloy-4 cladding materials to measure the local properties and Cr
grain distributions inside the coating, respectively. After the high temperature mechanical
testing, post failure crack patterns of all types of materials were examined by SEM imaging.
Specially, the coating crack pathways in the coating of post-tested HCS and NCS Cr-coated
materials were examined by plasma focused ion beam (P-FIB) milling combined with SEM
imaging (FIB-SEM tomography), with the results are presented in Chapter 7. The residual
stresses distribution inside the Cr coatings of as-received HCS and NCS Cr-coated materials
were investigated via ring-core focussed ion beam milling combined with digital image

correlation analysis (FIB-DIC), and the results are summarized in Chapter 7. These techniques
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are detailed described in the subsequent sections, as well as the detailed sample preparation

methods of different techniques.

3.3. Experimental methods

3.3.1. Mechanical testing with real-time X-ray computed microtomography
3.3.1.1. Sample preparation procedures

For the preparation of C-ring samples for the in situ high-temperature C-ring compression tests,
a CUTLAM®1.1 manual cutting machine was used. A slow speed diamond saw was used to
extract specimens from the cladding tube to a C-ring geometry, which operated at 230 rpm.
Specially, for the SiCs-SiCn cladding materials, the width of the C-ring samples is 4 to 5 mm;
and for the Cr-coated Zircaloy cladding materials, the width of the C-ring samples is 2 to 3
mm. Representative examples for these C-ring samples, as well as the cladding tubes are
presented in Fig. 3.2. All the C-ring samples were cleaned by water and ethanol, and air-dried
more than three days before the in-situ mechanical experiments.

SiC-SiC,, material

Figure 3-2. Representative examples show the cladding tube materials and the C-ring samples.

3.3.1.2. In-situ C-ring compression tests

In-situ high-temperature C-ring compression tests combined with simultaneous synchrotron
UXCT imaging were performed at beamline 8.3.2 of the Advanced Light Source at the
Lawrence Berkeley National Laboratory, U.S. During the tests, a unique high-temperature
testing device was used, which enables mechanical testing at elevated temperatures up to
1600°C [223], [244], [245], facilitating the investigation of SiC¢SiCm materials and Cr-coated
zircaloy-4 cladding materials under and beyond service-relevant conditions. A brief overview
of the device is provided here and more detailed information of this can be found in refs [223],
[244], [245]. The central part of the device is an aluminium chamber in a diameter of ~150
mm. Six ellipsoidal 150 W Halogen lamps were installed inside the chamber, generate a
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uniform hot zone region of ~0.5 cm? at the chamber’s centre to provide heating. During the
experiment, all the samples were placed in the hot zone and aligned with a 300 um thick
aluminium window, enabling the transmission of the incoming X-ray beam with low absorption
from the source to the detector. The testing temperatures were measured via a thermocouple
attached to the outer surface of the C-ring specimens and were controlled by a programmable
power supply. The compressive load was applied to the C-ring samples by the alumina ceramic

plates, see Fig. 3.1, and the maximum hoop stress (gymqx, EQ. 3.1) was calculated according
to ASTM Standard C1323-16 [246] from the relationship:

- __ PyR [ro - ra] (3.1)
ymax = ptr, lr, — R

where Py is the maximum applied load (peak load), b is the width of specimen. The average

radius 7, and the term R are respectively defined by Egs. 3.2 and 3.3.

_ (TotTi 3.2
ra—( 2 )’ (3:2)
polo —ron- , (3.3)

It is noticeable that, according to the ASTM C1323-16, the recommended limit for the width
of C-ring sample (b) is no more than twice of the sample’s wall-thickness (t) to prevent the
variation of circumferential stresses through the entire sample’s width [246]. However, this
constraint has been reported to be relaxed by Embree et al. [247] from their finite element
analysis (FEA) on various b/t ratio combinations of C-ring samples under compression load,
with detailed data points are tabulated in Table A.1 in the Appendices. In the current study, the
b/t ratios of the C-ring samples are ~4.9 for the SiCsSiCm materials with single layer
outer/inner SiC coatings; ~3.8 for the SiCtSiCm materials with multi-layers outer SiC coating;
~3.4 to ~3.8 for the CS and PVD Cr-coated materials, and ~3.5 to ~3.8 for the HCS and NCS
Cr-coated materials. Based on ref. [247], on the sample’s outmost surface, hoop stress is still

as least an order of magnitude higher than the axial stress (stress in the Z direction in Fig. 3.1).

During the experiments, all the C-ring samples were monotonically loaded to failure in an
argon (Ar) atmosphere. Different testing temperatures were employed for SiCtSiCr and Cr-
coated materials:
e SiCsSiCr: for each type of material, two samples were tested at room temperature (RT)
and two at 1200°C
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e Cr-coated materials: for each type of material, two samples were tested at RT and two
at 345°C

Real-time uXCT scans were taken at increasing loading stages. For high temperature tests, the
experiments were conducted after the temperature stabilised at 1200 + 5°C (for SiC¢SiCm
materials) and 345 + 2°C (for Cr-coated materials). For the process of tomographic acquisition,
a white light X-ray beam in an energy range of 6 to 43 keV was utilised, along with a 2x long
working distance Mitutoyo microscope lens, and a PCO Edge CCD camera (2560 x 2560
pixels) was used as a detector. Such setup resulted in a pixel size of 3.25 um x 3.25 pum and a
field of view of 8 mm x 4 mm, which centred on the middle section of the C-ring samples
where maximum hoop stress occurred, as marked by dash line in Fig. 3.1. For each scan, 1969
projections were collected over a 180° rotation, the acquisition time for each projection is 30
ms and the total acquisition time is ~6 mins. The reconstruction of pXCT images was
performed using a Gridrec algorithm [248] in the TomoPy package [249]. For each scan, the
rotation centre was manually identified to remove any artefacts. To enhance the spatial
resolution of each scan and reduce the fixed-pattern noise of the detector, a conventional flat

field correction was applied [1].

During the experiment, the loading rig was operated in a displacement-control mode. Quasi-
static loading was ensured by manually controlling of the loading speed of ~0.5 pum/s. During
the scanning period (~6 mins) of each uXCT scan, the applied displacement was fixed, and
load relaxations were observed for SiCtSiCm materials tested at 1200°C, as well as Cr-coated
materials tested at both RT and 345°C. For each specimen, a small pre-load (~5 N) was applied
to prevent specimen movement during the scanning. Successive uXCT scans for each sample
were collected at increasing load steps: in the case of SiC¢SiCn materials, five to eight scans

were collected; for Cr-coated materials, four to six scans were collected.
3.3.1.3. uXCT data processing for 3D visualization

All the reconstructed scans were converted to stacks of 32-bit tiff images and were imported to
open-source software ImageJ [250] for image pre-alignment and cropping to remove the
background. For each type of the materials, the contrast of the cropped datasets was adjusted
to a fixed dynamic range: -4.1 to 2.3 for SiCsSiCm materials with single layer outer/inner SiC
coatings, -3.2 to 1.8 for SiCs+SiCm materials with multi-layers outer SiC coating, and -2.7 to
2.1 for Cr-coated materials. The stacks of 32-bit tiff images are around 50 G in size. To
markedly faster computing, all the adjusted datasets were converted to 8 bit and saved as raw
data files (around 7 G of each dataset). Then, these raw data files were imported into Avizo
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Lite software (version 2019.4) [251]. For improving volume renderings and reducing
computation times, each scan was down-sampled by a factor of 2, which resulted in the

increasing of effective voxel size to 6.50 pm.

Atmosphere
background

500 pm

Figure 3-3. uXCT slices (of X-Y plane) taken from pre-load scan of C-ring samples for illustrating
segmentation procedure of the pores inside SiCsSiCr, materials. (a) to (c) for the material with single-
layer outer SiC coating: (a) all pores (delineated with a false blue colour; (b) macropores (delineated
with a false green colour); (c) micropores (false pink colour); (d) to (f) for the material with multi-layer
outer SiC coating: (d) all pores (delineated with a false blue colour); (e) macropores (delineated with a
false green colour); (f) micropores (false pink colour).

The preload scan of each specimen of both types of SiC¢-SiCm materials was used for manually
segmentation and 3D visualization of the macro-size and micro-size pores via Image
Segmentation Module [251]. The segmentation method is detailed described in the following
text. For both types of SiCsSiCm materials, the grey-levels of macropores and micropores are
different when compared with other components (outer and inner SiC coatings, SiC matrices
and remained atmosphere background) [158]. Therefore, by adjusting the threshold of the
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masked voxels (0 to 255 in total) of material with single layer outer/inner SiC coatings into the
range of 7 to 150, and material with multi-layers outer SiC coating in to 12 to 147, all the pores
(including macropores and micropores) can be firstly segmented out, as presented in Fig. 3.3a
and Fig. 3.3d, respectively. After that, a median filter in the Median Filter Module [251] is used
for separating the macropores and micropores. The median filter is a non-linear digital filtering
technique, often used for removing noise in the segmentation process. As the sizes of
macropores are much larger than the micropores, by selecting the neighbourhood voxels of 26,
and with three-time iteration , the macropores could first be segmented out from the dataset
contains all pores, with examples presented in Fig. 3.3b and Fig. 3.3e. Then, by using the
dataset contains all pores, minus out the dataset only contains macropores, the micropore can
be selected out, Fig. 3.3c and Fig. 3.3f. The cracks inside all types of materials under loading
were manually segmented out in the Segmentation Module [251], and visualized in 3D in Avizo
Lite software (version 2019.4) [251].

3.3.1.4. Digital volume correlation

Local digital volume correlation (LA-DVC) method was utilized to generate 3D strain
distribution maps at microstructural scale of SiC¢SiCm materials with single layer outer/inner
SiC coatings under loading at both RT and 1200°C. For DVC analysis, all the reconstructed
UXCT scans for the same specimen were aligned with the pre-load scan via the Image
Registration Module [251], which is to remove any rigid body movement of the samples during
loading. Then, they were cropped into the same dimensions (5213 x 2700 x 4913 pym?) to
ensure perfect positional overlap., and imported to the Xdigital\VVolumeCorrelation Module
[251]. A three-step multipass approach was applied in this study where the side size of cubic
sub-volume reduced from 208 voxels (676 um, step one) to 104 voxels (338 um, step two) and
then 78 voxels (254 um, step three) with 0 % overlapping of the dataset. For the DVC
sensitivity analysis, the same pre-load scan for each sample was imported into
XdigitalVolumeCorrelation Module [251] twice and correlated to each other, the three-step
multipass approach was then applied to these scans. Therefore, the accuracy of DVC analysis
was determined by using the mean calculated strain values, as zero strain was expected for the

same pre-load scan.
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3.3.2. Microstructural characterization techniques
3.3.2.1. Scanning electron spectroscopy

Fig. 3.4 displays the schematic of a typical SEM setup, which involves electron gun, anode,
magnetic lens, backscattered electron detector, secondary electron detector, and sample stage.
In the SEM, high-energy electrons are emitted by the electron gun, and subsequently converged
by the magnetic lens. These converged electrons are then focused on the sample surface to

generate signals [252].
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Figure 3-4. Schematic of a typical scanning electron microscope (SEM) set up. High-energy electrons
are emitted by the electron gun, and subsequently converged by the magnetic lens and focused on the
surface of the sample.
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Electron beam
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(Bremsstrahlung)
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Transmitted Electrons
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Figure 3-5. Schematic of the generation of different signals when electrons interacted with surface of
the sample in a SEM.

When a high-energy electron beam impinges upon an object's surface, various signals are
generated (Fig. 3.5), e.g., secondary electrons (SE) for surface topographical information,
backscattered electrons (BSE) for imaging sample’s surface and contract of different phases,
characteristic X-ray (EDX) for atomic composition, cathodoluminescence for electronic states
information, transmitted electrons (TE) for structural information and others [253]. For the SE,
they primarily originate from the excitation of electrons (by the primary beam) with weak
bounding energies in the atomic close to the sample’s surface [254], [255]. Therefore, they
have a low kinetic energy (<50 eV). The SE are mainly used for imaging the surface
morphology and topography [254], [255]; and the contrast difference in SE images is mainly
affected by the variation of tomography, composition and channelling [255].

In current PhD project, for the SEM imaging of the as-received microstructures of both types
of SiC#+SiCm materials, these samples were first mounted with a three-part fast-curing cold
resin (Struers DuroCit 3 [256]). Mounted samples were automatically ground in a BUEHLER
EcoMet™ 30 Semi-Automatic Grinder Polisher with 400-grit (~3 mins), 1200-grit (~4 mins)
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and 2500-grit (~6 mins) sand grinding disks. Then, samples were polished by two water-based
diamond suspensions: 3 um (~5 mins, Struers MD-Dac polishing cloth) and 1 pm (~6 mins,
Struers MD-Nap polishing cloth) and finally cleaned by water and ethanol, and dried in air for
more than two days before the measurements. After these procedures, the surfaces of the
samples are checked by the SEM imaging. They are smooth and flat with no obvious scratch

can be observed, as presented in Chapter 4 and Chapter 5, respectively.

For the characterization of post failure crack patterns of all types of Cr-coated materials tested
at both RT and 345°C, these samples were cleaned by water and ethanol, and dried in air for

more than two days before the measurements.

In current PhD project, a Zeiss Evo MA10 LaB6 scanning electron microscope was used. 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 to 11 mm. Specifically, for SiC¢SiCm materials, BSE
mode was used; and SE mode was used for Cr-coated materials.

3.3.2.2. Electron backscatter diffraction mapping

Electron backscatter diffraction (EBSD) is a SEM-based technique, which has widely been
used for characterization and quantification of crystallographic orientations, misorientations,
texture trends, and grain sizes [257]. Fig. 3.6 displays a schematic showing the generation of
EBSD patterns.

Kikuchi pattern
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2 Crystal

planes
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Figure 3-6. Schematic shows the formation of EBSD patterns. Figure is reproduced from ref [257].

In the SEM, the incident primary electron beam induces the emission of scattered electrons
beneath the surface of the specimen, and these scattered electrons are distributed in all the

directions in the interaction volume [258]. The incident scattered electron beams are

74



3. Materials and experimental procedures

subsequently diffracted following the Bragg's law (Eq. 3.4), which corresponds to the local

lattice plane arrangement:

nA = 2dsin@, (3.4)
Where n is an integer, A is the wavelength of the electrons, d is the spacing between diffracting
planes, and 6 is the electron incident angle (typically ~20°). This diffraction results in the
formation of a Kikuchi band that corresponds to the specific lattice plane, and this band exhibits
an angular width of 20 [257]. In the sample, all the lattice planes produce Kikuchi bands in the
same manner, and subsequently generate the EBSD pattern. The EBSD pattern is, therefore, an
analogue of crystal lattice planes in 2D projection, one representative example can be seen in
Fig. 3.6. To maximize the yields of the diffracted electrons, a ~70° specimen tilling angle is
commonly used. More detailed description of EBSD technique can be found in refs [259]-
[263]. After the collection of EBSD patterns, a Hough transformation function was applied to
transform the EBSD patterns from image space to Hough space, which eventually convert the

straight Kikuchi bands to the more easily located points, following Eq. 3.5:

r = xsinf + ysind, (3.5)
Where r and 8 are the parameters in the Hough space, and x and y are the parameters in the
image space [264]. Subsequently, by comparing the measured data with the theoretically
calculated inter-planar angles corresponding to specific lattice planes, the Kikuchi bands can
be systematically indexed. This automated indexing process facilitates the determination of the

phase structure and crystal orientation of the scanned materials [259].

In current PhD project, the EBSD is employed for the microstructural characterizations of
several types of Cr coatings (e.g., sizes, orientations and distributions of grains) of Cr-coated
zircaloy-4 cladding materials. Samples are first mounted by a BUEHLER SimpliMet™ XPS1
hot compression mounting machine at a pressure of 3 MPa and temperature of 180°C with 180
s of both heating and cooling times. The mounted samples were then automatically ground in
a BUEHLER EcoMet™ 30 Semi-Automatic Grinder Polisher 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 disks, with each step grinded off the scratches from the previous step [265].
Then, samples were polished with 3 um (MD-Nap cloth) in 1 pum water-based diamond
suspensions (~4 mins at 260 rpm for each polishing step). After that, samples were further
polished by a BUEHLER vibratory polisher for ~12 hrs with colloidal silica suspension, to
achieve a flat surface with minimal surface deformation [266]. Finally, the surface of the

samples was cleaned in water and ethanol and air-dried for more than three days prior to testing.
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After these procedures, the surfaces of the samples are checked by the optical imaging. They
are smooth and flat with no obvious scratch can be observed, as presented in Chapter 6 and
Chapter 7, respectively. Surfaces are also checked by the EBSD mapping, with good Kikuchi
patterns can be observed, Fig. 3.7.

Figure 3-7. Kikuchi pattern of Cr coating after the polishing procedures.

A TESCAN Mira3 XMH variable pressure scanning electron microscope with an Oxford
Instrument NordlyS EBSD detector was used to acquire the EBSD mapping of the polished
cross-sections of the Cr coatings of the polished cross-sections of all types of Cr-coated
Zircaloy materials. The equipment is in United Kingdom Atomic Energy Authority (UKAEA),
It was operated in an accelerating voltage of 20 kV, and all each specimen was tilted to an
angle of 70° during the test. The Oxford Instruments® HKL™ Channel 5™ software was
utilised for the acquisition and analysis of the band contrast graphs, colour orientation imaging
microscopy maps and the inverse pole figures (IPFs).

3.3.2.3. Focused ion beam scanning electron microscopy tomography

Focused ion beam scanning electron microscopy (FIB-SEM) tomography is another SEM-
based technique [267]-[271], and a schematic of typical FIB-SEM dualbeam system is
presented in Fig. 2.32. In the FIB-SEM dualbeam system, focused ion beam (commonly

gallium ion, Ga+) is used for either imaging or micro-machining of the specimen, while
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electron beam is used for SE/BSE imaging [258]. Ga+ ion beam is directed onto the material
following its emission from the liquid metal Ga+ source with subsequently passing through a
sequence of lenses. These energetic ion-material interactions lead to the generation of ions and

secondary electrons emanating from the target material [272], [273].
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Figure 3-8. Schematic shows a typical focused ion beam scanning electron microscope (FIB-SEM)
dualbeam system. Gallium (Ga) ion beams are emitted from a liquid metal ion source after traversing
through a series of lenses. Simultaneously, electrons are emitted from an electron source positioned
above and precisely focused onto the specimen's surface. SEM images of FIB-SEM tomography can be
subsequently collected from secondary electron detector. Figure is reproduced from ref [274].

For the focused ion beam, when the current is low (e.g., lower than 100 pA), the ion-induced
low energy SE is sensitive to crystallographic orientation contrast (channeling contrast) [275].
However, when the current is high (e.g., more than 6.5 nA), the ion beam can mill materials
away from the surface of the sample through physical sputtering process resulting from atomic
collision cascades. Therefore, micro-machining of the miniaturized features can be made via
the FIB, including: microcantilevers [276], micropillars [277], trenches [278], and transmission

electron microscope (TEM) foil [279].

In current PhD project, cross-sectional images are conducted by FIB-SEM, for investigating
the crack behaviour in the Cr coatings of post-tested HCS and NCS materials at RT and 345°C.
Samples were mounted on to an aluminium SEM specimen pin stubs (AGG301, Agar

Scientific) by fast-drying silver suspension (Agar Scientific).
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Plasma focused ion beam (P-FIB) milling combined with SEM imaging (FIB-SEM
tomography) was conducted in a TESCAN AMBER X Plasma focussed ion beam scanning
electron microscope in the UKAEA. The region of interest (ROI) was chosen at the coating
crack areas for P-FIB sectioning. For protecting the surfaces and immediate sub-surfaces from
being distorted and damaged by Ga+ bombardment during the FIB milling and imaging
processes for each sample, a protective Pt layer (3 pum in thickness) was deposited over an 38
x 38 um?area inside the ROI by the ion beam with a 30 kV voltage and a 1 nA current. A 38
x 40 x 30 um?3trench (in X-Y-Z dimension, with Z direction perpendicular to the sample
surface) was then milled for each sample at 30 kV and 300 nA in the multiscan rectangular
area milling mode for SEM imaging. After that, for each sample, a rough polishing procedure
was performed at 30 kV and 100 nA at the milled cross-sections, followed by a final polishing
procedure (performed at 30 kV and 30 nA). Finally, the cross-sectional SEM images of cracks

were collected at a 20 kV accelerating voltage and with a 0.34 nA current in SE2 mode.
3.3.3. Measurement of local property by nanoindentation

The indentation technique was developed by Mohs in 1824 [280], who introduced a qualitative
scale for assessing the hardness of diverse minerals based on the principle that a harder mineral
could produce a scratch on a softer mineral [281]. Subsequently, various quantitative hardness
testing methods were developed, by applying controlled indentations on a material of unknown
mechanical properties using another material characterized by known geometrical and
mechanical properties. By 1970s and 1980s, to meet the growing requirements for the
characterization of mechanical properties of thin films and coatings, nanoindentation technique
was developed [241], [282]-[285].

During the nanoindentation tests, the applied load and displacement are continually monitored
and documented in the form of force-displacement curves [286], which enable the
quantification of several mechanical properties of the tested materials. One typical load-
displacement curve from nanoindentation test is presented in Fig. 3.9, where B, is the
maximum applied load; &,,,, IS the maximum displacement at the B,,,.; 6. is the depth from
the point of contact between the indenter and the specimen’s surface to the apex of the indent,
Ores 1S the depth of residual impression after the indenter was removed; and S is the contact
stiffness, derived from the gradient or slope of the upper part of the unloading curve [241],
[287]. Additionally, based on the response of the tested material to the applied load, the load-

displacement curve can be divided into the following regions [281]:
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i.  Region AB: elastic region, no residual impression remains on the surface following the
removal of the applied load.
ii.  Region BC: the mechanical behaviour changes from elastic to elastic-plastic.
iii.  Region CD: completely plastic-region.
iv.  Region DE: initial region of the unloading curve, the contact area remains constant as
the displacement decreases.
v. Region EF: elastic recovery region, with the decreasing of the displacement, the

impression’s shape changes.
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Figure 3-9. Schematic of a typical force and displacement curve of an elastic-plastic material indented
by a pyramidal indenter. Figure is reproduced from ref [281].

Various methods have been used to derive the elastic modulus (E) and hardness (H) values
from the load-displacement curve, including: slope-based method, energy-based method,
dynamic method, loading curve method and unloading curve method (Oliver and Pharr
method) [281]. Among them, Oliver and Pharr method [241] (proposed by Oliver and Pharr in
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1992) is the most popular one. In the unloading curve method (Oliver and Pharr method), the
E and H of the tested materials can be calculated via Eqgs 3.6 to 3.8 [241], [288]:

_ Pymax
H = e, (3.6)
1 1-v?  1-v3
E_r - E; + T' (37)
_Vms

where Py, 1S the maximum load (mN), A is the projected contact area, Ei and v; are the
Young’s modulus and Poisson’s ratio of the diamond tip, respectively. Er and v, are the
reduced modulus and Poisson’s ratio of the tested specimen, respectively. £ is a constant related

to the indenter geometry.

In current PhD project, nanoindentation was used to measure the local properties of individual
components in as-received SiCsSiCmn materials and as-received Cr-coated materials,
respectively. For SiCsSiCm materials, sample preparation procedure in Section 3.3.2.1 was

used. As for Cr-coated materials, sample preparation procedure in Section 3.3.2.2 was used.

A Hysitron T1 Premier nanoindenter with a Berkovich diamond tip (three-sided pyramidal
shape) was used. Prior to all the measurements, A tip calibration process was conducted on
standard fused silica, which generated a tip area function to correct for any geometrical
deviations from an ideal Berkovich shape [14]. The polished specimen’ cross-sections were
mounted on the loading stage by a thin layer of crystalbond adhesive, and the location of each
indent was then identified by using a 10 x objective lens. During the indentation process, a
depth control mode was used with 100 nm s™* of the loading/ unloading rate, and holding at the
maximum indentation depth of 500 nm for 2 s. For the areas where multiple indents were
conducted, the indents were spaced 10 um apart. The hardness (H) and elastic modulus (E)
were subsequently obtained via the Oliver and Pharr method [241], from Eqgs. 2.11 and 2.12,
respectively. In current study, Ei and v; are 1140 GPa and 0.07 for the Berkovich shape tip,
respectively. And the widely reported v, of SiC (0.20 [289]), zircaloy-4 (0.30 [290]) and Cr
(0.21 [5]) were used.

3.3.4. Measurement of residual stress
3.3.4.1. Residual stresses measured by Raman spectroscopy

Raman spectroscopy is a non-destructive technique and has widely used in various research

areas, e.g., material science [291], biology and life sciences [292], archeology [293],
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environmental monitoring [294], and cultural heritage conservation [295]. The principle of
Raman spectroscopy is based on the inelastic scattering of light during its interactions with the
materials [296], which was theoretically predicted by Smekal in 1923 [297], and being
experimentally observed by Raman in 1928 [298].

During the scattering process, the incident photons interact with the molecules, inducing
perturbations in the electron cloud and leading to the formation of a transient energy state
(virtual level), and immediately being scattered to another stable state [299]. Over 99% of the
photons fall back to the initial energy state (ground level) with no energy exchange, resulted in
the scattered light possesses the same frequency and wavelength as the incident light. This
elastic scattering process is called Rayleigh scattering [300]. However, if the photons gain
energy from the molecules, the frequency of the scattered light will be higher than the incident
light, which is known as anti-Stokes Raman scattering [300]; if the molecules gain energy
during the interaction, the scattered light’s frequency will be lower than that of the incident
light, and this process is known as Stokes Raman scattering [300]. A schematic of these three
scattering processes is presented in Fig. 3.10. In the Raman spectra, the Raman shift (in
wavenumber, cm™) can be calculated from the differences of incident and scattered light,

following Eq. 3.9:

Aw = wy + wg, (3.9)
where w, is the wavelength of incident light, wy is the wavelength of Raman scattered light.
Energy _
R i G s i S, N
level e B e e T P Anti-Stokes
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Figure 3-10. Schematic shows the scattering processes including: Rayleigh scattering, Stokes Raman
scattering and anti-stokes Raman scattering. h is the Planck’s constant, v, is the frequency of the
incident light, and Av is the variation of the frequency of scattered light (compared with that of incident
light). Figure is reproduced from ref [301].

Fig. 3.11 displays the schematic of a typical setup of the Raman spectrometer. During the
Raman measurements, monochromatic laser light emitted from various types of the sources (
e.g., Ar', He-Ne) is served as the incident light, and is directed into the microscope. This light
subsequently passes through a objective lens and being focused on the specimen’s surface,

which consequently induces the emission of Raman scattering light from the specimen. This

81



3. Materials and experimental procedures

Raman scattering light is then dispersed via a diffraction grating and directed to the charge-
coupled-device (CCD). Note that, a filter is applied in this step to remove the Rayleigh
scattering light. Finally, collected light intensity data are transmitted to a computer system, and

the Raman spectrum is generated [302].
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Figure 3-11. Schematic of a typical setup of the Raman spectroscopy system.

Generally, the peaks in Raman spectra contain material’s information, for example, molecular
vibration and crystal structure [303]. For instance, the Raman peak position could be used to
determine the structure and for stoichiometric analysis. Specially, the shift of peak position has
been widely used for determining residual stresses in various types of nuclear materials,
including: SiC¢SiCnm cladding materials [14], nuclear graphite [304] and TRISO particles

[305]. The magnitude of residual stress (o) can be calculated via Eq. 3.10:
ogr = |wg — wg| /AC. (3.10)

where AC is the stress conversion factor, w, is stress-free peak position (cm™) and ws is
measured peak position (cm™). Generally, a tensile stress shifts the Raman peak to a lower

wavenumber, while a compressive stress shifts it to a higher wavenumber.

In current PhD project, Raman spectroscopy measurements were conducted on the polished
cross-sections of as-received SiC¢SiCm materials to measure the residual stress of both SiC
phase and carbon phase. Sample preparation procedure in Section 3.3.2.1 was used. A
Renishaw inVia micro-Raman system with a 488 nm laser in a confocal mode was used. A
long working distance 50 x Lecia lens was used to focus the laser light and collect the Raman
scattered light within a ~0.6 to 0.7 um diameter spot size in an ~20 mW incident power on the
sample surface. Prior to the measurements, spectrometer was calibrated using a standard Si

film with a known Si peak position at 520.3 cm™.
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For both types of SiC¢-SiCm cladding materials, the SiC phases in outer/inner SiC coatings, SiC
matrix and SiC fibre mainly consist of B-SiC, with one type of transverse optical phonon mode
(TO) at ~797 cm™ [14], as well as small amount of a-SiC, with three types of TO at ~766 cm"
1 ~787 cm™ and ~797 cm™ [14]. Therefore, for SiC phase, the widely used w, = 797 cm™ of
TO [14], and corresponding AC = 3.53 + 0.21 cm™/GPa [306] of polycrystalline B-SiC were
selected. As for carbon phase, the widely reported w, = 1584.5 cm™ graphitic mode (G) peak
[14], and corresponding AC = 10 cm™/GPa [307] were used.

Measurements were performed on different locations of SiCsSiCrn materials and all the Raman
spectra was scanned in the range of 200-2000 cm ™. For the outer/inner SiC coatings and the
multiple-layers outer SiC coating of SiCs-SiCm materials, respectively, the acquisition time was
10 s; for the SiC matrix between fibre bundles of both types of SiCsSiCm materials, the
acquisition time was 10 s; as for the SiC fibre (with excessive carbon phase inside), PyC
interface area and SiC matrix next to the fibre of both types of SiCsSiCm materials, the
acquisition time was 20 s due to the relatively low SiC peaks’ intensities compared with carbon
parks. After the measurements, peak fitting was performed in Wire 5.3 software (with a
combined Lorentzian + Gaussian function) to extract the wavenumber positions and Full-
Width-at-Half-Maximum (FWHM), with one example presented in Fig. 3.12.
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Curve Name Centre Width Height % Gaussian Type Area ChiSq
Curve 1 771414 54.4212 3122.22 0 Mixed 266901 0.934246
Curve 2 910.023 126435 1368.45 100 Mixed 184174

Curve 3 792.766 15.1531 7111.86 82.899 Mixed 124045

Curve4 795.849 6.38775 26889.4 47.9768 Mixed 228080

Curve 5 97134 12.3429 22894.3 0 Mixed 443879

Figure 3-12. Representative example shows the peak fitting process.

3.3.4.2. Ring-core focused ion beam milling with digital image correlation

Focused ion beam-digital image correlation (FIB-DIC) method is a combination of various
approaches, including: FIB milling, in-situ SEM imaging, digital volume correlation (DIC) and
finite element modelling (FE); and has drawn growing interests for calculating residual strains

and stresses in thin films and coatings [308]-[313].
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Generally, FIB-DIC method involves four main steps:

Establishing patterning & image conditions. In this step, the sample’s surface exhibit
some random patterns (represented by the microstructural features), which serves as
reference point for DIC displacement tracking; if the surface is too smooth, additionally
random dot speckle patterns (usually by ion milling) are adopted on the surface [314].
Then, the milling conditions (e.g., milling depth, milling rate) should be considered for
the target materials mainly based on their composition and crystallinity [315], aiming
at fully releasing the stresses in the materials, as well as minimizing the damages
induced by ion beam [316]. Finally, to ensure the stability of both the machine and
captured SEM images, it is imperative to turn on the system and keep it in an operational
state for at least one hour before the experiment [316].

FIB milling. The milling geometries are firstly selected, which commonly involve
slot/trench [313], [317], double slot/H-bar [318], ring-core [319]-[321], and hole
drilling [312], [322]. Then, for subsequent DIC analysis, SEM images are adjusted in a
proper light and contrast range, as well as low noise [316]. Additionally, the drifting of
sample could happen during the milling process. Therefore, it is recommended to
conduct several repeat measurements on the sample to increase the accuracy of the
results.

DIC calculation. During this step, the images are compared with the reference image to
generate the displacement fields, and subsequently calculate the residual strains [316].
If excessive drifting of sample happens during the milling, it will significantly affect
the accuracy of the calculation of displacement and residual strain; thus, these data
should be avoided.

FE modelling & residual stress evolution. Various open-source FE models have been
designed for corresponding milling geometries. The detailed principles and procedures
for the calculation of stress during the milling process of various geometries (trench,
double slot and ring-core) can be found in ref [316]. For the FE calculation, hardness
and elastic modulus of the target material are two main factors to convert strain to
stresses. However, for the target thin coating materials, their microstructures could be
significantly different to the bulk materials; and the utilization of the macroscopic
modulus value can be considered as an approximation but may not precisely reflect the
underlying material behavior, consequently introducing inaccuracies in the

determination of residual stresses [316]. Therefore, it is recommended to measure the
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exact hardness and elastic modulus of the target materials, e.g., using nanoindentation
[1], [323] and microbeam bending method [324], [325].

In current work, FIB-DIC method with a ring-core geometry is used to calculate the residual
stresses in the Cr coatings of HCS and NCS Cr-coated zircaloy-4 cladding materials. The
sample preparation procedure described in Section 3.3.2.2 was used. After the polishing
process, the samples were mounted on to an aluminium SEM specimen pin stubs (AGG301,
Agar Scientific) by fast-drying silver suspension (Agar Scientific). The experiments were
conducted in a FEI Helios NanoLab 600i Dualbeam workstation.

The first step is to locate a ROI in the centre part of the coating, after linking to the eucentric
height and ensuring the X direction (horizontal) and Y direction (vertical) of the sample and
the SEM image (in SE2 mode) were aligned. Electron deposition of random dot speckle
patterns was then conducted using an Ga+ electron beam set at 10 kV and 0.34 nA, with a stage
tilt of 52° and with SEM tilt correction enabled (disabled once electron deposition is
completed). It takes ~90 s to finish the speckle pattern deposition process, with one example
of the pattern after deposition presented in Fig. 3.13. Two concentric rings were drawn in the
FIB view via circular patterning module, with 8.5 pum outer diameter, 6 pum inner diameter and
30 um milling depth. The FIB ring core drilling process utilzed a Ga+ beam operated at 30 kV
and 0.28 nA. To minimise any potential SEM imaging drift, SE2 imaging was set to fast scan
mode of 50 ns dwell time, with a line time of 67.3 us, frame time of 62.0 ms and a refresh rate
16.13 Hz. The resolution of all SEM images was set to 1024 x 884 pixels.

Figure 3-13. Image shows random dot speckle patterns deposited by Ga+ on the middle part of Cr
coating of polished cross-sections of as-received HCS/NCS Cr-coated zircaloy materials.

85



3. Materials and experimental procedures

During the experiment, the defined annulus region to be milled was moved over the ROI, and
the drift of SEM imaging was checked again at the desired magnification of 12000x. An
automated ring core drilling and image taking processes were applied, where the milling depth
(30 pm) was divided into 100 steps, resulting in milling steps of ~ 0.3 um thickness within the
annulus region. Following each milling step, an SEM image was collected, which consisted if
an average of 128 frames, enabling the less susceptible of the image to the charging-induced
drift errors as the pixel dwell time was reduced. In each automated ring-core drilling process,
around 90 SEM images were captured from both 0° and 90° scan rotation (~160 to ~180 images

in total), resulting in the actual milling depth of ~27 um.

The SEM images were subsequently imported into the open-source MATLAB-based 2D DIC
programme NCORR [326] to calculate the relief of coating strain during the ring-core drilling
process. Note that, drifting of the SEM images may occur during the milling process, and may
milled off some dot patterns at the boundary. To minimize their influence of errors in DIC
analysis, only the centre part of the dot patterns is selected for DIC analysis. Therefore, for DIC
analysis, a subset-(interrogation window)-based local approach was employed in current work,
which is a circular subset with 35 pixels of radius, 5 pixels of subset space and 5 pixels of strain

interpolation radius.

For each ring-core, a strain relaxation profile was plotted against milling steps, ideally with the
plateau in strain relief corresponding to total relaxation of residual stress in the gauge volume.
The residual stresses inside the coating were then calculated from the average strains calculated
by DIC method, and the measured E (measured by nanoindentation in current work) and v, of
Cr (0.21 [5]). These experiments were conducted on the middle of coating of the HCS and NCS
materials, and three ring cores were performed for each type of the material.

3.4. Conclusion

This Chapter describes the materials investigated in current PhD project, including: two types
of SiC¢-SiCm cladding materials, and four types of Cr-coated zircaloy-4 cladding materials. The
detailed experimental procedures are also included. The microstructures, local properties,
residual stress distributions of two types of SiC¢SiCr cladding materials are investigated by
several techniques, in the aim of illuminating the mechanical behaviours and failure processes
of them tested at RT and 1200°C (by high temperature C-ring compression tests combined with
real-time uXCT imaging). The results are presented respectively in Chapter 4 and Chapter 5.
The microstructures and local properties of CS and PVD Cr-coated materials are studied via
EBSD and nanoindentation, to understand their potential influences on the mechanical
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behaviour and failure processes of these materials tested at RT and 345°C. These results are
summarized in Chapter 6. As for the HCS and NCS Cr-coated materials, their mechanical
behaviour and failure processes at RT and 345°C are investigated by high temperature C-ring
compression tests with in-situ uXCT imaging, and the coating crack patterns are studied by
SEM imaging FIB-SEM tomography, and with the results presented in Chapter 7. The local
properties (by nanoindentation), microstructures (by EBSD), and residual stresses in the
coating (by FIB-DIC) of HCS and NCS materials are also studied, which are to support the
interpretation of the observations by uXCT imaging and SEM imaging, and the results are also
presented in Chapter 7.
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4. Mechanical behaviour of SiC¢-SiCn cladding with single-layer outer/inner
SiC coatings

In the current Chapter, the mechanical behaviour and failure processes of SiC¢-SiCm cladding
with single-layer outer/inner SiC coatings were investigated, with more comprehensive
introductions of this material is presented in Section 3.2.1. The descriptions of C-ring
compression experiments with in-situ pXCT imaging conducted at RT and 1200°C are
presented in Section 3.3.1. The processing procedures of uXCT datasets are presented in
Section 3.3.1.3. The procedures for measuring 3D strains by DVC methods is presented in
Section 3.3.1.4. The procedures for estimating local properties by nanoindentation method is
presented in Section 3.3.3. The procedure for estimating residual stresses by Raman
spectroscopy is included in Section 3.3.4.1. The results are presented in the order of (i) the
microstructure, local property and residual stress of as-received material; (ii) load-time curves,
hoop strengths of outer coating and entire composite materials tested at each temperature; and
(i) failure processes and failure strengths of the materials tested at each temperature.

The results from current Chapter have been published in Materials & Design during the PhD
project. The current Chapter contains minor additions and modifications compared to the
published article by Yuan et al. [14]. Guanjie Yuan: Investigation, Formal analysis, Data
curation, Writing — original draft, Writing — review & editing; J. Paul Forna-Kreutzer:
Experiments; Peng Xu: Resources; Sean Gonderman: Resources, Review & editing; Christian
Deck: Resources, Review & editing; Luke Olson: Resources, Review & editing; Edward
Lahoda: Resources, Review & editing; Robert O. Ritchie: Resources, Funding acquisition,
Supervision, Writing — review & editing; Dong Liu: Conceptualization, Resources,

Methodology, Funding acquisition, Supervision, Writing — review & editing.
4.1. Microstructure of as-received material

Fig. 4.1 displays the typical microstructure of the as-received SiCs-SiCm material. As described
in Section 3.2.1, single layer of SiC coating can be found on both outer and inner surfaces of
the material, and they were measured to have a thickness of 201.13 + 3.90 um and 119.42 +
6.38 um, respectively. Note that the inner SiC coating is very torturous and hence it creates
large voids at the inter surface of the cladding material, Fig. 4.1.
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Schematic of cladding material

Cl‘OSSOVCl‘S

X 500 pwm

Figure 4-1. Optical image of the small polished cross-section of the as-received SiCsSiCy, material
shows its typical microstructure. One schematic of the cladding material is also included to illustrate
the location of the cross-section.

Two main types of pores were measured inside the material, including: (i) macropores are
found in the matrix between fibre bundles (at the crossovers of fibre bundles), and (ii)

micropores are found inside fibre bundles, Fig. 4.1.
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Figure 4-2. (a) to (c) are 3D visualization from reconstructed uXCT datasets of pre-load scan of the C-
ring sample: (a) shows the material with tortuous inner surface, attributed to the large voids at the inner
surface; (b) shows macropores and (c) shows micropores. Orientation of fibre bundles is also included.

The 3D visualization of the reconstructed uXCT scans of the as-received material, which
collected at pre-load stage, is presented in Fig. 4.2a. Consistent with the observations from
optical image (Fig. 4.1), the inner surface of the material is tortuous, Fig. 4.2a. For all the tested
samples, the macropores and micropores in the as-received material have been segmented by
the method described in Section 3.3.1.3, and they are visualized in 3D with examples are

respectively shown in Figs. 4.1b and 4.1c. The volume fraction of these macropores and
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micropores are estimated to be 2.56 + 0.23% and 6.13 = 0.52%, respectively. The larger voids,
caused by the tortuous inner coating at the interface with the composite, were not included in
the pore volume calculations. The pore structure/distribution and volume are consistent across
all samples tested which indicates the volume studied is representative. This is further evident

by the consistent mechanical behaviour in Section 4.3.
4.2. Local property and residual stress of as-received material

After the investigation of the microstructures of as-received material, a comprehensive analysis
of the local property and residual stress distributions of individual components inside the as-
received material were carried out, as they can potentially affect the mechanical properties and
failure processes of the material.

4.2.1. Local property
Nanoindentation tests were performed on the polished cross-sections of the outer and inner SiC
coating layers, the SiC fibres, the matrix within fibre bundles and the matrix between fibre

bundles.

For both the outer and inner SiC coatings, a line-scan of indents, 10 um apart, was collected
across the thickness of the coating (from the coating’s surface to the coating/composite
interface), and 5 indents were performed in the same distance away from the surface of the
coating. The results plotted in Fig. 4.3. It can be found that, across the thicknesses of both
outer/inner SiC coating, no obvious difference in the values of hardness, H, and elastic
modulus, E are measured, Fig. 4.3. Specifically, the outer coating has an average hardness of
31.9 = 2.3 GPa and an elastic modulus of 338.8 + 5.8 GPa, whereas for the inner coating the
average hardness is 34.7 £ 0.6 GPa with an elastic modulus of 340.7 + 3.3 GPa, i.e., the outer

and inner coatings have very similar properties.
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Figure 4-3. Hardness and elastic modulus values across the thickness of both outer and inner CVD SiC
coatings of the polished cross-section of as-received material, with (a) for the outer SiC coating, and
(b) for the inner SiC coating. Optical images of polished cross-sections of outer/inner SiC coatings are
also included, with the blue arrows show the locations for line-indents.

For the matrix within a fibre bundle, the hardness and modulus were 33.2 + 3.1 GPa and 331.0

+ 9.8 GPa, but for the matrix between fibre bundles, a slightly lower hardness of 32.0 £ 1.1

GPa and modulus of 310.7 + 5.0 GPa were measured.
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Table 4-1. Measured values of the hardness H and elastic modulus E in different areas of the polished
cross-section of the as-received SiCs-SiC, cladding material.

Locations H (GPa) E (GPa)

Outer SiC coating 31.90 £ 2.26 338.82+5.76
Inner SiC coating 34.68 £ 0.61 340.68 + 3.29
Fibre 18.69 + 3.18 174.64 £ 15.60
Matrix within a fibre bundle 33.21+3.13 330.96 £9.78
Matrix between fibre bundles 31.99+1.06 310.65 £5.03

4.2.2. Local residual stress

As described in Section 3.3.4.1, the SiC TO Raman peak at the position of 797 cm™ is selected
as the stress-free peak position, and the SiC TO peak at ~797 cm™! is utilized to estimate the
residual stress of the SiC phase of different components in the cladding material, including:
outer SiC coating, inner SiC coating, SiC matrix and. Specially, for the both the outer and inner
SiC coatings, a line-scan of measurements (in steps of 10 wm) was conducted across their
thicknesses, as marked by blue arrow in the optical images in Fig. 4.4 and Fig. 4.5, respectively.
5 measurements were conducted at the same distance away from the surface of the coating.

Across the thickness of the outer SiC coating (with the measurement locations in Fig. 4.4), the
detected Raman spectra are found similar, with one typical spectra presented in Fig. 4.4a. In
the range of 500 cm™ to 1000 cm ™, three distinct TO peaks were observed: with one at ~764.8
cmt, one at ~788.2 cm* and one at ~795.8 cm™*. One LO peak was observed at ~973 cm ™.
Some second order SiC peaks were detected in the range of 1300 cm™ to 1800 cm™. As
described in Section 3.3.4, CVD SiC mainly consists of B-SiC. Therefore, the TO peak at
~795.8 cm was used to estimate the residual stress of B-SiC phase. Tensile residual stress is
detected in the outer SiC coating, with the peak positions and corresponding residual stresses
plotted in Fig. 4.4b. It can be found that, no obvious variation of the peak positions and
corresponding residual stress across the thickness of the outer coating. The average peak
position of the selected TO peak is 795.92 + 0.43 cm™2, with the average residual stress is 0.31
+ 0.13 GPa (via Eg. 3.10).
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Figure 4-4. Raman measurements collected across the thickness of the outer SiC coating in the polished
cross-section of as-received material. (a) Typical Raman spectra of SiC phase. (b) Peak positions of
selected SiC TO peak (~797 cm™?) and corresponding estimated tensile residual stresses of SiC phase
across the thickness of the outer SiC coating.
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Figure 4-5. Raman measurements collected across the thickness of the inner SiC coating in the polished
cross-section of as-received material. (2) Typical Raman spectra of SiC phase. (b) Peak positions of
selected SiC TO peak (~797 cm™?) and corresponding estimated tensile residual stresses of SiC phase
across the thickness of the inner SiC coating.

The Raman spectra across the thickness of the inner coating were found similar, and Fig. 4.5a
displays one typical spectra. Similar as the spectra in outer coating, three types of SiC TO
peaks: at ~767.9 cm™%, at ~785.9 cm™* and at ~795.5 cm™?, one type of SiC LO peak were also
detected in the inner coating. Note that, obvious broadening of all the SiC TO peaks are
detected in the inner coating, which indicates the relativity lower crystallinity of the SiC phase
in the inner coating when compared with that in outer coating. Tensile residual stress is also
detected in the inner SiC coating, and no obvious variation of the stress is found across the
thickness of the inner SiC coating. The average peak position of the selected TO peak is 796.18
+ 0.42 cm™, with the average residual stress is +0.22 + 0.12 GPa (via Eq. 3.10).
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The Raman spectra collected for SiC matrix between fibre bundles are found similar (locations
are marked in black arrows in Fig. 4.6), with one typical Raman spectra can be found in Fig.
4.6. In the range of 500 cm™ to 1000 cm™?, three types of TO peaks were also detected.
However, significant broadening of the LO peak is observed, Fig. 4.6. The average peak
position of the selected TO peak is 795.97 + 0.35 cm ™%, with the average residual stress is +0.29
+ 0.10 GPa (via Eg. 3.10).

The detailed Raman peak position of selected SiC TO peak, and the corresponding residual

stress values of SiC phase at these locations are tabulated in Table 4.2.
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Figure 4-6. One typical Raman spectra collected in the matrix between fibre bundles in the polished
cross-section of as-received material.

Table 4-2. Raman peak positions of the SiC TO band (at ~797 cm™) and carbon G band with the
corresponding calculated residual stresses of B-SiC phase and carbon phase(‘+’ for tensile stress and
‘=’ for compressive stress).

Raman

peak Residual

Raman peak

Residual stress

Locations position of SiC stress in SiC position of carbon in carbon
TO band (cm™) phase? (GPa) G band (cm™) phase® (GPa)

Outer SiC coating 795.92 +0.43 +0.31+£0.13 - -

Inner SiC coating 796.18 + 0.42 +0.22 £ 0.12 - -

Matrix between

fibre bundles 795.97 £ 0.35 +0.29+0.10 - -

Matrix next to fibre  796.17 £ 0.33 +0.24 £ 0.10 - -

Fibre centre 794.54 £ 0.66 +0.70£0.20  1587.89+0.21 -0.34 +0.02

Fibre edge 794.67 + 0.63 +0.66 £ 0.19 1588.29 £ 0.26 -0.38 £ 0.03

PyC interphase 795.01 £ 0.88 +0.56 £ 0.27 1590.07 + 0.68 -0.62 £ 0.07

2 calculated using Eq. 3.10, with AC being 3.53 + 0.21 cm™/GPa [306]
b calculated using Eq. 3.10, with AC being 10 cm™/GPa [307]
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Figure 4-7. (a) Polished cross-sectional SEM image of one fibre showing the location of four
measurements taken along the radial direction of the fibre; (b) to (d) are Raman spectra of different
locations on the polished fibre cross-section: (1) centre of fibre, (2) middle point between the centre
and the periphery of the fibre, (3) PyC interphase area and (4) matrix next to the fibre; with (b) for
locations 1 and 2, (c) for location 3 and (d) for location 4. The insert images show the fitting of
individual peaks of SiC phase and carbon phase.

For the SiC fibre and SiC matrix next to the fibre, Raman spectra were collected along the
radial direction of the fibre at four locations: (1) at the centre of the fibre, (2) at the middle
point between the centre and the periphery of the fibre, (3) on the PyC interphase layer, and (4)
the matrix adjacent to the fibre, Fig. 4.7a. For locations 1 and 2, the Raman spectra were found
similar, with one representative example presented in Fig. 4.7b. And the Raman spectra of
locations 3 and 4 are presented in Fig. 4.7c and Fig. 4.7d, respectively. Inside the fibre at
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locations 1, 2 and 3, three SiC TO peaks (700-1000 cm™t) and three types of carbon peaks
(disorder mode (D) peak at ~1360 cm ™2, graphitic mode (G) peak at ~1584.5 cm ™ and D’ peak
at ~1620 cm™2) are apparent, but the carbon peaks are absent in the matrix (location 4) as there
is no carbon phase, Fig. 4.7d. Moreover, shift of the SiC TO peak (~797 cm™?) along the radial
direction of fibre was observed, from ~794.6 cm™ in location 1 to ~796.2 cm™ in location 4.
Shift of carbon G peak was also observed, from ~1587.8 cm™ in location 1 to ~1589.9 cm™
in location 3. These all indicate the variation of residual stress inside B-SiC phase and carbon
phase along the fibre radial direction. Therefore, 5 Raman line scans were collected along the

fibre radial direction (from location 1 to location 4), in steps of 1 um, Fig. 4.8a.
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Figure 4-8. (a) Polished cross-sectional SEM image shows line-scan of Raman measurements taken
along the radial direction of the fibre; (b) shows the FWHM of SiC TO peak at ~797 cm™* along the
fibre radial direction; (c) shows peak positions of selected SiC TO peak (~797 cm™) and corresponding
estimated tensile residual stresses of SiC phase; and (d) shows peak positions of selected carbon G peak
(~1584.5 cm™) and corresponding estimated compressive residual stresses of carbon phase.

The FWHM of SiC TO peak at ~797 cm™ along the radial direction of fibre is presented in
Fig. 4.8b. In the fibre, the FWHM of the peak steadily increases from fibre centre (~5.1 cm™?)
to the PyC interphase area (~11.9 cm™). It then become constant at ~9.4 cm™ in the matrix
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next to fibre, Fig. 4.8b. Tensile residual stress was measured of B-SiC phase inside the fibre. It
steadily decreases along the radial direction of the fibre: from ~0.70 GPa at fibre centre, to
~0.56 GPa at the PyC interphase area; and then becomes consistent at ~0.24 GPa at the matrix
next to fibre, Fig. 4.8c. Compressive residual stress was measured of carbon phase inside the
fibre. It stays constant at around -0.4 GPa inside the fibre, and increases to around -0.6 GPa at
the PyC interphase area, Fig. 4.8d. The measurements are compared with literature data in

detail in Section 4.6.

4.3. Mechanical properties of SiCs-SiCm material at RT and 1200°C

The load-time curves for SiCsSiCn materials under C-ring compression tests at RT and
1200°C, are plotted in Fig. 4.10. Samples S1-1 and S1-2 were tested at RT and samples S1-3
and S1-4 were tested at 1200°C. The detailed testing sequences in Table A.2 in the Appendices.

It can be found that, the measured behaviour was relatively consistent despite the limited
number of samples tested. Load drops (sudden decrease in load when sample was in a fixed
displacement) were observed for all tested samples (at both temperatures) during the loading
process, which was found to correspond to the formation of cracks by the X-ray tomography

results (will detailed presented in Section 4.4).

For sample S1-1 tested at RT, the first load drop (~5 N) occurred at ~21 N (~0.65 Py), as
marked in Fig. 4.9a, followed by the second load drop at ~25 N (~0.70 Py), the third load drop
at peak load 33.71 N (Py) and a final post-peak load drop (more than 15 N) at 0.84 P;. Similar
behaviour was observed for another RT sample (S1-2), the first load drop occurred at ~22 N
(~0.65 Py, very similar to that occurred at ~0.62 P, for sample S1-1); then the second load
drop occurred at ~23 N (~0.68 Py); two more load drops (~26 N, ~0.77 P, and ~32 N, ~0.94
Py;) occurred before the peak load, until the final large load drop (more than 20 N) occurred at
peak load (~34 N, Py), Fig. 4.9a.
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Figure 4-9. Load-time curves for the SiCsSiCy materials under C-ring compression tests for (a)
samples S1-1 and S1-2 tested at RT and (b) samples S1-3 and S1-4 tested at 1200°C. The open circles
indicate locations of WXCT scans on samples S1-1 and S1-3; load drops and peak load are marked by
arrows in S1-1 and S1-3 curves.
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As for the materials tested at 1200°C, different mechanical behaviours were found (compared
with tests at RT). The first such load drop were observed happened at peak load: ~39 N (Py)
for sample S1-3 and ~40 N (Py) for sample S1-4, Fig. 4.9b. In all samples at both temperatures,
the first crack always formed in the outer SiC coating corresponding to the first load drop (will
be detailed presented in Section 4.4). The load at which this first coating crack/first load drop
occurred was used to derive the outer coating failure strength via Eq. 3.1, which was 125-132
MPa at RT and 231-236 MPa at 1200°C. In other words, these tests consistently showed that
a much higher stress is needed to create a first crack in the monolithic SiC coating in the C-
ring compression configuration at 1200°C. Note that after the first coating crack, the stress
distribution inside the sample will be modified, such that Eq. 3.1 may no longer be applicable.
However, estimates of the maximum hoop stress have been derived based on this peak load
and are listed in Table 4.3. The maximum hoop strength at 1200°C (~231-236 MPa) is
consistently higher than that at room temperature (~200-202 MPa).

Table 4-3. Calculated coating failure strength and maximum hoop stress for SiCsSiCr material under
C-ring compression tests at RT and 1200°C.

. . . ) Maximum
. Sample width First load Coating failure Peak
Specimen hoop stress?
(mm) drop (N) strength® (MPa)  load (N)
(MPa)
21.04 (62% 125.07 33.71 200.38
S1-1-RT 4.85
of peak load)
22.38 (66% 132.76 34.13 202.46
S1-2-RT 4.86
of peak load)
Same as peak  Same as maximum 38.65 231.66
S1-3-1200°C 4.81
load hoop stress
Same as peak  Same as maximum 40.57 236.29
S1-4-1200°C 4.95
load hoop stress

2 calculated using Eqg. 3.1, ASTM C1323-16 [246].

In addition to load drops, during the time periods (~6 mins) when the samples were held at a
constant displacement for uXCT scanning, load relaxations (progressive decreasing of load)
were only observed at 1200°C tests but not apparent at RT. Specially, the load relaxations are
in the range of 5.22% to 16.51% of the applied load before peak load, and 7.02% to 7.53% of
the applied load after reaching peak load. While the in-depth analysis of these load relaxations
was beyond the scope of current work, and detailed data of load relaxation values as a function
of applied load are summarized in Table A.3 in the Appendices.

101



4. Mechanical behaviour of SiCs-SiCy, cladding with single-layer outer/inner SiC coatings

4.4. Failure processes of and crack toughening mechanisms at RT and 1200°C

After having analysed the microstructures, local properties, residual stresses of as-received
SiC¢SiCm S1 materials and the load-time curves, the subsequent step towards achieving a more
comprehensive understanding of the material behaviour at RT and 1200°C, with detailed
analysis of the failure processes according to the in-situ uXCT datasets collected at increasing
loading steps. The RT and 1200°C failure modes are described here using samples S1-1 and
S1-3 as representative examples because the fracture processes in S1-2 and S1-4 are similar to

S1-1 and S1-3, respectively.
4.4.1. Failure process at RT

At RT, the first load drop (from ~0.62 P, to ~0.52 P;;) accompanies the formation of a surface
crack (Crack #1) in the outer SiC coating, Fig. 4.10a. Once formed, this Crack #1 travelled
across the total width of the sample (~4.85 mm), with the majority length of Crack#1 (selected
range in a length of ~4.7 mm, which is ~97% of the sample’s total width) was presented in
Fig. 4.10a. It can be found that, Crack #1 is straight on the surface of outer coating, without
any obvious deflection. The width of Crack #1 on the coating surface is measured to be ~10
um. The first load drop in sample S1-2 (from ~0.65 P, to ~0.53 Py) occurred at a very similar
load; the calculated outer coating strengths are accordingly consistent at ~125 to 132 MPa, as

reported in Section 4.3.

The Crack #1 is subsequently segmented out and visualized in 3D, as presented in Fig. 4.11a.
It can be found that, Crack #1 is a continuous crack across the C-ring sample width (b) and
thickness (t). Crack #1 arrested the coating/composite interface without any obvious
propagation into the underlying composite (Fig. 4.11a), where two puXCT slices (Slice 1 and
Slice 2) of the X-Y plane were extracted to illustrate this, Fig. 4.10a.

Further loading did not enable the crack to propagate into the underlying composite but rather
led to the formation of a second crack (Crack #2) in the outer coating, Slices 3 and 4 in Fig.
4.10b. This second crack appeared less straight on the coating surface with a discontinuity
observed in the 3D segmented image (Fig. 4.11b); this crack also arrested at the outer
coating/composite interface, even at the deepest area. The width of Crack #2 on the coating

surface is measured to be ~10 um.
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Figure 4-10. Crack formation and propagation processes at RT illustrated using sample S1-1: (a)
formation of first coating crack (Crack#1) at 0.52 P, before peak load (crack depth is illustrated by
cross-sectional Slices 1 and 2), (b) formation of a second coating crack (Crack#2) at 0.61 P, before
peak load (crack depth is illustrated by cross-sectional Slices 3 and 4), (c) opening of second crack and
joining at the middle of the sample at 0.85 P, before peak load (crack depth is illustrated by cross-
sectional Slices 5 and 6); (d) opening of second crack and penetration through the underlying composite
reaching the inner SiC coating at 0.84 P, after peak load (crack depth is illustrated by cross-sectional
Slices 7 and 8).
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Figure 4-11. 3D visualizations (using Avizo software) of the room temperature outer SiC coating
surface cracks for sample S1-1 at (a) 0.52 P, before peak load with a full-thickness surface crack and
(b) 0.61 P, before peak load with a second surface crack. The colour represents the crack; the
discontinuity is uncracked coating material.

Continued loading (up to 0.85 Py before peak load) caused Crack #2 to open in width (from
~10 pum to ~30 um), connect in the middle section, deflect at the coating/composite interface
and propagate deeper into the underlying composite to link up with large matrix pores and
interact with fibre bundles, as shown in Slices 5 to 6 in Fig. 4.10c. At this load step, the deepest
depth of the propagation Crack #2 is ~40% (400 pum) of the total thickness of the material (~1
mm). These events all occurred before the peak load. With further loading after peak load, The
width of Crack #2 opened up further to ~80 pm on the surface of outer SiC coating, Fig. 4.11d.
Crack #2 penetrated through 80% (~700 pum) of the thickness of the cladding material and
reached to the inner SiC coating (Slice 8 in Fig. 4.11d).

4.4.2. Failure process at 1200°C

At 1200°C, the uXCT scans collected prior to peak load revealed no crack formation (Fig.
4.12a). The first coating crack formed at a much higher load than at room temperature at the
first load drop at peak load (from 38.65 N (Py) to 25.65 N (0.65 Py) for sample S1-3). Similar
to the room temperature tests, the first crack also occurred in the SiC outer coating, Fig. 4.12b.
However, distinct from the straight surface Crack #1 at RT, this first coating crack at 1200°C
was discontinuous with uncracked ligaments and ~90° deflections within the coating along the
hoop Y and Z directions of the C-ring sample (see the cross-sectional view in Fig. 4.12b for
Slice 1 and Slice 2 of X-Y plane and X-Z plane).
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Figure 4-12. Crack formation and propagation processes at 1200°C illustrated using sample S1-3: (a)
outer surface of sample at 0.79 P, before peak load showing no crack formation; (b) formation of first
discontinuous coating cracks at 0.65 P, after peak load showing uncracked ligaments and 90°
deflections within the coating (crack deflection either along coating/composite interface or inside
coating are shown by cross-sectional Slices 1 and 2 of X-Z plane; crack depth is illustrated by cross-
sectional Slices 1 and 2 of X-Y plane); (c) widening and joining of the outer coating crack at 0.36 Py
after peak load (crack depth is illustrated by cross-sectional Slices 3 and 4 of X-Y plane). The darker
orange colour in the middle of the 3D images are artefacts related to the centre of rotation during
reconstruction of the datasets.

3D visualization of this crack (Fig. 4.13) reviewed that, the penetration depth of the crack
varies: the majority (~90%) of the crack length arrested before, or at, the coating/composite
interface due to its shallow depth, or it deflected at the coating/composite interface. About 9.5%
of the total crack length propagated through the coating/composite interface into the fibre
bundle in the underlying composite — this crack either stopped inside a fibre bundle by
deflection or connected with the matrix macropores (Fig. 4.12b and Fig. 4.13). Although the
stress state is clearly modified by the presence of the first coating crack, a final scan after peak
load at 0.36 P, (Fig. 4.12c) was collected to demonstrate the widening and joining of the
discontinuous surface cracks (Fig. 4.12b). These cracks also propagated deeper into the
composite to connect with the macropores (Fig. 4.12c, Slices 3 and 4).
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Figure 4-13. 3D visualization of the outer SiC coating crack of S1-3 sample tested at 1200°C at 0.65
Py after peak load: (a) the YZ view of the crack highlighting features such as crack deflection and
uncracked ligament; (b) XZ view of the 3D crack demonstrating the small fraction (~9.5%) of the total
crack length that travelled across the coating/composite interface into the fibre bundle, with crack
deflection within the SiC coating.

To summarize, compared to room temperature behaviour of the material, at 1200°C, the first
crack formation still occurred within the outer SiC coating but at a much higher load and with
a larger load drop (~15-25 N at 1200°C compared to ~5-6 N at RT). Mechanisms such as
uncracked ligament bridging and 90° deflections within the monolithic SiC coating were only
observed at 1200°C. At RT, further loading after the first load drop led to additional smaller
load drops associated with more coating cracks prior to peak load. After the peak load, these
cracks penetrated deeper into the underlying composite driven by complex stress-state in the
C-ring compression configuration. At 1200°C, as the first load drop coincided with peak load,
further loading after the first load drop/peak load also drove the cracks into the composite

similar to the post-peak load behaviour at RT.
4.4.3. Crack toughening mechanisms at RT and 1200°C

At room temperature, toughening in the outer coating was associated with the formation of
multiple separate cracks which increased the total crack surfaces/length before peak load (Fig.
4.14a Type O-1). At 1200°C, this was achieved by the simultaneous formation of discontinuous
cracks separated by uncracked ligament bridges with crack deflection within the monolithic
SiC coating (Fig. 4.14a Type O-11 and Type O-I11). At both temperatures before peak load,
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crack deflection at the coating/composite interface was a major mechanism to stop the crack
propagating into the underlying composite. At the tip of the deflected crack at the
coating/composite interface, micro-scale crack bridging was also active as a toughening
mechanism (Fig. 4.14b Type C-I).

In the underlying composite (primarily after peak load), crack bridging was active at both
temperatures primarily within the fibre bundles (Fig. 4.14b Type C-I). Tortuous crack paths
and crack bifurcation were generated as the cracks linked up with matrix pores and deflected
at fibre bundle/matrix interfaces (Fig. 4.14b Type C-1I). Microcracks ahead of a main crack
were mostly found to form between fibres within a fibre bundle which acts as a mechanism to
diffuse the main crack and arrest its extension (Fig. 4.14b Type C-III). These observations
apply to both room temperature as well as 1200°C behaviour. It is emphasized that there was
no particular order in terms which mechanism occurs first within the composite; these were
observed simultaneously upon load drops in all samples investigated. Lastly, no fibre breakage

or fibre pull out was observed in the current loading configuration.
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Figure 4-14. Schematics of the toughening mechanisms for the materials under C-ring compression
test: (a) SiC outer coating including Type O-I (formation of multiple cracks), Type O-I1 (crack bridging)
and Type O-llI (crack deflection within coating and at coating/composite interface); (b) Composite
toughening mechanisms including Type C-1 (crack bridging), Type C-11 (tortuous crack paths) and Type
C-I11 (parallel cracks) with example uXCT slices of Y-Z plane and X-Z plane. All scale bars are 500

pm.
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4.5. DVC analysis of 3D local strains of materials tested at RT and 1200°C

Before applying DVC methods to the loaded pXCT datasets from the in-situ C-ring
compression tests, it is necessary to conduct sensitivity analysis to determine the errors and
uncertainties associated with the calculation procedure of the investigated materials. In light of
the different microstructures of studied composite materials, such sensitivity analysis is
recommended for each material under investigation prior to the DVC calculation of loaded
datasets [229]. In current work, the calculated strain uncertainties in the hoop direction (tensile

hoop strain, ¢,) were found to be less than 0.01 % in all steps: 0.08 % for step 1, 0.05 % for
step 2 and 0.02 % for step 3.

DVC analysis was subsequently utilised to determine local 3D displacements/strains by
correlating deformed uXCT datasets to reference scans. Tensile hoop strains, ¢, formed in the
coating prior to and after the formation of the first coating crack were calculated at both room
temperature and 1200°C. Samples S1-1 (at RT) and S1-3 (at 1200°C) are selected as
representative examples because the calculated ¢,, in S1-2 and S1-4 are similar to S1-1 and S1-
3, respectively; with the calculated ¢,, displayed on the X-Y plane of the C-ring samples in Fig.
4.15. It is evident that high &,, strain concentration areas already formed inside the outer SiC
coating before crack formation at both temperatures (Figs. 4.15a and 4.15b). At room
temperature, the uWXCT scan collected directly before the crack formation in the outer coating,
at 0.62 Py (Fig. 4.10a), indicated high ¢, strains of 1.88 + 0.06 % (Fig. 4.15a); after the first
load drop at 0.52 Py these strains increased to 2.10 £ 0.14 % in the region where the first
coating crack initiated (Fig. 4.15a). At 1200°C, a ¢,, strain of 1.87 + 0.12 % was formed at
0.79 Py in the outer SiC coating (Fig. 4.15b) prior to the formation of the first coating crack at
peak load; when the load dropped to 0.65 Py after peak load, the ¢, strain increased to 4.92 +
0.13 % (Fig. 4.165). The strains at which the first coating crack formed was derived from the
measured strain before first load drop at both temperatures via a linear extrapolation. At RT,
the first load drop happened at 0.62 Py, therefore the coating failure strain at RT is ~1.88 %.
At 1200°C, the first load drop happened at Py, by using the measured strain (~1.87%) at 0.79

Py, the coating failure strain at is estimated to be ~2.37 %.
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Figure 4-15. uXCT slices and the correspondingly calculated &, hoop strains of the X-Y plane at
increasing loading steps (samples S1-1 (at RT) and S1-3 (at 1200°C) are selected as representative
examples): for the room temperature S1-1 sample at (a) 0.62 P, before first load drop/first coating crack
formation, and 0.52 Py, after first load drop; for S1-3 1200°C sample at (b) 0.79 P, before peak load,
and 0.65 Py after peak load.

4.6. Discussion
4.6.1. Microstructure and local property of SiCsSiCm material
4.6.1.1. Porosity

The porosity (including the volume fractions of macropores and micropores) of SiC¢SiCn
cladding tube material was estimated to be ~9%, which is in the reported range for similar
nuclear grade SiCsSiCm materials with the matrix produced by CVI method from open
literatures: ~8.7 % to ~20.3%. The detailed information of these SiCtSiCm materials and

corresponding porosity values can be found in Table 2.7.
4.6.1.2. Local property

The overall hardness and modulus of the present SiC fibres (respectively ~19 GPa and ~175
GPa) were lower than that of the surrounding matrix (~33 GPa and ~330 GPa), which is also
consistent with literature data. For instance, the indentation hardness and modulus of Hi-
Nicalon™ type S fibres in CVI matrix SiCs-SiCm cladding materials have been reported to be
~24 GPa and ~270 GPa, compared to respective values of ~32 GPa and ~450 GPa for the
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surrounding matrix [327]. Similar nanoindentation testing on Tyranno SA3 fibres in a CVI
matrix SiCsSiCm cladding yielded an overall fibre hardness of 26-30 GPa and ~38 GPa for the
surrounding matrices [328]. This was attributed to the presence of carbon inside SiC fibre to
lower the hardness and modulus and was verified the hypothesis using the ‘rule of mixtures’
based on the carbon volume fraction estimated from segmentation of fibre cross-sectional
images (30% to 35%) in their materials [328].

4.6.2. Residual stress distribution

Residual stresses in the outer SiC coating will affect the strain at where first crack in the coating
takes place. For instance, in the TRISO particle fuel, the SiC coating is put under compression
to increase its failure strain [180]. The formation of crack or heating to elevated temperatures
will subsequently modify the residual stress distribution which impacts the failure strain as well
as the overall material’s mechanical behaviour [223]. It is therefore critical to conduct a
thorough analysis of the distribution of residual stresses in these cladding materials, both when
interpreting their deformation and fracture behaviour, and when comparing different types of

materials generated by different manufacturing processes.

In current Chapter, SiC was found to have tensile residual stresses in both the outer and inner
coatings (0.31 £ 0.13 GPa and 0.22 + 0.12 GPa, respectively), in the matrix between fibre
bundles (0.29 + 0.10 GPa) and in the matrix within a fibre bundle (0.35 = 0.10 GPa), as
summarized in Fig. 4.16. As these absolute stress values vary with the reference peak position
selected, the relative variation in stress is compared. The stress in the inner coating is ~0.09
GPa less tensile than in the outer coating; it is also ~0.07 GPa less tensile than in the matrix
between fibre bundles. The inference from this data is that the inner coating is under
compression in absolute terms to balance out the tensile stresses in the nearby matrix, and that

the outer coating could be under tension.
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Figure 4-16. The variation in residual stresses in different components of the as-received SiCtSiCn,
cladding material. (‘+’ for tensile stress and ‘-” for compressive stress).

Inside individual fibres, the SiC phase has a higher tensile residual stress at the centre of fibre
(~0.70 GPa) than at the outer edge (~0.56 GPa). Such a variation across the fibre cross-section
is not unexpected, as the fibre undergoes complex compositional and microstructural changes
during the fibre spinning and heat treatment. Though this is consistent with results in the
literature for Raman data collected from a CVD SiC fibre with a tungsten-rich core where the
highest tensile residual stress (~0.55 GPa) was measured at the fibre centre [329]. Note that the
SiC TO peak has a low FWHM at these high stress areas; as the FWHM is considered to be
inversely proportionally to grain size, this implies larger grains at the fibre centre and smaller

grains at the edges, again consistent with literature reports [329], [330].

Nance et al. [163] utilized Raman spectroscopy to measure the residual stresses in the SiC
phase inside Hi-Nicalon Type-S SiC fibres (same type of fibre as current project, which mainly
consist of B-SiC) at different stages of their manufacture: (i) in the as-received fibre (using a
reference stress-free position of 788 cm™ which is different from commonly used value of 797
cm™), (ii) after mechanical braiding of fibre bundles, and (iii) after 33%, 66% and 100% CVI

densification processes. These authors reported that processing introduced compressive

112



4. Mechanical behaviour of SiCs-SiCy, cladding with single-layer outer/inner SiC coatings

stresses into the SiC fibres of a magnitude from -0.70 GPa (after mechanical braiding of the
fibre bundles) to -1.08 GPa (after the 100% CVI densification process). Although a different
reference peak position was used, their Raman peak position of the SiC TO band (~794 cm™)
matched well with the band position in current study. These and other measurements of the

residual stresses of SiC phase in SiC fibres are summarized in Table 4.4.

Table 4-4. Measured stress-free Raman peak positions and Raman peak positions of the SiC TO band,
with the corresponding calculated residual stresses of SiC phase inside different types of SiC fibres. (‘-
> indicates a compressive stress).

Selected stress- Raman peak Residual
Type of fibres free peak shift of SiC TO stress of SiC
position (cm™) peak (cm™) phase (GPa)
Hi-Nicalon type-S fibre (as-received)
788 £ 0.07 (TO) 0 0
[163]
Hi-Nicalon type-S fibre (after
o 788 £ 0.07 (TO) 792 £0.14 (TO) -0.72
braiding) [163]
Hi-Nicalon type-S fibre (after 33%
T 788 + 0.07 (TO) 793 +£0.14 (TO) -0.90
CVI densification process) [163]
Hi-Nicalon type-S fibre (after 66%
o 788 £ 0.07 (TO) 794 £ 0.08 (TO) -1.08
CVI densification process) [163]
Hi-Nicalon type-S fibre (after 100%
o 788 + 0.07 (TO) 794 +0.27 (TO) -1.08
CVI densification process) [163]
One type of SiC fibre produced by From

CVD method (W-rich core in the 790 (TO) -
centre of fibre) [330]

-0.1to-2.4

While the SiC phase in the fibre was under highest tensile residual stress, the carbon phase in
the fibre was in compression (measured using the G band shift in the Raman spectrum as
described in Section 3.3), specifically at a stress of approximately -0.36 GPa at the fibre centre.
Using the G band peak position analysis, the PyC interphase area was found to be even more
compressive at about -0.62 GPa (Fig. 4.16). This was attributed to volume expansion during
processing according to Niu et al. [330]. The compressive stress in the carbon phase balances
with the tension in the SiC phase. Indeed, compressive stresses in the carbon phase of -1.22
GPa have also been measured at the C-rich boundary between fibre and matrix in SiC/Ni-Cr-

Al composites by Raman spectroscopy [330]. Therefore, the data measured in the current work
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in the SiC fibres are consistent with literature and can be used as input for future constituent

materials performance modelling.
4.6.3. Failure strength/strain of SiCtSiCm material tested at RT and 1200°C

Before detailed discussion of the hoop strength data, it is important to differentiate ‘maximum
hoop strength’ from ‘coating failure strength’. The former is used to select the peak load to
derive a maximum strength based on Eq. 3.1 from ASTM Standard C1323-16 [246] which is
used by the majority of studies in the open literature data. However, at RT, cracks formed in
the cladding materials before peak load under C-ring compression loading. They can lead to
the release of energy at the crack tips, as well as stress-state in the C-ring sample during the
crack deflection in the composite. Therefore, the hoop strength of material derived from Eqg.
3.1 by the peak load is likely to be no longer valid. In current work, the load at first coating
crack occurs is used to calculate the coating failure stress. No obvious stress-state variation
happened in the C-ring sample before the coating crack happened (hoop stress is the dominant
stress), therefore the calculated coating failure strength is more reliable.

The room temperature maximum hoop strength of SiC¢SiCm composite (with and without an
outer coating) measured by C-ring compression test, has been reported in the range of 174 MPa
to 413 MPa. A detailed summary of this information is given in Table 2.7. In current project,
the coating failure strain at 1200°C was measured to be ~2.37%, which is higher than that at
RT: ~1.88%. One potential reason is, when the materials were tested at high temperature (e.g.,
1200°C), the relaxation of tensile stress in the outer SiC coating enables it survive higher failure
strains. From literature, 12-20% 3D local strain (measured by DVC) in the outer coating was
reported by Saucedo-Mora et al. [132] in their coated SiCtSiCm claddings related to local

failure.

In present work, the room temperature maximum hoop stresses (based on the peak failure load)
of SiCs-SiCm cladding material were estimated to be ~200 MPa, which may be an overestimate
of the strength due to deviation from linearity caused by prior crack formation; nevertheless,
this value is still within the reported range. The room temperature coating failure strength of
SiC#SiCm material was lower at 125-132 MPa, although there are no published data directly
reporting the coating failure stress (first load drop) of similar SiC materials under C-ring
compression (as far as the author are aware). However, reviewing the published load/stress-
displacement curves for a range of materials, the stresses at first load drop are in the range of
~180 to ~240 MPa (Table 2.7 and Fig. 4.18) [119], [131]. This range is broadly similar to the

114



4. Mechanical behaviour of SiCs-SiCr, cladding with single-layer outer/inner SiC coatings

current work but the variation in these values can be associated with the differing sample

volumes, materials fabrication, overall material stiffness and coating thicknesses.
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Figure 4-17. Stress-displacement curves for room temperature C-ring compression tests of different
types of SiCs-SiCn cladding tube materials from literature, shows stresses at first load/stress drops for
that with outer SiC coating, as marked by open circles; to be noted that, stresses at first load drops are
not reported, and authors extracted them from their reported stress-displacement curves; (a) LWR SiCs-
SiCm cladding tube materials (with outer SiC coating), EM? SiCSiCr, cladding tube materials (with
outer SiC coating) and monolithic Hexoloy SiC [131], (b) SiCsSiCn, cladding tube materials with and
without outer SiC coating [119].
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In general, there are fewer high temperature experiments on tubular SiCtSiCn cladding
composites in open literatures; a detailed summary of literature values can be found in Table
2.9. Hironaka et al. (2002) [331] and Nozawa et al. (2014) [9] reported good strength retention
of SiC¢SiCm composites at temperatures up to 1200°C which is consistent with the results of
the current work. A notable study in this regard is by Shapovalov et al. [130], where high-
temperature C-ring compression tests were performed on two types of Hi-Nicalon™ Type S
fibres reinforced SiCsSiCrm cladding materials, one with a CVD outer SiC coating (~100 um
in thickness) and tested in air up to 1100°C, the other without outer SiC coating and tested in
air (up to 1100°C) and Ar environments (up to 1900°C). For the coated samples, they reported
a failure load of ~16 N tested at 1100°C in air. This value is half of the failure load measured
in current study at 1200°C, but the width of their C-ring samples was also half that of the
current samples; this implies that the current results are consistent with their measurements. In
addition, they found that the peak loads (~16 N) for the coated samples did not decrease at
temperatures up to 1100°C in air, as well as un-overcoated samples up to 1900°C in Ar (~10

N) [130]; again, this is consistent with the current findings up to 1200°C.

The retention and/or increase in failure strength is not unexpected; for instance, Gulden [332]
reported the fracture strength of dense SiC being approximately constant between room
temperature and about 900°C and then to increase sharply up to the maximum test temperature
of 1215°C to 1400°C. These imply that the room temperature property tests can be considered
as a conservative assessment of the coating failure for such materials systems. However, for
accurate modelling of the materials fracture processes, it is noted that the coating failure
strength should be differentiated from the maximum peak strength in C-ring compression
configuration. Additionally, load relaxation was only found for the materials tested at 1200°C
(Fig. 4.9). This phenomenon has commonly reported in CMCs materials [229]. Several factors
could potentially contribute to such load relaxation at high temperatures: (i) creep of fibre
[333]; (ii) redistribution of residual stress of individual components [229]; and (iii) the weaken
of fibre/matrix interface [334].

4.6.4. Failure processes and active toughening mechanisms at RT and 1200°C

The documented failure modes of SiCsSiCm composites at room temperature are generally
considered to occur in three stages [129], [131], [179]: (i) during the initial linear (elastic)
region of the stress-strain curve, the load is shared by both the fibres and matrix with little to
no cracks within the material; (ii) at the proportionality limit (akin to the yield strength in a

metal), cracks initiated in the matrix propagate along the fibre/matrix interface to result in the
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nonlinear mid-region of the stress-strain curve (akin to the plastic region in a metal); (iii) with
the matrix significantly fractured, load is transferred to the fibres which can lead to fibre pull-
out and eventually to fibre fracture, thus correlating with the remainder of the stress-strain
curve. However, the real time 3D imaging in the current study suggested very different failure
processes (summarised in Fig. 4.18) in the SiCsSiCm cladding material under C-ring
compression loading. Specifically, (i) the matrix crack was not the first fracture to occur, (ii)
several different toughening mechanisms in the coating and composites were activated
simultaneously rather than in sequence, and (iii) no fibre fracture/pull out was observed. This
suggests that the fracture processes may vary when different loading configurations are applied
such as bending, C-ring compression and/or biaxial/triaxial loading; it is inappropriate to
presume that the same failure processes in one test configuration will apply to all others.
Accordingly, to accurately model material performance, in-situ testing with 3D imaging on
representative samples is essential to identify the specific failure processes for the relevant

loading configuration.

In summary, for the current C-ring compression of SiCt+SiCm cladding material, at room
temperature the failure processes can be classified as follows (Fig. 4.18a): Stage 01 - a linear
region with no obvious crack formation; Stage 02 - the first load drop occurs corresponding to
crack formation in the outer SiC coating; Stage 03 - additional crack formation in the coating
on further loading (these coating cracks in Stage 02 and Stage 03 primarily stay within the
coating, either due to their shallow depth or deflection at the coating/composite interface, and
do not yet fully propagate to the underling composite); Stage 04 - upon load drop at peak load,
a primary coating crack propagates into the underlying composite, where various toughening
mechanisms (crack deflection, crack bridging, bifurcation and micro-cracking) are activated
simultaneously in the composite to resist the damage [335]. Beyond Stage 04, the outer SiC
coating further fragments with cracks propagating further into underlying composites

signifying final failure.
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Figure 4-18. Schematic illustrations of load-displacement curves to display the progressive failure of
SiCtSiCn cladding material under C-ring compression at (a) room temperature and (b) 1200°C.
Corresponding uXCT slices are representative examples illustrating failure processes.

The corresponding failure modes at 1200°C can be classified as shown in Fig. 4.18b: Stage 01
- a linear region with no crack formation or load drops; Stage 02 - first coating crack forms at
peak load in the SiC outer coating with uncracked ligament bridging and crack deflection
within the coating layer activated simultaneously; the majority of the cracking stays within the
coating and does not yet propagate into the underlying composite; Stage 03 - further loading

leads to a connection of coating cracks and their propagation into the underlying composite.

118



4. Mechanical behaviour of SiCs-SiCy, cladding with single-layer outer/inner SiC coatings

Inside the composite, crack deflection (either at the fibre bundle/matrix interface or at the
fibre/matrix interface within a fibre bundle due to the built-in weak interphase), crack bridging
and bifurcation act simultaneously to resist damage. It is important to note here that no obvious
fibre pull-out nor fibre fracture was observed in this study at both room temperature and
1200°C.

4.7. Conclusion

The local properties, in terms of modulus and hardness were measured for individual
components inside the SiCsSiCn cladding material. The results are consistent with literature
values with one key message being that the fibre has a lower modulus and hardness than that
of the matrix, due to the residual carbon phase inside the fibre.

A higher hoop strength and coating failure strain was measured for the SiC¢-SiCn cladding
material at 1200°C compared to that at room temperature; this suggests room temperature tests
can be potentially used as a conservative estimate of the high temperature performance for the

SiC¢SiCn cladding tube materials.

The residual stresses were mapped using Raman spectroscopy and suggested a relative tensile
residual stress inside the outer SiC coating at RT, which could be a potential factor contributing

to the high coating failure strain at 1200°C.

The failure processes at room temperature are different from 1200°C although in both cases,
the first crack initiated in the outer SiC¢SiCn coating leading to a load drop. As the crack
propagated into the underlying composite, various toughening mechanisms (i.e., crack
bridging, crack deflection and bifurcation, parallel cracks and tortuous crack pathways) in the
composite were activated simultaneously at both room temperature and 1200°C to resist the
damage. Crack deflection within the SiC coating, however, was only observed at 1200°C. No
obvious fibre pull-out or breakage were observed in this C-ring compression configuration at

both temperatures.

It must be emphasized that these observations, with real time imaging using XCT under load
at different temperatures, offer new first-hand insights into the failure processes in these
composites under C-ring compression condition, which as noted above are different from the
conventional wisdom of how SiCsSiCn composites are presumed to fail [336]. For
microstructural-based modelling, these different experimental observations must be considered
for a faithful description of the mechanical behaviour of these critical materials for future

nuclear applications.
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5. Mechanical behaviour of SiCsSiCn cladding with multi-layer outer SiC

coating

In this Chapter, the mechanical behaviour and failure processes of SiC¢SiCm cladding with
multi-layer SiC coating were explored, and more detailed introductions of this material are
included in Section 3.2.1. The descriptions of C-ring compression tests with real-time uXCT
conducted at both RT and 1200°C are included in Section 3.3.1.2. The procedures of uXCT
data processing are included in Section 3.3.1.3. The procedure for measuring local properties
by nanoindentation is presented in Section 3.3.3. The procedure for measuring residual stresses
by Raman spectroscopy is presented in Section 3.3.4.1. The results are presented in the order
of (i) the microstructures, local properties and residual stresses of as-received materials, (ii)
load-time curves, hoop strength and failure processes of the material tested at each temperature.
Note that, the materials in this Chapter use the same type of fibre (Hi-Nicalon™ Type S) as the
materials in Chapter 4; therefore, the local properties and residual stresses of the fibres in both
types of materials are very similar.

5.1. Microstructures of as-received materials

The typical microstructure of as-received material is presented in Fig. 5.1. The material
comprises of the outer SiC coating and underlying CMC layer, and there is no inner SiC
coating. The thicknesses of the outer SiC coating and underlying CMC layer were measured to
be 260.59 £+ 7.71 pm and 775.11 + 13.44 um, respectively. As marked in Fig. 5.1b, 11 sub-
layers can be observed in the outer SiC coating. For sub-layers 1 to 9, their thickness was
measured to be similar: 19.58 + 1.35 um. Sub-layer 10 has a higher thickness: 31.58 + 0.93
pum, and sub-layer 11 has the highest thickness: 39.24 + 0.85 um. Additionally, pores can be
commonly observed at the interface between adjacent sub-layer in outer coating, with two
representative examples presented in Fig. 5.1b. These pores are unexpected. For the CMC
layer, inside fibre bundles, PyC interphase can be observed surrounding the SiC fibre (at the

fibre/matrix interface), Fig. 5.1c.
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Figure 5-1. SEM images collected from the polished cross-sections (of X-Y plane) of the as-received
material, presenting the its typical microstructures: (a) shows the material consists of outer SiC coating
and underlying CMC layer; (b) are magnified images showing 11 sub-layers can be observed in the
outer SiC coating, and pores can be commonly observed at the interface of adjacent sub-layers; (c)
presents the microstructure inside fibre bundles. One schematic of the cladding material is also included
to illustrate the location of the cross-section.

Fig. 5.2a displays 3D visualization of as-received material. Three types of fibre bundles can be
observed in the CMC layer, including (i) 90° fibre bundles, braided along the longitudinal of
the cladding; and (ii) and (iii) +45° braiding angle against the cladding’s hoop direction,
respectively, Fig. 5.2b. These fibre bundles were braided in a 3D orthogonal braiding pattern.
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Figure 5-2. Microstructures of as-received material from reconstructed pXCT datasets of pre-load scan:
(a) 3D visualization of the material; (b) 3D visualization of the fibre bundles; (c) one representative
MXCT slice of X-Z plane shows macropores and micropores inside the CMC layer; some macropores
can be found at the inter surface, and they were excluded from the volumetric calculation of the
macropores; (d) 3D visualization of macropores in the CMC layer and (e) 3D visualization of
micropores in the CMC layer.
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Two types of pores can be seen in the CMC layer: (i) macro-size pores located in the SiC matrix
at the crossovers of the fibre bundles; (ii) micro-size pores located inside fibre bundles, Fig.
5.2c. Some macropores can be observed at the inner surface of the material, as marked in Fig.
5.2c. Note that, at such areas (macropores at the inner surface), their wall-thickness (t) are less
than the average wall-thickness (t) of the cladding material (~1.04 mm). For instance, the t at
Area#l is 0.70 mm, ~67.7% of the cladding’ average wall-thickness; at Area#2, the t is 0.54
mm, which is only ~51.6% of the cladding’ average wall-thickness, Fig. 5.2c. Subsequent
investigations reveal these areas showed significantly influence on the materials’ failure

processes tested at both temperatures, as will be presented in Section 5.4.

It can be found, the macropores did not obviously connect to each other, Fig. 5.2d. As for the
micropores, they distributed along the braiding angle of the fibre bundles (marked in Fig. 5.2¢),
and they had some connections with each other.

The volume fraction of pores (porosity) of the cladding material was calculated to be 3.45 +
0.21%, where macropores at the inner surface and pores in the outer SiC coating were excluded
from the volumetric calculation. The volume fractions of macropores and micropores were
calculated to be 0.52 + 0.09% and 2.93 + 0.26%, respectively. The consistency in the structures,
distributions, and volume fractions of the porosity among all the examined specimens indicates
the representativeness of the calculated volume. This is further substantiated by the uniform

mechanical behaviour described in Section 5.3.
5.2. Local property and residual stress of as-received material

Subsequent to the examination of the as-received material’s microstructures, a comprehensive
investigation was conducted to obtain the local mechanical properties and residual stresses of
individual components in the as-received material, as they could potentially affect the

material’s mechanical properties and failure processes at both temperatures.

5.2.1. Local property

Nanoindentation were conducted via the methods described in Section 3.3.3. The results are

summarized in Table 5.1.

For the outer SiC coating, only very slightly variation of hardness, H, and elastic modulus, E
were measured across its thickness, with the lowest hardness (~30.2 GPa) and elastic modulus
(~398.1 GPa) values both measured at the location of 50 um away from coating/CMC interface,

Fig. 5.3. This indicates the local properties of individual sub-layers in the outer coating are
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similar. In general, the outer SiC coating has an average value of hardness and elastic modulus
of 32.2 + 0.7 GPa and 407.2 £ 5.5 GPa, respectively.
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Figure 5-3. Hardness and elastic modulus values across the thickness of outer CVD SiC coating of the
polished cross-section of as-received material. Optical image of polished cross-sections of outer SiC
coating is also included, with the blue arrows show the locations for line-indents.

In underlying composite, the elastic modulus of matrix next to fibre bundles is 90% of that in
the SiC matrix between fibre bundles. For the SiC fibres, they have an average hardness of 19.3
+ 3.2 GPa and elastic modulus of 189.4 + 11.4 GPa, which were much lower (by ~60% and
~45%, respectively) than that of matrix and the outer coating. The measurements in this section

will be subsequently compared with literature values in Section 5.5.

Table 5-1. Measured values of the hardness H and elastic modulus E in different areas of the polished
cross-section of the as-received material.

Locations H (GPa) E (GPa)

Matrix next to fibre 33.21 £ 3.13 356.78 £ 16.90
Matrix between fibre bundles 33.45+0.70 391.93+10.77
Fibres 19.28 + 3.22 189.40 £ 11.41
Outer SiC coating 32.23+0.68 407.21 +£5.52

5.2.2. Residual stress

By using the method described in Section 3.2.3, the residual stress of SiC phase of individual
components of the cladding material, including: outer SiC coating, SiC fibres and SiC matrix

were measured.
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Figure 5-4. Raman measurements collected across the thickness of the multi-layer outer SiC coating in
the polished cross-section of as-received material. (a) Typical Raman spectra of SiC phase. (b) Peak
positions of selected SiC TO peak (~797 cm™) and corresponding estimated tensile residual stresses of
SiC phase across the thickness of the outer coating.

For the outer coating, Raman spectra collected in different locations in the coating are found
similar, with one representative example presented in Fig. 5.4a. Some random SiC peaks can
be observed in the spectrum range of 400 cm™ to 500 cm™2. In the range of 500 cm™ to 1000
cm 2, three types of TO peaks were found: at ~766.8 cm™, at ~788.9 cm ™ and at ~796.8 cm™.
Compared with the outer coating of the material in Chapter 4, the ~788.9 cm™ TO peak in
outer coating in current Chapter is sharper. One LO peak was found at ~973 cm™. In 1300
cm 1 to 1800 cm™, some second order SiC peaks were observed. Note that, no obvious Si peak
(at ~520.3 cm 1) was detected in the outer coating, indicates the outer coating in current work

consists of high purity level of SiC phase without obvious Si phase.

The residual stress in outer SiC coating is plotted in Fig. 5.4b. Tensile stress was measured, it
stayed quite constant (~50 MPa) from 10 pum to 70 um away from the surface of the outer
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coating, and steadily increased from 70 um (~50 MPa) to 120 um (~100 MPa). Then, it
remained constant (120 um to 160 pm) at ~100 MPa, increased to ~210 MPa (170 pm to 190
pm); and final remained constant at ~210 MPa from 190 pum to 260 pum (coating/composite
interface), Fig. 5.4b. In general, the average tensile residual stress in outer coating was
measured to be 112 + 70 MPa (0.12 + 0.07 GPa), and the potential reason for the variation of

residual stress in the coating will be discussed in Section 5.5.
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Figure 5-5. One typical Raman spectra collected in the matrix between fibre bundles in the polished
cross-section of as-received material.

In the composite, the Raman spectra of SiC matrix between fibre bundles were found similar,
and one representative example is presented in Fig. 5.5. Similar to that of the material in
Chapter 4, three types of SiC TO peaks and one LO peak were also observed. No significant
broadening of LO peak is detected. Generally, tensile residual stress was estimated in matrix
between SiC fibre bundles, 0.10 £ 0.06 GPa, as tabulated in Table 5.2.

For residual stresses of SiC fibre and SiC matrix in SiC fibre bundles (matrix next to the fibre),
the Raman spectra were collected at four locations along the fibre radial direction (Fig. 5.6a),
which is similar to that in Chapter 4. The results are plotted in Figs. 5.6b and 5.6¢, where Fig.
5.6a presents typical SiC peaks in the range of 0 to 1200 cm™* and Fig. 5.6b presents typical
carbon peaks in the range of 1200 cm™ to 1800 cm™. The spectra of locations 1 and 2 were
very similar and overlapped in Figs. 5.6b and 5.6¢. These results are similar to that in Chapter
4 (Fig. 4.7) as same type of fibres was used. Compared with the material in Chapter 4, the main
difference is for matrix next to the fibres. Significant broadening of TO and LO peaks were
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observed, as presented in Fig. 5.6b. This broadening effect complicates the precise fitting of

individual SiC TO peaks and the estimating of residual stress in this location.
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Figure 5-6. (a) Polished cross-sectional SEM image of one fibre showing the location of four
measurements taken along the radial direction of the fibre; (b) and (c) are Raman spectra of different
locations on the polished fibre cross-section: (1) centre of fibre, (2) middle point between the centre
and the periphery of the fibre, (3) PyC interphase area and (4) matrix next to the fibre; with (b) collected
in the range of 0 to 1200 cm™ showing SiC peaks and (e) collected in the range of 1200 cm™ to 1800

cm! showing carbon peaks

5 Raman line scans were collected along the fibre radial direction (from location 1 to location
3), in steps of 1 um, as presented in Fig. 5.7. For SiC phase, tensile stress steadily decreases
from fibre centre (~0.9 GPa) to PyC interphase (~0.5 GPa), Fig. 5.7b. The carbon phase is in
compression: -0.3 GPa in fibre and -0.6 GPa in PyC interphase area, Fig. 5.7c.
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Figure 5-7. (a) Polished cross-sectional SEM image shows line-scan of Raman measurements taken
along the radial direction of the fibre; (b) shows peak positions of selected SiC TO peak (~797 cm™)
and corresponding estimated tensile residual stresses of SiC phase; and (c) shows peak positions of
selected carbon G peak (~1584.5 cm™) and corresponding estimated compressive residual stresses of
carbon phase.

Table 5-2. Raman peak positions of the SiC TO band and carbon G band with the corresponding
calculated residual stresses (‘+’ for tensile stress and ‘— for compressive stress).

Raman peak Residual Raman peak Residual stress

Locations position of SiC stress in SiC  position of carbon in carbon

TO band (cm™)  phase? (GPa) G band (cm?) phase® (GPa)
Outer SiC coating 796.58 £ 0.25 +0.12 £ 0.07 - -
Matrix  between
fibre bundles 796.63 + 0.21 +0.10+0.06 - -
Fibre centre 793.92 £ 0.24 +0.87 £ 0.07 1587.29 £ 0.32 -0.28 £ 0.03
Fibre edge 794.71£0.29 +0.65 + 0.08 1587.48 + 0.33 -0.30 £ 0.03
PyC interphase 795.26 £ 0.61 +0.49 +0.17 1590.84 + 1.17 -0.63£0.12

2 calculated using Eq. 3.10, with AC being 3.53 + 0.21 cm™Y/GPa [306]
b calculated using Eq. 3.10, with AC being 10 cm™/GPa [307]
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5.3. Mechanical behaviour at RT and 1200°C

Fig. 5.8 shows the load-time curves of materials under C-ring compression experiments at room
temperature and 1200°C. Samples S2-1 and S2-2 were tested at RT and S2-3 and S2-4 were
tested at 1200°C. Detailed testing sequences are listed in Table A.4 in Appendices.

During each pXCT scan the specimen was maintained at a fixed displacement for around 6
mins (the acquisition time of pXCT scan). Progressive reducing of load at such fixed
displacement (load relaxations) were not evident for the samples tested at RT (Fig. 5.8a), but
were found for 1200°C samples, Fig. 5.8b. These observations are similar with the SiC¢SiCn
cladding materials reported in Chapter 4, with obvious load relaxations were only found for
samples tested at 1200°C. The detailed load relaxation as a function of load of the materials
investigated in current Chapter are tabulated in Table A.5. Specially, the load relaxations are
in the range of 12.17% to 25.96% of the applied load, which were higher than that of the
materials investigated in Chapter 4 (5.22% to 17.45%). Note that, such load relaxations during
the fixed displacement is suggested to be affected by three main factors, including testing

temperature, type of the material and acquisition time for the uXCT scan [229].
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Figure 5-8. Load-time curves for the SiCs-SiC cladding materials under C-ring compression tests for
(a) samples S2-1 and S2-2 tested at RT and (b) samples S2-3 and S2-4 tested at 1200°C. The open
circles indicate locations of uXCT scans on samples S2-1 and S2-3; load drops and peak load are
marked by arrows in S2-1 and S2-3 curves.
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In addition to load relaxations, it was observed that load drops, characterized by an abrupt
reduction in applied load while the sample is maintained at a fixed displacement, occurred for
all the samples tested at both RT and 1200°C. Subsequent investigation by the real-time uXCT
imaging revealed, these load drops were associated with the initiation and propagation of
cracks in the SiC¢SiCm cladding materials under loading at both temperatures, as will be
detailed shown in Section 5.4. Note that, prior to the C-ring compression tests, cracks already
formed in all the tested C-ring samples caused by the cutting process. However, despite these
presented cracks, similar mechanical behaviour was observed for samples at same testing
temperature. Moreover, such cracks did not prevent the materials from bearing more load

(stress) with further loading.

For the materials tested at RT, several small load drops (1 N to 5 N) occurred before reaching
peak load, and the large load drop (by more than 20 N) occurred at Py, Fig. 5.8a. As for the
materials tested at 1200°C, several small load drops occurred prior to and at the peak load (Fig.
5.8b), before the large load drop happened after P;. These observations are different from the

materials tested at RT.

Note that, following the formation of cracks in the materials at RT and 1200°C, stress
distribution in the C-ring sample could be modified; thus, Eq. 3.1 could be unsuitable.
However, the maximum hoop stresses have been estimated via the peak load of each sample
and these values are tabulated in Table 5.3. The maximum hoop stresses at RT were calculated
to be ~243.5 MPa, with similar values at 1200°C: ~237 MPa.

Table 5-3. Calculated maximum hoop stress for SiCsSiCn cladding materials under C-ring
compression tests at RT and 1200°C.

Maximum hoop

Specimen Sample width (mm) Peak load (N)

stress? (MPa)
S2-1-RT 3.78 42.87 237.20
S2-2-RT 3.92 46.97 250.60
S2-3-1200°C 3.83 42.33 235.27
S2-4-1200°C 3.74 40.38 239.01

2 calculated using Eq. 3.1, ASTM C1323-16 [246].
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5.4. Failure processes and toughening mechanisms at room temperature and 1200°C

The progressive failure processes and crack toughening mechanisms of the SiC¢SiCn cladding
materials at both RT and 1200°C were investigated by analyzing the in-situ uXCT scans
collected at different loading steps. Consistent failure processes were observed for the materials
tested at same temperature, therefore, the samples S2-1 and S2-3 are selected as representative

examples to illustrate the failure processes at RT and 1200°C, respectively.
5.4.1. Progressive failure process at room temperature

Fig. 5.9 represents the initial damage of S1 sample. One surface crack (Crack#1) was found in
the outer coating, and travelled across the sample’s total width (~3.8 mm). YZ view of Crack#1
(selected range in a length of ~3.6 mm, which is ~95% of the sample’s total width, Fig. 5.9a)
revealed Crack#1 is straight without obvious deflection or bifurcation on the surface of outer

coating, and the width of Crack#1 on the coating surface is ~10 pm, Fig. 5.9a.

The 3D visualization of Crack#1 from different views, and corresponding representative uXCT
slices of X-Y plane are presented in Fig. 5.9b. Generally, there are 1233 uXCT slices of X-Y
plane in the dataset, represents the total length of the Crack#1 (same as the width of the sample:
~3.8 mm). ~121 slices (~10% of the total length of the crack) showed Crack#1 deflected along
the coating/composite interface, and propagated into the fibre bundles, with one representative
example presented in Slice 1 in Fig. 5.9b. ~360 slices (~29% of the total length of the crack)
showed Crack#1 propagated into the fibre bundles with connection with the macropores,
reached to around 50% of the total thickness of the sample (~1 mm), with one representative
example presented in Slice 2 in Fig. 5.9b. ~752 slices (~69% of the total length of the crack)
showed Crack#1 arrested at the coating/composite without any obvious deflection along such
interface or propagation into the underlying composite, one representative example is presented
in Slice 3 in Fig. 5.9b. In summary, for the initial Crack#1, ~39% of the total crack length
travelled into and interacted with underlying CMC layer (marked by open rectangles Fig. 5.9b),
with the remaining part (~61%) arrested at coating/CMC interface, Fig. 5.9b. Note again, such

initial damage did not prevent samples from bearing more load.
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Figure 5-9. 3D visualization of the majority length of surface crack (Crack#1) in the outer SiC coating
tested at RT (sample S2-1 is selected as representative example) from the scan collected at pre-load: (a)
the YZ view shows the formation of Crack#1; (b) 3D visualization of Crack#1 from different views
Representative Slices 1 to 3 of X-Y plane present different features of Crack#1l: Slice 1 for crack
deflection and bifurcation along the coating/composite interface; Slice 2 for crack linked up with large
macropores in the matrix; Slice 3 for crack arrested at the coating/composite interface.

With further increasing of load, the load drops occurred at ~0.32 P, and ~0.47 P, correspond
with the further opening of Crack#1 on the coating surface (~15 um and ~25 pm in width,
respectively). At ~0.47 Py, the total length of Crack#1 propagated into underlying CMC layer.

Once load reached to 0.68 Py, another load drop happened (from 0.68 P to 0.64 Py), led to
the formation of a second surface crack (Crack#2) in the outer coating. Crack#2 was
subsequently found to be the fatal crack caused the failure of the C-ring sample. Once Crack#2
formed, it simultaneously travelled across the sample’s total width. Fig. 5.10a displays the YZ
view of Crack#2 (selected range in a length of ~3.5 mm, ~92% of the sample’s total width).

The width of Crack#2 on the surface of outer SiC coating is ~30 um. 3D visualizations of

133



5. Mechanical behaviour of SiCt-SiCy, cladding with multi-layer outer SiC coating

Crack#2 are presented in Fig. 5.10b. The total length of Crack#2 went into the underlying CMC
layer. It deflected and bifurcated along the coating/CMC interface, and propagated into the
fibre bundles, Slice 1 in Fig. 5.10b. Some part of it connected with the matrix macropores,
Slice 2 in Fig. 5.10b. Some part of Crack#2 propagated in the matrix between fibre bundles,
Slice 3in Fig. 5.10b. Deflection of Crack#2 in the outer SiC coating was also observed (marked

by open purple circle), Slice 4 in Fig. 5.10b.
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Figure 5-10. 3D visualization of the majority length of surface crack (Crack#2, fatal crack) in the outer
SiC coating tested at RT (sample S2-1 is selected as representative example) from the scan collected at
pre-load: (a) the YZ view shows the formation of Crack#2; (b) 3D visualization of Crack#1 from
different views demonstrating that, once Crack#1 formed, all of the total crack length travelled into and
interacted with the underlying composites. Representative uXCT Slices 1 to 4 of X-Y plane present
different features of Crack#2 and the composite material.

Note that, as described in Section 5.1, certain areas in the material exhibited variations in wall-
thickness (t) due to the presence of macropores at the inner surface, and the t reduced to
approximately 60% of the average t of the material (Slice 1 in Fig. 5.10b). Furthermore, in the
areas where have scarcity or absence of fibre bundles, crack extended into approximately 80%
of the cladding material’s total t once formed, Slice 3 in Fig. 5.10b. These areas in the CMC

layers were unexpected.
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Figure 5-11. Propagation processes of Crack#2 (fatal crack) at RT. (a) and (b) are reconstructed uXCT
scans respectively at 0.90 P, before peak load and 0.44 Py after peak load of Y-Z plane showing
Crack#2 opening up in width with further loading. Crack depth is illustrated by cross-sectional pXCT
slices of X-Y plane collected at three typical areas in the composites, including (c): Area#1, and slices
in (c) are collected at the same position of Slice 1 in Fig. 5.10b; (d): Area#2, slices in (d) are collected
at the same position of Slice 2 in Fig. 5.10b; and (e): Area#3, slices in (e) are collected at the same
position of Slice 3 in Fig. 5.10b.
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With further loading to ~0.90 P, before Py, Crack#2 opened up further on the surface of outer
coating to ~45 um in width, Fig. 5.11a. Crack depth is illustrated by the corresponding XCT
slices of X-Y plane at three areas, including: Area#l, where macropores exist at the inner
surface (slices in Fig. 5.11c are collected at the same position of Slice 1 in Fig. 5.10b); Area#2,
where macropores exist in this area (slices in Fig. 5.11d are collected at the same position of
Slice 2 in Fig. 5.10b); and Area#3, where has scarcity or absence of fibre (slices in Fig. 5.11e
are collected at the same position of Slice 3 in Fig. 5.10b). At current loading stage (~0.90 Py),

Crack#2 did not travel across the entire thickness (~1 mm) of the cladding material.

After reaching Py, the width of Crack#2 opened up to ~150 pm on outer coating’s surface, Fig.
5.11b. Carefully investigation indicates that, Crack#2 travelled across the sample’s entire
thickness only at Area#1, linked up with macropores at inner surface, Fig. 5.11c. The deepest
propagation depth of Crack#2 occurred at Area#2, more than ~90% of the thickness (~900 um)
of the material, Fig. 5.11d. At other areas, Crack#2 travelled across less than 80% of the
thickness (~800 um) of the material, with one representative example presented in Fig. 5.11e.
Additionally, cracks were commonly observed inside the fibre bundles at the inner surface of
the material, see examples in Figs. 5.11c and 5.11d. These cracks did not exhibit obvious
connection with the fatal crack (Crack#2), indicates the initiation and propagation of these

cracks were not caused by the propagation of Crack#2.

In summary, at RT, the presence of initial coating crack in the testing material did not prevent
it from sustaining further loading. And subsequent loading led to the formation of fatal crack
prior to the Py. At Py, the fatal crack travelled across the sample’s total thickness at the areas

where macropores existed at the inner surface, caused the final fracture of the sample.
5.4.2. Progressive failure process at 1200°C

Fig. 5.12 represents the initial damage of S3 sample. Two cracks (Crack#1 Crack#2) were
observed in the outer coating, Fig. 5.12a. Carefully investigation revealed that Crack#1 was
the fatal crack leading to the failure of the material, and propagation of Crack#1 under loading
was detailed investigated in this section. The width of Crack#1 on the coating surface is ~20

um, and it travelled across sample’s total width (~3.8 mm), Fig. 5.12a.
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Figure 5-12. 3D visualization of the majority length of surface crack (Crack#1, fatal crack) in the outer
SiC coating tested at 1200°C (sample S2-3 is selected as representative example) from the scan
collected at pre-load: (a) the YZ view shows the formation of Crack#1; (b) 3D visualization of Crack#1
from different views. Representative Slices 1 to 5 of X-Y plane present different features of Crack#1.

Slices 1 to 5 in Fig. 5.12b represents different features of Crack#1.Slice 1 for crack deflection
and bifurcation along the coating/composite interface. Slice 2 for crack arrested at the
coating/composite interface. Note that, the macropores at the inner surface led to the wall-
thickness at this area is only 60% of the average wall-thickness of the cladding material). Slice
3 for crack travelled into around 70% of the wall-thickness of the cladding material once
formed, in the area with scarcity or absence of fibre bundles in the composites (marked by open
green circle). Slice 4 for crack deflection along the coating/composite interface and travelled

into the fibre bundles. Slice 5 for crack deflection in the outer SiC coating.

From the total 1233 uXCT slices of X-Y plane, ~788 slices (~64% of the crack’s total length)
showed Crack#1 deflected along the coating/CMC interface, and propagated into the fibre
bundles, Slices 1 and 4 in Fig. 5.12b. ~122 slices (~10% of the crack’s total length) showed
Crack#1 travelled into more than 70% of wall-thickness (~700 um) of the material in the area

with scarcity or absence of fibre bundles, Slice 3 in Fig. 5.12b. ~323 slices (~26% of the crack’s
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total length) showed Crack#1 arrested at the coating/CMC interface, Slice 2 in Fig. 5.12b. In
summary, the majority (~74% of crack length) of Crack#2 travelled into and interacted with
the underlying CMC layer (marked by open rectangles Fig. 5.12b), with ~26% of the total
length of Crack#1 arrested at the coating/CMC interface, Fig. 5.12b. Such damage is larger
than the initial coating crack in room temperature sample (61% of crack length arrested at the
interface). However, under such level of initial damage, high temperature samples could still
sustain more loading before final fracture, and reached to similar peak load as the materials
tested at RT.

With further loading, no newly formed cracks were observed. The Crack#1 (fatal crack) opened
up in width on the surface of the outer coating, with ~25 um at 0.58 P, before P, (Fig. 5.13a),
~40 um at 0.77 Py before Py (Fig. 5.13b), ~60 um at 0.83 Py, before Py, (Fig. 5.13c), and ~170
um at 0.73 Py after Py, Fig. 5.13d.
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Figure 5-13. Failure processes of the cladding material at 1200°C, illustrated by reconstructed uXCT
scans of Y-Z plane, including: (a) 0.58 P, before peak load, (b) 0.77 P, before peak load, (c) 0.83 Py
before peak load and (d) 0.73 P, after peak load.

139



5. Mechanical behaviour of SiCt-SiCy, cladding with multi-layer outer SiC coating

(a) Area#1 (b) Area#2

Mpéi‘iip@fe

0.58 Py
before
peak load
T
SiC coating CM
i ,‘.”4 Maé_l;opqxfé -..'-j«
: atthe inner .
0.77 Py il \:'i§ufface ,;
before A e
peak load
¥ . '.  m— ———
SiC coating CI\/‘IC SiC coating Cx\'lC SiC coating CMC
0.83 Py / rek
after }u i
peak load o

e

R X
P Gk
SN -
b

T Y T
SiC coating CMC SiC coating CMC
Ty BT Macropore

|

T T -
SiC coating CMC

~

A\

: CNNE : ' X <4 . : 3 7%
| SiC coating CMC SiC coating CMC SiC coating CMC SiC coating CMC
X

500 pm

Figure 5-14. Cross-sectional pXCT slices of X-Y plane collected at four typical areas in the composites
to illustrate the failure process, including (a): Area#1, same area of Slice 1 in Fig. 5.12a); (b): Area#2,
same area of Slice 2 in Fig. 5.12b; (c): Area#3, same area of Slice 3 in Fig. 5.12b; and (d) Area#4, same
area of Slice 4 in Fig. 5.12b.

The propagation depths of Crack#1 with continuously loading are illustrated by the collected
uXCT slices of X-Y plane at four areas, including: Area#1, where macropores exist in the
composite (slices in Fig. 5.14a are collected at the same position of Slice 1 in Fig. 5.12a);
Area#2, where macropores exist at the inner surface of the material, and the wall-thickness at
this area is only 60% of the average wall-thickness of the cladding material (slices in Fig. 5.14b
are collected at the same position of Slice 2 in Fig. 5.12b); Area#3, where has scarcity or
absence of fibre bundles in the composite (slices in Fig. 5.11c are collected at the same position

of Slice 3 in Fig. 5.12c); and Area#4, where no obvious macropores and scarcity or absence of
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fibre bundles area exist in the composite (slices in Fig. 5.11d are collected at the same position
of Slice 4 in Fig. 5.12d).

At Area#l, Crack#1 connected with the macropores with further loading, and did not travel
across the total thickness of the material even after peak load, with the deepest depth (~750
um) is ~75% of the material’s thickness at 0.73 Py after Py, Fig. 5.14a. However, for Area#2,
after reaching Py, Crack#1 connected with macropores at the inner surface and travelled across
material’s thickness at such area at 0.83 Py, after Py, Fig. 5.14b. The across-thickness crack is
only observed at Area#2 after peak load. At each loading step, the deepest propagation depths
of Crack#1 were all found occurred at Area#3 (at where scarcity or absence of fibre bundles in
the CMC layer): with more than 75% (~750 um) of the sample’s total thickness at 0.77 Py
before Py; more than 85% (~850 um) of the sample’s total thickness after reaching Py (0.83
Py after Py); and more than 90% (~900 pum) of the sample’s total thickness at 0.73 P, after
Py, Fig. 5.14c. For the crack propagation process at the areas without macropores and scarcity
or absence of fibre bundles, Area#4 is selected as representative example, with the crack
propagation depth less than 50% (~500 um) of the sample’s total thickness just after reaching
P, (0.83 Py after Py), and < 750 um at the last loading step (0.73 Py after Py), Fig. 5.14d.
Additionally, similar to the materials tested at RT, cracks were commonly observed inside the
fibre bundles at inner surface of the material, Figs. 5.14a and 5.14b. These cracks did not
exhibit obvious connection with the fatal crack (Crack#1), indicates the initiation and

propagation of these cracks were not caused by the propagation of Crack#1.

In summary, at 1200°C, the load drops corresponded with the further propagation of initial
coating cracks, and further loading did not result in the newly formation of coating cracks.
Similar as the materials tested at RT, across-thickness crack only occurred at the area where
macropores presented at the inner surface of the material. At both temperatures, fibre pull-out
was commonly observed, with representative examples presented in Fig. 5.15.
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1200°C gt

Figure 5-15. SEM images showing fibre pull-out of the materials tested at RT and 1200°C.
5.5. Discussion

5.5.1. Microstructures

5.5.1.1. Outer multi-layer SiC coating

In current study, the presence of pores at the interfaces of adjacent sub-layers in the outer SiC
coating are commonly observed, which were unexpected and not reported in monolithic SiC
coating of similar SiCsSiCn claddings [14]. Such pores could potentially diminish the
hermicity of the entire cladding system. Moreover, in current work, crack deflection in the
outer multi-layer coating was commonly observed at both RT and 1200°C. This contrasts with
observations in Chapter 4, where such deflection was only observed at 1200°C in monolithic
SiC coating of similar SiCsSiCn cladding under C-ring compression loading [14]. This
indicates the weak interfaces of adjacent sub-layers could potentially facilitate the deflection
of cracks in the coating, rather than their immediate propagation through the entire thickness
of the coating, which potentially enhances the damage tolerance of the cladding system under
C-ring compression loading. It is worth noting that, under different loading configurations (e.qg.,
uniaxial tension and compression), cracks could potentially initiate from these pores [147] in
the outer coating, and consequently affect the structural integrity of the entire cladding material.
Therefore, future work will be conducted for the thoroughly investigation of the influence of
pores on strength and damage initiation areas in the multi-layer outer coating under different

loading configurations, as well as their influence on the hermicity of the cladding system.
5.5.1.2. Fibre braiding patterns and pores in CMC layer

In current Chapter, the fibre bundles were in 3D braiding pattern with +45° of fibre braiding
angle to the tube axis. However, some unexcepted areas with scarcity or absence of fibre

bundles were observed in the CMC layer, which unignorably showed influences on the failure
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processes of the materials tested at both RT and 1200°C. Such areas were not observed in
similar SiC¢SiCm materials (Chapter 4) in 3D fibre braiding patterns with +60° of fibre
braiding angle to the tube axis [14]. This indicates the variation of fibre braiding patterns could
avoid the appearance of areas with scarcity or absence of fibre bundles in the CMC layer.

Additionally, the fibre braiding pattern could affect the porosity level of the SiCtSiCn
claddings. For instance, the volume fraction of macropores of the material in current Chapter
is ~0.52%, which is only 20% of that (~2.56%) in the material in Chapter 4. Moreover, in
current study, the total porosity of the SiC¢SiCm material is measured to be 3.45 + 0.21%,
which is significantly lower than the porosity level reported of similar CVI-densified SiCs-
SiCm cladding materials: 8.7 to 20% [119], [128], [161], [162], [171], Table 2.7. The low
porosity could be attributed to different parameters (e,g, deposition rate and temperature [159])
of CVI densification process in current work when compared with that in open literature; and
such lower porosity could potentially enhance material’s hermeticity [14], [119].

As described in Section 5.1, the macropores at the inner surface significantly reduce the
materials’ wall-thickness at such area, and consequently affect the failure processes of the
materials under C-ring compression loading at both temperatures. Furthermore, it was reported
that, for SiC¢-SiCn cladding materials (without outer/inner coating) under uniaxial tension test,
the sharp boundary of macropores commonly generated stress concentrations and caused
damage initiation in such area [158]. Conversely, micropores only introduce localized
fluctuations of minor magnitudes to the stress distribution, exerting negligible influence on the
overall stress heterogeneity induced by macropores [158]. Therefore, for a thoroughly
understanding of mechanical behaviour and failure processes of the SiCt+SiCm claddings, a

thoroughly investigation of macropores in CMC layer is of virtual importance.

In summary, the variations in outer SiC coating, fibre braiding angles, and CVI densification
processes result in distinct microstructures the SiCsSiCm materials in Chapter 4 and current
Chapter. A brief summary of their microstructures is tabulated in Table 5.4.
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Table 5-4. Summary of the variations of microstructures of the SiCsSiCy, materials in Chapter 4 and
Chapter 5.

SiCsSiCy, in Chapter 4 SiCtSiCy, in Chapter 5
Multi-layers with pores at
Outer SiC coating Monolithic without pores the interface of adjacent
layers
Inner SiC coating Monolithic without pores -

. - +60° of fibre braiding angle to +45° of fibre braiding
Fibre braiding patterns the tube axis angle to the tube axis
Volume fraction of macropores  2.56 £ 0.23% 0.52 £ 0.09%

Volume fraction of micropores  6.13 £ 0.52% 2.93+0.26%
Porosity 8.69 + 0.35% 3.45+£0.21%
(i) scarcity or absence of
Un-expected areas in CMC fibre bundles
layer i (ii) macropores at the inner
surface

5.5.2. Local properties

For the outer SiC coating, very slightly variation of the hardness and elastic modulus values
across its thickness, indicates the consistency of the local properties of the 11 sub-layers in the
outer coating. As for the lowest hardness (~30.2 GPa) and elastic modulus (~398.1 GPa) values
measured in the coating (Fig. 5.3), the indents could be performed at the week interface of layer

3 and layer 4.

The modulus of the matrix next to fibre (~357 GPa) was ~90% of that of outer coating and
matrix between fibre bundles (~400 GPa), which could be attributed to the relativity lower
crystallinity (detected by Raman spectroscopy, Fig. 5.6b) in these areas [337]. And such lower
crystallinity in the matrix could potentially reduce the irradiation tolerance of the cladding
material [338].

5.5.3. Residual stress

For the outer SiC coating, tensile residual stress of SiC phase steadily increased across the
thickness of the coating: around 50 MPa (0.05 GPa) at the surface of outer coating to around
210 MPa (0.21 GPa) at the coating/composite interface. These observations are significant
different with the residual stresses in the single layer of outer and inner SiC coatings of the
material investigated in Chapter 4, with consistent residual stresses measured across the
thickness of the coating, with 0.31 + 0.13 GPa and 0.22 + 0.12 GPa for the outer and inner SiC
coatings, respectively. The variation of residual stress across the thickness of outer coating in

current Chapter could be potentially resulted from the fabrication process of multiple SiC layers
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in outer coating: the layers were deposited sequentially, with the innermost layer (highest

measured tensile stress) formed by the initial deposition [339], [340].

As discussed in Section 4.6.3, the relaxation of tensile stress in single layer of outer coating
could potentially affect the failure strength and strain of the coating at high temperatures [14].
Therefore, the relaxation of such complexed stress in multi-layer outer coating at high
temperatures may result in different mechanical properties and failure processes under C-ring
compression loading, when compared with the monolithic coating. Hence, further mechanical

experiments will be conducted for materials without initial damage in multi-layer outer coating.

For the SiC matrix next to fibre, significant broadening of SiC TO and LO peaks were measured
(Fig. 5.6b). This could be attributed to the relativity lower crystallinity of the matrix at such
areas [337]. Moreover, the diminished crystallinity in the matrix has the potential to diminish
the irradiation tolerance of the entire cladding material [338]. As for the SiC matrix between
fibre bundles, 0.10 £ 0.06 GPa tensile residual stress was measured, which is lower (~66%)
than the tensile stress of matrix between fibre bundles in the material in Chapter 4 (0.29 + 0.10
GPa). This could be attributed to the different CVI densification processes of these two types
of materials. As the variations of CVI parameters (e.g., temperatures, times) could affect the
microstructure and local property of the matrix [341], and consequently affect the residual
stress of the matrix. A summary of residual stresses in individual components in the SiCs¢-SiCn

materials in Chapter 4 and current Chapter is tabulated in Table 5.5.

The material in current Chapter use the same type of fibre (Hi-Nicalon™ type S fibre) as the
material in Chapter 4. Therefore, the residual stresses of SiC phase and carbon phase inside the
fibre in the same areas of these two types of materials are compered. For the SiC phase of fibre
in current Chapter, the residual stresses in the centre and edge are respectively ~24% and ~16%
higher than that of the fibre in Chapter 4 (~0.70 GPa and ~0.56 GPa, respectively); and for
carbon phase, the residual stresses in the centre of fibre is ~19% lower than the that of fibre in
Chapter 4 (around -0.36 GPa), and similar values at the PyC interphase area are measured:
around -0.62 GPa. It is suggested that [163], different CVI densification processes of the matrix
showed significantly influences on the residual stresses in the SiC fibre. As discussed in Section
4.6.2, in the SiCsSiCn cladding material reported by Nance et al. [163], the residual stress of
both SiC phase and carbon phase in their Hi-Nicalon Type-S SiC fibre varied with the CVI
densification processes: with respectively —0.90 GPa and -3.2 MPa after 33% densification,
—1.08 GPa and -4.0 MPa after 66% densification and —1.08 GPa and -4.7 MPa after 100%
densification. This indicates that, for different types of SiC¢SiCn cladding materials, even
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though the utilized fibre type is the same, the variation of manufacturing processes could lead
to the variation of residual stress in the fibre. Therefore, for a faithful modelling of the
mechanical behaviours of the SiCsSiCn cladding materials, a comprehensive analysis of
residual stresses in individual components should be conducted.

Table 5-5. Comparison of the residual stress in individual components in the SiCsSiCy, materials in
Chapter 4 and Chapter 5.

Individual . . . L
SiCs-SiCn in Chapter 4 SiCtSiCy, in Chapter 5

components

For SiC phase, varied across the
coating thickness: ~50 MPa at the
coating/CMC interface to ~210
MPa.

For SiC phase: +0.31 £ 0.13 GPa

Outer SiC coating For SiC phase: +0.31 + 0.13 GPa

Inner SiC coating
Matrix between
fibre bundles

For SiC phase: +0.22 £ 0.12 GPa

For SiC phase: +0.29 £ 0.10 GPa For SiC phase: +0.10 £ 0.06 GPa

For SiC phase, due to the significant
broadening of TO peaks, hard to
perform the peak fitting, and can not
estimate the stress

Matrix next to fibre

. . .\
bundles For SiC phase: +0.24 + 0.10 GPa

Fibre centre

Fibre edge

PyC interphase
area

For SiC phase: +0.70 £ 0.20 GPa
For carbon phase: -0.34 £+ 0.02 GPa
For SiC phase: +0.66 £ 0.19 GPa
For carbon phase: -0.38 £ 0.03 GPa
For SiC phase: +0.56 £ 0.27 GPa
For carbon phase: -0.62 + 0.07 GPa

For SiC phase: +0.87 £ 0.07 GPa
For carbon phase: -0.28 £ 0.03 GPa
For SiC phase: +0.65 + 0.08 GPa
For carbon phase: -0.30 + 0.03 GPa
For SiC phase: +0.65 + 0.08 GPa
For carbon phase: -0.63 + 0.12 GPa

5.5.4. Mechanical behaviour at RT and 1200°C

As described in Section 5.3, at both temperatures, the initial coating cracks (caused by the
sample preparation process) did not significantly affect the mechanical behaviour of materials,
as all tested samples could sustain a peak load of 40 N to 47 N. Although very limited
mechanical experiments of SiC¢SiCn cladding materials testing at high temperatures can be
found from open literature, the retention of materials’ failure hoop strength (peak load) at
elevated temperatures (up to 1900°C in Ar atmosphere) has been reported [14], [130]. For
instance, Shapovalov et al. [130] conducted C-ring compression tests on their SiCsSiCm
cladding materials (without outer SiC coating) in Ar environment. The peak load of their
materials reminded quite consistent at elevated temperatures: ~10 N at RT, ~8 N at 1040°C,
~11 N at 1360°C, ~10 N at 1760°C and ~9 N at 1900°C.

However, the failure hoop strength of the multi-layer outer coating cannot be derived from

current work due to the presence initial coating cracks. In comparison with the monolithic outer
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coating, the different microstructures and residual stress distribution of the multi-layer coating
could potentially result in different mechanical behaviour and failure hoop strength of the
coating under loading at elevated temperatures. Therefore, it is worth noting again that, for a
faithful investigation of the influence of the application of multi-layer outer coating on the
mechanical performances of the entire SiCs-SiCn cladding materials, further experiments are

needed with proper sample preparation processes without the presence of initial damage.

Additionally, in current Chapter, the hoop strength (derived from peak load) of the material
(with £45° fibre braiding angle) was measured to be ~240 MPa at RT. Such strength is ~20%
higher than similar material in Chapter 4 (with £60° fibre braiding angle) under same testing
conditions: ~200 MPa at RT. This indicates the fibre braiding pattern could potentially affect
the hoop strength of the material. Similar phenomenon has been reported by Chen et al. [147]
in their SiC¢-SiCn cladding materials (2D braiding pattern, without outer/inner coating) under
uniaxial tension at RT. Significant decreasing of strength was found with increasing fibre
braiding angles: ~380 MPa for £30°, ~200 MPa for +45° and ~60 MPa for £60°. It is suggested
the tensile strength of the SiC¢SiCm cladding materials is more sensitive to the variation of
fibre braiding angle [147]. Therefore, for a thoroughly investigation of the mechanical
behaviour of current material, future work will be conducted focusing on the tensile behaviour

of the material.
5.5.5. Summary of crack toughening mechanisms at RT and 1200°C
For the materials tested at both temperatures, several crack toughening mechanisms occurred

in the outer SiC coating (Fig. 5.16), and underlying CMC layer (Fig. 5.17).

Toughening mechanisms in the outer SiC coating
Crack deflection

»,.. = ==
T
500 pm
Figure 5-16. Schematics of the crack toughening mechanisms in the outer SiC coating of materials
tested at both RT and 1200°C, with Type I: crack deflection within the coating.

Z
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Toughening mechanisms in the CMC layer
Type I: Crack deflection

Outer SiC
coating
y, »w—}.:_. .‘,aw':'. 5 4 \
e
Outer SiC Ok
coating SR /\
X ~- el

CMC i ~ - - 3 V - ..,‘
L>z

Type II: Un-cracked ligament bridging _  Quter SiC
coating

i ST N

Un-cracke |:> a1 CMC. ol DU RS
Outer SiC

Crack

Type IV: Parallel cracks in fibre bundle

Cracks

Figure 5-17. Schematics of the crack toughening mechanisms in the underlying composite of cladding
materials tested at both RT and 1200°C, including: Composites Type | (crack deflection along the
interface of coating/composites, crack deflection within fibre bundles), Composites Type Il (un-cracked
ligament bridging at the interface of coating/composites and within fibre bundles), Composites Type
Il (tortuous crack pathways), Composites Type IV (parallel cracks within fibre bundles) and
Composites Type V (fibre pull-out). All the scale bars are 500 pum.
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At both temperatures, one main crack toughening mechanism could be commonly observed in
the multi-layer outer SiC coating: crack deflection in the coating, Fig. 5.16. It is worth noting
again such defection was only observed in the materials with single layer outer coating
(Chapter 4) under C-ring compression at 1200°C [14].

Once cracks reached the underlying CMC layer, the main crack toughening mechanism (before
peak load) was crack deflection, along the coating/CMC interface (Fig. 5.17, Type 1), as well
as inside fibre bundles along the PyC interface (Fig. 5.17, Type I), transfer the growth paths of

cracks away from the direction of maximum driving force.

At the tips of these deflected cracks, un-cracked ligament bridging (Fig. 5.17, Type I1) at both
the interface of coating/CMC and within fibre bundles was activated. Tortuous crack pathways
were formed as cracks connected with the macropores, with deflection and bifurcation at the
interfaces between fibre bundle and surrounding matrix (Fig. 5.17, Type Ill). Once cracks
propagated into the fibre bundles, instead of broken individual fibres, they preferred to deflect
along the PyC coatings, prevented the formation of catastrophic large cracks in fibre bundles
(Fig. 5.17, Type 1V). After reaching peak load, PyC coatings and matrices inside fibre bundles
could not sustain a higher stress, and fibres were pulled out [131] (Fig. 5.17, Type V), enhanced
the ductility of the cladding material. These observations apply to the materials tested at both
temperatures. Note that, obvious fibre-pull out was not observed in similar materials (Chapter
4) with single layer outer coating under C-ring compression loading at both RT and 1200°C.
And such fibre-pull out was also not being captured by real-time uXCT imaging in three types
of SiC¢SiCn cladding materials (2D braiding pattern, with different fibre braiding angle; +30°,
+45° and £60°) under uniaxial tensile at RT [147]. A comparison of crack toughening
mechanisms of the SiC¢SiCm materials in Chapter 4 and current Chapter tested at both

temperatures is tabulated in Table 5.6.

These observations indicate the crack toughening mechanisms of different types of SiCs¢-SiCn
materials could be different, and again highlight the importance of applying in-situ 3D uXCT
imaging to investigate crack toughening mechanisms and failure processes of SiCtSiCnm

claddings, which offer first-hand insights into the microstructural evolution of these materials.

149



5. Mechanical behaviour of SiCt-SiCy, cladding with multi-layer outer SiC coating

Table 5-6. Comparison of crack toughening mechanisms in individual components of the SiCs-SiCn,
materials in Chapter 4 and Chapter 5 tested at both temperatures.

Toughening ) o ) o
] SiCsSiCn in Chapter 4 SiCtSiCn in Chapter 5
mechanisms
Crack deflection in
Only at 1200°C At both RT and 1200°C

outer SiC coating

Fibre pull-out - At both RT and 1200°C
Parallel crack inside

fibre bundles

Crack deflection

At both RT and 1200°C At both RT and 1200°C

At both RT and 1200°C At both RT and 1200°C
inside fibre bundles

Un-cracked braiding At both RT and 1200°C At both RT and 1200°C

Crack braiding in
) ) At both RT and 1200°C -
outer SiC coating

Tortuous crack
At both RT and 1200°C At both RT and 1200°C
pathway

5.5.6. Optimizing the design of cladding material

The observations by real-time uXCT imaging in current Chapter could help to optimise the

design of such SiC¢-SiCn cladding materials.

Firstly, in specific areas in the material, scarcity or absence of fibre bundles was observed;
cracks travelled across >70% of the sample’s total thickness at these areas once formed at both
temperatures, and propagated across more than 90% of the sample’s total thickness after
reaching peak load. The presence of such area is evidently detrimental to the structural integrity
of the material. Therefore, for further optimizing the design of cladding material, an appropriate
braiding angle of fibre bundles should be taken into consideration to avoid the presence of such

area.

Moreover, macropores existed at the inner surface of the material, which significantly reduced
the material’s thickness at such area (~50% to 70% of the average thickness of the material).
Under loading at both temperatures, through-thickness cracks were only observed at such areas,
which is harmful to the structural integrity and hermeticity of the material, as well as increasing
the risk of gas leakage. These observations indicate the importance of the application of
protective inner coating layer, which could compensate for the lower materials’ thickness at

the areas with macropores at the inner surface. Once cracks connected with these macropores,
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the inner coating can effectively impede their propagation through the entire thickness of the

cladding materials in these areas.

Lastly, the presence of cracks in the fibre bundles at the inner surface were observed in the
materials tested at both temperatures after reaching peak load. And these cracks were not cause
by the propagation of fatal crack (as they did not have obvious connection with the fatal crack).
This could be caused by the compressive stress at sample’s inner surface under C-ring
compression loading. These observations were unexpected and were not found in similar
materials with an protective inner SiC coating under C-ring compression loading at both
temperatures in Chapter 4. Therefore, this again indicates the importance of the application of
inner SiC coating, which not only serves as gas barrier, but also protect the fibre bundles and

matrix near inner surface, and enhancing the overall integrity of the materials.
5.6. Conclusion

Pores are commonly observed at the interfaces of adjacent sub-layers in the outer coating,
which could potentially diminish the hermicity of material. The weak interfaces could
potentially facilitate crack deflection in the outer coating, which was observed at both
temperatures. Variation of residual stress was measured across the coating’s thickness. These
observations are different from that of similar SiC+SiCm material with monolithic outer coating
in Chapter 4.

The CVI process of the SiC matrix successfully yielded a relatively low porosity of the SiCs¢-
SiCm cladding material. However, the resulting matrix exhibited lower crystallinity, which has
the potential to diminish the irradiation-resistance of the cladding material. Additionally,

variation of CVI parameters could affect the residual stress distribution in the SiC fibres.

Similar mechanical behaviour was observed at RT and 1200°C for the samples with initial
damage (caused by sample preparation process) under loading, indicates the materials showed
good damage tolerance under current level of initial damage. Further experiments will be
conducted on the materials without such initial damage, as the application of multi-layers outer
SiC coating could potentially affect the mechanical performances of the entire SiC¢SiCn
cladding material when compared with that with monolithic outer coating.

Two specifical un-excepted areas in the SiCs-SiCm cladding materials demonstrated detrimental
impacts on the structural integrity and hermeticity of the materials at both temperatures,

including the area with scarcity or absence of fibre bundles and the area where macropores
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existed at the inner surface. Solutions may involve the enhancements to the braiding patterns

of fibre bundles, as well as the application of a protective inner SiC coating.
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6. Mechanical behaviour of CS and PVD Cr-coated zircaloy-4 claddings

In the current Chapter, the mechanical behaviour and failure processes of two types of Cr-
coated (with the coating manufactured by CS and PVD, respectively) zircaloy-4 cladding
material were investigated, with more comprehensive introductions of these two types of
materials presented in Section 3.2.2. The experimental procedures of C-ring compression tests
with in-situ uXCT conducted at both RT and 345°C are introduced in Section 3.3.1.2. The
processing procedures of UWXCT data analysis are presented in Section 3.3.1.3. The
experimental procedures for local property measurements by nanoindentation method are
included in Section 3.3.3. The procedure for analysis grain distributions in the Cr coatings by
EBSD mapping is presented in Section 3.3.2.2. The procedures for analysis failure pattens of
post-tested materials by SEM imaging are presented in Section 3.3.2.1. The results are
presented in the order of (i) the microstructures and local properties of the as-received
materials, (ii) load-displacement curves, hoop strength and progressive failure processes of

these two types of materials tested at both RT and 345°C.

The results from current Chapter have been published in the literature during the PhD project.
The current Chapter is based on the published article by Yuan et al. [1]. Guanjie Yuan:
Investigation, Formal analysis, Data curation, Writing — original draft, Writing — review &
editing; J. Paul Forna-Kreutzer: Experiments; Jon EIll: Experiments; Harold Barnard:
Resources, Review & editing; Benjamin R. Maier: Resources, Review & editing; Edward
Lahoda: Resources, Review & editing; Jorie Walters: Resources, Review & editing; Robert O.
Ritchie: Resources, Funding acquisition, Supervision, Writing — review & editing; Dong Liu:
Conceptualization, Resources, Methodology, Funding acquisition, Supervision, Writing —

review & editing.
6.1. Microstructures of as-received materials

The optical images of the polished cross-sections of the as-received CS and PVD Cr-coated
materials are respectively present in Figs. 6.1a and 6.1b, showing their typical microstructures.
It can be found that, for the CS material, the Cr coating/substrate interface is tortuous, with
some small pores scattered in the coating, as marked by the black arrows in Fig. 6.1a. As for
the PVD material, the coating/substrate interface is relatively flat, with no obvious defects in
the form of cracks or porosity found in the coating, at the resolution shown in Fig. 6.1b. The
thickness of the CS and PVD Cr coatings were measured to be 20.03 = 3.93 um and 14.36 £
0.16 um, respectively.
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(2)

€S Cr Coating

(b)

PVD Cr Coating

Figure 6-1. Optical images of the polished cross-sections of the as-received Cr-coated zircaloy-4
cladding materials: (a) CS Cr-coated materials and (b) PVD Cr-coated materials.
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The EBSD band contrast graphs and corresponding orientation image microscopy maps of the
CS and PVD coatings are presented in Fig. 6.2a and Fig. 6.2b, respectively. It can be found
that, the CS Cr coating has the typical splat structure with small, closed gaps or pores in
between (Fig. 6.2a). The orientation image microscopy map shows that the CS Cr grains have
a random orientation in each splat (Fig. 6.2a) in the coating; and there is no obvious preferred

Cr grain orientation in the CS coating as evident in the IPF map (Fig. 6.2c).

For the PVVD Cr coating, the Cr grains are primarily columnar in shape, with smaller grains can
be found clustered near the coating/substrate interface (Fig. 6.2b). Compared with the CS
coating, no obvious porosity/gaps between grains are found (Fig. 6.2b), which is consistent
with the observations from Fig. 6.1b. The PVD Cr grains show strong texture, in the X and Y

directions; most of them are along [1 1 1] direction (Fig. 6.2d).

(a) CS Cr Coating (b) PVD Cr Coating

Column
structure

101 101 101 101 101

Figure 6-2. (a) and (b) are EBSD maps of the Cr coatings showing band contrast graphs; the colour
orientation imaging microscopy maps show the Cr grains of X-Y plane. (a) the CS Cr coating shows
splat structures and small gaps/pores (marked by white arrows) between splats; (b) the PVD Cr coating
shows columnar structured Cr grains with no obvious porosity; (c) and (d) are inverse pole figures
(IPFs) show textures of the Cr grains in the coatings, respectively.

Measurements of the areas of the Cr grains in the CS and PVD coatings are conducted
automatically by EBSD mapping. And it can be found that the Cr grains in the CS coating are

in the range of 0.01 to 7.25 um?, whereas the grains in the PVD coating are in the range of 0.01
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to 16.35 um?. The area distribution of the Cr grains (selected range of 0 to 1 um? where most
grains are distributed) in the CS and PVD Cr coatings are presented in Fig. 6.3a and Fig. 6.3b,
respectively. For both types of Cr coatings, more than 50% of the Cr grains are in the range of
0 to 0.1 um?. The average area of the Cr grains in the CS coating is 0.16 * 0.42 um?, while the
PVD Cr grains have a higher (~140%) average area of 0.39 + 1.22 pm?,

(a) (b)
200 ‘ 200
CS Cr Coating PVD Cr Coating
1501 150
- ] - |
E i 5
B 100 3100
o o
] ’ ﬂﬂﬂ%ﬂm
0 H L e e e e e e 0 HULITA AT e peoteee ey
00 0.1 0.2 03 04 05 06 0.7 0.8 09 1.0 00 01 0.2 03 04 05 06 0.7 0.8 09 1.0
Area of Cr grains (um?) Area of Cr grains (um?)

Figure 6-3. (a) and (b) are measured area distribution graphs of Cr grains in the two types of coatings
(in the range of 0 to 1 um?) for the (a) CS Cr coating, and (b) PVD Cr coating.

6.2. Local properties of as-received materials

Nanoindentation tests were conducted on the polished cross-sections of both the CS and PVD
Cr-coated materials in four areas: (i) in the middle of the Cr coating (termed as ‘Area #1’ ),
(ii) in the Cr coating but located 3 pum or less to the coating/substrate interface ( ‘Area #2' ),
(i) in the substrate but located within 5 um of the interface ( “‘Area #3’ ), and (iv) in an area
in the substrate away from the interface, i.e., an area where properties are potentially not
impacted by the coating process ( ‘Area #4' ). Examples of the four indent areas are shown

in Fig. 6.4. The data points are tabulated in Table 6.1, as well as plotted in Fig. 6.5.
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(2)

(b)

CS Cr-coated Material

Coating

30 pm

PVD Cr-coated Material

Coating

Area #1

Area #2
Area #3

Area #4

Area #1

Area #3
Area #4

25 pm

Figure 6-4. Optical images of the polished cross-sections of the as-received Cr-coated materials
showing the four areas of the indents: (a) CS Cr-coated materials and (b) PVD Cr-coated materials.

Table 6-1. Measured values of the hardness H and elastic modulus E in different areas of the polished
cross-sections of the CS and PVD Cr-coated materials.

CS material PVD material
Areas H (GPa) E (GPa) H (GPa) E (GPa)
Coating Area #1 449 %065 266.06 + 7.96 447+035 268.31 + 6.92
Coating Area #2 3.79+0.34 249.47 + 8.85 5.20 + 0.45 260.03 + 4.88
Substrate Area #3 3.02£0.18 109.53 + 5.25 272 £0.25 113.41 £ 5.26
Substrate Area #4 2.62 £0.13 105.61 + 4.99 2.64 +0.23 109.52 + 3.97
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Figure 6-5. Hardness and elastic modulus of the different values in the polished cross-sections of (a)
CS material and (b) PVD material.

For the CS Cr-coated material, compared to Area #1, Area #2 displays 15.6% lower hardness.
And Area #3 has a higher hardness (~15.3%) compared to that in Area #4. These imply that

the cold spraying process has hardened the surface layer of the substrate.

For the PVD Cr-coated material, compared to Area #1, Area #2 displays 16.3% higher
hardness. For the substrate, no significant differences in either value were found for Area #3
and Area #4. This demonstrates that the PVD coating process did not cause obvious changes
in the substrate close to the coating interface.

6.3. Hoop strength at RT and 345°C

As little change was found in the mechanical behaviour of two (repeat) samples of either the
CS or PVD materials tested at each temperature, one representative load—displacement curve
for each type of material at each condition (RT and 345°C) are plotted in Fig. 6.6. And the

detailed testing sequences are listed in Table A.6 in the Appendices.
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Figure 6-6. Representative load—displacement curves for the C-ring compression tests of two types of
Cr-coated materials at both room temperature and 345°C: (a) CS Cr-coated materials including sample
S1tested at RT and sample S3 tested at 345°C; (b) PVD Cr-coated materials including sample S5 tested
at RT and sample S7 tested at 345°C. The coloured arrows indicate locations of the uXCT scans.
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6. Mechanical behaviour of CS and PVD Cr-coated zircaloy claddings

The maximum hoop strength derived from Eq. 3.1 are listed in Table 6.2. Note that as the
sample deformation in the current test was larger than the validity criteria cited in ASTM
Standard C1323-16 [246], the calculated values may be taken as overestimates. The maximum
hoop strength of CS materials at RT is ~77 % higher than that at 345°C. The same trend is
found for PVD materials where the maximum hoop strengths at RT is ~88% higher than that
at 345°C. Additionally, as described in Section 3.3, real-time radiography projections were
used to monitor coating cracks during loading; the loads and corresponding hoop stresses
(derived from Eq. 3.1) when these cracks were first observed by radiography projection (also
confirmed with uXCT images) are listed in Table 6.2. For CS Cr-coated materials tested at
both RT and 345°C, coating cracks were first seen at ~90% Py,. As for PVD Cr-coated materials
tested at both RT and 345°C, coating cracks were detected at ~80% P,. Moreover, the hoop
strain when coating cracks firstly being observed and at peak load were calculated by the
corresponding hoop stress and measured elastic modulus (by nanoindentation method), as
summarized in Table 6.2. Note that, the elastic modulus of Cr coating could decrease at
elevated temperatures, so the calculated strain at 345°C could lower than the actual value.
Moreover, after crack initiated, samples are under large deformation than the validity criteria
cited in ASTM Standard C1323-16 [246], so the calculated strain at peak load could be different
with the actual values.

Table 6-2. The width of specimens, loads and corresponding hoop stresses and strains where coating
cracks were first observed, peak loads and calculated maximum hoop stresses for CS Cr-coated and
PVD Cr-coated materials tested at both RT and 345°C.

Load, corresponding hoop

Sample . Maximum hoop
. ] stress? (MPa) and strain Peak load
Specimen width . stress? (MPa)
where coating cracks were (N) ]
(mm) . and strain
first observed

CS-S1-RT 2.36 44.52 N/1091.17 MPa/0.41% 48.72 1194.11/ 0.45%
CS-S2-RT 2.15 35.27 N/948.90 MPa/0.36% 42.42 1141.26/0.43%
CS-S3-345°C 2.21 20.85 N/542.73 MPa/0.20% 23.04 603.03/0.22%
CS-S4-345°C 2.40 25.95 N/625.57 MPa/0.24% 28.84 695.08/0.27%
PVD-S5-RT 2.51 40.95 N/921.33 MPa/0.34% 51.67 1151.66/0.43%
PVD-S6-RT 2.47 38.66 N/873.26 MPa/0.33% 50.73 1149.02/0.43%
PVD-S7-345°C 2.41 21.27 N/492.68 MPa/0.18% 27.21 631.64/0.23%
PVD-S8-345°C 2.18 18.66 N/527.94 MPa/0.20% 23.04 591.27/0.25%

2 calculated using Eq. 3.1, ASTM C1323-16 [246].
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6. Mechanical behaviour of CS and PVD Cr-coated zircaloy claddings

In addition to load drops (sudden decreasing of load at a fixed displacement), load relaxations
(progressive decreasing of load at a fixed displacement, marked by coloured arrows in Fig. 6.6)
were observed for both types of cladding materials tested at both temperatures during the uXCT
scanning periods (~6 mins) when samples were held at constant displacement. Such load
relaxations were also reported by Nguyen et al. [112] on room temperature tensile tests on PVD
Cr-coated (coating thickness: ~15 um) sheet zircaloy-4 samples (example presented in Fig. A.1
in the Appendices). The load relaxation values in current work may have some relationship
with the mechanical properties of underlying substrate. While the in-depth analysis of these
load relaxations was beyond the scope of current work, and detailed data of load relaxation

values as a function of applied load are summarized in Table A.6 in the Appendices.

6.4. Failure processes and crack toughening mechanisms at RT and 345°C

The failure processes of both types of Cr-coated materials were investigated by analysing the
real-time uXCT scans collected at different loading steps. One representative sample from each
coating type at each temperature was presented to provide a description of the failure process.
Moreover, the ductility and crack resistance of Cr coatings can be effectively assessed through
the observation of surface crack evolution, specifically the number of coating cracks [53]. In a
system characterized by a brittle coating on a ductile substrate, the development of coating
cracks typically progresses through three distinct stages: i) nucleation stage: channel cracks
initiate under a relatively low tensile strain; ii) propagation stage: the number of cracks
increases, albeit at a decelerating rate; iii) saturation stage: the number of cracks reaches a
plateau, where the initiation of new channel cracks becomes markedly difficult. Therefore, in
current project, the number of coating cracks at increasing loading stages are measured to

investigate the crack resistance of Cr coatings.
6.4.1. CS Cr-coated materials

For the CS sample S1 (tested at RT), the first uXCT scan was collected at 0.64 P, (estimated
hoop stress 723.23 MPa). However, no obvious cracks in the coating were visible in the real-
time radiography projection, as well as in the uXCT scan (Fig. 6.7a). With continued loading,
no cracks were seen in the radiography projection until 0.91 P, (1091.17 MPa of stress; 0.41%
of strain) where a uXCT scan was collected. Multiple coating cracks were found to have
formed simultaneously, Fig. 6.7b. These cracks had similar behaviours; therefore, three of them
(Crack#1 to #3, see magnified image in Fig. 6.7e) were selected as representative examples,
and 3D visualization of part of them (selected range in a length of ~ 360 um, which is ~15%

of the sample’s total width: ~2.4 mm) were presented in Fig. 6.7e.
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Room Temperature Failure Process of CS Cr-coated Materials
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Figure 6-7. (a) to (d) are in-situ WXCT slices of the X-Y plane (including magnified images extracted
from the same location in the sample at increasing loading steps) illustrated from CS sample S1: (a)
scan at 31.36 N (0.64 Py) before peak load, (b) scan at 44.52 N (0.91 P) before peak load, (c) scan at
47.20 N (0.97 Py) before peak load, and (d) pXCT scan at peak load 48.72 N (Py). (e) and (f) are 3D
visualization of part of the representative coating cracks in the magnified images of (b) and (d)
respectively.
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6. Mechanical behaviour of CS and PVD Cr-coated zircaloy claddings

Once formed, all the coating cracks arrested at the coating/substrate interface, Fig. 6.7e. The
majority of coating cracks travelled across the sample's total width (~2.4 mm) once formed,
but some cracks were found stopped in the coating, see Crack#3 in Fig. 6.7e. All the coating
cracks formed nearly perpendicular to the tensile hoop direction (Y direction). The average
distance between the coating cracks at this loading step was measured to be 98.89 = 34.71 pum.
With increasing load to 0.97 P, (1158.29 MPa; 0.44%), the number of cracks increased, and a
new crack (Crack#4) was observed in the selected range, Fig. 6.7c. Accordingly, the average

distance between coating cracks reduced to 77.60 + 25.41 pm.

At Py (1194.11 MPa; 0.45%), the number of coating cracks further increased with a new crack
(Crack#5) showed up in the selected range in Fig. 6.7d. The coating cracks were found still
arrested at the coating/substrate interface (Fig. 6.7f). The newly formed cracks also travelled
across the sample’s total width (Crack#4 and Crack#5 in Fig. 6.7f), with the further extended
in length of the cracks formed in previous loading stages being observed (Crack#3 in Fig. 6.7f).

The distance between the coating cracks was measured to reduce further to 58.38 = 17.21 um
(Fig. 6.71).

Room Temperature Crack Patterns of CS Cr-coated Materials
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Figure 6-8. SEM images showing crack patterns of post-failure CS Cr-coated materials tested at RT,
illustrated using sample S1: (a) image collected from the side surface of the sample (X-Y plane); (b)
low magnification view of the outer surface of the sample (Y-Z plane); (c) to (e) are high magnification
views of the outer surface of the sample (of the Y-Z plane). One schematic of C-ring sample with
loading is included.
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6. Mechanical behaviour of CS and PVD Cr-coated zircaloy claddings

Crack patterns of the CS sample S1 tested at RT are shown in Fig. 6.8. Cracks were found not
penetrate through to the substrate (Fig. 6.8a), which is consistent with the observations from
UXCT imaging (Fig. 6.7). These cracks formed nearly perpendicular to the tensile hoop
direction in the coating surface, at an angle of 80° to 95°, Fig. 6.8b. High magnification SEM
images revealed various crack toughening mechanisms, including the creation of parallel
cracks (Fig. 6.8¢), uncracked ligament bridging (Fig. 6.8d) and cracks bifurcation (Figs. 6.8d
and 6.8e). Crack deflection at the crack tips was also found, which can be as much as ~90°
from the crack growth direction, typically along the strips on the coating formed during the CS
manufacturing process (Fig. 6.8c). The width of these coating cracks was in the range of 1-5

pm.

For the CS Cr-coated sample S3 tested at 345°C, the first uXCT scan collected at 0.78 Py
showed no obvious crack formation (Fig. 6.9a). With continued loading, no cracks were
observed in the radiography projection until 0.90 Py (542.73 MPa; 0.20%), Fig. 6.9b. Distinct
from the CS materials tested at RT, only three cracks showed up simultaneously (Fig. 6.9b);
these three cracks were found showing similar behaviours, and Crack#1 (magnified image in
Fig. 6.9b) was selected as representative examples. 3D visualization of Crack#1 showed it
confined within the coating without penetrating the underlying substrate (Fig. 6.9d), and
travelled across the sample's total width: ~2.2 mm (21% of the total crack length was presented
in Fig. 6.9d). Additionally, in some parts of Crack#1, crack deflection and bifurcation at the
coating/substrate interface area was observed, Figs. 6.9b and 6.9d. The average distance

between the coating cracks was measured to be 334.67 = 154.31 pum.

With further loading to P, (695.08 MPa; 0.22%), no markable change was found for the
average distance between the coating cracks of 314.89 + 141.77 um (Fig. 6.9c). Coating cracks
still arrested at the coating/substrate interface (Fig. 6.9¢); with crack merging being observed
(Fig. 6.9e) at the bifurcation and deflection area (same area in Fig. 6.9d) at the coating/substrate

interface.
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345°C Failure Process of CS Cr-coated Materials
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Figure 6-9. (a) to (c) are in-situ uXCT slices of the X-Y plane (including magnified images extracted
from the same location in the sample at increasing loading steps) showing crack formation and
propagation processes of the CS Cr-coated materials tested at 345°C, from sample S3: (a) scan at 17.87
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6. Mechanical behaviour of CS and PVD Cr-coated zircaloy claddings

N (0.78 Py), (b) scan at 20.85 N (0.90 Py), (c) scan at peak load 23.04 N (Py). (d) and (e) are 3D
visualization of part of the representative coating crack (Crack#1).

SEM images of the crack patterns of the CS sample S3 tested at 345°C are shown in Fig. 6.10.
Similar to the CS materials tested at RT, the cracks at 345°C arrested within the coating
(consistent with uXCT images in Fig. 6.9); crack defection in the coating was also observed
(Fig. 6.10a). From the surface of the Cr coating, primary coating cracks (with a width of ~ 6
pm) formed perpendicular to the tensile hoop direction, Fig. 6.10b. However, cracks with a
finer width (less than 3 um, which is below the detection resolution of uXCT and the
radiography projection) were also observed as discontinuous and tortuous (Fig. 6.10b). SEM
images indicated that deflection (Fig. 6.9d) and bifurcation (Fig. 6.9e) were observed at the
tips of finer cracks. Similar observations were also found in CS sample S4 tested at the same

temperature.

345°C Crack Patterns of CS Cr-coated Materials
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Figure 6-10. SEM images showing crack patterns of the post-failure CS Cr-coated materials tested at
345°C, from sample S3: (a) image collected from the side surface of sample (X-Y plane); (b) low
magnification view from the outer surface at the sample’s middle plane (Y-Z plane). (¢) to (e) are high
magnification views of the outer surface of the sample (Y-Z plane). One schematic of C-ring sample
with loading is included.

To summarize, for CS materials tested at both RT and 345°C, the first onset of multiple cracks
was found at ~90% peak load in the coating, these cracks arrested at the coating/substrate

interface. At RT, once formed, the majority of coating cracks tended to travel across the
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6. Mechanical behaviour of CS and PVD Cr-coated zircaloy claddings

sample's total width; cracks formed almost perpendicular to the hoop direction. With further
loading, number of cracks increased, and semi-across width cracks formed at previous loading
stages further grew up in length. However, at 345°C, only three primary cracks formed
perpendicular to the hoop direction, accompanied by finer tortuous cracks.

6.4.2. PVD Cr-coated materials

For the PVD Cr-coated sample S5 (tested at RT), the uXCT scan at 0.60 P;; showed no obvious
coating cracks observed, Fig. 6.11a. With further loading to 0.80 P, (954.58 MPa; 0.34%),
multiple cracks were first observed to have formed simultaneously. Similar behaviours were
observed for these coating cracks, four of them (Crack#1 to Crack#4, as marked in the
magnified image in Fig. 6.11b) were selected as representative examples, and part of these four
representative cracks (selected length of ~540 um, which is ~22% of the total sample’s width:
~2.5 mm) was visualized in 3D to illustrate the crack behaviours, Fig. 6.11e.

It was found that, all the cracks arrested at the coating/substrate interface once formed, see
examples in Fig. 6.11e. The majority of coating cracks travelled across the sample’s total width,
with some of them arrested in the coating (Crack#1 and Crack#3 in Fig. 6.11¢). Note that, no
direct correlation between the formation of Crack#3 and the sample boundary was found,
which is direct evidence that not all the coating cracks generated from sample’s edge. Some
toughening mechanisms were also observed, including un-cracked ligament bridging and
deflection, see Crack#2 in Fig. 6.11e. The average distance between the coating cracks at this

load was measured to be 62.13 + 14.55 um.

With further loading to 0.89 P, (1061.97 MPa; 0.38%), the distance between coating cracks
reduced to 50.67 + 14.92 um, Fig. 6.11c. At Py (1193.22 MPa; 0.43%), the number of coating
cracks further increased with Crack#5 newly formed, Fig. 6.11d. 3D visualization showed these
five representative cracks arrested at the coating/composite interface, Fig. 6.11f; and the
increasing of load led to Crack#1 and Crack#3 extended further in length with un-cracked
ligament bridging. Additionally, at peak load, a new crack branched out from Crack#4, Fig.
6.11f. The distance between coating cracks further reduced to 29.27 + 11.84 um, Fig. 6.11d.
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Room Temperature Failure Process of PVD Cr-coated Materials
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Figure 6-11. (a) to (d) are in-situ uXCT slices of the X-Y plane (including magnified images extended
from the same location in the sample at increasing loading steps) showing crack formation and
propagation processes in the PVD Cr-coated materials tested at RT, from sample S5: (a) scan at 30.87
N (0.60 Py), (b) scan at 44.95 N (0.80 Py, (c) scan at 46.06 N (0.89 Py;) and (d) scan at 51.67 N (Py).
(e) and (f) are 3D visualization of part of the representative coating cracks in the magnified images of

(b) and (d) respectively.
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6. Mechanical behaviour of CS and PVD Cr-coated zircaloy claddings

SEM images conducted on the PVD materials tested at RT are presented in Fig. 6.12. The
deflection of coating cracks at the coating/substrate interface was observed, Fig. 6.12a. On the
coating surface, these cracks are discontinuous in places and not all strictly perpendicular to
the tensile hoop stress direction, specifically at an angle range of 80° to 105° (the maximum
angle between coating cracks is ~25°) with the hoop direction, Fig. 6.12b. Magnified SEM
images revealed that these cracks were mostly intergranular, Fig. 6.12. Several toughening
mechanisms that include parallel cracks (Fig. 6.12c), cracks bifurcation (Fig. 6.12d) and un-
cracked ligament bridging (Fig. 6.12e) were observed. The width of coating cracks was in the

range of 1-4 pm.

Room Temperature Crack Patterns of PVD Cr-coated Materials
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Figure 6-12. SEM images showing crack patterns of the post-failure PVD Cr-coated materials tested at
RT, from sample S5: (a) image collected from the side surface of sample (X-Y plane); (b) low
magnification view of the outer surface of the sample (Y-Z plane); (c) to (e) are high magnification
views of the outer surface of the sample (of the Y-Z plane): (c) shows parallel cracks and cracks
deflected along the Cr grain boundaries; (d) shows crack bifurcation and (e) uncracked ligament
bridging, with most cracks in an intergranular mode. One schematic of C-ring sample with loading is
included.

169



6. Mechanical behaviour of CS and PVD Cr-coated zircaloy claddings

345°C Failure Process of PVD Cr-coated Materials
(2) 19.07 N (0.70 Py) (b)21.27 N (0.78 Py) (c) 27.21 N (Py)

Cracks

No Crack#1
obvious Crack#1 Crack#4
coating = = CRadlo/S
cracks Crack#2 Crack#2

— Crack#3 Crack#3
100 pm 100 pm 2 100 pm
Y Substrate Substrate Substiite
| \Coating Coating e Ja—
X Coating 200 pm
(d) 3D visualization of three coating cracks in the magnified images of (b)
Hoop
direction
] Crack#1 g\ iEif_urcation
Crack#2
—a >
b Crack#3 X == = ————
J Crack#3
Z _HOOP Sﬂ_pm y/ Coating/s’ubstrate —
X direction interface 25 pm
Y
(e) 3D visualization of five coating cracks in the magnified images of (c)
Hoop
direction

Crack#s Bifur ation

Stopped Crack#2
Ao Crackit6 |
Y ~

| Crack#3 S| Crack#3 7
Z Hoop >—> Z Coating/substrate -
direction interface Am

X Y

Figure 6-13. (a) to (c) are in-situ uXCT slices of the X-Y plane (including magnified images extracted
from the same location in the sample at increasing loading steps) showing crack formation and
propagation processes in the PVD Cr-coated materials tested at 345°C, from sample S7: (a) scan at
19.07 N (0.70 Py) (b) scan at 21.27 N (0.78 Py), (c) scan at peak load 27.21 N (Py). (d) and (e) are 3D
visualization of part of the representative coating cracks in the magnified images of (b) and (c)

respectively.
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6. Mechanical behaviour of CS and PVD Cr-coated zircaloy claddings

For the PVD Cr-coated sample S7 tested at 345°C, the uXCT scan collected at 0.70 P, (442.15
MPa) shows no obvious coating cracks, Fig. 6.13a. With further loading to 0.78 P, (492.68
MPa; 0.18%), the uXCT images collected at this point showed multiple coating cracks forming
simultaneously (Fig. 6.13b). All these cracks arrested at the coating/substrate interface; with
majority of them travelled across the total width of the C-ring sample (~2.4 mm), representative
cracks (Crack#1 to Crack#3) are shown in Fig. 6.13d. The average distance between the coating

cracks was measured to be 71.20 = 21.87 pum.

At P, (660.72 MPa; 0.23%), the number of coating cracks increased (Fig. 6.13c) with Crack#4
and Crack#5 being observed, Fig. 6.13c; and the 3D visualization of part of Crack#1 to Crack#5
is presented in Fig. 6.13e. Note that, as mark in Fig. 6.13e, the newly formed Crack#6 did not
travel across the sample’s total width, and was not observed in the selected pXCT slice (X-Y
plane) in Fig. 6.13c. At Py, all the coating cracks were still found arrested at the
coating/substrate interface, Fig. 6.13e; and the distance between the coating cracks further
reduced to 43.27 £ 11.84 pum.

Crack patterns of the PVD sample S7 tested at 345°C are shown in Fig. 6.14a. A cross-sectional
view (Fig. 6.14a) showed that these coating cracks did not penetrate into the substrate.
Compared to the coating cracks at RT which formed (of the Y-Z plane) at an angle range of
80° to 105° to the hoop direction, some cracks in the coating surface at 345°C were found to
form at a larger angle (75° to 109°) to the hoop direction (the maximum angle between coating
cracks is ~34°, Fig. 6.14b). Magnified SEM images revealed these coating cracks mostly
propagated intergranularly, with an almost doubled crack width (1-8 pm) compared to that (1—
4 um) at RT (Figs. 6.14c-e). As shown by the SEM images, toughening mechanisms again
included parallel cracks (Fig. 6.14c), bifurcation (Fig. 6.14d) and deflection (Fig. 6.14¢€), with
uncracked ligament bridging observed to be either at the bifurcation areas (Fig. 6.14d) or within
the cracks (Fig. 6.14e).
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345°C Crack Patterns of PVD Cr-coated Materials
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Figure 6-14. SEM images showing crack patterns of the post-failure PVD Cr coated materials tested at
345°C, from sample S7: (a) image collected from the side surface of sample (X-Y plane); (b) low
magnification view of the outer surface of the sample (Y-Z plane); (c) to (e) are high magnification

views of the outer surface of the sample (Y-Z plane). One schematic of C-ring sample with loading is
included.
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To summarize, for PVD Cr-coated materials tested at both RT and 345°C, multiple coating
cracks formed simultaneously at ~ 80% peak load in the Cr coating. No evidence revealed that
these cracks penetrated the substrate after reaching peak load. At both RT and 345°C, once
coating cracks formed, the majority of them tended to travel across the sample's total width;
further loading led to the formation of new coating cracks, as well as further extended in length
of the semi-across width cracks formed at previous loading stages. At RT, the cracks were at a
width of 1-4 um at the coating surface and formed almost vertically (at an angle of 80° to 105°)
to the hoop direction. However, at 345°C, the coating cracks displayed a larger width (1-8 um),
as well as a larger angle range (75° to 109°) from the tensile hoop direction. No coating

spallation was found at either temperature.
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6.5. Discussion
6.5.1. Microstructures of CS and PVD Cr-coated materials

For the CS Cr-coated materials, the tortuous Cr coating/substrate interface is a typical
morphology of the cold spraying process [3], [63]. The thickness of these coating can be quite
varied, as reported by Fazi et al. [100]. Small pores distribued in the CS coating in optical
images (Fig. 6.1a) were confirmed by band contrast EBSD maps in Fig. 6.2a. These are
attribued to the deposition process of the CS method, and are commonly found between former
Cr powder particles [63], [100]. Fazi et al. [63], [100] pointed out that as these small pores are
isolated from outer environment, they have a negligible effect on the coating oxidation
resistance. The crack pathways in the CS coating could be potentially affected by the spalted
Cr grains in the coating; which consequently affects the strength of the coating. These will be

further discussed in Section 6.5.3.

For PVD Cr-coated materials, compared to CS materials, the PVD Cr coating/substrate
inetrface was found to be smoother (Fig. 6.1b), with the coating almost fully dense with no
obvious porosity (Fig. 6.2b). The Cr grains were columnar in shape, with a strong texture along
[111] direction in both hoop and axial direction. Smaller grains at the coating/substrate
interface were found, which is consistent with typical PVD coatings [112]. The PVD Cr grains
were often observed to exhibit either, or both, strong [110] and [111] crystallographic textures
with direction normal to the deposition surface [53], [112], [342]. The columnar Cr grains in
the PVD coating could affect the pathways of coating cracks, as well as the strength when
coating cracks firstly being observed, as furtehr discussed in Section 6.5.3. Due to these larger
columnar Cr grains, the average size of the Cr grains inside PVD coating (with an area of 0.39
+ 1.22 um?) is ~1.4 times higher than that in the CS coating (0.16 + 0.42 um?).

6.5.2. Local properties of CS and PVD Cr-coated materials

For CS Cr-coated materials, the local properties of both the coating and substrate were found
to become significantly varied close to the interface. Specifically, for the coating, the hardness
of Area #1 (~4.5 GPa) was ~18.4% higher than that in Area #2, ~3.8 GPa. As for the substrate,
the hardness of Area #3 (~3.0 GPa) was ~15.3% higher than in Area #4 (~2.6 GPa). Similar
trends have been reported by Fazi et al. [100] in a CS Cr-coated ZIRLO™ cladding material.
The nanoindentation hardness measured in the middle of their Cr coating (at a location similar
to the Area #1 in current project) was ~ 27.8% higher than that measured at locations close to

the interface (at a location similar to those tested in our Area #2). Similarly, the hardness of the
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substrate close to the interface, i.e., within 5 um (at a location akin to our Area #3) was ~40%
higher than that measured in the substrate away from the interface. As discussed in Section 2.3,
during the CS manufacturing process, a intermixed bonding region could generate at the
coating/composite interface (~40 nm in thickness), with one example of concentration profile
across the intermixed bonding region at one CS Cr-coating/Optimized ZIRLO™ interface, Fig.
6.14a. This is caused by the diffusiom of Cr and Zr elements into each other [100].

()
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Cr No Cr measured

100 nm 100 nm

Figure 6-15. (a) Concentration profiles across the intermixed bonding region (in a thickness of around
40 nm) found at the CS Cr-coating/Optimized ZIRLO™ interface, performed by energy dispersive X-
ray spectroscopy (EDX); (b) 3D reconstruction of the elemental distribution of Cr element at the CS
Cr-coating/Optimized ZIRLO™ interface (in a distance of 100 nm to 200 nm), performed by atom
probe tomography (APT). Figures are reproduced from ref [100].

It was reported that the maximum diffusion distance of Cr and Zr into each other is ~100 nm
to ~200 nm [100], with one example presented in Fig. 6.15b. In current work, the
nanoindentation tests performed in the substrate were ~3 um to ~5 um away from the interface
(far away from the such intermixed bonding region and element diffusion region), therefore

the influence of such intermixed bonding region to the variation of local properties could be
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considered negligible. As such the variations in measured data were most likely the result of
plastic deformation in the coating and substrate close to the interface during the manufacturing
process [100], which can cause deformed and elongated Cr grains [101], [102], smaller grain
sizes and a higher dislocation concentration in the substrate near the interface. Such plastic
deformation during CS coating manufacturing could also impact its interfacial toughness. This

is discussed below in Section 6.5.3.

For PVD Cr-coated materials tested in the current study, the hardness of Area #2 (~ 5.2 GPa)
is also higher (by about 16%) than Area #1 (~4.5 GPa). This is attributed to the smaller size of
the Cr grains located close to the interface (Fig. 6.2b), which is typical for PVD Cr coatings
[79]. In contrast to the CS materials, there is no significant variation in hardness in the substrate

of PVD materials as the PVD process does not lead to any plastic deformation.

In summary, for both the CS and PVD Cr-coated materials in current study, the hardness and
elastic modulus values measured for Cr coatings are in the range of 3.8 GPa to 5.2 GPa, and
249.5 GPa to 268.3 GPa, respectively; and for zircaloy-4 substrate are in the range of 2.6 GPa
to 3.0 GPa, and 105.6 GPato 113.4 GPa, respectively. These values are broadly consistent with
the values of the hardness and elastic modulus of the Cr coating and substrate from open
literatures: the hardness and modulus of Cr coatings are respectively in the range of 2.9 to 14.2
GPa and 140-300 GPa; corresponding values for the zircaloy substrate are typically 1.8-3.0
GPa and 95-115 GPa [343]. This suggests the local properties measured in current work is
comparable with others.

6.5.3. Strength and strain of CS and PVD Cr-coated materials at RT and 345°C

Using various testing methods, such as plug-expansion, uniaxial tension and tensile tests, the
room temperature maximum hoop strength of similar CS and PVD Cr-coated zircaloy-4
materials have been reported in the open literature to be in the range of ~700 MPa to ~1322
MPa [53], [79], [104], [105], [112]; detailed summaries of these values is presented in Table
2.4 and Table 2.5 in Section 2.3. In the present study, the maximum hoop stresses at RT are ~
1168 MPa and ~1150 MPa respectively for the CS and PVD Cr-coated materials. Although
such calculated maximum hoop stresses are approximate values based on Eq. 3.1, they are still
in the reported range. And such variations could be caused by the different properties of Cr
coatings, e.g., variations in surface roughness. And these properties could potentially affect the
mechanical properties of the entire Cr-coated cladding materials, e.g., initiation of coating
cracks. Therefore, future work will be conducted on the investigation of surface roughness of

these materials.
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In current work, the estimated maximum hoop stresses tested at 345°C for both types of
cladding materials were all found to be lower than those at RT by ~50%; with ~631 MPa
(~54% of RT value) for CS Cr-coated materials, and ~611 MPa (~53% of RT value) for PVD
Cr-coated materials. Similar phenomena have been reported by Roache et al. [104], [105] on
their CS Cr-coated zircaloy-4 cladding materials, tested at both RT and 315°C using a plug-
expansion test. The maximum hoop stresses of samples tested at 315°C (~500 MPa) were 60%
to 70% of the RT values (700-800 MPa). Jiang et al. [53] also reported the tensile strength at
350°C (~240 MPa) of their PVD Cr-coated zircaloy-4 sheet samples as ~55% of the strength
tested at RT (~440 MPa). These are all consistent with the findings in present work suggesting

that the C-ring compression test is comparable with other test configurations.

In current study, for the CS coating, the hoop strain when first coating cracks being observed
is 0.36% to 0.41% at RT, and 0.20% to 0.24% at 345°C. Roache et al. [104], [105] conducted
plug-expansion tests for similar CS Cr-coated zircaloy-4 claddings with ~24 pum coating
thickness at RT and 315°C. They employed both AE and DIC methods to measure the hoop
strain at the initiation of coating cracks. The hoop strain values obtained were consistent at
both temperatures, ranging from 0.3% to 0.5% at RT and approximately 0.34% at 315°C. In
current study, the measured hoop strain at RT aligns with these previously reported values.
However, a lower strain was observed at 345°C. A potential explanation for this discrepancy
is that the strain calculations in this study, for both RT and 345°C, were based on the RT elastic
modulus of the Cr coating, as determined by nanoindentation. The actual elastic modulus of
the Cr coating at 345°C is likely lower than the RT value, resulting in a lower calculated strain.
To obtain more accurate hoop strain values at elevated temperatures, future research will
involve high temperature nanoindentation to determine the actual elastic modulus of the Cr
coating at these temperatures. For the PVD coating, the hoop strain when first coating cracks
being observed is 0.33% to 0.34% at RT, and 0.18% to 0.20% at 345°C. Very limited hoop
strain value of similar materials were reported from literature. Jiang et al. [53] (2021)
conducted in-situ tensile tests on simialr PVD Cr-coated (coating thickness: ~15 um) zircaloy-
4 sheet specimens at elevated temperatures (from RT to 450°C). The tensile strains at the
initiation of coating cracks were found increased with temperature: steadily increasing from
around 0.44% at RT to around 2.10% at 450°C [53]. In current study, the measured hoop strain
at RT aligns well with these previously reported values. However, a lower strain was observed

at 345°C, which could also be caused by the over estimated elastic modulus at 345°C. In
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summary, for CS material, the RT hoop strain at the initiation of coating crack is 14.7% higher

than the PVD material, indicate the CS coating possesses higher crack-resistance.

In current study, the hoop strength of the first formation of coating cracks of CS coating was
~1020 MPa at RT and ~584 MPa at 345°C, which were respectively 13.7% and 14.5% higher
than the PVD coating (~897 MPa at RT and ~510 MPa at 345°C). Note that the accurate
strength of first coating cracks’ formation of CS materials at 345°C could lower than ~584
MPa, as finer coating cracks could form prior to the primary coating cracks and were not
detected by uXCT imaging. Similar phenomenon has been reported by Burden et al. [14] from
their CS (~25 um in thickness) and PVD (~20 um in thickness) Cr-coated zircaloy cladding
tube materials under C-ring compression at RT. Although no exact stress values were reported,
the coating crack initiation point (captured by real-time SEM imaging) for their CS materials
is ~10.5 N/mm, which is ~23.5% higher than that of PVD materials (~8.5 N/mm).

Additionally, from the reported cross-sectional SEM images of the post-tested samples,
compared with the cleavage crack behaviours of PVD coating (cracks travelled along the
boundaries of columnar grains, which served as a smoother crack pathways, see example in
Fig. 2.12), the pathways of CS coating cracks were more torturous as they travelled along the
individual splatted grain boundaries, enabling them to potentially be arrested and deflected
prior to reach the interface and generate large cracks (Fig. 2.12) [14]. Such crack deflection in
the CS coating was also observed in current work, see example in Fig. 6.9a. Moreover, as
suggested by Burden et al. [14], the high roughness of CS coating/substrate interface resulted
in a strong mechanical interlocking of the coating and substrate increasing the complexity of
load redistribution. Therefore, in current study, the potential reasons for the higher strength
(first coating cracks’ formation) of CS coating (compared with PVD coating) could be

attributed to splatted grains in the coating and its higher interfacial roughness.
6.5.4. Interfacial toughness and interfacial failure modes at RT

In this work, for CS and PVD Cr-coated materials tested at both RT and 345°C, once coating
cracks reached the coating/substrate interface, they were arrested or deflected at the interface
without penetrating the underlying substrate; this was confirmed both by uXCT and SEM
imaging. One typical example is presented in Fig. 6.11a, from the SEM image of the side
surface (X-Y plane) of a sample after failure, where some doubly deflected cracks can be
observed along the interface for the PVD material tested at RT. As no obvious coating
spallation was found for the CS and PVD materials tested at both RT and 345°C, there was
clearly good adhesion of the Cr coating to the substrate.
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Figure 6-16. Schematic illustrations to demonstrate how when a crack runs from material 1 and
impinges on the interface with a dissimilar material 2, it can have three ways to propagate: (a) penetrate
the substrate (material 2), (b) arrest or with single-side deflection or (c) arrest or with double-side
deflection. (d) Diagram of He and Hutchinson’s linear-elastic analytical solution [344], [345], once a
crack in one material impinges the interface with a different material, the behaviour is a function of the
elastic modulus mismatch across the interface. As is defined by the interfacial toughness, G;., the
critical strain energy release rate, G;., of material 2 (substrate) and the first Dundurs’ parameter (a).

As the local modulus of the coatings and substrate were measured in the present study, with
the mode | fracture toughness or strain energy release (K;. or G,.) of zircaloy cladding material
known, the upper bound of the mixed mode coating-substrate interfacial fracture toughness or
strain energy release rate (G;., including singly interfacial deflected cracks and doubly
interfacial deflected cracks) at room temperature can be determined from the He and
Hutchinson method based on first Dundurs’ parameter (a) [344], [345], assuming largely
elastic conditions (Fig. 6.15). As a coating crack approaches and impinges on the
coating/substrate interface, it can penetrate the underlying material (Fig. 6.15a) or become
arrested at the interface with either a single-side (Fig. 6.15b) or double-side interfacial
deflection (Fig. 6.15c¢). Fig. 6.11a presents an example for the situation described in Fig. 6.15¢
for a nominally perpendicular impingement. The first Dundurs’ parameter (&) represents the
elastic modulus mismatch across the interface of two dissimilar materials (details on this can
be seen in refs [344], [345]), and is defined by:

Ei — B

a:
E{+E;’

(6.1)

where E; and E; are the plane-strain elastic modulus of the zircaloy-4 and Cr, respectively, as
can be calculated from:
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5 (6.2)

where E; and v; are the elastic modulus and Poisson's ratio of the corresponding material,
respectively. The critical strain energy release rate, G,., can be correlated to the critical stress
intensity K;. by assuming primarily mode | cracking:

2
Kic
Ey

Gic = : (6.3)

where E; is the elastic modulus of substrate close to the interface. Eq. 6.3 is used to convert
the reported zircaloy-4 mode | fracture toughness to critical strain energy release rate to
correlate the mixed-mode interfacial toughness, G;., using the first Dundurs’ parameter, a (EQ.
6.1).

Ren [346] used a modified Vallecitos embedded Charpy (VEC) technique to acquire the mode
| stress-intensity factor, K;., of zircaloy-4 (similar type of substrate material with current work)
cladding tube materials at RT. The geometry of the cladding tube (7, being ~4.7 mm and r;
being ~4.1 mm) in their work is also similar to that of current study (r, being ~4.6 mm and r;
being ~4.0 mm). The reported K;. (101.1 MPa/m? at RT) [346] is therefore selected to estimate
the interfacial toughness G;.. Using Eq. 6.3, the converted critical strain energy release rate of
the substrate of CS and PVD Cr-coated materials were calculated to be 93.33 J/m? and 90.13
JIm?, respectively. By inputting the measured elastic modulus of the coating and substrate close
to the interface (Areas #2 and #3, Table 6.1) of both CS and PVD materials, the first Dundurs’
parameter (a) of singly and doubly deflected interfacial cracks, and corresponding upper-

bound of interfacial toughness (G;.) were calculated, as listed in Table 6.3.

Table 6-3. Calculated first Dundurs’ parameter («), as well as corresponding upper bound of the
interfacial toughness (G;.) for the situations of singly and doubly deflected interfacial cracks of both
CS and PVD Cr-coated materials tested at RT.

_ CS material PVD material
Deflection types o G, (3/m?) a G;. (JImM?)
Singly deflected cracks 22.39 21.62

-0.37 -0.37
Doubly deflected cracks 11.20 10.81

Based on Fig. 6.15d, both the CS and PVD Cr-coated materials tested at RT were investigated.
For interfacial crack deflection, the first Dundurs’ parameter («) is -0.37, such that the
interfacial toughness (G;.) should be respectively more than 0.24 and 0.12 times that of the

zircaloy-4 substrate for both singly and doubly interfacial crack deflection. It can be found the
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upper bound of the interfacial toughness (G;.) at RT for single (22.39 J/m?) and double (11.20
JIm?) deflected cracks of the CS materials are both ~3.6% higher than that for the PVD
materials (21.62 J/m? and 10.81 J/m?). It is suggested that the higher interfacial toughness for
the CS materials could result from the relatively strong interfacial locking of the coating and
substrate [3], caused by plastic deformation close to the interface area during the CS

manufacturing process [100].
6.5.5. Failure processes and crack patterns of CS and PVD materials at RT and 345°C

In the current work, for both the CS and PVD Cr-coated cladding materials tested at RT and
345°C, the formation and progressive development of coating cracks were successfully imaged
by in-situ uXCT imaging. More importantly, the puXCT slices (2D images and 3D
reconstructed slices) presented in current work provided crack pathways in the coating; such
information could not be offered by 2D SEM images, as SEM only provides information of
either the surface of coating cracks or the coating cracks at the cross-sections at sample’s edge.
These all demonstrated the current resolution of uXCT images (3.25 um/pixel) is sufficient to
provide the crack information in the Cr coating.

6.5.5.1. CS Cr-coated cladding materials tested at RT and 345°C

For the CS materials tested at RT, multiple coating cracks formed at ~90% of the peak load
(Fig. 6.6). The distance between coating cracks, crack density (number of cracks per area), and

corresponding hoop strain are summarized in Table 6.4.

Table 6-4. Distance between the coating cracks, crack density and corresponding hoop strain at
different loading steps of CS Cr-coated materials tested at RT and 345°C.

Loading  Distance between coating Crack density

Hoop strain
stage cracks (um) (#/pm?)
0.91 Py 98.89 £ 34.71 0.007 0.41%
RT 0.97 Py 77.60 £25.41 0.009 0.44%
Py 58.38 £17.21 0.012 0.45%
0.90 Py 334.67 £ 154.31 0.002 0.20%
345°C?
Py 314.89 £ 141.77 0.002 0.22%

2 The distance between coating cracks and crack density at 345°C are only for the primary coating
cracks, these finer tortuous cracks are not included in the calculation.
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At RT, multiple coating cracks formed simultaneously at 0.41% hoop strain, and crack density
increased with increasing load. After peak load, the crack number becomes saturated at 0.012/
um?. These cracks were found to be nearly perpendicular to the hoop direction (Fig. 6.7),
indicating that the hoop stress is the main contributor to the coating fracture at RT. Some crack
toughening mechanisms (e.g., crack deflection and bifurcation) were observed for the CS
coating cracks, Fig. 6.6e and Fig. 6.7. Similar phenomenon was also reported by Roache et al.
[104], [105] (under plug-expansion tests at RT) and Burden et al. [14] (under C-ring
compression tests at RT) of their CS Cr-coated zircaloy cladding tube materials; and one
potential reason is that when coating cracks travelled along the boundaries and gaps between
the splatted Cr grains inside CS coating, enabled them have more potentials to transfer their
growth paths away from the direction (hoop direction in current work) of maximum driving
force [14]. At some crack tips, cracks deflections along the striations in the coating (~90° to
their growth direction) were observed (Fig. 6.7a) but they did not have any major impact to the
overall crack direction patterns. The failure process of the CS Cr-coated cladding materials
tested at RT can be classified into three stages: (i) initial collective deformation in the
coating/substrate system without crack formation; (ii) multiple coating cracks formed
simultaneously at 0.41% hoop strain oriented perpendicular to the tensile hoop direction with
toughening mechanisms presented; (iii) with increasing load, the distance between the coating
cracks steadily decreased to about 60% of the initial distance at formation when reaching peak

load.

However, at 345°C, in addition to the three primary cracks (vertical to the hoop direction),
tortuous small cracks (finer in width) were also observed (Fig. 6.7). These finer cracks were
likely formed prior to the primary cracks. Based on the SEM imaging, the distance between
coating cracks (includes both finer cracks and primary cracks) and corresponding crack density
are measured to be 92.42 + 37.92 um and 0.006/ um?, respectively. As discussed in Section
2.3, such tortuous fine coating cracks have been reported on CS Cr-coated zircaloy-4 cladding
tubes under plug-expansion tests at 315°C [104], [105] with angles oriented at ~65° to ~75° to
the axial direction (Fig. 2.8). From their FEA analysis [105], tensile residual strains between
Cr coating and substrate were measured at both axial (0.026%) and circumferential (0.031%)

directions, as respectively presented in Fig. 6.17 and Fig. 6.18.
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Figure 6-17. Finite-element calculation of residual stress distribution in the axial direction of CS Cr-
coated zircaloy cladding tube. (a) The expanding plug specimen with an axial slice marked by a black
dashed line. (b) A graphical representation of an axial slice of the coated zirconium alloy.
Representative (c) thermal strain and (d) mechanical strain maps of that slice resulting from heating
from room temperature to 315°C. Figures are reproduced from reference [105].
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Figure 6-18. Finite-element calculation of residual stress distribution in the circumferential direction
of CS Cr-coated zircaloy cladding tube materials. (a) A graphical representation of the cross-section
ANSYS model. Representative (b) thermal strain and (c) mechanical strain maps and (d) the
corresponding strain values through the radial thickness of the substrate and coating at the orientation
leading to the max coating strain when heating from room temperature to 315°C. From the model, the
coating will possess a slight (e) tensile residual strain. Figures are reproduced from reference [105].
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Such tensile stresses were caused by the thermal expansion mismatch of Cr (4.9 to 8.2 x 10
6/°C [347], [348]) and zircaloy-4 substrate (6.6 x 10°%/°C [349], [350]) when temperatures
rising from RT to 315°C. It was suggested that such tensile residual strains could create a shear
stress state predisposed to off axis cracking and generate a multi-dimensional stress-state in the
coating [105], which led to the tortuous small coating cracks in current work. Compared with
the PVD materials, such tortuous small coating cracks in the CS materials at high temperatures
could potentially divert the stress at the crack tips from the main driving force; and therefore,
potentially prevent the formation of large fatal coating cracks at the early stage of coating

fracture.

As with increasing load, the tensile hoop stress generated in C-ring compression will exceed
the thermal multi-dimensional stresses [105], this is considered to be a potential reason for the
two-stages of crack formation observed in the present work: (i) the formation of finer coating
cracks caused by multi-dimensional stresses from the thermal mismatch, and (ii) the formation
of primary cracks caused by the tensile hoop stress. Accordingly, the failure processes in the
CS materials tested at 345°C can be classified into four stages: (i) initial collective deformation
in the coating/substrate system without crack formation; (ii) formation of finer tortuous coating
cracks due to the multi-directional stress distribution upon heating with a low hoop stress; (iii)
with increasing tensile hoop stress, several primary cracks (vertical to hoop direction) form at
~90% of peak load; (iv) with further loading the number of primary cracks did not increase but
their width did.

6.5.5.2. PVD Cr-coated cladding materials tested at RT and 345°C

For PVD materials tested at RT, multiple coating cracks formed simultaneously at 80% of peak
load. The distance between coating cracks, crack density (number of cracks per area), and

corresponding hoop strain are summarized in Table 6.5.
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Table 6-5. Distance between the coating cracks, crack density and corresponding hoop strain at
different loading steps of PVD Cr-coated materials tested at RT and 345°C.

Loading  Distance between coating Crack density

Materials Hoop strain
stage cracks (um) (#/pm?)
0.80 Py 62.13 + 14.55 0.008 0.34%
RT 0.89 Py 50.67 + 14.92 0.012 0.38%
Py 29.27 +11.84 0.017 0.43%
0.78 Py 71.20 £ 21.87 0.009 0.18%
345°C
Py 43.27 +9.18 0.012 0.23%

At RT, multiple coating cracks formed simultaneously at 0.34% hoop strain, and crack density
increased with increasing load. After peak load, the crack number becomes saturated at 0.017/
um?.Note the crack density (upon formation as well as with increasing load) were higher than
that of the CS materials. These coating cracks were almost perpendicular to the tensile hoop
stress (in an angle range of 80° to 105°) and propagated mostly in an intergranular manner (Fig.
6.11).

There are two main differences of the crack patterns in PVD coatings at 345°C compared with
the RT tests: (i) the orientation of the coating cracks showed a larger deviation from the hoop
direction (75° to 109° at 345°C), Fig. 6.13, and (ii) the width of these cracks were larger (1-8
um) after peak load (Fig. 6.13); (iii) the crack density was also smaller. The exact reason for
these two types of behaviour is not fully understood, but this could be related to a similar
thermal mismatch on heating, as observed in the cold sprayed coatings. This would result in
change of stress-state, as well as a potential transition from brittle to ductile behaviour with
increasing temperature which would lead to larger crack width and a reduced saturated crack
density [53]. Indeed, further experiments with intermediate temperature steps should be
conducted in the future to investigate the brittle to ductile transition temperature of such coating

materials.

In general, the failure process of the PVD materials tested at both RT and 345°C can be
classified into three stages: (i) the initial collective deformation in the coating/substrate system
without crack formation; (ii) multiple coating cracks formed simultaneously at ~80% of peak
load, with crack orientations diverged away from tensile hoop direction at higher temperature,

and (iii) coating crack density saturated at peak load.
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For both CS and PVVD materials, crack density decreased with increasing temperatures. Similar
phenomenon has been reported, Jiang et al. [53] (2021) performed in-situ tensile tests on their
PVD Cr-coated (coating thickness: ~15 pm) zircaloy-4 sheet specimens at elevated
temperatures (from RT to 300°C), and the distance between coating cracks were also reported
to be increasing from ~66 pum at RT to ~166 um at 300°C (in current work, it is ~30 um at RT
and ~50 um at 345°C for PVD materials). Although different values were reported, which may
be due to the variation of Cr coatings (coating thicknesses, fabrication processes) and testing
configurations, similar trend was observed, again indicated the C-ring compression tests in
current work is comparable with other test configurations, and indicated the quantitative
analyses of the distance between coating cracks (crack density) in current work is an effective

method to investigate the coating crack behaviours.
6.5.6. Vibrations and handling of Cr-coated zircaloy claddings in LWRs

Vibrations of zircaloy claddings could occur during operation in light water reactors, which
could affect the mechanical properties of the claddings [351]. Such vibrations could be mainly
classified into two types, the first types is mechanical vibration, which could cause by the
seismic events (earthquakes) and external disturbances [352]. Kitano et al. [352] recently
(2020) investigated the seismic resistance of ruptured and oxidized zircaloy claddings (40% of
hoop strain at the rupture opening, as presented in Fig. 6.19) after LOCA condition (at 135°C)
by finite element analysis (FEA). The maximum principal stress (68 MPa) was reported along
the axial direction, occurred at the rupture opening, Fig. 6.19. They suggested that such
materials could be prevented against structural failure resulting from bending stresses induced
by seismic activity during post-LOCA conditions [352]. For the industrial applications of CS
and PVD Cr-coated materials in LWRs, future work will be conducted on the investigation of

the failure of coatings at such mechanical vibration conditions.
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Figure 6-19. (a) Appearance of a ruptured and oxidized zircaloy cladding tube material; (b) finite
element mode of the ruptured zircaloy cladding tube material; (c) calculation of the distribution of the
axial (Z direction) stress in the ruptured zircaloy cladding tube material by FEA at 135°C, when the
vibration and rupture opening have the same azimuthal angle (0 degree), and at a conservative
displacement of 58 mm. Figures are reproduced from ref [352].

The second type of vibration is flow-induced vibration [353]. Such vibration is caused by the
flow of water circulating through the core of the LWRs [354]. As presented in Fig. 6.19,
cladding rods are supported by the grid assembly. Springs (or metallic vanes) are designed
between the cladding and the grid assembly to fix the location of the claddings [354]. However,
under irradiation conditions, the springs could relax and lose their spring force, which
consequently result in gaps between assembly and claddings. The vibration caused by flow of
coolant could subsequently increase the possibly of wear of the claddings’ surface against the
assembly, which is widely known as ‘grid-to-rod fretting (GTRF)’. As reported by Kitano et
al. [353], in USA, more than 70% of the fuel failure in PWRs are caused by the GTRF. Based
on that, in addition to the modelling for predicting GTRF in LWRs [353], several studies have
focused on the wear properties of CS and PVD Cr-coated zircaloy claddings [3], [80]. These
works indicated the Cr-coated zircaloy claddings have superior wear resistance compared with
the un-coated ones. For instance, as reported by Bischoff et al. [80], after being exposed to
300°C for 100 hrs (PWR water condition), the un-coated (selected as reference) and PVD Cr-
coated M5 claddings were under wear tests (Fig. 6.20a, 1.5 N normal load, linear displacement
of =200 pum, with a frequency of 20 Hz ) by the Inconel spring. It was reported that, compared
with the un-coated materials, the total wear volume of coated materials was significantly

decreased by two orders of magnitude, Fig. 6.20b.
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Figure 6-20. (a) Schematic representation of the experimental setup for the parametric wear tests on
un-coated (reference) and PVD Cr-coated M5 claddings; (b) total wear depth as a function of friction
energy for the clad/spring case for the un-coated (reference) and PVVD Cr-coated M5 claddings. Figures
are reproduced from ref [80].

For the CS and PVD materials in current project, the hoop strains when coating cracks initiated
were measured to be ~0.41% and ~0.38%, respectively. Therefore, when handling these
cladding, the strain at hoop direction should not exceed these critical values. Moreover, as
described in Section 2.1.1, the zircaloy-4 cladding material is ~4 m in length [24]. During the
handling of the claddings, bending could occur in the claddings due to their self-weight, as well
as the stress and strain in the axial direction. Additionally, when the claddings are fixed by the
grid assembly, stresses in the hoop direction are applied in the claddings. In current study, the
CSand PVD Cr coatings could respectively sustain a hoop stress of ~1020 MPa and ~897 MPa
at RT, and respectively ~584 MPa and ~510 MPa at 345°C without the formation of coating
cracks. These indicate, during handling the claddings, as well as fixed them by the grid
assembly, the applied hoop stresses of CS and PVD Cr-coated materials should respectively
below ~1020 MPa and ~897 MPa, for preventing the damage of the coatings and formation of
coating cracks. Future work will be focus on conducting bending tests on these materials to

investigate the strength of the failure of the coatings in the axial direction of the claddings.
6.6. Conclusion

The different manufacturing processes of CS and PVD methods resulted in different local
microstructures and properties of the Cr coatings: for CS Cr-coated materials, high speed
spraying process resulted in hardening in the substrate close to the interface; as for PVD Cr-
coated materials, smaller Cr grains close to interface caused higher hardness in the coating.

For both CS and PVD cladding materials, the measured hoop strengths at 345°C were ~50%

of the room temperature strengths; compared with PVD materials, ~14% higher strength of
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first coating cracks’ formation, as well as ~8% higher hoop strain for coating crack initiation
were found for CS materials tested at the same temperature, These can be potentially attributed

to the higher interfacial roughness and splatted Cr grains inside CS Cr coatings.

For CS and PVD materials tested at both temperatures, all the coating cracks arrested at the
coating/substrate interface and did not penetrate the substrate; using first Dundurs’ parameter,
based on measured local properties in current work and literature values on fracture toughness,
the interfacial toughness of the CS material was estimated to be higher than the PVD materials
at room temperature, and this was deemed to be plausible as the cold sprayed coating-substrate

system had a more tortuous interlocking interface.

The failure processes of both types of coatings were investigated. CS coatings have a much
lower overall crack density at both RT and 345°C compared to the PVD coatings; in particular,
the average distance between primary cracks for the CS coatings at 345°C was much larger
than that at RT. The formation of tortuous fine cracks was found in the CS coatings only at
345°C during initial stage of loading. Once the primary cracks formed at 345°C due to the high
tensile hoop stress, they did not increase in numbers but increased in width as the load was

raised to peak load.

For PVC coatings, the average distances between cracks at both RT and 345°C showed
decreasing trend to 50-60% in the crack distance at peak load compared to the situation at their
initial formation; in addition to the increase in the number of cracks, the PVD coatings at 345°C
showed a widening of cracks with increasing load that demonstrated more ductile behaviour.
The orientation of the cracks in the PVD coatings also showed larger deviation from the
perpendicular direction of the tensile hoop stress. In both the CS and PVD coatings, the primary
cracks (except those tortuous fine cracks in CS at 345°C) were all formed simultaneously at

about 80-90% of the peak load, a situation that did not change with temperature.

In summary, nuclear-grade CS and PVD Cr coatings demonstrate different microstructures,
local properties, as well as very different behaviour with testing temperature in a C-ring
compression test configuration. A brief summary of their properties is tabulated in Table 6.6.
The experimental observations in the current work are critical for the understanding of
mechanical behaviour and failure processes of these materials at elevated temperatures, and
improving the design of these coated zircaloy-4 cladding materials for future nuclear
application.
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Table 6-6. Summary of the different properties of CS Cr-coated and PVD materials tested at both RT

and 345°C.

Properties

CS materials

PVD materials

Microstructures
of as-received
materials

Area of Cr grain
in the coating

Local properties
of  as-received
materials (GPa)

Interfacial
toughness G
(I/m?)

Hoop  strength

(MPa) and strain
at the initiation
of coating cracks

Maximum hoop
stresses  (MPa)
and strain

Crack pathways
in the coating

Coating  crack

patterns

In the middle of the
coating

In the coating close to
the interface

In the substrate close
to the interface

In the substrate away
from the interface
Singly deflected
cracks

Doubly
cracks

deflected

RT

345°C
RT
345°C

RT

345°C

Splat structures; pores in

the coating; no preference

grain orientation; tortuous
interface

0.16 + 0.42 um?
4.49 of H; 266.06 of E
3.79 of H; 249.47 of E
3.02 of H; 109.53 of E
2.62 of H; 105.61 of E
22.39
11.20
~1020/0.41%

~584/0.22%
~1168/0.45%
~649/0.25%

Tortuous crack pathways

Cracks formed nearly
perpendicular to the
tensile hoop direction;
cracks arrested at the
interface

2 to 3 primary cracks
formed nearly
perpendicular to the
tensile hoop direction;
finer tortuous cracks
being observed; cracks
arrested at the interface

Grains in columnar shape
with smaller grains
clustered near interface;
no obvious pores in the
coating; strong texture in
[111] direction; smooth
interface

0.39 +1.22 um?
4.47 of H; 268.31 of E
5.20 of H; 260.03 of E
2.72 0f H; 113.41 of E
2.64 of H; 109.52 of E

21.62
10.81
~897/0.34%

~510/0.19%
~1150/0.43%
~611/0.24%

Cleavage behaviour

Cracks formed nearly
perpendicular to the
tensile hoop direction (at
an angle range of 80° to
105°); cracks arrested at
the interface

Cracks formed nearly
perpendicular to the
tensile hoop direction (at
an angle range of 75° to
109°); cracks arrested at
the interface
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7. Mechanical behaviour of HCS and NCS Cr-coated Zircaloy claddings

In the current Chapter, the mechanical behaviour and progressive failure processes of two types
of Cr-coated (with the Cr coating produced by HCS and NCS methods, respectively) zircaloy-
4 cladding material were studied at RT and 345°C. More detailed introductions of these
materials are presented in Section 3.2.2. The experimental procedures of high-temperature C-
ring compression tests combined with real-time pXCT at RT and 345°C are presented in
Section 3.3.1.2. The processing methods of the analysis of uXCT data can be found in Section
3.3.1.3. The testing methods of nanoindentation experiments for the measuring of local
properties are presented in Section 3.3.3. The experimental procedure of the analysis of Cr
grain distributions in the HCS and NCS Cr coatings by EBSD method can be found in Section
3.3.2.2. The experimental procedure of the measurement of residual stress distributions in these
two types of Cr coatings by FIB-DIC method is presented in Section 3.3.4.2. The experimental
procedures for the analysis of coating crack pattens of post-tested samples by SEM imaging
can be found in Section 3.3.2.1. The results are presented in the order of (i) the microstructures,
local properties and residual stresses of the as-received HCS and NCS materials; (ii) load-
displacement curves, hoop strength and progressive failure processes of these two types of
materials tested at both room temperature and 345°C; (iii) coating crack patterns and crack
toughening mechanisms of the materials tested at both RT and 345°C; (iv) interfacial toughness
of both types of materials at RT.

7.1. Microstructures of as-received materials

The typical microstructure of HCS material is presented in Fig. 7.1a and NCS material is
presented in Fig. 7.1b. It can be found that, similar to the CS materials in Chapter 6, the
interfaces of both HCS and NCS materials are tortuous. Small pores are also found to be
scattered in both types of Cr coatings, Fig. 7.1. The thicknesses of the HCS and NCS Cr
coatings are found to be similar, as measured to be 25.11 + 6.2 um and 24.22 + 3.57 pym,

respectively.
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HCS Cr Coating

Interface

Substrate

(b)

Interface

Substrate

25 um

Figure 7-1. Optical images of the polished cross-sections of the as-received HCS and NCS Cr-coated,
with the tortuous coating/substrate interfaces and pores inside the Cr coatings found for both types of
the materials: (a) HCS Cr-coated materials and (b) NCS Cr-coated materials.
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Fig. 7.2a and Fig. 7.2b present the EBSD band contrast figures and corresponding orientation
image microscopy mapping of HCS and NCS Cr coatings, respectively. In both the HCS and
NCS Cr coatings, pores can be found between the splatted Cr grains (Fig. 7.2), such results are
consistent with that observed by optical imaging. The IPF maps of HCS and NCS Cr coatings
are displayed in Fig. 7.2c and Fig. 7.2d, respectively. For both HCS and NCS Cr coatings, the
Cr grains in the coating did not have any preferred orientation.

(a) HCS Cr Coating (b) NCS Cr Coating

Splat Interface

Figure 7-2. (a) and (b) are EBSD maps of the HCS and NCS Cr coatings contain band contrast graphs,
and corresponding orientation imaging microscopy maps of the X-Y plane; for both types of Cr
coatings, splat structures of Cr grains and small gaps/pores (marked by white arrows) between splats
can be found: (a) HCS Cr coating; and (b) NCS Cr coating. (c) and (d) are inverse pole figures (IPFs)
show textures of the Cr grains in both the HCS and NCS coatings, and random orientation of Cr grains
in both types of coatings were found: (c) HCS Cr coating; and (d) NCS Cr coating.

Measurements of the areas of the Cr grains in the CS and PVD coatings are conducted
automatically by EBSD mapping. For HCS Cr coating, the areas of Cr grains are measured to
be 0.01 to 8.43 um?; similar results are found in the NCS Cr coating, with the area of Cr grains
are measured in the range of 0.01 to 8.52 um?. For HCS and NCS Cr coatings, most of the Cr
grains’ area are distributed in the range of 0 to 1 um?, and the distribution of the Cr grains’
areas in both HCS and NCS Cr coatings in such range (0 to 1 pm?) are plotted in Fig. 7.3a and
Fig. 7.3Db, respectively. For both HCS and NCS Cr coatings, the majority (over 60%) of the Cr
grains are measured to be below 0.1 um?. The average Cr grains’ areas in the HCS Cr coating
is measured to be 0.16 + 0.31 pm?, with similar value found for the NCS Cr coating: 0.18 +
0.36 um?2.
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Figure 7-3. The distributions of the Cr grains’ areas in the HCS and NCS Cr coatings, the selected
range is 0 to 1 um? (&) HCS Cr coating, and (b) NCS Cr coating.

7.2. Local properties of as-received materials

Nanoindentation experiments were conducted on the as-received HCS and NCS materials.
Similar with the nanoindentation tests conducted on CS and PVD materials in Chapter 6, the
tests in current Chapter were also performed on four areas, as described in Section 6.2. The
indent points of the HCS and NCS materials are presented in Fig. 7.4. The hardness and elastic

modulus values are tabulated in Table 7.1, as well as plotted in Fig. 7.5.

(a) HCS Cr-coated Material

Coating

30 ym
(b) NCS Cr-coated Material

30 ym

Figure 7-4. Optical images of the polished cross-sections of the as-received Cr-coated zircaloy cladding
tube materials showing the four areas of the indent points: (a) HCS materials and (b) NCS materials.
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Table 7-1. Measured values of the hardness H and elastic modulus E in different areas of the polished
cross-sections of the HCS and NCS Cr-coated materials.

HCS material NCS material
Areas H (GPa) E (GPa) H (GPa) E (GPa)
Coating Area #1 4,22 +0.69 230.32 £ 9.75 477 +0.68 200.82 +5.78
Coating Area #2 3.75+0.80 213.59 + 8.34 3.73+0.67 203.81 +5.02
Substrate Area #3 3.08 £0.33 106.79 = 7.99 3.06 £0.13 109.74 £ 5.18
Substrate Area #4 2.66 £0.11 104.85 + 8.09 2.67 £0.04 104.34 £5.78
(a)6 HCS material _— (b)s NCS material -
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Figure 7-5. Hardness and elastic modulus of the different values in the polished cross-sections of (a)
HCS material and (b) NCS material.

For the coating area in HCS material, the hardness and elastic modulus of Area #2 are ~89%
and ~93% of that in Area #1 (middle of the coating), respectively. The substrate areas have
overall lower hardness and elastic modulus than the Cr coating. Note that, similar to the CS Cr-
coated materials in Chapter 6, the cold spray manufacturing process also causes hardening of
the substrate close to the interface region, as the HCS material also has a higher hardness value
(~16%) in Area #3 when compared to Area #4.

As for the NCS material, the hardness of Area #2 are ~78% of that in Area #1. For the substrate
region, the hardness and elastic modulus in Area #3 are ~15% and ~5% higher than that in Area
#4, respectively.

Note that, for the area in the middle of Cr coating, the hardness of HCS materials is ~11.5%
lower than that of NCS materials; and the elastic modulus of HCS materials is ~14.7% higher
than that of NCS materials. These imply the different manufacturing parameters of these two
types of coating could affect their local properties, which consequently affect the residual

stresses in the coatings and their mechanical behaviour at both testing temperatures, as will be
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presented in Section 7.3 and Section 7.4, respectively. For both types of the materials, the
hardness and elastic modulus values of substrate away from interface (Area #4) are found
similar, as they use the same type of substrate, zircaloy-4. The potential influences of local
properties on the interfacial toughness of these two types of materials will be discussed in
Section. 7.7.

7.3. Residual stresses in Cr coatings

FIB-DIC experiments were performed on these two types of materials by the method described
in Section 3.3.4.2, for measuring the residual stresses in the Cr coatings. Three ring-cores were
milled on both types of coatings, with representative examples presented in Fig. 7.6. For the
thin coating layer, the residual stresses are widely reported in the tangential direction [355].
Therefore, in current study, only the residual stresses in the Y direction (tangential direction)
are investigated. The elastic modulus values measured in the middle of these two Cr coatings
(by nanoindentation method) are applied for the calculation of residual stresses: 230.32 GPa
for HCS material, and 203.81 GPa for the NCS material.

(a) HCS Cr-coated material (b) NCS Cr-coated material

B % o~

Ring-core . , | Ring-core

% ‘ Substrate Substrate .
m — I
Tangentiful 20 pm <L

Figure 7-6. SEM images (in BSE mode) of the polished cross-sections of the as-received Cr-coated
Zircaloy cladding materials showing the FIB-DIC areas where ring-cores were milled: (a) HCS Cr-
coated materials and (b) NCS Cr-coated materials.

Before conducting the milling step, as presented in Section 3.3.4.2, random dot speckle patterns
were firstly deposited on the coating by, with example presented in Fig. 3.11. These images
are used as reference images for DIC analysis. Before the DIC calculation, a DIC sensitivity
study was conducted for each type of the coating by the following steps: (i) one SEM image
(image 1) was collected after the deposition of dot speckle patterns, and was selected as
reference image; (ii) then, another SEM image (image 2) was taken at the same location as

image 1; (iii) these two images were then registered, and imported into the open-source
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MATLAB-based 2D DIC programme NCORR [326] to calculate the displacement, strain and
stress. As no milling process was performed, therefore, zero displacement, zero strain and zero

stress are expected for the results of the DIC sensitivity study.

Results of the DIC sensitivity study are presented in Fig. 7.7. For both HCS and NCS materials,
the calculated displacement value and strain value in the Y direction (tangential direction) are
very close to zero. Specially, for HCS material, the displacement and stain are 2.36x10° pm
and 7.85x10°®, respectively. For NCS material, the displacement and stain are 1.19x10° um
and 2.34x10°, respectively. These results indicate the accurate calculation of the DIC method

in current project.

HCS Cr-coated material NCS Cr-coated material

(b) 10°

(d) 10°

Radial

Tangential

Figure 7-7. Results of the DIC sensitivity study of both the HCS and NCS Cr-coated Zircaloy materials,
including the displacement and strain in the Y direction (tangential direction), with (a) and (c) for the
displacement and strain of the HCS material, respectively; and (b) and (d) for the displacement and
strain of the NCS material, respectively.

Fig. 7.8a and Fig. 7.8b display the relief of tangential stain and tangential stress with
corresponding increasing milling depth of the HCS Cr coating, respectively. The relaxation of
tensile strain and stress indicates the HCS Cr coating is in compressive residual stress [355].

The relaxation of tangential stain firstly increases with the milling depth until ~15 um; after
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that, a plateau is reached where complete strain relief is achieved, in a value of 0.15%, Fig.
7.8a. This strain is subsequently used to calculate the residual stress, and ~250 MPa

compressive stress is measured in the HCS Cr coating.

HCS Cr-coated material NCS Cr-coated material
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Figure 7-8. (a) and (b) are curves for the tangential strain relief with the corresponding milling depth
and tangential stress relief with the corresponding milling depth of HCS materials, respectively; (c) and
(d) are curves for the tangential strain relief with the corresponding milling depth and tangential stress
relief with the corresponding milling depth of NCS materials, respectively.

For NCS Cr coating, before reaching the milling depth of ~14 um, the relief of tangential strain
increases with the depth. After that, a plateau is reached with the strain of 0.16%, Fig. 7.8c.
And ~360 MPa compressive stress is estimated in the NCS Cr coating, Fig. 7.8d. Note that, the
compressive residual stress in NCS Cr coating is 36% higher than that in the HCS Cr coating.
The variation of residual stress in the Cr coatings could potentially affect the strength of first

coating cracks occurred and coating crack patterns, as will be discussed in Section. 7.7,

7.4. Hoop strength at RT and 345°C

For both HCS and NCS materials, two samples were tested at each temperature, and their
mechanical behaviour was found similar. Therefore, for the same type of materials, one load—
displacement curve for each testing temperature is presented in Fig. 7.9. And Table A.7

summarized the detailed C-ring testing sequence for all the tested samples.
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Figure 7-9. Representative load—displacement curves of the C-ring compression experiments of two
types of Cr-coated materials tested at both RT and 345°C: (a) curves for the HCS materials including:
sample S1 tested at RT and sample S3 tested at 345°C; (b) NCS materials including sample S5 tested
at RT and sample S7 tested at 345°C. The black arrows indicate locations collected for the uXCT scans.
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Similar to the CS and PVD materials investigated in Chapter 6, for HCS and NCS materials,
load relaxations were observed at both temperatures, Fig. 7.9. As discussed in Section 6.3, the
comprehensive investigation of such load relaxation is beyond the research scope of current
PhD project; and the load relaxation values, as well as their correlation to the applied load are
tabulated in Table A.8.

It is worth noting again, the sample’s deformation in current Chapter is much higher than the
validity criteria cited in ASTM Standard C1323-16 [246]. Therefore, the strength values in
current Chapter could be overestimated values. Similar as the CS and PVD in Chapter 6, the
RT maximum hoop strengths of both HCS and NCS materials are found to be higher than that
at 345°C. For the HCS materials, the RT maximum hoop strength is ~59% higher than that as
345°C. As for NCS materials, the RT maximum hoop strength is ~84% higher than that at
345°C. These values are tabulated in Table 7.2. Moreover, the hoop strain at the onset of
coating cracks and at peak load was calculated using the corresponding hoop stress and the
measured elastic modulus of both HCS and NCS materials. Results are summarized in Table
7.2. As described in Section 6.3, the calculated hoop strain at peak load could differ from the

actual values. And the calculated strain values at 345°C could be lower than the actual values.

Table 7-2. The width of specimens, loads and corresponding hoop stresses and strains where coating
cracks were first observed, peak loads and calculated maximum hoop stresses for HCS Cr-coated and
NCS Cr-coated cladding materials tested at both RT and 345°C.

Load and corresponding hoop

Sample . Maximum hoop
) ] stress? and strain where Peak
Specimen width . . stress? (MPa)
coating cracks were first load (N) ]
(mm) and strain
observed

HCS-S1-RT 2.28 28.11 N/714.97 MPa/0.31% 51.11 1299.94/0.56%
HCS-S2-RT 2.44 32.04 N/765.26 MPa/0.33% 56.49 1342.56/0.58%
HCS-S3-345°C 2.21 21.25 N/583.30 MPa/0.25% 30.04 788.24/0.34%
HCS-S4-345°C 2.37 25.74 N/629.93 MPa/0.27% 34.79 851.25/0.37%
NCS-S5-RT 2.19 36.68 N/1007.21 MPa/0.50% 63.39 1736.57/0.86%
NCS-S6-RT 2.51 42.94 N/1028.78 MPa/0.51% 75.51 1804.87/0.89%
NCS-S7-345°C 2.27 25.75 N/680.48 MPa/0.33% 35.27 932.17/0.46%
NCS-S8-345°C 2.39 28.50 N/715.36 MPa/0.35% 39.58 993.56/0.49%

2 calculated using Eq. 3.1, ASTM C1323-16 [246].

As described in Section 3.3, for each sample under loading, the in-situ radiography projections
are utilized to detect coating cracks. Eq. 3.1 is also used to calculate the hoop stresses of all the

samples when the initiation of coating cracks being detected by these in-situ radiography
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projections, as well as confirmed by real-time pXCT images. For both the HCS and NCS
materials tested at both temperatures, loads, as well as the corresponding hoop stresses for the
initiation of coating cracks are also summarized in Table 7.2. It is found that, for the stresses
of the initiation of coating cracks at both RT and 345°C, NCS materials are 38% and 15%
higher than that of the HCS materials, respectively. And the hoop strain at the initiation of
coating cracks at both RT and 345°C, NCS materials are 56% and 31% higher than that of the
HCS materials, respectively.

7.5. Failure processes and crack toughening mechanisms at RT and 345°C

This section investigates the progressive failure processes (by real-time uXCT images) and
coating crack toughening mechanisms (by SEM images collected from post-tested materials)
of HCS and NCS materials tested at RT and 345°C. Additionally, FIB-SEM tomography was
used to investigate the crack pathways in the coating, and along the coating/substrate interface.
For both HCS and NCS materials tested at each temperature, one specimen is selected as
representative example. Note that, for each sample, the 2D pXCT slices and corresponding 3D
reconstructed uXCT images presented in current section are collected from the same location

in the sample.
7.5.1. HCS Cr-coated materials

For the HCS materials tested at RT, the sample S1 is selected as representative example. It can
be found that, with the continuous increasing of load, no obvious coating cracks were observed
at 0.30 Py (estimated hoop stress: 389.98 MPa, hoop strain: 0.17%) from the in-situ radiography
projection and the uXCT image, Fig. 7.10a. With the load reaching to 0.55 Py (714.97 MPa,
0.31%), multiple coating cracks were observed from the radiography projection, and one uXCT
scan was collected at this loading stage. Four coating cracks formed simultaneously, Fig. 7.10b.
These cracks were found exhibited similar behaviours. Consequently, three of these cracks
(identified as Crack#1 to Crack #3 in the magnified uXCT image in Fig. 7.10b) were used to
illustrate the failure process. Fig. 7.10e displays the 3D visualization of part of coating cracks
(Crack#1 to Crack #3) of ~290 um in length (~13% of the sample’s width: ~2.28 mm).
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Room Temperature Failure Process of HCS Cr-coated Materials
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Figure 7-10. (a) to (d) are real-time pXCT slices (X-Y plane) of sample S1 to show the initiation and
propagation of the cracks in the HCS materials at RT; magnified images are also included in (a) to (d),
which collected from the same location in the sample: (a) scan at 15.33 N (0.30 Py), (b) scan at 28.11
N (0.55 Py), (c) scan at 39.35 N (0.77 Py), and (d) scan collected at peak load 51.11 N (Py). (e) and (f)
are respectively 3D visualization of part of the coating cracks in the magnified images in (b) and (d),
respectively.
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All coating cracks were observed do not propagate in underlying substrate and arrested at the
interface, Fig. 7.10e. These coating cracks were all nearly 90° against the hoop direction, Fig.
7.10e. Once formed, the Crack#1 propagated through the sample” width. and Crack#2 and
Crack#3 did not propagate through the sample’ width, and un-cracked bridging can be seen at
their tips, Fig. 7.10e. Other crack toughening mechanisms, including bifurcation (observed in

Crack#1) and deflection (observed in Crack#3) were also observed.

At 0.55 Py, the average distance between the coating cracks is 343.31 + 191.40 um. For another
RT sample S2, the simultaneous initiation of these coating cracks was also observed at 0.55
Py.

From the uXCT at 0.77 Py (1000.95 MPa, 0.43%) prior to Py, coating cracks’ number were
found increased, the formation of Crack#4 was observed in the magnified image in Fig. 7.10c.
And the distance between cracks at this loading stage is 102.34 £+ 29.33 um. At Py (51.11 N;
1299.94 MPa, 0.56%), the distance between these coating cracks further decreased to 74.67 £
20.19 pum. In the selected range, coating Crack#5 formed, Fig. 7.10d. 3D visualization of these
coating cracks revealed, Crack#4 and Crack#5 also propagated through the sample’s width, as

well as arrested at the coating/substrate interface, Fig. 7.10f.

Fig. 7.11 presented the SEM images, which displays the RT coating crack patterns of HCS
materials (using sample S1). These results are consistent with uXCT imaging (Fig. 7.10),
coating cracks were found all nearly 90° against the hoop direction, Fig. 7.11a. P-FIB milling
was conducted on these cracks to investigate their pathways in the coating, with the FIB-SEM
tomography area presented in Fig. 7.11a. The pathways of coating cracks in HCS material were
found similar, with one representative example presented in Fig. 7.11b. It can be found coating
cracks did not travel to the substrate (arrest at the interface), with some deflection along such
interface, Fig. 7.11b. Some un-crack bridging of the cracks in the Cr coating was found, as
marked in Fig. 7.11b. Additionally, in the coating, some finer cracks (in a width less than 1

um) were observed branched out from the main coating crack (Fig. 7.11b).
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Room Temperature Crack Patterns of HCS Cr-coated Materials
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Figure 7-11. SEM images (SE2 mode) showing coating crack patterns of post-tested HCS sample S1
tested at RT: (a) low magnification view of the outer surface of the sample (Y-Z plane); (b) FIB-SEM
tomography showing the crack pathways in the Cr coating; (c) to (e) are high magnification views of
the outer surface of the sample (Y-Z plane) showing several crack toughening mechanisms. One
schematic of C-ring sample with loading is also included.

The width of these finer cracks is lower than the resolution of neither uXCT imaging nor
radiography projection and therefore not being observed by these two techniques. Several crack
toughening mechanisms were found for these cracks in the coating surface (Y-Z plane),
including parallel coating cracks, see Fig. 7.11c, uncracked bridging of the coating cracks, see
Figs. 7.11c and 7.11d, and bifurcation of the coating cracks, see Fig. 7.11e. The width of these
coating cracks is 1-4 um. These observations also apply to another HCS sample S2 tested at

room temperature.
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345°C Failure Process of HCS Cr-coated Materials

(a) 13.53 N (0.39 Py) (b)21.25N (0.71 Py) (¢) 30.04 N (Py)
Cracgsf

& Cracki#2
= | te * Crack#1

obvious £

coating - :
cER - Crack#3
lﬂﬁm 100 pm
x Substrate ‘. Substrate
S \ )
‘)> Coating Coating Coa{gv 2—00 i

(d) 3D visualization of part of Crack#1 in the magnified images of (b)

Hoop
direction Cracki#1
Y
e ——— — e
5 .Hoo.p l \/
direction Deflection
X
[ Crack#1 A\
X \/‘ e —
SN —— -
5—) Z ; y - —
Coating/substrate interface 15 pm
Y
(e) 3D visualization of part of three cracks in the magnified images of (c)
Hoop
direction

—— Crack#2 ‘ )
Un-cracked R =
bridging
T Crack#1 A Crack#1 \
Coating/substrate
interface
Y Crack#3 Crack#3

L— i e
]—)Z Hoop g~
direction 30 pm

bifurcation at the
X coating/substrate interface

S 3 A Cracks deflection and

Figure 7-12. (a) to (c) are real-time pXCT slices (X-Y plane) of sample S3 to show the initiation and
propagation of the cracks in the HCS Cr-coated materials at 345°C; magnified images are also included
in (a) to (c), which collected from the same location in the sample: (a) scan at 13.53 N (0.39 Py), (b)
scan at 21.25 N (0.71 Py), (c) uXCT scan collected at peak load 30.04 N (Py). (d) and (e) are

respectively 3D visualization of part of the coating cracks in the magnified images in (b) and (c).

204



7. Mechanical behaviour of HCS and NCS Cr-coated zircaloy claddings

For HCS materials tested at 345°C, sample S3 is selected as representative example. No
obvious coating cracks were observed from the uXCT scan collected at 0.39 P, (307.41 MPa,
0.13%), Fig. 7.12a. With the load reaching to 0.71 Py (583.30 MPa, 0.25%), two coating cracks
were observed occurred simultaneously, Fig. 7.12b. Similar behaviours were observed for
them, and Crack#1 was chosen as representative example. Fig. 7.12d displays the 3D
visualization of part of Crack#1in a length of ~275 pm. Similar to the RT crack behaviour of
HCS materials, once formed, Crack#1 travelled across the entire sample’s width, and it was
also nearly 90° against the hoop direction, Fig. 7.12d. Crack#1 was also found arrested at the
interface. The average distance between the coating cracks is 466.81 um. For another 345°C
HCS sample S4, the simultaneous formation of two cracks in the Cr coating was observed at

similar loading step: 0.74 Py.

At Py (788.24 MPa, 0.34%), coating cracks’ number increased (Fig. 7.12c), and the distance
between cracks reduced from 466.81 um to 197.31 = 61.90 um. In Fig. 7.12c, the formation of
Crack#2 and Crack#3 were observed in the magnified pXCT image. And 3D visualization of
them revealed that, un-cracked bridging was found at the tips of Crack#2, and for Crack#3,
bifurcation and deflection of the crack along the interface was observed, see Fig. 7.12e. These
newly formed cracks were nearly 90° against the hoop direction and arrested at the interface,
Fig. 7.12.

Post-tested coating crack patterns of HCS materials tested at 345°C are investigated via SEM
imaging, as presented in Fig. 7.13. In the coating surface, cracks were nearly 90° against the
hoop direction (Fig. 7.13a). Fig. 7.13b displays the crack pathways in the Cr coating, and cracks
were found arrested at the interface, which is consistent with the observations from real-time
UXCT slices. Cracks were observed deflected along the boundaries of the boundary between
Cr splats, Fig. 7.13b. Similar to the RT crack patterns, finer cracks in Cr coating were found,
with examples displayed in Fig. 7.13b. Several crack toughening mechanisms were observed
for the cracks in the Cr coating, including parallel cracks (Fig. 7.13c) and uncracked bridging
at the tips of cracks (Fig. 7.13d). The width of these coating cracks is ranging from 1-8 um,
which is higher than that at RT (1-4 um). Note that, some finer tortuous cracks were found at

the tips of these large cracks, such coating cracks patterns were only found for 345°C materials.
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345°C Crack Patterns of HCS Cr-coated Materials
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Figure 7-13. SEM images (SE2 mode) showing coating crack patterns of post-tested HCS sample S3
tested at 345°C: (a) low magnification view of the outer surface of the sample (Y-Z plane); (b) FIB-
SEM tomography showing the crack pathways in the Cr coating, (c) to (e) are high magnification views
of the outer surface of the sample (Y-Z plane) showing several crack toughening mechanisms. One
schematic of C-ring sample with loading is also included.

To be summarized, for HCS materials tested at both temperatures, multiple coating cracks were
found occur concurrently. At RT, these cracks formed at 0.55 P, to 0.57 P, ; however, at
345°C, multiple coating cracks were found occur at 0.71 Py to 0.74 Py. At both temperatures,
once formed, most of the cracks in the Cr coating travelled through the sample’s width, coating
cracks’ number increased with the increasing of the loading; and the coating cracks’ number at
345°C are much smaller than at RT. At both temperatures, cracks all arrested along the
coating/substrate interface, and crack deflection along such interface was found. In the surface
of the C-ring sample, these cracks are nearly 90° against the hoop direction at both
temperatures, and the width of these cracks were 1-4 um at RT, and 1-8 um at 345°C. Note
that, the finer tortuous cracks at tip of primary cracks were only observed at 345°C. Lastly, no

spallation of the coating was observed at either room temperature or 345°C.
7.5.2. NCS Cr-coated materials

For NCS materials tested at room temperature, sample S5 is used as representative example to
illustrate the failure process of the NCS cladding materials. No obvious coating cracks were
observed at 0.28 Py (486.24 MPa, 0.24%), Fig. 7.14a. With further increasing of load to 0.58
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Py (1007.21 MPa, 0.50%), the simultaneously formation of three coating cracks were
observed, Fig. 7.14b. Similar behaviour was found for them, and two cracks (Crack#1 and
Crack#2) in the magnified image were segmented out and part of them (a selected length of
~310 pm, ~14% of the C-ring sample’s width: ~2.19 mm) were visualized in 3D, as displayed
in Fig. 7.14e. It can be found that, Crack#1 stopped in the Cr coating; while Crack#2 propagated
across the sample’s width. These cracks in the Cr coating arrested at the interface, Fig. 7.14e.
At this loading step, the distance between these cracks was 215.49 + 120.31 um. For another
room temperature NCS sample S6, the simultaneous initiation of multiple cracks in the Cr

coating was also observed at 0.57 Py.

With further loading, from the uXCT scan at 0.82 P, (1423.99 MPa, 0.70%), one new crack
(Crack#3) was found in the magnified uXCT image, Fig. 7.14c. The average distance between
the coating cracks reduced to 111.75 + 28.89 um. At Py (1736.57 MPa, 0.86%), number of
cracks in the Cr coating further increased, with another newly formed crack Crack#4 being
found in the magnified uXCT image, as presented in Fig. 7.14d. 3D visualization of these
coating cracks revealed they arrested at the interface; un-cracked bridging occurred at the tips
of Crack#3, Crack#4 travelled through the C-ring sample’s width, Fig. 7.14f. Additionally, for
the coating Crack#4, bifurcation and deflection of such crack along the interface is observed,
as presented in Fig. 7.14f. The distance cracks reduced to 48.13 + 22.31 pum.
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Room Temperature Failure Process of NCS Cr-coated Materials
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Figure 7-14. (a) to (d) are real-time uXCT slices (X-Y plane) of sample S5 to show the initiation and
propagation of the cracks in the NCS Cr-coated materials at RT; magnified images are also included in
(@) to (d), which collected from the same location in the sample: (a) scan at 17.89 N (0.28 Py), (b) scan
at 36.68 N (0.58 Py), (c) uXCT scan collected at 51.98 N (0.82 Py), and (d) uXCT scan collected at
peak load 63.39 N (Py). (e) and (f) are respectively 3D visualization of part of the coating cracks in the

magnified images in (b) and (d).
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Room Temperature Crack Patterns of NCS Cr-coated Materials
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Figure 7-15. SEM images (SE2 mode) showing coating crack patterns of post-tested NCS sample S5
tested at RT: (a) low magnification view of the outer surface of the sample (Y-Z plane); (b) FIB-SEM
tomography showing the crack pathways in the Cr coating; (c) to (e) are high magnification views of
the outer surface of the sample (Y-Z plane) showing several crack toughening mechanisms. One
schematic of C-ring sample with loading is also included.

NCS sample S5 is used as representative example to present the coating crack patterns of NCS
materials tested at RT, with the results presented in Fig. 7.15. On the surface of the C-ring
sample, cracks were found almost perpendicular to the hoop direction, see Fig. 7.15a, which is
in consistency with the observations by imaging (Fig. 7.14). The pathways of cracks in NCS
coating can be seen in Fig. 7.15b, where cracks arrested at the interface, some crack deflection
along such interface being observed. Similar to the HCS cladding materials at RT, finer cracks
(in a width around 1 um) were also found in the NCS coating, with deflection in the coating,
Fig. 7.15b. For cracks in the C-ring sample’s surface, some cracking toughening mechanisms
can be seen, which include: parallel cracks, as presented in Fig. 7.15c, uncracked bridging, as
presented in Fig. 7.15d and deflection, as presented in Fig. 7.15e. Similar to the patterns of
coating cracks in RT HCS claddings, the width of coating cracks of NCS materials was also in
the range of 1-4 um. Consistent observations were also found for the room temperature sample
S6 of the NCS cladding materials.

209



7. Mechanical behaviour of HCS and NCS Cr-coated zircaloy claddings

For the NCS materials tested at 345°C, the sample S7 is served as representative example. The
UXCT scan collected at 0.48 P, (476.91 MPa, 0.22%) showed no obvious cracks in the coating,
Fig. 7.16a. With further loading, the scan collected at 0.73 P, (680.48 MPa, 0.33%) revealed
the simultaneously formation of two coating cracks, Fig. 7.16b. These two cracks were found
have similar behaviour, and one of them (Crack#1) was segmented out and visualized in 3D
(around 290 um of the selected length), as presented in Fig. 7.16e. This Crack#1 was found
travelled across the sample’s width, and arrested at interface. Additionally, crack deflection in
coating Crack#1 was also observed, Fig. 7.16e. The distance between these two cracks was
454.92 um. For another 345°C NCS sample S8, the concurrent formation of two cracks in the

coating was also found at similar loading step: 0.73 Py.

Further increasing of load led to the initiation and formation of more cracks in the coating, with
one new crack (Crack#2) occurred in the magnified image, see the uXCT scan collected at 0.80
Py (794.85 MPa, 0.37%), Fig. 7.16c. The distance between cracks in the coating was 215.14 +
56.99 um. The last uXCT scan was collected at Py (993.56 MPa, 0.46%), another newly
formed crack (Crack#3) occur in the magnified image, Fig. 7.16d. 3D visualization of Crack#1
to Crack#3 in the magnified image revealed Crack#2 did not travel across C-ring sample’s
width, as can be seen in Fig. 7.16f. Crack#3 was found travelled across C-ring sample’s width,
with bifurcation and deflection along interface being observed, Fig. 7.16f. The distance

between cracks in the coating reduced to 169.81 + 54.47 pm.

210



7. Mechanical behaviour of HCS and NCS Cr-coated zircaloy claddings

345°C Failure Process of NCS Cr-coated Materials
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Figure 7-16. (a) to (d) are real-time uXCT slices (X-Y plane) of sample S7 to show the initiation and
propagation of the cracks in the NCS materials at 345°C; magnified images are also included in (a) to
(d), which collected from the same location in the sample: (a) scan at 0.48 Py, (b) scan at 0.73 Py, (c)
UXCT scan collected at 0.80 Py, and (d) uXCT scan collected at peak load. (€) and (f) are respectively

3D visualization of part of the coating cracks in the magnified images in (b) and (d).
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345°C Crack Patterns of NCS Cr-coated Materials
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Figure 7-17. SEM images (SE2 mode) showing coating crack patterns of post-tested NCS sample S7
tested at 345°C: (a) low magnification view of the outer surface of the sample (Y-Z plane; (b) FIB-SEM
tomography showing the crack pathways in the Cr coating; (c) to (€) are high magnification views of
the outer surface of the sample (Y-Z plane) showing several crack toughening mechanisms. One
schematic of C-ring sample with loading is also included.

Fig. 7.17 presents the patterns of coating cracks of NCS claddings at 345°C. Similar as patterns
of RT coating cracks of NCS claddings, the coating cracks formed at 345°C has also been
observed nearly 90° against the hoop direction, as presented in Fig. 7.17a. These cracks were
observed arrested at interface, with some deflection along such interface, Fig. 7.17b. Finer
cracks (in a width of 1 um to 2 um) in the coating were also observed, with deflection and
bifurcation in the coating, Fig. 7.17b. Several crack toughening mechanisms were found, which
include uncracked bridging (Fig. 7.17c) and deflection (Fig. 7.17d). The width of cracks in the
coating was 1-4 um (similar to RT tests). Similar to HCS claddings at 345°C, some finer

tortuous cracks at crack tips of the primary cracks were observed, Fig. 7.17e.

In summary, for NCS cladding materials tested at both RT and 345°C, multiple cracks in the
Cr coatings were observed formed concurrently. At RT, these cracks formed at ~57% of the
peak load; however, at higher testing temperature (345°C), cracks in the Cr coatings formed at
a higher percentage of the peak load (72% to 73%). At both temperatures, number of cracks in
the coating increased with increasing loading, with less cracks found at 345°C. At both
temperatures, cracks in the Cr coating were all found arrested at the interface, and propagated
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nearly 90° against the hoop direction; with some finer tortuous cracks at crack tips only

observed at 345°C. No coating spallation was found at either RT or 345°C.

7.6. Interfacial toughness and interfacial failure modes of HCS and NCS materials

In current Chapter, for both HCS and NCS materials tested at both temperatures, cracks in the
Cr coatings were all found arrested at the coating/substrate interface, with some single-side
deflection (Fig. 7.11b) and double-side deflection (Fig. 7.15b) being observed along such
interface. As described in Section 6.5.3, He and Hutchinson method based on first Dundurs’
parameter («) [344], [345] can be used for estimating interfacial toughness or strain (G;.,
including single-side deflection of crack and double-side deflection crack) of both HCS and
NCS materials tested at RT. The measured elastic modulus and hardness in Area#2 and Area#3
of HCS and NCS are used to determine the first Dundurs’ parameter («). By using Eq. 6.1, the
a for HCS and NCS materials are estimated to be -0.31 and -0.28, respectively. As described
in Section 6.5.3, the mode | stress-intensity factor (K;.) at RT: 101.1 MPa/m? [346] is inputting
in Eg. 6.3 to calculate the critical strain energy release rate (G,.) of both HCS and NCS
materials. Finally, the upper-bound of interfacial toughness (G;.) were estimated, with detailed

data points presented in Table 7.3.

Table 7-3. Calculated first Dundurs’ parameter (a), critical strain energy release rate (G,.) and upper
bound of the interfacial toughness (G;.) for the situations of singly and doubly deflected interfacial
cracks of both HCS and NCS Cr-coated materials tested at RT.

_ HCS material NCS material
Deflection types a Gy (IIM?) G (IIM?) a G (IIMd) G (IIM?)
Singly deflected cracks 2211 21.52

-0.31 95.71 -0.28 93.14
Doubly deflected cracks 10.91 11.46

For NCS cladding materials at RT, compared with the HCS materials, a 2.7% lower G, for
singly deflected cracks (21.52 J/m?), as well as a 5.0% higher G, for singly deflected cracks

(11.46 J/m?) are measured.
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7.7. Discussion
7.7.1. Local properties and residual stresses of HCS and NCS materials

As described in Section 7.2, different local properties were measured for the HCS and NCS
Cr-coated materials. Specifically, in Area #1 (middle of the coating), compared with the H
(~4.77 GPa) and E (~200.82 GPa) of NCS materials, the HCS materials have a 11.5% lower H
(~4.22 GPa) and a 14.7% higher E (~230.32 GPa). Additionally, compared with the H (~4.49
GPa) and E (~266.06 GPa) of Area #1 of CS materials in Chapter 6, HCS materials have 6.0%
lower H and 13.4% lower E. And NCS materials have 6.2% higher H and 24.5% lower E.

These were caused by the differences CS manufacturing parameters of these materials [356].

It has been reported that, the variation of CS manufacturing parameters (e.g., gas pressure and
temperature, stand-off-distance) could affect the impacting velocity of the particles [93], [94],
which consequently affects the bonding strength of the particles in the Cr coating. The poorly
bonded particles in the CS Cr coating could result in higher porosity level in the coating, and
consequently leads to lower hardness and elastic modulus [357]. Additionally, the impacting
velocity of the particles could show influence on the level of plastic deformation of these
particles; and a higher plastic deformation commonly results in a increasing in hardness [358].
Moreover, the increasing of the impacting velocity of the particles could enhance the shot
peening effect (particles rebounding off the surface and impacted with following particles), and
consequently results in a more dense coating with enhanced hardness [359]-[361]. Therefore,
in order to acquire specific local properties of the CS Cr coatings, the application of specific

manufacturing parameters is imperative.

Compared with the RT interfacial toughness of CS materials in Chapter 6, different values were
estimated for HCS and NCS materials in current Chapter. Specially, for HCS materials, the
interfacial toughness for singly (22.11 J/m?) and doubly (10.91 J/m?) deflected cracks are 1.3%
and 2.6% lower than the CS materials, respectively. And for NCS materials, the interfacial
toughness for singly (21.52 J/m?) and doubly (11.46 J/m?) deflected cracks are 3.9% lower and
2.3% higher than the CS materials, respectively. These are also caused by the variation of CS
manufacturing parameters of these CS materials, which affect the bonding strength between

particles and underlying substrate [78], and consequently affect the interfacial toughness.

For both HCS and NCS materials, compressive residual stresses were measured in the Cr: ~250
MPa and ~360 MPa, respectively. This is consistent with the open literatures, as compressive

residual stresses are widely reported in various types of CS coatings due to the peening effect
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[362]-[364]. The variations of residual stress in the coating could also be affected by the
variations of CS manufacturing parameters, including: gas pressure, gas temperature, particle
velocity, powder feed rate and spray angle [97]. Additionally, as described in Section 7.3, NCS
Cr coating has a 36% higher compressive residual stress than the HCS Cr coating. Such
variation could potentially affect the coating failure strengths, strains, and coating crack

patterns of the HCS and NCS materials, as will be discussed in the following section.
7.7.2. Hoop strength and strain of initiation of coating cracks

As described in Section 7.4, the estimated maximum hoop strengths of HCS and NCS materials
at both temperatures could be overestimated, due to the large deformation of C-ring samples.
Therefore, a more prudent approach would involve the comparison of hoop strengths observed

during the initial occurrence of coating cracks in both HCS and NCS materials.

Compared with such strength and strain of first formation of cracks in the Cr coatings of CS
materials in Chapter 6, HCS materials have 27.5% lower strength and 15.8% strain at RT; 3.9%
higher strength and 18.2% higher strain at 345°C. For NCS materials, in comparison of CS
materials (in Chapter 6), they have similar strength and 31.6% higher strain at RT; 19.5%
higher strength and 54.5% higher strain at 345°C. Such variations could be caused by the
variations of CS manufacturing parameters for these materials [93], [94], which subsequently
affect the microstructures, local properties, residual stresses and bonding strengths of the Cr
coatings, and consequently affect the hoop strengths of the coatings. Such variation could also
affect the failure processes and coating crack patterns of these materials, as will be discussed
in Section 7.7.3. Moreover, as discussed in Section 6.5.3, the variation in surface roughness of
these materials could potentially affect the initiation of coating cracks. Therefore, future work
will be conducted on the investigation of surface roughness of these materials.

As discussed in Section 6.5.6, during handling the HCS and NCS Cr-coated materials, as well
as fixed them by the grid assembly in the reactors, stresses could be introduced to them is
various directions. Based on the observations in current Chapter, for preventing the initiation
and formation of cracks in the Cr coating during such processes, the strain in the hoop direction
for HCS materials should be less than 0.32% and 0.26% at RT and 345°C, respectively. And
such strain should be less than 0.50% and 0.34% at RT and 345°C for NCS materials,

respectively.

215



7. Mechanical behaviour of HCS and NCS Cr-coated zircaloy claddings

7.7.3. Failure processes and coating crack patterns at RT and 345°C

For HCS and NCS materials tested at RT and 345°C, the distance between coating cracks,
crack density (number of cracks per area), and corresponding hoop strain are summarized in
Table 7.4.

Table 7-4. Distance between the coating cracks, crack density and corresponding hoop strain at
different loading steps of HCS and NCS materials tested at RT and 345°C.

. ) Crack
] Loading Distance between ] ]
Materials  Temperature ) density Hoop strain
stage coating cracks (um)

(#/pm?)

0.55 Py 343.31 +191.40 0.002 0.31%
RT 0.77 Py 102.34 £ 29.33 0.007 0.43%
HCS Py 74.67 £ 20.19 0.009 0.56%
0.71 Py 466.81 0.001 0.25%

345°C
Py 197.31+£61.90 0.005 0.34%
0.58 Py 21549+ 120.31 0.005 0.50%
RT 0.82 Py 111.75 + 28.89 0.007 0.70%
Py 48.13 +22.31 0.012 0.86%

NCS

0.73 Py 454.92 0.001 0.33%
345°C 0.80 Py 215.14 + 56.99 0.005 0.37%
Py 169.81 + 54.47 0.006 0.46%

For HCS and NCS materials at room temperature, similar failure processes were found, as can
be divided into three steps: (i) the initial deformation stage without formation and initiation of
cracks in the Cr coatings; (ii) multiple cracks formed at 55% to 58% of the peak load, and these
cracks propagated nearly 90° to the hoop direction; (iii) with increasing of load, number of the
cracks in the Cr coatings increased; and distances between them at peak load reached to ~22%
of that at the stage of the first formation of cracks in the Cr coating. However, as discussed in
Section 7.7.2, the hoop strength and strain at the initiation of coating cracks of NCS materials

are higher than the HCS material.

Furthermore, when comparing the distances between coating cracks in HCS materials at the
initiation stage of coating cracks and at peak load, NCS materials exhibited approximately a
37.2% decrease and a 35.5% decrease, respectively. This could be attributed to the higher
magnitude of compressive residual stress in NCS Cr coating (360 MPa) compared to HCS Cr
coating (250 MPa). As suggested by Liu et al. [180], the increasing of compressive residual
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stress in the SiC layers in TRISO particles could increase their failure strains. Therefore, the
higher compressive residual stress in NCS Cr coating could potentially enhance its resistance
for the initiation and development of cracks in the Cr coating, subsequently increases its
strength at the first formation of cracks in the Cr coating, and increase the coating cracks

number to prevent the emergence of large fatal coating cracks.

Furthermore, the RT failure processes of HCS and NCS materials were different from the CS
materials in Chapter 6, as the formation of cracks in the Cr coatings occurred at 0.90 P, and
0.41% hoop strain. Additionally, once formed, the distance between cracks in the Cr coatings
of CS materials is 98.89 + 34.71 um (0.007/ um? of crack density), which is 28.8% and 45.9%
of that of HCS (343.31 + 191.40 um; 0.002/ um?) and NCS materials (215.49 + 120.31 um;
0.005/ pum?), respectively. Such variations could also be attributed to the different CS
manufacturing parameters of these materials, which lead to the variation of microstructures,
porosity and particle bonding strengths of the Cr coatings, and consequently result in different

failure processes [8].

The failure processes for the HCS and NCS materials tested at 345°C were similar, as can be
divided into three steps: (i) the initial deformation stage with no observation of the coating
cracks’ formation; (ii) two cracks in the Cr coatings formed at 0.71 Py to 0.74 Py, with nearly
90° to the hoop direction; (iii) with increasing of loading, the distances between cracks in the
Cr coating at Py reached to ~40% of that at the stage of the first formation of cracks in the Cr
coatings. Such observations are different from the CS materials tested at 345°C in Chapter 6:
the first formation of finer tortuous cracks, and the subsequent formation of two or three
primary coating cracks. These finer tortuous cracks were only observed at some cracks’ tips of
the HCS and NCS materials tested at 345°C, Figs. 7.12 and 7.16.

As discussed in Section 6.5.5.1, such finer tortuous cracks could be caused by the thermal
expansion mismatch of coating and substrate, which creates a multi-dimensional stress-state in
the Cr coating at elevated temperatures [53]. However, due to the different manufacturing
parameters, the microstructures, local properties and bonding strengths of HCS and NCS Cr
coatings are from that of CS Cr coating iin Chapter 6. Such variation could lead to quite
different thermal expansion coefficients of HCS, NCS and CS (Chapter 6) Cr coatings (as that
of Cr ranging from 4.9 to 8.2 x 10%/°C [347], [348]). Therefore, the generated multi-
dimensional stresses in HCS and NCS Cr coatings at 345°C could be quite smaller than that in

CS Cr coatings in Chapter 6, as well as much smaller when compared with the hoop tensile
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stress in the HCS and NCS Cr coatings during the C-ring compression loading. Therefore, for
the HCS and NCS materials tested at 345°C in current Chapter, the thermal expansion
mismatch of Cr and substrate showed less influences on the failure of the coatings when
compared to the dominant tensile hoop stresses.

These findings imply that variations in the manufacturing parameters of the process can yield
diverse properties and failure processes of Cr coatings, even when subjected to identical testing
temperatures. Therefore, it is not right to assume the identical failure processes observed in a
specific material will also be applied to all others. Moreover, the observations in current
Chapter are significant important for accurately modelling of the mechanical performances and

failure processes of such CS Cr-coated zircaloy claddings.
7.8. Conclusion

The differences in the manufacturing parameters of HCS and NCS Cr-coated materials in
current Chapter result in their different local properties: in the middle of Cr coating, HCS
material exhibit a 11.5% lower hardness and 14.7% higher elastic modulus. Such variations
also result in the differences in interfacial toughness of these materials, with 2.7% lower and
5.0% higher interfacial toughness measured for NCS materials for singly deflected and doubly

deflected cracks, respectively.

Compressive residual stresses were measured in both HCS and NCS Cr coatings, with NCS
materials has a 36% higher stress. Such higher residual stress in NCS Cr coatings could be
attributed to the higher strength at the first formation of cracks in the Cr coating and lower
coating crack number at both temperatures, as well as enhancing the resistance of the initiation

and formation of large cracks in the Cr coating.

For HCS and NCS cladding materials, the hoop strength at the first formation of cracks in the
Cr coating at 345°C were 18% and 31% lower than at RT. Additionally, at the same testing
temperatures, a higher hoop strength at the first formation of cracks in the Cr coating was found
in the NCS cladding materials, with respectively 38% (RT) and 15% (345°C) higher than that
of the HCS materials.

The failure processes and crack patterns of both HCS and NCS cladding materials were studied.
At the same testing temperatures, similar failure processes were observed for HCS and NCS
materials. At room temperature, multiple cracks in the Cr coating formed at 0.55 P, to 0.58
Py, and coating crack number increased with increasing of load; at 345°C, two cracks in the Cr

coating formed at 0.71 P, to 0.74 Py, and the distance between cracks in the Cr coatings
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decreased with further loading. At the same testing temperatures, NCS materials have a smaller
crack density. Note that, these failure processes are all different with that of CS materials

investigated in Chapter 6.

For both HCS and NCS materials at RT and 345°C, cracks in the Cr coating arrested at the
coating/substrate interface without propagation into the underlying substrate. At both
temperatures, all the cracks in the Cr coatings of HCS and NCS materials formed nearly 90° to
the hoop direction; with some finer tortuous cracks at cracks’ tips only observed at 345°C. The
patterns of coating cracks of HCS and NCS materials at 345°C were significant different with
that of CS materials in Chapter 6. Which could be caused by the variation of stress-states in the
coating of these materials, caused by the differences in the manufacturing parameters of these

materials.

In summary, the different manufacturing parameters of HCS and NCS materials result in
differences in local properties, interfacial toughness, residual stresses, as well as mechanical
performances and coating crack patterns under C-ring compression loading. Additionally, the
properties mentioned above are all different with that of CS materials investigated in Chapter
6 under same testing conditions; and a detailed comparison of these data points tabulated in
Table 7.5.
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Table 7-5. Summary of the different properties of HCS and NCS Cr-coated materials (in current Chapter), as well as CS Cr-coated materials (in Chapter 6)

tested at both RT and 345°C.

Properties

HCS materials

NCS materials

CS materials

Area of Cr grain in the coating

Local properties of as-received
materials (GPa)

Compressive residual stress (MPa)

First Dundurs’ parameter (o)

Interfacial toughness G;. (J/m?)

Hoop strength and strain at the
initiation of coating cracks

Maximum hoop stresses and strain

Distance between coating cracks at
the first initiation of coating cracks

(pm)

Distance between coating cracks at
peak load (pm)

Area#l
Area#2
Area#3
Area#d
Singly deflected cracks
Doubly deflected cracks
Singly deflected cracks
Doubly deflected cracks
RT
345°C
RT
345°C
RT
345°C

RT
345°C

0.16 £ 0.31 um?
4.22 of H; 230.32 of E
3.750f H; 213.59 of E
3.08 of H; 106.79 of E
2.66 of H; 104.85 of E

~250

-0.31

2211
10.91
~740 MPa/0.32%
~607 MPa/0.26%
~1322 MPa/0.57%
~820 MPa/0.35%
343.31+191.40

466.81

74.67 £20.19
197.31 +61.90

0.18+ 0.36 pum?
477 of H; 200.82 of E
3.73 0f H; 203.81 of E
3.06 of H; 109.74 of E
2.67 of H; 104.34 of E
~360

-0.28

21.52
11.46
~1018 MPa/0.50%
~698 MPa/0.34%
~1771 MPa/0.87%
~963 MPa/0.47%
215.49+120.31

454.92

48.13 £ 22.13
169.81 £ 54.47

0.16 + 0.42 um?
4.49 of H; 266.06 of E
3.79 of H; 249.47 of E
3.02 of H; 109.53 of E
2.62 of H; 105.61 of E

-0.37

22.39
11.20
~1020 MPa/0.41%
~584 MPa/0.22%
~1168 MPa/0.45%
~649 MPa/0.25%
98.89 + 34.71

334.67 +154.31

58.38 £17.21
314.89 + 141.77
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8. Conclusions

This PhD project was motivated by the two distinct sets of research problems outlined in the
literature review Chapter. The conclusions from current Chapter have been published in
Materials & Design during the PhD project. The current Chapter contains minor additions and
modifications compared to the published article by Yuan et al. [14]. Guanjie Yuan:
Investigation, Formal analysis, Data curation, Writing — original draft, Writing — review &
editing; J. Paul Forna-Kreutzer: Experiments; Peng Xu: Resources; Sean Gonderman:
Resources, Review & editing; Christian Deck: Resources, Review & editing; Luke Olson:
Resources, Review & editing; Edward Lahoda: Resources, Review & editing; Robert O.
Ritchie: Resources, Funding acquisition, Supervision, Writing — review & editing; Dong Liu:
Conceptualization, Resources, Methodology, Funding acquisition, Supervision, Writing —
review & editing. The current Chapter also contains minor additions and modifications
compared to the published article by Yuan et al. [1]. Guanjie Yuan: Investigation, Formal
analysis, Data curation, Writing — original draft, Writing — review & editing; J. Paul Forna-
Kreutzer: Experiments; Jon Ell: Experiments; Harold Barnard: Resources, Review & editing;
Benjamin R. Maier: Resources, Review & editing; Edward Lahoda: Resources, Review &
editing; Jorie Walters: Resources, Review & editing; Robert O. Ritchie: Resources, Funding
acquisition, Supervision, Writing — review & editing; Dong Liu: Conceptualization, Resources,
Methodology, Funding acquisition, Supervision, Writing — review & editing.

The first question was primarily focused on establishing a thorough comprehension of the
relationship between the microstructures, local properties, residual stress distributions, and the
mechanical properties and failure processes at both RT and 1200°C of the nuclear-grade SiCs-
SiCn cladding materials. By using the high-temperature C-ring compression tests combined

with real-time uXCT, two types of materials were investigated.

The second set of the research question was aimed at understanding the relationship between
manufacturing methods, microstructures, local properties, residual stress in the coating, and the
mechanical behaviours, failure processes and coating crack patterns of nuclear-grade Cr-coated
zircaloy-4 cladding materials with temperatures. By using the high-temperature C-ring

compression tests with in-situ uXCT, four types of materials were investigated.

For the as-received SiCsSiCr cladding material with single-layer outer/inner SiC coatings, the
hardness and elastic modulus of the SiC fibre are lower than the other individual components

(SIC coatings, SiC matrix) in the materials. This is caused by the presence of residual carbon
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phase in the SiC fibre. Compared to the materials tested at RT, enhanced maximum hoop
strength of the entire composite materials and increased failure strain in the outer SiC coating
were estimated at 1200°C. These suggest room temperature tests can be potentially used as a
conservative estimate of the high temperature performance for the SiCsSiCn cladding
materials. Residual stress mapping using Raman spectroscopy revealed a relatively tensile
residual stress in the outer SiC coating at room temperature. The relaxation of such tensile
stress at 1200°C may potentially contribute to the observed higher failure strain of the outer
coating at 1200°C. Distinct failure processes were observed at RT and 1200°C. At both testing
temperatures, the initiation of crack was observed in the outer SiC coating, which leads to a
subsequent load drop. As the cracks propagated into the underlying composite with further
loading, diverse toughening mechanisms such as crack bridging, crack deflection, bifurcation,
parallel cracks, and tortuous crack pathways activate simultaneously at both room temperature
and 1200°C to resist the damage. Note that, crack deflection in the SiC coating was only
observed at 1200°C. However, in the C-ring compression configuration, no evident fiber pull-
out or breakage is observed at either temperature. The failure processes of the SiC¢SiCn
cladding materials tested at both temperatures, were different from the conventional
understanding of the presumed three-stage failure processes of such SiC¢SiCn cladding

materials.

For the SiCsSiCm cladding material with multi-layers outer SiC coating, the CVI process
employed for the SiC matrix effectively yielded a relatively low porosity in the material.
However, the resultant matrix exhibited diminished crystallinity, leading to a decrease in its
elastic modulus, which in turn could potentially compromise the cladding material's resistance
to irradiation. Furthermore, variations in the CVI parameters might influence the distribution
of residual stress within the SiC fibre. Similar mechanical behavior was observed at both room
RT and 1200°C for samples with initial damage induced during the sample preparation process
under loading. This indicates that the materials exhibit good damage tolerance under the current
level of initial damage. Various crack toughening mechanisms simultaneously activated to
resist damage, including crack deflection, un-cracked ligament bridging, tortuous crack paths,
and parallel cracks. With further loading towards peak levels, fiber pull-out was observed. Two
specific areas in the materials exhibited unexpected detrimental effects on structural integrity
and hermeticity at both temperatures. These areas included regions with a scarcity or absence

of fibre bundles and locations where macropores existed on the inner surface. Potential
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solutions might involve changing of the braiding angles of fiber bundles and employing a

protective inner SiC coating to address these issues.

Distinct manufacturing processes of CS and PVD methods yielded diverse microstructures and
local properties of the Cr coatings. In CS materials, the high-speed spraying process induced
substrate hardening near the interface, while smaller Cr grains proximate to the interface in
PVD materials contributed to heightened coating hardness. Regarding hoop strengths measured
at 345°C for both CS and PVD materials, they exhibited approximately 50% of their strengths
at RT. However, in comparison to PVD materials, CS materials displayed around a higher
strength and strain for the formation of initial coating cracks at the same temperatures. This
disparity might be ascribed to the augmented interfacial roughness and splatted Cr grains
present within CS Cr coatings. Notably, for both types of material tested at both temperatures,
all coating cracks arrested at the coating/substrate interface without penetrating the substrate,
and crack could deflect along such interface. Utilizing Dundurs' parameter based on locally
measured properties from the current study and fracture toughness values from the literature,
the estimated interfacial toughness of CS materials surpassed that of PVD materials at RT. This
observation is deemed credible due to the CS coating-substrate system possessing a more
tortuous interlocking interface. Investigations of failure processes of both coating types
revealed distinctive characteristics. CS coatings exhibited considerably larger overall crack
density at both temperatures compared to PVD coatings. Noteworthy was the discovery of
tortuous fine cracks exclusively in CS coatings at 345°C during the initial loading stage.
Following the formation of primary cracks at 345°C due to heightened tensile hoop stress, these
cracks did not increase in number but instead widened as the load increased to peak load. In
contrast, PVD coatings displayed a decreasing trend in average crack distances at both
temperatures, eventually reaching 50-60% of the crack distance observed at their initial
formation upon reaching peak load. Moreover, at 345°C, the PVD coatings demonstrated an
increase in the number of cracks along with widened cracks as the load increased, indicating a
more ductile behavior. Additionally, crack orientations in the PVD coatings displayed larger
deviations from the perpendicular direction of the tensile hoop stress. In both CS and PVD
coatings, primary cracks (except for the tortuous fine cracks in CS at 345°C) emerged
simultaneously at around 80-90% of the peak load, a pattern that remained consistent across
the temperatures. No coating spallation was observed for both types of materials at both testing

temperatures.
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Distinct manufacturing parameters of HCS and NCS materials resulted in different local
properties and interfacial toughness. Compressive residual stresses were estimated in both HCS
and NCS Cr coatings, with NCS materials displaying 36% higher stress. This heightened
residual stress in NCS Cr coatings potentially accounts for their higher hoop strength and strain
during the initial formation of coating cracks, reduced crack density, and an enhanced
resistance against the development of critical coating cracks at both temperatures. At 345°C,
both HCS and NCS materials showed a reduction in hoop strength and strain at the onset of
coating crack formation compared to that at RT. Moreover, at same testing temperatures, NCS
materials exhibited higher hoop strength and strain during initial coating crack formation when
compared to HCS materials. Exploration into the failure processes and crack patterns of both
material types revealed similar behavior at same testing temperatures. For both HCS and NCS
materials at both temperatures, all coating cracks arrested at the coating/substrate interface
without propagation into the underlying substrate. For both types of materials tested at both
temperatures, cracks were observed deflection along such interface. Moreover, these cracks
typically formed nearly perpendicular to the hoop direction, with finer tortuous cracks observed
only at the tips of cracks at 345°C. The width of coating cracks for HCS materials increased at
345°C compared to RT, whereas for NCS materials, the width remained consistent across both
temperatures. The distinctive crack patterns observed in HCS and NCS materials at 345°C
differed significantly from those in CS materials, potentially attributed to variations in stress-
states within their coatings arising from disparate manufacturing parameters. No coating

spallation was observed for both types of materials at both testing temperatures.

In summary, experimental observations in current PhD project present novel and direct insights
into the mechanical behaviour and failure processes of nuclear-grade SiCsSiCm cladding
materials and Cr-coated zircaloy-4 cladding materials with temperatures. These observations
are also critical for improving the design of these materials for future industrial application.
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9. Future work

(i) High temperature mechanical tests on the SiCtSiCn cladding and Cr-coated zircaloy
cladding materials. The current PhD project only focuses on the hoop strengths of these two
types of materials. As discussed in Section 6.5, the cladding materials are ~4 m in length. Due
to their self-weight, strain and stress in the axial direction will occur when handling these
claddings. Therefore, future work will be conducted aiming at investigating the mechanical
properties and failure processes of these materials at elevated temperatures under bending test.
Moreover, in current project limited materials tested at only two temperatures: RT and 1200°C
for SiCsSiCm cladding and RT and 345°C for Cr-coated zircaloy cladding. To have a more
comprehensive understanding of the correlation between microstructures, mechanical
properties and failure processes at elevated temperatures, more mechanical testing will be

conducted at more temperatures.

(i) High temperature Raman measurements on the SiC¢SiCr cladding materials. As discussed
in Section 4, the relaxation of tensile residual stress in the single-layer outer SiC coating of the
SiC#SiCn cladding materials at 1200°C could potentially increase the failure strength and
strain of the coating. Therefore, further experiments will be conducted by the high temperature
Raman spectroscopy in CDTR group in UOB. Such technique allows the quantitatively
analysis of the magnitude of residual stress in the outer SiC coating with elevated temperatures,

as well as their influences on the mechanical performances of the entire composite materials.

(ii1) Investigation of the properties of irradiated SiCsSiCm cladding and Cr-coated zircaloy
cladding materials. Under servicing in LWRs, the cladding materials undergo irradiation,
which will consequently change the properties of the cladding materials, including:
dimensions, local properties, residual stress distribution, microstructures and mechanical

properties. Therefore, future study will focus on this research area.

(iv) Investigation of the brittle to ductile transition temperatures of Cr coatings. As discussed
in Section 6.5.5.2, the various manufacturing processes of the Cr coatings could result in the
variation in their brittle to ductile transition temperatures [53]. Which subsequently affect the
failure strengths, failure processes and crack patterns of the coatings, and consequently affect
the mechanical performances of the entire coated cladding system. Subsequent investigations
should consider conducting additional experiments with finer temperature increments to

explore and ascertain the brittle to ductile transition temperature of these Cr-coated cladding
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materials. Moreover, outer surface roughness could also potentially affect the crack initiation

in such Cr-coated materials. Therefore, future work will be focused on this field.

(v) High temperature mechanical testing of SiCsSiCn cladding and Cr-coated zircaloy
cladding materials in steam environments. The purpose of application Cr coatings on zircaloy
cladding is to enhance its oxidation resistance under extreme conditions (e.g., LOCA). The
current PhD Chapter investigates the mechanical behaviour of these materials in Ar
environment. Therefore, fur the future industrial application of these Cr-coated zircaloy
materials, further experiments will be conducted in steam air environments at elevated
temperatures to investigate the mechanical properties and oxidation resistance. Additionally,
un-coated zircaloy claddings will be selected as reference materials, and be tested in the same

conditions as the Cr-coated materials.

(vi) Synchrotron X-Ray diffraction (XRD) experiments on SiC¢SiCr cladding and Cr-coated
zircaloy cladding materials. The microfocus XRD results will provide key insights into the
lattice strain distribution in these cladding materials. This will enable the analysis of residual
stresses to be accurately quantified and provide a more comprehensive understanding of the
locked-in forces that arise as the result of fabrication processes of these materials. In particular,
it will serve to validate and refine the existing models of residual stress generation. These
results will be combined with the research on local properties (by nanoindentation) and
microstructural characterization (by EBSD), to provide a complete understanding of the impact
of production processes on these systems. These insights are essential in refining the production
processes and thermal treatment steps, in order to maximize the performance and efficiency of

these promising classes of cladding materials.
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Table A-1. Finite-element calculation of stress distribution for different C-ring sample geometries by

Embree et al.[247] (o, and o, represent for hoop and axial stress, respectively).

Ti/7, b/t ay/0,
0.75 3 33.58
0.95 3 -1290.75
0.75 4 14.22
0.95 4 856.86
0.75 5 9.24
0.95 5 154.67

Table A-2. Detailed C-ring compression/uXCT testing sequence for all specimens of SiCsSiCn

materials with single-layer outer SiC coating.

Specimen Testing Sequence
S1-1 (1) Preload Scan; (2) Scan at: 11.35N (0.37 Py); (3) Scan at 20.89 N (0.62 Py);
RT (4) Scan at 17.58 N (0.52 Py);(5) Scan at 20.64 N (0.61 Py);
(6) Scan at 28.81 N (0.85 Py); (7) Peak load at 33.71 N (Py);
(8) Scan after peak load at 28.43 N (0.84 Py);
(9) Scan after peak load at 15.54 N (0.46 Py)
S1-2 (1) Preload Scan; (2) Scan at: 5.69 N (0.17 Py); (3) Scan at 14.47 N (0.42 Py);
RT (4) Scan at 16.83 N (0.49 Py); (5) Scanat 21.59 N (0.63 Py);
(6) Scan at 25.41 N (0.74 Py); (7) Peak load at 34.13 N (Py);
(8) Scan after peak load at 10.02 N (0.29 Py)
51-3 (1) Preload Scan; (2) Scan at: 19.75 N (0.51 Py); (3) Scan at 30.57 N (0.79 Py);
1200°C (4) peak load at 38.65 N (Py); (5) Scan after peak load at 25.21 N (0.65 Py);
(6) Scan after peak load at 13.78 N (0.36 Py)
S1-4 (1) Preload Scans; (2) Scanat 11.23 N (0.28 Py); (3) Scan at 17.91 N (0.44 Py);
1200°C (4) Scan at 26.03 N (0.64 Py); (5) Scan at 33.98 N (0.84 Py);
(6) peak load at 40.57 N (Py); (7) Scan after peak load at 8.51 N (0.21 Py)
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Table A-3. Magnitude of the load relaxation in SiCs-SiCr,, materials with single-layer outer SiC coating

samples, with S1-3 and S1-4 tested at 1200°C at increasing loading steps.

Specimen Load before XCT | Load after XCT Lo_ad Percentage of load
scan (N) scan (N) relaxation (N) relaxation (%0)
19.75 (0.51 Py) 16.49 (0.43 Py) 3.26 16.51
S1-3 30.57 (0.79 Py) 28.25 (0.73 Py) 2.32 7.59
25.88 (0.67 Py) 23.93 (0.62 Py) 1.95 7.53
11.23 (0.28 Py) 9.27 (0.23 Py) 1.96 17.45
S1-4 17.91 (0.44 Py) 15.84 (0.39 Py) 2.07 11.56
26.03 (0.64 Py) 24.67 (0.61 Py) 1.36 5.22
33.98 (0.84 Py) 31.56 (0.78 Py) 2.42 7.12

Table A-4. Detailed C-ring compression/uXCT testing sequence for all specimens of SiCs-SiCr
materials with multi-layer outer SiC coating.

Specimen Testing Sequence
52-1 (1) Preload Scan; (2) Scan at 5.14 N (0.12 Py);

RT (3) Scan at: 12.36 N (0.29 Py); (4) Scan at 24.21 N (0.56 Py);

(5) Scan at 27.53 N (0.64 Py); (6) Scan at 38.58 N (0.90 Py);

(7) Peak load at 42.87 N (Py); (8) Scan after peak load at 18.71 N (0.44 Py);
$2-2 (1) Preload Scan; (2) Scan at: 10.07 N (0.21 Py);

RT (3) Scan at 19.20 N (0.41 Py); (4) Scan at 30.67 N (0.65 Py);

(5) Scan at 38.69 N (0.82 Py); (6) Peak load at 46.97 N (Py);

(7) Scan after peak load at 27.66 N (0.59 Py);

(8) Scan after peak load at 8.67 N (0.18 Py);

(1) Preload Scan; (2) Scan at: 19.43 N (0.46 Py);

128503(: (4) Scan at 24.76 N (0.58 Py); (5) Scan at 32.54 N (0.77 Py);
(6) Peak load at 42.33 N (Py); (7) Scan after peak load at 35.22 N (0.83 Py);
(8) Scan after peak load at 13.41 N (0.32 Py);
$2-4 (1) Preload Scan; (2) Scan at 10.30 N (0.26 Py);
1200°C (3) Scan at 16.78 N (0.42 Py); (4) Scan at 23.85 N (0.59 Py);

(5) Scan at 28.08 N (0.70 Py); (6) peak load at 40.38 N (Py);
(7) Scan after peak load at 36.85 N (0.91 Py);
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Table A-5. Magnitude of the load relaxation in SiCsSiCr, materials with multi-layer outer SiC coating
samples, with S2-3 and S2-4 tested at 1200°C at increasing loading steps.

Specimen | Load before XCT | Load after XCT Load Percentage of load
scan (N) scan (N) relaxation (N) relaxation (%0)
19.53 (0.46 Py) 15.87 (0.43 Py) 3.66 18.74%
25.21 (0.60 Py) 21.71 (0.51 Py) 3.50 13.88%
32.68 (0.77 Py) 26.95 (0.64 Py) 5.73 17.53%
S2-3 40.69 (0.67 P,) | 35.12(0.62 Py) - 13.69%
after peak load after peak load ' '
36.09 (0.85 Py) 29.90 (0.71 Py)
after peak load after peak load 6.19 17.15%
10.63 (0.26 Py) 7.87 (0.19 Py) 2.76 25.96%
17.05 (0.42 Py) 13.24 (0.33 P) 3.81 22.34%
S2-4 24.94 (0.62 Py) 20.72 (0.51 P,) 4.22 16.92%
28.42 (0.84 Py) 24.96 (0.78 Py) 3.46 12.17%
38.34 (0.95 Py) 32.77 (0.81 Py) 5.57 14.53%

Table A-6. Detailed C-ring compression/uXCT testing sequence for all specimens of CS and PVD Cr-

coated materials.

Specimen

Testing Sequence

S1-RT

CS (1) Preload Scan; (2) Scan at: 31.36 N (0.64 Py); (3) Scan at 44.52 N (0.91 Py); (4) Scan
at 47.20 N (0.97 Py); (5) Peak load at 48.72 N (Py);
(6) Scan at peak load at 48.72 N (Py));

S2-RT

CS (1) Preload Scan; (2) Scan at: 30.67 N (0.77 Py); (3) Scan at 37.32 N (0.88 Py); (4) Peak
load at 39.81 N (Py); (5) Scan at peak load at 42.42 N (Py);

S3-345°C

CS (1) Preload Scan; (2) Scan at: 17.87 N (0.78 Py); (3) Scan at: 20.85 N (0.90 Py);
(4) Peak load at 23.04 N (Py); (5) Scan at peak load at 23.04 N (P);

S4-345°C

CS (1) Preload Scan; (2) Scan at: 18.52 N (0.64 Py); (3) Scan at: 25.95 N (0.90 Py);
(4) Peak load at 28.83 N (Py); (5) Scan at peak load at 28.83 N (P);

PVD (1) Preload Scan; (2) Scan at: 2.81 N (0.05 Py); (3) Scan at 30.87 N (0.60 Py);
S5-RT | (4) Scan at 40.95 N (0.80 Py); (5) Scan at 46.06 N (0.89 Py); (6) Peak load at 51.67 N
(Py); (7) Scan at peak load at 51.67 N (Py);
PVD (1) Preload Scan; (2) Scan at: 28.71 N (0.57 Py);
S6-RT | (3) Scan at 38.66 N (0.76 Py); (4) Scan at 46.52 N (0.92 Py);
(5) Peak load at 50.73 N (Py); (6) Scan at peak load at 50.73 N (P);
PVD (1) Preload Scan; (2) Scan at: 19.07 N (0.70 Py);
S7-345°C | (3) Scan at: 21.27 N (0.78 Py); (4) Peak load at 27.21 N (Py);
(5) Scan at peak load at 27.21 N (Py);
PVD (1) Preload Scan; (2) Scan at: 11.52 N (0.50 Py);
S8-345°C | (3) Scan at: 18.66 N (0.81 Py); (4) Peak load at 23.04 N (Py);

(5) Scan at peak load at 23.04 N (Py);
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Figure A-1. Load-displacement curve for PVD Cr-coated zircaloy cladding materials under tensile test
at RT (with load relaxation marked by arrows). Figure is reproduced from ref. [112].

Table A-7. Magnitude of the load relaxation in CS and PVD Cr-coated materials tested at both RT and

345°C.
Specimen Load before Load after Load Percentage of load
b XCT scan (N) XCT scan (N) | relaxation (N) relaxation (%o)

31.36 (0.64 P;) | 28.45(0.58 Py) 2.91 9.28

CS-S1-RT 44,52 (0.91 P;) | 39.63(0.81 Py) 4.89 10.98

47.20 (0.97 P,) | 44.95(0.92 Py) 2.25 4,77

CS-S2-RT 30.67 (0.77 P;) | 28.02 (0.70 Py) 2.65 8.64

37.32(0.88 P;) | 33.10(0.78 Py) 5.22 11.31

[ 17.87 (0.78 Py) | 15.47 (0.67 Py) 2.40 13.43

CS-53-345°C 20.85 (0.90 P;) | 14.39 (0.62 Py) 6.46 30.98

. 18.52 (0.64 P;) | 15.75(0.55 Py) 2.77 14.96

C5-54-345°C 25.95 (0.90 Py) | 20.32(0.70 Py) 5.67 21.85

30.87 (0.60 P;) | 28.89 (0.56 Py) 1.98 6.41

PVD-S5-RT 40.95 (0.80 P,) | 35.87 (0.69 Py) 5.08 12.41

46.06 (0.89 P,) | 40.31(0.78 Py) 5.75 12.48

28.71 (0.57 Py) | 25.02 (0.49 Py) 3.69 12.85

PVD-S6-RT 38.66 (0.76 P;) | 34.53 (0.68 Py) 4.13 10.68

46.52 (0.92 P,) | 41.50(0.82 Py) 5.02 10.79

o7 apRe 19.07 (0.70 Py) | 15.09 (0.55 Py) 3.98 20.87

PVD-57-345°C 21.27 (0.78 Py) | 14.73(0.54 Py) 6.54 24.04

P, 11.52 (0.50 Py) 9.59 (0.42 Py) 1.93 16.75

PVD-58-345°C 18.66 (0.81 P;) | 14.85(0.64 Py) 3.81 20.42
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Table A-8. Detailed C-ring compression/uXCT testing sequence for all specimens of HCS and NCS
Cr-coated materials.

Specimen Testing Sequence
HCS (1) Preload Scan; (2) Scan at: 15.33 N (0.30 Py);
s1 (3) Scan at 28.11 N (0.55 Py); (4) Scan at 39.35 N (0.77 Py);

RT (5) Scan at Peak load at 51.11 N (Py);
HCS (1) Preload Scan; (2) Scan at: 17.32 N (0.31 Py);
s2 (3) Scan at 32.04 N (0.57 Py); (4) Scan at 41.68 N (0.74 Py);
RT (5) Scan at Peak load at 56.49 N (Py);
HCS (1) Preload Scan; (2) Scan at: 13.53 N (0.39 Py);
s3 (3) Scan at 21.25 N (0.71 Py);
345°C (4) Scan at Peak load at 30.04 N (Py);
HCS (1) Preload Scan; (2) Scan at: 11.92 N (0.34 Py);
s4 (3) Scan at 25.74 N (0.74 Py);
345°C (4) Scan at Peak load at 34.79 N (Py);
NCS (1) Preload Scan; (2) Scan at: 17.89 N (0.28 Py);
S5 (3) Scan at 36.68 N (0.58 Py); (4) Scan at 51.98 N (0.82 Py);
RT (5) Scan at Peak load at 63.39 N (Py);
NCS (1) Preload Scan; (2) Scan at: 21.78 N (0.29 Py);
S6 (3) Scan at 42.94 N (0.57 Py); (4) Scan at 58.01 N (0.77 Py);
RT (5) Scan at Peak load at 75.51 N (Py);
NCS (1) Preload Scan; (2) Scan at: 16.93 N (0.48 Py);
s7 (3) Scan at 25.75 N (0.73 Py); (4) Scan at 28.32 N (0.80 Py);
345°C (5) Scan at Peak load at 35.27 N (Py);
NCS (1) Preload Scan; (2) Scan at: 17.42 N (0.44 Py);
S8 (3) Scan at 28.50 N (0.72 Py);
345°C (4) Scan at Peak load at 39.58 N (Py);
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Table A-9. Magnitude of the load relaxation in HCS Cr-coated and NCS Cr-coated materials tested at
both RT and 345°C.

Specimen Load before Load after Lo_ad Percentage of load
XCT scan (N) XCT scan (N) | relaxation (N) relaxation (%0)

15.33(0.30 P;) | 13.21(0.26 Py) 2.12 13.83
28.11 (0.55 P,) | 23.34(0.46 Py) 4.77 16.97
HCS-SI-RT 39.35(0.77 Py) | 34.34(0.67 P,) 5.01 12.73
51.11 (P,) 44.56 (0.87 Py) 6.55 12.81
17.32(0.31 P,) | 14.61(0.26 Py) 2.71 15.65
32.04 (0.57 Py) | 27.62 (0.49 Py) 4.42 13.80
HCS-S2-RT 41.68 (0.74 P;) | 36.37 (0.64 P,) 5.31 12.76
56.49 (Py) 49.60 (0.88 Py) 6.89 12.19
13.53 (0.39 P,) | 9.54(0.32 P)) 3.99 29.49
HCS-S3-345°C 21.25(0.71 P,) | 14.11(0.47 P,) 7.14 33.60
30.04 (Py) 21.93 (0.73 Py) 8.11 27.00
11.92 (0.34 Py) | 7.74(0.22 Py) 4.18 35.07
HCS-S4-345°C 25.74 (0.74 Py) | 17.93 (0.52 P) 7.81 30.34
34.79 (Py) 25.13 (0.72 Py) 9.66 27.77
17.89 (0.28 P,) | 15.01 (0.24 Py) 2.88 13.83
36.68 (0.58 P;) | 30.66 (0.48 P) 6.02 16.41
NCS-SS-RT 51.98 (0.82 P;) | 45.25(0.71 P,) 6.73 12.95
63.39 (Py) 55.38 (0.87 Py) 8.01 12.64
21.78 (0.29 P,) | 17.66 (0.23 P;,) 4.12 18.92
42.94 (0.57 P;) | 35.28 (0.47 Py) 7.66 17.84
NCS-S6-RT 58.01 (0.77 P,) | 49.59 (0.66 Py) 8.42 14,51
75.51 (Py) 64.73 (0.86 Py) 10.78 14.28
16.93 (0.48 P;) | 11.37(0.32 Py) 5.56 32.84
. 25.75(0.73 P,) | 18.26 (0.52 P,) 7.49 29.09
NCS-S7-345°C 28.32 (0.80 Py) | 20.23 (0.57 P,) 8.09 28.57
35.27 (Py) 26.14 (0.74 Py) 9.13 25.87
17.42 (0.44 P,) | 10.82 (0.27 Py) 6.60 37.89
NCS-S8-345°C 28.50 (0.72 Py) | 19.41 (0.49 P,) 9.09 31.89
39.58 (P,) 26.27 (0.66 Py) 13.31 33.63
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