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2. Literature review 

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 (UO2) 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.  

 
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 µm) 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].  

 

Figure 2-2. Schematics of typical fuel assembly and fuel rod in PWR. Figure is reproduced from ref 
[21]. 
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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].  

Parameters Degree Deposite 
strength Adhension Depositie

efficiency Porosity Residual 
stress 

Gas pressure       

Gas temperature       

Gas molecular weight       

Particle velocity*       

Powder feed rate       

Stand-off-distance  - - - - - 

* 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. 2.6c), 

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 ZIRLOTM 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 µm or less to the interface); 

and the measured hardness of underlying ZIRLOTM substrate close to interface area (with a 

distance less than 5 µm 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 ZIRLOTM 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 µm) 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.   

Information of the tested materials Testing 
method 

Testing 
temperature (°C) 

Maximum hoop 
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 µm and 
zircaloy-4 substrate. Ref. [104]. 

Plug-
expansion RT 700-800 

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

Tensile RT ~701 

Cladding tube samples with an inner 
diameter of ~9.6 mm; with a coating 
thickness of ~24 µm and zircaloy-4 
substrate. Ref. [105]. 

Plug-
expansion 

RT ~1000 

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 µm 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 
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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 µm 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.   

Information of the tested materials Testing 
method 

Testing 
temperature (°C) 

Maximum hoop 
stress (MPa) 

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

Tensile RT ~700 

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

Tensile RT ~680 

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

Tensile RT ~400 

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; 
with 15 to 18 µm (in thickness) Cr coating on 
the outer surface, zircaloy-4 substrate. Ref. 
[112] 

Uniaxial 
tension RT ~1322 

0.6 mm in thickness, 3 mm in width and 20 
mm long sheet specimen; zircaloy substrate; 
with ~13 µm (in thickness) coating on both 
surfaces, zircaloy-4 substrate. Ref. [53]  
 

Tensile 

RT 
250°C 

~440 
~300 

300°C ~260 
350°C ~240 
400°C ~220 
450°C ~200 
470°C ~185 
500°C ~160 
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Table 2-6. Properties and chemical compositions of three generations of commercial SiC fibres.   

Generation Name Diameter 
(µm) Elements Grain size 

(nm) C/Si ratio Tensile strength 
(GPa) 

Elastic modulus 
(GPa) 

1st  

Ref. [135] 

Nicalon 14 Si, C, O 2-3 1.33 3 200-220 

Tyranno Lox-M 11 Si, C, O, Ti  1-2 1.38 3.3 185 

KD-I 11-14 Si, C, O 10 1.29 > 2.5 > 170 

2nd  

Ref. [135] 

Hi-Nicalon 14 Si, C, O 5-10 1.38 2.8 270 

Tyranno Lox-E 11 Si, C, O, Ti  - 1.59 2.9 199 

Tyranno ZMI 11 Si, C, O, Zr 2 1.41 3.4 200 

Tyranno ZE 11 Si, C, O, Zr - 1.54 3.5 233 

KD-II 10-12 Si, C, O 8 1.35 > 2.7 267-293 

3rd  

Ref. [134] 

Hi-Nicalon Type-S 12 Si, C, O 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, O, B, N, Ti 10 1.01 3.2 ~400 

Sylramic-iBN 10 Si, C, O, B, N, Ti 10 1.01 3.1 ~400 

Super Sylramic-iBN 10 Si, C, O, B, N, Ti 10 1.01  3  ~400 

KD-S 11 Si, C, O 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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Figure 2-17. Influence of fibre architectures on the tensile strength of SiCf-SiCm 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 SiCf-SiCm 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/SiC multi-layers), PyC 

interphase is widely used in nuclear-grade SiCf-SiCm materials [117]. The manufacturing 

process of PyC interphase and its influences on the entire SiCf-SiCm materials are discussed 

below. 
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Figure 2-18. (a) SEM image of the typical microstructure of polished cross-section of SiCf-SiCm 
material showing PyC interphase, fibre and matrix [13]; (b) typical RT flexural stress-displacement 
curves of several SiCf-SiCm 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 SiCf-SiCm 
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 (CH4), propylene (C3H6), and ethylene (C2H4); 

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 SiCf-

SiCm materials [150]. For instance, Hou et al. [150] conducted room temperature three-points 

bending tests on various types of SiCf-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 SiCf-SiCm 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, SiCf-SiCm 

materials mostly exhibit a brittle failure mode, representing by the large load drop when 
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achieve varied configurations. Finally, following hot isostatic pressing (HIP) at temperatures 

ranging from 1800°C to 2000°C, SiCf-SiCm materials of diverse geometries (e.g., tube, rod and 

board) can be achieved [166], Fig. 2.21. 

 

Figure 2-21. Schematic of the NITE process for the producing the SiC matrix of the SiCf-SiCm 
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 SiCf-SiCm 

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 SiCf-SiCm materials presented in Fig. 2.22a.  

 

 



2. Literature review 

36 
 

 
Figure 2-22. (a) SEM image shows the microstructure of polished cross-sections of one NITE-densified 
SiCf-SiCm materials, with low level of porosity but high level of the entrained oxides; and (b) SEM 
images of the SiCf-SiCm 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 SiCf-

SiCm materials [145]. Note that, the Al2O3 additive is reported to give rise to the formation of 

the very long-lived, radiologically-hazardous isotope 26Al, 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 Si2+ 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 SiCf-SiCm materials. 

Additionally, under the same testing conditions and fibre braiding patterns, the tensile strength 

of NITE-densified SiCf-SiCm materials has been reported to be lower than the CVI-densified 
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SiCf-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 SiCf-SiCm materials and corresponding porosity level is summarized in Section 

2.4.5. 

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

The class of CVI-densified SiCf-SiCm 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 

SiCf-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 SiCf-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 SiCf-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 SiCf-SiCm 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 SiCf-SiCm materials, as suggested by Shimoda 

et al. [172]. Additionally, the lower fibre volume fraction could not enhance the strength of the 

SiCf-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 SiCf-SiCm cladding materials 
from open literature with the matrix produced by CVI and NITE methods, respectively, brief information of these SiCf-SiCm materials is also included.  

Composite information Matrix Type of fibre Porosity 
(%) 

Fibre volumn 
fraction (%) 

Outer 
diameter 

(mm) 

Wall 
thickness 

(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 

coating. Ref. [161] 

CVI Hi-Nicalon type-S  10.4 to 11.1 - 9.6 1.75 

2D patterns with ±30° of braiding angle between 

reinforcement direction and the tube axis, PyC interphase, 

without any inner or outer SiC coating. Ref. [128] 

CVI Hi-Nicalon type-S - 35 9.6 1.7 

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 

inner Hexoloy SiC. Ref. [119] 

CVI Hi-Nicalon type-S ~20 - 8.8 to 9.6 1.3 to 1.5 

Duplex fibre architecture, 1.3:1 of the fibre tow in the hoop to 

axial direction (hoop biased), 150 nm PyC interphase, without 

any inner or outer SiC coating. Ref. [119] 

CVI Hi-Nicalon type-S ~20 - 8.8 to 9.6 1.2 to 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 

inner Hexoloy SiC coating. Ref. [119] 

CVI Hi-Nicalon type-S ~20 - 8.8 to 9.6 1.3 to 1.5 

Duplex fibre architecture, 1:1.5 of the fibre tow in the hoop to 

axial direction (axially biased), 150 nm PyC interphase, 

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

CVI Hi-Nicalon type-S ~20 - 8.8 to 9.6 1.2 to 1.4 
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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 

any inner or outer SiC coating [173] 

CVI Tyranno SA 18 to 23 35 7.6 1.7 

±60° of fibre braiding angle to the tube axis, with PyC 

interphase [174] 
NITE - - - 10 1 
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Figure 2-24. Schematics of testing configurations of measuring the hoop strength of the SiCf-SiCm 
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 SiCf/SiCm cladding materials are performed at 

RT. Jacobsen et al. [131] investigated the room temperature strengths of two types of SiCf/SiCm 

cladding materials (named LWR SiCf/SiCm and EM2 SiCf/SiCm, both reinforced with Tyranno 

SA3 fibres and have outer SiC coating (less than 50 µm 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 SiCf/SiCm and 381 ± 50 (C-ring) and 406 ± 38 (plug-

expansion) for EM2 SiCf/SiCm, 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 SiCf/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 



2. Literature review 

44 
 

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 SiCf/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 SiCf/SiCm claddings under loading. Rohmer et al. [128] performed room temperature axial 

and hoop tensile tests on their SiCf/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 SiCf/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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[178]. Table 2.8 displays the room temperature hoop strengths and failure strains of various 

types of SiCf/SiCm cladding materials, a detailed information of these materials is also 

presented. 
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Generally, there are very few mechanical experiments on the SiCf/SiCm 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 SiCf/SiCm materials (Tyranno-SA3 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 SiCf/SiCm 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 

µm 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 SiCf/SiCm materials [130]. Note that, the high temperature mechanical tests on 

SiCf/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 SiCf-SiCm 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 SiCf-SiCm cladding tube materials [130], they did not report the maximum 
hoop stresses but peak loads were reported, as presented in this table.   

Composite name Composite information 
Testing 

method 

Testing 

temperature (°C) 

Maximum hoop 

stress (MPa) 

Failure hoop 

strain  

2D-woven SiCf-SiCm 

without outer SiC 

coating. Ref. [9] 

Tyranno-SA3 fiber, with CVI SiC matrix and PyC 

interphase, 3 mm of the gauge length 

Tensile  

600 (vacuum) 230 ± 36 0.71%  

800 (vacuum) 240 ± 27 0.14%  

1000 (vacuum) 226 ± 23 0.14%  

Compressive  
600 (vacuum) 370 ± 32 0.24%  

1000 (vacuum) 393 ± 91 0.39%  

2D-woven SiCf-SiCm 

without outer SiC 

coating. Ref. [9] 

Tyranno-SA3 fiber, with CVI SiC matrix and PyC 

interphase, 1.5 mm of the gauge length 
Compressive  

600 (vacuum) 282 ± 57 0.20%  

1000 (vacuum) 280 ± 31 0.20%  

2D-woven SiCf-SiCm 

without outer SiC 

coating. Ref. [173] 

TyrannoTM SA fibre, with ±90° of fibre braiding 

angle, with PyC interface (70 nm to 170 nm in 

thickness), 30% to 37% of fibre volume fraction, 

and 15% to 24% of porosity 

Tensile 1200 (Ar) ~195 - 

TyrannoTM SA fibre, with ±30° of fibre braiding 

angle, with PyC interface (42 nm to 226 nm in 

thickness), ~35% of fibre volume fraction, and 

18% to 23% of porosity 

 

Tensile 1200 (Ar) ~115 - 
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Figure 2-25. Schematic of a general workflow of laboratory based XCT scan. Figure is reproduced 
from ref [182]. 

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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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 SiCf-SiCm 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. 

 
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 

µXCT 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 SiCf-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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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 µm.  

 
Figure 3-3. µXCT slices (of X-Y plane) taken from pre-load scan of C-ring samples for illustrating 
segmentation procedure of the pores inside SiCf-SiCm 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 SiCf-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 SiCf-SiCm 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 SiCf-SiCm materials with single layer outer/inner 

SiC coatings under loading at both RT and 1200°C. For DVC analysis, all the reconstructed 

µXCT 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 × 2700 × 4913 µm3) to 

ensure perfect positional overlap., and imported to the XdigitalVolumeCorrelation 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 µm, step one) to 104 voxels (338 µm, step two) and 

then 78 voxels (254 µm, 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].  

 
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 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]. 

 
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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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 µm outer diameter, 6 µm inner diameter and 

30 µm 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 µs, frame time of 62.0 ms and a refresh rate 

16.13 Hz. The resolution of all SEM images was set to 1024 × 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.  
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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 µXCT 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 µXCT imaging and SEM imaging, and the results are also 

presented in Chapter 7. 
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Figure 4-1. Optical image of the small polished cross-section of the as-received SiCf-SiCm 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 µXCT 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 µXCT 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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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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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-1) and corresponding estimated tensile residual stresses of SiC phase 
across the thickness of the outer SiC coating.  


































































































































































































































































































































