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SUMMARY

When a new class of material is considered for a nuclear core structure, the in-pile performance is usually
assessed based on multi-physics modeling in coordination with experiments. This report aims to provide
data for the mechanical and physical properties and environmental resistance of silicon carbide (SiC)
fiber—reinforced SiC matrix (SiC/SiC) composites for use in modeling for their application as accident-
tolerant fuel cladding for light water reactors (LWRS). The properties are specific for tube geometry,
although many properties can be predicted from planar specimen data. This report presents various
properties, including mechanical properties, thermal properties, chemical stability under normal and off-
normal operation conditions, hermeticity, and irradiation resistance. Table S.1 summarizes those
properties mainly for nuclear-grade SiC/SiC composites fabricated via chemical vapor infiltration (CVI).
While most of the important properties are available, this work found that data for the in-pile
hydrothermal corrosion resistance of SiC materials and for thermal properties of tube materials are
lacking for evaluation of SiC-based cladding for LWR applications.

Table S.1. Summary of CVI SiC/SiC properties with a tube geometry

Properties Nonirradiated Neutron-irradiated
) Up to ~2% volumetric swelling at ~300°C
Density 2.6-2.8 g/cm? (Figure 14)
Porosity 8-17% No change expected
Fiber vc_>|ume 30-40 % No change expected
fraction
Coefficient of
thermal Eq. (1) No change by irradiation
expansion
Thermal . Estimated from data obtained from plate
diffusivity Material dependent (Table 5) specimen (Figure 16)
Specific heat Same as chemical vapor deposited (CVD) SiC No change expected
Gas leak Table 6 He and D leak tight following neutron
tightness irradiation (CVD SiC layer)
Young’s ~160 GPa (hoop); see Figure 4 (axial) Insignificant irradiation effect
modulus
Poisson’s 0.13 at 0/90° to 0.25 at £45° fiber orientation from N T
. R . Insignificant irradiation effect expected
ratio loading direction (in-plane, plate specimen)
Proportlonal 80-100 MPa (axial); 100-160 MPa (hoop) Insignificant irradiation effect
limit stress
Ultimate See Figure 5 and Figure 6 Insignificant irradiation effect
strength
L Weibull modulus m ~ 10 (axial UTS), axial PLS
Statistical ol | | distributi | ilabl
strength ollows log-norma distribution with log-mean gnd No data available
log-standard deviation as 4.52 and 0.096 respectively
Hydrothermal
corrosion Water chemistry—dependent weight loss (Figure 7) Limited data available
resistance
Compatibility Insignificant reaction under a normal operation Expected insignificant reaction under a
with fuel condition normal operation condition
Steam At least one order of magnitude smaller thickness .
oxidation : . . No data available
resistance consumption of SiC than Zr (Figure 10)
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SIC/SIC CLADDING MATERIALS PROPERTIES
HANDBOOK

1. INTRODUCTION
1.1 Background

Fuels and core structures in current light water reactors (LWRS) are vulnerable to catastrophic
consequences in the event of loss of coolant or active cooling, as was evidenced by the March 2011
Fukushima Dai-ichi Nuclear Power Plant accident [1, 2]. This vulnerability is attributed primarily to the
rapid oxidation kinetics of zirconium (Zr) alloys in a water vapor environment at very high temperatures,
which results in the production of explosive hydrogen [3]. Current LWRs use Zr alloys nearly exclusively
as materials for fuel cladding and core structures. Silicon carbide (SiC) —based materials, in particular
continuous SiC fiber—reinforced SiC matrix ceramic composites (SiC/SiC composites or SiC composites)
are among the candidate alternative materials for LWR fuel cladding and core structures to enable so-
called accident-tolerant fuels (ATFs) and accident-tolerant cores. SiC and SiC/SiC composites are
considered to provide outstanding passive safety features in beyond-design-basis severe accident
scenarios [2, 3]. SiC/SiC composites are anticipated to provide additional benefits over Zr alloys: smaller
neutron absorption cross sections, general chemical inertness, ability to withstand higher fuel burn-ups
and higher temperatures, exceptional inherent radiation resistance, lack of progressive irradiation growth,
and low induced activation/low decay heat [4]. Moreover, SiC is considered to be permanently stable in
nuclear waste [4]. Although SiC-based cladding appears to be attractive, critical feasibility issues such as
(1) hydrothermal corrosion, (2) potential loss of fission gas retention due to cracking under normal
operation conditions, and (3) development of fuel performance modeling capability, must be addressed
[5]. This report is related to the issue of modeling capability. For successful development of SiC-based
cladding, such fuel performance modeling plays critical roles, as explained in Section 1.2.

1.2 Document Purpose

After decades of experience with metallic cladding components in thermal and fast reactors, the transition
to using SiC ceramic matrix composites represents a revolutionary paradigm shift. Because of the impact
associated with any such transition, associated challenges will need to be carefully assessed via predictive
fuel performance analysis. Fuel performance analysis tools guide the design process to optimize
performance for the integral fuel module under normal and off-normal operating conditions. Note that the
term “fuel,” as used herein, refers to the integral structure consisting of the pellet, the cladding, and other
fuel assembly components.

Although the properties of SiC/SiC composites, including the effects of neutron irradiation, are relatively
well understood as a candidate fuel cladding material [6], they have been insufficiently incorporated in
fuel performance models and core designs. There are several reasons for this, including the intrinsic
behavioral differences between ceramic composites and metallic alloys, the tailorable and anisotropic
nature of composite properties, and the complexity of interactions among irradiation-induced evolutions
of thermophysical properties. To achieve improved fidelity for comprehensive performance modeling and
analysis of fuel systems involving SiC/SiC cladding, properties of these composites in small-diameter
tubular geometries are compiled and analyzed in this report. The properties data analysis and
interpretation are discussed in relation to the constitutive modeling, effects of neutron irradiation,
predictive capability, and critical deficiencies in data and knowledge.
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The intent of this document is to summarize the material properties available for as-manufactured and
irradiated SiC/SiC composite fuel cladding in the form of thin tubes. If data are not yet available, SiC/SiC
plate data are given with an explanation on how it would apply to tubes.

1.3 Product Forms Covered

The SiC/SiC composites analyzed in this report are limited to continuous and near-stoichiometric SiC
fiber—reinforced composites with fully crystalline SiC matrices. The SiC/SiC composite—based fuel
claddings that are currently considered for LWRs include fully ceramic composite cladding, layered
cladding consisting of any combination of SiC composite and monolithic SiC layers, and a variety of
ceramic—metal hybrid concepts that use SiC/SiC composites as the primary structural element and a
compliant metal to aid in fission product retention (see Table 1 for examples). Other functions of these
layers include hermetic sealing (HS) and environmental barrier coatings (EBCs).

Table 1. Examples of SiC/SiC composite configurations

Layer
Class conflg_uratlon Configuration Remarks Reference
(from inner to
outer)
Composite Monolithic surface layer may present [7]
Composite- Monolithic layer as HS/EBC against
monolith Duplex hydrothermal corrosion [8]
Full Monolith- Duplex Monolithic layer as HS/EBC against fuel- 7]
ceramics composite P cladding chemical interaction (FCCI)
chélr?wncélslg]e- Triplex Monolithic layer as HS/EBC against [9]
pos| P hydrothermal corrosion and FCCI
monolith
Metal-composite Duplex Metallic layer as HS/EBC against FCCI [10]
Composite-metal Duplex Metallic layer as HS/EBC_ against [11]
Metal- hydrothermal corrosion
assisted | Metal-composite- Triplex Metallic layer as HS/EBC against Not
ceramics metal P hydrothermal corrosion and FCCI available
Composite-metal- Triplex Metallic layer as HS [12]
composite

Multiple types of SiC/SiC cladding tubes are available, manufactured with different combinations of
fibers, interphases, matrices, and architectures. Table 2 lists the SiC/SiC clad tubes under consideration
for this material handbook.

Table 2. SiC/SiC tube configurations considered for material handbook

Type Fiber Interphase Matrix
Typel HNS fiber Pyrolytic carbon Chemical vapor infiltrated (CVI) SiC
Type 2 SA3 fiber Pyrolytic carbon CVISiC
Type 3 SA3 fiber Pyrolytic carbon Nano-infiltration and transient eutectoid SiC
Type 4 All tubes that do not fall under Types 1-3, e.g., IBN fiber
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1.4 Specifications and Standards

There is no standard manufacturing specification for SiC/SiC tubes because standards are still under
development. ASTM C1783-15, “Standard Guide for Development of Specifications for Fiber Reinforced
Silicon Carbide-Silicon Carbide Composite Structures for Nuclear Applications,” is a guide for preparing
material specifications for SiC/SiC composite structures (flat plates, rectangular bars, round-rods, and
tubes) that are manufactured specifically for structural components and for fuel cladding in nuclear
reactor core applications. This standard also recommends ASTM standards according to which the
physical, mechanical, and durability properties should be measured.

2. DESIGN AND MANUFACTURE

The following are the general manufacturing steps for SiC/SiC cladding:

1. SiC fibers are braided/knitted/stitched into 3-dimensional (3D) tubes, referred to as the architecture of
the tubes.

2. Aninterphase layer is added by chemical vapor deposition (CVD).

3. The matrix is added by either chemical vapor infiltration (CV1) or by nano-infiltration transient
eutectic phase (NITE) sintering using hot pressing.

4. Inner or outer coating layers may be added using different techniques.

The composite properties are to a large extent determined by the volume fractions and orientations of the
fibers in relation to the orientation of interest for certain properties [6].

The following sections describe the design and manufacture of SiC/SiC composite fuel cladding. Their
purpose is to give the reader some background to aid understanding of how each manufacturing
component can influence the material properties of the final tube.

2.1 Fibers

2.1.1 Fiber type

Nuclear-grade SiC fiber is considered near-stoichiometric and highly crystalline because of its
dimensional stability under irradiation compared with non-stoichiometric and amorphous-like SiC fibers
[6, 13]. This generation 1l class of SiC fibers includes Hi-Nicalon Type S (HNS; Nippon Carbon Co.,
Tokyo, Japan) [14, 15], Tyranno SA3 (SA3; Ube Industries Ltd., Ube, Japan) [16], and Sylramic (IBN;
COlI Ceramics, San Diego) [17]. The properties of these fibers can be found elsewhere [6, 18]. Briefly,
they have similar mechanical properties: Young’s modulus of ~400 GPa and room temperature tensile
strength of >2 GPa, but their thermal properties may differ significantly. The effect of the fiber on the
properties of the tube is highly dependent on the fiber architecture.

2.1.2 Fiber architecture

Given certain properties for the constituent materials, the composite properties are determined by the fiber
architecture. The reinforcing fibers provide benefits such as strength and toughness most effectively in
directions parallel to the fiber axis. More precisely, the composite properties are to a large extent
determined by the volume fractions and orientations of the fibers in relation to the orientation of interest
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for certain properties. Therefore, tailoring the fiber architecture is a key to optimizing the cladding
mechanical properties [6]. Examples of fiber architecture are shown in Figure 1.

The common fiber architectures include two direction (2D) layups in the form of woven fabrics, 2.5D
layups with cross weaving through the woven fabrics, 3D orthogonal weaves. In addition, braiding (both
2D and 3D) preforms have become popular [12] because of the high level of conformability and damage
resistance. 2D braided preforms are composed of intertwined fiber structures capable of 0° and +6 layups.
3D braiding preforms are produced by intertwining or orthogonal interlacing of yarns to form an integral
structure through position placement thereby providing through-thickness reinforcement as well as being
readily adaptable to a wide range of complex shapes.

The different fiber architecture was reported to result in different fiber volume fraction and size and
distribution of pores [12], which greatly affects the thermomechanical properties of the composites. The
effects of fiber architecture on the mechanical properties are shown and discussed in section 3.2.

Figure 1. Examples of the fiber architecture of a CVI SiC/SiC tube: (a) filament winding, (b) 2D braiding,
and (c) 3D braiding. Reprinted from Sauder 2014 [12].

2.2 Interphase

SiC/SiC composites are engineered materials particularly attractive for their tailorable, predictable, and
reliable mechanical properties and excellent damage tolerance. The advantages of SiC/SiC composites are
enabled by their fiber-matrix interface with adequate bonding strength and interfacial sliding strength.
The primary tough fracture behavior of the ceramic composite is realized through the deflection of matrix
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cracks at the fiber/matrix interface without the breaking of fibers followed by fiber pull-out that is
associated with frictional dissipation. Carbon-based interphases, such as the monolayer pyrolytic carbon
(PyC) interphase and the multi-layer PyC/SiC interphase (Figure 2), are proven to be irradiation resistant
[6]. The interphase is typically formed via a CVD process. The interphase thickness has been reported to
slightly affect mechanical properties such as ultimate tensile strength (UTS), proportional limit stress
(PLS), Young’s modulus, and strain to failure when plate specimens were tested [19]. No systematic
investigation of the effects of the interphase thickness on the mechanical properties of tubular SiC/SiC
materials has been reported.

Boron nitride (BN) might be another option for the interphase material [18] if isotropically controlled
UBN is used to eliminate the 1°B content to avoid boron burnup and the production of transmutant helium
by B (n, a) ’Li reactions during irradiation.

Monolayer
PyC

PyC/SiC
multi-layer SiC

2um Matrix — 2um

Figure 2. Examples of monolayer PyC interphase (left) and multilayer PyC interphase (right).

2.3  Matrix

SiC/SiC composite densification routes that have been proved to produce radiation-resistant forms of
composite materials are CVI and SiC powder sintering sintering represented by the NITE (nano-
infiltration and transient eutectic phase) process. CVI SiC/SiC is a mature technology that has already
demonstrated scale components with reasonable reproducibility up to large dimensions [18]. Experience
with NITE SiC/SiC is more limited, but the fabrication of SiC/SiC composites of complex shapes—such
as variable-diameter combustor liners, heat exchangers, and screw-ended tubes—has been demonstrated
[20, 21]. The manufacture of thin-walled tubes with a large length-to-diameter ratio remains a challenge
for both fabrication routes.

231 CVI matrix

CVI is the most reliable method of producing a matrix composed of the very high-purity, crystalline SiC
that is necessary to provide good irradiation resistance for nuclear applications [6]. For a CVI process,
manufacturing such tubes will require a large production facility that achieves adequate uniformity in
temperature distribution and reactant flow conditions along the full tube length, which is technically not
very difficult but will require a substantial capital investment.
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The deposition rate is one of the key processing parameters. High deposition rates during composite
fabrication leads to high levels of internal porosity. Low deposition rates are required to achieve low
internal porosity, but they result in long fabrication times. Increasing the internal density of the matrix
leads to improved mechanical and thermal properties [22].

Recently, General Atomics became capable of producing ~1 m long tubes via CVI with adequate
straightness, wall thickness uniformity, roundness, and reproducibility of surface roughness [7]. A
Toshiba-1biden-Tohoku University team in Japan has developed a CVD/CVI facility that is capable of
manufacturing prototype channel boxes and is in the process of expanding that process to manufacture
full-length (~4 m) components [23].

Alternative methods for the manufacture of tubes with extreme length-to-diameter ratios, such as
segmented tube fabrication, may also be considered. Options may include adhesive joining or mechanical
fastening of shorter tubes to make full-length fuel rods, or modifying the fuel assembly design to
accommodate axially stacked shorter fuel rods that are individually sealed.

2.3.2 NITE matrix

The NITE process has demonstrated an almost fully dense SiC/SiC composite [24]. This achievement is
beneficial to the fabrication of a gas-leaktight cladding without any additional processing such as a CVD
SiC coating. NITE is a specific type of liquid-phase sintering for SiC/SiC composites: sintering of SiC
fiber forms infiltrated with an SiC slurry consisting of an SiC powder with nanosize particles and oxide
additives such as a eutectic composition of alumina and yttria [24]. NITE SiC/SiC tubes may be produced
by a hot isostatic press, using a furnace of adequate size. A 20 cm long tube has been fabricated for
irradiation in a material testing reactor [25].

Since the NITE matrix contains secondary phases attributed to the oxide additives, a key challenge for the
LWR cladding application is achieving a matrix resistant to reactor environments, including hydrothermal
corrosion for normal operation and high-temperature steam oxidation for accident conditions. The
secondary phases along the grain boundaries and grain pockets are preferentially attacked under a
hydrothermal corrosion environment [26].

2.4 Coatings

At normal operating conditions, depending on the water chemistry, SiC may corrode at an unacceptable
rate. As a ceramic matrix composite material, it is expected to undergo microcracking under normal stress
conditions, based on statistical probability; the cracking may compromise its ability to contain gaseous
fission products. A possible solution to both issues is the application of mitigating coatings on the outer
surface of the cladding for use in normal operating conditions. Such an environmental barrier coating
(EBC) to prevent hydrothermal corrosion is being actively developed for Zr-based cladding [27]. For
SiC/SiC composites, the EBC is a familiar way of improving high-temperature corrosion resistance for
turbine applications [28]. However, there has been only limited development of EBCs for LWR SiC
claddings. Coating technologies reported in the literature include electrochemical deposition of
chromium; cathodic arc physical vapor—deposited Cr, CrN, and TiN; and vacuum plasma-sprayed Cr and
Zr [11]. Note that current EBC technology for ATF SiC/SiC cladding is immature, and future work
should include demonstrations of hydrothermal corrosion resistance and hermeticity.
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2.5 Joints

For the successful development of SiC-based fuel cladding, joining of the cladding to the end-plug is
recognized as a technological hurdle [2, 29]. This issue is specific to pin-type nuclear fission fuels. The
functional requirements for the joint are (1) gastightness to retain fission products inside the cladding; (2)
environmental resistance, i.e., resistance to hydrothermal corrosion and neutron irradiation, under normal
operating conditions; and (3) high-temperature steam oxidation resistance under loss-of-coolant accident
conditions. The performance of the joint is expected to be highly dependent on the bonding layer and the
end-plug geometry.

The end-plug geometry may depend on the joining process and cladding material. Butted [30, 31], scarf
[31], and butted scarf [31] end-plugs have been demonstrated. A screw type end-plug was employed in a
case in which a machinable NITE SiC/SiC composite was used [25]. Generally, a larger bonding area
yields superior mechanical properties, gas leaktightness, and corrosion/oxidation resistance. However, an
end-plug and a cladding with relatively complex geometries will be required to achieve an incrementally
larger bonding area.

There are various options for joining SiC to SiC, although limited literature was found for joining end-
plug and tube materials. Representative joining processes are listed in Table 3, and each is briefly
described in the following subsections. Note that one of the processing difficulties regarding end-cap
joining for a long cladding with thin walls is a limitation in the applied stress that can be employed during
joining. In addition, the joining temperature should be low enough to avoid impacting the composite
properties by annealing. The strengths of HNS and SA3 SiC fibers are known to degrade under annealing
at ~1800°C and ~1900°C, respectively [32].

Table 3. Joining technologies available for SiC

Joining method Bonding layer Processing conditions
None or refractory metallic
. e . . I ~2000°C, >~15 MPa [33, 34]
Solid state diffusion bonding foils such as titanium and ~1500°C, >~2 MPa [35], (~0.1 MPa [36])
molybdenum
Metallic braze-based Metallic fillers ~1000°C, low/no pressure [30, 37, 38]
Ca-Al-O
Glass ceramics Si-Al-Mg-O ~1500°C, no pressure[39, 40]
Y-AI-Si-O
SiC pre-ceramics precursors SiC <~1500°C [41, 42], ~0.01 MPa [41]

Reaction sintering with Si-C and

Ti-Si-C systems Si-C and Ti-Si-C <~1500°C, [43-45] no pressure [43, 45]

SiC powder and sintering

Liquid-phase sintering additives

~1850°C, ~10 MPa [46-48]

Selected area CVD/ CVI SiC <~1200°C, low pressure [18, 31]

2.5.1 Solid state diffusion bonding

Solid state self-diffusion bonding of SiC to SiC was demonstrated under hot-pressing at ~2000°C under a
pressure of >~15 MPa [33, 34]. This joining method allows interface-free joints as a result of thermally
activated grain growth across the two bonded substrates. However, the dual requirements of applied stress
and very high temperatures during the processing can limit the application of direct bonding to the end-
plug joint. Moreover, direct bonding requires bonding faces with smooth surfaces and decent dimensional
control to achieve adequate contact. These technical hurdles suggest another joining option—joining with
an interlayer.
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Solid state diffusion bonding with an interlayer typically uses a refractory metallic foil such as titanium,
molybdenum, and tungsten [35]. The joining method is well established, and the advantage of this joining
method is the relatively low joining temperature (~1500°C). The drawback is the need for applied stress
of more than a few MPa during the joining. Jung et al. recently overcame this limitation by solid state
diffusion bonding using a titanium interlayer and added silicon powder and an applied stress of only ~0.1
MPa [36], which makes this joining method attractive for the end-plug application.

2.5.2 Metallic braze-based joining

Brazing with various metallic filler materials has been widely studied for joining of SiC. For example,
fillers of Ni-Cr-Si [37], Ag-Cu-Ti [38], and Al [30] systems were successfully applied to SiC-to-SiC plate
joining and tube-end plug joining [30]. Brazing typically enables a relatively low processing temperature
of ~1000°C and low-pressure or pressureless joining. Since the filler material melts or softens during
heating, applying the filler to components with complex geometries is relatively easy.

2.5.3 Glass ceramics joining

Glass ceramics bonding was demonstrated without applying external stress at relatively low temperatures
(~1500°C) for Ca-Al-O [40], Si-Al-Mg-O [40], and Y-AIl-Si-O [39, 40] systems. The eutectic liquid or
softened glass spreads across the joint plane, which enables good contact between the tube and end-cap
without applied stress during joining.

2.5.4  Joining using SiC pre-ceramics precursors

This joining method provides an SiC-based joint layer at low processing temperatures (<~1500°C) [41,
42]) and very low pressures (~0.01 MPa [41]). The common issue with this method is that large-volume
shrinkage occurs during the pyrolysis of the precursors, which can cause cracking during the formation of
the joint. The addition of SiC powder to the precursor increases the volumetric yield from the precursors
and can mitigate issues associated with shrinkage. To form the joint, a bonding agent of a slurry
consisting of an SiC forming polymer, an SiC powder, and a solvent may be applied to the joint plane by
painting, followed by heating. A limitation of this method is the difficulty of obtaining a dense joint layer.

2.5.5 Reaction sintering with Si-C and Ti-Si-C systems

Reaction sintering or displacement reaction sintering is a method of fabricating ceramics using a powder
feedstock; it is also used to join SiC materials. The Si-C [43] and Ti-Si-C [44, 45] systems are used for
joining SiC plates. A slurry or green sheet containing the powder feedstock is applied to the bonding
plane for joining. The processing temperature is relatively low (<~1500°C [43, 44]), and pressureless
joining has been demonstrated for both reaction systems [43, 45].

2.5.6  Liquid-phase sintering of SiC

Liquid-phase sintering is a method widely used to fabricate dense SiC ceramics using SiC powder and
sintering additives (typically oxides such as alumina-yttria) and is also an effective method of joining SiC
materials [46-48]. The additives form a eutectic liquid during heating, and then the liquid phase promotes
the sintering of an SiC powder compact via a solution-precipitation process [49]. The SiC powder mixture
with a form of slurry or green tape is applied to the substrate for joining. The reported processing
conditions are a maximum temperature of ~1850°C and applied pressure of ~10 MPa for the plate joints.
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The key development for this joint type is a reduction of the joining pressure and control of the
microstructure, especially for the secondary phases, for improved environmental resistance. The use of a
nano-size SiC powder helped reduce the amount of sintering additives needed [50].

2.5.7 Selected-area chemical vapor deposition/infiltration

Selected-area CVD or CVI of SiC provides a pure SiC bonding layer, which is expected to be very similar
to the CVI matrix. Since this technique is limited to application on only one surface, a hybrid joining
technique using SiC pre-ceramic joining followed by CVI SiC was proposed for end-plug applications
[31].

258 Other methods

In the case of an end-plug of NITE SiC/SiC composite cladding, a mechanical joint (screw type) was
successfully applied because of the machinability of that composite [25]. A joint interlayer, as discussed
in Section 2.5.1, may be applied to achieve adequate gas leak tightness.

3. NONIRRADIATED MATERIAL PROPERTIES

3.1 Physical and Thermal Properties

3.1.1 Density, porosity, and fiber volume fraction

The density of a typical CVI SiC/SiC composite flat specimen ranges from 2.3 to 2.7 g/cm?® [6]. CVI
SiC/SiC is less dense than NITE SiC/SiC [24]. For CVI SiC/SiC tubes, the theoretical density has been
reported in the literature to be in the range of 80-88%. Considering that the density of fully dense SiC is
3.21 g/lcm?, the range of density for CVI SiC/SiC tubes is 2.6-2.8 g/cm?®. For NITE SiC/SiC composites, a
95% or higher theoretical density has been reported—about 2.96 g/cm?® or higher. The porosity of CVI
SiC/SiC composite tubes has been reported to be in the range of 8-17% [9, 51-53]. Less than 5% porosity
has been reported [54] for NITE SiC/SiC composite tubes. Fiber volume fractions of 30-40% have been
generally reported for CVI SiC/SiC composite tubes, with few exceptions. The fiber volume fraction
directly affects the strength of the material: the higher the fiber volume fraction, the higher the strength of
the material [9]. Table 4 summarizes the physical properties of various types of SiC/SiC tubes.
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Table 4. Summary of different SiC/SiC tubes and their physical properties
Density VE:Btrar:e Porosity Outer Wall
Matrix Fiber Interphase Type Fiber architecture 3 . diameter thickness Reference
[o/cm?] fraction [%]
[mm] [mm]
[%]
Unknown Manufacturers
100 nm o Three layers +45° 10.4-

CViI HNS PyC Full SiC/SiC from tube axis a 11 9.6 1.75 [51]
Triplex/

CVI HNS Carbon monolith-SiC/ ~10 [55]
SiC-CVI
Triplex/

CVI IBN Carbon monolith-SiC/ ~10 [55]
SiC-CVI

NITE SAK®P PyC Full SiC/SiC [56]
Similar to 200 nm s

NITE SA3 PyC Full SiC/SiC ~5 [57]

CEA (French Alternative Energies and Atomic Energy Commission)
0
cvi HNS PyC Full sicisic | 30 a;ginsg tube 35 9.6 17 [58]
Ceramic Tubular Products, LLC

CVI HNS Duplex ~0.75 [8]
Triplex/

CVI HNS monolith-SiC/ ~0.75 [8]
SiC-CVI
Triplex/

CViI IBN TREX-SiC/ ~0.75 [8]
SiC-CVI
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Table 4. Summary of different SiC/SiC tubes and their physical properties (continued)
Densit vzigfnre Porosit Outer Wall
Matrix Fiber Interphase Type Fiber architecture 3y . Y| diameter | thickness | Reference
[o/cmq] fraction [%0]
[mm] [mm]
[%]
General Atomic
CVI HNS PyC 30-35 ~12 10.63 14 [59]
Axial biased (1.5
150 nm axial: 1 hoop) _
CVI HNS PyC Duplex Hoop biased, +45° 20 8.8-9.6 1.2-2.1 [7]
(1:1)

Full SiC/SiC 12.7

CVI duplex 35 8.7 10 1.8 [52]
+55° from tube
CVI HNS PyC Full SiC/SiC axis with axial 2.6-2.8 51 ~13.75 ~9.5 ~0.78 [53]
reinforcement
Korea Atomic Energy Research Institute
10-17%
HNS and 200 nm . 0 EE0 REO for CVI

CVI SA3 PyC Triplex +45°, 55°, 65 18-25 SiC/SIC 9.6-10.1 1.1-1.6 [9]

layer

Muroran Institute of Technology
0

NITE PyC Full sicrsic | 60 ;r)‘(’l': tube 10 1 [54]
NITE Full SiC/SiC <~5% 12 2 [54]

a Empty cell information is not currently available.

® The new version of Tyranno SA fiber.
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3.1.2 Thermal expansion

The coefficient of thermal expansion (CTE) of SiC/SiC tubes is rarely reported so far. However, it is
expected that the CTEs of the tubes are similar to those of plate materials because of the similarity of the
microstructures. Previous work [6] reported that the instantaneous CTE of CVI SiC/SiC composite plates
followed Eq. (1) regardless of the fiber type (HNS or SA3).

o (10%/K) = -0.7765+1.4350x10-°T—1.2209 x10—5T?+3.8289x10-°T?,(293K < T < 1273K) (1)

where o and T indicate CTE and temperature, respectively. This study also confirms that Eq. (1) is
applicable to CVI SiC/SiC composite plates neutron irradiated under LWR-relevant temperature and dose
conditions (as is discussed later in this report).

For the CTEs of NITE SiC/SiC composites, the data are rare even for a plate specimen. The CTEs of
NITE SiC/SiC composites may be assumed to be similar to those of CVI SiC/SiC composites, according
to the insignificant effects of oxide phases on the CTEs of monolithic SiC [60].

3.1.3 Thermal diffusivity

The thermal diffusivity of the cladding is a key property characterizing the capability for heat transfer
from fuel to coolant. A higher thermal diffusivity results in a lower fuel temperature and smaller through-
thickness temperature gradient of the cladding. Therefore, higher thermal diffusivity is usually beneficial
for cladding applications.

The thermal diffusivity of SiC/SiC tubes along the wall thickness was evaluated by a laser flash method
using a curved square section machined from an SiC/SiC tube [52]. The reported thermal diffusivities are
listed in Table 5. Although the measurement method has not yet become a test method standard, the
values appeared to be reasonable based on the results from plate specimens [6]. The results showed that
triplex SiC/SiC tubes exhibited higher thermal diffusivity than duplex and full composite tubes because of
the higher diffusivity of the monolithic layer compared with the composite layer. There are no data
available for the in-plate thermal diffusivity of SiC/SiC tubes because of difficulty of measurement. It is
expected that the in-plane diffusivity is higher than the through-thickness diffusivity, according to the
results from plate specimens [6]. It is clear that a standard test method for ceramics tubes is needed. Until
a standard method is available, thermal diffusivity measurements obtained from plate specimens [6] may
be used for modeling purposes.

Table 5. Through-thickness thermal diffusivity of CVI SiC/SiC tubes evaluated using a laser flash method

. Room temperature 300°C 800°C
Material [mm?/s] [mm?/s] [mm2/s] Reference

Duplex SiC/SiC composite with 150 nm PyC N _ _

coated NHS fiber reinforcement 8-9 4555 4-4.5 [7]
Full SiC/SiC composite N

(no information on fiber type) 21 12545 1325 [52]

Duplex SiC/SiC composite N
(no information on fiber type) 8.5-13 575 35 [52]
Triplex SiC/SiC composite with HNS fiber 5 13 No data 8]

(no interphase information)
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3.1.4  Specific heat

The specific heat of SiC/SiC tubes has not been reported so far. However, the value can be expected to be
almost the same as that for SiC/SiC plates. The specific heat of SiC/SiC plates is considered to be the
same as that of monolithic SiC (high-purity SiC) because of the negligible effect of the presence of a
carbon interphase [6]. The temperature-dependent specific heat of monolithic SiC materials was reported
in Snead et al. 2007 [61] (Figure 3).
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Figure 3. Specific heat of SiC at elevated temperatures [61].

3.1.5 Gas leak tightness

One of the primary functions of the cladding itself is to maintain an impermeable barrier to prevent
fission gas release from the fuel into the reactor primary coolant. A criterion of SiC/SiC composite tube
failure is a loss of gas tightness. Any increase in the extent of fission gas release from the fuel will be
directly proportional to the increase in the radioactivity in the primary coolant and the fission gas (e.g.,
tritium) release to the environment. Moreover, helium is used as the heat conduction medium between the
fuel and the cladding. A loss of hermeticity (an indication of the gas leak tightness) would lead to the
release of helium. As a consequence, the heat produced in the fuel could not be efficiently removed and
the probability of fuel failure would increase. Therefore, the hermeticity of the SiC-based cladding needs
to be assessed.

This section discusses the gas permeability of SiC and the gas leakage rate of an SiC/SiC cladding
system. Permeability, an intrinsic physical property of a continuous solid, is expressed as a product of gas
solubility and diffusivity. The gas leakage rate is a measure of the effectiveness of the seal of the material
or system, as indicated by the flux of gas that passes through the leak.
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3.1.51 Permeability

Assuming 1D transport, the flux, J, of gas permeating through the sample can be derived from Fick’s first
law, assuming gas solubility governed by Sieverts’ law. It is given by
D Pl/2 _ P1/2
J — S( 1 0 ) , (2)
o

where ¢ is the clad wall thickness of the sample, and P; and P, are the gas pressures in the upstream and
downstream chambers, respectively. P, is negligible if the downstream chamber is always under an ultra-
high vacuum (~1x1077 torr) during measurement. The product of diffusivity, D, and Sievert’s parameter,
S, (note that S is usually defined as “solubility” in gas permeation studies) is defined as the permeability,
@, which can be expressed in the form of

Jo
R

Units used here for D and S are, respectively, m¥s and mol H, m® MPa ™, giving rise to the unit &, mol
H, ms*MPaY2 Therefore, measurement of the permeation flux will result in the determination of
permeability. For most materials, permeability follows the Arrhenius temperature dependence. Thus, it
can be expressed as

¢=DS = €)

E
¢= ¢o eXp(_ ﬁ] . 4)

where @& is the permeability constant and E is an apparent activation energy for permeation (essentially
the sum of activation energies for dissolution and diffusion). Measurements of the permeability at various
temperatures will enable the determination of E and &s.

Various results for the permeation of hydrogen isotopes in SiC have been reported by different authors.
An issue in previous efforts has been that most of the work did not show material qualities such as purity
and grain size, although different grades of SiC showed significantly different permeabilities. Regardless
of the SiC material quality, SiC is considered a good permeation barrier compared with metallic
materials. Yamamoto et al. [62] report the deuterium permeation of CVD SiC fabricated by Rohm and
Haas (currently Dow Chemical). The microstructural features of this material exhibited almost full
density, a purity of >99.9995%, an average grain size of ~5 um, limited grain texture, and the presence of
the stacking faults within the grains [63]. The permeation behavior is described by [62] at 600-950°C
[62].

@ = 130 exp(-230kJ/RT) mol s* m* MPa 2 (5)

This result shows that CVD SiC-coated SiC-based cladding is considered gastight in the absence of
processing defects.

3.1.5.2 Gas leakage rate

Based on the requirements for the current Zr cladding system, it is reported that a helium leakage rate
should be no greater than 1x10° mbar | s at 17 bar and room temperature for an entire 14 foot fuel rod
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[31]. Table 6 summarizes the gas leakage rate of CVI and NITE SiC/SiC tubes. Hermetic tubes for both
types of materials have been achieved.

Table 6. Gas leakage rate for SiC/SiC tubes

Material Spemmfnqn%(]eometry Test condition Gas leak rate Reference
Gas: He
AP =0.1MPa @ room <1.01 x 103 Pa m®/s
temperature
CVI SiC/SiC tube ID~7.5 Gas: He [7]
with SiC end-plug | Wall thickness 1.2-2.1 | AP =0.1 MPa @ 300°C
(after 1000°C thermal 4.1 x 1071° Pa m¥/s
cycle and 16.8 MPa
applied gas pressure)
CVI SiC/SiC tube Length 16 Gas: He and D2 o
coated with CrN or ID7.1 AP <~0.1 MPa @ room <flo'(r)t:thl?_|e ai?jn[; fs [64]
TiN and open ends Wall thickness 1.4 temperature 2
Length 200 He <2 x 107 12Pa
e ID 10 3
: m®/s up to 400°C
NTESCSOUe | wanidass1 | Sremds | memelne |y
P (uniform heating ' 2 oa me/s
length, 30 mm) up to 400°C

3.2 Mechanical Properties

Properties related to mechanical failure include the stresses for the first major matrix cracking, the first
penetrating crack formation, and ultimate failure. Statistical factors for these properties are insufficiently
understood for nuclear-grade SiC/SiC composite tubes. The statistical factors include both the governing
statistic laws and statistical parameters such as Weibull parameters. These are especially important at the
extremes of the failure distribution. Part of the focus of this section is the mechanical properties
dependence on the fiber reinforcement angle. This dependence has been reported in both filament-wound
and 2D braided CVI SiC/SiC tubes, although a detailed analysis was not provided [12].

3.2.1  Young’s modulus

The typical in-plane Young’s modulus for nuclear-grade CVI SiC/SiC composite planar specimens has
been reported to be in the range of 200-280 GPa [6].

Compared with planar specimens, fewer studies have been conducted for tubular SiC/SiC composites, and
Young’s moduli, mostly from tensile tests, are available in the literature. The reported Young’s moduli
for axial tensile tests lie in the range of 200-250 GPa [7, 51, 53, 58]; and for hoop tensile tests, one study
[58] has reported the value of Young’s modulus to be 158 GPa. One study has reported the Young’s
modulus under compression: 251 GPa [51].

For tube specimens, the coefficient of variance (C.V.) for Young’s modulus has been reported to be
mainly in the range of 7-20% [7, 51, 53, 58]. A round-robin study [53] showed a significant variation in
C.V. across the laboratories, indicating a strong dependence on the material, operator, and test equipment
of the spread in the modulus data.

Shear modulus value ranging from 80-120 GPa have been reported for flat specimens [6]. Those values
were calculated from the Young’s modulus and Poisson’s ratios. Only one study reported the shear
modulus for tube specimens [53]. Figure 4 shows the Young’s modulus determined from various studies
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of tubes. The linear fit line indicates a moderate effect of fiber winding angle on the axial Young’s
modulus of SiC/SiC tubes.
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Figure 4. Axial Young’s moduli determined from several studies for CVI SiC/SiC tubes.

Table 7 summarizes the tensile and hoop mechanical behavior of the SiC/SiC tube specimens.
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Table 7. Compilation of mechanical properties of SiC/SiC composite determined from tests on tube specimens
Loadin Young's Strainat | Strainat Shear Fiber architecture/
Material 9 modulus (E/ILPSa) (Ll\J/I-II;Sa) PLS UTS strength Noufn:ebsir porosity/fiber volume Ref.
(Test method) (GPa) (%) (%) (MPa) fraction
Uniaxial tension *45°, inner layer filament
(Monotonic axial 248 (14) ~100 269 ~1 3 wound, outer layers 2x2
tensile test) braids/10.4-11.1%
Uniaxial
compression
. 251 (15) ~130 385 3
(Monotonic axial
CVI HNLS compression test) [51]
100 nm PyC Hoop tension
(Internal 303 3
pressurization)
Equibiaxial
(tension, internal 297 2
pressurization)
Pure torsion 286
Full SiC/SiC Hoop tension
axial biased* (C[,)-ring) 209 (24) +-50--60°~20%/-
Full SiC/SiC Hoop tension
hoop biased? (C-ring) 331 (74)
Full sic/sic Uniaxial tension
ull SicC/sicC, S
axial biased! (Monotonic axial 243 (19) 236 (35)
tensile test)
Full sic/sic Uniaxial tension
ull SiC/si
hoop biased? (Monotonic axial 129 (14) 93 (14)
tensile test)
Duplex: Monolith Hoop tension 3 _ 7
(inside) and SiC/SiC (C-ring) 174 (28), "'m=7.0 [7]
Full Sic/SiC HO(%’_:fn”S)'O” 209 (24), m=7.9
Duplex: Monolith Hoop tension _
(outside) and SiC/SiC (C-ring) 811 (59), m=4.6
Full Sic/siC Ho(cg’_:fnng)"’” 304 (14), m=12.1
Duplex: Monolith Hoop tension 278 (20) ‘0D: 92 (6), OD: 152 (8)
(inside) and SiC/SiC (expanding plug) °ID: 140 (7) 1D: 231 (9)
Duplex: Monolith Hoop tension 288 (13) OD: 129 (10) OD: 271 (2),
(outside) and SiC/SiC (expanding plug) 1D: 158 (12) 1D: 332 (3)
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. . Strain at Strain at i i
Material Loading ;gsﬂ?uz PLS uTs PLS uTs st?Zf\ZIh Number pgllfggirtya/;icgt:[re\clgjlz%e Ref
(Test method) (GPa) (MPa) (MPa) (%) (%) (MPa) of test fraction
Triplex: CVI SiC/SiC
i i Hoop tension
at middle, monolith _P 282.4 (44.3); See Section 3.2.2, £45°,
outside and inside, (internal m=11.05 +550 +650 [
200 nm PyC (SAS, pressurization) ' o
HNLS)
Axial tension 0.034 0.685
CVI SiC/SiC, HNLS (monotonic axial | 232.2 (17.1) 82.75 (12.76) 462.7 (37.3) (0'007) (0.087) 4
tensile test) ' '
+309 - /35% [58]
Hoop tension 0.032 151
CVI SiC/SiC, HNLS (internal 157.5 (27.6) 35.5 (6.36) 63(0.7) (0'015) © 614) 2
pressurization) . .
e Axial tension 92.6 (9.0), log
CVISIiC/SiC, HNLS, L 202.7 (40.3) mean: 4.52, log 236.8 (29.6), 0.057 0.53 43 +55° with axial [53]
150nm PyC (monotonic axial ' ' standard m=10.1 (0.007) 0.1) reinforcement/14%/51%
tensile test) deviation: 0.096
Notes:

Number of test:

1 Fiber reinforcement ratio (hoop: axial) 1: 1.5
2 Fiber reinforcement ratio (hoop: axial) 1.3: 1

3 Weibull modulus

Values in brackets are standard deviation.

4.
5:

Outer diameter
Inner diameter
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3.2.2 Proportional limit stress

For flat specimens, the proportional limit stress (PLS) has most frequently been reported in the 90—
120 MPa range [6]. For tube specimens, axial PLS has been generally reported between 80 and 100 MPa
[51, 53, 58]. In the hoop direction, relatively higher PLS values have been reported [7], ranging from 100
MPa to 160 MPa. Bernachy-Barbe et al. [51] report axial PLS of about 130 MPa under compression,
which is slightly greater than the reported PLS under tension (about 100 MPa). Most studies report a
standard deviation of 10 MPa or less [51]. Singh et al. [53] has reported that PLS follows log-normal
distribution with the log-mean and log-standard deviation of 4.52 and 0.096.

Fiber architecture greatly influences the PLS. Nozawa et al. [65] has systematically shown the effect of
fiber orientation on mechanical properties in flat specimens; PLS decreases by over 25% when the fiber
orientation is changed from 0°/90° to +45°. Tests conducted by Rohmer et al. [58] on tube specimens with
+30° fiber orientation led to a PLS of 36 MPa in the hoop direction and 83 MPa in the axial direction.

3.2.3 Ultimate tensile strength

An in-plane UTS of 250-350 MPa has been generally reported for flat specimens. However, for tube
specimens, UTS has been measured as being in the range of 230-270 MPa in the axial direction and 200—
340 MPa in the hoop direction in most studies. The strength values reported toward the higher end of this
range are for specimens having a fiber fraction biased in the hoop direction [7]. The typical C.V. for UTS
for tube specimens ranged between 10 and 20 %, although C.V.s outside this range have been also
reported.

There is a significant effect of fiber orientation on the UTS. Nozawa et al. [65] measured a decrease in
UTS (failure stress) of about 35% upon changing the fiber orientation by 45° in flat specimens. Rohmer et
al. [58] reported a significantly smaller hoop strength (63 MPa) than the axial strength (463 MPa) for tube
specimens with a £30° fiber orientation with regard to the tube axis. Kim et al. [9] tested triplex SiC tube
specimens and showed an increase in the hoop strength by over 15% after an increase in the fiber
orientation from +45° to +65° for SiC triplex tubes. The hoop strength of the specimens ranged from 235
to 338 MPa. In the Kim et al. study, tubes with Tyranno SA3 fibers exhibited greater strength than tubes
with HNS fibers; the study also shows that the fiber winding method influences the strength significantly.

Figure 5 and Figure 6 show the axial and hoop UTS determined from various studies involving SiC/SiC
tube specimens. The steep slope of the linear fit indicates a significant effect of the fiber winding angle on
uUTS.

Studies have reported Weibull moduli range of 7-12 for UTS [7, 9, 53]. Singh et al. [53] has shown that
UTS data fit best with Weibull distribution.
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3.2.4  Strain at proportional limit strength and ultimate tensile strength

The strain at PLS has been measured to be in the range of 0.03-0.06% for studies involving tubes. Strain
at UTS has been reported to range from 0.6 to 0.85%. The C.V.s for strains at PLS and UTS range from
10 to 20% for most studies on tubes [53, 58]

3.25 Poisson’s Ratio

Nozawa et al. [65] report the in-plane Poisson’s ratios for plate specimens oriented at different angles
from the direction of loading. The reported data show that when the fiber orientation with loading was
changed from 0%90° to £45°, the Poisson’s ratio increased from ~0.13 to ~0.25 for plain-weave CVI and
NITE SiC/SiC composites under tensile as well as compressive tests. There is no data on Poisson’s ratio
from tube studies.

3.3 Corrosion, Oxidation and Fuel Compatibility

3.3.1  Hydrothermal corrosion

SiC recession as a result of corrosion in high-temperature water leads to (1) cladding thickness losses that
could in turn result in increased loading on the structure and (2) deposition of unwelcome corrosion
products in the primary water circuit. Therefore, it is essential to quantify the rate of SiC recession, along
with its dependence on environmental conditions such as pH, oxygen potential, electrochemical potential,
solutes in the agueous systems, and radiolysis. This section discusses the corrosion behavior of SiC
materials and candidate EBC materials in simulated reactor coolant without considering irradiation effects
such as displacement damage and radiolysis.

3.3.1.1 Corrosion of SiC matrix

In the case of a cladding design without a non-SiC EBC, the SiC matrix is expected to be the first barrier
against the coolant water, and no fiber and carbon interphase are expected to be exposed. Figure 7
summarizes the hydrothermal corrosion behavior of monolithic high-purity CVD SiC. It corresponds to
the matrix of a CVI SiC/SiC composite in a simulated reactor coolant environment, including pressurized
water reactor (PWR), boiling water reactor (BWR) hydrogen water chemistry (HWC), and BWR normal
water chemistry (NWC), all without irradiation [66, 67]. Figure 7 clearly shows that different water
chemistries lead to different corrosion behaviors. The previous corrosion study highlighted that the
dissolved oxygen activity in water greatly increased SiC recession. Not only the water chemistry, but also
material qualities such as grain size and grain texture, likely affect the corrosion resistance, since
preferential attack at the grain boundary has been reported [66, 67]. In fuel cladding applications,
depending on the in-pile recession kinetics of SiC and the thickness of the matrix on the surface, a loss of
cladding thickness can potentially expose the fiber-matrix interphase. This exposure can lead to damage
to the fiber and/or interphase and consequently degrade the composite’s mechanical properties.

The kinetics of SiC recession under hot water is governed by a surface oxidation reaction (silica
formation), because once silica forms on SiC under hydrothermal conditions, it readily dissolves in water.
Therefore, it is also important to consider that the silica concentration in the reactor coolant can reach the
point of saturation, and then the silica will deposit in the relatively cold regions of the coolant loop [66]. It
is doubtful that significant amounts of deposited silica in the reactor core can be allowed during
operation.
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Figure 7. Mass change in CVD SiC after exposure to simulated reactor water loops [66, 67]. The
temperature and pressure ranged from 290 to 360°C and 7-20 MPa, respectively, depending on the water
chemistry.

For NITE SiC/SiC composites, a systematic investigation of the hydrothermal corrosion behavior of the
matrix has not been reported. However, the corrosion behavior has been investigated for monolithic SiC
ceramics. Their microstructure was found to be similar to that of the NITE matrix: a relatively small grain
size (submicron to a few microns) and the presence of oxide secondary phases along the grain boundaries
(as a thin film a few nm in width) and at grain pockets. These monolithic SiC ceramics are referred to
NITE ceramics in this paper for convenience. Parish et al. report the recession of NITE SiC ceramics with
three different additive systems under the simulated PWR, BWR-HWC, and BWR-NWC coolant
environments without irradiation, as shown in Figure 8 [26]. The recession rates of NITE SiC ceramics
were more than one order higher than those of CVD SiC specimens; the poor corrosion resistance was
attributed to the secondary phases preferentially attacked under hydrothermal conditions. This work also
demonstrated that corrosion properties can be improved by controlling secondary phases. At the time of
the current report, hydrothermal corrosion—resistant NITE SiC/SiC composites have not yet been
demonstrated. An EBC on the clad surface may be an option for NITE SiC/SiC cladding.
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Parish et al. Journal of the European Ceramic Society
37(2017)1261-1279
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Figure 8. Linear mass loss rate for NITE SiC with various sintering additives, CVD-SiC, and
polycrystalline alumina [26]. The corrosion test was conducted for up to 3 months for CVD SiC, 2
months for YA-NITE, and 5 weeks for the other materials. YA-NITE, CZA-2-NITE, and YZA-NITE are
NITE ceramics fabricated with sintering additives of Y»03-Al,03, Ce0,-Zr0,-Al;0s, and Y,03-ZrO,-
Al,O3 systems, respectively.

3.3.1.2 Corrosion of SiC joint

Hydrothermal corrosion of the end-plug joint is also considered a feasibility issue. The allowable
recession rate may depend on the joint geometry; a larger bonding area provides more allowance for
recession. Koyanagi et al. report the hydrothermal corrosion behavior of various SiC-to-SiC plate joints
under simulated reactor coolant environments for 5 weeks [45]. The tested joints include a molybdenum
diffusion bond, a titanium diffusion bond, a Ti-Si-C reaction sintered bond, and an SiC nanopowder
sintered bond. Under a reducing activity environment (PWR and BWR-HWC), only the molybdenum
diffusion bond showed poor corrosion resistance (Figure 9a). However, under a BWR-NWC oxidizing
activity environment, all of the joints except the SiC nanopowder sintered joint experienced significant
recession. The sintered SiC joint exhibited only a 5 micron recession relative to the CVD SiC substrate
following corrosion testing for 5 weeks (Figure 9b). Another promising joint was a selected-area CVD or
CVI SiC joint that forms a high-purity SiC bonding layer.
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Figure 9. Cross-sectional observation of SiC joints after autoclave immersion: (a) molybdenum diffusion
bond tested with BWR-HWC for 5 weeks and (b) nanopowder sintered SiC joint tested with BWR-NWC
for 5 weeks [45].

3.3.1.3 Corrosion of coating

An EBC on the outer surface of the cladding will be required if SiC composites undergo unacceptable
recession in the coolant. Several types of corrosion-resistant EBCs are under development for Zr-based
claddings [27]. The corrosion-resistant coating materials applicable for SiC include chromium-based
(chromium [68-70] and CrN), titanium-based (TiN/Ti layer [71, 72] and TiAIN [73]), and iron-based
materials (FeCrAl alloy [74]). The reported corrosion resistance of each of these coatings is summarized
in Table 8. All of the coating materials exhibited weight gain and superior performance to a reference Zr-
based alloy under hydrothermal environments. Although the corrosion behavior of the coating on SiC/SiC
tubes has not been investigated, the information in Table 8 shows these coating materials are potentially
useful for SiC cladding systems.

Table 8. Hydrothermal corrosion resistance of coated materials. The coated zirconium-based alloy was
tested unless otherwise indicated

Material | Coating method Corrosion environment Corrosion test results Reference
. —360°C/18.9 MPa Weight gain of 3.2 mg/dm?
Bulk Cr | Not applicable _Static autoclave after 15 days [68]
Cr . -360°C . .
- Physical vapor . . Weight gain of ~5 mg/dm?
coating deposition —Simulated PWR primary water after 60 days [69, 70]
onZr —Autoclave
CrN Phvsical vapor —300°C/pH25¢:10.5 Better corrosion resistance
coating gepositiorp: —LiOH addition compared with Zr-4 after [73]
on Zr —Static autoclave 30 days
: Insignificant change in the
—In-pile test . .
CrN Physical vapor —PWR condition at 320°C coating th_lclfness by
coating deposition 150 davs irradiation [75]
onZr P fl y 8x10% nfm? Local oxidation of the
—Fast neutron fluence: 1.8x10%* n/m substrate
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3.3.2 Fuel-clad chemical interaction

The chemical compatibility of SiC cladding with fuels under normal operation and accident conditions is
of great importance. The cladding inner surface comes in contact with the fuel, depending on the initial
gap and the swelling behavior. Fission product transportation and interactions with SiC, SiC/SiC
composites, the composite constituents, and internal interfaces also need to be understood for all gaseous
and solid fission products. The fission products of primary interest include noble metals and tritium.

For an SiC/UOzyx system, Braun et al. experimentally investigated the reactivity and concluded that (1)
limited chemical reaction occurs up to 1241°C and (2) a liquid phase forms between 1577 and 1677°C in
the open and closed SiC/UQOz:x system [76]. Silva et al. reported that the microstructure of high-purity
SiC, such as the grain boundary structure, affected the chemical reaction between SiC and UO; at 1500°C

[77]. The reaction temperatures reported are much higher than the temperature of the cladding under
normal operation.

Gerczak et al. discussed the potential reactions between SiC and various fission products, including
fission gases, metallic precipitates, and oxide phases [78]. According to previous studies (typically a thin
foil diffusion couple study), they concluded that SiC is susceptible to reaction with various fission
product elements in the fuel system; however, the temperature of the SiC clad is not sufficient to promote
significant interactions due to the reaction kinetics.

3.33 Steam oxidation

The oxidation resistance of CVD SiC, the expected first barrier against steam attack in CVI SiC/SiC
tubes, is discussed in this section. Oxidation of SiC under a high-temperature steam environment is
expressed by paralinear kinetics: parabolic oxidation forming silica on SiC and linear volatilization of the
silica [3]. The parameters affecting the steam oxidation behavior include temperature, exposure time,
steam flow rate, and steam pressure. Figure 10 shows the steam oxidation behavior of CVD SiC based on
the experimental results (for SiC). An outstanding low recession rate for CVD SiC compared with
Zirxaloy-4 was reported. The results shown in Figure 10 are consistent with the results from different
steam oxidation studies using high-purity CVD SiC [79], a CVD-coated CVI SiC/SiC composite [80],
and sintered SiC (SE type Hexoloy) [81] under different steam oxidation conditions.

Monolithic SiC fabricated via liquid-phase sintering of SiC nanopowder and oxide additives, a similar
material with a matrix of NITE SiC/SiC composite, also showed significant steam oxidation resistance
compared with Zircaloy-4 at up to 1200°C [82], indicating NITE SiC/SiC cladding improves the safety of
the cladding system in the case of an accident.
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Figure 10. Thickness consumed (in um) during steam oxidation: (a) Zircaloy-4 and (b, ¢) CVD SiC.
(Reprinted from Terrani 2014 [3])
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4. |IRRADIATED MATERIAL PROPERTIES

4.1 Physical and Thermal Properties
41.1 Density

The density of SiC/SiC cladding changes as a result of irradiation-induced swelling. Accurate data for
temperature- and dose-dependent swelling of SiC/SiC materials are essential for multi-physics modeling
of the cladding. A swelling gradient across the clad thickness direction, resulting from the through-
thickness temperature gradient, is a great concern because it builds significant stress within the cladding
[83]. Although swelling of SiC/SiC plates has been evaluated for various irradiation conditions [6], and
those date are applicable to the tube specimens, we report recent swelling results with improved
measurement accuracy.

The dimensions of the specimens were measured using a precision micrometer. The micrometer used was
equipped with a high-precision linear variable differential transformer, and its calibration was maintained
to an accuracy of £0.1 micron at all times through a calibration procedure using standard gauge blocks
incorporated in the specimen measurement protocol. All three dimensions of the rectangular coupon
specimens were measured using the micrometer. The length of all specimens was 25 mm (Figure 11).

The neutron irradiation experiments were conducted in the High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory (ORNL). The measurement results in Figure 12 show that swelling behavior is
almost identical among the CVD SiC and CVI SiC/SiC composites in the length direction (an in-plane
direction). The swelling of neutron-irradiated SiC/SiC tubes [8, 84] appeared to follow the trend. Details
for the materials investigated are shown in Table 9.

“CVI'SIC/SiC (HNS) =B

Figure 11. Representative image of test specimens used for irradiation experiment. Length of all
specimens was 25 mm. Details for each material are shown in Table 9.
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Figure 12. Linear swelling of CVD SiC and SiC/SiC plates. Details for the materials investigated are

shown in Table 9.

Table 9: Information for CVD SiC and SiC/SiC composite materials used for swelling measurements

Dose [dpa]

Material 1D Material description Specimen dimensions Reference
CVvD SiC Monolithic 50x2.5x2.5 mm or Unpublished data
50x5.0x0.2 mm or [85]

25x2.8x0.4 mm

CVI SIC/SiC (HNS) -A

Machined from channel 25x4.5x1.3 mm Unpublished data
box. The length direction
parallel to axial length
direction of the channel
box.

CVI SIC/SIiC (HNS) -B

Machined from channel 25x4.5x1.3 mm Unpublished data
box. The length direction
parallel to axial width
direction of the channel
box.

CVI SIC/SiC (HNS) —C

Fiber reinforcements 25x2.8x1.0 mm [85]
parallel to the specimen
length and width
directions

CVI SIC/SiC (SA3)

Fiber reinforcements 25x2.8x1.0 mm [85]
parallel to the specimen
length and width
directions
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A new finding of this work is that the CVI SiC/SiC plates showed swelling anisotropy, as shown in
Figure 13. The order of the magnitude of the swelling was length > width > thickness. This indicates that
the swelling of an SiC/SiC cladding along the thickness direction may be less than in the length direction.
This swelling anisotropy will affect the multi-physics modeling of the stress states of SiC/SiC cladding.
This work is under preparation for publication in a journal.

This research also produced a precise description of the swelling of CVD and CVI SiC/SiC composites,
as shown in Figure 14. This was achieved by measuring both the swelling and the actual irradiation
temperature with the same specimens so that the experimental uncertainty was minimized.
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Figure 14. Temperature and dose dependence of swelling of CVD SiC and CVI SiC/SiC composites.
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4.1.2 Fiber volume fraction and porosity

Although differential swelling behavior was found, as shown in the previous section, the effect of
irradiation on the fiber volume fraction was negligible because of the small swelling value (up to ~2% in
volume). It is also expected that irradiation will not change the porosity.

4.1.3 Thermal expansion

Since very limited data are available for the CTEs of SiC/SiC composites irradiated under LWR-relevant
temperature and dose conditions, this report presents instantaneous CTEs for HNS fiber—reinforced CVI
SiC/SiC composite plates neutron-irradiated at 360 or 370°C to 1dpa under an inert atmosphere in the
HFIR, as shown in Figure 15. Dilatometry of the irradiated ~24 mm long specimens was conducted using
a NETZSCH DIL 402CD horizontal dual pushrod dilatometer with a heating rate of 1°C/min and a
cooling rate of 2.5°C/min. It was found that the instantaneous CTE of the neutron-irradiated SiC/SiC was
described by the CTE of nonirradiated SiC/SiC composites (Eq. (1)) up to the irradiation temperature,
showing that the effect of irradiation on the CTE was insignificant. This is consistent with a previous
study of the CTE of SiC/SiC composites irradiated at higher temperatures [6]. Note that, above the
irradiation temperature, the CTE was apparently small because of recovery of swelling by defect
recovery.
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Figure 15. Instantaneous CTE of neutron-irradiated CVI SiC/SiC composite plates. The black line is the
trend of nonirradiated materials, which is described in Eq. (1). The material information can be found in
Table 9.
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4.1.4  Thermal diffusivity and thermal conductivity

Since there are no thermal diffusivity data for SiC tubes obtained by a standard method, no reliable
thermal properties data are available for neutron-irradiated SiC tubes. In such a situation, it would be
reasonable to use the thermal properties obtained from the plate specimens for modeling purposes. The
effect of irradiation on the thermal conductivity of ceramics is described by the thermal resistivity, the
inverse of thermal conductivity, K [86]:

1 1 1

Krd Kirr Knon—irr (6)

where 1/Kirr and 1/Knon-irr indicate irradiated and nonirradiated thermal resistivity, respectively, and 1/Kq
is the radiation defect thermal resistivity that represents collective contributions from various radiation-
produced defects to the volume thermal resistivity.

Figure 16 shows the room-temperature defect thermal resistivity of SiC/SiC plate specimens and
monolithic CVD SiC [6], together with the defect thermal resistivity of neutron-irradiated SiC tubes
evaluated by the laser flash method with a curved specimen [8]. It is clear that the defect thermal
resistivity of the plate specimens is material-dependent. The results from the tube specimens reported in
[8] appeared to be consistent with the results from the plate specimens. Note that the triplex tube
specimen [8] was expected to be greatly affected by the monolithic layer because of its volume fraction.
The dose dependence of irradiation thermal defect resistivity can be obtained from a linear relationship
between the thermal defect resistivity and the swelling [87]. Because very limited thermal properties data
for the SiC/SiC cladding are available, future work on this topic requires (1) the development of a
standard test method for the thermal properties evaluation of ceramic tubes and (2) an evaluation of the
thermal properties of SiC-based tubes irradiated under LWR-relevant temperatures and doses.
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Figure 16. Room-temperature radiation defect thermal resistivity of neutron-irradiated SiC/SiC

composites and monolithic CVD SiC plotted against irradiation temperature [6, 8]. The neutron dose
ranged from 0.8 to 11.7 dpa for composites.
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415 Specific heat

The effect of neutron irradiation on the specific heat of the SiC/SiC tube was negligible because of the
limited change in the density following irradiation [61, 88].

4.1.6 Permeability

At this point, there is no report on the permeability of SiC/SiC composites in tubular configurations
subject to neutron irradiation. This study reports the gas permeability of neutron-irradiated CVD SiC
tubes following neutron irradiation at ~300°C to ~2 dpa with a high heat flux. Detailed material
information and irradiation conditions can be found elsewhere [84]. Following the same procedure used
in testing of nonirradiated samples shown in Hu et al. (2017) [64], the helium and deuterium permeation
flux through a neutron-irradiated CVD SiC tube was measured. The results, shown in Figure 17, indicate
that the tested CVD SiC tubular sample following neutron irradiation is still hermetic, as manifested by
the extremely low helium and deuterium permeation fluxes at various gas pressures. This finding implies
that CVD SiC—coated SiC/SiC cladding is hermetic following neutron irradiation.
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Figure 17. (a) Helium and (b) deuterium permeation fluxes through neutron-irradiated CVD SiC as a
function of applied gas pressure [64].

4.2 Mechanical Properties

Since mechanical properties date for irradiated SiC/SiC tubes are highly limited, the mechanical
properties of irradiated SiC/SiC composite plates are presented. Table 10 lists the reported mechanical
properties of SiC/SiC plates neutron-irradiated under LWR-relevant dose and temperature conditions.
Although the available data are limited, Table 10 shows that no notable irradiation-induced degradation of
mechanical properties (e.g., Young’s modulus, PLS, ultimate strength) was found for CVI SiC/SiC
composites with SA3 or HNS coated multi-layer or single-layer PyC. Recent work by Koyanagi and
Katoh (2017) [85] shows no notable effect of irradiation at ~300°C up to 11.8 dpa on the flexural
behavior of CVI SiC/SiC composites with monolayer PyC-coated HNS or SA3 fibers (Figure 18).
Therefore, it is reasonable to assume that the effects of irradiation on the mechanical properties are
negligible for modeling during normal operation. However, mechanical degradation may be taken into
account in the model at high doses because both HNS fiber and multi-layer PyC/SiC interphase were
degraded at a high dose of ~40 dpa at 300 and 500°C [88]. Currently, no data are available for the
mechanical properties of NITE SiC/SiC composites, although the tensile properties were retained
following neutron irradiation at 600°C to 0.52 dpa, at 830°C to 5.9 dpa, and at 1270°C to 5.8 dpa [89].
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Table 10. Mechanical properties of CVI SiC/SiC composites nonirradiated and irradiated under LWR-relevant temperature and dose conditions.
All the irradiation experiments were carried out under an inert gas atmosphere in the HFIR

Material

Young’s modulus

Proportional limit

Ultimate strength

(Interphase type) Irradiation conditions Test method (GPa) (SI:/IFI?’S;) (MPa) Reference
HNS CVI SiC/SiC plate Nonirradiated 1 232 (25) 97 (24) 284 (19)
(PyC20 nm/SiC100 nm multi- Nonirradiated 2 Cyclic tensile 226 (27) 126 (12) 224(13) [90]
layer) 570°C/2.2 dpa 197 (19) 116 (12) 171 (38)
HNS CVI SiC/SiC plate R
; . Nonirradiated . . 375.0 (50.9) 469.9 (70.1)
(PyCao nm/lsa|ycelr(;0 nm Multi 300°C/3.4 dpa 4 point flexural Not available 332.4 (4.5) 4204 (29.8) [91]
Nonirradiated : 255 (6) 216 (8) 412 (35)
HNS CVI SIiC/SiC plate . Dynamic
(PyC 50160 nm) 280-340°C/2.0 dpa modulus 236 (24) 260 (28) 509 (49) [85]
230-280°C/11.8 dpa | 4 point flexural 210 (13) 226 (45) 486 (72)
SA3 CVI SIC/SIC plate Nonirradiated Dynamic 241 (11) 331 (91) 493 (59)
(PyC 200-350 nrpn) 280-340°C/2.0 dpa modulus 241 (22) 300 (40) 513 (87) [85]
230-280°C/11.8 dpa | 4 point flexural 220 (7) 344 (85) 482 (74)

Note: values in brackets are standard deviations.
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Figure 18. Flexural stress strain curves for (a) CV1 SiC/SiC (HNS)-C and (b) CVI SiC/SiC (SA3) for
nonirradiated and irradiated conditions [85].

The specimen information can be found in Table 9. Effects of irradiation on the strength of selected SiC
plate to plate joints are summarized in Table 11 [30, 92]. The irradiation was conducted at 280-310°C to
8.7 dpa, which is relevant to LWR applications. The substrate was monolithic CVD SiC for all the cases.
Torsional shear testing using a miniature hourglass specimen was conducted. Note that the obtained
strength is apparent because of nonuniform stress distribution within the specimen during the testing.
Details of the interpretation of the torsion strength can be found elsewhere [93, 94]. As shown in Table
11, all the joints exhibited relatively high values (>80 MPa on average) of apparent shear strength
following neutron irradiation. However, irradiation-induced cracking within the bonding layer typically
was found in the non-SiC bonding layers. Although the strength of the cracked joint was relatively high,
the cracking may result in the loss of the gas leak tightness of the joints. Future work is needed to
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demonstrate robust and hermetic SiC joints with an end-plug configuration, since the bonding quality may
be different between plate-to-plate joints and end-plug joints.

Table 11. Apparent shear strength of various SiC joints with and without irradiation. The substrate was
monolithic CVD SiC for all cases. Torsion tests using a miniature hourglass specimen were conducted to

obtain the data.

Joining method
. g Conditions Apparent shear Note Reference
(joint phases) strength [MPa]
I e Nonirradiated 133 (22)
Tnag?g?".?;g“; on Irradiated at 280— 86 (66)
S 310°C t0 8.7 dpa Irradiation-induced
irradi crackin
Molybdenum foil diffusion |r23in;;tr£d;f ;ego_ 1;12 Eé;l) J
(M0<sSiaCar, MozC) 310°C t0 8.7 dpa
SiC nanopowder slurry Nonirradiated 320 (31)
sintering Irradiated at 280 226 (156) .
(SiC, Y-Al-Zr oxides) 310°C t0 8.7 dpa _ Noobvious
- . microstructural change [92]
SiC nano-powder green Nonirradiated 116 (24) by irradiation
sheet sintering Irradiated at 280— 109 (54)
(SiC, Y-Al-Zr oxides) 310°C to 8.7 dpa
Ti-Si-C reaction sintering Irggin;tr;gd; ;ego_ ig; gg Irradiation-induced
(TisSiCy, SiC, minor TiC) 310°C t0 8.7 dpa cracking
. . Nonirradiated 93 (12) No obvious
Hybrid pog?ée)r/ Cvisic Irradiated at 280- 93 (17) microstructural change
310°C t0 8.7 dpa by irradiation
Brazin Nonirradiated 138 (20) No obvious
(Al-Si- C?O) Irradiated at 280— 190 (10) microstructural change [30]
310°C to 8.7 dpa by irradiation*

*Unpublished result

Note: values in brackets are standard deviation

4.3 In-Pile Hydrothermal Corrosion

Neutron irradiation is an important factor affecting hydrothermal corrosion; the radiolysis of light water
increases the concentrations of oxidizing radiolytic species [95], and irradiation-induced defects may
change the reactivity of the material. Previous in-pile tests at the Massachusetts Institute of Technology
reactor—with open-ended CVI SiC/SiC composite tube samples in a simulated PWR coolant with
10.3 MPa pressure at 300°C—showed a significant increase in weight loss compared with corrosion
without irradiation [8]. An autoclave test with ion-irradiated CVD SiC samples [96] also indicated
accelerated corrosion with irradiation. Although the data are limited, irradiation-assisted corrosion of the
SiC likely occurred. Stempien et al. (2013) report in-pile corrosion behaviors in SiC plate joints bonded
using TiC/SIiC tape, calcium aluminate glass, or titanium foil [8]. All types of these joints were
completely or partially debonded during the simulated PWR reactor coolant exposure for 44 days at an
irradiation dose of up to 0.16 dpa for SiC. Although the presence of irradiation-enhanced corrosion is not
clearly addressed in Stempien et al. [8], the development of a corrosion-tolerant joint is a critical issue.
The in-pile corrosion behavior of coatings also is rarely reported.
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The current state of knowledge in the area of corrosion of SiC fuel cladding in LWR coolant
environments is very shallow, presenting what is perhaps the biggest current knowledge gap for this
technology. Systematic tests with well-defined samples, under well-known conditions, aiming to quantify
the kinetics and identify the mechanism for corrosion, are necessary.

5. FUTURE DIRECTION

This report summarizes various physical and mechanical properties of SiC composites for LWR cladding
applications. To provide relatively complete information for SiC/SiC composites (the ultimate purpose of
this handbook), other properties need to be added in future publications, including the thermal
conductivity of the tubes, in-pile hydrothermal corrosion, and fuel-chemical and mechanical interactions
of irradiated SiC tubes. Statistical failure assessment of SiC tubes is also needed to assess the failure
probability of the fuel system. These properties are being evaluated with support from the Advanced
Fuels Campaign of the US Department of Energy (DOE) Nuclear Technology R&D program.
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