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HIGHLIGHTS

« Fracture processes in a coated SiC
composite nuclear cladding material
were found different at room
temperature and 1200 °C.

« At both temperatures, cracking
initiated in the outer monolithic SiC
coating.

« The stress and strain when first
coating crack occurred are much
higher at 1200 °C than room
temperature.

« Typical crack toughening
mechanisms occurred simultaneously
in underlying composites upon load
drops at both temperatures.
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GRAPHICAL ABSTRACT
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ABSTRACT

Silicon carbide (SiC)-based nuclear fission fuel rod cladding has been considered as one of the possible
designs for accident tolerant fuels. It is in the form of a SiC fibre reinforced SiC matrix composite tube
(SiC¢-SiCy,) with monolithic SiC outer and/or inner coating layers. This study focuses on the deformation
and fracture processes in this material using in situ X-ray micro-computed tomography (XCT) at room
temperature (RT) and 1200 °C in an inert gas environment in a C-ring compression loading configuration.
Prior to testing, local properties and residual stresses were characterised using nanoindentation and
Raman spectroscopy since they can impact the mechanical behaviour of the material. The 3D strain dis-
tribution, crack formation and propagation processes including the toughening mechanisms (e.g., crack
deflection, micro-cracking, crack bridging and bifurcation) are investigated in the coating and underlying
composites at RT and 1200 °C. There is no particular sequence which toughening mechanism occurs first
- this is very different from the conventional toughening theory in ceramic-matrix composites under uni-
axial tension loading. Indeed, no evidence of fibre pull-out or fibre fracture was observed in this SiC¢SiCpy,

0264-1275/© 2023 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2023.111784&domain=pdf
https://doi.org/10.1016/j.matdes.2023.111784
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Dong.Liu@bristol.ac.uk
https://doi.org/10.1016/j.matdes.2023.111784
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes

G. Yuan, J. Paul Forna-Kreutzer, P. Xu et al.

Materials & Design 227 (2023) 111784

nuclear cladding material in the current C-ring compression configuration. The correlation between local
measurements and bulk mechanical behaviour are discussed.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to their excellent irradiation tolerance, high strength and
toughness at elevated temperatures [1-5], silicon carbide (SiC)
fibre reinforced silicon carbide matrix composites (SiCg-SiCy,) are
considered as a promising candidate material for the near-term
accident-tolerant fuel (ATF) cladding technology for light water
reactors [6-10]. In the ATF cladding design, a layer of monolithic
SiC coating is usually applied by chemical vapour deposition
(CVD) - tens to hundreds of micrometres thick - to either or both
of the outer and inner surfaces of a braided SiC¢SiC,, cladding tube,
which then serves as a fission gas barrier [11]. In this work, a Hi-
Nicalon™ Type S fibre reinforced SiCs-SiCy, cladding tube material
with monolithic SiC outer and inner surface coatings was studied
to discern its deformation and fracture behaviour at room temper-
ature (RT) and 1200 °C.

Nuclear-grade SiC¢SiCy, usually consists of highly crystalline,
near-stoichiometric SiC fibres [12-14], coated with a pyrolytic car-
bon (PyC) interphase or PyC/SiC multilayer interphase, embedded
in a high-crystallinity SiC matrix [12]. There are two primary types
of third generation SiC fibres for this application, e.g., Hi-Nicalon™
Type S fibres (NGS Advanced Fibers Co., Ltd, Japan) and Tyranno
SA3 (Ube Industries Ltd, Japan) [12-14]. Detailed properties of
these two types of fibres can be found in ref. [14]. The former type,
Hi-Nicalon™ Type S fibres, are used in the composite studied in cur-
rent work, and are known for their low oxygen content and near-
stoichiometric composition. They are generally produced by curing
polycarbosilane (PCS) fibres with electron beam irradiation and
pyrolysis. They consist primarily of nano-polycrystalline B-SiC,
with small amounts of residual oxygen/carbon (either in the form
of Si0; and SiOC) on their surface and throughout the fibre [15,16].
The presence of carbon in the fibre is usually measured by Raman
spectroscopy [17], with the carbon content, which affects the local
properties of the fibre, evaluated by nanoindentation methods
[18]. A layer of thin coating is applied to the fibres and designed
to facilitate load transfer, crack deflection and fibre sliding (if
any) [19,20]. For nuclear applications the fibre coating is most
commonly pyrolytic carbon and is deposited using CVD method
with a suitable hydrocarbon precursor. For the SiC matrix, reaction
sintering, nano-infiltration transient eutectic (NITE) method and
chemical vapor infiltration (CVI) are commonly used to produce a
high-crystallinity SiC material with minimal presence of second
phases to attain improved mechanical performance and irradiation
resistance [14,15]. Depending upon the processing methodology,
the consequent local properties can vary substantially and, as such,
can affect the stiffness, strength and toughness of the resulting
composites [21,22].

For such complex material systems, it is challenging to fully
understand their deformation and fracture behaviour under
extreme service conditions [11,23-27]. There have been a number
of studies performed to date although the majority of tests were
conducted at room temperature. Rohmer et al. [23] carried out
hoop and axial tensile tests at room temperature on one type of
SiCs-SiCy, cladding tube. Their material was a CVI SiC matrix rein-
forced by Hi-Nicalon™ type S fibres in a 3D braided form (braiding
angle is +30° between the reinforcement direction and the tube
axis). Acoustic emission (AE) was adopted to identify the elastic
limit together with digital image correlation (DIC) used to evaluate
the surface strains. These authors found marked anisotropy in the

mechanical properties. In the axial direction, the average modulus
and strength were respectively 230 GPa and 460 MPa, compared to
160 GPa and 64 MPa in hoop direction; however, the failure strain
was much lower in axial direction (0.70 %) than in the hoop direc-
tion (1.52 %). In one related work, Shapovalov et al. [24] studied a
SiC¢-SiCy, cladding reinforced by Hi-Nicalon™ type S SiC fibres at
room temperature with higher equivalent fibre tow in the axial
direction (1.4 times of that in the hoop direction). They employed
a variety of testing methods using DIC including elastomeric insert
tests, open-end and closed-end burst tests for hoop strength, uni-
axial tensile and closed-end burst tests for axial strength. Values
of the average ultimate tensile strength (UTS) and failure strain
in the axial direction were found to be higher in the uniaxial tensile
tests (245 MPa and 0.64 %) than in the closed-end burst tests
(135 MPa and 0.04 %). For the hoop direction, elastomeric insert
tests showed the highest values for both the UTS and failure strain
(449 MPa and 0.82 %), while close-end tests yielded lower values
(370 MPa and 0.73 %). Although the fibre tows were reinforced in
the axial direction, based on these results, the hoop strength was
still found to be higher than the axial direction. It was suggested
by Shapovalov et al. [24] that the mechanical performance of the
cladding materials is not only influenced by the orientation of
the fibre reinforcement, but also by the anisotropic nature of the
defect distribution. This strongly implies that to provide a compre-
hensive understanding of the mechanical behaviour of these mate-
rial systems, it is crucial to employ imaging characterisation
methods in situ, preferably in 3D, to acquire microstructural infor-
mation, such as the braiding patterns and distribution of defects/
cracks, under load at temperatures.

Another frequently used mechanical testing configuration for
SiCe-SiCy, cladding tubes is a C-ring compression setup [25-28],
which is a valuable method due to its small specimen require-
ments and ease of testing. One of the first openly published C-
ring compression tests was conducted at room temperature on a
Tyranno SA3 fibre reinforced SiC¢SiCy, cladding material in 2014
[26], although without real-time imaging; plug-expansion tests
were also performed on the same material. It was demonstrated
that C-ring tests produce comparable mechanical strengths to
plug-expansion tests, specifically a hoop strength of ~381 MPa
(C-ring compression) vs ~406 MPa (plug-expansion) with a consis-
tency within 6 %. One major advantage of the C-ring test method is
that it requires no special complex fixturing which significantly
simplifies any high temperature test configuration, Shapovalov
et al. [25] performed ex situ C-ring compression tests on a Hi-
Nicalon™ Type S fibres reinforced SiC¢SiC,,, material in argon (Ar)
at temperatures up to 1900 °C. The strength of the samples
retained up to 1900 °C, at which temperature a phase transition
occurred in SiC from the face-centred cubic B-SiC to hexagonal
closed-packed o-SiC. Although more scarce, mechanical testing
experiments have been combined with in situ X-ray computed
micro-tomography (XCT) imaging to enable a direct 3D character-
isation of the evolution of damage; these studies tend to provide
far greater insights into the nature and effect of the salient damage
and failure mechanisms in these materials [27,29-31]. Saucedo-
Mora et al. [27], for instance, conducted in situ C-ring compression
tests at room temperature on a SiC¢SiC,, cladding with monolithic
outer SiC coating such that fracture initiation could be observed
directly. Croom et al. [30] used room temperature in situ plug-
expansion tests on a un-coated SiC¢-SiCy, cladding composite sam-
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ple, and found that cracks formed preferably at the intersections of
the fibre tows and propagated axially to link up tow overlap sites.
Digital volume correlation (DVC) analysis was adopted such that
the hoop strain was found to vary significantly through the thick-
ness of composite but was highest at fibre tow crossovers (~0.35 %
at 95 % peak load) which led to crack formation.

In summary, it has become increasingly apparent that damage
evolution in these cladding materials is highly dependent on the
presence and variation of local microstructures and imperfec-
tions/defects. Accordingly, real-time monitoring of such
microstructural changes is essentially a necessity during mechan-
ical testing for a fuller understanding of the complex behaviour
of this class of composites; indeed, this is especially important
for characterizing the damage at the elevated temperatures repre-
sentative of service conditions for further improving the design of
such composite materials. In this regard, we note that to date,
there have been no such in situ high temperature experiments with
X-ray computed micro-tomography imaging on these SiCgSiCpy,
cladding tubes in the open literature illustrating the novelty of cur-
rent work.

In current work, a unique device was adopted to allow in situ
synchrotron X-ray micro-tomography imaging of the damage and
fracture in SiC¢SiCy, cladding materials under C-ring compression
at temperatures up to 1200 °C. Digital volume correlation analysis
was subsequently conducted to identify local 3D strains [31-33].
The as-received material, in terms of local properties and residual
stresses, were characterised to support the interpretation of the X-
ray tomography observations.

2. Experimental procedures
2.1. Materials and sample preparation

Hi-Nicalon™ Type S fibre reinforced CVI SiC matrix SiCsSiCy,
cladding tube materials were provided by General Atomic (GA);
detailed manufacturing processes can be found in ref. [34]. A sche-
matic of the C-ring compression configuration is shown in Fig. 1.
The outer and inner surfaces were both coated with a monolithic
SiC layer, produced by CVD methods. The outer radius (r,), inner
radius (r;) and wall-thickness (t) of the SiCsSiCy, cladding tube

Alumina Applied
ceramic plate Load

XCT and

DVC Area\

Tension

Q
E
8
#

@

X  Alumina

Applied
z ceramic plate 4

Load

Fig. 1. Schematic of the C-ring compression configuration including the coordinate
system, specimen dimensions and their definitions. In particular the X-ray
tomography scans (marked by dashed green rectangular) were collected at the
region of the C-ring with maximum tensile stress/strain. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Table 1
Dimensions of SiC¢SiCy, cladding tube specimens.
To(mm) r;(mm) t(mm)
X-ray tomography imaging 4.64 +0.16 3.74 £ 0.16 0.90 £ 0.017
Calliper 4.77 + 0.048 3.78 £ 0.12 0.99 = 0.078

materials were measured by both X-ray computed micro-
tomography imaging and callipers; values are given in Table 1
and show good consistency. Overall, the wall thickness t was
~0.9-1 mm with r; being ~3.75 mm and r, ~4.70 mm. The average
ratio of r;/r, was approximately 0.80. For sample preparation, a
slow speed diamond saw (operating at 230 rpm) was used to
extract the specimens from the cladding tube to a C-ring geometry
with a width of ~5 mm. The cutting process was operated in a
CUTLAM®1.1 manual cutting machine with a water-based coolant.
The samples were dried in air for more than three days prior to the
beamline experiment.

For nanoindentation and Raman measurements, specimens
were first cold mounted using a three-part fast-curing resin
(Struers DuroCit 3 [35]), then ground with 220-grit (~4 mins)
and 1200-grit (~2 mins) resin bonded diamond grinding disks,
and polished with 9 pm (Struers MD-Dac polishing cloth), 3 pm
(MD-Nap polishing cloth) and 1 pm water-based diamond suspen-
sions (~3 mins at 240 rpm for each polishing step), before surface
cleaning in water and ethanol. The samples were dried for more
than three days prior to characterisation.

2.2. Nanoindentation testing

Nanoindentation tests were performed on the polished cross-
sections of as-received SiC¢SiCy,, cladding materials using a Hysi-
tron TI Premier nanoindenter with a Berkovich diamond tip. Prior
to the measurements, a calibration was conducted on fused silica
to provide a tip area function to correct for any geometrical devia-
tions from an ideal Berkovich shape. Polished sample cross-
sections were mounted on the loading stage using a thin layer of
crystalbond adhesive, and a 10 x objective lens used to identify
the location of each indent. Depth control was used during the
indentation process with a loading/unloading rate of 100 nm s~
and holds at 500 nm indentation depth for 2 s. For areas where
multiple indents were performed, indents were placed 10 pum
apart. The hardness (H) and elastic modulus (E) were then calcu-
lated using the Oliver and Pharr method [36], from Egs. (1) and
(2), respectively:

7PMax

=3, M
1 1-v 1-v?
E-EFE T EF ()

where Py is the maximum load (mN), A, is the projected con-
tact area, E; and v; are respectively the Young’s modulus and Pois-
son’s ratio of the tip (1140 GPa and 0.07), and E, is the reduced
modulus of the sample. A Poisson’s ratio s = 0.20 was used for
SiC in the current study [37].

2.3. Raman spectroscopy

Raman spectroscopy analysis was conducted on polished cross-
sections of the as-received samples to study the SiC phase in the
fibre and matrix, and the PyC interphase and residual carbon in
the SiC fibre. For polycrystalline SiC, two distinct first-order pho-
non scattering peaks can be found in the spectrum (700-
1000 cm'): a transverse optical phonon mode (TO) peak at about
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797 cm~! and a longitudinal optical phonon mode (LO) peak at
~973 cm~! [38-40]. In general, a compressive stress shifts the
Raman peak to a higher wave number, while a tensile stress shifts
it to a lower wave number [38]. The stress magnitude (o) can be
estimated by Eq. (3):

Or = |wo — ws| /AC, (3)

where @, is measured peak position (cm™'), w; is stress-free
peak position (cm™!), and AC is the stress conversion factor. DiGre-
gorio et al. [40] calibrated AC to be 3.53 +0.21 cm~!/ GPa for the TO
mode in polycrystalline B-SiC [41]. For PyC and carbon residuals,
three distinct peaks can be found in the Raman spectrum (1200-
1800 cm™'): disorder mode (D) peak at ~1360 cm™!, graphitic
mode (G) peak at ~1584.5 cm~! and D’ peak at ~1620 cm™~'. The
AC for G peak (~1584.5 cm™!) was calibrated to be 10 cm~!/ GPa
by Gouadec et al. [42].

A Renishaw Invia Laser Raman spectrometer in standard confo-
cal mode was used in the current work with a 488 nm laser at ~40
mW incident power focussed by a long working distance
50 x Lecia lens with a 1.5 pm spot. The scan range of all Raman
spectra was 200-2000 cm™'. For the outer and inner monolithic
SiC coatings, a 10 s acquisition time was used; for the PyC inter-
phase and SiC fibre (with excessive carbon) and SiC matrix, the
acquisition time was 20 s due to the low SiC peak intensity. Peak
fitting was performed in Wire 5.3 analytical software to yield the
peak position and Full-Width-at-Half-Maximum (FWHM).

2.4. Scanning electron microscopy imaging

Scanning electron microscopy (SEM) images of the polished
cross-sections of the as-received specimens were acquired using
a Hitachi S3500N variable pressure scanning electron microscope
operating at an accelerating voltage of 20 kV, 62 pA current in
the back-scattered mode.

2.5. In situ C-ring compression with X-ray computed micro-
tomography

2.5.1. Experimental setup

In situ C-ring compression with simultaneous synchrotron X-
ray computed micro-tomography (XCT) imaging was carried out
on beamline 8.3.2 at the Advanced Light Source (Lawrence Berke-
ley National Laboratory, USA) using an unique high-temperature
environmental testing device, the details of which can be found
in refs [43-46]. The geometry of the C-ring sample is shown in
Fig. 1. Under an applied compressive load, the maximum hoop
stress, Oyma, Can be calculated according to ASTM Standard
C1323-16 [47] from the relationship:

- _PyR(ro—14
I btry | Ta — R’

(4)

where b is the specimen width, Py is the maximum applied load
(peak load); the term R and the average radius r, are defined by
Egs. (5) and (6), respectively:

(5)

o= (57 ©

Note that although ASTM C1323-16 suggests that the width of
the C-ring sample should not exceed twice the wall-thickness to
minimize the variation in circumferential stresses through the
sample width [47], the finite element analysis (FEA) performed
by Embree et al. [48] on various b/t ratio combinations relaxed this
constraint. Their FEA calculation results are tabulated in Table S1 in
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the Supplementary Materials. In present work, the b/t ratios of the
samples were between 4 and 5, and this is to reduce the potential
influence of the variation between samples to ensure the volume of
materials studied is representative. Based on ref. [48], this was cal-
culated to generate a hoop stress of roughly an order of magnitude
higher than the axial stress on the outmost surface of the sample.

During the C-ring compression experiments, all samples were
monotonically loaded to failure at room temperature and
1200 °C in an Ar atmosphere. Two samples were tested at each
temperature; five to eight XCT scans for each sample were col-
lected at different loading steps with a field-of-view (FOV) of
8 x 4 mm focussed to the middle sections of the C-ring samples,
marked by dashed line in Fig. 1. A list of the scans at the nor-
malised loading steps (by the peak load of each sample) are tabu-
lated in Table S2 in the Supplementary Materials. During testing,
displacement control was used at a speed of ~0.5 pm increments
per second. For each sample, a small pre-load (~5 N) was applied
to avoid sample movement during scanning process and used as
reference scan for 3D strain analysis. During XCT scans, a white
light X-ray beam was used (6-43 keV) with a PCO Edge 2 x CCD
detector, 2560 x 2560 pixels, pixel size 3.25 x 3.25 pm. For each
scan, 1969 projections were acquired over a 180° rotation with a
30 ms acquisition time, which took ~10 mins. The reconstruction
of XCT scans was carried out using a conventional Gridrec algo-
rithm in the TomoPy software; the rotation centre of each scan
was individually identified to remove any deformation artefacts.
A flat field correction was applied to each scan to reduce the detec-
tor fixed-pattern noise. All reconstructed scans were converted to
stacks of 32-bit tiff images.

2.5.2. Image processing for 3D visualization and digital volume
correlation

All reconstructed XCT scans were imported to open-source soft-
ware Image] [49] for image pre-alignment and cropping to remove
the background. The contrast of all cropped datasets was adjusted
to a fixed dynamic range (—4.1 to 2.3) and converted to 8-bit. These
datasets were saved as raw data files and then imported into the
Avizo Lite (software version 2019.4) [50]. For visualization, each
scan was down-sampled by a factor of 2 to improve volume ren-
derings and to reduce computational time. The pre-load XCT scan
of each sample was selected for manual segmentation and 3D visu-
alization of the macro- and micro-pores using Image Segmentation
Module [50]. The porosity were firstly segmented by adjusting the
threshold of masked voxels (~7 to ~150) [31], followed by a three-
time iteration in the Median Filter Module [50] to separate macro-
pores and micropores. The detailed segmentation procedure is
shown in Fig. S1.

For Digital Volume Correlation analysis, the datasets were
firstly aligned by the Image Registration Module [50] with the
pre-load scan to remove rigid body displacement. The datasets
were then cropped to the same dimensions
(5213 x 2700 x 4913 pm?), and imported to the XdigitalVol-
umeCorrelation Module [50]. The local digital volume correlation
method (LA-DVC) was used in current study where the 3D XCT
datasets are divided into sub-volumes that are independently cor-
related. A detailed description of the local DVC method can be
found in ref. [33]. A multipass approach [50,51] has been employed
where the sub-volume size was decreased stepwise and the dis-
placement calculated from previous pass was fed to in subsequent
pass. The uncertainty and error in the digital volume correlation
method was assessed by performing 3D sensitivity study, follow-
ing the procedure in ref. [33]. Reducing sub-volume size from
208 x 208 x 208 voxels (step 1) to 104 x 104 x 104 voxels (step
2) and then 78 x 78 x 78 voxels (step 3) with 0 % overlapping, the
calculated strain uncertainties in the hoop direction were found to
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be less than 0.01 % in all steps: 0.08 % for step 1, 0.05 % for step 2
and 0.02 % for step 3. These setups were therefore adopted for all
the DVC analysis of all samples.

3. Results
3.1. Microstructure

An example of a typical microstructure of the as-received SiC¢-
SiCy, cladding tube is shown in Fig. 2b. A monolithic SiC coating
can be seen on both outer and inner surfaces of the tube, which
will be referred to as ‘outer SiC coating’ and ‘inner SiC coating’ in
the text; they were measured to have a thickness of ~200 pm
and ~120 pm, respectively. Note that the inner SiC coating is very
torturous and hence it creates large voids at the interface with the
composite (Fig. 2a and 2b).

Inside the composites, two main types of pores were found: (i)
macropores in the matrix between fibre bundles, and (ii) microp-
ores inside fibre bundles. For all samples tested, these pores have
been segmented by the method described in Section 2.5.2, with
the macro- and micro-pores of the as-received SiC¢-SiCy, cladding

Oute
surfaq
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tube visualised in 3D and examples are respectively shown in
Fig. 2c and 2d. As marked in Fig. 2b, most of the macropores were
located at the crossovers of the fibre bundles; the relative locations
in 3D are reflected in Fig. 2c. The volume fraction of these macro-
pores and micropores inside the composite were estimated to be 2.
56 +£0.23 % and 6.13 £ 0.52 %, respectively. The larger voids, caused
by the tortuous inner coating at the interface with the composite,
were not included in the pore volume calculations. The pore struc-
ture/distribution and volume are consistent across all samples
tested which indicates the volume studied is representative. This
is further evident by the consistent mechanical behaviour in
Section 3.4.

3.2. Local mechanical properties

Nanoindentation tests were performed on the polished cross-
sections of the outer and inner SiC coating layers, the SiC fibres,
the matrix within fibre bundles and the matrix between fibre bun-
dles. The results are tabulated in Table 2. For both the outer and
inner SiC coatings, a line-scan of indents, 10 pm apart, was col-
lected across the thickness of the coating to show that there was

=t
ing

Fig. 2. As-received SiC¢SiCpy, cladding tube material: (a) 3D visualization from XCT scans; (b) optical image of the polished cross-section; (c) and (d) are 3D visualization of

macro-size and micro-size pores, respectively.
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Table 2
Measured values of the hardness H and elastic modulus E in different areas of the
polished cross-section of the as-received SiC¢-SiCy, cladding tube material.

Locations H(GPa) E(GPa)

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

no obvious difference in the values of hardness, H, and elastic mod-
ulus, E. Specifically, the outer coating had an average hardness of
31.9 £ 2.3 GPa and an elastic modulus of 338.8 + 5.8 GPa, whereas
for the inner coating the average hardness was 34.7 + 0.6 GPa with
an elastic modulus of 340.7 £ 3.3 GPa, i.e., the outer and inner coat-
ings have very similar properties. For the fibres, a range of indents
was performed in different fibre bundles’ cross-sections and an
average hardness of 18.7 + 3.2 GPa and elastic modulus of
174.6 £ 15.6 GPa were measured. For the matrix within a fibre bun-
dle, 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. Note that the measured hardness and modulus of the
fibres were much lower (by about 60 %) than the values for the
matrix.

3.3. Local residual stresses

Raman spectroscopy has been a frequently utilised technique to
measure the residual stresses in SiC and carbon-based materials
[17]. Here, the SiC Raman TO peak was used to estimate residual
stresses in the outer and inner SiC coatings, SiC fibre and SiC
matrix. The carbon G peak was used to measure the residual stres-
ses in the PyC interphase and excess carbon phase in the fibre.
Three typical Raman spectra are shown in Fig. S2 in the Supple-
mentary Materials.

Fig. 3a shows the typical microstructure within a fibre bundle
with the fibre, thin PyC coating, and micropores in the matrix
between fibres. Raman spectra were collected along the radial
direction of the fibre at four locations: (1) at the centre of the fibre,
(2) at the middle point between the centre and the periphery of the
fibre, (3) on the PyC interphase layer, and (4) the matrix adjacent to
the fibre. Results are plotted in Fig. 3b. Inside the fibre at locations
1, 2 and 3, both SiC peaks (700-1000 cm™!) and carbon peaks
(1200-1600 cm™') are apparent, but the carbon peaks are absent
in the matrix as there is no carbon.

The Intensity of the SiC TO peaks shows a steady increase from
locations 1 to 4 (Fig. 3c¢). The FWHM of the peak was the lowest at
location 1 (the centre of fibre), and approximately half of that at
locations 2 and 3. The FWHM of the carbon G band was found to
be similar at all three locations inside the fibre, Fig. 3d. The inten-
sity (peak height) ratio of the carbon D and G bands (Ip/I¢) has an
inverse relationship with the crystallite size when it is over 4.4 nm
[52-54], following Eq. (7):

-1
L= (2.4 x 10*“’)1;‘ G-i) . (7)

where L, is the crystallite size in nm, and /, is the wavelength of
the used Raman laser. In the current case, the Ip /I ratio showed a
steadily increased from location 1 (1.79) to 3 (2.37).

Values of the tensile residual stresses (listed in Table 3), derived
from the SiC TO peak and compared with the reference stress-free
peak position, showed a decreasing trend from location 1 (~0.75
GPa) to location 4 (~0.4 GPa), as shown in Fig. 3e. The residual
stresses in the excess carbon phase in the fibre, represented by
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the G band shift, however, were compressive at the fibre centre
at location 1 (around —0.4 GPa) and increased to around —0.6
GPa at the PyC interphase area (location 3) (Fig. 3f). The measure-
ments are compared with literature data in detail in Section 4.2.

3.4. Hoop strength at room temperature and 1200 °C

The load-time curves at room temperature and 1200 °C for the
C-ring compression tests, with in situ XCT imaging, are plotted in
Fig. 4. Samples CO1 and CO2 are tested at RT and samples CO3
and C04 are tested at 1200 °C. It can be observed that: (i) the mea-
sured behaviour was relatively consistent despite the limited num-
ber of samples tested; (ii) during the time periods (~10 mins) that
the samples were held at a constant displacement for XCT scan-
ning, continuous load relaxations were observed at 1200 °C tests
but not apparent at RT. The load relaxations as a function of
applied load are tabulated in Table 4. In general, the amount of load
relaxed decreases with increasing applied load. Note the amount of
load relaxed during fixed displacement could vary with test config-
urations, e.g., uniaxial tension or compression could show a differ-
ent amount.

In addition to load relaxations, there were load drops (sudden
decrease in load) during the loading process which was found to
correspond to the formation of cracks by the X-ray tomography
results (see Section 3.5). For RT tests, using sample CO1 as an exam-
ple, the first load drop occurred around 21 N (~0.65 Py ), as marked
in Fig. 4a, followed by the second load drop at ~25 N (~0.70 Py),
the third load drop at peak load 33.71 N (Py) and a final post-
peak load drop at 0.84 Py. For tests at 1200 °C, using sample C03
as an example, the first such load drop (>10 N), as marked in
Fig. 4b, occurred at peak load (Py). This also occurred in similar
fashion in sample C04 at 1200 °C. In all samples at both tempera-
tures, the first crack always formed in the outer SiC coating corre-
sponding to the first load drop. The load at which this first coating
crack/first load drop occurred was used to derive the outer coating
failure strength via Eq. (4), which was ~125-132 MPa at RT and
231-236 MPa at 1200 °C. In other words, these tests consistently
showed that a much higher stress is needed to create a first crack
in the monolithic SiC coating in the C-ring compression configura-
tion at 1200 °C. Note that after the first coating crack, the stress
distribution inside the sample will be modified, such that Eq. (4)
may no longer be applicable. However, estimates of the maximum
hoop stress have been derived based on this peak load and are
listed in Table 5. Note that maximum hoop strength at 1200 °C
(~231-236 MPa) is consistently higher than that at room temper-
ature (~200-202 MPa).

3.5. Failure processes at room temperature and 1200 °C

The failure processes in the SiC¢SiCy, cladding tube material at
RT and 1200 °C were studied by analysing the XCT datasets col-
lected at increasing loading steps on all samples, as respectively
shown in Figs. 5-8. The RT and 1200 °C failure modes are described
here using samples CO1 and CO03 as representative examples
because the fracture processes in C02 and C04 are similar to CO1
and CO3, respectively.

At RT, the first load drop accompanies the formation of a surface
crack in the outer SiC coating (reached the coating/matrix inter-
face) as shown in Fig. 5a (Crack #1 at 0.52 Py before peak load)
where two XCT slices (Slice 1 and Slice 2) on the X-Y plane were
extracted to illustrate this. The first load drop in sample C02
occurred at a very similar load; the calculated outer coating
strengths are accordingly consistent at ~125 to 132 MPa, as
reported in Section 3.4. A 3D view of this first coating crack is
shown in Fig. 6a - it is a continuous crack across the C-ring sample
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Fig. 3. (a) Polished cross-sectional SEM image of one fibre showing the location of four measurements taken on a line scan; (b) Raman spectra of different locations on the
polished fibre cross-section: (1) centre of fibre, (2) middle point between the centre and the periphery of the fibre, (3) PyC interphase area and (4) matrix next to the fibre; (c)
FWHM and intensities of SiC TO band at locations 1-4; (d) FWHM of carbon G band and Ip/I¢ ratio at locations 1-3; (e) calculated residual stresses in the SiC phase at
locations 1-4; (f) calculated residual stresses in carbon phase at locations 1-3.

Table 3

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

Locations Raman peak position of TO band

Residual stress in SiC

Raman peak position of G band

Residual stress in carbon

(cm™) (GPa) (cm™1) (GPa)
Outer SiC coating 795.92 + 0.43 +0.31 £ 0.13 - -
Inner SiC coating 796.18 + 0.42 +0.22 + 0.12 - -
Matrix between fibre 795.97 + 0.35 +0.29 £ 0.10 - -
bundles
Matrix next to fibre 795.77 + 0.33 +0.35 £ 0.10 - -
Fibre centre 794.54 + 0.66 +0.70 £ 0.20 1587.89 + 0.21 —0.34 £ 0.02
Fibre edge 794.67 + 0.63 +0.66 + 0.19 1588.29 £ 0.26 —0.38 £ 0.03
PyC interphase 795.01 + 0.88 +0.56 + 0.27 1590.07 + 0.68 —0.62 = 0.07

width (b) and thickness (t). Further loading did not enable the
crack to propagate into the underlying composite but rather led
to the formation of a second crack (Crack #2) in the outer coating,

Fig. 5b (Slice 3 and Slice 4). This second crack appeared less straight
on the coating surface with a discontinuity observed in the 3D seg-
mented image (Fig. 6b); this crack also arrested at the outer coat-
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Fig. 4. Load-time curves for the C-ring compression tests for (a) samples CO1 and C02 tested at RT and (b) samples C03 and C04 tested at 1200 °C. The open circles indicate
locations of XCT scans on samples 01 and 03; load drops and peak load (Py) are marked by arrows in CO1 and C03 curves.

Table 4

Magnitude of the load relaxation in samples C03 and C04 at 1200 °C at different loading steps.

Specimen Load before XCT scan (N) Load after XCT scan (N) Load relaxation (N) Percentage of load relaxation (%)
co3 19.75 (0.51 Py) 16.49 (0.43 Py) 3.26 16.51
30.57 (0.79 Py) 28.25 (0.73 Py) 232 7.59
25.88 (0.67 Py) 23.93 (0.62 Py) 1.95 7.53
C04 11.23 (0.28 Py) 9.27 (0.23 Py) 1.96 17.45
17.91 (0.44 Py) 15.84 (0.39 Py) 2.07 11.56
26.03 (0.64 Py) 24.67 (0.61 Py) 1.36 522
33.98 (0.84 Py) 31.56 (0.78 Py) 2.42 7.12
Table 5

Calculated coating failure strength and maximum hoop stress at RT and 1200 °C.

Specimen Sample width (mm) First load drop (N) Coating failure strength (MPa) Peak load (N) Maximum hoop stress (MPa)
CO1-RT 4.85 + 0.20 21.04 125.07 33.71 200.38
CO2-RT 4.86 + 0.20 22.38 132.76 34.13 202.46
C03-1200 °C 4.81 £ 0.20 Same as peak load Same as maximum hoop stress 38.65 231.66
C04-1200 °C 4.95 £ 0.20 Same as peak load Same as maximum hoop stress 40.57 236.29

ing/composite interface, even at the deepest area. Continued load-
ing caused Crack #2 to open in width, connect in the middle sec-
tion, deflect at the coating/composite interface and propagate
deeper into the underlying composite to link up with large matrix
pores and interact with fibre bundles, as shown in Fig. 5c (Slices 5-
6). These events all occurred before the peak load. With further
loading after peak load, Crack #2 penetrated through 80 %
(~700 pm) of the thickness of the underlying composite to reach
the inner SiC coating (Fig. 5d). The detailed toughening mecha-
nisms active in the composites will be summarised with the high
temperature tests (Fig. 9).

At 1200 °C, the XCT scans collected prior to peak load revealed
no crack formation (Fig. 7a); the first coating crack formed at a
much higher load than at room temperature at the first load drop
at peak load (from 38.65 N to 25.65 N for sample C03). Similar to
RT, the first crack also occurred in the monolithic SiC outer coating;
however, distinct from the straight surface Crack #1 at RT, this first
coating crack at 1200 °C was discontinuous with uncracked liga-
ments and ~90° deflections within the coating along the hoop Y
and Z directions of the C-ring sample (see the cross-sectional view
in Fig. 7b for Slice 1 and Slice 2 in X-Y plane and X-Z plane). The
penetration depth of the crack varies: the majority (~90 %) of the
crack length arrested before, or at, the coating/composite interface

due to its shallow depth, or it deflected at the coating/composite
interface. About 9.5 % of the total crack length propagated through
the coating/composite interface into the fibre bundle in the under-
lying composite - this crack either stopped inside a fibre bundle by
deflection or connected with the matrix macropores (Fig. 7b and
Fig. 8).

Although the stress state is clearly modified by the presence of
the first coating crack, a final scan after peak load at 0.36 Py
(Fig. 7c) was collected to demonstrate the widening and joining
of the discontinuous surface cracks (Fig. 7b). These cracks also
propagated deeper into the composite to connect with the macro-
pores (Fig. 7c, Slices 3 and 4).

To summarize, compared to room temperature behaviour, at
1200 °C the first crack formation still occurred within the outer
SiC coating but at a much higher load and with a larger load drop
(~15-25 N at 1200 °C compared to ~5-6 N at RT). Mechanisms
such as uncracked ligament bridging and 90° deflections within
the monolithic SiC coating were only observed at 1200 °C. At RT,
further loading after the first load drop led to additional smaller
load drops associated with more coating cracks prior to peak load.
After the peak load, these cracks penetrated deeper into the under-
lying composite driven by complex stress-state in the C-ring com-
pression configuration. At 1200 °C, as the first load drop coincides
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Fig. 5. Crack formation and propagation processes at RT illustrated using sample C01: (a) formation of first coating crack (Crack#1) at 0.52 Py before peak load (crack depth is
illustrated by cross-sectional Slices 1 and 2), (b) formation of a second coating crack (Crack#2) at 0.61 Py before peak load (crack depth is illustrated by cross-sectional Slices 3
and 4), (c) opening of second crack and joining at the middle of the sample at 0.85 Py before peak load (crack depth is illustrated by cross-sectional Slices 5 and 6); (d) opening
of second crack and penetration through the underlying composite reaching the inner SiC coating at 0.84 Py after peak load (crack depth is illustrated by cross-sectional Slices

7 and 8).

(a)0.52 P, before peak load

(b) 0.61 P, before peak load

Discontinuous

Outer surface of outer SiC coating

Outer SiC coating/composites interface

Outer surface of outer SiC coating

Wy z i .‘{n

Outer SiC coating/composites interface

500 pm

Fig. 6. 3D visualizations of the room temperature outer SiC coating surface cracks for sample C01 at (a) 0.52 Py before peak load with a full-thickness surface crack and (b)
0.61 Py before peak load with a second surface crack. The colour represents the crack; the discontinuity is uncracked coating material.

with peak load, further loading after the first load drop/peak load
also drove the cracks into the composite similar to RT post-peak
load behaviour.

At room temperature, toughening in the outer coating was asso-
ciated with the formation of multiple separate cracks which
increased the total crack surfaces/length before peak load (Fig. 9a

Type O-I). At 1200 °C, this was achieved by the simultaneous for-
mation of discontinuous cracks separated by uncracked ligament
bridges with crack deflection within the monolithic SiC coating
(Fig. 9a Type O-II and Type O-III). At both temperatures before peak
load, crack deflection at the coating/composite interface was a
major mechanism to stop the crack propagating into the underly-
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Fig. 7. Crack formation and propagation processes at 1200 °C illustrated using sample C03: (a) outer surface of sample at 0.79 P, before peak load showing no crack
formation; (b) formation of first discontinuous coating cracks at 0.65 Py after peak load showing uncracked ligaments and 90° deflections within the coating (crack deflection
either along coating/composite interface or inside coating are shown by cross-sectional Slices 1 and 2 from X-Z plane; crack depth is illustrated by cross-sectional Slices 1 and
2 from X-Y plane); (c) widening and joining of the outer coating crack at 0.36 Py after peak load, with branching out of a new crack (crack depth is illustrated by cross-
sectional Slices 3 and 4 from X-Y plane). The darker orange colour in the middle of the 3D images are artefacts related to the centre of rotation during reconstruction of the
datasets. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Schematic of loading
configuration

NA

Crack travelled into
fibre bundles

Fig. 8. 3D visualization of the outer SiC coating crack of 1200 °C C03 sample at 0.65 Py after peak load: (a) the YZ view of the crack highlighting features such as crack
deflection and uncracked ligament; (b) XZ view of the 3D crack demonstrating the small fraction (~9.5 %) of the total crack length that travelled across the coating/composite
interface into the fibre bundle, with crack deflection within the SiC coating.
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Fig. 9. Schematics of the toughening mechanisms for (a) SiC outer coating including Type O-I (formation of multiple cracks), Type O-II (crack bridging) and Type O-III (crack
deflection within coating and at coating/composite interface); (b) Composite toughening mechanisms including Type C-I (crack bridging), Type C-II (tortuous crack paths) and
Type C-III (parallel cracks) with example XCT slices from Y-Z plane and X-Z plane. All scale bars are 500 pm.

ing composite. At the tip of the deflected crack at the coating/com-
posite interface, micro-scale crack bridging was also active as a
toughening mechanism (Fig. 9b Type C-I).

Within the underlying composite (primarily after peak load),
crack bridging was active at both temperatures primarily within
the fibre bundles (Fig. 9b Type C-I). Tortuous crack paths and crack

11

bifurcation were generated as the cracks linked up with matrix
pores and deflected at fibre bundle/matrix interfaces (Fig. 9b Type
C-II). Microcracks ahead of a main crack were mostly found to form
between fibres within a fibre bundle which acts as a mechanism to
diffuse the main crack and arrest its extension (Fig. 9b Type C-III).
These observations apply to both room temperature as well as
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1200 °C behaviour. It is emphasized that there was no particular
order in terms which mechanism occurs first within the compos-
ite; these were observed simultaneously upon load drops in all
samples investigated. Lastly, no fibre breakage or fibre pull out
was observed in the current loading configuration.

3.6. Digital volume correlation analysis of 3D local strains

As described in Section 2.5.2, digital volume correlation analysis
was used to determine local 3D displacements/strains by correlat-
ing deformed XCT datasets to reference scans. Calculated tensile
hoop strains, &, formed in the coating prior to and after the forma-
tion of the first coating crack at both room temperature and
1200 °C, are displayed on the X-Y plane of the C-ring samples in
Fig. 10. It is evident that high ¢, strain concentration areas already
formed inside the outer SiC coating before crack formation at both
temperatures (Fig. 10). At room temperature, the XCT scan col-
lected directly before the crack formation in the outer coating, at
0.62 Py (Fig. 4a), indicated high ¢, strains of 1.88 = 0.06 %
(Fig. 10a); after the first load drop at 0.52 Py these strains increased
to 2.10 £ 0.14 % in the region where the first coating crack initiated
(Fig. 10a). At 1200 °C, a ¢, strain of 1.87 £ 0.12 % was formed at 0.79
Py in the outer SiC coating (Fig. 10b) prior to the formation of the
first coating crack at peak load (Fig. 7); when the load dropped to
0.65 Py after peak load, the ¢, strain increased to 4.92 * 0.13 %
(Fig. 10b). The strains at which the first coating crack formed,
assuming a linear extrapolation of the measured strains, were
found to be ~1.88 % at RT and ~2.37 % at 1200 °C.

4. Discussion
4.1. Local microstructure and properties

The total porosity of the SiC¢-SiCy, cladding tube material in the
current study was estimated to be ~9 %, which is broadly consis-

(a) RT
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tent with literature results. For instance, values of 10.4 % to
11.1 % were reported for a SiCSiCy, cladding tube material with
a CVI matrix reinforced with Hi-Nicalon™ type S fibres (3D braided
form with a braiding angle of +45°) [55], and of ~5 % and ~7 % for a
French Alternative Energies and Atomic Energy Commission SiCeg-
SiCy, cladding tube material (with a braiding angle of +45°) [27].
Of note is that the diameters and wall thickness of the C-ring sam-
ples measured by tomography were found lower than from calliper
measurements (Table 1), this can be attributed to the surface
roughness of the composites [56].

The overall hardness and modulus of the present SiC fibres (re-
spectively ~19 GPa and ~175 GPa) were lower than that of the sur-
rounding matrix (~33 GPa and ~330 GPa), which is also consistent
with literature data. For instance, the indentation hardness and
modulus of Hi-Nicalon™ type S fibres in CVI matrix SiC¢-SiCy, clad-
ding materials have been reported to be ~24 GPa and ~270 GPa,
compared to respective values of ~32 GPa and ~450 GPa for the
surrounding matrix [57]. Similar nanoindentation testing on Tyr-
anno SA3 fibres in a CVI matrix SiCe-SiCy,, cladding yielded an over-
all fibre hardness of 26-30 GPa and ~38 GPa for the surrounding
matrices [18]. This was attributed to the presence of carbon inside
SiC fibre to lower the hardness and modulus and was verified the
hypothesis using the ‘rule of mixtures’ based on the carbon volume
fraction estimated from segmentation of fibre cross-sectional
images (30 % to 35 %) in their materials [18].

4.2. Residual stresses

Residual stresses in the outer SiC coating will affect the strain at
where first coating crack takes place. For instance, in tristructural
isotropic particle fuel (TRISO), the SiC coating is put under com-
pression to increase its failure strain [58]. The formation of crack
or heating to elevated temperatures will subsequently modify
the residual stress distribution which impacts the failure strain
as well as the overall material’s mechanical behaviour [43]. It is

(b) 1200°C

0.62 P, before first load drop

’
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Fig. 10. XCT slices and the correspondingly calculated &, hoop strains in the X-Y plane at different loading steps: for the room temperature sample at (a) 0.62 Py before first
load drop/first coating crack formation, and 0.52 Py after first load drop; for 1200 °C sample at (b) 0.79 Py before peak load, and 0.65 Py after peak load.
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therefore critical to conduct a thorough analysis of the distribution
of residual stresses in these cladding materials, both when inter-
preting their deformation and fracture behaviour, and when com-
paring different types of materials generated by different
manufacturing processes.

In this study, SiC was found to have tensile residual stresses in
both the outer and inner coatings (0.31 + 0.13 GPa and 0.22 + 0.12
GPa, respectively), in the matrix between fibre bundles (0.29 + 0.10
GPa) and in the matrix within a fibre bundle (0.35 + 0.10 GPa), as
summarized in Fig. 11. As these absolute stress values vary with
the reference peak position selected, the relative variation in stress
is compared. The stress in the inner coating is ~0.09 GPa less ten-
sile than in the outer coating; it is also ~0.07 GPa less tensile than
in the matrix between fibre bundles. The inference from this data is
that the inner coating is under compression in absolute terms to
balance out the tensile stresses in the nearby matrix, and that
the outer coating could be under tension. This implies that when
tested at high temperature (e.g., 1200 °C), the relaxation of this ten-
sile stress will enable the outer SiC coating survive higher failure
strains. This could be a potential contribution to the higher failure
strain at 1200 °C, as measured by the digital volume correlation
analysis in Section 3.6.

Inside individual fibres, the SiC phase has a higher tensile resid-
ual stress at the centre of fibre (~0.70 GPa) than at the outer edge
(~0.56 GPa) (Fig. 3e). Such a variation across the fibre cross section
is not unexpected, as the fibre undergoes complex compositional
and microstructural changes during the fibre spinning and heat
treatment. Though this is consistent with results in the literature
for Raman data collected from a CVD SiC fibre with a tungsten-
rich core where the highest tensile residual stress (~0.55 GPa)
was measured at the fibre centre [38]. Note that the SiC TO peak
has a low FWHM at these high stress areas; as the FWHM is con-
sidered to be inversely proportionally to grain size, this implies lar-
ger grains at the fibre centre and smaller grains at the edges, again
consistent with literature reports [38,39].

Nance et al. [17] utilized Raman spectroscopy to measure the
residual stresses in the SiC phase inside Hi-Nicalon Type-S SiC
fibres at different stages of their manufacture: (i) in the as-
received fibre (using a reference stress-free position of 788 cm™!
which is different from commonly used value of 797 cm™'), (ii)
after mechanical braiding of fibre bundles, and (iii) after 33 %,
66 % and 100 % CVI densification processes. These authors reported
that processing introduced compressive stresses into the SiC fibres
of a magnitude from —0.70 GPa (after mechanical braiding of the
fibre bundles) to —1.08 GPa (after the 100 % CVI densification pro-
cess). Although a different reference peak position was used, their
Raman peak position of the SiC TO band (~794 cm~!) matched well
with the band position in current study (Table 3). These and other
measurements of the residual stresses of SiC phase in SiC fibres are
summarized in Table S3 in the Supplementary Materials.

Matrix between
fibre bundles
+0.29 + 0.10 GPa

iFlbre bundles

Matrix within a
fibre bundle
+0.35+0.10 GPa
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While the SiC phase in the fibre was under highest tensile resid-
ual stress, the carbon phase in the fibre was in compression (mea-
sured using the G band shift in the Raman spectrum as described in
Section 3.3), specifically at a stress of approximately —0.36 GPa at
the fibre centre. Using the G band peak position analysis, the PyC
interphase area was found to be even more compressive at about
—0.62 GPa (Fig. 3f and Fig. 11). This was attributed to volume
expansion during processing according to Niu et al. [39]. The com-
pressive stress in the carbon phase balances with the tension in the
SiC phase. Indeed, compressive stresses in the carbon phase of
—1.22 GPa have also been measured at the C-rich boundary
between fibre and matrix in SiC/Ni-Cr-Al composites by Raman
spectroscopy [39]. Therefore, the data measured in the current
work in the SiC fibres are consistent with literature and can be
used as input for future constituent materials performance
modelling.

The intensity ratio of the Raman D band and G band (Ip/I¢) stea-
dily increased from fibre centre to PyC interphase area (Fig. 3d). By
using Eq. (7) [53], the carbon crystallite sizes were found decreas-
ing steadily from centre to edge of the fibre (from ~7.60 nm to
~5.74 nm). In a recent work [17], turbostratic graphite was found
inside Hi-Nicalon Type-S SiC fibres (the same fibre type used in this
study) by transmission electron microscopy (TEM) images, and
grain sizes were reported to be 1 to 4 nm (measured by TEM imag-
ing) - these are in similar range as the Raman spectroscopy mea-
surements although Eq. (7) is no longer valid for crystallite size
below 4.4 nm.

4.3. Failure strength/strain at room temperature and 1200 °C

Before detailed discussion of the hoop strength data, it is impor-
tant to differentiate ‘maximum hoop strength’ from ‘coating failure
strength’. The former is used to select the peak load to derive a
maximum strength based on Eq. (4) from ASTM Standard C1323-
16 [47] which is used by the majority of studies in the open liter-
ature data. The latter is to take the load at which the first coating
crack occurs to calculate the coating failure stress/strain. In present
work, it is suggested that the latter is a more reliable term as the
stress-state in C-ring compression will be modified by the onset
of first coating crack such that Eq. (4) is likely to be no longer valid.

The room temperature maximum hoop strength of SiC¢SiCy,
composite (with and without an outer coating) has been measured
by various test methods including C-ring compression, plug-
expansion, elastomeric insert, open-end and close-end burst, ten-
sile and compression tests, and found to be similar, specifically in
the range of 64 MPa-418 MPa; the corresponding bulk failure hoop
strain has been reported to be in the range of 0.19 %-1.52 %
[1,4,11,23,24,26,59,60]. A detailed summary of this information is
given in Table S4 in the Supplementary Materials. In addition,
Saucedo-Mora et al. [27] measured 3D local strain in the range of

SiC SiC fibre
+0.70 £ 0.20
GPa Carbon
-0.36 £ 0.02 GPa
‘ Carbon
SiC -0.62 £ 0.07 GPa

+0.56 + 0.27 GPa

Fig. 11. Schematic illustrations of the variation in residual stresses in different components of the SiCSiCy, cladding tube material: the outer SiC coating experiences more
tensile stress than the inner SiC coating by ~0.09 GPa; the matrix within a fibre bundle is ~0.06 GPa more tensile than matrix outside a fibre bundle; the residual stresses in
this material system, based on SiC phase, have a variation of about 0.13 GPa; within a fibre, SiC phase is under tension while PyC is under compression. The SiC phase in the
fibre is under much higher tension (+0.56 to +0.70 GPa) compared with both the inner and outer CVD SiC coatings (+0.22 to +0.31 GPa); (‘+" for tensile stress and ‘-’ for

compressive stress).
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12-20 % in a coated SiC¢SiCy, cladding tube using digital volume
correlation related to local failure.

In present work, the RT maximum hoop stresses (based on the
peak failure load) were ~200 MPa, which may be an overestimate
of the strength due to deviation from linearity caused by prior
crack formation; nevertheless, this value is still within the reported
range. The RT coating failure strength was lower at 125-132 MPa,
although there are no published data directly reporting the coating
failure stress (first load drop) of similar SiC materials under C-ring
compression (as far as the authors are aware). However, reviewing
the published load/stress-displacement curves for a range of mate-
rials, the stresses at first load drop are in the range of ~180 to
~240 MPa (Table S4 and Fig. S3a and S3b) [11,26]. This range is
broadly similar to the current work but the variation in these val-
ues can be associated with the differing sample volumes, materials
fabrication, overall material stiffness and coating thicknesses.

In general, there are fewer high temperature experiments on
tubular SiC-SiCy, cladding composites in open literature compared
to RT tests; a detailed summary of literature values [1,4,25,60] is
given in Table S5. Hironaka et al. (2002) [60] and Nozawa et al.
(2014) [1] reported good strength retention of SiC¢SiC,,, compos-
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ites at temperatures up to 1200 °C which is consistent with the
results of the current work. A notable study in this regard is by
Shapovalov et al. [25], where high-temperature C-ring compression
tests were performed on two types of Hi-Nicalon™ Type S fibres
reinforced SiC¢SiCy, cladding materials, one with a CVD outer SiC
coating (~100 pum in thickness) and tested in air up to 1100 °C,
the other without outer SiC coating and tested in air (up to
1100 °C) and Ar environments (up to 1900 °C). For the coated sam-
ples, they reported a failure load of ~16 N tested at 1100 °C in air.
This value is half of the failure load measured in current study at
1200 °C, but the width of their C-ring samples was also half that
of the current samples; this implies that the current results are
consistent with their measurements. In addition, they found that
the peak loads (~16 N) for the coated samples did not decrease
at temperatures up to 1100 °C in air, as well as un-overcoated sam-
ples up to 1900 °C in Ar (~10 N) [25]; again, this is consistent with
the current findings up to 1200 °C.

The retention and/or increase in failure strength is not unex-
pected; for instance, Gulden [61] reported the fracture strength
of dense SiC being approximately constant between room temper-
ature and about 900 °C and then to increase sharply up to the max-

(@) Room
temperature
Stage 03:
New coating crack
Stage 02: formation

First coating
crack formation

Load

Stage 01:
Linear stage

Stage 04:

Primary coating crack coalesces and
propagate into underlying composite;
crack deflection, bridging, bifurcation and
micro-cracking activated simultaneously

Displacement

(b)

/ Stage 01:
/ Linear stage

/
/ /
/
¢/ e
/ 7

/] bridging formed simultaneously within

Stage 02:
First coating crack formation (with
deflection and non-cracked ligament

the coating; little to no penetration to
the composite)

Stage 03:

Coating crack connects,

| branches and propagates into
underlying composite; crack
deflection, bridging,
bifurcation and micro-
cracking in the composite
were activated
simultaneously.

Fig. 12. Schematic illustrations of load-displacement curves to display the progressive failure of SiC¢SiCp, cladding tube materials under C-ring compression at (a) room

temperature and (b) 1200 °C.
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imum test temperature of 1215 °C to 1400 °C. These imply that the
room temperature property tests can be considered as a conserva-
tive assessment of the coating failure for such materials systems.
However, for accurate modelling of the materials fracture pro-
cesses, it is noted that the coating failure strength should be differ-
entiated from the maximum peak strength in C-ring compression
configuration.

4.4. Failure process and active toughening mechanisms at room
temperature and 1200 °C

The documented failure modes of SiC-SiC,,, composites at room
temperature are generally considered to occur in three stages
[24,26,62]: (i) during the initial linear (elastic) region of the
stress-strain curve, the load is shared by both the fibres and matrix
with little to no cracks within the material; (ii) at the proportion-
ality limit (akin to the yield strength in a metal), cracks initiated in
the matrix propagate along the fibre/matrix interface to result in
the nonlinear mid-region of the stress-strain curve (akin to the
plastic region in a metal); (iii) with the matrix significantly frac-
tured, load is transferred to the fibres which can lead to fibre
pull-out and eventually to fibre fracture, thus correlating with
the remainder of the stress-strain curve. However, the real time
3D imaging in the current study suggested very different failure
processes (summarised in Fig. 12) in the coated SiC¢-SiCy, cladding
tubes under C-ring compression. Specifically, (i) the matrix crack
was not the first fracture to occur, (ii) several different toughening
mechanisms in the coating and composites were activated simul-
taneously rather than in sequence, and (iii) no fibre fracture/pull
out was observed. This suggests that the fracture processes may
vary when different loading configurations are applied such as
bending, C-ring compression and/or biaxial/triaxial loading; it is
inappropriate to presume that the same failure processes in one
test configuration will apply to all others. Accordingly, to accu-
rately model material performance, in situ testing with 3D imaging
on representative samples is essential to identify the specific fail-
ure processes for the relevant loading configuration.

In summary, for the current C-ring compression of coated SiCs-
SiCy, cladding tubes, at room temperature the failure processes can
be classified as follows (Fig. 12a): Stage 01 - a linear region with no
obvious crack formation; Stage 02 - the first load drop occurs cor-
responding to crack formation in the outer SiC coating; Stage 03 -
additional crack formation in the coating on further loading (these
coating cracks in Stage 02 and Stage 03 primarily stay within the
coating, either due to their shallow depth or deflection at the coat-
ing/composite interface, and do not yet fully propagate to the
underling composite); Stage 04 - upon load drop at peak load, a pri-
mary coating crack propagates into the underlying composite,
where various toughening mechanisms (crack deflection, crack
bridging, bifurcation and micro-cracking) are activated simultane-
ously in the composite to resist the damage [63]. Beyond Stage 04,
the outer SiC coating further fragments with cracks propagating
further into underlying composites signifying final failure.

The corresponding failure modes at high temperature can be
classified as shown in Fig. 12b: Stage 01 - a linear region with no
crack formation or load drops; Stage 02 - first coating crack forms
at peak load in the SiC outer coating with uncracked ligament
bridging and crack deflection within the coating layer activated
simultaneously; the majority of the cracking stays within the coat-
ing and does not yet propagate into the underlying composite;
Stage 03 - further loading leads to a connection of coating cracks
and their propagation into the underlying composite. Inside the
composite, crack deflection (either at the fibre bundle/matrix inter-
face or at the fibre/matrix interface within a fibre bundle due to the
built-in weak interphase), crack bridging and bifurcation act simul-
taneously to resist damage. It is important to note here that no
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obvious fibre pull-out nor fibre fracture was observed in this study
at both room temperature and 1200 °C.

It must be emphasized that these observations, with real time
imaging using X-ray tomography under load at different tempera-
tures, offer new first-hand insights into the failure processes in
these composites under C-ring compression condition, which as
noted above are different from the conventional wisdom of how
SiCSiC,, composites are presumed to fail [64]. For
microstructural-based modelling, these different experimental
observations must be considered for a faithful description of the
mechanical behaviour of these critical materials for future nuclear
applications.

5. Conclusions

The local properties and high-temperature deformation and
fracture behaviour of a SiCs-SiCy, nuclear cladding tube material
were investigated at ambient and 1200 °C using C-ring compres-
sion loading combined with in situ synchrotron X-ray computed
microtomography. By performing such real-time 3D imaging of
the evolution of damage, failure processes and corresponding
active toughening mechanisms at each loading step during these
tests at both low and high temperatures, the following conclusions
can be made:

1. This material has higher hoop strength and coating failure
strain at 1200 °C compared to that at room temperature; this
suggests room temperature tests can be potentially used as a
conservative estimate of the high temperature performance.

2. The failure processes at room temperature are different from
1200 °C although in both cases, the first crack initiated in the
outer SiC-SiCy, coating leading to a load drop. As the crack
propagated into the underlying composite, various toughening
mechanisms in the composite were activated simultaneously
at both temperatures to resist damage. Crack deflection within
the SiC coating, however, was only observed at 1200 °C. No
obvious fibre pull-out or breakage were observed in this loading
configuration. These real-time observations are critical for
improving the design of SiCsSiC,, claddings for nuclear
applications.

3. The local properties, in terms of modulus and hardness were
measured and the results are consistent with literature with
one key message being that the fibre has a lower modulus
and hardness than that of the matrix.

4. The residual stresses were mapped using Raman spectroscopy
and suggested a relative tensile residual stress in the outer
SiC coating at RT which can be a potential factor contributing
to the high failure strain at 1200 °C. The exact reason for the
high failure strain of SiC coating at 1200 °C is unclear and future
systematic study using transmission electron microscopy meth-
ods would be helpful here. Further work is also needed to iden-
tify the fundamental mechanisms responsible for the different
fracture processes at room temperature and 1200 °C.
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