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Abstract

This paper presents an experimental investigation of the failure behavior of SiC fiber-
reinforced SiC matrix (SiC/SiC) composite tubes under multiaxial loading. A new testing
apparatus is designed to independently apply axial stress and internal pressure to SiC/SiC
tubes. Acoustic emission (AE) is used to monitor the damage growth in the specimen.
Based on the measured stress—strain response, a strain-based criterion is proposed to de-
termine the proportional limit stress (PLS). The proposed strain-based criterion is com-
pared with the PLS determined by the AE measurement. The PLS is determined for
different loading ratios from the multiaxial failure surface. By testing multiple replicates,
the statistical variations of the PLS are determined. Based on the experimental results, a
mathematical model is developed to characterize the probability distribution of the PLS
of SiC/SiC composites under multiaxial loading.

1. Introduction

In recent years, SiC fiber-reinforced SiC matrix (SiC/SiC) composites have gained significant
attention. These materials are increasingly regarded as a promising alternative to traditional
zirconium alloys for fuel cladding in light-water reactors (LWRs) [1]. This shift in focus was
instigated by the aftermath of the 2011 Fukushima Daiichi nuclear accident, which triggered
a strong interest in creating accident-tolerant fuels (ATFs) and cores [2]. Although largely
effective, traditional zirconium alloy cladding and core materials pose a specific risk. In a water
vapor environment, these materials can generate heat and explosive hydrogen, underscoring the
need for safer alternatives.

Extensive experimental research shows that SiC/SiC composites demonstrate many attrac-
tive properties, including low neutron absorption, superior tolerance to radiation, high me-
chanical strength even under high-temperature conditions, and resistance to steam oxidation
13,4, 5, 6]. These attributes make SiC/SiC composites a compelling prospect for enhancing pas-
sive safety systems in LWRs, especially when considering beyond-design-basis severe accident
scenarios.

The strength property is one of the most important design parameters. Considerable ex-
perimental efforts have been devoted to measuring the strengths of SiC/SiC composite tubes
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under different loading scenarios [7, 8, 9, 10, 11]. Commonly used methods for uniaxial and
hoop tensile tests for SiC/SiC composites are well documented in ASTM C1773 [12] and ASTM
C1819 [13]. The proportional limit stress (PLS) and ultimate tensile strength (UTS) are two
essential strength properties of SiC/SiC composites. During load application, the tubular spec-
imen initially exhibits linear elasticity until it reaches a certain stress level, defined as PLS.
When the PLS threshold is attained, considerable damage forms in the matrix material, and
the specimen experiences stiffness reduction. The fibers begin to bear more load as the matrix
damage progresses, ultimately leading to localized fiber fractures and causing the specimen to
reachs its UTS. PLS signifies the stress level at which damage may lead to potential gas release,
whereas UTS represents the point at which the structure forfeits its load-bearing ability.

A recent interlaboratory study on the tensile behavior of SiC/SiC composites revealed a
considerable level of variability in both PLS and UTS. The measured coefficients of variation
(CoVs) for PLS and UTS were 9.7% and 12.5%, respectively [8]. This observed variability
was attributed to the SiC/SiC composites’ inherent heterogeneity, which contributes to the
distinct statistical characteristics of both PLS and UTS. During the manufacturing process,
pores of various dimensions are created within the specimen [14, 7, 15|, leading to statistical
fluctuations in local stress distribution and material resistance. These fluctuations manifest
as noticeable variations in PLS and UTS at the macroscopic scale. However, despite these
critical insights, there remains a paucity of research focusing on the statistical distribution of
SiC/SiC composite strength under multiaxial loading conditions, which are pertinent to the
stress condition of SiC/SiC composite cladding during its service [7, 16].

The observed variability in the PLS and UTS of SiC/SiC composites carries significant im-
plications for the engineering and design of SiC/SiC composite cladding. In a recent study [17],
a mathematical model was developed to relate the laboratory measurement of the strength dis-
tribution of SiC/SiC tube specimens of length on the order of 50 mm to the lifetime distribution
of 4 m long SiC/SiC composite claddings. Therefore, developing a robust multiaxial laboratory
test procedure for the characterization of strength distribution of SiC/SiC tube specimens is
critical as part of the reliability-centered design framework for SiC/SiC composite claddings.

The present study involved designing and fabricating a new multiaxial testing apparatus
and performing a systematic experimental investigation on the probabilistic failure behavior of
SiC/SiC composite tubes. In parallel with the experimental investigation, a probabilistic model
of the strength distribution of SiC/SiC tube specimens was developed. The paper is organized
as follows: Section 2 describes the test specimens and design of the testing apparatus. Section
3 discusses the test results, and Section 4 presents the mathematical model of the strength
distribution of SiC/SiC specimens under multiaxial loading.

2. Description of Multiaxial Experiments

2.1 Test specimens

The experiments used SiC/SiC tube specimens made of Hi-Nicalon Type S fibers, a pyrocarbon
(PyC) interlayer, and a high-purity SiC matrix. The fibers, which have a diameter of about 10

m, are nearly stoichiometric and show significant stability when exposed to neutron irradiation.
They exhibit minimal irradiation-induced creep and maintain their thermal creep strength up
to 1400 C [18, 19]. These fibers have tensile strength on the order of 2 GPa and Young’s
modulus on the order of 400 GPa [20, 21]. The fibers’ architecture has a major influence on the
composites’ properties, including anisotropy. For the materials used in this study, fiber preforms



were constructed using a triaxial braiding technique, enabling the fabric to adapt to intricate
shapes and maintain balance on both sides. Two fiber tow bundles were arranged in a 55

orientation, and the other fiber bundles were set at a 0 direction for axial reinforcement. The
fiber volume fraction was approximately 30%. A PyC monolayer with a nominal thickness of
150 nm was infiltrated to establish an interphase coating between the fiber and matrix within
the SiC/SiC specimens. This interphase coating, which is weaker and more compliant than
both the fiber and the matrix, diverts cracks that propagate through the matrix, prevents fiber
damage, facilitates fiber debonding and sliding, and bridges matrix cracks. These mechanisms
lead to the pseudo-ductile behavior of SiC/SiC composites. After the PyC layer was formed,
a SiC matrix was deposited onto a heated substrate of fibrous SiC preforms using gaseous
reactants [22]. This chemical vapor infiltration (CVI) process is regarded as the most reliable
method for producing a high-purity, crystalline SiC matrix, a prerequisite for ensuring optimal
irradiation resistance in nuclear applications [1]. Further details on fiber development and the
CVI process can be found in the literature [23, 24].

Each tube sample of length 300 1 mm was cut into four specimens of 73 0.3 mm by
using a diamond saw (Fig. 1[left]). The end surfaces were finished by using 400-grit silicon-
carbide paper. The finishing process was performed in a controlled and gentle manner to
remove any pulled-out fibers without compromising the surface integrity of the tube. The
nominal outer diameter (OD) and inner diameter (ID) of the specimens, as determined by
caliper measurements, were 9.5 0.2 mm and 7.8 0.2 mm, respectively. However, owing to the
woven structure and intrinsic roughness, the calipers may measure the most exterior or interior
contact points of the composite tube. For a more precise assessment of the cross-sectional
dimensions, five specimens were subjected to X-ray computed tomography (XCT) analysis (Fig.
1[right]). The analysis reported an OD of 9.3 0.2 mm and an ID of 8.0 0.2 mm. This result
indicates that the caliper-based measurements generally overestimate the cross-sectional area,
leading to a relatively conservative value when calculating strength. To rectify this discrepancy,
the caliper-based cross-sectional measurements of all the specimens were adjusted by applying
the average ratio between the XCT-measured and the caliper-measured cross-sectional areas
based on the five specimens.

2.2 Multiaxial testing system

Based on ASTM C1173 [12], various designs have been proposed for testing the uniaxial tension
of SiC/SiC tubes. Because the matrix material of SiC/SiC composites is brittle, designing grips
that can effectively transmit axial force without inducing significant end effects is a particular
challenge. Some studies used specimens with tapered ends wrapped around conical structures,
using split copper collets to ensure specimen grip and alignment [8]. A more straightforward
method is to use epoxy at the interface of straight-walled tubes and grip fixtures [11, 10, 7].
For practicality, the present study used the adhesive technique to apply axial loading.

For the hoop tension test, ASTM C1819 [13] recommends the elastomer insert technique.
This method involves placing a cylindrical elastomer inside the tubular specimen and subjecting
it to axial compression. The compression prompts the elastomer to radially expand and to exert
pressure on the internal wall of the specimen. Nevertheless, the elastomer plug could buckle
during the loading process. Furthermore, a considerable amount of friction could develop along
the interface between the SiC/SiC specimen and the elastomer. Consequently, the elastomer
may not be able to exert a uniform hoop stress along the gauge length of the specimen. An
alternative approach is to apply internal fluid pressure to the specimen. The manufactured
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Figure 1: Tube specimen. (left) Specimen prepared from the tube sample and (right) specimen
cross-section observed by X-ray computed tomography.

SiC/SiC tubes contain internal pores formed during the manufacturing process. Therefore, it is
critical to provide effective sealing of the specimen and a polymer bladder can be used [11, 7].

In a previous study on multiaxial testing of SiC/SiC tubes [7], the interface between the
bladder, specimen, and steel grip relied solely on the use of high-strength epoxy. However,
tension-internal pressure trial experiments showed that, when subjected to intense axial forces,
the epoxy is susceptible to leaks, preventing the specimen from achieving its UTS. Therefore,
we designed and fabricated a new multiaxial testing apparatus for a diverse range of load
combinations and loading rates. This study investigated the behavior of SiC/SiC specimens
under a combination of axial stress and internal pressure, as depicted in Fig. 2. The test
apparatus can be modified to include torsion and external pressure tests.

In the current design, Viton membranes were fabricated with a unique floral shape, which
ensures a seal on both the internal surface of the specimen and the interface between the
specimen and the testing apparatus. High-strength epoxy (Scotch-Weld Epoxy Adhesive 1838,
3M) was used to transmit the axial load. The overall design and components of the apparatus
are shown in Fig. 3. In the multiaxial experiment, the SiC/SiC specimen was adhered to both
the upper and lower steel plates. To prevent any off-center alignment during the epoxy curing
process, the specimen and plates were kept in place using an alignment tool, as illustrated in Fig.
4. A Viton membrane was inserted through the hole in the lower plate and into the SiC/SiC
tube, and its flange was secured by fastening the steel bottom plate to the steel pedestal. Inside
the steel pedestal, O-rings were installed to prevent high-pressure liquid from seeping through
the interface. The specimen and the upper plate were precisely aligned within the steel clamp,
and the entire assembly was affixed to the load frame (model 815, MTS Systems). The effective
gage length of the specimen was measured to be approximately 40 mm. According to St.
Venant’s principle, the central segment of the specimen is expected to be subjected to uniform
tensile stress.



S
NNy

A

Figure 2: Schematic of loading configuration of SiC/SiC cladding.
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Figure 3: Membrane and loading apparatus.

2.3 Strain measurement and AE system

In the experiment, 6 mm long strain gages were attached to the specimen’s outer surface in the
axial and lateral directions. The strain gages cover several repeating cells of the SiC/SiC com-
posites. The surface of the woven architecture of SiC/SiC composites is not flat; consequently,
the strain gages could not be glued in a single step. Instead, the adhesive was first placed on



Figure 4: Alignment tool.

part of the specimen surface and allowed to cure. The hardened epoxy was then lightly sanded,
and the strain gages were placed on the specimen.

In addition to strain measurements, acoustic emission (AE) was used to monitor damage
growth during the loading process. An AE sensor (Physical Acoustics model Nano-30, 8 mm
outer diameter 8 mm height) was attached to the mid-section of the specimen surface using
cyanoacrylate adhesive. The AE signals were preamplified using 40 dB gain, and a band-pass
filter was applied at 0.1-1.2 MHz (Physical Acoustics model S1220C). One four-channel digitizer
(Agilent L4534A) with a sampling rate of 20 MS/s, 16 V full-scale range, and 16 b resolution
was used to record the AE signals continuously. A 4000-sample window provides 0.2 ms of
recording, and a pretrigger set at 1500 samples ensured that the first arrival was captured.
The digitizers were triggered whenever a selected anchor channel signal reached the amplitude
threshold of 25 mV. To avoid one AE event triggering the system twice, a hold-off time of 10
ms between two consecutive events was prescribed. This hold-off time forces a maximum AE
recording rate of 100 events per second, which was not attained in any of the tests. The time
stamps of the trigger were also recorded and were used for mechanical data analysis.

2.4 Loading protocol

This study’s primary focus is to characterize PLS and UTS, the experiments were performed
under load-control mode. To investigate the behavior of SiC/SiC specimens under multiaxial
stress states, five distinct loading paths were considered: uniaxial tension, hoop tension, equib-
iaxial tension, and two other proportional loading paths. For each loading path, ten replicates
were tested. The following nominal stresses are defined to quantify the applied loading:

r2(r, 1)

G W
F+pr?
2z — W (2)

where p = internal pressure, F = axial load, rj and re are the ID and OD of the specimen,
respectively, and rp = 0:5(rj 4 re). Although these nominal stresses serve as load parameters
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