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Abstract

SiC/SiC composites are promising structural candidate materials for various nuclear applications
over the wide temperature range of 300-1000°C. Accordingly, irradiation tolerance over this wide
temperature range needs to be understood to ensure the performance of these composites. In this study,
neutron irradiation effects on dimensional stability and mechanical properties to high doses (11-44 dpa)
at intermediate irradiation temperatures (~600°C) were evaluated for Hi-Nicalon Type-S or Tyranno-SA3
fiber—reinforced SiC matrix composites produced by chemical vapor infiltration. The influence of various
fiber/matrix interfaces, such as a 50—-120 nm thick pyrolytic carbon (PyC) monolayer interphase and 70—
130 nm thick PyC with a subsequent PyC (~20 nm)/SiC (~100 nm) multilayer, was evaluated and
compared with the previous results for a thin-layer PyC (~20 nm)/SiC (~100 nm) multilayer interphase.
Four-point flexural tests were conducted to evaluate post-irradiation strength, and SEM and TEM were
used to investigate microstructure. Regardless of the fiber type, monolayer composites showed
considerable reduction of flexural properties after irradiation to 11-12 dpa at 450-500°C; and neither type
showed the deterioration identified at the same dose level at higher temperatures (>750°C) in a previous
study. After further irradiation to 44 dpa at 590-640°C, the degradation was enhanced compared with
conventional multilayer composites with a PyC thickness of ~20 nm. Multilayer composites have shown
comparatively good strength retention for irradiation to ~40 dpa, with moderate mechanical property
degradation beginning at 70100 dpa. Irradiation-induced debonding at the F/M interface was found to be

the major cause of deterioration of various composites.
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Introduction

Silicon carbide (SiC) possesses advantageous features as a nuclear material, including superior
mechanical properties at elevated temperatures, good chemical inertness, low activation and low decay-
heat, and perceived radiation tolerance [1-3]. Continuous SiC-fiber—reinforced, SiC matrix (SiC/SiC)
composites are generally considered for practical applications because monolithic SiC is brittle, making it
very difficult for it to comply with many structural requirements. Therefore, SiC/SiC composites are now
being considered in a wide variety of nuclear fields for various application temperature ranges: full
SiC/SiC composite blankets (~1000°C) [4] and flow channel inserts as functional structures of dual-
coolant lithium lead blankets (600-700°C) [5-8] for fusion DEMO applications, control rods for very-
high-temperature fission reactors and gas-cooled fast reactors (800—1000°C) [9-11], and accident-tolerant
fuel cladding and channel boxes for light water reactors (~300°C) [12—14]. Structural SiC/SiC composites
must maintain their integrity not only in normal operation but also under accidental conditions at elevated
temperatures (mostly above 1200°C, depending on the accident scenario [15-17]). Accordingly,
irradiation tolerance over a wide temperature range needs to be understood to ensure the performance of
SiC/SiC composites because high-energy neutron irradiation bombardment introduces lattice defects that
result in property changes.

Irradiation studies begun in the middle 1970s to develop protective nuclear fuel coatings [18] and
were extended to other nuclear structural applications. One notable breakthrough in the research history
of SiC/SiC composites was the innovation of highly crystalline and near-stoichiometric radiation-tolerant
SiC fibers, e.g., Hi-Nicalon Type-S (HNS) [19], Tyranno-SA3 (SA3) [20], and Sylramic [21]. Because
they are more radiation tolerant, these fibers have superior strength retention during neutron irradiation
[22, 23]. Following this remarkable achievement, research and development in SiC/SiC composites have
accelerated in the past decade. For instance, first, the excellent fracture resistance of SiC/SiC composites
was demonstrated [24]. Resistance to irradiation degradation at very high temperatures (~1300°C) was
proved [25, 26]. Now, the capabilities of new technologies, e.g., the nano-infiltration transient eutectic
(NITE) process for robust composite production [27] and various types of joining technologies [28], are
being demonstrated.

The fiber/matrix (F/M) interface plays a major role in giving these composites quasi-ductility [29,
30]. Boron nitride, one of the major interface options for SiC/SiC composites, has been widely adopted as
an anti-oxidation barrier in aerospace applications [30, 31]; but it is not highly compatible with nuclear
applications because neutron irradiation can produce undesirable helium bubbles due to the nuclear
transmutation of boron. Alternatively, pyrolytic carbon (PyC) is generally considered as a F/M interface
material for nuclear applications. However, the stability of the PyC interphase in neutron irradiation

environments must be investigated. Irradiation-induced swelling and modification of the mechanical



properties of PyC greatly affect the residual stress at the F/M interphase [32], which influences its
mechanical properties. [rradiation effects on PyC must be identified along with the effects on SiC.

Understanding irradiation effects on the F/M interface is challenging because the PyC microstructure
depends on the processing conditions, and the effects of irradiation on carbon are known to vary with the
initial microstructure. Kaae et al. summarized the irradiation behavior of isotropic PyC, i.e., turbostratic
graphitic structure [33—-37]. Isotropic PyC first shows shrinkage in the direction perpendicular to the
deposition plane after irradiation to a few displacements per atom (dpa), followed by swelling up to at
most 10 dpa, depending on density called “turn around behavior.” In contrast, shrinkage in the direction
parallel to the deposition plane was found to continue at higher neutron doses. It was also reported that
the elastic modulus of isotropic PyC tended to monotonically increase with increasing neutron dose; it
was more than doubled after irradiation to a neutron fluence of ~8 x 10 n/m? (E > 0.18 MeV). Virgil’ev
et al. [38] also evaluated the effects of irradiation on glassy carbon, which has a globular-cellular
microstructure with turbostratic carbon. It showed a very similar trend to low-density isotropic PyC. In
this case, no secondary swelling was reported for irradiation to ~4 x 10%¢ n/m? (E > 0.18 MeV). Similarly,
saturation of the elastic modulus at higher doses was found up to a neutron dose >1 x 102! n/m?. In
addition, recent studies found microstructural instabilities of the PyC interphase under high-dose
irradiation environments, as explained below.

In the past decade, continuous efforts have been devoted to the study of a specific type of chemical-
vapor-infiltrated (CVI) SiC/SiC composite, with multilayer PyC/SiC interface-coated HNS SiC fibers,
irradiated up to ~100 dpa in the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory
[39—42]. The key findings are the temperature-dependent response of the SiC/SiC composite to
irradiation: (1) retention or slight degradation of the mechanical properties following irradiation up to 70
dpa at ~800°C with moderate fiber pullout; (2) considerable mechanical degradation to 100 dpa at
~600°C with progressive fiber pullout by partial interfacial debonding; and (3) severe degradation to 100
dpa at ~300°C showing brittle fracture with no fiber pullout, associated with significant radiation-induced
debonding at the F/M interface. Material degradation was obvious after high-dose irradiation at relatively
low temperatures for composites with a multilayer interface, but previous results show that a multilayer
interface with thin-layered PyC is viable for nuclear applications in high irradiation temperatures.

Monolayer PyC is another promising option for the F/M interface of SiC/SiC composites because of
the simplicity of the structure. Similar to the results for multilayer composites, the stability of the
mechanical properties of monolayer composites under irradiation to a few dpa was demonstrated [26].
However, fundamental knowledge of the irradiation effects on monolayer interface composites is still
limited in order to have an optimized PyC interlayer. In particular, no data are currently available for

neutron irradiation beyond 12 dpa. This study thus aims to investigate the effects of neutron irradiation on



the dimensional stability and mechanical properties of monolayer composites to higher doses (11-44 dpa)
at intermediate irradiation temperatures (~600°C). In addition, this paper reports on the high-dose

irradiation resistance of SiC/SiC composites made with SA3 fibers, which is also insufficiently studied.

Experimental

Several SiC/SiC composite plates used for the irradiation study were fabricated by Hyper-Therm
High-Temperature Composites Inc. (presently Rolls Royce High-Temperature Composites Inc.). The key
specifications of the materials are listed in Table 1. The reinforcing SiC fibers were third-generation
highly crystalline and near-stoichiometric SiC fibers, i.e., HNS and SA3. Plain-weave and satin-weave
architectures were adopted, depending on the material types. The SiC matrix was formed via CVI for all
composites. In this study, two different types of the F/M interface were applied (e.g., monolayer or
multilayer); but the innermost PyC interlayer formed over the SiC fibers had almost the same
characteristics; a single 50—130 nm-thick PyC layer was formed regardless of the interface type (Fig. 1).
Subsequent PyC/SiC sub-layers of multilayer composites were formed with an original intention to
provide not only resistance against environmental attacks, e.g., oxidation [43], but also more crack
resistance, e.g., enhanced deflection of micro cracks at the interface [31]. In a configuration similar to
previous multilayer composites [39-42], very thin (~20 nm) PyC sub-layers were formed with 100 nm
thick SiC separations. Note that the innermost PyC layer of previous multilayer composites was thinner
(~20 nm) than that of the multilayer composite materials tested in this study. Both the PyC and SiC
interlayers were formed in the same CVI furnace before the SiC matrix was densified. The density and the
porosity were approximately 2.41-2.56 g/cm’ and 18-22%, respectively. Hereinafter, HNS-fiber—
reinforced CVI-SiC matrix composites with a PyC monolayer and those with a PyC/SiC multilayer are
denoted as HNS-C and HNS-C/ML, respectively. In a similar manner, SA3-fiber—reinforced CVI-SiC
matrix composites with a monolayer and with a multilayer are denoted as SA3-C and SA3-C/ML,
respectively. The thin-layer multilayer composites in previous studies [39-42] are hereinafter referred to
as HNS-ML.

Neutron irradiation in the HFIR used rabbit-type capsules. A total of 20 miniature flexural specimens
(5 for each material type) with dimensions of 25x2.8x1 mm were contained in each capsule. The
longitudinal direction was parallel to the reinforcing fibers. The neutron doses were determined to be 11,
12, and 44 dpa for radiation capsules numbered JCR11-06, JCR11-02, and JCR11-01, respectively. The
conversion assumed that 1 dpa corresponds to 1.0 x 10?° n/m? (E > 0.1 MeV) for SiC, as in the previous
study [42]. The irradiation temperatures were obtained from the SiC passive temperature monitors,
indicating 500°C (JCR11-06), 450°C (JCR11-02), and 590-640°C (JCR11-01). Note that thermal

recovery of expansion by isochronal annealing was used to determine the irradiation temperature, as



explained in [44]. The good agreement in irradiation temperatures measured by dilatometry and other
methods such as resistivity was demonstrated, and the typical precision of the analysis was reportedly 10—
15°C [44].

Dimensional inspection of the irradiated specimens was used to evaluate swelling of the SiC/SiC
composite bars. All dimensions were measured by micrometer with a precision of £0.001 mm. The
dynamic Young’s moduli were determined by the nondestructive impulse excitation of the vibration
method in accordance with ASTM C1259. Post-irradiation mechanical properties were evaluated by the
miniature four-point flexural test method at room temperature in ambient air by referring to ASTM C1341.
The loading and support spans of the fixture were 10 and 20 mm, respectively, and the crosshead speed
was 0.5 mm/min. The tangent flexural modulus was determined from the slope in the initial linear
segment of the flexural stress vs. apparent strain curve. Note that the flexural strain was calculated from
the crosshead displacement. The proportional limit stress (PLS) was determined as a 5% deviation in
stress from the initial linearity, and the ultimate flexural strength (UFS) was identified as the peak stress.
After mechanical tests, fracture surfaces were examined in an FEI Versa Dual Beam scanning electron
microscope (SEM)/focused ion beam (FIB), and cross-sections were examined in a JEOL JEM2100F
with transmission electron microscopy (TEM) and scanning TEM (STEM) modes operated at 200 kV.

Results
(1) Swelling

Table 2 summarizes the irradiation-induced dimensional changes in a longitudinal direction, i.e., the
length increase, of the rectangular specimens of SiC/SiC composites with varied F/M interfaces irradiated
to 11-44 dpa. Figure 2 summarizes the length increase of the CVI SiC/SiC composites, including data
obtained in this study and in previous studies [25, 39, 41, 42]. In Figure 2, calculated results from the
proposed prediction model [45] are also plotted. The model was empirically obtained from the
experimental data in the irradiation temperature range of 220-440°C, but it was suggested that this model
could be applied to the higher irradiation temperature regime, to a limit of 800°C. Below the irradiation
temperature of 800°C, the length of the CVI SiC/SiC composites tended to increase by less with
increasing irradiation temperature, showing good agreement with the model prediction [45]. It was shown
that the length increase of the CVI SiC/SiC composites tended to decrease with irradiation temperature
for the irradiation case of 44 dpa at 590-640°C. However, this change was not significant compared with
the large scatter in the case of irradiation to 44 dpa. Figure 2 shows that the experimental length increase
data were bounded by the model prediction in the temperature range of 400—700°C under the irradiation

temperatures indicated by the temperature monitors (450-640°C).



(2) Mechanical properties

Figure 3 shows typical flexural stress vs. flexural strain curves for non-irradiated and neutron-
irradiated SiC/SiC composites. Note that rapid stress increases beyond a flexural strain of 1% were
mainly due to specimen contact with the test fixture. Table 2 also summarizes the flexural strength data,
as well as dynamic Young’s moduli measured by impulse excitation and the tangent moduli measured in
flexural tests. All composite types exhibited severe mechanical degradation due to irradiation. More than
a 30% reduction in elastic moduli was identified for all irradiation cases and all material types tested in
this study, regardless of the measurement method. The initial tangent moduli clearly decreased, as did the
dynamic Young’s moduli. Note that the dynamic Young’s moduli were, without exception, greater than
the flexural tangent moduli, because the flexural strain was calculated from the crosshead displacement
and hence the strain is apparent. The PLS reduction was more pronounced; the PLS following irradiation
was 13-51% of the non-irradiated values, and nonlinear behavior was initiated at stress levels below 100
MPa in most cases. Similarly, irradiation-induced UFS reduction was obvious in all composite types,
even considering HNS specimens that made contact with the fixture. Note that PLS and UFS reductions
were especially significant for the HNS composites (HNS-C and HNS-C/ML) after irradiation to the
highest neutron dose, i.e., 44 dpa, whereas such mechanical deterioration was comparatively moderate for
SA3 composites (SA3-C and SA3-C/ML).

Figure 4 summarizes the dose dependence of the elastic moduli of SiC/SiC composites. Of the
modulus data determined by two different evaluation methods, the dynamic Young’s modulus data were
selected in this plot, except that flexural tangent modulus data in [42] were taken because no dynamic
Young’s modulus data were measured. The test data for SiC/SiC composites with a thick (>50 nm)
innermost PyC layer and a subsequent thin-layer SiC/PyC—i.e., HNS-C/ML and SA3-C/ML in this
study—were plotted together with the monolayer composites because the mechanical properties of
composites are readily affected by the structure and condition of the innermost PyC layer. In short, the
monolayer and the multilayer, both of which have the similar type and thickness of the inner PyC layers,
can be plotted together since the inner PyC layer dominates that the mechanical properties. For instance,
the matrix cracking deflects at the interface between the fiber and the first PyC layer on the fiber [32].
Indeed, matrix cracking occurred in the F/PyC interface, as shown in the following section. Figure 4
indicates an approximately 40% reduction in elastic modulus due to irradiation for monolayer composites,
although no significant modulus degradation was reported at lower irradiation doses of a few dpa [26]. On
the other hand, no notable change or only a slight reduction (~20%) in elastic moduli was observed after
HNS-ML for irradiation to 100 dpa.

Figures 5 and 6 summarize the dose dependences of PLS and UFS, respectively, for CVI SiC/SiC
composites with different F/M interfaces. Flexural test results for HNS-ML in previous studies [39, 41,



42] were plotted together. Similar to the elastic modulus, the PLS and UFS of multilayer composites with
a thick (>50 nm) innermost PyC layer—HNS-C/ML and SA3-C/ML in this study—were plotted as the
same category of monolayer composites. Both PLS and UFS showed a tendency to decrease with
increasing neutron dose. In particular, the largest degradation of strength in monolayer composites with
HNS fibers was identified after irradiation to 11-44 dpa at 450-640°C. In contrast, mechanical
degradation to the same dose level upon irradiation was obvious for SA3 composites, but the dose
dependence was rather moderate (20-30 % of non-irradiated PLS and ~40 % of non-irradiated UFS)
compared with the steep dose dependence of the HNS composites (15-50 % of non-irradiated PLS and
20-60 % of non-irradiated UFS).

(3) Microstructure and fracture surfaces

Figures 7 and 8 show typical flexural fracture surfaces of non-irradiated and neutron-irradiated
SiC/SiC composites, respectively, with varied F/M interfaces. For non-irradiated composites, the fiber
pullout length for SA3 composites (SA3-C and SA3-C/ML) was shorter than that for HNS composites
(HNS-C and HNS-C/ML). The fractures thus look more fibrous in the HNS composites. In contrast, no
clear differences was found in fracture appearance owing to the difference in the interface types tested in
this study. Composites with both monolayer and multilayer interfaces show brush-like fractures with
moderate fiber pullout. In the case of irradiation to 44 dpa at 590-640°C, there was no obvious change in
macroscopic fracture appearance due to irradiation. Fiber pullout was always abundant, although the fiber
pullout length was different depending on the fiber type. But microscopically, an indication of change
was found in the fracture cross-section of the fiber, especially the HNS fiber: an obvious river pattern was
seen in non-irradiated fibers, but it seemingly disappeared after irradiation. This result is consistent with
the fracture surfaces of HNS fibers irradiated to 70~100 dpa in previous studies [39, 41]. No notable
change in the cross-section for the SA3 fiber was seen.

Figure 9 shows typical SEM images of the open edges of each composite before and after irradiation.
As clearly indicated in the images of irradiated composites, there are many pits at the fiber edges,
especially for the HNS-fiber—reinforced composites (HNS-C and HNS-C/ML). Although both the HNS
fiber and the CVI-SiC matrix were highly crystalline, a difference in the dimensional stability was
identified. In Figure 9, pit depths of >10 um can be seen. In contrast, no significant dimensional
mismatch can be observed in the composites with SA3 fibers (SA3-C and SA3-C/ML), which show a
comparatively flat surface.

Figure 10 shows typical SEM images of the cross-sections of each composite after irradiation.
Regardless of the interface type, micro-cracking occurred at the F/M interface even before any

mechanical testing. Note specifically that the cracks propagated near the fiber surface in the multilayer



composites. The other features were noted in SA3-fiber—reinforced composites; many pores were detected
in the fiber centers of the irradiated material. In the high-magnification images in Fig. 11, such pores are
not found in the non-irradiated SA3 fiber but are found in irradiated SA3 fiber. On the other hand, pore
formations were not identified in the HNS fiber, as shown in Fig. 12. In contrast, carbon phases, which
were further identified in non-irradiated fibers, remained unchanged after irradiation for both cases.
Figures 13—15 show high-resolution TEM images of the non-irradiated and neutron-irradiated F/M
interfaces. In the non-irradiated SiC/SiC composites (Figs. 13 and 14), a layered structure was observed in
the innermost PyC layer, and the layers appeared to be randomly oriented. This is a very common
structure in PyC fabricated by the CVI method, showing the high fraction of sp? bond, i.e., graphitic
structure [46]. The layered structure was more noticeable in the multilayer specimens. More importantly,
it was found that the graphitic layers were lost in all the irradiated PyC; i.e., irradiation-induced
amorphization of PyC occurred (Fig. 15). In contrast to the irradiated specimen images in Fig. 10,
cracking was induced at the F/M interface by irradiation to 44 dpa at 590-640°C for all composite types,
even without mechanical loading. High-resolution images in Fig. 15 also clearly identify cracking at the
F/M interface of the HNS composite. A crack has penetrated into the PyC layer. No visible cracking was

1dentified in the non-irradiated interfaces.

Discussion
(1) Strength stability following irradiation at intermediate irradiation temperatures

PLS is often considered to be the matrix cracking stress for ceramic-fiber—reinforced ceramic matrix
composites, although the matrix cracking behavior is generally complicated and depends on fabric
architecture, loading mode, and so on [47, 48]. Of many models, Evans and Vagaggini proposed a
comprehensive model to forecast PLS from constituent properties [49, 50]. The model was originally
developed for 1-dimensional (1D) composites for structural simplicity; but the underlying failure
mechanism has been widely adopted in composite design, test, and simulation for not only 1D but also 2D
and 3D composites [29, 51, 52]. The model indicates that PLS is affected by changes in the F/M
interfacial properties and matrix toughness, rather than by the fiber strength itself. In this series of
irradiation experiments, similar properties were considered for the CVI-SiC matrix before and after
irradiation [26], so irradiation-induced F/M interfacial property changes were a key phenomenon. One of
the causes of mechanical degradation of composites is degradation of the F/M interface, i.e., single crack
penetration from matrix to fiber through the F/M interface, due to loss of carbon at the F/M interface—as
was indicated in HNS-ML after irradiation to 70—100 dpa at 300°C [39, 41]. However, this mechanism
was unlikely in this case because progressive fiber pullout was obvious from Fig. 8. Indeed, note that

interfacial cracks were first identified in the irradiated composites before mechanical testing (Fig. 10).



Moderate interfacial debonding was associated with significant fiber pullout, resulting in quasi-ductility,
as observed in HNS-ML irradiated to 70-100 dpa [39, 41]. However, an excessive loss of load-
transferring capability at the F/M interface due to progressive fiber debonding simultaneously resulted in
a significant reduction of PLS, based on the Evans and Vagaggini model [49, 50]. The interfacial
deterioration (i.e., interfacial debonding) is therefore an explanation for the measured severe degradation
of PLS in the monolayer composites in this study.

Curtin [53, 54] proposed a fracture strength model for the tensile loading of unidirectionally fiber-
reinforced composites, and the model was extended and applied to flexure evaluation by McNulty et al.
[55]. Both models clearly indicate the importance of the statistical strengths of SiC fibers, as well as of
the F/M interfacial properties. It has been reported that single-filament tensile test results have
demonstrated the superior strength retention of HNS and SA3 after irradiation to a few dpa (0.6~7.7 dpa)
at irradiation temperatures of 280-800°C [56, 57]. However, the effects of irradiation to higher neutron
doses are still uncertain, since no mechanical test data are presently available. As an alternative, fiber
strength has been assessed by the fractography method. For instance, fracture mirror observations suggest
possible deterioration of HNS fibers by irradiation to 70 dpa at irradiation temperatures of ~500°C [41].
The mirror radius has increased by the irradiation. It is well known that in brittle ceramics, the reciprocal
fiber strength is proportional to the square root of the mirror radius [54]. In this study, Fig. 8 shows that
irradiation changed the fracture surface appearances of the HNS fibers. The fracture mirror was
measurable for the non-irradiated HNS fiber, but the overall part of the fracture surface of the irradiated
fiber exhibited a mirror-like zone, i.e., indicative of an increase in the mirror radius due to irradiation.
This implies probable degradation of fiber strength. In contrast, no significant change in the fracture
surface of the SA3 fiber was observed. No clear mirror zone was identified before or after irradiation.
One important observation was the formation of tiny pores inside the SA3 fiber (Fig. 11), which are
potential origins of cracking. However, whether the formation of such pores has any impact on fiber
strength is not clear. Therefore, fiber deterioration cannot be denied based on the limited information so
far available. As an alternative, it is concluded that the most likely mechanism of the considerable
degradation in fracture strength for all of the composites tested in this study that resulted from irradiation
to 11-44 dpa at 450-640°C is interfacial deterioration (i.e., interfacial debonding).

In previous sections, it was clearly noted that the interfacial deterioration was a primary cause of
mechanical degradation for SiC/SiC composites irradiated to 11-44 dpa at 450—640°C and understanding
interfacial shear properties is therefore important. It is generally recognized that interfacial shear
properties, including both interfacial debonding shear strength and interfacial friction stress, affect
interfacial cracking and fiber pullout behavior. Both properties are generally determined by radial

clamping stresses at the F/M interface, which are generally subject to thermal stress, irradiation-induced



stress, thermal and irradiation creep, roughness-induced stress, and Poisson expansion; and are closely
related to the PyC interlayer thickness [32, 58—60]. Sauder et al. [61] evaluated the optimum F/M
interface structure using the interfacial clamping model with consideration of the residual stresses induced
at the F/M interface and fiber surface roughness in the absence of neutron irradiation. The model
calculation estimated that the minimum thickness of a PyC interlayer is 30 nm for non-irradiated HNS
composites and 60 nm for non-irradiated SA3 composites to maintain noncatastrophic failure with the
moderate F/M interfacial role. In other words, the model explains that a thinner PyC layer results in
robust clamping at the F/M interface. For instance, HNS-ML with very thin (<20 nm) PyC sequences
shows comparatively higher interfacial shear properties due to the strong clamping effect of the rough
surfaces of fibers, resulting in shorter fiber pullout [39, 41]. In a similar manner, monolayer composites
also have the potential to retain equivalent load transfer if the PyC interface is sufficiently thin (~20 nm).
For the HNS composite in our experiments, the PyC monolayer was 70—-130 nm thick; the PyC interface
of concern was comparably thick and undoubtedly preferable to maintain sufficient quasi-ductility in
fracture for non-irradiated test conditions (Fig. 3). However, the roughness-induced stress of the
monolayer composites used in this study must be lower than that of the HNS-ML in previous studies [39—
42]. In contrast, for the SA3 composite with a PyC interlayer thickness of 50—130 nm, almost the same or
a slightly larger thickness is needed to show the transition of change determined by ref. [61]. this feature
(i.e., strong bonding at the F/M interface) can be clearly found from the fiber pullout appearance in Figs.
7 and 8. Typically, the surface roughness of SA3 fibers (~60 nm) is four times greater than that of HNS
fiber (~15 nm) [61]. Thus, a more fibrous fracture was seen in the smoother HNS composites owing to
lower clamping stress due to the fiber surface roughness.

Irradiation-induced stresses at the F/M interface are caused mainly by differential swelling of the
composite constituents, i.e., the SiC fibers and the matrix. The PyC F/M interface is extremely important
to retain structural stability, i.e., dimensional stability with good strength retention, during irradiation
because the mechanical properties of composites are readily affected by residual stresses at the F/M
interface. Structural instability caused by irradiation was observed in early-generation SiC/SiC
composites, e.g., amorphous-based Nicalon SiC fiber-reinforced CVI-SiC matrix composites [22, 23].
Amorphous-based Nicalon shrinks during irradiation, while highly crystalline CVI-SiC swells. As a result
of differential dimensional changes between Nicalon and CVI-SiC, interfacial cracking occurred as a
result of irradiation-induced stress, resulting in brush-like fracture with progressive fiber debonding at the
F/M interface. In contrast, structural stability has been much improved by selecting highly crystalline
advanced SiC fibers, e.g., HNS and SA3 [22, 23]. The present study is, however, the first case in which,
similar to early-generation composites, interfacial debonding occurred without any mechanical loading

during heavy neutron irradiation to 44 dpa at intermediate irradiation temperatures. It is obvious from



Fig. 3 that the load transfer function was almost lost after fiber pullout only in irradiated monolayer
composites, regardless of the fiber type. Crack initiation upon irradiation to 11 dpa at 500°C was also
suspected, based on the post-irradiation flexural test data. An explanation is differential swelling between
the fiber and the matrix, which was obvious for the HNS-fiber—reinforced composites in Fig. 9.
Differential dimensional changes between fiber and matrix can cause residual stress at the F/M interface.
However, once cracking occurs, the clamping stress must decrease further because of the reduced
contribution from the roughness-induced stress in the SiC/SiC composites with a sufficiently thick (>50
nm) PyC interlayer in this study. Weaker clamping means poor load transfer at the F/M interface, which
eventually causes a significant reduction in PLS and UFS. This strength reduction as a result of poor load
transfer may have occurred in the HNS composites, but it cannot fully explain the initiation of interfacial
cracking in the SA3 composites. It has been recognized that SA3 fiber is comparatively morphologically
stable under ion irradiation, and similar ion-irradiation—induced swelling in SA3 fiber and a CVI-SiC
matrix has hence been found [62].

Details of the neutron irradiation effects on the interfacial shear properties at the fiber and PyC
interface, as well as between fiber and matrix, were evaluated [32]. The push-out method was applied to
the thin-sliced composite cross-section, and an analytical model indicated interfacial debonding shear
strength and interfacial friction stress as key interfacial shear parameters of the fiber/PyC interface. The
former parameter is closely related to the cracking initiation event, and the latter is related to the load
transfer during the fiber pullout process after fiber debonding. Both monolayers and multilayers were
evaluated to ~7.7 dpa over an irradiation temperature range of 380—1080°C. Both interfacial debonding
shear strength and interfacial friction stress decreased with increasing neutron dose at the beginning of
irradiation and approached a constant value for each parameter. The saturation stress level was generally
dependent on the PyC thickness; but in many cases, it was higher in the multilayer composites, which
showed more than double the interfacial debonding shear strength of the monolayer composites (tpyc =
520-720 nm in the [32]). Nevertheless, it must be recognized that the interfacial debonding shear strength
for monolayer composites was still high enough to retain load transfer at the F/M interface after
irradiation to ~7.7 dpa at an irradiation temperature range of 380-800°C, since no strength degradation
was measured after that irradiation. Under these conditions, no cracking at the F/M interface was
identified for the irradiated state.

For neutron irradiation to >10 dpa, Ozawa et al. [63] claimed that tensile hysteresis loop analysis of
Tyranno-SA3/PyC/CVI-SiC composites irradiated to 12 dpa at 750°C found no degradation of sliding
stress at the F/M interface, which is closely related to the interfacial debonding shear strength and
interfacial friction stress [50, 64—66]. However, it must be recognized that the superior irradiation stability

of the flexural strength of multilayer composites in this case was achieved because the PyC interlayer was



sufficiently thin (20-60 nm), similar to the HNS-ML case. In short, a comparatively large roughness-
induced clamping stress was likely obtained even if the interface debonded during irradiation. The 4-
phase cylinder model for evaluating residual radial stress [32] has shown that the residual radial stress
becomes more negative, i.e., the clamping stress increases, with increasing fiber surface roughness and
with decreasing PyC interlayer thickness. A fundamental question is therefore why the load transfer
function at the F/M interface was drastically reduced by irradiation at 11-44 dpa only for the composites
tested in this study and not for HNS-ML composites tested in previous studies. It is speculated that the
irradiation-induced morphological change in comparatively thick PyC (tpyc = 70-130 nm for HNS and
tpyc = 50-130 nm for SA3) at intermediate irradiation temperatures of ~600°C significantly affects the
cracking resistance. The F/M interface was more subject to irradiation-induced residual stress rather than
roughness-induced clamping stress for the comparatively thick PyC interface because the interlock effect
schematically described in [61] might be lost with increasing PyC interface thickness. Such a thick PyC
interphase no longer supported sufficient load transfer without roughness-induced clamping once it was
cracked. In addition, the different swelling behaviors of PyC among this and previous studies might affect
any cracking events that occur.

The elastic moduli of composites can generally be estimated by a rule of mixture [67, 68]. First, it is
assumed that the fundamental irradiation behavior of the SiC matrix is similar for all composite types
because both HNS and SA3 materials are high-purity polycrystalline beta SiC. The elastic modulus of
CVD-SiC exhibits a dependence on irradiation temperature: the modulus decreases with decreasing
irradiation temperature because of greater radiation-induced lattice expansion; the reduction in the elastic
modulus was up to 6-11% for length changes of 0.29-0.53% at ~600°C [69]. This is common for any
type of composite if the SiC constituents are highly crystalline and near-stoichiometric. From this point of
view, the same magnitude of modulus reduction due to irradiation at lower irradiation temperatures (6—
11%) is possible since both fiber (HNS and SA3) and matrix (CVI-SiC) are highly crystalline and near-
stoichiometric. Indeed, relative elastic moduli exhibiting such reductions are found in refs. [26, 39, 41,
42]. Especially for multilayer composites, this trend agreed with the model prediction for CVD-SiC [45,
69]. Basically the same is true for monolayer composites, with the exception of the data obtained in this
study. In contrast, the irradiation-assisted modulus change in the PyC itself contributed less to the overall
change in the composite modulus, since the total fraction of PyC is 2-3% for both monolayer and
multilayer composites when it is assumed that the fiber volume fraction is 0.3—0.4. Therefore, the
modification of the elastic moduli of SiC and PyC materials induced only by irradiation cannot explain
the 31-53% reduction in the elastic moduli. It was concluded that the main reason for that reduction is

irradiation-enhanced fiber debonding at the F/M interface.



(2) Dimensional stability of SiC/SiC composites and SiC fibers irradiated at intermediate irradiation
temperature

Swelling of composites is generally determined as a result of dimensional changes in the individual
constituents, i.e., fiber, matrix, and F/M interface, and a mixture of these. However, the PyC was expected
to contribute very little to the overall dimensional change in the composite resulting from the interface
structural change, because the volume fraction of the PyC was very small (2-3%) regardless of the
interface structure. Therefore, the major contributor to composite swelling was expected to be SiC.

It has been reported that swelling of SiC ceramics is insensitive to neutron doses beyond 1 dpa at
<1000°C, and the saturated swelling level depends on irradiation temperature [45]. The key driver of
swelling is mainly the accumulation of radiation-induced point defects and their clusters in SiC in this
temperature range for high-purity crystalline SiC [45]. In this study, the quality of the SiC matrix formed
by the CVI method was common to all composite types.

Kondo et al. estimated swelling of HNS and SA3 fibers irradiated to ~100 dpa by the ion irradiation
technique, although the irradiation temperature of 300°C was lower than the temperatures with which we
were concerned [62]. They evaluated the dimensional changes in the irradiated fiber cross-section, as well
as in the matrix cross-section, and reported that the swelling of the SA3 fiber was equivalent to that of the
CVI-SiC matrix. The demonstrated superior dimensional stability of SA3 fiber under high-dose
irradiation in ref. [62] is consistent with the intermediate-temperature irradiation case, as inferred from the
fact that there was no gap at the fiber/matrix boundary on the free edge of the as-machined SA3
composite specimen (Fig. 9). In contrast, irradiation-enhanced shrinkage of the HNS fiber irradiated to
100 dpa was noted in ref. [62]. If we assume the same dimensional changes along the specimen length
and width directions, and complete fiber debonding at the F/M interface, the swelling of the HNS fiber
can be estimated based on the step at the HNS fiber and matrix interface in Fig. 9. From Fig. 9, it is
obvious that the minimum step height at the interface is approximately 10 um, corresponding to a length
change of the HNS fiber of —0.7% relative to the CVI SiC matrix—i.e., the HNS fiber probably shrank.
Shrinkage of the HNS fiber affects the swelling of composites if the F/M interface is intact. However,
irradiation-enhanced fiber debonding without any mechanical loading is obvious in Fig. 10. The
macroscopic composite swelling can therefore be determined mainly by the SiC matrix in a case of
interfacial debonding. Indeed, there was no clear differences in the swelling data for HNS and SA3
composites in Fig. 2, although some swelling mismatch between fiber and matrix was evident from Fig. 9

for the HNS composite cases.

(3) Future prospects for development of SiC/SiC composites for nuclear applications



This study clearly demonstrates that thinner PyC layers are preferable in nuclear applications. In
particular, it is recognized that the interlock contribution at the F/M interface owing to fiber surface
roughness plays an important role in the load transfer function, retaining quasi-ductility. For that purpose,
the optimum PyC thickness needs to be explored based on the same approach used for non-irradiated
SiC/SiC composites by Sauder et al. [61]. Specifically, future investigations should focus on interface
optimization for SA3 composites for application temperatures around 500-600°C, since many
deficiencies were evident for HNS composites. Presently the target thickness is <50 nm for SA3, as the
minimum thickness of the innermost PyC of this study. It is also required to confirm the exact range by
further irradiation experiments because of the lack of irradiation data. In parallel, further investigation of
irradiation effects on PyC, including detailed microstructural analysis of as-processed PyC, would be very
useful.

In contrast, there was some indication of degradation of both HNS and SA3, although careful
evaluation with comprehensive understanding of the mechanism is strongly desired. For this aspect, high-
dose irradiation data for fiber strength are lacking. Detailed fracture mirror analysis may help to estimate
the remaining strength of fibers embedded in the matrix after irradiation. Also, separate single-filament
tensile tests would be valuable to quantify the irradiation-induced changes in fiber strength, providing

statistical data.

Conclusions
This study evaluated the effects of neutron irradiation on CVI SiC/SiC composites containing two

types of fibers, HNS and SA3, and either monolayer or multilayer F/M interfaces. The study focused on

the influences of high-dose neutron irradiation (1144 dpa) at intermediate temperatures of 450-640°C.

Flexural properties and fractography were evaluated, and the resulting data were compared with the

mechanical test results of previous studies (conducted at ~100 dpa). The key findings are summarized as

follows.

1) Mechanical properties of SiC/SiC composites strongly depended on the innermost PyC layer
adjacent to the SiC fiber. SiC/SiC composites with a comparably thick (>50 nm) PyC interphase
adjacent to the fiber, regardless of whether they were monolayer or multilayer, even if the first PyC
layers had about the same thickness, experienced considerable strength degradation under high-dose
neutron irradiation to 11-44 dpa at lower irradiation temperatures (450—-640°C). However, SiC/SiC
composites with thin PyC/SiC multilayers showed superior strength retention after irradiation at

similar neutron dose and radiation temperature conditions.



2)

3)

4)

5)

Debonding at the F/M interface during irradiation to 44 dpa at 590-640°C was obvious for all
composites with a comparatively thick innermost PyC interlayer. Interfacial deterioration was the
main cause of a reduction in mechanical properties, i.e., elastic modulus, PLS, and UFS.

The interfacial debonding in HNS composites was attributed not only to PyC morphological change
but also to the reduced swelling (or probable irradiation-assisted shrinkage) of the HNS fiber.

SA3 fiber irradiated to 44 dpa at 590—640°C was found to have higher dimensional stability than the
HNS fiber, although it was found that micro-pores formed in the SA3 fiber centers after irradiation
under the same conditions.

This study found that a thin multilayer PyC/SiC interface with a carbon thickness of ~20 nm
exhibited superior irradiation resistance, in terms of retention of mechanical properties, to the other
interface system with thicker PyC. This was the case for CVI SiC/SiC composites reinforced with
HNS fibers irradiated to ~40 dpa at ~600°C, assuming an equivalent microstructure of the PyC. The
increased roughness-induced clamping stress for a comparatively thin PyC layer enabled to good
load transfer via the bonded F/M interface, resulting in good strength retention after neutron

irradiation.
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Table 1 Key specifications of the SiC/SiC composites studied.

Material ID HNS-C HNS-C/ML SA3-C SA3-C/ML
Fiber Hi-Nicalon Type-S | Hi-Nicalon Type-S Tyranno-SA3 Tyranno-SA3
Plain weave (P/W) | Satin weave (S/W) | Plain weave (P/W) | Plain weave (P/W)
Matrix CVI-SiC CVI-SiC CVI-SiC CVI-SiC

Fiber/matrix 70-130 nm PyC 100-130 nm PyC
(F/M) interface 80-120 nm PyC + ML* 50-80 nm PyC ML*
Density [g/cm?] 2.41 2.47 2.48 2.56

Fiber volume

fraction [%] 37 >3 40 44

Porosity [%] 22 20 20 18

*ML: (~100 nm SiC + ~20 nm PyC) x 4




Table 2 Results of post-irradiation evaluation of SiC/SiC composites with varied F/M interfaces. Note

that numbers in parentheses indicate one standard deviation.

Neutron Irradiation Length Dynam,ic Flexural Proportional Ultimate
Materials dose temperature, change Young's | tangent limit stress flexural
[dpal] ’gm [%] modulus | modulus [MPa] strength
[°C] [GPa] [GPa] [MPa]
Non-irradiated n/a 214 (30) | 170 (68) | 253 (94) 363 (170)
FINS-S 11 500 0.40 (0.00) | 139 (19) | 94 (21) 124 (33) 171 (38)
12 450 0.45 (0.01) | 148 (6) n/d n/d n/d
44 590-640 0.32(0.04) | 106 (7) 81 (7) 40 (4) 88 (16)
Non-irradiated n/a 240 (9) | 214 (25) | 345(@18) | 380(114)
11 500 0.34(0.04) | 1524 96 (4) 147 (33) 272 (27)
HNS-CML- =, 450 0.46 (0.03) | 143(12) | _wd /d /d
44 590-640 0.29 (0.17) | 150 (11) | 104 (10) 45 (13) 83 (18)
Non-irradiated n/a 252 (26) | 170 (20) | 287 (39) 463 (66)
SA3-C 11 500 0.53(0.03) | 163 (9) 93 (9) 97 (18) 206 (3)
12 450 0.47 (0.02) | 158 (16) n/d n/d n/d
44 590-640 0.41(0.10) | 142 (12) | 112 (17) 77 (19) 195 (19)
Non-irradiated n/a 227(19) | 174 (11) | 267 (53) 425 (111)
11 500 0.41(0.04) | 107 (18) | 64 (6) 77 (26) 154 (21)
SA3-CML 450 048 (0.03) | 121 (14) | wd n/d n/d
44 590-640 0.39(0.14) | 119 (13) | 81 (6) 48 (29) 160 (22)

*n/a: not applicable, n/d: no data (not tested)
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Fig. 1 Typical cross-sectional images of SiC/SiC composites tested.
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Fig. 2 Summary of length change of SiC/SiC composites. Error bars indicate 1 standard deviation.
The length changes predicted by the empirical model of Katoh et al. [45] are also plotted,

shown as broken lines indicating irradiation temperature dependence.
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Typical flexural behavior of non-irradiated and neutron-irradiated (11 dpa at 500°C and 44 dpa
at 590-640°C) SiC/SiC composites with varied F/M interfaces.
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Fig.4  Effect of neutron dose on elastic moduli of SiC/SiC composites with varied F/M interfaces.

Error bars indicate +1 standard deviation.
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Fig. 5 Summary of neutron irradiation effects on proportional limit stress of SiC/SiC composites with

varied F/M interfaces. Error bars indicate =1 standard deviation.
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Fig. 6 Summary of neutron irradiation effects on fracture strength of SiC/SiC composites with varied

F/M interfaces. Error bars indicate +1 standard deviation.



Fig. 7  Typical fracture surface appearance of non-irradiated SiC/SiC composites.
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Typical fracture surface appearance of SiC/SiC composites after neutron irradiation at

intermediate temperatures (44 dpa at 590-640°C).
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Fig. 9 Typical specimen edge images of SiC/SiC composites with varied SiC fibers and F/M
interfaces before and after neutron irradiation (44 dpa at 590-640°C). Pores indicate greater

matrix swelling than swelling of the fibers, resulting in recession of the fibers relative to the

matrix.
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Fig. 10  Typical cross-sectional images of neutron-irradiated SiC/SiC composites with various SiC

fibers and F/M interfaces (44 dpa at 590-640°C).
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Fig. 11  Typical TEM micrographs of SA3 fiber before and after neutron irradiation (44 dpa at 590—
640°C).
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Fig. 12 Typical TEM micrographs of HNS fiber before and after neutron irradiation (44 dpa at 590—
640°C).



Fig. 13  Typical TEM micrographs of the F/M interface for non-irradiated SiC/SiC composites: (a)
HNS-C, (b) HNS-C/ML, (¢) SA3-C, and (d) SA3-C/ML.



Fig. 14 Typical TEM micrographs of the PyC interphase for non-irradiated SiC/SiC composites: (a)
HNS-C, (b) HNS-C/ML, (c) SA3-C, and (d) SA3-C/ML.



Fig. 15 Typical TEM micrographs of the PyC interphase for neutron-irradiated (44 dpa at 590-640°C)
SiC/SiC composites: (a) HNS-C, (b) HNS-C/ML, (c) SA3-C, and (d) SA3-C/ML.



