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Unidirectional silicon carbide (SiC)-fiber-reinforced 
SiC matrix (SiC/SiC) composites fabricated by a nano- 
infiltration and transient eutectic-phase (NITE) process 
were irradiated with neutrons at 830 °C to 5.9 dpa, and at 
1270 °C to 5.8 dpa. The in-plane and trans-thickness 
tensile and the inter-laminar shear properties were 
evaluated at amoient temperature. The mechanical 
characteristics, including the quasi-ductile behavior, the 
proportional limit stress, and the ultimate tensile strength, 
were retained subsequent to irradiation. Analysis o f the 
stress-strain hysteresis loop indicated the increased 
fiber/matrix intetface jriction and the decreased residual 
stresses. The inter-laminar shear strength exhibited a 
significant decrease following irradiation.

I. INTRODUCTION

The superior as-fabricated high-temperature 
mechanical properties and low-activation nuclear 
properties of silicon caroide (SiC)-fiber-reinforced SiC 
matrix (SiC/SiC) composites make them attractive as 
nuclear materials such as flision blanket components1. 
Therefore, for nuclear applications, the mechanical 
performances of these materials must be retained under 
conditions of high temperature and neutron irradiation.

Among the industrially available SiC/Siし composites 
produced through various processing routes, chemically 
vapor-infiltrated (CVI) SiC matrix composites with the 
Generation III near-stoichiometric SiC fibers are presently 
considered as the reference nuclear grade materials. An 
extensive compilation of the neutron-irradiated properties 
for the CVI-SiC/SiC composites is now available2. 
Neutron-irradiated CVI-SiC/SiC composites, having less- 
crystalline SiC-based fibers and a highly crystalline 
matrix, reportedly exhibit interfacial debonding as a result 
of differential swelling between the fiber that densities 
and swells under irradiation and the high-density matrix 
that only swells. Consequently, this results in degradation 
of the mechanical properties of the composite in the 
irradiated state '. In contrast, mechanical properties of the 
CVI-SiC/SiC composites that have highly crystalline

fibers and matrices is not significantly altered subsequent 
to irradiation up to 40 dpa4. Thus, the combination of a 
highly crystalline fiber and matrix is essential for 
retention of mechanical properties during irradiation.

While CVI-SiC/SiC composites possess in general 
attractive properties, they are typified by 15 - 20% 
porosity. This translates into up to -30% porosity in the 
matrix, considering the typical fiber volume fraction of 
〜35%， and is the major factor limiting the matrix cracKing 
stress and thermal conductivity of these materials2, 5. 
Moreover, it is relatively challenging for CVI-SiC/SiC 
composites to achieve gas tightness that is required for 
certain applications. The quest for SiC/SiC composites in 
which these limitations are circumvented by achieving 
dense matrices has led to the development of a nano
infiltration and transient eutectic-phase (NITE) process6. 
The NITE process applied to SiC/SiC composite 
production involves sintering of SiC nano-powder, 
carbon-coated highly crystalline SiC fibers, and oxide 
additives. The porosity achieved with this process is 
typically less than 5%, and excellent proportional limit 
stress (PLS), reaching up to -360 MPa, has been reported 
for laboratory-grade NITE-SiC/SiC composites7. The 
thermal conductivities of NITE-SiC/SiC composites were 
also reportedly significantly nigher than those of CVI- 
SiC/SiC composites in unirradiated conditions8.

There rs currently a dearth of available information 
about the effects or irradiation on the mechanical 
properties of NITE-SiC/SiC composites, and the radiation 
stability of SiC sintered with oxide additives is not well 
understood. The objective of this study is to determine the 
effects of neutron irradiation on the mechanical properties 
of NITE-SiC/SiC composites. The irradiation strength of 
monolithic SiC, as the matrix material of the NITE- 
SiC/SiC composite, is also examined.

II. EXPERIMENTAL

Unidirectional Tyranno™-SA3 SiC fiber (product 
type: SA3-S1I16PX with nominal 7.5 |im diameter and 
1600 filaments per yarn) reinforced NITE-SiC matrix 
composites (Pilot grade #3, Ube Industries, Ltd., Japan)

174

mailto:koyanagit@ond.gov
mailto:k-simd@iae.kyoto-u.ac.jp
mailto:ozawak@ornl.gov
mailto:katohy@ornl.gov


were used as the test materials. Pyrolytic carbon (PyC) of 
200-300 nm thickness was chemically vapor-deposited 
onto the fiber surfaces. The fiber volume fraction and 
porosity were 〜45% and 〜5% ，respectively. A1203, Y2O3, 
and Si〇2 were used as sintering additives. Monolithic SiC, 
used as the matrix of the NITE-SiC/SiC composite, was 
fabricated; this material is referred to as NITE-SiC 
hereafter. The NITE-SiC was fabricated from p-SiC nano
powder (Sumitomo Chemical Industries Ltd., Japan, mean 
diameter 30 nm)，AI2O3 powder (Sumitomo Chemical 
Industries Ltd., Japan, mean diameter 0.3 |im, 99.99% 
purity), Y2〇3 powder (Kojundo Chemical Industries Ltd., 
Japan， mean diameter 1.0 pm, 99.99% purity)， and Si〇2 
powder (Kojundo Chemical Industries Ltd., Japan, mean 
diameter 1.0 ^m, 99.99% purity). The oxide additives, 
comprising a total of 12 wt%, were mixed with SiC 
powder and the combination was sintered by hot-pressing 
at 1800 °C, for 2 h, in an Ar atmosphere, under a pressure 
of 20 MPa. The porosity of NITE-SiC was less than 6%.

Neutron irradiation was conducted at the High-Flux 
Isotope Reactor (HFIR) located at Oak Ridge National 
Laboratory. The specimens were irradiated at 830- 
1270 °C to 5.8-5.9 dpa (5.8-5.9 x 1025 n/m2, E > 0.1 
MeV; hereafter,1.0 x 1025 n / n r = 1 dpa is assumed) for 
HFIR-RB*-18J campaign.

The tensile properties were examined using straight 
bar specimens, the dimensions of which were 40 mm (1)x 
4 mm (w) x 2 mm (t). The fiber orientation was parallel to 
the loading direction. The tensile test was conducted in 
the cyclic loading mode. The peak tensile stress was 
incremented by 25 MPa in the repeated unloading
reloading sequences. The experimental procedure follows 
the general guidelines of ASTM C l275, with the 
exception that cyclic loading was adopted. PしS was 
defined as the stress at 5% stress deviation from the 
extrapolated linear segment used for the modulus 
determination. The trans-thickness tensile strength was 
evaluated using a diametral compression test method9. 
Truncated disk specimens (diameter: 4 mm, thickness: 5 
mm, width: 3 mm) were used for this test. The 
interlaminar layer in the specimen was oriented parallel to 
the direction of compressive loading. The interlaminar 
shear strength was evaluated by the compression of 
double-notched specimens10, according to ASTM Cl292. 
Notched specimens were loaded parallel to the fiber 
longitudinal direction. For evaluation of the Weibull 
statistical strength of the NITE-SiC monolith, 1/4-four 
point flexural tests with an outer span of 20 mm NITE- 
SiC were also conducted, as per ASTM Cl 161. The 
dimensions of the specimens were 24 or 25 mm (1)x 1 
mm (w) x 1 mm (t). Dynamic Young's moduli of both the 
NITE-SiC/SiC composites and NITE-SiC were 
determined using the impulse excitation of vibration 
method in accordance with ASTM Cl 259. 
Microstructural observation of the unirradiated NITE-SiC 
and NITE-SiC/SiC composites was conducted using a

field-emission scanning electron microscope (SEM, 
Ultra55, Zeiss). Three to six mechanical tests were 
performed under each condition (details of the valid test 
number are shown in TABLES 1),except in the case of 
the flexural tests (20-30) for the Weibull statistical 
analysis.

TABLE 1 . Tensile properties of the non-irradiated and 
irradiated NITE-SiC/SiC composites. Numbers in 
parentheses indicate ± one standard deviation.

Irradiation
condition

tests

T ensile
m odulus

Sonic
m odulus

Proportional
lim it

Stress
[MPa]

U ltim ate
tensile

S trength
[M Pa]

Strain at 
m axim um

U n irradiated 6 2 7 4 (1 5 ) 3 3 3 (5 ) 1 4 2 (26) 3 4 4 (2 5 ) 0 1 7 ( 0 .0 2 )

830〇 C 
5 9dpa

5 2 8 9 (1 9 ) 332 (8) 152 (32) 3 8 8 (3 2 ) 0  1 8 (0  04)

1270〇 C  
S 8dpa

3 2 8 2 (8 ) 3 4 5 (7 ) 181(46) 4 0 4 (2 1 ) 0 .1 9 (0 .0 1 )

III. RESULTS

Figure 1 shows the secondary electron and 
backscattered electron images of the NITE-SiC/SiC 
composite and the backscattered electron image of 
monolithic NITE-SiC in the unirradiated condition. The 
NITE-SiC and the matrix of the NITE-SiC/SiC composite 
consist primarily of polycrystalline /?-phase SiC and small 
amounts of oxide ceramics as the remnants of the 
sintering additives. The oxide grains in the NITE-SiC 
were found at the multi-grain junctions of the /^-phase SiC 
grains and appeared to be homogeneously distributed with 
the monolithic body. In the case of the NITE-SiC/SiC

(c) Mooohthic NITE-SiC

Fig.1.SEM images for NITE-SiC/SiC composite and 
monolithic NITE-SiC: (a) secondary electron image, 
(b) and (c) backscattered electron image.
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composite, pores were observed in the fiber mter-bundles, 
and the oxide phases attributed to the sintering additives 
were observed both in the matrix-rich area and to have 
segregated to occupy the spaces within the fiber bundles 
and at the inter-bundle pockets.

The typical stress-strain curves from the cyclic 
unloading-reloading sequences are compared for the 
unirradiated and irradiated NITE-SiC/SiC composites in 
Fig. 2. The unirradiated composites exhibited quasi- 
ductile failure behavior, and such behavior was also 
observed after irradiation. Figure 3 shows the maximum 
hysteresis loop width as a function of the matrix damage 
parameter11, which was obtained from the composite 
modulus in each hysteresis loop. It should be noted that 
the maximum hysteresis loop width was significantly 
reduced subsequent to irradiation. For instance, decreases 
in the unirradiated loop width by 89, and 97% were 
observed at the matrix damage parameter of 0.15 
following irradiation at the respective temperatures of 830

Fig. 2. Typical tensile stress-strain behaviors for the 
unirradiated and irradiated NITE-SiC/SiC composites. 
Each curve is offset horizontally for visibility.

0.00 0.10 0.20 0.30

Matrix damage parameter

Fig. 3. The maximum hysteresis loop width as a 
function of matrix damage parameter before and after 
irradiation for the NITE-SiC/SiC composites.

Fig. 4. (a) Typical fracture behavior of the NITE- 
SiC/SiC composite by the diametral compression test 
and (b) the typical image for the tested specimen in 
unirradiated condition.

and 1270 °C. Despite this significant change in the loop 
width, the irradiation effects on the mechanical properties 
were not significant. The tensile properties before and 
after irradiation are summarized in Table 1 . The PLS 
remained unchanged, within the limits of statistical 
uncertainty, subsequent to irradiation. The effects of 
irradiation on Young’s modulus were generally 
insignificant. The ultimate tensile strength (UTS) was 
statistically unchanged upon irradiation at 830 °C, but 
increased by 17% following irradiation at 1270 °C.

Figure 4 shows a typical stress-displacement curve of 
the diametral compression test and a typical optical 
micrograph for an unirradiated test specimen. All of the 
evaluated specimens failed by propagation of a crack 
along the loaded direction. Nozawa et al.reported that the 
initial fracture stress determined from the maximum 
fracture stress in the diametral compression test was 
overestimated, and they found that execution of the 
diametral compression test using a pair of strain gauges or 
analysis using the slope of the stress-displacement curve 
facilitated more accurate determination of the initial 
fracture stress12. Herein, the analysis using the slope of 
the stress-displacement curves was adopted for 
unirradiated samples and those irradiated at 830 °C. The 
technique using the strain gauge was adopted for 
specimens irradiated at 1270 °C. The effects of irradiation 
on the trans-thickness tensile strength are summarized in 
TABLE 2. The trans-thickness tensile strength of 15 MPa 
for the unirradiated sample was not changed by irradiation 
at 830 and 1270 °C, considering the variability. However, 
the large variability obscures the irradiation effects on the 
trans-thickness tensile strength.

OUnirrad. 
A830°C, 5.9dpa 
■  1270°C, 5.8dpa
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A typical stress-displacement curve of the compression 
test for the double-notched specimen and a typical image 
for an unirradiated test specimen are shown in Fig. 5. 
Interlaminar shear fractures appeared in the stress- 
displacement curve in the instant that the load reached its 
maximum, and notch to notch fractures were observed in 
all of the specimens. The interlaminar shear strength (25.4 
MPa) for irradiation at 5.9 dpa at 830 °C was 
approximately 30% lower than that for the unirradiated 
sample (37.2 MPa), as shown in TABLE 3. Cracks had 
propagated through the matrix pores along the interface in 
unirradiated condition.

TABLE 2. Effect of neutron irradiation on trans
thickness tensile strength of NITE-SiC/SiC composites. 
Average and ± one standard deviation are shown.

Irradiation
condition

H o f  valid 
tests

T ran s th ickness tensile 
strength [M Pa]

C hange by 
irrad iation  [%]

U nirrad iated 4 21 .4  ±3.3 -

8 30 〇 C 6 18.9 ±3 0 -11
5 9  dpa

1270〇 C 4 26.4 ±8 7 23
5.8  d p a

Fig. 5. (a) Typical fracture behavior of a double notched 
specimen of the NITE-SiC/SiC composite by the double 
notched shear test, and (b) the typical image for the 
tested specimen in unirradiated condition.

TABLE 4. Interlaminar shear strength of the non- 
irradiated and irradiated NITE-SiC/SiC composites. 
Average and ± one standard deviation are shown.

Irradiation
Condition

# o f
valid
tests

Interlaminar shear 
strength [MPa】

Change by irradiation

Unirradiateo 4 37.2 ±1.5 -

830°C 3 25.4 ±0.62 •31
5.9 dpa

Fig. 6 shows the 1/4-four point flexural strength of 
monolithic NITE-SiC. Significant degradation of the

flexural strength as a result of irradiation was detected. 
For example, the characteristic strength was degraded by

Fig. 6. Weibull statistical strength distribution of the 
monolithic NITE-SiC irradiated to relatively higher 
temperature and fluence (830〜0C，5.8〜dpa), irradiated 
at HFIR. Dotted lines indicate 95% confidence bounds.

respective values of 34 and 41% at 830 °C, 5.9 dpa and at 
1270 °C, 5.8 dpa. The average dynamic Young's modulus 
of unirradiated NITE-SiC and the corresponding standard 
deviation were 344 and 7 GPa, respectively. The dynamic 
Young's modulus decreased by 5% following irradiation 
at 830 °C to 5.9 dpa, as well as at 1270 °C with irradiation 
to 5.8 dpa.
IV. DISCUSSION
IV.A. EFFECTS OF IRRADIATION ON 

PROPORTIONAL LIMIT STRESS

The PLS, which is an index of the matrix cracking 
stress, is in theory affected by the following parameters:
(1)Young's moduli of the composite (£c), fiber (EJ), and 
matrix (Em); (2) the critical energy release rate for 
debonding at the fiber/matrix interface; (3) the critical 
mode-1 matrix energy release rate; (4) the frictional stress 
at the fiber/matrix interface (r); and (5) the thermal 
residual stress of the matrix in the tensile direction (びm) 
ul4. Thus， the PLS (印び） can be expressed as follows:

^PLS  : Em
(1)

where 〇■ is a function of r, £/, Emi the fiber volume fraction 
(Kf), the critical energy release rate for interfacial 
debonding, and the critical mode-1 matrix energy release 
rate13' ,4. Based on equation (1), it is clear that the residual 
stress of the matrix in the tensile direction exerts a
significant effect on the PLS. The other parameters are 
relatively ineffective to PLS in theory. The following 
paragraphs discuss the effects oi irradiation on these 
parameters, which strongly influence the PLS of the 
NITE-SiC/SiC composite.

177



The effect of irradiation on Young’s modulus of SiC 
has been studied using chemical vapor deposition (CVD) 
SiC as the matrix phase of the CVI-SiC/SiC composite. It 
is believed that Young's modulus of CVD-SiC declines 
slightly in response to irradiation-induced lattice 
expansion15. Previous work by Katoh et al.revealed that 
Young's modulus of CVI-SiC/SiC composites containing 
Tyranno™-SA3 fibers remained statically unchanged 
following irradiation to 5.9 dpa at 800 °C and to 5.8 dpa 
at 1300 °C16. This result indicates that Young's modulus 
of the Tyranno™-SA3 fibers also remained unchanged, 
considering the marginal decrease in the matrix modulus. 
Given that the irradiation conditions in the reference16 
were similar to those used in this study，Young’s modulus 
of the fibers in the NITE-SiC/SiC composites was 
expected to remain unchanged. On this basis, the 
insignificant effect of irradiation on Young’s moduli of 
the NITE-SiC/SiC composites following irradiation both 
at 830 °C to 5.9 dpa and at 1270 °C to 5.8 dpa indicates 
that Young's modulus of the matrix was also maintained 
herein.

The effect of irradiation on the critical mode-I matrix 
energy release rate can be discussed using the strength 
and Young's modulus of monolithic NITE-SiC. If the 
effects of irradiation on the mechanical properties of 
monolithic NITE-SiC and the matrix of the NITE-SiC/SiC 
composite are similar, the critical matrix energy release 
rate should be decreased by irradiation at 830 and 
1270 °C as a result of a significant reduction in the 
fracture strength and a minor reduction in the dynamic 
modulus of monolithic NITE-SiC. The effect of the 
decreased matrix energy release rate on the PLS is less 
certain， considering interfacial debonding at the 
fiber/matrix interface. In the case of very weak or strong 
interfacial debonding strength, the resulting decreased 
matrix energy release rate should contribute to the 
decreased PLSu  丨4. The mechanism of degradation of the 
strength of monolithic NITE-SiC is discussed below.

Fig. 7. Examples of the determination method for 
residual stress of tensile direction in matrix of the 
NITE-SiC/SiC composite.

The thermal residual stress in the NITE-SiC/SiC 
composites is generated by mismatch of the coefficient of 
thermal expansion (CTE) of the fiber and the matrix 
during fabrication. The residual stress in the tensile 
direction can be estimated from the point of intersection 
of the average linear regression line of the respective 
unload-reload curves17, as shown in Fig. 7. The stress 
level at the intersection point is referred to as the misfit 
stress. The initial value of 146土22 MPa of stress in the 
unirradiated sample decreased to 94士22 and 83± 12 MPa 
following irradiation at 830 and 1270 °C, respectively. 
The positive misfit stress observed herein is indicative of 
the tensile residual stress in the matrix. The relationship 
between the misfit stress (びT) and the residual stress of the 
matrix in the tensile direction (<rm) is given as following18.

。，七  (2)
From equations (1)and (2)， the PしS is directly affected by 
the misfit stress, and a reduction in the misfit stress should 
effectively contribute to increasing the PLS. Therefore, 
reduction of the misfit stress, i.e., reduction of the tensile 
residual stress of the matrix in the fiber axial direction, is 
one of the factors accounting for the maintained PLS 
subsequent to irradiation. It is postulated that the 
mechanisms underlying this moamcation of the residual 
stress include thermal and/or irradiation creep, secondary 
stress caused by the relatively higher degree of swelling 
of the matrix compared to the fiber19, and the effect of 
irradiation on CTE.

The mctional stress at the fiber/matrix interface (r) 
relates to the inelastic strain parameter (//), which can be 
estimated from the width of the maximum hysteresis 
loop20.

b2(\-ayf fRa] (3)
4drEmVj

Here, a\ and b2 are the Hutchinson and Jensen constants 
for Type II boundary conditions20, is the fiber volume 
fraction, R is the fiber radius, op is the peak stress of the 
hysteresis loop, a is the matrix crack spacing, and Em is 
Young's modulus of the matrix. The matrix crack spacing 
is theoretically inversely proportional to the matrix 
damage parameter (D) given by:

z, = ̂  (4)

where Ec and E* are the modulus of the composite and the 
tangent modulus of the unloading curve, respectively, and 
D can be evaluated from each hysteresis loop18. Using the 
relationsmp between D and d， equation (2) can be 
rewritten as:

H  = A  今  ( 5 )

where d is almost constant when Young’s moduli of the 
fiber and matrix are stable under irradiation. The inelastic 
strain parameter (//) of the NITE-SiC/SiC composite is 
plotted against before and after irradiation in Fig. 8;
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IV. B. EFFECT OF IRRADIATION ON THE 
ULTIMATE TENSILE STRENGTH

It is known that the UTS of unidirectional fiber- 
reinforced composites depends on the mechanical 
properties of the fiber and the interfacial frictional stress.

0
0 001 0.02 0.03 0.04

Dxa2 [GPa2]

Fig. 8. Inelastic strain parameter as a function of matrix 
damage parameter multiplied by square of peak stress 
before and after irradiation for the NITE-SiC/SiC 
comoosites.

0.001

the error bars show the standard deviations. Given that 
Young's moduli of the fiber and matrix were insensitive 
to irradiation at 830 and 1270 °C, as discussed above, the 
slope of the linear regression line should be inversely 
proportional to the interfacial frictional stress under these 
irradiation conditions. Figure 8 indicates approximately 
three- and 1.5-fold increases in the interfacial frictional 
stress following irradiation at 830 and 1270 °C, 
respectively, though there are large deviations possibly 
due to limited numbers of the tests. Theoretically, this 
increase should contribute to increasing the PLSU 14. 
Interfacial frictional stress is defined as the product of 
multiplication of friction coefficient and clamping stress. 
One possible mechanism for the increased frictional stress 
involves increased friction coefficient caused by grain 
growth in the fibers and matrix. Another possible 
mechanism is locally increased clamping stress and 
friction coefficient derived from the larger swelling of the 
oxide phases around the fibers compared to swelling of 
the fibers and matrix. Previous evaluation of the 
irradiation-induced swelling of a monolithic SiC indicated 
larger swelling of Y-Al oxide as a secondary phase in 
monolithic NITE-SiC21. The larger swelling oi the oxide 
phases are also indicated by neutron irradiation 
experiment22. However, additional experimental data are 
required to clarify the mechanism underlying the observed 
increase in the interfacial frictional stress caused by 
irradiation.

When a matrix crack is ideally deflected at 
flber/matrix interface, the UTS (<tu) is described by:

the

2(m + l) > w + 1
( m  + 2 ) m  m  + 2

where a〇 is the Weibull mean strength, m is the Weibull 
modulus for the fiber strength, and L〇 is the gauge 
length23. The reported Weibull modulus for the strength of 
the Tyranno™-SA3 fiber was about 4 with and without 
irradiation to 〜5.3 dpa at 〜 910 0C18. Thus， the fiber 
strength is a determining factor for the UTS. Katoh et al. 
demonstrated preservation of the UTS of a CVI-SiC/SiC 
composite containing Tyranno™-SA3 fibers subsequent 
to irradiation to 5.9 dpa at 800 °C, and to 5.8 dpa at 
1300 °C, which are similar to the irradiation conditions 
used in this study16. This result implies the stability of the 
fiber strength under these irradiation conditions. 
Therefore, the excellent irradiation resistance of the UTS 
of the NITE-SiC/SiC composite is plausibly associated 
with the stable mechanical properties of the Tyranno™- 
SA3 fiber.

The UTS is also affected by the residual stress, given 
that the residual stress in the fiber radial direction affects 
the bonding strength at the flber/matrix interface, with a 
consequent effect on the deflection of the matrix crack at 
the interface. The hysteresis loop analysis shown in Fig. 7 
revealed the existence of tensile residual stress of the 
matrix in the Tiber axial direction. This result is consistent 
with a larger CTE of the matrix relative to the nber and 
the existence of compressive stress at the fiber/matrix 
interface in the fiber radial direction, based on the fiber- 
matrix concentric two-cylinder model13. Considering the 
decreased misfit stress following irradiation, it is expected 
that the residual compressive stress in the fiber radial 
direction was decreased as a result of irradiation. This 
decrease in the compressive stress should decrease the 
strength or interfacial bonding and consequently promote 
the deflection of the matrix crack, which should 
contribute to increasing the UTS. Therefore, the 17% 
increase in the UTS at 1270 °C may be explained in terms 
of a decrease in the strength of the interfacial debonding 
as a result of modification of the residual stress.

IV.C. EFFECT OF IRRADIATION ON THE 
MECHANICAL PROPERTIES OF NITE-SIC

The flexural strength of NITE-SiC was significantly 
degraded by irradiation in this study, which agrees with 
previous research on the effects of the irradiation strength 
on SiC containing a secondary phases15. As discussed 
above, the microstructure of NITE-SiC consists primarily 
of y5-phase SiC with small amount of oxide ceramics. 
Since >5-phase SiC in a high purity polycrystalline form is 
reportedly very stable in the irradiation conditions of this 
study15, the observed detrimental effect of irradiation on
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strength of NITE-SiC is attributed to the presence of the 
oxide secondary phases.

One known mechanism that explains the irradiation- 
induced strength deterioration for SiC with secondary 
phases involves micro-cracking caused by the misfit stress 
due to the differential swelling between the secondary 
phase and SiC. However, in the present case, an extensive 
micro-crack generation is unlikely given that only 〜5% 
decrease in Young’s modulus was observed following 
irradiation at 830 and 1270 °C. However, the misfit stress 
caused by differential swelling is a plausible cause of the 
degradation of the flexural strength as a result of 
irradiation. Other possible reasons include the strength 
degradation of the secondary phase itself and degradation 
of the grain boundary strength due to the likely presence 
of oxide films at the SiC grain boundaries.

IV. D. EFFECT OF IRRADIATION ON TRANS
THICKNESS TENSILE AND INTERLAMINAR
SHEAR STRENGTHS

Based on the SEM image presented in F ig.1,pores in 
the fiber bundle are the most probable origin of the 
fracture in the diametral compression test. Cracks 
originating at the nber bundle plausibly propagated to the 
matrix-rich region surrounding the fiber bundle, with 
subsequent fracture of the matrix at the trans-thickness 
tensile strength region. Based on this consideration, the 
trans-thickness tensile strength should be closely-related 
to the fracture toughness of the matrix. Herein, the effects 
of irradiation on the trans-thickness tensile strength were 
insignificant at 830 and 1270 °C. Therefore, this result 
implies that there is no significant degradation of the 
fracture toughness of the matrix.

V. CONCLUSIONS

No significant effects of neutron irradiation on the 
tensile properties such as quasi-ductile behavior, PLS, and 
UTS of the unidirectional Tyranno™-SA3 fiber- 
reinforced NITE-SiC/SiC composites were observed 
subsequent to irradiation with 5.9 dpa at 830 °C, and with 
5.8 dpa at 1270 °C. In contrast, hysteresis loop analysis 
indicates an increase in the rrictional stress at the 
fiber/matrix interface at 830 and 1270 °C, which is 
possibly caused by the locally increased clamping stress 
and mction coefficient derived from the larger swelling of 
the secondary phase compared to swelling of the ribers 
and matrix. Hysteresis loop analysis also further indicated 
reduction of the tensile residual stress of the matrix in the 
fiber axial direction for all of the irradiation conditions 
considered.

Significant degradation of the flexural strength of 
monolithic NITE-SiC, which represented as the matrix of 
the NITE-SiC/SiC composite, was demonstrated 
following irradiation at 830 and 1270 °C, whereas the

PLS of the NITE-SiC/SiC composites did not exhibit any 
degradation. Effectively contribution to increasing the 
PLS was theoretically brought form residual stress 
modification of the matrix as described above, which 
accounts in part for the excellent irradiation resistance of 
the PLS.

The excellent irradiation resistance of the ultimate 
tensile strength was plausibly attributed to the stable 
mechanical properties of the Tyranno™-SA3 fiber 
following irradiation.
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