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The irradiation creep behavior of nano-powder 
sintered silicon carbide was investigated using the bend 
stress relaxation method under neutron irradiation up to 
1.9 dpa. The creep deformation was observed at all 
temperatures ranging from 380 to 1180 °C mainly from 
the irradiation creep but with the increasing contributions 
from the thermal creep at higher temperatures. The 
apparent stress exponent o f the irradiation creep slightly 
exceeded unity, and instantaneous creep coefficient at 380 
to 790 0C was estimated to be 〜 1 x 1(T5 [MPa’1 dpa1] at 
〜0.1 dpa cmd 1 x l(T7to 1 x W 6 *[MPcf1 dpa.1] at 〜1 dpa. 
The irradiation creep strain appeared greater than that 

for the high purity SiC. Microstructural observation and 
data analysis indicated that the grain-boundary sliding 
associated with the secondary phases contrioutes to the 
irradiation creep at 380-790 °C to 0.01-0.11 dpa.

I. INTRODUCTION

Silicon caroiae (SiC) and its composites are
considered to be attractive nuclear materials mainly
because of their excellent resistance to neutron irradiation
at high temperatures1 2. The nano-infiltration and transient
eutectic-phase (NITE) method, which is a specific type of
liquid phase sintering (LPS) using SiC nano-powder and a
reduced amount of sintering additives, is one of the
fabrication possesses to obtain radiation-resistant SiC-
matrix composites3 4. The NITE SiC-matrix composites
are candidates for components in fusion blankets system5,
because these composites show superior hermeticity and
resistance to the matrix cracking as compared to the SiC
composites through other fabrication routes0 . The LPS 
process with SiC nano-powder and additives is also 
applied for a fabrication of dense monolithic SiC with the 
microstructure similar to the matrix of the NITE-SiC 
composite. This nano-powder sintered monolithic SiC is 
referred to as the NITE-like sintered (NLS) SiC. The NLS 
SiC is used for applications such as irradiation-tolerant 
joint between SiC bodies8 9. The NLS SiC is significantly

different from the conventional LPS SiC in terms of the 
sintering process and the resultant microstructures and 
properties10 *.

For nuclear fusion applications, SiC and its 
composites must withstand both the primary stress from 
the external loading and the thermal and swelling-induced 
stresses caused the temperature gradients. The irradiation 
creep is an important property for these materials not only 
because it often determines the design limits for 
temperature, stress loading, and neutron fluence but also it 
may mitigate the secondary stress issues. The objective of 
this study is to clarify the irradiation-creep behavior of 
NLS SiC, representing the matrix phase of the NITE SiC 
composites at various irradiation temperatures and applied 
stress levels.

The neutron irradiation creep of SiC materials is 
studied by the bend stress relaxation (BSR) method11 l2. 
The BSR method is useful for neutron irradiation 
experiments because it enables the application of stress to 
miniature specimens under irradiation and it requires only 
very simple post-irradiation measurement. Katoh et al. 
evaluated irradiation creep of chemical vapor deposition 
(CVD) SiC using the BSR method under collaborative 
TITAN program and reported that a likely mechanism of 
the transient irradiation creep at 380 to 790 °C is 
swelling-coupled creep caused by anisotropic evaluation 
of the multi-dimensional defect clsuters under applied 
stresses12. Kondo et al. studied irradiation creep of CVD 
SiC using an ion-irradiation technique and also mentioned 
that anisotropic distribution of self-interstitial atom 
clusters was suspected to be the governing creep 
mechanism1'. Katoh et al. found grain boundary-related 
irradiation creep of CVD SiC at temperatures higher than 
790 °C. Different creep behavior is expected between 
CVD SiC and NLS SiC at this temperature, because of the 
different grain boundary microstructures: the CVD SiC 
has a chemically clean grain-boundaries, whereas the 
NLS SiC generally contains thin grain-boundary oxide 
films and the secondary phases at the grain pockets14.

To understand irradiation creep of materials at high 
temperature, information on the thermal creep is essential.
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Insignificant thermal creep at low temperature (〜1000 0C) 
during 10 h of heat treatment has been demonstrated in 
NLS SiC by the BSR method15. BSR was also used by 
Shimoda et al.to investigate the thermal creep behavior of 
two kinds of NLS SiC at 1000-1500 °C16. Analysis of the 
microstructure revealed that the secondary phases 
attributed to sintering additives at the grain boundaries 
and grain pockets likely played an important role in the 
thermal creep mechanism. However, there is currently a 
dearth oi information on the long-term thermal creep 
behavior of NLS SiC. Therefore, the present study 
investigates the thermal creep as well as the neutron 
irradiation creep of NLS SiC.

II. EXPERIMENTAL

Two types of NLS SiC were fabricated as follows. 
SiC nano-powder (Sumitomo Osaka Cement Co. Ltd., 
Japan, T-l grade) was mixed with the following sintering 
additives to a total amount of 12 or 22.5 wt.% additives: 
Al2〇3 (Kojundo Chemical Laboratory Co. Ltd., Japan, 
mean diameter of 0.3 99.99% pure), Y2O3 (Kojundo
Chemical Laboratory Co. Ltd., Japan, mean diameter of 
1.0 99.99% pure), and Si〇2 (Kojundo Chemical
Laboratory Co. Ltd., Japan, mean diameter of 1.0 |im, 
99.9% pure). The mixtures were sintered by holding at 
1850 or 1900 °C, for 1 or 2 h under a pressure of 20 MPa 
in flowing Ar atmosphere. In this study, these SiC 
ceramics fabricated with 12 and 22.5 wt% additives are 
called NITE1 and NITE2, respectively.

Irradiation creep and thermal creep were evaluated by 
BSR as follows. Specimens were machined into thin strips 
of 40 mm length x 1 mm width x 0.075-0.15 mm 
thickness and then polished to a mirror-like nnish. The 
thin strips were attached to a fixture with a curvature 
radius of 100 or 150 mm to apply flexural stress, and then 
were irradiated or annealed. The fixture was fabricated 
from CVD SiC (Rohm and Haas, currently The Dow 
Chemical Co., USA) to avoid chemical reaction between 
the thin strips and the fixture. The initial flexural stress 
was 46 to 376 MPa. Relaxation creep was evaluated using 
the BSR ratio (w), which is the ratio of tmal stress {ca) to 
initial stress (び0). The BSR ratio can be expressed as 
Equation 1 , where £, e, and R are the elastic modulus, 
flexural strain, and curvature radius of the specimen, 
respectively.

び。 ^0̂ 0 ^0 v )

The subscripts a, 0, and c stand for the initial state, 
final state, and creep, respectively. The BSR ratio varies 
between 0 and 1, where 0 indicates complete relaxation 
and 1 indicates no relaxation.

In this study, E〇/E〇 = 0.95 was adopted to represent 
the neutron irradiation experiments, based on the 
previously determined elastic modulus of NLS SiC 
following neutron irradiation4. The BSR ratio was 
evaluated by measuring the curvature radius of the 
specimen. The ratio of final to initial radius was evaluated 
using the initial and final bend angle at the end of the test 
strip. The uncertainty in the bend angle measurement was 
less than 0.1°. This gives a potential scatter of -0.02 in 
the BSR ratio. The creep strain was obtained from the 
BSR ratio and initial flexural strain according to Eq.(1). 
Further details about the BSR testing procedure can be 
found elsewhere17 18.

Neutron irradiation was conducted at the High-Flux 
Isotope Reactor (HFIR) at Oak Ridge National Laboratory 
(Tennessee, USAj. The specimens were irradiated at 380- 
1180 °C to 0.011-1.9 dpa for SiC (0.011-1.9 x l〇25 n/m2, 
E > 0.1 MeV; hereafter,1.0 x i〇25 n/m2 = 1  dpa is 
assumed). The damage rate was 4.5-6.0 x 10*7 dpa/s. 
Experiments to determine the irradiation creep were 
conducted in a high-purity helium atmosphere.

The thermal creep experiments were conducted by 
holding the elastically bent specimens at temperatures 775 
and 1180 °C for up to 100 h under a flow of high-purity 
argon. The time evolution of the BSR ratio was obtained 
for each sample by an iterative process of annealing and 
measurement of the bend angle.

The microstructure of the as-received specimens was 
observed with transmission electron microscope (JEOL- 
2200FS， 200 kV and Hitachi-H-9000UHR， 300 kV).

III. RESULTS
III.A. MICROSTRUCTURE OF MATERIALS 

BEFORE IRRADIATION

Figure 1 shows the TEM images of NITE1 and 
NITE2. Secondary phases comprising mainly Y, Al, and

Fig.1.TEM images for as-received NLS SiC.
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stresses, indicating that the apparent stress exponent was 
larger than unity. This behavior appeared to be significant 
at higher neutron fluence. The NITE2 exhibits a smaller 
average BSR ratio than NITElat low neutron fluence. 
Figure 3 shows stress dependence of the irradiation creep 
strain. The stress value plotted in the figure is an average 
flexural stress during irradiation. The highest and lowest 
values of the error bars indicate the initial and final 
stresses, respectively. The apparent stress exponent of the 
creep strain was obtained from the slope of the straight 
line for the each data set in log-log plot. The values of the 
apparent stress exponent are similar for NITE1 and 
NITE2, and mostly exceeds 1 in this irradiation conditions. 
The determination of the stress exponent is more reliable 
in case of lower neutron fluence because of the small gap 
between initial and final stress.

Average 5tress(MP*) Avenge stress (MPa)

Fig. 2. BSR ratios of NITE1 and NITE2 as a function 
of the applied flexural stress under various irradiation 
conditions.

30 300 3〇 300
Average stress (MPa) Average stress (MPa)

Fig. 3. Plots of creep strain vs. average applied stress of 
NITE1 and NITE2 specimens at various irradiation 
conditions. The apparent stress exponent («), which is 
shown as the slope of the straight line in the graph, is 
indicated.

0  were observed at the grain pockets of both materials. 
Additionally, free carbon was identified at the grain 
boundaries and the grain pockets by the energy dispersive 
X-ray spectroscopy. The average SiC grain size of NITE1 
was 414 nm and that of NITE2 was 226 nm, based on the 
evaluation of more than 100 grains. An amorphous-like 
film of typically 〜 1 nm thickness exists at SiC-SiC grain 
boundaries of both materials.

III.B. STRESS RELAXATION BY THERMAL 
ANNEALING

TABLE 1 summarizes the results of the thermal creep 
experiments for NLS SiC. Annealing at 775 °C produces 
insignificant stress relaxation; a BSR ratio of >0.9 was 
observed in both N1TE1 and NITE2 after 100 h annealing. 
In contrast, obvious stress relaxation was observed at 
1180 °C. After 100 h heat treatment, NITE1 and NITE2 
both exhibit a decrease in the BSR ratio to 0.60 and 0.37, 
respectively. Analysis of the data reveals that the creep 
strain rate ofNITEl and NITE2 increased in proportion to 
the average flexural stress applied during annealing at 
1180 °C; in other words, the apparent stress exponent («) 
of the creep strain was almost unity at 1180 °C.

TABLE 1.Results of thermal creep experiments for 
NLS SiC. Parentheses indicate standard deviations.

A nnealing
tem peraturerc)

A oncalm g Nfum bcr
Initial 
flexural 
stress (MPa)

A pparent
stress
exponent, n

1 0.992
(0004)
0 982

30
2 142-158 (0.015)

0974
(0.030)

ha.'

100 0 966 
(0.033)

10

30 3 92.4-185

0 721 
(0.042) 
0667 
(0.038)

1.1

0.84

100 0601
(0053) 1.2

1
10
30
100

0 991 
0991 
0973 
0 944

10 0.511
(0075) 12

30 3 69.3-208 0458
(0.050) 0.99

100 0371
(0070) 0.75

1 Not available because of a limited number of specimens.

III.C. STRESS RELAXATION 
NEUTRON IRRADIATION

DURING

Figure 2 shows the BSR ratios ofNITEl and NITE2 
as a function of the applied flexural stress at various 
irradiation conditions. The highest and lowest values of 
the error bars indicate the initial and final flexural stresses, 
respectively. Below 790 °C, both materials exhibited 
obvious stress relaxation during irradiation, yet 
insignificant relaxation during annealing. The BSR ratios 
of both materials tended to decrease with higher applied
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VI. DISCUSSION
VI.A. EFFECT OF THERMAL CREEP ON 
IRRADIATION CREEP

Figure 4 shows the time-dependent evolutions of the 
thermal creep strain and the irradiation creep strain, 
normalized to the average flexural stress at 760-790 and 
1180 °C. It is reasonable to normalize the thermal creep 
strain to the stress, because the stress exponent was close 
to unity. In contrast, the average stress exponent of the 
irradiation creep strain was more than one. However, the 
irradiation creep strain normalized to the stress is used in 
this study, because the stress exponent of the irradiation 
creep did not significantly exceed unity. Assuming the 
stress exponent as unity is useful for a rough comparison 
of the creep behavior with reference materials showing 
unity of stress exponent.

The normalized thermal creep strain increased with 
exposure time, and its relationship to the exposure time 
can be described by a power law. The trend lines in Fig. 4 
indicate the power law fits to the thermal creep data. This 
fitting appears reasonable for thermal primary-creep of 
materials19. The ratio of normalized thermal-creep strain 
to irradiation-creep strain was 16% and 10% in NITE1 
and NITE2, respectively, at a radiation fluence of 0.11 
dpa and a temperature of 760-790 °C. The ratio of 
thermal creep strain to irradiation creep strain was 
estimated to be 11% from the fitted line of thermal creep 
data for both NITE1 and NITE2 to 1.38 dpa at 760- 
790 °C. These results indicate that the contributions from 
the thermal creep strains to the total creep strains are 
insignificant below 790 °C for both NITEI and NITE2.

In contrast, the thermal creep was significant after 
100 h heating at 1180 °C. The irradiation creep of both 
NITEI and N1TE2 at 1180 °C is close to each power law 
fitting line for the thermal creep in Figure 4. The ratio of 
the thermal creep strain to the irradiation creep strain in 
NITEI and NITE2 at 1.38 dpa was estimated to be 92% 
and 100%, respectively, indicating that the thermal creep

(a ) 760-790 °C ( b ) 1180 °C

Fig. 4. Creep strain normalized to average applied strain 
under thermal treatment and neutron irradiation at (a) 
760-790 °C, and (b )1180 °C.

significantly affected the irradiation creep at 1180 °C. 
However, stress exponent of the irradiation creep in 
NTIE2 was slightly higher than that of thermal creep. 
This indicates that the creep mechanism of the irradiation 
creep was somewhat different from or more complex than 
that of thermal creep.

VI.B. IRRAD夏ATION CREEP BEHAVIOR

Irradiation creep of NLS SiC was measured at 380- 
790 °C, where thermal creep was not dominant as 
described in section VI.A. The irradiation creep at low 
temperature is also observed in high-purity, 
polycrystalline and mono-crystalline CVD SiC12. Note 
that the creep strain of NITEI and NITE2 tends to be ~1.5 
and 〜1.8 times larger comparing to CVD SiC for similar 
irradiation conditions, respectively. In addition， stress 
exponents of NLS SiC are also relatively high. These 
results indicate that irradiation creep mechanism of NLS 
SiC is different from that of CVD SiC or additional creep 
mechanism operates in NLS SiC. The supposed creep 
mechanism of CVD SiC is anisotropic swelling which is 
caused by anisotropy of self-interstitial cluster evolution 
due to the external stress12. This swelling-coupled creep 
can occur in NLS SiC, because NLS SiC consists mainly 
of 3C SiC grains.

Creep coefficient, which is normalized creep strain 
with respect to the stress and the fluence is used to 
compare creep behavior of different materials at low 
fluence level20. The instantaneous creep coefficient ( ^ )  is 
defined by

(2)
厅 (r2- ハ ）

， where 了， and (Y i く Y 2)  are neutron fluences， cr is 
average stress during irradiation, and 6) and 8： are 
irradiation creep strains following irradiation at a fluence 
of Yi and 72, respectively. Figure 5 shows the fluence 
dependence of the instantaneous creep coefficient of NLS 
SiC. The highest and lowest error bars indicate the 
fluence of y2 and yi for each data point, respectively. The 
figure also shows the instantaneous creep coefticient of 
CVD SiC12, and the creep coefficients for the swelling- 
coupled creep model of CVD SiC at 380-540 °C12 and the 
logarithmic creep model fit to present data. The 
logarithmic creep is generally observed in metals and 
ceramics in the initial stage of thermal creep. Both the 
swelling-coupled creep model and logarithmic creep 
model can represent the trend of the experimental data for 
the case of irradiation at 380-790 °C. For both NITEI and 
NITE2, the creep coefficients have the values of ~1 x 10'5 
[MPa1 dpa1] at 〜0.1 dpa and 1 x Hr7to 1 x i〇6 [MPa'1 
dpa1] at 〜 1 dpa, which is within one order of magnitude 
of that of CVD SiC. In other words, creep behavior was 
not dramatically different between CVD SiC and NLS 
SiC though NLS SiC exhibited somewhat larger 
magnitude of creep strain and stress exponent.
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■  NITE1,380°C
■  NITE1,540°C
■  NITE1,760-790°C 
◊N ITE 2,380°C 
ONITE2, SACPC 

ONITE2,760-790°C
•  CVOSiC, 380°C
•  CV0SiC,540°C 
OCVDSiC, 760*790°C

0^X>1 0X)1 0 .1  1 10

Fluence [dpa]

Fig. 5. Neutron fluence dependence of instantaneous 
creep coefficients of NLS SiC. The data of CVD SiC， 

and the creep coefficients of swelling-coupled creep and 
logarithmic creep are also presented.

Significant differences in microstructures of these two 
materials are grain size and presence of secondary phases. 
The typical average grain-size is more than 1 micron for 
CVD SiC and a few hundred nm for NLS SiC. Secondary 
phases in NLS SiC mostly existed at grain-boundaries as 
thin amorphous like films and grain-pockets as 
agglomerate formation as shown in Fig .1 . In contrast, 
CVD SiC is a high-purity material with clean grain
boundary. These microstructural differences suggest that 
grain-boundary related creep operates in NLS SiC.
The grain-boundary related creep mechanism in ceramics 
can be discussed using both stress exponent and grain-size 
exponent21. The grain-size exponent is helpful for 
discussion of the creep mechanism, because NITE1 and 
NITE2 exhibit qualitatively similar microstructure, 
featuring random grains, Y-Al oxides at the grain pockets, 
thin films of additives at the grain boundaries, and free 
carbon content. Figure 5 shows grain-size dependence of 
creep strain normalized to applied stress, under various 
radiation conditions. Data sets of irradiation creep for two 
kinds of CVD SiC are also plotted12. The grain-size 
exponent is determined from the negative slope of each 
data set in the log-log plots in Fig. 6. The absolute value 
is close unity for NLS SiC under irradiation to 0.01 and 
0.11 dpa at all temperatures. Generally, the closeness of 
both grain-size exponent and stress exponent to unity 
indicates that thermal creep of ceramics involves grain
boundary sliding21. Therefore, the grain-size exponent and 
stress exponent of NLS SiC indicate that the grain 
boundary sliding contributes to the irradiation creep. 
Regarding the irradiation creep of CVD SiC, the 
normalized creep strain was independent to grain-size at 
380 and 540 °C. This result is reasonable because the 
creep mechanism of CVD SiC does not relate to grain 
boundary but to anisotropic irradiation-defect evolution. 
Under irradiation at 760-790 °C, creep behavior of CVD 
SiC exhibited grain-size exponent of 〜1 . As with NLS

SiC, the creep mechanism of CVD SiC relates to grain- 
boundary sliding, based on the grain-size exponent and 
stress exponent at this temperature. However, the different 
trend line for creep date between NLS SiC and CVD SiC 
is shown in Fig. 6. This indicates that the type of grain
boundary mechanism is different among them and grain
boundary sliding in NLS SiC may relate to thin 
intergranular film and/or secondary phases at the grain 
pockets, since CVD SiC has clean grain-boundary.
At 〜 1 dpa, the material quality did not affect creep 
behavior of NLS SiC, in contrast to the behavior at low 
dpa, implying that a different creep mechanism operates 
at 〜 1 dpa than at 0.11 dpa. The creep mechanisms at high 
dpa might not be governed by grain boundary diffusion 
and/or sliding, because the grain-size exponent is close to 
zero.

NLS SiC CVD SiC

i t
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Fig. 6. Grain-size dependence of creep strain normalized 
to applied stress, under neutron irradiation at 380, 540 
and 760-790 °C. Data correspond to NITE1 (average 
grain size: 414 nm), NITE2 (average grain size: 226 nm), 
and CVD SiC12 (average grain size:〜 5000 and 〜10000 
nm).

IV.CONCLUSIONS

The creep deformation of NLS SiC during neutron 
irradiation was dominated by the irradiation creep, with 
limited contributions from the thermal creep, at 380 to 
790 °C. In contrast, at 1180 °C the thermal creep 
dominated in the irradiation-creep deformation. The stress 
exponent appeared approximately unity for both the 
thermal and irradiation creep.

The instantaneous creep coefficient at 380 to 790 °C 
was 〜 1 x 10。[MPa-1 dpa1] at 〜0.1 dpa and 1 x i〇 7t〇 1 x 
10.6 [MPa-1 dpa.1] at 〜 1 dpa， which is within one order of
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magnitude of that of high purity CVD SiC. However, 
irradiation creep strain of NLS SiC was 1.5-1.8 times 
larger than that of CVD SiC. In addition, the stress 
exponent slightly exceeds unity, which is also larger than 
that of CVD SiC.

At up to 0.11 dpa and 380-790 °C, difference of 
material quality such as grain size and the amount of 
secondary phases affected creep strain of NLS SiC. 
Microstructural observation and analysis indicates that 
grain-boundary sliding relating the secondary phases 
contributes to the irradiation creep. The effect of material 
quality was insignificant at 〜 1 dpa, in contrast to the 
behavior at less than 0.11 dpa.
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