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Abstract

Irradiation-induced creep is one of the key material properties considered in designing structural
components for nuclear reactors. This paper presents results for in situ irradiation-induced creep of
chemical vapor—deposited 3C silicon carbide studied by instrumented irradiation in the Halden reactor in
Norway. The specimens examined were irradiated at 300°C and up to 2.5 x 10%* n/m? (E >0.1 MeV) under
uniaxial tensile stress of <5 or 100 MPa. Irradiation-induced creep strain was defined as the differential
time-dependent strain between the two specimens. Based on the dimensional inspections before and
after irradiation, an axial primary creep strain of 0.06% was obtained at the end of irradiation. The lattice
constant precisely determined from high-energy x-ray diffraction analysis showed a lattice expansion
roughly accounting for the primary irradiation creep strain. Analysis of data from this and previous studies
indicates that creep strain is significantly dependent on at least one of the experimental conditions, such
as loading mode, neutron spectrum/flux, and material grade.
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Introduction

To enhance safety margins during severe accidents for light water reactors (LWRs), the development of
materials for accident-tolerant fuel cladding was internationally explored with the ultimate goal of
replacing the zirconium (Zr) -based alloy cladding currently used in reactors [1]. Silicon carbide (SiC) fiber—
reinforced SiC matrix (SiC/SiC) composites possess exceptional oxidation resistance in high-temperature
steam environments [2], a relevant condition of loss-of-coolant or beyond-design-basis accidents, and
therefore are leading candidates for use as accident-tolerant fuel cladding materials [3-5]. In addition,
SiC/SiC composites are anticipated to provide other benefits compared with Zr alloys: unparalleled high-
temperature strength [6], smaller neutron absorption cross sections [7], general chemical inertness [8],
excellent irradiation resistance of their mechanical properties [9], and lack of progressive irradiation
growth [10].

For cladding applications, dimensional evolution—characterized by the amount of swelling and
irradiation-induced creep—is of critical importance. For example, the gap between the fuel pellets and
the cladding must be well controlled for SiC/SiC composites to manage the stress concentration due to
mechanical interaction between the two; diametral swelling of the cladding is the primary controlling
factor [11]. In addition, temperature-dependent and neutron dose-dependent swelling of SiC [12] is
expected to cause axial bowing if it remains unconstrained and to cause significant internal strain, which
may be beyond the matrix cracking stress, in the presence of temperature and/or dose gradients within
the cladding [11,13]. Some irradiation-induced creep is desirable in LWR cladding to alleviate stress due
to pellet/cladding mechanical interaction [1]. The purpose of this study was to quantify with high accuracy
the swelling and irradiation-induced creep behavior of high-purity, highly crystalline SiC at LWR-relevant
temperatures. These data are critical to inform ongoing fuel system design and performance analysis to
enable deployment of accident-tolerant SiC/SiC cladding concepts.

Irradiation-induced creep in SiC is relatively unknown compared with radiation-induced swelling, primarily
because of the difficulty of conducting experiments. Previous experiments on SiC have quantified creep
during post-irradiation examination using the bend stress relaxation (BSR) technique [14-16]. This method
is very useful in terms of its applicability to miniature specimens and the ease of using it to apply stress to
specimens in an irradiation vehicle. It enables the evaluation of irradiation-induced creep of SiC with
various forms under a wide range of irradiation temperature and dose conditions [14-16]. Despite these
advantages, however, analysis of the results is difficult: the stress state during the test is complex,
particularly if the creep strain is not proportional to the magnitude of the applied stress [17]. In such cases,
determining the creep strain is challenging. In addition, it is difficult to evaluate the effect of the applied
stress level on the creep strain because the applied stress is not constant for BSR tests. Therefore, the BSR
experiments did not provide accurate creep rates. These results did reveal the transient and post-transient
creep behavior of SiC materials at temperatures under which thermal creep is negligible, and they
demonstrated the effects of the material grade on creep resistance [14-16].

To acquire more reliable creep data and better understanding of creep in SiC under irradiation, this study
conducted instrumented in-pile tensile creep testing of high-purity chemical vapor—deposited (CVD) 3C
SiC. The advantage of this testing is that it provided a continuous record of specimen deformation under
a constant applied load, which was previously not available from our past BSR experiments. To the best
of our knowledge, this in-pile creep measurement of SiC is the first of its kind, although in situ ion-



irradiation creep tests have been conducted [18]. Post-irradiation high-energy x-ray diffraction (XRD) and
electron microscopy analysis was also performed to elucidate the underlying creep mechanism.

Experiment

An irradiation creep experiment was conducted using two SiC tensile specimens at a constant
temperature of 300°C under an inert gas atmosphere in the Halden reactor (Norway). The Halden reactor
is a heavy water boiling system with a highly thermal spectrum. At the precise location of the irradiation
vehicle (IFA-744 rig), the total neutron flux was 1.20x10%® n/m?2-s (9.43x10% n/m?-s [E >0.1 MeV] and
3.50x10% n/m?2-s [E >1 MeV]). Although thermal neutrons are dominant in the Halden reactor, our
calculations considering the neutron energy spectrum [19] and displacement per atom (dpa) cross section
from reference [20] showed that displacement damage was mainly caused by fast neutrons (E >0.1 MeV).
It is assumed that 1 dpa is equivalent to 1x10?> n/m? (E >0.1 MeV) so that the results obtained from this
study can be compared with those from previous studies. In-pile instrumentation and control systems
were used to apply stress and record specimen displacement continuously. The specimen temperature
was monitored during irradiation using multiple thermocouples along the length of each specimen. The
temperature was controlled by a flow of inert gas in the annular regions of the irradiation vehicle. The
stress on the creep specimen was controlled by direct gas pressure inside the bellows attached to one
end of the creep specimen. The specimen deformation was measured directly using a calibrated linear
variable differential transformer (LVDT) that was in contact with the other end of the specimen. More
details of the instrumented irradiation vehicle and in-pile creep test are available in ref. [19].

Throughout the experiment, the total strain of the material under uniaxial tensile stress and the in-pile
conditions was measured. This quantity is a sum of strains (&) due to elastic strain (gg), thermal
expansion (grg), linear swelling (g,5), thermal creep (gr¢), and irradiation creep (g,), as shown in Eq. (1).

€total = Epst Eret Es+ Eqct Eic (1)

At a constant load and temperature, g5 and gz are constant, but €5, €1¢, and g are time-dependent and
need to be distinguished. Note that the coefficient of thermal expansion of SiC was reported to be
insensitive to irradiation defects [21]. A value of nil (0) is assigned to erc at 300°C, since thermal creep
operates at temperatures > ~1000°C in SiC [22]. To separate g5 and g, this study conducted the creep
tests with two different loading conditions: 100 MPa and a minimal stress level of <5 MPa. If the minimal
stress is applied, g is considered nil, and €5 can be obtained. Therefore, €, can be given by

€ic = €100MpPa ~ €<sMPa~ EES100MPa, (2)

where g190mpa and €.5up, are the total strains of the specimens with 100 MPa applied and the minimal
stress during irradiation, respectively. €gs100mpa iS the elastic strain under a tensile stress of 100 MPa. Note
that €g5100mpa IS Nil for out-of-pile experiments. To avoid any errors due to a possible mismatch between



zero strain reference points, only the time dependence of the strain was taken into account in the present
study. Therefore, the difference in elastic strain between the two specimens was inconsequential during
in-pile measurement.

The two tensile specimens were machined from high-purity CVD 3C SiC. The CVD variant (purity >99.999%)
was purchased from Dow Chemical Co. (Marlborough, MA). The elastic modulus and average grain size of
the material were 466 GPa and 5 um, respectively, according to the material data sheet provided by the
vendor. The grain texture of this material was reported to be moderate [15]. The specimens were
machined so that the uniaxial loading direction was perpendicular to the CVD growth direction. The
specimens were not annealed after the CVD processing step. The specimen appearance is shown in Fig. 1a.
The total length of the specimen was 106 mm, and the gauge section had a length of 50 mm and a
diameter of 2.6 mm. Thirteen fiducial marks were etched on the gauge section of each specimen (Fig. 1a,
b). More details for the in-pile creep test can be found elsewhere [19].

The distances between the marks before and after irradiation were measured accurately to provide the
basis for verification or calibration of in-pile strain data during the post-irradiation examination.
Measurements were conducted using a KEYENCE VHX-1000 digital microscope via an XY coordinate value
of a stage with a movement accuracy of less than 1 um. The same equipment was used for both
nonirradiated and irradiated specimens. The microscope was operated at a high magnification of x3000-
x5000 so that the center of the mark was precisely determined for distance measurement. The nominal
spacing between marks was 5 mm in the unirradiated sample. The practical error of the measurement
due to defining the center of the mark (Fig. 1b) was ~1 um, which is less than or equal to an ~0.04% error
in the irradiation-induced strain measurement. Both irradiated specimens were broken upon extraction
from the radiation vehicle. As the result, only total distances of 9 marks and 5 marks on the undamaged
gauge portions could be measured for the specimens irradiated with applied stresses of <5 and 100 MPa,
respectively, although a 12-mark distance was available before irradiation. In spite of the damage to the
specimen for the <5 MPa load test, it was possible to compare the mark distance at the same position
before and after irradiation. However, that was not possible in the case of the specimen with an applied
stress of 100 MPa, so the average value of the mark distance was used to evaluate the in-pile deformation.

(a) CVD growth
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Fig. 1 (a) Appearance of unirradiated tensile specimen made of monolithic CVD SiC and (b) laser-engraved
mark observed following neutron irradiation. The cross-point of the blue lines in image (b) indicates the
center of the engraved mark used to measure the mark distance.



Post-irradiation examination also included high-energy XRD experiments at the Powder X-ray Diffraction
beamline of the National Synchrotron Light Source-1l at Brookhaven National Laboratory [23,24]. XRD
measurements were performed in transmission mode with an amorphous silicon-based flat panel
detector (PerkinElmer) mounted orthogonal to and centered on the beam path. The sample-to-detector
distances and tilts of the detector relative to the beam were refined using an LaB, powder standard (NIST
standard 660c). The wavelength of the incident x-rays was 0.2370 A (52.31 keV). The sample-to-detector
distance was 1351.94 mm. The gauge section of the irradiated tensile bars was machined into disc
specimens of 2.6 mm diameter and 1-1.5 mm thickness. Five and seven individual irradiated specimens
were evaluated for applied stresses of 100 and <5 MPa, respectively. Three pristine unirradiated
specimens were also evaluated. The beam direction was parallel to the specimen thickness direction. The
specimens were wrapped with Kapton film to fix them onto a dedicated holder and to limit radiological
exposure. Samples were continuously rotated during acquisition to improve the powder averaging. XRD
images were collected with 0.5 sec acquisition times. Each diffraction pattern consisted of the average of
100 individual exposures. Noticeable artifacts in the images (like the beam stop or dead pixels) were
masked. The two-dimensional detector images were radially integrated to obtain one-dimensional
powder diffraction patterns. All XRD patterns were background corrected by subtracting the Kapton/air
scattering component. The corrected XRD patterns were Rietveld-refined using Bruker TOPAS software;
lattice constant, coherent grain size, and anisotropic micro-strain were refined within the Rietveld cycles.
The peak profiles were modeled by a modified pseudo-Voigt function. Peak broadening arising from any
instrument contribution was quantified by fitting the pattern of the LaB, powder so that the anisotropic
micro-strains and coherent grain sizes of the specimens were obtained from the Rietveld refinement.

Transmission electron microscopy (TEM) using a JEOL JEM2100F operating at 200 kV was employed to
observe the microstructure of the specimens. TEM foils were taken from the gauge section of the tensile
bar using a focused ion beam (a FEI Quanta Dual Beam) operating at 30 kV for rough milling and at 2-5 kV
for final polishing. The foil thickness direction was perpendicular to the tensile stress direction. A weak-
beam dark-field (WBDF) technique with a g/3-4g condition was used to observe processing and radiation
defects. The foil thickness was evaluated by means of an electron-energy-loss spectroscopy log-ratio
technique.

Results

Figure 2 shows recorded in-pile measurements of the displacement of the SiC specimens. The targeted
temperature and applied stress levels were achieved during most of the period of the in-pile experiment.
In addition, the fast neutron flux was kept at ~3x10% n/m2s [19]. The record of the specimen
displacement shows a clear and significant departure in strain between the two samples upon the
application of 100 MPa or <5 MPa of stress. This time-dependent difference in the specimen displacement
is explained by irradiation-induced creep, based on Eq. (2). The total displacement at the end of irradiation
to 0.25 dpa was 610 and 390 um for the SiC specimens with applied stresses of 100 MPa and <5 MPa,
respectively. Figure 2 also shows the “shifted” displacement curve of the specimen with applied stress of
100 MPa to compare the deformation behavior with and without applied stress. Similar deformation
behavior was found regardless of the applied stress in the case of neutron fluence beyond ~1.5 x 10%
n/m? (E >0.1 MeV), indicating that the applied stress had only a limited effect on the length change of the
specimen at such relatively high neutron doses.
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Fig. 2 Recorded specimen displacement during in-pile creep test of CVD SiC. The figure also shows the
“shifted” displacement curve of the specimen with applied stress of 100 MPa to compare deformation
behavior with and without applied stress.

The measurement results for the fiduciary mark spacing conducted before and after irradiation are shown
in Table 1, together with the in-pile displacements of the specimens. The changes in fiduciary mark spacing
showed swelling of 0.42 % and creep strain of 0.06 %. Note that the creep strain was obtained based on
Eqg. (2). It was found that the in-pile strain measurements for the specimens subjected to <5 MPa stress
reasonably matched the measured changes in fiduciary mark spacing. However, the creep strain of 0.44%
derived from the in-pile displacement and Eq. (2) for the specimen loaded to 100 MPa was about one
order of magnitude larger than that determined from measurement of the fiduciary mark spacing.



Table 1 Summary of results of in-pile strain measurement, post-irradiation strain measurement, and XRD
analysis. Parentheses indicate one standard deviation unless otherwise indicated. Definition of irradiation
creep strain is described by Eq. (2). Note that discrepancy among in-pile and out-of-pile creep strain is due
to uncertainty of the in-pile strain measurement, as explained in the manuscript.

: XRD analysis
Applied . Irradiation
Test stress Swelling
condition during Lattice Coherent  Anisotropic [%] cr.eepo/
irradiation constant grain micro- strain [%]
[A] size [nm] strain
Not
. . . 4.361537 139.9 0.0353
Unirradiated available (0.000581) (56.0) (0.0035) NA NA
(NA)
In-pile: 0.37
Engraved
mark:
4.380248 110.7 0.0428 0.42 (0.04%)
MP R NA

<>MPa (0.000529) (6.2) (0.0089) Lattice

Irradiated at (XRD):

0.25dpa (0.012)
In-pile: 0.44

4.381455 99.1 0.0420 Engraved mark:

100 MPa ’ ) ) NA 0.06 (0.04%)

(0.000601) (16.1) (0.0122) Lattice (XRD):

0.028 (0.014)

*Uncertainty of measurement using optical microscope

Figure 3 shows averaged XRD patterns for each test condition. All the specimens exhibit a B-SiC phase
with an F-43m crystal structure. A small shoulder peak at ~5.1 degrees is also a common feature, which
indicates the presence of stacking faults [25]. The XRD patterns show that neutron irradiation results in a
clear shift of the peaks to lower two-theta angles. In addition, the applied stress during irradiation caused
a further peak shift to lower angles, as shown in the enlarged figure, although the peak shift is small. These
peak shifts to lower two-theta angles are indications of lattice expansion. The lattice constant, coherent
grain size, and anisotropic micro-strain determined by Rietveld refinement are summarized in Table 1.
Irradiation-induced lattice expansion was 0.43% when the minimal stress was applied. According to Eq. (2),
the irradiation creep strain due to lattice expansion was 0.028+0.014%, which is the difference of lattice
strain with and without 100 MPa tensile stress. This value was of the same order of magnitude as the
macroscopic creep strain of 0.06% obtained from the measurements of the fiduciary marks. The effects
of irradiation on the coherent grain size and micro-strain were limited regardless of the applied stress
level.
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Fig. 3 Averaged XRD patterns of CVD SiC unirradiated and irradiated at 300°C to 0.25 dpa with applied
stress of <5 and 100 MPa.

The grain size of the reference specimen was a few microns, based on TEM observations, as shown in Fig.
4a, which was consistent with the nominal grain size provided by the vendor. There was no notable change
in grain size and no indication of grain boundary sliding (such as voids at grain boundaries) following
irradiation at a tensile stress of 100 MPa, as shown in Fig. 4b. Figures 4c—e are WBDF TEM micrographs of
the pristine and irradiated SiC. All the images were taken at a g = <220> condition. The unirradiated
material had stacking faults as processing defects, which was consistent with the shoulder peak at ~5.1
degrees in the XRD pattern. There was no notable change in the appearance of the stacking faults due to
irradiation. In contrast, irradiation introduced small defect clusters in the WBDF micrographs following
irradiation, which were not detected in the pristine specimen. Regardless of the applied stress level, the
defect diameter and density were 1-2 nm and ~1x102® m=3, respectively. The habit plane and Burgers
vector of the defects could not be identified because of their small size.
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Fig. 4 Bright-field TEM micrographs of CVD SiC: (a) unirradiated and (b) irradiated at 300°C to 0.25 dpa
under 100 MPa tensile stress. Weak-beam dark-field micrographs of CVD SiC: (c) unirradiated and
irradiated under (d) <5 MPa and (e) 100 MPa stress. Grain boundaries are indicated by arrows in Fig. (a).
The beam direction and g vector used for the dark-field imaging are indicated in Figs (c)-(e).

Discussion

It was found that, for the same specimen, irradiation creep strains measured by the in-pile
instrumentation and out-of-pile dimensional measurements of the fiducial mark spacing showed
considerable discrepancy in the case of the applied 100 MPa tensile stress (Table 1), which was far beyond
the measurement uncertainty. There was potential for the deformation of the test fixture and loading
devices due to irradiation to cause uncertainties in the in-pile strain measurement, although load
measurement was not affected by the component deformation because the load was controlled by gas
pressure. It is likely that the additional specimen displacement was caused by stress concentration at the
specimen grip and/or loading section, since strain measurement with a LVDT is reliable. A general
specimen grip system cannot avoid stress concentration, which may cause irradiation creep in loading
fixtures and consequently cause error in strain measurement. Therefore, an out-of-pile strain
measurement is required although this has not always been conducted in previous in-pile creep studies.
In addition, the process for adjusting the in-pile data based on out-of-pile data has not been standardized
and discussed well.

This section explains the in-pile creep data considering the additional deformation of the loading system.
Both CVD SiC specimens, with and without applied stress, showed very similar changes in displacement
against the neutron fluence beyond ~1.5x10% n/m? (E >0.1 MeV); these were clearly found when the
displacement curve of the specimen with 100 MPa stress was shifted to lower values for comparison
purposes, as shown in Fig. 2. This result indicates that the applied stress (irradiation creep strain) had a
limited effect on the change in the specimen length at a relatively high neutron dose. This explanation is
supported by the current understanding of irradiation creep in SiC: insignificant irradiation creep at such
a high neutron dose (beyond ~0.15 dpa in this case) occurred because this dose level corresponds to the
end of the transient creep regime and the creep rate becomes insignificant beyond this point based on
the previous study [16].

In the case of the specimen without applied stress, a successful measurement of the specimen length
change without stress (swelling) was demonstrated based on the out-of-pile dimensional evaluation.
Figure 5a compares dose-dependent swelling of CVD SiC neutron irradiated in the Halden reactor and in
the High Flux Isotope Reactor (HFIR) at Oak Ridge National Laboratory [26]. The irradiation temperature
was 300°C for both cases, and the same grade of CVD SiC material was used. On the other hand, the
neutron spectra and fluxes of these reactors were different, resulting in approximately a two-orders-of-
magnitude difference in the displacement damage rate: 9.43x10° dpa/s for the Halden reactor and ~1x10-
6 dpa/s for the HFIR. Length change of the CVD SiC irradiated in the Halden reactor was found to be smaller
than the swelling after irradiation in HFIR by ~0.2 % at 0.1 dpa. This difference was beyond the background
noise of the in-pile displacement measurement (< 0.01 %). This finding showed that a different irradiation
environment (likely a different neutron spectrum or flux) affected the swelling behavior. Considering the
ignorable mobility of vacancies at 300°C due to the high migration energies [27], annihilation and



clustering of self-interstitial atoms played an important role in the dose-rate effect on swelling. Even
though the dose rate was different, both the specimens irradiated in the Halden reactor and those
irradiated in HFIR exhibited similar microstructural features with high-density defect clusters, as shown in
Fig. 4 and as reported in [28]. The similarities indicate a similar swelling mechanism, so-called point-defect
swelling [12]. The swelling mechanism is discussed along with the creep mechanism later.

Irradiation creep behavior by comparison with results from this and previous studies [15] is discussed
here; Figure 5b shows the irradiation creep compliance, normalized creep strain with respect to applied
stress and neutron dose, to indicate creep rate and to compare the creep behavior of different CVD SiC
materials under different radiation conditions. A linear normalization was employed for the stress
dependence of the creep strain, according to a previous study [15,29]. The creep strain in the present
study was obtained based on out-of-pile measurement of tensile creep specimens, whereas previous work
used BSR creep specimens. An average applied bend stress during irradiation was within 64-200 MPa. In
previous studies, irradiation was conducted in HFIR or the Japan Materials Testing Reactor (JMTR) with a
typical damage rate of ~1x10% dpa/s and ~1x 108 dpa/s, respectively, with an equivalence of 1 dpa=1x10
25 n/m2 (E > 0.1 MeV). In addition, the materials tested varied; they included Dow Chemical (previously
Rohm & Hass) polycrystalline 3C SiC with and without heat treatment, Coorstek polycrystalline 3C SiC with
heat treatment, and Cree 4H single-crystal SiC. The heat treatment was conducted at 1900°C for 1 h under
argon and was expected to modify the grain size and concentration of pre-existing defects, such as
stacking faults [30]. The irradiation temperatures ranged from 300 to 600°C, where point defects and their
clusters contribute to the dimensional stability of SiC [12].

Despite the use of different materials and irradiation conditions, the measured creep compliances were
within the same order of magnitude at the same displacement damage for the BSR tests, as shown in Fig.
5b. This indicates that the BSR transient irradiation creep of SiC is insensitive to the initial material
microstructure, damage rate, and irradiation temperature at such intermediate temperatures. In contrast,
these differences in experimental conditions caused a more than one order of magnitude higher creep
strain under tensile creep than under BSR creep. This result indicates a strong sensitivity of the loading
mode to irradiation creep of SiC, considering the lower sensitivity of the BSR creep compliance to different
experimental conditions. However, the effect of the loading mode on the creep behavior still needs to be
confirmed using the same material irradiated under the same conditions. At the least, it can be concluded
that at least one of the following experimental parameters had a significant effect on irradiation creep:
loading condition (tensile vs. bend relaxation), displacement damage rate, and initial material
microstructure, based on the analysis of creep compliance.
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Fig. 5 Displacement damage dependent (a) linear swelling and (b) irradiation creep compliance of CVD SiC.
The data from previous studies [15,26] are also plotted. Note that data for the same and different grades
of CVD SiC are presented in image (a) and (b), respectively.

Regarding the underlying mechanism of irradiation creep of SiC up to 0.25 dpa where transient creep is
dominant [15], It was demonstrated that the lattice strain was of the same order of magnitude as the
macroscopic creep strain shown in Table 1. In addition, the XRD analysis found that the macroscopic
swelling and lattice expansion were comparable. Therefore, lattice expansion effectively contributed to
the dimensional stability of the CVD SiC. It is known that the magnitude of swelling of SiC is almost identical
to the magnitude of the lattice expansion under irradiation at intermediate temperatures (300-800°C) to
a relatively low neutron dose (<~10 dpa) [31,32]. Therefore, this study provides additional confirmation
of the relationship between swelling and lattice expansion. Lattice expansion is caused by atomistic
defects, including the small defect clusters observed in TEM and point defects [12]. Moreover, the
increment of lattice expansion due to applied stress is an indication of a creep mechanism related to
lattice expansion. A previous study correlated radiation creep strain with swelling and provided a
mechanistic creep model assuming anisotropic swelling due to applied stress [15]. A strong relationship
between swelling and irradiation creep in a transient regime up to ~1 dpa is the current understanding
regarding the creep mechanism [15,33].

Although the results indicate an irradiation creep mechanism related to lattice strain, it is still not clear
what kind of radiation defect causes lattice extension. The TEM observations could not identify any effect
of applied stress on the microstructural evolution, suggesting that only atomistic defects were causing
changes in the lattice constant. Similarly, the coherent grain size and anisotropic strain obtained from the
XRD peak broadening analysis did not reveal any effect of applied stress. It was reported that decreasing
coherent grain size and increasing anisotropic strain are indications of the growth of dislocation loops in
SiC [31]. The insensitivity of the coherent grain size and the anisotropic strain to applied stress during



irradiation indicated that a 100 MPa stress had a limited effect on the microstructural evolution. It is
possible that both the TEM WBDF imaging and the XRD peak broadening were insensitive to the defects
that caused irradiation creep. It is also possible that the anisotropy of defect evolution under applied
stress contributed to creep strain (e.g., more defects formed along the tensile stress direction) [34] so
that the microstructures with and without applied stress appeared to be similar.

Previously proposed creep mechanisms [35] that might explain the observed lattice expansion due to
applied stress during irradiation include stress-induced preferential nucleation of loops (SIPN) [34] and
stress-induced preferential absorption (SIPA) of self-interstitial atoms [36]. SIPN occurs when the
application of external stress enhances the probability of interstitial loops on planes under tensile stress.
Such preferential loops cause increases in length in the direction of the tensile stress, which contribute to
irradiation creep strain. The increment of lattice expansion due to the applied tensile stress revealed by
the XRD analysis was consistent with this mechanism because the formation of intestinal-type defects
contributes to lattice expansion. Since the size of the irradiation defect clusters was quite small (1-2 nm)
based on the TEM analysis, preferential nucleation of interstitial clusters, in addition to intestinal loops,
was thought to contribute to creep strain. SIPA has been proposed as a mechanism of steady state
irradiation creep associated with preferential growth of interstitial loops due to the transfer of interstitial
atoms from planes parallel to the applied stress, to planes perpendicular to the applied stress. The growth
of loops along the tensile stress direction contributes to macroscopic strain. This mechanism is also
consistent with the XRD results for the enhanced lattice expansion under in-pile tensile stress. The SIPA
mechanism may operate at relatively high displacement damage, as it requires the growth of interstitial
loops and clusters.

Irradiation creep strain as the result of the preferential nucleation/growth of interstitial loops can be
expressed as follows [35]:

e=2/3fnribN,, (3)

where f is the excess fraction of intestinal loops on the plane perpendicular to tensile stress, r is the loop
radius, b is the Burgers vector, and N, is the total loop concentration. Equation (3) assumes the presence
of only three types of loops for simplicity: loops on two types of planes parallel to stress axis and on one
plane perpendicular to the stress direction [35]. Assuming an extreme case of f = 1 in which all the defect
clusters/loops are formed in the preferential orientation due to the applied stress, one can calculate creep
strain with input parameters of r;: 1 nm, b: a/3<111>, and N;: 1x10% m™=. The loop size and density are
based on the TEM observation conducted. The Burgers vector for a Frank faulted loop is assumed
according to previous observations [28], although this study could not identify the nature of the defects.
The calculation showed irradiation creep strain of ~0.005%, which was only ~9% of the macroscopic creep
strain obtained. Because of the extreme assumption, a smaller contribution of the defects observed in
TEM to the bulk creep strain was expected. This result implies that the conventional TEM observation
could not capture the majority of the radiation defect clusters affecting irradiation creep because of the
image resolution. The implications of such “invisible” defect clusters in TEM have also been reported [37].
Future work will involve advanced characterization of the atomistic defects in irradiated SiC. In addition,
as discussed earlier, a comparison of irradiation creep behavior among this and previous studies (Fig. 5b)



shows a potential impact of the microstructure of the starting material on radiation creep. Therefore, it is
necessary to investigate the effects of pre-existing defects, such as grain boundaries and stacking faults,
on irradiation creep in future studies.

Conclusion

“This study explores the transient irradiation creep behavior of a high-purity CvD 3C SiC monolith under
constant uniaxial tensile loading conditions. Findings are summarized as follows.

e Swelling behavior was clearly different between in the Halden reactor and in HFIR, with different
neutron spectra, although the magnitude of the difference was not significant.

e According to the dimensions measured before and after irradiation, a creep strain of 0.06% was
obtained for irradiation at 300°C to 2.5 x 10%* n/m? (E >0.1 MeV) under a uniaxial tensile stress of
100 MPa. This macroscopic creep strain had same order of magnitude of creep strain obtained from
the lattice constant of irradiated SiC.

e The tensile radiation creep strain value found in this study was more than one order of magnitude
larger than the reported strain obtained by bend stress relaxation experiments under various
material and irradiation conditions. The analysis suggests that creep strain is significantly dependent
on at least one of the experimental conditions—Iloading mode, neutron spectrum/flux, and material
grade.

e TEM observation suggested that atomistic radiation defects caused the lattice expansion regardless
of the presence of applied stress during irradiation.

e In future work, it is necessary to investigate the effects of loading mode, neutron flux, and material
microstructure on irradiation creep and to understand the effect of atomistic defect formation on
deformation, as the magnitude of the irradiation creep for CVD SiC for LWR clad applications is still
inconclusive.
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