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Neutron-flux effects on irradiation-induced hardening and microstructures in a reactor pressure vessel
steel were studied. An A533B-type steel containing no Cu was neutron-irradiated with fluxes of 1 x 10
n/cm?/s (high-flux) or 1 x 10'? njem?/s (low-flux) to the same fluence of approximately 3 x 10'° n/cm?,
and the same temperature of approximately 290 °C. The recovery behavior of irradiation-induced defects
and irradiation-hardening, 4Hv, was investigated by post-irradiation isochronal annealing from 275 to
450 °C. In both the high- and low-flux cases, the recovery behavior of 4Hv and the average positron
lifetime, 74y, corresponded well to the annealing, suggesting that defects in which positrons are trapped
are the origin of irradiation-hardening. The values of 4Hv and 74 in the high-flux sample started to
recover at around 350 °C, while those in the low-flux sample started to recover at around 400 °C. Thus, in
the high-flux sample, unstable defects transiently existing at low temperature but annealed out at
around 350 °C, are indicated. Such defects are suggested to be defect-(Mn, Ni, Si) complexes, where the
nature of the defect is that of a mono-vacancy and/or dislocation loops.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Irradiation-induced embrittlement in reactor pressure vessel
(RPV) steels is one of the most important issues for safe operation of
nuclear power plants (NPPs) [1,2]. Embrittlement is predicted
based on data sets of mechanical tests obtained from surveillance
test specimens and specimens irradiated in material testing re-
actors (MTRs). However, there is frequently a large discrepancy in
neutron flux between surveillance test specimens and MTR irra-
diation, typically about 2—4 orders of magnitude, and the possi-
bility of flux effects has been suggested. For example, it has been
reported that the measured ductile-brittle transition temperature
(DBTT) for MTR data is higher than the predicted DBTT, whereas the
DBTT for surveillance test specimens has been well reproduced [3].
It has been reported that these large differences in flux affect the
kinetics of formation of irradiation-induced defects and solute/
impurity clusters [4—7], which are widely known as the origin of
RPV embrittlement [1,4,8,9], leading to flux effects in the me-
chanical data sets. For example, so-called “un-stable matrix defects
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(UMDs)”, which exist transiently at low temperatures but anneal
out at around 350 °C, may contribute to embrittlement under high-
flux conditions [8,10]. In contrast, neither flux effects nor UMDs
were reported when European PWR surveillance data were
compared with MTR data [11,12]. For long-term safe operation of
NPPs, investigation of embrittlement of RPV after a neutron dose
several times greater than the expected dose at the end of the NPP
lifetime is required. Since MTR data are necessary to obtain such a
high dose, the flux effects of surveillance and MTR data on the
mechanical properties and microstructures of RPV steels constitute
an issue that requires further understanding.

The experimental difficulties of studies on the flux effect arise
because the effect depends on a number of parameters other than
flux, such as fluence, irradiation temperature, alloy composition of
Cu and Nij, the initial state of test samples, and so on [4,8,11—-14].
Therefore, a large-scale irradiation program, the irradiation variable
program (IVAR), has been performed by the University of California,
Santa Barbara (UCSB) group [8], in which systematic neutron irra-
diation of systematic RPV steels with different fluxes was per-
formed. In this study, we aim to investigate the effects of flux on
irradiation-hardening and microstructures for an RPV steel con-
taining no Cu, irradiated with different fluxes, at the same dose and
temperature.
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Table 1
Chemical composition of the studied steel in weight percent.

Table 2
Neutron irradiation conditions.

Steel Cu Ni Mn Mo P C Si S Flux [n/cm?[s] Fluence [n/cm?] Temperature [°C]
LG 0.00 0.74 1.37 0.55 0.005 0.16 0.22 <0.015 High-flux 1E+14 3.3E+19 300+ 5
Low-flux 1E+12 3.4E+19 290 £ 5

As mentioned above, irradiation-induced defects and solute/
impurity clusters are the sources of irradiation-hardening
(embrittlement), but are difficult to observe directly, even using
state-of-the-art high-resolution transmission electron microscopy,
because of their very small sizes. In this study, positron annihilation
spectroscopy (PAS) and three-dimensional atom probe (3D-AP) are
employed to investigate those microstructures. PAS is a unique
technique for detecting and characterizing open-volume at the
atomic scale size and, thus is appropriate for investigation of
irradiation-induced defects. Chemical analysis of positron trapping
sites is also available, enabling detection of defect-solute/impurity
complexes [15,16]. 3D-AP can map out the alloying elements in
three-dimensional space with near-atomic resolution, and reveal
elemental distributions and solute/impurity clusters [17,18]. Post-
irradiation isochronal annealing (PIA) for the two samples irradi-
ated at high- or low-flux were also performed.

2. Experimental

Several series of A533B-type steels with systematic variations of
Cu and Ni content were fabricated by UCSB. The steel investigated
in this study, denoted LG, was selected from the LV-series material
set. This steel contains no Cu, as listed in Table 1. The heat treatment
was as follows: austenitization at 900 °C for 1 h, air cooling,
tempering at 600 °C for 40 h, furnace cooling to 300 °C, then air
cooling [19,20]. Table 2 shows the neutron irradiation conditions
for high- and low-flux irradiation. High-flux irradiation was per-
formed at BR2 in SCK/CEN with a flux of 1 x 10" n/cm?/s
(En > 1 MeV) at a temperature of 300 + 5 °C to a fluence of 3.3 x 10'°
n/cm?, and low-flux irradiation was performed at the University of
Michigan Ford Nuclear Reactor under the IVAR program with a flux
of 1 x 10'2 njcm?/s (E, > 1 MeV) at a temperature of 290 + 5°Cto a
fluence of 3.4 x 10' n/cm?. Following neutron irradiation, the
samples were cut into approximately 5 x 5 x 1 mm?® sheets using
an electro-discharge cutter, and chemically polished with a solu-
tion of 5% hydrofluoric acid and 85% hydrogen peroxide. PIA was
performed at temperatures from 275 to 450 °C in 25 °C steps. The
annealing time for each step was 20 min.

Positron lifetime measurements were carried out using a fast
digital oscilloscope and BaF, scintillators with a time resolution of
approximately 180 ps at full-width at half-maximum. Positron
source was 22NaCl of approximately 2 MBgq, sealed with Kapton
films. A total of 5 x 10°® coincidence events were accumulated for
each measurement, and the lifetime spectrum was analyzed using
the PALSfit software package [21]. The average positron lifetime,
Tave, fOr the un-irradiated sample was 124 + 0.2 ps, slightly longer
than the positron lifetime in Fe bulk, 106 ps [22], showing slight
positron trapping at defects with open volume in the un-irradiated
sample.

Coincidence Doppler broadening (CDB) spectra of the positron
annihilation radiation were obtained using two Ge detectors in a
coincidence arrangement. The coincidence measurements provide
less background than when using a single detector set-up by three
orders of magnitude, and enable us to measure the momentum
distribution of the core electrons specific to each element in the
high-momentum region [23]. A total of at least 3 x 108 coincidence
events were accumulated for each measurement. The overall mo-
mentum resolution was approximately 4 x 10~3 mgc, where my is

the electron rest mass and c is the speed of light.

When positrons are trapped at defects with open volume, they
have higher probability of annihilation with conduction electrons
spreading out from the surrounding region into the open volumes
of the defects than when positrons are delocalized in bulk [24]. The
probability of positron annihilation with core electrons is therefore
lower. Since conduction electrons have a spatially broad distribu-
tion in real space, their distribution in momentum space is narrow
and limited to the low-momentum region due to the uncertainty
principle. Similarly, the momentum distribution of core electrons is
broad and spreads up to the high-momentum region. Therefore,
positron trapping at defects with open volume results in an in-
crease in the low-momentum region and a decrease in the high-
momentum region of the CDB spectrum. Furthermore, the distri-
bution in high-momentum region reflects the chemical environ-
ment of the positron trapping site due to the strong contribution of
core electrons to the high-momentum region. This enables chem-
ical analysis at the positron trapping sites. In this study, correlations
between the low-momentum component fraction (LCF) and the
high-momentum component fraction (HCF) were used to demon-
strate the CDB spectra quantitatively. The LCF and the HCF are
defined as the ratios of the counts in the low-momentum and high-
momentum regions of the CDB spectrum to the total CDB counts,
respectively [25]. In this study, the momentum regions were set at
(0—4) x 1072 mgc and (15—25) x 10~2 myc, respectively. Positron
trapping at defects with open volume results in an increase in LCF
and a simultaneous decrease in HCF. HCF is also sensitive to the
chemical environment of the positron trapping site.

For the as-irradiated samples, 3D-AP measurements were per-
formed. Needle samples for 3D-AP measurements were also pre-
pared via a micro-sampling method using a focused ion beam (FIB)
[26], where the damaged layer induced by high-energy Ga ions was
carefully removed during final milling using a 5 kV Ga ion beam.
3D-AP measurement was carried out using a laser-assisted local-
electrode type atom probe by IMAGO Scientific Instruments, LEAP-
3000XHR, at an evaporation rate of 0.4 per laser pulse, applying a
laser power of 20 nJ, a laser pulse repetition rate of 200 kHz, a DC
voltage usually in the range from 3 to 8 kV, and a base specimen
temperature of 35 K. All datasets were analyzed using dedicated
software, IVAS 3.6.4 by IMAGO Scientific Instruments.

The Vickers micro hardness, Hv, was measured using a Vickers
micro hardness tester by SHIMADZU, HMV-2T, with a load of 5 N
and a dwell time of 15 s. At least 20 tests were performed for each
measurement.

3. Results

Fig. 1 (a) shows the PIA behavior of the hardening, 4Hv = Hv —
Hvyn-irrad.» for the high- and low-flux samples. Hv for the un-
irradiated sample was 193 + 5. In the as-irradiated state, 4Hv was
25 + 0.3 for the high-flux and 15 + 0.3 for the low-flux, respectively.
It should be noted that the irradiation-hardening for the high-flux
was higher than that for the low-flux, although the neutron fluence
was almost the same for each. For the high-flux sample, 4Hv started
to recover at around 350 °C, and fully recovered at 400 °C. On the
other hand, for the low-flux sample, 4Hv was almost constant until
375 °C. The start of recovery was around 400 °C and full recovery
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Fig. 1. Post-irradiation isochronal annealing behaviors. (a) Hardening (4Hv), (b)
Average positron lifetime (7qye).

was at 425—450 °C; these temperatures were higher than in the
high-flux case. At 450 °C, Hv was slightly lower than that for the un-
irradiated sample. This may be some effect on the specimen
preparation microstructures at the surface that results in a tiny
amount softening at around 450 °C. Whatever else it might be, the
observed lower Hv will not be significant.

Fig. 1 (b) shows the PIA behavior of 74, for the high- and low-
flux samples. In the as-irradiated state, 74, was 140 + 0.3 ps for
the high-flux and 137 + 0.3 ps for the low-flux samples, respec-
tively, longer than that of the un-irradiated state. The increase in
Tave Under irradiation can be attributed to positron trapping at
irradiation-induced defects. As with the hardening behavior, 74y
for the high-flux samples was higher than for the low-flux samples,
although the neutron fluence was almost the same. For the high-
flux sample, 74, started to recover at around 350 °C, while for
the low-flux sample, the start of recovery of 74, was at a higher
temperature of around 400 °C. It should be noted that the PIA
behavior of 4Hv and 74, were very similar to each other, suggesting
that irradiation-induced defects in which positrons are trapped
contribute to irradiation-hardening.

Positron lifetime spectra were decomposed into two compo-
nents in many cases, as shown in Fig. 2. The calculated positron
lifetime at mono-vacancy in pure Fe, 178 ps [22], is also shown by
the dashed line. In the high-flux samples, the long lifetime
component, 7, was approximately 160 ps in the as-irradiated state,
suggesting positron trapping was mostly at sites somewhat smaller
than mono-vacancy, e.g., dislocation loops, vacancy-solute com-
plexes, vacancy on edge-dislocations [27,28]. The short lifetime
component, 77, was approximately 50 ps in the as-irradiated state.
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Fig. 2. Post-irradiation isochronal annealing behaviors of positron lifetime.

Such small value, shorter than the value for positron annihilation in
Fe bulk (106 ps), is because 77 = 1/(Apuik + Kdefect), Where Apyik is the
annihilation rate of positron at bulk and kgefect is the trapping rate of
positron to defect, according to two-state trapping model of posi-
tron annihilation [29]. With PIA, 7, became slightly longer and its
relative intensity, I, decreased. At 425 °C, 7, disappeared and the
lifetime spectra were well-fitted with one component. The 7, after
425 °C annealing was 128 + 0.3 ps, similar to that in the un-
irradiated state. A similar tendency was observed in the low-flux
sample; 7, disappeared at 450 °C, a slightly higher temperature
than in the high-flux samples.

Fig. 3 shows the correlation between the LCF and the HCF in
coincidence Doppler broadening of positron annihilation spec-
troscopy for the high-and low-flux samples. Fig. 3 (a) shows, for
reference, the LCF and the HMF of well-annealed pure metals (Fe,
Cu, Ni, Mn) and neutron-irradiated pure Fe (irradiated at Japan
Materials Testing Reactor at approximately 100 °C to a fluence of
8.3 x 10" njcm? (E, > 1 MeV), or at 290 + 3 °C to a fluence of
2.1 x 10" n/cm? (E, > 1 MeV)). Positron lifetime are 7; =191 + 8 ps,
Ty =436 + 2 ps, [ = 82 + 1% for the Fe irradiated at 100 °C, and
71 =142 + 6 ps, 72 =401 + 10 ps, I, = 32 + 2% for the Fe irradiated at
290 °C. Positron trapping at vacancy clusters are obvious in
neutron-irradiated Fe both at 100 °C and 290 °C because of the
large value of 7, (>400 ps), however, the Fe neutron-irradiated at
100 °C gives more “pure” component of positron annihilation at
vacancy clusters. The reason for this is some of the vacancy clusters
are recovered at 290 °C. Therefore, the correlation point for Fe
neutron-irradiated at 100 °C is employed as the indicator of posi-
tron trapping at vacancy-type defects; The straight line in Fig. 3 (a)
and (b) connects the correlation points of well-annealed Fe and Fe
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radiation. (a) Overview, (b) Enlarged. The error bars for the un-irradiated sample is
shown in (b). The error bars for other points are the same extent.

neutron-irradiated at 100 °C. Note that the correlation point for Fe
neutron-irradiated at 290 °C is on the line.

Fig. 3 (b) shows an enlarged view of Fig. 3 (a). In the un-
irradiated state, the correlation point is located on the straight
line, indicating that the positrons are trapped in defects with open
volume surrounded entirely Fe. In the high-flux sample, the LMF in
the as-irradiated state was higher and the HMF was lower than in
the un-irradiated state. This reflects positron trapping at
irradiation-induced defects as mentioned in Figs. 1 and 2. It should
be noted that the correlation point was located below the straight
line, close to the correlation point of Mn. This suggests positron
annihilation with electrons of both Fe and Mn. In other words,
complexes of defects with open volume and Mn atoms may be
formed. The LCF decreased and the HCF increased with increasing
PIA temperature. Up to 325 °C, the correlation points were located
below the straight line, then on the line at 350 °C, and moving
toward the correlation point of the un-irradiated state with further
PIA. Both the LCF and the HCF recovered at 450 °C.

In the low-flux sample, the correlation point in the as-irradiated
state was located almost on the straight line. Strictly speaking the
HCF was higher than that in the straight line, implying positron
annihilation with electrons of Ni. This is clearly different from the
case in the high-flux sample in the as-irradiated state. The corre-
lation points after 275 °C annealing were located on the straight
line, suggesting positron annihilation with electrons of only Fe, and
not of Mn. The LMF in the as-irradiated state was lower than in the
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high-flux sample, which is consistent with the lower 74, rather
than that in the high-flux sample shown in Fig. 1 (b). With the PIA,
the correlation point moved on the straight line toward the cor-
relation point of the un-irradiated state, implying that the com-
plexes of defects with open volume and Mn, which are suggested in
the high-flux samples, may not be formed in the low-flux samples.
The LCF and the HCF recovered at 450 °C, whereas the recovery for
the low-flux sample was slightly slower than for the high-flux
sample. This is consistent with the recovery behavior of the posi-
tron lifetime shown in Fig. 2.

Fig. 4 shows 3D-AP measurements of the un-irradiated sample
and the high-, low-flux samples in the as-irradiated state. All the
ions in the overlapping *®Fe/>®Ni peak in the mass spectrum in 3D-
AP measurements were assigned to be Fe in order to distinguish
dilute Ni clustering. The concentration of Ni, Mn and Si observed by
3D-AP as shown in Fig. 4 are listed in Table 3. In Fig. 4, there was no
visual evidence for clustering of Ni, Mn or Si for either sample. Then
a cluster analysis algorithm based on the maximum separation
method [30] was performed for both samples in order to detect
very fine clusters/fluctuations that is difficult for visual observation.
The analysis was performed for each distribution of Ni, Mn and Si
and the distribution of Ni + Mn + Si with the maximum separation
between the solutes (dmqx) and the minimum number of the solutes
(Nmin). Several values of dpngx and Ny were chosen in the similar
method in Ref. [31], and the same volume (20 nm in diameter and
70 nm in length) of each material condition was analyzed. The
number of clusters “detected” under each condition are listed in
Table 4 (in some cases, “clusters” are detected even in the un-
irradiated sample, suggesting overlarge dpng and/or too small
Nmin). The 3D-AP results listed in Table 4 indicate no evidence was
found for the formation of clusters containing Ni, Mn and Si as a
result of irradiation, a result consistent with the visual observations
from Fig. 4, despite the potential defect-Mn complexes implied by
PAS in the high-flux sample.

4. Discussion

The PIA behavior of 4Hv shown in Fig. 1 (a) showed that the
recovery of 4Hv in the high-flux sample started at around 350 °C, a
lower temperature than that in the low-flux sample. This indicates
that unstable defects, which are transiently existing at low tem-
peratures but annealed out at around 350 °C, are formed in the
high-flux sample. Such defects may contribute the higher 4Hv in
the high-flux sample in the as-irradiated state. It should be noted
that the irradiation experiments were performed at slightly
different temperatures; 300 + 5 °C for the high-flux and 290 + 5 °C
for the low-flux. Since the higher irradiation temperature (i.e. the
high-flux case in this study) generally enhance the recovery of
irradiation defects, both hardening and positron lifetime would be
smaller than the case of low flux. Nevertheless, the high-flux case
showed higher hardening and higher positron lifetime, indicating
the exist of UMD.

The PIA behavior of 4Hv and 74 corresponded well as shown in
Fig. 1 (a) and (b). In the high-flux sample, both 4Hv and 74, in the
as-irradiated state were higher than those in the low-flux sample,
and both 4Hv and 74 started to recover at 350 °C. In the low-flux
sample, both 4Hv and 74, were almost constant through the as-
irradiated state and 375 °C, and started to recover at 400 °C.
Therefore, defects in which positrons are trapped are likely the
origin of the irradiation-hardening in the high- and the low-flux
samples. Considering the long component of positron lifetime 7,
shown in Fig. 2., the open volume size of those defects is approxi-
mately the mono-vacancy size or somewhat smaller. The candi-
dates for those defects are dislocation loop without solute atoms,
vacancy with solute atoms and dislocation loop with solute atoms.
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Concentration of Ni, Mn and Si obtained by three-dimensional atom probe mea-
surements for the un-irradiated and the as-irradiated samples (the high-flux and the
low-flux). The nominal concentration of Ni, Mn and Si in the steel is also listed.

Nominal [wt.%] Observed [wt.%]

Unirrad. High-flux Low-flux
Ni 0.74/0.24% 0.19 0.22 0.19
Mn 1.37 1.08 1.05 117
Si 0.22 0.18 0.17 0.19

3 Excluding®®Ni.

In the temperature range through the as-irradiated samples to
325 °C, in which higher 4Hv and 74, were observed in the high-flux
sample, positron annihilation with Mn electrons is suggested by

10 nm

Fig. 4. Elemental maps of three-dimensional atom probe measurements for the un-irradiated and the as-irradiated samples (the high-flux and the low-flux).

CDB measurements, as shown in Fig. 3 (b). Therefore, a defect-Mn
complex is strongly suggested in the high-flux sample. On the
other hand, no clusters were found with 3D-AP measurements as
shown in Fig. 4. Such invisibility of defect-Mn complex may be due
to the size of the complex; the trajectory aberrations for evaporated
ions in 3D-AP measurements lead to the invisibility of small fea-
tures such as the defect-Mn complexes [32]. Relatively high con-
centration of Mn in the matrix also causes the invisibility. From
Table 4, it is implied that the (Ni, Mn, Si) clustering could be
detected when the number of clustering atoms (i.e., total of
Ni + Mn + Si atoms) is more than 10—12 atoms, assuming that no
cluster is formed in the un-irradiated sample. In other words, the
detection limit of number of clustering atoms is around 10—12.
Considering the detection efficiency of 0.37, the detection limit
would be approximately 30. Thus, the number of solute atoms
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Table 4

Number of solute cluster detected by the cluster analysis in the volume of
$20 x 70 nm? for the un-irradiated and the as-irradiated samples (the high-flux and
the low-flux).

dinax Nmin Number of cluster detected by cluster
analysis
Unirrad. High-flux Low-flux
Ni 0.85 5 10 10 9
0.85 7 3 3 2
0.85 9 0 0 0
Mn 0.7 6 60 67 63
0.7 8 12 13 11
0.7 10 0 0 0
0.7 12 0 0 0
Si 0.85 5 11 12 11
0.85 7 1 0 0
0.85 9 0 0 0
Ni + Mn + Si 0.6 6 82 90 83
0.6 8 13 14 14
0.6 10 3 4 4
0.6 12 0 0 0

associated with defects is suggested to be less than around 30, i.e.
n < 30 for the defect-(Ni, Mn, Si), complex, where n is the total
atom number of Ni, Mn and Si. As mentioned above, the defect is
considered to be mono-vacancy and/or dislocation loop.

On the other hand, in the high-flux sample, the Mn concentra-
tion in such solute-defect complexes seems to be higher than in the
low-flux sample. Burke et al. performed neutron irradiation on
A508 steels with 0.05—-0.10 wt% Cu in different conditions; at
approximately 107 dpa/s at approximately 239 °C to the dose of
0.017 dpa, and at approximately 1071 dpa/s at approximately
265 °C to the dose of 0.011 dpa, and investigated flux effects on the
PIA behavior of hardening and nano-structures [33]. They reported
early recovery of irradiation-hardening and non-random distribu-
tion of Mn and Ni atoms in the high-flux irradiation (10~7 dpa/s),
which are fairly similar to the results here. Theoretical studies
suggest that Mn has a strong interaction with interstitial atoms
[34,35], and Mn trapping at interstitial loops is experimentally
implied in neutron- or ion-irradiated model alloys [36,37]. These
results support the formation of the defect-Mn complexes sug-
gested in this study.

In the high-flux condition, Mn—Ni—Si clusters with a radius of
0.7 nm and a number density of 5.3 x 10'7/cm® were formed after
neutron-irradiation to the fluence of 1.3 x 10%° n/cm? in LG steel
[38], the same steel in the present study. This difference may be
attributed to the higher neutron fluence in Ref. [38]; approximately
four times higher than in this study.

In general, high-flux irradiation enhances the interaction of
irradiation-induced defects with each other [7—9], leading to a
decrease in defect mobility via the formation of defect clusters such
as interstitial-loops and vacancy clusters. This impedes defect
annihilation to sinks and, thus, defects may remain at a high den-
sity in the as-irradiated state, as confirmed by the high 74, and LCF
in the high-flux sample observed in this study. Such high defect
densities, probably associated with Mn, cause the higher 4Hv in the
high-flux sample in the as-irradiated state shown in Fig. 1 (a). The
reason that there are more of the defects, which are presumably
UMD [8], at the high flux is that they dissolve in temperature
dependent annealing time, t,, thus there are more of them at steady
state as Nss = G/tq, where Ngs is steady-state number density and G
is defect generation rate [39,40].

As a whole, the hardening mechanisms in the low- and high-
flux cases are considered below; for the low-flux case, interstitial-
clusters (i.e. dislocation loops) and vacancy-type defects are
formed in the as-irradiated state, and contribute to the hardening.

Since mono-vacancy cannot independently survive at around
300 °C, the vacancy-type defect should be vacancy-solute com-
plexes. For the high-flux case, the interstitial clusters and the
vacancy-type defects are formed as well in the as-irradiated state. It
should be noted that the number density and/or size of the inter-
stitial clusters in the high-flux sample might be smaller than in the
low-flux condition, as mentioned in above paragraph. In addition to
the interstitial clusters and the vacancy-type defects, UMD is also
formed in the high-flux. The nature of UMD is suggested to be a
defect in which more Mn is associated. During PIA, the UMD
annealed out up to 350 °C but the interstitial clusters still exists
after 350 °C. The observed high 4Hv after 350 °C in the low-flux
sample might be attributed to the interstitial clusters.

5. Conclusion

An A533B steel with no Cu were neutron-irradiated with a flux
of 1 x 10" n/cm?/s or 1 x 10'2 n/cm?/s at the same fluence and
temperature. The recovery behavior of 4Hv and irradiation-induced
defects were investigated by PIA from 275 to 450 °C in 25 °C steps.
In both the high- and low-flux conditions, the recovery behavior of
AHv and average positron lifetime, 74y¢, corresponded well with the
PIA, indicating that defects in which positrons are trapped are the
origin of irradiation-hardening. In the high-flux sample, the re-
covery of 4Hv and 7. started at around 350 °C, 50 °C lower than in
the low-flux sample. Thus, unstable defects transiently existing at
low temperature but annealed out at around 350 °C are present in
the high-flux sample. Such defects are suggested to be defect-(Mn,
Ni, Si) complexes, where the nature of the defect is that of a mono-
vacancy and/or dislocation loops.
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