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Abstract

The effect of dose rate on neutron-induced microstructural evolution was experimentally estimated. Solution-an-
nealed austenitic model alloys were irradiated at ~400 °C with fast neutrons at seven different dose rates that vary more
than two orders difference in magnitude, and two different doses were achieved at each dose rate. Both cavity nucleation
and growth were found to be enhanced at lower dose rate. The net vacancy flux is calculated from the growth rate of
cavities that had already nucleated during the first cycle of irradiation and grown during the second cycle. The net
vacancy flux was found to be proportional to (dpa/s)'/? up to 28.8 dpa and 8.4 x 10~7 dpa/s. This implies that mutual
recombination dominates point defect annihilation in this experiment, even though point defect sinks such as cavities
and dislocations were well developed. Thus, mutual recombination is thought to be the primary origin of the effect of
dose rate on microstructural evolution.
© 2002 Published by Elsevier Science B.V.

1. Introduction The objective of this study is to experimentally clarify
the primary origin of the effect of dose rate on micro-
structural evolution. Several solution-annealed austen-

itic alloys were irradiated at actively controlled

Blanket structural component materials in fusion
reactors are expected to be exposed for long periods to

neutron spectra generated by 14 MeV neutrons, often at
dose rates lower than that characteristic of fast reactors.
Accelerated irradiation testing conducted at high dose
rates in fission reactors is one of the ways to achieve the
same cumulative dose levels as required for fusion con-
ditions. However, it is known that dose rates strongly
affect microstructural evolution [1-5] and resultant
macroscopic property changes [5-7]. It is therefore very
important to evaluate the effect of dose rate on micro-
structural evolution and to develop models incorporat-
ing dose rate effects allowing assessments of irradiation
performance of fusion materials.
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temperatures with fast neutrons at seven different dose
rates over a wide range of dose rate, and showed a very
strong influence of dose rate on the transient regime of
swelling [5]. The results of further microstructural ex-
amination of one alloy are presented in this paper.

2. Experimental procedure

Relatively pure Fe-15Cr—16Ni (at.%) with no added
solute was prepared by arc melting from high purity Fe,
Ni, and Cr. The ternary alloy was rolled to sheets of 0.25
mm thickness, cut into 3 mm disks and annealed for 30
min at 1050 °C in high vacuum.

Identical specimens are placed in seven different po-
sitions of the materials open test assembly (MOTA),
ranging from below the core to above the core of the fast
flux test facility (FFTF). The first irradiation sequence
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Table 1
Irradiation conditions in Cycles 11 and 12
Dose rate (dpals) Dose (dpa) Temperature (°C)
#11 #12 #11 #11 and #12 #11 #12
1.7 x10°° 1.4 x 107° 43.8 67.8 427 408
7.8 x 10772 9.5 x 1077 20.0* 324 390 387
5.4 x 1077 8.4 x 1077 14.0 28.8 430 424
3.1 %1077 3.0 x 1077 8.05 111 411 410
9.1 x 1078 2.1 x 1077 2.36 6.36 430 431
2.7 x 1078 6.6 x 1078 0.71 1.87 434 437
8.9 x 107 2.2 x 1078 0.23 0.61 436 444
26.0 x 107 dpa/s and 15.6 dpa for two cycle irradiation specimens.
2.2 x 1077 dpa/s and 5.69 dpa for two cycle irradiation specimens.
occurred in Cycle 11 of MOTA-2A for 2.58 x 107 s, and 2.0 T T T T T T
a subset of specimens was then removed. Other identical
specimens continued in Cycle 12 of MOTA-2B for —_
1.71 x 107 s. The dose rates ranged from 8.9 x 10~° to ""E
1.7 x 107° dpa/s. The dose levels varied from 0.23 to g 15[ T
43.8 dpa in Cycle 11 and 0.38 to 24.0 dpa in Cycle 12. ‘C_>
Table 1 summarizes the irradiation conditions. The mi- X 3.1
crostructural evolution in these specimens was examined >
using a transmission electron microscope operated at D 1.07 0.9 T
200 kV. S
q’ o
a 5.4 387°C
£ o5l 17x107 |
3. Results ‘>“ - 7.8 dpa/sec
_ , , , o 0.27 —
Fig. 1 shows the cavity density as a function of the .
. ; Co. . 0.089 390 °C
cumulative dose. The cavity density increases with dose 0 ; ) ) ) ) )
at all dose rates from 8.9 x 107 to 1.7 x 10~® dpals. 0O 10 20 30 40 50 60 70

However, both the absolute value and the rate of in-
crease in cavity density are higher at lower dose rates,
indicating that lower dose rates enhance cavity nucle-
ation.

Fig. 2 shows a comparison of cavity size distributions
for a lower dose rate of 1.5 x 1077 dpa/s and a higher
dose rate of 3.1 x 1077 dpals, both at a cumulative dose
level of ~7 dpa. Cavities with diameters higher than 35
nm can be observed only at the lower dose rate, indi-
cating that cavity growth is also enhanced at low dose
rate. It is also notable that a higher density of small
cavities with a diameter less than 10 nm can be observed
at the lower dose rate, indicating continuous operation
of cavity nucleation. Simultaneous enhancement of both
cavity nucleation and growth therefore causes acceler-
ated swelling at lower dose rates, as shown in Fig. 3.
Note that the swelling data in Fig. 3(a) were derived
from microscopy observation below 10% swelling, and
from immersion density measurement above 10%, as
presented earlier [5]. Microscopy at large swelling levels
usually leads to significant intersection and attack of
voids near specimen surfaces, and thus an underestimate
of swelling compared to density changes, as shown in
Fig. 3(b).

Cumulative Dose (dpa)

Fig. 1. Cavity densities of Fe-15Cr—16Ni irradiated over a wide
range of dose rates as a function of cumulative dose. The dose
rates in Cycle 11 are noted in the figure.

Note in Fig. 3(a) that this alloy attains the charac-
teristic steady state swelling rate of ~1% dpa~! [8,9], and
this post-transient swelling rate does not appear to be
affected by the dose rate. The transient regime of
swelling varied from <1 to ~60 dpa when the dose rate
varied over more than two orders of magnitude. The
control temperatures of the seven capsules varied from
387 to 444 °C and may have influenced the swelling
behavior somewhat. At a fixed dose rate, higher tem-
perature is known to yield higher swelling based on a
previous study in this experimental series by Sekimura et
al. that showed the peak swelling temperature of this
alloy at 1.7 x 10°° dpa/s to lie at ~500 °C [10,11].
However, as shown in Fig. 4(a), the incubation dose of
swelling at lower dose rate and lower temperature is
shorter than that at higher temperature and higher dose
rate. This indicates that the dose rate is more important
that the variation of irradiation temperature. Fig. 4(b)
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Fig. 2. Comparison of cavity size distribution at similar cu-
mulative dose levels: (a) higher dose rate, one cycle of irradia-
tion in Cycle 11, 8.05 dpa, 3.1 x 1077 dpa/s at 411 °C; (b) lower
dose rate, two cycles of irradiation in Cycles 11 and 12, 2.36
dpa, at 9.1 x 10~ dpa/s and 430 °C in Cycle 11, and 4.0 dpa at
1.5 x 1077 dpa/s and 431 °C in Cycle 12, with a cumulative dose
of 6.36 dpa.

shows the swelling as a function of cumulative dose for
different dose rates at a very limited temperature range
of (437+7) °C. Clearly shown is the strong enhance-
ment of swelling at lower dose rate.
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Fig. 3. Swelling over a wide range of dose rates as a function of
cumulative dose. (a) Swelling determined by microscopy and
density, as originally shown in Ref. [5]. (b) Comparison of
swelling between microscopy observation and immersion den-

sity measurement at swelling levels >10%. Note that swelling by
density is larger than that by microscopy.

4. Discussion

Microstructural observation shows that cavities in
this ternary alloy are homogeneously distributed in the
matrix at every irradiation condition, implying that the
point defect flux is homogeneous throughout the matrix.
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Fig. 4. Comparisons of swelling as a function of cumulative dose. These figures show that dose rate differences affect swelling behavior

more strongly than irradiation temperature.
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In the following analysis larger cavities observed after
two cycles are assumed to have nucleated and started to
grow in the Cycle-11 stage of irradiation, while smaller
cavities nucleated during Cycle-12 and grew during the
remainder of Cycle-12. Cavities observed after the sec-
ond cycle of irradiation can therefore be divided into the
following two categories: ‘earlier cavities’ that nucleated
during the first cycle of irradiation, and ‘recent cavities’
that nucleated during the second cycle. Fig. 5 shows one
example of the cavity size distribution divided into ear-
lier and recent cavities. When the diameters are plotted
of earlier cavities, which determine the largest portion of
the swelling, it is clearly shown in Fig. 6 that cavity
growth is enhanced at low dose rates.

Employing the rate equation approach [12-14], the
change of cavity radius is written as follows:
% = % (ZVVDVCV - ZviDin)7 (1)
where r is the cavity radius, D, and D; is the diffusion
efficiency of vacancies (v) and interstitials (i), respec-
tively, and C, and C; is the point defect concentration of
vacancies (v) and interstitials (i), respectively, Z,, and Z,;
is the bias factor of cavities for vacancies (v) and inter-
stitials (i) respectively.

From Eq. (1) the difference between vacancy and
interstitial flux, i.e. the net vacancy flux, is written as

Eq. (2):
d
Net vacancy flux = ?d—:, (2)

where 7 is the average radius of earlier cavities during the
second cycle of irradiation. Fig. 7 shows the calculated
dose rate dependence of the net vacancy flux from the
growth rate of earlier cavities. The net vacancy flux is
found to be proportional to (dpa/s)/? up to 28.8 dpa
and 8.4 x 1077 dpals. It is known that the point defect
concentrations are proportional to (dpa/s)!/? in the re-
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Fig. 5. Dose dependence of cavity size distribution at a fixed
dose rate. Note that the density of earlier cavities is the same as
that observed after one cycle irradiation: (a) one cycle irradia-

tion to 2.36 dpa at 430 °C and (b) two cycle irradiation to 6.36
dpa at 430/431 °C.
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Fig. 6. The diameters of earlier cavities as a function of cu-
mulative dose.

combination-dominant regime [12-17]. This indicates
that mutual recombination appears to dominate point
defect annihilation up to 30 dpa, even though in this
experiment, the point defect sink population is well de-
veloped, with the dislocation sink strength as high as
7.11 x 10" m~2 and the cavity sink strength as high as
1.47 x 10" m~? [5,7] (although the increase rates of
these populations are strongly dependent on dose rate
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Fig. 7. Dose rate dependence of the net vacancy flux. Circles
show that dose rate dependence of specimens irradiated for two
cycles is essentially the same as that of one cycle (squares). Note
that below 30 dpa and 8.4 x 1077 dpals, the net vacancy flux is
proportional to (dpa/s)'/?.
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If mutual recombination were expected to occur only
when the distance between one interstitial and a vacancy
is on the order of the first or second nearest neighbor
distance, the fraction of point defects annihilated by
mutual recombination would be much smaller. Thus,
there must exist some other mechanism of point defect
recombination. One possibility may be that the recom-
bination area is much larger, possibly the fifth or sixth
nearest neighbor. However, further study is necessary
to clarify such a possibility. The validation of such a
mechanism of mutual recombination becomes more
important at low temperature, because the fraction of
point defects annihilated by mutual recombination in-
creases with decreasing irradiation temperature.

At higher dose rates, point defects are generated at
higher concentrations, resulting in a higher fraction of
point defects annihilating by recombination. One would
expect that the fraction of point defects escaping from
recombination and being absorbed by sinks to be higher
at lower dose rates. However, one would not expect
recombination to be equally important throughout the
range of dose rates studied. This apparent contradiction
may arise from other significant effects of dose rate on
microstructural evolution. First, enhanced loop growth
with lower loop density is observed at lower dose rates
[1-5,7,14], resulting in earlier loop unfaulting and an
enhanced rate of network dislocation formation [5,7]. It
was also shown that the incubation dose of swelling is
strongly related to the dose required to form network
dislocations [5,18,19].

5. Summary

Solution-annealed austenitic alloys were irradiated at
~400 °C over a wide range of dose rates, and the effect
of dose rate on microstructural evolution was estimated.
The net vacancy flux calculated from the cavity growth
rate was found to be proportional to (dpa/s)'/> up to 30
dpa. This indicates that the fraction of point defects
annihilated by mutual recombination is rather large.
Thus, the primary origin of the dose rate effect on mi-
crostructural evolution at ~400 °C lies in the domina-
tion of point defect annihilation by recombination and
the consequent influence on dislocation and cavity nu-
cleation. In the development of models describing the
results of long-term irradiation, it is essential to incor-
porate the mutual recombination mechanism into the
model.
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