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ABSTRACT

Fe-15Cr-XNi alloys irradiated at both low (0.66 to 1.2) and
very high (27 to 58) helium/dpa levels exhibit significantly
different levels of strengthening due Lo an unprecedented
refinement of cavity microstructure at the very high helium
levels. When compounded with the nickel dependence of
helium generation, the cavity distribution for some
irradiation conditions and alloy compositions can be driven
below the c¢ritical radius for bubblie-to void conversion,
leading to a delay in swelling. 1lthe critical radius also
appears to be dependent on the nickel level. The refinement
may not have resulted from the high helium levels alone,
hoviever but also may have been influenced by differences in
displacemenrt rate and temperature history in the two

experiments.



1. Introduction

A variety of experiments are underway to assess the
interactive influence of helium generation rate and other
important variables on the radiation-induced evolution of
both microstructure and mechanical properties of simple
metals and Fe-(r-Ni austenitic alloys. One of these
involves a comparison of the response of a series of fe-
15Cr-XNi and Fe-YCr-35Ni alloys in two reactors, EBR-11 and
ORR. The details of these experiments were published
earlier by Hamilton, Okada and Garner.!')  They showed that
significant differences in both swelling and mechanical
properties developed between the [BR-11 and ORR specimens
() While the swelling values at higher irvadiation
Lemperatures were comparable, and exhibited the expected
dependence on composition and Lemperalure, swelling was
suppressed in ORR al lower temperatures and lower nickel
levels, as shown in Figure 1. Even though the swelling was
less in the ORR specimen<, the radiation-induced changes in
yield strength were much larger in ORR than in [BR-11, as

shown in Fiqure 2.
2. Experimenlal Details
The AD-1 experiment was conducted to doses of 9.5 to 11.3

dpa in EBR-11 at relatively low helium/dpa ratios typical of

fast reactors. The ratios range from 0.66 to 1.2 appm/dpa



for nickel levels of 25 to 45%. The MFE-4 experiment was
conducted at a lower displacement rate in ORR to doses of
12.2 to 14.3 dpa at calculated helium/dpa ratios ranging
from 27 to 58 appm/dpal?). A recent measurement on the 34.5%
Ni alloy from the ORR experiment shows that the actual
helium levels compare well with the calculated values, being

3V For a given irradiation temperature the

only 4-8% lower!
displacement level was relatively independent of nickel

cohtent in EBR-11, but this was not the case in ORR, where
the *8Ni(n,y)*Ni(n,a)%fe reaction that produces the large

helium levels in this reactor also makes a measurable

contribution to the displacement rate (see lable 1).

The microstructiral origins of the hehavior shown in figures
1 and 2 were sought using transmission electron microscopy.
This paper presents the results of the annealed Te-15Cr-XNi
(x = 20 to 45) alloys only. Analysis of the interactive
effects of helium generation rate with cold working and
chromium variations is still in progress and will be

published later.

3. Results

The analysis effort has concentrated on specimens irradiated
at 330, 400 and 500°C in ORR and at 395°C in EBR-11. The
EBR-11 microstructural data at 450°C were reported in an

earlier paper.® A comparison is shown in figure 3 of the



swelling at 500°C in ORR as determined by both immersion
density and microscopy, showing relatively good agreement.
No precipitates were observed in any alloy. As can be seen
in Figure 4 the major difference betweeﬁ the two sets of
irradiations is reflected in the cavity density. Whereas
the EBR-11 cavily densities exhibit the usual trends,
~decreasing both with irradiation temperatuve and nickel
content, the densities reached in ORR not only increase with
nickel content but reach levels that are two to three orders
of magnitude farger than in EBR-11. Cavity densities are in
excess of 102 m 3 at 400°C and they are even larger at
330°C. These are some of the largest ever observed in
reactor irradiation studies. The cavily densities at 400"C
increase with nickel level, but show saturation at higher

nickel contents.

The width of the size distribution of the cavities in the
ORR experiment al 500°C was observed Lo become progressively
smaller as the nickel content increased, as shown in

Figure 5. This contrasts with the behavior observed in EBR-
IT, where cavities are in general larger but whose sizes are
relatively independent of nickel content at a given

irradiation temperature.

In contrast to the behavior observed at 500°C, the cavity
sizes at 330 and 400°C are very small, but increase with

nickel content as shown in Figure 6. Note thal the cavity



sizes for the most part do not change significantly between

330 and 400°C.

Figure 7 compares loop densities as a function of‘nickel
content from the 500°C ORR specimens with those of another
comparable experiment conducted in EBR-11¢®, The
dislocation structure in the ORR experiment was dominated by
a high density of loops at all nickel levels, while the EBR-
Il experiment contained mostly tangled dislocation segments,

especially at lower nickel levels.
4. Discussion

In the range of 400 500°C the swelling of [e (r-Ni ternaries
in EBR-11 is known to exhibil a Lransient regime of -10 dpa
prior to swelling al a rale of -1%/dpa.® 1f this trend also
pertains to swelling at the Jower displacement rate of ORR
then these alloys would have accumulated 280580 appm helium
prior to reaching the 10 dpa level. Tlhe large decrease in
swelling at lower temperatures at all nickel levels relative
to that in [BR-lf may rveflect the impact of the very large
and almost unprecedented density of cavities arising from

the high helium levels.

The swelling in ORR at 500°C increases with declining nickel
content as the cavily densily decreases from the 10%3 to the

1022 m3 level, but at this temperature in EBR Il it is known



that swelling also increases as the nickel level falls.®
Note in Figure 1 that swelling levels in the 24.4Ni alloy at
500°C were comparable in the two reactors. Thus the
behavior observed at 500°C reflects a lesser impact of the
helium-induced refinement, while still responding to the
nickel’s inf]uence‘on swelling via its effect on vacancy

diffusivity and dislocation bias.”?

It ;s significant that the cavity sizes at 45% Ni and 500°C,
as well as at ali nickel levels at 330 and 400°C, are small
enough that most of them are probably helium bubbles rather
than voids. AL these sizes, the cavities may have been
driven below the critical radius for bubble-to-void

0 (avily densities and sizes increased with

conversion.'
nickel content at these temperatures, but were not
proportional to either the nickel level or the helium
conltent. This suggests that the critical cavity radius for
bubble-to-void conversion increases with nickel content.
This experimental evidence is consistent wilh the results of
other studies, in which a variety of nickel -dependent
mechanisms of swelling behavior were proposed.®:72.10  The
extensive refinement of the cavity microstructure is
probably the major reason for the much larger level of
strengthening observed in the tensile tests on specimens
irradiated in ORR. The microstructural results indicate
that, at all irradiation temperatures studied, the

vefinement of cavities (along with a smaller refinement of



loop mitrostructure) is sufficient to account for the higher

levels of strengthening observed in the ORR experiment.

It is tempting at this point to attribute tﬁe observed
refinement in ORR solely to the higher helium levels, but
there appears to be other contributing factors. Hamilton
and Garner have recently irradiated the 25 and 45% Ni alloys
in FFTF using Ni isotopic doping to study the effect of
helium in a truly single variable manner'’:'*. In the
absence of displacement rate variations, a helium/dpa ratic
of ~15 appm/dpa yielded no significant variations in
swelling or tensile\properties at 365°C. Yet in the ORR
experiment a he]ium/dpa ratio roughly twice this level (34
appm/dpa for the 24.4Ni alloy) caused near-total suppression
of swelling at 330 and 400°C. This change in behavior is
too abrupt to explain confidently in terms of helium only,
and would require invoking some very sensitive threshold
behavior in which a factor of only two increase could -

provoke such an exaggerated response.

However, there are two important differences between the
manner in which the ORR and EBR-11 experimenls were
conducted. firsi. the ORR experiment pioceeded at roughly
an order of magnitude lower displacement rate and
microstructural development and its macroscopic consequences
are known to be very sensitive to displacement rale e opf

the lower displacement rate and higher helium generation



rate in ORR retard thé growth and infaulting of loops at
1ower nickel levels, as shown in Figure 7, this could cause
the lower swelling observed. At higher nickel levels,
however, it appears that the ﬁigher helium production rate

is the main reason fcy loop refinenent.

More recently, however, it has been shown that details of
temperature history in fission reactors can have a very
large impact on microstructural evolution, especially when
irradiation proceeds, even for very brief periods, at lower
temperatures (519 The ORR reactor had a low inlet
temperature and a high gamma heating rate, and thus
irradiation temperatures were closely tied to reactor power
level. One facet of ORR operation was the automatic step-
down of the power level periodically for peviods of 10-30
min, resulting in periodic temperature decreases on the
order of 100-150°C. Garner, Sekimura and their coworkers
recently showed experimentally that oniy 0.0l dpa
accumulated under such conditions can cause a significant
refinement of microstructure. 89 It may be possible that
helium bubble nucleation at higher nickel levels is

particularly sensitive to refinement under such conditions.
5. Conclusions

Comparison of microstructures developed in fe-Cr-XHi alloys

irradiated in EBR-11 and ORR shows that very large amounts




of helium can significantly strengthen alloys via their
effect on refinement of cavity microstructure. In addition,
this refinement may have as one of its consequences a
reduction of individual cavityvsizes‘be]ow the critical
radius of bubble-to-void conversion for some alloys and
irradiation conditions. It also was found that the critical
radius appears to increase with nickel‘content; However,
there also appears to be a possibility that the refinement
in ORR was assisted by significant differences in
displacement rate and temperature history compared to that

found in EBR-I1.
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Table 1

Displacement and Helium Levels‘® in the
MFE-4 Experiment in ORR ‘

338 and 488°C 580 and 6@8°C

Composition, wtX dpa He, appm acpm/dpa dpa He, appm appm/dpa

Fe-19.7Ni-14 7Cr 13.4 3 277 12.2 332 27.2

Fe-24 4Ni-14.9Cr 13.6 463 3.0 12 4 414 33 .4

Fe-3@. 1Ni-15.1Cr 13.8 SSS(b) 48.2 12.6 495(h) 39.3

Fe-34 SNi-15.1Cr 14.8 - 647 46.2 12.7 573 45 1
Fe-45.3Ni-15.8Cr 14.3 832 58.2 13.1 749 56.5

(a) These values were calculated using dosimetry calculations and measurements

provided in Reference 2 for individual elements

{b) Measured values of helium at 34 .5 Ni and 338, 409, 588 and 608°C were 1-8%
lower, at 587 2 4, 611 F 7, 533 % 3 and 552 F 7 respectively
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Figure 2. Comparison of radiation-induced changes in yield
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the MFE-4 experiment in ORR.’
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