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Abstract

Six austenitic stainless steel heats (three heats each of 304SS and 316SS) neutron-irradiated at 275 °C from 0.6 to
13.3 dpa have been carefully characterized by TEM and their hardness measured as a function of dose. The charac-
terization revealed that the microstructure is dominated by a very high density of small Frank loops present in sizes as
small as 1 nm and perhaps lower, which could be of both vacancy and interstitial-type. Frank loop density saturated at
the lowest doses characterized, whereas the Frank loop size distributions changed with increasing dose from an initially
narrow, symmetric shape to a broader, asymmetric shape. Although substantial hardening is caused by the small de-
fects, a simple correlation between hardness changes and density and size of defects does not exist. These results indicate
that radiation-induced segregation to the Frank loops could play a role in both defect evolution and hardening re-

sponse.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Austenitic stainless steels are a common structural
material used in current generation light water reactor
(LWR) components as well as future reactor concepts.
The radiation environment in these reactors causes
substantial degradation in the properties of the stainless
steel that can lead to premature failure. The changes in
properties derive from the cascade damage produced by
the high-energy neutrons that introduce both interstitial
and vacancy-type point defects and clusters into the
metal lattice. The migration and interaction of these
defects and their clusters induce changes in the me-
chanical and physical properties of the material as well
as the matrix microstructure and the grain boundary
microchemistry. Radiation hardening and a concomi-
tant ductility loss, irradiation-assisted stress corrosion
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cracking (IASCC), void swelling and precipitation rep-
resent the severe consequences of neutron irradiation.
While extensive studies have been conducted on au-
stenitic stainless steels over the past few decades, much
of this work was done under the auspices of the breeder
reactor programs in the 1970s and 1980s and more re-
cently in the fusion reactor materials research programs.
Many of the experiments focused on irradiation tem-
peratures and doses that were different than those of
interest to the LWR community. Reviews by Maziasz
[1], Zinkle et al. [2] and more recently by Bruemmer
et al. [3] and Rowcliffe et al. [4] summarize much of
our understanding on the microstructural evolution
gained from those early experiments, which spanned the
temperature range from 50 to 700 °C. The review by
Bruemmer et al. [3] focused on addressing the current
understanding of radiation effects in stainless steels as
it pertained to IASCC in LWRs, a phenomenon in-
volving components irradiated at temperatures near
290 °C. This range of irradiation temperatures (50—
700 °C) spans a critical temperature regime for irradi-
ated stainless steels in that at ~300 °C, the stability of
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vacancy-type defects changes in such a manner that the
onset of void swelling and significant radiation-induced
precipitation occurs. This temperature represents the
annealing stage V, above which vacancy clusters become
thermally unstable and begin to emit vacancies into the
lattice [2,4]. The microstructure of stainless steels irra-
diated below ~300 °C evolves differently than that of
stainless steels irradiated above this transition tempera-
ture, most notably in that no voids have been found
below this temperature, only small defect clusters, dis-
location loops and some fine-scale precipitation. Ac-
cording to Maziasz, there is limited evidence to suggest
that a high density of ultra-fine He bubbles can form in a
high density below irradiation temperatures of ~300 °C,
but this may require doses of several displacements per
atom (dpa) to occur.

All of these reviews conclude that the radiation-
induced microstructure in stainless steels irradiated
below Stage V is best described as a mixture of ‘black
spot” damage and Frank loops (faulted loops with b =
a,/3(111)). In his review Maziasz indicates that the
Frank loops can appear as ‘black spots’ when they are
very small (2-3) nm, but in later reviews this distinction
has seemingly been lost and the character of the black
spots is often considered as distinct from the larger
Frank loops. Though the data appears to be limited in
detail for T, < 300 °C, the density of the black spots
saturates around 2—4 x 102 m~* and the Frank loops
somewhat lower. The black spots are usually less than a
5 nm in diameter, whereas the Frank loops approach
sizes up to 40 nm. As the irradiation temperature in-
creases above 300 °C, the black spots decrease in density
whereas the Frank loops and line dislocations become
the dominant dislocation-type defect. The Frank loops
under these conditions are much larger, growing to dia-
meters of 200 nm or larger at irradiation temperatures of
360 °C or higher with a density that decreases rapidly
above 400 °C. The microstructure at these temperatures
is further complicated by the presence of He bubbles,
voids and radiation-induced precipitation. Though the
review by Zinkle et al. [2] indicated that below Stage V
radiation-induced segregation (RIS) is minimal, con-
siderable research has demonstrated that RIS exists at
an appreciable level near 290 °C and likely exists at even
lower irradiation temperatures. Bruemmer et al. [3]
discussed this topic in their review of IASCC in irradi-
ated stainless steels.

The nature of the black spots is one issue that re-
mains unclear and has important implications regarding
the interpretation of the microstructural evolution in
austenitic stainless steels. While Frank loops larger than
10 nm have been shown to be interstitial loops at irra-
diation temperatures above 360 °C [5-8], this apparently
has never been demonstrated for the much smaller
Frank loops that exist at lower irradiation temperatures,
particularly below ~300 °C. This is not an easy task,

primarily because of the small size of the loops that are
typically less than 10 nm in average size. Loops in this
size range require a very careful and laborious analysis
of the strain field contrast to determine their true char-
acter. A further complication is that many of the studies
involve a range of irradiation conditions (proton, elec-
tron or neutron irradiation), thin foil versus bulk irra-
diation experiments, and different alloys and impurity
contents. For the purposes of this paper, the brief review
given below will concentrate only upon stainless steels
irradiated under cascade damage conditions, that is, the
results of 1 MeV electron irradiation experiments will
not be included.

For irradiation temperatures less than ~300 °C, the
general tendency is to accept that that the visible Frank
loops represent the interstitial component of the mi-
crostructure, whereas the unidentified black spot dam-
age is thought to be predominantly vacancy in nature,
perhaps stacking fault tetrahedra (SFT) as observed by
Horiki and Kiritani [9] in a ternary FeCrNi alloy. Horiki
and Kiritani suggested that the small SFTs they ob-
served were formed directly from the cascade collapse.
An important point to recognize is that the SFTs
observed by Horiki and Kiritani were found in a Fe-
16wt%Ni-15wt%Cr ternary alloy with low levels of im-
purities, quite different from the commercial stainless
steels often studied in other work. Maziasz [1] and
Zinkle et al. [2] both concluded separately in their re-
views that SFT are present in very low densities, com-
prising less than 1% of the visible defect population.
Their reviews, however, are of experimental studies on
alloys closer to a commercial nature, not pure ternary
FeCrNi alloys.

Other more recent studies also make the point that
the microstructure is comprised of both black spots and
interstitial Frank loops [10-21], but the black spots are
not identified as to their nature and the Frank loops are
often assumed to be interstitial-type loops. Dai et al. [15]
reported that 304L irradiated with 800 MeV protons
contained both SFT and Frank loops, but the SFT (of
mean size 1.5 nm) comprised only 20-25% of the visible
defects and their density and mean size did not change
with increasing dose. In a separate irradiation experi-
ment on four of the heats irradiated in this study, Bailat
et al. [16,17] reported loop densities on the order of
~1.7-3 x 10> m—3, but did not describe in detail the
nature of the loops. Most recently, Edwards et al. [20,21]
presented limited evidence in LWR-irradiated stainless
steels that black spots are in fact small Frank loops in-
distinguishable from the larger Frank loops when using
a technique that images the stacking fault of the loops.
This issue needs to be further explored in order to re-
concile the differences among various experiments and
more accurately relate the changes in microstructure to
the observed changes in properties of the irradiated
stainless steels.
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In the following sections, the results of a systematic
characterization of LWR-irradiated 316SS and 304SS
heats are presented. Details of the evolution of defects
that occur at doses from ~1 to 13 dpa during irradia-
tion at 275 °C will be presented, as well as the ac-
companying change in hardness at room temperature
and 275 °C. The importance of the microstructural
features are discussed relative to our understanding of
radiation damage, radiation hardening and possible
impurity effects.

2. Experimental

Six austenitic stainless steel heats were irradiated at
an in-core position at 275 °C (in the contact with coolant
water) in the Barseback reactor. The samples were in the
form of constant extension rate tensile (CERT) speci-
mens used for post-irradiation stress corrosion cracking
testing at 275 °C, the details of which have been reported
by Jenssen et al. [22,23]. The samples were given a so-
lution annealing treatment prior to irradiation. The ir-
radiation conditions and the types of the materials are
listed in Table 1. Bulk compositions for these six heats
are presented in Table 2 as reported by Jenssen et al.
from independent analyses on unirradiated samples.
Although no systematic changes in composition are
present in these heats, significant differences exist among
the 304 and 316SS heats. Three low-carbon heats (304-
C, 304-E and 316-F) are included with two intermediate
carbon heats (304-B and 316-P) and one higher carbon
heat 316-K. 304-E is a higher purity heat and contains
lower levels of many elements such as Mo, Mn, Si, P and
N than the other 304SS heats. Heat 316-F is a low-
carbon heat with lower levels of Si and S compared to
the 316-K and 316-P heats. Since major alloying ele-
ments are similar for Types 304SS heats C and E, some
assessment of impurity composition on irradiation be-
havior may be possible even though the composition of
many elements have changed among the heats. The

Table 1
Dose conditions for the irradiated 304 and 316ss heats
ABB heat Dose (n/cm?, E > 1 MeV) Dose (dpa)
304-B 0.8 x 10% 0.7
1.1 x 10* 1.6
3.4 x 10 5.0
304-C 0.4 x 10* 0.6
0.6 x 10% 0.9
3.4 x 107! 5.0
304-E 0.8 x 10%! 1.2
3.1 x 107! 4.4
316-F 0.8 x 10%! 1.1
3.3x10% 4.7
316-P 0.8 x 10%! 1.1
1.1 x10* 1.6
2.0 x 10*! 2.9
3.4 x 10* 4.9
316-K 0.7 x 10*! 1.0
1.1 x 10% 1.6
2.6 x 10 3.7
4.0 x 10*! 5.7
9.3 x 10*! 13.3

316SS heats show smaller differences among the three
heats, limiting potential insights based on the bulk
compositions and irradiation behavior.

Thin slices were sectioned from the grip area of the
irradiated and tested CERT specimens and 3-mm disks
punched from the slices. The grip area experienced
stresses well below the yield stress during testing,
therefore the microstructure is considered to be unaf-
fected by the testing. Specimen preparation involves
electropolishing with a 5% perchloric/95% methanol
electrolyte cooled to —40 °C using a polishing current of
~150 mA. A thorough characterization has been com-
pleted on each condition using weak-beam, centered
dark-field, and high resolution imaging in a JEOL 2010F

Table 2
Bulk compositions of the solution annealed 304 and 316SS heats
304SS 316SS
Heat B Heat C Heat E Heat F Heat K Heat P
C 0.035 0.014 0.015 0.009 0.055 0.040
Cr 18.3 18.6 18.5 16.7 16.5 16.7
Ni 8.5 10.2 10.9 11.6 12.4 12.2
Mo 0.4 0.3 0.1 2.7 2.3 2.6
Mn 1.4 1.3 0.8 1.4 1.7 1.8
Si 0.65 0.43 0.05 0.26 0.64 0.59
P 0.031 0.023 0.006 0.021 0.016 0.024
S 0.029 0.006 0.009 0.001 0.006 0.007
B <0.0004 <0.0004 <0.0004 0.0010 <0.0004 0.0013
N 0.067 0.077 0.039 0.062 0.029 0.058
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FEG-TEM (field emission gun transmission electron
microscope) and a JEOL 2000ES TEM. Defect sizes and
densities were measured near the foil edge in regions less
than 80 nm thick, which minimizes overlap of defects
and improves the accuracy of the measurements. The
defects were counted from digital images scanned from
the original negatives. Thickness measurements were
made using convergent beam electron diffraction, a
standard technique with an error of +5%. Composi-
tional information was obtained in the 2010F using a
Link EDS system with a probe size down to 0.7 nm.
As described in the introduction, Frank loops are
faulted dislocation loops lying on the four {111} planes
with a Burgers vector a/3{111} and are clearly present
in these irradiated samples at all doses. Examples of the
diffracting conditions used to image the loops are shown
in Fig. 1 for the 316SS Heat K at 1 and 5.6 dpa. The
diffracting conditions are obtained by tilting ~8° away
from the [0 1 1] zone axis along the g = 113 reflection. At
this imaging condition two edge-on variants will be
visible while the other two are inclined. The relrods
(encircled) are due to presence of the {111} stacking
faults in the loops and can be used to image the Frank
loops independent of the matrix. Depending on the ex-
act orientation the relrods will be visible as either spots
or streaks. Using the relrod allows the Frank loops to be
measured to sizes less than 1 nm, although any feature
much smaller than 1 nm begins to merge into a simple
bright dot and becomes increasingly faint due to the
smaller scattering area of the fault. Therefore, a practi-
cal lower limit of ~0.5 nm was found in this work based
simply on the observation that Frank loops are hard to
define as distinct edge-on loops below this size. For the
lowest doses characterized in this study, the streaks in
the diffraction pattern were not always visible due to the

small average size of the loops; however, placing the
aperture in the appropriate spot allowed the Frank
loops to be imaged ‘blindly’. The densities can be mea-
sured reliably from these images by taking into account
the number of variants possible versus what is being
imaged. Size distributions and density were measured
from these images for each of the conditions examined.

A Nikon QM-1 high-temperature microhardness
system and a Tukon Model 300 microhardness tester
were used to evaluate the hardness of the various
stainless steel samples using a load to 200 g. The tem-
perature range examined in initial tests is 20-275 °C with
intermediate test temperatures of 100 and 200 °C.
Specimens were held at temperature for approximately
3 min before testing and a minimum of three indents
were recorded. All specimens (typically 3-mm discs) were
given a consistent metallographic surface preparation to
a 6-pm finish using SiC paper.

Helium levels were checked for each irradiated ma-
terial condition using an isotope-dilution mass spect-
rometry technique [24]. Helium contents were on the
order of 10 appm at ~5 dpa for all of the heats except
316SS heats F and P, which contained slightly more
boron. At ~5 dpa these latter two heats contained
20 appm helium.

3. Results

The results of the microstructural characterization
will be presented first, describing the fine-scale defect
microstructure produced during irradiation. Hardness
results will also be presented for each dose and material
condition to relate the microstructural changes due to
irradiation to the measured changes in hardness.

rel rods —__&

Fig. 1. Illustration of the imaging conditions used to image the small Frank loops in all 304 and 316SS heats. The reciprocal lattice
streaks (encircled) are shown for (a) 1 dpa and (b) 5.7 dpa. The loop images in (b) show one variant of the loops when imaged using the
encircled streak. Newton rings are present in the dark-field image and are simply artifacts of the image scanning.
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3.1. Microstructural characterization

3.1.1. Unirradiated microstructures

The microstructure in each of the unirradiated ma-
terials is comprised of equiaxed grains with annealing
twins present in approximately 40% of the grains. The
grain size of the three 304SS heats is similar for all 3
heats, ranging from ~45 m for 304-C to ~60 m for 304-
E. The 316SS heats exhibit a much larger spread in grain
sizes with the 316-K at 50 um, the 316-P at ~80 um and
the 316-F at ~150 um. SEM examinations revealed a
low density of Mn-S inclusions which are most common
in the 304SS heats B and C. Examination of the unir-
radiated microstructures by TEM shows all six heats to
be effectively solution annealed, with a low density
(<10 m~2?) of isolated dislocations.

3.1.2. Identification of the fine-scale damage

The initial characterization of the irradiated material
began with the lowest dose samples of 1 dpa or less. The
microstructure in general appears to be free of any dis-
cernible dislocation network known to form at higher
irradiation temperatures, and no cavities of any sort
were observed in these materials. There was some indi-
cation of small precipitates on the order of 4-5 nm in
size, but these were not present in a density of greater
than ~10% m~3. When imaged in bright field or matrix
dark-field, the microstructures at these low doses are
composed of a high density of very small defect clusters
and small Frank loops. The small defects are difficult to
resolve under these imaging conditions and lend them-
selves well to the generic description of ‘black dots’ in
the bright field images. At the low doses, only a fraction
of the defects can be easily distinguished as Frank loops,
most of which are more than a few nanometers in
diameter. However, by imaging the defects using the
relrod technique described earlier, the small hard-
to-resolve defects are found to be simply small Frank
loops. The black dots are therefore a combination of
edge-on Frank loops that are more easily distinguishable
at larger sizes and the inclined variants that appear as
small round defects.

The example in Fig. 2 show more clearly the ap-
pearance of the Frank loops in the 316-K at various
doses. The images compare the appearance of the loops
in matrix dark-field with the centered dark-field images
obtained using the relrods from the faulted loops. The
dark-field images shown in Fig. 2(b) and (d) were taken
on a g = 200, 2-beam condition, which shows all four of
the Frank loop variants, two edge-on and the two in-
clined variants, the latter of which are not very clearly
defined at these small sizes. Measuring the size of the
defects reliably from these dark-field images is difficult
because of the overlap between defects and their inter-
acting strain fields, particularly when the foil thickness is
much larger than 80-100 nm and the size begins to ex-

ceed an average of a few nanometers. The weak-beam
image shown in Fig. 2(f) illustrates the difficulty in ac-
curately characterizing the defect microstructure under
these imaging conditions. By comparison, the centered
dark-field images shown in Fig. 2(a), (c) and (e) obtained
by using the relrods shown in Fig. 1 enable a more ac-
curate measurement of the Frank loops.

The strain field images of the loops, that is, the im-
ages taken in bright field or matrix dark-field, do pro-
vide useful information, however. Other types of defect
structures such as SFT and prismatic dislocation loops
(b =a/2(110)) can form directly from the cascade col-
lapse and subsequent interaction between the point de-
fects and their clusters, as well as unfaulting of the
Frank loops. To evaluate the possibility that there may
be another component of the microstructure present
such as SFT or prismatic loops, samples were imaged in
two different 2-beam conditions (g = 200 and 113) near
the same zone [0 1 1] axis. These images were taken from
two doses in 316-K and 304-B at ~1 and 5 dpa to cover
an appropriate dose range. At the g = 200 orientation,
all four of the Frank loop variants, 2/3 of the possible six
prismatic variants and all of the SFT should be visible.
The densities measured from these pictures fall within
the scatter of the overall density data obtained from the
relrod images, indicating that no additional micro-
structural features are present in any significant density.
The same was found for those images taken using the
g = 113 condition where 3/4 of the Frank loops variants
are visible and 5/6 of the possible prismatic variants
should be visible if present. While this does not con-
clusively prove that no unfaulting occurs or that other
types of defects are present besides small Frank loops, it
does further strengthen the argument that only small
Frank loops form in significant density under the irra-
diation doses and temperatures examined in this study.

There are triangular-shaped images that appear in
the irradiated stainless steels, however, that can be
confused with SFT. Several cases have been observed in
these materials where small, triangular-appearing de-
fects appear in the matrix dark-field and bright field
images when taken near a dynamical 2-beam, g = 200
condition. Examples of these triangular defects are en-
circled in the images shown in Fig. 3. While these tri-
angular-shaped defects appear to be SFT, imaging the
same defects by lattice imaging clearly show that these
are simply small Frank loops lying on edge. The trian-
gular appearance of many of the defects shown in Fig. 3
is thought to be due to the asymmetric strain field con-
trast of the small defects that varies significantly de-
pending on the diffracting condition and position
relative to the foil surface. Changing the diffraction
condition by moving the diffracted spot around inside
the objective aperture alters the appearance of the strain
field, in some cases shifting the triangular strain contrast
to the other side of the edge-on loop or eliminating it
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5.7 dpa

13.3 dpa

Fig. 2. The Frank loop microstructure is shown for various neutron doses in the 316SS heat K. The Frank loops in (a) and (b) are from
the 1 dpa condition, the loops shown in (c) and (d) are from the 5.7 dpa condition, and (e) and (d) are from the 13.3 dpa condition. The
matrix dark-field images shown in (b), (d) and (f) illustrate the complex images obtained when imaging the strain fields in the matrix
from the high density of loops. The loops in the three relrod dark-field images provide a clearer idea of the size and density.

altogether. Note that in many cases the rel-rod images of
the Frank loops are ellipses when they are inclined to the
beam direction, indicating that they are more or less
circular loops.

Evidence of SFT and intermediate defect configura-
tions were found in limited cases as illustrated by the
lattice images provided in Fig. 4. Fig. 4(a) reveals two
widely separated Frank loops in 316-K at 1 dpa with no
evidence of another bounding Frank partial as would be
expected in an SFT. Fig. 4(b) gives two examples in 304-
E at 1.2 dpa where the triangular-shaped defects are
possibly partially-dissociated Frank loops following the
examples provided by Jenkins and Kirk [25]. An SFT
should have equal lengths for two straight interfaces if

fully contained within the foil, however, the disparity in
their lengths suggest that this may actually be a par-
tially-dissociated Frank loop. Jenkins and Kirk have
given examples of the types of contrast that can arise
from partially-dissociated Frank loops in both pure
copper and silver, and those images are similar to those
presented here. The partially-dissociated Frank loops
represent a situation where the defect structure is inter-
mediate between a Frank loop and an SFT. Jenkins and
Kirk pointed out that the partially-dissociated Frank
loops can be mistaken for either complete SFT or even
as multiple Frank loops depending on the imaging
conditions. This problem will simply be exacerbated in
situations where the density and size leads to image
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1 dpa
316-K

S dpa
304-C

1.2 dpa
304-E

Fig. 3. Triangular-shaped strain fields can be mistaken for stacking fault tetrahedra. The examples shown here are from images taken
near a (011) zone axis under a g = 200, 2-beam dark field condition. The defects in (a) and (b) are from heat K at 1 dpa, the defects in
(c) and (d) are from heat C at 5.0 dpa, and the defects in (e) and (f) are from heat E at 1.2 dpa. In many cases, the triangular appearance

is the result of an asymmetric strain field from a single Frank loop.

overlap of the Frank loops. Evidence of SFT do exist in
the low dose 304-E as shown Fig. 4(c)—(f). Comparing
the matrix dark-field and lattice images of the two in-
dividual SFT shows quite clearly that there are two in-
terfaces of equal length present on each defect, unlike
the single fault shown in Fig. 4(a) for the Frank loop.
In all of the commercial 304 and 316SS (heats B, C
and P and K, respectively) and for the somewhat higher
purity 316-F, no consistent evidence of SFT are found.
For the highest purity 304-E, a small fraction of the
defects are found to be SFT based on weak-beam images
and the lattice images, examples of which are shown in
Fig. 4. The number of SFT are estimated to comprise

less than 5% of the observed defects, and their distri-
bution is not homogenous. Some areas contain several
SFT while others are completely devoid of any defect
type other than Frank loops.

3.1.3. Characteristics of the Frank loops

Having determined that the visible microstructure is
composed of predominately Frank loops, images were
taken for each dose and each material to compare the
Frank loop microstructure. Densities and sizes were
measured from images taken using the rel-rods to image
one variant of the Frank loops at a g =113, 2-beam
condition as described above. All images were taken at
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Fig. 4. Lattice images from defects in different irradiation conditions are shown. All images were obtained from a foil tilted onto a
(011) zone axis. The defects in (a) are single Frank loops in 316SS heat K at 1 dpa. The remaining images are from the higher purity
304SS heat E at 1.2 dpa. The defects shown in (b) are thought to possibly be partially-dissociated Frank loops, whereas the com-
plementary matrix dark-field/lattice images shown in the sets (c)/(d) and (e)/(f) are thought to be SFT.

magnifications of 150000x or above, and analyzed
digitally from scanned photos.

The Frank loop size distributions for all six heats
(using a common bin size of 1 nm) are shown in Fig. 5,
and the density and average size as a function of dose
are provided in Fig. 6 and listed in Table 3. A com-
parison of the size distributions at two doses is given in
Fig. 7. The size distributions in Fig. 5 show that the
Frank loop evolution is relatively consistent between the
two heats 304-B and 304-C and the two heats 316-K and
316-P despite their different compositions. Size distri-
butions for the lowest doses tend to be narrow, Gaussian

distributions that eventually broaden at higher doses
into a somewhat asymmetric distribution that extends
up to ~30 nm. The narrow size distributions at the two
lowest doses in the 304-B and 304-C illustrate that most
of the loops are in the regime traditionally ascribed to
the black spots. As the dose increases the loops appear
to grow and therefore shift the average sizes upward. An
effective saturation state is reached for all of the heats
above ~3 dpa. The size distributions for the 304-E and
316-F reveal a somewhat different trend. At 1 dpa, they
are broader than for the other four heats, particularly
with regard to the 304-E, and this trend holds true at the
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Fig. 5. Frank loop size distributions are provided for all of the various conditions and materials characterized in this experiment. Most
size distributions at 1 dpa or less in heat K, P, C and B are narrow Gaussian profiles that broaden as the dose increases above 1 dpa.
The size distributions for the two higher purity heat E and F are broader than their commercial purity counterparts at 1 dpa, indicating
that the loops evolve faster. Above a few dpa all size distributions are asymmetric and in some cases a second peak may be appearing.

higher dose. For the bin size chosen to make these size
distributions, a second peak appears at the highest dose
in both materials, but whether this is statistically sig-
nificant or is an artifact due to the choice of bin size is
unclear. The broader size distributions at lower doses
and the appearance of a possible second peak at 5 dpa
suggest that the higher purity heats evolve at a moder-
ately faster rate than their more lower purity counter-
parts.

The densities measured for the individual heats reveal
that with the exception of 304-B, the loop density in
most heats is already established at near saturation

levels by 0.6-1 dpa. There are some minor differences
between the different heats, especially for the heat C
which possesses a lower saturation density than the
other five heats. The density of loops in 304-B is higher
than the other heats at 5 dpa, but no data is available
past 5 dpa to determine whether the density will con-
tinue to increase or saturate as in the other heats. The
average density for all of the heats lies around 2 x 10%
m~ for 1 dpa and higher doses except for the two cases
just cited. The most noticeable changes therefore are the
increases in average size due to the broadening size
distributions. At a dose of ~1 dpa, the average sizes of
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Fig. 6. The average size and density of the loops in the various
materials are presented here. Density of loops is established by
~1 dpa if not sooner, and most heats exhibit a saturation
density around ~2 x 10** m—3. Heat C and B show some dif-
ferences in density compared to the other heats. The loops sizes
increase with dose in all heats, but this increase begins to taper
off fairly quickly above 2 dpa. The two higher purity heats E
and F possess larger Frank loops on average than the less pure
heats.

Table 3
Average size and density of Frank loops in the irradiated 304
and 316SS heats

ABB Dose  Loop density Mean size (Na’)l/ :
heat (dpa) (x10® m™3) (nm) (x 107 m™2)
304-B 0.7 09 4.6 2.0
1.6 1.2 7.3 3.0
50 52 6.9 6.0
304-C 06 09 4.9 2.1
09 04 6.5 1.6
50 07 8.1 24
304-E 1.2 2.1 9.3 44
44 25 11.2 53
316-F 1.1 1.8 7.2 3.6
4.7 1.7 11.2 4.4
316-P 1.1 1.3 6.4 29
1.6 1.6 7.5 3.5
29 1.1 9.7 33
49 20 9.6 4.4
316-K 1.0 32 6.3 4.5
1.6 1.6 7.4 34
3.7 34 8.5 5.4
5.7 1.9 9.1 42
133 1.9 9.4 42

the Frank loops for most of the heats are around 7 nm,
with the average size significantly higher in the 304-E. As
the dose increases the differences between the individual
heats become more discernible such that at 5 dpa the
average sizes range from ~7 nm for the heat B to ~11
nm for both 304-E and 316-F. The data for 316-K

suggests that changes beyond a few dpa are relatively
small once saturation is achieved.

3.1.4. Near grain boundary regions

Irradiation also led to changes in the near-boundary
regions in the form of defect-denuded zones as illus-
trated in Fig. 8. The measured width of these denuded
zones is plotted in Fig. 9, showing that the denuded
zones disappear after a few dpa. The biggest surprise is
not the presence of the denuded zones however, but
rather that there is a noticeable and consistent difference
in the width of the zones in the 304SS alloys versus the
316SS alloys. In addition, the denuded zones are
thought to disappear much earlier in the case of the 304-
B and 304-C than in 316-K and 316-P. However, since
no data exists for the doses between ~6 and 13.3 dpa, it
is not possible to say exactly at what dose the denuded
zones disappear for the 316SS. No denuded zones were
found in either the 304-E or the 316-F, which tends to
support the observation made earlier that these two al-
loys evolved at a faster rate than the other four heats.

In addition to the denuded zones, RIS alters the
chemical composition of the grain boundaries and near-
boundary regions, although the scale is considerably
smaller than the width of the denuded zones. These re-
sults have been summarized earlier by Bruemmer et al.
[26] and will not be presented in detail here. They
showed that Ni and Si can enrich at the grain boundaries
to levels of 30 wt% and 8%, respectively, which is ac-
companied by the depletion of Cr and Fe. This repre-
sents a substantial change since the matrix levels in
316SS are around 12% Ni and 0.5% Si. The widths of
these profiles are approximately +5 nm, although they
there are some minor changes that continue out to
+10 nm. The changes in composition are not limited to
just the grain boundaries since Ni and Si are found to be
enriched at the Frank loops in the 316-K irradiated to
~13 dpa. The larger loops and higher levels of RIS
present at this dose allow the enrichment to be measured
by EDS on a few of the larger edge-on Frank loops. This
latter result is not quantitative because only a few loops
were examined, no profiles were taken across the edge-
on loop, and the concentrations are diluted to some
extent since the loops are buried within the foil. The
degree of segregation to the loops needs to be further
investigated as a function of loop size.

3.2. Hardness results

Hot hardness tests were performed on all of the heats
investigated in this study, with a summary of the data
given in Table 4. Fig. 10 compares the dose dependence
of the hardness of the 304 and 316SS heats at 275 °C. A
substantial amount of the hardening occurs already at
doses of less than 1 dpa, the dose regime where most of
the defects are less than 10 nm in diameter. In general
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Fig. 7. A comparison of the size distributions for two different doses shows more clearly both the similarities between the less pure
heats K, P, B and C and the more rapid evolution of the loops in higher purity heats E and F. The differences at 1 dpa are not so
noticeable, but by ~5 dpa the loop distribution in heats E and F has broadened more, with a second peak appearing.

Fig. 8. Denuded zones were found in all of the heats except for the higher purity heats E and F. The denuded zones appear to form at
lower doses, but as shown in the next figure, they disappear at higher doses. The width of the denuded zones is substantially lower in

the 304SS compared to the 316SS.

the heats 304-B, 316-K, and 316-P behave the same at
doses less than a ~2 dpa, but at 5 dpa heat 304-B
hardens to a higher level than the other two heats. Heats
304-C, 304-E and 316-F are consistently lower in hard-

ness than the heats B, K and P. Fig. 11 compares the
temperature dependence of the hardness for two differ-
ent doses. Increasing the test temperature lowers the
hardness values for all of the heats, but maintains the
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Fig. 9. The denuded zones in the 304SS heats C and B were
approximately half the width of the loops in the 316SS. No
denuded zones were found in the 304SS at 5 dpa, whereas they
still persist in the 316SS. It is not known precisely at what dose
the denuded zones disappear in the 316SS, but eventually the
loops nucleate and grow up to the boundary.

Table 4
Average hot hardness results for 304 and 316SS heats (kg/mm?)

ABB Dose  Test temperature (°C)

heat  (dpa) 7, 100 150 200 275

304-B 0 149 98 86
0.7 278 249 234 220
1.6 331 306 266 250
5.0 460 390 355 343

304-C 0 155 105 92
0.9 265 206 170 147
1.7 290 232 199 165
5.0 356 321 288 255

304-E 0 130 105 92
1.2 258 232 183
44 303 275 207

316-K 0 161 133 101
1.0 307 276 248 218
1.6 282 268 243 234
3.7 342 309 278 265
5.7 419 344 320 311

316-P 0 161 133 101
1.1 277 249 234 220
1.6 297 264 256 238
4.9 331 301 286 260

316-F 0 161 133 101
1.1 219 195 170
4.7 282 255 227

overall differences between the different dose levels. For
both dose conditions the heat B material is harder for all
the test temperatures. At ~1 dpa, the 316-F displays the
lowest hardness, followed closely by the 304-C and then

504+ 1
o
0 . . . . . T 275°C
7 8
.
-
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T,,=275C
0 ; ¢ ; ; ; ; ;

0 1 2 3 4 5 6 7 8
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Fig. 10. The dose dependence of the hardness at 275 °C is
shown for each of the six heats. All of the materials exhibit
considerable hardening below 1 dpa in the regime where the
defects are typically referred to as black dots. As the dose in-
creases, all heats continue to increase in hardness but to dif-
ferent degrees.

the 304-E. At ~5 dpa, the data show that both the
higher purity heats E and F are lowest in hardness,
whereas the heat C is more comparable to the 316SS
heats P and K.

4. Discussion

As outlined in the results section, the rel-rod tech-
nique employed in this study clearly shows that the
Frank loops extend down into the size range usually
attributed to black spots. This has important repercus-
sions in regard to understanding the overall evolution of
the vacancy and interstitial components of the micro-
structure and how this relates to mechanical properties.
In particular, the hardness results demonstrate that a
substantial amount of hardening occurs before 1 dpa,
which means that the very small defects, in this case
Frank loops, play an important role in the hardening
behavior.
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Fig. 11. The hardness decreases for all of the heats as the test
temperature increases. Surprisingly, the two higher purity heats
E and F are lower in strength than the other heats at 5 dpa. At
lower doses the differences are not so noticeable. The 304SS
heat B is consistently the harder materials at all temperatures
and doses.

4.1. Microstructure evolution — Frank loop versus black
spots

The results presented show that the Frank loops
dominate the microstructure as early as 0.6 dpa, the
lowest dose characterized in this study. The density
reaches a saturation level for most of the heats at ~1
dpa, but this level varies from heat to heat and is lowest
for the 304-C. The size distributions continue to change
gradually as the dose increases, but the rates of these
changes appear to slow above ~3 dpa. In many of the
previous studies and reviews where the authors parti-
tioned the defect microstructure into two components,
black spots and Frank loops, combining the densities of
the two separate components they reported yields a
density similar to that observed for the Frank loops
characterized in this study. As an example, Maziasz [1]
placed the density of black spots at around 3 x 10% m™3
and the Frank loop density at around 1 x 102 m~3.
Combining these separate densities yields a total density

of defects at saturation at about 4 x 102 m~3, slightly

higher than the average density measured in this study,
but well within the scatter of the data presented here.
Lee et al. [10,11] recently conducted a study on 316LN
irradiated with 360 keV He ions at 200 °C. They found a
mixture of small defects (black spots) assumed to be a
mixture of vacancy-type SFT and small interstitial
loops, intermixed with larger defects (>5 nm) they
considered separately as Frank loops. The densities of
Frank loops and black spots were on the order of
2-4 x 102 m~* when added together.

Bailat et al. [16,17] characterized four stainless steel
heats (one commercial purity variant of 304L and 316L
each, and one high-purity variant of 304L and 316L
each) that were neutron-irradiated to 1.5 and 7.5 dpa at
275 °C in the Barseback reactor. They found that in
both of the 316SS heats and the HP304 heat the density
of loops at 7.5 dpa was ~1.7 x 10 m~3 with an average
size of 6.0-7.5 nm depending on the heat. The CP304
heat had a slightly higher density of 3 x 10 m~* with
an average size of 7.3 nm. The average sizes of these
loops are well within the range cited in this study for all
of the defects measured in the different materials at
comparable doses. They also performed 590 MeV pro-
ton-irradiations to 0.15 dpa at ~250 °C on the unirra-
diated materials to compare the microstructures with the
neutron case. At this dose, they were able to only posi-
tively identify about 30% of the visible defects as Frank
loops with an average size of 2-3 nm, the rest they re-
ferred to as ‘black dot’ damage. Interestingly enough, in
the low dose proton-irradiated samples the total density
of defects (black spots and Frank loops) in the CP304
heat was ~3 x 10 m~? whereas for the 316SS heat P
the density was only ~3 x 10> m~3, considerably lower.
No systematic attempt was made to ascertain the true
defect nature for the larger loops they measured or the
smaller defect clusters.

In summary, the densities presented by different au-
thors tend to agree with the results presented in this
study when defect densities are added together, that is,
the black spots and Frank loops are considered to be all
Frank loops. None of these studies, as in the present
case, have been able to elucidate directly whether the
small Frank loops are indeed only interstitial-type loops
Frank loops or include vacancy-type Frank loops. In the
following paragraphs we will make a case for the small
Frank loops being of both types for a number of indirect
reasons.

4.2. Microstructure evolution — vacancy versus interstitial-
type Frank loops

In many of the earlier irradiation studies the nature
of the black spot damage and even the small Frank
loops was not fully characterized. The idea that all
Frank loops are interstitial in nature seems to have
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arisen because of an extrapolation of results obtained
from higher irradiation temperatures. The breeder re-
actor studies conducted in the 1970s on stainless
steels involved irradiations at temperatures greater than
400 °C (and usually doses of >10 dpa), which produces a
complex mixture of Frank loops, voids, bubbles and
precipitates. Frank loops produced under these condi-
tions are often 20-200 nm in size and have been iden-
tified as interstitial Frank loops by different researchers
[5-8]. The vacancy component of the radiation damage
likely resides in the visible voids that formed under these
irradiation conditions. Note that above 300 °C the sta-
bility of vacancy-type defects changes such that small
vacancy loops are likely to be thermally unstable and
emit vacancies into the lattice, allowing gas-stabilized
cavities to form [2]. Interstitial loops remain stable up to
much higher temperatures, presumably due to the diffi-
culty in removing interstitials from the loops, preferen-
tial absorption of interstitials (‘dislocation bias’) and the
presence of more stable vacancy-type sinks such as gas
bubbles and voids.

In a recent study on the deformation microstructures
and mechanisms in irradiated austenitic stainless steels,
Lee et al. [27,28] state that all Frank loops observed in
irradiated austenitic stainless steels are interstitial in
nature, and that large vacancy-type Frank loops cannot
grow to large sizes because they will unfault. They do
not, however, provide an estimate of this limiting size.
This view that low-temperature irradiated stainless steels
contain interstitial-type Frank loops only and that the
vacancies are tied up in the remaining black spot dam-
age distinct from the Frank loops still prevails in many
recent studies. While this study cannot confirm directly
the nature of the Frank loops less than 10 nm in size, it
seems likely based on the argument of equal production
of vacancies and interstitials that the resolved defects are
composed of both vacancy and interstitial-type Frank
loops. The assumption that the Frank loops are strictly
interstitial in nature is dubious given that this assump-
tion is extrapolated from a much higher irradiation
temperature where (a) the Frank loops are much larger
(>50 nm) and therefore more easily characterized, and
(2) voids are often present to account for the vacancy
component of the radiation damage.

The previous reviews by Maziasz [1], Zinkle et al. [2],
and Bruemmer et al. [3] postulated that the black spot
damage forms directly in the cascade process as small
vacancy clusters. The present results suggest that small
Frank loops may indeed form directly from the cascade,
but are likely to be both interstitial and vacancy-type.
Dislocation theory treats the formation of Frank loops
due to the condensation of vacancies or interstitials on
the {111} planes [29], so there is certainly a theoretical
basis for the formation of both types of loops. In the
case of pure metals such as copper and nickel, the SFT
that form are considered to have formed primarily from

the cascade collapse and yield a narrow size distribution
that peaks around 2-3 nm and is relatively independent
of dose up to 0.3 dpa. In the stainless steels irradiated in
this study, the narrow size distribution of the loops at
doses less than 1 dpa are in a similar size range, sug-
gesting that the loops may have formed directly from the
cascade. However, one cannot eliminate the possibility
that some fraction of the loops formed during irradia-
tion nucleate independent of the cascade process and
then grow by absorption of point defects. Regardless of
how the loops are formed, the increase in average size
and the broadening of the size distributions with in-
creasing dose indicates that loop growth continues up to
high doses.

The size distributions often show or at least hint of a
secondary peak at higher doses (for the common bin
sizes chosen for these plots), which may reflect that one
component of the microstructure, perhaps the interstitial
Frank loops, are growing faster than the other. The
second peak is more prominent at ~5 dpa in the 304-E
and 316-F, both of which contain lower concentrations
of minor elements than the other four heats. This pref-
erential growth of the interstitial loops, if it in fact exists,
may arise from several sources. First, the high formation
energy of interstitials, on the order of 24 eV for inter-
stitials [30] compared with the 1.5-1.9 eV for vacancies
[31,32], means that shrinkage of the interstitial-type loop
likely occurs by vacancy absorption only, whereas the
vacancy-type loops could shrink by the emission of va-
cancies into the lattice and absorption of interstitials.
RIS of nickel and silicon, and potentially other elements
such as carbon, could affect the stability of the loops,
however, the mechanism by which this segregation in-
fluences defect behavior is unknown at this time. A
further issue to consider is if the vacancy-type Frank
loops are unable to grow to large sizes because it is either
energetically unfavorable or they unfault, then this may
shift the balance in favor of the interstitial-type Frank
loops.

The observation that SFT are found only in the
higher purity 304-E raises an important issue concerning
minor elements. In light of the present work, the pres-
ence of carbon, silicon and phosphorous as well as other
impurities/additions may alter the evolution and types of
defects that form during irradiation. These minor ele-
ments may alter the diffusion of vacancies and intersti-
tials by solute binding, and their segregation to defect
complexes could alter the stability of Frank loops versus
SFT. Zinkle et al. [2] postulated that this explained why
so few SFT are present in commercial purity stainless
steels when compared to the pure metals such as copper
and nickel, where SFT comprise a large percentage of
the fine-scale defect population.

Note that in the often-cited work of Horiki and Ki-
ritani [9], the material characterized in their study was a
ternary Fe-15Cr—16Ni alloy made by melting the pure
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elements together, considerably cleaner than the alloys
examined in this study. They also irradiated the material
at 200 °C to 0.14 dpa, much lower than the doses re-
ported in this work. They reported finding that SFT
were the dominant defect type at a density of ~2.1 x
10% m~3, whereas the interstitial loops were reported at
a lower density of 2.2 x 10?> m~3. The size distributions
they reported indicated that both types of defects at this
dose level were in the 2—4 nm average size range. Given
the different irradiation conditions in their study and the
higher purity of their materials, it seems questionable to
assume that their microstructural state represents that of
more highly irradiated stainless steels.

Some of the triangular-shaped defects observed in
this study exhibit the appearance of partially-dissociated
Frank loops, which according to Jenkins and Kirk [25]
represent an intermediate configuration between an SFT
and a Frank loop. While interstitial-type SFT are the-
oretically possible, no evidence has ever been found for
their existence in any material and subsequently SFT are
considered to always be vacancy in nature. In this case,
the partially-dissociated Frank loops may represent va-
cancy-type defects that are unable to complete the
transition from a Frank loop to an SFT. According to
Hirth and Lothe [29], an SFT can form by extending a
Frank loop by the condensation of vacancies, leading to
a dissociation reaction along the edges of the Frank
loop aligned along the (110) directions. This mecha-
nism suggests that locally altering the stacking fault
energy by solute segregation could influence the trans-
formation since the extension of the Frank loop involves
a dissociation reaction. Likewise, solute pinning could
occur that would prevent the transformation from
reaching its conclusion. The presence of these partially-
dissociated Frank loops again is indirect evidence that
character of the Frank loops may not be strictly inter-
stitial.

Another possibility that needs to be considered with
respect to the location of the vacancies is that small
clusters of vacancies (and interstitials also) may be
present that are too small to be imaged distinctly from
the Frank loop microstructure. There is only limited
evidence in the literature to support this hypothesis at
this time, mainly derived from positron annihilation
studies in a 316SS irradiated at 60 °C to ~10~* and
10~ dpa with 14 MeV neutrons. Fukushima and Shi-
momura [33] found that a high density of small three-
dimensional clusters of vacancies must be present to
account for their results, and that the clusters may in-
clude only 2-3 vacancies. The temperature and dose
conditions in their experiment are far removed from the
conditions considered in this study, however. Given
that clusters this small cannot be imaged easily in the
TEM for quantitative data, it is difficult to speculate if
these types of clusters exist in the materials character-
ized in this study and what their concentrations would

be under these conditions. The size and density of the
visible Frank loops present after a few dpa leave little
volume that is unaffected by the strain fields of the
visible loops. This level of microstructural saturation
produces a highly strained lattice, making it seem un-
likely that a high density of submicroscopic clusters can
survive intact without being attracted to the nearby
visible loops. Further, if the vacancies are contained in
small, sub-nanometer clusters mostly invisible in the
conventional TEM, the argument of equal production
of vacancies and interstitials would imply a very high
concentration of vacancy clusters (>10* m™) to bal-
ance the supposed interstitial-only Frank loops. This
seems implausible to the authors since such densities of
small clusters superimposed over the already high
density of much larger Frank loops would mean most
defects are touching each other, or are close to touch-
ing.

4.3. Relationship between hardness and microstructure
evolution

One of the complications in relating the microstruc-
tural evolution and hardening behavior in the irradiated
stainless steels evaluated within this study is that sig-
nificant variations exist in the minor element content,
namely, C, Si, P, N and S. Miwa et al. [34] and Tsukada
et al. [35] attempted to study the influence of individual
additions of C, Si, S, P and Ti on the properties of high-
purity 304 and 316SS irradiated at 240 °C to ~1 dpa.
They concluded that C (0.60-0.98 wt%) increases the
density of Frank loops and significantly alters the tensile
response of the material compared to the ternary Fe-
CrNi material. Adding Si (0.65 wt%) suppressed the
density of Frank loops, lowered the observed hardening
and increased the work hardening and elongation com-
pared to the base material. S, Ti and P had little effect on
the microstructural evolution and hardening. When they
added all of the elements into the alloy, the tensile be-
havior resembled that of commercial purity heats, indi-
cating a complex interaction between the available
solutes and defects produced during irradiation. Based
on their observations, one can conclude that simple
additions of C and Si can have opposite effects on the
microstructural evolution and resulting mechanical
properties, but added together or with other minor ele-
ments or impurities their impact is minimized.

Unfortunately, a comparison between their data and
the data presented here is not possible for two reasons.
First, their reported densities of loops (and black spots
when given) are generally lower by a factor of 3-4,
possibly a consequence of imaging the loops in bright/
dark-field in regions thick enough to cause problems
with overlap of loops. Secondly, in this study, the alloys
all contain a number of alloying elements or impurities
in varying levels, including C, Si, N, P and S. Because of



28 D.J. Edwards et al. | Journal of Nuclear Materials 317 (2003) 13-31

this, the effect of the individual elements cannot be
evaluated separately except in the broadest sense. In this
respect, the higher purity heats 304-E and 316-F are
notable in that they possess the largest average size of
loops and broader size distribution for a given dose,
presumably because their loop microstructure evolves
more quickly than the lower purity heats. However,
despite having a larger average size, broader size distri-
bution and comparable density of Frank loops, the
hardness data (Table 4, Figs. 10 and 11) shows quite
clearly that these two heats are consistently lower in
hardness than their respective counterparts. The impli-
cations of this are briefly explored in the following
analysis.

The relationship between the microstructure and the
hardness can be made by comparing the change in
hardness versus the parameter (Nd)'"* where N and d
represent the number density and average size of the
obstacles, in this case Frank loops. Note that unlike the
previous studies mentioned throughout, only Frank
loops will be included in this analysis, that is, there is no
need to use superposition laws to add in the contribu-
tions from Frank loops and black spots. This parameter
(Nd)'* is derived from the dispersed barrier hardening
model [36], which relates strengthening by a dispersion
of obstacles in materials by the following relationship:

Aayield XX (Nd) 1/2.

For the purposes of this brief comparison the change
in hardness will be used to represent the change in yield
since they are nominally proportional to each other. Fig.
12 shows that when comparing the data for all of the
heats at a particular dose, the ‘effective’ strength of the
Frank loops has to vary between different heats to ac-
count for differences in hardening for a given size dis-
tribution and density of Frank loops. The clearest
example of this behavior is in the three different 316SS
heats, where together they have the same (Nd)l/ ? value,
but obviously exhibit different levels of hardening at
each of the two doses shown in Fig. 12. Comparing the
304-E to that of 304-B shows a similar disparity since at
both doses the higher strength 304-B has either the same
or lower (Nd)'"? value than that of 304-E. Therefore,
even though the same type of defect microstructure ex-
ists in each heat, irrespective of it being 304 or 316SS,
the Frank loops cannot be considered as a simple ob-
stacle type with an effective ‘strength’ independent of the
material.

A number of possibilities need to be considered to
explain the hardening behavior of the Frank loops.
First, the materials irradiated in this study contain a
number of alloying additions and impurities that can
alter the strength through solute strengthening as well as
changing the manner in which defects interact with
mobile dislocations. Secondly, the RIS alters not just the
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Fig. 12. Comparing the change in hardness at 275 °C versus the
(Nd)l/ * parameter, where N represents the number density of
defects and d represents the average diameter, shows that no
clear relationship exists between the defect microstructure and
the change in hardness. The data suggest that Frank loops can
vary in obstacle strength, possibly due to RIS to the loops and
dislocations within the material.

composition of the grain boundaries and near-boundary
regions, but also leads to enrichment of Ni and Si (and
corresponding depletion of Cr and Fe) at the Frank
loops. Kenik [37] reported measuring enrichment at
loops in a much earlier study as well. As further evidence
of RIS, Shepherd [38] provided convincing evidence of
Ni segregating to dislocations in a Nb-stabilized stain-
less steel under high-energy Ni®* and C?* irradiations.
Unfortunately no data is available to indicate how C
responds to RIS during neutron irradiation, but this is
thought important given the potent effect of C on
strengthening and microstructural evolution. Note that
in the review by Zinkle et al. [2] and more recently by
Lee et al. [27,28] it was stated that RIS is not important
at temperatures below 300 °C, but the review by
Bruemmer et al. [3,26] shows the opposite to be true.
One fact that is not known with certainty, however, is
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that the temperature limit below which RIS becomes
negligible.

RIS will affect not only the microstructural evolution,
but also the manner in which the material deforms since
the Frank loops will be locally enriched/depleted in Ni,
Si, Cr and Fe and possibly other elements when the
doses exceed a few dpa. In other words, a moving dis-
location now has to contend with not just Frank loops
and other defects, but also with closely spaced, localized
regions of compositional variations around the Frank
loops, the effect of which is not so easy to quantify. The
data presented in this paper indicate that there may be
some dependence of hardness on the solute content, and
this coupled with RIS to the dislocations and Frank
loops may lead to the Frank loops being more effective
in one material versus another. To carry this further, the
‘effective strength’ of the Frank loops may also exhibit a
dose dependence in a given material since the composi-
tion at the loops changes with the degree of RIS. RIS
will also occur at the grain boundaries and any other
sinks such as network dislocations, all of which may
interact to alter the deformation response.

Precipitation, either in the matrix or on the disloca-
tions and loops, may be another factor that needs to be
taken into account. Recent work by Hashimoto et al.
[12] indicates that a low density of precipitates form in
irradiated stainless steels even at irradiation tempera-
tures as low as 200 °C. The contribution to the
strengthening is deemed to be minimal given the pre-
cipitate density is a ~1000 times lower than the defects
and of similar size. As stated earlier, the only indication
of precipitation found in this study was limited evidence
of precipitates at 13 dpa in the 316-K at a density similar
to that reported by Hashimoto. Edwards et al. [39]
found that precipitation does occur at irradiation tem-
peratures of ~320-340 °C, but it is not known if these
results extrapolate back to irradiation temperatures of
275 °C. Two types of precipitates were found in their
study, one identified as precipitation with a density of
~0.6 x 102 m~3 and average size of ~3 nm, and a sec-
ond unidentified phase of density ~0.2 x 102 m~* and
average size of 8.5 nm. Neither of these precipitates
appeared to coincide with the existing Frank loops, but
there was some evidence that the Yy’ precipitation may
have formed on pre-existing dislocations. In that study,
the volume fraction of precipitates was high enough to
cause diffraction spots in the diffraction patterns, how-
ever, no such evidence was found for precipitation in the
present experiment. The limited evidence for radiation-
induced precipitation therefore suggests that very fine-
scale precipitation may exist, but whether it influences
mechanical properties at these doses and irradiation
temperatures is uncertain.

The presence of the denuded zones in these materials
has been treated previously by Simonen and coworkers
[40], and will only be summarized here. The existence of

a denuded zone is due to the competing effects of grain
boundaries acting as sinks for both vacancies and in-
terstitials versus the buildup of sinks in the matrix. This
competition suppresses nucleation of loops or clusters
near the boundaries at the low doses until the loop sink
strength in the adjacent grain interiors increases to suf-
ficient levels. The differences in width and the general
dose dependence when comparing the 304SS and the
316SS alloys remains unexplained, however. One might
conjecture that these features are related in some way to
the compositional differences of the material and the
RIS that occurs, but how these two variables effect nu-
cleation and growth of loops in conjunction with the
microstructural evolution near grain boundary regions
requires further study.

5. Conclusions

The microstructure of the irradiated stainless steels is
comprised of small Frank loops whose size range ex-
tends from less than 1-30 nm. The density of visible
Frank loops is already established at the lowest dose
available in this study for most heats, reaching an av-
erage saturation level of ~2 x 10 m~3 for the stainless
steels in this study. The size distributions continue to
change up to doses greater than 5 dpa. The partitioning
of the irradiated microstructure into black spots versus
Frank loops as is often done in the literature is therefore
deemed inappropriate since the black spots are simply
small Frank loops.

While the results presented in this study have shown
that SFT-like images are fairly common, these defects
may simply be the result of asymmetric strain fields
around small Frank loops, or in some cases, partially-
dissociated Frank loops, a defect configuration inter-
mediate between a Frank loop and an SFT. This study
suggests that the Frank loop microstructure is composed
of both vacancy and interstitial Frank loops. The only
consistent evidence of another defect type was found in
the highest purity 304-E, which contained a very low
density SFT, which are generally considered to be va-
cancy in nature.

Impurities and minor solutes appear to influence the
microstructural evolution as well as the hardening re-
sponse. The higher purity heats provide the best evi-
dence of this since they appear to evolve more rapidly in
terms of their defect microstructure than the lower pu-
rity variants. The hardening behavior reveals that the
relationship between the microstructure and hardening
is more complex than a simple proportionality between
the size and density of the defects versus the increase in
strength. As an example, the two higher purity heats of
304 and 316SS exhibit the lowest hardness at 5 dpa de-
spite having the same density of loops and a slightly
larger average size compared to the other heats. Frank
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loops therefore appear to promote more hardening in
certain heats than in others, possibly due to RIS to the
loops and other sinks within the material.

Based on the results presented in this study, further
investigations are needed to determine the character of
the small Frank loops, i.e. vacancy versus interstitial,
establish the relative population of the two types of
defects if they are present, and study how their stability
affects microstructural evolution. Future research is also
necessary to evaluate the influence of individual solute
elements and RIS on the microstructural evolution and
how these factors alter deformation behavior.
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