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OBJECTIVE 
 
The objective of this effort is to explore the response of austenitic steels in diverse nuclear 
environments. Since light water reactors generate helium/dpa levels comparable to fusion 
devices, there is considerable overlap in relevance. In addition, the focus on AISI 304, while not 
of direct application to fusion devices, is useful because this simple steel does not have a very 
complicated phase evolution, allowing study of radiation-induced microstructural evolution without 
the complications associated with precipitation. 
 
SUMMARY 
 
Almost all data on the void swelling of AISI 304 stainless steel relevant to PWR applications were 
derived from examination of structural components or experimental assemblies irradiated in the 
EBR-II fast reactor. However, many more components and assemblies were not fully analyzed 
and often were not published as the fast reactor program moved to research on more swelling-
resistant alloys. In this paper a number of these lost opportunities have been rescued and 
examined with an eye toward their relevance to predicting behavior of AISI 304 in PWRs. 
 
Swelling of annealed AISI 304 stainless steel initially proceeds at a rate of ~0.07%/dpa in the 
range of 370–390ºC and then begins to accelerate toward a rate of ~1%/dpa, with the breakaway 
dose dependent on dpa rate, temperature, temperature gradient and stress in roughly that order. 
The interactive effects of dpa rate and temperature are very strong and produce “loops” which 
allow visualization of the conditions under which swelling will be the strongest. These conditions 
are lower dpa rate and higher temperatures, but temperature gradients and stresses can also 
accelerate the onset of swelling. While no additional data are available below 370ºC, the insight 
acquired will allow better extrapolation down into the full range of PWR-relevant temperatures. 
 
PROGRESS AND STATUS 
 
Introduction 
 
The major portions of baffle-former assemblies of PWRs are constructed from annealed AISI 304 
stainless steel. This steel is known to swell rather easily compared to other steels such as cold-
worked AISI 316 frequently used for baffle bolts [1,2]. Swelling in AISI 304 is known to increase 
monotonically as the temperature rises above 370ºC [1]. Relatively small isolated volumes of the 
baffle-former assembly at reentrant corners may therefore experience significant amounts of void 
swelling that arise due to localized higher temperatures generated by gamma-heating in thick 
plates, especially at reentrant corners [3].  
 
Essentially all data on the swelling of AISI 304 was generated in the now-decommissioned EBR-II 
fast reactor. The data base suffers from three significant deficiencies. First, there are no data 
available below 370ºC which was the inlet cooling temperature. Most of the PWR baffle-former 
assembly will experience temperatures less than 350–360ºC. Second, irradiation in the EBR-II 
core proceeded at dpa rates on the order of 0.5 to 1.0x10-6 dpa/sec, fully an order of magnitude 
higher than the maximum dpa rate experienced by those portions of the baffle-former assembly 
that are closest to the PWR core. Third, most data were derived from components that spanned a 
range of temperatures and dpa rates, thus making it difficult to separate the simultaneous and 
synergistic effects of these two variables. Additionally, some of the examined components were 
subject to either constant or time-dependent stresses, and stress is the third most important 
variable in determining the onset of void swelling in austenitic steels [2]. 
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In an attempt to determine the impact of lower PWR-relevant dpa rates, swelling measurements 
were made on hexagonal ducts from the EBR-II reflector region where the dpa rates are 
comparable to those found in PWR baffle-former assemblies [4,5]. As shown in Fig. 1, these 
measurements clearly show that the onset of accelerated swelling in AISI 304 in the range 373–
388ºC is clearly accelerated as the dpa rate decreases. This implies that swelling equations 
developed in the 1970–1980 period for in-core fast reactor application will strongly under-predict 
the swelling of components operating at comparable temperatures but PWR-relevant dpa rates. 
The swelling equations published earlier, however, were not designed to separate the interactive 
effects of dpa rate and temperature. In fact these equations did not incorporate any dependence 
on dpa rate, with swelling depending only on temperature and total dpa. These earlier swelling 
equations also did not incorporate the insight developed in the 1980s that swelling of all austenitic 
alloys approaches a terminal swelling rate of ~1%/dpa over a wide range of material and 
environmental variables [2,6].  
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Fig. 1.  Swelling of annealed 304 stainless is strongly dependent on dpa rate at a given irradiation 
temperature [5].  Note that each data set spans a range of dpa rates.  The lowest dpa levels 
correspond to the lowest dpa rates and lowest temperatures.  a) At temperatures of 373–388°C 
the transient regime of swelling is progressively decreased when moving from row 8 to row 14.  b) 
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When comparing two row 10 assemblies with dpa rates varying only ~16%, the strong effect of 
dpa rate can easily be observed with swelling accelerating faster at the lower dpa rate. 
 
Returning to Fig. 1, note that there is no indication in the data field that AISI 304 will reach 
1%/dpa or that it will do so at all dpa rates. The highest rate reached in this data set is perhaps 
0.3%/dpa in row 14, although there appears to be enough upward curvature in the data field to 
allow a subsequent increase in swelling rate to 1%/dpa at higher doses.  
 
Also note that the data shown in Fig. 1 are only confidently applicable to those isolated regions of 
the baffle-former assembly where gamma heating has elevated the temperature above 370ºC. 
The possibility exists that there might be some lower PWR-relevant temperature below which the 
swelling rate falls below 1%/dpa. In such a case, the majority of the baffle-former assembly might 
never reach the terminal swelling rate. While this possibility can not be confirmed, there are some 
data that appear to suggest hope of such a beneficial behavior. 
 
Older previously unanalyzed and largely unpublished studies from the U.S. fast reactor program 
conducted in EBR-II are now being examined to address these possibilities. The insight gained 
from these studies will aid in the extrapolation of fast reactor data to PWR application. A few of 
the on-going studies are highlighted below. 
 
Transient swelling regime 
 
In earlier published studies by Porter and Garner it appeared that at ~390ºC annealed 304L 
stainless steel tubes at constant internal pressure and irradiated at 5.3 x 10-7 dpa/sec at the mid-
plane of row 7 were swelling. In the absence of applied stress the rate was only ~0.18%/dpa up 
to perhaps 75 dpa [7,8]. This implies either the operation of a long transient regime of swelling or 
possibly a lower swelling rate condition. However, the tubes also appeared to be experiencing 
swelling at higher rates when stress was applied via gas pressurization. Destructive examination 
was conducted on both unstressed and stressed tubes to study swelling over their length and 
therefore over a range of dpa rates. These studies showed, however, that lower dpa rates along 
the tube were clearly shortening the transient duration. One consequence of this shortening is 
that such “constant time” experiments where data is collected along a component with a strong 
gradient in dpa rate will always give an artificially low estimate of the swelling rate.  
 
One way to avoid the difficulty associated with such internal flux-effects in the low-dose transient 
regime is to perform multiple measurements on fixed positions of components at increasing 
exposure levels. Microscopy data are needed for such a study in order to provide swelling data 
that is not obscured by densification arising via carbide precipitation. Walters and coworkers have 
performed such a study and reported the results of the CREEP 1 experiment conducted in row 7 
of EBR-II. This study showed that up to ~6 dpa the swelling rate of AISI 304L was roughly linear 
at 0.060%/dpa [9]. Although not reported in the open literature, a subsequent reevaluation of this 
experiment after reaching ~10 dpa yielded 0.067%/dpa [10].  
 
Johnson and Hofman later showed that these data could be combined with data from three other 
experiments and again observed a very linear behavior over ~50 dpa, with a swelling rate of 
~0.067%/dpa as shown in Fig. 2 [11]. Since this latter experiment covered a range of dpa rates 
and temperatures of 370–390ºC, it appears that they have defined a relatively flux-independent 
swelling rate for the incubation regime of annealed AISI 304. 
 
In a more recent compilation by Allen and coworkers [12] it appears that both the earlier and 
newer data from row 12 [13] could be plotted as shown in Fig. 3. The authors of this paper have 
added the line representing the correlation of Johnson and Hofman corrected for carbide 
densification. This figure shows that there appears to be a relatively fixed transient swelling rate 
of ~0.06%/dpa, and the primary influence of dpa rate is to determine at what dpa level the post-
transient behavior begins and the swelling rate accelerates thereafter. 
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Fig. 2.  Swelling (measured by microscopy) vs. dose as plotted by Johnson and Hofman for four 
sets of experiments conducted in rows 3 to 12 of EBR-II [11]. The swelling rate of this prolonged 
transient regime is ~0.067%/dpa. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Data compilation of Allen and coworkers showing swelling of annealed AISI 304 stainless 
steel [12].  
 
The red line is the microscopy correlation of Johnson and Hofman corrected for carbide 
densification and was added by authors of this paper to show that a transient swelling rate of 
~0.06%/dpa persists until the swelling rate begins to accelerate. At higher dpa rates the swelling 
rate begins to turn up at much higher dpa levels than occurs at lower dpa rates. 
 
In order to address the question of whether the post-transient swelling rate approaches 1%/dpa 
independent of the dpa rate, it is necessary to evaluate the swelling behavior of EBR-II 
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components that reached much higher exposures. It is important to note that such components 
represent “constant-time” experiments with monotonic increases in temperature from bottom to 
top of the component, but possessing a dpa rate and dpa distribution that peaks near the mid-
plane of the component as shown in Fig. 4. Three types of components are considered in the 
following sections. These are hexagonal cans, stress-free tubes and fuel pin cladding. 
 
Hexagonal wrappers 
 
The hexagonal cans enclosing safety rods and control rods in the core of EBR-II were the first 
components to be measured for swelling in the USA after learning of swelling from the British in 
the late 1960s. There was extensive measurements of these components made at three U.S. 
national labs but surprisingly little reporting of these data in the open literature was accomplished. 
 
One significant exception was a paper by Fish and coworkers [14] and Fig. 5 from that work  
shows the peaked profiles for a number of control (CRT) and safety (SRT) rod thimbles, which 
are thin-walled (~1 mm) hexagonal cans with each face measuring ~3 cm wide. The opposing 
faces are 6 cm apart which is relatively large compared to the diameter of the core active zone 
(~30 cm). Each curve shown represents the axial swelling profile of only one face of each can, 
although 2–4 faces were measured on most cans. 
 
Surprisingly, with again one exception by Fish and coworkers, no comparisons were made 
between different faces of the same can.  Note that hex cans are relatively unstressed, have 
moderate temperature rises along the axial direction, but at any one elevation have very small 
difference in temperature from face to face. There also is no significant gradient in temperature 
across the wall. 
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Fig. 4.  Schematic representation of a hexagonal duct being sliced to prepare specimens for 
density measurements. Note that the temperature profile is monotonic in nature but the dose 
profile is peaked along the axial direction. Thus, neutron flux and dpa rate first rise from the core 
bottom to mid-plane but then fall thereafter. 
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Fig. 5.  Swelling in % (measured by immersion density) of individual faces of hexagonal cans 
enclosing safety rods and control rods as reported by Fish and coworkers [14]. 
 
Figure 6 shows the swelling of non-adjacent two faces of SRT 3A1, plotted as a function of dpa 
only. Note that “loops” are formed on any one face as the dose increases from the bottom to the 
middle of the can, and then as the dose decreases when moving toward the top of the can. This 
loop is the consequence of the transient duration increasing with increasing dpa rate on the 
bottom half of the pin, and then deceasing as the dpa rate falls along the top half of the pin. If 
there were no effect of irradiation temperature the loop would have zero “width”, but increasing 
temperature in this steel is always trying to shorten the transient duration [1]. The larger the 
temperature change along the duct axis, the more pronounced will be the loop width. 
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Fig. 6a.  Swelling loops produced by plotting swelling vs. dpa from the bottom to top of the duct. 
Note that the duct face #1 having the highest dpa rates actually swells later than does the low flux 
face #3. The terminal swelling rate of 1%/dpa is shown for comparison. 
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Fig. 6b.  Interpretation of loops as formed by swelling curves rising to ~1%/dpa after a transient 
swelling rate of 0.067%/dpa. The transient duration is determined by the combination of dpa rate 
and temperature unique to each point on the duct face. 
 
Note that as the flux effect increases on the right side of the loop, its effect is partially counter-
acted by that of increasing temperature, allowing the clear observation of a tangent on the order 
of ~1%/dpa. Each data point on the loop at high swelling levels is thought to reside on a separate 
1%/dpa curve with the transient duration determined by the combined effect of temperature and 
dpa rate. Also note that the low-dpa transient described in the previous section can be seen on 
the both sides of the higher-flux loop. 
 
Most importantly, however, note that the loop corresponding to the lower-flux face is clearly 
displaced to lower dpa compared to the higher-flux face. This is a dramatic example of the power 
of dpa rate to change strongly the transient duration of swelling. Other hex cans show the same 
face-to-face behavior, but are not shown in this paper. 
 
Stress-free capsules 
 
Flinn and Kenfield presented a large amount of swelling data on annealed 304L from EBR-II 
irradiation in a U.S. workshop held in 1976, but very little of the data was analyzed or reported in 
the open literature [15]. These data were derived from thin-walled cylindrical cladding of 7.37 mm 
outer diameter that was used to encapsulate fuel pins of 4.42 mm diameter, with the gap filled by 
sodium.  
 
While there is no stress on the capsule, there is a moderate temperature gradient across the 
capsule wall, and the axial temperature gradient is much steeper than that of the hex can, with 
both gradients arising from the heat generation of the encapsulated fuel pin. While the capsule 
diameter is smaller than the hex can there is still a measurable gradient in dpa rate across some 
but not all tubes, depending on their location in the fuel pin assembly.  
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The experimental procedure was to cut ~1 inch sections of the tubes and measure the density of 
the entire ring, thereby averaging out any swelling variations across the tube diameter. Therefore 
if loops are observed they are composite loops averaged over the capsule circumference. 
 
Given the variability in a given fuel pin assembly of heat generation rates, dpa gradients, 
residence time in the assembly and other factors, a wide variety of dpa rate-temperature 
combinations are possible. In addition, it is now known that temperature gradients across 
cladding walls accelerate the onset of swelling [16,17] adding one more contributing factor to 
determine the transient duration. 
 
For the current paper we will focus only on the question of whether the loops are still formed and 
whether they support the 1%/dpa independence of temperature and dpa rate. In Fig. 7 are 
presented a selection of loops observed along the length of these pins. Once again the loops, 
especially at higher swelling levels, develop tangents on the order of 1%/dpa. This is especially 
clear in capsule #232. Also seen are the low swelling rates characteristic of transient swelling.  
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Fig. 7.  Loops observed in stress-free capsules at various combinations of pin power, time in 
reactor and temperature-flux coupling. Note that transition between the lower transient swelling 
rate and the eventual 1%/dpa terminal rate can be observed in some but not all pins. Capsule 
identification numbers are provided on the right. 
 
MOX fuel pins 
 
Since EBR-II was constructed with annealed 304 stainless steel and had functioned for years 
without obvious problems, this steel was originally slated for use in building the FFTF fast reactor, 
There was to be a change, however, moving away from metal fuel used in EBR-II to mixed oxide 
(MOX) fuel in FFTF.  When swelling was discovered in EBR-II in double-digit amounts, the 
possible use 304 in FFTF was abandoned in favor of cold-worked 316 stainless steel, a steel 
which swelled much less.  
 
Years before, however, three 37-pin fuel assemblies designated PNL-3, PNL-4, and PNL-5 were 
put into EBR-II to test the fuel characteristics of 304-clad MOX fuel pins. Although the 
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experiments were destructively examined and data compiled as part of the swelling evaluation of 
AISI 304, the data were never analyzed or reported since the decision to abandon the future use 
of AISI 304 in both EBR-II and FFTF had already been made.  
 
Fuel pins are smaller than the stress-free capsules so the flux gradient across the diameter is 
smaller, but the temperature gradients across the cladding are larger and the axial temperature 
gradients were larger. In addition, stresses gradually develop on the cladding that arise from 
fission gas accumulation and fuel swelling to cause fuel-clad interaction. All of these factors will 
act to accelerate the onset of swelling to produce different behavior than that of stress-free tubes. 
 
Again ~1 inch long sections of cladding were cut and cleaned of fuel prior to measurements of 
density. Usually 3 to 5 sections were cut from each pin, and pins were removed at 2–3 exposure 
levels. Once again the data represent the average swelling across the diameter. Examples of the 
results for two of the three fuel assemblies are presented in Fig. 8. A full report on this experiment 
will be made at a later date. 
 
Note that the loops take time to develop, with the transient swelling rate dominating the loop 
shape at low exposures. Once again the loops are clearly seen at high exposures with tangents 
on the order of 1%/dpa. Note that when clusters of adjacent pins are removed, the flux-dependent 
shift of the loops can be seen even within the cluster. 
 

 

 
Fig. 8.  Selected swelling data sets drawn from fuel assemblies designated PNL-3 (top) and PNL-
4 (bottom). 
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In these pins the combined influence of dpa rate, temperature gradients and stress all serve to 
develop rather “wide” loops. Note that the loops at lower exposures in the top figure are not yet 
approaching 1%/dpa but reflect the dominant influence of the lower transient swelling rate. 
 
Results 
 
Swelling of annealed AISI 304 stainless steel initially proceeds at a rate of ~0.07%/dpa in the 
range of 370–390ºC and then begins to accelerate toward a rate of ~1%/dpa, with the breakaway 
dose dependent on dpa rate, temperature, temperature gradient and stress, in roughly that order. 
 
Swelling of PWR baffle-former assemblies is expected to be most pronounced at those locations 
where the temperature is highest. The data presented in this paper confirm the general tendency 
of swelling to have the shortest transient duration with increasing temperature. Also shown 
however is the stronger tendency of the transient duration to shorten with decreasing dpa rate. 
 
Perhaps the most important conclusion of this study is that swelling correlations developed for 
PWR application must include dpa rate as an explicit variable. Use of correlations published 
earlier by the fast reactor community will seriously under-predict swelling at 370–390ºC under 
PWR-relevant flux conditions. 
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