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Abstract

Large amounts of hydrogen and helium are generated in structural metals in accelerator-driven systems. It is shown that
under certain conditions, hydrogen can be stored in irradiated nickel and stainless steels at levels strongly in excess of that
predicted by Sieverts’ law. These conditions are first, the availability of hydrogen from various radiolytic and environmen-
tal sources and second, the formation of radiation-induced cavities to store hydrogen. These cavities can be highly
pressurized bubbles or under-pressurized voids, with concurrent helium in the cavities at either low or very high levels.
Transmutant sources of hydrogen are often insufficient to pressurize these cavities, and therefore environmental sources
are required. The stored hydrogen appears to be stable for many years at room temperature. A conceptual model to
describe such behavior requires the continuous generation of hydrogen from (n,p) reactions and possibly other radiolytic
sources which can create a supersaturation of hydrogen in the metal, leading to the pressurization of voids and helium
bubbles. Once captured in a bubble, the hydrogen is assumed to be in molecular form. Dissolution back into the metal
requires chemisorption and dissociation on the bubble surface. Both of these processes have large activation barriers,
particularly when oxygen, carbon, and other impurities poison the bubble surface. However, these chemisorbed poisons
may reduce but not entirely restrict the ingress or egress of atomic hydrogen.
Published by Elsevier B.V.
1. Introduction

In radiation environments as diverse as those
found in accelerator-driven systems, proposed
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fusion devices and light-water moderated power
reactors, the generation rates of helium and hydro-
gen can be rather large. Accelerator-driven systems
(ADS) involving high-energy protons and spallation
neutrons have the potential to produce the highest
levels of both gases [1]. Whereas most previous
attention has been paid to helium generated in
structural steels at reactor-relevant temperatures, it
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now appears that hydrogen may play an unexpect-
edly larger role than previously anticipated. Some
background needs to be provided concerning the
rise of this new perception.

Hydrogen solubility in unirradiated austenitic
stainless steels is observed to obey Sieverts’ law;
which states that the concentration in the metal is
proportional to the square root of the local hydro-
gen overpressure [2]. The concentration in the metal
for a given overpressure also increases with increas-
ing temperature in accordance with the Arrhenius
equation, with apparent activation energy of around
20 kJ/mol. The concentration in the metal (solubil-
ity) can also be affected by the presence of precipi-
tates, dislocations from cold working and by the
presence of ferrite. Typically, several 100 appm of
hydrogen are observed in fully austenitic 300 series
stainless steels after irradiation and equilibration
with pressurized water reactor (PWR) and boiling
water reactor (BWR) primary coolants [3,4]. Hydro-
gen is significantly less soluble in ferrite by about an
order of magnitude at 300 �C, for example. As
shown later, irradiation damage in the form of dis-
location loops, network dislocations and especially
cavities can have a major impact on the amount
of hydrogen found in stainless steels irradiated in
light-water reactors (LWRs).

Hydrogen diffusion in unirradiated stainless
steels is known to be relatively independent of aus-
tenite composition. At typical light-water reactor
operating temperatures (280–350 �C), hydrogen is
quite mobile in austenite, although very slow rela-
tive to ferritic steels [5]. At 300 �C for example, aver-
age diffusion distances in austenitic stainless steel
are about one millimeter in a day, 4 mm in a month
and 15 mm in a year. For ferritic steels, these aver-
age diffusion distances can be increased by at least
an order of magnitude.

Measurement of hydrogen and its mobility are
rather complicated when working with highly radio-
active material. Recently, however, it was shown
that very accurate measurements of the hydrogen
content of highly irradiated steels could be per-
formed on very small amounts (mg) of specimen
using a hydrogen analysis system based on thermal
desorption and gas mass spectrometry [6]. This tech-
nique compliments another existing capability
involving very accurate measurements of the helium
content using isotopic dilution mass spectrometry
on similar small radioactive specimens [7]. In vari-
ous nuclear environments the cogeneration and
potential interaction of these two gases is of current
interest, especially with respect to their potential
participation in life-limiting phenomena such as
void swelling and irradiation-assisted stress corro-
sion cracking [8].

In a recent paper it was shown that the helium
content of a variety of 300 series stainless steels irra-
diated in a range of nuclear environments could be
accurately measured, and also confidently predicted
when detailed knowledge was available of the
neutron spectra, irradiation history and composition
of the steel [3]. The concurrent hydrogen contents,
however, could not be predicted as easily, since
hydrogen arises in steels from both transmutation
and environmental sources, the latter being much
harder to characterize. Unlike helium, which is
relatively immobile and almost completely retained
in the metal, the retention of the very mobile hydro-
gen is very sensitive to irradiation temperature and
damage rate, and particularly to the details of radi-
ation-induced microstructure [1,3,4]. It was possible
to show, however, that retained hydrogen levels
found in various specimens were usually higher than
that generated internally by nuclear (n,p) reactions,
leading to the conclusion that environmental
sources were also required. It appeared that several
100 appm of additional hydrogen could be stored in
microstructural sinks such as black spot damage,
dislocation loops and network dislocations.

One particularly interesting and surprising find-
ing of this study was that the retained hydrogen
increased very strongly when helium bubbles or
vacancy voids began to dominate the microstruc-
ture, with the hydrogen retained even after many
years of post-irradiation storage [3]. Bubbles and
voids are two types of volumetric microstructural
defects, often considered as subsets of ‘cavities’,
but each is recognized as having different behavior
and different consequences on material perfor-
mance. Void ‘swelling’ is a well known, life-limiting
phenomenon experienced by essentially all metals
and alloys when irradiated at high temperatures
by neutrons or charged particles to high levels of
atomic displacement [9]. Whereas bubble growth is
limited by gas content, swelling is an unsaturable
process involving significant increases in component
volume and dimensions. Bubbles, however, are also
known to serve as precursors to void growth, but
have been traditionally thought to contain primarily
helium.

In the following sections, the various sources of
helium and hydrogen in a variety of fission spectra
will be discussed. Then, a number of examples of
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apparent hydrogen storage in cavities generated in
fission spectra will be presented, followed by cases
where such storage did not occur. Details of the var-
ious irradiation environments will be provided that
may have relevance to the availability of hydrogen
sources. After considering the available evidence,
the outline of a conceptual model will be presented
to describe what conditions favor the long-term
retention of hydrogen at larger than expected con-
centrations in fission spectra and perhaps also in
ADS spectra.

2. Sources of helium and hydrogen

In ADS systems there are significant differences
in sources of transmutant gases compared to those
in fission spectra. In mixed high-energy proton
and spallation neutron environments the major
alloy components (Fe, Ni, and Cr) all contribute
essentially equally to helium and hydrogen genera-
tion, primarily through intranuclear cascades
involved in spallation reactions. Thus iron-base
and nickel-base alloys generate essentially the
same gas levels. At the lower neutron energies
(<10 MeV) characteristic of various fission-gener-
ated spectra, however, the gas sources are much
more dependent on alloy composition and neutron
spectra [10,11].

Virtually all elements in stainless steel produce
helium to some degree during neutron irradiation
via (n,a) reactions with neutrons with energies
above �4 MeV. The majority of the helium from
such reactions is formed from the five isotopes of
natural nickel (primarily 58Ni), with all other major
elements typically used in steels having much smal-
ler cross-sections [10]. The recoil range of alpha
particles from this type of reaction is rather small,
typically less than a micron, leading to minimal
energetic losses of helium across the specimen sur-
faces. Helium ejected from adjacent specimens can
also cross into the specimen.

Helium is also formed by interactions with low
energy or thermal neutrons that exist at high fluxes
in water-moderated reactors. There are two impor-
tant reactions of this type. The first is the (n,a)
reaction with 10B, which comprises 19.9% of natural
boron. This contribution to helium production is
generally quite small (�50 appm) and normally
saturates quickly with the rapid burnout of this
isotope in most reactor neutron spectra having a
significant thermal component. Note that 6Li
also has a high thermal neutron (n,a) cross-section,
but 6Li comprises only �7% of natural lithium,
however, and lithium is generally not a significant
impurity in steel.

The second major helium contribution arises
from the 58Ni(n,c) 59Ni(n,a) two-step reaction
sequence, which is essentially unsaturable within
the range of conditions relevant to LWRs [12].
59Ni is a radioactive isotope not found in natural
nickel. It is important to note that this two-step gen-
eration reaction is non-linear with exposure, involv-
ing the buildup of 59Ni as the first step. Therefore,
this contribution exhibits a delay in its production
and continuously accelerates in rate with increasing
exposure, only saturating at thermal neutron
fluences >1023 n/cm2, well above the range of
LWR interest. Most importantly, the degree of
acceleration is directly proportional to the thermal-
to-fast neutron ratio, which can vary strongly with
position both within and outside of LWR cores.
The thermal-to-fast ratio increases strongly as the
local water to fuel (or metal) ratio increases. Usually
there is a strong increase in the ratio just outside the
reactor core boundary. Both within and especially
outside of LWR cores, this contribution soon
becomes the dominant source of helium in nickel-
bearing alloys.

Both of these thermal neutron reactions are very
exothermic and yield energetic helium atoms with
ranges of �2.5 (boron) and 9.2 (59Ni) lm. Therefore
the energetic losses of helium across specimen sur-
faces are somewhat larger than those arising from
high-energy (n,a) reactions. For samples whose
minimum dimensions are comparable to the recoil
distance, the near-surface regions of specimens must
be removed before measurement of helium pro-
ceeds. Otherwise, the measurements will be affected
by such surface losses.

Hydrogen is also generated by transmutation in
fission-generated spectra, but it is important to
remember that hydrogen can be introduced into
steels by other environmental processes. Examples
are corrosion, radiolytic decomposition of water,
direct injection from proton recoil following colli-
sions of neutrons with the hydrogen atoms in water,
and from equilibrium dissociation and absorption
of the hydrogen overpressure maintained in PWR
reactors and some BWR reactors. Another example
arises from diffusion of transmutant hydrogen pro-
duced at large levels in adjacent structural materials
or coolants.

In steels, hydrogen arising from transmutation is
formed primarily from the various nickel isotopes,



Fig. 1. Location of specimens cut from baffle bolt. The dpa levels
have recently been revised to 19.5, 12.2 and 7.5 dpa based on
retrospective dosimetry analysis [15].
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especially 58Ni, interacting with fast neutrons above
�1 MeV [10,11]. The production rate via this reac-
tion is essentially linear with accumulating expo-
sure. Other constituents of typical steels also
generate hydrogen by (n,p) reactions, but the
cross-sections are much smaller than those of nickel.
Due to the lower (n,p) threshold (1 MeV) compared
to the �4 MeV threshold for alpha production, the
H/He ratio due to fast neutrons is usually on the
order of 14–20, depending on the details of the fast
portion of the neutron spectra. However, there is
also a 58Ni(n,c) 59Ni(n,p) reaction, with a thermal
cross-section that is about one-sixth of the 59Ni
helium production cross-section [13]. The total
hydrogen production rate in nickel-bearing alloys
is therefore also non-linear with increasing
exposure.

Depending on the type of (n,p) reaction the
protons are born over a spectrum of energies with
maximum energies of several MeV, with maximum
ranges of 6–16 lm. Thus energetic losses of hydro-
gen across surfaces can be significant.

In summary, the major source of helium at high
neutron exposure is nickel, and the production rate
is proportional to the nickel content and the local
thermal-to-fast neutron ratio, but in a non-linear
manner with increasing exposure. Transmutant
hydrogen is similarly dependent on the nickel con-
tent and the thermal-to-fast neutron ratio. The pro-
duction of helium by boron occurs very quickly,
saturating at a rate that is strongly dependent on
the thermal neutron flux. Hydrogen, however, can
be introduced into irradiated metals by a variety
of environmental sources, as will become apparent
when considering the experimental examples pre-
sented in the following sections.

3. Case #1: Baffle-former bolt from an operating

power reactor

The first case involves a 7 cm long, cold-worked
316 baffle-former bolt removed from the Tihange
1 Pressurized Water Reactor in Belgium. The head
of the bolt is several mm from the outermost fuel
element. The bolt shank is 1.5 cm in diameter and
the bolt was embedded in a 304 stainless steel plate
with water on both sides. While the threads are in
direct contact with the plate, there may be some
water in the thin annulus between bolt shank and
the plate. The thermal-to-fast neutron ratio varies
about a factor of two both along the bolt axis and
across the bolt radius. It is important to note that
in this type of reactor there is a hydrogen overpres-
sure of 1/3 atmosphere maintained on the coolant.

As shown in Fig. 1, three sections were cut at 1,
25 and 55 mm from the bolt head surface, with
doses of 19.5, 12.2 and 7.5 dpa, respectively, as
determined by retrospective dosimetry, a technique
that determines the neutron exposure from analysis
of the activation products in the bolt itself. Addi-
tional information on this bolt and its full micro-
structural and transmutant characterization are
presented in other papers [14,15].

The measured helium contents of the three bolt
sections ranged from 72 to 49 appm from the 1 to
55 mm positions. These levels are not particularly
large and were in good agreement with predictions
using the composition of the bolt and the local
neutron flux-spectra. The hydrogen measurements
at the 1 mm section ranged at 500–700 appm,
typical values for neutron irradiated stainless steel
in light-water moderated reactors. At the 25 and
55 mm positions in the bolt shank, however, the
measurements ranged from 1700 to 3700 appm,
even though the neutron exposures were lower than
experienced at the 1 mm position. While the differ-
ences in temperature at the three positions are not
different enough to significantly affect hydrogen
retention, the differences are manifested in void for-
mation, a very temperature-sensitive phenomenon,
as shown in Fig. 2. It appears that hydrogen may
be stored in these cavities, especially at the larger
swelling levels formed at slightly higher irradiation
temperatures.

Since the thermal-to-fast ratio also varies across
the bolt radius, being lower in the center of the
shaft, and the bolt surface was in contact with water
as a radiolytic source, it could be expected that the
hydrogen might also vary across the bolt radius.



Fig. 2. Cavities observed in the baffle bolt sections [15]. Dotted circles identify some of cavities at the 1 mm position. While the cavities at
the 1 mm position are very small (1–2 nm) and cannot be conclusively identified as voids rather than bubbles, the cavities at the other two
positions are clearly faceted voids. The mean size of cavities at the 25 and 55 mm positions is �8 nm. The volumetric swelling at the 1, 25
and 55 mm positions was found to be <0.01%, 0.20% and 0.24%, respectively. As described in [15] the swelling distribution along the bolt
is influenced by stress in the bolt shank, and the tendency of the swelling to strongly accelerate as the dpa rate falls.
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Unfortunately, no record was maintained of the
radial position of the specimens used for hydrogen
analysis. Therefore it can not be specified if the
1700–3700 appm hydrogen range observed in the
bolt shank specimens represented natural data scat-
ter or additional information on spectral effects on
gas production.

4. Case #2: Ti-modified stainless steel in HFIR

Two stainless steel specimens of the US fusion
Prime Candidate Alloy (PCA), a modified 316 stain-
less steel were irradiated in the JP-12 experiment at
400 �C in the high flux isotope reactor (HFIR) in
the late 1980s. The specimens were in the form of
3 mm diameter, 0.25 mm thick disks used for elec-
tron microscopy. These and similar specimens were
stacked in a cylindrical aluminum packet filled with
helium gas. This packet was centered in a helium-
filled gap, surrounded by an aluminum filler/canis-
ter assembly. In the HFIR reactor the gamma flux
is very high, leading to 40–50 W/g of heating in
stainless steel, depending on the position in the core.
The helium gas gap provides thermal isolation to
reach the desired temperature in the packet.

The outside of the filler/canister assembly is
cooled by water at �50 �C. In this experiment there
was no possibility for the specimens to have direct
contact with water. In contrast to the PWR case
above, no hydrogen overpressure is maintained on
the water coolant in HFIR.

Microscopy results on these specimens were
reported by Tanaka, Hamada and co-workers in
1988 and showed the specimens to be densely
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packed (�4 · 1017 cm�3) with small (10–20 nm)
‘helium-filled cavities’ [16,17]. An example of this
bubble-like microstructure is shown in Fig. 3, repro-
duced directly from their paper.

The calculated helium level for these specimens
was rather large, 2835 appm at 33 dpa, produced
by the very high thermal-to-fast ratio (�2) in this
reactor position. Thirteen years later, identical spec-
imens from the same capsule were retrieved from
dry storage by the present authors, and measure-
ments were made of the helium and hydrogen.
The measured helium levels were 2979 and
3012 appm, within 5% of the calculated values. This
agreement provides confidence in our knowledge of
the neutron spectrum, and therefore allowed the
opportunity to calculate the neutron-induced
hydrogen generated, which was predicted to be
884 appm.

Surprisingly, the recently measured hydrogen
values were 3864 and 3790 appm, indicating that
the hydrogen retained after 13 years storage was
more than four times the predicted total generation
by transmutation [3]. In effect, these cavities contain
as much hydrogen as helium, assuming that both
gases are largely contained in the cavities. Examina-
tion of all details of the experiment revealed no
obvious environmental sources of hydrogen strong
enough to account for this ‘excess’ hydrogen. While
this highly voided microstructure has been clearly
storing hydrogen for more than a decade, the major
hydrogen source is unknown. Therefore, to address
Fig. 3. Bubble-like microstructure observed in HFIR-irradiated
USPCA containing �1017 cm�3 ‘helium-filled cavities’ after
irradiation to 34 dpa at 400 �C by Tanaka et al. [16].
the source question in this HFIR experiment, the
next experiment was conducted.

5. Case #3: Pure nickel dosimeters irradiated in
HFIR

In the absence of an identifiable environmental
source of hydrogen, the possibility of unrecognized
transmutant sources was investigated. Perhaps the
(n,p) cross-section has been underestimated or
perhaps some previously unidentified radioisotope
source similar to 59Ni was contributing.

Therefore, it was decided that the short, thin
(7 mm · 0.5 mm thick) wire dosimeters of Ni and
Fe that were used to determine the spectrum in
the JP-12 and follow-on JP-15 experiments should
be measured. Since these dosimeter wires were so
thin, however, no etching to remove surface mate-
rial was used. Thus, the measurements will tend to
underestimate especially the hydrogen content of
the wires, but also of the helium content to a lesser
extent [3].

The dosimeters were chosen not only from the
400 �C canister used to irradiate the stainless steel
specimens discussed above, but also from the 300,
500 and 600 �C canisters as well, with dpa levels
ranging from 34 to 59 dpa. Most of these dosimeters
had not been removed from their original sealed
aluminum packets, guaranteeing that the wires
had not been exposed to moist air or other potential
sources of hydrogen over the last decade. On the
other hand, the placement of the dosimeters with
respect to thermal isolation was not as well con-
trolled as that of the microscopy specimens of
Tanaka, and the potential exists that the quoted
temperatures may be lower or higher than specified
and should therefore be considered only as nominal
temperatures.

As will be discussed later, the measurements of
the iron dosimeters indicated that iron is not a sig-
nificant source of the helium or hydrogen, and
attention turned to the nickel dosimeters. The
hydrogen levels measured for the nickel dosimeters
are shown in Fig. 4. In such a comparison, however,
it is not possible to judge the original hydrogen con-
tent or the amount lost during or after the irradia-
tion. The nickel dosimeters were found to possess
very large amounts of hydrogen at levels ranging
from 6000 to 16000 appm, even at nominal irradia-
tion temperatures of 600 �C. Most interestingly,
the levels were not strongly dependent on irradia-
tion temperature or dpa level. In effect, these
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specimens retained more hydrogen than was calcu-
lated to have been formed by transmutation. It must
be assumed that energetic and diffusional losses of
hydrogen occurred during irradiation and thermal
losses afterwards. This implies that the total hydro-
gen content at the end of the irradiation was prob-
ably larger than measured in this experiment.

Since nickel demonstrated such an unexpected
response with hydrogen, it was decided to measure
the helium content as well, since the predictive corre-
lation was developed from data generated at total
thermal neutron exposures that were significantly
smaller than those explored in this study. Once
again, as shown in Fig. 5, we are surprised to see
the unexpected. It appears the measurements are
progressively rising with accumulated dpa above
the predictive correlation in a manner that is sugges-
tive of another, previously unanticipated, late-term
contribution to the helium production. Note that
energetic losses of helium have occurred, so the mea-
sured numbers are to some extent underestimates.

It was initially suspected that the difference in
calculated and measured helium contents might
arise from inaccuracies in the cross-sections of the
various nickel isotopes. After measuring the ratios
of the various nickel isotopes using mass spectros-
copy and finding them to be exactly as predicted,
this possibility was discounted [18].

It therefore appears that nickel or more appro-
priately, one of its numerous radioactive daughters
and granddaughters may be responsible for both
the ‘excess’ hydrogen and helium. Currently, the
most likely candidates are thought to be 58Co and
65Zn, since these isotopes appear to have favorable
Q-values for both (n,p) and (n,a) reactions with
thermal neutrons. In fact, 65Zn has a very large ther-
mal (n,a) cross-section of 4.7 barns, so it would not
be surprising if it also has a large thermal (n,p)
cross-section as well [19], although the production
of 65Zn is too low to have a major impact on the
hydrogen production since multiple steps are
required to make this isotope from nickel. Part of
the difference may also be explained by increasing
the thermal reaction rates for the 58Ni and 59Ni
reactions.

While the nickel dosimeter results indicate that
some nickel daughter or granddaughter isotope
may be providing unexpected contributions to
helium and especially hydrogen production, this
experiment has not shown clearly that the storage
in nickel was actually inside the cavities. The wires
were too small to measure swelling and in addition
were necessarily destroyed during gas measurement.

However, nickel is well known to exhibit void
swelling without significant incubation dose
throughout the 300–600 �C range [20,21]. One
aspect of swelling in this material is its strong ten-
dency to saturate in swelling at a level that is not
only independent of temperature, but also cannot
exceed �8–10% swelling. If hydrogen is stored in
cavities, then perhaps the saturation of both hydro-
gen content and swelling may be directly related.
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There is another potential explanation for the
dosimeter results, however. If it is allowed that the
combined uncertainties in the 59Ni(n,a) and 58Ni
cross-sections and thermal neutron fluences can be
as large as 20–30% (higher than stated in the litera-
ture and thermal neutron measurements) the dispar-
ity in helium production might be explained without
resort to invoking unidentified transmutant sources.
This weakens the argument for an unidentified (n,p)
source, however. Finally, this line of reasoning leads
us back to the possibility of an environmental source
of hydrogen to provide the ‘excess’. A detailed anal-
ysis of this experiment has recently been published
elsewhere [19].

Although the helium and hydrogen contents of
the iron dosimeters were also measured, the results
will not be reported here, since the iron specimens
clearly indicated that helium has been implanted
in their surface layers by contact with adjacent
nickel specimens. It is therefore assumed that some
hydrogen implantation has also occurred, although
the hydrogen measurements were in most cases
rather low. It can be deduced, however, that nickel
and not iron is probably involved in the hydrogen
storage in the stainless steel specimens of Tanaka
that were discussed in the previous section.

6. Case #4: Stainless steels irradiated in FFTF

Three cold-worked 316 stainless specimens irradi-
ated in the FFTF fast reactor were chosen to see if
voids by themselves would store hydrogen when
hydrogen was generated primarily by transmutation.
These specimens were in contact with the sodium
coolant during irradiation. The FFTF core is an
oxide-fueled core with rather soft neutron spectra
compared to light-water moderated reactors like
HFIR or PWR, with mean neutron energy of
�0.5 MeV, and no thermal neutrons. Therefore both
the helium and hydrogen generated per dpa in FFTF
are significantly less than that generated by LWR
spectra.

Two of the specimens had�8% swelling, as deter-
mined by immersion density measurements and con-
firmed by electron microscopy [22]. One of these was
irradiated to 88 dpa at 400–430 �C, and the other to
60 dpa at 550 �C. Although the swelling was approx-
imately the same, the cavity densities were very
different, at 2.1 · 1021 and 0.015 · 1021 m�3, respec-
tively and the mean void size was 37 and 190 nm.
Thus, the two specimens had very different void
surface areas. The third specimen was part of the
400–430 �C irradiation series but was exposed to
only 17.5 dpa, producing only 0.28% swelling. The
first two specimens had primarily network disloca-
tions and the low exposure specimen had a Frank
loop and network structure.

The measured helium contents in the three sam-
ples ranged from 5 to 37 appm, in good agreement
with predictions. Measured hydrogen levels in the
irradiated samples ranged from 322 to 570 appm,
indicating that there was no elevated retention of
hydrogen as a function of dislocation structure,
total void volume or void surface area.

7. Case #5: Model alloys irradiated in FFTF

Four model Fe–15Cr–XNi alloy specimens were
irradiated in the fast flux test facility (FFTF) in the
59Ni isotopic tailoring experiment conducted in the
below-core region, at damage levels of either 10.2
or 24 dpa [23,24]. The irradiation temperature was
365 �C, which is more prototypic of PWR condi-
tions. Several variables were investigated in this
experiment. These were the effect of nickel level (25
and 45 wt%) and the effect of He/dpa ratio. The latter
was accomplished by doping one half of the alloys
with 59Ni extracted from a nickel-base alloy irradi-
ated in a highly thermalized neutron spectrum. Thus,
a side-by-side comparison could be made of the sin-
gle variable influence of low and high He/dpa rates.
The swelling levels were not greatly altered by 59Ni
doping, but in general, the swelling was distributed
on a much finer scale in the doped alloys. The alloys
were swelling in the range of 0.2–0.4% at 10.2 dpa
and about several percent at 24 dpa.

At 10.2 dpa the undoped and doped 25 wt% Ni
alloys were previously measured to have 7.1 and
165 appm helium, respectively. The 45 wt% Ni
alloys had 41.6 and 317 appm at 24 dpa. The mea-
sured hydrogen levels in the irradiated samples were
rather low, ranging from 184 to 545 appm. It should
be noted, however, that several 100 appm would be
expected to have been present in the materials prior
to irradiation.

In effect, there appears to be no significant stor-
age of excess hydrogen in these FFTF-irradiated
specimens, regardless of nickel content, helium
level, void surface area or swelling level.

8. Assessment of irradiation data

In the preceding sections, three data sets pro-
duced from light-water reactor irradiations clearly
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show hydrogen storage at unexpected levels, but the
two sets from the FFTF fast reactor do not indicate
storage, even for swelling levels of �8%. What fac-
tors may be operating in FFTF to produce this
apparently anomalous result?

Several conditions are significantly different in
FFTF. First, there are no water-related sources of
hydrogen. Second, while the direct transmutation-
induced hydrogen source in the steel is lower per
dpa compared to the LWR cases, the steel is in
direct contact with a large volume of sodium. On
first thought, one might assume sodium to be a
source of hydrogen, since sodium has a (n,p)
cross-section that is about 50% larger than that of
iron. However, a comparison of hydrogen solubili-
ties in the above metals reveals that sodium will tend
to sequester hydrogen from iron or nickel base met-
als. If we calculate the relative solubilities of Na, Fe
and Ni at 500 �C, then C(Na)/C(Ni) = 170, and
C(Na)/C(gamma Fe) = 320. Therefore the hydro-
gen will be predominantly attracted into the
sodium, rather than into the steel. Furthermore,
the hydrogen content in FFTF sodium is actively
maintained at very low levels (�1 appm), well below
the solubility limit, being continuously reduced via
cold trapping [25].

While the above arguments tend to explain the
lack of excess hydrogen storage in FFTF-irradiated
specimens, there is another significant difference
related to the temperature history upon reactor
shutdown. Fast reactors are in general shut down
very gradually over a period of 10–20 h in order
to reduce thermally induced strains [26]. The tem-
perature therefore falls slowly as the power level is
reduced. Even after zero power is reached the
sodium temperature never goes below 230 �C in
FFTF in order to avoid solidification of the sodium.
The specimens may therefore spend two to six weeks
at this temperature before being discharged from
Table 1
Effective diffusion distances during post-irradiation time-at-temperatur

Reactor Cooling condition Diffusio
distance

FFTF Exponential, 0.5 h time constant,
430 �C initial, 320 �C final, 10 h total time

0.07

PWR Linear, 343 �C initial, 100 �C final,
1 h total time

0.137

HIFR Linear, 400 �C initial, 50 �C final,
0.1 h total time

0.0147

Storage Constant 25 �C, 10 years 0.0322
the reactor. Typical LWRs undergo very different
and more abrupt shutdown temperature histories.

If an irradiation flux is a necessary condition for
sustaining high levels of hydrogen in metals, some
fraction of the hydrogen may be released during
the reactor shut down period and more released
during subsequent storage at room temperature
for extended periods, regardless of whether cavities
were present or not. To evaluate the opportunity
for hydrogen release after irradiation, the effective
diffusion distance of hydrogen was calculated for
idealized cooling histories of the various reactor
experiments. The effective diffusion distances in the
absence of cavities for cooling histories in FFTF,
a PWR, and HFIR, as well as during storage are
compared in Table 1. These distances are compared
to the half thickness of the specific component
under study.

For the FFTF case, an exponential cooling
history was assumed to estimate the case that most
likely would allow hydrogen to be retained, i.e.,
with the lowest irradiation temperature of 430 �C,
instead of the higher 550 �C. The estimated diffusion
distance in this case was about five times larger than
required for diffusion of hydrogen out from a TEM
disc. The result indicates that the measurement of
post-irradiation hydrogen content will strongly
underestimate the actual concentration maintained
during irradiation. A large fraction of any hydrogen
accumulated during irradiation will be lost during
cooling and in-reactor storage.

In contrast, the PWR cooling history is one that
favors retention of hydrogen accumulated during
irradiation. The estimated diffusion distance is only
about 1/4 of the required distance for escape of
hydrogen during cooling. This is a consequence of
the lower initial cooling temperature and the larger
size of the specimen examined. A linear cooling rate
was assumed to overestimate the hydrogen release.
e

n
, cm

Required
distance, cm

Specimen form

0.015 TEM disc

0.647 Bolt embedded in a 304 stainless
steel plate

0.015+ TEM disc stacked in an
Al packet

0.015+ TEM disc placed loosely
in air-filled container
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Actual histories are faster than linear, and therefore
it is concluded that the measurement of hydrogen in
the PWR specimen is near to the concentration
present during irradiation.

The example of HFIR irradiation of stainless
steel also was evaluated for a linear cooling rate.
Estimated diffusion distances were on the order of
the TEM specimen half thickness. For this upper
bound estimate, some loss of hydrogen is expected,
provided that the lost hydrogen is removed from the
environment. The HFIR irradiation occurred in
packets that contained mainly Al and there was
no intimate path to the outside environment.
Because hydrogen is highly insoluble in Al, it is
expected that hydrogen is not likely to be released
for these marginal diffusion kinetics. At 300 �C the
solubility of hydrogen in Al is a factor of 1.2 · 105

lower than for stainless steel.
The effect of extended storage of specimens after

irradiation was explored. For storage times of
10 years at 25 �C, significant release of hydrogen is
expected. The calculated diffusion distance is about
five times that required for release from a TEM disc.
For the case of the HFIR packets, other diffusion
barriers may exist that may inhibit the ultimate
release of hydrogen. The required diffusion distance
is marked with the symbol ‘+’ to indicate that
release may not be achieved from the irradiation
packet simply because the effective diffusion dis-
tance is of the order of the TEM disc thickness.
9. Storage capacity in cavities

Calculation of cavity pressures allows estimation
of the maximum capacity for storing gases in
cavities. The first step normally taken for helium
bubbles is to assume equilibrium pressure in the
cavities as dictated by the ideal gas law and surface
tension with an assumed cavity surface energy of
1 J/m2. From the measured mean cavity radius and
density, the storage capacity was calculated for
examples from FFTF, a PWR and HFIR. Table 2
Table 2
Comparison of calculated and measured capacity of cavities for gas sto

Irradiation Cavity diameter,
nm

Cavity, density, number/m3 Equil
stora
mole

FFTF 36.6 2.2 · 1021 7950
PWR 8.6 0.61 · 1022 1389
HFIR 2.7 4.5 · 1023 9245
summarizes the storage capacity of measured cavity
microstructures compared to measured concentra-
tions of He and H in the irradiated alloys. Cavities
in the PWR example appear to be at equilibrium
pressure and cavities in HFIR are nearly at equilib-
rium pressure. In contrast, the observed cavities in
FFTF are under-pressurized based on calculations
using measured gas concentrations. Because equilib-
rium pressures can be of the order of thousands of
atmospheres, the assumption of ideal gas law behav-
ior needs to be examined, however.

The cavity microstructures have not been mea-
sured for irradiation of Ni and Fe in HFIR. None-
theless, it is possible to estimate storage capacities
from assumed swelling values. Fig. 6 shows the cal-
culated storage capacity as a function of cavity size
and number density at 400 �C. It is clear that the
storage capacity of equilibrium-pressurized cavities
is many orders of magnitude larger than is expected
from Sieverts’ law for absorption of hydrogen in
stainless steel. If the swelling is assumed to be 8%,
a corresponding size and number density is shown
in Fig. 6 and illustrates that quantities on the order
of 10000 appm of molecular hydrogen and helium
could easily be stored in a metal. The figure drama-
tizes the effectiveness of equilibrium-pressurized
cavities for storing gas.
9.1. Model requirements based on above

observations

It appears that the absence of stored excess
hydrogen in the FFTF specimens containing voids
is a consequence of the combined influence of the
lower generation rate, the higher solubility of
hydrogen in sodium compared to that of steel, and
to the tendency of hydrogen to diffuse out of steel
during a relatively slow descent in power and tem-
perature. However, the PWR bolt case and the
two HFIR irradiation cases clearly indicate that
hydrogen storage can occur at levels in excess of
that predicted by Sieverts’ law. Such excess storage
rage

ibrium cavity
ge capacity,
cular ppm

Measured gas conc.,
molecular ppm

H conc.,
appm

He conc.,
appm

287 500 37
1550 3000 50
4900 3800 3000
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occurs when the cavities are clearly under-pressur-
ized or when equilibrium-pressurized, even to very
high levels of pressure.

Several questions need to be answered by a
hydrogen storage model.

1. What is the form of storage, and is it directly
associated with voids?

2. What is the source of the stored hydrogen?
3. Why is the storage so stable at room temperature

over long times?

If we assume that the hydrogen is directly stored
in the cavities, it is easy to show that such large
quantities cannot be in atomic form, adsorbed on
the cavity surface. Therefore, the hydrogen in the
cavity is most likely in molecular form as H2. In
the PWR bolt and HFIR stainless cases, storage
as CH4 can not be ruled out, but the carbon content
of the pure nickel irradiated in HFIR was only
20 appm, probably too low to form the high levels
of hydrogen observed.

In the bolt case there are ample sources of
hydrogen. In addition to the radiation-induced
sources the hydrogen overpressure of 1/3 atmo-
sphere at operating temperature is quite sufficient
to provide the large levels of hydrogen required.
Andresen demonstrated experimentally this point
regarding the permeability of hydrogen in austen-
itic stainless steels and nickel base alloys in the
absence of irradiation damage [27,28]. In PWR pri-
mary water in the temperature range 200–360 �C,
hydrogen was observed to permeate rapidly
through thin wall (0.9 mm) tubes of alloy 600
and achieve steady state permeation rates quickly
following changes in hydrogen overpressure. Per-
meation rates were proportional to the square root
of the hydrogen overpressure as expected. Hydro-
gen dissolved in the water was therefore shown
to be the dominant source of hydrogen in PWR
primary coolant.

Andresen concluded that general corrosion could
not possibly have generated the flux of hydrogen
observed. Moreover, it is clear that the oxidized
surface on the waterside of the tubes presented no
significant barrier to hydrogen adsorption and dis-
sociation into hydrogen atoms that then diffused
into the metal, as is well known from studies of high
temperature aqueous corrosion of steels.
10. Conceptual model for hydrogen storage and

retention

Three fundamental findings can be extracted
from the measurements and observations described
above:

(1) The amount of hydrogen retained in the irra-
diated samples is far in excess of the equilib-
rium solubility as determined by Sieverts’
law. Fig. 7 shows the theoretical solubilities
at a pressure of 1 bar (0.98 atm) in the temper-
ature range of reactor operation. Even for a
PWR with a hydrogen partial pressure of
0.3 atm the equilibrium hydrogen content of
stainless steel should be no more than about
20 appm. For HFIR and FFTF, the hydrogen
partial pressures were insignificant during
reactor operation.
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(2) The amount of hydrogen stored and retained
in bubbles is also in excess of the cumulative
production of hydrogen from (n,p) reactions
for the materials irradiated in water-cooled
reactors.

(3) For steels irradiated in sodium-cooled reac-
tors, the hydrogen retained is of the order of
or less than the cumulative hydrogen gener-
ated from nuclear reactions. The coolant
sodium sequesters hydrogen from the struc-
tural materials as it has a higher solubility as
seen from Fig. 7.

The third finding rules out the possibility that the
hydrogen could have been introduced during polish-
ing of the samples in preparation for the gas
analysis.

One must then conclude that the continuous gen-
eration of hydrogen from (n,p) reactions and possi-
bly other radiolytic sources creates in the metal a
supersaturation of hydrogen, which leads to the
pressurization of voids and helium bubbles. Once
captured in a bubble, the hydrogen is in its molecu-
lar form. Dissolution back into the metal requires
chemisorption and dissociation on the bubble sur-
face. Both of these processes have large activation
barriers, particularly when oxygen, carbon, and
other impurities poison the bubble surface. How-
ever, these chemisorbed poisons do not restrict the
ingress or egress of atomic hydrogen.
Since irradiation will produce some radiolytic
dissociation of hydrogen in the gas phase, it will
provide an alternative pathway for hydrogen in
bubbles to re-enter the metal during the reactor
operation. A dynamic balance would then be
reached between hydrogen absorption from the
supersaturated solution in the metal and the radiol-
ysis-induced re-entry.

In water-cooled reactors, an additional source
for atomic hydrogen must exist which further raises
the supersaturation level of hydrogen in the metal.
While the most likely origin of this source is the
radiolysis of the coolant water, the results from
HFIR irradiations show that the water need not
be in direct contact with the supersaturated metal.
Just as molecular hydrogen can reform and collect
in microscopic bubbles; it must also collect to some
degree in gas gaps inside irradiation capsules. Disso-
ciation of molecular hydrogen in these gaps by the
neutron and gamma radiation could then feed the
supersaturation of samples inside the capsule. Alter-
natively, other materials such as the aluminum
assembly surrounding the internal helium gas gap
may provide the necessary hydrogen inside of the
irradiation assembly.

Our model remains at the present time qualita-
tive. For a more quantitative model, many kinetic
processes must be determined and quantified,
including the radiolytic processes in water and in
the gaseous mixture of helium and hydrogen inside
microscopic bubbles.

It is instructive to estimate the supersaturation of
hydrogen in stainless steel that should have existed
during HFIR reactor operation. Consider case # 2
described above. The bubble density in the USPCA
specimen was 4.5 · 1023 m�3 and the average bubble
diameter 2.3 nm. Assuming that the resulting
bubble volume fraction of 0.29% contained both
the measured helium content of about 3000 appm
and hydrogen content of about 3800 appm, one
finds that 1.7 gas atoms or molecules are stored
per vacant atomic site. The helium–hydrogen gas
mixture in the bubbles has been compressed to a
volume of 4.3 cm3/mol. According to the high-
pressure equations of state [30,31] shown in Fig. 8
for a temperature of 700 K, the gas pressure in the
bubble is about 200 kbar or about 20 GPa. In
comparison, the surface tension of the small bubbles
is about 35 GPa, assuming a surface energy of
2 J/m2. The gas pressure approaches the value
required for bubble growth by dislocation loop
punching, as seen in metal tritides [32,33].
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To maintain hydrogen-containing bubbles under
equilibrium conditions at a pressure of 20 GPa at
the sample irradiation temperature of 400 �C
requires a hydrogen concentration of 1.8 at.% in
solution. Clearly, Sieverts’ law does not apply in this
situation and is of little value to explain the experi-
mental results.

11. Conclusions

It appears that hydrogen gas can be stored in
irradiated metals at concentrations significantly in
excess of that predicted by Sieverts’ law, providing
that cavities such as bubbles or voids are formed.
The current hypothesis is that hydrogen is stored
as H2 gas in such cavities. In order to explain such
storage it is required that supersaturations of atomic
hydrogen be maintained in the metals by various
transmutation, radiolytic or environmental sources.
In general it appears that transmutation sources are
insufficient to explain the observed levels of storage.
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