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REPORT SUMMARY

This report provides a summary of the effects of irradiation damage annealing on phenomena
important to the behavior of zirconium alloys during interim dry storage and transportation of
spent fuel under inert atmospheric conditions. In particular, the report addresses annealing-effect
details connected in some way with hydride re-orientation under conditions relevant to the
transportation and storage phases of spent fuel.

Background

A relevant issue in the evaluation of spent fuel cladding integrity during storage and
transportation is the effect of hydrides on cladding resistance to failure. At issue are the
consequences of loading challenges such as accidental impact during handling, cask tip-over, or
accidental drop during transportation. The degree to which spent fuel cladding, after a number of
years in dry storage, could retain sufficient strength and ductility to resist catastrophic failures
under these loading challenges will strongly depend on the spatial distribution and orientation of
the hydrides.

Objectives
To assess the possible synergy among irradiation damage annealing, hydrogen solubility, and
hydride reorientation phenomena in zirconium-based claddings.

Approach

The research team performed a literature review of the irradiation-enhanced solubility of
hydrogen in zirconium-based alloys and briefly described the effects of irradiation on the
microstructure of these alloys, including <a> loops, <c> loops, second-phase precipitate
amorphization and dissolution. The team then reviewed the literature of post-irradiation
annealing of radiation damage such as <a> loops, <c> loops, and solute re-precipitation. They
followed this summary with a discussion of the potential synergy among annealing damage,
hydrogen solubility, and hydride re-orientation phenomena.

Results

It is likely that hydrogen atoms interact with irradiation-produced <a> and <c> dislocation loops
and/or with Fe or Cr “solutes” driven from second-phase precipitates during irradiation. The
hydrogen solubility data of both McMinn et al. and Vizcaino et al. indicate that release of
trapped hydrogen occurs in the temperature ranges where irradiation damage is also recovering
(annealing). The “trapped” hydrogen cannot be classified as either “soluble hydrogen” or
“hydrides” at any particular temperature, and it can be released to the matrix only when trapping
defects are eliminated by thermal annealing. With currently available data, however, it is not
possible to firmly associate the hydrogen trapping to specific defects.



Hydrogen trapping can be beneficial if it limits the amount of hydrogen going back into solution
when cladding temperatures increase upon transfer of spent fuel from wet to dry storage. This
would be the case when the fraction of hydrogen in the form of hydrides is lower than that
needed to achieve the solubility limit given by the terminal solid solubility curve related to
hydride dissolution. However, depending on the cladding thermal history during dry storage,
trapped hydrogen could also be incrementally released to the zirconium matrix by thermal
annealing. Such a time-delayed release of hydrogen could potentially result in enhanced
precipitation of radially oriented hydrides, which is an undesirable outcome.

EPRI Perspective

In the process of responding to the Nuclear Regulatory Commission’s Requests for Additional
Information during technical exchanges related to NRC Interim Staff Guidance 11, EPRI
sponsored the development of a model for predicting the formation of radial hydrides under
conditions typical of interim dry storage scenarios (EPRI Report 1009276). The present report is
intended to qualitatively assess the impact of the enhanced solubility of hydrogen due to the
formation of irradiation defects capable of trapping a fraction of the hydrogen in zirconium-
based alloys. Hydrogen trapping can mitigate or potentially enhance hydride re-orientation
depending on the initial magnitudes and time histories of cladding temperature and hoop stress
during dry storage.

Keywords
Zirconium-based alloys
Hydrogen solubility
Irradiation damage
Thermal annealing
Hydride re-orientation
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1

INTRODUCTION AND GOAL

This report provides a summary of the effects of “irradiation damage annealing” on phenomena
important to the behavior of zirconium alloys during interim dry storage and transportation of
spent fuel maintained in an inert atmosphere. Particularly, the report addresses annealing-effect
details connected in some way with potential hydride re-orientation under conditions relevant to
the transportation and storage phases of spent fuel.

A more specific description of two dry transportation/storage scenarios is given here [Machiels,
2006]:

e The “French” scenario consists in shipping spent fuel in a nitrogen atmosphere after a fairly
short cooling time' in fuel pools located at the power plant. Shipping durations are typically
10 to 30 days during which peak cladding temperatures can be as high as 420 to 470°C. This
is followed by wet storage upon arrival of the spent fuel at the reprocessing facility. After
about five years following arrival at the reprocessing facility, the spent uranium oxide fuel is
reprocessed. Presently, the spent MOX fuel is envisioned to be transferred into a dry storage
system filled with helium after additional years of wet storage. Initial peak cladding
temperatures for spent MOX fuel in dry storage have been proposed to be limited to 380°C.

e The “US” scenario consists in placing the spent fuel into large-capacity dry storage systems
filled with helium at the reactor sites typically after long cooling times (5-20 years) in wet
storage. Initial peak cladding temperatures are limited to 400°C [NRC, 2003]. For PWR
fuels, a maximum hoop stress of ~150 MPa is generally assumed. Initially assuming peak
cladding temperatures of ~400°C, these decay to ~300°C after 10 years and to ~200°C after
50 years of dry storage. Shipping is not likely to occur until a final repository or a
centralized interim storage facility becomes operational.

During the transportation and storage phases, it is possible that a fraction of the hydrides present
in the cladding will reorient into a radial direction from a predominantly tangential
(circumferential) direction through classic hydride dissolution/reprecipitation processes.
Reorientation is driven by the hoop stress/temperature/time conditions, by the amount of
hydrogen present to partake in the reorientation, by the texture of the material, by the density of
circumferential hydrides present in the original material, by the yield stress of the zirconium
matrix, etc.

Irradiation plays a role through its effect on the matrix strength and by the possible increase in
hydrogen solubility due to irradiation-driven processes, including possible trapping of hydrogen

' Typically, less than a couple of years for spent uranium oxide fuel, and somewhat longer for spent mixed oxide
(MOX) fuel.

1-1
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Introduction and Goal

by dislocation loops or solute complexes. Irradiation damage annealing is important through its
role in reducing the yield stress and by possible release of the trapped hydrogen at a time when
radial hydrides can form.

This report:

1.
2.

1-2

Reviews the literature of irradiation-enhanced solubility of hydrogen (pertinent points only)

Gives a brief description of irradiation effects on the microstructure of Zircaloys [<a> loops,
<c> loops, second-phase particle (SPP) dissolution]

Reviews the literature of post-irradiation annealing of radiation damage (<a> loops, <c>
loops, solute re-precipitation)

Provides a brief summary of possible synergy among damage annealing, hydrogen solubility,
and hydride reorientation phenomena

Suggests experiments that might be conducted to gather needed data.
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2

EFFECT OF IRRADIATION ON SOLUBILITY OF
HYDROGEN

Using differential scanning calorimetry (DSC) techniques, two studies have recently provided
data on the effect of irradiation on the solubility of hydrogen in recrystallized (RXA) or stress
relief annealed (SRA) Zircaloy-4 [McMinn et al., 2000] and in RXA Zircaloy-4 [Vizcaino et al.,
2002]. Both obtained reasonable results for hydrogen solubility in unirradiated material, e.g.,
200-250 ppm at 400°C (673K); 55-70 ppm at 300°C (513K). And both gave firm evidence that
the apparent solubility of hydrogen is increased by irradiation. The effect of incremental fluence
was ambiguous; however, it does appear that the effect on solubility increases with increasing
fluence in the range 1-10 x 10* n/cm’ (E > 1 MeV) for irradiation temperatures near 300°C
(573K).

McMinn et al. give an apparent solubility increase of about 25 ppm at 6-10 x 10* n/cm’ (E > 1
MeV). Vizcaino et al. indicate an apparent increase of 100-200 ppm at 9 x 10” n/cm’ (E > 1
MeV). Follow-up work by Vizcaino et al., 2005 using X-ray diffraction at room temperature,
indicates >40-80 ppm of hydrogen is trapped by irradiation for material (same as earlier study)
containing 180 ppm of hydrogen. It should be noted that “increase in solubility” really means
increase in apparent solubility, as more than one mechanism is likely operating.

Of particular importance is that the irradiation-induced solubility increase can be largely
eliminated by suitable post-irradiation thermal anneals, which cause the hydrogen to be released,
or “recovered,” from complex irradiation-induced defects. In the McMinn et al. study, for
material having a relatively low fluence (< 5 x 10" n/cm®), partial recovery was obtained at
400°C (673K) after one hour, and full recovery at 500°C (773K) after one hour. For high fluence
material (1 x 10* n/cm®), only 60% recovery was obtained at 500°C after one hour.

In the Vizcaino et al., 2002 study, the recovery results were varied. Some recovery was observed
at <380°C (653K) after 10 minutes” in most materials. Table 2-1 gives some data, extracted from
the paper. It appears that at low fluence (< 5 x 10” n/cm’, E > 1 MeV), annealing in the range
500-611°C (773-884K) releases most of the trapped hydrogen. For high fluence material (> 5 x
10* n/cm’, E > 1 MeV), annealing in the 500-611°C (773-884K) range releases only part of the
trapped hydrogen.

From the data contained in Table 2-1, it is concluded that hydrogen can exist in three forms in
irradiated Zircaloy: (1) as soluble hydrogen, (2) as hydrides, and (3) as hydrogen trapped by

complex irradiation-produced defects. The latter can be released by post-irradiation annealing.
These phenomena are related to formation and annealing of radiation damage of various types.

*It is assumed that one data “run” results in the specimen being heated for 10 minutes at 380°C (653K).

2-1



EPRI Proprietary Licensed Material

Effect of Irradiation on Solubility of Hydrogen

Table 2-1
Post-irradiation annealing recovery, extracted from data of Vizcaino et al., 2002
Fluence Temperature Time Recovery <c> Loops?
n/cm? E > 1 MeV °C hr % ps:
380 05-1.3 25
<5 x 10* No
611 2 82
380 1-32 53
4 x 10” 611 83 98 Maybe
700 1 100
380 1 67
4 x 10” 380 2 83 Maybe
508 2 83
611 45 68
7 x 107 Yes
611 80 76
380 0.7 20
9 x 10* Yes
508 2 42

Possible trapping sites for hydrogen include:

2-2

Line dislocations — It has been demonstrated by Roy, 1965, using tritium autoradiography,
that hydrogen can be trapped at deformation-induced dislocations.

Irradiation-induced loops — For years, transmission electron microscopists have noted in
anecdotal fashion that irradiated zirconium alloys behaved differently than unirradiated ones
when it came to formation of hydride artifacts during observation in a transmission electron
microscope (TEM). Hydrides formed easily at the surface of unirradiated TEM specimens,
due to hydrogen from breakdown of hydrocarbons in the electron beam of the TEM, but not
on irradiated specimens. It was conjectured that individual hydrogen atoms were “absorbed”
by the dislocation loops and therefore did not form visible hydrides. Lewis, 1984 came to a
more scientific conclusion, using a nuclear microanalysis technique to show that hydrogen
(deuterium) was trapped in irradiation-produced defects. The trap depth was measured at 0.3
eV, which is larger than the approximately 0.1-eV depth of a line dislocation trap. In a post-
irradiation condition, the number of point defects (vacancies) available for trapping is
relatively small, so it is speculated that loops are the probable traps.

Second-phase precipitates (SPPs) and solutes — It has been reported [Shalliel et al., 1997] that
SPPs, such as the laves-phase SPPs, Zr(Fe ,Cr, ),,have a tendency to absorb hydrogen, and
that this tendency changes as the value of x changes, such as during neutron irradiation in the
appropriate Zr alloys. So it is possible that hydrogen could be released during annealing
processes that alter the SPP chemistry. Whether or not hydrogen can be associated with the
rapid-diffusing Fe or slow-diffusing Cr “solutes” as the SPP dissolves during irradiation is
speculative. However, it would not be surprising for some interaction to occur since the Fe
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Effect of Irradiation on Solubility of Hydrogen

and Cr in “solution” are in a highly unstable thermodynamic state during and after irradiation
since their concentrations greatly exceed their normal solubility.

More unknown defects — It has been shown that hydrides in Zircaloy cause a substantial
dimensional change [King et al., 2002]. And it has been noted [in proprietary reports] that the
observed changes cannot be accounted for by the known volumetric expansions due to
hydrides. It is speculated, again, that hydrides and/or hydrogen interact with the dynamics of
point defect migration or loop formation and growth to cause an increase in irradiation
growth.

2-3
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IRRADIATION DAMAGE IN ZIRCALOY ALLOYS

3.1 Dislocation Loop Geometry

An important type of defect, particularly for irradiated materials, is the dislocation loop. If a
significant number of vacancies or interstitials condense on a particular plane, a disk is formed
with its boundary defined by a (circular) edge dislocation. This is illustrated in Figures 3-1 and
3-2 [Franklin et al., 1983]. The Burgers vector b is perpendicular to the plane of the loop, and,
therefore, is the normal to the plane on which the loop lies.

atomic
4 planes ~—, A A
edge —B ——8B

C

C':<islocatioy¢/'lA =
— ~— ~ A
Vacancy B B

loop

(@)

(b)

L

(c)

Figure 3-1

Vacancy loop, modified figure according to Franklin et al., 1983. (a) Oblique view of a
vacancy loop appearing as a disk on an atomic plane; (b) side view showing the change in

stacking sequence through the loop; (c) orientation of the loop normal 7 to the Burgers vector b .

(a)

atomic
/ planes \A A A
edge
dlslocatlon A B
C
1nterst1t1al/ Z
1 A
0op
(b)

(©)

Figure 3-2

Interstitial loop, modified figure according to Franklin et al., 1983. (a) Oblique view of a
interstitial loop as a disk of atoms between atomic planes; (b) side view showing the change in

stacking sequence; (c) orientation of the loop normal 7 to the Burgers vector b.

3-1
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Irradiation Damage in Zircaloy Alloys

3.2 Irradiation-Produced Dislocation Loops

In structural materials like Zircaloy, the overwhelming majority of defects are caused by
neutrons, and the most important type of defect is the dislocation loop. Two types of loops
predominate: <a> and <c> loops. The <a> loop lies on a prism plane and has a Burgers vector in
the a-direction of the HCP lattice. Table 3-1 lists some important characteristics. Both vacancy
and interstitial loops exist, but more than half have vacancy character. They are very small (10-
nm “black spots”), and, even in the transmission electron microscope (TEM), are difficult to
analyze, Figure 3-3, where the material has been annealed to increase the loop visibility.

Table 3-1
Radiation damage, <a> loops in Zircaloy
Nature Vacancy (excess), interstitial
Size 8 —20 nm (80 - 200 A)
Density 8x10“m*
Saturation Fluence 1 x 10° n/cm?® (E > 1 MeV)
Thermal Stability To ~400°C (673K)
Effects Strength, ductility, growth, H solubility?

<a> type dislocation loops in neutron irradiated Zircaloy-2
after post-irradiation annealing at 723K for 1 hour .

Figure 3-3
<a> type dislocation loops in neutron-irradiated Zircaloy-2 after post-irradiation annealing
at 723K for 1 hour

3-2
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Irradiation Damage in Zircaloy Alloys

<a> loops form early in the irradiation and the number density reaches a saturation value at a fuel
burnup less than 5 GWd/MT. The size of the loops increases with irradiation temperature, and
the loops become unstable (start to disappear) at about 673K (400°C). They have a strong effect
on mechanical properties, as will be discussed later.

The <c> type of loop lies on the basal plane and has its Burgers vector, or at least a strong
component of it, in the c-direction of the HCP cell. As indicated in Table 3-2, unlike the <a>
loop, it is strictly a vacancy-type loop, is relatively large (100 nm), and does not form until
considerable irradiation effects have occurred. In Zircaloy, <c> loops are first observed by TEM
at a burnup of around 3 x 10”' n/cm’ (15 GWd/MT) and increase in density the rest of the fuel
lifetime. They are thermally stable to high temperature > 560°C (833K). <c> loops are thought to
strongly influence irradiation growth and irradiation creep behavior, and probably do not affect
mechanical properties. Figure 3-4 shows TEM images of a high density of <c> loops in highly
irradiated Zircaloy. In order to “see” these loops in the TEM, they must be viewed on edge; thus
they appear as straight lines in the TEM image. Such <c> loops do not appear to form readily in
all zirconium alloys, particularly in those having additions of Nb or Nb and Fe [Shishov et al.,
2002].

Table 3-2

Radiation damage, <c> loops in Zircaloy
Nature Vacancy
Size > 100 nm (1000 A)
Density 0.5 x 10" m* (For Figure 3-4)
Incubation Fluence 3 x 10*" n/cm? (E > 1 MeV)
Thermal Stability Stable to > 560°C (833K)

Form at > 200°C (475K)

Effects Growth, creep, H solubility?

As outlined in Tables 3-1 and 3-2, the kinetics of formation of <a> and <c> type loops differ.
The density of <a> type dislocation builds up quickly and saturates at a fluence less than 1 x 10™
n/cm’ (E > 1 MeV), as illustrated in Figure 3-5. It appears that a fluence-incubation period exists
before <c> type loops begin to form at about 3 x 10°' n/cm’ (E > 1 MeV) for typical reactor
temperatures, as illustrated in Figure 3-6.

For a straightforward review of the relation between irradiation-induced microstructure and

Zircaloy properties, see Adamson, 2000, where more technical details and references can be
found.
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<c> type dislocations in Zircaloy-4 after a fluence of
12 x 1025 n/m? at 561K

Figure 3-4
<c> type dislocations in Zircaloy-4 after a fluence of 12 x 10*' n/cm® at 288°C (561K)
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Figure 3-5

Variation of <a> type dislocation loop density x 10" cm? as a function of fluence x 10”
n/cm? in various reactors at 250-290°C (523-563K) [Davies et al., 1994]
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Figure 3-6
Variation of <c> type dislocation density as a function of fluence for Zircaloy-2 irradiated
at 290°C (563K) [Mahmood et al., 2000]

3.3 Irradiation Effects on Second-Phase Precipitates

Corrosion resistance in zirconium alloys is intimately related to the presence of second-phase
precipitates (SPPs) formed in the zirconium matrix by deliberate additions of alloying elements.
The precipitates are usually incoherent crystalline intermetallic compounds, meaning that their
physical structure is unrelated to the Zr matrix in which they are imbedded. In as-fabricated
Zircaloy-4, the most common SPP is Zr(Fe,Cr),, while in Zircaloy-2, the most common SPPs are
Zr(Fe,Cr), and Zr,(Fe,Ni). For the ZrNb type alloys, the most common SPP is BNb (which is not
an intermetallic), and for the ZrSnNbFe type alloys, the most common SPPs are Zr(Nb,Fe), and
BNb.

At normal light water reactor temperatures [270-370°C (543-643K)], the SPPs change under
irradiation in a combination of two ways: amorphization and dissolution.

Amorphization means that the original SPP crystalline structure is converted to an amorphous
structure. Amorphization is a complex process, described in some detail by Griffiths et al., 1987;
Yang, 1989; Motta, 1997; Bajaj et al., 2002; Taylor et al., 1999; etc. It occurs when an
intermetallic compound accumulates enough irradiation-induced defects to cause it to
thermodynamically favor an amorphous rather than a crystalline structure.

The rate of amorphization depends on the relative rates of damage creation and damage

annealing in the SPP; therefore, important parameters are neutron flux, irradiation temperature,
and SPP chemistry. A critical temperature exists above which the annealing processes are fast
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enough to prevent the damage accumulation of defects needed for transformation. For typical
reactor irradiations, amorphization of both Zr(Fe,Cr), and Zr,(Fe,Ni) occurs readily at
temperatures near 100°C (373K). At typical LWR temperature [300°C (573K)] and neutron flux,
Zr(Fe,Cr), becomes amorphous, but Zr,(Fe,Ni) does not. Above about 330°C (603K), neither
SPP becomes amorphous.

The amorphization process begins at the outside surface of the SPP and works its way inward
with increasing fluence. This is illustrated in Figure 3-7 [Yang et al., 1986], where the SPP on
the left has an amorphous rim (dark area) and the one on the right, at higher fluence, is fully
amorphous. There appears to be an incubation period prior to initiation of amorphization, with
the incubation fluence decreasing with decreasing temperature in the range 270-330°C (543-
603K).

Figure 3-7

Dependence on fluence of the amorphous transformation of Zr(Fe,Cr), precipitate in RXA
Zircaloy-4, neutron irradiated at 288°C (561K). The arrows indicate the width of the
amorphous region [Yang et al., 1986]

Amorphization rate increases as temperature decreases, as neutron flux increases, and as SPP
size decreases. Literature evaluation therefore needs to consider reactor and material conditions
of specific interest.

The fluence required to produce complete amorphization depends on neutron flux, temperature
and SPP size, but for typical Zr(Fe,Cr), SPPs of initial size near 0.1 um, the entire SPP is
amorphous by end-of-bundle-life burnups, < 50 MWd/KgU (1 x 10* n/cm’, E > 1 MeV).

For the Zr-Nb type alloys, neither the BNb nor Zr(Nb,Fe), SPPs become amorphous for
irradiation temperature >330°C (603K). However, at 60°C (333K), Zr(Nb,Fe), does become
amorphous at high fluences.

SPP amorphization in itself does not appear to affect material behavior; however, dissolution of
both amorphous and crystalline SPPs does influence corrosion, growth and mechanical
properties. At typical LWR operating temperatures, SPP dissolution occurs relentlessly until the
SPP essentially disappears.
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As SPPs dissolve, the zirconium matrix becomes enriched (well beyond the normal solubility
limit) in the dissolving element. For instance in Zircaloy-2, Fe leaves both Zr(Fe,Cr), and
Zr,(Fe,Ni) SPPs as schematically illustrated in Figure 3-8 [Mahmood et al., 2000]. This process
is described in more detail by Takagawa et al., 2004, Figure 3-9. Here it is seen that Fe rapidly
diffuses from the amorphous rim into the matrix, while Cr diffusion is sluggish. At high fluence
(~1 x 10* n/cm’, E > 1 MeV), complete amorphization and Fe-depletion have occurred, while the
Cr level is still high. Only at very high fluence (~1.5 x 10” n/cm’, E > 1 MeV) is the Cr dispersed
into the matrix, and the SPP essentially disappears.

Before Grain Boundary Preciptates Matrix
Sn
Fe
Ni
o Z1{Fe,Cr), Type
After (schematic illustrating change as result of irradiation)
) S S I B e B e S e e e S e e S i S S S S Sn (segregation
» A e s i (stight loss to GB)
Fe + from dissolution) —3 Nj & Fe
Zr)(Fe,Ni) Type
Fe
Ni + w*
~ PRI
R oo aeeme] » F e (large loss from SPP due to
:. ~ O oo SaSaEE amorphization and dissolution)
L . Zr(FeCr), Type - gvenly distributed in matrix
AT Ny - some trapped at dislocations
» Cr-rich zone within
Fe 20 am of original SPP

Figure 3-8
Schematic illustrating SPP dissolution and solute redistribution for small SPP in Zircaloy-2
irradiated near 300°C [Mahmood et al., 2000]

The rate of dissolution depends on the SPP size (higher rate for smaller sizes), and the extent of
dissolution depends on size and fluence. It has been demonstrated in a BWR that small (< 0.04

um) SPPs can completely dissolve at low to moderate burnups [Huang et al., 1996]. Also in a

PWR, but at temperature near 290°C, SPPs with an average size of 0.2 um were >80% dissolved
at moderate burnup (1 x 10* n/cm’, E > 1 MeV) [Garzarolli et al., 2002].

Modelling of the dissolution process gives insight into the alloying concentration of the matrix
[Mahmood et al., 1997]. Figure 3-10 illustrates the model for release of solute into the matrix for
various size SPPs. For the small SPPs (1R, 2R, 3R), all the Fe is released by moderate burnup.
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Evolution of a Zr-Fe-Cr particle under BWR irradiation. Upper figures: TEM micrographs; middle diagrams: schematic illustration
of amorphization; bottom diagrams: schematic illustrations of the chemical compositions [Takagawa et al., 2004]
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For the channel material with very large (0.6 um) SPPs in the unirradiated state, only a small
amount of Fe would be released even at high burnups.

In another study, experimental measurement of Fe released from a Zr(Fe,Nb), SPP in an E635
alloy containing 0.35% Fe during irradiation at 330-350°C is shown in Figure 3-11 [Shishov et
al., 2002]. (In Figure 3-11, fluence has been converted from E > 0.1 MeV to E > 1.0 MeV by
dividing by 4). Here it is seen that the Fe has diffused from the SPP to the alpha Zr matrix such
that all of the Fe is in the matrix by moderate burnup. Extending to high burnup (2 x 10” n/cm?®),
in this case, may only increase the probability of re-precipitation of Fe in the matrix. It should be
noted that the “normal” solubility of Fe in unirradiated Zr is < 0.02 weight %.

For the Zr-Nb type of alloys the most common SPPs are BNb and Zr (Nb,Fe) ,. Both are more
stable in-reactor than the Zircaloy SPPs, and neither become amorphous at normal PWR
temperature. (At 60°C and high burnup, Zr(Nb,Fe), does become partially amorphous).
However, even at moderate burnup Zr(Nb,Fe), loses most of its Fe to the matrix, Figure 3-11,
and essentially transforms to a BNb SPP containing 50% Zr and 50% Nb [Shishov et al., 2002]
as opposed to the equilibrium form of 13% Zr and 87% Nb.

The interested reader is referred to the literature references for description of the rather intricate
details of SPP transformation. It is noted that the SPP changes at high burnup for Zircaloy can be
anticipated. For the Zr-Nb type of alloys, the Russian E635 alloy and the French M5 alloy have
also been examined at high burnup [Shishov et al., 2005 and Doriet et al., 2005].
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Figure 3-10
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Figure 3-11

Fe content as a function of fluence (E > 0.1 MeV/4) at 330-350°C in alloy E635: (a) SPP
Zr(Nb,Fe), and (b) —Zr solid solution [modified figure according to Shishov et al., 2002]
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4

EFFECTS OF POST-IRRADIATION ANNEALING

4.1 Introduction

Irradiation temperature does have an effect on microstructure. For instance, higher irradiation
temperature results in larger <a> loops. <c> loops do not form at 77°C (350K). Zr,(Fe,N1)
second-phase precipitates (SPPs) do not become amorphous above an irradiation temperature of
about 100°C (453K) and Zr(Fe,Cr), SPPs do not become amorphous above about 330°C (603K)
[e.g., Griffiths et al., 1996]. In addition, post-irradiation temperatures cause effects that give
insight to the microstructure stability.

4.2 <a> Loops and Hardness

Damage in the form of <a> loops appears to be stable in post-irradiation annealing conditions to
about 400°C (673K). Adamson & Bell, 1986 show that one hour at 400°C is a threshold
condition for changes in size and density of <a> loops. Above that temperature, or quite likely a
longer time at that temperature, results in a marked increase in loop size and decrease in loop
density (see Figure 4-1). Post-irradiation annealing at 550°C (823K) for one hour is sufficient to
reduce the loop density to zero. This is accompanied by a dramatic decrease in hardness.
Complementary data [Cheng et al., 1994] indicate no changes in <a> loops after 200 days at
316°C (588K).

Kruger, 1990 confirmed the boundaries of the Adamson and Bell data, Table 4-1 and Figure 4-2.
The high density of <a> loops formed by a fluence of 3 x 10” n/cm’ induced a hardness increase
that did not change at the fluence of 12 x 10° n/cm’. Post-irradiation annealing at 400°C (673K)
for one hour actually resulted in a small increase in hardness, and, at 575°C (848K) or above for
one hour, removed both the <a> loops and the hardness increment. Kruger noted that the <a>
loop structure was replaced by a loose conglomeration of line dislocations (having an a-
component Burgers vector) that did not affect hardness.

Annealing kinetics for the alloy Zr-1%Nb are shown to be similar to Zircaloy by the data of

Kobylyansky et al., 2001, in Table 4-2. <a> loop density decreases and size increases rapidly at
annealing temperatures above 400°C (673K).
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Table 4-1

Characteristics of irradiated and annealed Zircaloy-2. Fluence, 10°' n/cm’ (E > 1 MeV):
Low = 3.1; Medium = 8; High = 12. Annealing times are 1 hour [Kruger, 1990]

Condition Relative Density <c> Relative Geometry | Hardness
KHN®
<a> loops <a> lines <c> loops jogs size
Low fluence high low 0.1 0 short 250
Medium fluence high low 2.9 0 short -
High fluence high low 4.9 0 short 250
High fluence high low 4.9 0 short 255
+400°C/1 hr
+575°C/1 hr 0 high 3.8 a few short 180
+625°C/1 hr 0 medium 1.4 some medium 170
+675°C/1 hr 0 low 0.7 many long -
+750°C/1hr 0 0 0 0 0 165

* KHN = Knoop Hardness Number
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Figure 4-1

Post irradiation microstructure (<a> loop density and size) and hardness of Zircaloy-2
irradiated to a fluence of 6.5 x 10 n/cm’ (E > 1 MeV). Upper: TEM after annealing at
indicated temperatures. Lower: defect density, defect size, and hardness as functions of

annealing temperature. Low oxygen (A) is 180 ppm; high oxygen (C) is 1500 ppm
[Adamson & Bell, 1986]



EPRI Proprietary Licensed Material

Effects of Post-Irradiation Annealing

Knoop Hardness

Figure 4-2
Microhardness of irradiated Zircaloy-2 annealed at the indicated temperatures for one hour
[Kruger, 1990]

Table 4-2
Zr-1%Nb. Fluence = ~0.5 x 10 m* (E > 1 MeV). T = ~320C. Post-annealing time estimated
to be two hours

260
| p—
240 1
220 4
200 4 Fluence
—00— 2.9E21
180 A —e— 12 E21
160 T T " .
0 200 400 600

Temperature (deg C)

800

T.. Precipitates Dislocations (loops and networks)
. Average size | Concentration Nb Content Average size Concentration Density

¢ nm m*® at.% nm m*® m*

- 58 1.4x10° 52-68 18 2.1x10" -
400 62 1.2x10° 55-68 25 1.7 x 10" -
450 - 1.7 x10° 160 - 3.1x10°
500 63 1.1 x10° 70-78 230 - 2.9x10°

4.3 Hardness Recovery — Fluence Dependence

The early studies of damage annealing behavior were conducted on low fluence materials where
the density of <a> loops is still low and not saturated. Those results are not entirely relevant to
high burnup fuel, but do give some useful insights. Carpenter and Walters, 1974 used zirconium
alloys with fluences of 5 x 10" n/cm’, E > 0.1 MeV, which converts to about 2.5 x 10" n/cm’ (E
> 1 MeV). Annealing was done for one hour for a number of alloys, instructive ones shown in
Table 4-3. At the low fluence, pure zirconium does not irradiation-harden. Zircaloy-2 starts to
recover at 300°C (573K), while for Zr-2.5Nb it is 350°C (623K). This indicates that Nb, an
important alloying element in modern PWR fuels, does affect the recovery process. It was also
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noted in Figure 4-1 that Zircaloy with low oxygen (180 ppm) recovered at a lower temperature
than normal-oxygen Zircaloy (1500 ppm) [Adamson and Bell, 1986].

Table 4-3
Post-irradiation recovery of Vickers hardness (VHN) for one-hour anneals of various alloys
having very low fluence [Carpenter and Walters, 1974]

Temperature of % recovery, °C

AVHN

Alloy 50% 100%
(due to irradiation)
Zirconium 0
Zircaloy-2 30 380 460
Zr-2.5Nb 45 420 460
Zr-2Ti 50 300 350

On the other hand, Table 4-3 shows that zirconium alloyed with titanium not only hardened more
than the other alloys, but it recovered at a lower temperature than the others. So it is seen that
impurities or alloying elements do have an influence on damage recovery.

The studies of L. N. Howe, referred to in Douglass, 1971, are often quoted when considering
damage annealing. For irradiation at 50°C (323K) to a very low fluence (about 0.3 x 10” n/cm’,
E > 1 MeV), 50% recovery of the proportional limit (tensile tests) was achieved at 300°C (573K)
with full recovery at 400°C (675K) for one-hour anneals. And for irradiation at 280°C (553K) to
about 1 x 10” n/cm’ (E > 1 MeV), recovery started at 350°C (673K), with 50% recovery at
370°C (643K) and full recovery at 500°C (773K) for one-hour anneals.

Table 4-4 was constructed from data when available under similar experimental conditions. It is

clear that low fluence data are not relevant to the cases of high burnup fuel, with fluences
sometimes exceeding 100 x 10 n/cm’ (E > 1 MeV).
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Table 4-4

Thermal recovery of irradiated Zircaloy as a function of fluence x 10 n/cm’ (E > 1 MeV).
Irradiation temperatures near 300°C (573K)

Recovery, %

Reference Material Fluence Property 417°C1 hr 425°C/12 hr 512°C/12 hr
Howe Zircaloy-2 0.3 Yield 84 - -
Howe Zircaloy-2 1 Yield 77 - -

Zircaloy-2 6 Hardness 16 - -

A(j&ageslfn Low-oxygen 6 Hardness 63 - -

Zircaloy-2
Kruger Zircaloy-2 12 Hardness 0 - -
Adamson Zircaloy-4 20 Hardness 8 77 92
Kruger Zircaloy-2 30 Hardness 3 - -
Patterson Zircaloy-4 60 Yield 2 25 77

4.4 Hardness Recovery - Short and Long Times

Torimaru et al., 1996 conducted post-irradiation annealing on RXA Zircaloy-2 having a fluence
of 3 x 10" n/cm’ (E > 1 MeV). They used very high heating and cooling rates to simulate in-
reactor transient over-heating. Hardness and tensile properties were measured, and relative
irradiation-produced defect density (in this case certainly only <a> loops) was measured by X-
ray diffraction techniques. Recovery of defect density and mechanical properties were closely
correlated. They found that a treatment of few minutes at 500-550°C (773-823K) or a few
seconds at 600-700°C (873-973K) was enough to induce 70-90% recovery, the higher recoveries
associated with the higher temperatures.

Ito et al., 2004 report recovery of hardness for Zircaloy at relatively low temperatures and for
very long times. De-fueled fuel rod segments were tested for SRA Zircaloy-4 [8 x 10* n/cm’, E >
1 MeV and T, about 350°C (623K)] and RXA Zircaloy-2 [(13 x 10" n/cm’, E> 1 MeV and T,
about 330°C (603K)]. Data are given in Figure 4-3. In Figure 4-3(b), the first few data points are
for annealing times of 20, 40, and 150 hours. Hardness measurements are for creep-tested
Zircaloy-4 and stress-free Zircaloy-2. Hardness recovery trends are similar to those shown in
Figures 4-1 and 4-2 for short times. It is quite significant, however, that hardness recovers for
longer times at temperatures as low as 330°C (603K), and for instance nearly 50% recovery
occurs for 8,000 hours at 360°C (633K). It is somewhat surprising that full recovery is not

attained for long times at 420°C (693K), although the recovery is 80% for either SRA Zircaloy-4
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or RXA Zircaloy-2 for 500 hours. This may be related to irradiation temperatures or, in the case

of Zircaloy-4, to being measured after creep testing.
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Recovery of irradiation-induced hardness of SRA Zircaloy-4 and RXA Zircaloy-2 for long

times at low temperatures [lto et al., 2004]
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4.5 Recovery of Irradiation Growth

For fluences below the point where <c> loops begin forming, about 3 x 10°' n/cm’ (E > 1 MeV),
irradiation growth can be completely recovered by thermal annealing. Since growth in this
fluence range is believed to be caused by <a> loops, by anisotropic disposition of zirconium
interstitial and vacancies at grain boundaries and perhaps by tiny defect clusters, annealing is
relevant to the topic under discussion. Figure 4-4 illustrates growth recovery, as well as yield
strength recovery, of RXA Zircaloy-4 irradiated to 2 x 10* n/cm’ (E > 1 MeV), at about 250°C
(523K). For growth, 50% recovery is achieved by five hours at 417°C (690K) or 370°C (643K)
for 12 hours.
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Figure 4-4
Recovery of irradiation growth and yield strength by post-irradiation annealing for various
times and temperatures [Adamson, 1977]

4.6 <c>Loop Recovery

On the other hand, <c> component dislocations are quite resistant to change over the whole
temperature range where <a> loops disappear. Yang, 1989 and Kruger, 1990 have shown that
one hour at 560°C (833K) or 575°C (848K) causes little or no change in <c> loop density or
size. One hour at 675°C (948K) results in a > 50% reduction in <c> loop density, while one hour
at 750°C (1023K) results in removal of all loops. It was noted that the <c> loops had no effect on
hardness. As their density decreased during annealing, they developed jogs (through the climb
process) and grew in size. These results were summarized in Table 4-1.

4.7 SPP Recovery

Post-irradiation annealing also has effects on irradiation-affected SPPs. For Zircaloy, Yang,
1989, Kruger, 1990, and Cheng et al., 1994 report that post-irradiation annealing causes SPPs to
recrystallize, to re-gain Fe and Ni, and to re-form under specific conditions of time and
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temperature. Minimal effects are observed for 316°C (589K) for 30 days, but for 200 days
significant amounts of Fe diffuse back to the precipitates. At 400°C (673K), Fe diffuses back to
precipitates in less than 10 days, and Fe-rich precipitates form at grain boundaries. At higher
temperatures, > 560°C (833K), amorphized SPPs recrystallize, Fe and Cr diffuse back to SPPs,
and re-precipitation occurs in the matrix and grain boundaries.

Yang, 1989 studied Zircaloy-4 while Kruger, 1990 studied Zircaloy-2, with both works
conducted at GE’s Vallecitos Nuclear Center. Most behavior was the same for both alloys.
However, there was some difference in the effect of annealing on re-precipitation. For Zircaloy-2
(which contains Fe, Cr, and Ni), Fe-Cr-rich and Fe-Ni-rich re-precipitation at grain boundaries
occurred at 575°C (848K), and Fe-Cr-rich re-precipitation occurred at grain boundaries at the
higher temperatures. For Zircaloy-4 (which has no Ni), only Fe-rich re-precipitation occurred at
the lower temperatures, and Fe-Cr re-precipitation occurred only at the highest temperature,
750°C (1023K). This may indicate that Ni in the alloy affects Cr diffusion, or affects the
interaction between vacancies and Cr, which is required for Cr diffusion. In addition, diffusion of
Fe back into the intragranular precipitates was more sluggish than for Zircaloy-2.

4.8 Summary

Recovery (or annealing) of irradiation effects has many components. Perhaps the most relevant is
recovery of irradiation produced <a> and<c> loops; however, defects smaller than these that
cannot be “seen” by transmission electron microscopy or X-ray diffraction certainly are
important. Indirect evidence of recovery is given by changes in hardness (or mechanical
properties) and irradiation growth. Also, although not discussed above, corrosion behaviour can
be strongly affected by post-irradiation annealing [Cheng et al., 1994]. Movement of “solute”
atoms to and from irradiation-decimated precipitates is an indication that point defects and
microchemistry complexes are active.

It is perhaps useful to divide recovery into specific temperature regimes or intervals. It must be
noted that in each interval the exact behaviour may be influenced by initial irradiation
temperature, amount of cold work, alloy purity or composition, fluence, and, importantly, time
scale [e.g., one hour at 400°C (673K) will result in different recovery than one year at 400°C
(673K)].

4.8.1 300-400°C (573-673K)

In this regime, fluence, purity, and time are very important. Recovery of hardness can occur in
hours in the lower parts of the temperature interval for low fluence or low purity material. For
more normal fluence and purity, it is clear that if the annealing temperature is above the
irradiation temperature, irradiation-produced defects are starting to move around. Partial
hardness recovery can occur at 330-360°C (603-633K) over hundreds or thousands of hours. Fe
moves back to SPPs over a few hundred days. Minor reduction of <a> loop density and hardness
occurs. Irradiation growth starts to recover. In this regime recovery is sluggish, but is occurring.
However, one should be careful not to use the results obtained for very low fluence materials as
representative of high fluence material.
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4.8.2 400-500°C (673-773K)

It is clear that in this regime defect annealing is well underway. Hardness and irradiation growth
recovers rapidly and may be complete by 500°C (673K) in a few hours. Density of <a> loops is
rapidly decreasing. Fe diffuses back to SPPs in a few days. On the other hand, no significant
changes occur in <c> loops or grain size.

4.8.3 500-600°C (773-873K)

In this regime <a> loops disappear altogether and are replaced by a loose network of line
dislocations. Hardness recovers completely, needing only a few minutes at > 500°C (773K). In
Zircaloy-2, Fe and Cr move rapidly to grain boundaries and SPPs, while in Zircaloy-4 only Fe
does the same. A few jogs are forming on <c> loops, indicating a movement of vacancies to the
loop edges, but only minor decrease in <c> loop density occurs.

4.8.4 600-700°C (873-973K)
In this regime hardness increments and loops are gone, even after a few seconds at temperature.

For both Zircaloy-2 and -4, Cr is diffusing to grain boundaries and SPPs. <c> loop density is
decreasing and the c-component segments are becoming long and heavily jogged.

4.8.5 700-750°C (973-1023K)

In this regime, a few minutes are enough to remove all <c> loops and a-line dislocations.
Structure appears similar to unirradiated material. Intergranular SPPs are absent, and
intragranular SPPs are recrystallized and larger than in the initial unirradiated condition.

4-10



EPRI Proprietary Licensed Material

5

POSSIBLE SYNERGIES BETWEEN DAMAGE
ANNEALING, HYDROGEN SOLUBILITY, AND DRY
STORAGE AND TRANSPORTATION

An important issue in the evaluation of spent fuel cladding integrity during storage and
transportation is the effect of hydrides on cladding resistance to failure. At issue are the
consequences of loading challenges such as accidental impact during handling, cask tip-over, or
accidental drop during transportation. The degree to which spent fuel cladding, after a number
of years in dry storage, could retain sufficient strength and ductility to resist catastrophic failures
under these loading challenges would strongly depend on the spatial distribution and orientation
of the hydrides.

At the end of its useful life, spent fuel is initially stored in the spent fuel pool; the hydrogen in
the cladding is predominantly in the form of circumferentially oriented zirconium hydride
platelets. This hydride morphology is the consequence of hydrogen uptake during the slow in-
reactor corrosion process, and results in significant, but operationally tolerable, changes in the
cladding mechanical properties. When spent fuel is transferred out of wet storage and placed
into a dry storage system, cladding temperatures increase and reach their highest levels either
during fuel loading operations (e.g., during vacuum drying), or shortly thereafter during the early
stages of dry storage. Peak cladding temperatures dictate how many hydrides can potentially re-
dissolve, and, consequently, how much hydrogen goes back into solid solution in the Zircaloy
matrix. Inthe U.S., peak cladding temperatures are bounded by the regulatory limit of 400°C for
normal conditions of storage [NRC, 2003]. This temperature limit effectively determines the
maximum amount of hydrogen that will eventually re-precipitate back in the form of zirconium
hydrides as the cladding slowly cools down during interim dry storage. At a temperature of
400°C, the maximum amount of hydrogen in solid solution in unirradiated Zircaloy cladding is
~200 ppm. Upon cooling, hydrogen may re-precipitate in the form of circumferential hydrides,
radial hydrides, or both, depending on the magnitude of cladding hoop stress, with radial
hydrides having the greater deleterious effects on cladding behavior. The precipitation rate and
the concentration fractions of precipitating radial and circumferential hydrides depend on the
initial magnitudes and the time histories of temperature and stress during storage (Rashid and
Machiels, 2005).

Only hydrides that are dissolved and then re-precipitated over time during dry storage can
potentially re-orient. Local cladding temperatures control how many hydrides dissolve, and
consequently the amount of hydrogen going back into solid solution in the Zircaloy matrix, as
determined by the terminal solid solubility of hydrogen upon heating (solution), or TSSs. Upon
cooling, re-precipitation of hydrogen in the form of hydrides will begin at a substantially lower
temperature, as determined by the terminal solid solubility of hydrogen upon cooling
(precipitation), or TSSp.
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As discussed in the previous sections, it is likely that hydrogen atoms interact with irradiation-
produced <a> and <c> dislocation loops and/or with Fe or Cr “solutes” driven from second-
phase precipitates (SPPs) during irradiation. The amount of hydrogen in this category appears to
be in the range 25-200 ppm, as determined by the few studies of this phenomenon, summarized
in Section 2. This “trapped” hydrogen cannot be classified as either “soluble hydrogen™ or
“hydrides” at any particular temperature. As a consequence, trapped hydrogen does not
participate in the “classic dissolution/precipitation process” governed by the TSSs and TSSp
curves. Given that only hydride that is dissolved can potentially re-orient, hydrogen trapping can
be beneficial in terms of limiting the amount of hydrogen going back in solution when cladding
temperatures increase upon transfer of the spent fuel from wet to dry storage. This would be the
case when the fraction of hydrogen in the form of hydrides is lower than that needed to achieve
the solubility limit given by the TSSs curve. However, depending on the cladding thermal
history during storage, trapped hydrogen could also be incrementally released to the zirconium
matrix when trapping defects are eliminated by thermal annealing. Such a time-delayed release
of hydrogen could, potentially, result in enhanced precipitation of radially oriented hydrides,
which would be an undesirable outcome.

Without knowing which traps are most effective and are most stable during dry storage, it is
difficult to predict how much hydrogen can be released. The hydrogen solubility data of both
McMinn et al., 2000 and Vizcaino et al., 2002 and 2005 indicate that release of trapped hydrogen
occurs in the temperature ranges where irradiation damage is also recovering (annealing),
although it is not possible with currently available data to firmly associate the hydrogen trapping
to specific defects:

e In the cases where <c> loops do not exist in substantial numbers, it appears that trapped
hydrogen can be completely, or almost completely, released at temperatures at which most or
all <a> loops should be eliminated and at which Fe is at least sluggishly mobile in the lattice.
For instance, McMinn reported only partial recovery for 400°C (673K)/1 hour, but full
recovery for 500°C (773K)/1 hour, and Table 2-1 indicates that Vizcaino’s 4 x 10°' n/cm’
material releases most of the trapped hydrogen for long anneals at 611°C (884K) or 508°C
(781K).

e In cases where <c> loops do exist, it appears that higher temperature anneals are required for
complete recovery. McMinn’s 1 x 10” n/cm” material has only 60% recovery at 500°C
(773K)/1 hr., when all <a> loops, but no <c> loops, should be gone. Likewise, Vizcaino’s 7-
9 x 10" n/cm’ materials recover by <75% for very long times at 611°C (884K) and <50% at
508°C/2 hours. Since <c> loop annealing does not become rapid until at least 625°C (898K),
it appears that there may be a <c> loop-H interaction. Or perhaps there is a Cr-H interaction,
as Cr becomes mobile in the same temperature ranges.

If the temperatures are in the 500-400°C (773-673K) range (see “French” transportation scenario
in Section 1), it is likely that all the <a> loops and a very small fraction of <c> loops will
disappear and much dissolved Fe will be reabsorbed by the SPPs. In that case, if it is assumed
that the traps are not saturated it is likely that the amount of H released will be proportional to or
at least related to the total amount of H absorbed during the corrosion process. Assuming that the
time required for annealing a substantial fraction of the irradiation traps is long compared to the
time required for establishing the equilibrium hydride/dissolved hydrogen concentration in the
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cladding and that cladding hoop stresses are greater than the “threshold” stress®, a fraction of the
H released from traps is likely to eventually re-precipitate in the radial orientation. For instance,
at 400°C (673K) one would normally expect no more than about 200 ppm H in solution.” If the
total hydrogen is 500 ppm, then about 300 ppm hydride would normally remain in the
circumferential orientation at 400°C (673K) if no trapping occurred, and 200 ppm of hydrogen
would be in play for potential re-orientation. But if 100 ppm hydrogen were trapped and then
released, there would be only 200 ppm of hydrogen remaining as circumferential hydrides, and
up to 300 ppm of hydrogen could eventually be in play for potential re-orientation. Annealing
temperatures in the 500-400°C (773-673K) range are not likely to affect <c> loops, although the
influence of very long times is not known. Although the relative trapping strengths of <a> and
<c> loops is not known, available data indicate the <c> loop is a deeper (stronger) trap.

If the initial storage temperatures are in the 400-300°C (673-573K) range (“US” scenario in
Section 1), it is almost certain that <c> loops will not be a factor in releasing hydrogen. For very
long times, it can be assumed that <a> loops and SPP/solute annealing will occur. The data of
McMinn et al. indicate that about 40% of the trapping occurs by <c> loops, or other phenomenon
stable at >500°C (773K). This could be used as a rough guide, but will depend on the dynamics
and timing of loop and hydrogen creation. If most of the corrosion occurs before <c> loops
form, which is before ~15 GWd/MT burnup (see Section 3.2), then most of the trapped H will be
in <a> loops. If the corrosion occurs at higher burnups, some of the hydrogen will be trapped in
<c> loops.

Another complication is that different alloys will very likely trap hydrogen in different ways.
Alloys such as M5™ and ZIRLO™ may not form <c> loops at all. The density of <a> loops may
be similar for all alloys, but the trapping strength of the <a> loops may be altered, for instance,
by interactions between Nb and O with the loops.

* Defined as the stress at which some limited amount of re-orientation is observed.

* The terminal solid solubility for solution, TSSs, is about 200 ppm H.
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6

MISSING DATA AND POTENTIAL ADDITIONAL WORK

One of the problems in using the literature recovery data is that the kinetics of recovery or
annealing has not been quantified. It is not known, for instance, how strongly recovery depends
on time at temperature. How different is 380°C (653K) for 1 hour and 380°C (653K) for 1000
hours? If a simple chemical rate (Arrhenius) equation applies, then recovery (R), time (t) and
temperature (T) can be related:

R = Kte ¥

Appropriate activation energies and constants can be derived from results of isochronal and
isothermal anneals, such as those shown for irradiation growth in Figure 4-4. Then, results of any
combination of t and T could be calculated. The problem with this approach is that the activation
energy, Q, of the Arrhenius reaction is not really a constant. In the case of the recoveries of
hardness or growth and, particularly, hydrogen solubility, there are several recovery processes
that act in different temperature regions; therefore, a single activation energy cannot describe
recovery over more than about a 50°C (50K) temperature range. Nevertheless a useful
experiment, if H-solubility is related to the existence of <a> and <c> loops, would be to conduct
careful TEM or X-ray diffraction examinations on the size and density of these defects in
temperature regions of interest for long term storage issues. Similar studies could be conducted
on hardness recovery, which is directly related to the presence of <a> loops.® Such studies
should be done on material irradiated to appropriate fluences and on alloys of specific interest.

Another area that is not understood is the actual interaction between hydrogen and the <a> and
<c> loops and between hydrogen and the irradiation-produced “solutes” Fe, Cr and Ni. It is
likely that this type of work would need to be done by modeling and calculation, supplemented
by microstructure studies. Possible approaches include the molecular dynamics computations of
the type described by Hayoshi, et al., 2005, the “ab initio” modeling of the type described by
Ferrer, et al., 2002, and/or the nuclear microanalysis work of Lewis, 1984.

Although on the periphery of the current topic, another area of interest is the effect of Fe on
diffusion in the zirconium matrix. It could well be that the behavior of hydrogen is affected by
such diffusion phenomena. A reference is King et al., 1991.

Metallographic examinations of hydride distributions in the irradiated material have always been
conducted at room temperature. To gain more understanding of the balance between hydrides in

° It should be noted that hardness in irradiated material is related more closely to the ultimate tensile strength rather
than the yield stress.
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radial and circumferential orientations and hydrogen in solution, hot-stage metallography would
be useful. None has been reported so far.

Of course, the data of McMinn et al., 2000 and Vizcaino et al., 2002 are crucial. Examination

and extension of their data and analysis, including detailed TEM microstructure examinations of
their materials would be very useful.
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