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Abstract

A review is presented of recent insights on the role of transmutation in the development of radiation-induced

changes in dimension or radiation-induced changes in physical or mechanical properties. It is shown that, in some

materials and some neutron spectra, transmutation can significantly affect or even dominate a given property change

process. When the process under study is also sensitive to displacement rate, and especially if it involves radiation-

induced segregation and precipitation, it becomes much more difficult to separate the transmutation and displacement

rate dependencies. This complicates the application of data derived from "surrogate" spectra to predictions in other

flux-spectra environments. It is also shown in this paper that one must be sensitive to the impact of previously-ignored

"small" variations in neutron spectra within a given reactor. In some materials these small variations have major

consequences.

1. INTRODUCTION

As the fusion materials program continues to investigate the response of various candidate materials

to neutron irradiation, it becomes increasingly more obvious that additional attention must be paid to the

consequences of differences in neutron flux and spectra, especially in situations where transmutation exerts

a significant influence.

A similar realization has developed recently in the various spallation neutron programs currently

under consideration!!]. Whereas the elemental and isotopic changes induced by neutron absorption are

well-defined, transmutation caused by collisions with very high energy (~ 1 GeV) protons and/or the resultant

spallation neutrons produces a complex shower of all possible isotopic species of lesser mass than the

original. These new isotopes in turn are subject to both radioactive decay and further transmutation. Thus,

accelerator-driven spallation devices will produce changes in material composition and changes in behavior

that are correspondingly harder to analyze or predict.

If a given radiation damage process is sensitive to both displacement rate and transmutation-induced

or spallation-induced compositional changes, then it may be difficult to identify and separate the individual

effects of these two variables. If the transmutant or its precursor also tends to segregate via a flux-dependent

process, then additional complexity arises in the translation of data generated in the "surrogate" spectra to

produce predictions for the fusion or spallation application.

The problem lies not only in translating data from one reactor spectra to another, but has also been

found to sometimes affect the interpretation of data collected from various locations in a given reactor. This
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latter concern arises because differences in displacement rate across a reactor core are usually accompanied

by spectral variations, which in some alloys are large enough that they can exert a strong influence on

transmutation rates per neutron. In stainless and fenitic steels irradiated in fast reactors it was possible to

ignore such "minor" variations in spectra, providing the damage was expressed in displacements per atom

or "dpa".

Whereas stainless and ferritic steels irradiated in fast reactor spectra experience a relatively small

amount of transmutation to solid and gaseous species, the shift to other spectral environments and other

materials has led to the realization that solid transmutation products in particular must be studied in more

depth, even in fast reactors for some materials of current interest.

This paper addresses some of the recent insights on the impact of both solid and gaseous

transmutation products, focusing on a number of material groups that exhibit a strong transmutant response

to variations in neutron spectra. Some fraction of this material was reviewed earlier in ref. 2.

With a few exceptions, this paper will not focus on the isotopic details of the various transmutation

processes, but will focus only on the chemical and physical consequences of the resultant elemental changes.

The isotopic details are contained in the various references cited, however. Solid transmutants will be

discussed first, followed by gaseous transmutants.

2. Mo-Re ALLOYS

Molybdenum and its alloys, especially those of the Mo-Re system, have been proposed as potential

fusion candidates because of their inherently high melting point and strength, room temperature fabricability,

and possession of an acceptable match with the coefficients of thermal expansion of carbon and

tungsten [3,4].

Garner, Greenwood and Edwards have shown that Mo-Re alloys will strongly transmute to Mo-Re-

Os-Ru-Tc alloys even in the FFTF fast reactor spectra[5,6]. The most important and initially surprising

observation of this work is that the transmutation rate per dpa changes strongly across the fast reactor core,

as shown in Figures 1 and 2. If transmutation-sensitive data for different irradiation temperatures or different

dpa levels are derived from different core positions, this can introduce an uncontrolled and highly synergistic

variable into the data analysis.

Even more significantly, the transmutation rate of Re is an especially strong function of the thermal

neutron fluence, and in highly-thermalized neutron spectra can lead to the near-total replacement of rhenium

with osmium, as shown in Figure 3 for the HFTR reactor. The correlation of data from different test reactors

and the extrapolation of such correlations to fusion-relevant spectra is obviously more difficult under such

conditions.
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An additional level of complexity arises from the fact that both Re and Os segregate very strongly

during irradiation of Mo-Re alloys. The tendency toward radiation-driven segregation is so pronounced that

the equilibrium bcc chi-phase is completely bypassed in Mo-41Re, leading to the formation of a very high

density of thin platelets. These platelets are a hexagonal phase, consisting almost entirely of Re and Os[5,7].

Separation of the influence of displacement rate and transmutation rate is thus even more difficult. This

problem may be only of academic interest, however, since one consequence of such segregation is a strong

embrittlement, that probably disqualifies Mo-Re alloys for most uses in nuclear systems. For instance,

studies by Gorynin et al. [8] and Fabritsiev et. al.[9] have shown that relatively low levels of irradiation in

the SM-2 mixed spectrum reactor lead to a severe embrittlement and also to a strong loss of electrical

conductivity in a wide range of Mo-Re alloys. Hasegawa et. al. showed that, after irradiation of Mo-5Re in

FFTF to 7-34 dpa, it was possible to see the encroaching impact of radiation-induced precipitation on

ductility even at that low level of Re[10].

3. TUNGSTEN AND TUNGSTEN-CONTAINING ALLOYS

Tungsten is cunently being used as a substitute for molybdenum in "low-activation" ferritic

steels[ 11-13]. Pure W or W-Re alloys have also been suggested for plasma-facing components[14,15]. A

material produced with a copper matrix reinforced with thin tungsten wires has been irradiated in FFTF as

part of a study of potential high heat flux materials[16]. Porous tungsten impregnated with copper is planned

for irradiation in HFIR[17] and has been proposed as a material for Tokomak divertor plates[18].

However, low-activation does not imply low-transmutation. All of the various transmutant-related

problems discussed earlier for Re are even more pronounced for W, which first transmutes to Re and then

to Os, as shown in Figures 4 and 5. Note the large differences in transmutation rate per dpa that exist in

typical test positions in FFTF. At only 20 dpa in the HFIR mixed spectrum reactor, 30% of the W will

transmute to Re and C:, r-CTnrtrating the strong sensitivity of W to thermal neutrons[6].

In some design studies such transmutation is thought to be beneficial, since Re additions to W before

irradiation actually improve strength, ductility, recrystallization resistance and machinability, as reviewed

in ref. 19. This expectation is judged by the authors of this paper to be rather optimistic, however, since most

of the available irradiation data on W and its alloys were developed in fast reactors, (as reviewed in ref. 20)

where the impact of transmutation is relatively smaller. Two studies have directly addressed the effects of

transmutation due to thermal neutrons[8,21] and focused on resultant losses in ductility.

Gamer and Megusar reported that dynamically-compacted tungsten densified 2-3% during fast

reactor irradiation to 32-60 dpa in the range 423-600 °C [22]. They noted that while such densification may

have reflected only a recovery of original porosity, it may have also involved the strong role of transmutation.

More importantly, the specimens were found to have become exceptionally brittle during irradiation, which

might also arise in part from the influence of transmutation.

No data are known to the authors on the possible role of segregation or precipitation of Re and Os

in W alloys, but parallels drawn to the observed behavior of Mo-Re-Os alloys are suggestive of the

possibility.
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4. COPPER, COPPER ALLOYS AND COPPER-BASED BRAZES

Copper alloys have been proposed for service as high-heat flux components in fusion reactors

primarily because of their high thermal conductivity, even though copper is not low-activation in nature[23-

25]. Since the electrical conductivity is easier to measure than the thermal conductivity, most experimental

studies on highly radioactive copper alloys focus on electrical conductivity measurements. Since the two

conductivities are related, it is possible to make predictions of the thermal conductivity.

Transmutation of Cu forms relatively large amounts of Ni and Zn, and smaller amounts of cobalt,

all of which strongly decrease the electrical and thermal conductivity[26-32]. On a per atom basis, nickel

has the strongest effect. Unfortunately, the Ni/Zn ratio increases at the very high neutron energies

characteristic of fusion spectra[27] such that fast reactor data underestimate the conductivity loss for fusion

application.
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Interestingly, however, the substantial addition of Ni, and presumably Zn, does not affect the steady-

state swelling rate of Cu at ~400°C, as shown in Figure 6, which also shows the irradiation-induced decrease

in electrical conductivity. Voids also contribute to the decrease in thermal and electrical conductivities,

however.

Once again there is a substantial variation of transmutation rates for copper, both within and between

reactors, significantly complicating the application to fusion spectra of data developed from surrogate spectra.

Edwards, Garner and Greenwood[31] have shown, however, that it is possible to separate the influence of

voids and transmutants on the electrical conductivity of pure copper. This separation allows the prediction

of conductivity losses in other spectra if it can be assumed that the swelling rate of copper is largely

insensitive to Ni and Zn concentration, and if it can also be assumed that segregation plays no role in either

the void growth or the conductivity change.

Muroga and Garner showed that transmutant nickel segregates to void surfaces in pure copper but

zinc does not[33]. In another study Muroga and coworkers showed a similar behavior at grain boundaries

during electron irradiation of Cu-Ni and Cu-Ni-Zn alloys[34]. No precipitation occurred as a consequence

of this irradiation-induced redistribution, and it therefore appears appropriate to assume that segregation has

no net consequences on the change in either electrical or thermal conductivity of pure copper.

Pure copper is a relatively simple system, however, and the potential exists for more complicated

interactions between transmutation, segregation and precipitation in more complex alloys. For example,

Edwards, Garner and Grant have shown that HfO2 dispersoids in a copper powder-metallurgy alloy absorb

transmutant nickel as the irradiation proceeds[35]. This continuous absorption fortuitously causes a plateau

to develop in the electrical conductivity, while the conductivity of other dispersion-hardened alloys continues

to decline, as shown in Figure 7a. The HfO2 dispersoids also are affected by displacive radiation, with the

larger particles slowly shrinking, and a new population of thin crystalline platelets of HfO2 forming in the

alloy matrix. This once again demonstrates that radiation-induced segregation and precipitation reactions

can have a significant impact on a material's response to transmutation.

Other transmutation-sensitive examples can easily be found in the copper alloy systems described

in references 28-30. For example, when considering the relative response of Cu-2Be and Cu-l.8Ni-0.3Be,

it is important to remember that the purpose of the nickel in the latter alloy was to more effectively precipitate

the beryllium, thereby requiring less Be for a given strength level and also yielding a higher conductivity

matrix. Transmutation of Cu to Ni will therefore drive Be from solution. In Cu-2Be the initially rather low

conductivity at such high Be levels is increased slightly during irradiation but quickly reaches a plateau as

shown in Figure 7b[29]. This plateau is thought to arise from the formation of (Cu,Ni,Co)Be beryllide

precipitates. Segregation and precipitation thus balance the concurrent effects of nickel transmutants and

Be removal. This alloy does not swell significantly.

In Cu-l.8Ni-0.3Be most, but not all, of the Be was already out of solution before irradiation, and the

full influence of both void swelling and transmutants in solution reduces the conductivity from its initially

much higher value. Depending on the preirradiation heat treatment, the action of radiation-induced

segregation can initially increase the conductivity somewhat, as also shown in Figure 7b.
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Copper-based brazes usually contain one or more of Ag, Au, Sn, Ni and Ti. As shown in Figure 8,

Au and Ag quickly transmute to Hg and Cd respectively, exhibiting once again a strong sensitivity to

differences in neutron spectra both within and between reactors[36]. An irradiation program initiated by

Gamer, Hamilton and Edwards to study the influence of irradiation on brazes was conducted in the FFTF

fast reactor[37,38]. In examination of specimens from this experiment it was demonstrated that the combined

effects of transmutation, diffusion, segregation and displacement damage in fast reactors can have a strong

influence on braze microstructure, strength and integrity, and in some cases, can disqualify some brazes for

nuclear applications[38]. In a highly thermalized spectra the impact would have been even stronger. In

HFIR, for instance, the loss of gold proceeds at a rate of ~ 13% per month [3 9].
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5. ALUMINUM AND ITS ALLOYS

While Al has not been considered for many fusion applications, its alloys are candidate materials for

some components in spallation systems. The swelling, phase stability and mechanical properties of

aluminum alloys irradiated in HFIR have been shown by Farrell to be very sensitive to both their original

solute content and transmutation-produced silicon, the latter reaching 7.1% at 270 dpa[40]. Figure 9 shows

the pronounced effect of the original and subsequent solute content on void swelling. Evolution of

mechanical properties was shown to be particularly sensitive to the level of transmutation-produced silicon.
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Since silicon is insoluble in aluminum, it precipitates out as discrete particles and also as shells on radiation-

induced voids, as shown in Figure 10. It is probably reasonable to assume that such coatings must influence

the growth rate of voids. These considerations introduce an additional level of complexity into the

interpretation and extrapolation of the data, since the rate of silicon formation is determined by the thermal-

to-fast neutron flux ratio, but the segregation rate is probably dependent only on the fast flux. Helium

production, which may be important for void formation in aluminum, also arises only from the fast flux.

These various factors have shown by Weeks and coworkers to lead to significant differences in hardening

in the HFIR and HFBR reactors[41], as well as differences arising from spectral variations within HFBR,

as shown in Figure 11.

6. VANADIUM AND ITS ALLOYS

Once again, a "low-activation" material, namely vanadium, is shown not to imply low- transmutation.

Ohnuki, Garner and their coworkers have shown that there are significant consequences to the fusion-relevant

testing of vanadium alloys in surrogate spectra[6, 42-45]. Again, here is a neutron-induced transmutation

reaction (producing Cr from V) that is strongly spectra-sensitive (Figure 12). The situation is further

complicated in that there is a smaller reverse reaction (Cr to V) reaction with different spectral sensitivity.

In addition, the fusion-relevant (n,2n) reaction producing V from Cr is quite different in response from the

(n,y) reaction with thermal neutrons.

Chromium not only segregates at microstructural sinks but participates in a variety of precipitation

reactions involving other alloying elements such as Ti. When a large amount of transmutant Cr is formed

and significant segregation occurs near grain boundaries, a unique form of transmutation-induced

embrittlement occurs, as shown in Figure 13, in which every grain boundary becomes a preexisting crack,

leading to failure for even the smallest physical insult[42,43]. Part of the failure mechanism appears to be

associated with the relatively strong but opposite influences of Cr and Ti on the lattice parameter of vanadium

alloys [44].

The void swelling of vanadium is also very sensitive to small amounts of chromium, such that

significant transmutation to chromium converts a relatively slow swelling, pure metal into a high swelling

alloy[44,45]. Figure 14 shows the strong impact of small preirradiation additions of chromium on the

swelling of vanadium in FFTF[44].

7. STAINLESS STEELS

In earlier publications it was shown that the major solid transmutation reactions that occur in

stainless steels were of no significant consequence in fast reactor spectra and were of only minor consequence

in highly thermalized reactor spectra[46,47]. The near-total loss of the minor alloying element Mn by (n,y)

reactions in HFIR was thought not to affect void swelling, although the conclusion was actually based on the

behavior of a range of Mn-modified variants of 316 steel studied in the EBR-II fast reactor[46]. The slower
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FIGURE 13. (a) Fracture surface of a V-lOTi-lNi TEM disk irradiated in HFIR to 30 dpa at 500°C. The
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depth of one grain and transgranular beyond one grain depth [43].
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tendency in fusion spectra to increase Mn content by (n,p) and (n,2n) reactions was also thought to be of no

real consequence.

The formation in HFIR of small amounts of V from Cr in stainless steels was found by Brager and

Garner[47] to be balanced by segregation of the V into various carbide phases that form in irradiated steel,

once again demonstrating the role of segregation. Therefore, it has been generally assumed that stainless

steels are not directly sensitive to V and Mn solid transmutants, although such a conclusion is only strictly

applicable to void swelling and not to other possible damage mechanisms.

The possibility of transmutation having some significant effect on stainless steels has recently been

revisited, however. In addition to gaseous transmutations discussed in the next section, several significant

new insights on solid transmutation have arisen. Whereas Mn is usually a minor element (1-2%) in stainless

steels (used primarily to remove sulphur and other troublesome trace solutes from the alloy matrix), there was

for some years a large effort directed toward the development of "low activation" steels, in which Ni was to

be replaced by Mn[48,49]. Some of these alloys were also strengthened with W and V. Although the Mn

content will increase in fusion-relevant neutron spectra, the presence of thermal neutrons in test reactors can

cause a very strong depletion of manganese. In HFIR -80% of the original manganese is removed by 80

dpa[46]. In light water power reactors the thermal-to-fast neutron ratio is lower by a factor of ~4, and the

loss of Mn in a pressurized water reactor baffle bolt has been calculated by the authors to be -46% at 100

dpa. There would also be large reductions in W and V contents of such alloys.

Since it is now known that radiation-induced segregation of Mn away from microstructural sinks

predisposes austenitic Fe-Cr-Mn base alloys to a pronounced instability toward ferrite and sigma phase

formation[50-55], further transmutation-induced reductions in manganese content are seen to be very

counterproductive, leading to largely ferritic alloys after irradiation. This sensitivity to transmutation

precludes the confident testing of Fe-Cr-Mn alloys in highly thermalized spectra such as found in HFIR.

Chung, Sanecki, and Garner have recently explored the possibility that MnS precipitates might be

unstable and slowly dissolve under irradiation, especially in highly thermalized spectra, and thereby release

S, F and other deleterious trace elements back into the alloy matrix[56]. Such a release of trace elements

would arise from a combination of Mn to Fe transmutation, cascade mixing at the precipitate interface, and

the inverse Kirkendall effect acting as a pump to export Mn away from the precipitate. Chung and coworkers

demonstrated that such an indirect consequence of transmutation and inverse segregation indeed occurs in

304 and 316 stainless steels irradiated in a boiling water reactor. They postulated that this instability might

in part contribute to the phenomenon of irradiation assisted stress corrosion cracking.

8. REDUCED ACTIVATION FERRTTIC STEELS

As noted earlier, a number of national programs were initiated to develop a low activation ferritic

alloy for fusion application[ll-13], with most of the current effort being conducted in an international
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program[57]. All of these programs have one feature in common, however. All candidate alloys have had

Mo replaced with W, Ta and V in varying amounts, all of which are elements that transmute strongly.

Tantalum transmutes to W and Hf[58], both of which are also subject to strong transmutation.

One of these alloys, F82H, has been irradiated in HFIR[59] and comparisons have been made with

FFTF data[57]. It should be expected, however, that results from the two reactors are not strictly comparable

due to the large differences in transmutation.

9. GASEOUS TRANSMUTANTS

Most early attention on gas effects in the fusion community has been addressed toward helium

production in materials, but emphasis has been progressively shifting to focus also on hydrogen production

and transport, and potential interactions of hydrogen with helium.

Early helium-oriented studies in steels focused on the (n,a) reactions occurring only at high neutron

energies, as shown in Figure 15. It was later recognized that much more helium could be produced by the

two-step 58Ni(n,y) 59Ni(n,a) 56Fe reaction sequence [60], which operates at much lower neutron energies, as

demonstrated in Figure 16. Note in each case, however, that nickel is the major contributor to helium

production in Fe-Cr-Ni base alloys. Garner and coworkers have recently demonstrated in several fast reactors

that the measured helium concentration indeed scales directly with the nickel content, independent of the

spectral balance of the high energy and low energy contributions [61,62]. Note also in Figure 16 that there

is a 59Ni(n,y) reaction producing ^Ni whose cross-section is significantly larger than that of the59Ni (n,a)

reaction, and a somewhat smaller cross-section for the 59Ni(n,p) reaction that produces hydrogen. As shown

in Figure 17 these three reactions, as well as the (n,y) reactions with 58Ni and ^Ni, operate to produce a

dramatic time-dependent evolution in the balance of nickel isotopes.

As shown in Figure 18, nickel in Fe-Cr-Ni alloys is also the major source of hydrogen via a variety

of reactions at neutron energies above ~ 1 MeV. Generally overlooked, however, has been the generation

of hydrogen via the 59Ni(n,p) reaction. Greenwood and Garner have shown that in highly thermalized

neutron spectra this contribution cannot be overlooked[61,63]. There is approximately one hydrogen atom

produced by this reaction for every six helium atoms produced from 59Ni.

Due to the different high energy thresholds (-1 MeV vs. ~6 MeV), the (n,p) reactions occurring from

fast neutrons in Fe-Cr-Ni alloys initially produce hydrogen at higher rates than the helium-producing (n,cc)

reactions. As the 59Ni inventory builds up in mixed neutron spectra, however, the production rates of both

gases increase, but helium eventually surpasses the hydrogen in generation rate, as demonstrated in Figure

19. When the thermal-to-fast neutron ratio is much larger, however, it is possible to pass over the peak in

the 59Ni concentration shown in Figure 17. In such cases the rates of gas production eventually decline, but

only after very large levels of gas have been generated, as shown in Figure 20.
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FIGURE 16. (top) Cross section for produc-
tion of 59Ni from naturally occuring 5^Ni.
(bottom) Cross sections for production via 59Ni
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FIGURE 17. Isotopic alteration of major
nickel isotopes during thermal neutron
irradiation. 58Ni and 60Ni are naturally occur-
ring isotopes, but 59Ni is only formed by
transmutation.
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FIGURE 18. Cross sections for (n,p) reactions as a
function of neutron energy for common elements
used in structural steels.
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coworkers [66] in RCCA cladding irradiated
just above the top of a PWR core.

dpa

FIGURE 20. Hydrogen and helium production
are shown as a function of dpa for the PTB and
RB* positions in HFIR. Note the reversal in
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It is normally assumed that while helium is insoluble in all metals of interest and also relatively

immobile, hydrogen is quite mobile in metals and cannot build up to any significant fraction of the

concentrations than can be reached by helium. While this conclusion was quite reasonable for fast reactors

operating at temperatures in the range 400-650°C, there is a growing concern by the authors of this paper

that hydrogen may be able to accumulate in metals under some reactor-relevant conditions. These conditions

are high levels of concurrent helium and hydrogen generation, such as arises from large inventories of 59Ni

in highly-thermalized neutron spectra, and low temperatures (<350°C) characteristic of water cooled reactors.

It is felt that under these conditions, hydrogen diffusion can be retarded enough by the high microstructural

densities characteristic of these temperatures and may be stored as H2 in small bubbles initially nucleated by

helium. Garner has proposed that such a mechanism may act to cause voids to form at very low temperatures

(250-350°C) in high nickel alloys irradiated in light water reactors[64].

Possible evidence for helium-hydrogen interactions in cavities may have been provided by Matsuoka

and coworkers[65]. Whereas Jacobs [66] had previously shown that residual hydrogen measurements in 304

stainless steel were relatively independent of both fast neutron flux and fluence at 10-30 wppm in BWR

irradiation to <4 x 1021 n cm"2 (E>1.0 MeV), Matsuoka showed that irradiation of RCCA (a strong thermal

neutron absorber in a safety rod cluster) cladding in a PWR to ~ 1022 n cm"2 (E>1.0 MeV) sometimes yielded

very large residual hydrogen levels at positions close to the core. The apparent large scatter in Matsuoka's

data shown in Figure 21 is most probably a reflection of the very large fluctuations in thermal-to-fast neutron

ratio that exist just above the core and around the RCCA absorber rods. While the range of hydrogen

concentrations is very large, it was also found by Matsuoka to be very reproducible for a given position on

the RCCA.

In the 1021 -1022 n cm2 (E>1.0 MeV) range tr$ Ni concentration is most likely beginning to

dominate both the hydrogen and helium generation. Note that Matsuoka's data are plotted vs. fast fluence,

which does not reflect the degree of 59Ni formation. The authors of this paper note that the highest levels of

hydrogen found by Matsuoka appear to reside in the region of highest thermal-to-fast ratio. The high

retention levels of hydrogen in Matsuoka's experiment may reflect an increased level of trapping in small

helium bubbles or possibly even voids that were stimulated to form by the high levels of both helium and

hydrogen.

It is particularly important to emphasize that alloys containing much higher levels of nickel, such as

the Inconels and Hastelloys, will generate proportionally higher levels of both hydrogen and helium, and

therefore may be much more susceptible to problems arising from the action of gaseous transmutation

products.

The S9Ni(n,oc) reaction is highly exothermic compared to most nuclear reactions. It involves a very

large energy release of -5.1 MeV, shared between the helium atom and the 56Fe atom at 4.76 MeV and 340

KeV, respectively. The 340 KeV recoil is much larger than the average neutron-induced energy transfer to

atoms resulting from fast neutron collisions. While the helium atom loses most of its energy via electronic

29



processes that produce only 62 displacements on the average, the highly energetic recoiling 5sFe atom loses

much of its energy via nuclear interactions and creates 1701 displacements on the average[67]. Greenwood

and Garner have recently noted that the (n,p) and (n,y) reactions of 59Ni are also exothermic in nature, but

only contribute an additional 3% to the atomic displacement process [63].

In some spectra this enhanced damage process can also lead to a substantial increase in displacement

rate over that calculated using the internationally-accepted NRT displacement model. It should be noted that

this damage contribution increases directly with nickel content of the alloy. While pure nickel in the very

highly thermalized (1:1) HFIR reactor will experience an enhanced displacement rate that is almost twice

that predicted by the standard NRT dpa model, AISI 316 stainless steel in the PWR baffle bolt position

experiences an enhancement of only several percent. This enhanced dpa contribution might be significant

for nickel-base alloys irradiated at higher thermal-to-fast ratios, however.

One of the most difficult processes to study during neutron irradiation is the separate and possibly

synergistic effects of helium and displacement damage. The major problem is that it is very difficult to

conduct a truly one-variable experiment for helium. Almost all techniques employed to study helium

introduce some other concurrent variable, or are subject to unavoidable variations in neutron flux-spectra and

reactor history.

Recently, however, a truly one-variable approach has evolved that has yielded very successful results

in both austenitic and ferritic alloys. As reviewed by Odette, one can alter the isotopic balance of isotopes

in nickel to produce varying amounts of helium production[68]. In fast reactor spectra, the side-by-side

irradiation of specimens that are doped with 59Ni and specimens that are not doped yields a very successful

one-variable helium effects experiment. A series of papers on this subject by Garner and coworkers have

shown that the influence of helium on microstructure, void swelling and tensile properties of model austenitic

steels is very much smaller than previously anticipated. This experimental series is summarized in ref. [69].

For highly thermalized spectra it is better to alter the 58Ni76ONi ratio and also add 59Ni to achieve a

range of helium production schedules. Gelles, Hankin and Hamilton recently reported the results of a test

on ferritic alloys irradiated in HFIR[70]. They demonstrated that when Fe-12Cr and Fe-12Cr-1.5Ni, the

latter with three different isotopic mixtures for the nickel, were irradiated side by the side, the resultant

changes in shear tensile properties and microstructures were mostly dependent on the mere presence of

nickel, rather than being significantly dependent on the helium generation rate.

In retrospect, this conclusion is not unexpected, since two earlier ion bombardment studies by

Johnston et al. on Fe-Cr binaries[71] and Ayrault et al. on HT-9[72] demonstrated that addition of 2% nickel

as a chemical additive changed the swelling behavior more than did additions of helium. Kleuh and

coworkers have irradiated in HFIR several ferritic alloys, both doped and undoped with natural nickel, to

hopefully simulate the effects of helium on microstructural evolution and mechanical properties[73-75].

Gelles, however, has argued that these experiments cannot be used to convincingly demonstrate the role of
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helium but only demonstrate that nickel itself dictates the final results. Based on the results from his isotopic

tailoring studies, it appears that Gelles is most likely correct[76,77].

There is another possible isotopic doping procedure that can be used for copper alloys. It is not as

dramatic as that of the 58Ni - 59Ni sequence, however, because an extra step is required. This is the 63Cu(n,y)
64Cu(P) 64Zn(n,y)65Zn(n,a)62Ni sequence, which in highly thermalized spectra can produce much more

helium than would be produced from (n,a) fast neutron reactions, as demonstrated in Figure 22.

By predoping alloys with Zn, a natural transmutant, it might be possible to produce higher levels of

helium by skipping over the first two steps in the isotopic chain. There is another approach that would be

even more effective, however. Since both nickel and zinc are transmutants in copper, and nickel generates

even more helium (and hydrogen) per atom than does zinc, as shown in Figure 23, it might be possible to

develop a suitable matrix of Cu-Ni-Zn alloys, and then irradiate one set without shielding against thermal

neutrons and another set with shielding. If the nickel was isotopically altered, this would also provide

additional flexibility in helium and hydrogen generation schedules. Such an experiment might cast

significant light on the separate and possibly synergistic effects of solid and gaseous transmutants in copper

alloys.

10. PHASE STABILITY CONSIDERATIONS

If the stability of a given precipitate is sensitive to both displacement rate and alloy composition, its

existence in a given radiation environment can depend on transmutation and displacement rate, as

demonstrated earlier for the Mo-Re and Al-Si systems, where new elements are produced during irradiation.

If, however, an existing element is removed by transmutation during irradiation, a precipitate can disappear

if the composition drops below the solubility limit characteristic of the particular displacement rate. Platov

and Pletnev[79] have developed the general formulism for this situation and then applied it to the two phase

alloy Al-0.058% Sc containing ScAl3 precipitates. They show that in a fusion neutron spectrum the burnout

of scandium, occurring by a high energy (n, 2n) reaction, would lead to complete dissolution of the

precipitates by 5 x lO^n cm'2. While this is a rather high exposure, it is expected that alloy systems sensitive

to transmutation via thermal or epithermal neutrons might lead to dissolution at much lesser exposures.

11. CONCLUSIONS

It now appears that transmutation to either solid or gaseous products must be considered as a strong

potential contributor to any radiation-induced damage process. Not only might transmutation rates per dpa

vary between reactors, but for some materials and damage processes, the usually-ignored spectral variations

within a reactor core might be significant. When flux-driven processes involving segregation or precipitation

occur, the need to identify and separate the effects of transmutation and displacement rate becomes even

more important.
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