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Evolution of Microstructure in Face Centered Cubic Metals During Irradiation
F. A. Garner, Pacific Northwest Laboratory
. Richland, WA 99352
Abstract
When- fcc metals and alloys are irradiated at elevated temperatures, they tend
to evolve toward saturation microstructures that are independent of the
starting state of the metal and the early details of irradiation history.
This leads to property changes and rates of dimensional change that also
eventually become independent of the starting state. The evolution of
microstructure in complex alloys, especially during the transient regime, is
usually determined by the complex interaction of many microstructural and
microchemical processes. The more complex the alloy, the more difficult it is
to.identify and define the separate influerice of each participating mechanism.
The use of irradiation studies conducted oh'simp1e metals or model alloys
assists in understanding the behavior of alloys of engineering relevance. A
review of such studies sho;s that a number of prevailing perceptions of

radiation-induced microstructural evolution are not universally correct.

Key words: irradiation, charged particles, neutrons, saturation,
microstructure, swelling, irradiation creep, mechanical properties, face

centered cubic metals and allays.



Introduction

Radiation-induced changes in dimensional stability or mechanical prope;ties of
metals have been shown in many studies to be directly related to concomitant
changes in microstructure. Many of these studies have been conducted on
relatively complex alloys developed for engineering applications. In most
cases, however, the microstructural evolution in these alloys is determined by
the outcome of a competition between a large number of microstructural and
microchemical mechanisms, subsets of which often work in opposition to each
other. The outcome can change in favor of one mechanism or subset of
mechanisms over others in response to variations in environmental or materials
variables. In some cases, the dominant variable'may‘be one that is relatively
uncontrolled and even unrecognized by the experimenter.as exerting an

influence on the experiment.

If one desires to isolate and study the action of one particular mechanism, it‘
is best to use a simple metal or model alloy, thereby reducing the number of
competing mechanisms. This paper reviews the results of a variety of
jrradiation studies conducted on relatively simple fcc metals and model
alloys, and then relates the insights derived from these studies to the
explanation of phenomena that have been observed in more complex alloys of
engineering relevance. Two themes will recur throughout this paper. First, a
number of generally accepted statement§ of conventional wisdom that were
derived from complex alloys have been found to be only partially correct and
often are not universally applicable to all fcc metals and alloys. Second,
there is a tendency in each metal or alloy to evolve toward a saturation or

quasi-steady state microstructure defined primarily by the irradiation

e



temperature and displacement rate but not by the starting condition of the
metal or alloy. Since void growth is often the dominant feature of
microstructural evolution in fcc metals, this paper will focus first on void

swelling and its various consequences.

Influence of Starting State on Void Swelling

There is a very general perception, developed primarily from research on
stainless steels, that cold-working a metal prior to irradiation always
reduces swelling, exerting a monotonic but diminishing influence with
increasing cold-work level. It is also genéral]y accepted that factors which
promote void nucleation, such as high helium generation rates, can at least
partially overcome the supprassive effect of coid-work on void nucleation.
Studies of relﬁtive]y simple metals and al]bys show, however, that the role of
stafting dislocation density and dislocation arranggments, as well as their
interaciions with variables such as helium generation rate, are much more

complex than previously assumed.

Figure 1 shows that the swelling of well-annealed pure nickel exhibits a
strong dependence on irradiation temperature at both low and high helium
generation rates[1]. This strong dependence on temperature has been observed
in other studies[2], most of which employed only anncaled material. In one
recent study, however, it was shown that 30% cold-working actually increased
swelling, especially at higher temperatures, and almost erased the temperature
dependence of swelling[3,4], a trend also observed in a few other studies[2].
Note in figure 2, however, that aging at 650°C for 10 hrs after cold-working

further increased swelling, rather than producing some intermediate behavior
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Figure 1. Swelling observed in well-annealed pure nickel and boron-doped
nickel irradiated in FFTF/MOTA to 40 dpa[l].
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Figure 2. Swelling of pure nickel in various starting states observed after
irradiation to 12-14 dpa in EBR-II. The higher level of swelling of annealed
nickel compared to that of Fig. 1 is a result of a higher starting density of
dislocations in the EBR-II study[3].




between that of the annealed and cold-worked states. Stubbins and Garner[3]
showed that cold-working, especially when followed by aging, leads to a
relatively stable dislocation cell structure that resists the eventual
collapse of the dislocation density that always occurs in nickel[2]. When
collapse occurs, swelling tends to saturate, as shown clearly in figure 3.
Collapse occurs more quickly at higher temperatures. At relatively low
irradiation temperatures, the higher microstructural densities produced during
irradiation prolong the period before collapse occurs and thus cold-working
has 1ittle or no effect on swelling. Figure 4 presents an example of such
behavior[5]. Note that the swelling again appears to be independent of
temperature over the range studied and that impurities tend to delay the onset
of swelling. Harbottle and Silvent also showed that a reduction in the purity
" led to a 1owerlinitia1 swelling rate at 350°C in‘the SILOE reactor, which they
demonstrated to result from a higher dislocation‘density arising f;om enhanced
loop nucleation [6]. |

The tendency of cell structures developed by cold-work and éging to enhance
swelling was also demonstrated by Horsewell and Singh[7], who showed that the
presence of grain boundary dislocation networks, and especially subgrain
walls, tend to significantly accelerate the onset of swelling in neutron-
irradiated aluminum at 120°C (figure 5). The acceleration effect was found to
be maximized at an intermediate cell size. Risbet and Levy also showed that
swelling of neutron irradiated aluminum at 55°C and low fluence levels

increased with cold-work and was maximized at 27.5% cold-work[8].

In a higher fluence experiment conducted at 50°C, van Witzenburg and
Mastenbroek[9] showed that the onset of swelling in pure aluminum was not very
sensitive to cold-work Tevel and cell size compared to that observed at 120°C.
Swelling eventually tended to saturate at a level that was strongly dependent

on cold-work level, however, first increasing and then decreasing swelling
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Figure 3. Tendency toward safuration of.swelling in pure nickel during
irradiation in the EBR-II.experiment shown in Figure 2[4].
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Figure 4. Lack of influence of 50% cold-work on swelling of nickel alloys
irradiated at relatively low temperatures in EBR-II to < 1.8 dpa. Ni-270 and
Ni-200 are 99.98 and 99.6% pure nickel, respectively[5].
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(figure 6). It is not clear, however, whether the lower saturation value
developed at higher cold-work levels arose due to a cell size effect or to a
dislocation éo]]apse mechanism resulting from the release of strain energy

stored in the cell network at higher cold-work levels.

Another possible factor contributing to saturation in aluminum at these higher
fluence levels may be related to the formation of significant amounts of
silicon by transmutation of aluminum, reaching ~0.4 at% Si at 2.3 x 10% n m
(E>0.1 MeV). Silicon existing either prior to irradiation or formed by
transmutation has been shown by Farrell[10] to delay or suppress,
respectively, the swelling rate in aluminum irradiated at 55°C. This
suppression appears to arise from the formatioh of solid silicon shells on

void surfaces[11]. Silicon is insoluble in aluminum and also forms

 precipitates as well as void shells, as.shown in figure 7.

The tendency for increasing levels of cold-work fo first accelerate the onset
of éwe]]ing and then to suppress it has also been observed by Leffers and
coworkers[12] in electron-irradiated pure copper, as shown in figure 8.
Garner and coworkers[13] showed that 40% cold-working somewhat delayed the
onset of swelling in Cu-5Ni irradiated with fast neutrons at both 375 and

423°C, but did not change the eventual swelling rate.

Copper also transmutes strongly during neutron irradiation, forming
significant amounts of nickel and zinc and a smaller amount of cobalt at high
neutron fluences[14]. These elements are soluble in copper, however, and do
not appear to affect its steady-;tate swelling rate, as shown in figure 9.
Note that at 365-430°C Cu-5Ni also swells at the same rate as copper.

Dislocation collapse does not occur in either metal in this temperature
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Figure 7. Silicon-coated cavities observed by Farrell and coworkers in 1100
grade aluminum after jrradiation at 55°C for three years in HFIR[11].
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Figure 9. Swelling of pure copper and Cu-5 wt% Ni at temperatures of 365-
430°C after irradiation in FFTF/MOTA[14].
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range[14,15] and, therefore, swelling does not saturate or exhibit a strong

dependence on temperature.

With the exception of a few early electron irradiation studies conducted on
foils which were too thin[16], irradiations conducted with either charged
particles or neutrons on Fe-Cr-Ni model alloys or more complex Fe-Cr-Ni
commercial alloys have not led to saturation at any meaningful (<100%)
swelling level[17,18]. In one proton irradiation study on 316 stainless
steel, saturation appeared to develop at ~260%[19]. However, when very large
and unrealistic levels of helium preinjection (1400 appm) were employed in 4
MeV Ni* ion bombardment of Fe-17Cr-16.7Ni-2.5Mo, saturation occurred at only
20% at ~170 dpa[20]. This experiment, however, is not considered to be a
reactor-relevant experiment since the starting microstructure was overwhelmed

with an unusually high density of very smali helium bubbles.

In general, once swelling is initiated and regardless of alloy starting
condition, all austenitic steels and all simple a11oys'based on the Fe-Cr-Ni
system continue to swell to very large levels over a wide range of temperature
at a maximum rate of 1%/dpa[17]. Instead of delaying swelling, Garner and
coworkers have recently shown that c01djworking often increases the neutron-
induced swelling of simple Fe-Cr-Ni and Fe-Cr-Ni-P alloys, especially under
conditions where void nucleation is relatively difficult, i.e., for relatively
high nickel or phosphorus levels and high temperatures[21]. At lower nickel
levels and temneratures, cold-working reduced swelling as expected from most
results on typical 300 series stainless steels. More recently, however,
another study by Garner and Edwards[22] demonstrated that aging of co]d-worked,

Fe-15Cr-Ni alloys prior to neutron irradiation led to swelling greater than



that of both cold-worked and annealed alloys for all nickel levels (12-45%)
and temperatures studied, as shown in figure 10. This demonstrates once again
that cold-work and associated dislocation cells formed on aging can strongly
accelerate the onset of void swelling. The ~30% swelling observed in the Fe-
15Cr-12Ni ternary alloy at 425°C (figure 10) is consistent with a 1%/dpa
swelling rate and a transient regime of swelling that is between 0 and 1 dpa,
significantly less than the ~10 dpa observed for the annealed alloy in earlier

studies[17].

In more complex steels, aging can also strongly accelerate swelling,
especially at relatively high cold-work levels and when high stress levels are
applied. This effect is thought to arise from (a) the temperature and stress-
assisted release of §train energy stored in heavily deformed dislocation
networks, leading to recovery early in the irradiation[23], and (b) from the
cold-work and stress-induced acceleration of the microchemical evo]ution,.
especially that associated with high temperature, thermally stable but
sluggishly forming phases such as sigma; chi, and laves[24,25]. Figure 11
shows that aging not only accelerates the onset of swelling in cold-worked
alloys but also in annealed alloys, thus demonstrating the separate effect of

aging on microchemical evolution[26].

In complex steels, cold-working almost always delays swelling with the
suppression most likely arising from the influence of the initially high
dislocation density (= 10" cm®) in temporarily retarding long range solute
diffusion and, therefore, the microchemical evolution. Transmutation is very
low in typical Fe-Cr-Ni alloys and plays no significant role in the

microstructural or microchemical evolution.
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Figure 10. Influence of nickel content and starting state on swelling of Fe-
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jslocation Evolution During Irradiation

The starting dislocation microstructure is not maintained during irradiation.
A common feature of the preceding studies is the tendency for the dislocation
microstructure to evolve toward a satﬁration or quasi-steady state level that
is independent of the starting state. In relatively soft materials,
especially at higher irradiation temperatures where rank Toops nucleate at
Tow densities, it is often difficult to develop a stable dislocation network
starting from a fully annealed state. In soft alloys with relatively large
stacking fault energies, such as nickel and aluminum, even established
dislocation networks will collapse to very low levels, with dislocations
falling into the voids themselves and causing a saturation of swelling[3].

In model Fg-Cr;Ni alloys[27-29] and various 300 series stainless
stee]sf30,31], the stacking fault energy is relatively low and the saturation
density of network dislocations does not collapse and has been shown to be 6 +
3 x 10" em?, relatively independent of starting state, temperature,
displacement rate, He/dpa ratio and most other important variables. (The
saturation density is slightly dependent on solute content and precipitation,
however, with softer Fe-Cr-Ni alloys lying toward the lower end of the 6 + 3 x
10 band.) This saturation process involves an order of magnitude reduction
in the dislocation density of typical cold-worked steels and a comparablie or
larger increase in the density of annealed steels[32,33], as shown in figures
12 and 13. The bulk-averaged dislocation densities derived from the data
presented in figure 13 exhibit much less scattering[33] than do measurements
acquired by microscopy and therefore make it easier to observe the dependence
of dislocation density on other variables. Typical densities determined by

microscopy[32,34,35] are shown in
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figures 14-16. The scatter in these data represents both the local
heterogeneity of dislocation structure iu cold-worked materials and the

difficulty of measuring them by microscopy.

There is a general perception, however, that the neutron-induced saturation
density of network dislocations is moderately or even strongly dependent on
temperature[36,37]. This perception arose primarily from the tendency of
early papers from the United Kingdom to ambiguously report the total
dislocation density, without specifying it as such. These data included both
network and loop line length. When the first subsets of the data shown in

figure 16 were published[38] they were designated only as the "line

dislocation density." Another contribution to the perception of a strong

temperature dependence of line length arose from the early publication of
relatively low fluence data for solution-annealed steel[39]. .Thelannea1ed
steel had not yet approached the saturation state, especially at higher

temperatures.

The loop density and its associated line length are strongly dependent on
irradiation temperature[32] as shown in figure.17, and therefore it is the
loop line length that accounts for the apparent strong temperature dependence

usua11y‘attributed to the network dislocation component.

Another factor that contributes to the percgption of a temperature-dependent
saturation density for network dislocations is the fact that charged particle
experiments experience strong temperature-dependent losses of dislocations due
to surface proximity[30,31,33,40]. These losses lead to saturation densities
that are moderately sensitive to temperature and displacement rate, as shown

in figure 18. For a given displacement rate and temperature, however, the
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above the yield strength.




saturation state exhibits the same type of behavior observed in neutron
irradiation experiments[30,31]. Note in figure 18 that the saturation density
is not very sensitive to heat-to-heat variations, helium preinjection or cold-

work level.

Ion-bombarded foils which are swelling also experience a stress state that
encourages dislocation losses to the surface[41,42]. The effect of applied
and internal stresses on dislocation and loop evolution and void swelling is
also quite pronounced, but will not be covered in detail in this paper. It is
sufficient to point out that imposed stress states alter the distribution of
Burger’s vector’s of both loops and network dislocations. Stress also
increases the density of dislocation loops and accelerates the onset of void
nucleation. A detailed summary of stress effects on microstructural evolution
is presented e]seﬁhere[42].

It is important to note, however, that most stress effects studies are
conducted at stress levels below the yield strength, such that network
dislocations and dislocation loops interact primarily via their competition
for point defects. When such experiments are conducted above the yield
strength, hohever, glide occurs and there is a strong physical interaction
between disiocations and loops that changes the nature of the saturation
states of both components. Figure 19 shows that the saturation density of
network components in such experiments is lower than the ~6x10' cm? value
observed at lower stresses, but the saturation state is now strongly stress
dependent. The independence of temperature and displacement rate is still
preserved, however [43]. Another facet of such experiments is that
polygonized cell structures develop [43,44]. The dislocation velocities are
increased by stress and tend to interact with and annihilate loop nuclei, thus

leading to a reduction in loop density [44], as shown in Figure 20. This
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reduction is in contrast to the increase in loop density with increasing

~tress observed for experiments conducted below the yield strength [42].

The data shown in figures 16 and 17 demonstrate that Frank loops also approach
a saturation or quasi-steady state condition since there is no significant
chénge in loop density or size distribution after the network dislocation
density reaches its final state. It is often observed, however, that the loop
density can approach the equilibrium state from either above or be]oQ its
final value. As shown in figure 21, annealed pure aluminum overshoots the
saturation level, reflecting the sessile and therefore relatively unreactive
nature of Frank loops, which must grow large enough to interact to form mobile
dislocations[45], which in turn interact with each other and thereby reduce

~ their number. In cold-worked materials all loops are continuously subject to
unfaulting interactiohs‘with mobile dislocations and therefore the saturation
level is usually approached from below. Aluminum appears to be typical of all

fcc metals in this reépect.

Void Evolution During Irradiation

The difference between mobile and immobile microstructural components becomes
much more important for voids, which are completely sessile. The saturation
level of voids is, to the first order, a very strong and relatively well-
defined function of irradiation temperature and displacement rate under
typical neutron irradiation conditions, but it is possible that atypical
levels of variables which strongly affect void nucleation (helium, oxygen,
non-isothermal temperature history) can produce a metastable state than can be
guite persistent. If, however, the metastable void density is far above the
optimum level at a given temperature and displacement rate, convergence to the

optimum level will eventually occur[46-50], as shown in figure 22. In this
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densities observed in annealed Fe-20Ni-15Cr irradiated with 3
~700°C using a wide range of helium injection conditions[46-
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Figure 23. Effect of cold-work on swelling and dislocation density of
14.6Ni-2.6Mo-0.8Nb-0.22Si during 1.0 MeV Cr* irradiation at 650°C[49].
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case, the reduction in void density occurs via coalescence, a much slower

mechanism compared to that involving mobile microstructural components.

In cases where void nucleation is delayed by cold-work or solute addition, the
void saturation level is usually relatively independent of these variables,
and saturation can be approached from both above and below, as shown in

figures 23 and 24.

Macroscopic Consequences of Saturation

When the various components of the microstructure reach their respective
saturation states, the metal under irradiation exhibits a quasi-steady state
behavior. When heavily cold-worked nickel is irradiated wjth deuterons while
under stress, for example; the strain rate quickly falls as the dis1ocatioﬁ
density declines. Then the strain rate reaches a constant value (figure 25) as
the dis]pcafion saturation microstructure is established[51]. Later, when
void swelling begins, the creep rate will increase in proportion to the
instantaneous swelling rate. This subject is covered in more detail
elsewhere[52-54]. Since the parametric dependencie§ of irradiation creep are
only the stress and the swelling rate, irradiation creep need not be covered

separately in this paper.

As shown in figure 26, the neutron-induced swelling rate of different
stainless steels eventually approaches the 1%/dpa swelling rate observed in
model ternary Fe-Cr-Ni alloys[17,55], independent of composition and starting
condition, as well as irradiation temperature[18,56]. As shown in figures 27
and 28, the yield strength of the alloy also reflects the attainment of
saturation independent of starting state, both at temperatures where voids do

not develop[57], and at temperatures where voids form relatively easily[58].
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Figure 24. Influence of silicon level on void densities induced by electron
irradiation in Fe-15Cr-13Ni-0.9Mn at 700°C[50].
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Note that at higher irradiation temperatures, the reduction of dislocations
induced by cold-work is not completely offset by the addition of loops,
precipitates, and voids. Thus the saturatibn state is approached from above
and the cold-worked material softens.

There appears to be one important exception to the saturation concept
presented to this point. If the irradiation temperature is low enough, such
that dislocation mobility and the associated self-annihilation are strongly
restricted, then annealed and cold-worked structures may not approach the same
saturation level [59]. An example is shown in figure 29.

The evolution of swelling and yield strength changes in complex steels
has also been shown to involve a strongly temperature-dependent, and sometimes
flux-dependent, microchemical evolution during the transient regime, involving
a wide variety of precipitates[17,60-62]. While the precipitates further
hardeﬁ the matrix, they also significantly alter the matrix compositioﬁ, an
.often very sluggish process in cold-worked material, but one which strongly
influences void nuc1eationfl7,63]. Therefore, it becomes in;reésing]y
difficult to separate the relative roles of the precipitates themselves and
the associated microchemical evolution of the matrix. The elements whose
relative roles in solution and in precipitates are most in question in typical
stainless steels appear to be nickel, silicon, phosphorus, titanium, and
sometimes molybdenum[64-66]. Although many studies focus only on the direct
effect of precipitates themselves, a recent series of papers on simple solute-
modified Fe-Cr-Ni alloys has shown that three of these elements exert a strong
and sometimes non-monotonic_influence on void swelling while in solution, in
addition to any role it plays upon precipitate formation[21,64,66]. Some
elements, such as phosphorus, not only participate in precipitation but
interact with both interstitials and vacancies, as well as exerting influence

on dislocation mobility and interaction.
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Figure 29. Hardening observed in two stainless steels irradiated in the HFIR,
HFR, and R2 reactors at 250°C. The observed behavior is independent of
helium/dpa rates in the range of 10 to 35 appm/dpa [59].
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The recent work on simple solute-modified model alloys has also shown that the
prevailing perception that each of these elements exerts only a monotonic
influence on swelling, even wheﬁ precipitates do not form, is not generally
correct. (See figures 30 and 31). It has also been shown that once the
multiple roles of such elements in simple alloys are defined, the non-
monotonic influence of these elements on swelling can also be observed and
explained in more complex alloys. An example is shown in figure 32 for
phosphorus-modified 316 stainless steels[67]. Similar behavior has been

observed for molybdenum in both model and commercial alloys[66,68].

There also appears to be a linkage between the microstructural and
microchemical evolution. Not only can the saturation matrix composition be
réached by a variety of precipitation paths, but some microstructural
components such as Frank loops serve as nuc1eatioﬁ sites ?or Yy’ and other

radiation-induced phases[60].’

Influence of Other Variables on the Saturation State

Helium is often invoked to play a strong role in microstructural evolution,
especia11y in fusion neutron environments. Until recently, it has been
impossible to conduct a one-variable experiment to study the effect of helium
generation rate on neutron-induced microstructural evolution and the
associated changes in mechanical properties. A new technique involving
isotopic doping allows a variation in helium generation rate without
introducing changes in neutron spectrum, displacement rate, or chemical

composition[69,70].

Using the reactor-produced isotope *’Ni and applying this technique to three

simple Fe-Cr-Ni alloys in both the annealed and cold-worked conditions, it has

*
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been shown that helium/dpa ratios at fusion-relevant levels alter the
microstructural evolution somewhat but do not significantly affect the
saturation levels of the yield strength or elongation[71,72]. An example is
shown in figure 33. A similar conclusion has recently been reached for more
complex steels from analysis of strength data from irradiation in various

reactors[37,59].

In a companion paper in this conference it has been shown that variations in
temperature history can have a pronounced effect on the early details of
microstructural evolution, with large consequences on the transient regime of
microstructural and microchemical evolution in particular[73]. In another
portion of the **Ni experiment involving a comparison of microstructural
evolutioh during both isothermal and non-isothermal irradiation, it was shown
that detours in temperature were duick1y forgiven, with the same saturation
state eventually reached at a given final temperature for both types of

temperature sequence[71,72].

When the microstructure becomes dominated by very large (>10%) levels of
swelling, the saturation dislocation and precipitate states developed at lower
swelling levels no longer dominate the response to radiation. This situation
involves (1) the strong feedback effect that swelling exerts on irradiation
creep via its influence on stress-affected dislocation evolution, (2) the
onset of shear instabilities during mechanical deformation resulting from
stress concentrations between voids, and (3) the impact of segregation at void
surfaces on matrix composition and thereby on stability against martensite

formation. This subject will be covered in detail in another paper[74].

nclusions
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The evolution of microstructure in irradiated fcc metals and alloys is
dominated by a *endency for each microstructural component to evolve toward a
saturation level that is re]ative1y‘hependent on irradiation conditions but
not on the starting state of the material. This, in turn, leads to rates of
changé in swelling and creep deformation and also in the mechanical property
evolution that reflect the existence of the saturation state. It appears that
- the saturation state is dependent primarily on recent irradiation history and
that previous detours in temperature (and possibly other variables) are easily
forgotten. These detours may have a pronounced effect on the duration of the
transient regime of the evolution, however, especially when microchemical

effects are dominant.

When attgmpting to separate the influence of the many micrqs;ructura] and
microchemical mechanisms that are involved in the radiation-induced evolution
of microstructure, it is best to study relatively simple metals and alloys.
From a review of such studies, it appears tﬁat some prevailing perceptions
developed from irradiation of relatively complex alloys are either partially
incorrect or generally inapplicable to all fcc metals. This is particularly
true for the roles of preexisting dislocation microstructures and various
microchemically important solutes. Once the various mechanisms are defined in
detail using simple metals and alloys, however, it becomes easier to apply

these insights to the study of more complex alloys.
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