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ABSTRACT

A transmission electron microscopy study of radiation damage
microstructures in iron and iron-chromium alloys has been performed.
This study consisted of both qualitative and quantitative charac—~
terization of the dislocation and cavity microstructures, including
determination of vacancy/interstitial character and Burgers vectors for
dislocation loops and analysis of the cavity morphology. The effects
of irradiation temperature, fluence, helium implantation, and chromium
content were investigated. Neutron irradiation (iron specimens, 1 dpa,
455 to 1000 K) and triple-beam ion irradiation (Fe—10% Cr specimens,
10 dpa, 725 to 950 K; Fe—10% Cr specimens, 850 K, 0.3 to 100 dpa; and
Fe, Fe—5% Cr, Fe—10% Cr specimens, 850 K, 10 dpa) were employed. 1In
the triple-beam ion {irradiation procedure, simultaneous bombardment
with 4 MeV Fe'T ions and energetic He' and D; ions was used to simu-
late the fusion environment (10 at. ppm He/dpa and 41 at. ppm D/dpa).
In addition, single-beam 4 MeV Fe™ ion irradiations of Fe—10% Cr both
with and without pre-injection of helium and deuterium were performed.

Significant results from this investigation include: (1) the
experimental determination of the depth profile of the damage for
triple~beam ion-irradiated iron; (2) the observation of interstitial
dislocation loops with predominantly a<l100> Burgers vectors (in ion-
irradiated Fe—10% Cr these loops had a convoluted shape); (3) the char-
acterization of the dislocation evolution in Fe—10% Cr which initiated
with the formation of interstitial loops with b = a<100>, followed by
the development of interstitial loops with b = a/2<111>, and culminated
in a dislocation network formed by the interaction of the two types of
loops; (4) the observations in neutron-irradiated iron of pre-existing
dislocation segments decorated with defect clusters and discrete clus—
ters of small dislocation loops; (5) the determination of a truncated
octahedral cavity morphology with {111} facets and {100} truncations

for both neutron and ion-irradiated specimens; and (6) the observation



viii

of a dramatic increase in the cavity diameter and swelling between 30
and 100 dpa in ion-irradiated Fe—10% Cr. 1In addition, damage halos
were observed in neutvron-irradiated iron and there was no cavity for-
mation in Fe—57 Cr with the same irradiation conditions that produced
cavities in Fe and Fe—107 Cr.

These results were compared to similar investigations reported
in the literature. Currently proposed swelling suppression mechanisms
for ferritic materials were discussed. Cavity growth was also con-
sidered in detail, including rate theory calculations of the critical
cavity radius for bias—driven growth and calculations of the number of
helium atoms in equilibrium bubbles using a high density equation of
state. In addition, a mechanism was suggested to explain the observed
damage evolution in Fe—10% Cr. The results should direct and aid in
the microstructural analyses in future studies, as well as provide a
basis for understanding the mechanisms of radiation damage in ferritic

materials.
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CHAPTER 1

INTRODUCTION

Selection of a material for the first wall and blanket structure
of fusion power reactors will be a difficult task for designers. The
blanket must convert the neutron kinetic energy to thermal energy and
contain a coolant which conducts the heat to the power conversion
system. A leak or rupture in the first wall would release fluids into
the plasma chamber and quench the plasma reaction. Repair or replace-
ment of the wall would then be required — a process expensive in terms
of both money and lost generating capacity. Therefore, selection or
development of sound first wall materials is a prerequisite for the
commerclalization of fusion electrical power systems.

The first wall will be subjected to the harsh plasma environment
and the strenuous requirements of reactor operation. The combined
effects of high temperatures, high thermal fluxes, possible pulsed
operation, and neutron bombardment on the materials are of concern.
Specifically, the effect of irradiation on physical and mechanical prop-
erties must be evaluated for various candidate structural materials in
order to select the best possible ones for final use.

It is particularly difficult to evaluate radiation damage that
will occur in the fusion environment as no prototype reactors currently

exist. The basic reaction in the most probable plasma fuel is:

D+T > a(3.5 MeV) + n(14.08 MeV) (1.1)

These plasma reaction products will cause the first wall and blanket
structure to be bombarded by a large fast neutron flux with ~20% of the
neutrons above 10 MeV, with a maximum energy of ~14.1 MeV., In addi-
tion, some of the energetic helium ions and plasma hydrogen ions will
reach the surfaces facing the plasma. The light ions cause damage with-

in a few micrometers of the surface. Eventually the surface may blister



or exfoliate, which would contaminate the plasma. Also important are
the effects of the neutron flux on the structural components. The
neutrons cause atomic displacements and the formation of several
transmutation products, the most important of which are believed to be
helium and hydrogen. The properties of a material can be dramatically
affected by these alteratiomns. Gabriel et al. have calculated the
atomic displacement and gas generation rates for various candidate struc~
tural materials and their elemental constituents in the neutron spectrum
expected for the first wall of a D~T fusion reactor [1,2].

Separate components of the surface radiation damage can be
investigated wutilizing irradiation of specimens with light ions from
accelerators, The wusual technique employed 1is scanning electron
microscope (SEM) examination of irradiated surfaces. The dynamic devel-
opment of the surface damage has been observed in an SEM-accelerator
system which allows simultaneous ion bombardment and examination of the
specimen [3]. Surface damage mechanisms have been studied on the micro-
structural level by several methods. The most common 1is transmission
electron microscope (TEM) examination of specimens prepared by post-—
irradiation back-thinning of bulk specimens. Dynamic development of
the microstructure has been studied in a high voltage electron micro-
scope (HVEM) accelerator system which allows simultaneous ion bombard-
ment and microstructural observation of electron transparent specimens
[4—-9].

Methods for investigating the effects of high energy neutrons on
materials involve irradiation of specimens by (1) high energy neutrons
from accelerator-based neutron sources, (2) fission reactor neutrous,
(3) one, two, or three co—impinging ion beams, or (4) high energy elec-
trons. A brief summary of each type of irradiation follows., A more
detailed discussion of these irradiation techniques can be found in
references [10-24]. A comparison of the microstructures which develop
with the different methods of irradiation is found in references [10]
and [11].




The accelerator—-based mneutron sources, such as the Rotating
Target Neutron Source II (RTNS-II) and the cyclotron Be(d,n) sources,
provide the closest approximation available to the fusion environment.
RTNS-I1 irradiations involve only 14 MeV neutrons and, therefore, lack
the lower energy neutrons found in the expected fuslon neutron spectrum.
The cyclotron source irradiations have a broad spectrum (1 to 30 MeV)
of neutron energies. However, the higher energy neutrons (Ol4.1 MeV)
are not found in the expected fusion neutron spectrum [10]. Due to the
low fluxes, these facilities are primarily used to study the earliest
stages (~10™4 dpa) of radiation damage using, for example, TEM, field
ion microscopy {FIM), resistivity measurements, x-ray diffuse scattering,
or in situ internal friction measurements. They are not able to reach
fluences representative of reactor service. These types of investiga-
tions are examined in more detail in the reviews of Goland [12] and
Wiffen and Stiegler [15]. In addition, the small test volume available
precludes the use of accelerator-based neutron sources for studies
involving a large number of materials and Ilimits their use in irra-
diations of the larger specimens required for mechanical property tests
[13,14].

‘ Fission reactor neutron spectra lack the high energy component
of wneutrons in the fusion spectrum. It has been established by com~
parisons of fission reactor data to data from accelerator-based neutron
source 1irradiations that fission reactors provide an adequate simula-
tion of the displacement damage (see review by Wiffen and Stiegler [15]
and Goland [12]). The major problem in using fission neutron spectra
is the I[nability to match the production of the transmutation products
to those expected for fusion reactors. This difficulty results because
most of the transmutation reactions of interest require threshold
energies of ~5 to 10 MeV or greater. Fusion neutron energies are above
these threshold energies; fission wuneutrons are not. Fission veactor
tests are often planned to include many different specimens and can be

designed for both microstructural and mechanical property evaluations.



In mixed spectrum fission reactors, such as the 0ak Ridge
Research Reactor (ORR) and the High Flux Isotope Reactor (HFIR), both
the fast neutron and thermal neutron fluxes exceed 3 x 10!8 neutromns
n~2 g~1, The fast neutronms produce both displacement damage and, to a
very limited extent, He (n,o reactions) and H (n,p reactions). The
relatively low energy of the neutrons yields only quite low gas produc-
tion rates. In alloys containing, for example, 58Ni, 10B, or 6Li, the
thermal neutrons can produce He (ng},0 reactions). Gas and displace-
ment production rates for ORR and HFIR neutron spectra have been com-—
piled by Gabriel et al. for candidate structural materials and their
constituent elements [1]. 1In ORR low fluxes limit displacement damage
production rates to those equivalent to only about 20% of the projected
fusion first wall damage rates. However, with spectrum tailoring, the
He concentration/dpa (displacements per atom) ratios during tests on
alloys containing sufficient quantities of nickel can be approximately
matched to those expected for the first wall. In HFIR, higher displace-
ment damage can be attained, and for alloys containing 1 to 2 at. 7% Ni
the He/dpa ratio is also approximately equal to those in fusion reac~
tors [13,16].

In fast reactors, such as the Experimental Breeder Reactor II
(EBR-II) and the Fast Flux Test Facility (FFTF), appropriate displace-
ment damage rates can be obtained, but the He/dpa and H/dpa levels are
much lower for all materials than the projected fusion values. (Dis-
placement and gas production rates for EBR-II are tabulated in refer-
ence [1].) Irradiations in fast reactors are primarily used to study the
effects of near~lifetime values of displacement damage [13,16].

Ion irradiations are primarily used to produce specimens for TEM
evaluation of the microstructural effects of irradiation. The effects
of helium and hydrogen on the microstructural evolution of radiation
damage can also be evaluated. The most common arrangement used in fusion
simulation studies is a dual-beam irradiation in which energetic heavy
ions and helium ions bombard the specimen simultaneously. The role of

the heavy ions 1is to create atomic displacements through Rutherford




collisions. The helium is injected to simulate transmutation-produced
helium. In dual-beam irradiations, the He/dpa ratios expected for the
first wall can be easily matched. Other advantages compared to neutron
irradiations are: (1) relatively low cost; (2) short times required to
generate high displacement damage and helium content; (3) easily con-
trolled specimen temperatures; (4) avallability of test facilities, and
(5) the irradiated specimens are not radioactive. The disadvantages
include: (1) the location of the damage is within a few micrometers of
the specimen surface, allowing for possible complications due to sur-
face effects; (2) the strong depth dependence of the damage; (3) the
lack of the transmutation-produced hydrogen present in the fusion
environment; (4) the difficulty in correlating data obtained to data
from neutron irradiation experiments, and (5) the studies are
restricted to microstructural evaluations.

"Triple-beam”™ irradiations overcome the problem of the lack of
implanted hydrogen. Triple-beam irradiations add an energetic deute-
rium ion beam to the helium and heavy ion beams. The substitution of
deuterium for hydrogen required for this technique is not expected to
significantly affect the role of hydrogen in the development of the
defect structure [17]. Since the mass of diatomic deuterium and atomic
helium are the same, they can be accelerated and implanted simultaneous-
ly with a single accelerator. The diatomic deuterium dissociates upon
impact with the target surfaces. The range of these deuterium atoms is
approximately the same as the range of the helium. In this type of
irradiation, fusion H/dpa and He/dpa ratios can be maintained through-
out the irradiation [17—19].

Difficulties in data correlation between neutron and ion irra-
diations have been only partially overcome. For comparison to neutron
data it is necessary to: (1) increase the ion irradiation temperature
by large amounts (up to ~200 K [20,21]); (2) consider the effect of the
injected interstitials and diffusional spreading in the ion irradiatiom
[21]; and (3) consider possible differences in the rate dependencies of

the components of radiation damage — i.e.,, radiation-induced phase



instability differences [23]. For a more complete discussion of these
requirements, see references [20-25],

Irradiations by high energy electrons are utilized for dynamic
observation of microstructural damage development in an HVEM. Once
again, correlations to the actual reactor situation are difficult [11].

While the above techniques have been used extensively in pro-
ducing specimens for the characterization of the defect structures and
mechanical properties in many candidate structural materials, rela-
tively 1little data are available for defect structures in ferritic
stainless steels. This 1s because the interest in ferritic steels for
use in both fast breeder fission reactors and fusion power reactors is
quite recent. An example that focuses this interest is the selection
of HT-9 as the blanket material in the conceptual design of the Tandem
Mirror Reactor, WITAMIR~I. The steel 1is required to operate at 600 K
(330°C) to 800 K (530°C) and to accumulate ~340 dpa, ~9600 appm H and
~2300 appm He during service in WITAMIR-I [26].

The lack of available microstructural data may be partially
explained by the difficulty of TEM examination of ferromagnetic mate-
rials. These difficulties are further enhanced by the complicated
unirradiated microstructures of the ferritic steels,

The purpose of this investigation is to study the development
of microstructures during the irradiation of pure iron and simple
iron—-chromium alloys using TEM, HVEM, and analytical electron micros-
copy (AEM) techniques. These materials were chosen because they are
the basis of the more complex commercial steels., Both ORR and "triple-
beam” irradiations have been employed. The effects of irradiation
temperature, fluence (dpa), helium iImplantation, and chromium content
have been investigated., The results from this study will provide a
foundation for expanded analyses of radiation damage in ferritic

steels.



This dissertation is organized into seven main sections:

Chapter 2: A summary of the available literature concerning
radiation damage in ferritic materials is presented. An emphasis is
placed on the microstructural aspect of radiation damage.

Chapter 3: The damage observed in ORR neutron-irradiated iron
as it depends on temperature is presented.

Chapter 4: The experimentally determined depth dependence of
damage in "triple~beam" irradiated iron 1is presented and discussed.

Chapter 5: Defect structure development in “triple-~beam” Fe—-10%
Cr 1is presented as it depends on both temperature and fluence. The
effects of helium are explored through comparisons of triple-beam irra-
diation microstructures to those obtained by heavy lon irrvadiation with
no helium and heavy dion irradiation preceded by cold (300 K) helium
preinjection. The damage structures found in Fe, Fe-5% Cr and Fe—10%
Cr triple-beam~irradiated under identical conditions are compared. The
above observations are discussed and compared to the relevant
literature.

Chapter 6: The neutron and "triple-~beam” irradiation results
are discussed,

Chapter 7: A summary of the results of this investigation is
presented. Also incorporated in this chapter 1is a discussion of
experiments suggested by this study.

Appendices: Experimental irradiation details, specimen prepara-
tion and electron microscopy procedures and detailed calculations are

presented in appendix form.






CHAPTER 2
LITERATURE REVIEW

Only a few investigations of radiation-induced microstructures
in ferritic materials have been reported and unfortunately, the major-
ity of these do not include detailed TEM characterization of the defect
structures. In this chapter, a survey of these studies is presented.
For the reader's convenience, the chapter is divided into twoc major
sections: First, a summary of the experimental studies, emphasizing
those with detailed microstructural analyses, and second, a discussion
of the mechanisms for radiation damage, emphasizing swelling suppres-

sion mechanisms.
2.1 Experimental Investigations
2.1.1 Neutron-Irradiation Experiments

In 1962, Eyre [27] reported the first observation of "black-
spot” damage in neutron-irradiated iron. The threshold fluence for the
formation of observable damage in this study was between 5 X 1022 and
1 x 1023 peutrons m~2 (E > 1 MeV) for irradiation temperatures of ~60°C
(333 K). Similar damage and fluence dependence were also reported by
Bryner [28]. A subsequent investigation by Eyre and Bartlett [29]
demonstrated that the "black-spot” damage consisted of point defect
clusters.

In 1969, Kulcinski et al. [30] reported the first observation of
voids in neutron—-irradiated irom. The voids had a crystallographic
shape. The reported vold morphology was a truncated octahedron with
{110} planes as both the facets and truncations. The swelling in the
iron of ~0.127 was less than the swelling observed for similar purity
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fce and bce metals irradiated at approximately the same homologous tem—
perature (~0.4 Ty) and more than an order of magnitude lower fluence.
The void distribution was homogeneous within the grains with a wide
(0.8-1.0 pm) denuded region at grain boundaries. 1In contrast, Farrell
and Houston [31] observed a heterogeneous distribution of voids in
similar purity iron. Although the irradiation conditions in the two
studies were similar, the specimens used by Kulcinski et al. were
annealed prior to irradiation while those used by Farrell and Houston
were irradiated in a warm-worked condition. In the latter study, re-
crystallization occurred during the irradiation and the voids formed in

¢

"walls,” suspected to be the sites of the original grain boundaries.,
It was further suggested that the voids preferentially nucleated at
these sites due to the presence of impurities, originally segregated to
the grain boundaries, which were left behind when recrystallization
occurred,

After these initial investigations, until the late 1970s, the
majority of the reported studies of neutron-irradiation effects in irom
[32—34], simple iron alloys [33-36}, and ferritic steels [32,33,3742]
centered on mechanical property effects with only limited TEM examina-
tions. In these studies, one common observation was that ferritic
materials are resistant to void swelling. 1In the ferritic steels, some
phases swelled more than others. 1In particular, the titanium dioxide
(Ti0,) phase [39,40] and o~phase [42] have shown enhanced swelling com-
pared to the ferrite matrix. Other reported microstructural effects in
the steels include coarsening and re—distribution of M,;Cg precipitates
and recovery of dislocation structures in tempered martensite regions
[41]. In none of the studies was an analysis of wvoid morphology
presented., The dislocation microstructures were also not examined in
any detail. The most detailed microstructural studies were of the
irradiated binary alloys., In the investigations by Smidt and co-
workers [33,34], the microstructures in irradiated pure Fe, Fe—0.3% Cu,
Fe—(0.3%2 Ni, Fe—0.3% V, Fe—0.3% P, and Fe—0.1%Z C were compared. In

these studies, observations of the dislocation microstructures were
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reported together with the void characteristics. The effect of the
solutes on the swelling and dislocation structures was dependent on the
irradiation conditions. However, a higher density of voids than found
in pure iron was consistently observed in Fe-0.3% Ni and Fe-0.1% C.
Although the swelling could not always be measured in Fe—0.1% C due to
the presence of dendritic voids at some irradiation conditions, the
swelling in Fe—0.3%Z Ni was higher than in pure iron. The Fe—-0.3% V
alloy showed no void formation. Also, the dislocation microstructure
in the Fe—-0.3% V alloy still consisted of dislocation loops when the
structures of the other alloys and pure iron contained dislocation
segments and a few large loops [34].

Recently, more detailed investigations have been published. Of
particular interest are the investigations of Little and Stow [43,44]
and Gelles [45]. In these studies a survey of radiation damage in
high-purity iron-chromium alloys is presented. Little and co~workers
have also included pure iron (both zone~refined and hydrogen-treated)
as well as several ferritic steels in their experiments [44,46,47].

Little and Stow [43,44] have examined specimens of iron (zone-
refined), Fe—1% Cr, Fe—5% Cr, Fe—10% Cr, and Fe—157 Cr which were irra-
diated at temperatures of ~380, 420, 460, and 615°C (653-888 K) to a
fluence of 1.14—1.3 x 1020 peutrons m™2 (~30 dpa). In addition, iron
(zone~refined) specimens were irradiated at ~440, 510, 525, 575, and
595°C (713-868 K) to a fluence of 0.85-1.05 x 1026 neutrons w2 (~ 23
dpa). The emphasis of the TEM examinations was the characterization of
the swelling, average cavity diameter, and cavity concentration. Their
results for swelling as a function of irradiation temperature are pre-
sented in Figure 2.l. No swelling was observed for the 615°C (888 K)
irradiation in any of the specimens. The peak swelling temperature at
30 dpa was ~420°C (693 K). For the 23 dpa irradiation of iron, a
second swelling peak at ~510°C (783 K) is apparent in Figure 2.1. A
similar peak at ~510°C was observed in pure, hydrogen-treated, iromn
irradiated to 23 dpa at 440—-595°C [44]. 1In Figure 2.2, the peak
swelling at 420°C is plotted as a function of chromium content. The
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lowest swelling was observed for Fe—-5% Cr. In the Fe—10% Cr and Fe—15%
Cr, a high density (~1021-3022 m'3) of small (<20 mnm) particles, ten-
tatively identified as o (chromium~rich ferrite) precipitates, were
observed. Large zones around the cavities were denuded of these par-
ticles. It was suggested by the authors that the depletion of chromium
in the matrix due to the o precipitation could be responsible for the
enhanced swelling in the Fe—-10% Cr and Fe—15% Cr alloys. This explana-
tion is based on the assumption that weak binding interactions between
chromium atoms 1in solution and dirradiation-produced vacancies can
enhance point defect recombination and thus reduce swelling. With this
assumption, removal of chromium atoms from solid solution, as in o~
precipitation, would reduce the trapping-induced point defect recom—
bination, making more vacancies available to contribute to swelling.

A limited characterization of the dislocation microstructures in
the iron (zone~refined) irradiated to 30 dpa at 420°C (693 K) was pre-
sented by Little et al. [46]. The structure consisted of a homogeneous
distribution of dislocation segments. Many segments had b = a<l00>
lying along <100> trace directions. 1Individual dislocation loops were
reported to be only vrarely discernible in the network.

Gelles [45] has examined specimens of Fe—3% Cr, Fe—6%Z Cr, Fe—9%
Cr, and Fe—12% Cr which were irradiated at 400°C (673 K) to 3.4 x 1026
neutrons m~2 (~15 dpa), at 425°C (698 K) to 4.3 x 1026 neutrons w2
(~19 dpa), and at 450°C (723 K) to 2.8 x 1020 neutroms m™2 (~13 dpa).
Specimens of Fe-15% Cr and Fe—187 Cr, irradiated to ~13 dpa at 450°C,
were also examined. 1In this study, no cavities were found in the Fe—
3% Cr and Fe—187 Cr specimens irradiated at 450°C. 1In specimens with
cavities, grain boundaries had cavity-free zones. Linear arrays of
cavities were often observed — interpreted as an indication of hetero-
geneous nucleation on dislocations. The swelling measurements for the
alloys are summarized in Figure 2.3. For easy comparison, Little and
Stow's data are also plotted in Figure 2.3. Both studies reported

strong swelling suppression for the 1low chromium content alloys
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(Fe~3%Z Cr or Fe—5% Cr). Gelles also reported that the cavities usually
had a truncated shape with {111} faces.

In addition to the cavity data, Gelles also measured the dis-
location densities and performed limited Burgers vector analyses for
both loop and network dislocation structures. For the 425 and 450°C
irradiations, the reported dislocation density increased with increasing
chromium content from the Fe—3% Cr alloy to the Fe—9% Cr alloy. A
slight decrease in the dislocation density was found for Fe—12% Cr com—
pared to Fe~9% Cr. 1In the Fe—3% Cr alloy, the dislocation microstruc-—
ture consisted primarily of loops with b = a<100>. For Fe—6%, -9%, and
~12%4 Cr alloys, a network consisting of dislocations with both b =
a<100> and b = a/2<111> was reported. Loops were also observed in Fe—
154 Cr and Fe—-18% Cr (Ty = 450°C) near grain boundaries and precipi-
tates. Unlike the loops in the Fe—3% Cr alloys, loops with b = a/2<111>
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were predominant for Fe—15% and —18% Cr, although loops with b = a<100>
were also reported.

In Gelles' study, precipitates, tentatively identified as o”,
were observed in all of the irradiated specimens. The number density
of the precipitates was highest for the higher chromium alloys. Rod-
shaped precipitates, identified as M;C3, were also reported for the
Fe—-37 Cr alloy.

Based on the above results, Gelles has correlated the swelling
resistance of ferritic steels to the presence of dislocations with b
= a<lo0>. He suggested that the shift in the Burgers vector from
solely a<100>, as in Fe—3%Z Cr, to mixed a<l00> and a/2<111>, as in
Fe—12% Cr, is primarily responsible for the higher swelling observed in
Fe—12% Cr. Gelles further suggested that segregation of chromium and
carbon and precipitates containing these elements contribute to
swelling resistance by controlling swelling incubation and the swelling
rate.

Little and co-workers [44,46] and Bullough et al. [47] have also
presented damage analyses for neutron-irradiated ferritic steels. The
swelling in all of the steels was suppressed compared to similarly
irradiated pure iron. No voids were observed in commercial 127 Cr mar-
tensitic stainless steels (FI, CR-12, and FV448) irradiated at 425—
615°C (698 to 888 K) to 30 dpa. A few voids were found in small iso-
lated regions in the FI and FV448 steels irradiated at 380°C (653 K,
30 dpa). A detailed description of the microstructures observed in
FV448 has been presented by Little et al. [46] and Bullough et al. {47]}.
(These papers present results from the same experiment.) They report
three distinct structural regions: loop colonies, void colonies, and
lath martensite surrounding the loop colonies with a high network dis-
location density (similar to the unirradiated structure). Void colo-
nies were observed only for the 380°C irradiation. Loop colonies of
homogeneously distributed, non-interacting, perfect loops on {100} with
b = a<l00> were observed for irradiation temperatures from 380 to 460°C
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(653 to 733 K). Only interstitial loops were found in the colonies,
although the nature of all the loops could not be determined. No irreg-
ular loop shapes were reported. The measured loop concentration and
diameter as a function of irradiation temperature are summarized in
Figure 2.4. No loops were observed for the 615°C irradiation. There
is some evidence of increasing recovery in the high dislocation density
regions surrounding the loop colonies with iIncreasing irradiation
temperature.

Gelles [48,49] has reported microstructural observations for
five commercial ferritic alloys: 21/4 Cr—1 Mo, H-11, EM-12, 416 and 430F,
irradiated to a maximum fluence of 1.76 x 1027 neutrons m~2 (E > 0.1
MeV) at 400 to 650°C (673 to 923 K). Once again, low swelling was
reported for all alloys. The major effect of the irradiation was
second phase precipitation. The effects of the radiation varied with
the pre~irradiation microstructures found in the steels. In EM-12, for
example, the ferrite regions showed enhanced void formation compared to
the martensite regions. Gelles' results are summarized in Table 2.1.
The reader 1s referred to the aforementioned papers for a qualitative
discussion of the dislocation structures., No dislocation densities or
Burgers vector analyses are presented except for EM-12 irradiated at
425°C. In this material, the majority of the dislocations had b
= a<100> although dislocations with b = a/2<111> were also observed.

Another current and particularly relevant investigation of Ilow
dose neutron damage in pure iron is that of Robertson, English, and
Jenkins [50]. A final copy of their paper is not available, and will
therefore mnot be discussed. However, the investigation includes
detailed TEM examinations of the dislocation microstructures, including

extensive Burgers vector and loop nature analyses.
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for neutron—-irradiated ferritic alloys.
low number density was observed.
After ref. [49].
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Summary of the microstructural results reported by Gelles
Parentheses indicate that a

* indicates unidentified precipitates

Irradiation
Temperature 400 425 425 510 650
(°c
Fluence (1026
neutrons m‘z) 14 5.1 15.8 17.2 17 .6
Alloy
2 1/& Cr—1 Mo MgC,MoyC| MgC,MosC MeC
voids (MC)
H-11 MgC,MosC | MgC, MoyC MgC,Mo,C
EM-12 voids x, voids | x, voids X (Laves)
ppts
416 (M23Cg) (M23Cg) (M23Cgq)
(voidsi (voidsl
(ppts. ) (ppts. )
430 o’ o’ (a”, Mp3Cg)
2.1.2. Ion Irradiation Experiments

In this section, investigations of damage microstructures in
ferritic alloys resulting from heavy ion bombardment are summarized.
{51—53], nickel-ion [34,54—561],

carbon—-ion [57], and other heavy ion (Get, krt, Xet, wr)y [52] irradia-

The studies have utilized iron-ion

tions. Only one study [58] has employed a dual beam of heavy ions
(nickel) and helium ions to simulate the fusion environment.

The majority of the experiments have primarily studied the
swelling characteristics of the materials and present only qualitative
descriptions of the dislocation microstructures, Only two studies,
Masters [51)] and Jenkins et al. [52], report dislocation Burgers vector
In 1964, Masters {[51]

interstitial, edge dislocation loops with b = a<100> in irradiated iron.

analyses. reported the first observation of
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In this study, iron targets were bombarded with 150 keV Fet ions at 550°C
to a fluence of ~1.7 x 1020 ions m_z. The loops were rectilinear with
<{100> sides. Jenkins et al. observed vacancy loops with b = a<l100> and
b = a/2<111> in iron irradiated to <5 x 1016 ions m > with 80 key W+
ions. No damage was produced for self-ion irradiations to <5 x 1016
ions m_2 for ion energies of 40 to 240 keV. The authors suggested that
this observation implies that cascade collapse to vacancy loops does not
occur for self-ion irradiated iron. They further suggested that cascade
collapse will not occur in neutron-irradiated iron and therefore the
dose for the onset of visible damage in neutron-irradiated iron will be
determined by the growth of interstitial loops to visible sizes.

The only other iron-ion irradiation experiment was reported by
Smidt et al. [53]. They examined two commercial ferritic alloys, HT-9
and EM-12, which were first implanted with 1 at. ppm He and then bom—
barded with 2.8 MeV Fe' jons. They found that, for damage levels of
150 dpa, the peak swelling temperatures were 550°C for EM-12 and 500°C
for HT-9. Cavities were found in association with unidentified inter-
and intra-granular precipitates. For 450 and 650°C irradiations, no
cavities were observed in either material, The evolution of the damage
microstructures with increasing damage between 40 and 250 dpa at the
peak swelling temperature was also studied. At 250 dpa, the swelling
was quite low — 2.6% in EM~12 and 4.7% in HT-9. In EM-12, although
large cavities (~95 nmm) were associated with intergranular precipitates
at all damage levels, a second population of smaller cavities was present
in the grain interiors for damage levels >150 dpa. A few extremely
large cavities (~325 nm) were found at large, blocky, intragranular
precipitates. In HT-9, cavities were observed only at intergranular
precipitates.,

Smidt et al. [34] have also studied 2.8 MeV nickel-ion irra-
diated Fe, Fe—0.3% Cu, and Fe—0.3% V alloys. They reported the irra-
diation temperature dependence (450—-700°C) at 16 and 32 dpa. Cavities
were observed only at 650°C in irom and at 450 and 550°C in Fe—0.3% Cu

specimens. No cavity formation was observed in Fe—(0.3%Z V.
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Nickel-ion damage in binary iron-chromium alloys has been
investigated by Johnston et al. [54,58]. Prior to irradiation, the
target materials were preinjected with 5 to 50 at. ppm helium. They
reported the effect of chromium content (Fe—7%, -15%, and =-20% Cr,
550°C, 140 dpa), the effect of irradiation temperature (Fe—15% Cr,
140 dpa, 425-625°C), and the effect of fluence (Fe—15% Cr, 550°C,
40—275 dpa) on the swelling. Their results are summarized in Figures
2.5, 2.6, and 2.7. Johnston et al, [54—56] also report low swelling
(K1%) for 21/4 Cr—1 Mo ferritic steel irradiated to 140 dpa at 625°C.

A single investigation has reported cavity morphology. Ohnuki
et al. [57] have reported the observation of cubic cavities with {100}
faces in iron irradiated with 200 keV C' ions at 798 K (525°C). Radia-
tion induced segregation and precipitation were also studied, although

the effects of implanted carbon dominated these processes,
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Kuramoto et al. [58] have reported the only fusion environment
simulation study. They irradiated pure iron with a dual beam of 4 MeV
nickel ions and 200—-400 keV (the beam energy was sinusoidally ramped)
helium ions (~10 at. ppm helium/dpa). Single nickel ion irradiations
were also performed. The targets were irradiated to fluences of 5, 20,
and 70 dpa (peak damage region) at temperatures of 350-500°C (623773 K).
At 350°C, small dislocation loops or dots, reported to be vacancy
loops, were observed in single ion irradiations to 5 dpa. Cavities
were observed for 450 and 500°C irradiations. Compared to the single
ion irradiations, dual ion beam irradiation caused a decrease in mean
cavity diameter, an increase in cavity concentration, and, at 20 and
70 dpa, a decrease in swelling. At 5 dpa (500°C) the swelling was
higher for the dual ion irradiation. It should be noted that the data
for these experiments was not measured In the peak damage region. The
data was measured from HVEM micrographs of backthinned specimens.
Therefore, the region examined was from the surface to 0.7 pm. This is
especially important in the dual ion irradiations as the calculated
level portion of the helium profile, where the desired helium concen-
tration to dpa ratios are attained, begins at 0.7 pm. Very little

helium is deposited at depths less than ~0.5 um.
2.1.3 Electron Irradiation Experiments

The first reported study of electron damage in a ferritic mate-
rial was published by Little and Eyre [59] in 1972, 1In alpha-irom
irradiated at 550°C (823 K), they observed rectilinear, pure edge,
interstitial dislocation loops with b = a<l00>. The sides of the loops
were parallel to <100>. Dislocation loops with similar geometry have
also been reported by Little [60] for electron irradiation studies of
mild steel (Tp = 550°C) and by Yoshida et al. [61] for pure iron (Tj
> 350°C). For irradiation temperatures <300°C, Yoshida et al. have
reported irregularly-shaped, pure edge, interstitial loops with b =
a<1i00>. They referred to the loop shape as "flower—shaped.”  They

believe that this shape is the result of enhanced growth of the corners
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of small rectilinear loops. Interstitials are preferentially attracted
to the loop cormers where there is a greater dilation in the strain
field as compared to the straight loop segment. Another important
result from this study is the determination of an activation energy of
0.26 eV for interstitial migration in irom. Kiritani [62,63] and
Kiritani et al. [64] also discuss the experiment of Yoshida et al. in
their reviews of electron radiation damage of metals and interactions
of electron-irradiation-induced point defects and dislocations.

In a more recent investigation, Suganuma and Kayano [65] have
studied the nucleation and growth of dislocation loops in Fe-15% Cr.
For 200°C irradiations, clusters of black-spot damage were observed to
form. Rectangular clusters of small loops were formed at 300 and 400°C
(573 and 673 K). The majority of these clusters formed on {100} and
had <100> sides. Less than 10% were on {111} with <100> sides. Above
450°C (723 K), perfect "star—-shaped” loops were formed. Loops formed
on both {111} and {100}. Some of the loops formed in pairs. These
loops were on parallel planes and were almost identical in size and
shape. Above 560°C (833 K), no dislocations or other defects were
observed. The authors suggested that the formation of clusters of
small loops is due to the growth of Cr—-(C,N) atmospheres around small
dislocation loops. The flow of interstitials towards the loops is hin-
dered by these atmospheres, forming interstitial-rich areas near the
loops and promoting further loop nucleation.

Only four investigations have reported void formation in elec-
tron irradiated iron and ferritic steels. 1In 1972, Little [60] reported
the firat observation of voids in mild steel irradiated at 550°C. The
voids had an octahedral shape. However, the planes forming the facets
of the voids were not reported. At 30 dpa, the void swelling was quite
low — only 0.9 to 1.3%. Void formation in 1.25 MeV electron-irradiated
high-purity iron has been reported to occur for irradiation temperatures
of 325 to 387°C [66,67]. This temperature range is narrow compared to
that found for similarly irradiated fcc metals. Arkell and Williams

[68] have reported void formation over a wider range of temperatures
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(300—550°C, fluence >3 dpa) in 1 MeV electron—irradiated FV 607 ferri-
tic steel,

The effects of preinjected helium has also been studied. 1In
pure iron, preinjection of 1 at. ppm He enhanced swelling but did not
alter the peak swelling temperature of ~350°C (625 K). The helium also
significantly reduced the incubation fluence for void formation, How-
ever, for specimens preinjected with 100 at. ppm He, swelling was sup-
pressed and the peak swelling temperature was 50° higher than for pure
iron [66,67]. The effects of preinjection with 10 at. ppm He prior to
irradiation of FV 607 steel were quite complex [68]. 1In general, the
void concentration was higher and the average void diameter was smaller
in the preinjected specimens. At 40 dpa, the peak swelling temperature
was 450°C (723 K) for the preinjected specimen and 400°C (673 K) for
the uninjected specimen. The magnitude of the swelling was ~47 for
both specimens. At 10 dpa, however, the results were the opposite —
the peak swelling temperature for the preinjected specimen was 400°C
and for the uninjected specimen was 450°C, The preinjected specimen
had also swelled more than the uninjected specimen.

Radiation~induced precipitation and segregation have also been
investigated for electron~irradiated iron [69] and iron binary alloys
[70]. Of particular interest from these studies is the experimentally
determined dissociation temperature for carbon-vacancy (C-V) and nitro-
gen vacancy (N-V) pairs. Takeyama and Takahashi [69] determined the de-
trap temperature for C-V pairs as 240°C (513 K) and for N-V pairs as
200°C (473 K).

2.1.4 Summary of Experimental QObservations

Several characteristics of the damage microstructures are common
to all three types of irradiation experiments. In general, iron and
ferritic alloys are resistant to void swelling as compared to other fcc
and bce metals and alloys. The reasons for the swelling suppression
are not clear. Several mechanisms which have been proposed to explain

this phenomenon are discussed in the last part of this chapter.
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‘ Additional features of the cavity formation process are also of
interest. The cavity morphologies reported vary considerably. Trun-
cated octahedra with {110} faces, cubes with {100} faces and truncated
octahedra with {111} faces have all been reported. The peak swelling
temperature varied considerably, depending on the alloy and irradiation
experiment. These temperatures are summarized in Table 2.2. In experi-
ments with helium preinjection, a shift in the peak swelling tempera-
ture compared to noninjected specimens was reported. Alsc, pre=-
injection or co-implantation of helium generally increased the cavity
concentration and decreased cavity diameter in irradiated iron and

FV 607 ferritic steels.

Table 2.2. Summary of the reported peak swelling temperatures

Peak
Material Type of Swelling Reference
Irradiation Temperature

Fe Neutron 420°C (693 K) 43,44 ,46
Fe Neutron 510°C (783 K) 43,44 ,46
Fe Electron 350°C (623 K) 66,67
Fed Electron 350°C (623 K) 67
Feb Electron 400°C (673 K) 66,67
Fe-Cr¢ Neutron 420°C (693 K) 43,44
FV-448 Neutron 380°C (653 K) 46 ,47
HT-92 Iron Ion 500°C (773 K) 53
EM-122 Iron Ion 550°C (823 X) 53
FV-607 Electron 400,94 450°ce 68

(673, 723 K)
Fv-607% Electron 450,4 400°ce 68

(723, 673 K)

b

21 ac? ppm He preinjected. 100 at. ppm He preinjected.
d

“Fe-1%, -5%, -10%, -15% Cr. 40 dpa.
£

10 dpa. 10 at. ppm He preinjected.
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An unusual feature of the dislocation wmicrostructure for all
types of irradiation was the observation of interstitial dislocation
loops with a<l100> Burgers vectors. Only rarely were loops with b
= a/2<111> reported, In other bcc metals and alloys, loops with
a/2<111> Burgers vectors are usually observed. Eyre and Bullough [71]
have proposed a mechanism which accounts for the formation of inter-
stitial loops with both Burgers vectors in bcc metals. They suggest
that the loops form from common faulted loop nuclei on a {110} plane.
The stacking fault can be eliminated by a shear in either a <100)> or
<110> direction as described by the dislocation reactions

a/2[110] + a/2[001] > a/2[111] and

a/2[110] + a/2[110] » a[o010] .
These reactions form perfect dislocation loops. It is suggested that,
since the <110> shear requires greater energy, loops with b = adl00>
will form only in small numbers and only at elevated temperatures. The
elastic energy of either loop can be lowered by rotation of the loop
habit plane from {110} to a pure edge configuration on {100} or {111}.
Recently, Bullough et al. [47] have evaluated the probability for all00>
loop formation for a number of bce metals, Their calculations show a
relative probability of 5.7 X 1079 for a-ironm. Higher relative prob-
abilities were found only for niobium (4.3 x 1073) and vanadium
(5.5 x 1079).

Another interesting aspect of the dislocation loops was the
variation in loop shape. Irregularly-shaped loops have been reported
for heavy ion irradiations (rectilinear loops) and for electron irra-
diations ("flower-shaped” and ‘“star-shaped” loops). Regular loop
shapes are reported for neutron irradiations.

Generally, vacancy loops are not observed in irradiated fer-
ritic alloys. This observation is supported by early work of Jenkins
et al. [52] which suggests that cascade collapse to vacancy loops does

not occur in iron.
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Many of the investigations suggest that impurity and solute atoms
have a strong influence on the damage microstructures. For example, in
binary alloys, alloying with vanadium and chromium suppressed swelling
while alloying with nickel and carbon enhanced it. Additions of 3-5%
chromium to pure iron suppressed swelling more than additions of 9-15%
chromium. Many secondary phases have shown enhanced swelling compared
to the ferrite matrix. Also, cavity formation 1is enhanced at many
types of precipitates. Radiation-induced precipitation is also fre-

quently observed, especially in the ferritic steels.
2.2 Swelling Suppression Mechanisms

Currently, few mechanisms have been presented to explain the low
swelling behavior exhibited by ferritic alloys. 1In this section, three
of the more detailed models will be summarized.

Hayns and Williams [72] have presented a model based solely upon
point defect trapping to explain the void swelling characteristics of
electron—irradiated FV 607 ferritic steel. This is the only available
model which utilizes rate theory calculations to provide semiquantita-
tive support for the conclusions. By incorporating point defect
trapping into a rate theory model, the qualitative features of the void
swelling behavior in FV 607 steel could be consistently explained. The
model yielded the low peak swelling temperature, the overall low
swelling and the rapid drop in swelling at temperatures above the peak
swelling temperature as observed in the experiments [68]. The authors
suggest that, 1if their model is correct, there would be a weaker dose
rate dependence for ferritic steels than that wusually observed in
austenitic alloys. Thus, the peak swelling temperature "shift” usually
observed when comparing reactor and accelerator irradiations would be
less for ferritic alloys than the 100 to 150° difference often observed.
A "shift” in the peak swelling temperature of ~55° is suggested for
FV 607 by the rate theory calculations.
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Little [73] has suggested that both point defect trapping and
solute-dislocation interactions play key roles in controlling the wvoid
swelling response of ferritic steels. Three mechanisms, all of which
contribute to the suppression of void swelling, were considered to
operate strongly in ferritic steels.

First, the effect of point defect trapping by solute atoms was
congsidered. TLittle concluded that the trapping of radiation-induced
vacancies, rather than interstitials, by the interstitial solutes car-
bon and nitrogen would be the most 1likely trapping scenario. Vacancy
trapping by substitutional solute atoms could also occur. The vacancy-
solute complexes act as sites for preferred recombination for inter-
stitials. As a result, growth of both voids and dislocation loops is
reduced due to the reduced number of available point defects. In
addition, the vacancy supersaturation would be reduced which should
reduce void nucleation. Void nucleation and growth could be further
affected by nonequilibrium segregation of solutes to sinks as a result
of the point defect trapping.

In the second mechanism, interactions of interstitial and sub-
stitutional solute atoms with dislocations are considered to be strong
enough to reduce the dislocation bias for preferential self-interstitial
capture. Enhanced recombination of point defects would result, reducing
the number of vacancies available for void growth. In the most extreme
case, vold nucleation could be prevented by the failure to establish
the necessary vacancy supersaturation, Calculations by Weertman and
Green [74] have shown that vold growth can be completely eliminated if
the dislocations are surrounded by a condensed atmosphere of oversized
substitutional atoms or interstitial atoms.

In Little's third swelling suppression mechanism, the effect of
the interactions between solute atoms and dislocations on dislocation
climb was considered. 1If the diffusivity of the solute atoms is of the
correct magnitude, solutes are considered likely to be effective in

impeding climb and glide of dislocations due to the restraining force
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of the impurity atmospheres on the dislocation. When climb cannot
occur, a dislocation acts as a neutral, but saturable, sink for point
defects — it cannot accept interstitials and vacancies separately, only
simultaneously. Thus, the dislocations can act as recombination cen-
ters and reduce void growth.

In summary, Little has suggested that the above mechanisms can
act together to produce the extremely low swelling or total lack of
voids often observed in ferritic steels. In addition, the formation of
precipitates, as 1in many 127 Cr steels, could further enhance point
defect recombination and reduce swelling i1f the precipitates behave in
a manner analogous to 1solated solute atoms.

Little et al. [47] have proposed a model which considers the
relationship between the swelling resistance and dislocation evolution.
(This model is also presented by Bullough et al. [48]). Their model
was developed to explain the observation of interstitial loops with
exclusively a<100> Burgers vectors and no cavities 1in regions of
FV 448 ferritic steel specimens which contained a high network density
of a/2<111> dislocations prior to irradiation. Essentially, this
mechanism considers that interstitial loops with b = a<l00> and with
b = a/2<111> are formed prior to cavity nucleation due to the high
interstitial point defect mobility. Although loops with a/2<111>
Burgers vectors are predominant, a small number of loops with a<l00>
are also nucleated. The a<l100> loops constitute biased sinks for
preferential interstitial absorption, while the pre-existing a/2<111>
dislocation network and the irradiation-induced a/2<111> loops are
relatively neutral sinks. (The bias of a{l00> dislocations is higher
than the blas of a/2<111> dislocations since the magnitude of the
a<100> Burgers vector, !bl = a, 1s greater than the magnitude of the
a/2<111> Burgers vector, |b|= /3 a/2.) The vacancy supersaturation
resulting from the growth of the a<l00> loops can be absorbed by the
surrounding neutral a/2<111> dislocation sinks, causing void nucleation

to be suppressed. Eventually, the a/2<111> network in the immediate
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vicinity of the a<l00> loops disappears. Subsequent nucleation of
a<l100> loops coupled with annihilation (by vacancy absorption) and re-
nucleation of a/2<111> loops establishes a steady—-state condition in
which void nucleation is unlikely. The formation of an array of dis-
crete domains which contain only a<{l00> loops is suggested by the above
mechanism. Each domain grows around an initial, isolated a<l00> loop.
As more a<l00> loops form around the initial loop, the growth of the
inner loop gradually ceases due to the shielding by the outer loops.
This yields domains of approximately equal-sized loops. Between the
domains, regions containing both the dislocation network and small
a/2<111> loops remain. Voids can nucleate in these regions. However,
if the network dislocation density is sufficiently high, both loop and
void nucleation will be suppressed by point defect recombination at the
network.

The above model was formulated to provide a consistent explana-
tion for the heterogeneous microstructures found in neutron-irradiated
FV 448 martensitic steels. TLittle et al. expect that their mechanism
would also apply to other ferritic and certain bcc metals — e.g.,
niobium and vanadium, if the necessary preirradiation dislocation net-
work is present.

In summary, none of the above mechanisms presents a clear,
general picture of the radiation damage processes which occur in ferri-
tic materials. In order to develop a complete understanding of the

microstructural evolution, a more complete data base is necessary.
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CHAPTER 3
NEUTRON-IRRADIATION EXPERIMENTS

A TEM study of the defect structures produced in neutron-
irradiated iron is presented in this chapter. The specimens were 3 mm
diameter disks fabricated from two-pass zone-refined FerroVac~E iron
(30 wt ppm C). (See Appendix A for the complete chemical analysis.)
The disks were irradiated in the Oak Ridge Research Reactor (ORR) at
temperatures from 455 K (182°C) to 773 K (500°C) to ~1 dpa (2.6 at. ppm
He/dpa and 5.1 at. ppm H/dpa). Specimens were also irradiated at 923
K (650°C) and 1013 K (740°C) to ~0.5 dpa (3.9 at. ppm He/dpa and 5.1
at. ppm H/dpa). The irradiated specimens were prepared for TEM exami-
nation using standard electropolishing techniques.

Experimental details, including specimen preparation, ORR test
assembly and run details, irradiation parameters and electropolishing
procedures can be found in Appendix A. TEM examinations were performed
in a JEM 120C and a Hitachi ! MeV HVEM. The JEM 120C was equipped with
a special objective lens pole piece (AMG) for the observation of magne-
tic materials. Details concerning the microscopy and data analyses are
in Appendix B.

TEM examinations of unirradiated specimens revealed a low dis—
location density, p, of 1011 w2, oObvious texture was apparent in the
specimens., Many of the grains had a foil normal near [111]. As shown
in Figure 3.1, the low-angle grain boundaries were resistant to
electropolishing. This unusual effect was presumably due to impurity
segregation at the boundaries.

Precipitates, believed to be B,C, were also observed. These
precipitates are quite important since ~90%7 of the helium produced
during the irradiation is from transmutation reactions involving boron
(Appendix A). TEM studies have shown that damage halos or shells can
form 1in association with boron—containing precipitates in neutron-

irradiated materials such as austenitic steels [75-79], nickel-base
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Figure 3.1. Micrograph of a low-angle grain boundary in an unirradiated
iron specimen. Scale marker is 300 mm.

alloys [78], copper [79], and vanadium [80-82]. Halos have also been
found at inclusions of unknown composition in neutron-irradiated alumi-
num [83]. 1In all materials, these halos are duplex in nature, con-
sisting of two concentric rings of damage. In three dimensions, the
halog are believed to be concentric spheres of damage surrounding the
precipitate, except in vanadium. In vanadium, due to the morphology of
the boron—-containing precipitate, it has been suggested that the damage
forms as concentric cylinders around elongated V3B, precipitates [84].
Halos are believed to be the damage caused by the recoil products from
elements, such as 1OB, that undergo (n,a) transmutation reactions. For

boron, this reaction is:

108 + logy » %o (1.47 MeV) + 7L1 (0.84 MeV) . (3.1)

The range of 0.84 MeV lithium in iron 1is ~1.3 um [85]. The range of
1.47 MeV o particles in irom is ~2.4 um [86].




33

In the balance of this éhapter, the results of the TEM study
will be presented and discussed. Observations of the irradiation tem~
perature dependence of the major defect structures — dislocations,

cavities and halos — are presented separately.
3.1 Irradiation-Induced Dislocation Microstructures

The dislocation microstructures which resulted from neutron irra-
diation can be classified as belonging to one of four groups corre-
sponding to four irradiation-~temperature ranges. Within any one group,
the structures were qualitatively similar. Each temperature range and
its corresponding microstructures are presented separately.

Low Irradiation Temperatures: 455 to 523 K — At the three lowest

irradiation temperatures of 455, 493, and 523 K, the dislocation com-
ponent of the microstructure was primarily limited to small defect
clusters formed near preirradiation dislocation segments. A represen-
tative micrograph of the structure at each temperature 1is shown in
Figure 3.2. The black-white contrast exhibited by the small defects can
be seen in the dark-field micrograph in Figure 3.3.

At 455 K, a fairly homogeneous background of "black-spot” defects
less than 6 mm in diameter was also observed. The concentration of
these defects was ~1022 p~3, As shown in Figure 3.4, these defects
also exhibited black-white contrast.

Based on the assumption that these small defects were small dis-
location loops, a Burgers vector determination was attempted using the
black-white image contrast of the defect. However, due to the presence
of an unavoidable surface oxide and the usual problems associated with
microscopy of magnetic specimens, high resolution images of the defects
at the required diffraction conditions could not be obtained.

Preferential clustering of defects at dislocation lines has also
been observed in neutron-irradiated copper [87,88]. In the study by
Scheidler et al. [87], the degree of defect dislocation line interac~
tion was found to be strongly dependent on the irradiation temperature
022

in low fluence (~1 neutrons m‘z), neutron—-irradiated copper. At 4

and 77 K, there was a fairly homogeneous distribution of small defects
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Figure 3.3. Dark field micrograph using a <110> reflection of the
"black~white” contrast exhibited by the small defects decorating the
preirradiation dislocations. Scale marker is 200 mm. Ty = 523 R. z

near [111].
YE-12387

Figure 3.4. Micrograph of the "background” defects found in specimens
irradiated at 455 K. Note the "black—whitgf contrast exhibited by the
defects. Length of arrow is 50 mm. g = <0l1>. 2z near [122]. w = O.
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with little evidence of defect clustering, while at 293 K (0.21 Ty) and
378 K (0.28 Ty) decorated dislocation lines were a prominent microstruc-
tural feature. Hulett et al, [88] have also observed decorated dis-
locations in copper irradiated at ~675 K (0.5 Ty) to a low neutron
fluence of ~1022 npeutrons m~2,

The nucleation of defect clusters at dislocations is believed to
be promoted by the strain field of the dislocation [88]. The presence
of Cottrell atmospheres at the dislocations could further enhance
cluster formation by trapping interstitials and preventing their
absorption by the dislocations. Once a cluster 1is formed, its strain
field could promote further cluster formation nearby [88]. With
increasing irradiation temperature, the interstitials can migrate more
easily, enhancing cluster formation near the dislocations. Clustering
at the dislocations would be significantly reduced when the irradiation
temperature exceeded the temperature at which the Cottrell atmospheres
are no longer efficient interstitial traps.

The above explanation for decorated dislocations is consistent
with the current observations for iron. Cottrell atmospheres forma-
tion at dislocations is a well-known phenomenon in iron. The Portevin-
LeChatelier effect often observed in stress—strain curves for iron is a
result of successive aging and ylelding caused by dislocation dragging
by and escaping from the Cottrell atmospheres.

The background of “"black-spot” damage at 455 K (0.25 Ty) could
be small vacancy loops formed by cascade collapse. An analysis of the
loop nature is required to determine if this proposal is correct. At
irradiation temperatures of 493 and 523 K (0.27 and 0.29 Ty, respec-
tively), these black—-spot defects were not observed, possibly due to
increased vacancy mobility at the higher temperatures. In neutron-
irradiated molybdenum, Bentley et al. [89] have observed that the con-
centration of vacancy loops decreased rapidly with increasing irradia-
tion temperature for the temperature range of 0.16 to 0.26 Ty, with few
vacancy loops observed at higher temperatures. The high stacking fault
energies iIn beec materials is a barrier to loop formation from cascade

collapse. Therefore, vacancy migration from the cascade centers occurs
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at relatively low temperatures. Void nuclei can also be formed, espe-
cially 1if gas is present to stabilize the vacancy clusters [90].
Low-Intermediate Irradiation Temperatures: 548 and 573 K — At 548

and 573 K, clusters of small loops were observed. Microstructures typi-
cal of those observed at these temperatures are shown in Figure 3.5. The
individual loops making up each cluster can be seen in the 2x-enlarged
inset area. Individual clusters did not appear to be associated with
either precipitate or dislocation segments. A higher density of clus-—
ters and individual dislocation loops was observed at low angle grain
boundaries, as shown in Figure 3.6. Earlier examination by K. Farrell
using a 200 kV Hitachi TEM of thick regions of specimens irradiated at
548 K indicated that a higher density of clusters was also found at
preirradiation dislocation segments [91].

The quantitative data for the clusters 1is shown in Table 3.1.
Cluster and dislocation loop parameters (average loop diameter, dy;
average number of loops per cluster, NL/cluster; average cluster
diameter, d.i,ygter; cluster concentration, C.jygter; and dislocation
density, A) were difficult to measure and are intended only as approxi-
mate values. 1In particular, the dislocation density was measured in
two ways to minimize errors due to the difficulties of distinguishing
individual loops in the clusters and those errors due to the anisotropic
distribution of loops. First, the density was measured using the stan-
dard techniques as outlined in Appendix B. Then the density was calcu-
lated using the measured cluster parameters that appear in Table 3.1

according to the expression:

A = (loop circumference) x (number of loops/cluster)

x (cluster concentration)

A = (wdp)(Np/cluster)(Coiyster) « (3.1)

The two values obtained for A were about a factor of 2 different — fairly
good agreement for this type of distribution. The wvalue for A in

Table 3.1 is the average of these two values,
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Figure 3.5. Representative micrographs of the raft-~like clusters of
small dislocation loops found in specimens irradiated at 548 and 573 K.
The inset enlargement (2x) of a single cluster shows the individual
loops. Length of arrow is 200 mm. g = <110>. z near [I11].
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Figure 3.6. Micrograph of the enhanced cluster concentration found at
the low angle grain boundaries. Scale marker is 300 mm. Ty = 548 K.
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Table 3.1. Quantitative data for dislocation microstructures
observed at 548 and 573 K

tur d
Temperature L NL/Cluster dcluster Ccluster A
(X) °c) (nm) (o) @ %) (a” %)
548 275 ~10 20 150 9 x 1019 9 x 1013
573 300 "10 \15 100 1.5 x 1019 1.3 x 10l*

The general appearance of these clusters 1is similar to the
"rafts” of small dislocation loops and black-spot clusters observed in
other neutron-irradiated becc materials such as molybdenum [89,92,931,
TZM [89,92,94,95], vanadium [91], and tungsten [96]. For the studies
of molybdenum, TZM, and tungsten, detailed analyses of raft geometry
and loop characteristics have been reported. In these materials, rafts
form on {111} planes. The thicknesses of the rafts are ~10-20 mm. All
of the loops within a raft have the same a/2<111> Burgers vector [92].
The loops are assumed to be interstitial in nature. The raft-like
clusters in iron differ from these rafts 1in several aspects, as
discussed below.

While a complete analysis of the loops in the clusters in iron
was not possible due to the high loop concentration, a partial analysis,
following the procedures outlined in Appendix B, was performed. The
series of micrographs in Figure 3.7 is part of this analysis. Close
inspection of the micrographs in Figure 3.7 (a—c), with g = <110> and
z near [111], shows that the individual clusters are made up of loops
with different Burgers vectors. For a given <110> diffracting vector,
few clusters entirely exhibit a residual image. 1In Figure 3.7(d), with
diffracting conditions of g = [110] and z near [00l], many of the indi-
vidual loops appear to be in a near edge-on orientation on (100) and
(010) planes. Based on this observation, it can assumed that many of
the loops are nearly edge dislocation loops with b = <100>. In Figure
3.7(e,f) with diffracting conditions of g = [020] and g =[020] with z
near [101], the character of a few of the loops with b = [010] can be
determined. The circled loops exhibit "inside"” contrast for g = [020]
and “"outside" contrast for g = [020], indicating that these loops are

interstitial in nature. Another conclusion, based on the observed
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Figure 3.7. Partial analysis of the dislocation loops in the raft-
like clusters. The same clusters are labeled in each micrograph. Tg
= 573 K. Length of the arrows is 300 mm. (a) g = [I10], 2z near [111],
(b) g = [10T], z near [111], (c) g = [Oll], z near [111], () g =
[110], z near [001], (e) circled loops show "outside contrast,”
[020], z near [101], (f) circled loops show "inside contrast,”
[020], z near [101]. Arrows denote direction of g.
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variation iIn the cluster shape during high-angle tilting experiments,
was that the clusters of loops 1in iron are approximately three-
dimensionally equiaxed and are certainly not planar arrays.

Rafts are believed to form by dislocation loops with the same
Burgers vectors gliding together as a result of the elastic interactions
between the loops [89,90,93]. A similar interaction which 1is not
limited to loops of the same Burgers vector could be responsible for
the cluster formation in iron. However, loops with b = a<100>, as were
observed in the clusters in irom, are believeld to require a higher
glide stress for motion than loops with b = a/2<{111>. Therefore, a
more complex mechanism may be responsible for the cluster formation in
iron. An alternative explanation for cluster formation is outlined

below.
At elevated temperatures, it is believed that both a<l00> and

a/2<111> interstitial loops are formed in irradiated bec metals [71].
The probability for a<l00> loop nucleation is higher for iron than for
many other bce materials, such as molybdenum [46,47]. Possibly, during
neutron-irradiation of 1iron, a/2<111> loops formed early in the irra-
diation glide together as proposed for raft formation. Loops with b
= a{l00> which formed in the vicinity of these a/2<{111> loop clusters
could grow more quickly than those away from the clusters due to the
greater influx of interstitials toward the clusters. Also, the a<l00>
(|b| = a) loops would grow faster than the a/2<111> ([b[ = /3 a/2)
loops since, due to the larger magnitude of the Burgers vector, the
a<100> loops have a larger bias for interstitials [46]. By this pro-
cess clusters of both a<100> and a/2<111> loops would be formed. The
majority of the observable, well-defined loops in the clusters would be
the larger a<{l00> loops. 1In addition, a few loops would also be expected
to grow to observable dimensions between the clusters, as observed.
There 1is insufficlient data available to more clearly define the
exact mechanism of the cluster formation. Either of the above mecha-
nisms seems plausible, although both are speculative 1in nature.
Regardless of the formation mechanism, enhanced cluster concentrations
at the grain boundaries and at preirradiation dislocation segments are

presumably related to impurity segregation at these locations.
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Intermediate Irradiation Temperatures: 623 to 773 K — At 623—

773 X, a fairly homogeneous distribution of loops and network segments
is present. Representative areas from specimens irradiated at 623,
673, 723, and 773 K are shown in Figure 3.8, The extremely coarse dis-
tribution at 773 K required examination in an HVEM to obtain a true
impression of the microstructure {[Figure 3.8(d)}. As shown in this
figure, many loops intersect the specimen surfaces. At 723 and 773 K,
unidentified precipitates were present in the center of most loops.
This can be seen iIn the HVEM micrographs of the specimen irradiated at
773 K, Figure 3.8(d) and, more clearly, in Figure 3.9.

The measured quantitative data for the loop structures are found
in Table 3.2 and Figure 3.10. The average loop diameter, dj, increases
and the loop concentration, Cp, decreases with increasing temperature.
Also, the dislocation density (including loops) decreases by about an
order of magnitude for each 50° temperature increase. (There are two
methods of measuring the dislocation density, indicated by p and A,
where A = 2p0. For detalls, as well as a discussion of the error cal-
culations, see Appendix B).

Loop analyses — The highest concentration of dislocation loops was

present at the 623 K irradiation temperature. Analyses of the geometry
and nature of the loops were performed following the techniques of Maher
and Eyre [97] as outlined in Appendix B. A part of the analysis of the
loop geometry is illustrated in Figure 3.11. In the micrographs in this
figure, the loops that were analyzed are labeled alphabetically. 1In
Figure 3.11(a), (b), and (c), micrographs taken with the three <110>
diffracting vectors near the [111] pole are shown. The invisibilities
indicated by this sequence cannot distinguish b = a<l00> and b =
a/2<111>. A survey of more diffracting vectors 1s required. Figure
3.11(d) and (e) are micrographs taken with g = [101] near the [010]
pole and g = [110] near the [001] pole, respectively. These micro-
graphs show the loops in a near edge-on loop orientation with the loop
image aligned perpendicular to the <100> directions. This observation
indicates that these loops are nearly edge dislocation loops lying on
<100> planes and have predominantly a<l00> Burgers vectors. This

conclusion was substantiated by micrographs taken with g = [200],
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623 K 673 K 1-185236

723 K 773 K

Figure 3.8. Representative micrographs of the dislocation loop struc-
ture observed in specimens irradiated at 623 to 773 K. Length of arrow
is 500 mm. g = <110>. 2z near <111>.
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Figure 3.9. HVEM micrograph of precipitates associated with disloca-

tion loops. TI = 773 K. Length of arrow is 1 um. g = <110>,

[020], and [002]. 1In these micrographs, the dislocation loop images
were vresidual for diffracting conditions appropriate for a <100
Burgers vector — e.g., for g = [200], loops with b = a[010] exhibited
residual contrast,

The nature of the loops is determined using geb =12 diffracting
conditions as shown by the micrographs of Figure 3.12. The loops are
labeled as in Figure 3.11. Figures 3.12(a) and 3.12(b), with g = [112]
and [117], yield the "inside-outside™ contrast for loops with b =
al001]. Similarly, PFigures 3.12(c) and (d) determine the nature of
loops with b = a[010] and 3.12(e) and (f) for loops with b = a[100].
All loops were of the interstitial type.

A summary of these results is presented in Table 3.3, where the
letters refer to the loops labeled in Figures 3.11 and 3.12. Only one
loop, that labeled “A,” was determined not to have a Burgers vector of
a<100>; it had b = a/2[T11] and was interstitial in nature (inside
contrast for g = [ZII], outside contrast for g = [211]). Since the loop
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Figure 3.10. Dislocation loop parameters and

total dislocation density for neutron~irradiated
iron for intermediate irradiation temperatures.

Table 3.2. Dislocation density and loop parameters

Temperature C, dp, 2p A

(K (°0) 3 Error Error
(m™3) (om)  (m™2) (%) (m~2) (%)

623 350 5.4 x 1020 43 — -— 1 x 1014 7

673 400 3.2 x 1018 160 1.8 x 1013 13 1.8 x 1013 10

723 450 1.7 x 1018 200 2.2 x 1012 10 - —

773 500 1.4 x 1017 600 3.0 x 101l 14 -— —
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Y-185237

Figure 3.11. Micrographs comprising the Burgers vector determination
aspect of a dislocation loop analysis. Individual loops are labeled
alphabetically. Ty = 623 K. Length of arrows is 300 mm.

(a) g = [101], z mear [111], (b) g = [ilo], z near [111]
(c) g = [01T], z near [111], (d) g = [I01], z mear [010]
(e) g = [110], z near [001].

Arrows denote direction of g.
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Y-185238

Figure 3.12. Nature determination for the same loops shown in Figure
3.10. a,c,e show "inside contrast.” b,d,f show "outside contrast.’
Length of arrows is 300 mm, z near [111].
(a) g = [_}1:2:]) (b) g = [].-_12], (C)
(d) g = [121], (e) g = [211], (£)
Arrows denote direction of g.

17

= [121]
= [211]

g
g
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Table 3.3. Summary of the dislocation loop analysis
shown in Figures 3.11 and 3.12

__g Yielding
Loop g Yielding b Inside  OQutside Nature
Invisibility Contrast Contrast

A -[o1l], (011} a/2[111] [211] [211] Interstitial

B-I  [011],[011],[020]  a[100] [211] [211]  Interstitial
[020],[002],[002]

FJR  [l01],[101],[200] a[010] [121] [121]  Interstitial
[200],[002],[002]

sz  [110],[T10],[200] a[oO1] [112] [112]  Interstitial
[200],[020],[020]

normal was not determined, it 1s uncertailn whether s safe orientation
was used for thie analysis. However, the possible geometries suggest
that the loop normal 1is less than 90° from the beam direction, as
required for a safe orientation. 0f 53 loops analyzed for this
specimen, all were interstitial and 34% had b = a[010]; 257 had b =
a[100}; 39% had b = a[001]; and 2% had b = a/2[111].

Similar loop analyses were performed for loops formed at irra-
diation temperatures of 673 and 723 K. The majority of the loops at
these temperatures were loop segments as shown in Figure 3.8, The
nature of the loops was determined whenever a sufficlent part of the
loop remained to determine “inside~outside” contrast.

A portion of the loops that were analyzed for the specimen irra-
diated at 673 K is shown in Figure 3.13. The loops and loop segments
are labeled (A,B,C...). The Burgers vectors and nature of these loops
are listed in Table 3.4. All of the loops analyzed were of near edge
character with b = a<l00> and were interstitial in nature.

A portion of the loops that were analyzed in the 723 K specimen
is shown In Figure 3.14. The loops and segments labeled are listed
with the Burgers vectors and loop natures in Table 3.5. The loop
nature determination with loop segments is illustrated for this analy-
8ls in Figure 3.15. Once again, all of the loops were near edge with
b = a<l00> and were interstitial in nature.
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Figure 3.13. Dislocation loops and loop segments found in the specimen
irradiated at 673 K. A Burgers vector and loop nature determination was
performed for the labeled dislocations. Length of arrows is 300 mm. 2z
near [111}]. (a) g = [101], (b) g = [110].

Table 3.4. Summary of the dislocation loop analysis for the
loops and loop segments shown in Figure 3.13

__ g Yielding
Loop g Yielding b Inside Outside Nature
Invisibility Contrast Contrast
A,B  *[170],%t[200],¥[020] a[001] [112] [112] Interstitial
¢ *[101],%*[200] a[010] [121] [121] Interstitial

D-H *[0T1],*[020] a[100] [211] [211] Interstitial
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Figure 3.14. Dislocation loops and loop segments found in the specimen
irradiated at 723 K. A Burgers vector and loop nature determination was
performed for the labeled dislocations. Length of arrows is 500 mm. z
near [111]. (a) g = [1101, (b) g = [011].

Table 3.5. Summary of the dislocation loop analysis for the
loop and loop segments shown in Figures 3.14 and 3.15

g Yielding
Y
Loop %hvi:igiifty b Inside Outside Nature
Contrast Contrast

A-D [011],[011],[020]  a[100] [Z211] [211] Interstitial
[020]

F—H [101],[1011,[200] a[010] [171] [121] Interstitial
[200]

I [110],[170],[200] a[001] [117] [112] Interstitial

[2001,[020]1,[030]
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Figure 3.15. Analysis of the loop nature for the loops and loop seg-
ments shown in Figure 3.14. a,c,e — "inside contrast." b,d,f — "out~
side contrast.” Length of arrows is 500 mm, z near [111].

it

(a) g = [211], (b) g = [211], (c) g = [121]
(d) g = [121], (e) g = [112], (f) g = [112].
Arrows denote direction of g.
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The dislocation loops and network structures observed in neutron-
irradiated iron are similar to those observed in the ion irradiation
studies (Chapters 4 and 5). Therefore, a detailed discussion of these

dislocation microstructures will be deferred to Chapter 6.

High Irradiation Temperatures: 923 and 1013 K — At irradiation
temperatures of 923 and 1013 X, there was no difference in the disloca-
tion microstructure as compared to the residual, unirradiated micro-
structures. A typical micrograph illustrating this from a specimen

irradiated at 923 K is shown in Figure 3.16.

YE-12390

Figure 3.16. Typical micrograph of the dislocation structure found for
high irradiation temperatures. Ty = 923 K. Scale marker is 2 um.

3.2 Irradiation-Induced Cavity Microstructures

Significant cavity formation occurred over a limited irradiation
temperature range of 548 to 723 K. The cavity microstructures present
at these irradiation temperatures are shown in Figure 3.17. The cavity
distribution is homogeneous only at 623 and 673 K. At 548 and 573 K,
the cavities are found in association with the clusters of dislocation
loops. This association is a clear example of the cooperative growth

of cavities and interstitial loops. The association can be clearly
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Figure 3.17. Representative micrographs of the cavity microstructure
found in specimens irradiated at 548 to 723 K. The insets (548 and
573 K)_ are 2x enlargements. Scale marker is 200 mm. 2z near [111],
g = <330>.




54

seen in the enlarged (2x) inset of Figure 3.17(a). No grain boundaries
were observed in the thin regions of these specimens, so no relation-
ship between grain boundaries and cavities could be determined.

At 773 K, cavities were very sparse and were observed only in
association with unidentified precipitates (probably carbides), as
shown in Figure 3.18. Similar cavity-precipitate association was some-
times observed in the specimen irradiated at 723 K. At 923 K, exclud-
ing the damage halos, only a few cavities, located on grain boundaries,
were observed.

Facets on the larger cavities were clearly visible, but for the
small cavities no conclusions in regard to theilr shape could be
reached. Surprisingly, detailed tilting experiments showed that the
faceted cavities were {111} octahedra with {100} truncations. The
cavity morphology is discussed in more detail in Chapter 6. The cavity
diameters were measured assuming a circular projection with the same
area as the observed crystallographic shape.

The quantitative cavity data are summarized in Table 3.6 and
Figure 3.19. The volume-averaged cavity diameter, d., reaches a maxi-

mum of ~12 mm at 673 K. The cavity concentration, C,, is a maximum of

Y-185243

Figure 3.18.
tates. Scale marker is 500 nm. (a) Ty = 723 K. (b) Ty = 773 K.
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Table 3.6. Quantitative Cavity Data

Temperaturea dc CC Swellingb
(K) (°c) (nm) (m~3) (%)
548 275 5.7 6.4 x 1020 0.006
573 300 8.5 9.8 x 1020 0.032
623 350 10.5 1.1 x 1021 0.067
673 400 12.0 8.2 x 1020 0.073
723 450 10.2 7.7 x 1019 0.004

%o cavity data were obtained for the 773 and 923 X
irradiation temperatures.

bTypical error ~34%.
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Figure 3.19. Quantitative data for
cavities in neutron-irradiated iron.

~102! m=3 at irradiation temperatures of 573 to 673 K. The calculated
maximum swelling or cavity volume fraction (CVF) of ~0.07% occurs at

623 and 673 K.

3.3. Irradiation-Induced Halo Microstructures

Halos centered on B4C precipitates were observed in specimens
irradiated at 493, 523, 723, and 923 K. The low concentration of halos
(<101l m~3) allowed them to be considered as a separate feature of the

microstructure,
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A schematic diagram of a planar section through a damage halo in
iron is shown in Figure 3.20. As discussed previously, the damage halo
actually consists of two individual halos — one caused by energetic
lithium 1{ions and one caused by energetic helium ions, In three
dimensions, these halos are concentric spheres of damage. Halos are
believed to result largely from the impurity effect (e.g., helium and
lithium) on the bulk neutron displacement damage. However, the displace-
ment damage and damage rates will be higher within the halo region.

The appearance of a halo in a thinned specimen depends on many
factors. The halo diameter and width are dependent on the precipitate
size as well as the foil sectioning. For example, the larger the
precipitate, the larger the halo diameter and the greater the width.
For sufficiently large precipitates, the individual halos could merge.
If the foil intersects both damage spheres and the precipitate, halos
similar to that depicted in PFigure 3.20 would be observed. If the
intersection occurs above or below the precipitate, the observed halo
diameters would be smaller than the actual value for the halo diameter.
When the intersection occurs at the lithium halo, the planar section

would consist of a small inner damage field (lithium halo), surrounded

YE-12391

HALO DUE TO 7Li (RL'i = 1.27um)

\ PRECIPITATE RICH IN 108

HALO DUE TO o (Ra = 2.4um)

Figure 3.20. Schematic diagram of a planar section through a damage
haio in iron.
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by a ring of damage (helium halo). Finally, in the extreme case — i.e.,
intersection at the helium halo — only a small, circular damage field
would be observed.

The type of damage clusters in the halos depends on the irra-
diation temperature. The actual density of the clusters within a halo
further depends on the boron content of the precipitate — the larger
the boron content, the higher the displacement damage and the larger
the effect of the helium and lithium ions on the damage.

For irradiation temperatures of 493 and 523 K, double halos of
small dislocation loops were observed., At 723 K, the two halos were
not distinct in any of the observed halos. The halo microstructure
consisted of larger dislocation loops. At 923 K, the halo microstruc-
ture consists of a high concentration of small cavities. For compari-
son, each of these halo structures is pictured in Figure 3.21. Each
halo structure is discussed in more detail below.

Low-Irradiation-Temperature Halo Microstructures — An array of

the damage halos observed at 493 and 523 K is shown in Figures 3.22 and
3.23., In these micrographs, it can be seen, as was discussed above,
that the width, diameter, and defect density vary from halo to halo.
The diameters of the lithium and helium halos were measured on micro-
graphs of foils irradiated at 493 and 523 K in which both the halos and
the precipitate that formed the halos were observed. The diameters
measured were those defined by the center of the halo damage region.
The average diameter of the lithium halo was ~2.5 um and the diameter
of the helium halo was ~5.2 um. These average measurements correlate
well with the calculated values.

A partial analysis of the dislocation loops was performed for
the small loops within the indicated region of the halo shown in
Figure 3.24. Note that this halo in a specimen irradiated at 523 K
intersected the electropolishing hole, Higher magnification micro-
graphs were taken of the marked region of Figure 3.24 with g = (1107,
[EOO], and [020] near the [001] pole. These micrographs are shown in
Figure 3.25. Many of the loops seen in this series of micrographs are
not in the edge, b = a<l00>, configuration. Also, as indicated by the
lettered loops, many loops appear in contrast in all of the micrographs
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Figure 3.21. Representative micrographs of the halo microstructures found at 523 K
(250°C), 723 K (450°C), and 923 K (650°C). 1Inset areas are 2X enlargements.
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493 K 523 K

523 K 493 K

Figure 3.23. Micrographs of the halos found in specimens irradiated at 493 and 523 K.
Scale marker is 2 um.
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Figure 3.24. Micrograph of a halo intersecting the electropolishing hole. Circled

area is shown in the enlarged micrographs in Figure 3.23.
arrow is 500 nm. g = [110]. 2z between [113] and [112].

T = 523 K.
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Figure 3.25.

Y-185246

Higher magnification micrographs of the circled region in Figure 3.22. The letters

mark the same loops in each micrograph. T} = 523 K. Length of arrows is 200 nm. z near [001].
0l.

(a) g = [1101, (b) g = [200], (c) g = [O2

Arrows denote direction of g.

9
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— an indication that their Burgers vectors are a/2[171] or a/2[111].
The loop density over the halo region was higher for g = <200> than for
g = [110] — as would be expected if loops of b = a/2[111] and a/2[11T]
were present. In conclusion, it appears that a/2<111> loops as well as
a<100> loops are formed at 523 K.

Intermediate Temperature Halo Microstructures — At 723 K, the

larger loop structure in the halo microstructure permitted a complete
loop analysis. A part of this analysis, for loops with b = a[00l], is
shown in Figure 3.26. As in the non-halo dislocation microstructure,
all loops were near edge character, with b = a<l100> and were intersti-
tial in nature. The quantitative parameters for the halo and non-halo
structures are shown in Table 3.7. The loops in the halos are smaller
and have a factor of 30 higher concentration than the loops not found
in the halos. The dislocation density was an order of magnitude higher
for the halo dislocations.

High-Temperature Halo Microstructures — At 923 K, two diffuse

cavity halos are observed. These halos are shown in Figure 3.21. An
enlargement of an area across the two halos 1s shown in Flgure 3.27.
The cavities in the inner halo are larger and have a lower concentra-
tion than those in the outer halo. The width of the inner hale is ~1.2
um and the gap between halos is ~0.3 um. The width of the outer halo,
measured in a region away from the grain boundary, is also ~1.2 um,
with a few cavities in the regions surrounding the halo. Near the
halos, cavities form on and near grain boundaries, as is shown in
Figure 3.28. The cavities on the boundary are about a factor of 2
larger than those within the halo. As described earlier, a few cavi-
ties were also found on grain boundaries in regions away from the
halos.

Discussion: At all of the irradiation temperatures, the defect
clusters in the halos varied significantly from those in mnon-halo
regions. These differences may be caused by the higher displacement
damage, damage rates, helium concentration and lithium concentration in
the halo regions. While it is impossible to assign a single cause to
the microstructural features observed in the halos, it is believed that
the higher helium and lithium concentrations have the strongest effect.
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ORNL-Photo 3989-80

Figure 3.26. Analysis of the geometry and nature of disloca-
tion loops found in a damage halo. The labeled loops have a
Burgers vector of a[001] and are interstitial in nature. Tg

= 723 K. z near [111]. g as indicated on the individual
micrographs.

Table 3.7. Dislocation density and loop parameters for halo
and non-halo areas of a specimen irradiated at 723 K

d 2p

C
L L
-3 -2 Error
(m™3) (nm) (m™%) %)
Non~halo 1.7 x 1018 200 2.2 x 1012 10

Halo 5.8 x 1019 140 2 x 1013 7




Figure 3.27.
indicated.

Enlargement of a cavity damage halo.
Tt = 923 K. Scale marker is 300 nm.
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Figure 3.28. Micrograph of cavities on and near a grain boundary which
is close to a damage halo. T = 923 K. Scale marker is 300 nm.

Ion irradiation studies of austenitic materials have shown that pre-
implanted and co-implanted helium can enhance cavity and interstitial
dislocation loop formation [25]. The characteristics of the high-
temperature halos are probably most influenced by the presence of
helium. At these temperatures, except for a few cavities at grain
boundaries, cavities were observed only within or near the halos.
While the higher displacement damage in the halos 1is undoubtedly a
contributing factor, the helium is probably more important in aiding
cavity formation. Cavity formation in low damage regions outside the
main halo regions 1s probably due to the diffusion of helium away from
the halo. This "spread” of cavities away from the main damage regions
is responsible for the rather diffuse appearance of the halos.

A similar temperature dependence of the halo microstructures has
been observed by K. Farrell [91] in neutron-irradiated iron specimens
that were doped with B,C precipitates. These specimens were also irra-
diated in ORR-228 in the same capsules as the iron used for this study.
In the Fe-B,C specimens, due to the higher precipitate concentration,
halos were found at all irradiation temperatures. Presumably halos
were also present in all of the iron specimens, but, due to the low
precipitate concentration, the halos were not found in the electron

transparent regions of all of the specimens.
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CHAPTER 4

DAMAGE DEPTH PROFILES IN TRIPLE-BEAM IRRADIATED IRON

In ion-irradiated specimens, the damaged region is within a few
micrometers of the irradiated surface. The defect structures vary signif-
icantly with distance from the 1irradiated surface. Simple "back-
thinning” from the unirradiated surface of the specimen would limit 120
kV TEM examinations to the region within about 250 mm of the irradiated
surface. 1In this region, surface effects would dominate the observations.
Therefore, controlled removal or “sectioning” of the damaged region to
some predetermined depth from the irradiated surface is necessary prior
to back-thinning for preparation of TEM specimens. Usually, the sec-
tioning depth is selected by studying the computer—calculated deposited
energy profiles. The sectioning depth can best be selected, however, by
experimentally determining the depth distribution of the defect
structures.

Three experimental methods are commonly used to determine defect
profiles. 1In the first, the lon-irradiated specimen is back-thinned and
examined in an HVEM. The defect distribution is then determined from
stereo pairs. This method is suitable only for microstructures with low
defect concentrations because of image overlap problems and relies
heavily on the experimenter's accuracy in stereo measurements. Also,
1 MeV electrons allow examination of medium atomic aumber materials at
foil thicknesses of only up to ~ 1.5 um, which may be less than the
calculated range of high energy lons in these materials. Further, at
these high electron energies, electron displacement damage becomes a
difficulty. The final limitation 1is that there are relatively few 1 MV
HVEMs available as compared to 100—120 kV TEMs. The HVEM technique has
been used to characterize qualitatively the depth dependence of the
damage structures in Ni-ion-irradiated 316 stainless steel [98,99] and
nickel alloys [99, 100].
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The second technique for determining defect profiles utilizes
sectioning of many specimens to various depths followed by back-
thinning and TEM examination. In order to reduce the number of speci-
mens required, this technique has been modified by a number of
investigators. Evans [101] used a single specimen which was first
back-thinned and examined. Then the irradiated surface was electro-
polished to remove a known depth of material and the specimen was re-
examined. This process was repeated several times. The depth of
material removed was measured by welight loss. Flat, circular specimen
surfaces were assumed and polishing of the specimen edges was neglected.
Johnston et al. [102] used a technique similar to that of Evans.
Instead of electropolishing the irradiated surface, however, a commer-—
cial ion milling wmachine was used., An estimated accuracy of *10% for
the amount of material removed during each ion milling operation was
quoted., Yet another approach to this technique was used by Lee and
Rowcliffe [103]. In theilr procedure, the bombarded surface was ini-
tially sectioned by covering a large portion of the surface with
microstop lacquer and sectioning the exposed surface. By repeating the
microstop—~sectioning procedure for different areas on the irradiated
surface, varying depths of removed material were obtained. The speci-
men was then back-thinned to perforation in oune of these sectioned
areas., After TEM examination, the filrst hole was covered with opaque
lacquer and the specimen was back-thinned to perforation in another
gectioned area. Once again, the major drawback of these various tech-
nigques is the difficulty in accurately determining the distance of the
damage from the original irradiated surface.

The final method for determining the defect profiles is TEM exa-
mination of a cross—sectional area of a bombarded foil. 1In order to
bring the damaged region to the center of the TEM cross-sectional
specimens, it is first necessary to increase the cross-sectional area
of the foil.

Many investigators have used electroplating of the base metal or
an alloy constituent to increase the cross—sectional area of the foil,
The plated specimen 1s then sliced normal to the irradiated surface.

The resulting wafers are cut into 3 wm diameter disk specimens. These
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disks are electropolished from both sides to perforation at the inter-
face of the electroplate and the irradiated surface. This technique
was first used by Spurling and Rhodes [104] in 1972. Since then, this
basic technique has been used by a number of investigators to study
damage profiles in stainless steel [104,105], nickel [106—~113], copper
[114—116], and irom [58]. Details of the electroplating vary in each
invegtigation, but the major differences are (1) whether the surface
was cleaned prior to electroplating and (2) how the wafers were sliced
from electroplated specimens.

Henager et al. [117] have used high rate sputtering to increase
the cross—sectional area of irradiated molybdenum. Sputter etching was
performed to clean the surface prior to sputter deposition of molyb-
denum on the specimen. Fabrication of TEM disks from the enlarged spec~
imen was the same as for electroplated specimens.

The electroplating, cross—sectional area technique that does not
utilize surface cleaning prior to plating probably provides more
accurate damage—depth profiles than the other techniques. Since the
irradiated surface remains intact, the depth measurements are more
accurate than those obtained after sectioning. The largest drawback,
as with all electroplating methods, is the difficulty in preparing the
specimens.

For the present study, the depth distribution of the defect
structures in 10 dpa, “triple-~beam” ion irradiated iron (100 at. ppm He
410 at. ppm D) was determined using the electroplating, cross—sectional
area technique. Details of the specimen preparation and triple-beam
ion irradiation technique and its application in the current investi-
gation are found in Appendices C and D. The sectioning depth for the
iron and iron-chromium alloys was selected based on the defect profile
for iron. The defect profiles for the iron-chromium alloys were not
determined because of the difficulties in electroplating specimens with

a chromium oxide surface layer.

4,1 Electroplating Procedure

The apparatus used for electroplating the iron specimens is pic~

tured in Figure 4.1. The plating solution was ferrous chloride with
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irradiated iron.

le~beam i

trip

Electroplating apparatus used for plating

Figure 4.1.
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calcium chloride added at a ratio of 1 part CaCly to 2.6 parts FeCl,.
For each liter of plating solution, 370 g FeCl, and 145 g CaCl, were
used. The plating bath was held in a 1 liter Pyrex beaker. The plating
was performed at 370-372 K (97-99°C), as measured by a standard Celsius
thermometer. Heating was provided by a Briskeat high-temperature
heating tape wrapped around the beaker. The temperature was controlled
by varying the heat tape voltage with a Varlac autotransformer voltage
regulator., The pH of the plating solution was maintained between 0.15
and 1.5 with additions of small amounts of hydrochloric acid. The pH
was determined with a Beckman Zeromatic SS-3 pH meter.

To reduce evaporation during the plating, the beaker was covered
with a Plexiglas 1lid. This 1lid was designed to fit securely in the top
of the beaker without making contact with the plating bath. Holes were
drilled in the 1id for the thermometer, anode, and specimens. The
spout of the beaker was plugged with Saran wrap. The spout provided
easy access to the bath for removal of solution to check the pH and for
additions of hot distilled water to counter losses due to evaporation
and hydrochloric acid to correct the pH.

The bath was constantly agitated during the plating by a Corning
PC-351 hot plate magnetic stirrer. In the initial stages of deter-
mining the best plating procedure, a non-heating magnetic stirrer was
used, This stirrer did not function very well for extended times at
the temperatures resulting from contact with the hot plating bath
container.

The anode used for the plating was a 3 nm (~1/8 in.) thick sheet
of FerroVac-E irom. This sheet was welded to a 3 mm diameter rod of
low carbon steel. The rod fit tightly into a hole in the Plexiglas
cover described above. Use of an iron anode in a wagnetically stirred
bath presented some problems. If the anode was too long, the stirring
bar was strongly attracted to the irom. This resulted in uneven
stirring or, in the worst case, a halt in the stirring if the stirring
bar attached itself to the anode.

The current density used for the plating was 1.0 to 10 kA/m?Z,
The power supply used was a Universal Power Source (Model 6050A). The

current was conducted to the specimens via a 0,18 mm (0.007 in.)}
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diameter iron wire spot-welded to the edge of the specimen, as sketched
in Figure 4.2(a). As shown in Figure 4.2(b) this wire was encased in a
glass tube to prevent plating of the wire. The apparatus was designed
to allow electroplating of up to three specimens simultaneously, with
each specimen at the same distance from the anode,

In the actual plating of the specimens, the first layers of the
plate were the most important. To facilitate the development of a good

specimen—~plate interface, the following procedure was used:

ORNL-Photo 0986-81

Figure 4.2. Steps in preparing a disk specimen using the electroplating
technique. The irradiated surface is indicated by an arrow. (a) Sketch
of the irradiated specimen spot-welded to iron wire. (b) Photograph of
the plated specimen. Note that the iron wire was encased in a glass
tube. (c¢) Sketch of a wafer cut from a plated specimen. (d) Sketch of a
TEM disk electrodischarge machined from the wafer. WNote that the origi-
nal irradiated surface—electroplate interface 1s in the center of the
disk.
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1. A fresh plating bath was used for each plating session. The
bath was mixed, brought to the desired plating temperature, and held at
temperature under agitation for at least 2 hours prior to starting the
plating. TIf necessary, the bath pH was adjusted.

2. During the 2 hour equilibrating period, the irradiated speci-
mens were removed from the desiccator and wires were spot welded to the
edge of each specimen with the irradiated surface forward (away from the
wire). [See Figure 4.2(a)].

3. Before the specimens were inserted into the bath, they were
cleaned with alcohol and acetone.

4. All specimens to be plated were lowered into the bath simul-
taneously with the plating current turned on just before the specimens
entered the bath,

In order to avoid problems associated with variations in the
level of the bath due to evaporation, the specimens were lowered 50 to
80 mm below the surface of the plating bath. Plating of 4 to 5 mm of
iron required two to three days. The plating procedure was under con-
stant observation for the first 2 hours and then checked every half
hour for the next 10 hours. For the balance of the required plating
time, the bath was checked about once per hour, except for the two over-
night periods (~8 hours). During these periods, the bath was not
checked .,

4.2 TEM Specimen Preparation

Wafers were cat with a high-speed silicon carbide slitting wheel
from the electroplated specimens with slices normal to the original,
irradiated surface. The wafers were cut with a thickness of 0.3 mm.
Three or four wafers were obtained from each electroplated specimen.
In the balance of the specimen preparation, great care was taken to
distinguish the irradiated surface interface from the unirradiated sur-
face interface.

As shown in Figure 4.2(c¢c) and 4.2(d), 3 mm diameter disks were
cut from the wafers. The wafers were sanded and given a light electro-

polish to expose the irradiated surface-electroplate interface. The
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wafers were then glued to a copper block with a mixture of graphite and
Du Pont DUCO cement. The copper block was clamped in a Hansvedt SM
120a electrodischarge machine (EDM) equipped with a hollow tube graph-
ite tool for cutting 3 mm diameter disks. This tool was specifically
designed for precision fabrication of 3 mm diameter disks by L. Turner
of ORNL. The tool was machined from POCO EDM-3 Graphite, a high con~
ductivity, fine grain and wear resistant graphite manufactured by
PocoGraphite, Inc., a subsidiary of Union 0il Company [118]. The wafer
was aligned carefully in the EDM so that the irradiated surface-
electroplate interface would be in the center of the 3 mm diameter disk
[Figure 4.2(d)]. Only one disk specimen was obtained from each wafer.

Final electropolishing was performed in a Tenupole jet electro-
polishing apparatus. An A-3 polishing solution [600 ml methyl alcohol,
360 ml ethylene glycol monobutyl ether (butylcellusolve), 60 ml per-
chloric acid and 2 ml Solvent X] cooled to 255 K (—18°C) was used with
a polishing current of 90 mA. The two~side electropolishing removed
any deformation introduced by the high-speed slitting wheel,

The disk specimen was placed in a standard Tenupole holder with
the irradiated surface—electroplate interface in the center of the
polishing area. 1If perforation did not occur at the interface, the hole
was covered with MOBILE Mudge, an opaque lacquer, and the specimen was
repolished. After electropolishing, the specimen was rinsed in acetone
and 200 proof ethyl alcohol. The electropolished specimens were stored
in a vacuum desiccator continuously evacuated by a mechanical pump.

The TEM specimen preparation procedure had about a 30% success
rate, Specimens with irradiation temperatures of 770, 850, and 900 K
were plated. Of these, only TEM specimens from the plated 850 K speci-
men have been successfully prepared and examined. (For details of the
irradiation parameters for the 850 K specimen, see Appendix D, run 534,

specimen 32.)

4,3 TEM Observations

The TEM specimens were examined in a JEM 120C TEM equipped with

a special objective lens pole piece (AMG) for the observation of magnetic
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materials. Details of the microscopy are outlined in Appendix B. Two
disks from the iron specimen irradiated at 850 K were examined in
detail. The results described below were obtained from several areas
with different orientations in these specimens.

In general, the damage microstructures consisted of both dis-
locations and cavities. As shown In the TEM micrograph in Figure 4.3,
the microstructural distributions varied significantly with distance
from the irradiated surface-~electroplate interface. As shown in Figure
4.4, the cavities had a crystallographic shape. There was a zone
denuded of cavities from the interface to 0.1 um from the interface, a
typical observation in ion damage profiles. The major form of the dis~
location microstructure was a coarse network. A few dislocation loops
appear with the network at 1.6 to 2.2 um from the interface. A higher
concentration of loops is present within a discrete band extending from
2.4 to 3.4 um from the interface. The loops in both regions were ana-
lyzed using the method of Maher and Eyre [97] (Appendix B). The loops
were determined to be interstitial in nature with predominantly a<iO0>
Burgers vectors. A few a/2<111> Burgers vectors were also observed in
each of the two loop reglons.

The quantitative data for the dislocation density and the cavity
parameter (volume~averaged diameter and cavity concentration) profiles
were measured for each of seventeen 0.2 um wide regions covering the
entire width of the damaged region. The values obtalned for each region
are plotted at the midpoint of the region in Figure 4.5(a) for the
cavity parameters and in Figure 4.5(c) for the dislocation density.
The dislocation density, A, was measured using the line intersection
method (see Appendix B). The dislocation loops were included in the
dislocation density measurement. The diameter of the individual cavi-
ties was measured assuming a circular projection of approximately the
game area as the projected crystallographic shape. The cavity volume
fraction (CVF) or swelling was calculated from the volume average
diameter, d,, and the cavity concentration, C,, according to the

relationship:

CVF(Z) = ——~€———¢ x 100 . (4.1)
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Figure 4.4. TEM micrograph showing the crystallographic shape of cavi-
ties found in the damage profile for iron. Scale marker is 100 nm.

The swelling for each region is plotted with the cavity parameters in
Figure 4.5(a). The swelling was a maximum of about 0.22% over a range of
depths from 0.9 to 1.1 um from the interface. The details of the cavity
parameter measurement and error calculations are found in Appendix B.

To allow direct comparison of the damage distribution with the
quantitative damage profiles, the micrograph of Figure 4.3 is included in
Figure 4.5.

4,4 Discussion

No damage profiles for a triple-beam irradiated material are
reported in the literature. Damage profiles are reported for only three
three dual ion beam (heavy lon + gas ion) irradiations. Henager et al.
[117] have reported a damage profile for molybdenum irradiated simulta-
neously with 5 MeV Ni'' and 0.2 MeV He' ioms. Farrell et al. [111] and
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Figure 4.5. The damage profiles for triple~beam ion-irradiated irom.
The distances from the interface indicated on the horizontal axis at the
bottom of the figure apply to the micrograph, the dislocation density
profile, and the cavity parameter profiles.
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Packan et al. [110] have reported damage profiles for nickel simultan-
eously irradiated in the ORNL facility with a dual beam of 4 MeV Nf++
ions and Hé+ ions whose energies were ramped from 0.2 to 0.4 MeV. The
only damage profiles available for iron are the currently unpublished
results of Kuramoto et al. [58]. These profiles for 1iron are for
single 4 MeV Ni++ ion bombardments.

The qualitative appearance of the damage profiles observed in
the current investigation agrees with those reported in the literature
for dual ion irradiations of other materials with one exception. The
band of dislocation loops centered at ~2.8 um from the interface is a
unique observation. The possible origins of this band will be dis-

cussed later in this section.
4.4,1 Comparison of Calculated and Experimental Damage Profiles

In order to select a sectioning depth, the profiles were compared
to the calculated deposited energy and ion depth profiles for 4 MeV Fe++
ion bombardment of iron shown In Figure 4.6. These profiles were
plotted from the deposited energy and ion profiles calculated by the
E-DEP-1 computer code of Manning and Mueller [119]. The E~DEP-1 output
is tabulated with the calculated dpa profiles in Appendix E. The dpa(x)
= C Sp(x), where C is a constant and Sp(x) 1s the deposited energy.
Therefore, the normalized deposited energy profile in arbitrary units
(i.e., normalized to 1) is equivalent to the dpa profile. Figure 4.6(a)
contains the profiles obtained for an electronic stopping power, k, of
0.156, the LSS (Lindhard, Schraff, and Schiott) wvalue for k. Figure
4.6(b) and 4.6(c) contains the profiles for k = 0.121 and 0.108,
respectively.

A comparison of the experimentally obtained profiles in Figure
4.5 and the calculated profiles in Figure 4.6(a) indicates that the
peak swelling corresponds to the peak of the deposited ions rather than
the expected correspondence to the peak in the deposited energy (dpa).
As shown 1in Figure 4.6(b), if the value for k is reduced by 227 to
0.121, the maximum in the deposited energy calculated using E-DEP-1 is
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Figure 4.6. Deposited energy and deposited ion profiles calculated with
E-DEP-1 computer code. k = electronic stopping power.
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at 1.0 um from the irradiated surface. This 1s the approximate loca~
tion of the observed swelling peak.

The possibility of an overestimate in the LSS theoretical value
for k has been suggested by other investigators. Narayan and Oen [106]
observed that the maximum in the point defect density profile was 18%
deeper 1n nickel irradiated with 4 MeV Ni++ ions than the location of
the maximum of the deposited energy profile predicted by E~DEP~1. Simi-
lar observations were reported by Narayan et al. for copper irradiated
by 4 MeV Ni++ ions [114] and by 5, 16, 27, and 38 MeV copper ions [116].
For the nickel ion {irradiations, the calculated depths agreed with the
experimental observation if k was reduced by 22% for nickel [106] and
28% for copper [114]. For copper ion irradiations of nickel, the amount
of reduction in k required for the calculated profile to agree with the
experimental profile varied with the ion energy. A reduction in k of
28% was required for 5 MeV ions, 167 for 16 MeV ions, and 97 for 27 MeV
ions. No reduction was required for 38 MeV copper ions [116].

Narayan and co-workers believe that the lower values of k
required to achleve agreement between calculated and experimental pro-
files are related to the oscillations of the electromnic stopping when
plotted as a function of the target atomic number, z,, and the bom-
barding ion atomic number, z;. The "z, oscillations” have a local mini-
mum at 2z, = 29 (copper) [120,121]. For 4 MeV ion energles, the curve
is approximately level between 2z, = 26 (nickel) and 2z, = 28 (iron).
The experimental results for copper and nickel, indicating a larger
overestimate of k for copper, are 1n good qualitative agreement with
the 2y oscillation curve. With increasing ion energy, the z; oscil-
lations are reduced, as indicated by the lower veductions in k required
for higher ion energies.

The "z; oscillations” have a local minimum at z; = 31 (gallium)
[122]. Both nickel and copper ions lie near to the minimum and could
contribute to a lower stopping power requirement. However, in the
energy vrange of these and the current studies, the 2z, effect 1s
believed to be more important than the z; effect [123]. If the differ-
ence in the bombarding ion species is neglected, the level region from

zp = 26 to 28 on the zp oscillation curve indicates that the percentage
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of overestimation of k should be about the same for 4 MeV ion bombard-
ment of iron and nickel targets. This supports the current observation
that a 22% reduction in k for iron leads to agreement between the
calculated deposited energy and experimental profiles.

However, the damage profiles for triple-beam irradiated iron are
more complex than the profile for low dose single ion irradiations such
as those used by Narayan and co-workers. The cavity profile is affected
by many factors other than the deposited energy from the heavy ions,
Deposited interstitials, diffusional spreading, and gas concentration
influence the observed cavity profiles [124].

The deposited interstitials are believed to have the most impact
on the location of the swelling peak. It has been suggested by Mansur
and Yoo [124] that, in a low swelling material such as iron, the depo-
sited interstitials will cause the swelling peak to be closer to the
irradiated surface than the deposited energy peak. In considering the
current swelling profile for iron, this effect of the deposited inter-
stitials 1mplies that the maximum in the deposited energy profile is
even further from the irradiated surface than that calculated previous-
1y for k = 0.121., Calculations by Beeler and Beeler [125] for fecc iron
indicate that a value of k = 0.108 is more accurate than the E-DEP-]
value. Use of this value for k as input for E-DEP-~1 (with the density
of bee iron as an input parameter) gave the maximum 1In the deposited
energy at 1.06 pm and a deposited ion peak at 1.25 um (o = 0,19 um)
from the irradiated surface as is shown in Figure 4.6(c). (Details of
the E~-DEP-1 results for k = 0,108 are found in Appendix E.) The maximum
effect of the deposited interstitials would be within *o of the ion
peak, 1.06 to 1.44 um, where ~687 of the deposited interstitials are
found. A lesser effect would be seen from ¢ to 20, 0.87 to 1.06 um and
1.44 to 1.63 pum, where ~27%Z of the deposited interstitials are located.
In considering the region from 0.9 to 1.1 um, the swelling would be
least affected by the deposited interstitials at 0.9 pm, with an
increasing effect up to 1.1 um, where the peak in the deposited energy
is found. This could lead to only slight variations in the swelling
profile from 0.9 to 1.1 um, as 1is observed. The combination of the
decreasing deposited energy and the strong interstitial effect could
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cause the observed rapid decrease in the swelling at depths greater
than 1.1 um.

Diffusional spreading vefers to the migration of vacancies and
interstitials to the free surface and to depths beyond the deposited
energy profile. The usual manifestation of diffusional spreading of
vacancies 1s a broadening of the cavity profiles and reduced cavity
growth near to the surface. In the current profile, due to the low
swelling and strong effect of the deposited interstitials, it is un-
likely that diffusional spreading would lead to cavity growth beyond the
range of the deposited energy from the heavy fons. The effect of the
surface on the profile is indicated by the lack of cavities within 0.1
um of the surface,

The effect of the deposited gas is more difficult to ascertain.
From comparisons of Fe—10% Cr specimens bombarded with a triple-beam of
ions and specimens irradiated only with 4 MeV Fe++ ions, the effect of
the gas has been observed to be increased cavity density, decreased
cavity diameters and increased swelling (see Chapter 5). The slight
decrease in the cavity diameter shown in Figure 4.6 at ~0.5 um could be
attributed to the effect of the implanted gas. There is, however, no
obvious indication in the profile of the effect of the gas at the
deeper regions. 1In fact, the cavity profiles are smooth, suggesting
that either the gas is having little effect on the profiles or that any
indication of the decreasing gas concentration is masked by the effect
of the deposited interstitials and the decreasing damage rate. The
latter suggestion implies that the gas concentration levels do not
change significantly over the region from 0.9 to l.1 um. Further sup-
port of this conclusion is provided by the location of the peak cavity
concentration within this region. As shown in Figure 4.7, the calcu-
lated depths for the region of uniform helium and deuterium deposition
are ~ 0,65 to 0.9 um. (Details concerning the deposited helium and
deuterium profiles can be found in Appendix D.) However, the location
of the deposited ions 1s calculated from the stopping powers for helium
and deuterium in iron, which in the energy range for these irradia-
tions, is not well known. In fact, the few experimental values for the

stopping powers reported have differences of up to 20% for helium and
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Figure 4.7. Calculated helium and deyterium , profiles for an iron tar-
get with an ion beam consisting of He and D2 with sinusoidally ramped
energies (0.2 to 0.4 MeV, 2.5 x 10~2 Hz). The DE splits to atomic
species (0.1 to 0.2 MeV energies) upon impact with target.

10% for deuterium [86,126]. Therefore, a significant error in the light
ion ranges 1s possible. A 20% error in the ranges would increase the
depth of the region of uniform helium and deuterium deposition from
~0.8 to 1.1 um, as suggested above.

The calculated profile which leads to the deepest damage profile
is that for k = 0.108 [Figure 4.6(c)]. Even in this case, the depo-
sited energy is less than 0.0001 MeV/um-ion for depths greater than
~2.0 um. The damage is less than 0.0l dpa (10 dpa at the peak) for
depths greater than ~1.9 um. In the curreunt profile, irradiation-
induced dislocation microstructures were observed in the low damage
region at depths up to 2.2 um (excluding the discrete band of dis-
location loops at 2.4 to 3.4 um).
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The presence of dislocations in the low damage regions in dual-
ion damage profiles is not unusual. Henager et al. [117] have observed
dislocation loops at 2 to 3 pm from the irradiated surface in molyb-
- denum bombarded with 5 MeV nickel and 0.2 MeV helium ions. The peak in
the deposited energy profile for 5 MeV nickel ions in molybdenum was
calculated by E~DEP-1 (LSS value of k) to be 0.9 um from the irradiated
surface. 1In the experimental damage profile, the largest dislocation
loops and the coarsest distribution was found at 2 um, with the loop
diameter decreasing with increasing depth. This behavior can be
explained as an effect of the decreasing dose and dose rate within the
damage tail coupled with diffusional spreading of the interstitials.
At the higher displacement levels, i.e., closer to the surface, the
loops appeared to have agglomerated to form a network with a consequent
reduction in the dislocation density. In the current profile for iron,
this type of dislocation microstructure variation was observed in the
major portion of the damage profile from the surface to 2.2 um. From
the surface to 1.6 um, a coarse dislocation network was observed. From
1.6 to 2.2 um, dislocation loops were observed in the distribution —
analogous to those observed by Henager et al. in molybdenum.

The discrete band of dislocation loops observed in iron at 2.4
to 3.4 um from the irradiated surface is not easily explained. This
band cannot be confused with the loops observed by Henager et al.
[117]. Although both groups of dislocation loops are located at about
the same distance from the surface, the band of loops in iron does not
have the distinctive size distribution observed for the 1loops in
molybdenum., Also, as discussed above, the dislocation distribution in
the major portion of the damage profile for irom correlates well with
observations of Henager et al.

Farrell et al. [111] have observed a discrete band of disloca-
tions resembling a creep cell wall at 2.0 um from the irradiated sur-
face in damage profiles for nickel bombarded with 4 MeV nickel ions and
energetically ramped (0.2 to 0.4 MeV) helium ions (ORNL facility). They
believe that this band is caused by the movement and accumulation of
dislocations caused by swelling-induced stresses. 1In the dislocation

band observed in iron, the majority of the loops had Burgers vectors
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of acl100>. There was no evidence of network dislocations in this .
region. This observation implies that the stress caused by the

swelling in iron was not sufficient to cause the migration of network

segments from the major part of the damaged zone to deeper regions. It
therefore seems unlikely that the stress would be sufficient to cause
dislocation loops nucleated within the major damage region to move to

the depth of the dislocation band. In fact, it has been suggested that

a<100> loops are essentially sessile [51,60].

Channeling has also been considered as a possible explanation
for the dislocation band. However, the same features have been
observed in differently oriented grains. Yet another possible cause
could have been an external stress., This explanation can be rejected
due to the lack of similar dislocation loop observations in the damage
profiles of other investigators using the same irradiation facility and
specimen loading procedures. Another suggestion considered was that
the loops were vacancy loops resulting from diffusion of vacancies to
this region. Analyses of the nature of the loops indicated, however,
that the loops were interstitial in nature. Finally, although the pro-
file of the band was not consistent with the usual damage profile, the
possibility of an extraneous energetic ion causing the loop formation
was considered. Referring to the tabulated ion ranges found in the
Handbook of Range Distributions for Energetic Ioms iwm ALl Elements [85],
no ions were found to have the correct range within the energy range
and mass selection range of the accelerators. The remote possibility
of a 0.4 MeV D2 splitting and giving all of its energy to a single
deuteron, rather than creating two 0.2 MeV deuterons, was considered.
However, the range of 0.4 MeV deuterons is only ~1.8 um. Even with a
207 range error, this depth 1s increased only to 2.1 um — not deep
enough to account for the dislocation loop band.

In conclusion, no likely explanation was found for this discrete
band of loops. Further experiments {(e.g. — fluence and temperature
dependence), which were deemed beyond the scope of this dissertation,
are required to more completely characterize the band of dislocation
loops. Hopefully, with this additional information, a satisfactory
explanation of the origin of the band can be derived. .
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4.4.,2 Sectioning Depth

Based on the above discussion, a sectioning depth of 0.9 um was
selected for the triple~beam ion~irradiated iroun, Fe—10% Cr, and Fe—5%
Cr specimens. This sectioning depth allowed TEM (120 kV) examination
of the damage from 0.9 to 1.1 um from the irradiated surface. 1In the
region extending from 0.8 to 1.20 um, both the swelling and the dislo-
cation density have only small varlations in their respective values in
the damage profiles., Therefore, an error of *0.05 um in the sectioning
depth would not adversely affect the quantitative swelling and disloca-
tion density data. This section depth error would also result in less
than a 10%Z error in the cavity concentration and diameter data. There-
fore, the quantitative data obtained from a sectioned specimen would be
reasonably accurate if the sectioning depth was between 0.85 and 0.95

um, allowing for small experimental measurement and sectioning errors,
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CHAPTER 5
TRIPLE-BEAM ION IRRADIATION EXPERIMENTS

A TEM study of the defect structures produced in "triple-beam"
ion-irradiated Fe~10% Cr, Fe—-57 Cr, and Fe specimens is presented in
this chapter. The alloy fabrication, specimen preparation, irradia-
tion procedure, and irradiation parameters are discussed in detail imn
Appendices C and D. The irradiations utilized a "triple~beam” of 4 MeV
iron ions and energetically ramped (0.2 to 0.4 MeV) helium and deute~-
rium ions. The gas conceantration levels were 10 at. ppm He/dpa and
41 at. ppm D/dpa. These are the concentration—to-dpa ratios expected
for ferritic stainless steels in a fusion reactor first wall [2,127].
In the first set of irradiations {(Runs 532—537), specimens of all the
materials were bombarded at temperatures of 725, 775, 800, 850, 900,
and 950 K to 10 dpa, the approximate displacement damage expected for
1 megawatt year/m2 of reactor service [127]. The goal of this experi-
ment was to determine the irradiation temperature at which the maximum
swelling occurred, to study the effect of chromium content on the
damage microstructure, and to select a single material for the balance
of this study. In the second set of irradiations {(Runs 592, 593, 596,
and 601), specimens of the selected material, Fe-10% Cr, were irra-
diated at the peak swelling temperature (850 K) to displacement damage
levels of 0.3, 1, 3, 10, 30, and 100 dpa. In this experiment, the evo-
lution of damage with increasing dpa was studied. A third experiment
(Runs 594 and 602) was conducted without utilizing the triple-beam
irradiation technique in order to study the effect of helium and deute-
rium implantation on the damage in Fe—10Z Cr. In Run 594, the light
ions were pre-injected at room temperature to 100 at. ppm He and 410
at., ppm D, followed by irradiation to 10 dpa with 4 MeV iron iomns at
850 K. Run 602 consisted of a single, 4 MeV diron ion drradiation to

10 and 30 dpa at 850 K.
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The specimen preparation for TEM examination consisted of sec~
tioning to 0.9 um, followed by back-thinning. The exact procedures
used are presented in Appendix D. A JEM 120C TEM, equipped with an AMG
objective lens pole piece for the observation of magnetic specimens,
was used for the majority of the examinations. A JEM 120CX and Philips
400T-FEG (Field Emission Gun) were used for analytical and high magnifi-
cation microscopy. When required, a Hitachi 1 MeV HVEM was employed
for examinations of specimens. Details concerning the microscopy pro-
cedures and measurement of the quantitative microstructural data are
located 1in Appendix B, In this chapter, the microstructural obser-
vations will be presented in the following sequence:

1. the microstructure of unirradiated specimens,

2. the temperature dependence of the damage microstructures,

3. the evolution of the microstructure with increasing damage levels,
4, the effect of chromium content on the damage microstructure, and

5. the effect of the gas on the damage microstructures,
5.1 Unirradiated Microstructures

The dislocation density in the as—prepared, unirradiated speci-
mens of Fe, Fe—-5% Cr, and Fe—10% Cr was ~1012 p~2, Precipitates were
found at the grain boundaries in the Fe—57% Cr and Fe—10% Cr specimens.
Various techniques were employed to characterize these precipitates.
Preliminary analyses of in-foll precipitates using standard SAD
(Selected Area Diffraction) techniques were not successful. The only
conclusion from these studies was that the lattice parameter of the
precipitate was probably not as large as that of many carbides such as
Mp3Ce (ag = 10.621 A) and MgC (ag = 11.082 A). Energy Dispersive X-Ray
Spectroscopy (EDS) studies of in-foll precipitates indicated that the
precipitates were rich in chromium. A comparison of the spectrum
obtained for a precipitate and the matrix 1is shown in Figure 3.1,
Electron Energy Loss Spectroscopy (ELS) studies of thin, in-foil, pre-
cipitates also yielded inconclusive results. Few precipitates were
thin enough to be analyzed. Additional difficulties were encountered

due to a temporary electronics problem in the ELS system. The position
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Figure 5.1. EDS spectra obtained from the matrix and an in-foil precipi-
tate., Fe—107% Cr.

of the carbon edge was masked by an electronically generated edge —
eliminating any possibility of identifying small amounts of carbon in
the spectrum. This electronic artifact also prevented any quantitative
analysis of the edges that were observed since the background fitting
routines could not accommodate it. The only additional information
obtained from this analysis was that nitrogen was present in at least
one of the precipitates. A comparison of the ELS spectrum obtained for
this precipitate and the matrix is shown 1in Figure 5.2,

In a final effort to analyze the precipitates, a carbon extrac-
tion replica of an Fe—107 Cr specimen was made. Standard techniques
were employed for replica fabricationm. First, an Fe—107 Cr specimen
was lightly etched in a 10% HC1—90% H,0 (distilled) water solution

and then carbon was evaporated onto the etched specimen. The carbon
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MATRIX

PRECIPITATE

Figure 5.2. ELS spectra for the matrix and an in-foil precipitate. Fe—
10% Cr. Notation: (A) Zero-loss peak, (B) electronic artifact, (C) gain
change,

replica was removed from the specimen by submering it in the etching
solution (more hydrochloric acid was added to the solution if necessary).
A beryllium grid was used to support the replica for TEM studies.

The precipitates extracted on the replica were analyzed using
the EDS system. TEM micrographs of the replica and the precipitates
studied are shown in Figure 5.3. The precipitates are labeled
alphabetically with the letters corresponding to the labels on the EDS
spectra in Figure S5.4. Only one precipitate, that labeled "d,” con-
tained any elements (Z > 11) other than chromium and iron; sulfur was

also indicated in the EDS spectrum.
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TEM micrographs of a carbon replica from a Fe~10% Cr speci-
The letters labeling the precipi-
Scale

Figure 5.3.
men with grain boundary precipitates.
tates correspond to the labels on the EDS spectra in Figure 5.4.

marker is 500 mm.
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Figure 5.4. EDS spectra from the precipitates shown in Figure 5.3.

Extended study of the extracted precipitates using SAD and
Convergent Beam Electron Diffraction (CBED) techniques, as well as
reevaluation of the in-foil precipitates with the ELS system, would
probably identify the precipitate unambiguously. However, for the pur-
poses of this investigation, exact identification was not essential.
It seems likely that the precipitates are simply the result of impuri-
ties in the alloys migrating to the grain boundaries during the
annealing process. This implies that the matrix away from the grain
boundaries is of higher purity than indicated by the chemical analyses
in Appendix C.
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5.2 Temperature Dependence Studies

The Fe—107Z Cr specimens were selected for extensive examination
to determine the temperature dependence of the radiation-induced micro-
structures. These specimens were selected for two major reasons. The
TEM specimen preparation has a higher success rate for Fe—10% Cr speci-
mens than for Fe-5% Cr and Fe specimens. Alsc, studies of the defect
structures in Fe—107 Cr were considered to be the most relevant to the
fusion materials research effort since the chromium content of many of
the ferritic stainless steels being considered for fusion applications
is ~10%.

In general, ion bombardment of Fe-10% Cr resulted in the develop-
ment of both dislocation and cavity microstructures. No radiation=-
induced changes in the precipitation were observed. The series of
micrographs in Figures 5.5 and 5.6 show the development of the disloca~-
tion and cavity microstructures with increasing irradiation tempera-
ture. The quantitative data, as measured by the techniques discussed
in Appendix B, are summarized in Table 5.1. Also reproduced in this
table are the irradiation conditions for each specimen examined.
Listed in the first column of the table are the run number and array
location for the specimen as described in Appendix D.

A comparison of the dislocation densities in Table 5.1 shows a
general coarsening of the structure with increasing temperature. This
feature 1s demonstrated by a plot of the dislocation density as a
function of temperature in Figure 5.7. As shown in the micrographs in
Figure 5.5, the dislocation microstructure for irradiation temperatures
between 723 and 803 K consisted primarily of loops. As indicated in
Table 5.1, except for the specimen irradiated at 765 K, the loop diam—
eter, dj, increased and the loop concentration, C;, decreased with
increasing irradiation temperature. (Within the experimental ervor,
the data obtained for the specimens irradiated at 723 and 729 K are
equivalent.) The smaller than expected loop diameter found in the
gpecimen irradiated at 765 K is probably related to the lower damage in
this specimen (8.3 dpa) as compared to the other specimens. At all

temperatures, loops were observed to intersect the foil surfaces
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803 K; g = <110>; z v [115] 849 K; g = <0I1>; z ~ [133] 875 K; g = <011>; z ~ [011]

Figure 5.5. Series of micrographs of the dislocation microstructures observed in Fe~10%
10 dpa. Ty as

Cr. Arrows denote direction of g, length of arrows equals 200 nm.
indicated.
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Figure 5.6. Series of micrographs of the cavity microstructures observed in Fe—10%
indicate small cavities. Scale markers equal 100 nm. 10 dpa. T; as indicated.
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Table 5.1.

Quantitative data and irradiation parameters for triple-beam ion irradiatiom,

temperature dependent experiment

Fe—~10%Z Cr, nominal dpa

= 10, 100 at. ppm He, 41 at. ppm D2

Specinen Ty Ty dpa A c, dy, Ce de CVF
(B (B (m/m3) (m™3) (om) (w™%)  (om) (%)
532-12 723 725 10.7 3.9 x 10%* 5.7 x 102! 18
532-11 729 725 10.9 3.6 x 101* 6.1 x 102! 18
537-13 765 775 8.3 4.2 x 10'* 7.7 x 102} 15
537-11 781 775 9.0 2.3 x 10'* 2,5 x 102} 24
533-13 785 800 9.9 2.2 x 10'* 1.4 x 1021 45 2.4 x 1020 7 4.3 x 1073
533-12 803 800 10.4 1.1 x 10%% 3.2 x 1020 60
534-12 849 850 10.1 1.1 x 1oi® 2.6 x 1019 23 1.7 x 1072
601-12 855 850 9.6 5.7 x 1013 3.2 x 1019 21 1.6 x 1072
536-12 875 900 9.5 2.4 x 102 9.5 x 1019 5 6.2 x 107"
535-12 954 950 9.8 3.0 x 102 6.2 x 1019 5 4.1 x 107"
536-11 971 900 9.5 2.2 x 1012 9.0 x 10'% 5 5,9 x 107"
8Notation: Ty actual irradiation temperature; Ty, nominal irradiation temperature (see

Appendix D), A, dislocation density (including loops); Cp, loop concentration; dj,

loop diameter; C,, cavity concentration; d,., volume average cavity diameter; and CVF,
cavity volume fraction or swelling.
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Figure 5.7. Graph of the irradiation temperature

dependence of the dislocation density in Fe—10%

Cr. 10 dpa.
without gliding out of the foil. For beam directions near <001> the
majority of the loops were observed to have a near-edge character and
lie on {100} planes. This type of loop alignment can also be observed
for foil orientations near <011> for loops with b = <100>, as shown in
Figure 5.5. In the micrograph (Figure 5.5) of the specimen irradiated
at 803 K, taken with a beam direction near <115>, the loops are nearly
edge-on, at ~45° angle to the <110> diffracting vector, as expected for
near-edge loops with b = <100> and <010>. A complete analysis of the
loops was not performed. However, the complete analyses of the geometry
and nature of the loops in both neutron~ (Chapter 3) and ion- (Chapter
4) dirradiated iron, as well as in the fluence-dependent studies of ion-
irradiated Fe—10% Cr (see Section 5.3), indicate that the loops are
probably interstitial, of near-edge character, and have b = a<l00>.
The few loops that did not show the characteristic edge-on orientation
for beam directions mnear <001> were probably a/2<111> interstitial
loops since loops of this type were also found in the complete analyses

mentioned above.
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Small loops (b = a<100>) varied in shape from round to recti-
linear, with the sides aligned along <100>. For irradiation tempera-
tures above 765 K, many of the loops had a convoluted shape. One such
loop, with b = a[001], is shown in Figure 5.8, a higher magnification
micrograph of the specimen irradiated at 803 K. This micrograph was
taken with multiple-beam diffracting conditions at the [012] pole in
order to view the a[010] loops and edge-on profiles of a[100] loops as
well as the full perimeter profile of the a[001] loops. The loops
appear to have grown preferentially along <110> directions.

At irradiation temperatures of ~850 K, a coarse distribution of
network segments was observed. At higher irradiation temperatures (>
875 K), the dislocation structures appeared to be little changed from
those existing In unirradiated specimens. Between 850 and 875 K, more
than an order of magnitude decrease in the dislocation density is
observed (Table 5.1 and Figure 5.7).

Cavities were observed in specimens irradiated at temperatures
of 785 and above, except at 803 K. This result may suggest that there
are actually two swelling peaks, one near 780 K and another at ~850 K
with lower swelling at ~800 K. However, at 780—-800 K, 10 dpa is
apparently near the threshold damage level required for visible cavity
formation. Therefore, a higher dose experiment is required to deter-

mine whether or not there are actually two swelling peaks. The larger
ORNL-Photo 4542-81

Figure 5.8. TEM micrograph of a "convoluted" dislocation loop with b
= a[001]. Arrow shows [200] direction; length of arrow equals 100 mm.
Fe-10% Cr, Ty = 803 K, 10 dpa, z ~ [012]. Multiple beam diffracting
conditions.
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cavities had a definite crystallographic shape, as can be seen in
Figure 5.6. The cavity morphology was consistent with a truncated
octahedron with {111} facets and {100} truncations. As discussed
previously, the cavity diameter was measured from a circular projection
judged to have the same area as the observed crystallographic shape.
The maximum cavity volume fraction (CVF) or swelling of 0.02%
occurred for dirradiation temperatures of ~850 K (see Table 5.1).
Compared with the cavities which developed at ~805 K, the cavities
observed at both higher and lower temperatures were smaller and more
nuUmMeErous. However, for irradiation temperatures above 850 K, the
cavity distribution was less homogeneous than at the lower temperature.
As illustrated in Figure 5.9, zones denuded of cavities were
observed near grain boundaries. While the grain boundaries were also
free of cavities at lower temperatures, cavities were found on the
boundaries in specimens irradiated at ~950 K. At this temperature, as
shown in Figure 5.10, cavities were also observed at the intersection
of grain boundaries and chromium-rich precipitates. For irradiation

temperatures of 785 and 850 K, cavities were observed along dislocations.

ORNL-Photo 4543-81

Figure 5.9. TEM micrograph of a cavity denuded zone typical of those
found at the grain boundaries in Fe—10% Cr. Length of marker equals
200 mm. 10 dpa, Ty = 785 K.
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ORNL~-Photo 0982-81

Figure 5.10. TEM micrograph of cavities along grain boundaries and at the intersection

of grain

boundaries and chromium-rich precipitates. Arrows indicate small cavities. Scale marker equals

200 nm. Fe—10% Cr, 10 dpa, T ~ 950 K.
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The cavity-dislocation association is clearly seen in the micrograph
of the specimen irradiated at 849 K in Figure 5.5.

Based on the above observations, the peak swelling temperature
of 850 K was selected as the irradiation temperature for the dose
dependent experiment. Again, the Fe—10% Cr alloy was selected because
of the high success rate of TEM specimen preparation and because of its

relevance to commercial ferritic steels.
5.3 Dose Dependence Studies

As in the previous experiment, the damage microstructures
observed in ion-bombarded Fe— 10%Z Cr consisted of dislocations and
cavities. Once again, no radiation~induced precipitation was observed.
The series of micrographs in Figures 5.11, 5.12 and 5.13 summarize the
dislocation and cavity microstructures observed with increasing dis-
placement damage. The quantitative data, including the irradiation
conditions for each specimen examined, are summarized in Table 5.2.
Listed in the first column of Table 5.2 are the run number and array
location for the specimen as described in Appendix D.

As shown in Figure 5.11, at low damage levels (0.3 to 3 dpa),
dislocation loops were observed as the primary form of the dislocation
microstructure. Inspection of the quantitative data in Table 5.2 shows
that the loop concentration decreases and loop diameter increases with
increasing displacement damage. At 1 and 3 dpa, many of the dislocation
loops had a convoluted shape, similar to that discussed in Section 5.2.
As before, preferential growth appears to have occurred in <110>
directions.,

A complete analysis of the nature and geometry of the disloca-
tion loops was performed for the 0.3 dpa specimen following the tech-
niques of Maher and Eyre [97]. (See Appendix B for details of the
application of this procedure.) A portion of this analysis is shown in
Figure 5.14. In the first micrograph in the sequence, g = [110] and z
~ {0011, all loops are in contrast and in a near edge~on orientation.

Invisibilities for thekloops labeled A-F are obtained for g = {200] and
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ORNL-Photo 4544~81

0.3 dpa 1 dpa 3 dpa
g = <011> z ~ [111] g = <01I> 2z ~ [011] g = <011> z ~ [011]

Figure 5.11. TEM micrographs of the dislocation microstructure observed
in Fe—10% Cr irradiated to high levels of displacement damage. Ty ~
850 K. Scale marker equals 300 mm. Arrows indicate direction of g.

ORNL~Photo 4546-81

10 dpa 30 dpa 100 dpa
g = <0I1> =z~ [133] g = <0I1> 2z~ [011] g = <200> z ~ [011]
Figure 5.12. TEM micrographs of the dislocation microstructures

observed in Fe—10% Cr irradiated to high levels of displacement damage.
Ty ~ 850 K. Scale marker equals 300 mm. Arrows indicate direction of

g




3 dpa 10 dpa ‘ 30 dpa

Figure 5.13.
are 200 nm.

TEM micrographs of the cavity microstructures observed
Fluence as indicated. Ty v850 K.

ORNL~Photo

100 dpa

4547-81R

in Fe—10% Cr. Scale markers

SOT



Table 5.2. Quantitative data for triple-beam ion irradiation dose dependent experiment

Fe—10% Cr, 850 K, 10 at. ppm He/dpa, 41 at. ppm D2

Specimen 1 dpa dpa ! 3 CE3 L Cfg e CYF

( ® (m/m?) (m™7) (nm) (m™%) (nm) (%)
593-12 848 0.3 0.3 3.7 x 1013 1.8 x 1020 37
592-21 848 1.0 1.0 3.9 x 1013 8.1 x 1019 94
593-22 853 3.0 3.0 6.8 x 10!3 6.4 x 10'% 150 3.5 x 10! 9 0.001
593-21 847 3.1 3.0 4.4 x 1013 4.1 x 1019 150 b
534-12 849 10.1  10.0 1.1 x 10t* c 2.6 x 1019 23 0.02
601-12 855 9.6 10.0 5.7 x 1013 <10'®  ~200 3.2 x 101° 21 0.02
601-23 844  25.9 30.0 3.2 x 10!3 ~1018 ~150 2.0 x 1020 20 0.09
596-22 867 101.4 100.0 4.8 x 10'3 7 x 1018  ~110 9.9 x 101° 77 2.45

8pNotation: Ty, actual irradiation temperature; dpay, nominal dpa; A, dislocation density
(including loops); C,, loop concentration; dj, loop diameter; C., cavity concentration; d.,
volume average cavity diameter; and CVF, cavity volume fraction or swelling.

byot measured.

CNone observed.

90T



ORNL-Photo 4545-81

g = [110] g = [200] g = [T01] g = [020] g = [011] g = [121] g = [121]

z v [001] z v [001] z v [111] z ~ [001] z ~ [111] z ~ [111] z v [111]
300 om

Figure 5.14. Analysis of the geometry and nature of dislocation loops in Fe—10% Cr. 0.3 dpa, Ty ~850 K.
Loops A-F, b = a[010], interstitial. Loops G-I, b = a[l1l00], interstitial. Arrows indicate direction
of g.

LOT
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[101], indicating that these loops have b * a[010]. Similarly, invisi-
bilities for the loops labeled G-I are obtained for g = [020] and [0T1],
indicating that these loops have b = % a[100]. The last two micrographs
of the sequence in Figure 5.14, g = [12T] and [121] yield the nature of
both sets of loops. Loops A-F show "outside" contrast for g = [I21]
(g°b = +2) and "inside" contrast for g = [121] (g°b = —2), demon-
strating that the loops are interstitial in nature. Conversely, loops
G—-1 show "outside” contrast for g = [121] (g°b = +1) and “inside”
contrast for g = [121] (g°b = —1), demonstrating that these loops are
also interstitial in nature. This counclusion was confirmed by micro-
graphs taken with the appropriate (geb = * 2) diffracting conditioms.
All loops (~75) analyzed for this specimen were near-—edge dislocation
loop character having an interstitial nature with b = acl100>.

While a complete analysis of the loops was not performed for the
1 dpa specimen, inspection of stereo TEM micrographs showed that all of
the loops were on {100} planes. For all foil orientations used for the
examination, all loops were observed to be consistent with the expected
configuration for loops with b = a<100>.

At 3 dpa, the initial stages of the formation of a dislocation
network from the loop structure are observed. Part of the analysis to
determine the Burgers vectors for the dislocation loops and segments
found in this specimen is shown in Figure 5.15. The results for this
analysis of the labeled dislocations in Figure 5.15 are listed in Table
5.3. As indicated, several of the loops had b = a/2<111>. The shape
of these loops differed significantly from the shape of the loops with
b = ac<l00>. The a/2<111> loops, as shown in Figure 5.15, were round
while the a<100> loops had a convoluted shape. When the nature of the
loops could be safely determined, the loops were found to be iIntersti-
tial dislocation loops. Two groups of dislocation loops and segments
(marked A,B,C, and D,E,F) show the merging of two loops to form a dis-
location segment. 1In the first group, loop A(by = a/2[I11] and loop B
(bg = a[001] have merged to form segment C. Analysis of the Burgers
vector of segment C indicated that by = % a/Z[III]. In the second
group, loop D (bp = a/2[111]) and loop segment E (bg = al001] bhave
joined to form segment F (bp = * a/2[111]).
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Figure 5.15. Series of micrographs comprising part of a dislocation

loop analysis in Fe—10% Cr. Arrows denote direction of g, length of
arrows equals 500 nm. 3.0 dpa, Ty ~ 850 K. g = [01I], z ~ [111];

(b) g = [101], z ~ [111]; (e) g = [200], z ~ [011]; (d) g = [IO1],

z o [111].
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Table 5.3. Results of the analyses of the dislocation loops
and segments in Figure 5.15. All loops are interstitial,
unless otherwise noted, the Burgers vectors of the
dislocation segments were not determined exactly and
are plus or minus the indicated vector

Loop Loop

or Burgers or Burgers
Segment Vector Segment Vector

a/2[111] GK a[100]

B al001] LD al010]

ca ta/2[111] QU a[001]
a/2[111] w2z a/2[111]
E a[001] ae a/2[111]
Fa ta/2[111] £ a/2[111}

8gegment Burgers vector was determined.

From 10 dpa to 100 dpa, as shown in Figure 5.12, the dislocation
microstructure consisted primarily of a coarse distribution of network
segments. The graph of the dislocation density (including loops) as a
function of displacement damage in Figure 5.16 clearly shows that the
maximum dislocation dengity occurs at 10 dpa. A sharp drop in the dis-
location density occurs between 10 and 30 dpa. Surprisingly, the loop
concentration increases and the average diameter decreases from 10 to
100 dpa (see Table 5.2). At 10 dpa, very few, large (~200 mm), round
dislocation loops remained in the structure (CL < 1018 m~3). The loops
observed at 30 and 100 dpa are compared in Figure 5.17. As in the 10
dpa specimen, the loops have a round shape, suggesting an a/2<111>
Burgers vector, If the loop character was near edge with b = a<100>,
the loops would exhibit an edge-on profile for beam directions near
[001]. 1Instead, as shown in Figure 5.17, a full perimeter profile is
observed for z ~ [001], supporting the conclusion that the loops have b
= a/2<111>. Analysis of the loops in the 100 dpa specimen showed that
~90% of the analyzable loops had b = a/2<{111> and ~10% of the loops had
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Figure 5.16. Graph of the fluence dependence of the dislocation den-
sity (including loops) for Fe—10% Cr. Ty ~ 850 K.

Y-185252

Figure 5.17. TEM micrographs of the dislocation loops observed at 30
and 100 dpa in Fe-10% Cr. Length of arrows equals 300 mm. Tp ~ 850 K.
g = [110], z ™ [001]. Arrows indicate direction of g.
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b = ac100>. The nature of the loops was not determined. However, it .
is likely that they are interstitial loops. A higher concentration of
these loops (b = a/2<111>) was observed near grain boundaries than in
the grain interior.

Cavity microstructures were observed in specimens irradiated to
3 dpa and above, as shown in Figure 5.13. The cavity distribution was
fairly homogeneous in all specimens. Bimodal size distributions were
found for the cavity microstructures at 30 and 100 dpa. Zones with uno
cavities were found near the grain boundaries in the specimens irra-
diated to 10—100 dpa. These grain boundary denuded zones are shown in
Figure 5.18 for the 30 and 100 dpa specimens. No grain boundaries were
observed in the thin areas of the 3 dpa specimen. Cavities were also
observed in association with dislocations. Lines of cavities were
found as well (Figure 5.19), another possible indication of cavity
growth on dislocations.

The observed cavities had a crystallographic shape. Figure 5.19
shows micrographs of the cavities in a specimen irradiated to 30 dpa
taken near each of the three major poles (100>, <110>, <111>) with g
= {330>. Detailed study of the cavity shape shown in these micrographs
indicated that the cavities have a truncated octahedral shape. The
cavity }acets are on {111} with truncations on {100}. Comparisons of
the micrographs taken near the <100> and <110> poles with the computed
images of truncated octahedral cavities ({111} facets, {100} trunca-
tions) for these orientations [128] supported this conclusion. The
cavity shape is the one expected for fcc materials. The expected shape
for cavities in bcc materials 1is a truncated twelve-sided polyhedron
with {110} faces and {100} truncations.

According to Wulff's theorem, the ratio of the surface energy,
Ypkls to the perpendicular distance, dypyj, between diametrically oppo-
site (hkl) planes which serve as faces of an equilibrium bubble 1is a
constant [129,130]. This relationship has been used to measure the
ratio of the surface energies of different low index planes for cavi-

ties in copper, aluminum, and molybdenum [131]. For the cavities in iron,
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30 dpa

TEM micrographs of the zones free of cavities found near

18.
grain boundaries in Fe-—10
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19. TEM micrographs showing the analysis of the cavity shape
for triple-~beam ion-irradia
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Equation (5.1) was used to determine the surface energy ratio for the
cavities found in the 30 dpa specimen. Both d;;; and djg) were mea-
sured for a number of cavities from the cavity projection for a <110>
beam direction. Additional measurements of djj; were made for each
cavity from a projection for a <100> beam direction. The average value
for the djj;/djgp ratios calculated from these measurements was 0.77
with a standard deviation of 0.06. Therefore, the surface energy ratio
is given by

Yi11
—= 0,77 + 0.06 . (5.2)

Y100

The quantitative data for the measured cavity concentration and
average cavity diameter are plotted with the calculated cavity volume
fraction (swelling) in Figure 5.20. (The values for these data are also
listed in Table 5.2.) At 30 and 100 dpa, the cavities had a bimodal
distribution for the measured cavity diameters., 1In the histogram of
the measured cavity diameters for the 30 dpa specimens, about 25% (a
concentration of ~4.4 x 101% m~3) of the cavities were found in a peak
centered at ~7 mm while the remaining 75% (a concentration of ~1.6 x
1020 w3) were in a peak centered at ~ 20 mm, The volume-averaged
cavity diameters for these peaks were 7.8 and 22.1 nm. At 100 dpa, the
two peaks were less distinct. The lower peak (~20% of the cavities)
had a volume-averaged diameter of ~40 nm and the upper peak (~80% of
the cavities) had a volume-averaged diameter of ~84 nm. The values
listed in Table 5.2 and Figure 5.20 for the volume-averaged cavity
diameter and the cavity concentration are the values for the entire

distribution.
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Figure 5.20.
tion, average cavity diameter,
for Fe—10% Cr. Tg v 850 K.
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Graph of the fluence dependence of the cavity concentra-
and cavity volume fraction (swelling)

In studying the quantitative cavity data, it is interesting to

note that the average cavity diameter and the swelling increase drama-

tically between 30 and 100 dpa.
will be discussed in Chapter 6.

5.4 Effect of Alloy Chromium Content

The microstructures found in specimens of Fe,

Fe—57% Cr,

Possible causes of this observation

and

Fe—10%Z Cr triple~beam ion-irradiated to 10 dpa at 850 K (Runs 534 and

601) are shown in Figure 5.21.

The quantitative data are summarized in



Figure 5.21.

Y-185253

Fe Fe-57 Cr Fe-107% Cr

TEM micrographs showing a comparison of the microstructures observed in triple-beam ion-

irradiated Fe, Fe—57% Cr, and Fe—10% Cr. 10 dpa, 100 at. ppm He, 410 at. ppm D, Ty ~ 850 K. Scale
marker is 200 nm.
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Table 5.4 and the graph in Figure 5.22. The dislocation microstruc—
tures in all of the alloys consisted primarily of a coarse network of
dislocation segments. The dislocation density was highest for the
Fe—5% Cr specimen and lowest for the iron specimen. Cavities were
found only in the iron and Fe-10% Cr specimens. The cavities in the
Fe—10% Cr specimens were about a factor of 2 larger in diameter and two
orders of magnitude lower in concentration than the cavities in the
iron specimen. The swelling (cavity volume fraction) was, therefore,
about an order of magnitude lower in Fe—10% Cr than in iron.

In neutron-irradiation experiments, Little and Stow [44] have
observed a relationship between chromium content and swelling similar
to that reported here [Ty ~ 700 K (420°C)]. They stated that the
increase in the swelling in Fe—10% Cr as compared to the swelling in
Fe—5% Cr was related to a” precipitation and the corresponding nounequi-
librium segregation of chromium in Fe—10% Cr. However, no a” precipi~-
tates were observed in the current investigation, which suggests that

the increase in swelling is based on a different mechanism.

Table 5.4. Summary of the quantitative microstructural data
for specimens examined to determine the effect of chromium

content on the irradiation-induced microstructure.
The nominal irradiation temperature, Ty, is 850 K;
the nominal damage level, dpay is 10 dpa?

Ty A Ce d.  CVF
Material Specimen ( ¥) . dpa (m/m3) (m~3) (am) (%)
Iron 534-32 850 10.6 5 x 1013 2 x 102! 13 0.22
Fe—5% Cr 534-22 852 10.6 1.3 x 101% b

Fe—10% Cr 534-12 848 10.1 1.1 x 10 2.6 x 10'% 23  0.02
Fe—10% Cr 601-12 855 9.6 5.7 x 1013 3.2 x 101% 21  0.02

3Notation: Ty = actual irradiation temperature; A dislocation
density; C. = cavity concentration, d, = volume-average
cavity diameter; and CVF = cavity volume fraction or
swelling,

bNone observed.
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Figure 5.22. Graph showing the dependence of the dislocation density and
cavity volume fraction on the alloy chromium content. 10 dpa, Ty v 850 K.

Gelles [45] has observed that neutron-irradiated Fe—3% Cr speci-
mens swell less than specimens of Fe—67% Cr, Fe—9% Cr, and Fe—12% Cr for
irradiation temperatures of 700 K (425°C). 1In his study, a higher con-
centration of ac<l00> dislocations was present in the irradiated Fe-3% Cr
specimens than in the higher chromium content alloys. Also, the frac~
tion of a/2<111> dislocations found in the specimens increased with
increasing chromium content. Gelles suggests that there is a strong
correlation between the presence of a<l100> dislocations and swelling
resistance. In the present study, Burgers vector analyses for the dis-
location networks were not performed. However, primarily based on the
higher density of dislocations in the Fe—5% Cr specimen than in the Fe
and Fe—10% Cr specimens, it seems likely that more a<100)> dislocations

would be present in the Fe—5% Cr specimen.
5.5 Effect of Helium and Deuterium
Comparisons of the microstructures found in Fe-10% Cr triple-

beam ion-irradiated to 30 dpa (300 at. ppm He, 1230 at. ppm D, Run 601)

and those found in Fe—10% Cr irradiated with a single beam of 4 MeV
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iron ions to 30 dpa (Run 602) are shown in Figures 5.23 and 5.24. The
quantitative data for this comparison are listed in Table 5.5.

The dislocation microstructures found in both the triple-beam
and iron jon-irradiated specimens consist primarily of a coarse network
of dislocation segments (Figure 5.,23). A few large, round dislocation
loops were found for both types of irradiated specimens. The disloca-
tion density for the triple-beam irradiation was ~50% higher than for
the single lon irradiation.

The cavities found in both types of irradiated specimens had a
crystallographic shape. However, the cavities in the triple-beam ion-
irradiated specimens had a bimodal distribution, as discussed previous-
ly (Section 5.3), while those in the single—ion irradiated specimen did
not., The cavities in the triple~beam ion-irradiated specimen were
smaller in diameter by ~507 but were present at a concentration larger
by a factor of ~30 than the cavities in the iron ion-irradiated speci-
mens, The swelling in the specimen irradiated by the triple~beam tech-
nique was higher by a factor of ~4.5 than the swelling in the specimen
irradiated only by iron ilons.

The above results are consistent with the helium effects observed
for other materials. A higher concentration of smaller cavities has
been observed in austenitic stainless steel irradiated with a dual beam
of nickel and helium ions as compared to the cavity distribution found
in specimens irradiated with only nickel ions [132]. Although the
dislocation density is not as sensistive to helium implantation, co-
implantation with helium and nickel ions produced a higher dislocation
density than irradiation with only nickel ions [132]. In general, for
triple~-beam 1lon (nickel, helium, deuterium) irradiation of austenitic
stainless steel, especially in the temperature range from 800 to 950 K,
these effects are further enhanced — e.g., the cavities are smaller and
have a higher concentration and the dislocation density is higher than
for dual ion (nickel and helium) irradiations [133].

Specimens of Fe—]0% Cr were also preinjected at room temperature
with 100 at. ppm He and 410 at. ppm D followed by bombardment with 4 MeV
Fett ions at 850 K to 10 dpa. No cavities were observed in these speci-

mens. The dislocation structure consisted of loop and network segments,
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triple-~beam single beam
Figure 5.23. TEM micrographs of the dislocation microstructures found in
Fe—10% Cr irradiated with a triple-beam (Fe,He,D) and a single beam (Fe)
of ions. 30 dpa, Ty v 850 K, g = (0111, 7z ~ [011]. Length of arrows is
200 nm. Arrows indicate direction of g.

ORNL~Photo 4549-81

Figure 5.24. TEM micrographs of the cavity microstructures found in Fe-
10% Cr irradiated with a triple beam (Fe,H,D) and a single beam (Fe) of
ions. 30 dpa, Ty v 850 K. Scale marker is 300 nm.
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Table 5.5. Quantitative data for triple~beam and 4 MeV iron
ion-irradiated Fe—10% Cr. 30 dpa?

A Ce de CVF

Specimen Irradiation (m/m3) (m‘3) (nm) (%)
601-23 Triple beam 3.2 x 1013 2,0 x 1020 20 0.09
602-21 4 Mev Fett 2.1 x 1013 7 x 1018 37 0.02

ANotation: A = dislocation density (including loops); C. = cavity
concentration, d, = volume-average cavity diameter; and
CVF = cavity volume fraction or swelling.

as shown in Figure 5.25, with a density of A = 4.96 x 1013 w2 (20
= 4,96 x 103 m™2 as well)., For Fe—10% Cr specimens irradiated at 850
K to 10 dpa with a triple beam of ions, the dislocation density was
somewhat higher than in the specimens preinjected with helium and deute-
rium. Cavities were also observed in the triple-beam ion-irradiated
specimen, as discussed earlier.

As in the curreunt study, Packan and Farrell [132] have found
that, for irradiations of an austenitic alloy similar to 316 stainless
steel, room-temperature pre-injection of helium followed by 4 MeV
Nit™ bombardment to 10 dpa at 898 K caused a reduction in the disloca-
tion density compared to triple~beam ion-irradiation (10 dpa, 200 at.
ppm He, 500 at. ppm D, 898 K). They also found that the cavity con-
centration was about two orders of magnitude higher and the volume-
averaged cavity diameter was about an order of magnitude smaller in the
specimens pre-injected with helium than in the triple-beam ion-
irradiated specimens. 1If a similar decrease in the cavity diameter
occurred in the Fe—10% Cr specimens, the cavity diameter for the pre-
injected specimens would be ~2 mm. It is possible that these small
cavities were present in the specimen, but that they were too small to
be resolved with the JEM 120C TEM using the AMG pole~piece., Further
examination with the JEM 120CX did not reveal cavities, suggesting
that, if they are present, the cavity diameter is less than 2 nm.
Further experiments wusing higher damage and gas concentration are
required to clarify the effects of gas pre-~injection on the microstruc—

tural damage.
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YE-12400

Figure 5.25. TEM micrograph showing the dislocation microstructures
found in Fe—10% Cr which was pre-injected with 100 at. ppm He and 410
at. ppm D followed by bombardment with 4 MeV Fett ions at 850 K to 10
dpa. The arrow indicates the direction of g = [01I1]. The length of
the arrow is 300 mm,.
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CHAPTER 6
DISCUSSION

In the first section of this chapter, several aspects of the
characteristics of the damage microstructures common to both the
neutron and the ion irradiation experiments will be discussed (Section
6.1). Then the results will be related to the currently proposed
mechanisms for swelling suppression in ferritic materials (Section
6.2). A possible mechanism for the evolution of the damage microstruc-~
ture with increasing fluence, based on the Fe—~10%Z Cr ion irradiation

results, will be considered in the final section (6.3) of this chapter.
6.1 Damage Microstructures
6.1.1 Dislocations

One microstructural feature common to both the neutron-
irradiated iron and the ion-irradiated iron and iron-chromium alloys
was the observation of near-edge, interstitial loops with predominantly
a<100> Burgers vectors. No vacancy loops were observed for either type
of irvadiation. As presented in Chapter 2, these observations are con-
sistent with the reports of other investigators. A large percentage of
loops with b = a/2<111> were found only in the halos in iron specimens
neutron~irradiated at the relatively low irradiation temperature of 523
K, supporting the idea that formation of loops with b = acl00> requires
elevated irradiation temperatures. In the Fe—10% Cr ion-irradiated at
850 K to 3, 30, and 100 dpa, a few a/2<111> interstitial loops were
also observed. Especially interesting is the apparent continuing
nucleation of a/2<111> loops between 30 and 100 dpa. This observation
willl be discussed in more detail in Section 6.3.

In the ion-irradiated specimens the dislocation 1loops with b
= a<l00> had a convoluted shape, except at low fluences (0.3 dpa). The
shape of the loops suggested preferential growth in the <110> directions.
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The dislocation loops in the neutron-irradiated specimens were not
conveluted, Irregularly shaped loops have also been observed in
electron-irradiated iron [61], Fe—15% Cr [65], aluminum [62], and
austenitic stainless steel [134,135], as well as in neutron-irradiated
austenitic stainless steels [134,135]. The exact cause of irregularly
shaped loops is not clear. For a<l00> loops in the ferritic materials,
it has been suggested that interstitials are preferentially attracted
to the corners of small, rectilinear loops with <100> sides [61]. 1In
electron and ion irradiations, the interstitial generation rate is much
higher than in neutrom irradiations. During neutron irradiations, the
arrival rate of interstitials at the loop corners could be slow enough
to allow diffusion along the loop, resulting in regularly shaped loops,
as are observed. During electron and iron irradiation, however, the
higher arrival rate for interstitials at the loop corners could cause
enhanced growth at the corners as compared to the straight segments of
the loops. This would lead to enhanced growth in the <110> directions,
as observed in the current investigation. The formation of small pre-
cipitates on the loops and segregation of impurity atoms, including
chromium, to the vicinity of the loops could also contribute to the
growth of irregularly shaped loops. It has been suggested that pre~
cipitate intersection events cause the irregular loop shapes in the
austenitic stainless steels [134,135]. The rectilinear shape of small
a<100> loops could force preferential segregation on the <100> sides
leading to enhanced growth in only the <110> directions, as observed.
In addition, the a/2<111> interstitial loops found with the convoluted
a<l00> loops in ion-irradiated Fe—10% Cr (850 X; 3, 30, and 100 dpa)
did not have an irregular shape. This could be the result of preferen-
tial segregation to the {100}, as suggested by reports of some precipi-
tates [e.g., carbides and nitrides] forming on {100} in bcc iron alloys
[136].

Many of the a<l00> dislocation loops were observed to intersect
the foil surfaces without gliding out of the foil. This could be the
result of dislocation pinning by impurity atmospheres. However, this
observation could also be interpreted as an indication of the nearly

sessile nature of a<100> dislocation loops [51,60]. The image forces
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may not be strong enough to initiate loop glide. 1In addition, the sur-
face oxide present in both the iron and the iron-chromium alloys could
restrict the gliding of dislocations from the foil.

In the irradiation-temperature-dependence studies for both
neutron—-irradiated iron and ion-irradiated Fe—10% Cr, a rapid decrease
to near preirradiation dislocation densities was observed. In the
neutron—-irradiated iron, this drop occurred for an increase in the irra~
diation temperature from 773 to 923 K. No specimens were i1rradiated
over the interval of 773 K (p = 3 x 10!l w™2) to 923 K (p < 10!! m™2),
In the ion-irradiated Fe—10% Cr, the drop to residual dislocation den-
sity levels was more dramatic. It occurred for an increase in the
irradiation temperature of 25° (850 to 875 K). In the ion irradiations,
the drop in the dislocation density may be emphasized due to enhancéd
loss of point defects to the surface at the higher irradiation tem~
perature [124]. These observations suggest a strong temperature depen—
dence of the dislocation microstructures, especially the interstitial

dislocation loop nucleation rate.

6.1.2 Cavities

The low swelling reported in this investigation is consistent
with previously reported results for ferritic materials, as outlined in
Chapter 2. As expected from the literature, the observed swelling was
much lower than that found in many similarly irradiated austenitic
refractory bec materials.

Cavity Growth Modes — 0f particular interest was the dramatic

increase in the swelling found when comparing the swelling for Fe—10%
Cr irradiated at 850 K to 30 and 100 dpa. The iIncrease in the swelling
was primarily caused by an increase in the volume-averaged cavity diam-
eter from ~20 mm at 30 dpa to ~75 mm at 100 dpa. Rate theory calcula-
tions were performed to determine if this rapid cavity growth resulted
from the cavity radius exceeding the critical cavity radius, T pi¢s
required for bias-driven cavity growth., These calculations are shown
in Appendix F. Values of r.,.i. were calculated for an irradiation tem-

perature of 850 K, the dislocation density and cavity concentration
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measured for the 30 dpa specimen, and the assumed values for the other
variables as presented in Appendix F. The value for r. .4 varied from
~0,2 mm (helium pressure in the bubble, P, equal to 90% of the pressure
required for an equilibrium bubble, Peq; 1.e., P = 0.9 Peq) to ~0.9 mm
(p = 0.5 Peq) to ~1.5 am (P = 0,1 Peq). Since the average cavity
diameter 1s 20 mnm at 30 dpa, it 1is therefore quite unlikely that a
shift to bias-driven growth is the cause of the large increase in the
cavity diameter,

As an alternative explanation, the possibility that all of the
cavity growth, from 3 to 100 dpa, occurred as equilibrium bubble growth
was considered. In order to establish whether the observed cavities
’ could be equilibrium bubbles, the number of helium atoms, Nags required

to stabilize the cavities as equilibrium bubbles was calculated. The
high-density-equation~of-state (HDEQS) proposed by Wolfer [137,138] was
used to calculate Neqe This calculation is presented in detail and
compared to similar calculations using the ideal gas law and a modified
Van der Waals equation of state in Appendix G. The values of
Nag calculated for an irradiation temperature of 850 K, a surface
energy of 2 J mfz, and the average cavity diameters observed at each
fluence are listed in Table 6.1. For each fluence, the average number
of helium atoms, n, in each cavity (assuming that all of the helium is

in the resolvable cavities) is given by the expression
a = _He (6.1)

where Cyo 1s the concentration of implanted helium atoms and C. is the
concentration of cavities. 1In order to calculate Cy, in units of w3,
the concentration in at. ppm must be multiplied by the atomic density
of iron, Pge, 8.5 X 1028 atoms w3, For example, for specimens
implanted with 10 at. ppm He (1 dpa), the helium concentration im units
of m™3 is given by:

10 atoms He

C =
He 10% atoms Fe
1 dpa

Ppe = 8.5 x 1023 atoms He —m™3 ., (6.2)




Table 6.1.

diameter), n
irradiated at

“850

K to fluences of 3, 10, 30, and 100 dpa.

Cs

Values of the average number of helium atoms per cavity, n; the calculated number
of helium atoms in an equilibrium bubble (with a diameter equal to the average cavity

and the calculated sink strengths for Fe—10% Cr, triple-beam ion-
Experimental values for
the cavity concentration, C., and the volume-averaged cavity diameter, d
are also tabulated

d. Ce n, Sink Strengths
Fluence n n/neq Dislocations Cavities Ratio:
(dpa) {nm) (m=3) (He atoms) (He atoms) Disl/Cav
3 9 3.5 x 1019 1.4 x 10% 7.3 x 10% 5.2 5.6 x 1013 2.0 x 10!2 28
10 22 2.9 x 1019 1.2 x 10° 2.9 x 10° 2.4 8.4 x 1013 4.0 x 1012 21
30 20 2.0 x 1029 9,5 x 10*% 1.3 x 10° 1.4 3.2 x 1013 2.5 x 1013 1.3
100 77 9.9 x 109 1.9 x 10° 8.5 x 10° 0.5 4.8 x 1013 4.8 x 1013 1

LTT
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The values calculated for n for each fluence are also listed in Table
6.1, Comparison of n and Taq for each fluence indicates that the
apparent “"bubble-character” of the cavities decreases with increasing
fluence. At 3 dpa, a factor of 5 more helium atoms are available than
are required for an equilibrium bubble with a diameter equal to the
volume~averaged cavity diameter. However, at 100 dpa only ~50% of the
helium atoms required for equilibrium bubbles was implanted. This
suggests that the cavities are not growing as equilibrium bubbles at
100 dpa.

If partitioning of mobile helium to the dislocations 1is con-
gidered, the suggestion that the cavity growth occurred as equilibrium
bubble growth is further discredited. According to the rate theory
model of Yoo and Mansur [139], helium will be particioned to internal
sinks according to their sink strengths. The sink strength of the dis~
locations for helium 1s given by z,L, where z, is the dislocation cap-
ture efficiency for helium and 1L is the dislocation density. The value
for zy is not known. For the purpose of this discussion, z, is assumed
to be about 1. The sink strength of the cavities is given by 2md.C..
The calculated sink strengths are listed in Table 6.1 for each fluence.
0f course, the amount of helium accumulated at the microstructural
features as a result of partitioning is not accurately reflected by the
instantaneous sink strengths. In order to perform exact calculations,
an integral approach incorporating the continually changing microstruc~
tural parameters would be required. However, for the semiquantitative
approach used 1in this discussion, simple calculations assuming the
instantaneous sink strengths have been employed. For fluences of 3 and
10 dpa, as indicated by the ratio of the dislocation sink strength to
the cavity sink strength, less than 57 of the implanted helium atoms
would go directly to the cavities. At 30 and 100 dpa, about 50% of the
helium would go directly to the cavities. Since many of the cavities
are observed to be associated with dislocations, part of the helium
partitioned to the dislocations would diffuse along the dislocations to
the cavities. It seems likely, however, that a large percentage of the
helium atoms would be trapped in small clusters along the dislocations,

especially at the lower fluences. At 3 dpa, if more than 80% of the
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implanted helium were trapped in these clusters, the number of helium
atoms in the average cavity would be less than 1.4 x 10%, the number of
helium atoms required for an equilibrium bubble with the average cavity
diameter. Similarly, at 10 dpa, trapping of 2607 of the helium atoms
would reduce the number of helium atoms in the cavities to less than
eq® And, at 30 dpa, if only 30%Z of the implanted helium were in small
clusters, the cavities could not be equilibrium bubbles., Thus, with a

n

reasonable degree of partitioning of the helium to dislocations, the
average cavity would not be an equilibrium bubble — even at 3 dpa.

In evaluating the above discussion of the possibility of equi-
1ibrium bubble growth, it is important to note that the value for the
surface energy is not accurately known for a helium-containing cavity
in Fe—-10% Cr. The value for the surface energy used, 2 J n~2, is the
crystal-vapor surface energy for iron {[140]. If the surface energy
were actually ~1 J mfz, the values for Nag given in Table 6.1 would be
reduced by a factor of 2. With this reduced wvalue for Nogo» the cavi-
ties at 100 dpa would nearly be equilibrium bubbles. However, for all
of the fluences, a reasonable degree of partitioning of helium to clus-
ters at the dislocations could reduce the number of helium atoms in the
cavities to less than 507 of Naq- In addition, if the dislocation cap-
ture efficiency for helium were actually ~2, rather than 1, as assumed
previously, the dislocation sink strength would double — enhancing the
likelihood of partitioning to the dislocations. 1In conclusion, if par-
titioning of the implanted helium to the dislocations is considered, it
seems likely that the cavities did not grow as equilibrium bubbles,

In the temperature-dependent ion irradiation study of Fe—10% Cr
(10 dpa), another cavity-growth phenomenon is observed. Here, the
volume—averaged cavity diameter decreased from ~22 mm for an irradia-
tion temperature of 850 K to ~5 mm for an irradiation temperature of
970 X. Along with the decrease in cavity diameter, the dislocation
density is two orders of magnitude lower at the higher temperature. If
the dislocations are assumed to be biased sinks for interstitials, the
cavities at 850 K would be more void-like due to the presence of excess
vacancies (bias—driven growth). At 970 K, more defect recombination

would occur due to the Llower dislocation density, constraining the
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cavities to grow as bubbles (gas-driven growth). Further experimental
support for gas bubbles being present at the higher temperature is pro-
vided by the observation of cavities along the grain boundaries.

The above conclusions are also supported by two calculations.
First, at 850 K, the average cavity radius, 11 mm, is much greater than
any of the calculated values for the critical radius for bias~driven
growth, as calculated using rate theory equations (see Appendix F).
According to these calculations, the critical radius varied from ~0.2
nm (P = 0.9 Peq) to ~1 nm (P = 0.5 Peq) to ~1.8 mm (P = Q.1 Peq).
Therefore, the cavities are probably growing by a bias~driven growth
mechanism. At 970 K, however, the calculated values for the critical
radius varied from ~2.0 mm (P = 0.9 Peq) to ~7.0 om (P = 0.5 Peq) to
~15, mm (P = 0.1 Peq)' (The lower dislocation density at the higher
temperature 1s primarily responsible for the differences in r.,.j. for
the two irradiation temperatures.) Based on these calculated values,
the observed cavity radius of 2.5 nm could easily be less than r ,j.-
If this 1s true, the cavities would be growing by a gas-driven growth
mechanism.

In addition, these conclusions also gain support from compari-
sons of the average number of helium atoms, n, in each cavity and the

calculated number of helium atoms, required to stabilize the

Dags
observed cavities as equilibrium bubbles(Lt the two irradiation temper-
atures. The calculations involved in this comparison were discussed
previously in this section.

According to calculations using the HDEOS, in order for the
cavities at 850 K to be equilibrium bubbles, assuming the average cav-
ity diameter, ~1.] X 10° helium atoms must be contained in each cavity.
For the cavities at 970 K to be equilibrium bubbles, ~3.4 x 103 helium
atoms must be contained in each cavity. At 850 K, C, = 2.9 X 1019 m 3,
yielding, according to Eq. (6.1), n = 2.9 x 10° helium atoms/bubble.
At 970 K, C, = 6 X 1019 m‘3, ylelding n = 1.4 x 10° helium atoms/bubble.
Comparing these values to those calculated by the HDEQOS, less than 10%
of the implanted helium must be in the cavities observed at 970 K in
order for the cavities to be equilibrium bubbles. At 850 K, ~50% of
the implanted helium is required for equilibrium bubbles. Thus, it is
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more likely that the cavities are growing as bubbles at 970 K rather
than at 850 K.

Extending the above calculations to 785 and 875 K, it has also
been shown that the cavities at 785 K are likely to be growing by a
bias—-driven mechanism, while those at 875 K are likely to be gas bubbles.
This once again demonstrates the exaggerated effect that the surface
has on the developing microstructures at high irradiation temperatures

for ion bombardments.

Peak Swelling Temperatures — The peak swelling temperature of

673 K observed for the 1 dpa neutron-irradiated iron in this study
agrees well with the peak swelling temperature of 693 K reported by
Little and co-workers [43,44,46] for 30 dpa, neutron-irradiated iron.
Little and co-workers also report a second swelling peak at 783 K (23
dpa). However, it should be noted that the 30 dpa irradiation was not
performed for irradiation temperatures above ~730 K, and the 23 dpa
irradiation was not performed for irradiation temperatures below ~710 K.
The approximate location of the swelling peak reported for the 23 dpa
irradiation was 773 K, but in the current study the swelling at this
temperature was too small to be accurately measured. It is difficult
to draw any firm conclusions based on comparisons of these rather
limited data. A more detailed, high fluence study is required to
determine if two peak swelling temperatures actually occur in neutron-
irradiated irom.

In neutron-irradiated Fe—10% Cr, a peak swelling temperature of
693 K has been reported [43,44,46]1. This is ~150° lower than the peak
swelling temperature reported by this study for ion-irradiated Fe—10%
Cr. While this shift may be partially due to the higher concentration
of helium in the ion irradiation [141], it is probably primarily due to
the difference in the damage rates in the two types of irradiation.
This "reactor—accelerator” shift in the peak swelling temperature is
usually observed in comparisons of neutron and ion-irradiation results.

Cavity Morphology — The same crystallographic cavity shape was

found in the neutron and the ion-irradiated specimeuns containing
cavities. The observed cavity morphology, a truncated octahedron with

{111} facets and {100} truncations, is the morphology usually found in
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fece materials. Gelles [45] has reported a similar morphology for
neutron-irradiated iron-chromium alloys.

The expected morphology of bubbles is that which produces the
minimum surface energy, Y, for a specific volume. This shape is
derived from a Wolff construction. 1In bcc materials, the expected sur-
face energy relationship for the low-index planes is Y{110} € Y{100}
< Y¥{111}+ This surface energy relationship has been found, for example,
in molybdenum [131]. The expected and commonly observed morphology in
bce materials is a truncated 12-faced polyhedron with {110} facets and
{100} truncations. It is not considered unusual, however, to observe
cubic cavities with {100} sides. Expected cavity morphologies have
been reported twice for irradiated ferritic materials. Kulcinski et
al. [30] have reported "truncated octahedral” cavities with {110} faces
and {110} truncations (presumably this reported shape could also be
referred to as a 12-sided polyhedron with {110} faces) in neutron-
irradiated iron. Ohnuki et al., [57] have reported cubic cavities with
{100} faces in C' irradiated ironm.

The formation of truncated octahedral cavities with {111} faces
could be due to surface energy variations caused by impurities preferen-
tially segregating to a specific set of planes. Impurities have been
shown to affect cavity shape. For example, in fcc copper, bubbles with
{100} and {110} facets are reported for "clean" foils while bubbles
with {111} and {100} facets develop in regions exposed to oxygen [131].
This is consistent with preferential absorption of oxygen on the {111}
and {100} planes in copper. In the current study, measurements of the
surface energy ratio, Y{lll}/Y{IOO}’ from the cavity geometry in the
Fe-10% Cr specimens, indicated that v{yj1} = 0.77 Y{jo0} This obser-
vation of no {110} facets suggests that Y{110} 1s greater than both
Y{111} a4 Y{ip0}- Thus Y{33;} < Y{100} < Y{110} — exactly the oppo-
site of the expected surface energy relationship.

The unexpected shape could also be a result of non-equilibrium
conditions during cavity growth. Further experiments — e.g., post—
irradiation annealing — would show if the cavities have a non-

equilibrium shape, as suggested by this explanation.
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6.2 Swelling Suppression Mechanisms

In this section, the implications of the results of the current
study to proposed swelling mechanisms will be presented. The reader is
referred to Chapter 2 for a detailed summary of these mechanisms.

One of the predictions of the model proposed by Hayns and
Williams [72] 1is that the “"reactor—accelerator” shift in the peak
swelling temperature would be less for ferritic materials than the
usual 100 to 150° shift often observed. However, as discussed earlier,
a comparison of the peak swelling temperatures reported for ion-
irradiated (this study) and neutron-irradiated (Little and Stow [43,44])
Fe—107 Cr indicates a 150° shift. Therefore, on the basis of the model
of Hayns and Williams, this large temperature shift would suggest that
the lower swelling observed in ferritic materials 1s not entirely due
to point defect trapping at solute atoms.

Little [73] has considered the effects of the interactions of
impurity solutes with both the point defects and the dislocations in
his model. Many of the features of the damage microstructures observed
in this study suggest that impurity or Cottrell atmospheres at disloca-
tions influence the damage evolution., 1In the neutron~irradiated irom,
the effects of impurities on the microstructural development by trap-
ping of point defects and segregation to defect clusters is particular-
ly evident — probably due to the longer irradiation times at elevated
temperatures required for the neutron irradiations as compared to the
ion irradiations. Since the concentration of metallic impurities is
low, the observed effects are considered most likely to be due to car-
bon. Clustering of defects at pre-irradiation dislocation segments
observed for irradiation temperatures of 455 to 523 K 1is probably
related to the presence of Cottrell atmospheres at the dislocations.
At 548 and 573 K, the higher concentration of loop clusters found at
dislocations 1is probably also related to these impurity clouds. The
observation of dislocation loops intersecting the foil surfaces, also
observed in the ilon-irradiation experiments, could be the result of
pinning by Cottrell atmospheres, although, as discussed earlier, other

explanations are possible. 1In addition, for irradiation temperatures
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of 723 K or higher, small precipitates were found in the center of the
dislocation loops and on voids. In the ion-irradiation experiments,
impurity segregation could also be partially responsible for the growth
of convoluted dislocation loops. Finally, as also discussed earlier,
variations in the surface energies due to segregation could be the
reason for the observed cavity shape.

The last model, that of Little et al. [47] (also presented by
Bullough et al, [48]), requires a high pre-irradiation dislocation net-
work and 1is, therefore, not directly applicable to the current
investigation. Some features of this model have, however, been incor-
porated in the damage evolution model presented in the next section of

this chapter.

6.3 Damage Evolution

The evolution of the damage microstructures with increasing
fluence in ion-irradiated Fe— 107 Cr can be summarized briefly as

follows:

Interstitial loops with b = al00> were dominant in the
dislocation wmicrostructure from 0.3 to 3 dpa. The loop
size 1increased and the concentration decreased with
increasing fluence. At 1 and 3 dpa, the loops had a coun-
voluted shape. At 3 dpa, round, interstitial loops with b
= af2<111> loops were also observed. The a/2<111> loops
were observed to interact with the a<{l00> loops to form
network segments with b = a/2<111>. Cavities were first
observed at 3 dpa. At 10 to 100 dpa, a coarse distribu-
tion of network segments was found along with an increasing
concentration of round loops with b = a/2<111> (assumed to
be interstitial). The loop diameter decreased and the
concentration increased with increasing fluence. The
cavity diameter increased and the concentration decreased
slightly from 3 to 10 dpa. From 10 to 30 dpa, the cavity
concentration increased and the average cavity diameter
decreased. A bimodal cavity size distribution was
observed at 30 and 100 dpa. Between 30 and 100 dpa, the
cavity concentration decreased, but the average cavity
diameter increased by more than a factor of 3, resulting
in a dramatic increase in the swelling.
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In order to explain this behavior, the following sequence of
events for the damage evolution is suggested. 1In the early stages of
damage, both types of interstitial loops, those with b = a<100> and
those with b = a/2<111>, are nucleated prior to cavity formation. As
proposed by Eyre and Bullough [71], many more a/2<111> loops are nucle-
ated than a<l100> loops. However, as suggested by Little and co-workers
[47 ,48], the a<l00> loops act as a biased sink for interstitials and
the a/2<111> loops act as relatively neutral sinks and absorb the
excess vacancles early in the irradiation. The a<l00> loops grow with
continued irradiation while the a/2<111> loops shrink. As the a/2<111>
loops are annihilated, reducing the number of vacancy sinks, a vacancy
supersaturation develops. Eventually, small cavities are nucleated,
providing a new sink for the vacancies. Then the remaining a/2<111>
loops start to grow from interstitial absorption. Thus, cavities and
a/2<111> interstitial loops are observed at approximately the same time
during the irradiation. 1In addition, more a<l00> loops are observed
than a/2<111> loops since the majority of the a/2<111> loops disappear
due to vacancy absorption. Most of the helium injected during this
phase of the irradiation would be partitioned to the loops and form
small clusters of helium atoms,

When the loops are large enough, dislocation network segments
with b = a/2<{111> develop from the interaction of a<l00> loops and the
appropriate a/2<111> loops. Segments with b = ac<l100>, remnants of the
a<100> loops and from the interactions of a<i00> loops, would also be
found in the network. In addition, a few loops would probably be
retained in the structure. 1t is difficult to conceive of a reasonable
dislocation interaction involving loops with only b = a<100> which
yields segments with b = a/2<111>. In many of the reported investiga-
tions of irradiated iron, only a<l00> interstitial loops have been
observed. The current study suggests that, in order to form a network
from these loops, either a reasonable pre-irradiation dislocation (b =
a<l111>) density would have to exist or, a/2<111> loops would have to be
present (and not observed) or develop at higher fluences.

While the dislocation network is evolving, the cavities grow

quickly, probably by a bias~driven growth mechanism. After the
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dislocation network is formed, however, the segments continue to interact
with many of the segments being anunihilated, causing a decrease in the
dislocation density. During the early part of the irradiation, small
clusters of helium atoms formed along the dislocations due to parti-
tioning of helium. When the dislocation segments are annihilated,
these clusters become active cavity nuclei. As these small nuclei
grow, a bimodal cavity size distribution develops. However, since the
lower density of dislocations increases the number of interstitials
available for recombination with vacancies, the cavity growth is slower
than the cavity growth with the higher dislocation densities present in
the earlier stages of dislocation development. Impurity clouds at the
dislocations could also reduce their ability to absorb interstitials.
As the interstitials continue to flow toward the dislocations without
being removed at the dislocations, a high density of interstitials
could develop — encouraging the renucleation of interstitial disloca-
tion loops. TImpurity segregation at grain boundaries could similarly
result in nucleation of loops near the boundaries. Once again, many
more af2<111> loops are nucleated than a<100> loops. However, with the
cavities available to absorb vacancies, both types of loops will grow
at this point in the irradiation. Thus, with increasing fluence, an
increasing number of a/2<111> loops would be observed. Since the loops
would not nucleate simultaneously throughout the specimen, the number
of dislocation loops would increase with fluence (as expected), but the
average loop diameter could decrease with increasing fluence until the
loop nucleation ends. With the introduction of these interstitial
sinks, the cavity growth rate would increase. As the cavities grow,
their concentration could decrease if cavities coalesce through
impingement during their growth. The swelling rate could also be
enhanced with increasing fluence if the mode of cavity growth were sur-
face controlled rather than diffusion controlled, With dislocations as
the dominant sink, for surface-controlled cavity growth the swelling is
porportional to (fluence)3 while for diffusion-controlled cavity growth
the swelling is proportional to (fluence)3/2 [142].

The above mechanism presents one possible explanation for the

damage evolution sequence observed in this investigation. As in the
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swelling suppression model proposed by Little and co-workers [47,48],
it depends on the dislocation loops with b a/2<111> acting as vacancy
sinks early in the irradiation. In addition, it proposes that
renucleation of interstitial loops and/or surface-controlled cavity
growth are responsible for the dramatic increase in the swelling
observed between 30 and 100 dpa. Both of these proposals require
further study to determine if they are wvalid.
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CHAPTER 7
SUMMARY

This investigation of the microstructural aspects of radiation
damage in neutron-irradiated (ORR) iron and triple-~beam (Fett, pet, Dg)
ion-irradiated iron, Fe-5% Cr, and Fe—10% Cr has shown:

1. A comparison of the experimental damage-depth profile for
ion-irradiated iron to the deposited energy and deposited ion profiles
calculated by the E-DEP-1 code indicated a possible overestimate of the
LSS stopping power of at least 22%.

2. Based on this experimental damage~depth profile, a sec-—
tioning depth of 0.9 um was selected for studies of iron and bee iron
alloys irradiated with a triple beam of energetic Fett (4 Mev), He',
and Dg.

3. The dislocation microstructures coarsen with increasing
irradiation temperature. In neutron-irradiated (~1 dpa) iron, the
structure developed from decorated dislocations (T; = 455 to 523 K),
through clusters of loops (Ty = 548 and 573 K), to loops and network
segments (Tp = 623 to 773 K). In triple~beam ion-irradiated (10 dpa)
Fe—-10% Cr, the structure developed from small, regularly shaped loops
(Ty ~ 725 K), through convoluted loops (Ty = 765 to 800 K), to a coarse
distribution of network segments (T; ~ 850 K). At higher irradiation
temperatures, a rapid decrease in the dislocation density to pre-
irradiation levels was observed for both types of irradiation. The
predominant type of dislocation loop observed was interstitial with
b = a<100> and near-edge character.

4, FExtensive cavity formation was observed for irradiation tem~—
peratures of 548 to 723 K in neutron-irradiated iron with homogeneous
distributions only at 623 and 673 K. At 548 and 573 K, the cavities
were found only in association with clusters of dislocation loops. The
maximum swelling of ~0.07%Z occurred at 623 and 673 XK. Only one

swelling peak was found.
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5. In triple-beam ion-irradiated Fe— 10% Cr, cavities were .
observed for irradiation temperatures of 785 K and above, except at 803
K. The peak swelling of ~0.02% occurred at 850 K — 150° higher than
the reported peak swelling temperature for neutron-irradiated Fe—10% Cr.
The cavities observed at 850 K were about a factor of 4 larger than
those observed at irradiation temperatures of 875 K and higher. It
appears that the cavities at 850 K were growing by a bias-driven growth
mechanism while those at the higher irradiation temperatures were
growing by a gas—driven growth mechanism. This conclusion is supported
by calculations of the critical cavity radius for bias~driven growth
using a rate theory approach and by calculations of the number of
helium atoms required for an equilibrium gas bubble using a high den-
sity equation of state (a bubble radius equal to the observed average
cavity radius at the corresponding irradiation temperatures was
assumed) .

6. Damage halos centered at B,C precipitates were observed in
neutron-irradiated iron. These halos result from 10B(n,a)7Li reactions.

7. In the study of the evolution of the damage microstructure
in triple-beam ion-irradiated Fe—-10% Cr (850 K), the dislocation micro-
structures developed from regularly shaped, small, interstitial, near-
edge loops with b = a<100> (0.3 dpa), through convoluted, larger
interstitial loops with b = a<100> (1 dpa), to dislocation segments
(b = a<100> and b = a/2<111> together with convoluted loops (b = a<100>)
and round, large interstitial loops with b = a/2<111> (3 dpa).
Cavities were first observed at 3 dpa. At 10 to 100 dpa, a coarse net-
work of dislocation segments was observed together with round,
interstitial loops with b = a/2<111>. The concentration of a/2<11l>
loops increased and the average loop diameter decreased with increasing
fluence from 10 to 100 dpa. Between 30 and 100 dpa, the average cavity
diameter and the swelling increased dramatically. Calculations of the
critical radius for bias-driven growth indicated that a shift to bias-
driven growth is probably not responsible for this rapid cavity growth.
A possible mechanism was proposed to account for the observed damage

evolution.




141

. 8. The damage microstructures observed in this study differ
significantly from the structures observed in other bec materials. For
example:

® While similar to the "rafts” of small dislocations loops
observed in other neutron-irradiated bcc materials, the
clusters of loops in neutron-irradiated iron were unlike
the "rafts” in that they contained loops with dissimilar
Burgers vectors, were not planar, and contained inter-
stitial loops with b = a<l100>.

® Interstitial dislocation loops in other irradiated bce
materials have predominantly a/2<111> Burgers vectors

while those in iron, Fe—5% Cr, and Fe—~10% Cr have pre-
dominantly a<100> Burgers vectors.

® The cavity shape observed in irradiated iron and Fe—
10%2 Cr, a truncated octahedron with {111} facets and
{100} truncations, is not observed in other irradiated
bce materials.

9. The observed swelling in both the neutron and ion irradia-
tion experiments was much lower than that found in many equivalently
irradiated fcc and refractory bec materials.

10. A higher concentration of smaller cavities was observed in
triple-beam (Fett, mHet, and ﬁ;) ion-irradiated Fe—]10% Cr than in single
ion (Fett) irradiated Fe—-10% Cr (850 K, 30 dpa).

11. At 850 K and 10 dpa, the swelling was an order of magnitude
lower in triple-beam ion-irradiated Fe—10% Cr than in iron. No cavity
formation was observed in similarly irradiated Fe-5% Cr.

12. The observations suggest a strong effect of impurities upon
the microstructural development due to trapping and segregation.

Further study 1is required before a comprehensive mechanism for
radiation damage in ferritic alloys can be developed. Many questions
remain unanswered as a result of this investigation. Of particular
interest 1s the damage evolution between 30 and 100 dpa in ion-
irradiated Fe—10% Cr. A series of irradiations between 30 and 100 dpa
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would provide a clearer picture of the reasons for the observed rapid
cavity growth and the dislocation evolution. With the observed swelling
of ~2.5% at 100 dpa, the question arises as to the possibility that
extremely high swelling could be obtained at higher damage levels.

Analyses of the geometry of the small dislocation loops in low
temperature, neutron-irradiated iron would also facilitate understand-
ing of the dislocation evolution processes 1in iron.

Additional experiments to determine why the observed cavity
morphology is a truncated octahedron with {111} facets and {100} trunca-
tions are necessary. Annealing of cavity-containing specimens would be
expected to yleld the equilibrium cavity shape. If the cavity morphol-
ogy did not change upon annealing, solute segregation effects on the
surface energies would need to be investigated.

Further studies of the effects of chromium on the damage micro-
structures are also of interest. The reasons for swelling suppression
in ion-irradiated Fe—5% Cr at the peak swelling temperature for Fe—10%
Cr, 850 K, are not known. A survey of specimens of Fe—57 Cr for a
range of irradiation temperatures would determine if the cavity for-
mation in Fe—57 Cr has a different temperature dependence than Fe—107%
Cr — i.,e., if Fe—57 Cr swells appreciably at temperatures other than
850 K.

From the damage-depth profile for ion-irradiated iron, several
unanswered questions arise. Foremost 1is the cause of the dislocation
loop band at 2.8 um from the interface. Study of low temperature and
low dose, single-ion (4 MeV Fett) damage profiles should provide some
insight into this phenomenon,

In conclusion, this study has investigated several of the funda-
mental aspects of radiation damage in ferritic materials. A damage
evolution sequence was proposed which accounts for the observed damage
development in Fe—10% Cr. The reported microstructural features should
provide direction and aid in the microstructural analyses for future

studies of the damage in irradiated ferritic alloys.
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APPENDIX A
EXPERIMENTAL DETAILS — ORR NEUTRON IRRADIATION OF IRON

The information presented in this appendix was primarily pro-
vided by Dr. K. Farrell of Qak Ridge National Laboratory. Dr. Farrell,
J. W. Woods, and W. W. Davis, all of ORNL, were responsible for the
planning and assembly of ORR-228, the experiment in wﬁich the iron
specimens examined in the current investigation were irradiated.
J. Houston was responsible for both the final specimen preparation for
the experiment and the electropolishing of the irradiated specimens for

TEM examinations.
A.l1 Specimen Preparation

The starting material for the specimens used in this experiment
was commercially obtained FerroVac-E iron rod (Lot 167). Prior to
rolling into a 0.5 mm thick sheet, the iron was two-pass zone refined
in a 1.3 uPa (107 torr) vacuum by the staff of the Solid State
Division at ORNL. Chemical analysis of two-pass zone refined FerroVac
E iron in wt ppm (99.94% Fe) is shown as follows:

C 30 Bi 1 K <1 S 15
H 7 Br 1 Mg <5 si 90
N 4 Ca 20 Mn 3 Ta 1
0 8 cl 60 Na 10 Ti 0.3
Al 75 Cr 3 Nb <1 Vv 1
As 0.4 Cu 5 Ni 180 W 3
B 2 P 5 ZIn <1

Disk specimens, 3 mm diameter, were mechanically punched from the
sheet, deburred, given a rough mechanical polish and ultrasonically
cleaned prior to annealing for one hour at 1023 K (750°C) in a <1 mPa

(< 10™° torr) vacuum.
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A.2 ORR — Specimen Loading and Assembly Detaills

The iron disks together with disks of other materials to be irra-
diated in ORR Run 228 were loaded into thin-walled stainless steel tubes
with a thick plug welded to one end. Fifty to one hundred twenty speci-
mens were stacked into each of a total of 39 of these capsules. Prior
to final sealing with a thick plug of stainless steel, the capsules
were evacuated and filled with helium. The plugs at both ends of the
capsule had a deep indentation for thermocouple attachment. Previous
experiments had determined that the temperature over the length of the
capsule varied by only a few degrees.

The stainless steel capsules were placed into aluminum sleeves
which were wound with a heating coil of electrical resistance heating
wire (nickel-chromium alloy). There was one stainless steel capsule
per aluminum sleeve except where high temperatures were desired. Then,
up to three capsules were placed into one large-~diameter aluminum sleeve
to take maximum advantage of the ‘y-heating.

The partially completed test assembly is shown in Figure A.l.
Referring to this figure, it can be seen that the aluminum sleeves
(labeled A) were welded at six levels to a large central aluminum tube
(labeled B) in a radial configuration by aluminum bars of various sizes
(labeled C). 1In ORR 228, level 1 contained 8 capsules; levels 2,3, and
4 contained 7 capsules/level; level 5 contained 3 capsules; and level 6
contained 2 aluminum sleeves with 3 capsules per sleeve.

The central aluminum tube was filled with flowing cold water for
removing heat generated by y-heating. Sufficient cooling was provided
to reduce the temperature to below that desired for each capsules. The
amount of Y-heating removed depended on the size and length of the alum—
inum connecting bars and the location of the capsule relative to the in-
let water in the central aluminum tube. For example, the lowest temper-
ature capsules were in level 1, on the water inlet end of the central tube,
connected to the central tube with a short, thick aluminum bar. Elec-
trical heat was supplied by the heating coils to maintain each capsule

at the desired irradiation temperature. The temperature of each capsule

was monitored and controlled via thermocouples attached to the capsules. .



Figure A.1. Partially completed test assembly for ORR 228.
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In order to monitor the neutron flux during the irradiation,
flux monitors were placed at strategic points on the assembly outside
the heating coils. In Figure A.2, which shows the completed test
assembly, the visible flux monitors are marked by arrows. The flux
monitors were stainless steel envelopes containing preweighed dosime-
ters of Al-0.1% Co, Al~0.15% Ag, and natural iron. Fourteen flux moni-
tors were used in ORR-228. Seven were in various locations along the
length of the assembly in the SE (southeast) position. The reference
for the directions used in the ORR reactor experiments is shown in
Figure A.3. Two monitors were just above (water inlet side) level 1 in
the NE-N and SW-W positions. The same positions were occupied by moni-
tors just below (water exit side) level 6. The remaining monitors were
in the N-NE, E~-NE, and SW-W positions between levels 3 and 4.

Dimensionally, the final assembly was ~400 mm long and ~110 mm

across the diagonal of a roughly rectangular cross section.

A.3 Irradiation Details Including Calculations of dpa and Concentra-
tions of Helium and Hydrogen

The assembly shown in Figure A.2 was loaded into ORR position
B-8 on October 24, 1973. The core configuration during the irradiation
is shown in Figure A.3. The experiment ran in ORR from cycle 115-B
through cycle 117-A for a total exposure of 3089.1 megawatt days. The
total fast (0.1 MeV) and thermal (2200 m/s) fluences for each capsule
position were derived graphically by Dr. Farrell from the fluences
measured at the 14 flux monitor sites. '

Table A.1 contalns the irradiation temperatures, fluences, dpa,
and helium and hydrogen concentrations for the ORR-228 capsules which
contained iron specimens. The dpa and concentrations of helium and
hydrogen were calculated using the inaividual capsule fluxes and the
information available in the tables from Gabriel, Bishop and Wiffen
[1]. 1In these tables, the dpa, helium, and hydrogen production per
unit total fluence for various materials are presented as a function of
position relative to the horizontal assembly midplane for ORR position
C-3. In order to apply these data to the iron dirradiated in position

B-8, the following procedure was used:




Figure A.2. Completed ORR
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Figure A.3. ORR core configuration and reference directions for ORR-
228. The test assembly is located at position B-8. F = fuel element;
Be = beryllium reflector; Expt = experimental capsule; HT = hydraulic
tube.

Table A.1l. Irradiation parameters for the capsules containing
iron specimens in ORR-228

Fluence, 1025 Concen~—
Capsule Location qepjserature neutrons/m2 dpa  tration
Position/ __ _(at. ppm)
Level ( K) (°C) Total Fast Thermal He H
1 N1 455 (182) 3.65 1.13 1.16 0.84 2.3 4.3
7 Wl 493 (220) 3.65 1.13 1.16 0.84 2.3 4.3
6 SW1 523 (250) 4.26 1.17 1.21 0.87 2.3 4.4
3 El 548 (275) 4.00 1.29 1.19 0.96 2.3 4.9
8 NW1 573 (300) 3.65 1.05 1.14 0.7 2.3 4.0
15 W2 623 (350) 3.70 1.18 1.17 0.88 2.3 4.5
10 NE2 673 (400) 3.70 1.32 1.20 0.98 2.3 5.0
17 NE3 723 (450) 3.50 1.26 1.15 0.94 2.3 4.8
29 Wa 773 (500) 3.27 1.02 1.03 0.74 2.3 3.9
35 NE6 923 (650) 2.25 0.69 0.75 0.51 2.2 2.6
32 SW5 1013 (740) 3.35 0.87 0.95 0.64 2.2 3.3
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1. In calculating the dpa, the fast neutrons are of primary
interest. Therefore, the value for the dpa/unit total fluence for iron
found in the tables [1] was multiplied by 2.8, the ratio of the total
fluence to the fast fluence for position C-3., (Note: all fluences
have dimensions of neutron m™2,) As these values for the dpa/unit fast
fluence varied by less than 10% over the length of the assembly, a
single average value of 7.45 x 10726 dpa/unit fast fluence was used in
the dpa calculations. Multiplying this average value by the fast
fluence for a capsule in the B-8 position yields the dpa for the B-8

capsule. In equation form this can be expressed as:

dpa X (fast fluence)B_

dpa J % {total fluence
C-3 8

unit total fluence fast fluence c-3

it

7.45 x 1072% dpa/unit fast fluence x (fast fluence)B_8 . (A.1)

Variations in the dpa due to the impurities in the iron were assumed to

be negligible.

2. The impurities found in the iron specimens which would
contribute significantly to the helium production through thermal
neutrons are °SNi and 19B. Production due to the other impurities was
assumed to be negligible for both helium and hydrogen.

The helium and hydrogen production from the iron was calculated
with an equation similar to equation A.l1. The helium at. ppm/unit
total fluence and hydrogen at. ppm/unit total fluence from the tables
were substituted for the dpa/unit total fluence in calculating the
helium and hydrogen concentrations, respectively. Since the nickel and
boron impurities make up approximately 182 wt ppm of the specimen, the
resulting concentrations of helium and hydrogen (CHe and CH) from the
iron calculation should be multiplied by ~0.9998 — a negligible

correction. The final equations were:

Che(at. ppm)
= (2,20 x 1072° at, ppm He/unit fast fluence) x (fast fluence)p_g,

(A.2)
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Cy(at. ppm)
= (3.78 x 10725 at, ppm H/unit fast fluence) x (fast fluence)p.g
(A03)

The contribution of nickel to the helium production is due to
the 58Ni which makes up 67 .88% of naturally occurring nickel. The con-
centration of 38yi (C58Ni)’ assuming the total atomic weight of the

specimen 1is approximately that of iron, is given hy:

CsgNi (at. ppm) = 0:6788) (vt ppm Ni)(at. wt Fe)
at. wt of Ni

_ €0.6788)(180)(55.84) _
58.70

116  (A.4)

The transmutation reaction occurs as a two-step process:
58Ni + ln » S9yi

SONi + ln > SPpe + “He (A.5)

The helium produced by 98Ni for the ORR-228 thermal fluence of ~1
x 102 neutrons/m?)540¢ m/s 18 2.8 x 107° atoms He/initial atom of °8Ni
[143]. Or, for 116 at. ppm 58Ni, a contribution of <0.004 at. ppm — a
negligible amount.

Due to 1ts 1large cross section for thermal neutron capture,
essentially all of the !9B in the specimen is converted to helium
within the ORR-228 thermal fluences [144]. 108 makes up 19.78% of
naturally occurring boron. The contribution of the boron to the helium

concentration (Cge) is glven by:

Cye (at. ppm) = CloB (at. ppm)

_ (0.1978)(wt ppm B)(at. wt Fe) = (0.1978)(2)(55.84)
at. wt B (10.81)

= 2,04 . (A.6)

The majority of the helium produced during the irradiation is from the

boron, only about 10% 1is from the iron.
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A.4 TEM Specimen Preparation

The neutron-irradiated iron specimens were electropolished using
the two-step semiautomatic method developed by DuBose and Stiegler
[145,146] .

In the first step, the specimen was "dimpled” on both sides using
an electrolytic jet technique. The electrolyte was A-2, a solution con-
sisting of 700 mf ethyl alcohol, 100 m& butylcellusolve, 125 mi dis-
tilled water and 78 m& perchloric acid., The polishing was performed at
room temperature with a current of ~180 mA.

Final ©polishing was performed in a standard electrolytic
polishing cell equipped with a fiber—-optics light source and sensitive
photocell to detect perforation of the dimpled region of the specimen.
Activation of the photocell stopped the polishing action. The electro-
lyte was A-2, as described above. The polishing was performed at ~268
K (=5°C) with a current of 200—300 mA.
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APPENDIX B

ELECTRON MICROSCOPY PROCEDURES

The majority of the electron microscopy for this investigation
was performed with a JEM 120C transmission electron microscope (TEM)
equipped with a special objective lens pole-piece for the observation
of magnetic materials, referred to as the AMG. With this pole-piece,
as shown in Figure B.l, the magnetic field at the specimen position is
less than 3.4 Gauss [147,148]. With the AMG installed in a JEM 120C
TEM, the minimum selected area diffraction (SAD) camera length (c.l.)
is 620 mm, the maximum selected area magnification (SAM) is 22,000x,
and the maximum magnification (MAG mode) is 80,000x. The point resolu-
tion is better than 1 mm [147]. With the AMG, extensive tilting
experiments, such as Burgers vector analyses, could be performed uti-
lizing a double-tilt specimen stage.

Limited examinations using an Hitachi 1 Mv high-voltage electron
microscope (HVEM) and a JEM 120C TEM or JEM 120CX analytical electron
microscope (AEM) were also performed when required. The HVEM was used
for observations of coarse defect distributions. Due to the design of
the Gatan stages for the HVEM, insertion of the double-tilt stage
loaded with a magnetic specimen into the objective lens field caused
the gimbal to rotate such that the specimen surface was parallel to the
electron beam. Tilting of the specimen could not compensate for this
rotation, eliminating the possibility of doing double-tilt experiments.

For defect distributions requiring high resolution of magnifica-
tions greater than 80,000x, the JEM 120C or 120CX was used with the
standard objective lens pole-piece installed. Only small angles of
specimen tilt were possible with this pole-piece. The amount of tilt
possible before good images could no longer be obtained (due to uncor-
rectable beam deflection or beam tilt, and/or image astigmatism) varied
from specimen to specimen.

In addition to the standard TEM examinations, some analytical
microscopy was also performed. The JEM 120CX AEM and a Philips 400T
AEM (120 kv, Field Emission Gun) were used for these studies. Both
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Figure B.l. The magnetic field distribution curve with a cross section
of the AMG objective lens pole~piece. After ref. [148].
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microscopes are equipped for scanning transmission electron microscopy
(STEM), energy dispersive x-ray spectroscopy (EDS), and electron energy
loss spectroscopy (EELS). The JEM 120CX AEM is equipped with a Kevex
EDS detector/cryostat and the Philips 400T/FEG AEM is equipped with an
Edax EDS detector/cryostat, Both systems are interfaced through a
Kevex 5100 multichannel analyzer (MCA) to a PDP-11/34 computer and
peripherals. Both microscopes were optimized for =x-ray microanalysis
according to the procedures outlined by Bentley et al. [149]. Beryl-
lium specimen stages were used, Standard operating procedures were
followed (see, for example, ref. [150]). Large specimen tilt angles
are required to obtain EDS spectra with these systems, e.g., for the
120CX the specimen is tilted to 45° to both the electron beam and the
detector. Therefore, the quality of the image was usually poor for the
magnetic specimens. Because of the poor images, it was difficult to
identify the areas of the specimens for which EDS analysis was desired
after the specimen was tilted to the required angle.

Energy loss spectra were obtained using a symmetrical, double-
focusing 90° magnetic sector spectrometer, designed by N. J. Zaluzec
[151] and built at Oak Ridge National Laboratory. In this study, the
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EELS system interfaced to the JEM 120CX AEM was employed. Intensities
were recorded by pulse counting from a photomultiplier tube detector and
data were stored in a Kevex 5100 MCA interfaced to a PDP-11/34 computer
and peripherals. The microscope was operated in the STEM mode with
specimen areas selected using shadow images in the disks of the conver-
gent beam electron diffraction pattern, The incident beam divergence
was ~3 mrad and the collection angle at the specimen was ~7 mrad.
Specimens were cooled to <220 K in a single~tilt cooling holder in
order to minimize hydrocarbon contamination. Typically, spectra were
recorded at 30 to 100 ms/eV with a resolution of ~6 eV.

B.l Calibration of the JEM 120C — AMG

Magnification and rotation calibration experiments were per-
formed to characterize the AMG pole-piece. For the magnification cali-
bration, a standard calibration grid with 2160 lines/mm (0.463 um
spacing) was used. The actual magnifications, as calculated from the
measured line spacing, are listed with the indicated magnifications and
the objective lens current in Table B.1 for the MAG, SAM, and SCAN modes,

For the rotation calibration, an Al—3.8% Cu foil containing 8~
precipitates was used, 1In order to determine the diffraction rotation
relative to the image, the image and the SAD pattern were superimposed
on a single negative. Diffracting conditions were selected such that
the diffracting vector, g, was [200] and the beam direction, z, was not
near a low index pole. Since the 6” precipitates lie on {100}, for
these diffracting conditions, [100] 1is perpendicular to the precipi~-
tates with an edge-on orientation. The SAD/image rotation is the angle
between the [200] direction on the SAD pattern and the perpendicular to
these precipitates. Table B.2 lists the rotation angles required to
move the [200] direction on the SAD to the direction of the precipitate
normal on the image for magnifications within the SAM mode. The angles
in Table B.2 marked with an asterisk (*) were calculated from the rela-
tive diffraction rotations listed in Table B.3. 1In this table, the
angles listed are those required to rotate the [200] on the lower
camera length SAD pattern to the [200] on the higher camera length SAD
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Table B.1. Magnification calibration for the JEM 120C
with the AMG objective lens pole-piece

Listed Actual Objective
Magnification Magnification Lens
(103 x) (103 x) Current
(amperes)
SAM
22 27 . 0.7396
17 20 .9 0.7390
12 15.5 0.7389
9.4 12.0 0.7389
7.2 9.88 0.7389
6.0 8.47 0.7389
5.0 6.81 0.7389
3.6 5.53 0.7389
2.6 2.59 0.7389
2.0 1.85 0.7389
1.3 1.77 0.7389
SCAN
0.63 0.63 0.6444
MAG
86 99 .6 0.7258
54 69 .6 0.7289
44 57.1 0.7313
33 39.5 0.7096
22 27 .4 0.7100
17 19.6 0.7104
12 14.2 0.7244
9.4 11.5 0.7267
7.2 8.76 0.7287
6.0 7442 0.7309
5.0 5.99 0.7329
3.6 4 .57 0.7370
3.0 3.90 0.7370
2.6 2.66 0.6875
2.0 2.02 0.6733
1.3 1.31 0.6500
1.0 1.01 0.6442
0.76 0.79 0.6442
0.63 0.67 0.6445
0.51 0.51 0.6445
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Table B.2. SAD/image rotation calibration for the JEM 120C
. with the AMG objective lens pole-plece
Angles listed are the rotations of the SAD
required to make it colinear with the image
+ = cwy; — = cow
Measured on enlargements printed emulsion "up”
* jindicates calculated rotatioms

Camera Length 62 135 185 295
Indicated
Magnification
(103 x)
SAM
22 +16.3  +39.9 —62.6 —56 .0
17 +32.5  +56.1%  —46.5% —40.1%*
12 +44.9  +68.5%  —34.1% —27.7*
9.4 +53.0  +76.2 —25.4 ~19.4
7.2 +56.8  +80.4%  —22,2%  —15.8*
6.0 +58.9  +82.5%  —20.1* —13.7F
5 +62.5  +86.5 —~17.1 —10.5
3.6 +64.5  +88.5%  —15.1% —8.5%
2.6 —48.9  —25.3% —127.9% —121.5%
2.0 —41.9 ——18,;3* —120 .9: ~114 .5:
1.3 —28.6  —50 —107 .6* —101.2

Table B.3. SAD rotation calibration for the JEM 120C
with the AMG objective lens pole-pilece
Angles listed are the rotatioms of the lower camera length SAD
required to make it colinear with the higher camera length SAD
+ = cwy; — = cow
Measured on enlargements printed emulsion ™up”

Camera Length 62 135 185 295
(cm)
62 -
135 —23.6 -
185 +79 .0 +102.6 -
295 +72.6 +96 .2 -6 o -
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pattern., Similarly, Table B.4 lists the relative image rotation angles.
In this table, the angles listed are the angles required to rotate the
direction of the precipitate normal on the lower magnification image to
the direction of the precipitate normal on the higher magnification
image. 1In Tables B.2—B.4, "+" indicates a clockwise rotation and "
indicates a counterclockwise rotation. It is important to note that
these angles were measured from photographic enlargements printed with
the negative emulsion "up” — i.e., prints same as the image on the
microscope viewing screen. If these rotation calibrations were used
for micrographs printed with the negative emulsion "down," the direc-

tion of the rotations would be the opposite of that listed.

Table B.4. Image rotation calibration for the JEM 120C
with the AMG objective lens pole-piece
Angles listed are the rotations of the lower magnification image
required to make it colinear with the higher magnification image
+ = cwW; — = Cccw
Measured on enlargements printed emulsion "up”

Indicated
Magnifi- 22 17 12 9.4 7.2 6.0 5.0 3.6 2.6
cation
(10% x,
SAM)
22 —
17 —16.2 —
12 —28.6 —12.4 —
9.4 ""‘36 07 ""20-5 —8.1 —
7.2 —40.5 —24.3 -—-11.9 —3.8 —
6.0 —42.6 —26.4 —14.0 —5.9 ~2e¢l =
5.0 —46.2 —30.0 —17.6 —9.3 —~5.7 3.6 -
3.6 —48.2 —32.0 —19.6 —115 ~7sl 5.6 —2 .0 ——
2.6 +65.2 +8l1.4 +93.8 +101.9 +105.7 +107.8 +111.4 +113.4 -

B.2 Microscopy Procedures for Magnetic Specimens

In this section, adaptations of the standard microscopy proce-
dures required for examination of magnetic specimens with TEM will be
presented. No special procedures were required for the HVEM examina-
tions. Emphasis is placed on the use of the JEM 120C/AMG TEM.
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B.2.1 Microscope alignment

The standard alignment procedures for the wmicroscopes were

followed using non-magnetic specimens. It was especially important to

align the beam deflector coils with the condenser alignment : wobbler
controls. In addition, the objective lens current center was aligned
with the "dark-field” condenser alignment controls.

After the AMG pole-piece was installed in the JEM 120C, the
alignment of the image forming system required large mechanical adjust-
ments of the intermediate lens and the projector lens. It was often
necessary to repeat the alignment of the Image forming system after the

objective lens current center was aligned.

B.2.2 Specimen loading and stage insertion

Great care in specimen loading was essential in order to prevent
the loss of magnetic specimens within the microscope. With the regular
objective lens pole-piece, silver paint was applied over the spring
clip to help hold the specimen in the gimbal of the double-tilt stage.
{(No gimbals with screw-in caps were avallable.) Silver paint was
applied around the specimen edges when the single-tilt stage was used.
With the AMG, no silver paint was necessary.

While inserting or removing the specimen stages, it was neces~
sary to have the objective lens off. This precaution also applied when
the AMG pole~piece was installed. For the JEM 120C and 120CX micro-
scopes, the objective lens is off in the LOW MAG mode.

B.2.3 Eucentric height : magnetic specimens

Because of the image sweep assoclated with tilting a magnetic
specimen, it is difficult to set the eucentric height. Traditionally,
for ferromagnetic specimens, the eucentric height 1is set at the posi-
tion that the direction of the iImage sweep changes. However, when
using this method, it 1s quite easy for the specimens to be pulled from
the specimen stage due to the abrupt tilting required. To avoid this

problem, the procedure described below was used for this study.
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Before a magnetic specimen was inserted into the microscope, the
eucentric height was set using a non-magnetic specimen. After setting
the eucentric height, the specimen was focused at SAM 22 and the
current alignment checked using the "dark-field” condenser alignment
controls. Now, the magnetic specimen was inserted into the microscope
(using a LOW MAG mode, as discussed previously). The magnification was
gradually increased to SAM 22 — with no attempts to focus the specimen,
In order to set the eucentric height, the specimen focus was then

corrected with the eucentric height control knob.

B.2.4 Specimen tilting procedures : magnetic specimens

In order to correct the current center after tilting even a few
degrees, all “"bright-field” microscopy of magnetic specimens was per-—
formed using the “dark-field” condenser alignment controls. For the
JEM 120C and 120CX microscopes, the "dark-field" controls allow 6° of
beam tilt while the "bright-field"” controls allow less than 1° of tilt
{152} . While operating the microscope in this manner, centered dark-
field microscopy was very difficult. This problem was eliminated with
the installation of a second set of "dark-field” controls on the JEM
120C.

When tilting a magnetic specimen, the electron beam could move a
significant amount. This movement was minimized with the AMG pole-
piece. With each specimen tilt, the current center would need to be
realigned and the objective astigmatism would have to be corrected.
Usually, the illumination would also require recentering. At large
specimen tilt angles, with the current center set, the transmitted or
forward—-scattered beam in the SAD mode was often at a different loca-
tion on the microscope viewing screen than the location of the trans-
mitted beam for mno specimen tilt. If the transmitted beam was too far
from this original location, the image obtained was poor — probably due
to the off-center path of the electron beam through the lenses. When
this occurred, the best image was often obtained with the beam tilted
to the original location of the transmitted beam, although some image

rotation occurred when focusing. 1In some situations, however, the best
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image was obtained with the beam tilted to some position between the
location of the transmitted beam with the current center set at its
original location.

In order to set up a specific set of diffracting conditions, an
involved process was required. First, the specimen was slowly tilted
toward the desired beam direction, z, and diffracting vector, g. While
tilting the specimen, the electron beam was tilted to maintain the
location of the transmitted beam spot close to its location prior to
tilting the specimen (this kept the current center roughly aligned).
After tilting to the desired diffracting conditions, the current center
was aligned. However, since movement of the current center changes the
diffracting conditions, the specimen would again be tilted to the
desired diffracting conditions. Now, if the current center was still
aligned, the astigmatism was corrected. (If the current center was not
s8till aligned, the above steps were repeated until both the current
center and the diffracting conditions were satisfactory.) If the image
was poor, corrections to the diffracting conditions were made in an
effort to improve the image (including resetting the location of the
transmitted beam to the location obtained with no specimen tilt, as

discussed previously).

B.2.5 Additional precautions

In order to avoid "losing” the specimen within the microscope,
in addition to the procedures already presented, the following pre-
cautions were taken. Abrupt specimen tilts were always avoided. Im
addition, when changing the operating modes on the JEM microscopes, it
was important not to allow all of the buttons, which were used to
select the modes, to be "out,” i.e.,, off, at the same time. In this
condition, the objective lens voltage increases to its maximum value,
increasing the field around the specimen and possibly causing the

specimen to be lost within the microscope.
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B.3 Thickness Measurements

In this study foil thicknesses were determined either from the
thickness fringes or from stereo pairs. In utilizing the thickness
fringes, micrographs taken at the Bragg angle with g = <110> were
usually used. The extinction distance for a <110> reflection, £;;q,
for 120 keV electroms was calculated from the value of &;;3 for 100
keV electrons (27 mm) using the procedures outlined by Hirsch et al.
[153]. The value obtained from this calculation (29 nm) was reduced
for many beam effects [154] to 26 mm. This corrected value for &£p;g
was used for the thickness measurements.

The stereo pairs were usually taken with the same <110> dif-
fracting vector with ~10° tilt between the micrographs. Stereo mea-
surements were made with a Hilger and Watts Folding Mirror Stereoscope
(Model SB180). The parallax, p, was measured from three or more areas
of each stereo pair with at least two sets of readings per area,
Unless there was a large deviation between the areas (>10%), an average
thickness was calculated for the area represented by the micrographs.

The thickness, t, was calculated with the expression

p

t = M sin(8/2) ° (B.1)

where M is the magnification of the mlcrographs and 6 is the tilt angle

of the stereo pair.
B.4 Dislocation Density Measurements

Two methods were used to determine the dislocation densities.
For a more complete discussion of these techniques, see, for example,
Hirsch et al. [153]. Generally, the dislocation density was measured
on micrographs in which all dislocations, including the dislocations
with "residual” images, had sufficient contrast to be included in the
measurement.

With the first method, the number of dislocation ends, N, on a

micrograph are counted. This ylelds the total number of dislocation
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intersections with the top and bottom foil surfaces, The dislocation
density, p, is given by

p = -Q—A- 9 (B'z)

where A is the surface area of the specimen included in the micrograph.
It is difficult to use this method to measure densities greater than
~10'% w2 [153].

With the second measurement technique, the foil thickness must
be measured, as discussed in Section B.2. The dislocation density,
A, is calculated from the number of intersections that the dislocations

make with a set of random lines of length L. In equation form

A = == (B.3)

where t is the measured foil thickness in the region that the disloca-
tion line intersections were counted. For this study, a series of con~-
centric circles was used for the “"random lines.” This method can be
used for dislocation densities up to 1015 to 10! m2 [153].

It has been shown by Schoeck [155] that the relationship
between the dislocation density measured by the surface intersection
technique (p) and that measured by the line length per unit volume
method (A) is given by

A= 2 (B.4)
for an isotropic distribution.
B.5 Dislocation Loop Analyses
For this study, the Burgers vector and nature (vacancy or inter-

stitial) of dislocation loops were of interest. The methods described
by Maher and Eyre [97] were utilized in these analyses.
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The direction of the Burgers vector was determined from the
standard “"invisibility” criterion. 1In the analyses, the dislocations
were imaged with Sg» the deviation from the Bragg angle, positive., For
dislocation loops, the residual image was confirmed by comparisons of
the images obtained for +g and —g, with the same value of Sg used for
both diffracting vectors. For the loops in residual contrast, all
features of the image should be the same in both micrographs. Residual
images were obtained for at least two different diffracting vectors for
each loop analyzed.

For these analyses, the Burgers vector was defined by taking the
positive direction around the loop as clockwise when the loop was
viewed from above the foil and then applying the FS/RH (finish-start/
right-handed) perfect crystal convention. According to this convention:

(g°b)s; > 0 gives "outside” contrast; and

(_g:_ll)sg < 0 gives "inside" contrast.
These relationships were used to determine the senge (+ or —) of the
Burgers vectors. For the "inside-outside” 1image shifts, the dif-
fracting vectors were selected such that geb > 12,

Another important consequence of this Burgers vector definition
is that, for interstitial loops, n°b > 0 and, for vacancy loops, n*b
< 0, where n is the upwards loop normal. Thus, the nature of the loop
can be determined from the sense of b if sufficient information is
known concerning n. According to Maher and Eyre, the nature of the
loop can be determined from the direction and sense of b if the loca-
tion of n is known relative to the two "domains” bounded by n'z = 0
(i.e., edge-on loops) and n*b = 0 (i.e., shear loops) shown in the
stereographic projection in Figure B.2. Within the unshaded portion of
the stereographic projection, the angle between b and n, ¢p,, is <90°.
If the analysis is performed with "safe” orientations, i.e., with b
sufficiently close to z such that n falls within the unshaded region
of the stereographic projection, then the loop exhibits the same con-
trast behavior as the corresponding edge loop configuration with the
same Burgers vector irrespective of the loop inclination, i.e., for bez
> 0, the loop has an interstitial nature, and for bez < 0, the loop has

a vacancy nature. However, 1if the analysis is performed with foil
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Figure B.2. Stereographic projection which defines the
two domains for n for non-edge dislocation loops. After
ref. [97].

orientations such that n falls in the unshaded region of the stereo-
graphic projection, referred to as the "region of reverse contrast,”
then the loop exhibits contrast opposite to that of an edge loop, i.e.,
for bz > 0, the loop has a vacancy nature, and for a bez < 0 the loop
has an interstitial nature.

If n is not determined experimentally, the nature of the loop
can still be obtained if limits can be placed on n from a consideration
of the geometry of loop formation. Assuming that the model for inter-
stitial loop nucleation in becc materials proposed by Eyre and Bullough
[71] is correct, loops in iron nucleate on {110} and shear to a/2<111>/
{110} or a<100>/{110}, then rotate towards a pure edge orientation.
Therefore, the loop normal for loops with b = a/2<111> would lie
between <110> and <111> and the loop normal for loops with b = all100>
would lie between <110> and <100>. If the loops normal is not deter-—
mined, the maximum possible ¢y, must be assumed in calculating "safe"
orientations. For bcc materials, the maximum ¢y, occurs for n = <110>,

e.g., for b = a/2<111>, ¢y, is ~36° and for b = a<l00>, ¢p, is ~45°.
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As stated above, by definition ¢,, must be <90°. The most restrictive
scenario is ome in which b, 2z, and n lie on a single great circle on
the stereographic projection. In this situation, in order for n to
remain in the unshaded or "safe” region of the stereographic projection
(Figure B.2), the angle between z and b, ¢,}, must be <54° for ¢y, ~36°
(b = a/2<111>). Likewise, for ¢, ~ 45° (b = a<l00>), ¢,}, must be <45°
for "safe"” orientations.

For the loop analyses in the present study, the loops with b =
a<100> were found to be nearly edge dislocation loops. Therefore,
¢pn was close to 0°, allowing for correct analyses with values of
¢,p approaching 90°. For example, for loops with b = [100], the loop
nature analysis was performed with beam directions near [111], i.e.,
$,p ~ 55°. In this analysis, an interstitial loop yielded "outside”
contrast for g = [211] and “"inside" contrast for g = [211].

B.6 Cavity Analyses

Micrographs of the cavities were taken with diffracting vectors
that were positive of 3g. Usually, diffracting vectors of <330> with a
positive deviation from the Bragg angle were used.

Usually, the cavities were measured on micrographs with under-
focused images. With this focusing condition, a cavity appears as a
white dot surrounded by a dark, Fresnel-like ring. The cavity diameter
was measured across only the white portlon of the image. For crystal-
lographic cavities, the cavity diameter was assumed to be the same as
the diameter of a circular projection with approximately the same area
as the crystallographic projection.

The diameter measurements were made either with a Zeiss Particle
Size Analyzer (Model TGZ-3) or, for coarse distributions, with a hand-
held Polaron 10x Magnifier. From these measurements, the volume-
averaged cavity diameter, d., was calculated according to the equation

1/3

Y N.d,
i

R S 5
c I N. ’ (B.5)
1

[
il
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where Ny is the number of cavities within the cavity diameter interval
centered on a diameter of dj.

The concentration of cavities, Cpy, was calculated from the total
number of cavities, Np, found in a specimen volume, V. The thickness
of the specimen projected along the beam direction, t, was measured

using the techniques presented in Section B.3. Thus,

c =< | (8.6)

where A is the area of the specimen included in the micrograph used for
the cavity concentration measurement.

The cavity volume fraction (CVF) was calculated from the volume-

averaged cavity diameter, d,, and cavity concentration, C., according
to the expression
cvE = L% ¢ (B.7)
6 ¢ ¢ : °
o o _CVE
Swelling = 1= oVF {(B.8)

was used to calculate the swelling in this investigation. Since the

CVF in this investigation was small, the swelling = CVF,.

B.7 Error Analysis

The calculus approach as presented by, for example, Topping
[156] was used for error analysis in this investigation. This method
is based on the specification of the uncertainties in experimental mea-
surements such as the micrograph magnification, Mag; the specimen
thickness, t; and individual cavity diameter measurements. According
to this type of error analysis, 1f a quantity Q is a function of
several measured quantities x, ¥y, 2, .... , the error in @, 8Q, due to

errors 0x, 8y, 62, .... in X, ¥V, 2, .... , respectively, is given by
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_[feq 2%, (5 2 (3
5Q-[b§5x} +{§35yJ +L58

As an example, the error calculation

A, given by Eq. (B.3), will be considered in

(B.9)

) 1/2
6z} + ....]

for the dislocation density,

detail. First, the length

of the lines, L, measured on the micrograph must be corrected for the

magnification, yielding a modified version of Eq. (B.3)

A= M . (B.lO)
Lt
The error in A, 8A, is given by, according to Eq. (B.9),
B }2 ( 3 ]2 {SA ]2 54 Jz He
SA = [bﬁ N+ |5 dMan) | + |5 oL b—t— st } (B.11)
The partial derivatives with respect to each of the variables are
SA _ 2(Mag) o _ 2N
oN Lt ? 0(Mag) Lt °
(8.12)
oA 2N(Mag) and oA _ _ 2N(Mag)
oL L2¢ ot Lt2
The parameter errors were assumed to be:
6N = (/) N, S(Mag) = 2% (Mag) ,
(B.13)
L =12 L , and 6t = 107 t .
Substituting Eqs. (B.12) and (B.13) into Eq. (B.1ll) yields
2 2 2 ¢ 12
N 2N(M
SA = 2(Mag) | N + 2N (0.02)2(Mag)2 + _._ﬁi_fgl (0_01)2 L2
Lt Lt 2
/N 4 Lt )
1/2
[ 2N(Mag))?
+ | —=— (0.10)2 2
Lt2 ( )c ot
\ J
or
2 1/2
1 2 2 2
SA = A | |—| + (0.02)° + (0.01)° + (0.10) (B.14)
/N
Similarly, the error in the dislocation density, p, given by Eq. (B.2) is

found to be
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2
1/2
1

8o = ol |-& + 4¢0.02)% + 2(0.01)2 , (B.15)
for

YN
where the parameter errors for the length and width measurements (used
to calculate the area, A) were assumed to be 1%.

For the cavity analyses, the error in the volume-averaged cavity
diameter, d,, was assumed to be 10%. Since, for this investigation, the
volume of the cavities was much less than the specimen volume, the errors
in the swelling were the same as the errors in the CVF. With C, = Nc/(tA)
and incorporating the print magnification correction, Eq. (B.7) becomes

Tadn
cvF =6 ¢ ¢
tA (Mag)

(B.16)

Implementing the calculus approach for the error in the swelling,
S(CVF), vields

2 1/2
1
S(CVF) = CVF||——| + 9(0.10)2 + 2(0.01)%2 + (0.10)2 + (0.02)4 . (B.17)
NC

The second term of the bracketed expression in Eq. (B.17), the contri-
bution due to the error in the measurement of d., dominates the error
in the swelling measurement. However, while the actual error in d, is
probably about the 10% error assumed, this error is largely systematic
and does not prohibit good comparisons of the swelling values found in
this study.

In addition to the above expressions for error analysis, the
error in C., 8C,, was derived using the same techniques. This error is

given by

2 1/2
1
sC = —1 + 4(0.02)% + 2(0.01)% + (0.10)%] . (B.18)
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APPENDIX C

PREPARATION OF IRON-CHROMIUM ALLOYS

The iron and chromium used for the fabrication of Fe—5% Cr and
Fe— 10% Cr alloys was obtained from Materials Research Corporation
(MRC). The iron was MARZ grade (99.99+%) and the chromium was IOCHROME
(99.996+%). Chemical analyses as obtained from the manufacturer are

given in Table C.1.

Table C.1. Chemical Analysis Provided by MRC of MARZ Grade Iron
and IOCHROME Used in this Study (in wt ppm)

Fe Cr Fe Cr Fe Cr
C 12 0.001 Ga <0.1 Pt <0.1
H <1 0.2 (Hy) In <0.1 S 2.6
N 10 0.9 (Ny) K 1.8 b  <0.1
0 60 12.0 (05) Mg 0.87 0.1 si  <0.1 10.0
Ag <0.1 Mn 0.1 Sn <0.1
Al <0.1 0.3 Mo <0.1 Ta <0.1
Au  <0.1 Na 1.6 Ti 1.4
Ca 0.8 0.3 Nb <0.1 v 0.3
Cc1 0.8 Ni <0.1 0.3 W <0.1
Cr 1.6 Major P 0.7 Zn 1.9
Cu 0.6 Pb <0.1 Zr <K0.1
Fe Major 12 Pd <0.1

The as-received 12.7-mm (0.5 in.) diameter iron rod was rolled
to 3.2 mm (0.125 in.) thick slabs. To assure that the material would
not be contaminated from the rollers, it was carefully cleaned and
placed between a sandwich of clean, FerroVac~E iron for the rolling
process. These slabs were cut into pieces about 25 mm long. After
careful cleaning in dilute hydrochloric acid, the pleces of iron were
placed in a horizontal furnace arranged for wet/dry hydrogen annealing.
This apparatus was operated with the help of G. Petersen of the Metals
and Ceramics Division of ORNL.
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Previous treatment of similar materials with this annealing process
indicated that the carbon and oxygen impurities would be reduced to
less than 10 wt ppm with a six-day (three days per stage) anneal in
flowing, high-purity hydrogen at 1200 K. A wet/dry hydrogen anneal of
the iron was performed as described above.

The iron-chromium alloys were fabricated with the assistance of
H. Harmon and Dr. Y. Chang of the Solid State Physics Division of ORNL.
The required weights of iron and chromium for each alloy were arc
melted together under clean conditions in an argon atmosphere con-
taining less than 0.3 ppm of oxygen and water, The alloys were
remelted several times to assure homogeneity of the alloy. For control
material, a third melt of the pure iron was performed under the same
conditions as those during the alloy fabrication.

The bars of Fe, Fe-5% Cr, and Fe—10% Cr were swaged to ~3.2-mm-—
dia rods. The swaging dies were carefully cleaned to reduce the possi-
bility of contamination of the material.

At this stage, a carbon analysis of each material was performed
by the Analytical Chemistry Division of ORNL. A Leako Carbon Analyzer
was used for the analysis. The results were: Fe, 36 wt ppm C; Fe-5%
Cr, 35 wt ppm C; and Fe—-10% Cr, 32 wt ppm C.

In an effort to reduce the carbon impurities, a second hydrogen
anneal was performed. Only the dry hydrogen part of the anneal was
utilized. The conditions were chosen to optimize both carbon removal
and post-anneal grain size, thereby avoiding a second anneal. The
anneal was performed within a high-purity alumina tube to reduce
possible silicon contamination. The rods were annealed for 24 hours at
1400 K, furnace cooled for approximately 2 hours to 1000 K, held at
this temperature for 2 hours, and furnace cooled to room temperature.
Aging at 1000 K was chosen as this temperature was in the ferrite
transformation temperature region and was believed to be above the tem-
perature at which carbide precipitation would occur. After the anneal,

the rods were centerless ground to 3 mm diameter.
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. The final chemical analyses of the iron and iron-chromium alloys
are shown in Table C.2. Metallography of specimens chemically etched
with dilute hydrochloric acid indicated that the grain size was about
200 um for the Fe—10% Cr alloy and about 400 pm for the Fe—5% Cr alloy.

Table C.2. Chemical Analysis of Fe, Fe—5% Cr, and Fe—10% Cr

(wt ppm)2
Fe Fe—57% Cr Fe—10%Z Cr
cb 34 24 34
HE 2 8 2
NC <1 17 4
0¢ 6 <1 6
Cr 20 4.,3% 6.98%
Ag 5 5 2
As 20 20 20
B 2 0.5 2
Ba <1 100 4
Br 0.7 <3 5
cl 70 —-— 40
Ca 1 40 4
Co 40 3 4
Cu 50 50 30
Ga 50 30 50
Ge 10 20 20
K 0.2 70 7
Mg <1 < 2 <3
Mn 40 50 10
Mo €1 6 <2
Na 1 100 4
Nb 5 - 2
Ni 10 40 20
P 10 7 10
S 7 20 20
Sb 3 2 2
Sn 60 70 70
Ta <100 <300 <3
v < 0.5 1 1
W < 10 < 10 <10
Zn < 0.2 70 10

@Analysis by mass spectroscopy unless otherwise indicated.
bAnalysis by the Leako Carbon Method.
CAnalysis by the Vacuum Fusion Method.






175

APPENDIX D

PROCEDURE — TRIPLE~BEAM IRRADIATION

The triple~beam irradiation technique allows the simultaneous
bombardment of specimens with energetic heavy ions, helium and hydrogen.
The facility used to perform the triple-beam irradiations for the pres-
ent study was the dual Van de Graaff accelerator system at ORNL. This
facility is operated by M. Lewis, R. Buhl, and S. Cook. The ORNL facil-
ity and the details of the triple-beam irradiation technique are
discussed below. Following this discussion, the details of the triple-
beam irradiation of the irom and iron-chromium alloys are presented. A
more in-depth presentation of the triple-beam technique and the ORNL
facility is found in refs. [17—19] and ref. [157].

D.l Description of the Triple-Beam Technique and the ORNL Irradiation
Facility

Accelerator System — The facility used for triple-beam irra-
diation at ORNL, as shown in Figure D.l, consists of two Van de Graaff

accelerators. The beam lines of both accelerators terminate at a
single target chamber.

The heavy ilons are accelerated to 4 MeV by a vertical CN Van de
Graaff accelerator., This accelerator 1s equipped with a Model 910
Physicon ion source [18]. Incorporated in the beam line is a specially
designed Johnson split-field lens [158]. The purpose of this lens is
to reduce the beam divergence to obtain a 1 em? uniform beam area.

A 400 kV horizontal AN Van de Graaff is used to accelerate ions
of helium and deuterium simultaneously. Deuterium is used instead of
hydrogen because molecular deuterium has the same mass as helium. Thus,
the helium and deuterium gases can be mixed, ionized to the same charge,
and accelerated together by a single accelerator. Another advantage is
that the deuterons are loosely bound in the ionized molecular deuterium
and separate upon impact with the target surface. Each deuteron has
half of the incident energy. Since the stopping power of a deuteron in
a target is about half that of helium, the deuterons and the helium

come to rest at about the same depth from the target surface [17,19].
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. The terminal voltage of the light-ion accelerator can be varied
continuously while maintaining a uniform intensity at the target. By
selecting the proper energy range, the implanted helium and deuterium
ions can be superimposed over the heavy ion damage region. Typically,
the energy of the gas beam is ramped sinusoidally at 2.5 x 10~2 Hz
between 200 and 400 kevV.

Target Chamber — At the target chamber, the heavy ion beam

strikes the specimens normal to the surface. The light-ion beam
impinges at a 75° angle [17,19]. 1Initial pumpdown is provided by two
liquid nitrogen sorption pumps. The ultrahigh vacuum in the target
chamber is provided by a cryopump. During bombardments, pressures of
1 to ~0.1 uPa (107 to 10~8 torr) are reached [18,157].

Target Assembly — The target assembly consists of six specimen

holder—heater stations. Each station is bombarded separately, allowing
up to six "runs” with different irradiation conditions without reload-
ing specimens, Specimen heating 1s provided by dispenser cathode-
triode type electron gun assemblies at each station [18].

Specimen Holders — The specimen holders consist of two parts — a

thermalizer block and a face plate. The specimens are clamped between
these two parts. Both parts are fabricated from Kulite-112 machineable
tungsten alloy to reduce bonding to the specimens. The thermalizer
blocks are ground flat to assure good thermal contact with the specimens
[18] . In the specimen holder usually used, the face plate has a 3 x 3
array of ~2 mm diameter holes. On the back of the face plates, the area
around each hole is recessed to position a 3 mm diameter specimen over
the hole., A 3 mm diameter crushable, annealed platinum wire ring, 0.l—
0.2 mm thick and a 0.05 mm thick oxidized stainless steel spacer (option-
al) are placed between the specimen and the face plate. The platinum
ring accommodates small specimen-to-specimen thickness variations so
that none of the specimens are loose in the holder. The stainless steel
spacer 1is placed between the platinum ring and the specimen to prevent
welding of the platinum to the specimen during high~temperature irra-
diations. A clamping force of ~60 kg (~125 1b) is applied to the face-

plate-specimen—thermalizer block assembly to compress the platinum rings
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[18] . Four screws hold the specimen holder together and maintain this

pressure.

Temperature Control and Monitoring — The specimen temperature is

controlled during the irradiation by any one of three thermocouples.
Two thermocouples fit into recessed holes on the edge of the ther-
malizer block. The surface temperature is monitored by a third ther-~
mocouple spot welded to one of the nine specimens in the specimen
holder array.

The temperature readout from the surface thermocouple is used to
calibrate an infrared pyrometer which can be sighted on the surface of
each of the specimens. The individual specimen temperatures are
measured during the irradiation with this pyrometer. The movement of
the pyrometer to each specimen location is directed by a pre-set
electronic positioning system. This system 1is designed to allow fast,
accurate movement of the pyrometer to each specimen location. The tem-
perature of all nine specimens can be read and recorded in < 2 min.

Current Monitoring and Specimen Masking — An array of nine

miniature Faraday cups is used to monitor the ion beam current. Each
Faraday cup corresponds to the exact location of a specimen in the spec~
imen holder array. Beam current readings are taken and recorded auto-
matically during the irradiation at pre-set time intervals.

Each row of the specimen array can be irradiated to a different
dose. This is accomplished with a mask which covers one or two rows of
the array during the initial part of the irradiation. The mask moves to
uncover the rows at an appropriate time during the irradiation to enable
the specimens to be bombarded to the required dose. The mask movement is
computer-controlled.

Computer Control — As indicated above, many aspects of the ion

irradiation utilize some form of computerized automation. A TP-50
(Tennecomp Products) minicomputer is programmed for control of the valves
in the beam line (for starting and stopping the run), beam current
monitoring, mask movement, etc. A printout is provided during each run
with details such as the dpa/specimen, the ion current/specimen, and the
projected time at the end of the run. Only the irradiation temperature

must be recorded manually.
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D.2 Specimen Preparation of Fe, Fe—57 Cr, and Fe—10% Cr for Triple~Beam
Irradiation

The specimens were prepared for Van de Graaff irradiation with
the assistance of J. Houston. The procedure used is outlined below.

Specimens with ~ 0.5 mm thickness were sliced with a silicon
carbide slitting wheel from the 3 mm diameter rods of annealed Fe, Fe—5Y%
Cr, and Fe—10% Cr (alloy preparation is discussed in Appendix C).
These specimens were deburred and mounted in groups on a lapping block
with epoxy. The lapping block was the standard, cylindrical, stainless
steel block used for Syntron polishing. The epoxy covering the sur-
faces of the specimens was ground away with 600 grit paper on a rotating
wheel. The exposed surfaces were lightly polished on a Syntron lapping
wheel with Linde C abrasive, a powder of 1 um diameter particles of
alpha alumina, wuntil each specimen surface was flat and shiny. An
alloy identification mark was then scratched on each specimen.

The next steps were removal of the specimens from the block,
remounting them with the marked surface toward the block, and polishing
the new surface for bombardment. The specimens were removed from the
block by immersing it in N,N-Dimethyl Formamide heated to 90-100°C. Any
remnants of epoxy remaining adhered to the specimens were carefully
removed with sharpened, softwood sticks while immersed in acetone.

The specimens were remounted on the block in the same manner as
described previously. As before, the epoxy was removed from the specimen
surface with 600 grit paper. The specimens were ground with the 600 grit
paper until they were within ~100 um of the final desired specimen
thickness of 0.3-0.36 mm. The specimens were then Syntroun polished
with the abrasives listed below. The abrasives are listed in the order
of polishing sequence:

1. Linde C— 1 um diameter alpha alumina particles,

2. Diamond paste — 0.5 ym diameter particles,

3. Diamond paste — 0.1 um diameter particles.

The final Syntron polish was of sufficient duration to produce a

scratch-free surface. The specimens were removed from the block in the
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same manner as discussed previously. Specimens were stored in a mechan-
ically pumped desiccator until just before bombardment.

Final polishing deformation was removed just before loading the
specimens for the bombardment by electropolishing the surface to be
irradiated. A wvertical jet electropolishing apparatus developed by
E. Lee [103] was used for the electropolishing with an 80% ethyl alco-
hol— 20% perchloric acid polishing solution. The vertical jet appara-
tus removes the same amount of material over the entire specimen
surface. A polishing current of 275 mA removed ~5 um in 5 s.

The electropolished specimens were loaded into a 3 x 3 array
specimen holder in the manner described previously. Both platinum

rings and stainless steel washers were used in the loading procedure.

D.3 Specimen Arrays

Specimens positions within the specimen holder array were iden-—
tified using matrix notation. The first row contained specimens 11,
12, and 13; the second row, specimens 21, 22, and 23; and the third row,
specimens 31, 32, and 33. Specimen 33 had a Chromel—Alumel thermo-

couple welded to the surface near the edge of the disk.
D.4 Irradiation Parameters

For this study, the triple-beam irradiations utilized He+, DZ,
and 4 MeV Fe™ ions. The energy of the He' and D; beam was ramped
gsinusoidally at 2.5 x 1072 Hz between 0.2 and 0.4 MeV. Ratios of 10
at. ppm He/dpa and 41 at. ppm D/dpa were attained. The estimated depth
profiles for the helium-and deuterium in iron are shown in Figure D.2.
The helium profile was experimentally determined for a nickel target
and the deuterium profile was determined for a stainless steel target
[19]. These profile shapes were assumed to also apply to an iron
target. The depth of the profiles was determined from the tabulated
values for the helium and deuterium ion ranges [126,86]. These values
are calculated from the stopping powers of helium and deuterium in

iron, which, in the energy range of interest, are not well known. The
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Figure D.2. Calculated helium and deuterium profiles for an iron tar-
get with an ion beam consisting of He' and D} with sinusoidally ramped
energies (0.2 to 0.4 MeV, 2.5 x 1072 Hz). The Dy splits to atomic
species (0.1 to 0.2 MeV energies) upon impact with targets.

few experimental values reported have differences of up to 20% for
helium and 10% for deuterium, indicating that a significant error in
the ion range is possible.

The irradiation parameters and specimen materials used in each
irradiation run are found in Table D.l1. Columns 1—3 of the table con-
tain the run number, nominal irradiation temperature (Ty) and nominal
dpa. Columns 4—-7 contain the relevant data for each specimen in the
specimen holder array. The actual dpa for each specimen was calculated
from the iron ion current measured by the Faraday cups. The value for
the dpa actually varies significantly over the ion range. The dpa
values as a function of distance from the surface of the specimen are
tabulated in Appendix E. The listed value in Table D.l is the maximum
dpa which was calculated with the expression:
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Table D.l1. Irradiation Parameters and Specimen Material for .
Each Specimen in Ion Irradiation Runs®
Nominal T1 Sectioning
Run Tt Nominal Specimen Alloy dpa Depth
Number ( B dpa Position ¢ © (um)
(10 11 Fe—10%Z Cr 719 10.90 0.85
10 12 Fe—-10%Z Cr 722 10.65 0.85
10 13 Fe—10% Cr 720 9.57
10 21 Fe-5% Cr 728 11.59 0.90
{ 10 22 Fe—5% Cr 730 13.32 1.00
232 725 10 23 Fe—5% Cr 735 9.00
10 31 Fe 731 9.26
10 32 Fe 730 9.06 1.2
{ 10 33 Fe—57 Cr 744 8.66
(10 11 Fe—10% Cr 802 10.43 0.95
10 12 Fe—10% Cr 803 10.43 0.90
10 13 Fe—10% Cr 785 9.90 0.90
10 21 Fe—5% Cr 803 11.14 0.85
533 800 ¢ 10 22 Fe—5% Cr 803 10.63 0.95
10 23 Fe-5% Cr 798 9.99
10 31 Fe 803 7.98
10 32 Fe 800 10.94 0.85
{ 10 33 Fe—57% Cr 788 10.96
[ 10 11 Fe-10% Cr 848  10.06
10 12 Fe—107 Cr 846 10.06 0.95
10 13 Fe—10% Cr 842 9.24
10 21 Fe—5% Cr 851 10.72 0.95
534 850 q 10 22 Fe—-5% Cr 852 10.58 0.95
10 23 Fe~5% Cr 848 9.91 0.85
10 31 Fe 839 8.54 1.2
10 32 Fe 850 10.60 Plated
. 10 33 Fe—57 Cr 871 10.87
(10 11 Fe—10% Cr 950  8.98
10 12 Fe—107% Cr 954 9.80 1.0
10 13 Fe—10% Cr 948 9.40
10 21 Fe—57 Cr 963 11.31 0.95
535 950 ¢ 10 22 Fe—57% Cr 958 11.62 0.90
10 23 Fe—5% Cr 962 10.47
10 31 Fe 959 8.68
10 32 Fe 965 10.13 0.95
10 33 Fe—5% Cr 945 8.83
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Table D.1 (Continued)

Nominal T1 Sectioning
NR“g Ty Nominal Specimen Alloy dpa Depth
umper P
( ¥ dpa Position ( (um)
¢ 10 11 Fe—10% Cr 971® 9.55  0.95
10 12 Fe—10% Cr 875 9.49 0.85
10 13 Fe—10% Cr 860 8.52 1.00
10 21 Fe—5% Cr 895 10.37 0.90
¢ 10 22 Fe-5% Cr 905 12.08  0.90
536 900 10 23 Fe-5% Cr 890 10.84
10 31 Fe 894 9.44 Plated
10 32 Fe 891  10.54 0.90
| 10 33 Fe—5% Cr 906 9.25
[ 10 11 Fe-10% Cr 782  9.02  0.95
10 12 Fe—10% Cr 768 9,19
10 13 Fe—10% Cr 765 8.34 0.90
10 21 Fe—5% Cr 779 10.46 1.00
{10 22 Fe—5% Cr 781  12.24 1.15
>37 75 10 23 Fe—5% Cr 770  10.48
10 31 Fe 763 9.98 Plated
10 32 Fe 761  10.95 0.90
| 10 33 Fe—5% Cr 769 9.30
(1 11 Fe 846 1.15
1 12 Fe 840 1.22
1 13 Fe 843 0.87
1 21 Fe—10% Cr 848 0.97 0.85
592 gs0 & 1 22 Fe—10% Cr 846 0.86
1 23 Fe—10% Cr 845 1.01
1 31 Fe—10% Cr 851 1.17
1 32 Fe—10%Z Cr 851 0.87
| 1 33 Fe-10% Cr 854 0.92
(0.3 11 Fe—10% Cr 848 0.27 0.90
0.3 12 Fe—10% Cr 848 0.31 0.90
0.3 13 Fe—10% Cr 849 0.19
3 21 Fe—10% Cr 847 3.15 0.90
< 3 22 Fe—10% Cr 853 2.97 0.90
»93 850 3 23 Fe—10% Cr 849  3.15
3 31 Fe—107% Cr 846 2.21
3 32 Fe—10% Cr 849 3.36
L 3 33 Fe—10% Cr 853 3.22
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Table D.1 (Continued) .
Nominal Ty Sectioning
Run Tt Nominal Specimen Alloy dpa Depth
Number ¢ © dpa Position ( ® (um)
(10 11 Fe—-10% Cr 853 10.51 0.85
10 12 Fe—10% Cr 842 10.27 0.90
10 13 Fe—-10% Cr 847 7.12 0.95
e d 10 21 Fe—107%7 Cr 850 10.63 0.70
59452 850 < 10 22 Fe-10% Cr 898P 12.10
10 23 Fe—107 Cr 845 10.28
10 31 Fe—107% Cr 850 9.18
10 32 Fe—107 Cr 850 8.93
L 10 33 Fe—10% Cr 860 755
(100 11 Fe 850 108.74
100 12 Fe 859 98.91
100 13 Fe 836 71 .41
100 21 Fe—10% Cr 866 120.92
596 850 ¢ 100 22 Fe—107% Cr 867 101.42 0.90
100 23 Fe—107% Cr 846 98.14
100 31 Fe—107 Cr 846 107 .47
100 32 Fe—107 Cr 851 104.52
‘100 33 Fe—-10% Cr 840 88 .54
(10 11 Fe-10%Z Cr 850  9.24  0.90
10 12 Fe—107 Cr 855 9.64 0.90
10 13 Fe—-10% Cr 845 6.12
30 21 Fe—10% Cr 853 34 .30 0.90
601 850 & 30 22 Fe—10% Cr 850 34.53 0.85
30 23 Fe—107 Cr 844 25 .85 0.85
30 31 Fe-10% Cr 853 32.78
30 32 Fe—107 Cr 851 29 .64
§ 30 33 Fe—10% Cr 826 27 .63
10 11 Fe—10% Cr 837 10.36 0.90
10 12 Fe—10% Cr 839 10.03
10 13 Fe—10% Cr 853 7 .00
. 30 21 Fe—10% Cr 841 34.81  0.85
602 850 § 30 22 Fe—107 Cr 850 24 .40
30 23 Fe—107 Cr 853 29 .64
30 31 Fe—10% Cr 839 30.39
30 32 Fe—10% Cr 851 32.97
. 30 33 Fe—107 Cr 885 29 .97

4ynless otherwise noted the run was a triple—beam irradiation (4 MeV Fett

10 at. ppm He/dpa, 41 at. ppm D/dpa).
bgpecimen loose in holder. ¢4 Mev Fe'* only.
dcold preinjection with 100 at. ppm He, 410 at. ppm D.
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p(x) 8 C
dpa = dpa(X)pax = —2Tmax T (D.1)

Apean
where Cp = the total ion beam charge in Coulombs,
8 = the target atomic volume,
Apeam = the area of the ion beam, 1.25 em?, and
p(x)max = the maximum value of the linear density of the displaced
atoms per unit length of range.
For small ranges, the value for p(x)max can be calculated using the

expression [119,159]:

. K
P(X)max = Sp(X)max (D.2)
ZEd
where Kk = the displacement efficiency,
Eq = the average energy required to produce one atomic
displacement, and
Sp(X)max = the maximum value for the energy deposited per unit length

of range.
For iron, Ey is ~ 40 eV/displacement [160] and «x is ~ 0.8 [159].
Sp(x)pax was assumed to be 0.9720 MeV/um-ion (x = 1.00 ym) as calcu-
lated by the E-DEP~1 computer code for an electronic stopping power,
k of 0.121, This code and the output for 4 MeV Fett ion bombardment of
iron are discussed in Appendix E. Since the ions are doubly charged,
each ion is equivalent to 3.204 x 10719 ¢ (i.e., 2 x 1.602 x 10719 ).
Substituting the above values in Eq. (D.2) yields: p(x)pax = 3.034
x 1020 displacement/uC-em. Substituting this value for p(x)y,, and the
atomic volume of iron of 1.178 x 10723 cm3/atom [161] into Eq. (D.1)
yields:
2.86 x 1073 displacement

uC-atom

dpa = Cr - (D.3)

All runs used the triple~beam irradiation technique as described
above except for runs 594 and 602, The irradiation for run 594 con-
sisted of room~temperature preinjection of 100 at. ppm He and 410 at.
ppm D followed by an 850 K irradiation with 10 dpa of 4 MeV Fe*t ions.
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In run 602, a single beam of 4 MeV Fe't ions was used for the irradia-
tion. To prevent oxidation after irradiation, the specimens were

stored in a vacuum desiccator evacuated by a mechanical pump.

D.5 TEM Specimen Preparation

One problem associated with ion irradiations is the presence of
the damaged region of the specimen within a few micrometers of the irra-~
diated surface. The usual method for preparing these specimens for TEM
examination involves the controlled removal or ‘"sectioning” of the
damaged region to some predetermined depth from the irradiated surface,
followed by electropolishing from the unirradiated surface ("back-
thinning"”) to perforation. The sectioning depth is important as the
characteristics of the defect structures vary significantly with
distance from the irradiated surface. The sectioning depth can best be
selected by experimentally determining the depth distribution of the
defect structures. The procedure for determining this depth distribu-
tion and selecting a sectioning depth is outlined in Chapter 4. From
the depth distribution of the defects in triple~beam-irradiated iron, a
sectioning depth of 0.9 um was selected. Assistance in the preparation
of TEM specimens was provided by C. G. McKamey of ORNL.

The specimens were sectioned electrolytically using the vertical
jetting apparatus developed by E. H, Lee [103]. An 807 ethyl alcohol—
20% perchloric acid electrolyte cooled to 223 K (—50°C) was used with a
polishing current of 150 mA.

The polishing times required to remove 0.9 um were: ~12.5 s for
Fe—10% Cr, ~8 s for Fe—5% Cr, and ~6.6 s for iron. The amount of mate-
rial removed was measured from a small area that was covered with a
layer of microstop lacquer during the removal. The measurements were
made with a DEKTAK profilometer manufactured by Sloan Corporation.
Multiple measurements were made around the microstopped area. These
readings were averaged to obtain the value listed in the last column of
Table D.1. The spread in the measurements was usually less than 0.1 pm.

Back-thinning was performed in a Tenupol electropolishing appara-
tus using an electrolyte of 900 ml acetic acid, 100 ml methyl alcohol, .
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and 100 ml perchloric acid. The electrolyte temperature was 286 K
(13°C). A slow jet speed was used with ~90 mA polishing current. The
irradiated, sectioned surface of the specimen was protected during the
polishing by a heavy coat of microstop lacquer. The standard Tenupol
specimen holder was used.

After perforation, the specimens were carefully rinsed in acetone
and methyl ethyl ketone to remove the microstop. Final rinsing was in
200-proof ethyl alcohol, The electropolished specimens were stored in a
vacuum desiccator evacuated by a mechanical pump.

Many difficulties were encountered in preparing TEM specimens
from the ion-irradiated iron and iron-chromium alloys. The above pro-
cedure is the end result of many months of experimentation with various
techniques and electrolytes. The results are still not completely
satisfactory. Sectioning at low temperatures presents some difficul-
ties., It was difficult to maintain the electrolyte temperature. This
led to a certain amount of non~repeatability in the amount of material
removed for a given polishing time. Great care was required in apply-
ing the microstop layer on the irradiated surface for back-thinning.
Leakage was a common problem; it resulted in etched specimen surfaces,
especially in the electron thin regions. The Tenupol jet speed was
very important. 1If the speed was too fast, the foils were extremely
bent. If the speed was too slow, the polishing was uneven and etching
often occurred, Dirty specimens often resulted from insufficient
rinsing to remove the remnants of the microstop. In general, specimen

preparation difficulties increased as the chromium content decreased.
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APPENDIX E

E-DEP-1 COMPUTER CODE: DEPOSITED ENERGY, DEPOSITED
ION AND DPA PROFILES

The E-DEP-1 computer code written by Manning and Mueller [119]
calculates the depth distribution of deposited energy and the projected
ion range for ifon irradiations. The target material can contain up to
six atomic components and is assumed to be amorphous. This calculation
is based on the assumption of Kulcinski et al, [162] that the energy
distribution can be estimated by relating it to the range straggling.
This calculation is refined to take into account the inelastic colli-
sions by using the Lindhard Partition Theory [163]. The mean ion range
and range straggling are obtained from the LSS (Lindhard, Schraff, and
Schiott) theory [164]. The LSS wvalue for k, the electronic stopping
power, can be overruled by an input value,

At Oak Ridge National Laboratory, the E-DEP~1 computer code is
run on the IBM 3033 Computer System. The original E~DEP-1 program was
modified as per Manning and Mueller by 0. Oens in 1976 [165]. For the
current investigation, the program was used to calculate the deposited
energy and ion distribution for 4 MeV iron ion bombardment of irom,
The LSS value of k, 0.156, as well as two lower values for k, 0.121 and
0.108, were utilized. The calculated wvalues for the projected ion
range, X,, the standard deviation (RMS) for the projected range, Op»
the standard deviation (RMS) for the total range, 0., the distance from
the target surface that the maximum value for the deposited energy is
found, x;,., and the maximum value for the deposited energy, Sp(X)pax,
are tabulated in Table E.1 for each value of k used.

The dpa distribution as a function of distance from the irradi-
ated surface of the target was calculated following the procedures simi-
lar to that outlined in Appendix D. The peak in the dpa distribution,
dpa(x), which corresponds to the peak in the deposited energy, was
agsumed to be 10 dpa. The dpa(x) can be calculated using the

expression:
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Table E.l1. E-DEP-]1 calculated values for k = 0.156, 0.121, and 0.108

Sp(X)max c
N X %p Oy Xpax (MeV/ (dpa-MeV/
(um) (um)  (um) (um) um-1on) um-ion)
0.156 0.980 0.125 0.131 0.85 0.9772 10.23
0.121 1.164 0.160 0.173 1.00 0.9720 10.29
0.108 1.252 0.178 0.194 1.06 0.9669 10.34
Cr 2 p(x)
dpa(x) = L ~"° (E.1)
Apeam
where the atomic volume, 2, = 1.178 x 10723 cm3/atom [161], Apegm the
beam area, = 1.25 cmz, Cpr is the total ion beam charge in Coulombs
required to produce 10 dpa at the damage peak [119,159], and
= £
PG = 35— SpG) (E.2)

with the comnstant, «, = 0.8 [119], the displacement threshold energy,
Eq = 40 eV/displacement [160], and Sp(x), the deposited energy per unit
length of range, calculated by the E~-DEP-1 code. Substituting Eq. (E.2)
into Eq. (E.1) yields:

CT Q x SD(X)

Abeam 2Ed

dpa(x) = =C SD(x) (E.3)

Here C is a constant equal to Cp @ k/(Apegy 2Eq). At the peak damage

depth,
dpa(x) 10 dpa
c = max - . (E.4)

SD(x)max SD(X)max

Using Eq. (E.4), C can be calculated for each of the energy distribu-
tions using the values for Sp(x)pax found in Table E.1. The values for
C are tabulated in the final column of Table E.l. Then, using Eq. (E.3)
with the appropriate value of C and the E-DEP-1 values for the depo-
sited energy at various depths from the irradiated surface, Sp(x), the




191

dpa-depth profile can be calculated. The depth, x, Sp(x), and dpa(x)
are tabulated in Table E.2 for k = (0.156, Table E.3 for k = 0.121, and
in Table E.4 for k = (.108.

The iron ions are assumed to be deposited in a Gausslan distribu~
tion centered on the projected ion range. TFor the E-DEP-1 code, the
standard deviation, o, of the ion distribution 1s assumed to be equal
to the larger of the two distribution deviations, Op Or Op. For the
distributions listed in Table E.l1, ¢ = o0,. The deposited ion-depth
profile can be calculated using the equation for a normal distribution
[119]:

(x—w?
1 e 20 (E.5)
V2T o
where f(x) = the deposited ion distribution,

f(x) =

% = the depth from the target surface,
u = X, the projected ion range, and

G = 0,, the standard deviation of the total range.
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Table E.2. Values for the deposited emergy, Sp(x), and the displace- .
ments per atom, dpa(x), as a function of the distance from the
target surface, x., k = 0.156

x dpa(x (Mev/ X dpa(x) (Mev/
(um) um—1ion) (pm) ym-ion)

B, 6 2.5 L o5hd B S.18 L ESgT
I 5 P Sl . tm S oo e I e
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» B e B I LB o, 8w L TEed
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1 L. P AT . BE o L HE 35
. 14 .18 o 3B 20 S,.:1 R
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. 2 DL.E3 I e -1 N =TT
. e .41 . 3334 T TL S R P 32
o ed 3,850 L 328 .06 DR LBE 34
. B EPR 3511 1,62 .03 L SER90
g 3,63 R L 1,604 T. 38 L BIE0
. 28 .79 « 3V EE 1.68 4,50 B
. 3 .00 . 3811 1.88 L 37T
34 4.41 L322 1.18 3.1g MR
s S 4,132 LHEE9 i. 12 e S . 250
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. Table E.3. YValues for the deposited energy, Sp(x), and the displace-~
ments per atom, dpa(x), as a function of the distance from the
target surface, x. k = 0.121

SD (X) SD (X)
dpa(x) (MeV/ x dpa(x) (MeV/
(um) um—-ion) (pm) Um-ion)

B, a0 PR Y ) B R I LRE12
o H JoEan I I ] BTN S, ol LHERT
. Hd O S b ] L HE o, nE L ETRS
O .16 . 213 1.840 10, 8a LTSV aB
.02 da1E L ZBET i.4a:2 o, s )
.18 2.l B R 1.84 R - bk
12 ool ECE B 1,88 2, 54 LARTE
. 14 el 3 R = 1.4a:2 a, 33 L3128
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. e i 3.5 L 4o 1i.14 .28 P EVS
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Table E.4. Values for the deposited emergy, Sp(x), and the displace- .
ments per atom, dpa(x), as a function of the distance from the
target surface, x. k = 0.108
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APPENDIX F

CALCULATION OF THE CRITICAL CAVITY RADIUS

The growth rate of a cavity of radius r, is determined by the

c
net flux of vacancies to the cavity. Schematically, the equation for

the growth rate, dr./dt, is given by:

dr arrival of radiation- . thermally
c _ arrival of X
~—= = gand thermally gen~ - T — emitted . (F.l)
dt . interstitials .
erated vacancies vacancies

For a cavity radius above the "critical” cavity radius, rqopi¢, the
cavity will grow by wvacancy absorption, 1i.e., bias-driven growth.
Below r.pri¢t, @ cavity will shrink if only bias-driven growth Iis
considered. Gas~driven growth could still occur 1f the cavities are
considered to be equilibrium bubbles. At T.p.iy, the cavities would

neither grow nor shrink, i.e,,

dr
—
dt
r .
crit
In order to evaluate r.,.i;, a rate theory approach has been employed.

= 0 (F.2)

The relationships used to describe the point defect kinetics have been
developed by others (see, for example, the review by Mansur [142]).
The equations necessary to evaluate r.,.i; are outlined below. Papers
of Mansur [21,142] and Hayns and Mansur [141] were the major references

used for this section,

F.1 Continuity Equations and Point Defect Sink Strengths

After an initial transient and away from the free specimen

surfaces, point defect comservation can be described by the equatiomns

Gy — RCyC; — g,C, = 0 , (F.3)

and
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G§ — RCyCy — K3C4 = 0 , (F.4)

where the subscripts denote vacancies and interstitials, the G's are

the point defect generation rates per unit volume, R is the coefficient

of recombination, the C's are the concentrations of point defects per

unit volume, and the K's are the loss rates of point defects to distrib-

uted sinks.

In equation form,

Gy = GE(1 + ¢4) , (F.5)
Gy = GE(1 — ey) + Gp , (F.6)
R = 4nr (Dy + Dy) , (F.7)
Ky = DySy (F.8)

Ki = DiS{ , (F.9)

where G = atomic generation rate per unit volume,

f = ratio of the generation rate of defects surviving the cascade

to the displacement rate,

€y = the

additional interstitial generation rate due to the self-

ions injected by the bombarding ion beam,

€y = the
GT = the
Eq.

Ty = the
i = the
Dy, = the
v = the
853 = the

Gp is further

fraction of the vacancies retained in vacancy loops,
vacancy generation rate by thermal emissions from sinks,
(F.10),

radius of recombination,

interstitial diffusion coefficient, Eq. (F.l1l4),

vacancy diffusion coefficient, Eq. (F.13),

total sink strength for vacancies, Eq. (F.19),

total sink strength for interstitials, Eq. (F.20).

defined by the equation

= e Jed
G, = D_Co ? gsl (F.10)
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where C$ = the bulk thermal wvacancy concentration per unit volume,

= 071 exp (sL/kg) exp(—xf/kzD) (F.

2 = the atomic volume,
sf = entropy of vacancy formation,
Ef = energy of vacancy formation,
kg = Boltzmann's constant,

T = the absolute temperature,

sl = the sink strength of sink type j for vacancies, and

i1)

£l = the ratio of thermal vacancies at sink type j to that in

the bulk.

For cavities with radius r.,

5c=exp[[gl—PJQ/kT} : (F.
r B
c
where Y = the surface tension at the cavity-matrix interface, and
P = the pressure of the gas within the cavity.
For dislocations,
gd =1, (F.
The vacancy and interstitial diffusion coefficients are given by
expressions:
= no
Dy = D, exp(~E$/kBT) R (F.
and
D; = DY exp(—E®/kgT) , (F.
i i
where DU and D? are constants, E® = the vacancy migration energy,
v v

1

E® = the interstitial migration energy.
i

11)

12)

the

13)

14)

and
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Finally, the sink strengths of cavities for vacancies, Sg, and

for interstitials, Sg, can be expressed as

Ss = AWrCNcZS R (F.15)
and
s = 4nr.N.z§ , (F.16)

where N, = the concentration of cavities and

c

Zi,c = the cavity capture efficiencies.

The sink strengths of dislocations for wvacancies, Sg, and for inter—

stitials Si, can be expressed as

sg =z4d1 , and (F.17)
d_ d
s{ =12 L, (F.18)

d .
where L = the dislocation density, and Zi v = the dislocation capture
efficiencies. Therefore, for a damage distribution  containing only

cavities and dislocations,

s, = 8+ 88 = srrnzS+ 24 L, and (F.19)
5y = 8+ 88 = dmr w2zl 4+ S . (F.20)

F.2 Cavity Growth Equations

The growth rate of a cavity, expressed previously in schematic

form (Eq. F.l), can be written in analytic form as

c Y] c c c e
2 — — F.21
" {zVDch z.D,Cy zVDVCV(rC)} . ( )

[e]
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where
e _ e e — 2Y .
Cv(rc) = CV exp[ [P ch Q/LBT]

= the thermal vacancy concentration near a cavity of radius r.. (F.22)

1f Eq. (F.3) and Eq. (F.4) are solved simultaneously, an expression for
Cy which is independent of C; and an expression for C; which is inde-
pendent of C;, can be obtained. If these expressions are substituted

into Eq. (F.21), the following equation can be obtained:

c m( 11/2 ]
drc Q0 Zva 4RGvKiKV
—< - [K,K +R(G, —G )] x| |1+ -1
dt r § 2RK iv 1 v - 2
c - U KRR+ R(G, — G )21 |
. | 4RG K. K 172 ]
iPi iiwv
— === [K,K_ + R(G_—G,)] x| |1+ 2 -1
2RK;, “Tiv v i [K,K_+ R(G_ — G,)]
L i'v v 1 J .
c e
— . (F.2
ZVDVCV(rC) ( 3)
At r, = rorie> Eq. (F.23) equals zero as discussed earlier. To solve

for an exact value for r.,.j+, an iterative approach is required. How-
ever, T,pijy lies between the values for r, which yield dr./dt < 0 and
those which yield drc/dt > 0. Therefore, an approximate value for
Torit can be obtained by solving Eq. (F.23) for a series of values for

r. with a small interval between each r The wvalue for Torit would

c.
lie between the last value for r. for which drc/dt was less than zero

and the first value for r, for which dr./dt was greater than zero.

c
This approach was used in the current investigation. By selecting a
small interval between the values for r. (e.g., 0.1 to 1 mm), a close
approximation to the value for r.,.i. was obtained. Considering the
inaccuracy of many of the values used for the parameters (e.g., the
capture efficiencies, the interstitial diffusion constant, etc. are not
well known for iron — and these were used for Fe—10% Cr), this approxi-

mate value of r.,.j. was sufficient for the purpose of this study.
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The BASIC computer program shown in Figure F.l1 (written for the
Hewlett Packard 9845A Desk Top Computer) calculates dr./dt for the ion-
irradiation experiment using Fe—10%Z Cr. The following values were used
for the required parameters:

Q= 1.18 x 1072% n3 atom™! s

kg = 8.61 x 1075 ev- X!
Y = 2 J-m~2 ,
G = 6.8 x 10%2% m3-571 (8 x 1073 dpa~s—1)

3

£ =0.2 ,
Ei = s
€y = 0o,

r. = 0.344 mm ,
pd = 1.9 x 1074 p2-g71

v 2
Dg ~ 1076 m2-g~1 s
f _
SV =0 ,
Eg =1 ev ,
Es = 1.6 eV ,
EI,jI} = 0026 ey 9
d -
Zi - 1003 9
28 =1,
z¢ =1 ,

The pressure within the cavity was set equal to a fraction of
the equilibrium bubble pressure, i.e., P = P~ Peq> Where Pgq = 2Y/tq.
For example, for P° = 0.9, the pressure within the cavity was 90% of
Peq- Values for P° of 0.1, 0.5, and 0.9 were used in these calcula-
tions. Three series of calculations were performed. First, the dis-
location density and cavity concentration observed for the specimen

irradiated to 30 dpa at 850 K,

L = 3.2 x 1013 m2
and

N. = 2.0 x 1020 p~3

C
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Figure F.l. BASIC computer program (HP 9845A) which calculates dr/dt

for cavities.
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. were used, The calculated values of drc/dt are compiled in Table F.l
(p” = 0.1), Table F.2 (P = 0.5), and Table F.3 (P° = 0.9). in
these tables,

Radius = r, (in meters),

Deltaa = the contribution to dr./dt due to the absorbed
vacancies,

Deltab = the contribution to dr./dt due to absorbed intersti-
tials,

Deltac = the contribution to dr./dt due to thermally emitted
vacancies, and

DELTA = Deltaa + Deltab + Deltac = dr./dt.

In the second set of calculations, the dislocation density and cavity

concentration observed for the specimen irradiated to 10 dpa at 850 K,

L =8 x 10!3 m2
and

Ng = 2.9 x 1019 m™3 |

were used. The calculated values of dr./dt are compiled in Table F.4
(P” = 0.1), Table F.5 (P° = 0.5), and Table F.6 (P° = 0.9). Finally,
in the third set of calculations, the dislocation density and cavity
concentration observed for the specimen irradiated to 10 dpa at 970 K,
L=2x 102 m2 |
and
Ne = 9 x 1019 m3 |
were used. The calculated values of dr./dt are compiled in Table F.7,
(P = 0.1), Table F.8 (P” = 0.5), and Table F.9 (P° = 0.9). The values
for r.,ip obtained for these calculations are summarized in Table F.10.
The value listed for r.,.iy is the value for r, for which dr. /dt was

closest to zero.
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Table F.l1. Calculated values for dr,/dt (DELTA) for cavity radii of .

0.1 to 3.1 mnm. 30 dpa, 850 K, P = 0.1 Peq, Terit = 1.6 mm

THE DAMAGE LEVEL I% 28 dpa
THE TEMPERHTUFE IS 250 |

THE CAYITY CANCEHTFATION IS 2.8%E+28 w -3
THE DISLOCATION DEMSITY IS 2.28E+13 m -2
THE EUEBEBLE PFESIUFPE 15 &.18 + Peguilibrium
Zrd EOQUALL 1.03

nog

ot

G1 = 1.380E+28
e = 2, 211E~-18
Iy = 2.80%E-8g
Fo= 1,248E~18

Cuwe = Z2.T1ZE+1%9

FADIUS Tleltaz el ab Delrac LELTH
1, 80E-10 O, 80E+060 oL BRE-+a0 -2, B0E+05 -3 AnE+dS
2. HBE-18 -1.088E~87 ~-E.84E-11 -2, BUE~-AZ -2, GRE-O2
3.08E-18 -TL.TRE~-GE ~1.BlE~Q8 -4.13E~-G% -4, 14E-0%
4.88E-18 S IBE~AS —-4, 2 3E~-88 ~-1.%1E~-08 -1 .4 E~-0E
S5.08E~-10 S RTE-B2 -4, 123E~-8% -1.38E-37 ~1.B8%E~-O7
c.ORE-18 3. A%E-05 -3.51E-G2 -4, HdE-35 -4.S9E~-08
F.HROE~-1@ 3. 21E-08 -2, 1 2E~-G8 ~1.,72E-48 -1.59E~08
SL.08E-19 oL BTE-G8 -2V IE-Gg ~5. 18E~-G% -5, R4E-G%
9, B0E-10 oL S4E-08 -2, 4 E-RZ ~4 ., JAE~-O% -3, 35E-a%
1.80E-09 2. IAVE-aR -2 18E~ -2 E65E-Oo ~1.T8E~-O¢
i.1BE-A9 s, HeE-82 -1.98E~ -1, TIE-O9 -2, BEE-118
1.28E-9% 1.88E-0 -1l.21E~G8 ~1.21E-0% -5, SBE-10
1. ZBE-p= 1. 73E-88 -1.&6VE-QE -2,32E-18 -, %sE~-14
1. 40E~9% 1.60E-Q8 -1, SSE~-G3 -G, eE~-10 ~1.41E~18
1.58E-05 1.42E-038 -1.44E~0O8 ~5 ., oBE~-18 -4, 2TE~-11
1.68E-83 1, 39E-a8 -1, 25E~-@8 ~-4,25E-18 2. BRE-11
1.78E-a% 1, 31E-ag -1.27TE-Ba -3,.508E~-10 B.avE-11
1.80E~-0%9 1.23E-08 -1, 1%E~-08 -2 54E~18 AL, EadE-11
1.20E-0%9 1.18E~-88 -1.13E-08 -2, SB1E~-13 1.89E-10
. BRE-A%9 1.18E-a58 -1.87E-88 -2 16E-18 1.21E-18
2. 16E-G% 1.8%E~-38 -1.82E-08 -1.8%E-103 1.2%E~-18
s obE~39 S, GRE-O9 -9, sHE~a9 -1.6VE~-16 1.32E-148
& ZRE-89 2, S2E-0%9 -5, 24E~-n9 -1.49E~-18 1. 35E-14a
& 4BE-O%3 4, 11E~-0% -2 BdE~-O3 -1.32E-18 1.3%E-18
- SHRE-03 S, T aE-B9 ~3.4TE-Q% ~-1,21E~18 1, 35%E-14
2. 5B3E-G%9 . ZTE-0D -2, 12E-G0 -1.183E~1@ 1.32E~18
2. VHE-O9 Z.,04E-89 ~-T.B1E-GO9 ~1.088E-10 1. 32E-18
. SHE-GS C. T ZE-07 -7, S1E~-a% -4, 21E~-11 1.2%E-18
e TLASE-BG -V .o 3E-09 -2, 91E-11 i1.27E-18
. PRE-G9 T lEE-a9 -5.98E~B9 -7 EBRE~11 1.24E-10
2. 1BE-8%9 = . S3E-39 -G 4E~03 -7.34E~-11 l.21E~-18
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Table F.2. Calculated values for drc/dt (DELTA) for cavity radii of
0.1 to 3.1 om. 30 dpa, 850 K, P = 0.5 Peq> Terit = 0.9 mm

THE DAMAGE LEYEL I 24
THE TEMPEFATULFE I 2
THE CAHMITY COHCEHTRATION IS 2.89 -
THE DISLOCATION DEM:SITY IS 2.28E+12 m -2
THE BUERELE PFESSUPE IS 9.5 g

Zid EOURALS 1,03
G 1. 2ebE+2
Do . 211E-1
I e BESE-1
F 1.242E~1%

[N

bl

dpm
b

LRI RN
(]

P3
)

{3
[
+
o

i
B

| 1 £}

1

uoiou

iy

I,
[

[
LN ¥

H
O A I 1 I |
0
i
L]
I
i
|
o

-4.88E-11
cE1E~11
. 3TE-11

-
-

i
[y

i

i
D)
N

1

i
[ ]
o)

H
£

FROIUS Oelta el ab Deltac LDELTH
1.00E-10 -1 HAE- -3, 18E-11 -3, BRE~01 -3, BRE-01
o BRE~-10 -1.208E~ - T eE-0S -2, onE~-08 -5, DdE-ag
J.E0E-18 T HEE~ -~ 2TE-G5 -1, 33E-87 -1.85E-827
G, GnE~18 St 2k~ -5, S9oE~-A8 -2 1lE-as e E-O8
5. 00E-18 4, 59E~- -4, doE~OF -F.2E-0Q9 ~th, oBE-G%
o, OaE-18 I.21E- -3, 6RE-QE -Z. ITE-Q5 -, ASE~G9
TLHBE~-10 d.ocE- -3. 15E~8a -1.,7RE~-Q%9 - HRE-16
SL.ORE-1D oL RYE - ~-2 . TRE-BR ~1.0aE-0%7 -1, PRHE~15
S, BRE~-18 & ek - . 44E~B2 -7 35E-18 o, HeE-11
1.88E~-09 O T = Ty -5, a9E-18 1, 74E-18
1.18E-0% o, BSE~ -1.99E~-08 -4, 31E-18 o, 3BE-10
1.28E-0% 1.37E~ -1l.82E-03 -Z.15E~-18 c.E3E-16
1. 30E-0O% 1.72E- -1, 8VE~QS —s.0eE-18 c.reE-10
1.40E~-8%5 1,58E~ -1.95E-82 -2, 132E~-18 2. oE~-18
1.58E-8% 1.42E~ ~-1.44E~B8 -1.88E-18@ a.oZE-18
1.=20E~0Q9 1. 29E-B& -1, 35E-462 -1.595E-108 s.oHE~-10
1.78E-8@8% l.21E-6G2 -1.27TE-G2 ~1.35E~-18@ & S2E-18
1.20E~-0% 1. 22E-05 -1.20E~G35 -1.28E-18 2edaE~-18
1.20E-8%9 1.18E-A3 -1.12E~-8B8 ~-1.68TE-18 2. 32E-18
& .OBE~-Q% 1.18E-082 -1.87E-8% -9, 58E-11 cendE~18
e LBE~-03 1. 8%E~03 -1.82E-G% -2, 7T9E~11 e 15E~-18
o oBE-O%9 oL, R2E~-09 -9, E9E-G9 -3.02E-11 e HeE-160
2 ZRE-O9 S, 52E-89 -H, 25E-a% -TL.IBE-11 l.93E-18
o dRE~-DD o, 1RE~-Bs -, BdE-DT -, BsE~-11 1.2%GE-18
o, SRE- Q% 2. T2E-G9 ~Z.47E-Q%2 -5, 33E~-11 1.832E-18
o. BRE-OD 2, 38E-D9 -2, 1 3E-8% -S.20E-11 1.75E~1D
e | S.BZE-B9 -r.23lE-8% -5.52E-11 1.6%E~18
& 2BE-g% IE-3%9 -r.S1E-B ~-S.12E-11 l.c2E-18
= 90k JE -8 TeadE 1.%5E~1
3. 00E SE 5. 90E 1.91E~1
3. 18E 3E Ze o E 1.4%5E~1
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Table F.3. Calculated values for dr./dt (DELTA) for cavity radii of
0.1 to 3.1 nm. 30 dpa, 850 X, P = 0.9 Peq’ Yorit = 0.2 mm

THE DAMAGE LEVEL IS 28 dpa
THE TEMFEFATURE 1% &30 1

THE CAVITY COGHCEHTRATION IS 2.85

THE DISLOCATION DEHSITY I% E+13 m -2
THE EBUEEBLE FFRESSURE I% 8.%0 + Pequilibriun
21d ERUARLS 1.83

G1 = 1., 328BE+28
v = 2, 211E~-18
T = 2.865%E-82
R = 1.248E~1¢
Cvg = 2, FI3E+1LR

FRDIUS Deitax Deltak Delt ac DELTH
1.08E-18 2. 31E-87 -2, 23E-O7 -3, HEE-33 ~3, 13E-03
Z.BRE-10 1. 15E-07 -1.12E-87 -2 ESE-B% 1.04E-0%
3. GBE-10 T.EEE-0E -7 AZE-BE -9, BIE-10 1.52F-09
4. BOE-10 5. 73E-08 -5, S5E-08 ~4, B4E~10 1.3ZE-B%
5. @HE-10 4. STE-BE -4, 43E-B3 -3 1TE-1@ 1.11E-3%
. O0E-16 3. E20E-83 -3, 62E-B8 ~Z.31E-18 9. 4TE-10
T.BOE-10 3. 2SE-G8 -3, 15E-38 ~1.80E-10 . I8E-16
8.80E-10 2.24E-08 -2, 7SE-0B8 ~1.46E-18 T.IlE-13
9, B0E-10 2. SZE-0F -2, 44E-BE ~1.23E-1D £.41E-10
1.88E-0% 2. 26E-58 -&. 1HE-GE ~1.BEE~10 S, TEE-16
1. 18E-5% 2. @5SE-B2 -1.99E-08 ~o, 2BE-11 5. I2E-18
1.28E~-0% 1.87E-88 ~1.22E-08 -5, Z5E-11 $.TEE-10
1.20E-8% 1.72E-B8 ~1,6TE-D8 ~TL 4ZE-11 4. 3TE-10
1.48E-g% 1, 60E-08 ~1,55E-D2 ~E.T4E-11 4. BFE-10
1.50E~-8% 1.4%E-08 -1.44E-03 ~E.1TE-11 3. T4E-10
1.60E-89 1. 39E-0E ~1.35E-B8 ~S.ERE-11 3. 42E-10
1.7BE-8% 1.31E-DE -1.27E-B3 -5, 2TE-11 3. ISE-10
1.80E-8% 1.23E-88 -1, 20E-03 ~4,9IE-11 3.05E-10
1.98E-89 1.16E-83 -1.13E-8% ~4, GRE-11 Z.EEE-10
2., BBE-89 1. 10E-82 ~1.07E-08 ~4,33E-11 o THE-18
2. 1BE-@9 1.05E-82 -1.32E-08 -4, B8E-11 Z.5SE-10
2. 20E-D9 5. 9TE-03 -5, SHE-B3 ~3,85E-11 oL 4ZE-10
2. 36E-69 4, SZE~@3 -%, Z5E-0% ~3.ETE-11 oLIZNE-16
2. 40E-B% 4. 1GE~3% ~&, B4E-A% ~3.49E-11 2. 18E-18
2.5BE~-@9 &.T1E-@%5 -8.4TE-2% -3, 33E-11 2.BTE-18
2.EBE-RS B.36E~0% -8.13E-0% ~3. 18E~11 1. 3SE-16
2.7OE-D B.BIE-B3 ~7.51E-p% ~3. B4E-11 1,89E-18
2.50E-@9 7. TZE-BS -7.51E-@% -2, 32E-11 1.21E-18
2. 9BE-G% T 44E~DS ~7.24E-0% ~2.80E-11 1.73E-18
3. GBE-0% T 1TE-89 -5, 9GE-09 ~Z.TBE-11 1.E5E~10
3. 16E-@3 £.93E-5% -G, THE-B9 ~2.G0E-11 1.59E-10
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Calculated values for dr,/dt (DELTA) for cavity radii of
1.8 mm

THE DAMALE LEVEL IS 1@
THE TEMFEFRTUFE I% H=SE

THE

THE DISLOCATION DEH-IT-
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Table F.5., Calculated values for drc/dt (DELTA) for cavity radii of

0.1 to 3.1 mm. 10 dpa, 850 K, P = 0.5 Pgq, Tepit = 1.0 mm

THE
THE
THE
THE
THE
2vd

LAMAGE LEYVEL I% 18 dpa
TEMFEFATURE I5% 250 |}
CAMITY COHCEMTRARTION I =
DISLOCATION DEHSITY IS &.640
BEURELE FRESSURFE IS 5 F
EOUALS 1.03

1.26BE+26
2. llE-18

. BESE-d2

»odBE-18

2.7 12E+1%

O I )

E
+12 o -2
2|

L]
[E L

i
o

[Ku )

Q)

1. -89
2. -09
2. -83

i
gl

i

FARLOIUS Telta g1t ab fielt ac DECTH
1.80E-18 ~d, FYE~ -5, 4ZE-14 -, B38E-01 -3, 82E-401
o BEE~-18 S, 29E- - oBE-G2 B, 28E-08 ~S.aTE-Oa
3.EBE~-16 S.14E- -4, 94E-08 -1.93E-47 -1.51Eg-0G7
4, BOE-10 . Sd4E~- -Z.V1E~G2 ~2. T1E~-88 -2 ETE-G8
S.a0E-14o 3LBTE~ ~-o s BT E-OE -V 9ZE-G% -5, B E~-GO9
&, 9RE~-10 = SeE- a3 TE-BE -3, ATE-G9 - D 1E~
7 HRE-18 o 12E- A Bl - -1 THE~D3T -1.0%E~
2 -18 1.22E- -1.8%E-08 -1 . 89E-a% -4, 43E-
S, -1 1.78E~- -1 .E5E-03 -7 . 35E-18 -l.0lE~-
1. -5 1.52E~- -1.,48E~-0% ~S.aRE-18 -1l.42E~
i. -39 1. 339E~ -1, 25E~-88 ~4,B31E~18 8E -
i, -3 1.28E~ -1.23E-03 -%Z.15E~-18 ZE-
1. -4 1. 18E~ -1.14E-02 -, BEE- o ZHE-
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Table F.6. Calculated values for dr./dt (DELTA) for cavity radii of

THE DAHMHTE oL EL I% 18 dpa
THE TEMFEFATUFE I% 258 |
THE CARVIT, CONCEHTRPATION I “OE

THE DIZLUCATIOUH DEHSITY IS S.080E+13 m -2
THE EBURELE FFESSUFE IS 8.908 + Fanq

Sid EOUALE 1,83

Gr = 1.2BHE+2g
I = 2. 211E-1u
= 2. 2eSE~0a

I
F = 1.248E~18

Coe = Z.712E41%

FROTUS Neltasa Delt ahb Deltac DELTH
1.60E-18 1.94E-4a7 -1.48E-87 -3.95E~GE ~ 3. A4E-BE
2. BRE-16 TL.EBE-GR -T.dZE-g2 -&. BSE-89 ~o.e3E~11
I.EBRE-10 G.12E-88 ~d, B5E-Q8 -5, 82E-168 2.1cE-16
4. HBE-16 I.E4E-O2 -I.v1lE-Gas -4,.84E-19 S, 04E-18
5. OBE~160 X.A7E-88 -Z.9TE-@8 ~-3.1TE-16 T.1ZE-10
f.O00E-16 . SeE-G8 -, 4TE-BE -2. 21E-18 m.avE-10
VL.EAFE~-10 Z.19E-08 -z, 12E-88 -1.80E~16 5. SSE~-10
2.00E-16 1.92E-82 ~-1.89E~-38 -1.46E-16 d.95E-168
S ROE~1w 1.7HE-G8 -1.559E~G8 ~-1.23E~18 4.42E~16
1.60E-8% 1.92E-032 -1.48E~08 -1.085E-10 4.8VE-10
1.1BE-G3 1.39E~-88 -1.3%E-8% -%, 28E~-11 3.74E-18
1.268E~8%9 1,23E-88 ~1.23E~-88 -2, 25E~11 2. 45E-16
1. ZBE~-G% 1.12E-G8¢ -1.14E-@2 -V.342E-11 . 2BE-16
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Table F.7. Calculated values for drc/dt (DELTA) for cavity radii of ‘
1.0 to 31.0 om. 10 dpa, 970 K, P = 0.1 Peq> Terit = 15.0 mm
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‘ Table F.8. Calculated values for dr,/dt (DELTA) for cavity radii of
1.0 to 31.0 om. 10 dpa, 970 K, P = 0.5 Peqs Terit = 7.0 mm
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Table F.9. Calculated values for dr./dt (DELTA) for cavity radii of ‘
1.0 to 31.0 mm. 10 dpa, 970 K, P = 0.9 Peqg, Teriy = 2.0 mm
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Table F.10. Summary of the results for the
calculations of rgyi¢

Fluence Temperature Pressure Terit
(dpa) ( ¥) (fraction

of Peq) (nm)

0.1 1.6

30 850 0.5 0.9
0.9 0.2

0.1 1.8

10 850 0.5 1.0
0.9 0.2

0.1 15.0

10 970 0.5 7.0
0.9 2.0

F.3 Direct Calculation of Terit: Dislocation Dominant Case

Hishinuma and Mansur [166] have derived a formula for r.,.j{ that
applies when the sink strength of the dislocations is larger than that

of the cavities, i.e.,

L > 4mr.N. . (F.24)
For this condition
2y
r ., = (F.25)
crit kpT z8z8) ¢ z§zd
P+ —=— In}{l — — +
f 7C791 & 7 z¢zd
v 1 A2 v 1
where
4RK_K.G 1/2
K.K_ + R(G, — G ) KiCy
c = 1 Vv TR i v % 1+ > -1 - (F.26)
v _
- l [KiKV + R(Gi GV)]

If L > 4mr N, then
cc

d
s, VZ L , (F.27)
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d
S{~ 24 L , (F.28)
and
e
Gp DVCV L . (F.29)

If P is used in terms of Peq as described earlier,

2y(1 — P7)
r L., = d c,d
crit c 7.7 (F.30)
«Q c.d Ce c.d
ZinJ v szi

An additional advantage of Eq. (F.30) is that only the ratio of the
capture efficiences, zgzg/zgzi , 1is required. In the present
investigation, Eq. (F.30) applies to the 30 dpa, 850 K irradiation and
to the 10 dpa, 850 K irradiation., Table F.l1l summarizes the values of
Torit calculated with Eq. (F.30) using the previously listed values for
the required parameters., A comparison of Tables F.10 and F.ll
demonstrates that both calculations yielded approximately the same

values for Torite

Table F.1l. Summary of the values for r.pi¢
calculated with the assumption that
L >> 4mr N,

Fluence Temperature Pressure Terit
(dpa) ( x) (fraction

of Peq) (nm)

0.1 1.5

30 850 0.5 0.85

0.9 0.17

0.1 1.8

10 850 0.5 1.0

0.9 0.2
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APPENDIX G
CALCULATIONS OF THE NUMBER OF HELIUM ATOMS IN AN EQUILIBRIUM BUBBLE

In this appendix, three calculations of the number of helium
atoms in an equilibrium bubble are presented. These calculations uti-
lize the ideal gas equation, a modified Van der Waals equation of state
and a high density equation of state. The pressure, Peq’ in an equilib-

rium bubble of radius r was assumed to be given by

Peq =z — s (Gol)

where vy is the surface tension between the bubble and the matrix.
In the simplest calculation, the ideal gas law was assumed to

apply to helium bubbles in metals. The pressure given by the ideal gas

law is
nkpT
P =——§~— , (G.2)
where

Boltzmann's constant,

=
(=T ~~
i

the number of helium atoms,

the absolute temperature, and

the volume of the bubble.
Assuming a spherical bubble, the volume of the bubble is given by the

expression

V=—g—1r 3 . (G.3)

Substituting Eqs. (G.1) and (G.3) into Eq. (G.2) yields the following
expression for the number of helium atoms in an equilibrium bubble, Nggq

_ Bymrr?

"eq 3k
BT
ideal gas

(G.4)
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A somewhat more complex approach used a modified Van der Waals
equation of state. This calculation yields more accurate results than
the ideal gas equation, especially for small bubbles. The usual form

of the Van der Waals equation of state is given by:

an?

P+ —-=| x (V— nb) = nkgT , (G.5)
V2

where ¢ 1s a measure of the attractive force between the atoms and b

is the effective wvolume of the atoms in a mole of gas [161]. For

helium in the interatomic forces can be disregarded [167,168], yielding

the modified form of the Van der Waals equation
P(V — np) = nkgT . (G.6)

Substituting Egqs. (G.1) and (G.3) into the above equation (with P

= Peq) and solving for aq gives

n 8y ) (G.7)
ed 3(kBTr + 2vb)
Van der
Waals

Equation (G.7) is the expression most frequently used toc calculate Nag
for helium bubbles. In using this equation, the selection of ) is
quite important as b is a function of temperature. As discussed by
Cost and Chen [167], b is equal to or nearly equal to the second virial
coefficient, B, obtained from conventional compressibility studies.
Tsederberg et al, [169] have derived an analytical expression for the
temperature dependence of B. This expression is given by

5.42
B(T) = [0,45 x 10~3 +—-———-—~.-—] x 6.65 x 10727 m3-atom™! . (G.8)

(1890 + T)
In calculation of the number of helium atoms using the modified Van der
Waals equation [Eq. (G.7)], D was set equal to B(T), Ed. (G.8).
The third and most complex calculation used the high density
equation of state (HDEOS) for gaseous helium presented by Wolfer [137,
138} . This calculation is applicable to bubbles with helium densities
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as high as the liquid density of helium. 1In deriving the HDEOS, Wolfer
has wutilized the interatomic potential for helium as given by Beck
{1701, the equation of state for a hard sphere system given by Carnahan
and Starling [171], and the liquid state theory (applicable to dense
gases) developed by Barker and Henderson [172,173], Anderson, Chandler,
and Weeks [174], and Verlet and Weiss [175]. The HDEOS actually con-
sists of several implicit equations which must be solved numerically.

These equations are summarized below:

I) The modified form of the Beck Potential (Eq. 1, vef. [137]), with

corrections as per Wolfer and Glasgow [176] is given by

V{x) Do ( x% + 3X%
n = Ay exp[—ajx — azxs] — =g x|l + (G.9)
B (x“ + xo) X+ x§
where

V(x) = interatomic potential of helium,
Ay = 4.63 x 10° K,
Dg = 29.9950 K,
a; = 11.5764,
a, = 0.12596,
xg = 0.25597,
Xy = 0.62416,
x = R/o, (G.10)
= the interatomic distance, and
= (0,2637 mm, the interatomic distance where the potential

is equal to zero.

The minimum potential is at Ry = 0.2969 mm, where

V(Ry)/kg = —10.37 K. (G.11)

The symbol € is also used for V(Ry).
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II) The Weeks, Chandler, and Anderson values for Vy(x), the repulsive

part of the potential (Eq. G.10, ref. [137]) are given by
vix) + ]e! for x < Rm/a
Vo (%) = (G.12)
0 for x > Rm/a

IT1) The Carnahan-Starling equation of state (Eq. 7, ref. [137] is

given by
l+y+y2—y3
7 = 3 , (G.13)
hard 1 -y
sphere
where
z = the compressibility,
= the packing fraction = (n/6) pd3 , (G.14)

the number density of gas atoms, and

T CRE ¥
i

= the effective hard sphere diameter for individual helium

atoms.

IV) The Barker and Henderson equation for dB’ the effective hard sphere

diameter without correction terms (Eq. 9, ref. [137]) is given by

dB = <5f: {1 —'exp[—Vo(x)/kBT]} dx . (G.15)

V) The Verlet and Weiss equation for d (Eqs. 11—17, vref. [137], with

corrections as per Wolfer and Glasgow [176]) is given by

d=d (1+98) , (G.16)

where

d

2
§ =—1 + 2{11} ﬁ:{l —-exp[—VO(x)/kBT]}x dx , (G.17)
B

1+ 11y)o; — (1 —--y)o2 + 3y £(1 —-y)_3
s (G.18)

Y = =
2[2 + 7y)o, - (1= y)o, — 1.5y(1 — y) 2]

f=-—7.5+7y—17.3595 y2 — 6.04 y3 , (G.19)
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o, = (L—y/2) x A—y3, (6.20)
6, =(2—7.5y+0.5y>—5.785 y° —1.51 y*) x 1 —y)~" (G.21)
and

0, = (2—20y+30 y%+0.17 y3 — 26,796 y* + 11.2241 y%) x @ —y)~°

(G.22)
The final form of the HDEOS is given by Eq. 19, ref. [137],
P 1 )
p BT
Hard

Sphere

The computer program (written for the Hewlett Packard 9845B Desktop
Computer) shown in Figure G.l calculates z as a function of y; (called
Eta in the program) for several irradiation temperatures. y; is a
measure of the density, referred to as the hard sphere packing factor,
which, in terms of o, is given by the expression

w 3
Yo = E’ p o . (G.24)

The output of the program is shown at the end of the program listing.
This program was provided by Wolfer and Glasgow [176]}. Although not
incorporated in this program, Wolfer and Glasgow recommended, based on
recent re-evaluation of their calculations, the use of & correction
factor of 1.9 in the calculation of z [176]. This correction modifies
Eq. (G.23) as shown below:

z = =z —-4y6[¢(oo + a9y —-al—-l-021/1.9. (G.25)
pk_T 2

B Hard
Sphere
In order to calculate the number of helium atoms in an equilib-
rium bubble using the HDEOS, an indirect approach must be used. First,
in terms of Yg» the number density of helium atoms is [re-arranging
Eq. (G.24)],
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YE-12365
18 FEM +=x++++ Hzliuyn Equatior of State +ese+s
2k oM Epz,S19me, T,R0,A1,A6,D08,40,%1,56,S1,52
21 I Epz 12 epzylansk as listed an line & of UWFDM-35@,hereafter called ref.a
34 Eps=18.,37
31 ! S1gma 12 li1sted an line 4 of ref.a
48 Zi1gQma=2.837
41 D Rman 1z lizted an line S of ref.a
Sa Fmin=2,969
S1 ! AD correzpond: to Ro of ref.a laine 2
1] AB=4.535E8
&1 I Szueral of the conztants listed 1 line 2 of ref.a arg 1n fact functions
(o34 Fonf Zigma
53 ! Al corresponds to al of ref.a line 2
74 Al=4, 390%S1gma
71 ! A5 correspond: to a2 of ref.a line 2
ge RE=3.746E-4+£S1gma 6
31 ! D8 correzsponds to Do of ref.a line 2
96 DB=1.080835E4-Sigma’ €
91 tha carresponds to x0*2 of ref.a line 2
196 AA=(, 675 - 51gmar 2
101 I %1 correzponds to x242+34x072 of ref.a line2
111 A1=2.79%- 5 1gma2+3%%0
111 borma: 13 lizted 1n line 3 of ref.a
12a Ama:=Fmin/S1gma
121 ‘'Hno1z the number of intervals to be used when doing a subsegquent
&2 U puserocal antegration
129 HN=59
131 Pbine 140 1v: foarmat
143 IMAGE % ,0D0.5L,5%4,DD0,.D0DDD, 34, .0DD.DDDD, SX,DD. DODDLD
141 P Tenperature goes from 200 to 1289 degrees Kelvin 1n steps of 208
142 FOF T=_o8 TO 1260 STEP 2060
14z ! Hedd 12 a subprogram

144 CALL Hedd HWmax,Hn,Db,Deltad
+T I 7 correzpond: to temperaturs. Db correspondz to Db Sigma line 9 ref.a

1:° ' Delra 1z listed an lln9112 of ref.z

14z FFINT T,.Db,Detta

143 ' E*a 1z the hard sphere packing fraction and carrsspond= to o Tinmse 22
tEf.a

150 re=f.a

1351 Eta goss from 1 to 1.1 wn steps of .1

l
' B

152 FOR Era=.1 TO 1.1 STEP .1
)

17 o 12 oa subprogran

e CALL 2w Eta,Db,Delta,D,2Zhs,2)

ot ' Frant wzing the format of Jine 148

172 V2 zorrezpondzs to 2 lizted an line 19 of ref.a
1ve I 2z corrszponds to 2 listed in line 7 of ref.a
174 VD ocorrezpondz: to 4 listed an line 1t of ref.a divided by Sigma
1240 FRINT USIMNG 1483Eta,2,2hsz, D

131 Voo 1o nest Eta

134 HE'T Eta

1731 VoG ot one.r T

2e0 HENT T

241 VEnd of program

214 EHD

211 L

St !

Figure G.1. BASIC computer program (HP 9845B) which calculates the com-
pressibility, z, from the hard sphere packing factor, y; or eta, using
the HDEOS for irradiation temperatures of 200 to 1200 K. Program sup-
plied by Wolfer and Glasgow [176]. Reference a in the program is ref.
[(137] in this dissertation. The output is included at the end of the
program.




35¢
360
361

362
3ve
371

3ve
373
380
2381

382
383
390
391

392
400
401

482
410
411

420
421

438
431
440
441
450
460
461
5066
S18
St
512
520
521
3309
531
540
S41
559
Se8
570
571
Sve
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U Zuby cogram Hedd
siae rEddvama. (Hn Db, Delt w0
COM Epz Sygma, T,RD,A1,A5,00,58,41,50,51,582
Lormzgz 220-399 are numerical b antegrating the equations n Times
¢voF and 13 of ref.a
tlmitralvze DE=0,Delta=o

cROYE: o3 poant on o zome > -a-13, Let 1t inittrallse =9
Fuy=Db=Delt a=§
VFE vz oa moart Inoths v-aco1s, AV RO=9,Fas1
' Thiz 1z Fsl-z pu-wi(RIZKT? line 9 ref.a.
Volpes RSEOMYRY s anfinmitedlsss figure 1 ref.a2ithereforeF=1
Foa=1
t fd = Log Hn where Hn 13 S0
RA=LGT/ Nn2 '

i 1 goee from 1 to S8 in ztepsz of 1

rur 131 70 Hn

! P is another point on the x-axis, Let it equal Xmax times the

! rati1o of Leogl to Log5®

! The advantage of using the ratio of the Logs is that the spacing

! for the numerical integration becomes small at larger I which

| corresponds to larger R. At larger R, l-exp(-V(R>/kT> changes

I rapi1dly, 30 finer spacing for the numerical integration is necessary
R1=Xmax*#LGT(I)-Rd

! Using lines 509-570 compute F1

I F1 is a point on the y-axis which corresponds to R1

Fi=FNFC(R1>

I Dby iz a dummy variable. (FB+F1)/2 is the average of the v-height
t (R1-RO> is the width of the x-spacing. Dbi is the area under part
' of the function 1-exp(=VY(RI/kT>

Dbi=(F@+F1>*(R1-RO> 2 .

| Del is a dummy variable. (R1-R®) is the width of the x-spacing

1 (FO*RO+F1%R1>72 is the average of the y-height times x. See line

! 12 of ref.a

Del=(FOxRB+F1*R1)>*(R1-RO>/2

! Line 499 is summing the areas under 1-exp(-VY(R>/kT>
! Db corresponds to Db/Sigma of line 9 ref.a
Db=Db+Dbi

! Line 418 12 summing all the areas of [l-exp(-V(RI/kT>1#*x
! Delta corresponds to line 12 of ref.a
Delta=Delta+Del

! Moves to next x-coordinate

RO=R1

! Moves to next y-coordinate

Foa=F1

! Moves to next I

NEXT 1

! After al)l the summing, line 458 computes delta from line 12 of ref.a
Delta=2+DeltasDb~2-1

SUBEND

! Defines FHF used above

DEF FNF<¢X)

COM Eps,Sigma,T,AB,A1,AE6,D0,X%0,%1,50,51,82

I Yk corresponds to Y(x>sk of line 2 ref.a

! First part of line 2 ref.a

Yk=AB*EXF (-AL *X-A6%#X"6)

! Includez the zecond part of line 2 ref.a
Yh=Vk-DB*(1+X1-(XKB+K~2))/(XO+KX~23~3

! Refers to line 10 ref.a

Yk=Vk+Epsz

! Ccmputes integrand of line 9 ref.a

F=1-EXP(-Vk-T)

RETURM F

FMEND
'

Figure G.l. (continued)
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600
610
611
612
620
621
630
631
€49
641
642
€50
€51
660
661
€62
670
680
681
690
691
700
710
711
800
gie@
811
820
821
830
831
840
841
8se-
851

861
870
871
872
880
881
896
900
910

z28e

222

} Subprogram Z2uw

SUB Zvwi¢Eta,Db,Delta,D,2hs,2>

COM Eps=,.Sigma,T,RO,A1,RE,D0,KX0,%1,50,51,82

! D corresponds to d/Sigma, Db corresponds to dB-/Sigma. See line 11 of
! ref.a

D=Db

! Dbi is a dummy wvariable

Dbi=D

t E is the packing fraction line 8 ref.a

E=Eva*D-3

I Using lines 28008-910, computes C

! C corresponds to Psi line 13 of ref.a

C=FNG(E>

! Computes a new Ds/Sigma line 11 ref.a
D=Db#(1+C*Deltad

! Compares Ds/Sigma with Dbi (which is the previous value of D-sSigma’
! If the difference is too great, iterate on D

IF ABSC((D-Dbi)>/Dbi)<1.0E-4 THEN 690

GOTO 638

! Zhs corresponds to 2 of line 7 ref.a
Zhe=(1+E+E~2-E~3)/(1-E)~3

! 2 refers to line 19 of ref.a
222hs-4#E*Delta*(C*(S0+S1)-51-52-2)

SUBEND

! Defines FNG used above

DEF FNG(X>

coM Eps,Sigma,T,A8,AR1,A6,D0,%X0,X1,56,51,52

! x corresponds to v of line 18 ref.a

Y=1-%

| S8 corresponds to Sigma® line 15 ref.a
SO=(1-X/2)/¢Y+3

t 81 corresponds to Sigmal line 16 ref.a
S13(2-7.5%#X+.52X~2-5.7863%K~3~1.51%X~4)/Y~4

! S2 corresponds to Sigma2 line 17 of ref.a
S2=(2=20%X+30%#X 2+, 17%#X~3-26,796%X~4+11.2241%X~5>,/Y¥~5
! Gt corresponds to f line 14 ref.a
G1=-7.5+%-17.3595#KX~2-6.04%X~3

! Z1 corresponds to the right hand side of line 13 ref.a
Z21=81#(1+11%X)-Y*S2+3#G1#X/¥~3

! 22 corresponds to the left hand side of line 13 ref.a divided by
! (2#Psi)

22=30%(247%K)-Y#S1-1.5#X/Y"2

I G corresponds to Psi of line 13 ref.a

G=21,22-2
RETURN G .
FNEND
.857899182267 .@0E23694393
.1 1.3034 1.2999 .859894
.2 1.7167 1.7095 857961
.3 2.2787 2.2709 .855584
.4 3.9391 3.0438 .852715
.5 4.0516 4.1096 .849313
.6 5.3598 5.5801 . 845342
.7 6.9637 7.6138 .840761
.8 8.7346 10.4344 .835520
.9 18.2133 14.2950 . 829646
1.0 1@.3375 19,5983 .8230871
1.1 6.9097 26.6826 .815921

Figure G.1l. (continued)
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P = . (G.26)

Substituting this equation for p into z = P/pkBT yields

_ Pro3 (G.27)
z 6yOkBT ) )
Or, for an equilibrium bubble where P = Peq = 2v/r ,
3
g = "9 (G.28)
3ry0kBT

Re—-arranging the above equation, the equilibrium bubble radius, req, is
given by
ymo3

req = W . (G.29)

Therefore, the radius of an equilibrium bubble can be calculated for a
given y, and T. Since z is a function of ¥y, and T, z must be calculated

using the HDEOS.

The number of helium atoms, n, in a bubble can be derived from the

definition
n 3n
== = . G.30
P =Y g3 ( )
Setting the expressions for p given by Eqs. (G.26) and (G.27) equal
vields
m__ o
43 mg3
or (6.31)
8y 3
n = ___y_Oé____ .
HEDOS ¢

Unlike calculations using the ideal gas and Van der Waals equa-
tions, the number of helium atoms required for an equilibrium bubble can-
not be directly calculated for a given bubble radius using the HDEOS.
Instead, as outlined above, z must be calculated for a given yy and tem-—

perature. Then, req is calculated using Eq. (G.29). Finally, the number
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‘ of helium atoms in the bubble is calculated using Eq. (G.31) with
r = req’ i.e.,
8yor3
Teq = ———jﬂ— . (G.32)
HDEOS

Therefore, in order to best utilize the HDEOS, a series of
calculations of Teq and Neq uging different values for y; and a single
irradiation temperature must be performed. For small enough intervals
between the y; values, a useful graph of Teq V8 Ngq Can be obtained. A
computer program to calculate and plot these data for Teq (R in the
program) and Negq (M in the program) is shown in Figure G.2. This
program also plots z vs y;. The symbols used in this program are the
same as those in the program shown in Figure G.l. The output for the
program shown in Figure G.2, for an irradiation temperature of 850 K
and a surface energy of 2 J-m~2, is shown in Table G.l1 (numerical data),
Figure G.3 (z vs y;), and Figure G.4 (r:eq vs neq). Figure G.5 shows a
comparison of the Lgq V8 Ngq cCurves obtained for values of the surface
energy of 1, 2, and 3 J-m™2, A factor of 3 increase in the surface
energy resulted in a factor of 3 increase in the number of helium atoms
in an equilibrium bubble of a given radius. Likewise, Figure G.6
demonstrates the effect of the irradiation temperature (300, 750, 850,
and 950 K) on this curve., For irradiation temperatures of 750-950 K,
the irradiation temperature has only a small effect (<20%) on the
number of helium atoms in an equilibrium bubble of a given radius.

Calculations of Neq using the ideal gas equation, the modified
Van der Waals EOS, and the HDEOS are compared in Figure G.7 (a plot of
Teq V8 Ngq for each calculation) and Table G2 (the numerical data) for
an irradiation temperature of 850 K and a surface energy of 2 J-m™2,
The HDEOS predicts fewer helium atoms for an equilibrium bubble than
the modified Van der Waals and more helium atoms than the ideal gas
equation for a given bubble radius. However, the differences in feq
calculated by each of the equations decrease with increasing bubble
radius. In fact, for a bubble radius greater than ~5 nm, there is less
than a 102 difference between the number of helium atoms predicted by

‘ the modified Van der Waals EOS and the HDEOS.
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YE-12366

10 REM #=+%% CHLCULATION OF EQUILIBRIUM BUBBLE YARIAELES
USING THE HDEDS #%##

15 4

20 DIM ¥(158>,Matz(158>,R(158>,M(150)

36 COM Eps,Sigma,T,AB8,A1,AE,00,X0,%¥1,50,51,52

40 Eps=18B.37

1] Fi=3.14159

69 K=1.38E~1%

Ve Sigma=2.637

80 Rmin=2.,969

1% RB=4.€38E6

1808 HA1=4.390+Sigma

110 AE=3.746E-4%Sigma~s

128 DO=1,9P685E4-5igma6

138 XB=(.675-Sigma)~2

148 Hi1=2.789-5igma~2+3*X4g

158 Xwax=Rmin-Sigma

168 HNn=358

17® IMAGE 5¥,D.DD,5X,00DL,.D00DD,5%,D000.0D,5X,D.DDDE

188 FPRINT "INFUT THE TEMPERATURE IN KELWIN AND THE SURFACE
ENERGY IH ergs- cm~2 "

198 INPUT T,Gamma

208 FPRINTER IS @

218 CALL Hedd<(Xmax,Hn,Db,Deltal

220 PRIMWT USING "K,4D-K,3D.2D-K,D.4DE~K,SD";"THE TEMFERATUR
E IN KELYIMN IS *,T,"Db IS ",Db,"Delta IS ",Delta,"THE SURFAC
E EHERGY IMN ergs-cm~2 I15",Gamma

225 PRINT LINCZ3;SPRAC7I;"Y";SPACIBY ;"2 SPALII; "rinmn2";SFA
(62;"He ATOMS";LINCLD

230 Count=9

249 FOR Era=.81 TO 1.3 STEP .91

250 CALL Z2vwiEta,Db,Delta,D,Zhs,2)

2680 VY<(Count>=Eta

278 Matzi(Count »=2

271 !

272 !

275 REM #+% STRATEMENTS 289 AND 296 CALCULATE THE EGQUILIEBRIUM

FUBBELE RADIUS AND THE HUMBER OF HELIUM ATOMS 1IN THE
ERUILIBRIUM BUBBLE#*+%

276 !

277 !

288 RiCountli=Gamma*Pi*Sigma~3%1E-17/(3*K*T*22Et a>

298 MiCount:=34#R{(Count)>~3%Etas/(Sigma~3%1E-32)

295 IF RiCount)<l THEMN GOTO 316

388 PRINT USING 1783Y<(Count),Marz(Count,R(Count),M(Caunt

385 IF ¥iCount)>=.38 THEN PRINT PAGE

318 Count=Count+l

328 HNEXT Eta

Figure G.2. BASIC computer program (HP 9845A) written to calculate the
number of helium atoms in an equilibrium bubble using the HDEOS.
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238 Mdim=Conunt-1

2321 i

33 !

339 FEM «+STRTEMEHTZ 2348 - 1£17 AFE THE GFPAPHICS POUTIHES++
336 !

327 J

340 PLOTTER I% 7,5,"3572AR"
358 GRAFHICS:

268 LOCATE 15,115,15,98
378 FRAHKE

388 Smin=LGTr" 1.

2398 Yorm=LGT L1

468  Hma. =LGT+ 167

418 Yma =LGT: 105>

428  SCHLE Amingbmz Jrmieg Ymas
4728 AXES LGET10,,LGT 1082, 8Smin,Ymin, 1,1,
440 AKES LGT 100 ,LGT 180 ik, Ymar 1,1,
458 RAKES LGTr19,LGT 168 H¥ma ,Ymin, 1,1,
4680 LINE TWFE 9

478 MOYE Ymain,Ymn

488 FOR Count=0 TO & STEP 1
498 L=18 Count

588 bmas=9+L

518 FOR t=L TO kmas STEP L
528 DPFARW LGTcF 1, Ymim

938 HEXRT F

548 HEAXT Count

558 MOVE laarngmih

S60  FOR Count=-1 TO 1 STEP 1
578 L=18-Caunt

568 bFma =3+L

598 FOR k=L TO Kmax STEF L
688 DRAW ‘min,LGT

818 HMNEXT Vv

€628 HMEXT Count

638 HMOYE wmirigi'mas

648 FOR Count=8 TO & STEF 1
638 L=18 Count

e&B  Fma, =93

evd@ FOR K=L TO kma: STEP U
&88 DRAW LGT: b, Tma~

€98 HEXT |

788 HNEXT Count

718 MOVE Ama.,"vmin

728 FOR Count=-1 TO | STEP 1
720 L=18 Count

Y40 kman=9¥(

Y58 FOF k=L TQ tma: STEF L
YED DRAW =ma JLGToE

TV HEXT ¢+

788  HEWT Count

(R B N

e

’ Figure G.2. (continued)




799
soa
81w
8208
8ze
840
250
geg
8vo
880
898
oaa
91a
9z0
928
94a
958
960
arve
98a
9986
1889
1e9s
1610
1628
1838
1848
1845
18658
16¢e0
1870
le8o
1882
1824

1885
1899

1695
1188
1118
1120
1138
1148
1156
1168
1178
1180
1198
1269
1218
1224

Figure
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LORG S

FOR Caunt=8 TO ¢ STEF 1

=12 Count

MOVYE LGTC(x>,LGT(,.86)

LABEL WUSINMG "DE"; X

HEXT Count

FOR Count=-1 TDO 2 STEP 1

Y=18"Count

MOVE LGT<¢.4,LGTLY)

LABEL USING "DDD.D";%

HEAT Count

MOVE LGTCIR-2.5),LGTC.08%,

LAEEL USIHG "k ";"HUMBER OF HELIUM RATOMS®

DEG

LDIR 9@

MOVE LGTC,2),LGTC18~,53

LABEL WUSIHG "K";"BUBBLE PADIUS IN rm"

C=8

LINE TYFE 1

FOR Count=8 TO Mdim STEP 1

IF R<Count»>188 THEHM 1848

IF MiCount»>1E7? THEH 10649

IF McCount »>M{Count—12 THEN GOTO 1845

IF C=8 THEH MOYE LGTIM{Count?),LGT R(Count )
DRAW LGT'MiCount)s,LGTC(R(Count ¥,

C=C+1

HEAT Count

LINE TYFE 1

LDIF &

LORG 2

MOVE LGT(1.23,LGTC(EB

LABEL USIHG "K,IDD,K";"TEMPERATURE IS ", T," k"
MOVE LGT<1.22»,LGT(48;

LABEL USIHG "K,4D,F";"THE SURFACE EHERGY IS5 ",Gamma,"
ergs.cm 2"

PRINTER IS 16

PRIMT "CHANGE THE PAFER ON THE FPLOTTER. MWHEW FIWISHED
PRESS 1, THEN CONT."
INFUT Faper

FRRME

Amin=8

“max=1.,1

Ymin=LGT+ 1)

Ymax=LGT+168>

SCALE H¥min,¥max,"min, Ymax
AXES . 1,LGETC1@),¥min,Ymin, 1,1,
AXES . 1,LGTC18,Xmin,Ymax, 1,1,
AXES .1,LGT<1@),¥max,¥Ymin, 1,1,
LINE TYFE 9

MOVE Xmin,Y¥Ymin

FOR Count=8 TO 1 STEF 1
L=18 Count

W W w

G.2. (continued)




1238
1249
1258
1260
1278
1288
12906
1388
1318
1320
1338
1348
1359
1360
1378
1330
1398
1400
141a
14208
14328
1448
1450
14€0
1470
1480
1496
1568
1518
1528
15308
1548
1550
1568
157a
1588
1598
1600
1é618
1612
1615

1618
1620
1621
1622
1623

1626
1627
1638
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Kma.=9%L

FOR k=L TO Kma+« STEFP L

DRAKW ¥min LGTLK

HEXT &

NEXT Count

MOVE *max,Ymin

FOR Count=8 TO 1 STEP 1
L=18"Count

Kmar=9+L

FOR F=L TO Kmax STEF L

DRAW lima> ,LGTCK2

NEXT K

NEWT Count

LDIR B

LORG S

FOR X=0 TO 1.1 STEP .1

MOVE :,LGT.. 7Y

LABEL USING "D.D":; ¥

HEXT »

FOF Count=8 TO 2 STEP 1
Y=18~Count

MOVE -.86,LGTIYD>

LABEL WUSING "DDD";Y

NEXT Count

MOVE .5S,LGT¢.53

LABEL USIHG "k"3;"HARD SFHERE PACKIMG FRACTOR"
DEG

LDIR 38

MOVE -.1,LG5T<¢1@>

LABEL USIHG "R"}"Z=p ‘.rho#k*T¥"
LINE TYFE 1

MOYE %¢B),LGT " Matz{(@3)

FOR Count=1 T0 Mdym STEP 1
DRAW Ye(Count),LGTcMatz{Count )
NEXT Count

LDIR B

LORG 2

MOYE .1,LGT(48.

LABEL USIHG "¥,DDD,F";“TEMPERATURE IS “,T," K"
MCYE .1,LGTCEB,

LABEL USING "K,4D,kK";"THE SURFALCE EHERGY I5 ",Gamma,"
ergs-cmt2"

PRIHTER IS 16

END
|

REM +#+%+THE BRALAMCE OF THE PROGRAM COMSISTS OF THE
SUEFROUTINES FOR THE HIGH DENSITY EGUATION OF STATE

CRLCULATIONS#%%
]

|
SUB Heddid¥max,Hn,Db,Deltan

Figure G.2., (continued)




1648
16508
1660
1578
1638
1690
178
1711
1vz0
1738
1748

hg=1:)
1760
1778
1728
1798
1308
121m
1228
1838
1&48
1850
1860
1878
1888
1858
1988
1918
1920
1938
1940
1958
19&8
1970
1588
1998
2008
2016
2820
2038
2848
2858
2858
2e7a
20889
20308
2160
2118
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COM Epz,%19ma, T,ARO,A1,A5,D8,X68,X1,58,%1,52
rRB=Db=0c11t a=8

FB=1

RA=LET ¢ Hn

FOR I=1 TO Hn

Rl=dmar+LGT¢I Fd

Fil=FHFrF1

Dbv=FA+F] 1w Pl1-RB3 22

Del= Fa+PA+F1+R1)+(RI1~-FB)- &

Ib=Db+Db1

Delta=Delta+licl

RO=RF1

Fo=F1

NHEXT 1

Delta=2+Delta - Ib- 2-1

SUBEHD

DEF FHF::»

CoOM Epsz,%1gma, T,A8, AL, A&, I8, K8, 01 ,58,51,52
Vi =RO+EXSP . —Al*-RE~:" &0

W=k -D8wr 1481 0B+ 200 O+ 2107 3
Vk=VYk+Ep=z

F=1-EuPi=vk - T

RETUFH F

FHEMD

SUB ZvwiEta,lb,Ds1ra,D,2hs, 22

COM Eps,%13ma, T, AB,A1,RE, B, KB,A1,58,51,%
I=Db

Db =D

E=Et a+D 2

C=FHG E

D=Db+ 1+ #Delt a:

IF ABES¢"D-Db1.,-Dby ¢ 1.8E-4 THEHW 1397@a

GOTO 19216

Zhe=y 1+E+E~2-E~21-{1-E3»~ 3

2=2hz-4. 1,924E+Deltaer C% S+ s-51-52.72
SUBEND

DEF FHG:

COM Epz,%19ma,T,A4,RA1 R, D8, ¥B,1,58,51,52
Y=1-0

S@=1=- 20"

S1=12-F. 54U+, Sl 2-5, TEES44 3~1. 5141 4074

e

S2=02-2@#N+30+H 2+ ITHEAI-2E.F9E# N 4+11, 224124350

G1=-7.54k-17. 359540~ 2-6.B4%%~3
Z1=01% 01411 % 0-Y+S2+3eGl&Mr YT

Z2=SB¥(2+7#N0-Y¥+S1-1.9+8sY 2
G=21-22.C

RETUFHN G
FHEHMD

Figure G.2. (continued)
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‘ Table G.1. Numerical output from the computer program shown
in Figure G.2. Graphs of the output are found in Figure G.3

(z vs yo) and Figure G.4 (req vs neq)

THE TEMFERATUFE IH FELVIN IS 258
Db I% LT

Delta IS 1.42580E-82

THE SUFFHIE EHERPGY IH srgz-cm 2 IS

A
ma
o

15
[u}

He ATOM:

]

x = [ Y T

o

L4S14E+03
. 4393E+GT
L 44BIE+OT

LY

Lol o S e T LTI (SURE PR 0 TS O S ; BN Iy I O O

LR B AT n Y i =N I ) B O O e

- « 8 e = »
o IO b b I B B X )
[N B PRI (W

Do e

P
- O
RPN

" e
—
—

n

B
-
fue

. 541 2E+85
.HE33E+0S
LE452E400

:
-

-
R TIRAT

LNl O Rl B PR oI B O R B SR I ST P T SR | e SO x 1
O T s FY A Y w I I S e VA RS« I s PR VYR i o I s PR e LY N PR WL Y o I N ANV s L Pt

PEO ORI BT BRI I PU IR TN I S BN I (8 O Aot B LI 33 B O WY N PO % |

- = o= .
S S T I U O I O OO LT CR I O B S e o B B o
Lo O« SO I v x DR GO VY Rt B Pt B ) B TR

19 LBO42E+BS
16 . . LAAPEE+BS
v 14. LHI2IE4+0T5
. 153 . 13. L TESEE+BS
19 1z, LHSE5E+BS5
A L 2VE9E+ES

BIEZE+BS
443cE+04
1725E+64
. B2SEE+BY
 128EE+04
L481BE+04
TIIZE+B4
1594E+684
cE41E+04
L2 24EE+E4

DO e ol DU VROV U S B B il OV VY St B T

KD U e O s RN ES BCUR U S s VR B PR R TR P VY o B xS I FA A (N}

HECI LU (8]

OB R CRRY W B v R Bl Bl BN B VI VRV A SR | B

(X EURN YRS U LR ORI IR LS U U

e P DD 00 ) Tl e T e
Lot I wORLTE Y CRORN R P - PY O (% B R YY

Q) vt = i1 Ty e D P B W
L IR TR PR L R I a SR e CROR U I e B A xR O

Frd bt b bbb e b B b bk b bt ek b b b B bk b ek b bk bbb peh bk b ek b peb ek b ek b b el e e
. . . - s & u « a N B e« 0w . e

5

fa

—

— -
L O CA A SN R I L PR IR Bt I Y LY e B
Lo LS (S I R U Y VR U R SRR o & Tl s 1

P00 o= =) b ) ol O] e e O

E2e30E+O4

. LSIEVE+DS

33 CZESHE+04
z . SBAT4E+RS
35 . . STESTE+DY
E1= = . 598 1E+04
. 30 B85 . LH25E+D4
. 38 LB23 <] L2 T9ZE+E4



Table G.1l.

(continued)

Tl A an
RO B YR I SRR O

=

o o) P

o B B IV B B AT T x T I« VO T Oy ]

- @O m M

b BT/ R

[ LN N
Lt A
(R
N 0

NaA &
[V WY s}
- o
o G-

. 2586

NeaEow
© L~ =
S D [N
@ =

2
2
2
2
2
2
2
2
2
pe]
2
e
£.8497
2
2
3
3
3
3
3
3
3
3
3
3
3
K]
3

4.1328
4.2054
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v rnim?

0

VWO RN OOEANMRHNNLG TP o)~ 0O
= 03 N e D 0300 PN N W

Lol ol DT CUI LV LR S B LU D N LN B (R UV RV REY I P R P 70 I PN U -

He HATOMS

1.1471E+84
1.83008E+04
9.2596E+03
8.3343E+073
¥.5093E+873
5.7742E+83
5.117BE+83
S5.5290E+63
S.0022E+873
4.5300E+823
4, 1838E+R3
3.7246E+83
3.3815E+R73
3.8725E+82
2. 7I39E+83
2.5424E+83
2. 3152E+273
2.1148E+83
1.9242ZE+83
1.7959E+832
1.6634E+83
1.4651E+83
1.3395E+82
1.2259E+93
1.1232E+83
1.8290E+873
9.4216E+B2
g.6582E+82
¥.9381E+82
7.2887E+Q2
6.6962E+B2
6.,1533E+82
S.E611E+B2
5.2894E+082
4.7963E+02
4.4184E+82
4,.8724E+B2
3.75S4E+0B2
3.4649E+82
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ORNL--DWG 828283

1@ +

Z=p/ (rho%*K*T)

T T T T 1 I L T

TEMPERATURE IS 858 K

THE SURFACE ENERGY IS 2080 ergs/cm~2

1 i A —1 1 . 1 i

T T

B.9 .1 .2 <3 .4 .9 .8 .7 .8

Figure G.

HARD SPHERE PRACKING FACTOR

3. Plot of the compressibility, z, vs

.9 1.8 1.1

the hard

sphere packing factor, y,, as calculated by the HDEOS.

188.8¢

[\
[

BUBBLE RADIUS IN nm
©

.1

1E+66 1E+81

Figure G.

the number of helium

ORNL-DWG 82-8282

NSALN EummLESL ALY d T +r T Ty

[ TEMPERATURE IS 858 K
tTHE SURFRCE ENERGY IS 2808 ergs/cmnag

L

sasad ot sessaal P | ! N i

ssasash,

1E+92 1E+@3 1E+84 1E+BS
NUMBER OF HELIUM RATOMS

1E+B6 1E+87

4. Plot of the equilibrium bubble radius, r , vs

atoms in an equilibrium bubble, %eq'
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ORNL-DWG 82-8286

188 . B e
[ TEMPERATURE IS 852 K o
THE SURFRCE ENERGY IS 2080 ergs/cm~2 ]
'THE SURFACE ENERGY IS 1888 ergs/cm~2 ]
| THE SURFACE ENERGY IS 3080 ergs/cmA2
£
18.8}¢
z E
2 - ]
2 ]
=]
@O
m P
]
@
o 1.9+ -1
on | [ ]
m
/
I pd
./
.1 RPN | AP | " il S | P . YN P
1E+BB 1E+21 1E+B2 1E+23 1E+B@4 1E+@5 1E+@8 1E+@7

NUMBER OF HELIUM RTOMS

Figure G.5. A series of r,, vs n,, curves calculated by

the HDEOS for a range of surface “energies.

ORNL-DWG 828285

1 BB , B f—rmr et ATy

ITHE SURFACE ENERGY 1S 2080 ergs/cma2

L TEMPERATURE IS 858 K ————
lTEMPERATURE IS 958 K — —

| TEMPERATURE 1S 758 K ——-—— &
TEMPERATURE IS 388 K —~-— e

o
[N
N

BUBBLE RADIUS IN nm
©
—

.1 . P ERPRPUUON | NP | I

T

1E+88 1E+81 1E+82 1E+83 1E+84 1E+85 1E+66

NUMBER OF HELIUM RTOMS

1E+@7

Figure G.6. A series of Taq VS Ngq CUTVES calculated by

the HDEOS for a range of irradiation temperatures.
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I THE SURFRACE ENERGY IS 2088 ergs/cm~2 /]
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Figure G.7. rgq Vs ngq curves calculated by the ideal gas equation, the modified Van der
Waals EOS and the HDEOg.
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Table G.2. Numerical comparison of the ng values calculated by the .
ideal gas equation, the modified Van der Waals EOS and the HDEOS.

A plot of the three Teq V8 Mgq CuUrVes is shown in Figure G.7.
(R 1T Humber of Helium Atoms
Har-d Sphere Modified Ideal Gas
of 5tate Van der MWaals
321,82 1.45E+88 1.44E+88 1.48E+88
1537.9¢6 3.44E+07 3.40E+87 3.56E+67
183.453 1.4SE+87 1.4Z2E+87 1.33E+a7
76,13 7.72E+86 7.55E+86 2.2%9E+B86
53,86 4,623E+88 4.55E+86 5.12E+8%
43,33 2.92E+06 2.97E+86 2.42E+06
41,24 2.14E+86 2.83E+0¢ 2.43E+85
325,43 1.55E+86 1.48E+05 1.72E+084&
38,23 1.16E+85 1.18E+8€ 1.37E+86
27.33 8.31E+463 g.327E+085 1.B7E+86
24,48 6.97E+85 £.S0E+85 2.58E+95
21.9€ 5.54E+85 5.13E+83 &.39E+85
19,98 4.47E+85 4.18E+85 5.66E+83
18.14 2.65E+85 2.32E+8@5 4,7BE+05
16.62 3.00E+85 2.7TZE+85 3.95E+85
15,249 2.56E+05 2.24E+05 3.34E+85
14,12 2.,99E+B83 1.86E+85 2.85E+85
13.18 1.77E+85 1.56E+@5 2.4SE+@5
12,18 1.50E+85 1.21E+95 2.12E+685
11,368 1.28E+85 1.11E+85 1.84E+85
19,62 1.10E+85 9.43E+64 1.61E+85
9.95 9.45E+04 8.05E+84 1.41E+85
9.34 2.17E+084 6.99E+04 1.25E+85
2,758 T.18E+84 5.94E+04 1.19E+85
3.328 5.18E+84 5.12E+04 9.78E+04
7.21 S5.40E+84 4.44E+04 8.71E+84
7.328 4.73E+84 3.85E+84 7.78E+84
6. 38 4, 16E+84 3.35E+04 6.97E+D4
ELED 3.66E+84 2.92E+04 6.25E+B4
£, 23 3.232E+04 2.56E+04 5.62E+84
S, 36 2.86E+84 2.24E+04 5.87E+04
.67 2.54E+@4 1.97E+684 4.58E+84
S5.39 2.26E+084 1.73E+84 4.15E+084
S.13 2.91E+04 1.52E+04 3.77E+04
4,59 1.79E+84 1.35E+684 3.42E+084
4,67 1.60E+84 1.19E+84 3.11E+84
4.4¢ 1.42E+84 1.06E+04 2.84E+04
4,28 1.22E+094 9.36E+83 2.99E+84
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Table G.2. (continued)

Atoms
Ideal Gas

Humbsr of Helium
Har d Sphere Modified
Eq. of State VYan der Waals

rofim

]

4.87 1.15E+84 8.31E+873 2.37E+84
3.89 1.83E+04 7.38E+83 2.17E+v4
2.73 9.26E+83 5.57E+03 1.98E+04
2.57 8.33E+83 5.36E+83 1.82E+064
d.42 7.51E+83 S.22E+83 1.67E+084
o3 6. 77E+B3 4.67E+BZ 1.54E+84
2.18 £.12E+83 4.17E+83 1.41E+04
.82 5.53E+03 3.73IE+83 1.38E+84
2.98 S.80E+03 3.34E+83 1.28E+084
2.79 4.53E+083 3.98E+83 1.11E+84
2.68 34.11E+83 2.6%9E+83 1.82E+04
2.58 3.72E+83 2.42E+83 9.47E+03
2.43 3.38E+03 2.17E+03 8.76E+83
2.38 2.87E+03 1.93E+83 8.12E+B3
2.2 2.V3E+83 1.76E+B2 7.52E+83
2.21 2.54E+83 1.58E+83 €.98E+03
0.1z 2.32E+83 1.43E+873 6.47E+83
2. 45 2.11E+083 1.29E+83 6.81E+873
1.98 1.92E+873 1.16E+873 5.59E+83
1.1 1.76E+083 1.95E+83 S.208E+03
1.84 1.60E+683 9.580E+82 4.84E+0623
1.78 1.47E+83 S.68E+82 4.58E+63
1.71 1.34E+83 7.78E+02 4.2BE+83
1.695 1.23E+83 7.85E+082 3.91E+83
1.508 1.12E+83 6.40E+B2 3.65E+83
1.%54 1.83E+83 5.81E+82 3.41E+83
1.4% 9.43E+82 S.27E+B2 3.18E+83
1.44 2.65E+82 4.79E+82 2.97E+083
1.48 7.94E+B2 4.35E+82 2.78E+063
1.3% ¥.29E+82 3.96E+02 2.6BE+B3
1.21 &.7BE+82 3.60E+82 2.43E+83
1.28 5. 16E+82 3.28E+62 2.28E+03
1.22 S.66E+82 2.98E+82 2.14E+83
1.18 5.21E+82 2.72E+B2 Z.80E+83
1.15 4.38E+82 2.48E+82 1.88E+82
1.11 4.42E+82 2.26E+82 1.76E+082
1.82 4.87E+82 2.07E+82 1.65E+83
1.64 3.76E+R2 1.239E+02 1.35E+83
1.4t 2. 45E+02 1.73E+82 1.46E+83
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Therefore, according to these calculations, either a modified
Van der Waals EOS or the HDEOS can be used to calculate Neq for large
cavities (r > ~5 mm). For smaller cavities, however, the HDEOS pro-
bably yields more accurate values for Ngqe For the current investiga-
tion, the HDEOS was used to calculate Neq for & cavity radius of ~l11
nm, Ty = 850 K, and for a cavity radius of ~2.5 mm, T; = 970 K. For
the 11 mm cavity radius, Dgq ~ 1.1 X 10° helium atoms per cavity. For
the 2.5 nm cavity radius, Neq ~ 3.4 x 103 helium atoms per cavity.
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