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ABSTRACT

The results of a transmission electron microscopy study of the

defect structure in iron neutron-irradiated to low fluences

(< 1 dpa) at temperatures of 455 to 1013 K are presented.

The dislocation microstructures coarsen with increasing

irradiation temperature from decorated dislocations, through

clusters of dislocation loops, to near-edge, interstitial

dislocation loops with b_ • a<100>, and network segments.

Significant cavity formation occurred only at 548 to 723 K,

with homogeneous distributions found only at 623 and 673 K.

The maximum swelling of 0.07% occurred at 673 K. Large

cavities had a truncated octahedral shape with {111} facets

and {100} truncations. Damage halos were observed around

boron-containing precipitates. The effects of interstitial

impurities on tnicrostructural development and the

differences in the observed microstructures compared to those

in refractory bcc metals are discussed.
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1. INTRODUCTION

Ferritic steels are currently being considered as candidate struc-

tural materials for cladding and duct applications in fast breeder

reactors and for first wall and blanket applications in proposed fusion

reactors. One reason for this interest is the low swelling observed in

neutron-irradiated ferritic steels [1—11] . The reason for the swelling

resistance of these steels is not completely understood. Characterization

of the radiation-induced secondary defect structures, essential to

understanding the mechanisms of radiation damage, is incomplete. The

lack of microstructural data is partially due to the difficulties asso-

ciated with transmission electron microscopy (TEM) examinations of

ferromagnetic materials. These difficulties are enhanced by the usually

complex preirradiation microstructures of many of the steels of

interest. Analyses of the dislocation microstructures, for example,

have been reported for only one study of neutron-irradiated ferritic

steel [10,11].

However, iron and many of the simple bcc iron alloys which form the

basis of the more complex steels possess swelling characteristics simi-

lar to those observed in ferritic steels. Detailed analyses of the

defect structures have been reported for various irradiation tempera-

tures and fluences for neutron [9—15], heavy ion [15—20], and electron

[21—23] irradiated iron, as well as for neutron [9—12] and heavy ion

[18] irradiated iron-chromium alloys. These studies have provided

valuable information relevant to the mechanisms of radiation damage for

ferritic steels. In addition, results from these investigations have

established a partial foundation for the more complex analyses required

for the steels.



The purpose of the current investigation is to study the secondary

defect structures which form at temperatures of 453 to 1013 K in iron

neutron-irradiated to 0.5 to 1 dpa (displacements per atom). In

addition to characterization of the dislocation and cavity

microstructures, damage halos found around boron-containing precipitates

were also examined.

2. EXPERIMENTAL PROCEDURE

2.1 Specimen Material

The specimens used for this investigation were fabricated from two-

pass zone-refined FerroVac-E iron. The chemical analysis for the iron

is presented in Table I. Disk specimens (3-mm diameter) were mechani-

cally punched from a rolled, 0.5-mm-thick sheet of this material, and

were then annealed at 1025 K (750°C) for 1 hour at a pressure <1 mPa

(10~5 torr).

TEM examinations of the unirradiated specimens revealed a low dis-

location density of <1011 m~^. Texture was apparent in the specimens

with many grains having a foil normal near <111>. A low concentration

of precipitates, believed to be R,C, was observed in the specimens.

2.2 Irradiation

The iron disks were irradiated in helium-filled, stainless steel

capsules in the Oak Ridge Research Reactor (ORR) during Run 228. The

temperature of each capsule was monitored by thermocouples. Flux

monitors wure used to measure the neutron fluence during the experiment.

Details of the experiment assembly for 0RR-228 can be found elsewhere [24]

The irradiation parameters for the iron specimens are listed in Table

II. The damage levels (dpa) were calculated from the fast fluence

(E > 0.1 MeV), assuming a threshold displacement T rgy of 40 eV, and

using the ORR spectral information provided by Gabriel et al.[25].



2.3 TEM Specimen Preparation and Examination

The neutron-irradiated specimens were electropolished using the two-

step semiautomatic method developed by DuBose and Stiegler [26] • A

standard A-2 electrolyte (700 ml ethyl alcohol, 100 ml butylcellusolve,

125 ml distilled water, and 78 ml perchloric acid) was used.

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

special objective lens pole-piece (AMG) for the observation of magnetic

materials [27]. This pole-piece allows high-angle tilting experiments,

such as those required for dislocation loop analyses, to be performed.

When required by the coarseness of the defect distribution the specimens

were also examined in a Hitachi 1 MV high voltage electron microscope

(HVEM).

3. RESULTS

3.1 Dislocation Microstructures

The dislocation microstructures can be classified as belonging to

one of four groups corresponding to four irradiation-temperature ranges.

Within any one group the structures were qualitatively similar. Each

temperature range and its corresponding microstructures are presented

separately.

For the lowest temperature range, 455 to 523 K, the dislocation

component of the microstructure was primarily limited to small defect

clusters formed near preirradiation dislocation segments. Represen-

tative micrographs of the structure in this group are shown in Fig. 1.

At 455 K, a fairly homogeneous background of "blackspot" defects less

than 6 run diameter was also observed. The concentration of these

defects was ~10 2 2 m~3.



Based on the assumption that the small defects were small disloca-

tion loops, a Burgers vector, b_, 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, the results were inconclusive.

In the second temperature group, 548 and 573 K, clusters of small

loops were observed. Microstructures typical of those observed at these

temperatures are shown in Fig. 2. The individual loops making up each

cluster can be seen clearly in the enlarged inset of Fig. 2(b).

Individual clusters were not associated with either precipitates or

dislocation segments. However, a higher density of clusters and indivi-

dual dislocation loops were observed at low-angle grain boundaries and

at preirradiation dislocation segments.

The quantitative data (average loop diameter, dL; average number of

loops per cluster, Nj/cluster; average cluster diameter, d ci u s t e r;

cluster concentration, CciUS£er; and dislocation density, p) for these

structures, at each irradiation temperature, Tj, are shown in Table III.

Some of these parameters were difficult to measure and the approximate

values are presented only as a guide.

Due mainly to the high loop density, only a partial analysis of the

loops in the clusters was possible. This analysis showed that the indi-

vidual clusters were made up of loops with different Burgers vectors.

Not all loops within a cluster showed the same residual contrast

behavior. For diffracting vectors, g_ » <110> at beam directions, £ near

<001>, many of the individual loops appeared to be in a near edge-on

orientation on {100}. Based on this observation, it was assumed that

many of the loops were near-edge with b_ » a<100>. "Inside-outside"



contrast analysis with g«_b = ±2 indicated that the analyzable loops were

interstitial in nature. Another conclusion, based on the observed

variation in cluster shape during high-angle tilting experiments, was

that the clusters of loops are approximately equiaxed and certainly not

planar arrays.

The third temperature range was 623 to 773 K, for which a fairly

homogeneous distribution of loops and network segments was present.

Representative areas from specimens irradiated at 623, 673, 723, and

773 K are shown in Fig. 3. The extremely coarse distribution at 773 K

required examination in an HVEM to obtain a true impression of the

microstructure. As shown in Fig. 3, many loops intersect the specimen

surfaces. At 723 and 773 K, unidentified precipitates were present

near the center of most loops. This can be seen clearly in Fig. 3(d),

an HVEM micrograph.

The measured quantitative data for the loop structures are

presented in Table IV and Fig. 4. The average loop diameter, dL,

increases and the loop concentration, C^, decreases with increasing

temperature. Also, the total dislocation density (including loops)

decreases by about an order of magnitude for each 50° temperature

increase.

Analyses of the geometry and nature of the dislocation loops were

performed following the techniques of Maher and Eyre [28]. An example

of an analysis for a specimen irradiated at 623 K is illustrated in Fig.

5. In this figure, the loops that were analyzed are labeled alpha-

betically. In Fig. 5(a) Cg = [HO], jz near [001]) the majority of the

loops are in a near edge-on orientation with the loop images aligned

perpendicular to the [100] and [010] directions. A similar observation



was made for g_ « [101] with z_ near [010] . These observations indicate

that the loops are near-edge, on {100} planes and with b_ = a<100>.

This conclusion was substantiated by micrographs taken with g_ = <110>

for js near [111], as shown in Fig. 5(b,c and d), and g_ = <200> for ^

near [001] and [010]. In these micrographs, the majority of the dislo-

cation loop images showed residual contrast for diffracting conditions

appropriate for _b = a<100>. The nature of the loops was then determined

by the "inside-outside" contrast criterion using g_']> « ±2 diffraction

conditions and working in "safe orientations" [28]. An example is shown

in Fig. 5(e and f). For loops with _b_ = a[010] (loops B - H), "outside"

contrast is observed in Fig. 5(e), (g * (121], g_»_b = +2), and "inside"

contrast is observed in Fig. 5(f) (j» = [121] 9 g_*_b - -2) ,indicating that

these are interstitial loops. In these same micrographs, loops with

_b -•• a[100] (loops labeled I - K) and 1> * a[001] (loops L - 0) have

"inside" contrast in Fig. 5(e) and "outside" contrast in Fig. 5(f),

showing that these are interstitial loops as well. This conclusion was

confirmed by micrographs taken with the appropriate £«_b » ±2 diffracting

conditions.

Only one loop, labeled A in Fig. 5, was determined not to have

b « a<100>; it had b̂  * a/2[Til] and was interstitial in nature. Similar

loop analyses were performed for loops formed at irradiation tem-

peratures of 673 and 723 K. At these temperatures all loops analyzed

were of near-edge character with b^- a<100> and were interstitial in

nature.

In the fourth temperature range, 923 and 1013 K, there was no

observable difference in the dislocation microstructure as compared to

that found in unirradiated specimens.



3.2 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 Fig. 6. The cavity

distribution is homogeneous or.ly at 623 and 673 K. At 548 and 573 K,

the cavities are found in association with the clusters of dislocation

loops. This observation is a clear example of the cooperative growth of

cavities and interstitial dislocation loops. The association can be

clearly seen in the enlarged inset of Fig. 6(a). No grain boundaries

were observed ;v: the thin regions of these specimens, so no relationship

between grain boundaries and cavities could be determined.

At 773 K, cavities were very sparse and were observed only in asso-

ciation with unidentified precipitates (probably carbides), as shown in

Fig. 7. Similar cavity-precipitate association was sometimes observed

in the specimen irradiated at 723 K. At 923 K, excluding 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 their shape could be reached.

Suprisingly, detailed tilting experiments showed that the faceted

cavities were {111} octahedra with {100} truncations. 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 V and Fig. 8.

The volume-averaged cavity diameter, dc, reaches a maximum of ~12 ran at

673 K. The cavity concentration, Cc, is a maximum of ~10
21 m~3 at irra-

diation 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 Halo Microstructures

Damage halos centered on B^C precipitates were observed in speci-

mens irradiated at 493, 523, 723, and 923 K. The low concentration of

halos (<1011 m~3) allowed them to be considered as a separate feature of

the microstructure. Damage halos are formed by energetic recoil

products from the (n,a) transmutation reaction of 1 0B:

X ° B + l * '*a d« 4 7 ^V) + ?Li (0.84 MeV).

More detailed discussions of halo formation have been presented

elsewhere [29-31]. The range of 0.84 MeV Li in Fe is 1.3 Vim [32]. The

range of 1.47 MeV a-particles in Fe is 2.4 pm [33], Halos are believed

to result largely from the impurity effect on the bulk neutron

displacement damage. The type of damage-clusters in the halos depends

on the irradiation temperature. The appearance of a halo in a thinned

section further depends on where the foil intersects the spheres of

damage surrounding the precipitate, and the size and boron content of

the precipitate. For example, the larger the precipitate the larger the

outside diameter and width of the individual halos.

At 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 and the microstructure consisted of larger dislocation

loops. At 923 K, the halo microstructure consists of a high con-

centration of small cavities with no associated dislocation structure.

For comparison, each of these types of halo structure is presented in

Fig. 9.

The diameters of the lithium and helium halos were measured on

micrographs of foils irradiated at 493 and 523 K in which both the halos

and the precipitate that formed the halos were observed. The diameters
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measured were those defined by the center of the halo damage region.

The average diameter of the Li halo was ~2.5 um and the diameter of the

He halo was ~5.2 pm. These average measurements correlate well with the

calculated values.

A partial analysis of the dislocation loops within a He halo formed

at 523 K indicated that loops with both _b = a<100> and t) = a/2<lll>

were present. Analysis of the loops in the halos found in the foil

irradiated at 723 K demonstrated that all of the loops were near edge

with b̂  = a<100> and were interstitial in nature. Part of this analysis

is shown in Fig. 10.

A comparison of the quantitative dislocation parameters for halo

and non-halo regions for the specimen irradiated at 723 K is presented

in Table VI. While the loops in both regions are interstitial with

jb = a<100>, the loops in the halos are smaller and have a factor of 30

higher concentration than the loops not found in halos. The total

dislocation density was an order of magnitude higher in the halos.

At 923 K, two concentric diffuse cavity halos were observed. The

halos are shown in Fig. 11 which is an enlargement of an area across the

two halos shown in Fig. 9. The cavities in the inner (lithium) halo are

larger and have a lower concentration than those in the outer (helium)

halo. A few cavities were observed in the regions surrounding the halo.

Near the halos, cavities form on and near grain boundaries. The cavi-

ties on the boundary are about a factor of 2 larger than those within

the halo.
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4. DISCUSSION

The observations of the damage microstructures for low-dose,

neutron-irradiated iron differ significantly from the structures

observed in other bcc materials. In particular, the observations of

decorated dislocations, clustered dislocation loops, a<100> intersti-

tial loops, cavity shape and low swelling merit further discussion.

While the observation of decorated dislocations is not unique, this

feature has not been reported previously for irradiated bcc materials.

Preferential clustering of defects at dislocation lines has been

observed in low-fluence, neutron-irradiated copper for irradiation tem-

peratures of 0.21 Tm to 0.5 Tm, where Tm is the absolute melting tem-

perature [34,35]. In the present work, decorated dislocations were

observed for irradiation temperatures from 0.25 to 0.29 Tm. The

nucleation of defect clusters at dislocations is believed to be

promoted by the strain field of the dislocation [35] . The presence of

a Cottrell atmosphere at the dislocations, a well-known phenomenon in

iron, could further enhance cluster formation by trapping interstitials

and preventing their absorption by the dislocations. Once a cluster is

formed, its strain field could promote further cluster formation

nearby [35].

The general appearance of the clusters of dislocation loops in iron

is similar to the "rafts" of small dislocation loops and "black-spot"

clusters observed in other neutron-irradiated bcc materials such as

molybdenum [36-38], TZM [37-40], and tungsten [41] . 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 thickness of the rafts is 10-20 ma (a few loop
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diameters). All of the loops within a raft have the same a/2<lll>

Burgers vector [37] . The loops are assumed to be interstitial in

nature. The clusters of locps in iron differ from these rafts in

several aspects. In iron, the clusters are not planar features. Also,

many of the loops within the clusters were near-edge interstitial

dislocation loops with _b = a<100>. Unlike raftt, all of the loops

within an individual cluster did not have the same Burgers vector.

Rafts in refractory bcc metals are believed to form by dislocation

loops with the same Burgers vectors gliding together as a result of the

elastic interactions between the loops [36,38,42]. A similar interac-

tion which is not limited to loops of the same Burgers vector could be

responsible for the formation of clusters of loops in iron. However,

loops with b = a<100> are believed to have a higher glide stress than

loops with _b_ = a/2<lll>. Therefore, a more complex mechanism may be

responsible for the cluster formation in iron. Further work is clearly

needed to understand the reasons for and the mechanisms of the formation

of these clusters.

One of the surprising features of the radiation-induced micro-

structures in iron [9-12,17,19,21] and ferritic steels [9—11,43] is the

common observation that virtually all of the dislocation loops formed

during irradiation at elevated temperatures are near-edge, interstitial

loops with b = a<100>. The results of the current investigation are in

agreement with these observations. Only in the halos formed at the

lower irradiation temperature of 523 K did the loops have both

b = a<100> and J> = a/2<lll>. The interstitial loops observed in other

irradiated bcc materials commonly are oriented near-edge with

JJI » a/2<lll>. The formation in bcc metals of loops with either

_b « a<100> (at elevated temperatures) or the mora energetically favored
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b « a/2<lll> is accounted for in the model of Eyre and Bullough [44].

However, the model does not account for the presence of solely

Jb = a<100> loops. Since the formation of a/2<lll> loops is energeti-

cally favored, the majority of the loops should have b_ = a/2<lll>.

Recently, the relative probability of the formation of loops with

b • a<100> and J> = a/2<lll> in bcc materials has been further examined

[10,11J. These calculations have shown that for iron the relative pro-

bability of forming loops with Ĵ  = a<100> as compared to b_ = a/2<lll>,

while higher than for many other bcc materials, is still quite low

(~5.7 x 10"^). A satisfactory explanation for the occurrence of dislo-

cation loops with solely b_ = a<100> in irradiated iron is not currently

available. Understanding this aspect of the radiation-induced micro-

structure is important, especially since the formation of loops with

_b » <100> is claimed to be related to the low-swelling characteristics

of iron and ferritic steels [10,11]. ;

The observed cavity shape, a truncated octahedron with {ill} facets

and {100} truncations, is the shape usually found in fee materials.

The expected and commonly observed shape in bcc materials is a truncated

12-faced polyhedron with {110} facets and {100} truncations. This

latter shape has been observed previously in neutron-irradiated iron

[14]. Truncated octahedral cavities have also been observed in ion-

irradiated iron and iron-chromium alloys [19] . The reason for this

unexpected cavity shape is under further study, but is possibly related

to surface energy variations caused by impurities preferentially segre-

gating to a specific set of planes, or is a result of non-equilibrium

conditions during cavity growth.

The low swelling observed in this study is consistent with pre-

viously reported results for ferritic materials mentioned in the
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introduction. Generally, little data exist on the swelling of neutron

irradiated iron, but for irradiations to 30 and 23 dpa swelling

maxima were observed at ~700 K (~420°C) and ~780 K (~510°C), respec-

tively [9,12]. 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. In the current investigation the peak swelling was observed at

673 K, in approximate agreement with the results for the 30 dpa

irradiation. However, at 773 K, the approximate location of the 23 dpa

swelling maximum, the swelling in the present work was too small for

accurate measurement. While these comparisons may indicate a shift in

the peak swelling to higher irradiation temperatures with increased

fluence, further work is again clearly required.

The few cavities found on the grain boundaries in the non-halo

regions of the specimen irradiated at 923 K are probably helium bubbles.

A small concentration of helium is formed in iron from the transmutation

reaction: 56Fe(n,a)53Cr. For the current irradiation, the concentration

of helium from this reaction is only ~0.22 at. ppm [29].

The observation of damage halos in iron presents another

interesting aspect of the radiation-induced microstructures. At all of

the irradiation temperatures, the defect clusters in the halos varied

significantly from those in non-halo regions. These differences may be

caused by the higher displacement damage, damage rates or helium and

lithium concentrations 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 He and Li concentrations have the

strongest effect. Ion-irradiation studies of austenitic materials have
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shown that preimplanted and coimplanted helium can enhance cavity and

interstitial dislocation loop formation [45] • The characteristics of

the high-temperature halos are probably 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 is undoubtedly a contri-

buting factor, the helium is probably more important in aiding cavity

formation. Cavity formation in regions outside the main halo regions is

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 in neutron-irradiated iron specimens that ware doped with

Bi+C precipitates [46] . These specimens were also irradiated in ORE.-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 present in all

of the presently-investigated iron specimens as well, but, due to the

low precipitate concentration, the haJos were not found in the electron-

transparent regions of all of the specimens.

The present observations have revealed a low point defect retention

in clusters compared to other bcc and fee metals of similar purity and

suggest a strong effect of impurities on the raicrostructural development

by the trapping of point defects and segregation to defect clusters.

Since the concentration of metallic Impurities is low, the observed

effects are considered most likely to be due to carbon. As discussed

earlier, the clustering of defects at preirradiation dislocation
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segments for irradiation temperatures of 455—523 K is probably related

to Cottrell atmospheres at tha dislocations. At 548 and 573 K, the

higher concentration of loop clusters found at dislocations is probably

also related to these impurity clouds. For irradiation temperatures of

623 to 773 K, many of the dislocation loops intersect the foil surfaces

without gliding out. The majority of the loops observed at these tem-

peratures had _b = a<100>. Since loops with JJ = a<100> are less glissile

than loops with _b = a/2<lll>, the image forces may not be sufficient to

cause the loops to glide from the foil. However, the presence of

Cottrell atmospheres could also cause the loops to be pinned and thus

prevent them from gliding out of the foil. Finally, for irradiation

temperatures of 723 K or higher, small precipitates, presumed to be

carbides, are found in the center of the dislocation loops.

5. SUMMARY

This study of neutron damage in iron irradiated to low dose at

controlled temperatures has revealed:

(1) The dislocation microstructures coarsen with increasing irra-

diation temperature, developing from decorated dislocations (Tj * 455 to

523 K), through clusters of loops (Tj = 548 and 573 K), to loops and

network segments (Tj = 623 to 773 K). At higher temperatures no change

in the dislocation structures were evident.

(2) Significant cavity formation occurs for Tj - 548 to 723 K.

Cavity volume fractions are <0.1%.

(3) Large cavities are faceted {111} octahedra with {100}

truncations.

(4) Near-edge, interstitial dislocation loops with b = a<100> are
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the predominant feature of the dislocation loop microstructures.

(5) Damage halos result from '°B(n,o)7Li reactions.

(6) The damage microstructures in iron and refractory bcc metals

are qualitatively different.

(7) The observations indicate a low point defect retention in

clusters and suggest a strong effect of impurities upon microstructural

development due to trapping and segregation.

(8) These results are expected to be useful in the study of the

more complex ferritic steels.
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Table I. Chemical Analysis for the Iron Specimens
Irradiated in ORR-228

Element

C

H

N

0

Al

As

B

(wt ppm)

30

7

4

8

75

0.4

2

Element

Bi

Br

Ca

Cl

Cr

Cu

K

(wt ppm)

1

1

20

60

3

5

<1

Element

Mg

Mn

Na

Nb

Ni

P

S

(wt ppn)

<5

3

10

<1

180

5

15

Element

Si

Ta

Ti

V

w

Zn

Fe

(wt ppm)

90

1

0.3

1

3

<1

Major

Table II. Irradiation Parameters for the Iron
Specimens Irradiated in ORR-228

Temperature

(K)

455

493

523

548

573

623

673

723

773

923

1013

<°C)

(182)

(220)

(250)

(275)

(300)

(350)

(400)

(450)

(500)

(650)

(740)

Fluence,

Total
(>

3.65

3.65

4.26

4.00

3.65

3.70

3.70

3.50

3.27

2.25

3.35

1025

Fast
0.1

1.13

1.13

1.17

1.29

1.05

1.18

1.32

1.26

1.02

0.69

0.87

neutrons-m"*2

Thermal
MeV) (2200 m/s)

1.16

1.16

1.21

1.19

1.14

1.17

1.20

1.15

1.03

0.75

0.95

Damage
Level

(dpa)

0.84

0.84

0.87

0.96

0.78

0.88

0.98
*

O.*94

0.74

0.51

0.64



Table III. Quantitative Data for Dislocation
Microstructures Observed at 548 and 573 K

TI dL NL/cluster d c l u s t e r C. l u s t e r P

( K) <nu) (na) (1019 nf3) (1013 nT2)

548

573

-20 150

100

9

15

9

13

Table IV. Dislocation Density and
Loop Parameters for Intermediate

Irradiation Temperatures

Ti CL dL p

( K) U O 1 8 n~3) (nm) (sT2)

623 540 43 1 x I O 1 4

673 3.2 160 1.8 x io13

723 1.7 200 2.2 x 10 1 2

773 0.14 600 3.0 x 1011

Table V. Quantitative Cavity Data
for Neutron-Irradiated Iron

( K) (nm) (1020 m"3)

CVF

548

573

623

673

723

5

8

10

12

10

.7

.5

.5

.0

.2

6

9

11

8

0

.4

.8

.2

.77

0

0

0

0

0

.006

.032

.067

.073

.004

Table VI. Dislocation Density and Loop
Parameters for Halo and Non-Halo Areas
of a Specimen Irradiated at 723 K

C

(1018

Non-halo 1

He-halo 58

i

m~3)

.7

dL
(nm)

200

140

P

(m~2)

2.2 x io12

2 x 1013
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Fig. 1. Decorated dislocations observed for irradiation temperatures of 455 to 523 K. j[ is
indicated by the arrow; the length of the arrow equsls 500 ma. _z ~ <1H>.

Fig. 2. Clusters of small loops observed for irradiation temperatures of 548 and 573 K.
Inset is a 2* enlargement. £ is indicated by the arrow; the length of the arrow equals 200
nm. < 1 >

Fig. 3. Dislocation loop and network structures observed for irradiation temperatures of
to 323 K. g is indicated by the arrow; the length of fehe arrow equals 500 ton. z ~ <H]

—»""

623



= [1T0] z * [007] £ = [Oil] = [12TI Z -v [ H I ]

= [107] z a. [771] = [121] z a. [171]

Fig. S' Pa r t o f ctie analyses of the geometry and nature of_the dislocation loops. Tj = 623 K.
The arrows indicate £. For the loops labeled: A, _b = a /2[ l l l ] ; B-H, b̂  = a[0I0]; I-K, b_ = aflOO];
and L-O, b = a[001]. All are inters t i t ia l loops.

723 K

/ S . . , • • • . 1 ; •. .'sV.<r,v>.»--:»-'-a

1 -m-$m

I Z

a % ,_
Fig. 6. Cavity microstruetures observed in neutron-irradiated iron. Inset in (a) is a
2* enlargement. £ is indicated by the arroy; the length of the arrow equals 200 ma.
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Fig. 7. Cavities observed at precipitates. Tx * 773 K

Fig. 10. Part of the analysis of the geometry and nature of dislocation loops in the halos.
Tj = 723 X. Arrows indicate g_. For loops labeled A-H, _b = a[00l] , interstitial loops.

Fig. 11. Enlargement of cavity halo. The approximate extent of the helium and lithium halos
are indicated hy broken lines. The helium halo extends beyond the edge of the micrograph.
TT -

- 92-3 K. Etching from the elecl.'jropolishing is also evident.
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Fig. 9. Halo microstructures observed in neutron-irradiated iron. <11O>; z ~ < l l l > .
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