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B. Solly

Summary:

Foils of iron have been neutron-irradiated in the Swedish re-
17 19

search reactor R2 to integrated doses in the range 10 - 10 nvt

(> 1 MeV) and examined by transmission electron microscopy.

Features have been observed having diffraction contrast similar

to that of the prismatic dislocation loops formed in f. c. c metals

by the collapse of point-defect clusters. The features have been

shown to be due to precipitation of impurities at radiation damage

centres in the iron matrix.
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Introduction

The transmission electron microscopy technique has been

used successfully for the direct observation of neutron irradia-

tion damage in f. c. c. metals (1, 2). However, until recently,

attempts to observe damage in neutron-irradiated b. c. c metals

have been unsuccessful. Recently, Eyre (3) observed fine-scale

damage (50-75 Å) in vacuum-melted iron which appears to be si-

milar to the prismatic dislocation loops formed in neutron-irra-

diated f. c. c metals by collapse of point defect clusters. A secon-

dary effect arising from this, and one of extreme practical im-

portance, is the enhancement of nucleation of what are probably

carbides and nitrides by irradiation, a phenomenon which has been

investigated by means of resistivity measurements, by Fujita &

Damask (4). This report describes some preliminary observations

using transmission electron microscopy.

Experimental details

Iron sheet, 1 mm thick and having the analysis shown in the

table, was annealed 3 hrs. at 850° C in vacuo. The sheet was rol-

led to 0. 1 mm thickness, cut to squares 15 x 15 mm, cleaned in

5 % hydrochloric acid in methanol, reannealed for 2. 5 hrs at 850 C

in vkcuo, and furnace-cooled. Groups of specimens were clipped

together using iron of the same purity and encapsulated in aluminium

irradiation containers.

Analysis of iron

Impurity C N O Al Cu Mg Mn Ni Si Ag

p. p.m. 300 100 1 00 2 <1 2 3 2 3 <1

The specimens were irradiated in the R2 reactor to integrated

doses in the range 10 -10 nvt (> 1 MeV) at a nominal tempe-

rature of 20 C. Post-irradiation ageing of the iron was carried out

in a high-vacuum furnace operating at.400 C for 5 hours.
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Thin films for electron microscopy were prepared by the Boil-

mann method ;ising an electrolyte consisting of 95 % glacial acetic-

acid and 5 % perchloric acid. The polishing conditions were 35 V

and 0. 7 A/cm . The foils were washed in absolute alcohol and then

examined in a Siemens Elmiskop 1 operating at 100 JkV. Extraction

replicas of the aged material were prepared using a single-stage

carbon replica technique described by Smith & Nutting (5). The

etchant was a 10 % solution of bromine in methanol.

Observations

Unirradiated iron

The iron used for irradiation was examined in transmission

prior to irradiation, and showed the usual appearance of well-annea-

led iron. The unirradiated iron was also annealed in air for 9. 5 days

(the longest irradiation period used) at 100 C which was considered

to be above the maximum temperature caused by y-heating. Some

slight precipitation -was observed, mainly at dislocations, but no

effects comparable with those caused by irradiation were observed.

Irradiated iron

i o

In foils irradiated to doses less than 1 x 10 nvt, the iron

showed the same structure as the unirradiated iron. Foils irradia-
18

ted to a dose of 1x10 nvt showed a few features resembling the

dislocation loops observed in some f, c. c metals after quencb-age-

ing or irradiation treatments. Foils irradiated to doses greater than
18

1x10 nvt showed many such features (fig. 1). Tilting of the speci-

men caused contrast changes similar to those obtained near such

loops. However, specimens which had been bent prior to thinning

in order to insert dislocations were allowed to form a contamina-

tion layer to promote dislocation slip. No slip was observed, but

dislocation pinning occurred (fig. 2). This is contrary to the sweep-

ing-up of defects and consequent jogging of the moving dislocations
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which would result if the features were point-defect clusters or

dislocation loops.

Aged irradiated iron

Foils irradiated to doses > 1 x 10 nvt and aged 5 hrs. at

400 C showed features which were considerably larger in size

than those in the unaged foils, but lower in area density (fig. 3).

The diffraction contrast at these defects was rather complex, but

they appeared to be disc-shaped precipitates. Some of these pre-

cipitates were considerably larger than the average and were

surrounded by a zone denuded of precipitates (fig. 3). The disc

shape of the precipitates was shown by taking extraction replicas

from these foils (fig. 4). Diffraction patterns taken from extrac-

tions gave the following values for the lattice spacings:

>2-59' 2- 10> 1<66> L33' 1-05' °-95' °-87^
These values are close to those of cementite although it is the case

that several iron-carbon and iron-nitrogen compounds have similar

lattice-spacings. Stereograms have been plotted for several micro-

graph/diffraction pattern pairs, and these indicate a -T1 11 j' habit

plane for the precipitates. Foils irradiated at doses lower than
18

1x10 nvt showed no loops and formed no precipitates on ageing.

Precipitation took place, however, at dislocations (fig. 5).

Discussion

Irradiated iron

It is clear that fast neutron irradiation of iron produces nuclei

for precipitation of impurity atoms from interstitial solid solution,

i. e. accelerates ageing. These nuclei are most probably vacancy

clusters, produced by the irradiation, which act as sinks for impu-

rity atoms such as carbon. Impurity atoms diffuse interstitially to

these nuclei during irradiation. During the recovery process order
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is partially restored in these nuclei and flat disc-like precipitates

result. Since such a platelet causes a displacement of the sur-

rounding lattice similar to that caused by a loop of edge dislocation,

the resulting diffraction contrast is similar. However, the mode of

formation of the initial nuclei is not clear. Two distinct processes

are possible:

(a) Point defects produced during bombardment diffuse to form

clusters which perhaps collapse to form dislocation loops;

(b) Vacancy clusters are formed by a spike mechanism.

Assuming a minimum irradiation temperature of 20 C, a de-

pleted zone at least 300 A wide would be expected at the grain bound-

ary if mechanism (a) is the major factor. No such zone was obser-

ved, precipitation occurring close to the grain boundary. This im-

plies that the simple process of point-defect clustering does not

occur alone, but that some more catastrophic process takes place,

e. g. a spike or depleted zone mechanism.

Unlike the observations of HulJ & Mogford (6), the present obser-

vations gave no correlation between the calculated density of displa-

cement spikes and the observed density of precipitates. Calculating

the number of spikes produced per unit volume as the product of the

integrated dose, the elastic scattering cross-section, and the num-
18 -3ber of atoms per unit volume, we obtain 1x10 cm . The mean

o

observed density of precipitates, assuming a foil thickness of 1000 A,

is A ; 1 X 10 cm

As in the observations of Eyre (3), damage was only observed
18

after a dose greater than a certain value (~ 1x10 nvt). Similar

results have been obtained by Chow (7) who observed a change in the

dependence of the nil-ductility temperature on dose for doses above
18

a value near 1 x 10 nvt.
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Aged irradiated iron

On ageing, the precipitates grow until the lattice is depleted

of impurities and the'growth of some particles continues at the

expense of others. After ageing 5 hrs. at 400 C, the precipitates

arc in the form of discs surrounded by a ring of dislocation (fig.

6 A). AJ1 precipitates parallel to the plane of the foil show a sys-

tem of fringes concentric with the disc edge. These may be attri-

buted to curvature of the lattice around the precipitates. Some

precipitates also show Moire fringes parallel to their major axes

owing to a lattice-spacing difference between the precipitate and

matrix lattices. The (ll l j habit plane does not agree with other

determinations for cementite which have suggested a {HOJ habit

plane (8). This is probably explained by the formation of a more

complex precipitate owing to the presence of other impurities in

high concentrations.

Future work

The main causes for reluctance in interpreting these prelimi-

nary results are:

(i) the presence of large amounts of impurities other than

carbon;

(ii) ignorance of the exact irradiation conditions.

Experiments are in progress to produce pure iron-carbon

alloys from zone-refined iron by doping from a vapour. Irradia-

tion is to be carried out in an inert atmosphere, and precautions

will be taken to ensure efficient heat removal from the specimen

during irradiation.
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Fig. 1

As irradiated iron (dose =
18

4 x 10 nvt) showing loop-

like features.
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Fig. 2

As irradiated iron (dose =

4 x 10 nvt) after bending

showing dislocation pinning.
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Irradia ted iron (dose =
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4. x 10 nvt), aged 5 hrs. at

400°C showing precipitates.

Fig. 4

Extraction replica from

aged irradiated iron.
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Fig. 5

Irradiated iron (dose =
1Y5 x 10 nvt), aged 5 hrs.

at 400°C showing precipi-

tation at dislocations.

x20000 Fig. 6

Irradiated iron (dose =
-i Q

4 x 10 nvt) aged 5 hrs-.

at 400°C showing disc shape

of precipitates and surroun-

ding dislocation ring.
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