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Abstract

Tensile specimens of pure iron were irradiated with ®ssion neutrons (i) at 320 K to displacement dose levels of

7.5 ´ 10ÿ3, 7.5 ´ 10ÿ2 and 3.75 ´ 10ÿ1 dpa (NRT) and (ii) at 523 K to dose levels of 7.5 ´ 10ÿ2 and 2.25 ´ 10ÿ1 dpa

(NRT). Both unirradiated and irradiated specimens were tensile tested at the irradiation temperatures. Microstructures

of the as-irradiated and irradiated and tensile tested specimens were investigated by transmission electron microscopy.

Fracture surfaces of tensile tested specimens in unirradiated and irradiated conditions were examined in a scanning

electron microscope. Results of these investigations are reported and discussed particularly in terms of the role of

interstitial clusters (produced directly in the cascades) and their transport via one-dimensional glide. It is suggested that

the formation and interaction of `cleared' channels may play a signi®cant role in determining the deformation and

fracture behaviour of the irradiated pure iron. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

E�ects of neutron irradiation on physical and me-

chanical properties of the low activation ferritic±mar-

tensitic steels are being extensively studied

internationally (e.g. Japan, USA and Europe) since these

alloys are considered to be candidate materials for the

blanket and ®rst wall of fusion reactors (e.g. DEMO and

commercial) [1]. These alloys are considered to have a

number of more attractive properties than alternative

structural materials like ferritic and austenitic steels or

vanadium alloys [2]. These considerations have led to

the establishment of a comprehensive R&D programme

within the framework of the European Fusion Tech-

nology Programme.

Although the ferritic±martensitic class of steels is

very resistant to swelling and maintains good fracture

toughness at irradiation temperatures above about 673

K [3,4], they are prone to loss of ductility at lower ir-

radiation temperatures [5,6]. This is a matter of concern

from the point of view of mechanical performance and

lifetime of these alloys under fusion irradiation condi-

tions, particularly when the mechanism controlling the

loss of ductility is not understood. The present work,

which is a part of the European Fusion Technology

Programme, was initiated to address the problem of ir-

radiation-induced loss of ductility in these alloys. It was

recognized, however, that the complexity of the micro-

structure in these alloys does not render them attractive

candidates for mechanistic studies. It was therefore de-

cided to focus the investigations ®rst on pure iron. In the

following the main results of the present investigations

on the e�ect of neutron irradiation on the microstruc-

tural evolution and mechanical properties of pure iron

are presented and discussed.

2. Materials and experimental procedure

Thin sheets (0.25 mm thick) of pure iron (99.9999%;

C < 0.01 ppm) were purchased from Goodfellow (En-

gland) in the cold-worked state. A series of annealing

experiments was carried out to determine the appropri-

ate annealing condition to give fully recrystallized ma-

terial. The annealing at 923 K for 2 h in vacuum (�10ÿ6

Torr) was selected to be the reference annealing condi-

tion. This treatment gave an average grain size of �30

lm. The tensile specimens of pure iron were annealed at

Journal of Nuclear Materials 271&272 (1999) 97±101

* Corresponding author. Tel.: +45-46 775 709; fax: +45-46

775 758; e-mail: bachu.singh@risoe.dk

0022-3115/99/$ ± see front matter Ó 1999 Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 9 8 ) 0 0 7 6 7 - 3



923 K for 2 h (in vacuum of �10ÿ6 Torr) prior to irra-

diation and tensile testing in the unirradiated condition.

The tensile specimens of pure iron were irradiated

with ®ssion neutrons in the DR-3 reactor at Risù Na-

tional Laboratory (a) at 320 K to neutron ¯uences of

5 ´ 1022, 5 ´ 1023 and 2.5 ´ 1024 n/m2 (E > 1 MeV)

corresponding to displacement dose levels of 7.5 ´ 10ÿ3,

7.5 ´ 10ÿ2 and 3.75 ´ 10ÿ1 dpa (NRT), respectively and

(b) at 523 K to neutron ¯uences of 5 ´ 1023 and

1.5 ´ 1024 n/m2 corresponding to displacement dose

levels of 7.5 ´ 10ÿ2 and 2.25 ´ 10ÿ1 dpa (NRT). All ir-

radiation experiments were carried out with a neutron

¯ux of 2.5 ´ 1017 n/m2s corresponding to a dose rate of

3.75 ´ 10ÿ8 dpa (NRT)/s. Irradiations at 523 K were

carried out in a temperature controlled rig where the

irradiation temperature is monitored, controlled and

recorded continuously. All irradiations were performed

in an atmosphere of pure helium or a mixture of pure

helium and pure argon.

Both unirradiated and irradiated specimens were

tensile tested in an INSTRON machine at a strain rate

of 1.3 ´ 10ÿ3 sÿ1. In all cases, irradiated specimens were

tensile tested at the irradiation temperature in vacuum

of �10ÿ5 Torr (Table 1).

For transmission electron microscopy (TEM) inves-

tigations, 1 mm wide and �0.1 mm thick strips were

prepared from the irradiated materials and were elec-

tropolished at 20 V in a solution of 20% perchloric acid

in methanol at the ambient temperature. Thin foils were

examined in a 200 keV JEOL 2000FX electron micro-

scope. To examine the deformed microstructure, TEM

samples were taken from the zones as close as possible to

the fracture surfaces of the tensile tested specimens. The

fracture surfaces were examined in a scanning electron

microscope.

3. Experimental results

3.1. Post-irradiation microstructure

The TEM examinations of the irradiated specimens

of pure iron showed the presence of small defect clusters

and loops at all three doses. The dislocation line density

in all cases was found to be very low (< 1012 mÿ2). An

example of the as-irradiated defect micro-structure is

shown in Fig. 1. The cluster density in pure iron irra-

diated at 320 K was found to increase with increasing

dose. The dose dependence of the cluster density is

shown in Fig. 2. For comparison, the dose dependence

of cluster density in pure copper neutron irradiated at

similar temperatures is also shown in Fig. 2.

The cluster density in pure iron irradiated at 523 K to

a dose level of 2.25 ´ 10ÿ1 dpa (NRT) was found to be

2.5 ´ 1021 mÿ3 (Fig. 2).

3.2. Pre- and Post-irradiation tensile properties

The deformation behaviour of pure iron irradiated

to di�erent doses at 320 K and tested at 320 K is

illustrated in Fig. 3 in the form of stress±strain curves.

The unirradiated pure iron deforms in a fairly normal

way with characteristics common to pure bcc metals

showing ®rst the yield drop and then the L�uders strain

followed ®nally by a substantial degree of work

hardening. The post-irradiation tests show three clear

e�ects of irradiation. First, the upper yield stress in-

creases with the dose, second, the magnitude of the

yield drop increases with the dose and ®nally the ir-

radiated specimens show practically no ability to work

harden.

Fig. 4 shows the stress±strain curves for pure iron

tested in the unirradiated and irradiated conditions.

Both irradiations and tensile tests were carried out at

523 K. First of all, it should be noted that in the case of

the unirradiated pure iron although the upper yield

stress at 523 K is lower than that at 320 K, the amount

of work hardening is considerably higher than that at

320 K. Consequently, the ultimate tensile strength, rmax,

of the unirradiated pure iron at 523 K is higher not only

than that of irradiated specimens at 523 K, but also than

that of the unirradiated pure iron tested at 320 K. As

regards the e�ect of irradiation, it can be clearly seen

that the yield stress increases with the dose (Fig. 4). It

should be noted that even at 523 K, there is a clear in-

dication of an upper yield point and a small but ®nite

L�uders strain in the specimen irradiated to a dose level

of 2.25 ´ 10ÿ1 dpa.

Table 1

Tensile properties of unirradiated and irradiated pure iron

Material Dose (dpa) Irrad. Temp. (K) Test Temp. (K) ru
y (MPa) r0:2 (MPa) rmax (MPa) ep

u (%) et (%)

Pure iron 0 ÿ 320 235 ÿ 315 24.5 27.0

7.5 ´ 10ÿ3 320 320 275 ÿ 275 25.7 28.5

7.5 ´ 10ÿ2 320 320 302 ÿ 302 16.2 19.2

3.75 ´ 10ÿ1 320 320 414 ÿ 398 15.1 16.8

0 ÿ 523 ÿ 145 409 13.1 18.0

7.5 ´ 10ÿ2 523 523 ÿ 190 325 10.3 15.0

2.25 ´ 10ÿ1 523 523 227 225 360 12.1 18.0
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3.3. Post-deformation microstructure

The post-deformation microstructure of the unirra-

diated pure iron tensile tested at 320 K is dominated by

the formation of cells and cell walls; some areas con-

taining deformation bands were also observed. Since the

observed microstructure is that existing at the end of the

deformation process (i.e. after the fracture), it is

impossible to determine how the microstructure has

evolved during the tensile test. However, the observa-

tions lead to an overall impression that the plastic

deformation in the unirradiated pure iron has occurred

in a relatively homogeneous fashion.

The deformation behaviour of specimens irradiated

to the lowest dose level of 7.5 ´ 10ÿ3 dpa (NRT) is

rather similar to that of the unirradiated ones, except the

absence of well-de®ned cells. At this dose level, there is

no indication of the formation of `cleared' channels.

However, already at the dose level of 7.5 ´ 10ÿ2 dpa

(NRT), the deformed microstructure in iron irradiated

at 320 K is found to be noticeably di�erent from that in

the unirradiated pure iron. The irradiation-induced

microstructure even at this low dose level seems to be

su�cient to prevent the formation of cells and cell walls.

Instead, the microstructure appears to be dominated by

the high density of homogeneously distributed disloca-

tions and deformation bands. Some of these deforma-

tion bands have the appearance of cleared channels.

At the dose level of 3.75 ´ 10ÿ1 dpa, the deformed

microstructure is completely di�erent from that of the

unirradiated and deformed pure iron at 320 K. At this

Fig. 2. Dose dependence of cluster density in pure iron irradi-

ated at 320 K. n: From Ref. [7].

Fig. 1. Defect clusters in pure iron irradiated at 320 K to a dose

level of �3.75 ´ 10ÿ1 dpa (NRT). The mean cluster size was

found to be �5 nm.

Fig. 3. Stress±strain curves for pure iron irradiated and tensile-

tested at 320 K.

Fig. 4. Stress±strain curves for pure iron irradiated and tensile-

tested at 523 K.
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dose level, the plastic deformation seems to be concen-

trated mainly in the cleared channels (Fig. 5a). Gener-

ally, there is no indication of dislocation generation and

interactions in the volumes between the cleared chan-

nels. There are clear indications, however, of dislocation

activities and interactions within the cleared channels. It

is rather signi®cant to note that the formation of cleared

channels at this dose level becomes so extensive that the

cleared channels begin to interact with each other. This

could be very important from the point of view of crack

nucleation and fracture of the material.

The SEM examinations of fracture surfaces of pure

iron specimens irradiated at 320 K showed that the

fracture behaviour changes with increasing dose levels.

The specimen irradiated to a dose level of 7.5 ´ 10ÿ3 dpa

(NRT) fractures in a ductile manner preceded by a

substantial amount of plastic deformation. The fracture

behaviour changes signi®cantly already at the dose level

of 7.5 ´ 10ÿ2 dpa (NRT) where the ®nal failure seems to

occur by a combination of ductile and brittle fracture.

Fig. 5(b) shows the fracture surface of the pure iron

specimen irradiated to the highest dose level of

3.75 ´ 10ÿ1 dpa demonstrating intergranular type of

brittle fracture which results.

4. Discussion

The dose dependence of cluster density measured in

pure iron irradiated at 320 K (Fig. 4) clearly demon-

strates that the damage accumulation in pure iron is

enormously less e�cient than in pure copper irradi-

ated under similar conditions. Similar observations

have been reported for pure Mo and Mo-alloys [8,9].

Possible reasons for this di�erence between fcc and

bcc metals have been discussed in detail by Singh and

Evans [8] and will not be repeated here. It is impor-

tant, however, to mention the results of two di�erent

comparative studies of intracascade clustering [10] and

cluster morphology and stability [11] using molecular

dynamic (MD) simulations. One of the main conclu-

sions of the work reported by Phythian et al. [10] was

that both the size and number of SIA clusters formed

in a cascade (at a given damage energy) are smaller in

iron than that in copper. Furthermore, the recent

study of Osetsky et al. [11] has demonstrated that the

SIA clusters in iron are not stable in the sessile con-

®guration, whereas they are stable in copper. In other

words, practically all SIA clusters produced in cas-

cades in bcc iron are likely to be glissile. Conse-

quently, a number of SIA clusters produced will

annihilate at all available sinks and a number of them

will coalesce via glide [8]. Both of these factors would

reduce the cluster density in iron.

An important implication of the possibility that

practically all SIA clusters produced in iron are glissile is

that the decoration of the grown-in dislocations by small

SIA clusters [12] would be very e�cient. This may make

the ``source hardening'' [13] to be the dominant mech-

anism controlling the yielding behaviour of bcc iron.

As regards the e�ect of irradiation on the deforma-

tion behaviour of iron, the following features need to be

considered:

(a) The increase in the upper yield stress with in-

creasing dose level;

(b) The increase in the magnitude of yield drop

with increasing dose level;

(c) The loss of work hardening due to irradiation;

(d) The loss of ductility and its apparent correlation

with the e�ciency of cleared channel formation and

the lack of dislocation generation in the volume be-

tween the channels.

Fig. 5. Pure iron, irradiated at 320 K to 3.75 ´ 10ÿ1 dpa (NRT)

and tensile tested at 320 K: (a) TEM of post-deformation mi-

crostructure, (b) SEM of fracture surface.
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As discussed in great detail in Refs. [12,13], the items

(a) and (b) could be understood in terms of dislocation

decoration and the stress necessary to activate the

grown-in dislocations as dislocation sources. The reason

for the item (c) is not quite clear, however, and it may be

related to the problem of homogeneous deformation in

the matrix and the localized and extensive deformation

in the cleared channels. The dose dependence of item (d)

would suggest that the decoration of dislocations with

gliding SIA clusters becomes more e�ective with in-

creasing dose. As a result, dislocations could be gener-

ated only at the points of singularities with a high stress

concentration factor. Once these sources are activated

they lead to the formation of cleared channels and most

of the plastic deformation occurs in a very localized

fashion in these channels. Meeting of these channels at

grain boundaries, surfaces or other channels may lead to

crack nucleation at these sites and may be responsible

for causing brittle fracture. SEM observations of surface

cracks localized at grain boundaries in pure iron which

had been irradiated with 590 MeV protons has been

reported [14]. This may explain the experimental ob-

servation that the concentration of cleared channels in-

creases with dose and that the fracture mode changes

from ductile to brittle with increasing dose.

5. Conclusions

On the basis of the experimental results presented

here, the following conclusions regarding the e�ect of

neutron irradiation on damage accumulation and de-

formation behaviour of pure iron can be reached:

(a) The damage accumulation during irradiation at

320 K in the form of clusters/loops increases with

dose in the range 7.5 ´ 10ÿ3±3.75 ´ 10ÿ1 dpa

(NRT). However, the density of clusters/loops is

found to be substantially lower than that in pure

copper irradiated under similar conditions.

(b) It is suggested that the low cluster density in

pure iron may result due to (i) a lower e�ciency

(than in copper) of SIA cluster generation in the

cascades and (ii) the con®gurational instability of

sessile SIA clusters/loops. The latter implies that

practically all SIA clusters produced in iron are

glissile.

(c) The gliding clusters may not only cause the co-

alescence of clusters and decrease in the cluster den-

sity but may also lead to decoration of dislocations

by small clusters/loops.

(d) The enhanced dislocation decoration may, ac-

cording to the source hardening mechanism, be re-

sponsible for the increase in the upper yield stress,

the increase in the magnitude of the yield drop

and the increase in the density of cleared channels

with the increasing dose level.

(e) The decrease in the observed ductility with in-

creasing dose appears to be related to the forma-

tion of the cleared channels and the localized

deformation in these cleared channels.
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