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Abstract

Polycrystalline pure Fe and Fe±12Cr alloy have been proton-irradiated to doses of 10ÿ3±3� 10ÿ1 dpa at room

temperature and 523 K. Samples were mechanically tested in tension and transmission electron microscopy (TEM) was

performed on the as-irradiated material as well as on the irradiated and deformed material. At room temperature, pure

Fe presents an initial yield point, that increases with the dose, followed by a yield region, indicative of a localized

deformation mode. The Fe±12Cr alloy shows the same behavior, but the irradiation ampli®es the e�ects previously

mentioned. No yield point or yield region appears after irradiation at 523 K. TEM observations of the irradiated

material showed a high density of small defect clusters which increases with the dose. Defect-free channels are observed

in Fe±12Cr irradiated and deformed at room temperature. Results of the present investigation are compared with

neutron irradiation of similar materials. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Ferritic±martensitic steels are attractive as candidate

structural materials in a fusion reactor because of their

high resistance to swelling up to damage doses of 200

dpa [1]. Furthermore, high Cr ferritic alloys have ex-

cellent resistance to helium embrittlement and to irra-

diation creep [2].

Unfortunately, most of these steels exhibit low-tem-

perature irradiation-induced embrittlement, that im-

poses a severe restriction on their reactor applications at

temperatures below 673 K [3]. However, the behavior of

ferritic±martensitic alloys depends on composition,

processing and the resulting microstructures, so by op-

timizing these parameters, as is the case in the low-ac-

tivation versions of these steels, very low ductile±brittle

transition temperatures can be obtained [4,5]. In par-

ticular, the 9% Cr composition has been shown to be less

susceptible to radiation hardening [6]. In ferrite, the

radiation hardening increases with Cr content [2,7],

while the ductile±brittle transition temperature is re-

duced to 160 K at 15% Cr [2].

The current investigation is part of a program in

which the di�erences in microstructure and radiation

induced hardening between pure Fe, Fe±12% Cr ferrite

and Fe±12% Cr±0.2% C martensite are compared. In a

previous publication [8] the behavior of pure Fe irradi-

ated with 590 MeV protons was compared to that after

neutron irradiation. In the present study, the irradiation

induced defect structure and its e�ect on the mechanical

properties in a polycrystalline iron and the ferritic Fe±

12Cr alloy is investigated.

2. Experimental procedure

The materials used in the present research were a

polycrystalline pure Fe (99.95%; C < 0:01 ppm) and a

ferritic Fe±12Cr alloy (11.73% Cr, 0.011% C).

Pure Fe was heat treated at 923 K for 60 min to

obtain a recrystallized grain size of about 30 lm [8].

Polycrystalline Fe±12Cr was heat treated at 970 K for 20
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min to recrystallize the material to a ®nal grain size of

about 60 lm.

Flat microtensile specimens (gauge length: 5.5 mm,

thickness: 2.5 mm) are used for tensile tests which were

spark cut from foils. Tensile tests were performed in a

Schenck machine at a strain rate of 6� 10ÿ5 sÿ1. Tests at

room temperature were performed in air and tests at 523

K were performed in vacuum.

Irradiations were performed on the tensile test spec-

imens in the PIREX [9] facility which uses the 590 MeV

proton beam of the accelerator at the Paul Scherrer

Institute in Switzerland. The damage rate is approxi-

mately 1:3� 10ÿ6 dpa sÿ1. The irradiation matrix for

pure Fe included doses from 10ÿ3 to 0.3 dpa at 293 and

523 K. The Fe±12Cr alloy was irradiated at 293 and 523

K up to a dose of 0.2 dpa. The actual dose was deter-

mined by using the c-line emitted by the 54Mn radioso-

tope produced by the proton irradiation.

Specimens suitable for transmission electron mi-

croscopy (TEM) were cut from the irradiated tensile

samples and were prepared as described in Ref. [10]. The

observations were performed in a JEOL 2010 operating

at 200 keV. The defect microstructure was observed

mainly under weak-beam dark-®eld (g, 4g) imaging

conditions using di�raction vectors g of the á1 1 0ñ type.

3. Results

3.1. Tensile tests

Fig. 1 shows the tensile behavior of Fe and Fe±12Cr

tested at room temperature. In unirradiated Fe, a yield

point is followed by a yield region induced by the

propagation of L�uders bands, usually associated with

small amounts of interstitial impurities (C,N). In the

irradiated material, radiation hardening is observed, and

the tensile curves show an initial yield point followed by

a yield region up to a dose of 0.33 dpa. The lower yield

stress increases while the work hardening and the total

elongation decrease with dose. At higher doses, although

the yield stress continues to increase, the yield point

disappears and little or no work hardening is observed.

A yield stress increase and a reduction in the total

elongation is also observed in the Fe±12Cr specimen

irradiated to a dose level of 0.2 dpa, but no yield point

or L�uders band propagation is observed in the unirra-

diated specimen. The yield region is present in the irra-

diated sample, but due to a failure of the recording, the

initial part of the tensile curve shown was obtained from

point data rather than from the continuous trace of the

load±extension curve. The radiation hardening mea-

sured by the di�erence of yield strength between the ir-

radiated and unirradiated samples is higher for the Fe±

12Cr alloy (153 MPa) than for the pure Fe (138 MPa) at

a comparable dose.

In the stress±strain curves of Fe and Fe±12Cr irra-

diated and tested at 523 K, Fig. 2, there is no yield point

or yield region in all cases. The behavior of Fe is quite

di�erent at this temperature: both the ultimate tensile

strength and the work hardening decrease with increas-

ing dose. There is a small increase in yield strength (�45

MPa) with respect to the unirradiated material, but the

yield stress itself (YS � 145 MPa) does not change with

increasing dose, up to 3:4� 10ÿ2 dpa.

The Fe±Cr alloy, irradiated to 0.2 dpa at 523 K,

shows radiation hardening and a total elongation de-

crease. The increase in yield strength is in fact higher

(178 MPa) than that found at room temperature.

3.2. TEM observations

(i) The defect microstructure: Fig. 3(a) shows the de-

fect microstructure produced by 590 MeV protons in Fe.

Fig. 1. Tensile stress±strain curves of unirradiated and proton-

irradiated specimens of Fe and Fe±12Cr alloy at room tem-

perature.

Fig. 2. Tensile stress±strain curves of unirradiated and proton-

irradiated specimens of Fe and Fe±12Cr alloy at 523 K.
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The microstructure consists of small defect clusters,

though to be interstitial in character. The structure ob-

tained in the irradiated Fe±12Cr alloy is comparable,

Fig. 3(b).

As shown in Fig. 4, the cluster density of pure irra-

diated Fe at room temperature and at 523 K increases

with the dose, but at a slightly di�erent rate. Results of

the present work are compared in the same ®gure with

those obtained for the same material after neutron ir-

radiation [11].

At room temperature, the average defect-size is about

3.3 nm and this value is constant with dose up to

3:4� 10ÿ2 dpa. Somewhat higher mean sizes (�4:8 nm)

are found after irradiation at 523 K.

(ii) Deformation mode: In Fe, it is well established

that the deformation mode in room temperature defor-

mation is dislocation channeling [11]. As shown in Fig. 5

it is also observed after deformation of the Fe±12Cr

alloy. The channel width is typically 60±100 nm and it

develops on á1 1 0ñ type slip planes.

4. Discussion

In the case of irradiated Fe, the presence of a yield

point can be explained by the locking of the initial dis-

location structure by the loops produced by irradiation

[12,13]. The yield region that follows the yield point has

been shown to be associated with the localization of the

strain due to the propagation of dislocation channels in

Cu [14], Pd [15] and Fe [11]. The work hardening re-

sponse after this yield region follows a Hollomon law

(rp � Ken
p) behavior, where the work hardening expo-

nent n decreases with dose, as shown in Fig. 6. Similar

results are found in [7]. At a dose of 0.33 dpa the de-

formation seems to be controlled only by the propaga-

tion of channels, with a strong reduction in the ductility.

The radiation hardening of Fe at room temperature

by the protons increases with dose as shown in Fig. 7,

where two other sets of data obtained after neutron ir-

radiations are also included. The response is quite dif-

ferent: the results of Hammad et al. [7] indicate a

(dose)1=2 behavior, while that of Singh et al. [11], which

were obtained in the same material as the present in-

vestigation, follow a (dose)1=3 regime. The hardening

response to protons is much lower, ®tting approxi-

mately a (dose)1=5 response. In these last two cases, the

Fig. 4. Dose dependence of the defect density in Fe and Fe±

12Cr alloy irradiated with protons (p) and neutrons (n). l is the

mean obstacle distance.

Fig. 3. Defect clusters in: (a) Fe proton-irradiated at room temperature to a dose of 0.33 dpa. (b) Fe±12Cr proton-irradiated at room

temperature to a dose of 0.2 dpa. Weak-beam (g,4g), g � h1 1 0i.
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irradiation induced defect clusters have comparable number

densities, see Fig. 4, but the mean size is somewhat larger

in the neutron irradiation case, 5 nm compared to 3 nm

in the proton case at 0.33 dpa. In analyzing in detail the

three sets of data, the origin of these di�erences seems to

be originated in the di�erent strain rates used: 10ÿ3 sÿ1

for both neutron-irradiated cases and 6� 10ÿ5 sÿ1 in the

present investigation. The Dr values are systematically

higher at the higher strain rates.

After irradiation and deformation at 523 K, very

little hardening is measured in Fe, and the work hard-

ening decreases with dose, up to a dose of 0.034 dpa. In

Fig. 4, the mean obstacle distances, l � �Nd�ÿ1=2
where

N is the number density of defects and d their mean size,

are indicated showing that there is a coarsening of the

defect cluster microstructure. Due to the low number

densities measured at the lower dose, the errors are

large, as indicated, and do not clearly de®ne an increase

in obstacle distribution that the dislocations have to

surmount.

The Fe±12Cr alloy shows radiation hardening at

both irradiation and test temperatures, the hardening

being stronger than in Fe and more important at the

higher irradiation temperature (178 MPa as compared

to 153 MPa at room temperature). The presence of a

yield region in the deformation at room temperature is

indicative of a localized deformation mode, which is

typical in this temperature regime when dislocation

channeling is operating. Fig. 5 con®rms the presence of

dislocation channels in the deformed Fe±12Cr alloy.

5. Conclusions

From the tensile tests and TEM observations in a

pure Fe and a Fe±12Cr alloy proton-irradiated at room

temperature and 523 K, it can be concluded that:

(i) At room temperature:

· All the irradiated materials show an initial yield point

attributed to the locking of the initial dislocation

structure by the defects produced by irradiation.

The increase in the yield point with the dose is related

to the increase in the defect density.

· The yield point is followed by a yield region associat-

ed with the localization of the deformation due to the

propagation of dislocation channels. This is con-

Fig. 5. Defect-free channel in the deformed proton-irradiated

Fe±12Cr alloy at room temperature. Imaging conditions:

g � h1 1 0i, z � h1 1 1i.

Fig. 7. Dose dependence of the increase in yield stress in Fe

irradiated with protons (p) and neutrons (n) at room temper-

ature.

Fig. 6. Strain-hardening coe�cient vs dose of unirradiated and

irradiated specimens of Fe at room temperature.
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®rmed by the presence of defect-free channels in the

Fe±12Cr alloy.

· The work hardening presented a decrease with the

dose and follows a Hollomon type law.

(ii) At 523 K:

· There is no yield point or yield region, indicating a

change in the deformation mode.

· The cluster density increases at a slower rate with

dose when compared with the behavior at room tem-

perature.
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