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Abstract

The microstructure of the F82H steel that is a candidate for the future fusion reactor ®rst wall is investigated.

Protons as well as ®ssion neutrons are used to simulate the irradiation e�ects of the fusion environment. The di�erences

in the He production rates between the two types of irradiation may lead to di�erences in the irradiation damage of the

F82H microstructure. This paper presents a transmission electron microscopy (TEM) study for three di�erent irradi-

ation conditions: (i) in the PIREX facility with 590 MeV protons, (ii) with ®ssion neutrons at the research reactor in

Petten and (iii) with 590 MeV protons in PIREX followed by ®ssion neutrons at the reactor in Studsvik. The latter

experiment allows us to vary the He production rate for a given irradiation type. Total doses ranged from 0.3 to 10 dpa

and temperatures ranged from room temperature to 310°C. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The low activation ferritic/martensitic steel known as

F82H steel [1] is a promising material for the ®rst wall of

the future fusion reactor that will su�er irradiation

damage from the 14 MeV fusion neutrons. In order to

simulate this damage, di�erent types of irradiation are

performed using either ®ssion neutrons or accelerated

protons. The He production rate for fusion neutron is 13

appm/dpa [2] and about 130 appm/dpa for 590 MeV

protons, while it is much lower for ®ssion neutrons. H

production rate is higher but is believed to di�use out of

the material. Irradiation is known to drive the micro-

structure to the formation of He bubbles [3,4], and to a

change in the dislocation con®guration [4±7]. The e�ect

of He on the mechanical properties is believed to be small

[8,9]. Preceding work, however, showed that in F82H at

low dose (0.5 dpa) and 250°C, 590 MeV proton irradia-

tion does not signi®cantly change the dislocation con-

®guration [10]. It was also shown that Cr segregates to

grain boundaries by the heat treatment, while it is de-

pleted from them by the irradiation [11]. At that stage it

was not possible to identify defect clusters with trans-

mission electron microscopy (TEM) for the 0.5 dpa ir-

radiation. In this work, it is proposed to compare the

microstructure and mechanical properties of a range of

F82H samples that were irradiated in three di�erent

conditions: (i) in the PIREX facility with 590 MeV pro-

tons at the Paul Scherrer Institute, (ii) with ®ssion neu-

trons at the research reactor in Petten and (iii) with 590

MeV protons in PIREX followed by ®ssion neutrons in

the reactor in Studsvik. The last type of experiment is

intended to study the e�ect of neutron irradiation with

the additional amount of He that is produced in larger

amounts with protons than with neutrons.

2. Experimental

The ferritic/martensitic steel de F82H [1] has a com-

position of about 7.65 wt% Cr, 2 wt% W, and Mo, Mn,

V, Ta, Ti, Si and C below 1 wt% in sum total, and Fe for

the balance. The samples were submitted to the heat

treatment (0.5 h at 1313 K for normalization and 2 h at

1013 K for tempering) that allows it to be fully mar-

tensitic. Table 1 summarizes the various doses, temper-

atures and irradiation types studied in this work.
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Sample preparation is optimized in order to reduce

magnetism and radioactivity by using the following

procedure. Samples are punched to produce 1 mm disks,

which are then inserted in a 1 mm hole punched into the

center of a 3 mm 316 stainless steel disk. The assembly is

then glued with epoxy and mechanically polished to

about 100 lm before the usual electropolishing. Rela-

tively to a sample that was punched to 3 mm, no mod-

i®cation of the structure that could have been induced

by the 1 mm punching could be detected. Time between

sample preparation and its transfer in the TEM is about

10 min and samples are kept in water-free ethanol.

Samples older than 4 h are generally discarded. These

are important steps that minimize oxidation.

TEM was performed at 200 kV on a JEOL2010 using

the weak beam technique [12]. The conditions selected

are g(4g) and g(6g) with g {0 1 1} (deviation parameter

s� 0.08 and 0.13 nmÿ1, respectively). It appears that the

quality of the surface of the thin foil is of crucial im-

portance for the observation of defect clusters that are

about 1 nm in size. The TEM observations reveal a

detrimental background contrast from surface features

that presents a uniform grainy texture which charac-

teristic size is a little less than 1 nm. A series of weak

beam conditions with g� {0 1 1} was tested in order to

de®ne the most appropriate ones. The reason why the

g(4g) and g(6g) conditions were selected, when possible,

is that when higher conditions are used resolution is

improved but contrast is smeared by surface feature

contrasts. The comparison of the images taken with two

di�erent conditions allows recording most of the defect

clusters present in the foil.

3. Results

Irradiation of F82H with either protons or neutrons

leads, for the doses considered in this work, to harden-

ing. Previous investigations [13] showed that irradiation

induced damage is clearly visible in TEM for doses

higher than about 1 dpa. It shows as black dots that are

related to point defect clusters. It appears that in the

case of lower doses the damage is di�cult to see in the

TEM [10]. In this work, improved sample preparation

technique and handling as described above allow ob-

serving defects for the irradiation with protons to

0.5 dpa at 250°C. Results of the defect size and density

for the di�erent irradiation conditions are presented in

Table 1.

Fig. 1 illustrates the various types of defect con®gu-

rations that are induced by the irradiations in the F82H.

The left column of Fig. 1 shows (0 1 1) g(4g) weak beam

images of the F82H irradiated with neutrons. The re-

spective irradiation conditions correspond to the doses

of 0.7, 2.5 and 10 dpa for Figs. 1(a), (c) and (e). F82H

irradiated with neutrons to 0.7 dpa at 250°C present in

Fig. 1(a) dot contrasts, which are visible only nearby the

edge of the sample that is visible on the right of the

image (black vertical line). In thicker areas of the sample

the image is su�ciently blurred by the inelastic electrons

to cancel out the contrast of small crystal defects. At

a dose of 2.5 dpa the F82H material presents large

enough clusters to be visible in any region of the thin

sample. Interestingly, it appears that the cluster size and

density distributions are spatially heterogeneous. Fig. 1(b)

shows, in the upper left part of the boundary running

across the image, the case of a martensite lath observed

in bright ®eld using a (0 1 1)-type di�raction vector. The

cluster size and density are larger close to the martensite

lath boundary, which is decorated by carbides, than in

plain regions that are free of dislocations and carbides,

as in the bottom right corner of the image. Close to the

lath boundary the clusters are clearly resolved as loops

when using a weak beam condition, while they remain as

unidenti®ed clusters far from it (Fig. 1(c)). At a dose of

10 dpa, F82H presents a more homogeneous cluster

distribution. Dislocation loops are clearly resolved, as

displayed in Fig. 1(e).

Irradiation with protons to a dose of 1.7 dpa at room

temperature leads to visible defects in the TEM, as

shown in the (0 1 1) g(4g) weak beam image of Fig. 1(d).

The visual comparison with the neutron irradiation at a

dose of the same order, 2.5 dpa, indicates that defects

are smaller. This might be due to the lower dose and to

the lower irradiation temperature as well. In the case of

the cumulative dose experiment, whereby a dose of

Table 1

F82H irradiation conditions and defect TEM measurement results

Irradiation Dose (dpa) Temperature

(°C)

Defect mean

size (nm)

Defect density

(mÿ3)

# Defects

counted

1 Proton 0.5 250 1.5 2.0 ´ 1021 110

2 Proton 1.0 250 1.9 9.5 ´ 1021 80

3 Proton 1.7 40 2.4 5.0 ´ 1021 121

4 Proton + neutron 0.3 + 0.3 250 1.9 3.0 ´ 1021 90

5 Proton + neutron 0.7 + 0.7 250 2.0 8.0 ´ 1021 170

6 Neutron 0.7 250 2.2 3.0 ´ 1021 150

7 Neutron 2.5 250 4.3 7.0 ´ 1022 584

8 Neutron 10.0 310 6.9 2.8 ´ 1022 320
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Fig. 1. TEM micrographs of F82H ferritic/martensitic steel illustrating the irradiation conditions with protons and/or neutrons. Left
column corresponds to neutron irradiation conditions using weak beam g(4g) condition, g� {0 1 1}, foil normal �FN� � h1 1 1i.
Respective conditions correspond to the dose of (a) 0.7 dpa (irradiation # 6 in Table 1), (c) 2.5 dpa (# 7) and (e) 10 dpa (# 8). (b) TEM
Bright ®eld, g� {0 1 1}, FN � h1 1 1i, micrograph of F82H with 2.5 dpa (# 7), (d) weak beam g(4g) image, g� {0 1 1}, of F82H ir-
radiated at 1.7 dpa at 40°C (# 3) and (f) weak beam g(4g) image, g� {0 1 1}, FN � h1 1 1i, of F82H irradiated at 0.7 dpa with protons
and 0.7 dpa with neutrons at 250°C (# 5).

R. Sch�aublin, M. Victoria / Journal of Nuclear Materials 283±287 (2000) 339±343 341



0.7 dpa with protons and a dose of 0.7 dpa with neu-

trons were applied at 250°C to the F82H, it appears that

the damage exhibits a similar visibility, Fig. 1(f), to that

of the case of the single irradiation with neutrons to a

dose of 0.7 dpa at 250°C in the same TEM conditions.

The size distributions for the pure neutron irradia-

tions (#6, 7 and 8), Fig. 2, indicate an increase in the

mean size of the irradiation induced defect clusters. In

addition, there is with increasing dose a decrease in the

relative number of the smaller clusters to the advantage

of larger ones as clearly seen when comparing the size

distribution in the 0.7 dpa irradiation, Fig. 2(a), to that

for 10 dpa irradiation (Fig. 2(c)). The increase in dose

from 2.5 to 10 dpa broadens the size distribution, re-

spectively, Figs. 2(b) and (c), to larger sizes. The defect

densities in Table 1 present an increase when going from

0.7 to 2.5 dpa. As previously shown, no di�erence in

defect accumulation has been found between 590 MeV

protons and neutrons at Tirr� 0.2±0.3 TM (melting

point) [14]. There is a decrease when increasing further

to 10 dpa. This indicates in correlation with the former

fact that the larger clusters will grow at the expense of

new smaller ones, which means also that the defect

density has reached saturation at a dose value between

2.5 and 10 dpa.

The fact that the defect clusters in F82H are di�cult

to see as compared to the case of Cu for instance where

defects are clearly visible from doses of less than 10ÿ4

dpa [15] indicates that displacement cascades induce

smaller intracascade clusters. In addition, a recent mo-

lecular dynamics simulation study [16] showed that

sessile clusters are not stable. They would therefore

transform to a glissile con®guration that allows them to

escape to sinks such as dislocations, martensite lath

boundaries, grain boundaries and carbides. With in-

creasing dose, new clusters can contribute to the growth

of already present defect clusters. This is con®rmed by

the present observations whereby at the larger dose

fewer smaller clusters are created.

Carbides are amorphized in the case of the irradia-

tion with protons to a dose of 1.7 dpa at room tem-

perature. In all other cases it appears that the carbides

remain crystalline. This indicates, as in the case of an-

other ferritic/martensitic steel denominated OPTIMAX

A [17], that it is the temperature that controls the

amorphization under irradiation. When the irradiation

temperature is higher than 250°C carbides are not

amorphized by the irradiation. Defocusing experiments

in the TEM [18] performed in all samples did not reveal

cavities. This indicates a good resistance of the F82H to

irradiation induced swelling, for doses up to the highest

investigated dose of 10 dpa.

4. Conclusions

1. In the ferritic/martensitic steel F82H irradiated with

protons, the defect density does not seem to have

reached saturation for the studied doses (6 1.7

dpa). In the case of the neutron irradiations, defect

density has reached saturation at a dose value be-

tween 2.5 and 10 dpa. Coarsening of dislocation

loops is operative above 2.5 dpa.

2. Carbides are amorphized in the case of the irradia-

tion with protons to a dose of 1.7 dpa at room tem-

perature. In all other cases it appears that the

carbides remain crystalline. Temperature is the con-

trolling parameter for amorphization.

3. There were no observable cavities, even at the highest

studied dose of 10 dpa. This indicates a good resis-

tance of the F82H to swelling.
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