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RAFM steels such as Eurofer-97 and Eurofer-ODS are potential structural materials for future fusion

reactors. In order to study their resistance to the high energy neutrons they will be subjected to in this

context, we have irradiated these materials in single-, dual- and triple-beam mode to 26 dpa at 400 �C. In

single-beam mode (Fe ions only), both materials resist swelling but dislocation loops form. For dual- (Fe

and He ions) and triple-beam (Fe, He and H) modes, the same dislocation loop microstructure is observed

as for the single-beam mode, but small cavities form, aided by the presence of gases. Despite the for-

mation of cavities, swelling is very low for the present conditions. The influence of ODS particles on

swelling is briefly discussed.

1. Introduction

Reduced-activation ferritic-martensitic (RAFM) steels are

considered to be themost promisingmaterials for a use as structural

materials in future fusion reactors [1,2], thanks to their low activa-

tion by neutron irradiation, their low swelling under irradiation and

their good thermo-mechanical properties [1]. However, some

questions remain concerning their resistance to swelling in the

presence of helium and hydrogen produced by transmutation re-

actions due to 14 MeV neutron irradiation [3]. High temperature

helium embrittlement could also potentially be a problem [4e7].

Before a facility like IFMIF [8] thatwill produce high fluxes of 14MeV

neutrons is available, one of the best ways to study the combined

effects of irradiation and simultaneous gas production is a multi-

beam ion-irradiation facility like JANNUS Saclay [9,10]. In this pa-

per we present results concerning the microstructure of EUROFER-

97 and EUROFER-ODS (0.5wt.%Y2O3) steels after ion-irradiation.

The response of these materials to irradiation has been studied

several times, however, to our knowledge, charged-particle multi-

beam irradiations of these materials have not yet been reported.

Hereafter, we present a short review of previous results concerning

the irradiation of EUROFER-97 and EUROFER-ODS, with emphasis

on microstructural characterizations.

EUROFER-97 has been studied extensively following neutron

irradiations in HFR Petten and BOR-60. Klimenkov et al. [11] irra-

diated EUROFER-97 to 16.3 dpa in HFR at temperatures from 250 �C

to 450 �C. They showed that the dislocation loop density peaks at
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4 � 1021 m�3 for a temperature of 300 �C and that the average loop

diameter goes from 7 nm at 250 �C to 35 nm at 350 �C then back

down to 10 nm at 450 �C. For all temperatures, the authors report

that all dislocations loops had a0/2<111> type Burgers vectors. At

350 and 400 �C, a small density of cavities was detected. Due to the

very low boron content of EUROFER-97, the total helium concen-

tration is estimated as <10 appm for these irradiations.

EUROFER-97 was also irradiated in BOR-60 to 15 and 32 dpa, but

for only one temperature: 330 �C (final He content well below

10 appm) [12]. Interstitial clusters/dislocation loops are reported to

be present at 15 dpa with a mean size of 3.4 nm and a density of

1.4 � 1022 m�3 and at 32 dpa with a mean size of 4.8 nm and a

density of 1.7 � 1022 m�3. Small cavities are detected for both

conditions. At 15 dpa, their mean size is 2.6 nm and their density is

3.6 � 1020 m�3. At 32 dpa, their mean size is 1.6 nm and their

density is 2.3 � 1021 m�3.

The higher loop density obtained byWeiss et al. [12] at 15 dpa in

BOR-60 compared to Klimenkov et al. [11] at similar temperatures

can be explained by the fact that the later authors only counted

defects clearly resolvable as dislocation loops.

Boron-doping has also been used to study the combined effects

of neutron irradiation and helium production. In HFR [6,13], con-

centrations of ~80 appm He, ~415 appm He and ~5800 appm He

were obtained for EUROFER-97 melted with various amounts of

boron and irradiated to 16.3 dpa. Irradiation temperature went

from 250 to 450 �C. Dislocation loops, a’-precipitates and helium

bubbles were observed by TEM after irradiation. For all specimens,

He bubble size increases with irradiation temperature. For helium

concentrations of 82 appm and 412 appm, it is shown that no

cavities formed after irradiation at 250 �C (except at boron con-

taining precipitates), randomly distributed cavities formed at

350 �C and preferential nucleation of smaller cavities on disloca-

tions and grain boundaries occurred at 450 �C [6]. The swelling was

maximal at a temperature of 350 �C at around 0.6%. Note that the

use of boron presents some artifacts: first of all, in the 83 ppm 10B/

~415 appm He sample, all B is transmuted in to He by 1 dpa. For

other irradiations, some boron is still present at 16.3 dpa, and boron

inclusions as well as (Cr,Fe)B and B(C,N) precipitates formed. This

later feature means that the helium is produced heterogeneously to

some extent. After irradiation to 250 �C, the presence of nanometer

sized bubbles localized around boron containing precipitates was

observed in a sample that otherwise did not contain bubbles [6]. On

the other hand for an irradiation temperature of 250 �C and for a

helium content of 412 appm the presence of nearly homogeneously

distributed helium bubbles were found [13]. Comparison of these

results with the findings in Ref. [6] indicates a non-homogeneous

distribution of boron in the investigated RAFM steel. The present

experiments by dual-beam ion irradiation may enable us to get

more insight on the importance of such artifacts.

Small-angle neutron scattering (SANS) experiments have also

been done on EUROFER-97 irradiated in HFR Petten up to doses of

2.5, 8.4, and 16.5 dpa at temperatures 250 and 300 �C (without

boron). SANS experiments show that microvoids and a0 precipitates

are present after irradiation, the a0 precipitates becoming dominant

at 16.5 dpa. Between 2.4 and 8.9 dpa, the volume fraction of

microvoids increases by a factor of nearly 2while the average size of

microvoids remains nearly unchanged [14].

Eurofer-97 has also been irradiated within STIP-II and STIP-III

[15,16]. For STIP-II, EUROFER-97 samples irradiated with protons

to 20.4 dpa/1795 appm He at a mean temperature of 309 �C con-

tained very small cavities with sizes between 1.0 and 1.5 nm as well

as dislocation loops (resolvable loopsþ black dots) with a density of

4.3 � 1022 m�3 and average diameter of 6.1 nm. At 20.4 dpa/

1795 appm He and 357 �C, the average cavity diameter was 2.5 nm

and the density was 4.4 � 1023 m�3. The dislocation loop density

was 3.1 � 1022 m�3 with an average diameter of 7.2 nm. Note

however that the temperature varies greatly during such experi-

ments, for example the specimen irradiated at a mean temperature

of 357 �C suffered excursions to 309 and 406 �C [16]. Furthermore,

for these spallation target irradiations, specimens are irradiated

with protons and neutrons simultaneously. This makes the inter-

pretation of results difficult.

Eurofer-ODS has also been studied after irradiation, usually by

tomographic atom probe (TAP), in order to obtain data on nano-

particles enriched in yttrium and oxygen [17,18]. In Eurofer-ODS

(0.3wt.%Y2O3) Williams et al. [17] did not detect any variation of

particle size distribution and in the particle composition after Fe

ion irradiations to 2 dpa at 400 �C. However, Rogozhkin et al. [18,19]

found an increase of the particle density after irradiation and a loss

of vanadium in particles in Eurofer-ODS (0.5wt.%Y2O3) irradiated to

32 dpa at 330 �C. The same team irradiated TAP needles of Eurofer-

ODS with Fe ions at room temperature to three doses: 3.2, 10.2 and

13.2 dpa [19]. Pre-existing particles of Y, O, N and Vwere still visible

with the same size and density after irradiation, but there was

practically no more N and V in them. TEM characterization of

irradiated Eurofer-ODS containing 0.5wt.% Y2O3 is missing for the

moment.

2. Experimental procedure

EUROFER 97 samples are from heat E83697 produced by

B€ohler Austria GmbH. Final heat treatment is a normalisation at

980 �C for 30 min plus tempering at 760 �C for 90 min followed

by air cooling. EUROFER-ODS samples are from heat HXN 958/1,

produced at Plansee by mechanical alloying of EUROFER powder

with 0.5% yttria. After consolidation by hot isostatic pressing, the

bar was normalized at 1100 �C for 30 min followed by an air/

water quench and then tempered at 750 �C for 2 h. Final com-

positions are indicated in Table 1. For both materials, 1 mm thick

slices were cut out and then polished mechanically to ~90 mm,

and 3 mm discs were finally punched out from the slices. Before

irradiation, the discs were electro-polished for a few seconds in a

Struers Tenupol 5 device with a 10% perchloric acid-20% 2-

butoxyethanol-70% ethanol electrolyte, at room temperature

and a voltage of 49 V in order to remove damage due to me-

chanical polishing.

The irradiations were performed in the triple-beam ion facility

at JANNUS Saclay [9] in single- (3 MeV Fe3þ), dual- (3 MeV Fe3þ and

1.2 MeV Heþ) and triple-beam (3 MeV Fe3þ, 1.2 MeV Heþ and

600 keV Hþ) modes. All three irradiations were done at 400 ± 10 �C.

The sample temperature during irradiation was controlled by

thermocouples and an FLIR infrared camera. Heþ and Hþ ions were

Table 1

Compositions of as-received Eurofer-97 [20] and Eurofer-ODS (0.5wt.%Y2O3) inwt.%.

Material Eurofer-97 Eurofer-ODS

Cr 8.91 9.40

C 0.12 0.072

Mn 0.48 0.418

P 0.005 <0.04

S 0.004 0.0036

V 0.2 0.185

B 0.001 <0.005

N 0.02 0.029

O 0.0008 0.171

Y Not specified 0.297

W 1.08 1.10

Ta 0.14 0.08

Ti 0.006 0.001

Fe Balance Balance
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implanted using energy degraders [10] made of thin aluminium

foils. Periodic beam current measurements were performed with a

system made up of three groups of seven Faraday cups, in order to

calculate ion fluxes and fluences. All three beams were raster-

scanned.

All damage levels and gas implantation rates were calculated

using SRIM-2008 [21] (Ed ¼ 40 eV and Kinchin and Pease calcula-

tion, for a good comparison with neutron irradiation experiments

[22]). The damage and gas implantation profiles for the triple-beam

irradiation are presented in Fig. 1. Gas implantation profiles were

calculated using the method explained previously [23], taking into

account the ion beam divergence induced by the energy degraders.

We have limited our study to the zone situated between 500 and

700 nm, in order to avoid surface effects and the injected interstitial

effect [24,25]. Mean damage doses and gas contents for this so-

called “analysed zone” between 500 and 700 nm are given in

Table 2. Helium and hydrogen to dpa ratios were 17 appmHe/dpa

for the dual-beam irradiation and 16 appm He/dpa and 74 appm H/

dpa for the triple-beam irradiation, in order to approach conditions

predicted for structural materials in fusion reactors [3,26].

After irradiation, transmission electron microscopy (TEM)

specimens were prepared by electro-polishing in three steps using

a Tenupol 5:

1. Front-side electro-polish to remove 500 nm using a 5%

perchloric acid-95% ethanol electrolyte at �40 �C and 40 V.

2. Application of a lacomit layer on the front-side (irradiated side)

of the specimen.

3. Back-side electro-polish to pierce a hole with the aforemen-

tioned 10% perchloric acid-20% 2-butoxyethanol-70% ethanol

electrolyte, at room temperature and 49 V.

Also, transverse specimens were prepared with a focused ion

beam (FEI Helios NanoLab 650) and allowed confirmation of the

results obtained from the electro-polished specimens.

The dislocationmicrostructure, nano-particles and cavities were

analyzed using conventional TEM bright field conditions.

Micrographs for dislocation loop density and size analysis were

done using g
!

¼ <110> type diffraction vectors, and it was verified

that using different zone axes did not modify results significantly.

Mean loop diameter values were determined by measuring over a

hundred loops for each irradiation condition. For one sample, the

mean loop diameter was also determined using the weak-beam

dark-field method, and the value found was 1.4 nm lower. The

mean loop diameters reported in this study were measured using

the conventional bright-field method, leading to a systematic

overestimation comparedwithmeasurements donewith theweak-

beam dark-field method. Dislocation loop Burgers vectors were

determined using a simplified g
!

:b
!

analysis based on the method

used by Yao et al. [27,28]. Indeed, unlike samples irradiated as thin

foils, where some dislocation loops with Burgers vectors normal to

the free surfaces escape to them [29], we can assume that the

Burgers vectors are equiprobable amongst a given family (i.e. a0/2

<111> family or a0<100> family). The respective proportions of

a0/2 <111> and a0<100> type Burgers vectors in a micrograph

taken using a diffraction vector g
!

¼ [110] can be determined by

comparison with a micrograph taken using g
!

¼ [110], as demon-

strated in Fig. 2. Indeed, loops with b
!

¼ ±a0 [100] and b
!

¼ ±a0
[010] are visible in bothmicrographswhereas loopswith b

!
¼±a0/2

[111] and b
!

¼ ±a0/2 [11-1] are visible in the first micrograph but

not in the second. Using the assumption that Burgers vectors are

equiprobable amongst a given family, one can then calculate the

total proportions of a0/2 <111> and a0<100> families from the

proportions observed in the first micrograph with g
!

¼ [110]. The

proportion of observed a0<100> Burgers vectors is multiplied by 3/

2 and the proportion of observed a0/2 <111> type Burgers vectors is

multiplied by 2. In a similar manner, total dislocation loop densities

are calculated from the visible loops in a g
!

¼ <110> micrograph.

Cavities were analyzed by doing through focal series. Due to the

very small sizes of observed cavities, large errors are expected for

diameter measurements and density measurements [30].

Thickness measurements were done by counting the thickness

fringes in a two-beam bright-field condition or by the contamina-

tion spot separation method [31]. The thickness measurement is

the major source of errors for dislocation density determinations,

and causes an uncertainty of ±10%.

3. Experimental results

3.1. Eurofer-97 and Eurofer-ODS before irradiation

Although excellent studies of non-irradiated Eurofer-97 [2,20]

and Eurofer-ODS [32] have already been presented, some details

are given here for clarity.

Eurofer-97 has a tempered martensite structure, as can be seen

in Fig. 3(a). The dislocation density in the laths is 9.0 � 1013 m�2.

Precipitates decorate the lath boundaries, but are seldom found

inside laths.

Eurofer-ODS has a duplex microstructure: some grains are

ferritic (Fig. 3(b)), whereas others contain tempered martensite

(Fig. 3(c)). The dislocation and nano-particle microstructures in the

two types of grains are different. In the ferrite grains, the dislocation

density is 1.8 � 1013 m�2, and a high density (1.6 � 1022 m�3) of

relatively small nano-particles is present (Fig. 4(a)). In the tempered

martensite grains (Fig. 4(b)), the dislocation density is

1.3�1014m�2, and theparticles arebiggerand their density is lower,

at 5.2 � 1021 m�3. Particle distributions for the two types of grains

are given in Fig. 5: the distribution in the tempered martensite

grains is wider and reaches larger sizes. Meanparticle diameters are

4.6 nm in ferrite grains and 10.6 nm in tempered martensite grains.

Fig. 1. Damage and implanted gas content profiles for the triple-beam irradiation to

27 dpa/440 appm He/2000 appm He calculated by SRIM [21] calculations.

Table 2

Conditions for irradiations performed at 400 �C in single-, dual- and triple-beam

modes. Averages calculated over depths from 500 to 700 nm depth.

Irradiation mode Dose Damage rate Final gas content

Single-beam 26 dpa 1.4 � 10�3 dpa/s 0

Dual-beam 26 dpa 1.1 � 10�3 dpa/s 430 appm He

Triple-beam 27 dpa 1.3 � 10�3 dpa/s 440 appm He, 2000 appm H
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3.2. Single-beam irradiation of Eurofer-97 and Eurofer-ODS

After irradiation to 26 dpa at 400 �C, dislocation loops form in

both materials (Figs. 6e8). Quantitative data for the dislocation

microstructure formed is indicated in Table 3. In Eurofer-97, the

majority of dislocation loops have an a0<100> type Burgers vector

(see Table 4 for Burgers vector analysis) and are situated in {100}

type planes (see Fig. 9). A small proportion of the dislocation loops

Fig. 2. Burgers vector determination in a tempered martensite grain of Eurofer-ODS irradiated to 26 dpa/430 appm He at 400 �C: (a) Bright-field image, g
!

¼ [110], (001) pole; (b)

Bright-field image, g
!

¼ [�110], (001) pole; (c) Bright-field image, g
!

¼ [020], (001) pole. Dislocation loops with b
!

¼ ±a0 [100] and b
!

¼ ±a0 [010] are visible in images (a) and (b),

and are indexed <100> in image (a). Dislocation loops and lines with b
!

¼ ±a0/2 [111] and b
!

¼ ±a0/2 [11e1] are visible in image (a) but invisible in image (b), and thus can be

distinguished from loops with a0<100 > type Burgers vectors. Such loops are indexed as <111> and the dislocation lines as <111>D in image (a). Objects with a0/2<111> type

Burgers vectors must be visible in image (c). This enables verification: objects which are visible in image (a) but invisible in image (b) and (c) are indexed as undetermined (Und).

Indexes are always to the left of the corresponding object.

Fig. 3. Microstructures prior to irradiation in both materials. (a) Eurofer-97; (b) ferrite grain in Eurofer-ODS; (c) tempered martensite grain in Eurofer-ODS.

Fig. 4. Precipitate microstructure in Eurofer-ODS. (a) Small precipitates in a ferrite

grain; (b) Larger precipitates in a tempered martensite grain. Fig. 5. Precipitate distributions in both grain types in Eurofer-ODS.
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have a0/2<111> Burgers vectors. Note that all the analyzed dislo-

cation lines have an a0/2<111> Burgers vector.

The dislocation microstructure of the tempered martensite

grains of Eurofer-ODS (Fig. 7) is similar to the one observed in

Eurofer-97. Dislocation loop densities and sizes are similar, as seen

in Table 3. Also, the proportion of loops with a0<100> type Burgers

is high in both materials, over 75%.

However, the dislocation microstructure in Eurofer-ODS ferrite

grains is quite different (Fig. 8). There are less dislocation loops,

but the dislocation network is more developed, so that the dislo-

cation density, which takes into account both dislocation loops and

dislocation lines, is quite similar for all types of grains and mate-

rials (Table 3). The Burgers vector analysis for ferrite grains shows

that most dislocation loops have a a0/2<111> Burgers vector,

contrary to the Eurofer-97 and tempered martensite grains of

Eurofer-ODS.

For the single-beam irradiation, no cavities are detected in

either material. We also note that in both grain types of Eurofer-

ODS, no evolution of the oxide particle microstructure is detected.

3.3. Multi-beam irradiations of Eurofer-97 and Eurofer-ODS: effects

of gas ion implantation

Gas ion implantation has no detectable effect on the densities,

size distributions and Burgers vectors of loops, which are similar to

the ones determined for the single-beam irradiation in both

materials.

However, gas ion implantation has an effect on the cavity

microstructure. For both multi-beam irradiations, small cavities are

detected in Eurofer-97 and in the tempered martensite grains of

Eurofer-ODS. No cavities are detected in the ferrite grains.

Measured cavity densities and mean diameters are indicated in

Table 5. The cavity microstructure is presented in Figs. 10 and 11 for

the dual-beam irradiation and in Figs. 12 and 13 for the triple-beam

irradiation. Swelling values calculated from TEM data stay inferior

to 0.1% for Eurofer-97 and Eurofer-ODS for both multi-beam

irradiations.

Due to the low cavity density and the high irradiation dose, we

could not discern whether the cavity formationwas heterogeneous

or not.

4. Discussion

4.1. Single-beam irradiation of Eurofer-97 and Eurofer-ODS

Our results concerning Eurofer-97 may be compared to those

obtained after neutron irradiations in HFR and BOR-60 [11,12]. Our

counting method resembled the one used by Weiss et al. [12], so

our results are most easily compared with theirs. After irradiation

to 32 dpa at 330 �C, they find a dislocation loop density of

1.7 � 1022 m�3 and a mean loop size of 4.8 nm. These values are

close but inferior to the ones we have observed (see Table 3). This

indicates that there is a temperature shift of about 70 �C between

neutron and ion irradiation experiments, i.e. to simulate the effects

of lower damage rates for neutron irradiations, temperatures

higher by 70 �C are necessary for the higher damage rates of ion

implantations. Comparison with the work of Klimenkov et al. [11]

also supports the fact that the temperature shift is larger than

50 �C, since they report a mean loop diameter size of 35 nm after

irradiation to 16.3 dpa at 350 �C. Indeed, although mean loop di-

ameters are not directly comparable, loop diameters of the largest

Fig. 6. Dislocation microstructure in Eurofer-97 irradiated to 26 dpa at 400 �C with

3 MeV Fe3þ ions (bright-field image, g
!

¼ <110>).

Fig. 7. Dislocation microstructure in a tempered martensite grain of Eurofer-ODS

irradiated to 26 dpa at 400 �C with 3 MeV Fe3þ ions (bright-field image, g
!

¼ <110>).

Fig. 8. Dislocation microstructure in a ferrite grain of Eurofer-97 irradiated to 26 dpa at

400 �C with 3 MeV Fe3þ ions (bright-field image, g
!

¼ <110>). White arrows indicate

objects counted as dislocation loops.
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loops rarely exceed 20 nm in our study, so we can conclude that

loops are smaller for the ion irradiation.

We show that in Eurofer-97 ion-irradiated to 26 dpa at 400 �C,

a0<100> and a0/2<111> type Burgers vectors coexist, and that a

majority of the loops have a0<100> type Burgers vector. After

neutron irradiation of Eurofer-97 to 32 dpa at 330 �C, both types of

Burgers vectors were found, but the majority was a0/2<111> type

[12]. This discrepancy could be due to different irradiation tem-

peratures, or to the small number of loops counted. After irradia-

tion in HFR [11], only loops with a0/2<111> type Burgers vectors

were found in Eurofer-97 irradiated between 250 �C and 450 �C.

The same team has recently indicated that a0<100> loops may also

be present after neutron irradiation at 350 �C [33]. This later

finding, which would be more coherent with our result, seems

more plausible. Indeed, Horton et al. [34] showed that in pure iron

neutron-irradiated to 1 dpa at temperatures between 350 and

450 �C, dislocation loops almost all had a0<100> type Burgers

vectors. Gelles [35] observed the microstructure of neutron irra-

diated Fee9%Cr and Fee12%Cr alloys. For irradiation temperatures

between 400 and 450 �C, both types of Burgers vectors were pre-

sent in both materials. Note also that calculations of the anisotropic

elastic energy of loops in pure iron showed that loops with a0
<100> type Burgers vectors are the most stable at high tempera-

tures [36].

In a 9Cr-ODS steel quite similar to Eurofer-ODS, dislocation

loops formed after proton irradiation at 400 �C to about 4 dpa [37].

Loop densities and sizes were somewhat similar to those we

observe in the ferrite grains. The loop number density was slightly

lower, at 3.3 � 1021 m�3, and the reported average size was higher,

at 15.4 nm. These differences could be explained by the lower final

damage dose and lower damage rate.

For the cavity microstructure, previous neutron-irradiations of

Eurofer-97 to 15 and 32 dpa resulted in low densities of small

cavities at 330 �C [12]. Our single-beam ion-irradiation experi-

ments to similar doses do not produce any cavities. This may be due

to differences in irradiation temperatures and dose rates or due to

the fact that for the neutron irradiation, small quantities of helium

are produced by transmutation from the few appm of boron,

assisting nucleation and stabilization of cavities.

Note that the absence of cavities in a ferritic-martensitic steel

ion-irradiated to low dose without helium is not surprising. Pre-

vious work on FeeCr model alloys [23] has shown that no cavities

appear in such materials at doses higher than those attained in this

study. No cavities were formed in a Fee9Cre1Mo steel ion-

Table 3

Quantitative data for the dislocation microstructure of Eurofer-97 and Eurofer-ODS irradiated to 26 dpa at 400 �C in single-beam mode. The calculated loop density is an

estimate including invisible loop populations. Whereas the dislocation densities capture the entire dislocation microstructure, the dislocation loop densities exclude the

contribution from dislocation lines.

Material Eurofer-97 Eurofer-ODS (tempered martensite grains) Eurofer-ODS (ferrite grains)

Counted dislocation loops 135 195 160

Observed dislocation loop density (1022 m�3) 2.3 ± 0.2 1.2 ± 0.09 0.53 ± 0.04

Calculated dislocation loop density (1022 m�3) 3.6 ± 0.3 1.9 ± 0.1 0.96 ± 0.08

Mean loop diameter (nm) 7.9 ± 0.7 7.1 ± 0.5 11 ± 0.9

Observed dislocation density (1014 m�2) 6.9 ± 0.7 3.0 ± 0.1 4.0 ± 0.4

Table 4

Burgers vector analysis of dislocation loops in Eurofer-97 and Eurofer-ODS irradiated to 26 dpa at 400 �C in single-beam mode. Calculated loop proportions are an estimate of

the total proportions when including invisible loops and neglecting undetermined objects.

Burgers vector Eurofer-97 Eurofer-ODS/tempered martensite grain Eurofer-ODS/ferrite grain

Observed a0/2<111> loops 9% 18% 53%

Observed a0<100> loops 80% 76% 33%

Undetermined 11% 6% 14%

Number of loops analysed 35 51 21

Calculated a0/2<111> loops 13% 24% 68%

Calculated a0<100> loops 87% 76% 32%

Fig. 9. Dislocation microstructure in Eurofer-97 irradiated to 26 dpa at 400 �C with

3 MeV Fe3þ ions (bright-field image, g
!

¼ <110>). The majority of the visible loops are

edge-on and situated in {100} type planes.

Table 5

Quantitative data on densities and sizes of cavities in Eurofer-97 and Eurofer-ODS irradiated to 26 dpa at 400 �C in dual- and triple-beam conditions.

Material Eurofer-97 Eurofer-ODS (tempered martensite grains)

Final gas contents 430 appm He 440 appm He/2000 appm H 430 appm He 440 appm He/2000 appm H

Counted cavites 83 165 77 78

Cavity density (1022 m�3) 1.8 ± 0.2 2.3 ± 0.2 1.4 ± 0.2 2.3 ± 0.3

Mean cavity diameter (nm) 1.4 ± 0.2 1.9 ± 0.1 1.8 ± 0.2 2.0 ± 0.2

6



Fig. 10. Cavities in Eurofer-97 irradiated to 26 dpa/430 appm He at 400 �C. Bright-field: (a) over-focus: þ300 nm; (b) under-focus: �300 nm.

Fig. 11. Cavities in a tempered martensite grain of Eurofer-ODS irradiated to 26 dpa/430 appm He at 400 �C. Bright-field: (a) over-focus: þ500 nm; (b) under-focus: �500 nm.

Fig. 12. Cavities in Eurofer-97 irradiated to 27 dpa/430 appm He/2000 appm H at 400 �C. Bright-field: (a) over-focus: þ500 nm; (b) under-focus: �500 nm.

Fig. 13. Cavities in a tempered martensite grain of Eurofer-ODS irradiated to 27 dpa/430 appm He/2000 appm H at 400 �C. Bright-field: (a) over-focus: þ500 nm; (b) under-

focus: �500 nm.
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irradiated to 100 dpa at 400 �C and 450 �C [38]. Note that at much

higher damage doses, Toloczko et al. [39] observed swelling in EP-

450, HT-9 and MA957 ODS to values over 1%. Also, Getto et al. [40]

observed cavities in HT9 after irradiation to 140 and 188 dpa at

440 �C with 5 MeV Fe2þ ions. But similar irradiations to 25 and

50 dpa did not produce any cavities [40], so their results are quite

coherent with ours: F/M steels resist swelling when nucleation is

not assisted by the presence of helium.

4.2. Multi-beam irradiations of Eurofer-97 and Eurofer-ODS: effects

of gas ion implantation

After irradiation to 26 dpa and 430 appm He in dual-beam

mode, we observed cavities with a density of 1.8 � 1022 m�3 and

a mean diameter of 1.4 nm in Eurofer-97. After irradiation of the

same material to 16.3 dpa and 412 appm He in HFR [6], at condi-

tions that one may consider similar to ours in terms of dose, tem-

perature and helium content, the cavity microstructure was much

coarser. Densities and mean cavity sizes were 0.32 � 1022 m�3 and

10 nm at 350 �C and 0.24� 1022 m�3 and 5 nm at 450 �C. As for the

dislocation loops, this tends to indicate a temperature shift larger

than 50 �C between ion- and neutron-irradiations, although the

different helium-to-dpa ratios and the fact that all helium pro-

duction is nearly finished after 1 dpa in the HFR neutron irradia-

tions may also alter the cavity microstructure.

As for other multi-beam irradiations of F/M steels, they tend

to confirm that ion-induced swelling remains low at 400 �C. In a

Fee9Cre1Mo steel, Farrell and Lee [38] observed the formation

of small cavities (~2.0 nm) after irradiation to 106 dpa/

1040 appm He/4640 appm D at 400 �C, leading to a swelling of

0.08%. Hiwatashi et al. [41] dual-beam irradiated Fee9%Cre2%W

and Fee7%Cre2%W steels at 15 appm He/dpa to 125 dpa at

400 �C. They observed relatively small cavities and swelling

values under 0.1%.

Tanaka et al. [42] irradiated Fee12%Cr and Fee9%Cr model al-

loys in triple-beam (Fe, He and H ions) and dual-beam (Fe and He

ions) modes to 50 dpa with fusion relevant conditions. At 510 �C,

the comparison of these two types of irradiation demonstrated

that hydrogen injection induces additional cavity growth and

swelling. In our experiments, the cavity sizes and densities seem

to be slightly higher when hydrogen in injected in both materials.

However, due to large error bars at such small cavity sizes, it is

difficult to conclude that hydrogen has effectively played a role.

This discrepancy with work by Tanaka et al. may be due to the

lower temperature in our study. It could also be related to the

lower dose in our study: cavity growth, for which hydrogen may

play a role, is not yet active. Note that Farrell and Lee concluded for

their ion-irradiations of a Fee9Cre1Mo steel [38] that the co-

injection of hydrogen had a low impact on the overall cavity

microstructure. More dual- and triple-beam irradiations at other

temperatures and doses are necessary to comprehend the effect of

hydrogen.

For Eurofer-ODS, the different behaviours between the

tempered martensite grains and ferrite grains under dual- and

triple-beam experiments can be explained as follows. In the

temperedmartensite grains, implanted helium atoms will instantly

be captured by a vacancy, due to the very low interstitial helium

migration energy [43] and the very high quantity of vacancies

created in cascades. According to our calculations done with SRIM

[21] and presented in Section 2, more than fifty thousand vacancies

are created for each helium atom implanted during the irradiation.

The combination of a vacancy and a helium atom form a substitu-

tional helium atom, which probably migrates via the vacancy

mechanism with an activation energy close or higher than the one

calculated in iron (1.1 eV) by ab initio methods [43]. Thus this

substitutional helium atom may migrate over small distances at

400 �C, but will also lead to the formation of small helium-vacancy

clusters, nuclei of cavities. However, in the ferrite grains, it may be

postulated that the higher density of nano-particles will tend to

capture all helium atoms at their interfaces, reducing the possibility

for nucleation of cavities in these zones. As a result, the high density

of smaller ODS nano-particles in the ferrite grains inhibits cavity

formation.

The question of knowing whether helium actually accumulates

on ODS particles has been addressed by Badjeck et al. [44] who

studied the distribution of Ti and He by EELS using an ultra-STEM in

an ODS steel irradiated in dual-beam mode (Fe and He ions). In

their study some of the heliumwas detected on ODS particles. Qian

et al. [45] have also studied the distribution of helium in an ODS

steel by APT after a single-beam Heþ irradiation at 400 �C. They

found that only about 5% of helium was correlated with nano-

particles. However the authors indicate that for irradiations in

nuclear reactors (or dual-beam irradiations), the situation may be

different due to a very different He/dpa ratio. Experimental studies

like these could help us confirm the role of the high-density of

nano-particles in the ferrite grains in our case.

5. Conclusion and acknowledgments

We have performed single-, dual- and triple-beam ion irradia-

tions of Eurofer-97 and Eurofer-ODS steels to 26 dpa at 400 �C.

Microstructural damage was characterized by TEM. The following

conclusions may be drawn for the two steels irradiated to 26 dpa at

400 �C:

� Under single-beam Fe3þ ion irradiation, dislocation loops form

in both Eurofer-97 and Eurofer-ODS. No cavities are detected.

� Simultaneous gas ion implantation does not affect the disloca-

tion microstructure formed under irradiation. However, it in-

duces the formation of cavities in Eurofer-97 and in the

tempered martensite grains of Eurofer-ODS.

� Low cavity diameters in dual- and triple-beam modes indicate

low swelling (<0.1%) for both materials.

� A high-density of ODS nano-particles such as in the ferrite grains

of Eurofer-ODS inhibits cavity formation.

Experiments done at JANNuS (Joint Accelerators for Nano-

science and Nuclear Simulation), Saclay, France and supported by

EFDA (European Fusion Development Agreement) and the French

network EMIR.

This work has been carried out within the framework of the

EUROfusion Consortium and has received funding from the Eura-

tom research and training programme 2014e2018 under grant

agreement No 633053. The views and opinions expressed herein do

not necessarily reflect those of the European Commission.
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