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M. Šćepanovi ́c a , ∗, V. de Castro 
a , T. Leguey 

a , M.A. Auger b , S. Lozano-Perez b , R. Pareja a 

a Departamento de Física. Universidad Carlos III de Madrid. 28911-Leganés, Spain 
b Department of Materials. University of Oxford. OX1 3PH, Oxford, UK 

a r t i c l e i n f o 

Article history: 

Available online 28 August 2016 

Keywords: 

Oxide dispersion strengthened steels 

Transmission electron microscopy 

Nanoparticles 

Bubbles 

a b s t r a c t 

Simultaneous triple-ion beam irradiation experiments with Fe 5 + , He + and H 
+ ions were performed to 

simulate fusion damage on two nanostructured ferritic alloys with nominal composition Fe–14Cr–0.3Y 2 O 3 

and Fe–14Cr–2W–0.3Ti–0.3Y 2 O 3 . Samples were irradiated at 600 °C to an estimated dose of ∼ 30 dpa, 

60 0 appm He, 150 0 appm H, and the effects on the microstructure of these alloys investigated by analyti- 

cal transmission electron microscopy. The results reveal the development of nanovoids, or small bubbles, 

undetected in the unirradiated samples, and a virtual compositional stability of the dispersion. Neverthe- 

less, upon irradiation the measured size distribution indicates a slight growth of those dispersoids having 

the smaller sizes. 

© 2016 Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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1. Introduction 

Among the reduced activation materials developed for struc-

tural applications in the future fusion reactors and genera-

tion IV fission reactors, oxide dispersion strengthened (ODS) fer-

ritic/martensitic and ferritic steels appear to be very promising

materials. In particular, ODS and nano-structured ferritic Fe–Cr al-

loys may meet the criteria of microstructural stability and creep

resistance under irradiation required for fusion applications [1,2] .

Transmutation He and H atoms together with displacement dam-

age will be produced at high generation rates in the structural ma-

terials, during the 14 MeV neutron irradiation in the environment

of a fusion reactor. Consequently, the microstructural characteris-

tics and the resulting mechanical properties of ODS Fe–Cr alloys

can degrade depending on the irradiation conditions [3,4] . 

The effect of fusion damage on the microstructure can be simu-

lated via triple beam implantation of self-ions to produce displace-

ment damage alike to the one generated by neutron irradiation,

along with He + and H 
+ to simulate the concurrent presence of He

and H produced by transmutation during the formation and evo-

lution of the displacement cascades [5,6] . Moreover, the irradiation

conditions during ion irradiation (dose and temperature) can be

controlled easily and high doses can be achieved in short times. In
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his work, simultaneous triple ion-beam irradiation has been per-

ormed to account for possible synergistic effects. 

The stability of the nanoparticles present in ODS steels is crit-

cal to guarantee a good performance during service. After irradi-

ting under different conditions, nanoparticles have been observed

o grow, shrink, or remain unaltered, as recently reviewed in Refs.

7] and [8] . It appears that these changes are enhanced under ion

rradiation, as compared to neutron irradiation, due to the higher

ose rates used [7] . 

In order to gain a better understanding on the radiation dam-

ge effects in the structural material candidates for a future fusion

eactor, a comprehensive analytical electron microscopy study has

een performed on two nanostructured ODS Fe14Cr alloys of dif-

erent compositions subjected to simultaneous triple-beam irradia-

ion conditions that simulate those envisaged per year in a demon-

tration reactor (DEMO). The aim is to investigate the microstruc-

ural changes that these particular irradiation conditions can in-

uce in these ferritic alloys, focusing on presence of bubbles and

xide nanoparticles. 

. Experimental 

.1. Materials 

The nominal compositions of the alloys used in this work

re Fe–14Cr–0.3Y 2 O 3 and Fe–14Cr–2W–0.3Ti–0.3Y 2 O 3 (wt%); here-

fter referred to as 14YHT and 14YWTi, respectively. These alloys
Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Table 1 

Irradiation conditions. 

Triple irradiation JANNUS 

Ions Energy Temp ( °C) Dose rate (ions ·cm 
−2 s −1 ) Fluence (ions ·cm 

−2 ) Maximum dose (dpa) / concentration (appm) 

Fe 5 + 14 MeV 8.3 ×10 11 1.49 ×10 16 ∼30 dpa 

He + 1.6 MeV 600 8 ×10 10 1.4 ×10 15 ∼600 appm 

H + 500 keV 1.97 ×10 11 3.55 ×10 15 ∼1500 appm 

Fig. 1. SRIM damage profiles for a) Fe 5 + ions and b) He + and H + ions. 
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Fig. 2. Images of the a) 14YHT and b) 14YWTi alloys after focused ion beam sample 

preparation. 
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ere produced by powder metallurgy. High purity elemental pow-

ers with addition of nanosized Y 2 O 3 powder were mechanically

lloyed under H 2 atmosphere and consolidated by hot isostatic

ressing (HIP) at 1100 °C and 200 MPa. After consolidation the al-

oy billets were forged at ∼1150 °C and subsequently heat treated
t 850 °C for 2 h. The fabrication details of these alloys are re-
orted in Ref. [9] . The irradiation experiments were performed on

 ×7 × 0.2 mm 
3 samples having their surfaces mirror polished with

0 nm alumina slurry. 

.2. Irradiation parameters 

The simultaneous triple-ion irradiation with Fe 5 + , He + and H 
+ 

ons was done at 600 °C to 30 dpa to simulate fusion relevant con-

itions. All specimens were mounted in a holder that contained a

.1 mm diameter channel so that a thermocouple could be inserted

ery close to the samples for accurate temperature measurement.

uring irradiation, the temperature was kept at 600 ± 1 °C. The ex-
eriments were carried out at the JANNUS-Saclay Facility (France).
he conditions of the irradiation are summarized in Table 1 . These

ave been specifically chosen to achieve the maximum damage at

he same depth for all ions. In this case the Bragg peak is found at

2.4 μm and limited by the minimum feasible implantation energy

f the H 
+ ions (500 keV). Fig. 1 shows the damage profiles calcu-

ated by using the code SRIM2011 that simulates the damage of

ons into a solid target [10] . The “full cascade” option was used to

imulate all collisional damage in a Fe–14Cr target. Displacement

nergies of 40 eV for Fe and Cr were used, following the ASTM

tandard E 521–96. 

.3. TEM sample preparation and methods 

Unirradiated samples for transmission electron microscopy 

TEM) studies were electropolished in a TENUPOL 5 twin jet pol-

sher using a solution of 5 vol% perchloric acid in methanol as
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Fig. 3. a) to d) EFTEM elemental maps of the unirradiated 14YHT alloy showing the 

morphology and chemical composition of Y-rich nanoparticles: a) elastic image, b) 

Y N map, c) Fe M map, d) Cr M map, where a Cr-shell is marked with an arrow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Size distribution of nanoparticles in the 14YHT alloy. a) before irradiation 

and b) after irradiation. 
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electrolyte. During electropolishing, the temperature was kept be-

low – 30 °C. The irradiated samples were prepared in a Zeiss AU-

RIGA 40 focus ion beam (FIB) instrument fitted with a scanning

electron microscope (SEM). TEM samples were prepared by the

in-situ lift-out method. The different steps of the lift-out process

are described as follows: a Pt layer (length = 25 μm, width = 2 μm,

thickness < 1 μm) was deposited on top of the surface in order to

protect the sample during the successive milling process. A Ga 2 + 

ion beam operating at 30 kV and a combination of currents rang-

ing from 16 nA to 600 pA were used to mill material trenches on

three sides of the Pt layer and underneath; as a result, a cantilever

shape (length = 25 μm, width = 2 μm, depth = 15 μm) was obtained.

The micromanipulator was then used to complete the lift-out pro-

cess by detaching the micromachined cantilever from the original

bulk sample and attaching it to a commercial Omniprobe Cu post

lift-out TEM grid. Both sides of the sample surface were milled

with the Ga 2 + ion beam at 30 kV and different currents, decreas-

ing from 1 nA to 240 pA, until reaching electron transparency. To

minimize surface artifacts induced by the FIB sample preparation,

a low-energy cleaning process (2 kV and 200 pA in the Ga 2 + ion
beam) was held on both sides of the sample, obtaining the fi-

nal states displayed in Fig. 2 , which allowed carrying out the TEM

analyses. 

Imaging was done around the 2.4 μm zone, where the Bragg

peak is located. Chemical information was obtained by STEM-EDS

and EFTEM using a JEOL 2200MCO microscope and a JEOL ARM-

200F, both operating at 200 kV beam energy. EFTEM images were

processed using multivariate statistical analysis in order to sepa-

rate true information from noise [11] . 

3. Results and discussion 

3.1. Unirradiated alloys 

The microstructural characteristics of the two alloys analyzed

here are reported in Ref. [9] . The 14YHT alloy has a homoge-

neous grain structure with grains smaller than 3 μm. The presence
f nanovoids could not be detected by TEM observations. Small

anoparticles and larger Cr-rich phases are present in the alloy.

he nanoparticles are found dispersed homogeneously through-

ut the matrix, see Fig. 3 a. They have Y-rich composition and fur-

her analysis reveal that they can be surrounded by Cr shells, as

epicted in Fig. 3 b and d. This core-shell structure was previ-

usly observed in similar ODS-Fe–(12–14 wt%)Cr steels [12,13] . It

hould be mentioned that the horizontal bands in the EFTEM im-

ges are an artifact caused by dirt in the omega-filter slit. Fig.

 a shows the size distribution of these particles resulting in a

ean size of 8 ± 6 nm. It has to be noted that this distribution is

ikely to be skewed below 2.5 nm due to the microscope’s resolu-

ion. Number densities of visible particles were measured in eight

ifferent regions. They range between (1.2 ± 0.2) × 10 21 m 
−3 and

9 ± 2) × 10 22 m 
−3 . 

The 14YWTi alloy exhibits a duplex grain structure composed

f areas containing large recovered grains with sizes < 15 μm, and

ther areas having unrecovered grains with sizes between ∼ 400–

800 nm, see Fig. 5 a. Several types of secondary phases are present

n this alloy, as the elemental maps in Fig. 5 b–f show. There are

r, W –rich carbides < 1.5 μm ( Fig. 5 c and d), Cr, Ti – rich parti-

les having sizes ranging between 50 and 500 nm ( Fig. 5 c and e)

nd Y–Ti-rich nanoparticles < 30 nm ( Fig. 5 e and f). Their mean

ize was reported to be 7 ± 5 nm [9] . However, additional mea-

urements have slightly shifted this value to 8 ± 5 nm, being within
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Fig. 5. a) to f) STEM image and EDS elemental maps of the unirradiated 14YWTi 

alloy. a) BF image, b) Fe K map, c) Cr K map, d) W (M + L) map, e) Ti K map, f) Y 

K map. (Cr-W rich particles are marked with a square, Cr-Ti rich with a circle and 

Y-Ti rich particles with a hexagon). 
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Fig. 6. Size distribution of nanoparticles in the 14YWTi alloy. a) before irradiation 

and b) after irradiation. 
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he error. These nanoparticles are found homogeneously dispersed

hroughout the matrix. Their size distribution is depicted in Fig. 6 a.

Number densities of visible particles were measured in

3 different regions, ranging between (1.2 ± 0.2) × 10 21 m 
−3 and

1.3 ± 0.3) × 10 22 m 
−3 . 

.2. Irradiated alloys 

.2.1. General microstructure 

Defect evolution during irradiation may lead to dynamical re-

overy and recrystallization. Possible irradiation-induced changes

n the general microstructure of the alloys were analyzed by per-

orming FIB 3D slicing of the samples cross-sections. These 3D slic-

ng results, shown in videos 1 (14YHT) and 2 (14YWTi), reveal that

here are no significant changes in the grain structure of the al-

oys after irradiation. Representative frames of these videos are

lso depicted in Fig. 7 . Irradiation-induced loops and defect clus-

ers were not studied due to the fact that the irradiated samples

ere processed by focused ion beam, which is known to intro-

uce defects into the sample. Slow positron annihilation measure-

ents performed on samples of these alloys irradiated under iden-

ical conditions did not reveal evidence of implantation damage

hen irradiated samples were compared with unirradiated coun-

erpart samples [14] , although their penetration depth is limited to

1.2 μm, while the Bragg peak is located at ∼ 2.4 μm. 

.2.2. Nanoparticle evolution 

It appears that the morphology and chemical composition of

anoparticles remain unchanged in both alloys after the irradia-
ion, as the EFTEM and EDS maps shown in Figs. 8 and 9 reveal.

evertheless, quantitative variations in the Ti–Y or Y–O ratios can-

ot be excluded. Further measurements are in progress to clarify

his point. 

After irradiation, number densities were measured in three

ifferent regions for the 14YHT alloy and five different re-

ions for the 14YWTi alloy. For the 14YHT alloy, they vary be-

ween (1.8 ± 0.4) × 10 21 m 
−3 and (3.2 ± 0.6) × 10 22 m 

−3 , and be-

ween (3.5 ± 0.7) × 10 21 m 
−3 and (6.9 ± 1.4) × 10 21 m 

−3 for the

4YWTi alloy. These densities lie within the density ranges found

n the unirradiated alloys. In both alloys, the maximum density

alue is lower than the corresponding for the unirradiated while

he minimum density value is similar. It has to be taken into ac-

ount that less regions were measured for the irradiated alloys due

o lack of irradiated material (only those volumes of the FIB sam-

le around the Bragg peak can be studied). Consequently, it ap-

ears that the densities are similar after irradiation. However, the

ize distributions shown in Figs. 4 b and 6 b indicate some changes

n the particle size distribution. Even though the mean size of

anoparticles has remained very similar, i.e. 8 ± 4 nm for 14YHT

nd 10 ± 4 nm for 14YWTi, it appears that there has been a slight

oarsening of particles having smaller sizes than 5 nm before irra-

iation at least for the studied regions. Previous works on model

DS alloy have shown that after dual beam irradiations with Fe
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Fig. 7. SEM 3D slicing image showing the grain structure of a) irradiated 14YHT 

and b) irradiated 14YWTi. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. a) to d) EFTEM elemental maps of the irradiated 14YHT alloy showing the 

morphology and chemical composition of Y-rich nanoparticles: a) elastic image, b) 

Y N map, c) Fe M map, d) Cr M map. 

Fig. 9. a) to c) STEM image and EDS elemental maps of the irradiated 14YWTi alloy. 

a) HAADF image, b) Ti K map, c) Y L map. 
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and He (80 dpa/360 appm) done at 600 °C, particles are in average
coarser than the ones prior to irradiation [15] . Also, the study of

the microstructural evolution of a neutron irradiated ODS ferritic

steel, to a dose of 100 dpa at temperatures of 500 and 700 °C has
shown that the sizes of oxides increased when compared to the

unirradiated ones [16] . Particle growth was also observed in ODS

(14–18)Cr ferritic steels irradiated by 500 keV Fe ions to 150 dpa

maintaining the temperature of 500 °C, which is in accordance

with our results [7,17] . Moreover, the same ODS 14Cr steel irradi-

ated with neutrons to 75 dpa also shows particle growth although

the growth rate is smaller than in the ion irradiated steel [7] . 

3.2.3. Irradiation induced bubbles 

The analyses of the 14YHT and 14YWTi samples after triple-

ion beam irradiation under the present conditions reveal the pres-

ence of small irradiation-induced bubbles, most of them with

sizes < 4 nm. These bubbles are located either in the matrix or at

particle-matrix interfaces, see Figs. 10 and 11 , where Fresnel con-

trast was used to reveal them as bright dots in underfocused im-

ages ( Figs. 10 and 11 (a)) and as dark dots in overfocused ones

( Figs. 10 and 11 (c)). Previous studies of a non-ODS Fe–12Cr alloy

simultaneous triple-ion beam irradiated with Fe 3 + (50 dpa), He + 

(50 0 appm) and H 
+ (20 0 0 appm) show that the swelling peak is

found at ∼510 °C, and the bubble sizes decrease in the case of irra-
diation at 600 °C, which is consistent with the present results [18] .
. Conclusions 

This paper reports TEM analyses of two ferritic ODS steels si-

ultaneously triple-beam irradiated at 600 °C under conditions
hat simulate the expected fusion damage in DEMO after one year.

he nanoparticles in both samples appear to have maintained their

omposition and morphology after the triple-ion beam irradiation,

hile their sizes appear to increase slightly. The most prominent

hange induced by the irradiation under the present conditions

as the development of small bubbles in the matrix or associated

o nanoparticles. 
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Fig. 10. Through-focal series of irradiation induced bubbles in the 14YHT alloy. a) underfocused by 1 μm, b) in focus and c) overfocused by 1 μm. Some bubbles are marked 

with an arrow in the underfocused image. 

Fig. 11. Through-focal series of irradiation induced bubbles in the 14YWTi sample. a) underfocused by 1 μm, b) in focus and c) overfocused by 1 μm. Some bubbles are 

marked with an arrow in the underfocused image. 
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