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A B S T R A C T 

The elemental distribution for as-received (AR), H implanted (AI) and post-implanted annealed 
(A) Eurofer and ODS-Eurofer steels has been characterized by means of micro Particle Induced X-ray 
Emission (U.-PIXE), micro Elastic Recoil Detection (u.-ERD) and Secondary Ion Mass Spectrometry (SIMS). 
The temperature and time-induced H diffusion has been analyzed by Resonance Nuclear Reaction Anal
ysis (RNRA), Thermal Desorption Spectroscopy (TDS), ERDA and SIMS techniques. U.-PIXE measurements 
point out the presence of inhomogeneities in the Y distribution for ODS-Eurofer samples. RNRA and SIMS 
experiments evidence that hydrogen easily outdiffuses in these steels even at room temperature. ERD 
data show that annealing at temperatures as low as 300 °C strongly accelerates the hydrogen diffusion 
process, driving out up to the 90% of the initial hydrogen. 

1. Introduction 

The development of high-performance structural materials 
that can withstand the harsh conditions (high thermal loads and 
flux of energetic neutrons) of a fusion reactor is one of the main 
challenges for materials scientifics. Selection criteria for this kind 
of materials are mainly based on their thermophysical, mechani
cal, radiation resistance, activation and corrosion properties. After 
a long and intense research, nowadays ferritic/martensitic steels 
such as Eurofer and oxide dispersion strengthened Eurofer 
(ODS-Eurofer) have been proposed as one of the best candidates 
to be located in fusion reactors [1-3]. The high fluxes of neutrons 
impinging on these kind of materials significantly deteriorate 
their properties mainly as a consequence of two different type 
of interaction between the radiation particles and the target 
atoms: (i) atomic displacement thus, Frenkel pair formation and 
(ii) creation of light species (H, D, He, ...) via transmutation reac
tions. Apart from the atomic displacement, the presence of foreign 
light species in steels and particularly their precipitation into bub
bles notably deteriorates the mechanical properties of the mate
rial (enhancement of embrittlement and swelling) [4-6] limiting 
somehow their lifetime. It is important to remark that the pre
dicted amount of light species generation is at least one order of 
magnitude higher in fusion than in fission reactors [7]. Because 

of these reasons, the study and understanding of the foreign spe
cies behavior (diffusion and/or retention) in the steel matrix is a 
key point in further material development for fusion applications. 
Previous works [8] demonstrate that refining the steel microstruc-
ture (e.g. introduction of nano-precipitates in steels) provides a 
sink for radiation-induced defects and light atoms, improving 
the radiation resistance and high temperature properties (creep 
strength and oxidation/corrosion resistance) of conventional 
steels. In the last years quite a lot of effort has been made to 
control and define the crystal structure, number density, size 
distribution and interfacial structure of oxide nanoparticles in 
ODS-steels in order to attain the required material properties 
[9]. Nevertheless, further research has to be carried out in order 
to achieve steels with the mandatory characteristics for DEMO. 

The aim of this paper is to characterize the elemental distribution 
(in particular the Y distribution within the ODS-Eurofer matrix) and 
the H depth profiling in AR, AI and A Eurofer and ODS-Eurofer steels. 
Moreover, the feasibility of employing a nuclear microprobe (using 
MeV ions) to investigate the correlation between the Y and the H dis
tribution in ODS-Eurofer steels is explored. 

2. Experimental 

A brief overview of the studied samples, treatments and 
experimental techniques used for their characterization is listed 
in Table 1. 
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Fig. 1. Elemental depth profile for an AR ODS-Eurofer as measured by SIMS. 

Eurofer and ODS-Eurofer steel samples were cut from as-re
ceived batches in pieces of 15 x 40 x 1 mm3. The samples surface 
was finished by lamination at suppliers. Some of the as-received 
steel samples were then implanted with H at an energy of 50 keV 
at a fluence of 3 x 1017 ions/cnr2 at room temperature. Because 
of the difficulty to measure hydrogen (it is a very small atom with 
a quite low cross section and strongly mobile), the selection of the 
implantation parameters (energy and dose) was done to favor the 

analysis. Thus, the energy was selected to have the hydrogen at a 
depth in which neither the multiple scattering nor the surface ef
fects dominate, whereas the dose was selected in order to have a 
relatively good statistic in its detection. The projected range for 
the implanted ions was calculated by the SRIM Monte Carlo code 
[10] to be ~294 nm. The as-implanted hydrogen maximum con
centration was estimated to be ~27 at.%. Some of the implanted 
samples were annealed in Ar atmosphere at temperatures of 300 
and 500 °C for 24 and 100 h. Prior to the analysis implanted and 
annealed samples were stored under environmental conditions. 

U.-PIXE and |j.-ERD spectra were simultaneously measured in or
der to characterize the elemental distribution of the samples and 
the possible correlation between the Y and the H distribution for 
H-implanted ODS-steels. For these measurements a He+ beam at 
an energy of 2.4 MeV was used. The beam current was selected 
to be low (~1.2 nA) in order to avoid H diffusion during the mea
surements by ion irradiation. The total accumulated charge per 
map was around 1 aC. The beam current was measured in a Fara
day cup at the entrance of the setup, positioned with an offset to 
the beam axis. The beam was electrostatically deflected into the 
Faraday cup on a regular basis during the measurement. The total 
charge was based on the sum of the product of current and 
effective measurement times between current measurements. This 
method does not depend on the problems of secondary electron 
production related to charge measurement on the sample. The 
beam spot was ~5 x 20 urn2 and the total scan areas were 
~260 x 260 um2. The characteristic emitted X-rays were collected 
by a Li-doped Si detector located at 120° to the beam direction. The 
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Fig. 2. Elemental distribution maps for (a) AR, (b) AI, (c) A-500-24 ODS-Eurofer samples. The dimensions of the maps are 260 x 260 um2. (d) PIXE spectra taken at regions 
with different Y content of an AI ODS-Eurofer sample: Y poor (blue line) and Y-rich (red dot line). (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 



recoil hydrogen atoms were measured by a partially depleted PIPS 
detector at a scattering angle of 30°. A 10 urn Al foil was placed in 
front of the detector to stop scattered He ions. In order to achieve 
the optimal experimental configuration which allows simulta
neously measuring PIXE and ERD spectra, the samples were tilted 
15° to the beam direction (angle between beam direction and sam
ple normal 75°). The home-build CAMAC based acquisition system 
KMS was used for the measurements. Further details of the micro-
beam line can be found in Ref. [11]. 

For comparison, compositional analyses were also performed 
on a ToFSIMS type ION-TOF IV instrument. Sputter etching of the 
surface was accomplished with a beam of 2 keV Cs+ ions raster over 
a 300 x 300 um2 area. A pulsed beam of 25 keV Bi+ ions, scanned 
over a 50 x 50 urn2 region centred within the sputtered area, 
was used to generate secondary ions for analysis in negative ion 
mode. A high current beam of low energy (<20 eV) electrons was 
employed for charge compensation. Mass resolution was higher 
than 6000. Depth values were provided by measuring the sputter 
crater using a Wyko NT1100 interferometer. 

RNRA experiments were carried out by using the H(15N,Hey)12C 
[12] nuclear reaction with a N2+ beam impinging onto the sample 
surface at normal incidence. This reaction has a sharp resonance at 
6.385 MeV. The beam energy was varied in the range from 6.485 to 
7.385 MeV. The 4.43 MeV y-rays were detected by a 4 x 4 inch 
BGO detector mounted immediately outside the vacuum about 
1.5 cm behind the sample. Some special precautions were taken 
into account in order to carry out reliable depth profiling measure
ments and to avoid ion beam-induced hydrogen diffusion [13,14]. 
The beam spot and the current were selected to be 3 x 3 mm2 and 
~10 nA, respectively. Besides, the beam spot position was changed 
every two measurements. Several spectra were sequentially 
measured on the same point up to a dose 10 times higher than 
the used in real experiments and no ion beam-induced hydrogen 
diffusion was detected. 

The hydrogen release as a function of temperature was charac
terized by means of Thermal Desorption Spectroscopy (TDS). TDS 
has been accomplished in a Differential Scanning Calorimeter 
(Perkin-Elmer mod. DSC-4) coupled to a Quadrupole Mass Spec
trometer (Balzers, mod. Prisma). Further details of the experimen

tal system and the calibration experiments performed to quantify 
the hydrogen desorbed flow can be found elsewhere [15]. 

3. Results and discussion 

3.1. Elemental distribution characterization 

The elemental distribution was characterised by U.-PIXE and 
SIMS techniques. Typical SIMS spectra for an AR ODS-Eurofer sam
ple are shown in Fig. 1. U.-PIXE (see Fig. 2d) and SIMS data illustrate 
that samples are composed by main matrix elements (Cr, Fe and 
W) and Y for the ODS-Eurofer steel. It is also important to mention 
the presence of K and Ca on the sample surface which can be con
sidered as contaminants. Moreover, H is detected along the whole 
sample thickness. Since the samples were fabricated in a H2 atmo
sphere these results indicate that some H might incorporate into 
the steel matrix during the manufacturing process. 

As depicted in Table 1, U.-PIXE elemental distribution maps 
were measured for all studied samples. Maps were estimated from 
the defined region of interests (ROIs) corresponding to the WL, Fe-
i<a+i<b and CrKa peaks for Eurofer plus WM, +YL peak for the ODS-
Eurofer. Because of the experimental conditions the WM and YL 

peaks overlap. However, the presence of Y in the samples can be 
deduced from the increase in the peak high and width (see 
Fig. 2d). Because of this reason an accurate quantification of the 
Y content is not possible. Nevertheless, this topic falls out of the 
scope of this paper. For clarity, Fig. 2 shows maps corresponding 
to representative samples (AR, AI, and A500-24 ODS-Eurofer). 
U.-PIXE measurements evidence that all studied elements are 
homogeneously distributed within the whole characterised area 
for the AR, AI and post-implanted annealed Eurofer (not shown). 
The elemental distribution is also observed to be quite homoge
neous for three of the six studied ODS-Eurofer samples: AR, 
A300-24 (not shown) and A300-100 (not shown). In the other three 
ODS-Eurofer samples (AI, A500-24, and A500-100), a high color 
contrast is observed in some small regions of the maps correspond
ing to WM plus YL (see Figs. 2b and c and 3). Since, as illustrate in 
the maps and in Fig. 2d, in these samples the W(WL) distribution is 

Table 1 
Brief overview of sample codes, treatments and experimental techniques used for the analysis. 

Material Sample code H-implanted Annealing temperature (°C) Annealing time (h) u-ERDA u-PIXE RNRA TDS SIMS 

Eurofer 
Eurofer 
ODS-Eurofer 
ODS-Eurofer 
ODS-Eurofer 
ODS-Eurofer 
ODS-Eurofer 
ODS-Eurofer 

AR 
AI 
AR 
AI 
A300-24 
A300-100 
A500-24 
A500-100 
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"The sample code (AX00-00) corresponds to: A, annealed sample; XOO, annealing temperature; and 00, annealing time. 

Fig. 3. Elemental distribution maps for H-implanted and annealed at 500 °C for 100 h ODS-Eurofer steel. The dimensions of the maps are 260 x 260 um2. 
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Fig. 4. ERDA spectra for ODS-Eurofer samples after H implantation and after 
different annealing treatments. 

be present in the matrix in the form of secondary phases which 
might substitute Fe and/or Cr as main matrix elements. 

Since all the tested steels are supplied thermally treated (up to 
700 °C) to obtain a fully martensitic microstructure that should re
main stable during service, and considering that an inhomoge-
neous Y distribution is appreciated in annealed as well as, in non 
annealed samples, one can conclude that the origin of the inhomo-
geneities in Y distribution are related to the fabrication conditions 
and not to the additional treatments (implantation and/or anneal
ing). Alves et al. [16] have previously reported an uneven Y distri
bution (20-50 u.m Y depleted zones) for some similar as-received 
samples. Furthermore, it is important to remark that this result is 
not incoherent with that previously reported from TEM images in 
which usually a homogeneous distribution of Y particles with 
nanometer size is observed [17,18]. By comparing TEM and IBA re
sults and considering the different length and depth scales of both 
methods, one can conclude that Y distribution which seems to be 
homogeneous in a nanometer scale turns out to be inhomogeneous 
when increasing the observation scale. It is important to take this 
result into consideration when studying the mechanical properties 
of this kind of materials. 
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Fig. 5. Thermal desorption spectra of an AI ODS-Eurofer sample. The H2 desorbed 
flow per mass unit of sample has been calculated from the mass spectrometric ionic 
current i2 by using an experimentally determined calibration factor. The spectrum 
has been obtained between 50 and 550 °C by applying a constant heating rate of 
40 °C/min. 

3.2. Study of the relation between the Y and H distribution in H-
implanted ODS steels 

The role of the Y particle surfaces on H trapping is still a matter 
of controversy. Some previous works reported about its positive 
role in H trapping [19,20] while others conclude the opposite 
[21]. Therefore, in order to clarify this point U.-PIXE and U.-ERDA 
maps were simultaneously measured for those samples in which 
an inhomogeneous distribution of Y was observed (AI, A500-24 
and A500-100). A correlation between the Y and the H distribution 
is only observed for the A500-100 sample. The maps corresponding 
to WM plus YL, to WL and to H for this sample are shown in Fig. 3. 
These data seems to indicate the possibility of investigating the 
correlation between the Y and the H distribution in the ODS-Euro
fer steel by using a nuclear microprobe. Nevertheless, further stud
ies are in progress to understand the reason for having correlation 
in this sample and not in the others and to find out if hydrogen was 
mainly located in the Y-rich regions right after the implantation or 
if on the contrary, it has migrated and got pinned there because of 
the thermal annealing. 

quite homogeneous; this contrast might correspond to regions in 
which Y might be more abundant. Thus, the existence of randomly 
distributed Y-rich regions with a size ranging from 5 x 40 to 
20 x 40 u.m2, can be deduced. The Y-rich zones correspond with 
Fe- and Cr-depleted zones indicating that, as expected, Y might 

3.3. Temperature and time-induced H diffusion 

ERD measurements were carried out in order to study the 
annealing induced hydrogen diffusion. These measurements were 
done in a first set of samples 60 days after implantation. ERD 
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Fig. 6. (a) H depth profiling for AI Eurofer (black solid line) and AI ODS-Eurofer (black dots) steels as measured by SIMS 100 days after implantation, (b) H concentration as a 
function of depth for an AI Eurofer sample as measured by RNRA 120 days after implantation. 



spectra taken for AI and post-implanted annealed ODS-Eurofer 
samples are shown in Fig. 4. In contrast to SRIM data in which H 
is calculated to be implanted at a depth of ~294 nm, ERD data 
illustrate that H is only present in a region close to the sample sur
face. As shown bellow, this result is further corroborated by SIMS 
and RNRA measurements. A significant decrease in the total yield, 
up to ~90%, is observed for all post-implanted annealed samples 
indicating that the thermal treatments at these temperatures drive 
the hydrogen to outdiffuse. These results agree quite well with 
those obtained from TDS experiments carried out in an AI sample 
which evidence that H starts to release from the sample at temper
atures as low as 250 °C (Fig. 5). 

In order to obtain better resolution, the hydrogen depth profile 
of a second set of samples was characterized 100 and 120 days 
after implantation by SIMS and RNRA, respectively. As depicted 
in Fig. 6a, and in Fig. 6b the H concentration increases with 
decreasing depth having a maximum near the sample surface. 
These data indicate that H releases from the steels when they are 
stored at ambient conditions. 

In order to investigate the loss of H, its concentration is mea
sured by RNRA at the same depth (~294 nm) as a function of time 
elapsed after implantation (Fig. 7). These data show that the H con
centration in the samples has decreased by a factor of ~10 (from 
~6 to ~0.5 at.%) 60 days after the first measurement. Since both 
set of samples were cut from the same batch and simultaneously 
implanted, the only factor which might explain this apparent dis
crepancy is the time elapsed between measurements. Thus, these 
results show that H might diffuse with time even at room 
temperature. 

The migration of hydrogen is quite complicated to describe, 
especially in polycrystalline samples in which the presence of de
fects and grain boundaries play an important role. Nevertheless, 
different models have been proposed to describe the movement 
of H towards the sample surface [22-24]. Besides, the sample sur
face can also play a major role in the dynamics of hydrogen release. 
Since the kinetics of hydrogen atoms might decrease at surface, the 
H atoms could have enough time to recombine with other H atoms 
forming molecules before being released. Moreover, the presence 
of a thin oxide layer at surface could produce a H trapping effect 
near the metal-oxide interface, which could be caused by the strain 
fields generated at that interface [25]. In addition, the presence of 
0 impurities would produce the trapping of H atoms due to the 
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Fig. 7. H concentration as a function of time elapsed after the implantation as 
measured by RNRA (black squares) as calculated (opened squares). The H 
concentration has been measured at a depth of ~294 nm. 

creation of O—H bondings [26]. In our particular case, the influence 
of the steel surface on hydrogen release is deduced from RNRA and 
SIMS data. The enhancement of the hydrogen concentration close 
to the sample surface suggests that at least part of the hydrogen 
gets somehow trapped in the near surface regions. Additionally, 
as shown in Fig. 6a the hydrogen concentration close to the sample 
surface is higher for the ODS-Eurofer than for the Eurofer, which 
may be due to differences in the microstructure. 

4. Conclusions 

The elemental distribution of Eurofer and ODS-Eurofer steels 
has been characterized. Na and K impurities were found on the sur
face of both steels. Moreover, a small percentage of hydrogen was 
found along the whole investigated depth for as-received samples, 
which indicates that H incorporates into the steel during its man
ufacturing in a H2-rich atmosphere. For ODS-Eurofer an inhomoge-
neous distribution of Y has been found for some of the samples, 
which might notably influence their mechanical properties. 

By simultaneously measuring U.-PIXE and U.-ERDA maps, a cor
relation between Y and H distributions has been observed for a 
sample. These are preliminary data and in order to obtain more 
conclusive results further research has to be carried out. 

Hydrogen is easily released from all studied steels; it even dif
fuses at room temperature. This room temperature diffusion is 
responsible for the strong decrease of the hydrogen concentration 
with time. The H depth profiles suggest that the sample surface 
might play an important role in the hydrogen outdiffusion. Indeed, 
a higher hydrogen concentration is detected in the near surface 
layers, which may indicate that the surface strongly reduces some
how the hydrogen releasing. 

Heating the samples at temperatures as low as 300 °C (below 
operation temperature) strongly accelerates the hydrogen deple
tion process, driving the 90% of hydrogen to outdiffuse. The 
amount of released hydrogen has been found not to depend on 
the annealing conditions (time and temperature) for the selected 
range. 

These results, even when very preliminary, show that hydrogen 
easily outdiffuse from future fusion steels which is very desirable 
to prevent swelling effects. Nevertheless, further research has to 
be done in order to mimic the hydrogen behavior under real reac
tor operation conditions. 
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