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Abstract 

The Generation IV and Transmutation Material (GETMAT) project has been initiated within the 
7th EURATOM framework programme with the objective to support the development of innovative 
reactor designs. Emphasis has been put on the investigation, both in the theoretical and 
experimental domains, of selected material properties that are cross-cutting among the various 
Generation IV and Transmutation systems. The selection of the properties to be investigated has 
been performed by identifying relevant conditions of key components as cores and primary 
systems. Moreover, taking into account the envisaged conditions of these components it turned out 
that innovative materials might be a better choice with respect to conventional nuclear grade 
steels. Therefore, ODS alloys and 9-12 Cr Ferritic/Martensitic (F/M) steels have been selected as 
reference for the GETMAT project. The R&D activities have been focused on basic characterisation 
of ODS alloys produced ad hoc for the project and on an extensive PIE programme of F/M steels 
irradiated in previous programmes. Finally, first principle modelling studies to explain irradiation 
hardening and embrittlement of F/M alloys were an additional important task. The objective of 
this manuscript is to make a first assessment of the results obtained within GETMAT.  

Introduction 

The key elements at the origin of the GETMAT project have been identified through a 
thorough analysis performed on innovative reactors that are of relevance within the 
European Framework [1]. In particular, reactor systems developed for advanced nuclear 
fuel cycles as well as advanced LWR were considered. Advanced nuclear fuel cycles 
include technological approaches that allow an optimised use of resources and a safe and 
optimised radioactive waste management. Nuclear reactors that are able to respond to 
these objectives are those with a fast neutron spectrum. Two categories of fast neutron 
reactors have been gaining attention in Europe, i.e. the sub-critical accelerator driven 
system (ADS) and the fast reactors (FR) [2]. Moreover, supercritical light water reactors 
(SCWR), considered as technological advancement of current LWR technology, were 
included in the analysis. A number of innovative reactor designs [4-7] together with their 
related materials and technological issues have been taken into account. The analysis 
was conducted in order to identify key reactor components for which advancement in 
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the area of nuclear materials resulted to be crucial for the envisaged innovative design 
solutions. In general, all innovative reactor concepts foresee operational temperatures 
which are higher with respect to the temperature ranges of LWR (the current technology) 
[8]. However, core components and primary systems will show the highest temperatures 
and dose rates having therefore the most challenging materials requirements, 
demanding selection and qualification. For these reasons, the focus of the GETMAT 
project has been on these components. Moreover, at present, candidate materials for core 
components and primary systems of almost all reactor concepts considered in Europe are 
the austenitic and 9-12Cr Ferritic/Martensitic (F/M) steels. However, limits of these two 
classes of steels can be identified. These limits impose design constraints that might not 
fit with the original objectives declared for an enhanced sustainability and for innovation. 
Exemplary of these limits and their consequences especially for the fast neutron systems 
is the selection of the fuel clad materials. The austenitic steel option imposes an upper 
fuel burn-up limit due to irradiation swelling and embrittlement phenomena that occur 
in this class of steel for high irradiation doses (as discussed in past FR development 
programmes) [9]. The limitation of the fuel burn-up might considerably impact strategies 
related to sustainability as e.g. the optimisation of use of resources. Limits can be as well 
identified for the 9-12Cr F/M steels as clad material. Indeed, the temperature window of 
these steels in an irradiation environment might be limited in the lower range to 
temperatures above 350°C and in the upper range to temperature below 550°C. The lower 
limit is due to irradiation hardening and embrittlement phenomena that can occur below 
350°C (as discussed e.g. in [10-11]) and the upper limit is due to poor thermal creep and 
stress-to-rupture resistance of these steels above 550°C (as discussed e.g. in [12]). These 
temperature limits might impact the realisation of innovative design solutions as well as 
efficiency and economic viability of the reactor systems.  

Therefore, within GETMAT the possibility to use oxide dispersed strengthened (ODS) 
alloys with a ferritic (F) or ferritic/martensitic (F/M) steel matrix has been proposed as an 
alternative option to the conventional steels. The focus on ODS alloys was based on data 
reported in the scientific literature, where it is discussed that these alloys show improved 
irradiation swelling and improved thermal-creep resistance in the high temperature 
range [13]. The envisaged applications of ODS alloys were the fuel cladding for all 
considered reactor systems, i.e. ADS, FR and SCWR, and some structural components as 
e.g. core support plate. Within this context, properties of the ODS alloys that are of 
relevance for the given applications (and for all reactor systems) have been investigated. 
The preliminary assessment of the ODS alloys as materials for nuclear application, has 
been rounded up with an investigation of possible techniques able to join/weld these 
materials. Moreover, specific tasks related to environmental effects (corrosion and 
potential mechanical properties degradation) and options for mitigation of these effects 
through e.g. the development of corrosion protection barrier have been addressed as well. 
The environmental effects have been analysed for molten lead, helium with controlled 
impurities and supercritical water.  

The development, optimisation and qualification of ODS alloys for nuclear application 
is considered a long-term activity, due to the fact that knowledge and relevant data on 
these materials for the nuclear applications are quite scarce. Therefore, selected needs 
for short- and medium-term applications (e.g. prototype and demonstration systems [2]) 
were included in the GETMAT programme. For these systems, conventional steels as 
9-12Cr F/M and the austenitic steels AISI 316L, 15Cr-15Ni/Ti are candidate materials for 
both core components and primary systems. The GETMAT contribution to the design and 
construction of the ESNII systems occurred through dedicated post irradiation 
examinations (PIE) of these candidate materials exposed to different irradiation fields and 
in presence of relevant environments (heavy liquid metals HLM, i.e. Pb and Pb-Bi eutectic; 
sodium; and gas atmosphere). Moreover, a new irradiation campaign in a fast neutron 
spectrum and HLM environment and the related PIE has been as well included.  
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A further topic considered as cross-cutting for all innovative reactor systems is the 
physical understanding of materials behaviour in terms of microstructure and 
mechanical properties evolution under irradiation, temperature and stress fields. The 
physical understanding of material behaviour foresees the prediction of basic 
mechanisms, from atomic to the microscopic level, which determine materials response 
to applied thermal and mechanical loads, while being exposed to neutron irradiation. 
Since the multiscale modelling and experimental validation of nuclear materials is a 
quite wide area, modelling and experimental activities included in the GETMAT project 
have been focused on Fe and Fe-Cr alloys (representative of F/M steels) and key aspects 
included in the investigation were thermo-chemical data (phase diagram of Fe-Cr) and 
irradiation hardening and embrittlement of these alloys. The theoretical activities were 
supported by dedicated irradiation experiments (in both ion and neutron fields). 

Detailed description of the GETMAT experimental programme can be found in the 
references [14-15]. In the following sections the results obtained in the above areas will be 
discussed with emphasis on the high temperature characterisation of the ODS alloy; 
compatibility of the ODS alloys with coolants; post irradiation examination performed on 
conventional steels, modelling and model experiments of Fe and Fe-Cr alloys. 

ODS alloys procurement and their high temperature characterisation 

The ODS alloys have been delivered by CEA (14Cr-ODS) and the Japanese KOBELCO (12Cr-
ODS and 9Cr-ODS). The average compositions of the three ODS alloys are given in Table 1. 
The three ODS alloys haven been produced via powder metallurgy (PM) process which 
included mechanical alloying (MA), consolidation by hot extrusion, and final thermo-
mechanical treatments. Details on the ODS manufacturing process are reported in the 
references [16-18]. The final quality of the ODS alloy obtained via PM is dependent from 
several parameters as e.g. mechanical alloying atmosphere, time and velocity, 
consolidation temperature, and final heat treatments, governing the reproducibility of 
heats and fabrication costs. 

Table 1: Chemical composition of the ODS alloys expressed in wt% 

ODS alloy C Cr Mo W Ti Si Mn Y2O3 

9Cr-KOBELCO 0.096 8.9 0.76 -  n.a. n.a. n.a.
0.33-0.38 

(calculated)

12Cr- KOBELCO 0.01~0.05 11.6-12.4 - 1.8-2.2 0.24-0.28 ≤0.20 ≤0.20 0.21-0.25

14Cr- CEA n.a. 13.98 - 1.03 0.39 0.32 0.29 0.3 (Y = 0.22)

The microstructural analysis performed with transmission electron microscopy showed 
that the 14Cr-ODS was constituted of small elongated grains (cigar shape) along the 
extrusion direction (longitudinal direction of the bar) and fine equiaxed grains in the 
transvers direction of the bar. Moreover, titanium oxides and Cr-rich precipitates of M23C6 
type have been identified where the (Fe, Cr, W)23C6 carbides are mainly present at the 
grains boundaries. A detailed microstructural investigation of the 14Cr-ODS can be found 
in Reference 19. The 12Cr-ODS plate showed a quite different microstructure, with a 
bimodal grain size distribution: small grains size < 1  m heavily deformed and some 
elongated grains size up to 200  m. The biggest grains do not have a preferential 
orientation, while the smallest grains seem to have a preferential orientation along <110> 
in the rolling direction. Both the 12Cr-ODS and the 9Cr-ODS show elongated pores along 
the extrusion direction. 

Tensile tests have been performed from room temperature up to 850°C on the three 
alloys by different laboratories involved in the GETMAT project (detailed description of 
the tensile test results can be found e.g. in [20,21]. In Figure 1, the yield strengths as 
measured in the involved laboratories are reported. These results are consistent among 
them and as can be seen from the figure, the GETMAT 14Cr-ODS and 12Cr-ODS alloys 
have a lower strength than the 14YWT and 12YWT produced by ORNL. Moreover, 
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between 400°C and 500°C the yield strength degradation with temperature is steeper with 
respect to the yield strengths measured below 400°C. As far as the measured elongation 
is concerned, a peak of ductility at about 600ºC has been observed as well. Similar 
behaviours on ODS steels have been reported in other works and have been ascribed to 
changes of the gliding mechanism of the dislocation and changes of the deformation 
mechanism from intraganular to intergranular at higher temperatures [22]; moreover as 
described in Reference 22, it can be deduced that the strain hardening mechanism is 
weakly thermally activated up to 400°C and above 500°C the higher softening can be due 
to damage processes occurring at grain boundaries.  

Figure 1: Yield Strength vs. temperature measured on the GETMAT ODS alloys 

 

Impact properties of all the ODS alloys have been obtained by testing small KSLT 
specimens. In general the ductile to brittle transition temperature (DBTT) and the 
absorbed energy are strongly dependent from the orientation of the notch with respect to 
the extrusion direction of the tested specimen, confirming the relationship between 
microstructural and mechanical properties anisotropies. Even if a large scatter on data of 
absorbed energy has been seen, the general trend observed on the upper shelf energy 
was that the longitudinal direction showed higher mean values with respect to the 
transvers direction. Moreover, in the low temperature range the observed fracture 
mechanism was cleavage like and in the high temperature range it was comparable to a 
typical ductile fracture; however, in the transition temperature range the samples 
exhibited delamination like fracture mechanism. A more detailed investigation and 
explanation of this behaviour is given in Reference 21. 

Impact and fracture toughness resistance of the materials are usually not considered 
for the design of high temperature structural components. However, these data are of 
relevance from the safety point of view. Therefore, for reactor components as e.g. the core 
support plate the impact of materials toughness in all relevant temperature and operation 
regimes should be taken into account for safety considerations. In this framework, it 
appears that the GETMAT ODS alloys might not be suitable for structural components as 
e.g. the core support plate. 

Creep and low cycle fatigue (LCF) tests have been as well performed on the GETMAT 
ODS alloys. The creep curves for the GETMAT 14Cr-ODS steel are characterised by very slow 
secondary creep and sudden rupture at very low deformation with little evidence of tertiary 
creep. Similar observations have also been reported for other ferritic ODS steels [23]. Even if 
a large scatter of creep data (on all tested ODS alloys) has been observed, in general a 
higher time to rupture could be observed with respect to conventional F and F/M steel 
tested in similar conditions. LCF tests have been carried out at 650ºC and 750ºC with and 
without hold-time. The LCF results have shown that the alloy is cyclically very stable with 
practically no hardening/softening. Moreover, an increase in the test temperature has little 
influence on the fatigue ductility exponent. For a given total strain level, the fatigue life of 
the alloy is reduced with increasing temperature. Creep fatigue tests (with 10 min hold-
time) show smaller number of cycles to crack initiation and there is nearly no difference 
between results of tests carried out under inert and air environment. 
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Materials compatibility with coolants 

The compatibility assessment of the GETMAT ODS alloys with coolants had a wide scope. 
However, herein the discussion has been focused on corrosion tests in heavy liquid metal 
(mainly molten Pb) and in He atmosphere in both cases with controlled impurities; on the 
impact of molten Pb on mechanical properties and on corrosion protection barriers. 

As described in Reference 24, corrosion of materials in molten Pb is driven by the 
temperature and the flow velocity of the liquid metal, the exposure time, the steel 
composition, and the non-metallic impurities dissolved in the liquid metal. Corrosion tests 
on all GETMAT ODS alloys have been performed in a temperature range between 500°C and 
750°C in flowing and stagnant conditions and with controlled oxygen potential in the liquid 
metal. The post corrosion examination have shown that in stagnant and flowing conditions 
the ODS alloys exposed to oxygen controlled molten Pb are oxidised at their surface. 
Moreover, in the lower temperature range, with increasing Cr content the oxide layer 
thickness decreases. Up to about 600°C in general the oxide layer is a multiple layer 
composed (from the outer surface towards the bulk) by magnetite, Fe-Cr spinel oxide and 
an oxygen diffusion zone. This behaviour is comparable to the one of F/M steels exposed to 
similar conditions [24]. However, for some testing conditions the oxide appearance and 
thickness on the ODS alloys seemed to be affected. For instance, at temperature above 
650°C the external magnetite layer tended to disappear; moreover grain dimensions and 
stress state of the surface seemed to impact the thickness of the oxide layer.  

Corrosion tests on the 14Cr-ODS alloy in flowing He have been performed in the 
temperature range from 750 to 900°C and in oxidising conditions by controlling 
impurities in He as O2, H2, CH4 and CO. The exposure time was up to 1 000 h. The ODS 
alloy showed in general a weight increase over time which had a parabolic growth trend. 
Deviations from this trend were ascribed to a partial spall-off of the oxide layer which 
might have occurred during the testing or during the sample preparation. The elemental 
analysis showed that the oxide layer contained mainly Cr with Mn and traces of Ti and Si 
[25]. In Figure 2, the cross section of the 14Cr-ODS steel tested at three different 
temperatures is shown. 

Figure 2: 1 000 hours exposure of 14 Cr-ODS in He with oxidising impurities. 
All three samples showed oxide layer at their surface. 

 
at 750°C (Courtesy CIEMAT) 

 
850°C (Courtesy CEA) 

 
900°C (Courtesy ENEA) 

The mechanical properties tests in molten Pb, have been focused on creep-to-rupture 
and fretting.  

In Figure 3, the role of HLM on the creep properties of the 9Cr-ODS alloy is shown. The 
tests have been performed in air and in liquid lead under non-controlled oxygen 
atmosphere at 600°C. From the data shown, it can be seen that molten Pb tends to reduce 
the rupture time of the specimens. On the other hand, it was observed that if a compact 
oxide layer growth on the steel surface the same trend cannot be observed. A possible 
reason could be the formation of a thick, porous and brittle oxide layer that is formed 
when the oxygen content in the liquid metal is not controlled. This layer breaks during 
the tests and allow an intimate contact between the liquid and solid metal, leading to a 
liquid metal embrittlement mechanisms.  
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Figure 3: Comparison of 9Cr-ODS creep properties in Pb without oxygen control and air 
(Courtesy of M. Serrano, CIEMAT) 

 

Fretting experiments with the main goal to simulate the interaction between the 
spacer grid and the fuel cladding or HX tubes were performed on austenitic, F/M steels 
and steels with a protective corrosion layer obtained with the GESA treatment [26]. 
Hereafter the results as reported in References 27 and 28 are briefly summarised. As 
shown by these tests, fretting influences the corrosion behaviour in molten Pb of the 
tested steels. Protective oxide scales and corrosion barriers are gradually removed by the 
fretting action. As a result, liquid Pb reaches the bare steel surface and severe corrosion 
can take place as well as, as discussed before, mechanical properties degradation. In 
general it has been observed that higher corrosion susceptibility in a given domain 
results in higher fretting damage. For instance, for austenitic steels dissolution enhanced 
fretting has been observed, for F/M steels oxidation enhanced fretting was the driving 
mechanism and for surface aluminised steels, which have a better corrosion resistance 
with respect to the oxidised steels showed the highest fretting wear resistance.  

Further results showed that fretting seems to be a self-mitigating process, 
characterised by a progressive reduction of the wear rate with increasing time/number of 
cycles; and a temperature increase, due to its influence on the corrosion processes 
occurring in liquid lead, enhances fretting wear. 

Even if the experimental campaign conducted within GETMAT had a qualitatively 
nature, it can be assessed that an uncontrolled fretting process can cause severe damage 
and eventually component failures even after relative short time. Thus, a detailed 
characterisation of the fretting process and of the possible mitigation methods is advised. 
Finally, due to the whole variety of possible fretting conditions regarding load, amplitude, 
frequency, temperature and components geometries, it is suggested that a wider 
experimental campaign is conducted in order to be able to perform a quantitative 
assessment on fretting wear in Pb environment. 

The contribution on corrosion protection barrier was focused on the identification of 
optimal Al-Cr concentration in Fe-Cr-Al protective layers. As shown in the previous 
paragraphs and confirmed by literature data e.g. [24], the compatibility of Pb with structural 
steels, in terms of corrosion and mechanical resistance, causes considerable concern. To 
mitigate the effects of HLM on the materials, Fe-Cr-Al alloys are proposed as promising 
corrosion protection layer on the steel surface. In Reference 24, a detailed description of the 
protection methods are given with relevant references. The contribution of GETMAT to this 
corrosion protection system was to perform a systematic study concerning the corrosion 
behaviour of Fe-Cr-Al-based model alloys during their exposure to oxygen-containing (10−6 
wt%) lead in the temperature range 400-600°C in order to identify optimal Al and Cr 
concentration. The experiments, described in details in Reference 29, have shown that 
chromium and aluminium contents of 12.5-17 wt% and 6-7.5 wt%, respectively, are 
necessary to obtain a thin, stable and protective alumina scales on Fe-Cr-Al-based alloys in 
oxidising Pb at 400, 500 and 600°C. In this temperature range, the alumina stability domain 
shifts with lower temperatures to higher chromium and aluminium concentrations. 
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Post irradiation examination (PIE) 

The objective of the PIE programme was to enlarge the database concerning the effect of 
irradiation on the relevant properties (i.e. needed for the design, such as dimensional and 
mechanical properties) of conventional materials selected for core/target components of 
future GEN IV reactors and ADS. The materials investigated were 9Cr steels such as T91 
(9Cr1MoVNb), EM10 (9Cr1Mo) and austenitic steels. The data were generated as part of PIE 
performed after irradiation campaigns conducted in various radiation environments 
(more details are given in References 14 and 15). Moreover, the activity included both the 
design and implementation of a new irradiation campaign called LEXURII [30], followed 
by the corresponding PIE).  

9Cr martensitic steels are known for the excellent radiation resistance (i.e. negligible 
void swelling, little hardening and moderate degradation of impact properties) when 
irradiated in a fast spectrum at temperatures above approximately 380-400°C up to doses of 
at least 100 dpa [31]. However, significantly higher irradiation damages (up to about 150 
or higher) for the end-of-life neutron exposure of in-core components such as the 
hexagonal duct is envisaged in the case of future GEN IV reactors. Moreover, it has been 
argued that the excellent swelling resistance of FM steels is mainly due to a long 
incubation period (transient regime) and that FM steels should eventually swell at a 
steady state swelling rate which could be as high as 0.2%/dpa [32]. Therefore, a 
comprehensive PIE programme was conducted using a hexagonal duct made of 9Cr-1Mo 
steel (EM10 grade) irradiated in the Phénix reactor up to a maximum dose of 155 dpa 
(Boitix9 experiment). Tensile and impact specimens were machined at different locations 
along the duct, corresponding to irradiation temperatures ranging from about 385°C to 
530°C and doses in the range 43-155 dpa. Mechanical tests confirmed the very good 
radiation resistance of EM10 steel for these specific irradiation conditions. Indeed, 
irradiation induced hardening for all tested specimens, including after irradiation to 
155 dpa, was found to be relatively small. Likewise, a moderate degradation of impact 
properties after irradiation was observed.  

As in other metallic alloys, the irradiation temperature has a drastic impact on the 
evolution of the mechanical properties. For instance at 325°C, in addition to formation of 
α precipitates, irradiation induced the formation of a high density of small dislocation 
loops, possibly decorated with solute atoms, which are the main source of the high 
hardening observed after irradiation (see also section on modelling). In the temperature 
range of interest for the Boitix 9 wrapper, the dislocation microstructure was found by 
TEM investigations to be very different and consistent with the measured hardening: at 
398°C (112 dpa), a low density of large dislocation loops was observed, while at 439°C 
(155 dpa), hardly any loop could be detected and the dislocation density was found to be 
similar to that measured prior irradiation.  

In addition to the effect of irradiation on mechanical properties, dimensional stability 
has been investigated via macroscopic density measurement, which showed that void 
swelling was very small. This conclusion was confirmed by TEM investigations of the 
void microstructures (Figure 2). This low void volume fraction and the fact that voids 
were found to be heterogeneously distributed within the matrix are indications that EM10 
steel was still in the incubation stage of void swelling even after irradiation to 155 dpa, 
which demonstrates the very high swelling resistance of this type of steel.  

FM steels were also irradiated with high energy protons and spallation neutrons at the 
solid spallation target SINQ (PSI) at temperatures in the range [150-350°C]. The purpose was 
to support the development of materials for the structures of spallation targets and core 
components of ADS. Investigated FM steels irradiated at the highest doses and helium 
contents displayed very high hardening and a fully brittle, predominantly intergranular 
fracture mode. This behaviour, which is not observed for FM steels irradiated in fission 
conditions at the same temperature and to similar damage dose, is the result of i) matrix 
hardening due to the formation of small dislocation loops and a very high density of tiny 
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helium bubbles (~ 3.1016 cm-3 according to TEM measurements) and ii) strong decrease of 
grain boundary cohesion due to the presence of helium (as confirmed by ab initio 
calculations). Likewise, measurements of impact properties after irradiation of FM steels in 
the SINQ target show a degree of embrittlement significantly greater than that expected 
after irradiation in fission conditions. 

As several advanced nuclear systems will use a HLM (liquid Lead or Lead Bismuth 
Eutectic) as coolant, the issue of possible combined effects due to irradiation and HLM is 
of great importance and little has been addressed in the past. This issue was therefore 
the focus of several tasks within the GETMAT project, via the PIE of ASTIR [33], LEXURII 
[30] and MEGAPIE [34]. The steels T91 and AISI 316L have been irradiated and/or tested in 
Lead Bismuth Eutectic (LBE). The ASTIR and LEXUR II PIE have made evident that Liquid 
Metal Embrittlement (LME) of irradiated T91 is enhanced with respect to non-irradiated 
conditions [31]. First, the effects of test temperature and strain rate on LME were studied 
in the case of non-irradiated specimens and it was found that the reduction of the total 
elongation has a non-monotonic dependence on both parameters: LME occurs only in a 
particular range of temperature and strain rate. For a strain rate of about 5.10-5 s-1, the 
minimum of the ductility trough occurs at about 350°C. Moreover, a strong LME effect 
was observed for irradiated specimens tested in LBE. When tested in LBE, multiple cracks 
initiation occurred at the surface followed by brittle propagation. The average reduction 
of total elongation due to LME (about 63% reduction compared to tests in Ar atmosphere) 
was proportionally larger than the average reduction measured in the case of non-
irradiated samples. While for non-irradiated specimens, pre-exposure to the liquid metal 
was found to be a necessary condition of LME occurrence, this was not the case for 
irradiated specimens. Thus irradiation was found to enhance the LME sensitivity of T91. 
This conclusion was also supported by the results of PIE performed on T91 specimens 
irradiated in contact with LBE to about 6 dpa at 350°C (LEXUR II experiment). Also in this 
case, a drastic reduction of total elongation was observed for irradiated specimens tested 
in LBE at 350°C compared to values measured in inert atmosphere.  

By contrast, for all investigated testing conditions, including tests on specimens 
irradiated to 2.6 and 6 dpa (as part of ASTIR and LEXURII experiments), austenitic 
stainless steels (316L and 15-15 Ti grades) did not show any evidence of LME due to LBE.  

The PIE of the MEGAPIE target has been a unique opportunity to investigate the 
behaviour of a real component whose structural materials had been irradiated in contact 
with flowing LBE and subjected to cyclic thermal/mechanical loadings [34]. It must be 
emphasised that target dismantling and sample preparation represented an important 
amount of work successfully carried out by PSI in its hot laboratories [35].  

Figure 4: Void microstructure in EM10 steel irradiated to 155 dpa at 439°C 
(Courtesy J. Henry, CEA) 

 

a) TEM micrograph 
 

b) void size distribution. The void volume fraction 
was measured to be 0.1% 

First results have shown that the T91 hemispherical beam entrance window showed 
significant hardening at room temperature, however the total elongation of the sample 
with highest dose was found to be still above 10%, indicating a fully ductile behaviour. 
These results were in line with available data for T91 irradiated in spallation conditions in 
the same temperature range (close to 300°C) [36]. Moreover, no severe LBE corrosion nor 
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erosion phenomena were observed on the T91 and 316L components. These findings are 
consistent with the results of the investigations performed on coupons irradiated in 
contact with stagnant LBE (LEXURII PIE) which did not reveal any corrosion damage. 
However, SEM and EPMA investigations performed by PSI and CEA have revealed the 
presence of a deep crack in the Lower Liquid Metal Container made of T91 steel, located 
close to the Electron Beam (EB) weld line. Such a deep crack was not present before 
irradiation, but was perhaps nucleated during welding. Cyclic mechanical loading (due to 
proton beam trips) may have induced rapid crack propagation, since it has been shown that 
fatigue crack propagation is accelerated in LBE as compared to crack growth rates in inert 
environment.  

Modelling and model experiments on irradiated Fe and Fe-Cr alloys  

The objective here was to understand which nanostructural features are the main cause 
of radiation, hardening and embrittlement of Fe-Cr alloys and to develop a physical 
model capable of rationalising the experimental data available on this issue. To achieve 
this, physical models have been developed to describe the behaviour of Fe-Cr alloys when 
subjected to thermal ageing and irradiation. Fe-Cr alloys were chosen as model materials 
for high-chromium ferritic/martensitic steels. The processes of interest were 
nanostructural and microchemical changes that occur under irradiation or ageing and 
the corresponding changes in mechanical properties, mainly hardening, which in turn 
causes embrittlement. 

Fundamental properties of Fe and Fe-Cr alloys have been modelled through the 
development and application of advanced cohesive models, capable of describing the 
thermodynamic properties and the properties of point-defects (vacancies, self-
interstitials) in these materials, as well as extended-defects (dislocations, grain 
boundaries), possibly including magnetic properties. The development of these cohesive 
models, then applied for atomistic calculations, required extensive density functional 
theory (DFT), or first principle (ab initio), calculations. The results obtained can be 
summarised as follows: 

It has been shown that magnetism influences especially the mixing enthalpy of Fe-Cr 
leading to a modified phase diagram as compared to the standard one. These effects, 
however, are suitable to be described also by classical potentials that do not explicitly 
include spins [37]. The strong vibrational entropy of Fe-Cr plays an instrumental role for 
the shape of the Fe-Cr phase diagram, by lowering the temperature at which the 
misicibility gap closes. Non-configurational entropy should therefore be included in 
models that describe thermodynamics from an atomistic standpoint. 

The study of the interaction with point defects with all possible solute atoms in iron 
by DFT [38] revealed that the elements that are found experimentally to form aggregates 
and to segregate at dislocations or grain boundaries (namely Cr, but also Ni, Mn, Si, P, and 
Cu) are found to migrate together with point defects, both vacancies and, in a few cases, 
interstitials interstitials [39]. This proves to be a very effective physical mechanism to 
explain the mentioned experimental evidence.  

The improved interatomic potential developed within the project [37] has been 
validated and used in studies of dislocation behaviour, defect diffusion, solute-defect 
interactions, etc. In particular, Metropolis Monte Carlo studies revealed how Cr is 
expected to re-distribute at steady-state under thermal ageing and, as a tendency, under 
irradiation. For example, it has been shown that Cr has a tendency to segregate at grain 
boundaries, while it would tend to stay away from free surfaces, especially voids [38-41]. 
Figure 5 illustrates graphically these and other results of these studies [40-43]. 

Radiation effects in Fe and Fe-Cr alloys have been modelled through microchemical 
and nanostructure evolution models, as well as (radiation) hardening models using as 
input the results of applying ab initio and/or empirical cohesive models. The former 
category includes several types of kinetic Monte Carlo (KMC) models, each of them with 
its advantages and limitations, as well as cluster dynamics (or rate theory) models. The 
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latter consists basically of the coupling of molecular dynamics (MD) with dislocation 
dynamics (DD): it is the first time that this coupling [44] is successfully applied to 
rationalise quantitatively the results of mechanical tests, starting from fully physical 
considerations [45]. Key results in this area are summarised as follows: 

Figure 5: Graphical summary of how Cr atoms tend to redistribute 
under ageing at steady-state due to thermodynamics driving forces. 

Results are broadly in agreement with experiments (Courtesy L. Malerba). 

 

The Atomistic KMC (AKMC) techniques have reached maturity as methodology for the 
simulation of thermal ageing processes (phase separation, segregation, etc.) driven by 
diffusion of solute atoms, although some specific difficulties still exist with the diffusion 
of interstitial species like carbon. The importance of including (semi-empirically) 
magnetic and vibrational effects emerges from both DFT calculations and experimental 
studies, and should be considered as one of the main improvements to be introduced in 
the technique in the long run. 

For AKMC simulations of irradiation processes, important progresses have been made 
to include multiple vacancies and single-interstitials: the effect of Cr on point defect 
diffusion properties is explicitly accounted for and simulations of resistivity recovery 
experiments including effect of Cr and C have been successfully performed. Also the 
calculations of the Lij phenomenological coefficients (Onsager matrix), for use in 
radiation-induced segregation models, has been performed and processes such as phase 
separation and segregation can be now successfully simulated starting from fully 
physical considerations [46-47]. However, the modelling of SIA clusters in an AKMC 
framework remains challenging. More generally, the correct inclusion in the model of 
extended defects that imply an intense strain field, such as dislocations and grain 
boundaries, remains challenging. 

The Object KMC (OKMC) and Cluster Dynamics (or Rate Theory) models have been 
developed and a direct comparison with experiments has been made to validate them. 
The key difficulty is the determination of parameters for concentrated alloys. Several 
methods and models have been developed which showed good agreement with 
experimental trends however with some limitations. The former, on the other hand, 
allows precipitation to be described and in the long run should be able to treat also the 
other defects, in a similar way to the “grey-alloy” model, providing also more local 
information, but for the moment these features are not included in the code. 

An extensive MD simulations [48] have been performed in order to assess the friction 
stress due to solution strengthening in Fe-Cr alloys of different concentrations, as well as to 
evaluate the critical stress for unpinning of both edge and screw dislocations at defects, 
including Cr-decorated loops and Cr-rich precipitates, which are assumed to be the main 
cause of irradiation hardening in Fe-Cr alloys. The studies have been performed for 
different defect and box sizes, different temperatures and also different strain rates. They 
have clearly shown that dislocation loops decorated by Cr atoms (and/or other solute 
atoms), as a consequence of segregation, are stronger obstacles than undecorated loops 
and are, therefore, candidates to be the main origin of radiation hardening in these (and 
other) Fe alloys [49]. 

void

Cr tends to move away
from free surfaces

Cr tends to segregate at 
grain boundaries

Cr also tends to
segregate on 

dislocation loops

For %Cr > 9% α’ forms. 
Precipitation is favoured on 
edge dislocation segments, 
though not on screw ones
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The MD results of strength of irradiation defects (loops, Cr decorated loops, Cr 
precipitates, etc.) have been incorporated into a DD model, allowing simulations of 
radiation strengthening in Fe-Cr alloys as a function of Cr content: it is the first time that 
a fully physical model manages to account in a quantitative way for the radiation-
hardening measured experimentally. Key is the recognition that screw dislocations that 
interact with loops having collinear Burgers vector may form helical turns, thereby 
producing hardening effects 10 times larger than the Orowan mechanism. The main 
sources of hardening are the Cr-NiSiP clusters, if assumed to be small loops with solute 
atoms segregated on them [45]. 

In support to the theoretical part experiments were conducted in which selected 
reference materials (the materials considered were alloys containing nominally 2.5, 5, 9 
and 12%Cr) were characterised after neutron and ion irradiation, from the nanostructural, 
microchemical and mechanical point of view, using a combination of experimental 
techniques. The activities has produced two main sets of experimental results namely i) 
characterisation of neutron irradiated Fe-Cr alloys (the neutron irradiation occurred at 
300°C for an irradiation damage of 0.06, 0.6 and 1.5 dpa), and ii) characterisation of ion 
irradiated Fe-Cr alloys (the ion irradiation occurred at 100, 300 and 420°C for an 
irradiation damage of 1 and 5 dpa). 

In both cases the goal was to combine different characterisation techniques in order 
to get a complete picture of the nanostructural and microchemical changes occurred in 
the alloys as functions of Cr content and irradiation dose, as well as, partly, temperature. 
The results for the neutron irradiation are: 

Positron annihilation spectroscopy (PAS) [50] and small-angle neutron scattering 
reveals that [51]: (i) mainly single vacancies are present in FeCr alloys compared to pure 
Fe: very little vacancy clustering occurs when Cr is present (data for 0.06 dpa); (ii) higher 
amount of vacancies is observed at higher dose, but nonetheless the presence of Cr 
reduces the amount of vacancies drastically; (iii) the irradiation-induced clusters detected 
are Cr-rich  ’-phase particles for Fe-12%Cr, while in the other alloys they must contain 
impurity elements, such as C, Ni, P or Si; (iv) there is a pronounced fluence dependence of 
the concentration and size of  ’-phase particles below 0.6 dpa and a saturation-like 
behaviour beyond this dose and (v) for lower Cr levels, pronounced fluence dependence 
below 0.6 dpa was also found. 

From Atom Probe Tomography (APT) analysis [52] it could be observed that (i) clusters 
were only present in the supersaturated alloys (Fe-9%Cr and Fe-12%Cr), (ii) CrSiPNi 
enriched clusters were observed in all alloys with the same number density: they are 
suspected to be small loops on which solute atoms segregated; (iii) segregation of Si, P 
and Cr atoms on dislocation lines and grain boundaries was observed and (iv) zones free 
of clusters were found around the GBs, suggesting that solute segregation should be the 
mechanism leading to the formation of the CrSiPNi clusters. 

Finally the TEM analysis [53] has shown that dislocation loops are in-homogeneously 
distributed for 5, 9 and 12% Cr being preferentially located close to grain boundaries and 
dislocation lines; they are, however, homogeneously distributed for 2.5%Cr. The effect of 
Cr content on loop distribution might be indirect: it is known that 2.5%Cr alloy is ferritic 
and has C in the matrix, while the other alloys are F/M and C have segregated at grain 
boundaries. C in the matrix would act as trap for dislocation loops that, otherwise, would 
be free to migrate to sinks (dislocations and grain boundaries).  

The results obtained from the analysis of ion irradiated Fe-Cr alloys are hereafter 
summarised:  

PAS (coincidence doppler broadening and positron annihilation lifetime spectroscopy) 
analysis made evident that: (i) vacancy-type defects were produced by the ion irradiation. 
The amount and size decrease when %Cr increases and also, when the irradiation T 
increases. Larger voids and more vacancies were observed at the lower dose. 
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The APT results can be summarised as follows: (i) NiSiPCr rich clusters where observed 
after ion irradiation (Cr is the main element); No  precipitates are observed in this case, 
differently from neutron irradiation. The X-ray magnetic circular dichroism (XMCD) 
confirmed a redistribution of Cr atoms, which can be an indication of Cr clustering. 

The TEM analysis showed a homogeneous distribution of interstitial dislocation loops 
are at all conditions as well as denuded zones close to grain boundaries in Fe 12%Cr. 
Moreover, at 1 dpa there is no significant effect of Cr content (from 9 to 12%) on size or 
density of defects. Differences are expected in the proportion of ½ 111  loops to  100 loops 
while at 5 dpa a higher density in 9%Cr, while larger size in 12%Cr are observed. 

The differences in structural evolution observed on Fe-Cr alloys when irradiated with 
ion and with neutrons can be ascribed to the different damage rate applied. Indeed the 
ion damage rate was in the order of 1⋅10-4 dpa/s while the neutron damage rate was about 
2⋅10-7 dpa/s. 

Summary of achievements and perspectives 

The GETMAT project addressed a wide range of scientific and technological items in the 
materials field considered cross-cutting for more than one innovative reactor systems. 
The focus was on materials for core components and primary systems. For these parts of 
the reactor, the identification of materials with promising performance towards high 
temperature, radiation damage and environmental damage is of high relevance. Within 
GETMAT the possibility to manufacture and characterise ODS alloys with F or F/M steel 
matrix for these applications has been investigated. However, experimental activities 
have been performed also on conventional steels, since it is expected that for the near to 
medium term development of innovative reactors, these steels will be used. Moreover, 
theoretical interpretation and modelling of radiation hardening and embrittlement of 
Fe-Cr alloys with supporting experiments have been a further essential part The results 
presented in the previous sections allow a preliminary assessment and the identification 
of future needs.  

The project has made it evident that in Europe the manufacturing of large batches of 
ODS alloys, with F and F/M steel matrix, via the powder metallurgical route needs 
additional R&D to understand and control chemical and physical processes occurring 
during the various manufacturing steps, with the aim to enhance the homogeneity and 
quality of the alloys, as well as to address and solve if possible the problem of the 
mechanical anisotropy while reducing the costs for production.  

The trends of the mechanical properties measured on the GETMAT ODS alloys in the 
high temperature range are comparable to the behaviour of similar alloys as reported in 
the open literature. The tensile test results obtained in a temperature range up to about 
800°C showed that the GETMAT ODS alloys have an isotropic yield and ultimate tensile 
strength behaviour, which are higher with respect to the conventional steel. However, it 
has been also observed that the total elongation in the longitudinal direction is higher 
with respect to the transverse direction and a steeper softening of the alloys occurring 
above 500°C has been also observed and attributed to damage mostly occurring at grain 
boundaries by loading the samples during the tests.  

Through the fracture toughness test results the anisotropic behaviour of the GETMAT 
ODS alloys have been confirmed. Moreover, in general the longitudinal direction showed 
a higher resistance to crack propagation with respect to the transversal direction; 
however the obtained toughness data are lower with respect to the conventional steels 
tested in similar conditions. This last finding was discussed in terms of appropriateness 
of ODS steels for thick components as e.g. the core support plate of a GFR. It has been 
argued that for thick components with high loading conditions the materials with this 
toughness behaviour might not be suitable. 
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The last high temperature mechanical property here discussed is the creep behaviour. 
The recorded data have made it evident that the creep resistance of ODS steels is higher 
with respect to conventional steels. However, the recorded creep curve showed an almost 
negligible creep rupture strain and almost absence of tertiary creep state.  

For what concerns the corrosion behaviour of the GETMAT ODS alloys in molten Pb and 
He (the chemistry of both environments has been controlled in order to set oxidising 
conditions), this seems to be comparable to the behaviour of conventional F or F/M steel. 
Therefore, it can be assumed that similar corrosion mitigation methods as developed for the 
conventional steels might be applied also for the ODS alloys, i.e. controlling the chemistry of 
the coolant and/or apply corrosion protection methods on the surface of the ODS alloy.  

The post irradiation examination has been focused on 9% Cr F/M steel. It has been 
confirmed that even at irradiation doses as high as 155 dpa obtained in a fission neutron 
field and with temperatures above 400°C, the 9% Cr steel EM10 shows excellent 
mechanical and dimensional stability. On the contrary, in the proton-neutron irradiation 
field for lower irradiation damage and temperatures 9% Cr steel as T91 showed important 
hardening and embrittlement. A further important result obtained in this framework is 
that the neutron irradiation enhances the environmental assisted degradation of the 
mechanical properties of T91 steel when in contact with molten Pb-Bi eutectic. In similar 
conditions, the same has been not observed in austenitic steels. 

As for the application of ODS as cladding material several items remains to be 
clarified. These items include the manufacturing process, the composition and 
specification, the “unconventional” mechanical behaviour including the anisotropy, the 
mechanical properties evolution under irradiation, etc. 

Moreover, for what concerns the application of conventional steels for the building of 
innovative components as e.g. the neutron spallation target for an ADS preliminary 
results from MEGAPIE have confirmed some expectation of the T91 behaviour, further 
results from the PIE of MEGAPIE will be used to confirm preliminary lifetime prediction of 
the T91 as window of the neutron spallation target. More alarming seems to be the 
presence of a deep crack close to the electron beam weld line which might have been 
nucleated during welding and propagated during operation. This needs to be further 
analysed and recommendations which take into account quality control during 
fabrication (and welding) of components need to be formulated for safe operation. 

Finally, the findings in the modelling and experimental domain of GETMAT have 
given an essential contribution to the physical understanding of thermal ageing and 
radiation hardening and embrittlement of Fe-Cr alloys. An important step forward in this 
domain has been achieved by combining theoretical and experimental results, which has 
proven to be an effective approach.  
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