
www.eera-set.eu 

EERA is an official part of 
the EU SET-Plan. 
 
http://setis.ec.europa.eu/ 

Possible applications of SiC-based 
technology for durable design in  
Concentrated Solar Power (CSP)  

Antonio Rinaldi , ENEA 

EERA-JPNM SP3 coordinator 
JRC, Petten, JPNM workshop, 25-26 Nov. 2015 



About strategy and 
cross-cutting 
opportunities called by 
the  SET-PLAN  



www.eera-jpnm.eu 
Page 3 

The JPNM role in the landscape of energy initiatives: 
at a glance 
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The JPNM is the unifying framework for 
several projects 

GETMAT 
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JPNM 

Nat. Prog. & 
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EU projects on GenIV materials … 

“NON-NUCLEAR CROSS-CUTTING”  
     HAS ALSO VALUE FOR JPNM 
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The JPNM role in the landscape of energy initiatives: 
exerpts from the strategic roadmap 

For CSP:  : 
• The Materials Roadmap invokes a comprehensive research and development programme 

on low-cost, high mechanically stable absorber materials suited also for higher 
temperature.  
 

• The objectives include scale-up material development to industrial scales by technology 
pilots to test /validate material performances under real market conditions in the areas 
of [..], porous ceramic or metal structures for central receivers 

The implementation of: 
• relevant parts of the Materials Roadmap Enabling Low Carbon Energy Technologies 

(SEC(2011)1609);  
• relevant objectives of the SET-Plan (COM(2009)519); 
 Offer cross-cutting opportunities for JPNM  (SP3 in the specific case, but not limited to) 

ADVANCED SiC-based materials are good candidates, along with coatings, and an 
important opportunity to JPNM-SP3. 



DESIGN PROBLEMS 
WITH CERAMICS AND 
COATINGS IN CSP 

Part II 
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Reference CSP Architectures  

	

+	 	 	 	 	 Maturity	 	 	 	 	 -	

Figure	1.	Main	STE	technologies	and	maturity	levels	

Credit IEA – ‘New Policies Scenario for STE’  
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Reference CSP Architectures  

Credit CIEMAT 

Credit ENEA 
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Indications from SET-PLAN for CSP 

IMPLICATIONS FOR POSSIBLE SOLUTIONS : 
• Lifetimes of the order of 20 to 25 years, with minimal down and service time 
• Large investment may be acceptable but is a potential downside for smaller systems … 

CAPEX reduced by achieving economy of scale 
• Condition the choice of the ADVANCED MATERIALS we can select/design for this 

application 
• Efficiency can be improved by a T raise only to a certain extent (e.g. emissivity losses, 

convection, etc.) 

HORIZON CALLS FOR REDUCTION IN : 
 
• LOWER LEVELIZED COST OF ELECTRICITY (LCOE) 

 
• TARGET LCOE BELOW 10-12 c€/kWhe  (credit ESTELA) 

 

ENPHASIS IS ON RELIABILITY  AND  LOW COSTS (rather than a radical increase in T…) 
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Issues in SOLAR TOWER CSP RECEIVER 

THERE ARE THERMAL GRADIENTS & THERMAL SHOCK ON MATERIALS 
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Credit PSA -CIEMAT 
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Issues in SOLAR TOWER CSP RECEIVER 

1.  We need materials with 99% survival probability at thermal gradient  > 
80°C/cm 

2.  Both  BULK & JOINING ARE KEY !!!! 

JOINING FAILURE

CUP FAILURE

1st generation CUPS made of Si-SiC and 
suffer from early failure: 

 
• Fail in “intragranular” mode 

 
• Fail at the interface between CUPS 

and TILES  
 

(* results from the SOLAIR FP7 PROJECT and EU 
FP5 HitRec  from our sister program JP-CSP) 



SOME POSSIBLE 
SOLUTIONS 

Part III 
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Solutions 

2 solutions based on monolitic SiC-based, e.g. Si-SIC  or All-SIC 

POSSIBLE REQUIREMENT 
 
1. Meet given thermal gradient strength 

 
2. High conductivity  

 
3. Manufacturing: low cost, high-throughput & high control (low defects) 
 
1. Oxidation resistant  

 
2. Reliable joining 

 
3. Modeling and inspection/NDE  
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Solutions 

POSSIBILITY #1:  (Si)SIC + hetero-joining 
 
1. High thermal conductivity due to Si phase  
2. High toughness due to Si phase  
3. Cheap 
4. Could be produced from powders using  
 additive manufacturing  
5. Joining by many oxides  

 
 

Lattice designed and 

produced at 

ENGICER and tested 

at 1350°C 

Method Process Condition Material/Phase in Joint Typical Strength 

Glass-ceramic joining 1375ºC, pressureless Mullite, cristobalite, keivyite ~100 MPa 

Metallic braze-based 
joining 

~1400ºC, pressureless Si, MSi2 (M=Ti, Cr) ~100 MPa 4PB2 or shear 

Si-C reaction bonding ~1425ºC, pressureless SiC, Si Up to ~250 MPa 4PB 

Preceramic polymer 
joining 

1000 – 1400ºC, 
pressureless 

Si-O-C (-N) 
Up to tens MPa, SLO3 
shear 

	

Credit POLITO 
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Solutions 

POSSIBILITY #2:  All SIC 
 
1. High thermal conductivity 
2. High oxidation resistance 
3. Cheap Enough 
4. Could be produced from powders in large Q. 
5. Joining by crystalline SiC 

 
 

LIQTECH: Vapor Phase Sintering 

(VPS) of SiC at 2600-2800°C, in 

a controlled atmosphere  

Credit LIQTECH 
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Solutions 

Controls and optimization/NDE    (from JPNM SP3) 
1. Multiscale modeling  & characterization 
2. X-ray tomography and ultrasounds 

 

Credit UOXF,  

ICCRAM 

MULTISCALE MODELLING AND MULTIDISCLINARY APPROACH FOR IMPACS 
MATERIALS DURABILITY AND OPERATIONAL LIFE TIME PREDICTION 

3D IMAGING AND VISUAL ANALYSIS
3D/2D TAC IMAGING

MICROSCOPY (SEM, (3D) TEM, AFM-RAMAN)

SUB-MICRO & NANOSCALE 
MODELLING OF IMPACS MATERIALS

• MD of SiC and C/SiC + SiC materials  
thermal (cycles) influence at the 
nanoscales

• Corrosion and oxidation multiscale
models of SiC and C/SiC + SiC

• DFT calculation of corrosion and 
oxidation in ODS steels – changes in 
mechanical properties.

• DFT, MD and KMC to study corrosion  Pb
liquid over steels (KANTHAL/AFA).

FEMME MODEL 
IMPACS MATERIALS & 

COMPONENTS
• AGING & FAILURE OPERATION
• CRACK NUCLEATION AND 

PROPAGATION
• THERMAL INDUCED FATIGUE
• CORROSION

MECHANICAL PROPERTIES ANALYSIS OF MATERIAL PROBES
• SMALL PUNCH TESTS, IMPACTS TESTS …
• NANO IDENTATION / NANO MECHANICS

Experim
ental 

correlations

Refinement & 
improvement of 
materials properties
description
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Atomic structure of nanoclusters in

oxide-dispersion-strengthened steels
A. Hirata1, T. Fujita1, Y. R. Wen1, J. H. Schneibel2, C. T. Liu2 and M. W. Chen1,3*

Oxide-dispersion-strengthened steels are the most promising
structural materials for next-generation nuclear energy sys-
tems because of their excellent resistance to both irradiation
damage and high-temperature creep1–4 . Although it has been
known for a decade that the extraordinary mechanical prop-
erties of oxide-dispersion-strengthened steels originate from
highly stabilized oxide nanoclusters with a size smaller than
5 nm, the structure of these nanoclustershasnot beenclarified
and remains as one of the most important scientific issues in
nuclear materials research2–7. Here we report the atomic-scale
characterization of the oxide nanoclusters using state-of-the-
art Cs-corrected transmission electron microscopy. This study
provides compelling evidence that the nanoclusters have a de-
fectiveNaCl structurewithahighlatticecoherency withthebcc
steel matrix. Plenty of point defectsaswell asstrongstructural
affinity of nanoclusters with the steel matrix seem to be the
most important reasonsfor the unusual stability of the clusters
at hightemperaturesandinintensiveneutronirradiationfields.

The safety, reliability, economics, and efficiency of next-
generation fission and future fusion energy systems will ultimately
depend on developing new high-performance structural materials
that can provide extended service for at least 60 years under
extremely harsh environments where the materials are exposed
to high temperatures, large time-varying stresses, chemically
reactive surroundings, and intense neutron radiation1–3. Oxide
dispersion strengthened (ODS) steels have been strenuously
developed as a promising structural material for next-generation
nuclear energy systems because of their excellent resistance
to irradiation damage and high-temperature creep as well as
extraordinary structural and chemical stability in extremely harsh
environments2–7. Small Y- or Y–Ti oxide nanoprecipitates that
are uniformly dispersed in the steel matrix with a very high
number density are responsible for reducing the creep rates by
six orders of magnitude at 650–900 ◦ C, and contribute to the
excellent tensile ductility (RA > 40%) and strength (> 2GPa) of
the ODS steels7–9. They also present extremely high stability at
temperatures as high as 1,400 ◦ C (⇠0.91Tm, where Tm stands
for the melting temperature) and in intense neutron irradiation
fields. Thisunusual stability of theoxideclusters cannot bereadily
explained by thermodynamics and traditional materials theories.
To understand such extraordinary mechanical propertiesowing to
the highly stabilized oxide nanoprecipitates, a knowledge of the
structure and chemistry of the oxide nanoclusters is necessary in
theresearch field of theODSsteels.

The oxide nanoprecipitates in the ODS steels have been
characterized mainly using transmission electron microscopy
(TEM) by many researchers10–18. These analyses have been
performed for relatively large nanoparticles with sizes greater

1WPI Advanced Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan, 2Center for Advanced Structural Materials, City University of

Hong Kong, Kowloon, Hong Kong, 3State Key Laboratory of Metal Matrix Composites, School of Materials Science and Engineering, Shanghai Jiao Tong

University, Shanghai 200030, China. *e-mail: mwchen@wpi-aimr.tohoku.ac.jp.
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Figure 1| Typical microstructure of the ODSsteel. a, BF- and b,

HAADF-STEM images obtained from a 14YWT ODSsteel.

than 5nm. The types of crystal structures of the large Y–Ti–O
nanoparticles have been suggested as Y2Ti2O7 (refs 11–14) and
Y2TiO5 (ref. 11;Y/ Ti ≥ 1), and can befound in thepublished crystal
databases19. Atom probe tomography (APT), on the other hand,
reveals thechemical composition of oxidenanoclusters with a size
lessthan 5nm (refs20,21). Although thenanoclusters arebasically
composed of Ti, O and Y, aswell assignificant amounts of Fe and
Cr (refs 20–25), the Y/Ti ratio is much smaller than 1, within the
rangefrom 0.1to 0.6, and dependson thematerial composition and
time–temperaturehistory of thematerial process22. In any case, the
low Y/Ti ratio isnot consistent with thoseof the reported Y–Ti–O
oxides, such asY2Ti2O7 and Y2TiO5, which hasbeen an important
chemical featureof thenanoclusters. However, thecrystallographic
structure of thenanoclusters hasbeen debated for many yearsand
has not been clarified by definite structure characterization4,20–27.
As the formation of highly dense oxide nanoclusters is the most
effective way to achieve good mechanical properties28, it is thus
vitally important tounderstand thestructural and chemical features
of the oxide nanoclusters. Because the nanoclusters are very small
(⇠2–5nm), embedded in the magnetic bcc-Fe matrix, and may
have a coherent relation with the matrix, it is thus extremely
difficult to obtain the structural information by conventional
TEM, which is limited by a low spatial resolution and the lack
of capability for atomic-scale chemical analysis. In this study, we
systematically characterized the atomic structure and chemistry
of the nanoclusters in an ODS steel using the newly developed
state-of-the-art Cs-corrected TEM and scanningTEM (STEM) with
ultra-high spatial resolutionsof⇠0.10nm.

The microstructure of the 14YWT-ODS steel (nominal com-
position: Fe–14Cr–3W–0.4Ti (wt.%) with 0.25wt.% Y2O3) was
first surveyed using bright field-STEM (BF-STEM) and high angle
annular dark field (HAADF) STEM techniques. Figure1ashowsthe
typical microstructure of the ODSsteel used in this study. In the
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Figure 4 | Structure modelling of the nanocluster from [110]bcc direction. a, 3D external view of a structure model (Model 2) where a 3.0 nm (Ti,Y,Fe,Cr)O

nanocluster is embedded in the bcc matrix. b–d, The projections of Model 1, Model 2, and Model 3 are depicted, respectively, in b,c, and d, where green,

red, blue, purple and orange circles denote Ti, Y, Fe, Cr and O atoms respectively. The corresponding simulated HAADF-STEM images from the three

models are shown in the lower panels of b–d. e, The experimental HAADF-STEM image. Model 2 is the structure model which is most consistent with the

experimental data.

of brighter and darker atomic contrasts arising from the metal
(brighter) and oxygen (darker) atomic columnsof thenanocluster
coherently overlapping the bcc lattice of the matrix (Fig. 3b). The
excellent lattice coherency at the interface may be associated with
an enrichment of Cr that mediates the lattice mismatch between
thebcc Feand oxide.

To understand the atomic structure of the nanoclusters, we
constructed threepossiblestructural modelsin which ananocluster
is embedded in the bcc-Fe matrix (Fig. 4). Based on fast Fourier
transform (FFT) analysis of the atomic-resolution STEM images
(see Fig. 5, Supplementary Figs S7 and S8), the crystal structure
of the nanoclusters is consistent with a NaCl-type TiO structure
(the details will be discussed later), which isalso confirmed by the
periodicity of the atomic columns with enhanced intensity at the
interfacebetween thenanocluster and bccmatrix (Fig. 3). Based on
APT measurements21, thechemical composition of thenanocluster
wasset to be(Ti43.9Y6.9Fe3.4Cr1.1)O44.7. Consideringvacanciesplay a
key role in stabilizing nanoclusters27,30, we introduced vacancies at
both the O and Ti sites in the TiO cluster model. To be consistent
with the experimental images, the concentration of vacancies was
varied over awiderange. Wefound that thebest match between the
simulated and theexperimental imagesrequires⇠10at%vacancies.
Figure4ashowsa three-dimensional external view of thestructure
model. The spherical Ti(Y,Fe,Cr)O cluster is positioned at the
centreof abccmatrix box with adimension of 4nm⇥4nm⇥4nm.
The orientation relationship between bcc and Ti(Y,Fe,Cr)-O is

determined as(1̄10)bcc k (002)oxide and [110]bcc k [110]oxide based on
the FFT analysis of the STEM images (see Fig. 5, Supplementary
FigsS7 and S8). In thissimulation, theelectron incidenceisparallel
to the [110]bcc direction. The nanocluster in ‘Model 1’ (Fig. 4b)
has an unrelaxed perfect NaCl structure that is coherent with the
bcc matrix. It is apparent that the simulated image is dissimilar
to the experimental one as the nanocluster in the experimental
imageismuch darker, accompanied with obvious latticedistortion
compared to the simulated one. The model structure was then
relaxed using a molecular dynamics (MD) simulation with both
many-body and two-body interatomic potentials. During the
relaxation, theneighbouring atomsof vacancies move towards the
open space, leading to a certain lattice distortion. In particular,
the defect density in the central part of the nanocluster seems
slightly higher than that at the cluster/matrix interface region.
‘Model 2’ (Fig. 4c) is constructed on the basis of the MD relaxed
structure. Asshown in Fig. 4c, thesimulated imagebased on ‘Model
2’ is phenomenologically consistent with the experimental one in
contrast variation of the atomic image (Fig. 4e), verifying that the
vacanciesindicated by ab initio calculations27 and positron-lifetime
spectroscopy30 are compatible with our STEM observations. To
further verify thereliability of ‘Model 2’, weconstructed ‘Model 3’,
in which therelaxed, defectiveNaCl nanocluster hasan incoherent
relation with the bcc matrix (Fig. 4d). The lattice constant of the
incoherent cluster is 15% larger than that of the coherent one.
Interestingly, thesimulated imagebased on ‘Model 3’ isalso similar
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    The ODS precipitates are regularly spaced in the form of a three-dimensional array. This arrangement 

allows for obtaining the maximal effect of particles, since strain localization in lower particle regions is 

avoided (finger path effect). Image forces due to the precipitates are also neglected, with a view to 

reduce the overall computational load as they are shown to have a limited influence on yield stress (less 

than +4%) and strain hardening characteristics of the crystal (les s than +10%), especially when cross -

slip is accounted for. [16]. 

3. Simulated cases 

The DD simulations are performed in fixed plastic strain rate conditions, at room temperature (300°K). 

Four different cases are investigated, for analysis and comparison purposes: 

 

 Case-1: Ferritic matrix (without hard particles and soft facets). 

 Case-2: Mono-modal distribution of 0.5% volume fraction of hard rp = 20 nm particles. The 

selected volume fraction is typical of recently developed ODS alloys. 

 Case-3: Mono-modal distribution of 10
20

 m
2
 density of soft 20 nm facets . Selected facet 

characteristics are corresponding to irradiation loops forming at intermediate temperature and 

dose ranges in pure Fe grains. 

 Case-4: a bi-modal distribution including a 10
20

 m
2
 density of soft D = 20 nm loop-facets and a 

0.5% volume fraction of hard D = 20 nm particles. This configuration is consistent with 0.75 dpa 

irradiations performed at 400°C, in ferritic ODS system having similar characteristics as taken 

here (0.5% volume fraction of 28 ± 8 nm Y2O3 particles). This case applies to irradiated ODS 

alloys. 

 

Fig 2 DD simulations results: the irradiated ODS grain case after cumulated plastic strain 

    All simulated grains are loaded in uni-axial tension along the (001) axis and initially, contain 2 edge 

dislocation sources (500 nm long). One source belong to the a/2(101)  [  1] slip system, taken as the 

primary slip system; one source belongs to the a/2(  0 1)[  1   ] slip system, taken as the secondary 

slip system. The loading direction is highly symmetrical, since all slip systems are loaded with the  
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Solutions 

ECONOMIC COMPARISON   
 
Monolithic options (from powders): 
 
  SiSiC: <50€/Kg (conductivity/ductility)    Vs.   All-SiC: 50-100€/Kg (better oxidation)  

Both are technically valid and economically viable 

CMC  options (from fibers+CVI): 
 
  SiC/SiC:  5000€/Kg    Tolerated thermal gradient > 120°C/cm 

leap engine effects?  economy of scales and increased T operations may 
make it worthy the extra performance offered by the CMC  

ENPHASIS IS ON RELIABILITY  AND  LOW COSTS RATHER THAN A RADICAL INCREASE IN T !!! 
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Conclusions 

CONCLUSIONS:  we have a trajectory for SiC-based materials 
 
 High thermal conductivity  TH. GRADIENT STRENGTH  
 High oxidation resistance 
 Cheap and scalable , yet flexible & reliable 
 Reliable Joining (even by crystalline SiC) 
 Additive manufacturing can be used 
 Multiscale modeling/testing and NDE to support design 
 More performing solutions offered by CMC may be at reach soon through 

economy of scale “leap forward” + introduction of LM storage options 
 
 Thermostructural SiC based materials and composites are unfolding nicely 

and gaining momentum, offering opportunity for technological 
deployment and transfer for the nuclear community (where the market 
will never reach the scale of aerospace of wide spread CSP). 
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