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1. Introduction
FRIENDS2 is a new Marie Skłodowska-Curie staff exchange project (RISE scheme) within
Horizon 2020, the EU Framework Programme for Research and Innovation, which
promotes international and inter-sectorial collaboration between two academic
partners (Helmholtz-Zentrum Dresden-Rossendorf, a research institution from
Germany, and Cranfield University from the United Kingdom) and two industrial
partners (Metal Estalki, a Spanish SME, and the international company Abengoa) to
develop new coatings for the thermo-solar power industry. On 22nd January 2015, the
FRIENDS2 project took off with all the partners getting together in Seville, Spain, to
discuss the next steps (Figure 1). The two-day opening meeting was hosted by Abengoa
Research, where the project objectives and specific roles were discussed and defined.

Figure 1. - Picture of the FRIENDS2 kick off meeting hold in Seville in January 2015.

The main scientific topic of FRIENDS2 deals with the development of new materials to
be used in Concentrating Solar Power (CSP) technology. CSP is a commercially available
technology in the field of renewable energy, which is based on the conversion of
concentrated solar energy into thermal and subsequently electrical energy. The main
requirements for future development and application of CSP technology are the
improvement of its overall efficiency and the reduction of costs per kWh. The former
objective can be directly achieved by increasing the operation temperature of CSP tower
plants from today’s maximum of 550°C to 800°C. The cost reduction will result indirectly
from the higher energy efficiency, the improved durability, and moreover from lower
manufacturing prices of the key components.
The key components responsible for the solar to thermal energy conversion efficiency
of CSP tower plants are 1) the solar absorber, 2) the concentrating mirrors, and 3) the
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heat-transfer fluid transport and storage system (Figure 2). Their performance
improvement and durable long-term temperature and chemical stability are the
scientific objectives of the FRIENDS2 project. These objectives are covered within
scientific work packages (WP) 1-4 of the project. In WP1 new solar absorber coatings
(labeled 1 in Figure 2) and new concentrating mirrors with multilayer coatings (2 in
Figure 2) are developed. WP2 deals with the design and manufacture of innovative
corrosion-resistant coatings for heat storage materials (3 in Figure 2). The coatings
developed in work package 1 and 2 are being characterized by advanced experimental
techniques (including ex-situ and in situ analysis) within the activities of WP3. The in–
field testing of selected coatings (WP4) will start in the second year of the project. The
following sections 2-5 highlight the main scientific achievements of the project. Finally,
sections 6 and 7 summarize the dissemination and management activities of the project
addressed in WP5 and WP6, respectively.

Figure 2. - Photograph of the Abengoa PS20 CSP tower plant (left) and schematic illustration of three
CSP key components, which are the innovation targets of FRIENDS2 (right).

5

FRIENDS2
H2020 –MSCA-RISE-2014-645725

2. Work package 1: New generation of optical coatings for solar
thermal applications
As stated above, in WP1, new solar absorber coatings and new concentrating mirrors
with multilayer coatings will be developed. This section includes their deposition, atomic
composition, and optical properties. In-depth structural characterization as well as in
situ investigations are in the focus of WP3 (Advanced coating characterization) and are
reported in section 4 of this annual report.

2.1.

State of the art of optical coatings

2.1.1. Solar absorber coatings
In the first deliverable of WP 1, D1.1, the R&D directions for solar absorbers and mirror
reflectors were analysed and defined. In the field of solar absorber coatings, two new
types of solar-selective coatings with enhanced durability were selected as such:
i) Carbon- and nitride-based nanocomposite multilayers with high thermal
stability, and
ii) A new type of solar-selective coating comprised of a selective transmitter on
the basis of transparent conductive oxide (TCO) and an absorber.
Different physical vapour deposition (PVD) technique savailable in the consortium
facilities will be applied for these studies. These are as follows: magnetron sputtering
(MS), high power impulse magnetron sputtering (HiPIMS), ion beam sputtering without
(IBS) and with ion assistance (IBAD), and filtered cathodic vacuum arc deposition (FCVA).
The techniques are distinguished by the ion to atom ratio of the depositing species, and
by the amount of energy and momentum transfer to the growing films. All of them are
scalable to an industry-relevant size with high homogeneity.
Nanocomposite and multi-layered coatings are advanced materials, whose mechanical
and optical properties can be optimized for high temperature applications. Among
nanocomposite coatings, those based on high-temperature resistant oxides, carbides,
or nitrides possess a combination of properties that can result in high absorbance and
low thermal emission. Thus they were selected as candidates for future solar absorber
materials. In particular, nitride-based nanocomposite absorbers have not been fully
developed yet for central receivers CSP applications. To achieve solar-selectivity, a
combination of layers is needed. Each of the layers in the proposed multilayer stacks has
a specific function. The design of a complete coating will include the following
components (Figure 3):
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Antireflection (AR) layer: Deposited as top layer it must have
antireflective and protective properties to reduce the
corrosion rate and to stabilize the whole coating at high
temperatures.
Absorber layer: This material should have solar selective
properties as well as thermal stability in air at high
temperatures.
Infrared reflection (IR) layer: It must have high reflectance in
the infrared range to avoid thermal losses.
Substrate: This is the material which forms the receiver tube
and wherein the heat thermal transfer fluid is cycled. It must
be a good thermal conductor and be stable at high
temperatures. The expansion coefficient must be compatible
with the rest of the coating thus ensuring good adhesion.
Figure 3. - Schematic presentation of the concept of a solar selective absorber. The research activities
on solar absorber coatings are focused on the improvement of the absorptivity (α)/ emissivity (ε) ratio
at high operation temperatures.

Another concept for an improved solar-selective coating investigated within FRIENDS2
consists in the de-coupling of the emissivity and absorptivity. Following this idea, the
new concept consists of a two layer stack composed of a selective transmitter on top of
an absorber (Figure 4). The former has to be transparent in the range of the solar
radiation (300 nm – 2000 nm) and reflective in the range of the thermal emission of the
system (> 2000 nm), while the latter is a perfect absorber in the range of the solar
radiation.

Figure 4. - Schematic presentation of the concept of a solar selective transmitter. The transmitter
consists of a thermally stable transparent conductive oxide (TCO). The TCO is transparent for solar
radiation and reflects thermal radiation because of the plasma oscillation of its free charge carriers.
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2.1.2. Mirror reflectors
The focussing mirror solutions to be developed within the FRIENDS2 project aim to two
premises:
i) Increase of the solar reflectance of the mirrors, and
ii) Reduction of the manufacturing price.
In order to increase reflectance, a change from second surface to first surface mirror is
proposed. In this regard, two alternatives will be pursued. On the one hand and due to
the possibility of using different PVD techniques in the consortium (see 2.1.1) bare highly
reflecting metal (Cu, Al and Ag) surfaces will be deposited. The deposition conditions of
the different systems will be optimized in order to reduce the surface roughness and to
increase the density of the layer to improve both the reflectance and the tarnish
resistance of the metals. Of particular interest will be the use of highly ionized
techniques such as FCVA and HiPIMS.
Secondly, highly solar transparent protective materials, to prevent the degradation of
the reflecting material, will be deposited by scalable PVD techniques. Additionally, the
substitution of the extra clear glass by cheaper substrate materials will be evaluated and
tested to optimize the mirror costs. The optimization of the protective structure for the
reflecting material will require an exhaustive study of several parameters (such as
thickness, porosity of the layers, resistance to the oxygen diffusion and so on), which
control the optical properties of the multilayer mirror. This joint innovation pursues a
comparative analysis among the participants in order to define and optimize the
deposition strategy of the mirror coatings. Thus, it is proposed to test the deposition of
SiO2, Al2O3 and SiNx by the different techniques available (see 2.1.1).
In both cases, the alternatives pursued towards achieving a first surface mirror, the
layers prepared will be characterized using the different techniques available in the
network, evaluating:
-

Solar transmittance of the layers

-

Mechanical resistance to abrasion (brushing)

-

Adhesion of the coating to the substrate

-

Specular reflectivity of the coating or diffusion of the light produced by it.

-

Resistance to atmospheric conditions (humidity, temperature…)

-

Microstructure of the coating achieved using each technique.
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Finally, another proposition is to study the difference of using polished metallic
substrates, as aluminium or speed steel (SS), or floated glass as substrate. The difference
in mechanical properties and adhesion of silver and/or adhesion layers to promote
adhesion of the silver to the substrate could be studied here. The polish grade needed
to be applied to the metallic substrates in order to achieve completely specular
reflection of the light could be determined and the price of this kind of substrate
compared to float glass could be compared.

2.2.

Simulation of optical properties for solar selective coatings

The second deliverable in WP 1, D1.2, is focused on the simulation of optical properties
for solar selective coatings by using the computer software COating DEsign (CODE). This
deliverable provides a detailed introduction into effective medium approximations
(EMA) that are used to simulate and to optimize the optical properties of materials. In
the first chapter the input parameters necessary to use CODE are defined and described.
Subsequently, the most important EMAs, namely Maxwell-Garnett (MG), Bruggeman
(BRU) and Bergman (BER) are described and the respective dielectric functions are given.
In the conclusion of the first chapter the BER model is identified as most advanced and
most useful EMA for heterogeneous materials as studied within FRIENDS2.
As a case study for the FRIENDS2 project, the optical properties of solar-selective
coatings based on carbon: transition metal carbide (a-C: MeC) nanocomposite thin films
were investigated and optimized in detail (see publication 3 in section 6.3). a-C:MeC
(Me = V, Mo) grown by pulsed FCVA at room temperature were characterized by ion
beam analysis, X-ray diffraction, Raman spectroscopy, and transmission electron
microscopy. Their optical properties were measured by ellipsometry and
spectrophotometry. Different EMAs were applied to simulate the optical behaviour of
nanocomposite materials as function of film thickness and carbide volume fraction. It is
demonstrated that in-depth knowledge of microstructure and optical properties of the
films are crucial for an improved accuracy of the simulations.
After the characterization of the nanocomposites, the Bergman EMA was applied,
showing an excellent agreement between simulated and measured reflectance spectra.
This correspondence excels in the whole wavelength range as compared to most
common EMA approaches such as Maxwell-Garnett or Bruggeman. Reflectance is
strongly affected by the metal carbide volume fraction, and not dependent on whether
the nanocomposite microstructure is homogenous or a self-organized multilayer. Solar
selective coatings based on an optimized a-C:MeC absorber layer were designed
exhibiting a record solar absorptance of 96% and a low thermal emittance (2/10% at
25/600oC) (Figure 5).
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Figure 5. - Simulated reflectance spectra of a complete solar selective coating with the optimized a-C:V
and a-C:Mo as absorber layer.

In addition to optical simulations, a bottom-up multiscale methodology (Figure 6) was
carried out by which the macroscopic properties of solar selective coatings used in finite
element analyses (FEA) was fed by nanoscale molecular dynamics (MD) simulations. To
show the capabilities of this tool, an absorber layer composed of an amorphous carbon
(a-C) matrix reinforced with titanium carbide (TiC) nanoparticles was designed. MD
simulations were used to analyse both phases. In the case of TiC, the results were in
agreement with the experimental observations, while, in the case of the a-C phase, the
results obtained were used to determine the elastic constants and the coefficient of
thermal expansion (CTE). The main results are summarized in deliverable D2.2.

Figure 6.- From atoms to pipes: bottom-up/top-down multiscale strategy used in the
thermomechanical analysis of absorber tubes.

2.3.

Deposition and characterization of solar-selective coatings

2.3.1. (AlTiN1-xOx) absorber films
Aluminium-Titanium oxynitride (AlTiN1-xOx) thin films were investigated in order to
understand the influence of the oxygen to nitrogen ratio on the optical properties and
their failure mechanisms at high temperatures. The optical properties of oxynitride thin
films showed a wide range of different responses depending on the oxygen/nitrogen
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ratio and the deposition pressure (see Figure 7). Likewise, high temperature stability is
correlated with the composition.
3.0

1

AlTiN

0.5 Pa

AlTiN

2.8
2.6

AlTiON (5%O2)

AlTiON (10%O2)

0.1

n

AlTiON (10%O2)

2.0

AlTiON (20%O2)

1.8

AlTiO (100%O2)
500

AlTiON (20%O2)

0.01

AlTiON (30%O2)

AlTiON (30%O2)
at.% O

1.6

1000

AlTiO (100%O2)

1E-3

1500

AlTiON (5%O2)

k

2.4
2.2

0.5Pa

500

1000

1500

Wavelength (nm)

Wavelength (nm)

Figure 7.- Optical constants of AlTiON samples with different oxygen content deposited at 0.5 Pa
working pressure , and calculated by using spectroscopic ellipsometry: (left) refractive index n and
(right) coefficient k.
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(AlTiN1-xOx) thin films were deposited by cathodic vacuum arc both at Abengoa Research
and Metal Estalki and characterized at different temperatures in HZDR to follow the
evolution of the composition and optical constants for each temperature. The samples
were heated in vacuum from room temperature to 800°C inside the cluster tool (see
section 4) and the analysis of the thin films was carried out in situ without sample
exposure to air. Ellipsometry, Elastic Recoil Detection (ERD) and Rutherford
Backscattering Spectroscopy (RBS) results showed the influence of the initial O2 content
in the sample with the inward diffusion of oxygen into the coating and the oxidation
resistance at high temperatures. In the same way, ex-situ annealing in air was performed
to study the behaviour upon exposure to ambient atmosphere (see Figure 8).
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Figure 8. - RBS and ERD element depth profiles for AlTiON sample (left)) as deposited and (right) after
2h at 800oC in air showing different layer structure. In (left) , 1 = oxide top layer 2 = bulk AlTiON. In
(right), 1 = oxide top layer, 2 = mix interlayer, 3 = bulk AlTiON.
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The low emittance of (AlTiN1-xOx), allowed performing in situ RBS analysis at
temperatures above 750oC. These are the first experiments of this kind done worldwide.
No significant changes in optical properties and composition were found when heating
the (AlTiN1-xOx) thin films in vacuum atmosphere, showing a good stability for high
temperature. These results have been submitted to be presented at E-MRS 2016
conference (see 12 in section 6.4).
2.3.2. Solar-selective transmitter coatings based on transparent conductive
oxides
A novel concept for solar-selective coatings to be developed within the FRIENDS2 project
consists in the de-coupling of a solar selective coating into different layers. The resulting
two layer stack composes a selective transmitter on top of an absorber. Candidates for
such transmitters have been developed and produced during the first year project
period. Compositional, optical, structural and electrical analyses were performed at
different consortium facilities.
At the early stage of this project a material selection resulted in focussing on two TCOs,
TiO2 and SnO2. Even though the selective properties of the former are not sufficient for
application in a CSP tower plant, the combination of those two materials is favourable
over other TCOs for different reasons.
One advantage is the epitaxial growth of SnO2 on crystalline TiO2, which was shown by
Toyosaki et al. and Nakao et al. in 2008 and 2010, respectively.1,2 Both groups used
pulsed laser deposition (PLD) for film production. To reproduce this effect for samples
produced with an industry-relevant deposition process, a magnetron sputtering
procedure for TiO2 and SnO2 has been developed. The seed layer effect is currently
under investigation. Furthermore, the combination of TiO2 and SnO2 can result in an
improvement of the electrical (and therefore selective) properties due to the high
charge carrier concentration of the former and the high charge carrier mobility of the
latter. Moreover, in view of optical properties, the difference of refractive indices of

1

H. Toyosaki, M. Kawasaki and Y. Tokura, Electrical properties of Ta-doped SnO2 thin films epitaxially
grown on TiO2 susbtrate, APL 93, 132109 (2008);
2
S. Nakao, N. Yamada, T. Hitosugi, Y. Hirose, T. Shimada and T. Hasegawa, High Mobility Exceeding 80
cm²/ V-1 s-1 in Polycrystalline Ta-Doped SnO2 Thin Films on Glass Using Anatase TiO2 Seed Layers, APE 3,
031102 (2010)
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both materials can lead to enhanced performance since, similar as in dielectric mirrors,
interference affects the reflectivity of such layer stacks.
The ideas and first results related to those selective transmitters on top of an absorber
were discussed by the project partners during their secondments. These results were
presented in the joint Abengoa-HZDR patent application “Self-cleaning high
temperature resistant solar selective coating”.3

Figure 9. - Measured reflectance spectra of SnO2:Ta (1 at.% Ta) deposited on fused quartz substrates
as function of oxygen partial pressure during deposition.
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Figure 10. - Simulated reflectance spectrum of SnO2:Ta (1 at.% Ta) deposited on fused quartz
substrates. The simulated layer stack included an anti-reflective SiO2 coating (70 nm), the SnO2:Ta layer,
and the silicon substrate.

3

Patent application, Self-cleaning high temperature resistant solar selective coating P201431972, 2014.
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SnO2 itself, especially when doped with Tantalum, can be used as a solar selective layer
on top of an absorber. Its high electrical conductivity due to free charge carriers results
in a sharp increase of reflection, depending on the electrical properties, from less than
10% in the visible and near infrared (NIR) range to about 60-80% in the infrared (IR)
above 2000 nm. This very promising behaviour was shown by reflectivity measurements
(Figure 9 and subsequently modelled and improved by simulations of the optical film
properties (Figure 10). Material optimization was done by varying deposition
parameters like oxygen flow and dopant concentration affecting the composition of the
layers. Process pressures, inert gas flows and substrate temperatures were optimized as
well. These results were presented at ICMAT 2015 conference in Singapore (see 3 in 6.4)

2.4.

Deposition and characterization of mirror coatings

2.4.1. Room temperature deposition of contamination-free Ti films
The increased ion-to-atom ratio in HiPIMS allows directional deposition and film
densification by the bombarding ions.4 As a model system for HiPIMS depositions within
the FRIENDS2 project, Ti thin films prepared by direct current MS and HiPIMS were
investigated with respect to their elemental composition, surface roughness, and
microstructure. Ti thin films prepared by HiPIMS do not suffer from bulk contamination
like dcMS films (Figure 11). In particular, the impurity levels for O, N and C are below the
detection limit (0.3 – 0.5 at.%) of ERD analysis and the hydrogen content was measured
to be 0.5 at.% for the HiPIMS case. Compared to the dcMS films, we observed an
element specific reduction of impurities by a factor 3-4 for N and H; and a factor of 20
for O. This suggests the presence of at least two sources of impurities. Unlike in the
literature reported,5 the HiPIMS self-sputtering regime was sustained in Ar gas. The high
purity of Ti films can be partly explained by gas rarefaction and the cleaning effect of the
bombarding ions. Moreover, densification effects presumably suppress post-deposition
oxidation. The compositional effects are correlated with differences in the film
microstructure revealed by SEM, XRD and TEM analysis. A more sensitive analytical
method is needed to evaluate the actual impurity levels of O, N, and C in the deposited
HiPIMS films. The initial results of this section were presented at the International

4

U. Helmersson, M. Lattemann, J. Bohlmark, A. P. Ehiasarian, J. T. Gudmundsson “Ionized physical vapor
deposition (IPVD): A review of technology and applications” (2006) Thin Solid Films 513, 1–24
5
J. Andersson and A. Anders “Gasless sputtering: Opportunities for ultraclean metallization, coatings in
space, and propulsion” (2008) Appl. Phys. Lett. 92, 221503
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conference of HIPIMS 2015 (9 in section 6.4). Further results have been submitted to be
presented at PSE 2016 conference (13 in 6.4) and will be included in an article to be
published in 2016 (4 in 6.3)

Figure 11. - Depth profiled elemental compositions obtained by ERD of dcMS (Ti-29) and HiPIMS (Ti-31)
Ti thin films.

2.4.2. Highly-reflective Cu, Al, and Ag films
The degree of ionization during PVD plays a critical role on the final surface quality of
the deposited coatings. In this work a comparative study of metal thin films (Al, Cu, Ag)
deposited by conventional dc-MS and highly ionized techniques such as FCVA and
HiPIMS was performed. The final scope of the study is aimed to optimize the deposition
parameters to achieve higher specular reflectance as this has a critical influence in the
yield of solar plants based on concentrated solar power. In this regard, the optical
constants of the deposited films were modelled based on ellipsometry data. A
comparison of the experimental reflectance with that obtained after optical simulation
was also carried out (see Figure 12a). The achieved optical performance of the films was
further compared to the structural properties resulting from different deposition
techniques. RBS and ERD analysis were applied to explore the potential oxidation of the
films during deposition (see Figure 12b). Surface morphological changes were explored
by Scanning Electron Microscopy (SEM). In addition, Atomic Force Microscopy (AFM)
measurements at different deposition times allowed exploring the dynamics of the
growth mechanism of the films. These results have been submitted to be presented at
PSE 2016 conference (14 in 6.4)
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Figure 12. – a) Comparison of solar reflectance for copper thin films deposited by PVD techniques. b)
RBS spectra of aluminium films deposited by FCVA at different deposition times.

2.4.3. Room-temperature deposition of rutile type TiO2 dielectric mirror films
A systematic study of TiO2 films deposited by dc FCVA was carried out by varying the
deposition parameters in a reactive oxygen atmosphere (see Figure 13). In particular,
the influence of the oxygen partial pressure on film properties and the working pressure
was analyzed.
The film composition was obtained by RBS measurements, which also allowed to obtain
the density of the films. The morphology and the optical properties of the samples were
studied by scanning electron microscopy (SEM) and ellipsometry, respectively. Very
dense TiO2 films were obtained by FCVA at room temperature (Figure 14a). As can be
observed in Figure 14b, stoichiometry is greatly affected by the O2 partial pressure.
Transmittance is directly related to film stoichiometry. Lower transmission in TiOx films
prepared with low pressures can be related to oxygen-deficient films, which causes light
absorption by free carriers from Ti2+ and Ti3+ species. Highly transparent, stoichiometric
and with rutile structure TiO2 films can be obtained by filtered cathodic arc deposition
at room temperature. The first results of this section have been published and presented
at the SPIE 2015 conference (2 in 6.3 and 5 in 6.4)
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Figure 13. – Pictures of all TiO2 samples as a function of oxygen percentage in the gas chamber (2070%) and the working pressure of the deposition process (0.1-0.5 Pa).

Figure 14. – a) Cross sectional SEM of a TIO2 film deposited using FCVA. b) Evolution of the oxygen
content in the deposited TiO2 sample as a function of the O2 partial pressure.

2.5.

Summary and outputs of WP1 activities

Within WP1 of FRIENDS2, a new generation of optical coatings for solar absorbers and
mirrors is investigated. In the deliverable D.1.1, firstly the physical and technological
background of CSP technology was introduced. Subsequently, a comprehensive analysis
of the state of the art of both CSP key components to be studied in this WP was given.
Two new types of absorber and mirror coatings were selected for the research within
the project. Promising results were achieved for all selected CSP coatings in the first
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year. In the field of absorbers, a thermally stable AlTiN1-xOx coating with low emittance
was developed. Solar selective transmission and reflection were demonstrated for
SnO2:Ta. In the field of mirror coatings, contamination free metallic films (Ti, Al, Ag, Cu)
with negligible surface roughness were deposited. Moreover, rutile type TiO2 was
successfully deposited by FCVA at room temperature.
The main outputs of WP1 are:
1) FRIENDS2 project deliverable D1.1.- State of the Art (SoA) for absorbers and
mirrors in CSP applications, submitted.
2) FRIENDS2 project deliverable D1.2.- Simulation of optical properties for solar
selective coatings, submitted.
3) FRIENDS2 project deliverable D2.2.- FEM and Molecular dynamics simulation of
multi-layered materials for renewable energy.
4) 2 scientific papers published (1 and 2 in section 6.3) and 3 other papers in
preparation (3-5 in 6.3).
5) 1 keynote presentation (1 in 6.4), 4 oral talks (2-5 in 6.4) and 3 posters (7-9 in
6.4). In addition, 3 abstract has been sent to a 2016 conference (12-14 in 6.4).
FRIENDS2 staff involved in WP1:










Matthias Krause (HZDR, WP1 leader)
Irene Heras (ABG)
Frank Lungwitz (HZDR)
Elena Guillén (ABG)
Gonzalo Rincón (ABG)
Erik Schumann (HZDR)
Ibon Azkona (MET)
Francisco Montero (ABG)
Ramón Escobar (ABG)
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3. Work package 2: Protective coatings for heat storage
components
WP2 deals with the scientific objectives of the project regarding innovative corrosionresistant coatings for heat storage materials. The aim of this WP is to design and
manufacture protective coatings capable of improving the corrosion resistance of
stainless steel components in contact with molten salts at high temperatures.
When using molten salts as heat transfer fluids the stability of piping and container
materials is an important factor. Protection against hot corrosion is a major technical
challenge for plant operation. Use of coatings stable at high temperatures is considered
a way to provide shield against corrosion while maintaining the mechanical properties
of the substrate.
During this first year of the project, an important part of the work of WP2 were devoted
to an extensive literature search. The main corrosion failure mechanisms that
concentrating solar power (CSP) plants have to face nowadays were identified. Then,
the search focused on anticorrosion coatings for high temperature applications reported
in the literature, with special emphasis to those devoted to protection against molten
salt corrosion. As a result of this search, a state of the art on anticorrosion coatings for
CSP was prepared. This study was the basis for the selection of the first tentative
anticorrosion material to be deposited within the framework of FRIENDS2. The material
selected was nickel, pure or forming an alloy with aluminum. First coatings were
successfully deposited by plasma spray deposition and their morphology, crystalline
structure and composition analyzed.6

3.1.

State of the art of protective anticorrosion coatings

In the first deliverable of WP2 (D2.1) a review of the protective coatings developed until
now to fight against corrosion was done. Materials and structures were proposed as
suitable hot corrosion coatings, defining guidelines for the future R&D directions within
FRIENDS2 project.
The state of the art summarized the main requirements a protective coating for high
temperature applications must fulfill. A careful review of the state of the art of the
coatings together with the analysis of several materials in contact with nitrate salt led

6

S. Yasir, PhD, in progress
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to the selection of nickel aluminide as a very promising material to be used as
anticorrosion coating for molten nitrate salts.
Nickel aluminum coatings have been reported in a number of cases with different
compositions and have shown to enhance the corrosion resistance of the substrate
material. In addition, different available deposition techniques were also reviewed, and
plasma spray was selected as the most suitable coating for molten salt tanks.

3.2.
First results on nickel aluminide coatings deposited by Plasma
Spray
In the following sections, the first results for deposition of Ni-based coatings by plasma
spray deposition are described. Two types of powders were employed to prepare
coatings: Nickel-18 and NiAl3 < 45 µm particle size powders. The stoichiometry of the
mixed aluminide powder was analysed by EDX (Figure 15).

Figure 15.- SEM image (left panel) and composition in at.% (right panel) of nickel aluminide mixed
powder obtained by EDX of selected areas indicated by frames in the left panel.

3.2.1. Deposition process
A low pressure vacuum plasma spray coating system was employed for the deposition
of the coatings. Substrates were loaded on a holder and put in place in the sample
loading chamber. The specimens, each measuring approximately 75 × 30 × 1 mm, were
cut from stainless steel sheets. The substrates were grit blasted with coarse alumina
powder to roughen the surface prior to spraying. The substrates were then cleaned for
5 min in an ultrasonic bath cleaner.
The loading chamber is connected to the spraying chamber through a window. The
sample holder moves to the spraying chamber when it is programmed to do so. In the
spraying chamber the horizontal substrate holder moves in 5 mm per move, the spraying
gun moves in the other axis above, can be imagined as x-axis and y-axis respectively. The
gun can also tilt on its position Chamber and process details are illustrated in Figure 16.
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(a)

(b)

(c)

Figure 16.- Pictures of a) Spraying chamber with the spray gun b) The sample loading chamber and c)
Plasma spraying in process

The first step in the spraying process is to set the spraying chamber to vacuum. The
pressure in the chamber goes down to 70 bar before argon is introduced. When the
chamber is ready with the set amount of argon (30 mbar) the coating spray process
starts. Once the spraying process is completed and the door opens, the coatings are left
to cool for 15 min before being handled. Spray parameters used for deposition of the
coatings are listed in Table 1. All the process parameters, including the spray distance,
were kept constant throughout the coating process.
Table 1.- process parameters of the plasma arc spraying system

Parameter

Value

Argon Flow Rate

80 l/min

Hydrogen Flow Rate

5.0 l/min

Current

600 A

Powder Feed Rate

25 g/min

Vacuum Pressure

30 mbar

Spray Distance

300 mm

The photographs of coated and un-coated samples are given in Figure 17.

Figure 17 Pictures of uncoated, NiAl3 coated and Ni-18 coated stainless steel samples.
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3.2.2. Coating characterization
Preparation of samples for characterization
Metallographic cross sections of the coatings were prepared for characterisation. The
samples were cut using precision saw. The cut sample pieces were embedded in resin.
The mounted samples were polished, starting with 120 grit sand paper and finishing with
2500 grit paper. The samples were washed with water and washing up liquid and dried
with blow dryer. In Figure 18 an optical microscope image of sample ready for
characterization is shown.

Figure 18. - Image taken with an optical microscope of a NiAl3 coating on SS.

Microstructure of plasma sprayed coatings
The Scanning Electron Microscopy (SEM) images of the microstructures of Ni-coatings
applied on substrates using plasma technique are shown in Figure 19. According to SEM
images the coatings are approximately 4–9 µm in thickness. Composition of respective
coatings obtained by EDX can be found in the table in Figure 19b. Ni-18 composition
analysis shows that the substrate (zone 3) is iron based including some chromium, cobalt
and titanium (Figure 19 b). Nickel might have diffused from the coating. Coating (zones
1 and 2) is composed of nickel, titanium, chromium and cobalt. Aluminium can be the
result of gritting the substrate prior to plasma spraying. The coatings seemed to be
widely spread particles stuck on substrate. The overall quality of the coating (in terms of
visual aspect and adhesion) does not meet expectations which might be due to the
coarse size of the powder used for coatings.

22

FRIENDS2
H2020 –MSCA-RISE-2014-645725

a)

b)

Figure 19. - a) SEM cross-sectional image of Ni-18 coating. b) Composition (at%) of coatings measured
in (a) boxed regions

The microstructures of NiAl3-coatings applied on substrates using plasma technique is
shown in the SEM images of Figure 20b. The coatings were approximately 77–88 µm in
thickness. Composition of respective coatings can be found in Figure 20a. Again it seems
that Ni might have diffused from the coating to the substrate. Coating contains Ni and
Al, with Al in higher ratio. Elemental composition of Ni3Al coating showed a similar
stoichiometry than the powders source although zones with a higher content (7 at%) of
aluminum were also observed. The box region 2 shows a minimal amount of Fe which
might have diffused from the substrate. The coatings seemed to be good, dense and
adherent to substrate as can be seen in Figure 20a. The better quality of coating as
compared to Ni coating may be attributed to the smaller size of powder particles which
were < 45 µm.
a)

b)

Figure 20. - a) Composition (at%) of coatings measured in (b) boxed regions b) SEM cross-sectional
images of Ni3Al-coatings
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Phase analysis of the coatings
As the elemental composition already showed, XRD diffractograms of Figure 21 also
pointed to diffusion from the SS substrate to the coating during deposition of Ni-18
coating. For the mixed powder, NiAl3 was found as the main phase.

Figure 21. - XRD diffractograms of Ni-18 (a) and Ni3Al (b) coatings.

3.3.

Summary and outputs of WP2 activities

Among the different ways to avoid corrosion in solar thermal energy (STE) plants
operating with molten salts, the use of protective coating is one of the most appealing.
An exhaustive literature search on possible corrosion-resistant coatings was carried out.
In a first approach nickel and nickel aluminum powders were selected for coating
preparation by plasma spray. The chemical content and structural properties of the
deposited samples were characterized by SEM, EDX and XRD.
In both types of coatings, diffusion of nickel into the substrate was observed. For Ni-18,
there is also an important diffusion from the substrate to the coating, and not pure
nickel films are obtained. Higher quality coatings were obtained by using Ni3Al powder,
which had smaller particle size. Next research steps include the optimization of Ni-Al
deposition. Several approaches will be considered. On the one hand, taking advantage
of Cranfield University set up which is provided with two arc sources, pure nickel and
pure aluminum will be used in different ratio to obtain a range of stoichiometries. On
the other hand, both powders will be premixed in a ball-mill to obtain the desired
powder precursors.
Regarding process parameter, plasma spray gun to substrate distance will be changed
to observe the corresponding effect in the coating thickness, porosity and adhesion
dependence. Increasing this distance can affect the quality of coating (decreases
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adhesion and increases porosity). In the experiment described above the spray distance
(distance between the gun and substrate) was kept at 300 mm. Other variable
parameters to be analyzed can be gas composition, argon flow, hydrogen flow; powder
feed rate, ambient pressure, arc current, plasma power, particle velocities and
temperature.
The main outputs of WP2 are:
1) FRIENDS2 project deliverable D.2.1.- State of the art (SoA) of protective
anticorrosion coatings, submitted.
2) 1 abstract submitted to a 2016 conference (15 in 6.4).
FRIENDS2 staff involved in WP2:








Jose Luis Endrino (CRAN, WP2 leader)
Elena Guillen (ABG)
Sarah Yasir (CRAN)
John Nicholls (CRAN)
Qi Zhang (CRAN)
Zhaorong Huang (CRAN)
R. Escobar (ABG)
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4. Workpackage 3: Advanced Coating Characterization
The project FRIENDS2 provides a unique opportunity for seconded staff to acquire skills
in advanced characterization techniques. Individual trainings were performed for
seconded ESR by the host institutions within the first period of WP3 (05/2015-12/2015).
The trainings consisted of detailed introductory lectures, supervised experiments with
reference materials, and single-handed measurements with samples that are
investigated within the project. For each advanced characterization technique a manual
was written in cooperation of supervising ER/ ESR and seconded ESR. The details of
these training activities are being summarized in deliverable D3.1.
Advanced characterization techniques play a crucial role for the understanding of
composition, phase structure, and microstructure of materials. They allow a deep insight
of thin film formation and properties, and enable detailed conclusions for their further
optimization. Advanced characterization techniques are distinguished from standard
techniques commonly available in material science labs for routine characterization of
thin films. Since this separation is to some degree arbitrarily, it will be explicitly defined
in this introduction. Basically those methods are considered as “advanced” that are
unique for the consortium or for which the consortium has a particular expertise:
•

•

Ion beam analysis makes use of element-specific and depth-dependent
interactions between ions and matter. This class of methods includes
Rutherford backscattering spectroscopy (RBS), nuclear reaction analysis
(NRA), elastic recoil detection (ERD), and particle-induced gamma or X-ray
emission (PIGE, PIXE). It provides information about coating composition and
elemental depth profiles.
The cluster tool at HZDR enables thin film deposition and comprehensive in
situ analysis in controlled gas atmospheres in the temperature range from 170°C to 800°C. Specifically, in situ Rutherford backscattering spectrometry
enables elemental profiling up to a depth of 1 µm and time resolved tracking
of diffusion and layer exchange processes. Moreover, the cluster tool is
equipped with an in situ Raman spectrometer and a setup for in situ
spectroscopic ellipsometry. In situ Raman spectroscopy reveals the phase
structure of materials and their temperature-induced changes in the range
of -170°C to 800°C with real time resolution of 1 min. In situ spectroscopic
ellipsometry shows the optical behaviour in the same temperature range. By
subsequent modelling optical constants, roughness, thickness or material
fractions and their changes with temperature can be analysed.
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4.1.

Advanced characterization of selected CSP coatings

4.1.1. In situ RBS and Raman study of layer exchange processes in the model
system Si/Ag with the cluster tool at HZDR
Multi-method in situ studies with the cluster tool are of crucial relevance for multi-layer
stacks developed in the field of absorber and mirror coating within FRIENDS 2. Here, a
Si/Ag bilayer on MgO substrate was studied as model system (Figure 22). The MgO/aSi/Ag layer stack, i.e. Ag on top of amorphous Si grown on an MgO single crystal wafer,
was deposited at room temperature and exemplary annealed at 650°C. After annealing,
the 4He+ ions backscattered by Ag have lower, those backscattered by Si have higher
energy than in the measurement of the as-deposited sample (Figure 22a). The Raman
spectrum is initially featureless and shows crystalline Si on the surface of the layer stack
after the experiment (Figure 22b). Real-time data reveal that the layers exchange their
order at approximately 610°C within a time interval of less than 1 min (Figure 22c). The
stacks before and after annealing are schematically shown in Figure 22d (see 9 and 16
in 6.4).

Figure 22. - Results of an in situ annealing experiment of an Ag/ a-Si/ MgO layer stack at 650°C. a) RBS
spectra before (blue solid line) and after (red solid line) annealing with an inset showing the RBS
principles, b) Raman spectra after annealing (red solid curve) in comparison to Si reference Raman
spectra, c) real time and temperature-resolved RBS map of the experiment, d) Schematic layer stack
configuration before and after the experiment.

4.1.2. In situ RBS and ellipsometry studies of (AlTiN1-xOx) absorber films
AlTiN, AlTiO, and AlTiN1-xOx thin films were investigated in order to understand the
influence of the oxygen to nitrogen ratio on the failure mechanisms at high
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temperatures. The thin films were deposited by cathodic vacuum arc and characterized
in situ following the methodology proposed for comprehensive environmental testing
of optical properties in thin films using the HZDR cluster tool.7 All characterizations of
AlTiN1-xOx thin films were carried out in situ without sample exposure to undefined
atmospheres. The low emittance properties of (AlTiN1-xOx), allowed performing in situ
RBS analysis at temperatures above 750ºC (see 6 and 12 in 6.4). No significant changes
in optical properties and composition were found when heating the (AlTiN1-xOx) thin
films in vacuum atmosphere, showing a good stability for high temperatures.
Moreover, ex situ annealing in air was performed on the samples. Ellipsometry, Raman
spectroscopy and ERD results show the influence of the initial oxygen content in the
sample with the inward diffusion of oxygen into the coating and the oxidation resistance
at high temperatures.8
An AlTiN sample prepared on an Inconel substrate from Abengoa Research was
investigated, with respect to the temperature dependent optical response, under HV
conditions using in situ spectroscopic ellipsometry. The sample was heated applying 3
cycles of 2 hours up to 650oC, 800oC and again 800oC (Figure 23). Ellipsometry data were
recorded in steps of 100°C until the final cycle temperature was reached and after
cooling the sample to RT (Figure 24).
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Figure 23. - Vacuum heating cycles applied to AlTiN deposited on Inconel during in situ spectroscopic
ellipsometry studies in the environmental chamber.

7

I. Heras, E. Guillén, R. Wenisch, M. Krause, R. Escobar Galindo, J.L. Endrino - Comprehensive
environmental testing of optical properties in thin films. Procedia CIRP. 22 (2014) 271–276
8
I. Heras, PhD, in progress
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Figure 24. - Ellipsometric angles ψ and Δ for an AlTiN sample (ME10) during the heating cycles from RT to 650 °C
(a, b), from RT to 800 °C in the 2nd heating cycle (c, d), and from RT to 800 °C, in the 3rd cycle (e, f).

As it can be seen in Figure 24, the ellipsometry parameter ψ changes by more than 10%
in the first heating cycle relative to the initial value and does not recover after re-cooling
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to RT. In the subsequent cycles, the changes of ψ are smaller than 2%, and ψ () reaches
almost its response before the second and third heating cycles. The phase shift Δ is in
general less temperature dependent in almost the entire wavelength range.
From these data it can be concluded that the effective optical constants of AlTiN
undergo reversible as well as irreversible changes upon heating in HV. In almost the
whole measured spectral range the refractive index increases by less than 5% of its
original value at room temperature (Figure 25). In the near IR the difference is smaller.
On the other hand the extinction coefficient is constant in the region above 3.0 eV but
decreases at higher wavelengths by about 5% as well as during heating up to 800°C.

Figure 25. - Effective optical constants for AlTiN deposited on Inconel at RT. Left panel: before heating,
right panel: after heating at 800°C.

4.1.3. In situ ellipsometry investigations of transparent conductive oxide
coatings
As promising solar selective transmitter layer SnO2:Ta thin films were deposited by
reactive DC magnetron sputtering and investigated by temperature dependent in situ
spectroscopic ellipsometry in the temperature range from RT to 800°C. The two
experimental observables ψ and Δ did not notably change during the experiment. While
the fitting and data analysis for this series of experiments is still in progress, the
measured data indicate that the SnO2:Ta thin films are thermally stable in the studied
temperature range, and hence, a second promising candidate for thermally stable solar
transmitters in addition to TiO2:Ta.9

9

F. Lungwitz, PhD, in progress
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Figure 26. - Ellipsometric angles ψ and Δ of 300 nm SnO2:Ta on quartz substrate measured in situ under
HV conditions from RT – 800°C.

4.1.4. Phase and defect structure analysis of room temperature deposited Ti
oxide films for dielectric mirrors
A series of titanium oxide (TiOx ) thin films, deposited on Si substrates by cathodic
vacuum arc at room temperature (see 2.4.3), was studied ex-situ by micro Raman
spectroscopy using the iHR 550 Raman spectrometer at the cluster tool (Figure 27). At
first glance, 4 types of TiOx structures were distinguished. The sequence of the 4 TiOx
thin film structure types, as indicated by Raman analysis, is in first approximation a
strong function of the oxygen partial pressure during the deposition. Furthermore, it is
dependent on the total pressure to a lesser extent. The following scenario is derived. At
low oxygen partial pressures of 0.02 Pa ≤ p (O2) < 0.07 Pa, the structure types I and IIa
are formed. Their Raman spectra exhibit 2 broad band features centered at around 250
cm-1 and at around 600 - 800 cm-1. The corresponding line widths of 100 to 300 cm-1 are
typical for phonon density of states-like Raman spectra of amorphous materials. It is
tempting to attribute the low-energy band (50 to 350 cm-1) to titanium-based phonon
states, and the high-energy band (400 to 1000 cm-1) to oxygen phonon-based states.
At a partial oxygen pressure of 0.07 Pa, the general shape of the type II Raman spectrum
is conserved. However, the spectrum exhibits several narrower features, which can be
fit with a set of 10 Lorentzian lines within the wave number range of 175 cm-1 to 850 cm1. Due to this significant difference compared to the other spectra of this structure type,
this spectrum is assigned to structure type IIb (Figure 27 and Figure 28). The further
increase of the oxygen partial pressure gives rise to the formation of the TiOx structure
types III and IV. Structure type III is formed at an oxygen partial pressure of 0.10 to 0.20
Pa at an overall gas pressure of 0.25 Pa.
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Figure 27. - Overall Raman spectra and classification of the AR14 TIOx series according to their Raman
response. The Raman spectrum of the Si substrate was subtracted from the spectra of AR14 SiO x types I
and II. The asterisks denotes Si intensity which could not been completely compensated by the spectra
subtraction. Experimental parameters: iHR 550 Raman microscope, excitation wavelength 532 nm, laser
power 4 mW, focus diameter 5 µm, spectral resolution 2 cm-1, and accumulation time 10 minutes for
one spectrum.

Figure 28. - Raman line shape analysis of TiOx sample classes of type I, IIb, III, and IV. The asterisks denotes Si
intensity which could not have been completely compensated by the spectra subtraction.
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TiOx film formation in the oxygen partial pressure range of 0.10 to 0.40 Pa was
performed at a total pressure of 0.50 Pa. Even though the oxygen partial pressure ranges
partly overlap, the Raman spectra indicate the formation of an at least partly different
structure type IV. The spectra of structure type III are dominated by strong and
characteristic lines at around 450 cm-1 and 610 cm-1. Further features of the type III
spectra are two low-energy lines ~ 170 cm-1 and ~ 250 cm-1 (Figure 27 and Figure 28).
The spectra of structure type IV exhibit strong Raman lines at around 460 cm-1 and 610
cm-1 as well as low-energy features at around 180 cm-1 and 300 cm-1 (see Figure 27 and
Figure 28). Apparently the dominant Raman lines of the structure types III and IV have
almost the same energy. At first glance, the main differences are the larger linewidths
of the type IV spectra and the higher relative intensity of the low-energy modes (see 5
in 6.3).

4.2.

Summary and outputs of WP3 activities

Within the first year of FRIENDS2 the involved ESR were trained in single-handed
operation of advanced characterization methods. The potential of the cluster tool for
multi-method investigations of materials at temperatures up to 800°C was successfully
demonstrated for a model stack of Si/Ag mimicking a multilayered solar thermal coating.
Other scientific highlights were the worldwide first RBS experiment at 800°C, the
temperature stability of the selective transmitter SnO2:Ta, and the detailed phase and
defect structure analysis of room temperature deposited Ti oxides including rutile-type
TiO2.
The main outputs of WP3 are:
1. FRIENDS2 project deliverable D3.1.- Experienced operation of analytical
methods: report on single-handed operation of analytical methods (ex situ and
in situ) for coatings. (Month 15), in preparation.
2. 1 popular science magazine article (see 6.3).
3. 1 oral talk (6 in 6.4) and 1 poster (11 in 6.4). In addition, 2 abstract has been sent
to a 2016 conference (16 and 17 in 6.4).
FRIENDS2 staff involved in WP3:






Matthias Krause (HZDR, WP3 leader)
Irene Heras (ABG)
Elena Guillen (ABG)
Robert Wenisch (HZDR)
Erik Schumann (HZDR)
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Frank Lungwitz (HZDR)
Daniel Janke (HZDR)
María López (ABG)
Ramón Escobar (ABG)
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5. Work package 4: Evaluation tests of optimized and selected
coatings
This workspace will start on M24 so no activity has been reported in this period.
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6. Work package 5: Networking and Dissemination
The objective of WP5, Networking and dissemination, is to promote smooth
collaboration within the network and to guarantee a successful knowledge transfer and
results broadcast. Traditional channels such as publication of papers, attendance to
conferences and organization of workshops are good approaches for communication.
During 2015 the main dissemination actions were focused on the creation of the project
webpage and the organization of the first FRIENDS2 workshop at Cranfield University.
Results from the project were published in 2 scientific journals and 11 international
conferences.

6.1.

FRIENDS2 webpage

The first version of the FRIENDS2 website went online in July 2015 and is available under
www.friends2project.eu. It was set up as an information platform and communication
forum for the consortium as well as an interface to the wider public. It has been
continuously updated over the past months to reflect the progress of the project.
Among others, it features a section for publications and news. A restricted area of the
website serves the consortium as web-based data storage tool to centrally store all
project relevant information, files, and data.

Figure 29.- Home page of FRIENDS2 website.

The webpage (see Figure 29) consists of the following seven tabs:
1) HOME: It opens the homepage of website, which includes the project mission and
capabilities along with the latest posts.
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2) ABOUT FRIENDS2: It contains five sub-tabs which are project summary, work
programme, consortium members, our team and expected impacts.
3) NEWS: This is the most active section of the webpage as all project news have been
published here including news about conferences, secondments, workshops, etc.
(Figure 30).

Figure 30.- News page from FRIENDS2 web.
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4) OUTCOMES: It contains four sub-tabs which include publications, visual material
(videos) and project documents (public deliverables and documentation).
5) CONTACT: Describes the details of main contact members for all four partners.
6) LINKS: Consists of a list of interesting links related with the project.
7) PRIVATE AREA: This area is password protected to be used by authorised group
members and contains restricted documents (i.e. confidential deliverables).

6.2.

Workshop

Four annual two-day workshops aimed at training students and engineers within
FRIENDS2 as well as the general scientific community are planned to be organized during
the project lifetime. These workshops are expected to offer an opportunity to establish
links between industry and the young professionals attending these courses with visits
to laboratories and other manufacturing facilities.

Figure 31.- Pictures from the workshop at Cranfield University.

On June 23rd-25th 2015, the FRIENDS2 project group organized a training workshop on
Extreme Surface Engineering and Coatings, at Cranfield University campus. During the
practical sessions reviewed concepts of surface engineering and lab practice (Figure 31),
combined with over eight hours of hands-on deposition training, analytical
demonstrations and laboratory tours, provided the enthusiastic attendants an excellent
opportunity to broaden their expertise in coating technologies.
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6.3.

Publications

The best way of disseminating results to the scientific community is through publication
in international and specialized journals. The scientific papers published in 2015 during
FRIENDS2 project are given below
1. Heras, E. Guillén, M. Krause, A. Pardo, J. L. Endrino, R. Escobar Galindo. “Solar
selective coatings based on carbon: transition metal nanocomposites”, in High
and Low Concentrator Systems for Solar Energy Applications X, Proceedings of
SPIE Vol. 9559 (SPIE, Bellingham, WA 2015), 955908 (WP1)
2. E. Guillén, I. Heras, G. Rincón Llorente, F. Lungwitz, M. Alcón, R. Escobar-Galindo.
“High density TiO2 thin films deposited by Filtered Cathodic Vacuum Arc”, in
Nanostructured Thin Films VIII, Proceedings of SPIE Vol. 9558 (SPIE, Bellingham,
WA 2015), 95580S. (WP1)
In addition 3 other papers are in preparation to be submitted in 2016:
3. I. Heras, E. Guillén, G. Abrasonis, A. Pardo, J. L. Endrino, M. Krause, R. Escobar
Galindo, “Optimization of solar selectivity in multilayer and homogeneous
carbon: transition metal carbide nanocomposite thin films”, 2016, in
preparation. (WP1)
4. M. Meško, F. Munnik, R. Heller, J. Grenzer, R. Hübner, M. Krause, “Selective
impurity suppression and microstructure evolution in Ti thin films deposited by
high power impulse magnetron sputtering”, 2016, in preparation (WP1)
5. E. Guillen, I. Heras, G. Rincón Llorente, F. Lungwitz, M. Alcón, R. Escobar-Galindo
“Advanced characterization of FCVA TiO2 thin films” in preparation. (WP1)
Moreover, the consortium members published articles about the project in public
magazines and newsletters:



Kick-Off meeting of FRIENDS2, first H2020 European Project coordinated by
Abengoa Research “(Abengoa News, April issue, page 33)” (Figure 32)
Krise - Knappheit - Kreativität, Sibylle Gemming forscht in Rossendorf an
kleinsten Teilchen und neuen Materialien, DREWAG Magazin, 2015 (Figure 33).
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Figure 32.- Picture from the article published in Abengoa News magazine.

Figure 33.- Picture from the article published in DREWAG magazine.

6.4.

Conferences

As described in the DoW, the results of the project were presented as oral and poster
communications at the most prestigious international scientific conferences in materials
science. The list of FRIENDS2 contributions in 2015 to conferences is as follows:
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Keynote/Invited Presentations:
1. R. Escobar Galindo. Keynote Presentation. “How surface engineering can be
applied to improve thermosolar technology: from simulation to real operation”.
16th European Conference on Applications of Surface and Interface Analysis
(ECASIA 2015), Granada (Spain), 28th September-1st October 2015 (WP1)
Oral Presentations:
2. I. Heras, E. Guillén, M. Krause, A. Pardo, J. L. Endrino, R. Escobar Galindo. Oral
Presentation. “Carbide formation and Optical Properties in Carbon:Transition
Metal Nanocomposites Thin Films”. Materials Research Society Spring Meeting,
San Francisco (USA) 6-10th April 2015. (WP1)
3. F. Lungwitz, E. Guillen, R. Escobar Galindo, M. Neubert, M. Krause and S.
Gemming. Oral Presentation. “High temperature stable transparent conductive
oxides for solar thermal applications”. 8th International Conference on Materials
for Advanced Technologies (ICMAT 2015), Singapore, 28th June-3th July, 2015
(WP1)
4. I. Heras, E. Guillén, M. Krause, A. Pardo, J. L. Endrino, R. Escobar Galindo. Oral
Presentation. “Solar selective coatings based on Carbon:Transition Metal
Nanocomposites”. SPIE Optics+Photonics for sustainable energy, San Diego
(USA) August 10-14th, 2015 (WP1)
5. E. Guillén, I. Heras, G. Rincón Llorente, F.Lungwitz, M. Alcón, R. Escobar-Galindo.
Oral Presentation. “High density TiO2 thin films deposited by Filtered Cathodic
Vacuum Arc”. SPIE Optics+Photonics for sustainable energy, San Diego (USA)
August 10-14th, 2015 (WP1)
6. I. Heras, E. Guillén, M.Krause, R. Wenisch, F. Lungwitz, R. Escobar Galindo. Oral
Presentation. “Comprehensive real time characterization of AlTiON thin films at
high temperatures” 78th IUVSTA workshop, Braga (Portugal), 5-9th October 2015
(WP3)
Posters:
7. I. Heras, G. Rincón Llorente, E. Guillen Rodríguez, R. Escobar Galindo. Poster.
“Modeling and Characterizing the Optical Properties of Solar Selective Coatings”.
Materials Research Society Spring Meeting, San Francisco (USA) 6-10th April
2015. (WP1)
8. F. Lungwitz, E. Schumann, R. Wenisch, M. Neubert,, E. Guillen, R. Escobar,M.
Krause, S. Gemming. Poster. “Optical and electrical characterization of TiO2based transparent conductive oxides” 79th Annual Meeting of the Condensed

41

FRIENDS2
H2020 –MSCA-RISE-2014-645725

Matter Section (SKM) Spring Meeting of Germany, 15-20th of March
http://berlin15.dpg-tagungen.de/index.html?lang=en. (WP1)
9. M. Meško, F. Munnik, R. Heller, J. Grenzer, R. Hübner, M. Krause, Poster
“Preparation and characterization of high purity Ti thin films by high power
impulse magnetron sputtering deposition”, 6th International Conference on
HIPIMS 2015, Braunschweig, Deutschland (WP1)
10. R. Wenisch, I. Heras, R. Heller, D. Hanf, R. Hubner, F. Lungwitz, E. Schumann, S.
Gemming, M. Krause. Poster. “In situ study of metal induced crystallinization
processes for low-dimensional materials synthesis” International Winterschool
on Electronic Properties of Novel Materials, 7-14th March, 2015
http://www.iwepnm.org/2015/ (WP3)
11. R. Wenisch, D. Janke, I. Heras, R. Heller, D. Hanf, R. Hübner, F. Munnik, S.
Gemming, M. Krause, Poster. “In situ Study of Metal Induced Crystallization
Processes for Low-Dimensional Materials Synthesis”, International Winterschool
on Electronic Properties of Novel Materials, 13-20th February, 2016
http://www.iwepnm.org/2016/ (WP3)
In addition, the following abstracts have been submitted for conferences in 2016:
12. I. Heras, E. Guillén, R. Wenisch, M. Krause, R. Escobar Galindo, “In situ study of
high temperature stability and optical properties of Aluminum-Titanium
Oxynitride thin films”, EMRS spring meeting 2016, Lille, submitted (WP1)
13. M. Meško, J. Halanda, F. Munnik, R. Heller, J. Grenzer, R. Hübner, S. Gemming,
M. Krause, “Impurity suppression in sputtered metallic thin films using HiPIMS”,
15th International Conference on Plasma Surface Engineering, September 12 - 16,
2016, Garmisch-Partenkirchen, Germany, submitted (WP1)
14. G. Rincón Llorente, E. Guillén, E. Schumann, I. Heras, M. Mesko, F. Munnik, M.
Krause, Ramón Escobar Galindo, “Comparative study of the deposition of highly
reflectant metal thin films by ionized PVD techniques”, 15th International
Conference on Plasma Surface Engineering, September 12 - 16, 2016, GarmischPartenkirchen, Germany, submitted (WP1)
15. S. Yasir, E. Guillén, S. Gray, R. Escobar Galindo, B. Shollock, J. L. Endrino,” Nickelaluminium based anticorrosion coatings prepared by Plasma Spray for high
temperature industrial applications.” 15th International Conference on Plasma
Surface Engineering, September 12 - 16, 2016, Garmisch-Partenkirchen,
Germany, submitted. (WP2)
16. R. Wenisch, I. Heras, F. Lungwitz, D. Janke, E. Guillén, R. Heller, S. Gemming, R.
Escobar Galindo, M. Krause, In situ RBS, Raman, and ellipsometry studies of
layered material systems at elevated temperatures, 15th International
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Conference on Plasma Surface Engineering, 2016, Garmisch-Partenkirchen,
Germany, submitted. (WP3)
17. F. Lungwitz, E. Schumann, E. Guillen, R. Escobar Galindo, M. Krause, S. Gemming,
“High temperature stable TCOs as selective transmitter for solar thermal
applications”, 15th International Conference on Plasma Surface Engineering,
2016, Garmisch-Partenkirchen, Germany, submitted. (WP3)

Figure 34. - Picture from the oral talk given by Irene Heras at IUVSTA workshop, Braga 2015.

6.5.

Seminars

One crucial activity during FRIENDS2 secondments was the organization of public
seminars given by the seconded staff members. The summary of the seminars held in
2015 is given in the following list:
1. Selective coatings for concentration solar power technology : From simulation to
real application.- Dr. R. Escobar Galindo (Abengoa Research), Cranfield
30/01/2015
2. Cu Nanowire transparent conductive electrode
and
other
functional
material thin films.- Dr. Z. Huang (Nanotechnology Group, Cranfield University)
Seville, 07/09/2015
3. Nano and Functional Materials.- Dr. Q. Zhang (Nanotechnology Group, Cranfield
University )Seville 09/10/2015
4. Ellipsometry fundamentals workshop.- E. Schumann & F. Lungwitz (HZDR),
Seville 15/10/2015
5. Multilayer optical selective coatings for extreme temperature resistance: from
concept to solar applications.- I. Heras Pérez (Abengoa Research), Dresden
17/11/2015 November 2015
6. Williamson-Hall analysis of XRD data.- D. Janke (HZDR), Seville 10/12/2015 2015
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Figure 35. - Pictures from the seminars given by FRIENDS2 seconded staff at Abengoa.

FRIENDS2 staff involved in WP5:
















Jose Luis Endrino (CRAN, WP5 leader)
Matthias Krause (HZDR)
Irene Heras (ABG)
Frank Lungwitz (HZDR)
Elena Guillén (ABG)
Gonzalo Rincón (ABG)
Robert Wenisch (HZDR)
Erik Schumann (HZDR)
Ibon Azkona (MET)
Francisco Montero (ABG)
Sarah Yasir (CRAN)
John Nicholls (CRAN)
Qi Zhang (CRAN)
Zhaorong Huang (CRAN)
Sibylle Gemming (HZDR)
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Daniel Janke (HZDR)
Ramón Escobar (ABG)

7. Work package 6: Administrative project management
The consortium management is the content of WP6 (Administrative project
management) and according to the DoW includes the following tasks:
•

T6.1: Project Management

•

T6.2: Management of progress and risk

•

T6.3: Consortium communication

•

T6.4: Coordination of communication and administrative management

Project progress and activities were closely monitored by the project coordinator,
including work package status, deliverables and secondments. The following
achievements were made during the first interim reporting period (Month 1 to Month
12) of the project lifetime:

7.1.

Contracts

Upon receiving an invitation for negotiation from the EC, the legal representatives of all
partners signed the GA Declaration of Honour in October 2014. The Grant Agreement
was then signed by all partners in due time via the Participant Portal- Grant Agreement
Service before the start of the project on 1 January 2015. In an email dated 18/02/2016
the EC informed the coordinator that a revised version of the H2020 Model Grant
Agreement had been adopted by the Commission, which would lead to a Commission
Initated Amendment of the FRIENDS2 Grant agreement with the aim of upgrading it to
the latest model in force. All partners have been informed about the changes.
The FRIENDS2 Consortium Agreement was prepared, negotiated and signed by all
partners by April 2015. It is based on the DESCA Model and includes provisions
concerning the responsibilities of the parties, management structure, confidentiality,
and IP rights. The coordinating institution Abengoa Research distributed an originally
signed document to all partners.

7.2.

Financial administration:

The first EC payment was received by the coordinator after the start of the project (end
of January 2015). The distribution of the total pre-financing amount (204.525,00 EUR)
was made in accordance with all partners, as agreed during the Kick off meeting,
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according to the percentage the beneficiaries have of the total project budget (see Table
2). The transfer of the partners´ shares were made without delay shortly after ABG had
received the total amount.
Table 2.- Distribution of EC Pre-financing*:

Partner shares
Beneficiary Nr

Short
Name

Total Costs

%

1

ABG

216.000,00

48

97.200,00

2

HZDR

108.000,00

24

48.600,00

3

CRAN

112.500,00

25

50.625,00

4

MET

18.000,00

4

8.100,00

Total

454.500,00

100

204.525,00

* upon request, this overview and the corresponding bank letters were send to the EC project officer Ms. Alexandra Pedersen in
an email dated 18 February 2015, as well as detailed information on the secondments (see tables below)

The EC funds were used for the staff members´ travel expenses, consumables and,
networking and training activities related to the project.

7.3.

Meetings

The Project Kick-Off Meeting was held at the coordinating institution Abengoa Research
in Seville, Spain on January 22-23th 2015 (Month 1). After a round of introduction, each
partner institution presented its role within FRIENDS2 per Work Package. ABG held a
general presentation on administrative and financial issues in order to introduce the
partners to the overall H2020 procedures, and the specific provisions of the RISE
scheme. Financial provisions and secondment eligibility rules were explained and
discussed in detail. Most importantly, the partners planned the secondments of staff
members for the first project year and discussed the scientific work plan of the first six
months to start the activities in the different work packages.
A Central Executive (CEB) meeting either in person or via telephone has been scheduled
every 4 months. The CEB consists of a group of Principal Investigators, one from each
Party. The Central Executive Board is the decision-making body of the consortium.
During CEB meetings, the scientific work progress and the related secondment plan are
reviewed. Meeting minutes are distributed after each meeting by the coordinator.
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The following Table 3 summarizes the CEB telephone meetings:
Table 3.- Summary of FRIENDS2 meetings in 2015

Date

Venue

25/03/2015 Teleconference

Issues discussed/ Decisions taken
Discussion of reporting requirements
WP1 update: use of same template to collect
information for characterization and deposition

07/07/2015 Teleconference

Launch of project webpage
WP1 and 3 updates: analysis of the deposited
coatings

19/11/2015 Teleconference

WP1 update: decisions taken regarding coating
absorbers and reflectors
WP2: activities kicked off
WP3 update: Raman, IBA and Ellipsometry
experiments at high temperature completed

7.4.

Implemented secondments:

Due to internal policies and restrictions, all partners decided to split the secondments
of most researchers into stays of approximately one or two weeks, instead of the
required full month. Careful monitoring allows the partners to ensure that every stay at
a partner institution sums up to a 30 day secondment. The Researcher Declarations as
part of the Project Continuous Reporting requirements are submitted by every
researcher after their stay via the Participant Portal.
The following Figure 36 gives an overview of the completed secondments per partner
and staff member during 2015, with the figures in the right columns summarizing the
PM carried out in 2015 compared to the planned according to Annex I in 2015. The
accumulated PM and the percentage of PM implementation are also shown.
Table 4 shows the distribution of secondments among the Friends2 staff members,
featuring the number of days spent at a hosting partner while in Table 5, details on the
individual travels per staff member, are given, documenting the exact travel dates,
number of seconded days and related WPs.
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1
January
1

ID
1
2
3
4
5
6
7
8
9

ABG
REG
EGR
VCV
CAG
GRL
IHP/ESR
ABF
MLH/ESR
MAC

HZDR
MK
SG
ES
FL
DJ
ESR

January

9
10
11
12
13
13

14
15
16
17
18
19
20
21

CRAN
JLE
JN
CS
JR
DB
QZ
ZH
SY

January
1
1

MET
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4
April
2
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8
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15
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1 1
1
1
1
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0.25
0.25
2 2
2
1
2
2 2
2
1
2
1 1
0.5
0
0.5
0
1
0
5.75
4.25
5.75
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4
1
4
5
6
4
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1
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0
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0
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Figure 36.- Time chart showing the distribution of FRIENDS2 secondments within 2015 per seconded
staff and partner.

Table 4.- Summary of FRIENDS2 secondments in 2015 per seconded staff.
Staff
Daniel Janke
Elena Guillen
Erik Schumman

Frank Lungwitz

Gonzalo Rincon
Irene Heras

Jose luis Endrino
John Nichols
Matthias Krause
Maria Lopez
Qi Zhang
Ramon Escobar
Sybille Gemmings
Zharong Huang

Secondment
code
DJ1
EGR1
EGR2
ES1
ES2
ES3
FL1
FL2
FL3
GRLL1
IHP1
IHP2
IHP3
IHP4
JLE1
JN1
MK1
MK2
MLH1
MLH2
QZ1
REG1
REG2
SG1
ZH1

2015
15
14
30
31
30
0
31
30
0
30
30
31
31
0
36
5
30
0
9
8
15
14
24
7
15

2015
Secondment completed
Split secondment >=15days
Split secondment <15days

11
4
6

The sum of the PMs spent on secondments per partner (Table 6) is roughly in line with
the number planned at the beginning of the project despite some deviations which are
explained below in section 7.5. Finally, the distributions of PM spent per partner among
the different work packages are shown in Figure 37.
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Table 5.- Summary of the individual travels details regarding 2015 secondments in FRIENDS 2.
Travel Detalis

ES
FL
JLE
JN
REG
EGR
IHP
GRLl
REG
ES
FL
REG
IHP
MLH

Sending
organization
HZDR
HZDR
CRAN
CRAN
AR
AR
AR
AR
AR
HZDR
HZDR
AR
AR
AR

Hosting
organization
AR
AR
AR
AR
CRAN
HZDR
HZDR
HZDR
HZDR
AR
AR
HZDR
CRAN
CRAN

Date
arrival
21/01/2015
21/01/2015
21/01/2015
21/01/2015
25/01/2015
20/02/2015
26/02/2015
08/03/2015
22/03/2015
12/04/2015
12/04/2015
29/04/2015
11/06/2015
17/06/2015

Date
# Days
departure of secondment
30/01/2015
10
30/01/2015
10
23/01/2015
3
25/01/2015
5
30/01/2015
6
05/03/2015
14
27/03/2015
30
22/03/2015
15
27/03/2015
6
25/04/2015
14
25/04/2015
14
08/05/2015
10
26/06/2015
16
25/06/2015
9

WP1
WP1
WP2
WP1
WP2
WP1
WP1
WP1
WP1
WP3
WP3
WP1
WP2
WP3

Secondment
code
ES1
FL1
JLE1
JN1
REG1
EGR1
IHP1
GRLL1
REG2
ES2
FL2
REG2
IHP2
MLH1

REG
EGR
JLE
ZH
IHP
MK
SG
ES
FL
QZ
EGR
IHP
MLH
GRLl
REG
DJ
MK
ES
FL
JLE

AR
AR
CRAN
CRAN
AR
HZDR
HZDR
HZDR
HZDR
CRAN
AR
AR
AR
AR
AR
HZDR
HZDR
HZDR
HZDR
CRAN

CRAN
CRAN
AR
AR
CRAN
AR
AR
AR
AR
AR
CRAN
HZDR
HZDR
HZDR
HZDR
AR
AR
AR
AR
AR

21/06/2015
22/06/2015
04/08/2015
03/09/2015
13/09/2015
16/09/2015
16/09/2015
27/09/2015
27/09/2015
04/10/2015
30/10/2015
02/11/2015
03/11/2015
15/11/2015
15/11/2015
29/11/2015
29/11/2015
30/11/2015
30/11/2015
18/12/2015

28/06/2015
04/07/2015
19/08/2015
17/09/2015
27/09/2015
30/09/2015
22/09/2015
17/10/2015
17/10/2015
18/10/2015
15/11/2015
02/12/2015
10/11/2015
29/11/2015
22/11/2015
13/12/2015
13/12/2015
15/12/2015
15/12/2015
03/01/2016

WP2
WP2
WP2
WP2
WP2
WP1
WP1
WP1
WP1
WP2
WP2
WP3
WP3
WP1
WP1
WP3
WP1
WP3
WP3
WP2

REG1
EGR2
JLE1
ZH1
IHP2
MK1
SG1
ES1
FL1
QZ1
EGR2
IHP3
MLH2
GRLL1
REG2
DJ1
MK1
ES2
FL2
JLE1

Staff

8
13
16
15
15
15
7
21
21
15
17
31
8
15
8
15
15
16
16
17

WP

Table 6.- Summary of secondment PM implemented in 2015 per partner as compared to the planned
schedule.
Planned
PM

ABG
Actual
PM

11

7,4

%
actual
PM
vs.
total

Planned
PM

HZDR
Actual
PM

16

4,25

5,8

%
actual
PM
vs.
total

Planned
PM

CRAN
Actual
PM

24

3

2,4

%
actual
PM
vs.
total

Planned
PM

MET
Actual
PM

10

1

0

%
actual
PM
vs.
total
0
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Figure 37.- Distribution of PM spent in 2015 per
partner among the WPs in FRIENDS2.

7.5.

Deviations from secondment plan:

ABG: 3 researchers belonging to Abengoa Solar New Technologies (ASNT) were included
in the secondment plans when the project proposal was drafted; as it was assumed that
they would have transferred to Abengoa Research by the start of the project. Due to
several internal constraints, this transfer has been delayed and the 3 researchers
continued their contracts with ASNT. Being contractually staff members of a different
business unit, they are not eligible for secondments within the FRIENDS2 project. The
actual number of secondments is therefore considerably smaller than initially planned.
The ABG team now analyzes whether researchers belonging to Abengoa Research from
other research areas can be included in the secondment plan (i.e. modelling), which
would complement the interdisciplinary, scientific work in FRIENDS2.
HZDR: No deviation from the secondment schedule was reported.
CRAN: Cranfield University recruited a new PhD student (ESR, Sarah Yasir) in June 2015.
In order to comply with the eligibility rules for seconded staff members under the RISE
scheme, Sarah had to wait 6 months before going on her first secondment.
Consequently, the secondment plan of CRAN has been slightly delayed.
MET: Mr. Ibon Azkona, RTD Manager at Metal Estalki, had to postpone his planned
secondment for 2015 to 2016 due to urgent personal reasons.
The described deviations from the 2015 secondment plan have had no negative impact
on the scientific work of the project. An increase in the number of secondments during
2016 will be discussed during the next project meeting.
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7.6.

Deliverables

The following table summarizes the deliverables submitted until March 2016:
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Table 7.- Deliverables list. (Dissemination level: PU = Public; CO = Confidential; CL = Classified).
WP
No

Del
No
D1.1

Title
Improvement
potential of SoA
of absorbers and
mirrors

Lead
Partner

Nature

Dissem.
Level

Deliv.
Date
(annex I)

Actual
Deliv. Date

Status

Comments

HZDR

Report

PU

Apr 2015

Feb 2016

Submitted

At
the
KOM
the
consortium decided to
submit a more extended
and
comprehensive
version of D1.1 Therefore,
the final delivery of the
document was delayed.

WP1

This implies no impact on
the scientific work of the
project.

WP2

D1.2

Simulations
of
optical coatings

HZDR

Report

CO

Jan 2016

Feb 2016

Submitted

D2.1

Improvement
potential of SoA
of
protective
coatings

CRAN

Report

PU

Jun 2015

Feb 2016

Submitted

This deliverable was
delayed due to the late
recruitment of a PhD
student in Cranfield.

D2.2

Simulations
results with FEM
analysis

CRAN

Report

CO

Jan 2016

Feb 2016

Submitted

Due to D2.1 delay the
simulation results from
D2.2 were performed on
optical coatings designed
in WP1 instead of WP2.
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D5.1

Newsletter
webpage

and

CRAN

Website

PU

Jun 2015

Jul 2015

Submitted

www.friends2project.eu

D5.2

Annual workshop
on Innovation of
new coatings of
surface
engineering for
durable coatings

CRAN

Other

PU

Oct 2015

Jun 2015 /
Feb 2016

Submitted

The workshop was held in
June 2015 and the news
appeared on the project
website shortly after; the
news were uploaded on
the EU PP in Feb 2016

D6.1
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7.7.

Project planning and status

In general, the project’s work plan was implemented as foreseen during the first interim
reporting period Month 1–12.
The planning and the status of the project are as follows:
WP1 - As planned in the DoW.
WP2 – Delayed start due to late hiring of PhD student
WP3 – As planned in the DoW
WP4 – Not started yet
WP5- As planned in the DoW
WP6 - There were some (minor) deviations in the submission of deliverables and the
achievement of milestones.
For more detail, reference is made in the reports of the individual work packages. All
these deviations did not have a negative impact on other tasks and did not influence the
resources originally planned. They will, in general, add value to the quality of the work
carried out in FRIENDS2.

FRIENDS2 staff involved in WP6:








Irma Mantilla (ABG, WP6 leader)
Matthias Krause (HZDR)
Jose Luis Endrino (CRAN)
Elena Guillén (ABG)
Ibon Azkona (MET)
Sibylle Gemming (HZDR)
Ramón Escobar (ABG)
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8. Conclusions
As a summary, we consider the first year of the FRIENDS2 project a success, both
technically and network-wise. From a scientific perspective, relevant research results
have been obtained in particular on the preparation and advanced characterization of
optical coatings for high temperature solar thermal applications. The publication of the
results in 2 scientific papers (with 3 more in preparation) and the presentation of 11
contributions at renowned international conferences, are the major indicators of the
excellent and rigorous science of the FRIENDS2 consortium. A careful and exhaustive
planning of activities optimized the use of time during the secondment periods.
Moreover, continuous reporting and exchange of information among the partners
enabled the involvement of all the members of the consortium in the different activities
within the project.
But beyond the scientific side, the main objective of this RISE project has been the
promotion of an academy-industry knowledge transfer. In this regard, and despite minor
deviations in the planned secondment schedule, the key target of the FRIENDS 2 project
has been accomplished. The inter-sectorial exchange has been carried out in a very
relaxed and “friendly2” atmosphere, offering in particular the ESR the opportunity of
learning a wide range of new scientific and non-scientific skills. The interaction was not
limited to the members of the consortium. Meetings, seminars and day-to-day work
during secondments allowed the participants to interact with other members of the
hosting institutions. Hence, we conclude that until today this project has been a fruitful
experience for all the participants both from a personal and a professional point of view.
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