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Executive Summary 
The EU-funded research project SFERA2 – grant agreement 312643 – aims to boost 

scientific collaboration among the leading European research institutions in solar 

concentrating systems, offering European research and industry access to the best research 

and test infrastructures and creating a virtual European laboratory.  

This deliverable is part of the results of the task 3 of the workpackage 13 Determination of 

physical properties of CSP materials under concentrated solar irradiation within the Joint 

Research Activities.  

This workpackage 13 aims to provide a better evaluation of the material behavior for CSP 

applications and other fields with similar thermal stress, such as high temperature steels or 

SiC, ZrB2 ceramics, thanks to better or new experimental tests bed and associated 

theoretical models. These results will lead to help users developing higher performance 

materials for higher process efficiency. 

The task 3 of workpackage 13 is focused on 2 principal targets: 

• Adaptation of methods to characterize physical and chemical surface properties 

inside the cavities of porous materials to determine the real history and modifications 

of the material after use in CSP applications.  

• Evaluation of transfer properties of porous materials both experimentally with 

upgraded solar test bed and theoretically with improved numerical methods. 

The work presented, related to the first task 3 target, here focus on the selection of two 

analytical techniques (X-Ray Diffraction and X-Ray Photoelectron Spectroscopy) to validate 

methods for the characterization of walls of the cavity foams. This selection is made by 

studying the evolution of the chemical composition and environments of virgin and treated 

samples (SiC and ZrB2 foams).  

In an introduction, the oxidation process of SiC and ZrB2 foams is presented. Then, the solar 

facility and experimental setup are summarized. The analytical techniques and methods and 

the selected samples are then presented.  

The XRD analysis were carried out in order to observe the modifications of crystalline phases 

after a heating treatment and to first select promising candidate for CSP applications. 

The XPS analysis were carried out in order to determine the chemical environment, the 

nature of the chemical bonds, and the chemical composition from the surface to the 

substrate for heated samples (SiC and ZrB2 foams). The presentation of the parameter 

optimization was required to allow the reader to understand which variables are needed to be 

studied to analyze no-flat and small surfaces (< 0.1 mm2) of cavity wall. 

The discussion about XPS results is followed by this work conclusion.  
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1) Abstract 
 This study concerns the characterization of the surface cavities of porous materials as 

ceramics foams used in high temperature volumetric solar absorbers. These ceramics 

materials must reach high efficiency at high temperature. Several foam samples currently 

available in the industry were characterized by XRD (Aluminium oxide: Al2O3, Zirconium 

oxide: ZrO2 and silicon carbide: SiC). However, Al2O3 and white ZrO2 compounds revealed 

low solar absorptivity efficiency for thermo solar conversion(1). Experimental results obtained 

for SiC foams (measured absorptivity = 0.7-0.8, IR-TF SOC 100)(2), considered to be the 

reference material for volumetric absorber. New selective foam (Zirconium diboride, ZrB2) 

with spectral selectivity i.e. high solar absorptivity (0.7 to 0.8) and low infra-red emissivity 

was first investigated by XRD. Experimental methods for XPS were optimized in order to 

characterize the wall of the pores. XPS could become one of the most appropriate 

techniques to analyze oxidized foams (surface and bulk). After a heating treatment with solar 

energy, the microstructure (crystalline phases, chemical bonds and environments, chemical 

composition…) and the oxidation behavior of the ZrB2 and SiC foams were determined.   

 

Keywords: XPS, XRD, high temperature, oxidation process, ceramic foams 

 

2) Introduction 
	
  
 SiC compounds have been developed into a high quality technical grade ceramic with 

very relevant properties for volumetric solar absorbers. Under heating treatment in air, a 

protective silicon oxide coating is formed from 1500 to about 1850 K. High thermal 

conductivity and low thermal expansion coefficient, high strength are key properties for 

thermal shock resistances. Chemical purity of silicon carbide ceramics leads to high strength 

close to 1900 K. Other interesting properties are low density, high hardness and fracture 

toughness, high elastic modulus(3). SiC compounds have several crystallographic phases 

(cubic (β-SiC), rhombohedric and hexagonal (α-SiC)) with more than 170 polytypes with two 

identical dimensions and a different third. During a heating treatment in air (atmospheric 

pressure), the α-SiC phase is thermodynamically more stable than the β-SiC phase. 

 The microstructure of surface and the properties of materials heated at high 

temperature with solar energy depend of the oxidation behavior and process. SiC 

compounds are oxidized following two regimes mainly depending on the oxygen partial 

pressure, the temperature of treatment and the crystalline phase of SiC layer. Several 

authors studied the oxidation process of SiC materials(4-33) and two reviews about the 

oxidation process of SiC have been recently written by Roy et al (34) and Jacobson et al(35).  
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 The passive oxidation process often occurs at low temperature (above 900 K) and 

high partial pressure of oxygen. This process leads to the formation of a protective, 

homogenous and dense layer of silica on the surface of SiC compound. A mass increase is 

observed. Our previous studies of kinetic oxidization at different temperatures (1700 to 1900 

K) vs times of oxidation, on CVD β-SiC samples(36,37) revealed two analytical models 

described by parabolic and linear curves. The parabolic process is limited by the diffusion of 

oxygen atoms through the silica layer. The second process mainly depends of the chemical 

reactions(34,38-43). 

The passive oxidation reactions of a SiC layer are described by:    
 
SiC(s) + 3/2 O2(g) = SiO2(s) + CO(g)       (1) 

or 

SiC(s) + 2 O2(g) = SiO2(s) + CO2(g)        (2)

      

 In contrast, the active oxidation process occurs at high temperature and low partial 

pressure of oxygen (< 1.105 Pa). This process reduces the strength and leads to mass loss 

of the sample. The SiC layer is not protected and gradually destroyed with SiO and CO gas 

species emissions. The active oxidation reaction of a SiC layer is described by:   

  

SiC(s) + O2(g) = SiO(g) + CO(g)        (3) 

or  

SiC(s) + 3/2 O2(g) = SiO(g) + CO2(g)       (4) 

 

 At the passive-active transition, five compounds or species can be detected with two 

solid phases SiC(s), SiO2(s) and one gas phase composed by O2(g), CO(g), SiO(g). The 

parameters of this system are the total pressure, the temperature and the oxygen partial 

pressure. So, the variance of this system is three. For the passive/active transitions oxidation 

regime, Balat(8) and Presser et al(44) present a critical review of theoretical or experimental 

data, according to the partial pressure of oxygen species and the temperatures. The variety 

of reported experimental results can be explained by the nature of the silicon carbide 

specimen (polytypes, microstructure, chemical  composition, purity, grain size, grain 

boundary, density impurities or sintering aids contents), the gas flow, the partial and total 

pressures, the method used and the criterion taken to define the transition. Experimental 

transitions of the mixed process (passive/active and active/passive) were studied by other 

authors (28,30,31,35,39,45,46). 
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 Ceramic compounds based on metal borides, such as zirconium diboride (ZrB2) are 

defined as UHTCs because of their high melting temperatures, which are greater than 

3300K. ZrB2 materials have a lower theoretical density (6.09 g/cm3), high thermal 

conductivity, high hardness which classifies them as promising candidates in several 

industrial sectors in particularly for high temperature volumetric solar absorbers. The value of 

the fracture toughness in ZrB2 ceramics is approximately 3.8 MPa.m1/2. Many studies of ZrB2 

oxidization were carried out in order to show the oxidation resistance to a heating treatment 

and to understand the mechanisms and the modification of the chemical - physical properties 

of the layers (47-62).  

 Oxidation of ZrB2 compounds leads to the formation of B2O3 and ZrO2 oxides. The 

oxidation reactions of a ZrB2 layer are described by:  

   

ZrB2(s) + 5/2 O2(g) = ZrO2(s) + B2O3(l)        (5) 

and 

B2O3 (l)  B2O3 (g)          (6) 

 

 B2O3 compound has a low melting point, close to 450° C. below 1100° C, a liquid 

phase of boria is formed and provides a glassy protective layer which reduced the oxygen 

diffusion through the zirconia layer (ZrO2) to the diboride substrate layer (ZrB2) The porous 

ZrO2 structure is filled by the liquid B2O3 increasing the protective properties against 

oxidation of the diboride substrate. Several models of ZrB2 compounds are reported by 

Parthasarathy et al (52). Above 1100 °C, the diboride zirconium is rapidly oxidized because of 

a rapid diffusion of oxygen through the ZrO2 layer to the substrate. The rate of vaporization of 

the liquid B2O3 rapidly increases with increasing the heating treatment because of B2O3 has a 

high vapor pressure. According to Talmy et al (63), about 15 % of boria can be detected within 

the oxide layer. The higher resistance of ZrB2 layer could be explained by this residual 

presence of B2O3 (l). According to several studies(57,63,64) and our previous work(58), ZrB2-SiC 

compounds revealed high oxidation resistance up to 1800 K. A protective layer of borosilicate 

compound was formed at the surface. The vaporization of B2O3 is stopped: boria compounds 

are enclosed in a borosilicate matrix. So, this glass presents higher melting temperature and 

lower oxygen diffusion than the B2O3 glass.  

 In summary, below 1100° C, the kinetic curve shows a parabolic behavior and above 

1400°C, the curve is a linear contribution. In the range of 1100°C to 1400° C, the kinetic 

curve shows an intermediate shape(51,53,57,65). 
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 In previous study(2), several foam samples, currently available in industry, were tested 

in order to quantify the solar-to-thermal energy efficiency. These samples were investigated 

by XRD. Porosity and PPI values are in the range of 72-92 % and 5-20 PPI, respectively. 

According to the XRD results, to measured absorptivity values and to previous studies of 

ZrB2 ceramics (spatial applications(58)), SiC foams and a new candidate of ZrB2 foam were 

selected in this work (EngiCer manufacturer).  

 This study focuses on the oxidation of silicon carbide (β-SiC) and diboride zirconium 

(ZrB2) foams heated at high temperature with solar energy. The microstructure of the cavity 

surfaces of virgin and heated β-SiC and ZrB2 foams were studied by XRD; the chemical and 

crystalline data provide from several cavities (1 or 2 pores). The main challenge is to analyze 

the microstructure of the surface of one cavity with a small X-ray beam (0.15 mm < ∅ < 0.02 

mm) in order to determine the chemical composition and the nature of the chemical bonds of 

atoms. One of the most appropriate techniques is the X-ray Photoelectron Spectroscopy 

(XPS). Understanding the chemical environment of the surface and in the bulk is necessary 

to explain the surface properties and the phenomena regulating the surface oxidation of 

these UHTC materials. 

 

3) Experimental 
  

Solar facility, experimental setup (Fig. 1 and 2): 

 The foam samples were heated in a 6 kW solar reactor (glass reactor). There were 

positioned at the focus of the concentrated solar radiation. The sample is surrounded by an 

alumina ring in order to avoid air leaks inside the device. The surface of the foam is heated 

by solar energy and the blown air is heated by convection through the ceramic foam. The 

temperature of the air flow was measured with 4 K-type thermocouples fixed at different 

points. The measurement of the equivalent blackbody temperature of the irradiated surface 

(ceramic foam) was performed using an IR camera (FLIR SC 1000). The experimental setup 

and the sample testing device were fully detailed(2).  

 All the ceramic foams were tested under solar irradiation for about 30 min. The values 

of temperature of inlet and outlet air flow, Tf,in  (cold air) and Tf,out (hot air) were in the range of 

283 to 287 K and 1120 to 1180 K, respectively. The calculated temperatures of surface were 

about 1900 K. All the experimental conditions were summarized in ref. (2). 
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Figure 1: 6 kW solar furnace experimental setup  Figure 2: Solar reactor device (OPTISOL) (2) 

 

Analytical techniques: 

 XRD analyses were performed at room temperature using a PANalytical XPert Pro 

diffractometer (CuKα radiation, λ = 0.15418 nm). X-ray diffraction measurements of θ-θ 

symmetrical scans were made over an angular range of 10 to 100°. The step size and the 

time per step were fixed at 0.01° and 20 s, respectively. The X-ray diffractograms were 

recorded and studied using PANalytical softwares (Datacollector and HighScorePlus). The 

contribution from AlKα2 was removed (Rachinger method(66)). The instrumental function was 

determined using a reference material (SRM 660, lanthanum hexaboride, LaB6 

polycrystalline sample) and can be expressed by a polynomial function.  

 XPS analyses were performed using a Thermoelectron ESCALAB 250 device. The 

photoelectron emission spectra were recorded using Al-Kα radiation (hν=1486.6 eV) from a 

monochromatised source. The analysis area was approximately 0.015mm2. The pass energy 

was fixed at 20 eV. The spectrometer energy calibration was made using the Au 4f7/2 (83.9 ± 

0.1 eV) and Cu 2p3/2 (932.8 ± 0.1 eV) photoelectron lines. XPS spectra were recorded in 

direct N(Ec). The background signal was removed using the Shirley method(67). The atomic 

concentrations were determined with an accuracy less than 10 % from photoelectron peak 

areas using the atomic sensitivity factors reported by Scofield(68), taking into account the 

transmission function of the analyser. This function was calculated at different pass energies 

from Ag 3d and Ag MNN peaks collected for a silver reference sample. The binding energy 

scale was established by referencing the C 1 s value of adventitious carbon (284.8 eV ± 0.1 
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eV). The photoelectron peaks were analysed by Gaussian/Lorentzian (G/L = 50) peak fitting. 

The fixed full-width at half-maximum (FWHM) and the fixed positions of the components 

were similar to those collected for the reference samples.  
  

Sample description: 

 The nature of the samples is reported in table 1. The visual identification of the 

samples (virgin and treated) is shown tables 2 and 3. For several samples, the requested 

information about microstructure provided by the manufacturer is poor. So, microstructural 

analyses were necessary to complete the identification card of foams. The microstructure of 

the cavity surfaces of virgin and heated foams were first studied by XRD; the chemical and 

crystalline informations provide from 1 to 4 cavities, depending of the pore sizes. The sample 

size is 5 cm (diameter) by 4 cm (height). 

 

Samples Description of the samples 

Al2O3 Al2O3, 20 ppi, Canada 

ZrO2 ZrO2, 20 ppi, Canada 

SiC01 SiC, 40 ppi, China 

SiC02 SiC, 20 ppi, Canada 

SiC03 SiC,5 ppi, LANIK manufacturer, Czech Republic 

SiC04 Si-SiC, 15 ppi, EngiCer manufacturer, Switzerland 

SiC05 CVD-SiC coating / Si-SiC, 20 ppi, EngiCer manufacturer, Switzerland 

ZrB2 Si-ZrB2, 20 ppi, EngiCer manufacturer, Switzerland 
Table 1: Identification of the ceramic foams  

 

 Al2O3 ZrO2 SiC01 SiC02 SiC03 

Virgin 

samples 

    	
  

Heated 

samples 

    	
  

Table 2: Identification of the ceramic foams: Al2O3, ZrO2, SiC01, SiC02, SiC03. 
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 SiC04 SiC05 ZrB2 

Virgin 

samples 

   

Heated 

samples 

   

Table 3: Identification of the ceramic foams (EngiCer manufacturer): SiC04, SiC05, ZrB2. 

 

4) Results and discussion: XRD analysis 
 The XRD analyses were also carried out in order to observe the modifications of 

crystalline phases after a heating treatment. 

 The XRD patterns collected for initial and heated Al2O3 and ZrO2 samples are shown 

in figures 3a and 3b. The diffractograms collected for the Al2O3 foams are attributed to Al2O3 

crystalline phase (corundum, JCPDF 75-1862, rhombohedral system, R-3c space group 

(167)). The diffractograms collected for the ZrO2 foams are attributed to ZrO2 crystalline 

phase (JCPDF 83-0940, monoclinic system, P21/c space group (14)).  
  

 
Figure 3: Diffraction patterns collected for no-heated and heated Al2O3 (3a) and ZrO2 (3b) foams. 

 The XRD patterns collected for initial and heated sample SiC01 are shown in figure 4 

(left).  

 The diffractogram collected for SiC01 foam (fig.4) is attributed to a α-SiC phase 

(triangle) Moissanite-6H, JCPDF 74-1302, Hexagonal system, P63mc space group (186)). 

 For heated SiC01 foam, minor SiO2 phase (round) was detected (alpha low 

cristobalite, JCPDF 76-0941, tetragonal system, P41212 space group (92)). The surface of 

the SiC foam was oxidised. The main crystalline phase still remains a α-SiC compound. The 

minor Si peaks (square) could provide from infiltrated Si in the SiC compound (JCPDF 71-

4631, cubic system, Fd-3m space group (227)).  
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 The XRD patterns collected for initial and heated samples SiC02 are shown in figure 

5 (right). Similar results were observed for diffraction patterns collected for sample SiC03 

(not presented). The diffractograms collected for SiC02 foams are attributed to a α-SiC 

phase (triangle) Moissanite-6H, JCPDF 74-1302, Hexagonal system, P63mc space group 

(186). However, two oxide crystalline phases were also detected for virgin samples: 

- Al2O3 crystalline phase (diamond, corundum, JCPDF 71-1127, rhombohedral system, R-3c 

space group (167)). 

- SiO2 crystalline phase (round, alpha low cristobalite, JCPDF 76-0941, tetragonal system, 

P41212 space group (92)). 
   

 
Figure 4 (left): Diffraction patterns collected for no-heated and heated sample SiC01: α-SiC (triangle), α-SiO2 (round) and Si 

(square) 
Figure 5 (right): Diffraction patterns collected for no-heated and heated sample SiC02: α-SiC (triangle), Al2O3 (diamond) and α-

SiO2 (round). 

   

 The XRD diffractogram collected for SiC04 foam (fig.6, left) is characteristic of a       

α-SiC phase (triangle) Moissanite-6H, JCPDF 74-1302, Hexagonal system, P63mc space 

group (186)). The Si peaks (square) provide from infiltrated Si in the SiC compound.(JCPDF 

71-4631, cubic system, Fd-3m space group (227)). 

 For heated SiC04 foam, minor SiO2 phase (round) was detected (alpha low 

cristobalite, JCPDF 76-0941, tetragonal system, P41212 space group (92)). The surface of 

the SiC foam was oxidised. Si preferential orientations in the (200) direction (virgin) and 

(311) direction (heated sample) were observed. 

 The XRD patterns collected for SiC05 foams (fig.7, right) are characteristic of a β-SiC 

phase (Moissanite-3C, JCPDF 73-1665, cubic system, F-43m space group (216)).  
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Figure 6: Diffraction patterns collected for no-heated and heated sample SiC04: α-SiC (triangle), α-SiO2 (round) and Si (square) 
Figure 7: Diffraction patterns collected for no-heated and heated sample SiC05: β-SiC (triangle) 
 

 The XRD patterns collected for initial and heated ZrB2 samples are shown in figure 8. 

The diffractogram collected for ZrB2 foam is attributed to a ZrB2 phase (cross), (JCPDF 89-

3930, Hexagonal system, P6/mmm space group (191)). 

 The purple and the green diffractograms were collected at the front face and inside 

the heated ZrB2 foam, respectively. A minor ZrO2 phase (full round) was detected (JCPDF 

83-0940, monoclinic system, P21/c space group (14). 
 

 
Figure 8: Diffraction patterns collected for no-heated and heated ZrB2 foams (front side: purple and inside: green): ZrB2 (cross), 
ZrO2 (full round) and Si (square) 
 

Discussion: 

 The XRD analyses were carried out in order to observe the modifications of 

crystalline phases after the heating treatment and to estimate the chemical and the 

cristallinity quality of foams.  

 For Al2O3 and ZrO2 foams, no significant modifications of the peak intensities were 

observed between original and heated diffractograms. These features are composed by 

several splitting peaks and shoulders for the same crystalline phase. All these results 

indicate a low-quality crystallinity of the Al2O3 and ZrO2 foams. According to other studies(1), 
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similar properties of reflectance and absorptivity were observed for shorter solar wavelengths 

(under 3 µm). The solar absorptivity values are not interesting, in the range of 0.25 to 0.4(69-

72). Low efficiency for thermal solar conversion was calculated(2).  

 Two oxide phases of silica and zirconia were detected for virgin SiC02-03 samples. 

The virgin and heated samples show low-quality crystallinity. According to previous results(2), 

the total absorptivity and efficiency of the material decrease with increasing the quantity of 

SiO2 (α=0.10-0.15) or/and Al2O3 (α=0.3-0.4) compounds (69,71,73-75) in the SiC layer.  

 The SiC01, 04 and 05 samples revealed high-quality crystallinity and promising 

efficiency values (82-83 %) for absorber applications. The absorptivity values measured for 

pure SiC foams are close to α=0.7–0.8 (IR-TF SOC 100 device). A minor crystalline phase of 

α-SiO2 was only detected for SiC01 and SiC04 heated foams. However, the cavity size of the 

SiC01 sample is small (40 PPI) for spectroscopic and electronics analysis technique 

(electron scattering effects in the cavity walls, source size...). For sample SiC04, the 

presence of Si indicates a thin SiC layer and/or included Si in the SiC layer. It is more 

sensitive to an oxidation process than sample SiC05 (fig.6 and 7). In comparison with sample 

SiC05, previous XPS results show the presence of a SiO2 layer at the surface of the virgin α-

SiC (SiC04) (fig.9 and table 4). The measured thickness of this oxide layer is about 20 nm 

(XPS depth profile). 
 

 
 

 
 

 
 

 
Table 4: Atomic compositions (%) measured from the C 1s, N 1s, O 1s and Si 2p1/2,3/2  

spectra collected for virgin SiC samples (SiC04 and SiC05). 
Figure 9 (right): XPS spectra collected for virgin SiC samples: SiC04 and SiC05 
 

 

Atomic compositions 

(%) 

Sample C N O Si 

SiC04 / / 58.2 42.8 

SiC05  43.8 5.3 3.7 47.2 

 

 The ZrB2 sample revealed high-quality crystallinity. A minor ZrO2 phase was detected. 

The amount of zirconia is more important for the diffractogram collected inside the foam. 

During the heating treatment, the temperature is higher inside the ceramic foam. This sample 

presents promising efficiency values (83 %) for absorber applications(76). 

 According to these results and discussion, the selected samples for XPS analysis are 

SiC05 and ZrB2. 
 

 

5) Results and discussion: XPS analysis 
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 The XPS analyses were carried out in order to determine the chemical environment, 

the nature of the chemical bonds, and the chemical composition from the surface to the 

substrate for heated samples.  

 The technical challenge was to select a set parameter of high voltage, current 

intensity, beam size (X-ray source, ion and flood guns…) to analyze no-flat and rough 

surfaces or wall in a cavity. The experimental conditions were optimized in order to eliminate 

or reduce the electrons effects (backscattering and scattering phenomena). Etching 

parameters were fixed (Ei, ion flux…) using determined sputtering indicators leading to 

correct sputter rate or relative sputter yield and atomic composition accuracy in depth.  

 For example, optimized depth profiling conditions were determined from reference 

CVD β-SiC sample in order to having the expected efficiency (fig. 10) of the sputtering 

process taking to account the ion beam effects or damages (fig.11) (13,77): The rate of induced 

Si-Si bonds was also observed.  

 In summary, for XPS analyses of near-surface, the ion sputtering time and the ion flux 

were limited to 10 s and 1.25 10-22 ions/cm2, respectively. 

  
Figure 10 (left): Evolution of chemical compositions versus sputtering time at different ion energies: reference CVD β-SiC 

Figure 11 (right): Evolution of new species induced by ion sputtering (Si-Si bonds): reference CVD β-SiC 

 

 

5.1) Qualitative and quantitative depth profiles (SiC foam) 

 

 Some results of atomic compositions (%) collected during XPS depth profiles (SiC05) 

are shown in table 1 - figure 12 (front face) and table 2 –figure 13 (back face). The front face 

of the foam is the irradiated surface by solar flux. The atomic compositions were measured 

based on C 1s, O 1 s and Si 2p1/2,3/2 core level photoelectron peaks.  
 

Sample SiC05 (ff):  Atomic compositions (%) 

Sputtering times (s) C  O Si 

Sample SiC05 (bf): Atomic compositions (%) 

Sputtering times (s) C  O Si 
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0 15.8 45.3 38.9 

60 1.1 63.5 35.4 

100 1.5 62.6 35.9 

200 8.4 52.1 39.5 

600 33.2 14.3 52.5 

1600 46.1 3.1 50.8 

ASF 1 2.9 0.79 
 

0 8.1 48.9 43.0 

60 14.1 43.4 42.5 

100 18.8 37.1 44.1 

200 22.9 28.4 48.7 

600 34.5 15.2 50.3 

1600 43.5 5.2 51.3 

ASF 1 2.9 0.79 

 
Table 5  (left): Some atomic compositions (%) measured from the C 1s, O 1s, Si 2p1/2,3/2 XPS spectra (front face, SiC05). 

Table 6  (right): Some atomic compositions (%) measured from the C 1s, O 1s, Si 2p1/2,3/2 XPS spectra (back face, SiC05). 

 

 
Figure 12 (left): Evolution of the atomic compositions (%): XPS depth profile collected for sample SiC05 on front side (ff) 

Figure 13 (right): Evolution of the atomic compositions (%): XPS depth profile collected for sample SiC05 on back side (bf) 
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Figure 14: XPS depth profile collected for sample SiC05 on front side (ff) 

 

 On the front side surface (table 5, fig. 12 and 14) the presence of adventitious carbon 

species at the surface (t=0 s) is due to atmospheric contaminant species (hydrocarbon). 

These species were removed after 10 s of sputtering process. In the range of t=0 to 100 s of 

sputtering times (SiC05 (ff)), the calculated O/Si ratio is close to 1.8. The silica layer seems 

to be homogenous and its calculated thickness is about 15 ± 4 nm. The SiC surface is fully 
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oxidized. The interface layer is clearly defined and the measured thickness is less than 10 

nm. The substrate of SiC was reached after 350 s of sputtering time. The residual oxygen 

amount provide from oxygen re-deposition species from no-cleaned surfaces. 2 layers were 

clearly identified from surface to the SiC substrate: a homogenous SiO2 and an interface 

layer. 

 On the back side surface (table 6, fig. 13), after 10 s of sputtering time, no 

homogenous silica layer was clearly observed. Si, C and O element are all measured in 

various quantities. Oxide silicon and SiC compounds are both detected. These results 

indicate the presence of oxidized and no-oxidized surfaces rather than a continuous interface 

layer. The amount of O slowly decreases because of the presence of a more important 

roughness of surface. Two compounds were identified: silica (oxidized substrate) and SiC 

(not oxidized substrate).  

 

 The assignment of the C 1s, O 1s, and Si 2p1/2,3/2 components from the XPS spectra 

collected for the SiC05 (ff) and SiC05 (bf) compounds is summarized in Table 7. 
 

Main components positions, FWHM, nature of the chemical bonds and compounds 

O 1s Si 2p1/2,3/2 C 1s 

532.8 

(1.8) 

O-Si 

SiO2 

103.4 

(1.7) 

Si-O 

SiO2 

102.0 

(1.8) 

Si-O-C 

SiOxCy 

100.5 

(1.4) 

Si-C 

SiC 

285.3 

(1.5) 

C-O/C-C 

hydrocarbon 

282.8-283.0 

(1.3) 

Si-C 

SiC 

 

Table 7: Main components positions (± 0.1 eV), FWHM (± 0.05 eV), chemical bonds and related compounds: C 1s, O 1s and Si 2p1/2,3/2 

photoelectron peaks of SiC05 (ff, bf). 

 

 The Si 2p1/2,3/2 spectra of samples SiC05 (ff) and (bf) (Fig. 15 and 16) were curve 

fitted with 1 to 3 components. The C 1s and O 1s spectra were not shown. 
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Figure 15: Depth profile of Si 2p1/2,3/2 photoelectron peaks collected for sample SiC05 (ff) 

Figure 16: Depth profile of Si 2p1/2,3/2 photoelectron peaks collected for sample SiC05 (bf) 

 

 The components located at 100.5 ± 0.1 eV and 282.8 ± 0.1 eV are attributed to Si–C 

or C-Si bonds in a SiC compound (no oxidized substrate). 

 The components detected at 103.2 ± 0.1 eV and 532.8 ± 0.1 eV are attributed to Si–O 

or O-Si bonds in SiO2 (silica, oxidized substrate).  

 The components detected at 102.0 ± 0.1 eV are attributed to mixed C-Si–O bonds in 

SiOxCy compounds (x + y = 4). 

These XPS results are in good agreement with others works on SiC oxidation(13,46,78-84) 

or reference databases (85-87).  

 

Discussion: 

The shift between the O–Si and O–C component is less than 0.3 eV. Thus, in the 

peak-fitting process, only one component (532.4 ± 0.1 eV) was used to identify these two 

types of bonds (O–C and O–Si) (58,78).  

At t=10 s and 60 s (sample SiC05 (bf)) the Si-C component (fig. 15-16) is already 

detected in comparison with sample SiC05 (ff). This result shows the presence of SiO2 and 

SiC compounds and an imperfect oxidation process of SiC substrate (46,58). 

 The presence of Si-O-C mixed bonds induced chemical shifts of components 

between 100.5 to 103.2 eV (Si 2p photoelectron peaks). Only one component (rather than 

three components corresponding to Si-OC3, Si-O2C2 and Si-O3C chemical environment) was 

added in the Si 2p, with a higher FWHM. The goal is to determine the main chemical 

environment at the interface zone. According to previous works(46,80,88) and other 

authors(79,81,83,84,89-94), the interface is mainly composed by SiO2C2 chemical environments. 



FP7-INFRA-312643 
WP13-T3 A — Deliverable D13.6 

 
 

18	
  
	
  

Despite an optimization of ion effects, intermediary compounds could be formed due to 

possible silica reduction during the sputtering process. These compounds could be present 

in the O-Si-C components (fig.15-16). However, no component characteristic of Si–Si bonds 

(99.5 ± 0.1 eV) was detected (95-98) (Ar+ etching effects). 

On front side of sample SiC05, the Si-O bonds are the preponderant contributions on 

the surface due to the formation of silica. The quantities of Si–O bonds and O–Si bonds 

increase with increasing the oxidation temperature. A homogenous and protective SiO2 layer 

covers the SiC substrate. SiOxCy chemical environment are identified as interface 

compounds. 

On back side, a contribution of Si–C and C–Si bonds is detected on surface. For 

active oxidation, the amount of Si–C bonds and C–Si bonds increases with increasing the 

annealing temperature due to the presence of mainly SiC on the surface. However, on the 

back side surface the presence of Si-C bonds is not due to an active oxidation behavior but 

only due to a lower surface temperature (1200 K) leading to an incomplete oxidation of the 

foam surface. Only one part of the detected SiC substrate was oxidized. So, the amount of 

SiOxCy compounds is lower on back face than on front face. 

 

5.2) Qualitative and quantitative depth profiles (ZrB2 foam) 

 

 XPS depth profile collected for sample ZrB2 (ff) is shown on figures 17 and 18. The 

front face of the foam is the irradiated surface by solar flux. The atomic compositions (table 

8) were measured based on N 1s, B 1s, O 1 s and Si 2p1/2,3/2 core level photoelectron peaks.  
 

Sample ZrB2 (ff):  Atomic compositions (%) 

Sputtering times (s) N  B O Si 

10 9.3 15.4 48.4 26.9 

200 8.4 16.7 48.5 26.4 

1200 7.4 15.6 54.9 22.1 

ASF 1.8 0.49 2.9 0.79 
Table 8: Some atomic compositions (%) measured from the N 1s, B 1s, O 1s and Si 2p1/2,3/2 XPS spectra (front face, ZrB2). 

 

 The adventitious carbon species due to atmospheric contaminant species 

(hydrocarbon) were removed after 10 s of sputtering process. In the range of t=0 to 1800 s of 

sputtering times (ZrB2 (ff)), one homogenous layer was identified. However, Zr atoms were 

not detected. An oxidized layer is probably composed by O, Si and B atoms. The ZrB2 

substrate was not reached after 1800 s of sputtering time. 

 On the surface spectra of ZrB2 (bf)), Si, O and Zr elements were only detected. 
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Figure 17 (left): Evolution of the atomic compositions (%): XPS depth profile collected for sample ZrB2 on front side (ff) 

Figure 18 (right): Some XPS spectra collected for sample ZrB2 (ff): XPS depth profile 

 

 The assignment of the B 1s, N 1s, O 1s and Si 2p1/2,3/2 components from the XPS 

spectra collected for sample ZrB2 (ff) is summarized in Table 9. 
 

Main components positions, FWHM, nature of the chemical bonds and compounds 

B 1s N 1s O 1s Si 2p1/2,3/2 

193.4 

(2.3) 

O-B 

B2O3 

190.6 

(1.8) 

N-B 

BN 

396.8 

(1.8) 

N-B 

BN 

532.8 

(2.1) 

O-Si 

SiO2, B2O3 

103.3 

(2.3) 

Si-O 

SiO2 

 

Table 9: Main components positions (± 0.1 eV), FWHM (± 0.05 eV), chemical bonds and related compounds: B 1s, N 1s, O 1s and Si 

2p1/2,3/2 photoelectron peaks of ZrB2 (ff). 

 

The two components of the B 1s spectrum (fig.19) located at 190.6 ± 0.1 eV and 

193.4 ± 0.1 eV were attributed to B-N and B-O bonds. No B-Zr bonds (187.8 ± 0.1 eV, ZrB2 

substrate) were detected. On the same figure, no Zr 3d5/2 and Zr 3d3/2 peaks were observed. 

The N 1s spectrum was mainly curve fitted with one component located at 396.8 ± 0.1 

eV. This component could be attributed to N-B bonds.  

The components detected at 103.3 ± 0.1 eV (fig. 21) and 532.8 ± 0.1 eV (fig. 22) are 

attributed to Si–O and O-Si bonds in SiO2 (silica). Higher FWHM for these components could 

indicate the presence of mixed bonds or chemical environments (B-O-Si). 
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Figure 19 (left): B 1s photoelectron peak collected for sample ZrB2 (ff) 

Figure 20 (right): N 1s photoelectron peak collected for sample ZrB2 (ff)  
 

 

Figure 21 (left): Si 2p1/2,3/2 photoelectron peak collected for sample ZrB2 (ff) 

Figure 22 (right): O 1s photoelectron peak collected for sample ZrB2 (ff) 

	
  

These XPS results are in good agreement with our previous studies(58,99) and with 

other works on ZrB2 oxidation(100-102) or reference databases(85-87).   

 

Discussion: 

 The surface chemical composition of sample ZrB2 (ff) shows a SiO2-rich layer. Based 

on the value of the relative vapour pressure of B2O3(l) and SiO2(l), B2O3(l) compound must be 

preferentially evaporated. Si species moved through the Si-ZrB2 layer to form a mixed 

ZrO2(s)-SiO2(l) layer, first. SiO2(l) compound would be above the ZrO2(s)-SiO2(l) mixed layer 

and was crystallized in a SiO2(s) compound on the surface during the cooling process. 

 The BN compound was formed by the reaction with N2 (air flux) with the dissociated 

B2O3 compounds at high temperature (1900 K). No boron nitride was detected on back face 
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of the ZrB2 (bf)). The presence of BN compounds at high temperature was studied by Bois et 

al.(103). B-N bonds are formed by B-O bond cleavage above 1400 K and a pyrolysis process 

up to 2000 K leads to a partial crystallization of hexagonal BN. No mixed compound (SiBNO: 

boro-silicon oxynitride) was clearly observed on the ZrB2 (ff) spectra. The XPS-spectra 

corresponding to this compound is a Si 2p component located at about 102.2 ± 0.1 eV. 

However, the component of the B 1s spectrum shift to 193.2 (-0.4 eV) and higher FWHM of 

the Si 2p spectra was observed, indicating the presence of a small amount of mixed 

chemical bonds (SiOB). Above 1700 K, the rate of vaporization of B2O3 is higher than the 

rate of its formation. However, boria can be detected within the oxide layer(52,63). Several 

studies revealed high oxidation resistance up to 1800 K. A protective layer of borosilicate 

compound was formed at the surface. The vaporization of B2O3 is stopped and boria 

compound is enclosed in a borosilicate glass which presents higher melting temperature and 

lower oxygen diffusion than the B2O3 glass(49,54,57-59,63,64,104,105).  

  Above 1800 K, phase diagrams suggest the presence of stable ZrSiO4 compound 
(104,106). However, our work does not report the formation of significant or detectable amounts 

of ZrSiO4 compound in good agreement with other oxidation studies(49,58,107).  

  
 

6) Conclusions 

 This study concerns the characterization of the surface cavities of porous materials as 

ceramics foams used in high temperature volumetric solar absorbers. SEM and ATG 

techniques are usually used for their analyses. Experimental methods (XRD, XPS) were 

optimized (source size, surface, bulk, geometric and sources effects…) in order to 

characterize the microstructure of the pore walls. XPS is one of the most promising and 

appropriate techniques to analyze oxidized foams (surface and bulk informations). After a 

heating treatment with solar energy, the microstructure (crystalline phases, chemical bonds 

and environments, chemical composition…) and the oxidation behavior of the ZrB2 and SiC 

foams were determined. These techniques can be performed for aging tests in our 

laboratory.  
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