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Abstract 

 
Porous SiC samples with different percentage of sintering additives have been manufactured by 

the so-called sacrificial template method at the Ceit-IK4 Technology Center (San Sebastián, 

Spain).  Material stability under ionizing radiation and high temperature conditions considering 

electrical conductivity and microstructure has been evaluated at Ciemat (Madrid, Spain). 

Electrical conductivity was measured as a function of temperature before and after irradiation 

with 1.8 MeV electrons up to 140 MGy (~ 2·10 -5 dpa), and radiation induced conductivity 

(RIC) was also examined during irradiation at 550 ºC for different dose rates (from 0.5 to 5 

kGy/s). Electrical conductivity increase with irradiation dose was observed to occur. Posterior 

XRD analysis allowed interpret radiation induced modification of the electrical conductivity in 

terms of changes in the SiC crystalline structure. However, neither RIC nor electrical 

degradation is seen to be an issue when extrapolated to future fusion devices relevant radiation 

levels. 

 

1. Introduction 
 

SiC based composites are candidates for possible use as structural and functional materials in 

the future fusion reactors, the main role being intended for the blanket modules. In the blanket, 

the neutrons produced in the fusion reaction slow down and their energy is transformed into 

heat in order to finally generate electrical power. In the blanket design named Dual Coolant 

Lead Lithium (DCLL), a PbLi alloy for power conversion and tritium breeding circulates inside 

hollow channels called Flow Channel Inserts (FCIs). These FCI must protect the steel structures 

against the highly corrosive PbLi liquid and the high temperatures, but also provide electrical 

insulation in order to minimize magnetohydrodynamic interactions of the flowing liquid metal 

with the high magnetic field present in a magnetically confined fusion environment [1]. Due to 

their nominally high temperature and radiation stability as well as corrosion resistance, SiC is 

the main choice for the flow channel inserts. The significantly higher stability than other 

sandwich-like structures like steel/alumina/steel layers and the lower manufacturing cost than 



SiC/SiC  presents porous SiC (dense coating is required in order to assure protection against 

corrosion and as a tritium barrier) as a firm alternative for this purpose [2-3]. This application 

requires the materials to be exposed to high radiation levels and extreme temperatures, 

conditions for which previous studies have shown noticeable changes in both the microstructure 

and the electrical properties of different types of silicon carbide. Both initial properties and 

radiation/temperature induced damage strongly depend on the crystal structure, polytype, 

impurities/additives that are determined by the fabrication process, so the development of a 

suitable material requires full control of these variables.  

 

Long-term collaborative work between the Ceit-IK4 Technology Center (San Sebastián, Spain) 

and the Research Centre for Energy, Environment and Technology (CIEMAT) in Madrid is 

being carried out first within the Consolider –Ingenio Spanish programme and currently under 

the framework of the EUROfusion Consortium with the aim of producing SiC with tailored 

properties which fulfill the specific requirements for the FCI based on the direct feedback 

between manufacturing and characterization laboratories [4-5]. 

 

For this work, several SiC samples with different sintering additives have been manufactured at 

CEIT, and characterized at Ciemat in terms of radiation and thermal stability. Electrical 

conductivity was measured as a function of temperature before and after irradiation with 

1.8 MeV electrons in the Ciemat HVEC Van de Graaff accelerator up to ~23 MGy. Radiation 

induced conductivity (RIC) was also examined during irradiation at 550 ºC for different dose 

rates (from 0.5 to 5 kGy/s). SiC materials in fusion reactors will be subjected to high 

temperatures expected to exceed 500 ºC, and thermal gradients up to ~200 ºC [6]. Although SiC 

is foreseen to withstand such conditions and indeed higher temperatures are employed during 

sintering process, possible degradation at high temperature in different gaseous environments 

(vacuum, inert gas, oxidizing/reducing/corrosive atmosphere), as well as secondary phases 

stability should be considered to fully characterize these materials. Thermogravimetric analysis 

was performed in order to determine volatile or unstable phases in the manufactured material. 

Finally, XRD analyses were carried out for as-received and tested materials which allowed 

interpret radiation induced modification of the electrical conductivity in terms of changes in the 

SiC crystalline structure. 

 

2. Experimental 
  
 
A fabrication method based on the sacrificial template technique has been employed to obtain 

~15 x 15 mm2 and approximately 3 mm thick porous SiC samples with ~ 50 % porosity. For this 

process, Al2O3 and Y2O3 powders in 3:2 ratio are added to reduce the sintering temperature. 



Samples with different total percentage of additives (2.5 and 5 %) are considered in this study in 

order to determine their influence on the final material characteristics and behaviour.  

Manufacturing details and additional characterization tests regarding thermal properties and 

flexural strength are given elsewhere [7].  

 

Material stability under ionizing radiation and high temperature conditions considering 

electrical conductivity and microstructure has been evaluated. Gold central and guard electrodes 

sputtered onto one sample face, and a single earth electrode onto the opposite face allow an 

electric field to be applied to measure volume and surface electrical conductivity. Electrical 

conductivity was measured before, and after irradiation with 1.8 MeV electrons in the CIEMAT 

Van de Graaff accelerator beam line, as a function of temperature between 20 and 550 ºC. 

Electrical conductivity was also measured during irradiation at 550 ºC (representative operating 

temperature for this application), and dose rate dependence of radiation induced conductivity 

(RIC) evaluated for 0.5, 1, and 5 kGy/s up to 23 MGy total dose. 

 

Thermogravimetric analyses were carried out in order to evaluate the as-received material phase 

stability using a Seiko TG / DTA 6300 equipment. Thermal aging treatments were also 

performed at 1200 °C for 48 hours in argon to detect either phase transformations and/or 

polytype changes that may occur during the material operating lifetime. The structural changes 

between as-received and post-test materials were determined by XRD with a Pananlytical X-

Pert diffractometer. 

 

 

 

3. Results. Electrical conductivity 
 
 
Volume electrical conductivity as a function of temperature from 20 ºC to 550 ºC has been 

measured by applying 500 mV between gold central and earth electrodes before and after 

electron irradiation up to 23 MGy . Figure 1a shows Arrhenius plots of electrical conductivity 

for the 5% add. porous SiC unirradiated and following irradiation at 550 ◦C with 1.8 MeV 

electrons up to ~ 23 MGy. An increase in the volume conductivity is observed after irradiation, 

the lower the temperature the more pronounced, and essentially stable at temperatures close to 

the operating levels (see also figure 4). 

 
 



 
Figure 1. Arrhenius plot of volume electrical conductivity before (heating) and after (cooling) irradiation 
up to 23 MGy for porous SiC with 5 % additives. Fitting curves to data on heating (a) and cooling (b) 
 

The analysis of these heating/cooling curves provides information about the electrically active 

point defects originally present in the material and their evolution with irradiation dose. The 

electrical conductivity in semiconductors exponentially increases with temperature �~�
�

��

��	
, 

Ea being the required activation energies to overcome the barriers for electron/hole promotion to 

the conduction band. At least two components for the electrical conductivity in this range of 

temperature are identified before irradiation (fig. 1a), with activation energies of about ~ 0.1 eV 

and ~ 0.8 eV. Although further analysis is required in order to determine the main defects 

electrically active in these complex materials with different phases and microstructures (grains, 

grain boundaries, pores) the lower energy level is consistent with the activation energy that has 

been established for substitutional nitrogen in 6H polytype, a common impurity in SiC [8-9]. 

Slightly lower activation energies are obtained for the cooling curve in figure 1b (0.055 eV and 

0.73 eV respectively), the first having being associated also to N but in a cubic structure [10]. 

As it is shown in figure 2, it is possible to express the data before and after irradiation by the 

same equation by decreasing the activation energies, while the pre-exponential terms remain 

unchanged. This modification is possibly due to a structural alteration as a consequence of 

irradiation, as it is discussed below in section 5.  

 

 

 



 
Figure 2. Arrhenius plot of volume electrical conductivity before (heating) and after (cooling) irradiation 
up to 23 MGy for porous SiC with 5 % additives. Fitting curves to data on heating (a) and cooling (b) 
 

 
Figure 3 shows conductivity for sample with 2.5 % add. as a function of inverse temperature. 

While the overall behaviour, with an increase of about two orders of magnitude at the maximum 

temperature, is similar to the 5% add. sample (see figure 1), an abrupt drop in the electrical 

conductivity takes place on heating at about 300 ºC. Similar problems were found on cooling 

down after irradiation in about the same range of temperature, what might be related either to 

the measuring system or sample unstability. Tests should be repeated in order to verify this.   

 

 

 
 

Figure 3. Arrhenius plot of volume electrical conductivity before (heating) and after (cooling) 1.8 MeV 

electron irradiation up to 23 MGy for porous SiC with 2.5 % additives. 

 



The electrical conductivity at 550 ºC has been monitored at intermediate doses (beam off) as a 

function of dose, as it is shown in figure 4. A continuous linear increase in the volume electrical 

conductivity of sample with 2.5 % additives is observed, with an increase of about a factor 4 in 

for ~ 25 MGy. Possible saturation at slightly higher doses, as it has been observed in previous 

works for similar materials should be confirmed in further experiments [11]. In contrast, higher 

stability at this temperature is found for material with higher amount of sintering additives, with 

a slight increase in the onset of the irradiation also detected but saturated in a short irradiation 

time, after the dose of ~ 2 MGy. 

 

 

Figure 4 Electrical conductivity at 550 ºC as a function of dose. 

 

One of the critical limitations in the functional materials for fusion applications is expected to 

be introduced by the increase of the electrical conductivity during irradiation due to the 

excitation of charge carriers into the conduction band (electron-hole pair production), known as 

Radiation Induced Conductivity (RIC) [12]. This increase is represented in figure 5 as the 

conductivity difference when the electron beam is applied (��	 ≡ 	���� − ��� ). 
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Figure 5 Radiation induced conductivity of measured porous SiC (a) and comparison with results for 

dense hot pressed and CVD SiC (b) 

 

δ values between ~ 0.9 and 1.6, and K in the order of 10-7-10-10 can be considered high if 

compared with typical values for oxide ceramics for which δ lies between 0.5 and unity and K 

between 10-12 -10-9  (S s/Gy m). However, extrapolation to 10 kGy/s, fusion representative dose 

rate level, still gives electrical conductivity values at 550 ºC  in the order of 1·10-4 S/m, well 

below the established maximum for the FCI (~100 S/m) [13,14] 

 

 

4. Results. Thermogravimetric study 

 
 

Figures 6a and 6b show thermogravimetric (TG) and differential thermal analysis (DTA) curves 

for samples with 2.5 and 5% add. respectively. Heating was carried out in high purity nitrogen 

atmosphere (99.9995 %) to prevent oxidation. Similar behaviour is observed irrespectively of 

the additives content, with less than 1 % weight loss up to 600 ºC and small oscillations (~ 0.1 

%) beyond this temperature. Numerical baseline subtraction in DTA curves (figures 6a and 6b, 

inset) reveals a band-like structure with several exothermal peaks in agreement with the TG 

variations. We attribute these peaks to thermal decomposition of metal carbonates (FeCO3 � 

FeO + CO2/3FeCO3 → Fe3O4 + 2CO2 + CO) generally occurring at these temperatures [15, 16]. 

Particularly relevant is the iron (II) carbonate whose decomposition takes place in successive 

steps producing different oxides above 650 ºC. No indication of these compounds was obtained 

by XRD, however this can be explained by the limited amount and possibly amorphous 

structure of these phases.  
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Figure 6 Thermogravimetric (TG) and differential thermal analysis (DTA) curves for 2.5 (a) and 5% (b) 

additives sample. Insets: DTA after baseline subtraction.  

 

5. XRD analysis and discussion 
 
The crystalline phases for the as-received and tested samples were investigated by XRD. Both 

2.5 and 5 % add. materials are crystalline in high degree, with mixed SiC polytypes mainly 

hexagonal (6H and also 4H in 5% add. sample), and minor rhombohedral SiC phases. Complex 

compounds based on yttrium and aluminium from initially incorporated powders together with 

iron oxides and silicates from the iron and silicon impurities commonly present in SiC are 

found. Due to the diffraction pattern complexity, elemental analysis by X-ray fluorescence 

(XRF) spectrometry was necessary in order to ease secondary phase determination. Low 

crystallinity phases related to the added sintering agents were found. Table I compares 

crystalline phases found in as-received material and after being subjected to thermal aging and 

electron irradiation.  

 
Table I Crystalline phases for the examined porous SiC 

 SiC 2.5 % add. SiC    5 % add. 

 Main phase Secondary Main phase Secondary 
As received 6H-hexagonal SiC Rombohedral SiC 

Y3Al 2(AlO4)3 
Fe2O3 
SiO2 
Fe3(Al 1.7Fe0.3)(SiO4)3 

6H-hexagonal SiC 4H-hexagonal SiC 
Rombohedral SiC 
Y3Al 2(AlO4)3 
Fe2SiO4 

Thermal 
aging 

6H-hexagonal SiC Rombohedral SiC 
Y3Al 2(AlO4)3 
Fe3O4 
SiO2 

6H-hexagonal SiC 4H-hexagonal SiC 
Rombohedral SiC 
Y3Al 2(AlO4)3 
 

Irradiated* 3C cubic SiC 6H-hexagonal SiC 
4H-hexagonal SiC 

3C cubic SiC 6H-hexagonal SiC 
Rombohedral SiC 

 

As it can be observed, the heat treatment does not induce changes in the main but only in the 

secondary phases of the material. High temperatures tend to improve crystallinity and ease the 



removal of volatile products. Such transformations do not imply changes at the microstructural 

level, but they may have an influence in the electrical conductivity. Once the solid solution limit 

is reached, the impurities are deposited on the grain boundaries and, depending on their nature 

might modify (either increasing or decreasing) bulk conductivity.  

 

Phase transition from hexagonal to cubic structure takes place on both samples with irradiation. 

(Diffraction patterns for the 5% add. as-received and irradiated samples together with 6H and 

3C silicon carbide diffractograms are shown in figure 7).  While cubic to hexagonal 

transformation occurs at high temperatures above ~1800 ºC [17] and at lower temperatures 

under irradiation conditions [18], little information is available on the formation of cubic crystal 

structure from hexagonal polytype. Studies of this transformation explain it as a diffusion 

process enhanced by the presence of vacancy-dopant defect complexes [h-c], what is consistent 

with both the identification of N as possible main contributor to the electrical conductivity and 

the production of vacancies by irradiation (although very low, in the order of ~10-9 dpa/s in the 

C sublattice for 1.8 MeV electrons at 5kGy/s). However, quantification of nitrogen content 

would be necessary in order to evaluate its implication in the transformation. 

 

 
 
Figure 7 XRD pattern for as-received, and irradiated porous SiC with 5 % additives. 6H and 3C SiC 
diffraction lines for reference (ICSD codes 015325 and 028389 respectively) 

 

Electrical properties widely differ from polytype to polytype and this phase transition from 6H 

to 3C with different band gap (3.05 eV and 2.4 eV for 6H and 3C respectively), would explain 

the increase in the electrical conductivity in the irradiated samples. Secondary phases which in 

many cases dominate electrical properties of ceramic materials does not seem critiacal in this 

case, considering the very similar initial electrical conductivity for both 2.5 and 5% add. 

materials. 



 

Conclusions 
 
Radiation and high temperature effects (~23 MGy ionizing radiation and 1200 ºC thermal 

treatment respectively) in the microstructure and the electrical properties of porous SiC have 

been examined as a function of the amount of sintering additives in the material. SiC samples 

with 2.5 and 5% additives showed room temperature electrical conductivities in the same order 

(~ 10-6 S/m) and similar evolution with temperature (about factor 50 increase up to 550 ºC).  

Transformation from 6H to 3C structure is observed to occur at this very low ionizing dose and 

essentially no displacement damage (3·10-6 dpa), while minor changes take place after thermal 

aging.   

 

Radiation induced conductivity is higher for the sample with lower amount of additives. 

Moreover, higher stability with irradiation dose for 5 % ad. sample at elevated temperature (data 

at 550 ºC) is observed. Thus, the use of higher amount of additives, what significantly improves 

the sintering process, does not represent any disadvantage in this context but improves material 

stability. However, further tests are necessary in order to check the reproducibility of these 

measurements, alternative techniques such as AC complex impedance being also considered for 

complementary information. 

  

Although no serious RIC was found in general for any of the samples, and electrical 

conductivity is in all cases bellow the maximum acceptable for FCI (~100 S/m), extended 

irradiations at representative doses should be performed to fully validate these materials.  
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