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a b s t r a c t 

In this paper we report on the performance as deuterium permeation barriers of sputtered amorphous, 

dense and not fully stoichiometric SiC coatings under relevant conditions for breeder blanket applications 

in fusion reactors. To do that, we investigate the following effects on permeation values: (i) thermal cy- 

cling at 450 °C, (ii) combined thermal cycling and e − irradiation (1.8 MeV up to a total dose of 1 MGy), 

as well as (iii) oxygen exposure at a temperature of 450 °C during e − irradiation. Data show that the 

permeation reduction factor (PRF) for the as-deposited SiC coated is ∼10 4 , even at the predicted opera- 

tion temperature for the breeder and it is slightly reduced either by thermal cycling without and during 

e − irradiation. However, the exposure to oxygen at 450 °C during e − irradiation leads to degradation of 

the coating and of its PRF of about three orders of magnitude. The origin of the coating degradation is 

discussed. 

We also study the D retention and desorption in SiC coatings that were implanted with D at energy 

of 7.5 keV prior to (as-deposited) and after being submitted to the treatments previously described. Sec- 

ondary ion mass spectroscopy data show that thermal cycling, without and during e − irradiation, strongly 

increases the D retention in the coatings and leads to the appearance of D 2 desorption peak at temper- 

atures between ∼400-750 °C, whereas e-irradiation during thermal cycling does not significantly change 

the D retention but shifts to higher temperatures thisD 2 desorption peak 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Nuclear fusion power plants projected in both magnetic and in- 

rtial fusion approaches will typically consume about 50 kg of tri- 

ium, per full power year and per GWth (i.e. ∼150 kg T/Gwe year 

t a net efficiency of 33%) [1] . Since no sufficient external source 

f tritium exists able to satisfy such a necessity beyond ITER, this 

eans that commercial nuclear fusion reactors have to be tritium 

elf-sufficient. For that to happen, the blanket of the reactor in ad- 

ition to recover the energy carried by the neutrons (about 80% 

f the fusion energy), has to breed tritium by the conversion of 
∗ Corresponding author. 
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ithium into tritium to replace that burnt in the fusion process, 

hus they have to produce their own fuel. Several breeding blanket 

BB) concepts such as the helium cooled lithium lead (HCLL), water 

ooled lithium lead (WCLL), dual coolant lithium lead (DCLL) and 

he helium cooled pebbles bed (HCPB) have been proposed, and 

ffort s are oriented to optimize their performance [2] . Some of the 

B concepts (HCLL, WCLL and DCLL) contemplate the use of liquid- 

etal (pure Li or eutectic Li 17 Pb 83 ) [3] as a breeder whereas, some 

thers (HCPB) bet on the use of solid lithium ceramic (Li 4 SiO 4 

nd/or Li 2 TiO 3 ) [4] . 

The control of the tritium inventory within the reactor is of su- 

erior importance for both fusion approaches, since it has to be 

nough to allow self-operation (TBR > 1.1 considering 10% safety 

argin to cover calculation uncertainties [ 48 ]), but limited because 

f safety reasons. Regarding safety, apart from tritium retention an- 

https://doi.org/10.1016/j.jnucmat.2021.153219
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jnucmat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2021.153219&domain=pdf
mailto:teresa.hernandez@ciemat.es
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ther important point of concern is the necessity to avoid uncon- 

rolled radioactive gas leaks, especially in the breeder blanket zone. 

he solubility and permeation rate of hydrogen in steels is quite 

arge, in particular at high temperatures [ 5 , 6 ], which have serious

onsequences in terms of embrittlement. It is estimated that this 

ermeation value must be reduced by at least three orders of mag- 

itude to be acceptable in terms of safety [ 6 ]. Also, preventing the

iffusion of tritium through the Eurofer the typical embrittlement 

y hydrogen in steels will be diminished/delayed to larger irradia- 

ion fluences [8] . 

Such a reduction in the steel permeation can be assessed by 

sing tritium permeation barriers (TPB). In the HCPB concept, the 

asiest TPB solution would be to use the natural oxide layer devel- 

ped into the steel on the helium exposed surface of cooling sys- 

em components. However, it has been shown that the efficiency 

f this natural oxide layer is not sufficient to prevent the perme- 

tion problem [9] , so coatings are needed. Optimal coatings should 

over different fronts: (i) as a barrier for tritium permeation, to 

revent uncontrolled radioactive gas inventory and leaks (ii) as 

n anti-corrosion agent against the action of Li-based breeder be- 

ause the loss of material can reach 400 μm / year, when occur- 

ing in flowing [ 10 , 11 ] (iii) as a wall that prevents the diffusion

f the lithium contained in the breeder towards the steel, since if 

ithium diffuses in the coating, it eventually could accumulate at 

he coating/Eurofer interface and further penetrates into the Eu- 

ofer through the grain boundaries [12] and, (iv) in the case of 

he magnetic fusion, as insulators to avoid magneto hydrodynamic 

MHD) effects in the self-cooled liquid metal approach. 

Nowadays, several materials are being proposed as permeation 

arriers [13] , though, those with multifunctional capabilities are 

he most desirable. The use of Al 2 O 3 is the state of the art for BB

pplications; however, given the high reactivity between lithium 

ompounds and aluminum oxide [ 14 ] the lithium transport can be 

asy. If this occurs, an additional problem will arise by neutrons 

ombardment and the generation of helium bubbles that weakens 

he steel [15] . Therefore, the present work proposes the use of SiC 

oatings because of the following reasons: (i) They satisfactorily 

ithstands corrosion tests as demonstrated by experiments carried 

ut under relevant conditions for the helium cooled pebbles bed, 

CPB, (550 °C and a He / H 2 O mixture as the purge gas) [ 12 , 13 ]

ii) They have an inert character, so they do no react with the sur- 

ounding medium keeping the lithium out of the Eurofer [ 12 , 17 ]

nd (iii) they have been reported to properly behave as TPB, re- 

ucing the permeability of the bare steel by up to three orders of 

agnitude [ 18 , 19 ]. 

One important point to be investigated, in particular in the case 

f the HCBP concept, is the possible reaction, under such harsh 

onditions, between the oxygen present in the pebbles and the 

iC coating, since radiation induced chemical reactivity due to ra- 

iolytic processes can be expected to occur. 

Another critical issue to control the tritium inventory in fu- 

ion reactors is the retention and desorption of tritium into the 

PB coatings. Previous studies carried out on this topic reveal that 

he amount of deuterium retention in ceramic coatings was much 

arger than that in steels [20] . Moreover, the fact that TPB coatings 

ill be exposed to high dose neutrons and gamma-rays in future 

eactors may also have an influence on the H-isotopes retention 

nd desorption [21] which is important to accurately assess tritium 

nventory in the reactor. 

So far, SiC coatings have been deposited by chemical vapor de- 

osition [ 22 , 23 ], pulsed laser deposition [ 24 , 25 ], ion beam assisted

eposition [26] , and magnetron sputtering [ 19 , 27 , 28 ]. Among all

hese methods magnetron sputtering has many advantages such 

s: (i) easy control, (ii) environmental friendly, (iii) versatility, (iv) 

asily scalable, (v) low cost and (vi) capable of adapting to complex 

urfaces, such as the inside of a pipe or elbows [ 29 , 30 ]. Because of
2 
hat sputtering is one of the most used techniques for industrial 

roduction of coatings. 

In this paper, we study the deuterium permeation behavior of 

iC coatings deposited by sputtering, that have been demonstrated 

o properly behave as anticorrosion barriers [12] . We do it for simi- 

ar conditions to that happening under normal fusion reactor oper- 

tion: Thus, we study the following effects on the permeation be- 

avior: (i) thermal cycling up to temperatures of 450 °C, (ii) com- 

ined effect of thermal cycling and e − irradiation and (iii) exposure 

o oxygen at a temperature of 450 °C during e − irradiation. 

We also study the deuterium retention and desorption in SiC 

oating implanted with D at an energy of 7.5 keV at room tem- 

erature. We analyze the influence in the D retention of hav- 

ng submitted the coatings to thermal cycling without and during 

 

−irradiation prior to implantation by characterizing the D depth 

rofile. We also investigate their influence on the D 2 desorption 

emperatures. The information obtained is very valuable to know 

he traps in which the gas is housed and the energy required to 

vacuate it. 

. Materials and methods 

.1. Deposition procedure 

SiC coatings with a thickness of ∼1.5 μm were deposited on 

olished disc-shape, with a diameter of 40 mm, and on square, 

ith a lateral length of ∼ 1cm, Eurofer substrates coated with 

 thin Ti-( ∼ 2 nm) interlayer. The deposition procedure was the 

ame than that reported in 12 for samples acting as corrosion bar- 

iers. 

Polishing of the substrate was performed by sanding down with 

800 and #2400 silicon carbide sandpapers or by 73 mechanical 

olishing on napless synthetic clothes with a 0.03 μm colloidal 

lumina suspension. Before introducing the substrates in the de- 

osition chamber they were cleaned using a sequence of ultra- 

onic washing with alkaline detergents, rinsing with de-ionized 

ater, cleaning with isopropanol and air-drying. Then, the sub- 

trates were introduced into the deposition chamber and plasma 

tched using Ar. The etching time was 30 min, the DC-pulsed bias 

oltage was −350 V, the frequency was 150 kHz and the Ar pres- 

ure was 5 × 10 −3 mbar. The deposition setup consists of a high 

acuum chamber equipped with a 5 cm diameter and a rectangular 

0 cm x 7.5 cm magnetron; both are designed and manufactured 

y Nano4Energy SL [31] . To avoid the possible loss of adhesion of 

he SiC coating to the Eurofer, associated to the difference in their 

hermal expansion coefficients, when operating at high tempera- 

ures, a Ti interlayer was deposited on the bare Eurofer before the 

eposition of the SiC coating [32] . Ti was deposited by DC mag- 

etron sputtering using a 5 cm diameter magnetron from a pure 

99.95%) Ti commercial target at a plasma power of 90 W. Immedi- 

tely after that and in the same chamber, SiC was deposited by ra- 

io frequency (RF) magnetron sputtering from a pure (99.95%) SiC 

ommercial target at a plasma power of 300 W. Both depositions 

ook place at a normal incidence angle and at room temperature in 

 pure Ar atmosphere with a pressure of 7 × 10 −3 mbar. In both 

ases the target-substrate distance was 10 cm. After deposition the 

amples were preserved under environmental conditions. 

.2. Description of the diverse treatments that the SiC coating 

nderwent to mimic operational conditions 

To mimic the harsh conditions taken place in a nuclear fu- 

ion reactor, a SiC coating underwent diverse treatments which are 

ummarized in the following: 
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.2.1. Treatment 1: Thermal cycling in the presence of an Ar 

tmosphere (from now on thermal cycling) 

SiC coating was subjected to 60 thermal cycles up to a tem- 

erature of 450 °C in the same cell in which the permeation ex- 

eriments were performed. This temperature was selected because, 

eing similar to that expected in the BB location, it is low enough 

o avoid any change in the Eurofer steel. Each of thermal cycles 

onsists of a heating up and a cooling down phase in which the 

emperature was increased from 100 °C to 450 °C and decrease 

rom 450 °C to 100 °C, respectively. In both phases the rate was 40 

C/min. The thermal cycles were carried out in argon at a pressure 

f 1 bar. During the thermal cycling the SiC coated side was fac- 

ng the Ar and the uncoated side was facing vacuum (10 −6 mbar). 

t the end of the thermal cycling Ar was evacuated from the cell 

hich was filled with deuterium at a pressure of 1 bar to carry out 

euterium permeation measurements 

.2.2. Treatment 2: Thermal cycling during electron irradiation in the 

resence of an Ar atmosphere 

After this second permeation measurement, the sample was 

ubmitted again to the same thermal cycling, but this time, while 

eing irradiated with e - at 1.8 MeV at an ionizing radiation dose 

ate due to electronic excitation of 300 Gy/s up to a total dose of 

MGy. This procedure was carried out in the presence of Ar at a 

ressure of 1 bar. At the end of this treatment Ar was evacuated 

rom the cell which was filled with deuterium at a pressure of 1 

ar to carry out deuterium permeation measurements 

.2.3. Treatment 3: Oxygen exposure at 450 °C during e − irradiation 

In order to evaluate the effect on deuterium permeation of a 

ossible radiation induced oxidation of the SiC coating, when being 

n contact with the Li-based ceramic pebbles at high temperature, 

he cell was filled with oxygen and the sample was irradiated with 

 

- at an energy of 1.8 MeV at a constant temperature of 450 °C 

nd at a dose rate of 300 Gy/s up to a total dose of 1 MGy. Then,

xygen was evacuated from the cell and the deuterium permeation 

as measured again. 

A brief overview of the diverse treatments that SiC coatings un- 

erwent is illustrated in Fig. 1 . 

.3. Deuterium permeation experiments 

The permeation experiments were carried out in the Radiation 

nduced Permeation (RIPER) facility [33] developed at CIEMAT. This 

ystem allows one to differentiate and characterize gas concentra- 

ion driven permeation, and permeation due to different parame- 

ers applied to the sample conditions like temperature, irradiation 

ose or electric field. There, permeation studies were performed 

nder thermal cycling both without and during e − irradiation in 

n Ar atmosphere and during e − irradiation in an O 2 atmosphere. 

he RIPER system is shown in Fig. 2 . The permeation chamber is 

ivided into two cells by the test sample which is placed between 

wo copper seals forming the membrane between the two cells: 

he gas cell, where deuterium is introduced at controlled pressure, 

nd the vacuum cell. A vacuum sleeve surrounds both cavities of 

he permeation chamber and the sample. It is connected directly 

o a turbomolecular pump and its mission is to avoid any error in 

he detection system caused by deuterium which has bypassed the 

embrane through the seals. The detection system is connected to 

he vacuum cell of the permeation chamber. This system is formed 

y two detectors: A leak detector (Pfeiffer Smart Test with a sen- 

itivity ∼10 -12 mbar • l/s) to measure the amount of deuterium gas 

ermeating through the sample and a residual gas analyzer (Pfeif- 

er PrismaPlus QMG 220, quadrupole mass spectrometer with ∼10- 

4 mbar sensitivity) connected to the vacuum system in order to 

btain further details on permeation and release from samples. 
3 
his system was checked and calibrated for mass 4 making use of 

 Leybold helium calibrated leak detector. Further details on the 

ommissioning and checking of the RIPER system are described 

lsewhere [ 33 ] 

The SiC coated side faces the deuterium meanwhile the un- 

oated side faces the vacuum and the electron beam coming from 

 Van de Graaff electron accelerator to allow irradiation of the 

ample during permeation measurements or during thermal cy- 

ling. The deuterium pressure in the gas cell is monitored by a 

ressure sensor. As shown in Fig. 2 , the gas cell contains a spring-

oaded oven which allows controlling the sample temperature. The 

ven is made of copper and is mounted on a water cooled alu- 

inum block which permits to keep the spring and connections 

t low temperature. It is located directly over the sample coated 

urface during the test. 

Deuterium permeation measurements were performed in the 

emperature range from room temperature (RT) up to 450 °C for 

 deuterium pressure of 1 bar. 

.4. Morphological, microstructural and elemental characterization 

The morphological and microstructural properties of the as- 

eposited and treated coatings were characterized by scanning 

lectron microscopy (SEM) and glancing-incident angle (2,5 °) X-ray 

iffraction (GIXRD), respectively. 

The elemental composition of the coatings was characterized 

ith energy-dispersive X-ray spectroscopy (EDX) and with sec- 

ndary ion mass spectroscopy(SIMS). The chemical state was char- 

cterized by X-ray photoemission spectroscopy (XPS). In order to 

void surface contamination, prior to the XPS measurement for the 

s-deposited coating a superficial stripping of a few nanometers 

as carried out to eliminate the layer directly in contact with the 

ir and the possible contamination that comes from it. 

SEM/EDX studies were done by using a Zeiss Auriga Com- 

act/Bruker X Flash microscope. GIXRD spectra were measured 

y using a Philips X-PERT PRO MRD four cycle diffractometer 

quipped with a CuK α ( λ = 0.15405 nm) radiation source. SIMS 

easurements were carried out in a Hiden analytical Workstation. 

PS analyses were performed using a Perkin-Elmer PHI 5400 ESCA 

ystem. Samples were excited with a Mg K α, X-ray source (h ν = 

253.6 eV) at 275 W input and operating at UHV conditions (10 -9 

orr) 

.5. Deuterium implantation and thermal desorption tests 

As-deposited and treated (thermally cycled without and during 

 

− irradiation) SiC coatings were implanted with D at room tem- 

erature at an energy of 7.5 keV and at a fluence of 1.7 × 10 16 

m 

−2 . Implantations were carried out at the CIEMAT in the dan- 

ysik 60 keV ion implanter facility. After implantation the D reten- 

ion and desorption in the samples was characterized with SIMS 

nd thermal desorption spectroscopy (TDS), respectively. 

In the TDS experiments the amount of D 2 desorbed from the 

oating was monitored by using a mass spectrometer (Pfeiffer 

mart Test leak detector. Mass selected: 4 amu; Detection limit 

f 10 −12 mbar l s −1 ; Sensitivity better than 5 × 10 −12 mbar l s −1 

hich is equivalent to approx. 10 8 D 2 s −1 ) as a function of tem- 

erature up to 800 °C. The temperature rate in these experiments 

as 0.16 °C/s. 

.6. Adhesion tests 

The adhesion of the coatings to the Eurofer was quantitatively 

valuated by nanoscratch testing. Tests were performed with a 

ysitron TI 950 triboindenter using a spheroconical diamond in- 

enter probe with an end radius of 10 μm. Progressive load nano- 
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Fig. 1. Cross sectional view of the RIPER permeation system (a), Schematic view of the diverse components of the RIPER system (b). 

Fig. 2. Summary of the diverse treatments that a SiC coating underwent together with the sequence of D permeation measurements. A detailed description of every 

particular treatment is found in section 2.2 . 
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cratch tests (up to a normal force of 300 mN) were carried out 

hile simultaneously recording lateral force and penetration depth. 

he critical load was determined from the sudden changes in the 

ateral force and depth data. More than 5 scratch tests separated 

y 50 μm were carried out on each sample to achieve reproducible 

nd reliable results. 

. Results 

.1. Elemental composition, morphological, microstructural, adhesion 

nd permeation properties 

Fig. 3 shows a typical top view and cross sectional SEM image 

f an as-deposited SiC coating. The coating surface is very homo- 

eneous, smooth and densely packed. The coating has a sharp sub- 

trate interface. No delamination signs are observed. 

Fig. 4 shows representative plots of normal force, normal dis- 

lacement and lateral force. As the scratch progresses, the lateral 

isplacement increases. The recorded signals indicate the increase 

n the normal displacement (penetration depth), until it reaches a 

oint (indicated by an arrow) where the rate of increase in dis- 
4 
lacement is faster, which is accompanied by a more unstable lat- 

ral force signal. This point, taken as the adhesion failure, corre- 

ponds to the critical loads, which is of about 200 mN. 

The elemental composition of the as-deposited coating, as de- 

ermined by EDX, is illustrated in Table 1 . This coating is quite 

ure but not fully stoichiometric. It presents a slight excess in C. 

he main impurity is a small amount of oxygen which is mainly 

elated to the fact that the sample was preserved under environ- 

ental conditions. These data are in perfect agreement with XPS 

easurement depicted in Fig. 5 . 

XRD patterns, shown in Fig. 7 , evidence that the as-deposited 

oating does not present any diffraction maximum, which indicates 

ts amorphous character. 

Fig. 8 compares the deuterium permeation data obtained for a 

are Eurofer to that for an as-deposited and a treated SiC coat- 

ng. This figure also includes the measurement on a second "as de- 

osited" coating that allows accounting for the reproducibility both 

n the fabrication and in the measurement procedure. 

In agreement with previously reported data [ 7 ], the permeation 

f the bare Eurofer sample is high and it increases by five orders 
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Fig. 3. Top view (a) and cross sectional (b) SEM image of a typical as-deposited SiC coating deposited on an Eurofer substrate. 

Fig. 4. Evolution of the normal force (black), lateral force (red) and normal depth (blue) with the lateral displacement for the SiC coatings before .as-deposited, (continuous 

line) and after e − irradiation in the presence of Ar (dashed line) and in the presence of oxygen (dotted line). 

Table 1 

Elemental composition of an as-deposited and treated SiC coating (exposure to O 2 at 450 °C during e −

irradiation) as determined by EDX data. 

Element [at. %] As-deposited After exposure to O 2 at 450 °C during e − irradiation 

Carbon 49.53 30.30 

Oxygen 0.97 0.14 

Silicon 45.98 63.10 

sum of minority elements 3.52 6.46 
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l

f magnitude when rising the temperature from room temperature 

o 800 °C. The permeation reduction factor (PRF) defined as the re- 

uction of the steady state hydrogen permeation flux at identical 

onditions for coated and uncoated substrates is > 10 3 for the as- 

eposited coating, even at the expected working temperature for 

he breeder blanket area ( ∼ 550 °C), as the conceptual designs re- 

uire. The permeation for the coated sample also increases when 

ising temperature but it does in a much flatter way than that 

or the bare Eurofer. It is important to mention that the perme- 

tion data obtained for the as-deposited coating are highly repro- 
5 
ucible as illustrated when comparing measurement performed on 

wo different coatings. 

The permeation values for the SiC coatings after thermal cy- 

ling, without and during e − irradiation, are in the same order of 

agnitude than those for the as-deposited coatings. At low tem- 

eratures (from RT up to 175 °C), thermal cycling, either with- 

ut or during e − irradiation, does not significantly change the PRF 

alue. At higher temperatures (T > 175 °C), the PRF calculated af- 

er the thermal cycling, without or during e − irradiation, is slightly 

ower than that for the as-deposited coatings, but still > 10 3 . The 
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Fig. 5. XPS spectra for the as-deposited SiC coated sample (a) and for the same sample after being subjected to all treatments described in section 2.2 (b). 
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mall variations in the permeation curves measured after thermal 

ycling without and during e- irradiation can be mainly associated 

o e − irradiation effects and/or to uncertainties in the measure- 

ent process. 

A significant reduction in the PRF value is observed after expo- 

ure of the coating to an oxygen atmosphere at a temperature of 

50 °C during e − irradiation. In this case, the permeation curves 

easured for the bare Eurofer and for the SiC coating run almost 

arallel throughout the whole studied temperature range. How- 

ver, even under these unfavorable conditions the calculated PRF 

s larger than 10 2 in the whole measured temperature range. Con- 

idering all the measured PRF values, we conclude that the main 

eason for the deterioration of the PRF value is related to the expo- 

ure of the coating to an oxygen atmosphere at high temperatures. 

In the following we investigate the reason for the degradation 

f the SiC coating when exposed to an oxygen atmosphere at 450 

C during e − irradiation. 

The elemental composition, as obtained from EDX, for the SiC 

oating after having undergone all the treatments described in 

ection 2.2 are shown in Table 1 . When comparing these results 

ith those for the as-deposited coating, we observe a decrease in 

he at. % of C (from 49.53 to 30.30) and an increase in at. % of

i (from 45.98 to 63.10) These results agree with those obtained 

rom XPS measurements shown in Fig. 5 . It is observed that the 

pectral line corresponding to oxygen (O1s) increases remarkably 

n the treated coating while those associated to silicon and carbon 

ecrease. The largest decrease is observed for C. The deconvolution 

f the spectral band of silicon allows accounting for the present 

pecies and their quantification. As shown in Fig. 6 , the Si2p band 

an be deconvoluted into two bands: one, with the largest area 

A1), has a maximum at position 100.71 eV and the other with 

 much smaller area (A2) has a maximum at 102.47 eV. The for- 

er is associated with SiC and represents 89.0 at. % of the to- 

al, whereas the later corresponds to the Si 3 + species and repre- 

ents the remaining 11 wt. %. This last signal is related to oxi- 

ized species of silicon. XPS results are corroborated by XRD data 

hown in Fig. 7 . Here we observe that the treated coating exhibit 

 large band between 25 and 40 degrees which indicates that the 

ample has suffered an important transformation at the structural 

evel. Unfortunately, from these measurements it is not possible to 

nequivocally identify any crystalline phase in the treated coting. 

he closest found peaks may correspond to a complex silicate type 

hase e. g. (Fe, Mg)SiO 4 containing several cations (ref. Code 00- 
a

6 
37-0415). The diffraction maxima of such a species have been in- 

luded in the figure as green vertical lines. The peaks located at 

round 45 and 65 degrees may correspond to the α-Fe of the Eu- 

ofer substrate. 

The results obtained by EDX, XPS and XRD analysis are in per- 

ect agreement and allows us concluding that the exposure of the 

oating to oxygen at 450 °C during e − irradiation leads to its oxi- 

ation. Indeed, as shown in Fig. 9 , some corpuscles with a size of 

 few of nanometers are visible at diverse locations on the sam- 

le surface of the coating exposure to oxygen whose presence is 

ompatible with surface oxidation and indicates the homogeneous 

ucleation of the oxidized species detected by both XPS and XRD. 

his oxidation seems to affect mainly to the coating surface, since 

s shown in Fig. 4 oxygen exposure does not modify the adhesion 

alue of the coating to the substrate. Further research on this topic 

s needed. 

.2. Deuterium retention and desorption in implanted coatings 

In order to study the D behavior in the SiC coatings an as- 

eposited and diverse treated (thermally cycled without and dur- 

ng e − irradiation) coatings were implanted with D at room tem- 

erature at an energy of 7.5 keV and at a fluence of 1.7 × 10 16 

m 

−2 . The D depth profiles as measured by SIMS are depicted in 

ig. 10 . For comparison data measured for an as-deposited (not 

mplanted) coating as well as, the D projected range and energy 

oss profile as calculated with the binary collision approximation 

BCA) code TRIM [34] are also shown. In all implanted coatings the 

hape of the D depth profile is quite similar to that calculated with 

RIM. However, the measured D retention peak is found at shal- 

ower depths ( ∼ 85 nm) than the calculated one ( ∼ 160 nm). The D 

etained fraction is much higher for the coatings which have been 

hermally cycled before D implantation than for the implanted as- 

eposited coating. The D retention is slightly higher for the coat- 

ng which has been thermally cycled during e − irradiation than for 

hat just thermally cycled. 

More information about the D behavior can be obtained from 

he thermal desorption spectroscopy data shown in Fig. 11 . The 

DS spectrum for the implanted as-deposited coating exhibits no 

esorption peak at temperatures below ∼ 800 °C. Thermal cycling, 

ithout and during e - irradiation, leads to the appearance of a des- 

rption peak at temperature lower than 800 °C. This peak locates 

t temperatures between 450 °C and 700 °C with a maximum at 
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Fig. 6. Deconvolution of the Si2p band measured for a treated SiC coating after undergoing all the treatments described in section 2.2 . 

Fig. 7. XRD spectra for an as-deposited (red line) and for a treated (blue line), after undergoing all treatments described in section 2.2 , SiC coatings. 
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570 °C for the thermally cycled coating and it is slightly shifted 

o higher temperatures (500-750 °C) for the coating thermally cy- 

led during e − irradiation. At temperatures higher than ∼ 800 °C, 

ne senses the existence of a D 2 desorption peak in all implanted 

oatings. However, the temperature limitations in our set up pre- 

ent its complete identification. 
7 
. Discussion 

All morphological and microstructural data indicate that as- 

eposited SiC coatings are homogeneous, dense and amorphous. 

hey do not exhibit any pores or cracks. EDX and XPS data show 

hat as-deposited coatings are composed of a not fully stoichio- 
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Fig. 8. Permeation measurements for a bare Eurofer (black open squares), two as-deposited (black line and pink crosses) and treated SiC coated samples. For the treated 

samples the measurements were performed after the following consecutive treatments: thermal cycling without irradiation in the presence of an Ar atmosphere (black line), 

thermal cycling in the presence of e −irradiation in an Ar atmosphere (blue open circles), and exposed to an O atmosphere at 450 °C under e − irradiation (red open squares). 

Fig. 9. Top view SEM image of the surface of a SiC coating after undergoing all 

treatments described in section 2.2 . 
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etric (excess in C of ∼ 7 at. %) quite pure SiC. Moreover, as de- 

uced from nanoscratch measurements, the adhesion between the 

iC coatings and the Eurofer substrate is quite good (L c ∼ 200 mN) 

ven after being thermally cycled during e − irradiation or exposure 

o oxygen at 450 °C during e − irradiation. 

The measured PRF values are quite reproducible which indicates 

hat both the deposition and the measurements procedure are. The 

RF for the as-deposited coating is quite large (10 4 ), being, in the 

hole studied temperature range, one order of magnitude higher 

han that required in a fusion reactor breeder blanket ( ∼10 3 ). The 

RF measured in our coatings is almost one order of magnitude 
8 
igher than those previously reported in literature for SiC coatings 

eposited under similar conditions, about 3-10 3 [27-29] . The rea- 

on for the high PRF value obtained in our work can be related 

o the dense and amorphous nature, homogeneity and absence of 

racks and/or pores. 

Thermal cycling of the coatings at 450 °C, in the presence of 

n Ar atmosphere, both without and during e − irradiation, slightly 

ecreases the PRF (less than one order of magnitude). Thus, the 

RF for thermally cycled coatings still complies specifications in 

he whole studied temperature range. Chikada et al. report that the 

ecrease in the PRF, for similar SiC coatings after being annealed at 

emperatures of 600 °C, is due to a degradation of the coating [19] .

e do not think that this is our case, but we think that the small

ecrease in the PFR for thermally cycled coatings may be related to 

 rearrangement in the initially amorphous structure (e. g. bonds 

nd/or phase relaxation) [35] . Since the temperature of the cycles 

s much lower than the crystallization one (850-10 0 0 °C) [36] , we

o not expect any crystallization effect to happen. The tiny differ- 

nces in the PRF values observed, in the high temperature regime, 

etween the coatings thermally cycled without and during e − ir- 

adiation can be due to the effect of e − irradiation. However, from 

ur data it is difficult to elucidate accurately this contribution be- 

ause of the measurement error. 

The PRF has been only observed to significantly decrease, being 

till ∼10 2 , after exposure of the coating to oxygen atmosphere at 

 temperature close to that expected in the operation of the BB in 

 fusion reactor (450 °C) during e − irradiation. Such a reduction is 

ainly related to the deterioration of the SiC coating when being 

xposure to an oxygen atmosphere at high temperatures. 
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Fig. 10. Energy loss profile and D projected range as calculated with SRIM after D implantation at an energy of 7.5 keV at a fluence of 1.7 × 10 16 cm 

−2 at room temperature 

(a). D depth profiles as measured by SIMS for diverse SiC coatings (b). 
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Oxygen has been reported to enhance the oxidation rate of SiC 

ccording to the following reaction [37] : 

iC (s) + 3/2O 2(g) → SiO 2(s) + CO (g) 

The occurrence of such reaction would account for part of the 

eduction in the atomic percentage of C, which is strongly reduced 

fter oxygen exposure (from 4.44 to 2.36 wt.%). This part would 

orrespond to the carbon bound to silicon since a Si excess of 15 

t. % is found. Some other part of the measured C loss can be

xplained by "burning" of the excess C found in the as-deposited 

oatings which is not part of the SiC (free C), since this reaction is 

hermodynamically favored [ 36 ]. Considering that the original free 
9 
 was 7 wt. %, one can estimate that approximately 8 wt. % of the

oating has undergone oxidation. These results are corroborated by 

PS measurements which show that after exposure to oxygen, the 

ample contains more oxygen and Si 3 + species ( ∼ 11 at. %). As il- 

ustrated in Fig. 7 , these changes in the elemental composition are 

ccompanied by substantial structural changes which are compat- 

ble with the formation of possible complex silicate-based com- 

ounds containing several cations. The formation of these com- 

ounds can be the reason for the large decrease in the PRF after 

xygen exposure at 450 °C during e − irradiation, since H perme- 

tion is very sensitive to impurities [38,39] . However, as deduced 

rom SEM images and adhesion tests, the oxidation of the coating 

ay take only place in a region close to the sample without propa- 
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Fig. 11. TDS spectra for an as-deposited (blue line), thermally cycled without e − irradiation (green line) and thermally cycled during e- (purple line) SiC coatings after 

deuterium implantation with an at an energy of 7.5 keV at a fluence of 1.7 × 10 16 cm 

−2 at room temperature. 
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ating deeper into the coating. This is the reason why similar high 

alues of the critical load (L C ∼ 200 mN) have been observed in all 

tudied samples. These results seem to indicate that even under 

uch adverse conditions, the coating would still protect the Euro- 

er. 

In agreement with previously reported data [40] , the D depth 

rofile for the implanted coatings is quite similar to the deuterium 

rojected range calculated with TRIM ( Fig. 10 ). However, the max- 

mum in the measured D retention peak is found at shallower 

epths ( ∼8 5 nm) than that of the projected range ( ∼ 160 nm).

ince amorphous SiC is a very radiation resistant material in which 

o change in the atomic structure has been found even for Si PKAs 

ith energies of up to 30 keV [41] , we do not expect vacancies

o be created after D implantation at an energy of 7.5 keV, but 

t seems more plausible that D implantation leads to a rearrange- 

ent in the initial amorphous structure (partial recrystallization) 

ia energy loss. Indeed, as depicted in Fig. 10 , the maximum in 

he measured D retention peak is almost coincident with that posi- 

ion for the peak resulting for the convolution of the peaks related 

o the D projected range and energy loss. This hypothesis may be 

ompatible with the large D 2 released in all implanted coatings at 

emperatures higher than ∼800 °C (not accurately measured in our 

xperiment because of the temperature limitations of the set up) . 

In principle, the increase in the deuterium retention observed 

or coatings which were thermally cycled prior to implantation, 

ithout and during e − irradiation, could be attributed to an in- 

rease in the density of dangling bonds [ 43 , 44 ], and/or to the for-

ation of thermal induced vacancies. Considering that thermal va- 

ancies become available in SiC at a much higher temperature than 

he one we select (above – 1300 ° C) [45] we can disregard the 

ater. But, the peak that appears in the TDS spectra at temperatures 

etween ∼ 450-750 °C for thermally cycled coatings C, suggest that 

nhancement in the D retention for thermally cycled coatings cor- 

esponds to deuterium trapping by dangling bonds [ 41 , 42 ]. Note 

hat in agreement with some authors [ 40 , 46 ] we observe one sin-

le peak in the TDS spectrum at temperatures between 450 °C and 

50 °C. These results contrast somehow to those reported by some 

ther authors who describe two well defined peaks, in the same 

i

10 
emperature range, attributing them to Si-D bonds ( ∼ 500 °C) and 

-D bonds ( ∼ 750 °C) [ 41 , 42 , 47 ]. One could think that the peak we

bserve could be the results of the convolution of the two reported 

eaks. For these coatings not all the deuterium is released at this 

emperature, since D 2 desorption also takes place above ∼800 °C. 

The fact that the retained deuterium for implanted samples that 

ere thermally cycled without and during e- irradiation (prior to 

mplantation) is quite similar, indicate that e − irradiation at the 

elected energies play a minor role, if any, in deuterium retention. 

evertheless, these ionizing effects would account for the shift to 

igher temperatures (50 0 °C-80 0 °C) of desorption peaks in the 

DS spectrum measured for the irradiated coating ( Fig. 11 ). 

. Conclusions 

Sputtering leads to fabricate SiC coatings which were dense, 

morphous, free of pin-holes and/or cracks, quite pure but not fully 

toichiometric (excess C of ∼7 wt. %). The adhesion of the coatings 

o the Eurofer substrate is pretty good (L c ∼ 200 mN) and does not 

egrade after thermal cycling at 450 °C without and during e − ir- 

adiation or oxygen exposure at 450 °C. 

The PRF of the as-deposited coatings is pretty large, being, 

n the whole studied temperature range, one order of magnitude 

igher than that required for operation in the breeder blanket of 

 fusion reactor ( ∼10 3 ). Thermal cycling of the coatings at tem- 

eratures of 450 °C produces a rearrangement of the amorphous 

tructure. As a consequence, the PRF is slightly reduced but the ob- 

erved reduction is less than one order of magnitude, so thermally 

ycled coatings still comply specification to act as TPB in fusion 

eactors. The effect of e - irradiation during thermal cycling, at the 

elected energy and fluence, is very small in the PRF. Exposure of 

he coatings to oxygen at a temperature of 450 °C during e- irra- 

iation is the most critical factor. It leads to coating oxidation and 

 considerable reduction in the PRF. However, oxidation may affect 

nly the coating surface. Thus, the coating would still protect the 

urofer even under such harsh conditions. 

Concerning to D retention and desorption, we observe that 

n all implanted coatings D is retained in a region close to the 
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mplantation one and mainly desorbed at temperatures above ∼
00 °C. Thermal cycling of the coatings, without and during e- 

rradiation, prior to implantation, notably increases the D retention 

nd promotes D 2 desorption at lower temperatures, leading to the 

ppearance of a D 2 desorption peak between 450-700 °C. However, 

n these samples not all the deuterium is released at this tem- 

erature, since D 2 desorption also takes place above ∼800 °C. e- 

rradiation during thermal cycling does not significantly increases 

euterium D retention but slightly shifts to higher temperature the 

ow temperature D 2 desorption peak 500-750 °C. 

Considering the results obtained in this and in previous works 

16] that have demonstrated that the SiC coatings offer high 

rotection against corrosion and have no chemical activity with 

ithium, as well as the versatility of the deposition method that ad- 

its complex surfaces, raises sputtered SiC coatings as a promising 

ption to act as multifunctional barrier in fusion reactors. How- 

ver, for the HCPB blanket concept radiation induced oxidation of 

iC coatings must be taken into account. Further studies need to 

e carried out in this topic. 
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