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ABSTRACT 

Carbon-jased materials are considered for protection of plasma facing components in the next 

step fusion device. To investigate the effects of neutron damage on the tritium behaviour an 

experimental study on the tritium retention of various neutron irradiated graphites and 

carbon/carbon fibre composites was started. The irradiation dose of the specimens ranges from 

10'J to 3.5 dpa.g and the irradiation temperature from 390°C to 1500°C. A comparison of 

tritium retention in pre- and post-irradiated carbon-based materials as a function of the sample 

temperature is reported in this paper and the results are discussed. 

The first results indicate that the retention of tritium is higher in irradiated graphite than in 

unirradiated graphite and depends largely on the density and microstructure. The retention is 

also influenced by the tritium-loading temperature. Graphite of type S 1611, irradiated at 

400°C and 600°C up to a damage of 0.1 dpa.g, retained about two times more tritium than the 

unirradiated material. 
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1. INTRODUCTION 

Graphites and other carbon-based materials are still considered as attractive choices for the 

protection of high heat flux components in existing and forthcoming tokamaks. However, as 

next generation devices, i.e., the International Thermonuclear Experimental Reactor (ITER) 

will produce intense neutron fluxes, substantial R&D is needed to elucidate the effects of 

neutron-induced damage on the microstructure and critical properties of these materials (e.g., 

thermal conductivity, swelling, tritium trapping) because they could limit the utilisation of 

these materials in fusion devices. One of the crucial problems which needs to be better 

understood is the behaviour of tritium in materials subjected to crystallographic damage and 

micTOStructural changes induced by neutrons. The anticipated enhancement of the tritium 

retention capacity could cause intolerably high tritium inventories in the C-based plasma 

facing armours in future D-T fuelled devices and as such represents a key safety problem. 

This paper describes the results of recent experiments performed at ECN Petten and 

KfK-Karlsruhe to investigate the effects of neutron doses and irradiation temperature on the 

tritium inventory in various graphites and carbon-carbon composites. Primarily, the aim is to 

continue the experimental effort underway world-wide to expand the existing meagre 

database, see for example refs. [1-3], and to improve the understanding on this subject. The 

results presented in this paper are considered to be preliminary and represent only partially 

the experimental investigation which is still in progress. Nevertheless, they show some trends 

on the influence of some of the key variables involved i.e., irradiation temperature, neutron 

dose (level of accumulated crystallographic damage), time and temperature of the tritium 

loading phase. 

A critical comparison of tritium retention in pre- and post-irradiated C-based materials as a 

function of the tritium loading temperature, damage dose, and irradiation temperature is 

reported in this paper. The need to quantify the production of tritium trapping sites at different 

temperatures, and their thermal stability as well as the characterization of the tritium retention 

and release properties, is highlighted. Emphasis is placed upon the need to improve data for 

conditions where the temperature of experimental investigation corresponds to the irradiation 

temperature which best represents the experimental situation occurring in a tokamak. 

2. EXPERIMENTAL 

2.1. Materials 

The irradiated carbon-based materials selected by the NET-team for testing are the types: 
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S 1611, CL 5890, 

CL A05 and Pfïzer-pyrolitic graphite. The type Carbon Loraine (CL) A05 is a carbon fiber-

reinforced composite (CFC). The neutron-induced damage varied from 0.92 E-3 dpa.g for the 

Pfizer-pyrolitic graphite to 3.5 dpa.g for the CL 5890 and CL A05 specimens. The irradiation 

temperature of thsse materials was 400°C, oXXFC and 1500°C. The latter temperature refers 

only to CL 5890 and CL A05. For testing the experimental procedure also Ringsdorff EK 78, 

CL 2239 and an un-identified Carbon Loraine graphite, indicated as CL X, were used. The 

EK 78 and CL 2239 are very similar. The as-measured material characteristics are given in 

table 1. The microstructure of the materials S 1611, CL 5890, CL A 05 and the Pfizer-

pyrolitic graphite are represented in fig. 1, as SEM fracture surfaces at a magnification of 

about 500. 

2.2. Experimental procedure 

Before tritium retention measurements could be performed the specimens had to be loaded 

with tritium. At ECN Petten, initially, the specimens were exposed to helium as carrier gas 

containing 100 ppm hydrogen and about 1 ppm tritium. Recently, a bottle of hydrogen with 

about 2 ppm tritium was used for tritium loading. During the screening tests the loading 

temperature was varied from 750°C to 1150°C. The loading time ranged from 1 to 24 hours. 

In a few cases also the pressure of the exposure gas and the weight of the specimens were 

changed. From the results of the screening tests the following tritium loading procedure was 

selected as reference: 

1. Conditioning of specimens of about 250 mg for one hour at 850°C under vacuum (0.6 Pa) 

to remove air and moisture. However, for irradiated specimens the conditioning temperature 

w adapted to the irradiation temperature. 

2. Tritium loading at 850°C for 10 hours. The specimens were heated in a tube (quartz) 

furnace with a heating rate of 5°C/min until the loading temperature was reached. The total 

pressure of the exposure gas (He + H2 + T2) was 80 kPa. The hydrogen partial pressure was 

10 Pa. Tritium loading of irradiated specimens was performed at 400°C and 600°C 

respectively, being the irradiation temperatures. After this tritium was released the specimens 

were again loaded with tritium, however, this second time at 850°C. In the latter cases the 

tritium loading temperature is indicated as 400/850°C and 600/85O°C respectively. 

3. After the tritium was loaded the specimens were cooled to room temperature and the excess 

tritium removed by purging for one hour with moist oxygen. Subsequently, the specimens 

were transferred to a clean quartz tube and purged for 24 hours to remove the surface 
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adsorbed tritium. Recently, the removal of the excess tritium was started at 250°C instead of 

at room temperature. It was shown that this resulted in less surface adsorbed tritium. A 

description of the experimental device is given in ref- [4]. 

4. The bulk absorbed tritium was released by complete oxidation of the specimen with oxygen 

for one hour at 850°C. To ensure that all tritium was collected the system was purged for 24 

hours. The released HTO was trapped in a bubbler. Any tritium released as HT was oxidised 

in a CuO-bed to HTO and also collected in a bubbler. 

Recently, the retained tritium is released by heating the specimens to 1050°C at a heating rate 

of about 5°C/min and purging with He+0.1%H2. The released fraction was measured by an 

ionization chamber and finally trapped in bubblers. To determine if the retained tritium had 

been released completely, some CL A 05 samples were oxidised. From these measurements 

it was concluded that about 10 % of the tritium inventory was not released by heating to 

1050°C. 

5. The amount of tritium trapped in the bubblers was determined by using a Liquid 

Scintillation Counter (LSC). 

In the KFK Karlsruhe experiments the conditioning (drying) of the specimens was carried out 

at 590, 800 and 850°C for two hours under vacuum. Tritium loading was performed at 600, 

800, 850 and 950°C for 24 hours. A H/T2 mixture (H2: T2 = 3000 : 1) was used as loading 

gas with a total pressure of 10 kPa. After loading the excess tritium was pumped away at 

500°C by using a U-bed. The tritium was released by heating the specimens with 5°C/min to 

870°C and kept at this temperature for 3 hours. 

The irradiated S 1611 specimens tested at KfK were not dried before tritium loading. Tritium 

loading occurred at 1300°C for 8 hours in an A1203 capsule. For the release of tritium the 

specimens were heated to 1230°C. 

3. RESULTS 

Results of measurements on unirradiated specimens are given in the tables 1 and 2. Table 1 

shows the ECN retention data obtained with the reference tritium loading conditions (850°C, 

10 h) and exposure gas: He+10O ppm H2+l ppm T2. Fig.2 shows the release of tritium from 

a CL A 05 specimen. The loading gas was He+H2+T2. The tritium was released by heating 

the sample to !250°C with a rate of 5°C/min and using He+0.1%H2 as purge gas. The release 

started at about 720°C. A maximum in the release occurred at about 1000"C. 
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Table 2 summarises the measurements performed at KfK Karlsruhe with H2+T2 as tritium 

loading gas and with different drying and loading temperatures. Meanwhile, at ECN Petten 

also some experiments using H2+2 ppm T2 as tritium loading gas were performed. For these 

measurements unirradiated specimens as well as irradiated specimens of S 1611 were used. 

The tritium retention data are presented in table 3 and were corrected for the isotopic effect. 

This means that the measured values of ECN were multiplied by 500 000 for the experiments 

using H2+T2 as exposure gas and with 100 for those using He+100 ppm H,+l ppm T2. The 

KfK retention data were multiplied by 3000 to correct for the isotopic effect. Table 3 also 

gives the tritium retention as ratio of the retention of irradiated to that of unirradiated graphite 

S 1611 for different neutron-induced damage, irradiation temperatures and tritium loading 

temperatures. 

During the KfK tritium release measurements on irradiated S 1611 specimens a weight loss 

of 18-27 %, evidently caused by a reaction of graphite with the Al203 capsule, was measured. 

This might have influenced the retention data. 

During KfK vacuum annealing and mass spectrometer measurements on samples of EK 78 

and CL 2239 a maximum in the release of H20 was observed at about 500°C, of CO and C02 

at about 700°C and of H2 at > 800°C. 

4. DISCUSSION 

From the tritium retention data of the unirradiated materials, shown in table 1, it can be 

observed that the graphite CL X retained the smallest and the S 1611 the largest amount of 

tritium. As derived from fig.l the microstructure of S 161 i and CL 5890 is similar but differs 

significantly from that of CL A 05 and Pfizer-pyrolitic graphite. From ref.[4] it was observed 

that also the microstructures of CL 2239 and CL X resemble that of S 1611 and CL 5890. 

Therefore, comparing the tritium retention data and the characteristics of the materials S 1611, 

CL 2239, CL 5890 and CL X it can be seen that the lowest tritium retention of CL X 

corresponds to the highest density, the lowest open pore volume (OPV) and the largest pore 

specific surface area (SSA). A large SSA combined with a small OPV means a small average 

pore size. Consequently, large pores represent a relatively small SSA. Unfortunately, no data 

on the grain size of the different types of graphite are available. Nevertheless, it may be 

concluded that for the C-based materials with similar microstructures the retention of tritium 

seems to be smaller for the material with a high density and small pores (i.e. high SSA) of 

the samples used in this study. The tritium inventory data of the unirradiated materials EK 

78 and CL 2239 measured by KfK, table 2, indicate an inventory increase with decreasing 
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drying temperature. Most likely, not all impurities arc removed at a temperature of 590*C and 

tritium may be trapped by the residual impurities. Moreover, the tritium inventory changes 

with loading temperature. In the range of 600-900°C a maximum tritium retention was 

observed at a loading temperature of 800°C. 

For direct comparison of the present tritium retention data of CL 2239 determined by KfK 

(table 2) and ECN (table 1) the values have been corrected for the isotopic abundance. The 

inventory obtained by ECN was 39 MBq/g, for a conditioning and tritium loading temperature 

of 850°C At KfK an inventory of 1430 MBq/g was measured, being the average of 1710 and 

1150 MBq/g measured at a loading temperature of 800°C and 950°C, respectively. The large 

difference between the two tritium inventories could be ascribed to the use of two different 

loading gases, H2+T2 (KfK) and He+H2+T2 (ECN). Even larger differences were observed 

between the retention data of unirradiated S 1611 measured by ECN for both tritium loading 

gases, 33.3 and 0.07 MBq/g, respectively, see table 3. 

The measured tritium inventories of irradiated S 1611, summarized in table 3, show also 

rather large differences between the results obtained by KfK and ECN. Although, the loading 

gas was in both cases H2+T2, the loading temperatures were different (1300 and 850°C, 

respectively) as well as the H2 loading pressure (10 and 80 kPa). The measured data are not 

corrected for this difference in loading pressure. The maximum release temperatures were 

1230T for KfK and 1050°C for ECN. Moreover, the KfK samples have not been dried and 

indicated weight losses after the tritium release measurements. 

From the limited number of measurements on irradiated samples of graphite S 1611 as given 

in table 3, only a general trend could be observed for the increase of the tritium retention with 

increasing neutron damage, irradiation temperature and tritium loading temperature. For an 

increase of the neutron damage from 0.01 to 0.1 dpa.g the KfK data showed for an irradiation 

temperature of 400°C a tritium inventory increase of 25% (from 13.8 to 17.3 GBq/g). The 

tritium loading temperature was 1300°C. The ECN data showed for an irradiation temperature 

of 600°C a tritium inventory increase of about 17% (from 27.8 to 32.4 GBq/g). In this case 

the tritium loading temperature was 600°C. For a loading temperature of 850°C the tritium 

retention changed from 131 to 89 GBq/g which is not very likely. Therefore, it is believed 

that the value of 89 GBq/g of sample C5 is too low or that of C26 (131 GBq/g) too high. 

The effect of the irradiation temperature on the tritium retention is demonstrated by the KfK 

data for a neutron damage of 0.01 dpa.g and a loading temperature of 1300°C. In this case 

by increasing the irradiation temperature from 400"C to 600"C the tritium inventory increased 

by 18% (from 13.8 to 16.3 GBq/g). However, there is some uncertainty about the KfK data 
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of samples CIO (17.3 GBq/g) and C26 (16.3 GBq/g). For the same change in irradiation 

temperature the ECN data show an inventory increase of a factor S.9 (from 5.5 to 32.4 

GBq/g) for a neutron damage of 0.1 dpa.g. The tritium loading temperatures were equal to 

the irradiation temperatures of 40TTC and 600*C, respectively. For the same conditions 

(increasing the irradiation temperature from 400*0 to 600°C) but with a loading temperature 

of 850°C the increase of the tritium inventory was 23% (from 72.2 to 89 GBq/g). However, 

as explained before the value of 89 GBq/g is probably too low. From both the KfK and ECN 

experiments it is concluded that an irradiation temperature increase from 400°C to 600°C 

results in an increase of the tritium trapping capacity and that the number of trapping sites 

was not significantly reduced by heating the sample to 1050*C, the maximum tritium release 

temperature. Causey [2] reported that the tritium retention of N3M graphite samples neutron 

damaged to 10 dpa was much higher in samples irradiated at 000°C than of those irradiated 

at 875°C. Moreover, it was reported that about 50% of the tritium traps in the samples 

initiated at 600 °C were removed after annealing for 6 hours at 1500°C in vacuum prior to 

the tritium exposure. The tritium exposure occurred in this case at 1300°C. The results of 

Causey [2] and of this work indicate the importance of the irradiation temperature and the 

need for additional experiments to investigate if there will be an irradiation temperature where 

the number of tritium trapping sites shows a maximum. 

The effect of the tritium loading temperature on the tritium retention is illustrated, 

particularly, for unirradiated samples (table 3), where the inventory increased from 3.9 to 17.6 

and to 33.3 GBq/g by increasing the loading temperature from 400°C to 600°C and to 850°C, 

respectively. Such an increase can also be observed for the irradiated specimens. 

The experiments are being continued including different materials, irradiation temperatures 

of up to 1500°C, and neutron damage levels of up to 3.5 dpa.g. 

5. CONCLUSIONS 

1. Tritium retention depends largely on the type of graphite, its density and 

microstructure. 

2. The retention of tritium is significantly influenced by the sample conditioning/drying 

temperature, the tritium loading temperature, and the composition and the total H2 

pressure of the loading gas. 
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3. Much less tritium could be loaded in graphite samples when He+H2+T2 was used as 

exposure gas instead of Hj+T,. 

4. The tritium retention of irradiated S 1611 graphite increases: 

- with an increase of the neutron damage from 0.01 dpa to 0.1 dpa for irradiation 

temperatures of 400*C «tnd 600°C 

- by increasing the irradiation temperatures from 400°C to 600°C for neutron damage 

values of 0.01 dpa and 0.1 dpa. 

5. Increase of the irradiation temperature from 400*C to 600°C had a somewhat larger 

influence on the tritium retention of S 1611 than the increase in neutron damage from 

0.01 dpa to 0.1 dpa. 

6. The number of tritium trapping sites was not reduced by heating samples to a tritium 

release temperature of 1050°C. 
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Table 1. 

The as-measured material characteristics and the 

tritium retention of un-irradiated C-based materials, 

measured by ECN Petten. 

Material Bulk OPV0, Pore Tritium 

density, SSA2\ retention3*, 

g/cm3 % m2/g MBq/g 

S 1611 
CLA05 

CL 2239 

CL 5890 

Pfizer-Pyr. 
CLX 

1.77 
1.87 

1.77 

1.86 

2.46 

1.95 

15.2 
9.2 

16.2 

11.8 

0 

8.7 

3.2 
3.2 

6.2 

4.7 

0 

10.9 

68 
43 

39 

29 

29 

20 

Open Pore Volume 

Specific Surface Area of the pores 

Corrected for the isotopic effect of exposure gas 

He+100 ppm H2+l ppm T2 
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Table 2. 

Tritium retention data of Ringsdorff EK 78 

and CL 2239 measured by KfK Karlsruhe. 

Drying Loading Tritium retention, 
temperature, temperature, MBq/g° 

°C °C EK78 CL2239 

590 590 2030 2600 

850 600 960 

800 800 1825 1710 

850 850 1520 

850 950 1215 1150 

corrected for the isotopic effect. 
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Table 3. 
Tritium retention data of graphite S 1611 measured by KfK and ECN 

Sample Irradiation Damage, KfK Karlsruhe 

I.D. temp., 

ECN Petten 

°C 

Loading Tritium Loading Tritium retention, 

temp., retention, temp., 

dpa.g °C GBq/g1) °C 

Ratio 

GBq/g1) irr/un-irr. 

Un-irr. 

Irradiated 
C9 400 

CIO 400 

C26 600 

0.01 

0.1 

0.01 

C5 

1300 

1300 

1300 

13.8 

17.3 

16.3 

600 0.1 

400 

600 

850 

850 

850 

400 

400/8503> 

600 

600/850 

850 

600 

600/850 

850 

3.9 

17.6 

33.3 

0.072) 

0.22) 2.22> 

5.5 

72.2 

27.8 

33.7 

131 

32.4 

71.2 

89 

1.4 

2.2 

1.6 

1.0 

3.9 

1.8 

2.1 

2.7 

^ Corrected for isotopic effect; this ratio is 3000 for the KfK tests and 

500.000 and 100 for the ECN experiments with tritium loading gas 

H2+T2 and He+H2+T2 respectively. 
2) Tritium loading with He+100 ppmH2+l ppm^. 
3> First loading at 400°C, the 2nd loading of the same sample at 850°C. 
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S 1611 (a) CL 5890 (b) 

CL A 05 (c) Pfizer-pyrolitic (d) 

Fig.J. SEM microstructures of various graphites: (a) S 1611, (b) CL 5890, (c) CL A 05, 
and (d) Pfizer-pyrolitic graphite. 



16 

Time (h) 

Fig.2. Tritium release from CL A 05 as function of temperature and 
time. The release is given in unit of current (pA) of the 
ionization chamber. 


