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Abstract. In order to investigate the thermal behaviour of radiation induced point defects in 

nuclear graphite, ETU10 graphite was implanted with 350 keV C+ ion to doses of 1015 and 1016 

cm-2. The point defects introduced by the implantation were characterized by Positron 

Annihilation Doppler Broadening (PADB) and their thermal behaviour was studied during “in 

situ” annealing at Delft Variable Energy Positron beam (VEP). The annealing was performed 

for 5 minutes at temperatures ranging from 300 K (as implanted) to 1500 K in steps of 100 K. 

For both doses, an annealing stage at around 450 K is observed followed by a second stage 

around 700 K. For the high dose implantation vacancy complexes are found which are stable 

up to a temperature around 1400K. 

1. Introduction 

Since the building of the first gas-cooled nuclear reactors, graphite has been classified as one of the 

most promising moderator candidates because of its low atomic number, high thermal conductivity 

and good mechanical properties[1]. Apart from the moderator function, this material could also be 

used as reflector and structural materials in the reactor core, which makes nuclear graphite one of the 

key nuclear materials in the nuclear industry[2]. As a complex polygranular system, nuclear graphite 

consists two phases: a filler material and a binder phase. The most common filler material is petroleum 

coke made by delayed coking process[3]. The typically used binder phase in the manufactory is coal 

tar pitch. After a final stage of graphitization, a very high chemical purity is reached[4]. However, the 

service performance of nuclear graphite would be greatly impaired as a result of the collision events 

with fast neutrons, which will lead to the formation of structural defects such as displaced atoms, 

vacancies and interstitial loops or vacancy aggregations. In addition, Ewel et al also suggested the 

formation of metastable interstitial-vacancy pair structure in the irradiated nuclear graphite[5]. The 

subsequent evolution of these defects will lead to dimensional and physical properties changes and the 

release of the Wigner energy, which is detrimental to the safety of the reactor[6]. Over the past 

decades, understanding of these defects and their behaviour have always been a front area of the 

graphite research field[7]. In particular, the behaviour of radiation induced point defects is of technical 

and scientific interest. Characterization techniques such as transmission electron microscopy (TEM), 
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scanning tunnelling microscopy (STM) supported by computer simulations[8-10] have greatly 

enhanced the knowledge about irradiation induced damage of graphite. However, it is still not quite 

clear what mechanisms play a role in the defect behaviour at atomic level. In this work the nuclear 

graphite ETU10 was implanted with 350 keV C+ ions to simulate the collision events with neutrons.  

2. Experimental  
The samples were manufactured by IBIDEN. It has an apparent density of 1.75 g/cm3 with low 

porosity of 15%, and it has a very low ash content of less than 5 ppm. The thermal conductivity is 

104.4 W/mK, and the thermal expansion is 3.8 ×10-6 K-1. Two pieces of nuclear graphite ETU10 

(20x20x2mm3), were implanted with 350 keV C+ ions to doses of 1015 and 1016 /cm2, respectively. 

During the implantations carried out at the Institute of Semiconductors, Chinese Academy of Science, 

Beijing, the temperature of the samples was kept below 373K.  

The point defects introduced by the implantation and their thermal behavior were characterized by 

the Positron Annihilation Doppler Broadening (PADB) technique at Delft Variable Energy Positron 

beam (VEP). By selecting positron implantation energies between 0.1 and 25 keV, the maximum 

obtained positron mean implantation depth is 4 µm. This is well beyond the 1 µm range of the 

displacement damage distribution (with a 200 nm wide maximum at about 700 nm depth) predicted by 

SRIM [11]. The “in situ” annealing was performed for 5 minutes at temperatures ranging from 273 K 

(as implanted) to 1500 K in steps of 100 K. The PADB experiments were started after the samples had 

cooled down to RT.  The measured Doppler broadening S-parameters are calculated as the ratio of the 

counts registered in a fixed momentum window, with |p//| < 3.5×10-3 moc, to the total number of 

counts in the 511 keV photon peak. Here p// is the momentum of the electrons in the direction of 

gamma emission, mo is the electron rest mass and c is the speed of light. 

3. Results and Discussion 

Figure 1 shows the results of the PADB experiments after stepwise annealing of ETU10 irradiated 

with 1015 C+/cm2. For clarity reasons the S value of the as-received ETU10 as reference is shown in 

Figure 3.  It has to be clarified that in the interest of a concise plot, the error bars are only shown in 

Figure 3 for the reference and the first PADB measurement. Based on the same measurement principle, 

the lengths of the error bars are expected to be at the similar scale for the rest data in Figures 1 and  3. 
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Figure.1 S-Parameter versus positron energy for ETU10 implanted with 1015 C+/cm2 
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For the as-received ETU10 specimen, it can be seen that the S values distribute randomly between 

0.520 and 0.530, which indicates that positrons show no significant depth preference when annihilate 

within the penetration range. Therefore, we could take this as the reference when compared with the 

as-irradiated data. In Figures 1 and 3 the latter is displayed by the scatter symbols, while the full lines 

through the symbols are the results of VEPFIT[12] calculations using a three-layer-model. The width 

of the first two layers is derived from the SRIM calculations. The mean implantation depth scale of 

positron is shown on the top of the chart. The expression of the calculation is described elsewhere[13]. 

The first layer extends up to 450 nm beneath the implantation surface followed by the second layer 

with a width of 200 nm. The third and last layer covers the range up to the maximum positron 

implantation depth and represents the undamaged region. Thus, S1, S2, S3 are the fitted Doppler 

broadening parameters of the first, second layer and the bulk, respectively. As can be seen, the data of 

the “as-implanted” sample (273 K) shows a maximum of about 0.54 at the positron implantation 

energy of about 7 keV. This energy corresponds to a mean positron implantation depth of about 500 

nm. This maximum is well above the average value of 0.525 found for the non-implanted region, and 

therefore is representative for defects introduced by the carbon ion irradiation. With increasing 

annealing temperature the maximum in the S curve decreases to the level obtained for the reference 

sample. Figure 2 shows the values of the fitted Doppler parameters (S1, S2 and S3) as a function of 

annealing temperature. 
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Figure 2. Fitted S values as a function of the annealing temperature. The uncertainties in the fitted 

parameters are obtained by VEPFIT. 

 

The clear drop of the S2 value after annealing at 450 K is consistent with the well accepted Wigner 

energy release at about 473 K[14]. This could be interpreted as the annihilation of the Frenkel pair 

defects, that is, the vacancies are mobile at 473 K to annihilate adjacent interstitial[15]. At annealing 

temperatures between 450 K and 600K, the S-parameter decreases slowly while a next sharp decrease 

is observed at 700 K. As Wigner energy may release at different stages, the significant reduction may 

result from more released Wigner energy. Accompanied by the energy release, the most possible 

internal process is the monovancancy migration and in case of high vacancy density aggregation into 

multi-vacancy complexes, which could only be removed by elevated annealing temperature[15]. A 

next sharp decrease is observed at annealing temperature higher than 700K where after S2 decreases 

quickly to the bulk S value. For the moment (based on the Doppler broadening data only) it is difficult 

to explain the low S2 value at the temperature around 900 K. Usually, a low S parameter is associated 

with small open-volumes, and an S parameter lower than that of the reference would hint at volumes 
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smaller than that associated with interstitial dimensions. Possibly, this could be verified by future 

positron annihilation lifetime experiments. The Doppler parameter S1 representing the near surface 

defects, is less influenced by the implantation and the effect of annealing is observed as a gradual 

decrease without evidence of annealing stages. Apparently, almost all the defects (monovacancies) 

have been removed, which shows that defects induced by low dose ion irradiation can be easily 

removed at lower annealing temperature. Figure 3 presents the PADB measurements of ETU10 

irradiated at a ten times higher C ion dose of 1016/cm2. The observed higher maximum of the S-

parameter indicates that more defects (or larger open volume defects) are introduced. In addition, an 

increase of S in the first near surface layer is clearly present. 
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Figure 3. S-Parameter versus positron energy for ETU10 implanted with 1016 C+/cm2. 

Figure 4 shows the values of the fitted Doppler parameters (S1, S2 and S3) as a function of annealing 

temperature. (Note the extended temperature scale in comparison to figure 2). 
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Figure 4.  Fitted S values as a function of the annealing temperature. 
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As in the case of the dose of 1015/cm2, the first annealing stage in S2 is seen at a temperature 400 K, 

which also derives from the characteristic Wigner energy release. With the annealing temperature 

increasing to 800 K, the S2 value descends gradually, followed by a sharp decrease between 800K and 

920 K. In case of the low dose implantation at this temperature the majority of the small vacancy 

defects have been annealed out. For the high dose implantation this is clearly not the case and 

therefore the annealing was continued. At the next annealing temperature of about 1000K first an 

increase in S2 is observed. It is noteworthy that a similar increase is seen in the analyses of the low 

dose implanted sample. In this case the increase started from a lower level associated with the bulk. 

Further annealing results in a gradual decrease in S towards the bulk value. However, the maximum in 

the S curve is still higher than that of the reference data. Tang[16] suggests an aggregation structure 

formed by 6 vacancies as the possible stable cluster in heavily irradiated graphite. The planar V6 rings 

may survive even at temperature up to 1773 K as seen in this study.  

The annealing behaviour of S1 for the high dose implantation shows a trend similar to that of S2 for 

the low dose in which the effect of vacancy clustering is less pronounced because of the lower initial 

vacancy concentration. The exception is that in the near surface region the bulk value is not fully 

reached. A similar effect is seen in our recent studies on 200 keV He irradiated nuclear graphite [17] 

and may be caused by surface erosion by ion impact.  

 

4.  Conclusion 

Defects in nuclear graphite ETU10 have been introduced by 350 keV C-ion implantation to doses of 

1015 and 1016 C+/cm2, respectively. The thermal evolution of the point defects has been studied by 

Positron Annihilation Doppler Broadening after “in situ” annealing up to 1500 K. For both doses an 

annealing stage at around 450 K is observed followed by a second stage around 700 K.  For the high 

dose implantation vacancy complexes are found which are stable up to a temperature around 1400K. 
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