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ABSTRACT 

The effects of annealing frequency on the physical, electrical, 

and thermal properties of irradiated graphite have been investigated. 

AGOT nuclear graphite was irradiated in the Brookhaven Graphite 

Research Reactor at  30' to 40°C for approximately 200 MWD (-1.5 x 

19 
10 nvt for neutrons above 0.6 Mev). At regular intervals, samples 

were temporarily removed from the reactor and were annealed at  

350°C. From one to seventeen anneals were performed on the samples. 

The amount of radiation damage determined from the property changes 

decreased with increasing annealing frequency. During the final 100 

MWD of exposure, the most frequently annealed samples showed no net 

dimensional growth. The results a re  discussed qualitatively in terms 

of the types of defects formed during irradiation. 



The properties of neutron-irradiated graphite have been studied 

by a number of investigators (1,2). - - The recovery of radiation damage 

during thermal annealing has also been investigated in some detail (l,2). - - 

Studies of the thermal-annealing of graphite have, however, generally 

been confined to one annealing treatment after an irradiation. Little in- 

formation is available on the effects of a number of irradiation and anneal- 

ing cycles. Such information is of value from a practical point of view. 

Rates of accumulation of radiation damage in graphite employed a s a  mod- 

erator and structural material in nuclear reactors can be drastically al- 

tered by changes in annealing frequency (3). - In addition, basic information 

about the nature of the damage incurred during irradiation can be obtained 

from an investigation of the properties of irradiated and periodically an- 

nealed graphite (4). - 

In the present study, the effects of annealing frequency on the prop- 

erties of irradiated graphite have been investigated. Samples of synthetic 

graphite were irradiated in the Brookhaven Graphite Research Reactor 

at  30 to 40°C for about 200 megawatt days per  adjacent ton o€ uranium. 

The samples were temporarily removed from the reactor and were an- 

nealed at  350°c at regular intervals durihg the 200-MWD exposure. The 



number of anneals ranged from.one to seventeen. Changes in sample 

dimensions, C-axis parameter, Hall coefficient, electrical resistivity, 

thermal conductivity, and stored energy were measured. The results of 

these measurements indicate that periodic annealing greatly reduces the 

amount of damage caused by neutron irradiation. 

Experimental 

AGOT nuclear grade synthetic graphite obtained from the National 

Carbon Company was used in these experiments. For the dimensional 

studies, cylindrical samples (2-in. long and 0.75-in. in diameter) cut with 

their long akes perpendicular to the extrusion axis of the graphite bar 

were measured with a Sheffield Optical Comparator. Electrical conductiv- 

ity and Hall coefficient measurements were made using standard D.C. po- 

tential-probe techniques (5). -. Magnetic fields of 2 to  13 kilogauss were 

employed. Samples for the electrical measurements were parallelpipeds, 

1.20-in. by 0.20-in. by 0.04-in. These were also cut perpendicular to the 

extrusion axis. Thermal conductivity specimens, 1.5 -in. long cylinders, 

0.5-in. diameter, were measured according to the procedure of Meyer 

and Schweitzer (6). C -axis parameters we re measured on powder samples - 

scraped from the specimens used for the dimensional measurements. 



X-ray powder patterns were obtained using a copper target and a nickel 

filter. Stored energy values were obtained from heat of combustion meas- 

urements performed by the thermochemistry section at the National Bu- 

reau of Standards on selected samples sent to  the Bureau. 

The graphite was irradiated in the Brookhaven Graphite Research 

Reactor (BGRR). A megawatt day per adjacent ton of uranium, one MWD, 

16 
corresponds approximately to 7 x 10 nvt for neutrons above 0.6 Mev. 

Results and Discussioi~ 
- - --- -- - 

Seven groups of graphite samples were irradiated in the Brook- 

haven ~ r a ~ h i t e  Research Reactor for 200 to 240 MWD at temperatures of 

30 to 40°C. Two of the groups, F' and H' , were irradiated continuously 

for the entire exposure. Samples in group F' were annealed at 350°C for 

one to four hours after the total exposure. The other groups, A to E,  were 
. . 

annealed at approximately equal intervals between irradiation periods and 

also after the last irradiation. 

Table I shows the dimensional changes observed in these  samples. 

The average growth measured on eight samples in each group is listed in 
. . 

the fourth column together with the average deviation. of the values. The 

average growth per MWD during irradiation is given in the final column 



of T&le I. 

Samples in each group were irradiated in two reactor locations. 

The two exposure values shown in Table I result from the slightly.differ- 

ent fluxes in each location. The differences in growth between groups F' 

and H' are  an example of the variations in properties which a r e  frequent- 

ly observed in synthetic graphite samples. 

It is evident from Table I that frequent annealing of irradiated 

graphite significantly reduces growth; The two exceptions to this general- 

ization observed in Table I, in groups B and C and groups D and E ,  prob- 

ably a r e  due to slight differences in the propert'ies of the samples. intro- 

duced furing manufacture of the graphite such a s  impurity content, density, 

ahd pore structure and to experimental error .  

An interesting observation concerning the A and B groups is that 

dimensional stability was achieved after several irradiation and annealing 

cycles. Growth and recovery data on a few samples a re  shown in Figure 1. 

The vertical lines result from anneals at 350°C. The samples were an- 

nealed at regular intervals during the entire exposure period. Complete 

growth and recovery records were kept only above 100 MWD. It is ob- 

served that samples A-10 and A-16 do not show net growth in the exposure 



range plotted. The other A group samples also showed no net growth 

in the same exposure range. Less data a re  available on the B group 

samples because fewer anneals were performed. Although some net 

growth is observed on sample B-13 in Figure 1, examination of all the 

B samples indicate's that dimensional stability has been approximately 

achieved in this group also. The behavior of the A and B group is simi- 

lar to that observed by Woodruff (7) - on graphite irradiated for longer ex- 

posures and periodically annealed a t  500°C. 

A number' of properties were measured on selected samples from 

the various groups. These measurements a re  shown in Table II. .The data 

shown on virgin AGOT graphite a r e  values obtained on single samples. 

The values for the various properties may vary slightly from sample 

to sample. Hall coefficient .and electrical resistivity measurements were 

made at 27OC and -194OC. The Hall values a r e  averages obtained for 

several fields between 2 aiid 13 kilugauss. The thermal conductivity meas- 

urements were made' at 350°C. The data, with a few exceptions, show de- 

creasing damage with increasing annealing frequency. Thus, the C -axis 

parameter, electrical resistivity, and stored energy decrease with in- 

creasing annealing frequency. The thermal conductivity and the absolute 



value. of the Hall coefficient at -194OC increase with the number of 

anneals. The values of the electrical resistivity and the Hall coeffi- 

cient at 27OC and -194OC converge as the frequency of annealing de- 

creases. Such convergence is expected as the radiationdamage in- 

creases (8). - 

In order to obtain a physical picture of the damage incurred 

in the various samples, the assumption was made that specific prop- 

ert ies reflect specific types of damage in the graphite lattice. It was 

assumed that macroscopic growth and C-axis expansion are  directly 

proportional to the number of interstitial carbon atoms trapped between 

the graphite planes. Such an assumption appears to be valid for con- 

tinuously irradiated graphite (1,2). - - An indication that this may be only 

approximately correct for the periodically annealed samples is that the 

average rates of growth during irradiation a re  somewhat lower than for 

the continuously irradiated samples (see Table I). An approximate theory 

of the electrical properties of irradiated graphite (8') - indicates that 

changes in the Hall coefficient reflect changes in the number of elec- 

trons transferred from the band structure of graphite to localized traps 

such as vacancies and interstitial atoms. The Hall coefficient at 27OC 



. . 

and -194OC . . is plotted as a function of continuous irradiation in Figure 2. 

The Hall data on the periodically annealed samples seems to correspond 

approximately to the curves for continuously irradiated graphite shown 

in Figure 2 for exposures above 10 MWD. In addition, changes in the Hall 

coefficients of the A and B groups samples resultings from one irradia- 

tion period without an anneal a re  similar to changes obtained on continu- 

ously irradiated samples having the same initial Hall coefficients and ir- 

radiated for the same exposure, intervals. These data indicate that. the 

electronic changes in the periodically annealed samples and the continu- 

ously irradiated samples result from the same types of damage.. The 

stored energy accumulation in continuously irradiated graphite appears 

to be closely related to the C-axis and dimensional expansion (9,lO). -- Its 

magnitude may, theref ore, primarily depend on the concentration of inter- 

stitial carbon atoms which are  probably present in the form of small 

molecular clusters (11). In annealed graphite, larger clusters a re  formed 

and the stored energy dependence may change. 

A comparison of the properties of the various groups of graphite 

is shown in Table 111. For continuously irradiated samples, the reason- 

able assumption was made that growth, C-axis expansion, and stored energy 



vary linearly with exposure for the relatively low exposures considered 

here. Figure 2 was used for comparing the Hall coefficient data. The 

exposures corresponding to the various Hall values obtained were com- 

pared. The Hall coefficient at 27OC and the electrical resistivity a re  not 

very sensi.tive to exposure and were not used in the co'mparison. The 

thermal conductivity data were felt to be insufficient for comparison. 

In Table ITI values a re  presented for  the ratio of the change in a 
. . 

property of a periodically annealed sample to the change in a continuously 

irradiated sample having the same total exposure. Average values were 

used in the cases where more than one value was obtained.. A comparison 

of the data on the samples annealed seventeen times (Group A) and the 

samples annealed once (Groups F and H). indicates that the. amount of 

damage is five to ten t imes,as  great in the latter samples. The small 

amounts of growth and stored energy in the frequently annealed samples 

a1.e especially interesting from the standpoint of nuclear reactor applica- 

tion. The relatively low ratios of damage obtained in the case of the' Hall 

coefficient data compared to the other properties indicate that the anneals 

a re  more efficient in returning electrons from localized traps to the band 

structure of graphite than in removing carbon atoms from interstitial 



sites.. Considering the relatively poor precision of the data and the 

variability often observed in graphite properties, the growth and C-  

axis values are  probably sufficiently similar to qualitatively support 

the conclusion that they are  measures .of the same microscopic phenome- 

non, the accumulation of interstitial carbon atoms. The data in Table 111 

a re  not sufficiently accurate to warrant a quantitative comparison of 

the values. 

A complete explanation of the effects of annealing frequency 

on the properties of irradiated graphite is not available. It is likely 

that during the first irradiation period, the interstitial atoms accumu- 

late in the form of small molecular clusters (11). - During thermal an- 

nealing, a fraction of the interstitial atoms a r e  removed by combination 

with vacancies and other trapping centers (grain boundaries, dislocations, 

etc.). There is also an agglomeration of the small clusters into larger, 

morc stablc and lcss mobile clusters. A partial explanation for the r e  - 

duced rate of damage accumulation in the frequently annealed samples 

can be given. The fraction of interstitial carbon &oms which agglomer- 

ate into large clusters during annealing probably increases with inc reas - 

ing exposure period. Samples annealed once after about 235 MWD 



exposure rocover about 3w0 of their growth (see Table 111). .Dimensional 

recoveries during an anneal after exposures of 15 to 30 MWD a re  great- 

. 1 
e r  than 6v0. The lower concentrations of small interstitial clusters 

result in decreased fractions of large agglomerates being formed during 

annealing. Larger fractions of interstitials atoms a re  annealed out. Fre- 

quent anneals, therefore, reduce the accumulation of defects. However, 

there is no good explanation for the dimensional stability achieved by the 

A and B group samples. One would expect net growth after each irradia- 

tion and annealing cycle. It is of interest to note that graphite samples 

which were strongly irradiated and then subjected to the same treatments 

as the A and B groups recovered during each anneal more than 100% of 

2 
. .the growth incurred during the previous irradiation. This large recovery 

in the highly damaged samples and the approximately 100% recovery ob- 

served in the A and B groups may be related. These data may indicate 

that some of the interstitial clusters present after an anneal may decom- 

pose during the subsequent irradiation and annealing cycle. 
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1 
Unpublished data. 
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Figure Captions 

Figure 1. Dimensional changes in irradiated and periodically annealed 

graphite. 

Figure '2. Changes in the Hall coefficient during irradiation. 
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Table I 

Dimensional Changes in Irradiated and Periodically ~nnea led  Graphite 

Total Average growth per 
exposure. Number of Average total MWD during 

Group (MWD) . anneals . growth (%) irradiation (%) 

E 228-232 2 0.072i0.013 datanot available 

F' 233-237 . 0 0.163* 0.007 same as  F 

H' 232-234 0 0.187i 0.009. 0.00080 



Table I1 

Property .Changes in Irradiated and Periodically Annealed Graphite 

Electrical Thermal Total 
Hall coefficient resistivity conductivity stored 

Sample Number of C -axis (emu) (ohm -c m) at 350°C energy 
de s ignat i.on anneals values (A) -194OC 27C . -194OC 2 7 ' ~  (~ tu /h r -O~- f t )  (cal/g) 

Virgin AGOT Unirradiated 
A-16 17 
A-12 17 
A-11 17 
A-K2 ' 17 
B-16 9 
B-13 9 
C-13 6 
C -K2 6 
D-10 3 
E-11 2 
H-10 1 
H-9 1 
F-K2 1 
H-10' 0 
H-9' 0. 

none - 

*Samples H-9! and H-9' were irradiated for265 MWD. 



Table 111 

Property Changes in Periodically Annealed Graphite 
Compared to Changes in Continuously Irradiated Graphite 

Number of Hall coefficient 
Group anneals Growth C -axis (- 194OC) Stored energy 




