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Irradiation Induced Changes of Thermal Expansion 
(C.T.E.) of Nuclear Graphite 

by W. Delle, K.ernforschungsanlage Julich GmbH 

Summary : 

The coefficient of linear thermal expansion 
(C.T.E.) increases at low fluences up to 
about JO %. At irradiation temperatures 
below 600°C it stays, with increasing fluence, 
higher than before irradiation. At higher 
temperatures thermal expansion decreases 
with increasing fluence up to &0 % below 
the initial value. The C.T.E. increase 
can be explained by the lacking possibilities 
of buffering by closing of microcracks. 
The following decrease is possible when 
new space for buffering of the crystallite 
expansion in "c"-direction is available, 
owing to void clustering and migration. 
The decrease of C.T.E. in crystallite size 
dependent : The smaller the crystallites 
the greater the fractional decrease. Graphites 
with high crystallinity (natural flake, 
needle coke) do not show the decrease described 
above. 

Introduction 

Of all the properties, which render graphite 
marticularly suitable as a moderator and 
structural material in high-temperature 
reactors, the thermal expansion is especially 
important. This parameter is low in comparison 
with other materials, but can vary between 
the different graphite types by as much 
as a factor of _. It is therefore important 
to know the coefficients of thermal expansion 
of the different graphite varieties as 
a function of the temperature. Although 
the heat stresses occurring in the reactor 
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during normal operatxon are largely elxmxnated 
by radiation-induced creep, they reoccur 
with reversed sign on shutdown of the reactor, 
since the crystallites, which expand during 
heating and thus produce pressure stresses, 
contract with a fall in the temperature. 
This produces tensile stresses in the structure ,t 
which can no longer be eliminated by thermal 
creep, since the latter only occurs at 
temperatures above 2000°C. A low coefficient 
of expansion is advantageous in keeping 
these stresses low. Between 20° and 500°C 

it should not exceed 4 x 10 /°C. It has 
been found in earlier irradiation experiments 
that the coefficient of thermal expansion 
(a) is increased by irradiation. This generally 
valid result is due to the fact that originally 
only highly crystalline graphites were 
selected for use in the reactor. 

In the context of research and development 
programs for the high-temperature reactor 
lines, graphite and fuel element matrix 
varieties have been developed by the industry, 
the technical colleges and research installation, 
in which new types of filler and binder 
materials have been used. Pressing and 
heat treatment techniques have also been 
modified in the light of the requirements 
for the different reactor components. 
The newly developed graphite varieties 
have been tested in comprehensive irradiation 
programs, in order to determine the effect 
of fast neutrons on the dimensions and 
physical properties at different irradiation 
temperatures. A knowledge of this behavior 
is an essential basis for the design of 
reactor components and for ensuring a sub­
sequent faultfree operation of the reactor. 

The investigation of the thermal expansion 



produced the initially surprising result 
that the value of a could be substantially 
reduced by neutron irradiation (Ref. l ) . 
To determine these relationships, graphite 
and matrix materials from petroleum, pitch, 
gilsonite, fluid, crude, and sooty coke 
and also natural graphite were examined 
in detail and reference was also made of 
the data in the literature (Ref. 2 ) . 

Results 

The variations in the coefficients of linear 
thermal expansion under irradiation are 
closely linked with the variations in the 
dimensions. Like the latter parameter, 
the thermal expansion is determined by 
the availability of micropores to buffer 
the lattice extension. The increase in 
the thermal expansion, found in all graphites 
at irradiation temperatures of _ 600°C, 
is attributable to the extension of the 
lattice in the c-direction as a result 
of the formation of intermediate lattice 
clusters. The crystallites expand into 
the micropores, which become to an increasingly 
extent closed. With an increase in the 
temperature the crystallite expansion can 
then no longer be buffered by the micro-
cracks. In consequence, a macroscopic 
extension occurs in the grain and to a 
lesser extent a pronounced thermal extension 
of the shape element. If a higher fluences 
a large number of gaps has led to a lattice 
contraction in the a-direction, a reduction 
in the thermal expansion is possible. 
Nevertheless the value of the coefficient 
of expansion generally remains above the 
figure prior to irradiation (Fig. la-d). 

If at irradiation temperatures between 
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600° and 800 °C vacancy clusters are formed 
to an increasing extent, there is the pos­
sibility with an increasing fluence of 
buffering the thermal crystallite expansion. 
This is linked with the reduction in the 
thermal expansion of the shape element 
below the value prior to irradiation. 
This effect is particularly marked at 
temperatures above 800°C, if an increase 
occurs in the micropores at the crystallite 
boundaries due to the mobility of the 
vacancies. There is then a sharp fall 
in the thermal expansion. Since the extent 
of the cracks is a function of the apparent 
crystallite size (L~) in the grain, the 

reduction in a is a function of L . The 

variation in the thermal expansion after 
irradiation at a sufficiently high fluence 
at temperatures above 750°C ranges from 
a marked decrease at small crystallite 
sizes to an increase by a multiple factor 
in the case of highly crystalline material 
(Fig. 2 ) . A high anisotropy of the shape 
elements produces a more marked increase 
or a slighter decrease (Fig. 2 ) . The increase 
in the anisotropy due to irradiation, 
optically determined by Koizlik (Ref. 3)t 
provides further support for this effect. 
In addition to data on the maximum crystallite 
dimensions, a knowledge of the crystallite 
size distribution is also important. Further­
more the proportion of not well ordered 
areas in a graphite has an influence on 
the variation in the thermal expansion, 
since the subsequent ordering effect of 
the formation of vacancy clusters in the 
lattice acts in the opposite direction. 
If the subsequent ordering process at higher 
fluences reaches saturation, correlations 
between the variations in the thermal ex­
pansion and the changes in dimension are 
no longer possible, since the graphite 
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then begins to swell (Ref. 4 ) . Experiments 
with gilsonite graphite have shown that 
the reduction in the thermal expansion 
reaches saturation at high fluences 
(Fig. 1 c ) . 
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<Ze?e/iTfc- 6/ 

irung dor l l nea r en therml'ochen Aucdehnung von Or- -oh Be3tr'thlung mlt achnellen 

fleutronen bei - • •moeraturcri * 

D e 1 X e, Xernforschungsanlage J u l i c h GmbH, 5170 J u l i c h , Postfach 365 

2 u s a f a G e U n i 
.,•; von Grapb.it nia~t durch Iroatrahlung :nit geringen Fluenzen 

scfaneller Heutron zu etv/a 30 % zu. Sle bXeibt bei Bestrahlungsteaperaturea 
unterhalb 600 C nit zUnehaender Fluenz uber den Wert vor de* Bestrahlw l-iBheren Be-

mng nach Oberschreiten 
C B 5 erv. alt zunel sa bio 

-.,:• nlcht. 
t von der :allicgr8Qe und von 

der Aniootropie der jevelllgen Graphitsorte ab. 

Frrndletion jr.^uc?i! chart/--;., of than^l o:cp""-"lon (C.T.K.) oT nuclrar. grfphl 
. 

ion (C.T.E.) in' 
aturee boiow 600 C I a, with l... r than 

before la ion. At higher temperatures thermal expansion decree fluence 
to 80 £ ini.tial value. The increase can be explained by the lacking possib­

ilities of buffej of inicrocracko. The following decrease ie possible when Bex 
.•iriion in "c"-directior. i Die, owln^ to void 

clue . inllite ci::e dependent: The smaller 
I tea with high crystallinity 

(natural flake, needle coke) do not ehov; tho decrease described above. 

: 
t Kfrrtnhlte cubit une augmentation d'environ 30 '/> lors d'une 

:>. A <i.-. 13 d'Jrr. do aoin. 
croisea: at irradiation. A des teapfe-

ares d'irradiation plus 61e\ a crois3anto le coefficient de dilatation themicue, 
je le nai rlron 30 •,'• d-i sa valeur avant irradiatio:: :K3 

d'orienl te nature!, needle coke) ne sublssent paa c-. Inution. 
t.-ition .. depend de la grosaeur npporonte dec crlctaux et do 

E i n l e i t u n g ; 

Unter den 3icsnschaften, die Graphit ale Moderator- und Strukturmaterial In HochtOBperaturreak-

toren . olschc Ausdehnung le. j"hr 
[lolch zu Qchlede zwlechail den 

verechiedenen Graphitsorten, die bis zua Faktor 4 betragen kcnneji. De'ehalb 1st die Kenntnls 
dea Xoeffizlenten der theraischen Ausdehnung der verschledenen Sorten in Abhangigkeit von 
der Teaperatttr von VichtJ >i Noraalbetrieb euftretc-r.dc- Waraeapannungea 
weitgehead durch beetrahlu:i£3lr;duziertee Kriec}ien abgebaut werden, so treten sle bel Heaktorab-
schaltung nil ortea Vorzeichen wieder auf, well die KrlstaXlite, die elch bei der Auf] 

ten und deshaib DruckBp ten, sich be: rnledrlgung zueaa-
;h ents-. r d u rch thermischea Krlc 

. well dieses aur bei Tecperaturon oborhalb 2000 °C auftritt. 2ur Herab-
aetsung der Epanriungen 1st ein kleir.tr Au ;okoeffisleat von Vortell. E.\* eollte zwlachen 
20 ° und 500 °C nicht grBBer al3 4>10 /°C Bel fruheren Bestrahluncsvi-rsuchen war fast-

lit word. . Cflzlent t Auodohnung (°* ) durch Boatrahlung erhtfht 
wlrd. . .-. gliltig Lis lot darauf zurUck: ., daQ ureprunglich nur hoch-

talllne Cr.iphite fur die Verwendung lm Iteaktor ausgewahlt wurden. 
ne iiir die Hochteaiperaturreaktor-Linien sind 

-ulcn und Forschungsoinrichtungen Graphite und Brenaelenent-
'ordoa, fur die aeuartiga Fiiller- und Binderrohetoffe benutzt wurden. 

Auch die Pre£- und Temperaturbehandlungstecnalken vmrden wegen der Anforderungen an die ver-
l:tcrko3iponenten verli.ndort. Hie nou entwickelten GraphitrfbJ-ten wurden in uafnng-

..: die Wirkung schneller Heutronen bei verschleL-
jeraturen auf die Dimensionen und die physikalischen Eigenschaften zu ermitteln. 

itals 1st eine wesentliche Grundlaje fiir die Konstruktion der Eeaktorkomponenten und 
hrlelatuug eines st<3rungsfrel toren Botrioba dea Eoaktora. 

der ther Ausdehnung brachte daa zuntichst Uberrasch'inde Ergebnis, da3 
der V/ert von.C<; durch Heutronenbestrahlung betrachtlich herabgesetzt werder. kann.1' Zur Er-
aittluag dieser Zusaaaaenaange v/urden Graphite und Katrlxoftteriallea aus Petrol-, Pech-, Gil-
aoni*-, Fluid-, F.oh- ui'.d 5.uikcksen sowie aus Maturgraphit eingehend ur.tersucht und auch Lite-
raturergebnisse herangezogen. ' 
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ec Koeffizi r llnearen theraieohen Auadehnung unter Bestrahlung stehen 

! -uorungen der Diicensionen. V/le diese so wird auch die thermische 

. Jit; VerfUgbarkelt von Kikroporen zur Abpufforung der Gitter-Auudehnung be-

atiaat. Sie bel alien Graphiten festgestellte Zunahae der theraiochen Ausdehnung bel Bestrah-

luagsteaperaturea ^ 600°C 1st auf die Ausdehnung dea Citters in c-Eichtur.g infolge der Blldung, 

von Zwischengitterclustarn ZurUckzufUhren. Die Kristallite dehnen aich in die Kikroporen aus, 

wobei dlesa in zunehaendea KeBe geGchloasen verden. Bei elner Erhbhung der Temperatur knnn die_ 

;hnung dor Kri3talllte dann r.lcht aehr durch die Mikrcrisse abgepuffert werden. Dadurch 

zu bluer makrookopiachen Ausdehnung la Korn und in abgoochwachter I'orja zur stirkeren 

Dlechen Ausdehnung des FonskBrpera. Venn bel honcren Fluenzen elna ViolzehX von Leerstellen 

zur G. in a-Richtung gofUhrt hat, 1st eine Abnahxae der thernischen Ausdehnung 

EcSglich. Der Kert des Auedehnun^nko .•'!izlenten bleibt aber gewbhnlich Uber dem vor der Boatreh-

(Blld la - d). 

t.temporaturen zwlachen 600 und 800 °C In zunehaendem KaBe leerstellen-

r Fluanz rile MBgllchkoit zur Abpufforung der tho 

ii KristaXXitausdchnung. Sie 1st rait ainor Abnahae dor thermischen Ausdehnung dea For. 

rt vor d i .hlung verbun Cekt bei Tenperatu- . 

run • . in durch die . t dor Leerstellen oin Anwachsen dor Mikropor 

tt.. Dpnn nlaat di ache Au stark ab. Da-die Or­

der iUeoo vor. d- : riatallil t„) la Korn . lot die Abnahiae von C>< von 

Lp abhSngig. Die inderung dor th< noch der Bestrahlung mit einer hinreichend 

>eraturen oberhalb 750 CC reicht von der atarken Abnahme bei klelner Kristtl-

litgrb'Ge bis zur Zur. ;rlotalllnea Material (Bild 2). Kobe Aniso­

tropic dv (Bild 2). 

K o i z l i k -*' optisch je der Aniaotropie durch Eestrahlung unter-

Cokt r.och. atnla der ttaxiaalen Krletalli'Egruee let auch die 

/on Bodeutung. Weitcrhin h/it dor Antell an weniger £c-ordne ten Ee-

relchi auf die Sndorung dor thermlBchen Aui , woll dor Kach-

t der Blldung von I. ncluotern la Gitter entgogenwirl 

nung bei hbheren Fluenzon in Itigung Ubergeht, sind Korrelationen fcwlochen den Anderungen 

•rur.gon nlcht aehr allien, well dor Gr 

zu schv/ellen fc. Verauchc ait Gilaonitgr/iphit haben gezelgt, daS die Abnahme der 

thernischen Ausdehnung bei hohen Fluenzen in die S&ttlgung Ubergeht (Bild 1 c). 
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