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

by W. Delle, Kernforschungsanlage Jiilich GmbH

Summary

The coefficient of linear thermal expansion
(C.T.E.) increases at low fluences up to

about 30 %. 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 80 % 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 4. 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



during normal operation are largely eliminated
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,,
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 10-6/°C. It has

been found in earlier irradiation experiments
that the coefficient of thermal expansion

() 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. 1).

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



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 (LC) in the grain, the
reduction in o is a function of LC. 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),
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




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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Fig

. Enderung der linearen thermischen Ausdehnung von Craphit durch Bastrahlung mit schnellen

Neutronen bei hohen Temperaturen ©

V. Delle, Kernforgchungsanlage Jtlich GmbH, 5170 Jillich, Postfach 365

Zusnnunnenfessungs:
Die lirneare t che .uad@xmunp von Graphit nimmt durch Pestrahlung mit geringen Fluenzen
schneller i cponen zunichst bis zu etwa 30 %4 zu. Sie bleibt bei BestrahlungSMQJperauu“cn
untcrhulb 600 “C mit zunehmender Fluenz liber dem Wert vor der Bestrahlung. Eel hdheren Be-
zarllntatumrrru:_red nimmt der ¥oeffizient der thermig€hen Au dehnung nncq Uberschreiten
des erwih umg mit zunchmender Fluenz bisg zu etwa 80 % unter dCJ Wert vor der e~
strahlung He .'ic~111*nu Craghite (Neturgraphit, lladelkoks) zeigen diece Abnahme nicht.
'~;a Andervng der ulc ischen Ausdehnung hingt von der scheinbaren KrietallitgrdBe und von
der inisotropie dexr Jeweilicen Graphitsorte ab.

-,
I[rrandintion induced changes of thermal expansion (C.T.E.) of nucleakr praphites

e

Summary o

The LU"':;Olflu of linesr thermal expxnaion C.M.B,) dncreuases at low flucnces up to about

30 %. At frredietion tﬂ:po*atJrco below 600 “C 1t stays, with increasing fluence, higher than
before irradintion. At higher temperaturee thermal expansion decreases with increasing fluence
up 80 % be low the initial value., The C.Z2.E. 1ncrea 3¢ can be explained by the lacking possib-
ring by closing of microeracks. The following decrease ie possible when new

1z of the cry** 1lite expansion in "c"=direction is available, owing to void
~wvation. The decrcase of C.T.E. in crystallite size dependent: The smaller

. ne greater the Iractional decrease. Graphites with high crystallinity
(natur;¢ flaxe, nuEu;e coke) do not show the decrease described above.

Tﬁﬂr”‘qpﬁ 1inénire qn ~'ﬁnh‘t8 subit une aupmentation d'environ 30 % lors d'une
i 2 bLes Loy Tanidea. A des t@mpératures d'irradietion de moine de

€00 “C et & crols‘un*~ eLLL reste anu-deseus des véleurs avant irradiation. A des tempé-
ratures d'i iation plus élevées et & dose crolssante le coefficient de diletation thermicue,
ay le maximum, diminue d'environ 80 % de sa valeur avant irradiation. Les graphites
4 degrt d ,-1=n;e'*an &levé (graphite naturel, needle coke) ne subissent pas cette diminution.

Le changczent ée la dilatation thermique dupend de la grosaeur nppatonte des crictaur et de
l'anisotlrople du u: phite d'une qualité donnée,

Einlell tungt
Unter den Eipenschaften, die Craphit sls Moderator- und Strukturmaterial in Hochtepperaturreok-

toren Lesorders geeipgnet machen, spiclt die therwische Ausdehnung eine besondere Ifolle. Ihr .
Vert iot im Vergleich zu anderen Verkstoflfen gering, doch'gibt. es Untergchiede zwigchen den
verschiedenen Graphitsorten, die bis zum Faktor 4 betragen konnes. Deshald ist dle Kenninis

des Koeffizienten der thermischen Ausdehnung der verschiedenen uorten in Abhingigkeit von

der Temperatur von Wichtigheit. Obwohl im Reaktor bei Normalbetrieb &uftretende Widrmespannungen
weitgehend durch bestrahlungsinduziertes Kriechen abgebaut werden, so treten sie bei Reaktorab-
schaltung mit ungekehrten Vorzeichen wieder auf, weil die Kristallite, die sich bei der Aufhedi~
zung ausdehnten und deshalb Druckaspennungen erzeugten, sich bei Temperaturerniedrigung zusan-
meazienén. Dadurgh entstehen Zugopannungen im Gefiige, die nicht mehr durch thermisches Kriechen
abgebaut werdea kionnen, weil dieses nur bei Temperaturen oberhald 2000 °C auftritt. Zur Herab-
setzung dexr Spannungen ist ein kleiner Aubdbhnuncoﬂoerxizient von Vorteil. E» sollte zwischen

20 @ una 500 °C nicht gréfier als 4-10" /°C gein: Bel friiheren Bestrahlungsversuchén war fegt-

pestellt worden, daf2 der Koeffizient der thermischen Ausdehnung (A ) durch Bestrahlung erhiht

wird. Dieses allgemein gliltige Ergebnis ist darauf zurtickzufthren, da8 ursprtinglich nur hoch=-
kristalline Crzphite fir die Verwendung im Reaktor susgewihlt wurden.

I Im Rahmen der Forschungs- und Entwicklungsprogramme fiir die Hochtemperaturreaktor-Liniea sind
von der Indusirie, den Hochschulen und Forschungseinrichtungen Graphite und Brennelement-
Matzlixcortien entwickelt worden, fir die neuartige Flller- und Binderrohstoffe benutzt wurden.
Auch dle Pref- und Temperaturbehandlungstechniken wurden wegen .der Anfogderungen an die ver-
schiedenen Reaktorkemponentean verfrndert. Die neu entwickelten Grapﬁitdﬁ%ten wurden in umfang-
reichen Bestrahlungsprogremzen getestet, um dle Wirkung schneller Neutronen bel verschiedenen
Eestrehlungstemperaturen suf dle Dimensionen und die physikaligchen Eigenschaften zu ermitteln.

s Ihre Kerntnis ist eine wesentliche Grundlage filr die Konstruktion der Reaktorkomponenten und

. Iilr die Gewihrleistung eines stirungsfreien apiteren.Betrieba des Reaktora.

| Ile Untersuchung der thermischen Ausdchnung brachte das zunéichst iiberraschende Ergebnis, das

der Wert von.c{ durch Neutronenbestrahlung betréchtlich herabgesetzt werden kann.1) Zur Er-

‘ mittlung dieser Zusammenhinge wurden Graphite und Matrixmaterialien aus Petrol-, Pech-, Gil-

sonit-, Fluid-, Roh- und RuBkoksen sowie aus Naturgraphit eingehend untersucht und auch Lite-
raturergebnisse herangezogen.z

.
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