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HW -SA-239k
RADIATION EFFECTS IN CRAPHITET
by

R. E. Nightingalef
INTRODUCTION

Professor E. P. Wignerl first called attention to the possible effects of
neutron radistion on the properties of graphite in 1942. The first cyclotron
irradiations of graphite that were condicted shortly thereafter demonstrated that
the properties of graphite were changed by radistion, but the intensity ofvheaéy
particles aﬁtainable with cyeletrons was toc low to predict changes that might
occur after more than a few days in a reactor. The X-10 Reactor and the first
three Hanford reasctors were constructéd with aimost no knowlédge of the property
changes thai might”oc:ur in the graphite mcderator. Although large changes in
properties were subsequently observed, such catastrophic behavior as fusion or
crumbling of the graphite bars, which could nof‘be ruled out at that time, has
never been observed, and the X-10 and Hanford reactors continue to oPefate
today .

During the pastkEO years about 80,000 tons of high-purity graphite have
been used as moderator in the United States, England and France alone, and a
large additional amdunt of less pure grades has been used in neutron reflectors.

Graphite of high purity is'available_fr5m several carbon ﬁanufacturers
in a variety of sizes aﬁd giades. Currently, chined nuclear grades with a
ﬁhermal neutron absorptidnrcréss section of approximately 4.3 mb costs $1000

to $1200 per ton in the Uni*ted States in several-hundred-ton quantities.

+ This work was sponsored by the Atomic Energy Commission under Contract No.
AT{45=1)=1350. Presented at the ANS National Topical Meeting on High Temperature
%erials for Nuclear Applications at San Dlego, California, April 11-13, 1962.

+ Hanford Iaboratbries, (teneral Electric Company, Richland, Washington.
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Machining adds an additional $500 to $1000 per ton. The purest material with
g cross section of approximately 3.8 mb requires special procéssing, which
adds appro#imately $200 to $L00 per ton to the total zoat. Hence the cost of
gfaphite for a large reactgf using 2000 tons cfvgfaphite in the coxe and
reflector is several million dollars.

The use of graphite in a nuclear feactor is, of course, not limited to
the moderator andgreflector. Reactors novw in the.design or construction stage
will employ graphite as a métrix for highntemperaﬁufe fuel elements and control

rods, and as & lovepsrmeability fuel-zan materisl.
STRUCTURAL FEATURES-OF GRAPHITE

The magnitude cf the radiation effects produced in graphite are strongly
depen@ent upén the originsal structural ﬁropefties. Nuclear grapﬁitebis usually
manufactured by extruding or mblding a mix of coke particles and pitéh binder.?
;his mixture is first baked to about 8C0° C, impregnsted with pitch to increase
the density, and finally graphitized at 2500 to 3000° C. |

The various sub-structures of graphite3 are depicted in Fig.'l. The size
of the graphite bodyfmay vary from a few inches t0 a foot or m0re in cross

section,depending upor the particular requirements. During the extrusion some

of the coke particles are aligned along the extrusion direction, and this

alignment produces an anisotropy in the gvsphite body."The eitent of this
anisotropy depends upon a number of things, including the size and shape of
the particles and the size of the extruded body. The mean dimensions of the

particles are about 0.3 mm. When magnified about S000X highly aligned regions

(-
I
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may be identified in the structure. These are presumably the coke particles
which have now been crystallized by the heat treatmeﬁt. Between these aligned
regions are regions in which no préferred aligoment is apparent. These may be
dﬁe;to the binder. It is, hcwevef, very difficult to identify with certainty
those:regions which were derivéd from the coke particles and those which
criginated with the binder.

If it were possible to further magnify this structure by an additidhal
lSCR;the arrangement of the atoms would appear as indicated in the right-hand
portion of the figure. This Strugture is, of course, deduced from X-ray
diffracpion'and other indirect methods; The carben atoms are érranged in
sheets in a hexagonal configuration. The distance between neighboring carbon
atoms is 1.42 A in fully crys£allized graphite. The spacing between layers
is about 3.5 A. The atoms within these planes are held together by strong
| éhemical bonds and the carbon sheets are held together by weak Van der Waal
forces. It is important to note that this structure produces a highly aniéotropic
crystal, which, when it 15 remembered that the coke ﬁarticles are partially aligned,
produces an anisotrbpic graphite body. Because some cf the electrons within the
carbon layers are relatively free to move, graphite in many ways behaves as;a
metal when ﬁ}operﬁies aré measﬁred in the direction of the layér planes; ‘This
high mobility of tﬁe electrons within the planes is importaﬁt aisq because the
electron excltation prpduced by gamma radiaﬁiqn is quickly diSéipated before
chemical bﬁnds ére broken.'vIn coﬁt£§st to this, moleculér'erystals,in which
the_electrons aré'logélizeq,suffef céhsi@erable(radiation damage from gamma
radiation. |
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The largé interlayer spacing (one-half'the c spacing) is also important
from a radiation-damage standpoint. Because the forces holding the layer planes
together are réiativel& weak (approximately 1.3 kcal/g-aﬁbm) and the interlayer
spacing is large, carbon atoms that are disPlaced from thelr normal lattice
position by fast neutrons or by fast movihg carbon atoms accumulate between these
layers and force them apart. Hence, large increases_in the ¢ épacing are
obséfved’wﬁen graphite is_irradiatéd by fast neutrons.

Other structural features are alsogimportant in determining the magnitude
of the radiation effects produped.in‘graphite. For example, because graphite
isva porous material, changes that occur in ﬁhe crystallites are partially
absoibed"within the porous structure. This bore étructﬁre is illutswams.d.LL in
Fig. 2. Micrographs of graphite gfter varioué gtages of the ﬁanufacturing
process are shown. The green stock consists of the extruded coke - binder
mixture and is relatively non=porous . Baking vélatilizes much 6f_the binder
material and leévés void regions. Crystallites become mbre perfectly developed
during graphitization,but the body‘is étillApQrous because the particles do not

coalesce., Note that in the electron micrograph of the small section of graphite

some of the regions are quite highly aligned9 whereas others show no grain

structure. |

Many of the Structural~properties of graphite can be modifiéd’to achieve
certéin_desirable features for a specific application. Tﬁe degfeé of
crystallinity can be varied by selection of raw materials and vy changes in
the final grapﬂitizigé'téﬁperature. -ff‘is pdséible'by thié methpd, forAexémple,

to fabricate a graphite that is relati#eiy‘insensitive to radiation-induced
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expansion at low tem;peratpre.s’6 _The nature of the binding between coke particles
can be varied by choice of binder and filler materials. By proper selection of

particlé shape and size’the amount of void space, and hence the density and extent
of inter-connection between the void spaceg, can be varied. This method has been

used to produce”graphites'with low permeability to gases.

Folloﬁing_baking, graphite is normally impregnated with a pitch or other

carbonaceous material to increase the density. Graphite may also be reimpregnated

one or more times following graphitization to further increase the density or to
decrease the permeability. Most of these modifications to the normal method of

manufacturing graphite change the irradiation behavior.
RADIATION-INDUCED STRUCTURAL EFFECTS

Let us consider, now, some of the radiation effects iﬁ detail.' When graphite
is employed as a moderator or othef component in a reactor core, it is sub jected
to an intense flux of high energy neutrons. Ap?roximately 25 ev must be imparted
to a carbon atom in the graphite structure in order to displace it from its normal
lattice position. Fast fission neutrons have energies of the order of several

million electron volts énd hence are capable of displacing many carbon atbms. For

example, a Past fission neutron with energy rear 2 Mev displaces about 60 carbon atoms

before reaching the threshhold énerg& where it is né longer traveling fast
enbugh to cause fﬁrther disPlé.cements;7 The average primafy knock-on carbon
atom displaces about 350 more atoms from.lattiée positions. Thus for every
faét neutron moderated in graphite approximately 20,000 atoms are knocked

from their lattice sites. Many of these displaced atoms do not'anneal during

.the irradiation period, with the net result that radiation effects accumulate,

and a general disordering of the crystal structure occurs. The magnitude of this
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disordering depends upon the irradiation temperatnre; at higher temperatures
more of the displaced carbon atoms are annealed, and hence tne radiation effeets
produced are less.

This disordering effeot is clearly seen in X-ray diffraction photographs8
of graphite after various stages of irradiation as shown in Fig. 3. Curve (i)
is a photometer trace of unirradiated grapnite showing the various peaks from
different reflecting planes. The numbers to the left of the curves give tne
increase in ¢ spacing after progressive irradiations. The arrows on Curﬁes (ii)
and'(vi) show the position of the (002) and (00k) peaks before irradistion. The
_first observable change is a shift of the (606) and (O04) lines to lower angles
caused by an increase in the ¢ Spscing.. This occurs initially with very little
broaiening of the lines. As the neutron dose increases, the (006) and (OOA)
lines become more diffuse and finally disappear entirely.

The changes in the (002) line, which have been usea extensively to calculate
changes ing sPacing and apparent erystallite size,have been studied in considerable
desail.g The changes in line profiles for exposures up to 1500 de/At* are given
in Fig. 4. The relative intensities arelnot to scale because different amounts
of powde; were used in obtaining the profiles.- The (002) peek for unirradiated
_ grephite appesrs to shift with little changepin shape fon exposures up to
680 de/At, after which the lines rapidlyA ‘oecoms broadened. A very pronounced
shoulder on the high side of the peak appears on the 860 de/At sample. With
increasing exposures the tail increases 1n relative 1nten31ty and the sharp

component decreases, resulting, finally, in a very broad symmetrical line.

% One Mwd /At is approximately equivalent to 1. 3 x 10~ 7 neutrons/cm W1th energy

3?2 008
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Although certain features of theee changes are not well understood, there
Jis éenéQel agreemeﬁt on the iﬁterpfetation of the major changes. The;peak
shifts are due to increased ¢ spacing, presumably caused by the formation of
interstitial carbon atoms or groupsfof carboﬁ atoms between‘the layer plenes.

3

These inte}sﬁitials ferce the planes apart and increase the inferlayer spacing.
The broadening of the lines is due to strains produced'in the cfystal séructufe,
and, at high exposures; due to a decrease in crystallite size.

The work'of-Bacon and Warren8 indicates that at least to an exposure of
’epproximateiy 1200 de/At at 30°°C, at whieh time the ¢ epacing has/increased‘
by 6 per cent? the crystals do ﬁot break up. _Line broadening is associa£ed
with short-range latfice distertions. It is presumed that/althoﬁgh the layers
may buckle and bend, their dimensions end the probability of leyer displacement
ﬁithin the sfacks of layers are largely uhchanged.

Townsend and Lund9 pointed out the.aﬁalogy between the diffraction
patterns of carbon blacks and lampblacke; which are known to consist of minute
crystalliﬁes, and highly'irradiatea graphite. Based on theAsimilarity of
physicsl properties and diffraction patterns they escribed the broadening in
graphites irradiated to greaterAfhan éOQO¢de/At_at 30° C to & decrease in
e;ystallite size. The resulfs offenﬁeaiihg.studies also favor this theory,
eince‘tempe:atpres sufficient ﬂo eeuse crystaliite growth in ca:bons are
required to reduce the line breEdths'to unirradiated values. For example the
A(OOE)'line\breadth of CSF graphi£e irradiated to 5700 Mwd /At at‘30° C anneals
very 1ittle below 1200° ¢.20 Most annealing oceurs in the 1400 to 1800° C
range. Based on the aesumption thai line brqedening in highlyvirradiateigraphite
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is due to crystallite breakeup, fhe apparent crystallite size in the ¢ direction
of CSF graphi@e decreases from an unirradiéted valﬁe of about 5OOAA fo sbout

12 R after exposufe of 3000 Mwd/At at 30° c:-.l:L The apparent crystallite size
in the 2 diﬁection changes from ébout lSdO.A tc about lh-R from the same.
treatment.

An outstanding feature bf radiation effects in graphite is the marked
sensitivity to the irradiation temperature in the rangé 30 to 300° C. Changes
in t;he‘_c_,sPacingl2 shown in Fig. 5 illustratelthis point. This rither strikgng
effect of temperéture is présﬁmably due to the increased mobility of displaced
atoms with temperature;- Single interstitial carﬁoﬁ.dtoms and small groups of
atoms are apparently capable of migrating to vacancies or to cfystalliﬁe
béundaries in this temperature range, and therefore markedly reduce the damage
sustained by the crystal. Similar effects have been noted for other properties.

Changes in the mascrostructure of graphite have also been observed by
measurement of surface area and pore-size distribution.l3 The decrease in the
surface area and general shrinkage of the miéropores caused by radidtion-induced
expansion of the crystallites reduces the interaryspal;ine void spsces. It is
likely that'many poreé Bécome inaccessible to the measuring ges as the crystal
Aexﬁaﬁsion_seals off some of the.small bottléneék cpenings ﬁo the pores.‘:Crystal
expénSion'inéo pores ‘is also sugéésted‘from the relative magnitudes of bulk and

crystal expansibﬁ."
RADTATION-INDUCED DIMENSIONAL CHANGES

The structural changes discussed so far are manifest in bulk dimensional

changes; although as might be expected for an anisotropic, imperféctly oriented,

32 010
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porous substance, the effects are indirect and difficult to predict. Speculation

oﬁ the dimensional behavior of graphite before the first reactors began operation

included predictions of growth, contraction, and even disintegration. Subsequent
experience has shewn fhat:both.expansion and contraction occur under certain |
conditions.

The historical develobment of the problems and the research associated with
dimensional changes in graphite in the United States are summarized in Table I.
It is seen that until relatively receﬁtly; the chief eoncern was with expaﬁsion
of graphite Below about 300° C. However, while the solutions to early expansion
proBlems were being successfuily applied,:newiprobiems with contraction were
developing as a resultbof‘inereaees inﬂoperating temperatures. Current research
efforts are concentrated on developing methods of reducing high-tempereture
contraction by structural modificetions to %he graphite; It is this contraction
problem wirh which we shall be primarily concerned in discussing radiafion»induced
dimensienal changes. However, to better understand the contraetion.effects
occurring at higher temperatures, let us first consider the effects which occur
near room temperature. |

TABLE I ~ EVENTS ASSOCIATED WITH THE STUDY OF RADIATION-INDU
DIMENSIONAL CHANGES IN CRAPHITE IN THE UNITED staTES 12

Date : Event
1942~19h5 Predictions and fir%t ebservetions of radiation=induced
A dimensional change..
l9h6—l9h7 Graphite expansion becomes a problemdin reactor operation.
Contraction parallel to extrusion axis first noted. .
1948-1951 Increases in reactor Operatlon temperatares reduce expansion.
‘ Reactor deS1gns improved to reduce expansion.
19521956 Spe01a1 methods of manufacturlng graphrte developed to reduce
expansion.

First observation of contraetion perpendicular to extrusion
direction in irradiations above 300° ¢

1957=1961 Contraction recognized as a prcblem in the design and 0peratron
of reactors.:

32 011
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Because the extrusicn process by which almest all nuclear graphites are
formed aligns the coke particles and produces an anisctropic body, the radlation-
induced dimensional changes depend on the diré&tion of messurement with respect
to *the extrusion dirvection. Hence, it is necessary to differentiate between
those changés ﬁeasured trénsverse to the extrasion axis and those changes messured
pérallel to the extrusion axiz. In generai, radiation effects’ in these two
directions are different.

During irradiation near foom temperature, all nuclear graphites expand
transversé to the extrusion direction. This iS:ShOWnlh in Fig. €. Coﬁsi&erable
variatioﬁ in the rate of growth'oécurs wi@h differenf graphite grades. Of the
graphites shown, KC exPénds af the:ﬁighest réﬁe transverse fo the‘e#trusion axis
and contracts at the highest rate parallel %o the extrusion axis. TSIRF gfaphite
sﬁows the lowest rate of change transverse to tﬁe extrusion axis'and also the
lowest change baféllel to the éxtrusipn axis.

The.different behavior cf the graphifes is due to several factors. KXC
is the most anisot:opic of these graphites. Hence, & larger fraction of the

¢ spacing expansion of the crysﬁal appears as a masroscopic dimensional change
transverse to the extrusion axis. The anisctropy of {SF graphite is intermediate
" between that of TSIEF and KC.

TSGRF graﬁhité was graphitized at abcuf 2i5C° ¢, whereas the graphitization
temperature of KC.and CSF was about 2800° ¢. It hés been found in other studies
that.ma%erialsAthat are'ﬁct fuily graphiﬁizeﬁ do not exfénd;at as high a raté’as
moie erystallihe graphites; Hence, théjdifferences shown oﬁ this slide are

probably due primarily to differencés in anisctropy and crystallinity.

32 01

¢



~1l~ HW-SA-239L

iii Whereas the expansion transverse Lo the extrusion axis is quite dafln_tely
due to c-spacing expansion of the>crystals, changes in the parallel direction
are not as well understood. It has been postulsted that parallel contraction
is also due to rad¢a+ion effects in the cryztallite here in the carbon layer
planes are warped when interstitials accumulate beitween the planes. This
causes the crystals to shrink along the a direction, a fraction of which is -
reflected in bulk contraction in the parallel direction. The fact that parallel
montraction is annealabiel5 by heating indicates that the effect is due to a
disruption of the structure by high energy neutrons and is not the result of a
radiation-induced annealing or sintering process.

Irradiations of experimental graphites have demonstrated that the
radiation-induced dimensional changes near room temperature can be greétly
reduced if a non»graphltlc materlal is employed. However, as will be noted
later, the radiation-induced contraction above 300% C occurs at a much higher
rate in these materials. It has generally been foundl6 that graphites that
are most susceptible to radiation-induced dimensional changes at about room
temperature are leést susceptible to radiaticn-induzed contraction st 300° ¢
and above.

As the radiation temperature increases abcve room températﬁre the exPansion
of graphite perpendicular to the extrusion d;rect;on decreases, and above
300° C contraction is observed. In phe direction parallel to the extrusion
axis, contraction is observed in most ali nuclear graphites at-all irradiation
temperatures, and as the temperature increases the amount of contraction decreases.
The effect of irfadiation tempéiaturel7 on length changes transverse to the
extrusion axis is iilustrated in Pig. 7. It will be noted that length changes,

iii like other radiation-induced effects, are very sensitive to the irradiation
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températﬁre’in this temperature range. No comparable studies on lengfh changes
parallel to the extrusion axis have been reported; although it can be assumed
from measurements at higher irradiationitemperatures that a continual décrease
in the‘Cbntraction rate would be observed between 30 and 300° C.

_ Abové 300° C the relation between length change and exﬁosure is complex,12
as will be noted in Fig. 8. In the transverse direction an inltial expansion is
generally observed to an exposure of at least 1500 MdeAt, and at higher exposures
contraction occﬁrs. The contrac&ion is linear with exposﬁre to;at least 12,000
| Mwd /At, which is the maxdmum exposure for which data sre available in thi;
tempefature fange. Published contraction rates usually refer to the slope of
this region. |

In KC gréphite, which has the most highly crystalline structure and has
the highest degree of preféired orientation, the differenée in dimensional
change transverse and parallei to the extrusioﬁ axis is greatest. The CSGEF
and SGBF graphifes were graphitiéed at only 2450° C and the preferréd orientation
is not as great. The transvefse contraction is éreater in these materials.

The effects of more extreme changes Iin graphitization ﬁeﬁperaturel8 are
shovn in Fig. 9. Dimensional changeé were measured transverse to the extrusion
axis. All»éraphites were made from the same coké and the same ﬁitch binder.

‘The irredistion temperature range was 40O to 500° G. . In éeneral, those samples

that were héatéd to the higﬁérjéraphitiiation teﬁpergﬁures weré mofe §£éble,

As mofe data are obtained, it is becoming more certain that maferials which are

not fully graphiti?ed'cbntract at aihigher rate when irradiated at high temperatures.
This feature will be discussed further in discussing the mechanism of high

femperature radiation-induced contraction.
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ﬁhereas by conventional testing standards exposures of 12,000 Mwd /At may
be considered a long~term irradiation, the lifetime'exposures of graphite in
a modern high flux reactor}will be on the order of 150,000 to 200,600 Mwd /At .
One is immediately concerned, then, nith the extrapolationuof these curves, to
the order of ten times the maximum exposures shown in Fig. 8. The rate of
contraction of CSGBF transverse to the extrusion axis is approximately 0.015
per cent per 1000 de/At. Although this is a relatively low rate of dimensional
change, 1if extrapoleted to 150,000 de/At, for a 30-ft graphite stack, the
total dimensional change would be about 8 in. This is alrather large dimensional
change_to acoommodate in the reactor design. Hence; there has been a ooneerted

effort in recent years to ascertain whether the contraction continues at a

linear ‘rate and also to develop graphites that are more stable at high

tenmeratures.’

Irradiations have been condueted recently in the temperature range 475 to
800° C to much higher equilvalent neutron exposures.18 The results for CSF
graphite transverse to the"extrusion axis are illustratedgin'Fig. 10. The

maximum exposure of 8.6 x 1072

nvt (E s> 0.18 Mev) is approximately equivelent

to 60,000 de/At.. It will be noted that even after this relatively long N
exposure the contraction transverse to the extru51on direction continues to be
linear With exposure with no evidence of saturation. It is also interesting to
note that in this temperature range the rate of contr&ction decreases with
irradlation temperature Davidson and Helm 19 have conducted a few irradiatlons
as high as 1200° C. They have observed that the minimum contractlon rate occursr

at about 800° c and at higher temperatures the rate of- contraction again

increases. A
320
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‘Gii The general behavior parallel to the extrusion axis is somewhat similar18
except that the rate of conmtraction is higher (Fig. 11). Similar observations
have been made on graphites that will be used in the Experimént&l Gas Cooled
Reactor at Oak Ridge.®

The eﬁgineering problems connected with this radiation effect are sﬁmmarized

in”the folloWi;g guestions:

1. Doés tiis contraction effect continue to lifetiﬁe exposures of the
graphiﬁe,moderator, say lS0,00b to 200,000 M&d/At, or does it begin
to satufate at lower exposures?

2, Differeniial contrac£i§h rates can be expeéted dué to tempefature orv
neutron flux gr;dients across a léfge graphite moderator block. Will
the blocks fracture from the ;adiation=induced stresses, or will the
stresses induced cause fhé‘diﬁénsional changes to cease before
breaking stresses are reached}

3. Will differential radiation-inducéd strgssgs in the graphite cause
creep to occur at a rate;high enough to'relieve-tﬁe stresseé before
breaking stresses are reéched?

There are no satisfactoﬁy:anéwerS'to these'questions_at the present time,

although &a cdﬁsiderable amounf?afjwofk'ié in progiess on thesg probléms.w

From a scientific standpoinﬁ, thé contraction effeet“i@éelf is of

considerable interest. Cohtractiéﬁ transverse to the extrusion axls cannot
be*attiiﬁutéd §imply to changes in the cf&stallitéé,'bééause“the.ciysfallites
themseiﬁés actually expand slighitly, eﬁen at high irr;diation feﬁperatgresf: The
fOIIGWiﬁg'géﬁerél'qbsérvéfloﬁéfﬁugtj£e'e#plainéd by any mechanism proposed for
radiation-in&ﬁcéd contraction. | | |

v 32 018
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1. Graphite shrinks in the predominanx ¢ direction when irradiated above
§OO° c, ﬁhile at the same time the ¢ spacing expénds.

2. Facgdrs that increaée\ﬁhe_ultiﬁate crystallinity reduce the
contraction rate. \ : )

3. MostJof thevshrinkage transverse to the extrusion axis does not anneal,
whereas shrinkage parallel to the ext;usion axis does anneal when |
the sample is heated to high temperaturesL

A mechanism that accounts for these observaﬁiong has been proposed by

de Halas and Yoshikawa.l6

Contraction is attributed to two separable processes;
The first prdéess is akin t; 1ow-temperatﬁre radiation damage and involves a
slighf expansién of the crys;allites paf;llel to the ¢ axis and a corresponding
contraction parallel to'theﬂg axis. Because this type of damage is annealeble,
the amouﬁt of crystallite expansion and contractioﬁ is a function of the
irradiation temperature,and this largely éccounts for‘the ﬁemperature dependence
in the radiation stabilify of graphite. The second process is non-anneéléble
an& seems to iesult from a graphitization~-like phenomenon in poorly graphitized
regions of pochrystalline graphite,i‘The poorly graébitized regions_appéar to
originate érimarily in:erystallite boundaries and particie'boundéries; il.eq,

the binder in the graphite.- The degree of anisotropy of thé graphite largely
determines fhe”interéétion of fhe annealable and non-annealsble dimensional
changes and hence controls the overall behavior of graphité under high
temperature irradiation. The use of low graphitizing temperatures oripoquy
graphitizingx?iiler or binder increases the amo;nt of non-annealable contraction

-

and “decreases the stability of the graphité.
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STORED ENERGY

The heat content of graphite is increased when atoms are displaced te
less stable positions in the crystal lattice. The increase in heat content
1s known as "stored energy’, also sometimes referred to as "Wigner energy".
?he stored energy can be released hy heating. Under certain conditions the
heat released is greater than the heatteapacity of the graphite, thereby;eausing
s spontaneous incresse in temperature under adiabatic conditions. jThe
possibility of a large spontaneous temperature rise in the graphite moderator
is the main concern aesoeiated.with the aceumulation of stored.energy in a
reactor%

The stored=energy released per °C temperature rise, dS/dT, as a function
of the annealing tempera£ure, T, is shoﬁnQO'in Fig. 12.i Such curVes are usualiy
calied'stored-ehergy release sPectra, or sihply, storedeenergy spectra. The
3pe01fic heat curve for unirradiated graphlte is also shown. Irradiation
,causes a small increase in the specific heat of graphite, but the effect 1s
not large. External heating to the temperature, T, triggers a sponianeous
_ release of energy, and under adiabatic conditlons the temperature will quickly
rise to a higher temperature, T5, such that the two shaded areas are equal.
Continued heating results in no. further spontaneous increase in temperature
unless therevis another peak in the release etrve at some higher annealing
temperaturerthat exceeds a speeific heat. However, the ‘graphite will rave &
1lewEr apparent specific heat equal‘td-the difference betyeen'the-ejecific heat

and the stored-ehersy release cﬁrve.
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The total stored energy of a graphite sample is equal 1o the area under
the Stored-energy release curve. Total stored energy is measured by‘heat of
conbustion, whereas stored-énergy release curves are usually measured in
1inear;temperature-rise calorimeters. The total stored energy of the samples
shown in Fig. 12 was about 150 cal/gram.

As might be expected the étored energy in irradiated graphite is a
sgnsitive function of the irradiation temperature. This is illustratedgl’_e2
in Fig. 13. Irradiation temperatures are indicated for each cur?e. A_relatively
Vlarge ambunt of energy, 630 cal/g;is stéred when graphite is irfadiated\to an
exposdre of 5000 de/At near room temperature. This amount of energy is equal
to T.5 kcal/g-atom,:which is several times the estimated'interlayer binding
energy in unirradiated grajhite. This amoﬁnt of energy alsoc corresponds to the
integrated heat‘capacity of unirradiated graphite between 100 and 1550° C.

With iﬁcreésing irfadiation température, the rate of stored energy
accumulation becomes very much less. At 450° C the total stored energy after
15,000 MW&/At is about 4O cal/g. It therefofe appears unlikely that stored=-
energy buildup will be of practical ¢oncérn at temperatures in the 500 to 1000® C
“raﬁge contemplated for advanced high-temperature graphite reactors. However, .

attention should be giV¢n to the possible accumulation of stqred energy in the

cooler fringe regions of the moderator and in the reflector.
ANNEALING

Some anneéling of radiation-induced defects occurs during irradiation.
The net effects of these concurrent damaging and annealing processes are the

structural, dimensional, and other radiation-induced changes that have been
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discussed previocusly. ILet us turn our attention now to the annealing of
radiation;indueed property changes that result when the graphite is heated
above the irradiation temperature. Annealing effects in aadition to playing
an importent role in the useful life and safe>0peration efwgraphite moderated
reactors, are equally important in characterizing and undefstanding radiation
effects in graphlte.

Although annealing studies have been conducted on most all the proPertxes
affected by radiation, two properties; dimensional changes and ¢ spacing, will
be used to illustrate the annealing preperties. Figf 1Lk shows the anﬁeeiing of
length ehanges23 measured transverse to thevextrusioh axie for ir:ediations at
30° ¢C. Anpeeling effects depend both en the annesaling temperature and the
annealing time; At the toplof the figure the anﬂealing temperature for one-hour
annesls is.shown, and aﬁ the Bottom the equivalent activation energy for one~hour
| anneals at the corresponding temperature is;given° This activation, Eq, is
defined by the equation:

Eo: = RT 1ln Bt

in terms oflthe annealing temperéture, T, and annealing time, t. R is the gas
constant, and B has the dimeneionsgof a collision constant,% In this case, B
was taken to be equal to T.5 x 1013 c™l. The physical interpretation of E
has been discussed by Primakeu and others. However, for present purposes
Eo willvbe considered as simply a convenlent parameter that has been found
useful in correlet%ng_annealipg experiments. o

Several thiﬁéé-ﬁill be noted from Fig. 1k. First of all, it is apparent

that, especially for the 5700 de/At sample, very high temperatures are required
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to anneal the damage. In fact, even at 2480° C, where carbon begins to
graphitize, all of the lehgth changes afé noﬁ é,nnealed° Samples with lower
exﬁosures anneal mucﬁ more readily. _Similarlobservations have been ﬁade on
other properties suchlas e Spacing.23 For éxample, 8 tempéréture of 1000° C
ié neéessary to anneal one;half.the cespacing expansion after én éiposurefpf
STOO'deZAt Whereas onl& 500° Cfis required aftér 00 ﬁ%d/At. This striking
diffefence~has been ﬁttributed to the largér probability for thé‘formation of
multiéinterstitial and vacancy groups in gfaphite,whose structure has suffered
some radlation damage.

25,26

A number of early investigatéfs. reported that the annealing of
irradiated graphité'is'more extensive when conducted in the presence of réaétor
radiation thaﬁ'when done in thé absence of radiétion° This effect has been
termed by various investigators as nuclear, neutronic, rééctor, pile, radiation,
aﬁd irradiation annealing;ﬂ For tﬁe pfesent purpose all those effects occurriﬁg
under the influence of radiation that do not occur by thermal anneéling alone '
will be designated aé radiation annealing. |

An example of radiation sunealing” ! is shown in Fig. 15. The graphite
samblés were fifst irrgdiatedsgt 303 c, which cavsed the QHSpacing to increase
 from the unirfé&iated_value of abouf 6.7L A to the values_shownﬁgt_thé’extreme
left of the figure.=;The,expo$ﬁ#es at 30° C are shown for each cﬁrve. A1l
samples were then anneasled for several days at 375° C. The é-SPacihés after
this treatment are shown at the zéro exposure line; Some df the sampiés were
then retﬁrﬁed to the reactor!and irradiétéd at 335° Crﬁpt a long périod of time,
Whereas others Wefe'heatéd at the same temperéture-in'ﬁhe 1abora§ory;i Chénges

during these loﬁtherm thermal anneals are indicated by the dotted lines, .The
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solid lines show the changes in ¢ spacing resulting from the continued
irradiatiou at 335° C. Much more annealing was accompiished in the reector.
For example, compare the curves for the 1177 and 950 Mwd/At samples with the
1400 de/At sample. The enhanced reactcr anneaiing is quite striking. Stored
energy, thermsl conduetivity, and length behave inva eimilar feshion, whereas
radiation annealing is much less effective in annealing electrical resist1v1 by
changes.eT It has been estimated that to eccompiish an equivalent amount of
thermal anneallng, temperatures considerably greater than 100° c higher than
the radiation-annealing temperature would have been requlred.

Although the detailed mechanism of redlation annealing is not known,
‘calculations have indicated that the anneeling rates observed can be attributed
to the slowing uown of displaced recoil atoms produced by high energy neutrons.
If:one inquires further into the mechanism there appears to be another observation
that needs to be explained. Why, if activation is due to hot knock;ou‘atoms,
is the radietion-anneeling rate so sensitive to temperature in the range 30 to
300° C? This question is closely related to the marked sensitivity of the
damage rate at temperatures in the 30 to 300° C range. A possible exPlanatlon
is that the hot reactions that occur at all ambient temperatures provide the
activation energy to free the displaced atoms from the vieinity in which they
are bound Howeter, they canuot easiiy diffuse away toc more etable positibns
unless the aﬂbient lattice temperature is sufficiently high. At an irradiation
temperature of 300° C, the annealing rate is rapid for defects at the time
they are created, i.e., before large clusters are formed. Therefore,lin
graphite that has been irradiated at 30° C the rate ofjradiation annealing at

300° C should be controlled by the rete at which cluster atoﬁs are broken into
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smaller, more mobile groups by the hot reactions. This explains why radiation
annealing, unlike therﬁal anneéling9 confinues at an appreciable rate over
long peribds of time at a given temperature. This mechanism, whilé accounting
for the sensitivity to the irradiation ﬁemperature, retains the‘featureé of
hoteaton activation'which seem necessary to explain the observation that
defects with very high activation energyiare affected by radiation annealing.
It is always found, at least in the range 30 to 300° C, that irradiation

at some\temperature, Ty, foliéwea by anhealing at a highef temperature, TE,.’
results in moré demage than irradistion for the same period as TE' The simple>
:fdamagé centeré formed during short exposures éfé much more easily‘ahnealed fhan
those formed when damage 1s allowed to accumilate at a low irradiation
temperature. Moreover, of those complex damage eentefé ﬁhat do form, some are
removed. by radiation annealing. It is then of interest to ask: How effectively
éan radistion damage be reduced by>therﬁal anneals?

| Fig. lé.shows the length changes that occur tfansverse to the extrusion
axisvduripg reactor-exposure and thermalesnneal ayclinggza Thé top solid curve
shows theﬁlength change when'graphité is exposed céntinuously at 30° C. The
'change% observed during'irradiatioﬁs at 150° C are shown in the‘botﬁomksolid
curve. The cumilative effects of iffédiatién at 30°:C folléwed!by an anneal
at 500° ¢ for 5 hr and then furtherjiéradiation gﬁ 30° C are shcwﬁ By the
inter;ediate discontinuous cﬁfve. Heﬁce, for the same cumilative total
exposure at 30° C, much less damege builds up if intermediate the’ﬁnal ammeals
remove part of;the damagei The intermediate contiﬁﬁous curve shows the effects

of céntingous irradiation at 30° C followed by a final anneal for 20 hr at 500° C.
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Annesaling methods in order of increasing effectiveness are: {1) 20 hr at 500° C
after continuous exposure at 30° C; (2) periodiz 5-hr anneals at 500° C after
short periods of irradiation at’30° C; and (3) continuoﬁs irradiatioﬁ at 150° C.
The lesson to be learned from thesé experiﬁents is that it iz much more diffioult

to remove irradistion effects if they sre aliowed %o accumulate continuously.
FUTURE PROBLEMS IN THE USE COF NUCLEAR GRAPHITE

Several current problems that have been omitted will he menticned briefly
and some of the problems which may be encountered in the use of graphite in
nuclear reactors in the future will be enumerated.

Considerable interest currently exists in the development of lov-
pefmeability graphites to delay the escape ©ission producte through graphite
when it is used as a fuel matrix or cladding material In high-temperature gase-
cooled reactors. Consider progress has been made in the last few years in the
develongnt of low-permeability graphites, although no grarhites yet are
sufficiently tight te completely prevent.the diffusion of fissicn products into
the gas coolant., The_diﬁensionél stability of these low-permeability graphites
appears to be someﬁhat poorer than more conventional moderator graphites,
probably becauge nonégraphitizing carbon blacks cr impregnahts are normally
used to attain the low permeability.

Another areas of current intefest in highatemperature gas=cooled resctors
is the compatibiiity of graphite with~é§olant gases and impurities in the
coola.pto Thié subject}is complicated-b& the fact that a number of variables

may effect the rate at which gases react with graphite. Among these are
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radiation intensity, concentration, temperatun,, _eaﬂtlvﬂ"y of the graphlte,
flow rate, etc. Inert coolants such as helium may be emplcoyed, of course, bub
the problem still remains to keep the impurities sufficiently low that no
adverse effects occur in the permeability, strength, or other properties of
the graphite. The potential of mass tfansPOft of carbon by small amounts of
impurities also exists. |

The dimensional stability of graphite at high temperatures appears to be
one of thé major‘probléms in the use of graphite as a modératof, Research
now in progress will undoubtedly providé‘a better understanding of the
radiation effects at high temperatures, and from thisrit will bé possible to
fabricate graphites with better dimensional stability. The problem can also be
mlnimlzed by design innovations such as those recently used employed by the
Brltlsh29 on the Japanese Tokal Mure Reactor and by the FrenchBo on the
EDF;E Reactor. RThese designs will presumsbly accommodate éither expansion or
contraction in verticéi-tube‘reactors while still maintaining a tight earthquake-
resistant structure;

Although the'radiation~induced chahgés that oceur in graphite have been
emphasized, it is important to remember that When conmared with other nuclear-
materials, the dimensional stabllity of graphite at high temperatures is
actually reqarkably good, probably beﬁte: than anJ other material that has
beén as thoroughly tested. The.role'thét:radiation-induced creep may play
in relﬁeving streéges certaih1y requifes furﬁher stud&, as does the possible
effect of stréss;s in reducing or ;ccelerating diménsibnai changes during

irradistion.
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FIGURES

The substructures of polyerystalline graphite.

Photomicrographs ef polycrystalline  graphite.

Photometer traces of X-ray diffraction photograrhs of irradiated graphite.
The effect of irradiation at 30° C on the (002) diffraction line of graphite.
The expansion of ¢ spacing at several irradiation temperatures.

Radiatlon-lnduced dimensional changes in nuclear graphites at approximaqely
30° C.

Lenéth changes of CSF (.L) graphite at several irradiation temperatures.
Dimensional changes in nuclear graphites irradiated at 40O to 500° C,

Radiation-induced changes at 400 to 500° C as a function of heat treatment
temperature. Measurements were made in the transverse direction.

Radiation-induced'contraction of CSF LJ.) graphite.
Radiation-induced contraction of CSF (/}) graphite.

The stored energy release curve of graphite irradiated to an exposure of

koo, de/At at 30° C.

13.
b,
15.
16.

The total stored energy (S ) in graphite at several irradiation temperatures.

‘Annealing of length changes in irradiated CSF (__) graphite.

Radiation anneallng of ¢ spac1ng in 1rrad1ated graphite.

Length changes in KC (L) graphite during reactor exposure ~ thermal
anneal cycling.
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