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DIMENSIONAL CEHANGES IN GRAPHITE DURING HIGH TEMPERATURE IRRADIATION

IN THE HIGH FLUX REACTOR RCN, PETTEN

by

R. BLACKSTONE ~ Reactor Centrum Nederland,
Petten, Holland

L. W. GRAHAM = Dragon Projeot

DISTRIBUTION OF THIS DOCUMENT IS UNLIMIFED
ABSTRACT

The dimensional changes observed in a_range of graphitioc materials
following irradiation at 600, 900 and 1200°C are reported. The results are
disocussed in the light of ourrent models for irradiation damage in graphite
and it is conocluded that for conventional materials the dimensional behaviour
oan be related to the material properties.

Further confirmation of the extreme dependence of the dimensional changes
on the orystallite size has been obtained. The way in whioch the rate of
dimenaional change varies with temperature is compatible with this effect
being caused by vacancy loss at orystallite boundaries. For a given orystallite
size there appears to be a breakaway temperature above which the rate of
dimensional change accelerates rapidly.




Evidence has been found whioch indicates that even for low doses at high
temperatures, the rate of shape change in the orystals (and hence the bulk
dimensional changes) are also significantly affected by the mechanical
deformation of the orystallites under irradiation conditions (irradiation
oreep)s Young's modulus has been used as an index of this effect: in materials %
with low modulii (i.e., more easily deformed) the orystallite shape change
produced by irradiation is opposed by basal plane shear., On the other hand
the dimensional changes in materials of high Young's modulus (i.e., stiffer
orystals) are larger than expected because the orystallite shape change is
less easily opposed,

Because of these effeots the role of the coefficient of expansion as a
parameter in correlating irradiation behaviour in different materials is
somewhat limited,

The report consludes with a disocussion of the properties required of
graphite for use in HTGCR's in the context of the enviromment in these
reactors,
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DIMENSIONAL CHANGES IN GRAPHITE DURING HIGH TEMPERATURE IRRADIATION
IN THE HIGH FLUX R®ACTOR RCN, PRTTEN
by
R. BLACKSTONE
L. W. GRAHAM

INTRODUCTION

In 1962 work commenced on the design of a graphite irradiation capsule
for a small programme of testing in the HFR at Reactor Centrum Nederland,
Holland. Initially the work had the very limited aim of providing data on
the materials being used in the construction of the Dragon Reactor. The
capsule, which has now operated susccessfully for a number of years is unique
in design having three separately ocontrolled electrically heated zones
operating at 600, 900 and 1200°C.

With the sucocessful development of coated particle fuels and the important
role which graphite is required to play in economically attractive power
reactors based on their use, the programme has continued and is now muoch
wider in socope. The capsule experiments are now operated by RCN jointly for
the Dragon Projeot, the THTR Project and Euratom. Complete details of the
work to date will be given in a separate report [1]. The purpose of the
present work is to review the effects found in studying dimensional ohanges
produced in graphite by fast neutron irradiation in view of the importance
of this subjeot in the design of High Temperature Gas Cooled Reaotors.

The report is in several parts. Because of the apparent complexity of
the subject a simplified mechanism is first set out to aid in the rational
disoussion of the work., After briefly summarising the experimental methods
the results are first presented and then discussed. Some main conclusions
are drawn and finally the report concludes with a section on the specification
and behaviour of graphite in high temperature power reaoctors.

MECHANISM OF TRRADIATION INDUCED DIMENSIONAL CHANGES

The first regults obtained from the Dragon irradiation experiments at
600, 900 and 1200°C in the HFR Petten were interpreted as indicating that the
irradiation damage model developed by Simmons, Nettley and their co-workers
[2, 3] for lower temperatures could be extended to explain the effects of
irradiating at higher temperatures. To aid in the rational discussion of the
results now given, a model is first desoribed: this model is the authors'
interpretation of that developed in the UK. For ease of presentation a much
vider temperature range than sovered in the experimental work is discussed.

2.1 Demage in Individual Crystallites

The oollision of fast ‘neutrons with carbon atoms in graphite orystals
produces high energy oarbon atoms which in turn collide with other carbon
atoms forming interstitials and vacancies, Most of the interstitials
and vacancies quickly recombine. At low temperatures the vacancies
which are not annihilated are initially isolated single sites which are
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not mobiles on the other hand the interstitials which do not immediately
reaot with vacancies, quickly ocombine into small mobile groups. These
mobile groups nuoleate into larger clusters the size of which inoreases
with inoreasing temperature of irradiation. The presence of interatitial
clusters of a range of sizes between the layer planes ocauses the planes
to be forced apart and leads to an expansion in the orystallite
c—-direction, Additionally there is a contraction in the orystallite
a-direoction whioh ocan vary in magnitude relative to the o-direotion
expansion acocording to the ciroumstances:

(a) At low temperatures where vacancies are immobile, the
preasence of single vacancies (coupled with expansive effects
in the o-direoction due to interstitials) may lead to slight
ocollapse in the a-direction due to the contraoction of the
carbon skeleton about the vacanocy due to & change in C~C bond
‘order, Alternatively an a-direotion shrinkage could be caused
by visualising no such collapse but a puckering of the layer
planes or even a Poigson's ratio effect, '

(v) With inoreasing dose, lines of vaoancies‘may form by
random juxtaposition, each line collapsing when its length
exceeds a oritiocal size [4],

(o) If the temperature is sufficiently high, vacancies will
become mobile, This may lead to the onset of line vaocanscy
formation and collapse at lower doses. Alternatively two other
fates becoms possibles the olustering of vacanocies into plates
rather than lines, leading to less complete collapse in the
a-direction; or the loss of vacancies at orystallite edges
which enhances the a-direstion shrinkage. It is believed that
as the vacanoy mobility inoreases, with the result that the
single wvacanoy concentration becomes smaller, the chances for
vacanoy-interstitiel annihilation diminish so that the o-axis
orystallite expansion rates increase.

An attempt to summarise the effects of these displacements on the
orystallite dimensions at different temperatures is made in Fig. 1. It
should be stated that at this point that the term oryastallite refers to
that volume of the material which behaves as a unit during the irradiation,
The orystallites to which Fig, 1 is meant to apply would be those present
in well—-graphitised oconventional nuclear graphite exemplified by Pile
Grade A, In Fig. 1 the rate of growth for unit neutron dose has been
plotted for the o-direotion (g ) and the a-~diresction (g s the former

alvays exhibiting an expansion and the latter always a shrinkage.

The orystallite volume changes produced by the interstitial and
vacanocy defeots are important in the disoussion of dimensional changes
in bulk materiale. The following ranges are postulated.

(1) Up to about 300°C but deoreasing in magnitude as this
temperature is approached, the high population of small sized
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2.2

2.3

2.4

groups of interstitials and single vacanocies leads to a large
volume inorease,

(11) In the range 300°C to about 450°C large interstitial
clusters and collapsed vacanocy lines produce crystal shape
change at substantially constant volume.

(1ii) The crystallite volume again inoreases with irradiation in
the temperature range 500 C to about 1000 C because vaocancy
diffusion and clustering now ocours, thus reducing the a-direction
collapse.,

(iv) Above say 1000°C, when vaocancy mobility beocomes increasingly
greater, the probability of vacancy loss at crystallite
boundaries is enhanced and a state of crystallite shape change
at constant volume may once again be found.,

Effect of Crystallite Sigze

Variations in orystallite size would be expected to produce
important differences in oryatallite behaviour. In partiocular at high
temperatures a decrease in the effective orystallite diameter reduces
the diffusion distance required for vacancy loss at the crystallite
boundaries., Thus at temperatures where vacancy diffusion is significant
the shape-change in small orystallites would ocour at a greater rate
than in large orystallites sinoce in the latter case there would be a
greater probability of vacancy-interstitial reaction (and also vacancy
olustering)., This can also be visualised as a higher effective
irradiation temperature for smaller orystallite size.

Effect of Dose

It should be emphasized that there is no reason to suppose that
the orystals will reach a state of dimensional stability at a
sufficiently high neutron dose. Thus at high temperatures the growth
of interstitial oclusters may be visualised as the progressive enlarge-
ment of new layer planes inserted into the orystals, leading to orystal
growth in the o-direction and shrinkage in the a-direction. This
process could ocontinue indefinitely in an unrestrained orystal, the new
layer planes themselves becoming damaged by the same prooess.

The rates of dimensional change g, and g, in the orystallite

o-direction and a-direction respectively may also vary as a funotion of
dose, For example, the onset of the formation and collapse of line
vacancies, whioh is dependent on the statistioal probability of producing
vacanoies in adjacent lattice points, leads to an acceleration in the
rates of dimensional ochange in both crystallite direotions.

Dimensional Changes in Polyorystalline Graphites

In a polyorystalline graphite of theoretical density and also
oompletely oriented, the bulk dimensional ohanges of the material on
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irradiation would be identioal to - thoao oocurring in the individual
orystallites,

{

However, in materials of practical interest the bulk density is
usually far removed from that of the orystallites and the preferred
orientation can vary over a wide range.

Porosity in the graphite may be 1oosely oclassified into macroscopio
and mioroscopic. For the purpose of disoussing irradiation effects-
the important mioroporosity may be identified with fissures existing
in the orystallites and lying parallel to the a-direstion., These are
formed when the material is cooled from the heat-treatment or
grapbitising temperature as a result of the relief of stresses brought
about by the extreme aniéotropy in the properties of the graphite crystal,

In "real" materials the observed effects of irradiation on the
bulk dimensional changes are profoundly affected by the degree of
preferred orientation and the average frequency and size of miorooracks,
These parameters affect the degree by whioh -the orystallite dimensional
changes are transmitted to any given direotion in the bulk material.

In partioular the o-direotion expansion caused by interstitial clusters
is partially absorbed by the miorocracks. With progressive increases
in the irradiation dose, orack closure oocurs and causes dramatlo
changes in the bulk dimensional ohangos.

These effects may be analysed quantitatively in relation to the
orystallite dimensional changes by using the expression:

R_=A_ 8, +(1-1)e I (1)

where R_ is the rate of dimensional change in the material in the
x-direction, and g, and ga are the previously defined orystallite

dimensional changes, In the case of irradiation speocimens the directions
of out are usually either parallel or perpendicular to the direction
of forming. The parameter Ax egssentially desoribes the proportion of

the orystallite dimensional ohange which is transmitted to the bulk,
As disoussed above, Ax is initially dependent on the degree of preferred

orientation and on the degree by whioch the microoracks attenuate the
o-direction expansion.

In its simplest form the model relates the irradiation induced
dimensional changes to similar effects occurring when the orystallites
are strained thermally. Thus the thermal expansion in the x~direstion
(GID is related to the thermal expansion in the orystallites in the ¢ and

a-directions (a and a ) by an expression:
a, = Ao, + (1-- Ax) @y : : : (2)

. That is, the orystaliita thermal and irradiﬁtion induced strains are
transmitted to the bulk ‘through identical ocouplings, Ax being the same
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value in equations (1) and (2), In principle then, the orystallite
dimensional changes may be determined by measuring the bulk dimensional
changes and the way in which the coefficient of thermal expansion varies
as a funotion of neutron dose.

In the case of a typical anisotropic graphite heing irradiated at
a temperature where the orystallite volume is substantially constant,
the type of dimensional behaviour expected is illustrated in Fig. Z2a.
In the direction parallel to extrusion a continuous shrinkage ocours,
since this direction is mainly governed by the a-direction of the
orystallites, Initially a shrinkage is observed in the perpendiocular

direction also, even though a major fraction of the orystallite c—-direction

expansion is ococurring in this direotion. This is because the expansion
is acocommodated by the oriented mioroporosity. However, as the
miorooracks oclose, the rate of shrinkage diminishes and eventually an
expansion oocurs. Clearly for maximum stability under conditions where
the orystal volume remains oonstant, i.e., when g = =2g_, then it is

I a
required that:

(i) the parameter A in equation (1) is the same in all directions
in the material

(ii) +the value of A should be ¥ since at constant volume in the
orystallites 8, = - 23'a and Rx = 0,

The ocorrelation between the coefficient of expansion and irradiation
growth indicates that for the above to be attained the material would
have to be completely isotropic in terms of its thermal expansion
properties and the coefficient of thermal expansion approach a value %
of that of the volume coeffiocient of the orystallite, i.e., about

9 x 10-6/00. Although this level of expansion coefficient is obtainable
in prineciple, the most advanced economically practical materials exhibit

coefficients of expansion of about 5 x 10-6/00, i.e., microporosity is
present which can acocommodate o-direction expansion. Initially, as
shown in Fig. 2b, a shrinkage is observed but this decreases in rate
with inoreasing dose and a state of near stability is reached when the
orack oclosure is complete. As before it is assumed that the orystallites
change shape at constant volume,

For oases in which the orystallite volume increases as a result
of irradiation, dimensional stability is never achieved and behaviour
illustrated in Fig. 2¢ might be expected in an isotropic graphite.

2.5 Application and Development of the Model

The model outlined in the previous sections has been developed
with'qualified success in a guantitative manner for irradiation
temperatures up to about 650 C: most of this work has been concentrated
on one material (Pile Grade A graphite). However, the application of
the principles of the model have led to the formulation of a guiding
specification for graphites possessing improved diménsional stability
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in the temperature range 300—65000. Irradiation of such materials has
shown that the application of the model is suoccessful in general at
these lovw temperatures.

However, effects have been found at high doses whioch require
modification of the model, In particular it has been found that at
suffioiently high doses, the ohanges observed in the coéffioient of
thermal expansion following irradiation are not compatible with the
dimensional changes observed: i.e., the parameter A in equations (1)
and (2) is no longer the same for conditions of irradiation and thermally
induoced straining [5].

This is not surprising since the equality is essentially dependent
on the existence of the miorooracks which lead to the effeots being
controlled by geometrical factors. At high irradiation doses, when
these oracks are tightly olosed, the restraints on the orystals are
modified. PFurthermore, these restraints are not likely to be the same
for thermal expansion as for irradiation growth, Specifiocally, irradia-
tion oreep in graphite is known to ooocur and thus the way in which the
orystallites deform by this process under oonditions of mutual restraint
will not be reflected in the thermal expansion measurement made outside
the irradiation environment,

The degree by whioh accommodation due to irradiation oreep affects
the bulk dimensional changes seems, on the present evidence, to depend
on the isotropy of the grist partiocles., In partiocular, graphites made
from anisotropic grist particles exhibit voiume inoreases after orack
closure has ocourred, This inorease appears 1o be caused by the
generation of a new family of oracks. After the closure of the initially
present oriented porosity it seems that crystal strain oan continue to be
accommodated only by the generation of new porosity. This, presumably,
is because the irradiation creep process ooccurs by a mechanism that does
not allow material movement on such a scale as to fill the voids produoced
by the crystal deformatign. It is found that when irradisted to very high
neutron doses at 350-450 C¥* PGA graphite exhibits a ochange in dimensions
very like that shown in Fig. 2a:[5]. Thus the high dose behaviour does
not differ grossly from that indicated by the original model but there are
two important quantitative differences suggested by the most recently
published datas '

(1) the dimensional behaviour during irradiation cannot be related
to changes ocourring in the coefficient of thermal expansion

(2) porosity is generated at high irradiation doses,

On the other hand, data published for the same irradiation conditions
but referring to a graphite made from "more nearly isotropio" grist
partiocles than PGA graphite, seem to suggest that this graphite exhibits
negligible porosity generation at high doses, i.e., for these partiocular
oonditions Fig. 2b applies,

#At this temperature the orystallites are expeoted to change shape at
constant volume,

-
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3.

In the context of the graphite orystal, isotropic grist particles
can only mean that these are spheriocal, with the graphite basal planes
lying on concentric spheres, Further, the fact that porosity generation
was negligible relative to the anisotropic grist material after the
tight closure of the accommodation porosity, suggests that the oreep
process is probably associated with the sliding and oollapse of the layer
planes under the conditions of substantially hydrostatic restraint in the
oase of spherioal grist particles, It is difficult, however, to visualise
the behaviour of these spheriocal grist particles at high doses under
oonditions where the orystallite volume increases, in other words, of a
sphere of whioch the volume inoreases and the surfaoe area decreases, In
fact in that case the oreep process must have a volume effect or else the
particle will probably break up into non-gpherical and thus anisotropic
parts.

However, it should be emphasised that these findings refer to low
temperatures only (oa. 350-450°C)= results for higher temperatures might
well be affected by changes in the irradiation oreep behaviour or by a
tendenoy for vacancy diffusion to alter the orystallite volume changes.

EXPERIMENTAL DETAILS

Full details about the experiment are given in a separate report [1].

Only the moat essential points are mentioned here,

(1)

(2)

(3)

(4)

Petten = 1,75 x 10

The irradiations were carried out in the core of the High Flux
Reactor, HFR, at Petten, The Netherlands,

A fully instrumented oapsule was uged with three temperature regions,
controlled at 600, 900 and 1200°C respectively., The fast flux density in

the capsule ranged from 0.9 x 10" 0 o™ s to 04 x 10 n ™2 &

depending on the position in the capsule.

The neutron exposures are measured by aoctivation of nickel and
oobalt, making use of the activation reactions Ni-58 (n,p) Co-58 and Co-59
(n,Y) for the caloulation of the fast and thermal flux density respectively.
The values of the integrated fast flux used throughout this report are
given in terms of an equivalent integrated fission flux., For ocomparison
of results with those obtained in UK reactors, especially DIDO and PLUTO
at Harwell, present evidence suggests that all neutron exposures quoted

here have to be multiplied by a factor 1.75, i.e0., 1,00 x 1020 2
20, on™2 UK [6].

n cm

For the“huik-synthetic'graphités specimens were ocut parallel (/73 or
perpendiocular (1) with respect to the axis of forming (extrusion or
pressing)ﬂ The specimens, had the following dimensionss

(a) Rods 0,25 in diameter with lengths varying between 0.25 in and
3.0 ino

(b) Square bars, height and width 0,25 in with lengths varying
between 0.25 in and 3.0 in.
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(5)

(6)

(7)

The pyrocarbon specimens were dises with a diameter of about 0.25 in, and
thickness ranging from 0.025 in to 0,003 in.

To characterise the materials and as part of the post-irradiation
work, the following properties were measureds

(a) Eleotriocal resistivity at room temperature (four point method).

(b) Mean coefficient of linear thermal expansion 20-400°C (CTE)
(silica dilatometer),

(c) Dynamic Young's modulus (resonating bar),
(4) Bulk density (from weight and maoroscopioc dimensions).

For the pyrocarbons in addition to (a) and (b) the following properties
were measured:

(e) Density (sink-float method using methanol-bromoform mixtures).

(£) OCrystallite height L° (by X-ray diffraction from width of the

0002 reflection). This measurement was also made for some of
the graphites,

(g) Distance between lattice planes (by X~ray diffraction from
position of 0002 reflection).

() Bacon Anisotropy Factor (BAF) (by X-ray diffraction from the
variation of intensity of the 0002 refleotion with direction
in the specimen).

Dimensional changes were measured withs

(a) a travelling mioroscope, measuring between the end faces of the
specimen (bulk synthetio graphites) or between fiduocial holes
(pyroocarbon disos)

() e linear displacement transducer using steel or silica standards.

Reproducibility of the length measurements varied from *1 pum to %5 um
depending on the quality of the speoimen.

Some properties of the bulk synthetic graphites are given in Table 1,
Materials which have been of more special practiocal intereat in the Dragon
Reaotor appear first in the list and are designated GOO, G9, G5, HX30 and
IG. Brief desoriptions of these materials are given below.

G00 is British Pile Grade A graphite whioch has, however, received
two pitoh impregnations during its mamufaoture, rather than the single
impregnation normally used for PGA. It is the graphite used as reflector
in the Dragon Reaotor.

G9 is & fine-grained extruded graphite, a derivative of Morganite
Carbon EY 9, This material was purchased in the baked form, and was
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Table 1

Properties of Bulk Synthetio Graphites

Mean 78 (1) Eleotrical Resistivity (1) Young's Modulus (1)
Morogon, Denstty 20-400°C 1078 e o0 om L, 10 dyne om™2
Designation g om A
or Number // 1 // 1 // 1
600 1.78 1.3 3.2 0.57 0.87 680 13,3 6.0
a9 1.79 1.9 4.6 1.90 3.70 16,5 8.3
G5 1.74 1.5 3.5 0.90 1.50 380 11,2 6.2
HX30 1.80 1.3 2.9 0.73 1,30 560 13.4 6.4
16 1,80 4,0 4.5 0.74 0.87 400 9.6 8.6
1 1.79 5.0 4.8 0.96 0.91 320 8.6 8.8
2 1.66 2.0 2.6 0.60 0.71 620 8.8 6.6
3 1.73 1.1 2,0 0.55 1.01 - 9.2 3.8
5 1,88 4,5 4.7 0.80 0.85 360 13.1 12,3
6 1,67 5.5 4.8 1.98 1.89 240 7.1 Tet
7 1.85 41 4,6 0.78 0.85 310 11,9 11,0
17 1.72 543 542 1,03 0.90 240 8,7 7.2
18 1,73 3.7 2.5 1,30 0.97 510 6.7 10.3
21 1.74 545 5.8 0.88 0.90 300 1047 10.4
22 1.96 10,7 0.5 1.85 0.47 - 3.1 19.8
34 1.80 3.9 3.7 1.49 1447 333 11.3 11.5
35 1.69 3.0 4.5 1.39 1.1 - 8.9 5.6
37 1.75 3.0 2.6 1,13 0.93 512 6.6 9.5
58 (2) 2.19 0.25 24,1 ~0,1 very large 144 - -
66 1.69 3.i1 3.8 0.56 0.67 - 9.5 7.2
67 1,61 6.2 5.4 1,40 1.40 - 5.2 5.2
68 1469 " 5.4 6.9 1415 1.26 - 91 8.4
69 1.81 4.6 3.9 1,62 1,11 - 8.9 5.6
70 1,67 3.1 3.1 1,50 1.40 - 7.8 8.7

(1) Directions indiocated are with respest to diresction of forming exoept in the case of the bulk pyrolytic carbon
(¥o, 58) in which // means the direction parallel to the substrate plane,

(2) Material 58 is bulk pyrolytioc oarbon deposited from methane at 2000°g,

The Bacon Anisotropy Faotor = 11.3
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4.

purified and gfaphitised at 2700°G by the Dragon Project. In contrast
to G5 graphite which has no '"non-graphitising" fillers, G9 is known to
oontain appreciable quantities of ocarbon black.

G5 is a fine-grained graphite developed by Compagnie Pechiney working
under contraot to the Dragon Projeot., The starting material for
manufacture was reground Frenoch nuolear graphite of which about % was
mioronised., For extrusion a conventional pitch binder was used and the
materia% received a double pitoh impregnation prior to graphitisation
at 2700 C.

HX30 graphite is very similar in its manufacture to G5. The starting
material was reground British Pile Grade A graphite but the grist size
was rather coarser than in G5, A oconventional pitoh binder and impregnant
wag used, HX30 was developed by the Dragon Project ocollaborating w1th
Chemical Engineering Div1sion, AERE, Harwell, :

More information about these materials is given in [7] and [8].

IG is an early version of an improved type of extruded reaotor
graphite designed for better dimensional stability under neutron irradia-
tion, This material is similar in type to that discussed in [9].

In Pig. 3 photomiorographs are given illustrating the microstructure
of various types of graphitess

FPig. 3a 1 a coarse-grained anisotropis grajhite, €.8ey GO0 and
type 3

Fige. 3b : a fine-grained anisotropioc graphite, e.g., G5

Fig. 30 & an isotropic graphite containing spherical grist particles,
e.g8. 10 and types 1, 5 and 21

Fig. 34 : a very fine-grained isotropic graphite, e.g. types 34 and
35

The pyrooarbons were prepared by methane pyrolysis at temperatures
between 1400 C and 2300 C in a fluidised bed using tantalum discs as
substrate, The disos were stripped from this substrate prior to evalua-
tion and irradiation. These materials were prepared as being represent-
ative of some of the pyrolytic carbons which may be deposited as fission
product retaining barriers or spherical nuclear fuel partioles. The
pyrocarbons were supplied by Dr., C. Vivante of the Dragon Projeot,
Deposition temperatures and properties are given in Table 2,

RESULTS

From the present experiment two types of results have been obtained, For

a number of graphites, notablyoGOO, G5, 3G9, IG and the anisotropic pyrolytic
graphite, as deposited at 2100 C (material 58), the dimensional changes as a
function of neutron exposure have been measured over a dose range of

- 16 =
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Table 2

Propertiés of Dragon Pyrocarbon Disgos

No. g:ﬁ;:i:iﬁ:e Density | BAF | L, %’ P 320-800°¢C
%a g/bm3 A A mQ? om 10_6 0~
1 1500 1.42 1.21 20 | 3.451 | 5.61
2 1600 1.60 1.25 68 | 3,408 | 2.81
3 1700 1.64 1.15 67 | 3.407 | 4.03 4,14
4 1800 1.79 1.12 92 | 3.409 | 3.42
5 1900 1.94 1.18 | 111 ] 3.391 | 1.98 4.56
6 2000 2.08 1.25 | 128 | 3.389 | 1.34
7 1500 1.55 1.11 48 | 3.404 | 5.17
8 1600 1.61 1.36 75 | 3.401 | 2.41
9 1700 1.56 1.13 62 | 3.401 | 7.29
10 1800 1,68 1.17 74 | 3.404 | 3.36
1 1900 1,80 1.10 85 | 3.393 | 3.75 4,38
12 2000 2,07 1,22 ) 122 | 3.386 | 1.36
13 1400 1.46 1.13 30 | 3.411 | 4,93
14 1500 1,63 1.25 25 1 3.457 | 3.35
15 1800 1.85 1.15 90 | 3.418 | 3.35
16 1900 1.82 1.17 | 105 | 3.420 | 3.33 6.6
17 2000 1499 1,11 | 110 | 3,406 | 2,24 6.2
21 1800 1.75 1.15 ] 96 | 3.427 | 3.33
22 1800 1.85 1.15 95| 3.422 |
23 1800 1.64 1.10 | 73| 3.405 | 4.90 5.5
26 2000 2,07 | 1.21 | 126 | 3.398 | 1.53 5.9
27 2000 2.08 1.27 | 135 | 3.411 | 1.51
28 2000 2.12 1.23 | 158 | 3.413 | 1.07
29 2100 2,09 | 1.28 | 147 | 3.409 | 1.27
31 2300 2,15 1 .1.13 | 149 | 3.409 |} 1.22 3.75

The X-ray measurements were performed by Euratom, Petten

Establishment [25].
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~25 x 1020 n om-z. These results are shown in Figs. 4, 5, 6, 7 and 8,

For a great many new graphites and pyrocarbons up till now only one data

point at a fairly low dose, 2-4 x 1020 n cun-2 is available, Results for the

bulk sgnthetic graphite are given as linear shrinkage rates in Table 3., Since
at 600 C at these doses differences between graphites are rather small, the
results are omitted. The results for the pyrocarbons are shown in Figs. 13
a.nd 14-

The main points arising from these results are:

(1) In all the synthetioc graphites irradiated, with the exception .
of the pyrolytic material (58) in the c-axis direction, a contraction
is observed at all three temperatures, In some cases, mainly at
600°C this contraction is preceded by a very slight expansion.

(2) At any temperature in extruded graphites the contraction rate
is larger in the parallel thanoin the perpandicu%ar directign. The
only exception is in G9 at 600 C and also at 900 C and 1200 C up to

3 X 1020 n om—2.

(3) In all graphites in any direotiog the contraction rate6 at
least at low dose, is largest at 1200 C and smallest at 600 C., This
is illustrated in Fig, 9, showing the temperature dependence of the
shrinkage rate of several graphites,

(4) Different graphites, although behaving in a similar way
qualitatively, show quantitative differences in their dimensional
changes., This is also well illustrated at low doses by Fig. 9.

At some temperature there seems to be a rapid increase in ocon-
traction rate but this temperature lies higher for the graphites

with the smallgst oontraction rates, For GOO and IG this point

lies above 900 C, but for the rapidly shrinking materials like
pyroocarbons 17 and 21 it may even be below 600 C. For intermediate
cases like gS and pyrgoarbon 31 this temperature lies somewhere in-
between 600 C and 900 C. A further striking demonstration is given
by graphs showing the volume shrinkage as a funotion of neutron
exposure for several graphites at the three temperatures (Figs. 10, 11
and 12). The order is the same at all temperatures.

(5) The contraction rates are not constant but they vary with
neutron dose, The most pronounced effects ares

at 600°C t increase in ocontraction rate in both directions

at 900°C t inorease in contraction rate in the direction parallel
to extrusion, decrease in the perpendiocular direction,
Bapecially in G5 and G9 the perpendicular direction
is beginning to expand. In G5 the minimum ooours
at higher dose than in G9,
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Table 3

Bulk Shrirkage Rates # per 10°° n om 2 at 900°C and 1200°C

Dgg:gigzggn R;:::;iz?;y Aoo;:::g::ion Lnisotgopy El + E// %%T;é§:i°1§;;° ;zf;?§:f°1§;ge
°
P A A 2 at 1200°C at 900°C
llepl 7| T | e Lo
Capsule V
Goo 2.3 0,068 | 0.135 2.46 193 0.110 | 0,088 | 0,030
1) 3,90 0.075 | 0.146 2,33 184 0.106 | 0,072 | 0,045
G9 9.30 0.089 | 0,185 2.42 248 0.194 | 0,220 | 0,122
1a 2.48 0,164 | 0.182 1.12 182 0.077 0.028
1 2,83 0.199 | 0.192 1,04 174 0.064 | 0,066 | 0,018
2 2,02 0,094 | 0,112 1.25 154 0.062 | 0,060 | 0,019 | 0,011
3 2.57 0.062 | 0,093 1,78 130 0.040 | 0,020 | 0,014
5 2,50 0.182 | 0,190 1,05 254 0.133 | 0,130 | 0.026 | 0,030 A
Cubes, Rods
6 5.87 0.218 | 0,194 1.14 142 0.106 | 0,088 | 0,034 | 0.030 619 mm long
¢ 6.3 mm
17 2.96 0,210 | 0,207 1,02 159 0.065
21 2,70 0.217 | 0.228 1.05 211 0,600 | 0,062
35 3.70 0.129 | 0,183 1.50 145 0,032 | 0,014 | 0,006
66 1.90 0.132 | 0.157 1,22 167 0.070 | 0.056 | 0.015 | 0,007
68 3,67 0.212 0.267 1,28 175 0.086 0.054 0,020 0.022
69 4.42 .0.,185 | 0,161 1.18 165 0.068 | 0.075
70 4,76 0.132 | 0,130 1.02 181 0.136 { 0,127
Capsules I-1V
r(;OO 2,31 0.068 | 0,135 2.46 .193 0.180 | 0,122
G5 3.90 0,075 | 0,146 2.33 184 0.280 | 0,200 B
161 2.48 0.164 [ 0.182 [ 1.12 182 0.130 [ 0,085 i) ‘;g:z
35 3.70 0.129 | 0.183 1.50 145 0.086 | 0.114 ¢ 6.3 mm
HX30 3.33 0.068 | 0,115 2,30 197 0.188 | 0.230
* For category A these numbers are based on results from one sp;oimen after 2-3 x 1020 n om_z

(1) See discussion of results
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at 1200°C 3 oontraction rate decreases in both directions
in all materials. In G5 and G9 perpendicular a
turnaround is again observed, again in G9 at
lower dose than in G5,

(6) Contraction rates in pyrocarbon discs can be correlated to bulk
density, (Figs. 13a, b and o) as well as to orystallite height
(Figs. 14a, b and o), L . For pyrocarbons with the largest

orystallite height and the highest density the smallest contraction
rate is observed.

(7) . The essential character of the dimensional changes occurring in
the orystallites of all the materials is well illustrated by the
very highly oriented pyrolytic carbon shown in Fig. 8, viz.,
orystallite expansion in the direotion perpendioular to the basal
planes and orystallite shrinkage in the basal plane direction; the
initial rates of damage inoreasse with temperature in the range
600-1200°C.

(8) Changes in electrical and thermal conductivity (not shown here)
are smsllest after irradiation at 1200 C and largest after irradiation
at 600°C. Following a rapid initial decrease in conductivity the
rate of change becomes much less. Changes in Young's modulus (not
shown here) shov a similar behaviour,

(9) The mean coefficient of linear thermal expansion 20-400°C
changes little on irradiation. The inorease rarely exceeds 20%

of the pre-irradiation value, At doses around 1021 n c:m_2 there is
a decrease in some materials, (Figs. 15a, b, o).

5 DISCUSSION

5.1

Charaoterisation of Materials

Prom the description of the mechanism given in Section 2 it follows
that several structural ocharacteristics of a graphite should be important
in determining the magnitude of the dimensional ohanges and therefore also
the differences with other graphites. One of the aims of this investigation
is to give oriteria for the selection of the best posasible graphite for a
gpecific reactor purpose, Therefore it is desirable to arrive at a
quantitative relationship between structural characteristios and neutron-
induoced dimensional changes, In the model desoribed, two separate points
of prime importance can be distinguished:

(a) the damage retained by the orystallite, and the attendant
ocrystallite dimensional changes

(v) the extent to whioch the orystallite dimensional changes give
rise to bulk dimensional changes, i.e,, the degree of
acocommodation furnished by orack-closure and the ability of
the orystallite to deform or oreep under irradiation induced
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stresses, This may become of overriding importance with
inoreasing orystal strains,

Finally it must be remarked that, notably in the USA, the differences in
behaviour between graphites have been related to differences in
orystallinity and crystallite perfection. Particularly at high
temperatures an appreciable part of the dimensional changes has been
attributed to an atomic ordering process, or graphitisation, especially
in the poorly graphitic regions of the material such as the binder [10].
This has been termed the Two Phase Model [11]. It seems rather difficult
to rationalise results other than qualitatively in this way.

About the charaoterisation of a graphite in relation to points
(a) and (b), the following may be saids

(&) In the temperature region in which vacancies become mobile
two new processes determining the fate of a vacancy become
competitive with the processes of vacancy-interstitial
annihilation and formation of vacancy lines already existing
at low temperatures. One is vacanoy clustering, thought not
t0 cause a large contraction in the a-axis direction but
instead, by ocollapse of large clusters, ocausing some o-axis
contraction, The other is trapping of the wvacancies at grain
boundaries and tilt boundaries, a process that is supposed
to contribute oconsiderably to a-~axis contraction. The relative
importance of the latter process should be very dependent on
the time a wandering vacanoy needs before it is trapped. This
is determined by its mobility and the path length to be covered,
and is therefore dependent on the temperature and crystallite
diameter. This seemed to follow from early results [12] where
a correlation of (orystallite) dimensional changes with
electrical resistivity was observed. Since the predominant
contribution to the electriocal resistivity in polyorystalline
graphites has been demonatrated to be grain boundary scattering,
the eleotrical resistivity ocan be taken as a measure for the
orystallite diameter, at least for not too different structures
[13].

In the present work also, the electrical resistivity has
been measured to obtain an easy comparison of oryatallite
diameters in synthetic graphites., The eleotrical resistivity
index treats the electriocal properties in a volumetric manner
(291 + p// to forming) in an attempt to allow for anisotropy.

Differences in density, usually rather small, were not corrected
for. : . '

A second method is the measurement by X-ray diffraction
of the orystallite size. In practioce the effective orystallite
diameter is unmeasurable and therefore the crystallite
height Lo is used, assuming that Lo is a good measure for La‘

This is not entirely without doubt since probably the temperature
regions for o-axis and a-axis orystal growth are not identical [14].
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A correlation between L° and the electrioal resistivity index ' Gii

of several bulk synthetio graphites is shown in Fig., 16, For
the pyrocarbons alone the correlation is shown in Fig. 17.
Although there is a good correlation between these properties,
for a special group of graphites, notably graphites made of
spherical grist particles, there is a deviatlon. It is not
immediately olear what the reason is.

Also, although in the conventional synthetic graphites
the correlation between L° and resistivity is reasonably close,

as a group the pyrocarbon disos behave differently from the
bulk synthetioc graphites. Here the differences in density are

much larger, 1.,50-2.10 g om3, so that a correction for density
should be applied.

The discs with density about equal to that of the bulk
graphites do fall on or near the line, but this is perhaps
fortuitous because the effect of a lower density on the
reaistivity will be strongly dependent on orientation, shape
and distribution of the pores. On the whole for the pyrocarbons,
1L may be a better oriterion although little is known with
ogrtainty about the shape of the particles. In partioular one
bas the feeling that in the carbons with the highest density,
where during manufacture a marked polymerisation in the gas-
phase has taken place, one may be underestimating La' Por

the present it oan be said that the good correlation between
L and resistivity index for a number of polyorystalline

graphites glves some confidence in thelr use as a measure of
orystallite diameter and thus as a first measure of the likely
orystallite dimensional changes of new graphites. However

the deviation of other groups, notably the spherical

grist and gilsocoke graphites shows that one has to be extremely
cautious in using these criteria.

For very anisotropio materials the resistivity index is
meaningless. Here Lo must be relied upon,

In the model originally developed by Simmons [15] the
parameter Ax'determines the extent to which orystallite
dimensional changes are transmitted as bulk changes., Ax

essentially is a measure of the distribution of an applied
load in the direotion x between the c-axis and a-axis orystal
direction in the aggregate. In the original form Ax was shown

to be the same for thermal strains and radiation induced strains
and so the magnitude of Ax could be found from measurement of Gii

linear thermal expansion coefficient, (CTE).
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It beocame apparent however, that the relation between
dimensional changes and CTE breaks down at high doses [5]
and it was even suggested [3] that it may only apply to
certain struotures such as PGA-like materials at small
orystal strains,

For well graphitised graphites A-factors as a function
of orystal strain have been measured by bromination but also
here the results become questionable at high orystal strains

[16].

As a quantitative guide for PGA-like structures at low
neutron doses, for selection purposes for instance, the CTE
is regarded as a good guide for estimating bulk dimensional
changes for graphites with similar orystal size.

In this report it is assumed in the firat instance that
also for graphites with different structures, sush as the
isotropic graphites and the pyrocarbons, the CTE does give a
good indication of the presence and relative importance of
Mrozowski oracks in which the c-axis expansion is acoommodated,
so that initial ocontraction rates for a given crystallite size
(see (a)) may be estimated from the magnitude of the CTE, and
also perhaps the turnaround dose, where the contraction in
the perpendiocular direction changes to an expansion. Strictly

speaking the thermal expansion coefficient 1 == must be measured

L dT
at the irradiation temperature. A-~factors may be temperature
dependent and thus different A-factors apply to 1200°C and 600°0.
Mainly for practiocal reasons the mean value over a not too

large temperature region has been taken here and A-factors
obtained so are accurate enough to serve as a rough guide,

The possible influence of oreep is as yet a less tangible
factor, It seems safe to assume that, when stressed under and
partioularly as a result of irradiation, crystallites will tend
to deform in esaentially the same way as when stressed out of
pile, that is by C-44 shear, and possibly by twinning. Thus
one should expect that the Young's modulus of a material
gives a first indication of whether a material is likely to
be able to accommodate large orystal strains by plastic
deformation., Indeed it has been shown that the oreep constant
is dependent on the initial modulus., High elastic strain
potential measured prior to irradiation indicates that plastio
deformation under irradiation will be faoilitated [17]}. A quali-
tative illustration of this effeoct has been observed in subsidiary
experiments, Thus a piece of a fine grained anisotropic
pyrolytic graphite, expanding in the oc-axis direotion during
irradiation, fraoctured its thick walled graphite container and
thus apparently showed little tendenoy for oreep., Judging
by the difficulty to shear (tear??) off layers for electron-
mioroscopic preparations the material had a high ¢-44. On
the other hand graphite 22, an anisotropic well orystallised
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graphite formed by hot pressing at graphitising temperatures
and possessing an anomalously low Young's modulus, showed
behaviour which suggested a very large radiation oreep.

Evidence from the present work that irradiation oreep is
important in suppressing orystallite dimensional changes even
at low doses is discussed later,

Summarising this discussion, it appears that for optimum dimensional
stability under irradiation the neocessary characteristics are:

1.

2.

30

4.

A large crystallite diameter., In terms of measurable
properties this means a large L° or a low electrical

resistivity. For certain groups these oriteria may not be
exact but they probably serve as a general guide.

For any given corystallite dimensional change rate the
graphite (and the direotion in the graphite) having the CTE
a_ + 2a
nearest to — 3 «9 x 10

=6 945=1 sutfers the smallest bulk
dimensional changes. In most cases (with the exception of

very anisotropic graphites such as the hot pressed graphite (22)
and the bulk pyrolytic carbon (58)) the CTE is much lower than

9 x 10-6 00-1 vhioch implies that if the orystallite volume

remains constant, a shrinkage will always be observed, being
smallest for the highest CTE. (If the orystallite volume

inoreases then even with CTE below 9 x 10-6 °¢~1

could in prinociple be found.)

an expansion

On the other hand for a high CTE the dose at whioch
ocontraction ceases and expansion begins is probably reached
at lower dose, This expansion may well prove to be the prime
nuisance in the use of graphite at high irradiation doses,
This again stressses the importance of small orystallite
dimensional changes.

If the orystal deforms easily by shear, orystallite
dimensional changes may be effeotively diminished. A crystal
volume change would remain unchanged however, as shear ocarries
no volume effect.

In all ocases isotropy is a necessary prerequisite for
good stability,

Ahalysis of Irradiation Results

5¢201

Bulk Synthetio Graphites

To examine these points using the experimental evidence, the

apparent orystallite dimensional changes have been first caloulated
in GO0, G5, G9, IG and the bulk pyrolytioc ocarbon (58). These
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have been caloulated from the bulk dimensional change at small
inorements of dose and the measured CTE's using formulae 1 and 2,
Seotion 2.4. Results are shown in Figs, 18, 19 and 20. It must
be remarked that this analysis becomes inoreasingly prone to

very large errors as isotropy is approached: indeed the orystal-
lite dimensional changes for fully isotropic materials ocannot

of course be determined from equations (1) and (2). For all
isotropic graphites and pyrocarbon and for materials on which

data is inoomplete, this problem is overcome by assuming no change
is oocourring in the orystallite volume, i,e., Ax = 0.33 gives

=== = 0, A oconsideration of Fig. 1 suggests that for temperatures

above 600°C this is a reasonable first approximation.

Figs. 18, 19 and 20 show that the relative magnitude of the
orystallite changes for graphites with different crystallite
sizes is generally oconsistent with the proposed mechanism,

Thus for a given material the orystallite dimensional change
inoreases wgen the irgadiation temperature is raised from 600 C
through 900 C to 1200 C. This is identified with the inoreasing
vacanoy mobility leading to enhanced vacancy loss at boundaries
as previously discussed., The degree of enhancement of orystallite
dimensional instability does not change in the same way with
temperatuge for all the materials. A "breakaway" temperature
above 900 C seems to be indicated for the GOO graphite whilst
for the pyrolytioooarbon thg break is not so sharp and appears
to be between 600 C and 900 C., This is consistent with the
influence whioch the orystallite size would be expected to have
on the rate of loss of vacancies, i.e., the loss-rate increases
sharply at a lower temperature for the material with the smaller
crystallites (pyrolytic carbon 150&) than for the graphite with
the larger orystallites (GOO 700A). Features of these graphs
desoribing "two phase" effects found in G9 graphite will be
disocussed later.,

In Pig. 21, the temperature and dose dependence of the
orystallite dimensional changes calculated for the GOO graphite
are shown,

A word of caution must be introduced here as to what weight
we attach to the actual value of these changes, the o-axis changes
in partioular. Consideration of formula (1) shows that the very
small A-factors of most graphites act as an attenuator for oc-axis
orystal strains, But when we work round the other way as we do

AX

when we caloulate f—g from é%-the same A-factor becomes a very
AL

o

large lever. Small uncertainties in the A-factors and in"i?

which are unavoidable because for the two directions two different
AX

specimens are used, cause very large uncertainties in ifgu It
o]
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would be wrong, for instance, to ocaloculate from these graphs what
the orystallite volume changes are. Probably all that can be said
is that no volume contraction is observed gnd that volume inoreases
are probably very small, especially at 600 C. Actual orystallite
volume changes are most important since they determine the high
dose behaviour and probably the behaviour of isotropio high CTE
graphite,

Concerning the dose dependence shown in these graphs, it
should be remarked that it has been shown that the accommodation
" factor effective during irradiation cannot be determined by CTE
measurements after large orystallite astrains, say in excess of
15% even for PGA graphite, In faot A probably inoreases much more

AX AX
than the CTE indicates so that in our graphs 245 and i—g are almost
a o

certainly overestimated at high dose, The qualitative aspeots are
presumably correct, At 600°C and 900°C the crystallite dimensional
change rates increase with dose whereas for GOO graphite

at 1200°¢ they decrease, The acceleration in rate may be connested
with the formation and collapse of vacanoy lines: in GO0 graphite
at 1200 C vacancy line formation may be suppressed relative to
olustering. These clusters would collapse in the oc-axis direction
giving a diminished o-axis expansion ocoupled with a lower a-axis
shrinkage.

The uncertainties and diffioculties ocourring at high temperatures
of irradiation as a result of the effects of orystallite size
oonsiderably inorease the problems of quantitative correlation and
prediction of behaviour, Furthermore there are now indications
that internal mechanioal effeots in the material can play a
significant role in the dimensional changes at much lower doses
than thought previously.

The first indiocations of this were obtained from attempts tg
relate the orystallite dimensional change rates observed at 1200 C
to material properties, By assuming a constant volume state in
the crystallites the basal plane shrinkage rates were determined
for several materials irradiated in the form of rods in capsule
experiments I-IV (see Tatle 3). These results are shown graphiocally
in Figs. 22a and 22b, The latter figure could be interpreted as
indioating that an estimate of the initial rate of dimensional
change in a new graphite might be possible from a knowledge of
the eleotrical resistivity (to yield the orystallite dimensional
changes) and the coeffioient of thermal expansions (to translate
to the bulk). However, it should be noted that material 35
exhibits much smaller dimensional changes than expected on these
grounds. It is noteworthy that Young'®s modulus of this material
is rather below that of the other graphites in this group. This
may be a case therefore where the dimensional changes are modified
by irradiation creep. e o

In the fifth ocapsule a number of new graphites were irradiated -
in the form of oubes or short rods, (see Table 3), These specimens
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received a dose ranging between 2 and 4 x 1020 n om—z. In addition
the reactor power was 50% higher than for previous irradiation and
the geometry of the capsule environment was somewhat altered.

Until the effects of these ohanges on the neutron spectrum have
been allowed for it is not possible to relate these results
quantitatively with those obtained previously. However, specimens
of the older graphites were also included and the results shown

in Table 3 suggest that the new spectrum is rather less damaging.

However, it is still worthwhile to take these results as a
group in themselves and examine whether the correlation indicated
in Fig. 22b holds true., The computed crystallite shrinkage in the
a-direction is plotted as a funotion of the electrical properties
in Fig. 23. This olearly shows that taken as a whole, there is no
correlation between these two parameters., A reasonable correlation
is found if one restriots attention to the materials with
(E,, + B J.) between 150 and 190 x 10° dyne om™%. It is notable

that materials 3 and 35 both having a relatively low Young's modulus
exhibit much lower dimensional changes than one would predict

from their electrical resistivity and thermal expansion. On the
other hand materials 5 and 21 show large shrinkages, unexpected

from their relatively low electrical resistivity and high thermal
expansion, Both these materials possess an unusually high Young's
modulus,

These results strongly indicate that the dimensional changes
suffered during irradiation even at low doses can be very
significantly modified by internal mechanical effects. In
particular the greater the elasticity of the unirradiated graphite
(the lower Young's modulus) the more the orystallite dimensional
changes are diminished by irradiation creep.

Pyrocarbons

For the pyrooarbons the data are still less complete since
shrinkage in one direction only has been measured, In addition
for most of the specimens CTE could not be measured due to
technical difficulties connected with the small specimen size,

Since the pyrocarbons investigated here are all rather
isotropic it seems reasonable to assume, until further data on
the density change are available, that also in the direction
perpendioular to the plane of the disc a shrinkage takes place,
up to 25% less than in the plane, depending on the Bacon Anisotropy
Faotor,

This appears to be in contradiction with the results of
Bokros and Price [18], who, for specimens of comparable anisotropy,
report expansigns perpendicular to the disc plane, at least at
900 C and 1200 C. The difference is, however, that theii data
refer to one point at a fairly high dose, about 2.3 x 10 L
At these doses, especially for these small orystallite sizes, one
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would expect that perpendicular contraction has turned into an
expansion, as has been observed for many bulk synthetio graphites.
In their analysis Bokros and Prioce do not con31der an effect

like this. Furthermore they assume that no oracks suitable

for accommodation of c-aexis strains are present.. This leads them
to the conclusion that one of the main mechanisms responsible for
dlmen91ohal changes in the pyrocarbons is-an atomic densifiocation,
[19] the fact that the densification is proportional to the initial
density defect being quoted to support this [20].

Hovever, the present measurements of CTE on several of the
discs indicate the presence of Mrozowski cracks to approximately
the same extent as in bulk synthetic graphite, and furthermore it
is shown that no obvious relation exists between CTE and density.
" In fact the lowest CTE is found in the specimen with the highest
density. This is not altogether unexpecteg since this disc was
deposited at the highest temperature, 2300 C, so that cooling
stresses have been most severe here.

There seems to be no sound a priori reasons to regard the
pyrocarbons as a group of materials differing fundamentally from
bulk synthetic graphites. Indeed on an atomic scale there is
little difference in the environment of the carbon atoms. In both
cases the carbon atoms find themselves arranged in layers in quite
the same way, forming graphite crystallites, Seen at this level
the main points of difference between different carbons and
graphites lie in the regularity of the stacking of the layer planes
forming the crystallite, the distance between the layer rlanes and
their perfection, and the size of the crystallites. Largse
differences between different graphites and carbons exist in the
way these crystallites are packed to form solid, polyocrystalline
bodies, These differences arise mainly from differences in the
manufacturing process, including heat treatments, and they manifest
themselves in the structure as differences in porosity, orientation
of the crystallites, presence and extent of Mrozowoki cracks, etc.
Pyrocarbons as a group distinguish themselves from other graphites
by their small crystallite size and the absence of large pores,

A large variation is possible in degree of preferred orientation
of the orystallites, density and orystallite size,

Ideally it should be possible to interpret the irradiation
effects in pyrocarbons in the same way as for bulk synthetic
graphites and to explain differences in behaV1our in terms of
differences in structure,

If vwe do this it becomes rather hard to understand why
shrinkage rates are correlated with density as shown in Fig. 13
" since the density defect does not appear to be a measure for the
importance of the Mrozowski cracks, It is therefore postulated
that the shrinkage rate is in actual fact correlated with
ocrystallite size: the correlation with density is only apparent
and is a result of the close correlation of density and
orystallite size in this group of pyrocarbons, - .
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For the disos for which CTE has been measured, and thus
A-faotors are known, orystallite dimensional changes have been
derived, assuming again no orystallite volume changes, The
result is given in Table 4 and shown in Fig. 24 versus electriocal
resistivity. Even below 100A the crystallite size is seen to
be a factor of importance for the crystallite dimensional change
rates,

Two-phase Effects in GO Graphite

Up to this point results have been treated for all materials
alike under the assumption that the main mechanism responsible
for the observed bulk dimensional changes is in the crystallite
dimensional changes. It is possible that other mechanisms may
oontribute, especially in other than the classical, well
graphitised graphites., These mechanisms if present may mask to
some extent the quantitative relationship in the Simmons-Reynolds
theory., It is oconceivable that effeots due to unrelieved cooling
stresses or the presence of very disordered graphite are
responsible for part of the deviations of actual behaviour from
that expected.

In one case in the present work strong evidence exists for
the presence of a second mechanism, that is in G9.

Although the general behaviour of G9 is consigtent with the
model outlined if one takes into account the fact that it contains
extremely fine-orystalline material (carbon black) it nevertheless
shows -some anomalous behaviour when looked at in detail, (Fig. 5).

At 600 C the contaction is anomalously large from the outset,
and it does not show any sign of initial expansion., Moreover, it
shrinks more rapidly in the transvere direotion than in the
parallelodlreotion at 600°C, whioh is unprecedented., At 900 c
and 1200 C it behaves as an isotropioc graphite in the early stages

-of irradiation, though its physiocal properties clearly indicate that

it is not at all an isotropic material. At higher doses the
contraotion rate in the transverse direction begins to deorease.
It was suggested in [12] that the numeriocal relationships of

the Simmons-Reynolds theory was masked in G9 by the existence

of a second process tentatively identified with radiation-induced
relief of frozen-in miorostresses., These microstresses, generated
on cooling down from graphitising temperature as a result of the
large difference in thermal expansion in the a- and o-direotion,
are in G9 probably not relieved by opening up of Mrozowski cracks
or plastic deformation to the same extent as in well-graphitised
materials, This is due to the small orystallite size and heavy
orosa-linking. These stresses act as a ocompression in the o-axis
direoction and for extruded graphites they will therefore be

larger in the transverse than in the parallel direction. The
radiation~induced relief of these stresses can be seen as a yielding
of the struoture under these stresses, and should therefore give

a length change larger in the transverse than in the parallel
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Table 4

a-axis Crystallite Shrinkage Rate for some Dragon Pyroocarbons

No. A-faotor L, Registivity Index g, % per 10% n =2
i n0 om 900°¢ 1200°C
3 0.168 67 1209 -1.15 ~1.52
5 0.183 111 5.94 =0.47 -0.84
11 0.176 85 11.25 =0.72 -1.32
16 0.256 105 10,00 -1.57 -1.85
26 0.230 126 4.59 -0.29 -0.68
31 0.154 149 3.66 =0.11 -0.37
For ocomparison
a5 3.90 -0.15 ~0.36
Ia 2.48 -0,08 -0.22
. 1 d.Xa
8, = ¥ Iy Vves oaloulated assuming orystallite volume changes
a are zero. '
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direction,

An alternative hypothesis ig that the isotropio contraction
is ocaused by the rapid shrinkage of the carbon black. This will
also lead to the stressing of the matrix graphite and a
ocorresponding relief of the stresses by irradiation creep as
desoribed above.

At 600°¢ applying the Simmons-Reynolds theory, one would
expeot a behaviour similar to that of G5. In faot a rather large
contraotion is observed for both directions, The extra contraction
observed may be attributed to a second process, in [12] tentatively
attributed to a stress relaxation.

Values of this stress relaxation can now be obtained at
600°C as the difference between the shrinkage observed at 600°¢
for G9 and that expected for G9 on the basis of G5 orystallite
dimensional changes and A-factors for G9., To a first approximation
it is assumed that this stress relaxzation shrinkage is the same at
all temperatures,

If a method oould be found for estimating the shrinkage
ocourring in G9 at other temperatures in the absence of stress
relief it would be possible to predict the initial shrinkage
behaviour by adding the stress relief components given by the
above, It is not possible to estimate the stress—free behaviour
for temperatures above 600 C using the Simmons-Reynolds equations
and the orystallite damage rates for PGA because of the interference
from orystallite size effects in G9. It ocan be shown, however,
that to a first approximation the behaviour of G5 graphite does
indioate the stress—free behaviour of G9. The basis for this
statement is the comparison of the apparent orystallite
dimensional changes for these materials. Thus in Fig. 25 the
orystaglite dimensional changes are plotted as a funotion of dose
at 900°C., These were computed from the coefficients of linear
expansion and the bulk dimensional changes using the Simmons-
Reynolds relationship. Inspeotion of Fig. 25 shows that for G5
the behaviour is normal: crystallite expansion in the e-direction
and contraction in the a-direction., On the other hand, c-direction
effects in G9 are anomalous., Up to a dose of about 3 x 10 O nvt an
apparent c-axis shrinkage ocours but this is followed by the normal
expansion at higher doses., This is now taken as indicating that
the normal orystallite behaviour is masked at low doses by another
process involving stress relief. The faot that following the
initial stress relief period the rates of orystallite dimensional
changes for G5 and G9 are almost identical, may be interpreted as
showing that the dimensional behaviour of G5 approximates closely
to that of "stress free" G9. It may also be noted that during
the interval in whioh the stress relief effeot is ooocurring in G9,
only the o-direotion orystal changes are anomalous. This suggests
that the stress relief mechanism is associated with collapse in
the o-direction or shear in the basal planes which would explain
why the contraction associated with the relaxation is greater in
the direction transverse to extrusion.
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Having established that the behaviour of G5 should
approximate to that of G9 when the latter material is stress-~free,
it is now possible to examine whether the shrinkage of G9 actually.
observed may be estimated by adding the stress relaxation
component of shrinkage 1o thag attributable to the normal mechanism,
The result for 900 C and 1200 C is shown in Figs. 26 and 27 as
fully drawn lines, together with the experimental points,
Compounding the shrinkage in this way given a good measure of
agreement with the contractions experimentally observed in G9,
Especially the peouliar behaviour at low dose is reasonably well
explained.

At higher dose there is a deviation, There may he several
reasons for this, At 600°C there are still no signs that the
seocond mechanism is exhausted, which probably should be the case
if it yere a stregs relief mechanism., It may have been the case
at 900 C and 1200 £ so that the deviation starts where the second
mechanism stops operating. A seoond possibility is that the
astual behaviour of the hypothetical stress-free (9 would be
different from that expected on the basis of G5 data, for instance
on acoount of the still smaller orystallite size. If we follow
this latter approach we can try to find out the behaviour of
stress-free G9 by caloulating the difference between the stress
relaxation shringage found at 600° C and the actually observed
behaviour at 900 C and 1200 0., The result is shown in Fig,., 28,

The behaviour shown resembles very much that of G5, the main
difference being slightly higher contraction rates and a
turnaround at a lower dose., Both features are in agreement with
the expeotations for a graphite with a smaller orystallite size
and a higher CTE, '

It oould also he argued that the reason for the deviation at
high temperatures is that the assumption of a constant rate of
stress relaxation for all temperatures is not correct. Creep experi-
ments on this material have in fact shown a strong temperature o
dependence of irradiation creep in the temperature range 900-1200C

(1]

The case of 3G9, Jjust desoribed, is probably rare insofar as
the contribution of this second mechanism is so large that the
overall behaviour becomes clearly anomalous. The general conclusion
is that in unorthodox materials, especially those containing
appreciable amounts of less well graphitisable csomponents, one
should expect larger contraction rate than can be expeoted on the
basias of the Simmons-Reynolds theory,

SUMMARY AND CONCLUSIONS @

A wide range of graphitic materials have been examined in this work.
The dimegsional behaviour during irradiation in the temperature range
600-1200 C is ocomplex but it is possible to draw some general oconclusions,
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(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

Although there is evidence that the number of point defects affecting
properties such as thermal conductivity diminish with inoreasing
temperature of irradiation, there is still a oconsiderable shape change
in the crystallites as a result of the agglomeration of the interstitials
and vacanoies produced.

The rate at whioh the orystallites change shape (and hence the bulk
dimensional instability) increases with irradiation temperature. However,
for any given material there is a "breakaway" temperature above which the
rate of dimensional change undergoes a much more rapid inorease,

o For the most stable materials the breaskaway temperature is above
900 Ce On the other hand the least stable materials have a "breakaway"
temperature below 600 C.

The most important property dioctating the "breakaway" temperature
is the orystallite size. This is interpreted as showing that the rapid
inorease in rate of dimensional change is due to the inocreased loss of
vaoancies at orystallite boundaries,

In addition to the orystallite size two other faotors are of
importance when the dimensional changes in different materials are
quantitatively examined: these are the coefficient of thermal expansion
and the initial value of Young's modulus,

The correlation with the coeffiocient of thermal expansion is a
natural extension of the existing theory for low temperature irradiation
damage. However, dimensional changes even at low doses appear to be
muoh larger than expected when the intitial Young's modulus is high
and much lower than expected when Young's modulus is low. This is taken
a3 clear evidence that orystallite shape change produced by irradiation
is modified by deformation caused by stresses developed as a result of
the mutual restrains between orystallites., Indeed there is some evidence
that the Young's modulus is much more important in dictating the
dimensional behaviour than is the ooefficient of expansion.

The mode of acoommodation of orystallite (and bulk) dimensional
change is tentatively identified with basal plane shear in the graphite
orystallite activated by irradiation (irradiation oreep). Materials of
low modulus are capable of a greater shear resulting in a relaxation
prooess which reduces both the c-axis growth and the a-axis shrinkage
in the orystallites,

Materials should be essentially "homogeneous". The mixing of grossly
different grists or possibly the addition through impregnation of large
fraotions of non-graphitising components is likely to lead to dimensionsal
behaviour which is not predictable from the material properties.

SPECIFICATION AND BEHAVIOUR 'OF GRAPHITE IN HIGH TEMPERATURE REACTORS

Te1

Environment

To place the discussion of the graphite requirements and behaviour
in the correct context it is first worthwhile to mention briefly the
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operating oonditions of HTR's. The graphite environment in terms of
the temperature of operation and total dose is conveniently divided into
two parts,

(a) The structural graphite of the fuel elements in a reactor
utilising a low enriched fuel cyocle would be expeotgd to be required
to operate at relatively high temperatures, say 900 C to 1200° c,
carrying a relatively high heat flux aoross the fuel ocontainer
walls, Assuming an enrichment of 3% in the fuel and a fuel element
pitch similar to that used ﬁn AGR, estimates indicate that in a
power reactor with a 6 MW/h aversge) power density & peak dose of

approximately 1.5 x 10 1 n em (DIDO equivalent) would be
acounulated in one year (75% load faotor). At the present,
residence times of between 1.5 and 2.5 years are contemplated,
These figures would be & rough guide to a feed element in a feed
breed reactor though further detailed caloulation is required for
this case,

(v) There is considerable freedom of choice for the temperature of
operation of the moderator portion of the ocore of a low-enriched
reactor core design. The peak dose would ocour at the wall of the
fuel element ohannel and would also be about 1.5 x 102! n on™
(p1DO equivalent) in one year. In the ocase considered above with
a fuel element pitoh of about 44 om (fuel channel radius ca. 13 om),
changes in the flux and spectrum lead to the integrated dose falling
by a faotor of approximately two for a position midway between fuel
elements,

For reductions in poﬁer density with no major alteration in
design thess figures would be reduced pro-rata.

7.2 Specification and Behaviour

The minimisation of the rate at whioh the dimensions of a graphite
change and the total amount of dimensional ohange are important for a
number of reasons. Due to unavoidable temperature and flux gradients
differential effeots ocan ococur which cause the generation of stresses as
different parts of the same member attempt to deform at different rates.
Thermal gradients oan be minimised to some extent by choosing materials
with good thermal conduotivity., Thermal gradients are of special concern
in HTR fuel elements since the struoture must not only maintain its
integrity in the face of differential stressing ocaused by irradiation
induced dimensional changes, but it must also withstand thermal stresses

. arising from the relatively high heat fluxes in the fuel element wall,
Thus properties affeoting thermal stress should not be ignored in
specifying the material, On the other hand it would be very costly to
produce and test different materials for the fuel element and the rest
of the core and if possible the same material should be used for both
purposes,

A consideration of the results of the present work indicate that
the following properties are important.

(1) 1Isotropy (as measured by CTE and Young's modulus)
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(ii) Degree of orystallinity (electrical resistivity)
(iii) Coefficient of thermal expansion (CTE)

(iv) TYoung's modulus

(v) Ultimate tensile strength.

To aot as a guide to the level of these various properties, Table 5
is given.

Isotropy is defined in terms of the ratio both of the coefficients
of expansion and Young's modulii when specimens are ocut parallel and
perpendiocular to the direction of forming. If the material is not isotropic
in both these properties the dimensional behaviour will become grossly
anisotropic espeocially at high doses. It is of greater importance that
the material be isotropio in the oase of the long-life moderator or breed
bloock structure than for low-enriched or feed fuel elements as the doses
in the former ocase will be very high,

The low eleotrioal resistivity specified will result in a breakaway
temperature which will be gbove 900 C. Also the temperature dependence
of the shrinkage above 900 C will be lower than in the case of materials
with a higher electriocal resistivity. This gives freedom to fix the
moderator temperature at a high level but it must be kept below 900°C for
prolonged life. At the same gime the minimisation of the temperature
dependent shrinkage above 900 C reduces differential shrinkage stresses
in the fuel element structures. A low electrical resistivity also
indicates a high thermal oconduotivity leading to lower thermal stresses,

The coefficient of expansion might still play a part in dictating
the initial rate of dimensional change and the ultimate shrinkage.
However the present work has shown that this property should not be
viewed in isolations the initial rate of shrinkage can also be affected
by Young's modulus and it is not unlikely that the shrinkage limit will
also tend to be dependent on this’ property. There may be some incentive
to move to materials with lower CTE's because of the adverse effect on
thermal stresses of a high CTE., Low CTE materials may alsoc be favoured
for high dose intermediate temperature conditions to delay expansion
effects,

The initial value of Young's modulus may be much more important in
dictating graphite dimensional behaviour under irradiation than previously
thought., Low values of this property indicate easy shear of the orystallites
under irradiation which minimises the bulk dimensional change. Similarly
the irradiation induced oreep properties in the bulk material are improved
when the initial value of Young's modulus is low and hence differential
stresses are more readily relaxed. Finally, thermally induced stresses
are minimised when the Young's modulus is low.

Dimensional Changes at High Doses

The doses to which fuel elements will be exposed in reactors using
a low enriched fuel cycle will be relatively low; generally less than

4 x 1021 n em™2 DIDO equivalent. Doses of this order would also apply
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Table 5

Guide to Properties of a Graphite of Good Stability at High Temperatures of Irradiation

(1)

Isotropy <1,05
Eleotrical resistivity (milliohm om) preferably <0.8 but certainly less than 1.0
Coefficient of Thermal (2) 5 x 10_6 per oC
expansion (20-400°¢C)
Young's modulus (psi) 1.0 = 1.2 x 106
(ayne cm-z) 6.9 - 8.3 x 10'°
Ultimate tensile strength (psi) ‘ >3,000
(ayne cm-z) >20,7 x 107

(1) Isotropy is required from two viewpoints:

(a) the ratio of the CTE's in various directions with respect to the forming
direction

(b) the ratio of Young's modulii in the same directions.

(2) Lower values may be acceptable, see text.
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to feed fuel elements., There is little difficulty in achieving these
doses at high temperatures to provide design data., Difficulties do arise,
however, in the testing and provision of data for moderator blocks and
breed elements in power reactors, In such cases the peak accumulated

dose is such that for a 30 year life the material would have to withstand

a total dose of about 4.5 x 10%% 1 en™2 2z

in a 6 MW/m3 core or 3 x 107" in
a 4 u¥, m3 core, at a temperature below 800°¢C depending on the design.

Present evidence concerning the behaviour of graphite at high doses
is very limited and restricted to low equivalent temperatures* [5, 21],
Furthermore to acocumulate very high doses in a reasonable time the
irradiation experiments have been carried out in the IDounreay Fast Reactor.
Some diffioculties may arise in interpreting these results because of
dose-rate effects [Z]Obut the general feature on irradiating at temperatures
between 380 C and 750 C in DFR¥* for materials with properties similar to

those in Table 4 is that up to a dose of about 1.5 x 1022 n cm_2 (pIDO
equivalent) a shrinkage of about 3% is observed., At this dose the shrinkage
appears to be saturating at least for the conditions studied. However,

a number of considerations lead one to believe that maintenance of complete
stability at high doses is unlikely although this was indicated previously
[22] since it was assumed that at high orystal strains the orystallites
would change shape at constant volume [23], It is now thought that

complete stability would only apply under the following circumstances,

(1) The material is completely isotropic in its Young's modulus (and
CTE).

(2) The orystals are changing shape at constant volume.
(3) The grist particles are essentially spherical.

If the material is not isotropio, directions in which the c-axis
of the crystals predominates will grow and shrinkage will ocour in
directions in which the a-axis is preferentially oriented. In such
materials porosity is generated which could lead to loss of mechaniocal
properties [5, 24].

Even when the material exhibits complete isotropy and the orystals
are changing shape at oconstant volume it is diffioult to oconceive a
mechanism which allows no volume change in the bulk material other than
of the particles are spheriocal.,

Thus it is now considered that the general effect whioh may be
observed at very high irradiation doses is one of expansion due to either
a volume expansion in the orystal or to the generation of porosity.

Until more data is available it would seem imprudent to deaign high
power density HTGCR's with moderator struotures whioh ocannot, at least in
part, be removed.

*Due to the dose-rate effect mentioned these would be expected to be equivalent
to different temperatures in a HTGCR environment., The actual conversion to
reactor equivalent temperature is not yet possible,

-37 -



8.

NOTE ADDED IN PROOF

The indications that the initial dimensional changes under irradiation
at high temperature are related to Young's modulus have been strongly
reinforced by experiments carried out in the Dragon Reactor [26]. The
analysis clarifies relationships between crystallite shape, Young's modulus
and the coefficient of thermal expansion and shows that the initial shrinkage
rate may be correlated with crystallite shape and the bulk Young's modulus
rather than the expansion coefficient.
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Fig. 3(a) Coarse Grained Anisotropic

Fig. 3(b) Fine Grained Anisotropic
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