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ABSTRACT

The irradiation behavior of reactor graphites at high temperatures
(500° to 1400°C) to high fluences (up to 4 x 1022 n/cm2) is reviewed. .Re—
cent data generated during the period 1965 through 1971 are emphasized.

The review.covers graphite manufacture,.irradiation damage, dimensional and

structural changes, thermal expansion, thermal conductivity, Young's modu-

“lus, strength, and irradiation~induced creep.

tional binder-filler technology or some

Graphite-moderated reactors: utilize graphites manufactured. with conven-
new nonconventional methods.. In the:
binder-filler method of ﬁanufacture fillers can range from natural flakes or
needle-coke, which are extremely anisotropic, to Gilsocoke, proprietary iso-~
tropic cokes, and carbon blacks which are extremely isotropic. Other‘pqpconQ
ventional methods, some of them proprietary, have been used to produce high-

density, high~strength graphites. These materials are more uniform in micro-

structure and the traditional binder-filler interfaces are not visible.

Irradiation effects in single crystals, annealed pyrolytic carbons, as-~
deposited pyrolytic carbons, and highly oriented graphites are discussed
where the data relate to the interpretation‘of the behavior of reactor graph-

ites.
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Irradiation damage in single crystals énd annealed pyrolytic carbons

has been studied at temperatures up to 1350°C to high fluences. Interstitial

fmigyépiquipﬁghgmgiﬁgis direction has been postulated and-large interstitial

loops have been observed in twist boundaries of annealed pyrolytic .carbons.

Examination of reactor. graphites has® been attempted, but - the results have

,not been highly successful due. to. experimental difficulties dealing with the

. complex nature of the microstructure of these materials... Speculations that

observations on the more perfect crystals may hold. for.the reactor. graphites
lead to the conclusions that c-axis diffusion may occur.at.lower. temperatures
in reactor materials. .. .An increase:in. the .crystalline perfection improves the

dimensional stability. of the crystallites.

Graphite data are aséembled'tO'show*dimensional“changes in the range
400° to 1300°C to fluences of up to 4 x lO22 n/cm2 (E > 0.050 MeV) for aniso-
tropic and near-isotropic binder-filler graphites and nonconventional high-

density, high-strength materials.

There appearé to be'almdst‘uhanimoué¢agreeﬁéﬁftémdﬁg the various inves-
tigators that volume expansion after .turnaround at high’temperatures results
from pore generation and that isotropic graphites with relatively high den-

sity and highbstrength are the most stable.  These materials usually have

relatively small crystallites, but: their high strength and.isotropy offset the

crystallite size effect and prevent pore generation, which 1s responsible for
the large volume eipansions observed in" the weaker more anisotropic graphites.
Again there is good agreement in that the lower pore generation results from

a higher irradiation-induced creep rate in the isotropic materials that
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allows plastic deformation to'relieve stresses. Pyrolytic-carbons: behave in

a like manner.

Dimensional instability appears” to.be:maximized in the range 900° to
1200°C due to high expansion rates. ' However, some data-are available to
indicate that above 1200°C the expansion rate decreases again.. More work

is needed to confirm this observation.

Some progress has been made in explaining. the microstructural and poro-
sity changes that occur at high.temperégures.and hig fluénces,vbut the com-
plexity of reactor graphite struc;ures.permits only a qualitativeAinterpre—
tation at present. Certaiﬁ relatively large pores or cracks. close during
densification due to c-axis expansion, while pther micropores are generated
within or between crystallites. 'Macroporosity is generated when volumetric
expansion begins. Lack of quantitative“methodsfto.anaiyze pore morphology

and structure after irradiation continues to slow progress: in this area.

Early models based on‘thermal'expansion.andvqrystallite orientation
were successful in predictingfdimensionalfchanges'aﬁ low fluences, but are
of limited value at High fluences. . These models have been updated to con-
form to‘recent'data obtainedtét'highrtemperatureS'and“higher fluences but
microstructural an& porosity.changesféontinuefto complicate the efforts to

produce a quantitative model.

Limited data are available on conventional binder-filler graphites that

attempt to correlate dimensional changes with variations of certain fabrication




processes. These studies show the dimensional changes to. be sensitive to

manipulation of the binder-coke content.

Thermal expansivity'changeS"in'reactor graphites during high-temperature
irradiation correspond with the onset of volumetric expansion. Thermal ex-
pansivity changes are not'uniform“amoﬁg‘the'graphites;'the weak, anilsotropic
materials with initially lowfcoefficients increase whereas the strong, iso-
tropic graphites with initially high coefficients decrease. No theoretical
analysis has been undertaken to explain the thermal expansion éhanges. It
had generally been assumed that.thermal‘éxpansivity-would increase after
basal plane cracks, which accommodate-c-axls expansion, were exhausted. This

idea may have to be revised in light of the current data.

Thermal conductiyity degrades rapldly-at: low fluences; the magnitude of
the fractional changes decreases with increasing irradiation temperature.
Analysis of the thermal conductivity changes in terms of structural damage
that causes dimensiopal changes revealed ;hat submicroscopic clusters, vacan-
cies, and vacancyAloops are responsible for thermal conductivity changes
while interstitial loops and collapsed vacancy lines which cause dimensional
changes are insignificant. At high"fluences after iarge‘volume'changes have
occurred there is a further catastrophic-reduction in thermal conductivity
which appears to be associated with the 'disintegration of the structure.

The mean tensile strength was observed:to increase in graphites after
irradiation at 1200°C, but the prébability'of failure at some stress below

the mean fracture stress was higher for graphites with initially higher mean




strengths. This was interpreted to mean that variations of the meén’strength

are not indicative of the actual risk of failure.

Young's modulus increases rapidly-at:low fluences and quickly saturates.
It is generally accepted that the increase is due to pinning of dislocations
by irradiation-induced defects, and the saturated value represents complete

I

pinning.

Irradiation-induced creep constants have been measured at temperatures
up to 1200°C. 1In an irradiation'field"gfaphites will withstand strains ten

times that of unirradiated samples before fracture occurs.




1. INTRODUCTION

Artificial graphite was used as the neutron moderator and reflector
for the -first.atomic.pile-at the University of Chicago. Later it was
chosen for the production reactors at the Hanford Works, Richland, Wash-
ington (Nightingale, 1962), and a variety of research and test reactors
scattered around the wogld. In these early reactors the graphite operated
from room temperature to abéut 700°c. iﬁv£he‘early 1950s graphite-
moderated gas-cooled reactgrsAwere developed“ih the United'Kingdom,’with‘
carbon dioxide as‘the coolant. . In this reactor concept the graphite re-
mained well below its oxidizing;temperature to maintain compatibility with
the carbon dioxide. These reactors, termed Calder Hall Class Reactors,
were followed by an advanced .design also cooled with carbon dioxide, known
as the Advanced Gas;Cooled Reactor (AGR). During this same period the
Russians were developing graphite-moderated pressurized-water power reactors

(Petrosyants, 1969).

'Inrthe 1950s the concept of the high-temperature gas—cooled reactor was
introduced with helium aé thé coolant. In these designs the temperature of
the fuel, rather than that of the graphite, limits the operating temperature.
Concurrent development of carbon-coated refractory fuel particles has per-
mitted design temperatures of 1000°'fo 1300°C and lifetime fluences of 5 go

10 x 1021 n/cmz. The most notable among the helium-cooled reactor projects




by high-energy neutrons. The magnitude of these changes is dependent not
only on the operational temperature and total neutron fluence but also on

the microstructure of the particular graphite.

. During the period from the early 1940s through 1960, a considerable
amount of irradiation data was obtained and voluminous studies were com-
pleted by the General Electric Company at its Hanford Atomic Products Oper-
ation. These data were obtained primarily from irradiation experiments in
the various Hanford Graphite Reactors at 30° to 700°C. The experiments
provided extensive data on dimensionaiméhanges, stored energy release, struc-
tural deterioration, and physical and mechanical property changes. The

work was summarized in Nuclear Graphite (Nightingale, 1962), which includes

éhapters on general graphite technology and properties in addition to a

review of the existing irradiation data.

As reactor design requirements reached toward higher temperatures and

fluences during the 1960s, a number .of books and reviews kept pace with the
expanding technoldgy., Notable among these are Simmons (1962) and Reynélds
(1968). Articles on nuclear carbon and graphite technology, irradiation

data, and theory have also appeared in various sections of the series

Chemistry and Physics of Carbon (Walker, 1966, 1969). Included in this

series were articles by Reynolds (1966) on physical properties of graphite,
Bokros (1969) on pyrolytic carbons, Thrower (1969) on microscopic defects,
and Kelly (1969) on‘thermal conductivity. Thus, the work prior to about
1965 has been gdequately summarized, and some specific irradiation damage

phenomena are discussed in considerable detail in the above cited literature.




in the 1950s and 1960s were: (1) the Experimental Gas-Cooled Reactor (EGCR)
program at Oak Ridge National Laboratory (ORNL), (2) the Dragon Reactor Pro-

ject {Organization for Economic Cooperation and Development (OECD)] at.

Winfrith, Dorset, England, (3) the High-Temperature Gas—-Cooled Reactor (HTGR)

program at Gulf General Atomic Company, and (4) the Kraftverk Pebble Bed Re-
actor (AVR) progr;m at Julich, West Germany. In the 1960s the Molten Salt
Reactor Experiment (MSRE) was developed. The MSRE design requires that the
graphite, which serves as both moderator and structural member, not be pen-
etrated by the fuel salt and gaseous fission products. The graphite must

operate at temperatures of 500° to 850°C, but to extremely high fast-neutron

fluences in excess of 2 x 1022 n/cm?.

From this brief account it is obvious that artificial graphite has
played a leading role as a high-temperature reactor material. It is cur-
rently being utilized or considered as neutron moderator, reflector, struc-
tural member, fuel matrix, or control-rod matrix in a number of power re-
actor projects. The unique properties that make artificial graphite attrac-
tive for these functions are its excellent moderating capability, adequate
strength at températures up to and above 2000°C, good thermal properties,
excellent machinability, and relatively low cost. .Its low resistance to
oxidation has Been circumvented by the use of extremely pure helium as cool-
ant, and oxidation is only considered:to be a‘problem in the event of an

accident where air or steam can leak into the core.

Graphite, however, shares the common problem that all reactor materials

have; that is, it undergoes dimensional and property changes due to damage




It is the purpose of this paper to coilect and summarize irradiation
data generated during the period 1965 through 1971. This has been a par-
ticularly fruitful period, due to the concentrated efforts of a number of
investigators to obtain.and.explain.irradiation data at temperatures of
900° to 1400°C to fluences of 2.to 4 x 1022 n/cmz. Considerable effort
has been expended in an attempt to understand, ét least qualitatively, the
basic phenomena of radiation‘damage by the examination of a variety of
qaterials including near—-perfect graphite crystals, both highly orienﬁed
and isotropic pyrolytic carbons, conventional anisotropic reactor graphites,
and high-strength high-density isotroéiﬁbéraphites. This work has been per-
formed by a number of organizatioms, which are directly involved in reactor
development or support major reactor programs that utilize graphite. Many
of the irradiation programs, because of their high cost and cémplexity, are
shared by a number of organizations and their national governments and are
indirectly supported by commercial enterprises, notably the major carbon
compaﬁies in Europe and the United States, by a generocus supply of éxperi—
mental and commercial samples, in-house development programs, and consulting

advice.




2. MANUFACTURE

2.1 Conventional Fabrication

The majority of nuciear graphites are produced by the classical
Atcheson process employed for half a ceﬁtury in the production of furnace
electrodes. This basic technology has been well described in the litera-
ture (Nightingale;”l§6é)§‘ é calcined égké filler and thermﬁplastic hydro-
carbon binder are mixed, molded or extruded to form a binder-filler artifact,
and subjected to a complex heat treatment to a final temperature of 2600°C
or higher. For economic reasons, the heat ‘treatment is generally divided
into two stages, baking in gas-heated furnaces to temperatures in the
neighborhood of 1000°C followed by '"graphitization' in electric resistance-
heated furnaces to the final temperature. Because of the porosity intro-
duced by the nature of the raw materials and processing, a liquid impreg-
nant (normally a pitch or tar) is gmployed prior to or following the first
graphitization. The impfegnation not only increases the density, but also
improves the conductivity, mechanical properties, and uniformity §f the
finished graphite. Fillérs‘range from'groﬁnd natural flake to reground
artificial graphite and from coal tar pitch cokes through petroleum cokes
to Gilsocoke* and carbon blacks. At one time or another, each of these has

been considered or used for producing nuclear graphite.

*Gilsocarbon-based graphite has achieved a prominent place in nuclear
technology due primarily to interest in the United Kingdom. It is made from
a coke derived from Gilsonite (a naturally occurring bitumin) presently
mined in Utah, U.S.A.




The same flexibility abplies to binders and impregnants. ~Thermoplastic
tars and pitches derived from coal or petroleum can be replaced by syn-
thetics derived from pure organic compounds, for example, acenaphthalene
and truxene. Thermoplastics may be replaced by thermosetting resins, the
most common being those of the furan family. Each of these has found its

way into the nuclear field.

It is obviousiy beyond the scope of this review to consider all the
raw material variations in graphite fabrication. The important point is
that the selection of filler and binde;Taetermines the crystallite micro~-
structure énd the associated micropore texture. As will be shown, both
have profound effects ﬁpoﬁ:the high-temperature irradiation behavior.
Table 1 summarizes the essential fabricatién variables for the types of

materials referred to in the later discussions of irradiation behavior.

2.2 Nonconventional Fabrication

As the usage of-graphite has broadened into areas beyond electrodes
and electrolysis applications, and beyond batteries and brushes, very
specialized markets have engendered very specialized graphites. The most
obvious are thése associated with the requirements of the electronics, syn-~
thetic chemical, and aerospace industfies. Tﬁe basic Atcheson process, for
all its flexibility in raw materiais,.ﬁas prbven insufficient. A number of
alternative approaches have been studiéd, which‘for our purpose are simply
referred to as "nmonconventional." These materials generally share two

characteristics: they are produced in small sizes and are relatively ex-

pensive.




TABLE 1
SUMMARY OF CARBONS AND. GRAPHITES
Manufacturing Structural and Degree of Development
Material Types Raw Material Detalls Property Description Irradiation Behavior and Utility

Single crystals.

Annealed pyrolytic
graphite.

Low— and high-
temperature
pyrolytic carbons.

Gaseous hydro-
carbons.

Gaseous hydro-
carbons.

Formed in nature.

Deposited at "v2100°C
and annealed at 2900°
to 3600°C.

Deposited at 1200°
to 2200°C. :

Represents basic erystal
for all polycrystalline
artificial graphites.
Highly anisotropic in
physical and mechanical
properties. Relatively
free of defects in lattice.

Similar to single crystals
but of lower crystalline
perfection.

Structures range from
highly anisotropic to iso-
tropic. Relatively small
crystallites. Wide range
of mechanical and physical
properties and density.
Usually nonporous.

Anisotropic. Relatively
stable above 500°C.

Similar to single crystals
but of lower stability at
high temperatures.

F—

Wide range of dimensional
changes from anisotropic

to isotropic. Stability

covers wide range. '

Experimental material,
Difficult to obtain and
handle.

Experimental material, Used
as a substitute for single
crystals because of better
integrity and availability
as large samples,

Highly developed and useful
as coatings for nuclear fuel
particles in HTGRs. Struc-
tural, property, and irra-
diation behavior extensively
studied.




SUMMARY OF CARBONS AND GRAPHITES (Continued)

TABLE 1

Material Tvpes

Raw Material

Manufacturing
Details

Structural and
Property Description

Irradiation Behavior

Degree of Development
and Utility

Anisotropic
graphites manu-
factured with a
binder and filler.

Near—-isctropic
graphites manu-
factured with a
binder and filler.

Near-isotropic

graphites manu-
factured by non-
conventional and
undisciosed pro-
cessing methods,

Cokes derived from
petroleum. Binder
and impregnants
usually coal-tar
pitch. Cokes cal-
cined prior to
manufacture.

Gilsocoke. Binders
and impregnants
usually coal-tar
pitch.

Proprietary cokes

. and uncalcined

cokes derived from
petroleum products.
Proprietary binders.
Possibility that
binders are omitted.

Manufactured by conven-
tional techniques.
Binder and filler mixed,
bodies formed, binder
carbonized, bodies
heated to 2600° to
2800°C to graphitize
structure, Carbon
structure results

from binder, filler,
and impregnant coke.

Same as anisotropic,
graphites above.

Proprietary. Believed
to involve isostatic
pressing or pressure
baking. Heat treat-
ment usually to 2600°
to 2800°C.

Characterized by aniso-
tropy in properties. Low
thermal expansivity and
relatively high thermal
conductivity. Relatively
weak. Usually coarse
grained. Microstructure
appears multiphased.
Large pores and large
spectrum of pore sizes.
Relatively soft and
easily machinable.

Characterized by near-
isotropy in properties.
Intermediate thermal
expansivity and thermal
conductivity. Inter-
mediate in strength.
Both coarse and fine
grained. Microstruc-
ture appears multi-~
phased. Large pores and
spectrum of pore sizes.
Relatively hard and dif-
ficult to machine.

Characterized by near-
isotropy in properties.
High thermal expansivity
and Iintermediate in
thermal conductivity.
Relatively strong, fine
grained with small pores
and uniform pore size.
Relatively soft and
intermediate in machin-
ability.

Dimensional and property
changes anisotropic.
Undergoes rapid expan-
sion at high fluences.
Relatively unstable.

Dimensional and property
changes slightly aniso=~
tropic. Relatively
stable in comparison with
anisotropic materials.
Low expansion rate at
high fluences.

Dimensional and property
changes isotropic.

Shows high degree of sta-
bility in comparison with
anisotropic materials.

Low expansion at high flu-
ences and delayed to high
fluences.

Highly developed for a num-'
ber of commercial applica-

tions other than for nuclear
use. Manufactured and read-
ily available in large diam-
eters. Considerable produc-
tion experience and property

and irradiation data avail-

able. Early extensive use
in production and power
reactors. Relatively in-
expensive and econocmical
for reactor use.

Highly developed in United
Kingdom for nuclear use.
Considerable production ex-
perience and property and
irradiation data available.
Readily available in large
diameters. Extensive use
in power reactors in the
United Kingdom. Intermedi-
ate in cost for reactor use,

Developed as a specialty
graphite for nonnuclear
uses. Produced in rela-
tively small diameters and
considered experimental for
nuclear use. High cost.




Despite the cost and size limitations of these nonconventional mate-

rials, they have significant potential for the nuclear industry. First,

and most important, some have been found to be more resistant to irradiation

damage than conventional graphites. Second, they represent a means to fur-

ther the study of irradiation behavior of graphites. The production tech-

- niques in this area are usually proprietary, and therefore our discussion

is limited. Among the techniques employed are:

¢ 9)

(2)

(3)

(4)

Hot working: 1In the thefmoplaétic range (>2400°C), both pyro-
lytic graphites and binder-filler graphites may be re-formed by
shear and plastic flow. The final product may apprbach single
crystal behéviofl' This technique appears to be of limited appli-
cation to the nuclear industry because the extreme anisotropy of

the materials is usually undesirable for nuclear applications.

Pressure-baking: The application of pressﬁre during pyrolysis

has two effects: it inhibits the evaporation of carbon-containing
gaseous pyrolysis products and it promotes crystal growth. Both

appear desirable from a nuclear applications viewpoint.

Isostatic molding: This technique combines the advantages of

pressure-baking with an external force.

Catalysis: Low-temperature chemical catalysis can be directed at
the binder behavior. High-temperature physical catalysis can pro-
duce recrystallization. Only the former appears to be important

in nuclear applications.




(5) Raw_and semicalcined cokes: These filler materials are chemi-
cally reactive and produce a ''monolithic" graphite structure. In’
these materials, there are no apparent textural differences from

point-to-point in the material at the grain-size level.

The types of nonconventional graphites that are referred to in later

sections are also identified*in Table 1.

2.3 A Note on Orientation and Fluence

Various terms have been employed to denote orientation, in many cases
confusing in that the preférred c—-axis direction is perpendicular to the
axis of extrusion but parallel to the axis of molding. BotH fabrication
techniques, however, give rise to cylindrical symmetry. In the following
discussions, tﬁe notations axial (A), radial (R), or tangential (Tan) are
employed with reference to the symmetry axis. To emphasize again, this has
no relation to the preferred c~axis orientation until the forming technique

is defined.

The graphité irradiation data have been obtained in different test
reacfors with different neutron spectra. - Fluence calculations were made
based on different dosimeteré and the fluence data have been reported with
different neutron energy cgﬁoffs. This makes comparisons of dimensional

and property changes difficult.




In an effort to assemble the data, E > 0.050 MeV has been chosen for
the purpose of comparison and interpretation of data in this paper. Data
in the literature were converted to this scale by the method of Perry and

Jenkins (1967).

f_uiwvaérf§ aﬁd Jenkins choicewa 0.050 MeV as a lower cutoff formlhévfluk“is

.

i derived from a damage function analysis for graphite based on neutron energy
spectra spanning the extremes available in various reactors. The cutoff is

“ insensitive to the particular model used for the secondary displacement func-

tion. At the 0,050-MeV éutoff, the calculated damage rates vary only by 3%

ﬂ at the extremes of the spectral types, which may{bercontrasted to ZBZ at Fhew

0.18-MeV limit, Thus, ﬁhéAO.OSO—MeV lower limit requires no fluence correc-

tion from reactor to reactor and permits direct comparison of all data.

The following table of conversion factors is presented for convenience.
A portion of the table was taken from the-Dragon and Petten work (Blackstomne

et al., 1969). The reader is reminded that the conversion of data to

E > 0.050 MeV is by calculation for ease of comparison.




_TABLE 2 |
GRAPHITE DAMAGE CORRELATION FACTORS

To Obtain n/cm2 E > 0.050 MeV

Facility =~ | Neutron Exposure. Expressed as | Multiply by
Any ‘ n/cm2 (E. > Q.OSO MeV) 1.0
High Flux Reactor. (HFR) .Equivalent fission: fluence ' 2.0
DIDO, PLUTO » ‘ -Equivalent Fission Fluence 2.0

General Electric Test Reactor: (GETR)/

2 .
Engineering Test Reactor. (ETIR) n/cm,‘(E > 0.184MeV) i : 1.20

Dounreay Fast Reactor Total dose - 0.92




3. IRRADIATION DAMAGE

The graphite lattice is fundamentally.damaged in a reactor environment
+by scokliston: of -high-energy neutrons with -carbon-atoms “in ‘the lattice. The
" carbon atoms are displaced to interstitial positions, leaving behind vacant

sites in the 1ayef planes. The interstitial carbon atoms and lattice vacan-
cies either recombine immediately, remain . .as point defects, or collect into
lines or clusters depending upon the coﬁéitions of neutron fluence and irra-
diation temperature and the nature of the graphite structure. The damage to
a graphite crystal by high-energy neutrons has been studied directly by
transmission electron microscépy where clusters of interstitials and vacan-
cies have been observed in thin sections usualiy taken from large, well de-
veloped crystals.

The early wakmédﬁéérniﬁé irrad{;fibﬁmdamééé“iﬁfgfébﬁite“hés been summar-
ized in a number»of articles and books. Thrower (1969) has written an excel-
lent review concerning the use and techniques of electron transmission micro-
scopy as appliea to graphite crystals. 1In his review, Thrower deals with
defect structures, materiél variations, defects produced by elements other
than carbon (such as boron), irradiation-induced defects, and nucleation of
defect clusters. Reynolds (i968),and Simmons (1962) have also given coherent
and precise accounts of the irradiation damage to various types of carbona-

ceous materials. Earlier de Halas (1962) reviewed the fundamentals of irra-

diation theorv and its application to graphite. Reynolds (1966) also covers




the damage function, point defects, nucleation processes, and other aspects
of irradiation behavior in detail. No effort is made here to describe the
irradiation damage phenomena in detail; the reader is directed to the above
reviewsbfor such detail. The reader is also directed to Thrower (1969) for

a complete bibliography of the work prior to 1969 on this subject.

As mentioned previocusly; high-energy neutrons collide with carbon atoms
in the graphite lattice and produce single interstitials and vacancies.
Some portion of the vacancies and interstitiéls are immediately annihilated
by recombination, but those remaining'ﬁéy move tb nucleation sites and form
larger clusters. The magnitude of the clusters is dependent upon the irra-
diation temperature and fluence. The vacancies remaining in the graphite
lattice are immobile at low temperatures and remain as point defects. Above
300° to 500°C-the vacancies become mobile, and it is speculated that the
vacancies can be formed into lines. These lines collapse when they grow to
a critical length and then continue td grow by capture of more vacancies at
the ends (Kelly, 1969), resulting in shrinkage of the crystals in the a-axis
direction. Intersti.tvial clusters cause crystal growth iﬁ the c—axis direc-—
tion. This general description of irradiation damage in the graphite lattice
~is deduced from.transmissionAelectro# micro$copyAobéérvagiops in large single
cryséals or highly annealed pyrolytic carbons, which<approach the natural
crystals in perfection. As the irradiation temperature is increased from
150° to 1350°C, the interstitial loops or clusters increase in size and
decrease in density (Thrower, October 1968a).7‘These reactions have been ex-
plained in terms of a theory of homogeneous nucleation assuming that the

loops are nucleated by the chance encounter of two slowly moving groups of




G'> atoms and that they grow. by the addition of single interstitials. -The dif-
fusion was assumed to be two dimensional and. to occur solely within the

basal plane.

Recently Turnbull and Stagg (1969) have introduced the concept of three-

 dimensional diffusion to explain the kinetics of annealing large intersti-
- tial and vacancy loops. Turrnbull and Stagg observed c-axis diffusion above
%2000°C in thermal annealing experiments on single crystals. Thrower
-i(October 1968a) reasoned that in polycrystalline reactor graphites, which
%have smaller crystallites, there may be c-axis diffusion as low as 1000°C
Ein a neutron flux and migrating defects may find sinks between basal planes
brather than at crystalllte edge sites. Thrower (October 1968b) has been a

major contributor to the irradiation damage fleld in the past 5 to 6 years
and has developed a number ofuldeasMcodcernldémdefect nucleatlon based on
his observations of highly perfected crystals and reactor graphites. He
examined pyrolytic graphites whose crystallite perfection in the basal
plane was excellent, comparing favorably with that of single crystals, but
whose perfection in the c-direction could be varied over a wide range. Two
materials were studied: (1) pyrolytlc graphlte heated to 2900° C, and (2)

a second pyrolytlcbgrapblte stress-— annealed at. 3300° to. 3600 C. .These were
the same carbons as those used by Kelly for dimensional change measurements.

Kelly (1966) describes these carbons in detail. They were irradiated at

1350°C along with single crystals to V2.34 x 102l n/cmz.

At 1350°C the nucleation of irradiation damage in thin crystals of the

(>k9 2900°C material did not proceed as in single crystals. Vacancies were




homogeneously nucleated throughout the crystal, as there were no larger
interstitial loops to introduce the heterogéneous nucléétionjpfeviously ob~ :
served in single—cryétal studies. Since the crystallite perfection in the
basal pianes was equal to that of single crystals, Thrower concluded that
the other crystallite dimension must be responsible for the épﬁarent loss
of interstitials and the majority of interstitial atoms had migrated to
twist boundaries where they formed very large loops. The observation of
these faint loops was always found to be associated with the presence of
twist boundaries. Thrower concluded that thé large population of inter-
stitial atoms in the form of an irreguiér loop within twist boundaries
migrated along the c-axis by interstitial diffusion during irradiation at-

1350°C.

Thrower believes that in single crystals the interstitial loops grow
from nuclei by the addition of the faster moving interstitial atoms. Any
motion of a loop is confined within its plane and interstitial loops or
clusters are not expected to occur in twist boundaries. He assumed the
large interstitial ioops in the twist boundaries were formed by the diffusion

of single interstitials in the c—axis direction.

Interstifial diffusion along the c-axis is expected to occur at
temperatures of 900°C and above and becomes significant before vacancy
migrations take place within the basal plane. The interstitial loops in
single crysﬁals wererfound‘to be mﬁch smaller than those in the 2900°C

material were many twist boundaries are present.




Thrower admits this work does little to clear the confusion about the
nucleation of defect groups in high-temperature reactor graphite. When
damage is observed, it is usually in an exceptionally large crystallite

which may not be characteristic of the material as a whole.

In a later paper Thrower . (July 1971) carried his studies on the same
materials to higher fluences\anduobserved, at higher neutron fluences, that
as the number of vacancies in.lines increased, the number of surplus inter-
stitials also increased. He again emphasized the difficulties of observing
defects in such.highly damaged crystal;;"and it was impossible to estimate

-

size, shape, or density of the nucleated defects.

Thrower (May 1971) irradiated. reactor graphites at 1300°C and attempted

" to identify the irradiation defects:. ' From observations in the highly crys-

talline particles, he found defects trapped at twist boundaries. Thrower
believes that the dénsity of nonbasal dislocations .in reactor. graphites is
an order of magnitude higher than: those in well oriented pyrolytic graphite
and therefore the c—éxis diffusion may occur at temperatures lower than

600°C in this type of graphite, He‘expééts'the"nﬁcleation of inter-

stitial atoms in highly crystalline particles of reactor graphites to have
three teﬁperatﬁre regimes where (1) nucleation is homogeneous and .uniform
throughout the crystallites (T < 300°C), (2) ﬁucleation oécurs at crystal-
lite boundaries and at some boron impurity atoms, the total amount of
nucleated damage decreasing with temperature (350°C < T < 650°C), and (3)
where an increasing number of interstitials are lost to twist boundaries

where they are unannealable (T > 350°C). This should cause the retained




interstitial damage to increase quite markedly from 650° to 1200°C, as

observed by Bokros et al. (1968). For irradiations at 900° and 1200°C,

vacancies may nucleate within the highly crystalline material, but at 1200°C
the number of clusters observed is quite small and some crystallites con-
tained none at all. 1In the highly crystalline particles, three temperature
regimes were defined where (1) vacancies are immobile and mostly single

(T < 600°C), (2) nucleation is uniform and homogeneous (650°C < T < 1100°C),
and (3) loss of vacancies to crystallite boundaries causes an unannealable
contraction in the a-axis (T > 1100°C). He expects this model.for highly
crystalline particles to apply to the igss'perfect.crystallites.aﬁ lower
temperatﬁres for each effect.. However, this hés not been confirmédusince
nucleated defects havehnét‘been observed in the less .crystalline.particles
of reactor graphites for irradiations above 900°C.. (Thrower, May 1971). On
the basis of the model one might expect larger dimensional changes:in the
less crystalline particles.

Thrower believeévthévdéfébt édhfigﬁration"providing maximum dimensional-
»stability occurs wheﬁ both vacancies and interstitials afe nucleated into
‘large loops. The most likely situation for tﬁis to occur would be at about

900°C in highly crystalliﬁe materials, and he expects the bulk volume change
“of a graphite ét this temperature to be related to its fraction of highly

crystalline structure.

Hinman et al. (1970) irradiated natural flake graphites and measured
vacancy concentrations in specimens irradiated by neutrons or by carbon

ions up to fluences corresponding to 10"5 to lO-_4 displacements per lattice




-

|

site. They found an increase in vacancy concentration with increasing tem-
perature, which is contrary to expectation because higher temperatures should
lead to a smaller cluster density, a condition which favors interstitial-

vacancy recombination.

Hinman does not believé that interstitial-vacancy recombination in-
creases with fluence, since the number of .interstitial .clusters increases.
He speculates that collapsed vacancy line clusters, probably largely diva-
cancies which have become sufficiently numerous. .in. the fluence range of
his studies, absorb a large number ofLQacancies..»An.increasing-qumber of
these sinks will produce a decreasing. vacancy. concentration; this effect

should show up at high fluences.

1f Hinman's explanation is correct, it suggests that the vacancies are

more mobile than is generally assumed, or, alternatively, that a collapsed

divacancy is mobile. It appears, therefore, that the small interstitial

clusters which are formed as a result of neutron irradiation may be stable

Eover a wide range of irradiation and annealing temperatures.
A - . B

Heerschap and Schuller (1969) have publishedvelectron micrographs from

samples irradiéted at 900° and 1200°C. They fouﬁd interstitial loops upon

r irradiation at 900°C with small defects in the center of the loops that re—

' sembled vacancy clusters. The interstitial loops grew upon irradiation at

!

1200°C, while the small vacancy loops grew at the periphery of the inter—

stitial loops.




Reactor graphiteé still defy direct examination due to difficulties in
specimen preparation and problems in interpreting the complex defraction
patterns. However, some observations have been made in the crystallites of
highest order in reactor graphites and the pyrolytic data have been inter-
preted to show that c-axis diffusion may occur at lower temperatures in the
smaller, less perfectvcrysfallites of reactor graphites. However, there
appears to be little doubt tﬁat an increase in crystalline perfection of the
graphite structure will improve the irradiation stability of the crystal-
lites, and at high temperatures the damage retained in a reactor graphite

will be related to its fraction of highly crystalline structure.




4, DIMENSIONAL AND STRUCTURAL CHANGES

4.1 1Introduction

Dimensional changes in the graphite moderator are important to the
reactor designer. The dimensional behaQior of the graphite must be known
as a fun;tion of the reactor operating»te@perature, temperature history,
and the expected faét fluences of the particular reactor unaer consideration.
Two criteria usﬁally determine the usefulness of the graphite in reactor
design: (1) the maximum contraction, which influences the stability of a
graphite stack, and (2) the fluence where net dimensional expansion com-
mences at high fluences. Therefore, it_is’very important to irradiate
gtaphites at temperéturééiéﬁd;flﬁénééé:thét iﬁélddé.éﬁd:éxfeﬁdjgéyépdvfﬁév"

design conditions of current graphite-moderated reactors.

Helm (1964) and Perks and Simmons (1966) have shown in early work the
general characteristics of reactorféféﬁﬁifgéfﬁhdefiyigh—energy neutron irra-
diations at temperatures from 300° to 800°C to fluences of 2 x 1022 n/cmz,
e.g., initial contractioﬁ followed by expansion. More recently (1965 through
1971) a wide variety of experimental and commercial reactor graphites (see
Table 1) have been irradiated at higher temperatures and fluences by a num-
ber of investigators from the Dragon Project, Petten, and KFA (Julich) in

Europe and from Battelle Northwest Laboratory, Oak Ridge National Laboratory,




and Gulf General Atomic Company in the United States. These irradiation
experiments included temperatures of up to 1400°C and fluences of 4 x 1022

n/cmz.

4.2 Single Crystals and Highly Oriented Graphites

Before attempting to diécuss bulk dimensional changes in reactor graph-
iges, it will be helpful to first review- the irradiation behavior of neér—
single crystals, annealed pyrolytic carbons, and highly oriented graphites.
These materials are essentially nonporgaghand have highly aligned crystal-
lites in comparison with the artificial reactor graphites; measurements of
their bulk dimensional ch;ﬂges more nearly approximate -their crystallite

changes.

It is noteworthy to mention that due to the differences in microstruc-
ture, orientation, and porosity betﬁeen the highly aligned carbons and the
complex reactor graphites, only qualitative deductions are possible in ex~
plaining the behavior of the reactor graphites. However, a considerable
amount of information conce;hing fundamental changes in the graphite struc-
ture and crystallite dimensional change rates may be obtained from these
materials, and.the value éf irradiéting such materials for the purpose of

learning more about the behavior of reactor graphites is immediately obvious.

A number of investigators have studied single crystals, highly annealed
pyrolytic carbons, and pyrolytic carbons deposited at relatively low tempera-

tures (Price, 1969; Kelly aﬁ@!Brbckiehurst;l97l; Bokros et al., 19€8; Bokros




and Price, 1967; Bokros and Koyama, 1970). Dimensions of highly aligned
materials changed linearly with fluence and the dimensional change rate
decreased with increasing apparent crystallite size (Price, 1969; Kelly and
AB;ggk}gl}urs‘t;‘; 1971; Bokros et al., 1968). The data of Price (1969) at 1225°
to 1300°C are shown in Figure 1 to illustrate this point. The dimensional
change rate for materials with Lc Qaiues of 220 Z is about a factor of 10
higher than for méterials with Lc values of 750 to 1600 2. However, highly
crystalline pyrolytic samples containing 0.5% boron were found to change
dimensions at the same rate as poorly crystalline as~deposited undoped sam-
ples, indicating that boron can nucleaéé additional damage centers in crys-
talline material (Kelly andﬂBro?k¥¢h§%§t,rl97l). A group of boron-doped
samples annealed at fempéfétures between 2200° and 3060°C and irradiated at
930°C to 2.0 x lO21 n/cm2 showed dimensional change rates decreasing with
increasing annealing temperature in a manner very similar to those shown by
Price's data in Figure 1. The dimensional change rates were found to be
iﬁversely proportional to the crystallite width, La’ deduced from thermal

conductivity measurements.

4,3 Pyrolytic Carbons

Due to thé high level of interest in pyrolytic carbon coated fuels for
HIGRs, there has been a parallel effort to that for the graphifes to deter-
mine the dimensional and structural changes in pyrolytic carbons over the
same temperature and fluence ranges as for the graphites. These data are of

value in the interpretation of reactor graphites.




In pyrolytic carbons where crystallite size and density are the same,
1;;6£;6§i¢ bodies weféﬁfdund‘to:be Fhe‘mostrstable (Bokros and Price, 1567{
Bokros and Koyama, 1970; Kaae, Stg&éhs;”aﬁa'Béifdé;m1971);v'If other factors
are held conétant, increasing the degree of crystaliine perfection increases
the dimensional stability of the carbons especially at irradiation tempera-
tures above 800°C. At high fluences, and especially at temperatures >1000°C,
crystallite interactions may become more important than crystallite size; a

qualitative ‘interpretation of these effects has been given by Engle and

Bokros (1971).

It was observed during irradiation at low fluences that high-density
nominally "isotropic cérboﬁs shrink isotropically. At higher fluences, espe-
cially at high irradiation temperatures, these materialé start to behave
anisotropically, shrinking in the direction parallel to the deposition plane
and expanding in the perpendicular direction. As a result, at low fluences
high density enhances stability, 5ut at high fluences high density leads to

instability (Kaae, Stevens, and Bokros, 1971; Engle and Bokros, 1971).

Carbons that have small crystallite sizes have high strength, and it is
believed that such a structure is importént to minimize pore generation at
high fluences; This observation that materials with small crystallites will
be more stable than those with .large érystallites appears to contradict the
data from Section 4.2, but it will be shown that strength and isotropy may
be important in inhibiting structural degradation in the carbons and reactor
graphites. This does not mean that the crystallite size effect is not valid,

but rather that microstructural effects can dominate in polycrystalline materials.




‘Bokros (Engle and Bokroé, 1971; Kaae, Bokros, and Stevens, 1971)
suggests that at some intermediate irradiation temperature, T .
(max. int.)
(see Tigure 2), effects such as exaggerated volume expansion, rapid degra-
dation of crystal structure, and accelerations in the dimensional change
rate will be a maximum. The interactions will be most pronounced for the
isotropic carbons of highest density. At high temperatures and especially

near T high density will contribute to dimensional instability.

(max. int.)’
At high fluences the stronger but less crystalline low-density carbons do

not expand as much and do not exhibit the lafge accelerating effects observed
for high-density carbons (Bokros and Sfévens, 1971; Bokros et al., 1971).
Bokros further suggests that the effects of mechanical interactions between
crystallites are less effective in causing pore generation and accelerations
in dimensional change rates for materials with extensive crosslinking and
strong internal binding. Wiéh the possibility of higher internal stresses

in the stronger éarbons, the crystallite strains are more likely to be accom-
‘modated by irradiation-induced creep. Thus, increasing the strength by de-
creasing the crystallite size may result in a net iﬁprovement in the dimen-

sional stability of the polycrystalline carbon in spite of the lower stabil-

ity expected for smaller crystallites in the unrestrained condition.

4.4 Reactor Graphites

We can now turn our attention to the discussion of reactor graphites.
Here the situation is far more complex and difficult to analyze. The com-
plexity in reactor graphites is due to the derivation of raw materials from

nonhomogeneous carbonaceous precursors of the filler cokes and binders, the




multiphase granular-type formulation methods, and complex processing as

described in Section 2.

Although the microstructure of reactor graphites is of such complexity,
their high—temperature behavior, as will be shown at least qualitatively, is
quite similar to that of the pyrolytic carbons.

High-temperature high-fluence dimensional change data representative
of conventional anisotropic petroleum-coke graphites have been selected from
the work at Battelle Northwest Laboratgfy‘(BNWL), Gulf General Atomic Com-
pany, the Dragon Project, and Oak Ridge National Laboratdry (ORNL) (Cox énd
Helm, 1969; Eatherly and Kénnedy, 1971; Engle and Bokros, 1971; Gray and Pitner;'
1971; Hankart et al., September 1971). These data are presented in Figures 3
and 4. The dimensional curves are all similar in shape and are in agreement
with the earlier data (Helm, 1963; Perks and Simmons, 1966). The graphites
shrink initially in the preferred c—axis direction and turn around and‘expand
at higher fluences. In the a-axis direction the contraction rate is ini-
tially higher, and the saturation or turnaround to egpansion occurs at higher
fluences and has not been reached in all cases. The anisotropic behavior is
caused by the high degree of alignment of the crystallites within the aniso-
tropic filler ﬁarticlés and the subsequent high degree of alignment imparted
to the filler particles by the forming methods..‘Thére is a marked effect of
irradiation temperature in the range 700° to 1300°C on the magnitude of the
dimensional changes for a particular grade of graphite, as illustrated by

‘the data of Gray and Pitner (1971) of BNWL. The Battelle data show only a

small difference in behavior in the range 400° to 750°C: early turnaround




followed by rapid expansion at 950° to 1050°C and slower expansion rates

again above about 1200°C.

The data in Figure 5 taken from the Dragon Project, BNWL, and Gulf
General Atomic Company illustrate the dimensional behavior of graphites_»
manufactured with Gilsdéoké'kﬁiéékstone éé:éi;, 1969; Elacksone>éi_§;.,
1971; Engle and Bokros, 1971; Engle and Pitner, 1970; Hankart, et al., June
1971). The Gilsocarbon materials, while considerably more isotropic than
the petroleum coke matérials,'still exhibit some anisotropy in their dimen-
sional changes. The dimensionalvchangéé of these materials, in comparison
with the anisotropic petroleum-coke graphites, show less total contraction,

lower expansion rates after turnaround, and a delay in turnaround until

higher fluences.

Data from BNWL and ORNL on high-density isotropic materials are pre-
sented in Figures 4 and. 6 (Eatherly and Kennedy, 1971; Pitner, 1971). These
materials are essentially isotropic in irradiation behavior and are consid-
erably more stablé ih their dimensional changes than the conventional binder-
filler materials. At 500° to 750°C measurable dimensional changes do not
occur until 7 x 1021 n/cmz. At 1000° to 1100°C expansion begins immediately,
but the rate of expansion slows at relatively low fluéﬁces. At 1200° to
1300°C, these materials begin to contract in a manner similar to the binder-
filler materials, but the magnitude of the contraction is small, expansion is
delayed to high fldences, and the expansion rate is low. R
Photomicfdgfébhgwgiiﬁgfféfiﬁéﬂ&Hé.ﬁiéfésfrﬁctures of these three classes

of graphite before irradiation and after expansion at high fluences are shown

in Figure 7.




Another class of graphite based on carbon black fillers has received
renewed attention recently at ORNL éEatherly and Kennedy, 1971) (see Figure
4). Above about 7 x 1021 n/cm2 these materials exhibit an isotropic linear
expansion at 750°C. Unfortunately high~fluence data at higher temperatures

are not available.

It is noteworthy that in the range 900° to 1200°C, the breakaway éxpan—
sion appears to accelerate with increasing'témperatﬁfé;"but above 1200°C it
appears to slow again. There is considerable uncertainty on this point, and
the data from various investigators (see Figures 3 and 5) appear to conflict
somewhat in the transition range from 1100° to 1300°C. Additional‘data are
needed to further clafifyvfhe behavior of reactér graphites in the range 900°

to 1400°C.

Detailed structural examinafions ofﬁfeagporig?ép§i£§s before and’afteri
irradiation to high temperatures and high fluences have been made by Thrower
(May 1971) using X-ray diffraction and repliéa and transmission electron
microscopy and by Engle using a deﬁsimetric separation technique coupled
with X-ray diffraction and scanning electron microscopy (Engle,rl970;7Engle,

August 1971; Engle and Bokros, 1971).

Thrower (May 1971) examined eight graphites, for which dimensional
change data had been obtained at 900° to 1300°C, for structure and composif
tion. Using electron transmission microscopy at magmifications of about |
25,000, Thrower attempted to- identify different components of the graphite

structures. He identified four distinctly different types of particles, not




all necessarily in any one graphite: (1) higﬁly crystalline particles,

(2) a highly crystalline-appearing particle, but also highly deformed,

(3) needle-like or whiskerjtype particles (found in Gilsocarbon graphite),.
and (4) a circular particle composed of needle or lamilar crystallites
arranged in concentric circles as rosettes. Thrower concluded that only
PGA, a highly oriented graphite, contained highly crystalline particles,

whereas the other materials, which were isotropic, were multiphased.

In his discussioﬁs Thrower considers the mean basal-plane separation
of boundaries which scatter phonons (ng’rather than the X-ray determined
(La) distances to describe the crystallite'size. Lp is about 3 to 5 times
larger than La and coﬂtaiﬁé a number of low angle ﬁilt boundaries which do
not scatter phonons. Thrower believes basal plane diffusion of interstitials
can proceed through the low angle boundaries within Lp, but not the bound-
aries which define Lp’ and therefore Lp is a better measure of crystallite
size in the a—-axis direction. He concluded from experiments in pyrolytic
carbons (Thrower, October 19685)7(discussed in Section 3) that interstitial
defe;:ts may escapé t.o basal plane L;wistb boundaries by c-axis di_ffusion and
nucleate in the twist boundaries. He then assumed that a high-temperature
defect will behave similarly in artificial graphites and in pyrolytic mate-

rials since both have similar Lc‘values.

Thrower examined the graphites by transmission electron microscopy after

2 at 900° or 1300°C. He

irradiation to fluences of up to 6 x 1021 n/cm
. observed defect clusters only in the highly crystalline particles. However,

he admits "poor diffraction conditions in the reactor graphites made an




unambiguous idéntification of these defects impossible." He reasoned that
even though Lp values are 5 times greater in the annealed pyrolytic graphite
than in reactor graphite, this should not be important since the scale of
interstitial nucleation is greater than the crystallite size in either mate-

rial whether one uses La or Lp.

He found no effect on the deformed particles, although he believeé
similar defects to those in the highly crystalline particles could possibly
exist, but may be hidden by the varying contrast conditions. 1In crystallites
of the needle form there was some effééf, but no nucleated defects were ob-
served and a simple breakdown of the structure was observed. The initial
mass of needle-type pérticies resembled a sponge after irradiation. There

were also signs of structural degradation in the less crystalline or rosette

particles.

At very high temperatures (>1200°C), Thrower expects the dimensions of
the highly crystalline particles to change, but to maintain a constant crys-
tallite volume since the vacancies and interstifials are separated by the
latter diffusing along nonbasal dislocations. The needle-like crystallites
give better dimensional stability than the rosette arrangements after irra-

diation at 900°C.

Engle (1970) also examined a number of graphites by a technique of com-
minuting the graphites to small particles (0.1 to 40 um) followed by separa-
tion according to their liquid immersion density. The density fractions

were examined for structure by X-ray diffraction and scanning electron




microscopy. Engle found that anisotropic needle-coke reactor graphites,
especially those that had been imprégnated, contained a wide range of crys—
tallite sizes (Lc values from 350 to 1600 2) varying systematically with
particle density, whereas near-isotropic mater{als such as Gilsocarbon
graphites had a narrow band of crystallite sizes (350 to 550 2). High-
density isotropic graphites which have no observable binder phase were found
to have crystallite sizes ofabout 400 2 with little variation. Micro-
graphic and scanning electron microscopy studies showed the particles from
low-density fractions of the needle-coke graphites to be equiaxed and iso-

tropic, whereas those from the high-density fractions were needle-shaped

and anisotropic.

Porosity was identified in three domains of the graphite microstruc-
tures: intercrystallite pores or defects, pores that are external to the
individual density-fraction particles but closed to measuring liquids in

the bulk sample, and large open pores due.to grist particle mismatches or

“frozen in pores that formed during carbonization and graphitization. This
technique allows a qﬁalitative evaluation of structural changes during irra-
diation (Engle, August 1971; Engle and Bokros, 1971). The results are illus-—
trated by the series of density curves in Figure 8. The bulk volume contraq—
tion'rates wéré found to be similar for a weak, anisotropic graphite and a
strong, isotropic graphite (see Figure 8a), but the bulk volume expansion
rate after turnarouna was much higher for the weak, anlsotropic material
(also compare data in Figures 3, 4, 5, and 6). This behavior was also found

for the solid structure (see Figure 8b). However, crystallite clusters (de-

fined as the small sink-float particles) (Engle, 1970) of both types of




material expanded immediately during initial bulk contraction, with the
Qeaker, highly oriented graphites exeanding at a greater rate than the stron-
ger isotropic graphites (Figure 8c). Pores extending over dimensions much
larger than crystallite dimensions and located between crystallite clusters
were found to be eliminated during demsification, apparently by the crystal-
lite c—axis expansion. The rate of elimiqation of these pores increased

with increasing irradiation temperature.

The surprising aspect of this experiment Qas.the observation that thev
mean value of the crystallite clusters-(represented by the mean density of
the sink-float particles) was observed to decrease in all graphites, while
the solid and bulk densities were increasing (see Figure 8). This suggests
that microporosity is generated immediately at the crystallite level causing
expansion of the crystallite clusters, and that accommodation of c-axis ex-
pansion results from closure of much larger cracks or pores which extend
through the microstructure over much larger distances than crystallite dimen-

sions rather than pores associated with crystallites.

Pores were observed to form between filler perticles during the expan-
sion phase at high fluences,. accounting for the large volume expansions of
the graphites (see Figure 7). The ease of formation of these pores and
cracks and the expansion rate after turnaround were found. to be, in a
qualitative manner, dependent on the wvolume percent of highly graphitic
(low-strength) material in the structure. These results were consistent
with those obtained concurrently on the pyrolytic carbons, i.e., thatA
strong isotropic structures are more stable than anisotropic structures

during high-temperature irradiation.




The complex behavior of artifigial bodies at high fluences was inter-
preted qualitatively by Engle and Bokros based on their studies of pyrolytié
carbons and reactor graphites (Engle and Bokros, 1971). As the crystallites
in an aggregate change shape, the interactions between crystallites are at
first accommodated by internal porosity. Under these circumstances, the
behavior of the bulk is controlled by the behavior of unrestrained crystal-
lites. At high fluences, ho&ever, when the internal porosity is nearly
gone, the interactions between crystallites become intense. Stresses between
crystallites rise -and new pores form either by stfess—directed diffusion of
vacancies or by fracture at boundarieéTL~As a result of these interactions,
the crystal structufe is degraded, causing an acceleration in the rate at
which the crystallites chéﬁge dimension and in pore generation. Pore genera-
tion is retarded in the high-strength, isotropic graphites and the explana-

tions given previously for pyrolytic carbons hold for the graphites.

Pitner (July.l97l) and Gray and Pitner (1971) irradiated about 20 grades
of graphite to 15 x lO21 n/cm2 at 1000° to 1200°C. At 1000° to 1200°C they
found that dimensionél:distortioné were similar to those observed at lower
temperatures but that they occurred at a higher rate. Above 1200°C the ex-
pansion rate after turnaroﬁnd in the radial direction was considerably re-
duced from thét at 1000° to 1200°C (see Figure 3). Dimensional changes -of
high~density, high—strength isotrbpic graphités witﬁ high thermal expansivity

6 °C_l) were more isotropic and of lower magnitude than those

values (V7 x 10
of anisotropic materials, turnaround was slower, and expansion was delayed.

The isotropic graphites showed rapid expansion at the onset of irradiation

but decreased to nearly zero for high-density materials and became negative




for low-density materials after 2 x lO21 n/cmg. Expansion. again became
prevalent after 1022 n/cm2, but the rate of expansion was less than for

anisotropic graphites.. Above 1200°C these graphites contracted. slightly.

Gray and Pitner believe the slower. expansion rates observed above
1200°C, in comparison with those at 1000° to 1200°C in their experiments,
can be explained by invoking\a higher creep constant that allows. plastic
deformation rather than fracture to accommodate differential crystal strains

(Gray and Pitner, 1971).

Pitner (October 1971) (see Figure 6) has ifradiated.finefgréined,
isotropic, high—strengtﬁ,—high—CTE materials.. These materials represent a
growing class of graphites that have a very uniform structure with small,
equiaxed filler particles that.are difficult to distinguish (see Table 1).
No continuous binder phase is.evident in this class of graphites, and the
binder-filler separation that is present along the basal plane surfaces of
the filler particles in the needle-coke graphités is not seen in these mate-

rials. Intraparticle cracks are also absent.

Pitner found these materials to expand with fluence (see Figure 6) dur-
ing the early étages of irradiation at ~1000°C, and quickly saturate at low
fluences whereas conventional graphites contracted.  Pitner believes that
under irradiation, the c-axis expansion of the crystallites in the binderless
materials appears immediately as a bulk expansion at low fluences rather than
being accommodated by basal plane cracks, which is believed to occur in con-

ventional anisotropic graphites.




2 n/cmZ), these graph-

At n1000°C and after high neutron exposures (>10?
ites began to expand again, apparently corresponding.to the.ultimate high-
exposure expansion seen in conventional graphites. However, this. growth
took place at a signifiéantly delayed. fluence. and reduced rate from that of
conventional graphites. Pitner postulated. that this improved‘Behavior may
be due to the exceptionally good bonding. quality . among the particles, as
evidenced from their high stfengths. Distortions generatea by particle
expanslons may be restrained by tight,Bonding among the particles, allowing
irradiatién creep. to accommodate .some.of . the strains without fracture.
Consequently, the large degreé.of cracgtgeneration associated with high-
exposure expansion in conventional graphites may not be.observed.in these

materials, and the growth rate may be reduced. The structural integrity at

high fluences was substantiated by strength measurements.

At temperatures above 1200°C, these materials contracted from the onset
of irradiation rather than expanding. This behavior was believed to be due
to the increased irradiation-induced creep rate-of the graphite at tempera-

tures above 1200°C.

‘Low-density grades of high-strength isotropic graphites (p =.1.5 g/cm3)
were also irra&iated and ‘appear to have increased.lifetimes over the higher
density grades (p = 1.8 g/cm3). This is beliéved to be true because at 950°
to 1100°C, the initial expansion for the low-density materials was followed
by contraction to a point less than the original sample length, and the
ultimate high-fluence expansion was also.delayed. Above 1200°C the greater
contractions also suggest that higher exposures will be reached before a net

expansion is experienced.




Blackstone et al. (1969, 1971),irradiated;Gilsocarbonhgraphipés at
900° and 1200°C (see Figure 5). In these studies theyuattemﬁtedétowcorref
late on a statistical basis relatiéhships.between properties such as Young's
modulus and density and irradiation behavior..  They could not establish
correlations between preirradiation properties and.dimensional.changes
except that a high initial Young's modulus was associated with.a higher

[

initial contiéétioﬁ rate at 1200°C.

In‘éonnection witﬁ ghéﬁégitéﬂ;;éif_reactof.brogram,Tﬁathé}lyvaﬁauigﬁgéa;+
(1971) have investigated the behavior of'graphites at 700°C to fluences up to
4.5 x 1022 n/cm2 (see Figure 4). This program is noteworthy for the wide
variety of materials investigated, many of which were fabricated at ORNL or
at the Y-12 Development Laboratory (Kennedy, 1970; Overholser, 1969). Hence
the raw materials and fabrication history are completely known. Included in
this work are sets of materials with approximately the same crystallite size.
but varying orientation paramters. - Since the volumetric changes taking place
in the bulk material involve both the crystallites and pores, it is generally
not possible to deduce the crystallite behavior from the bulk behavior.
Kennedy (1969, 1970) has hypothesized that the changes in pore volume would
not be significant when the rate of change of bulk volume with fluence is
zero, an assumption that would be exact if the pores were not preferentially
oriented and the crystallites were_changingshape at constant volume. Thus,
the linear dimensional changes occﬁrring at the instapt the volume change
rate goes to zero are characteristic of the‘crysgallite dimensional change

o) Vs
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rates. He thus obtains curves similar to those of Bokros (197%) Ffor




pyrolytic carbons, and the crystallite growth rates in bulk artificial
. ‘mé @rla‘
graphite are identical to those obtained by Bokros,h (1967).

These investigators have also diﬁided-their material in§0'three general
classes, based upon their diﬁensional behavior (Eétherly and Kenﬁedy, 1971).
The first class is defined as conventional in the sense .of Section 2, and
is charactérized by rapid shfinkage.followed.by rapid.expansibn along a
roughly parabolic curve. The second class is termed monolithic (high den-
sity, high strength), and is characterized by a long induction period of
relative stability before parabolic‘exp;nSion.occurs:"The third class is
graphites based upon blacks as fillers,. which possess a linear expansion
curve above 7 x 1021 n/cmz'atw715°C-(see‘Figure 4). . Eatherly (1969) has
éerived an equation based onuunrestrainéd crystal growth ﬁith,resultant

pore generation which results in a parabolic breakaway expansion and pre-

dicts both the magnitude and .orientation effects.

They believe the long induction period of the monolithic-type graphites
is associated witﬁ tﬁe pore texture and a high degree of plastic flow. The
ORNL group has utilized raw isotropic cokes (such. as those made from air-
blowp asphaltenes) coupled with intensive mixing. to produce monolithic graph-
ites. The resﬁltant materials had relatively high expansion coefficients,
isolated spherical pores, and high strain-to-failure. The monolithic-type
structure, in this case at least, is attributed to thg high chemical activity

of the raw coke and its interaction with the binder.

Delle €1971) and Delle and Vohlgr (1971). discussed the influence of the

raw materials used for the manufacture of nuclear graphites on their




behavior under high-flux fast-neutron irraﬁiations and studied resulting
changes in iinear dimensions and physical properties, in particular'the
influences of different grain types, Binder types, and binder contents.
In dggqribing their data, Delle and VohlerA;ssu%éd‘that‘polycryéfaliine

;graphite consisted of well and poorly ordered regions, similar to the early
' ideas of de Halas and Yoshikawa (1962). Delle presents an equation to rep-
%?esenp dimensiona; changes and indicates it is possible to take account of the
irradiation-induced ordering of poorly graphitized regions by a shrinkage
term. An expansion term was added ali;Qing for lattice expansions in the
c-direction, as well as a shrinkage term allowing for the lattice contrac-
tion in the a-direction. rThe expansion is reduced by porosity; i.e., the
crystallites may expand into the pores while the dimensions of the bulk are
not affected to the same extent. When the pores close at sufficiently high
fluences, the expansion term increases and predominates over the shrinkage
term. Such pores are more abundant in graphites based on pitch or petroleum
cokes, but‘are not abundant in natural graphites. The expansion in natural

graphite thereforé predominates at relatively low fluences.

Delle believes from oxidation studies that the binder coke composes
the poorly graﬁhitized regions of the bulk material and that the shrinkage
term becomes higher with increasing binder content. A higher shrinkage is
obtained by the use of resin binders instead of pitch binders where process-

ing is apparently otherwise the same.




Delle and Vohler discussed the expansion of graphites after turnaround.
jBeygnd the tu;narognd;gf‘tbgvdi@ensiongl changes, a relative increase in the
porosity was observed as a result of the development of new micropores due
to internal stresses during the expanéion of the crystallites and the newly
developed macropores.. The newly formed porosity was quite different from
that before irradiation with respectbto pore size distribution and the

.

total size of the pores.

The behavior of four extruded graphites was discugsed by Nettley and
Martin (1966). All four graphites were manufactured from cokes and binders
that yielded well graphitized material when they were heat treated at ébout
2800°C. The materialé inéiuded an anisotropic graphite (PGA) and three near-
isotropic graphites. They found the crystal strains in poorly graphitized
material to be much larger than those in the well graphitized material when

they were irradiated under similar conditions.

4,5 Models to Explain Dimensional Changes

A number of authors have attempte& to relate structural characteristics
and properties such as thermal expansivity, crystallite orientation, and
crystallite chénge rates to bulk dimensional changes in artificial graphites
and pyrolytic carbons. It is considered worthwhile to reviéw the early work

briefly and to present the more recent ideas.

Simmons (1959, 1961) first proposed the following expression based on

thermodynamic considerations:




where QX is the length of the body in a particular direction x, Y is the
fast-neutron exposure, XC is the dimension of an individual crystallite in
the c—-direction, and Xa is the crystallite dimension in the a-direction.
Ax is a parameter characteristic of the direction of measurement, x, in a
particular block of graphite. It is related to the way stress applied to
the bulk material is distributed in the crystallites.

In practice, AX is obtained from the thermal expansion coefficient,
s of the body in the x-direction, using an expression analogous to the
one used for irradiation-induced dimensional change:

o =Ao + (1 -A)o
X X ¢ ( x) a ’

where ac and aa are the single—cfystal thermal expansion coefficients at

the temperature of measurement. The derivation assumes that the material

acts as a single phase. It is assumed that the effects of pores and micro-
cracks are accounted for by their influence on the stress distribution among

the crystallites and hence on Ax.

An alternative but similar treatment by Price-and. Bokros . (1965) follows
work on the thermal expansion of polycrystalline graphite by Bacon (1956)
and by Sutton and Howard (1962).. .The bulk. dimensional change is obtained by

averaging the dimensional change of the constituent crystallites, taking




into account the preferred.orientation of the body.. . Part. of the c~direction
crystallite expansion is accommodated.by the cleavage microcracks lying
parallel to the basal plane.. The resulting expression for the irradiation-

induced dimensional change. has. the form:

2de 2dX . 2dX

X _ _ ; c .
% 4y = a Rx)rx X dy +'R

!
X XadY

RX is a preferred orientation parameter that may be.obtained from.X-ray
diffraction measurements and depends on-the degree of preferred orientation

and the direction of measurement within a body.

The "accommodation coefficient," Fx’ is the fraction of crystallite
expansion in the c-direction that contributes to the bulk dimensional
change. It is a function of the preferred orientation of the body, of the
direction of measurement,>and of the details of the microstructure. In
practice it is obtained from measurements of the thermal expansion coeffi-~

cient of the bddy in the required direction x, and the following formula:
o, =(-R)o +Ra .
X x""x ¢ X a

The derivation again assumes that the material acts as a single phase.. The
effect of the basal-plane microcracks is taken into account by the accommo-
dation coefficient FX. The effects of bulk porosity,‘intercrystallite
elaétic restraints, and accommodation of the crystal a-direction changes

are neglected.




The two models are identical for an idéalized case of a crack- and
pore-free aggregate without intercrystallite restraints. Both models
explain the general features of the observed irradiation-induced dimensional
changes in a sample of polycrystalline graphite in terms of a crystallite
c-direction expansion and an a-direction contraction. The increases in the
thermal expansion coefficient and the irradiation-induced growth rate per-
pendicular to the extrusion axis that occur at the "breakaway" point during
irradiation are explained in both cases by closure of the oriented micro-

cracks.

o

The validity éf the équations was tested by Price and:Bokros (1967) by
measuring the dimensi&nalﬂﬁhanges in an oriented graphite body. Price and
Bokros foﬁnd that the agreement‘between measurements and the relationships
predicted by the single-phase models for irradiation-induced dimensional
change in artificial graphites showed such models to be valid for irradia-
tions in the temperature range "“500° to 1100°C and fluences up to 3 x 1021
n/cmz, and the Simmons model fitted the data slightly better than the alter-

nate model. The additional shrinkage in any nongraphitic material that may

be present was not sufficient to affect the single-phase relationships.

Perks and Simmons (1966) and Henson, Perks, and Simmons (1968) have
continued the irradiation of graphites begun in their earlier work to higher
temperatures aﬁd fluences, where the graphites have turned around and ex-
panded, and have pfesented some further ideas dealing with the analysis of

dimensional changes.




Perks and Simmons (1966) showed their previous‘relationshipS'kSimmons,
1959, 1961) to break down at high irradiation.fluences. At high fluences
they speculate that restraints may not be'the same for thermal expansion and
irradiation growth due to the effect of irradiation creep. These authors
suggest how their theory of dimensional-changes should be modified .to take

~into .account :the.effects. of .irradiation .creep.

[

They speculated that the pore space diminishes in the early stages of
irradiation and at high fluences there is some pore generation in their
anisotropic graphite. They‘further conglﬁded that the increase of pore
volume in their anisotropic graphite at high fluences occurs between the
grist particles.. The effect does not appear in the isotropic graphite,
presumably because the grist -particles are more nearly isotropic than those

of the anisotropic graphite.

They believe from the theory outlined that a material composed of iso-
tropic particles would, after initial effects due to closure of the cracks

and volume expansion of the crystals, become stable at high fluences.

“Further work by Henson, Perks, and Simmons (1968) concerned measure-
ments made on graphite irradiated at 900° and 1350°C, at 400° to 450°C, and
at 550° to 650°C. Lattice parameter changes were also measured on samples

which had previously been irradiated in the range 300° to 650°C.

In this study they report the a-spacing changes saturate at all tempera-
tures in the high fluence irradiations, but the change in c-spacing tends to

increase at the higher temperature.




The éﬁalysié'éf theiléﬁfice paréﬁeter énd-dimensional changes required
certain assumptions and concepts relating to the nature of irradiation dam-—
age in graphite. Again, they assumed that polycrystalline graphite con-
sidered on a small enough scale.can be fegarded as 'a single material, in
spite of the complexity of its macroscopic structure, with allowance made
for the effect of microscopic defects in the local structure and for the

effect of the macroscopic structural variations.

They applied growth equations from: 'Perks and Simmons (1966) .to high
fluence data and found the most outstanéingffééfﬁ¥e of the growth curves

to be their upward trend at high strains.. They believed this was due to

the generation of porosity.

. They described a mecbanism for porosity generation during expansion
at high fluences. In this scheme, the free growth rate in a particular
direction in the graphite may vary from péint.to point due to local varia-
tions of porosity and orientation, and these variations give rise to internal
strésses that will bé reduced to some extent by creep relaxation. Creep
relaxation will.suppress‘the variation of growth rate within the block, but
the variations should be apparent on the surface of the specimen. They‘
found the surféce of an anisotropic graphite'ébecimen; which was initially
optically flat, had roughened. They believe variations of growth rate occur

over quite large volumes within an anisotropic graphite.




4,6 Size Effect

Investigators at BNWL (Nightingale and Woodruff, 1964) have reported
that some large reactor graphite blocks measured in a reactor apparently
contract at a higher rate initially than smaller samples of the same mate-
rial irradiated in capsule experiments.. They reported this.effect to be a
factor of 2. Gray and Russell (1969) have recently reported data which they
claim support the existence of a size effect on the irradiation-induced con-
traction of nuclear graphite, but the effect is not as large as originally
reported by Nightingale and Woodruff;TfAlthough’thé>Héfé of‘Gray'an& Russell
'Twere quite scattered;tﬁé§édﬁéidéredVtheﬂmégnitﬁde of the observed size effect
to be too large to attribute to experinental error.

Gray believes that possibly some factor in addition to size, such as
preferred orientation effects or irradiation history, affects the dimensional

changes of the large bars.

Horner et al; (1966) have measured graphite struts after irradiation
~in graphite-moderated reactors in the United Kingdom and compared their
- dimensional changes with small samples irradiated in capsules. Their results -

indicate that the dimensional changes in the graphite struts are in agree-

ment with the small encapsulated samples.




4.7 Fabrication Versus Irradiation Effects

Engle (August 1971) prepared and irradiatedéfﬂiZéSEEWfo-fiﬁéﬁéég of
11.5 x lO21 n/cm2 a series of molded needle-coke graphites where the coal-

tar pitch binder coke was varied between 5 to 14 percent by weight.

The dimensional changes*in the c-axis direction were sensitive to the
binder-coke fraction, showing decreasing expansion with increasing'binder—
coke content and going through an optimum at a binder-coke fraction of about
11 wﬁ'%. " The a-axis direction changeé‘Were dependent upon“thé binder-coke
content, showing larger contractions by a factor of 2 when the binder-coke
content was high. Volumetric expansion was largest when the binder-coke

content was low and smallest at the optimum.value of 1l wt Z.

Rappeneau et al. (1971) irradiated graphites fabricated from three
cokes deliberately chosen for their different properties. The first was a
needle coke giving strongly anisotropic>properties, the second an isotropic
Gilsocoke, and the tAhird an intermediate fibrous coke. The graphitization
rates were varied between 50°C/hr and 3300°C/hr. The apparent density of
the products decreased as the graphitization rate increased. The true

densities decreased as the heating rate increased.

The graphitization rate was shown to influence the micropore structure
of the graphites and was believed responsible for the dimensional behavior

of these graphites under irradiation.




Graphites graphitized at 50, 200,. 500, 2000, .and.3300°C/hr were irradi-

21 n/cmz. As the

ated between 470° and 560°C and to fluences of 5 to.8 x 10
heating rate of graphitization increased, an increase in the contraction

rate was observed, especially in the c-axis direction, and the contraction

curve minimum moved toward higher fluences.

iﬂérkél’gg_gl. (1968) prepared two controlled series of graphite speci-
mens, where the graphitization rate was varied in one and the binder was
graphitized at temperature intervals in the range 1300° to 2900°C in another.
They found that increasing the graphitiéation rate produced a decrease in
the bulk density, but the contraction rate was not affected during irradia-
tion at 550° to 700°C to about 3 x lO20 n/cmz. An increase in contraction

rate was found with decreasing processing temperature in the binder coke.

These authors concluded that the binder coke significantly contributes
to the graphite irradiation dimensional change when the degree of graphiti-

zation of the binder coke is different.

4.8 Summary

There appéars to be é1§gét unanimous agreement "among “the various- inves-
tigators that volume e#pansion'after turnaround :at high  temperatures results
from pore generation and isotropic graphites with relatively high- density
and high strength are the most stable. These materials usually have rela-
tively small crystallites, but thelr high strength offset the crystallite

size effect and prevent pore generation which 1s responsible for the large




volume expénsions observed in the weaker ﬁore'anisotropiC'graphites;' Again
there is good agreement that the lower pore generation results from a

higher irradiation-induced creep‘rate in the isotropic materials that allows
plastic deformation to relieve stresses. Pyrolytic carbons behave in a

like manner.

Dimensional instability.appears to be maximized in the range 900° to
1200°C due to high expansion rates. However, some data are available to
indicate that above 1200°C the expansion rate decreases again. More work

is needed to confirm this observation. .

Some progress has been made in sorting out the microstructural and
porosity changes that occur at high temperatures and high fluences, but the
complexity of reactor graphite structures permits only qualitative inter-

.pretations at this time.

.Certain relatively large pores or cracks close during densification due
to c—axis expansion, while other micropores are generated within or between
crystallites. Macroporosity is generated when volumetric expansion begins.
Lack of quantitative methods to analyze pore morphology and structure after

irradiation continues to hamper studies. in this area.

Early models based on thermal expansion and crystallite orientation
were successful in predicting dimensional changes at low fluences, but are

of little use at high fluences. These models have been updated to conform




to recent data obtéined at high.temperatures and higher fluences but micro-
structural and'porosity changes conéinue to complicate the efforts to produce
a truly quantitative model.

Limited data.are available . that attempt to correlate dimensional
changes with variations of certain fabrication processes.in conventional
binder-filler cokes. These studies show. the dimensional changes to be

sensitive to manipulations of. the binder-coke content.




5. THERMAL PROPERTIES

The important thermal properties with'respect to reactor design are

thermal expansivity and thermal conductivity.

Dimensional tolerances must be met in the initial design and maintained
the graphite components during operatio;‘and shutdowns are éritically depen-
dent upon, among other properties, the thermal expansion coefficient ;nd
thermal conductivity of the graphite moderator blocks. Low thermal expan-
sivity and high thermal conductivity values afe desirable. Heat is con-
ducted from the fuel to the coolént through the graphite in high-temperature
gas—cooled reactor designs, and any adverse changes in the conductivity will
affect the fuel operation temperature and the performance of the reactor.

Thus, it is critically important that any changes in the thermal properties

be minimized and known.

5.1 " Thermal Expansivity

In graphite crystals the thermal expansion coefficient parallel to the
c—-axis, ac, is large and positive; that in the layer plane, s is small and
negative at low temperatures, but becomes positive at about 400°C. Early

measurements by a number of investigators on single crystals and later work




on annealed pyrolytic carbon, along.with.the: theoretical analysis: of the

thermal expénsion, have been recently summarized by Reynolds (1968).

The thermal expansion.of polycrystalline reactor graphites is usually
only a fraction of that of the single crystals. For the volume coefficients
o the fraction is usually n30%. Mrozowski,(1956) suggested that the
explanation was associated with the porosity and. cracks of. artificial mate-
rials., These are preferentially planar and parallel to the local basal
planes, so thatbthey prevent the high. c—axis expansion from contributing its
" full quota to the overall dimensional.changes. . In the high-density, high-
strength graphites which are.isotropi;, av more clqsely approaches the single
crystal value. The linear values in anisotropic graphites are usually aniso-
tropic in a proportion determined. by the raw materials_andﬂmanufacture, the

anisotropy being always less than that of the single crystal. : i

s A number of investigators have measured the changes of thermallexpansiv—"
'ityhinbreactor'graphites as a function of neutron fluence at elevated temper-

atqre and to high fluences (Blackstoge EE_EE:,119QQEWD€;}Q an@VVohler, 1971;
Engle, August 1971; Engle and Bokros, 1971; Gray and Pitner, 1971; Hankart
et al., June and September 1971; Pitner, July 1971). The curves in Figure
9a from BNWL (Helm, 1969) and in Figure 9b from Gulf General Atomic Company
(Engle, August 1971) show the.chéngészin anisotropic petroleum—coke‘graph—
ites. The needle-coke graphites increase with fluence at 1000° to 1200°C
up to about 20 x 1021 n/cm2, except for one needle—cokegraphitewhich did
not change. The near-isotropic graphlites from the Dragon Project and Gulf

General Atomic Company (Blackstone et al., 1969; Engle and Bokros, 1971;

Hankart et al., June and September 1971) that have original thermal




‘expansivity values above those of the needle coke (see Figures 9b and 9c¢)

first increase slightly and then decrease with increasing fluence. The

changes. in thermal expansivity are small at low fluences while the graphites

are densifying; the large increase or decrease accompanies the volume expan-

‘sions that take place at high fluences after volumetric turnaround (see

Figures 3 through 6).

Thermal expansivity changes of high-density, high-strength graphites,

6 1

which are isotropic and which have large unirradiated values (V7 x 10" °¢
are shown in Figure 9d at 500° to 1300°C (Pitner, October 1971). At 1000°
to 1100°C, the values decrease rapidly with fluence until they reach values

6 1

of about 2 x 10 ° °C ~. The changes at 1200° to 1300°C are less than those

at the intermediate temperature.

Taken together, the data.in Figures 9a through 9d show the thermal
expansivities of anisotropic graphites with low unirradiated thermal expan-’

sivity values increase, whereas those that:are isotropic with high unirra-

diated values decrease.

_Fitzer gg_gl. (1968) have also observed.a decrease in isotropic Gilso-
carbon graphites at 1200°C. Helm (1969) has found the same effect on a
number of isotropic graphites. Nettley and Martin (1966) also found that
initially the linear thermal expansion coefficients of the isotropic graph-
ites increased with fluences, but at high fluences decreased again during

irradiation at 500° to 750°C.

)s
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"Mﬁéliéméﬁdivahlef (ig?ijmﬁéﬁé'measﬁréd'éhaﬁgés>in thermal expaﬁsivity
of petroleum-coke or pitch graphites. Below 600°C the coefficient of linear
thermal expansion first increased up to 30% and remained high with increas-
ing fluence. Above 600°C the thermal expansion of these materials decreased
with increasing fluence. They found that Gilsocarbon graphites showed large
decreases in thermal expansivity.

The thermal expansion coefficients of the hot-worked graphite and mas-
sive pyrolytic carbon saméles in the two. principal directioné (Price, 1969)
are also of interest in understanding the changes in the reactor graphites
(see Figure 10). At 750° to 800°C théﬁéxpansion coefficient of the hot-

worked graphite parallel to the hot-working axis (c-axis direction) showed

6
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a gradual increase with neutron exposure, rising from 15 x 10 °C © (unirra-

-1 1

at 1.8 x lO2 n/cmz. The coefficient remained

diated) to 17 x 107° °c
unchanged perpendicular to the axis. However, at 1200°C the expansion co- -

efficient parallel to the axis showed an initial rise, passed through a

6 1

maximum of 19 x 10 ° °C ~ at 2.4 x 1021 n/cmz, and then fell to about half

its original value by 11.6 x 1021 n/cm2 (see Figure 10). In the perpen-
.dicular direction it increased from 1 x 10 6 °C to 2 x 10 6 C over

‘the same neutron exposure. -The maésive pyrolypig qarbpn behgyed»sqmej- )
what differently. At 750° to 800°C the thermal expansion coefficient was
unchanged by fhe irradiation. No significant changes were observed in the
thermal expansion coefficients of pyrolytic graphite at 500° to 750°C as
determined by Nettley and Martin (1966). At 1250°C perpendicular to the

-6 °c™! and showed no sign of

deposit it increased rapidly from 25 to 27 x 10
a subsequent decfease, despite the formation of delamination cracks. Paral-

lel to the deposit there was no significant change.




' .Thermal expansivity changes drastically in most reactor graphites dur-
ing high~temperature irradiation, the changes corresponding with the onset
of volumetric expansion. The changes are not uniform among the graphites;
the weak anisotropic materials with initially low coefficients generally
increase, whereas the strong isotropic materials with initially high co-
efficients decrease. No theoretical énalyses have been undertaken to explain
the thermal expansivity changes. It had generally been assumed that thermal
expansivity would increase after basal plane cracks, which accommodate

c-axis expansion, were exhausted. This idea may have to be revised in light

of the current data.

5.2 Thermal Conductivity

Thermal conductivity of reactor graphite is reduced during fast-

neutron irradiation at elevated temperatures éﬁelle and Vohler, 1971;

Engle and Koyama, 1971;‘keily é;d B?ogkléhufs£;i1§}i;“Qeféléyvaé& ﬁa;;in:
1966; Taylor et al., 1969). Thermal condﬁctivity measurements have been
obtained on a numEef of materials as a function of fluence at 300° to 1200°C
to fluences of 2 x 1022 n/cm2 (Engle and Koyama, 1971; Helm, 1969; Taylor

et al., 1969). Data representative of the changes that are characteristic
of reactor gréphites are shown in Figure 11 at 625°, 1000°, 1200° and 1400°C
to high fluences. The effect of irradiation on thermal conductivity as a
function of measuring temperature is shown in Figure 12 for reactor graph-

ites irradiated at 2 to 4 x 1021 n/cm2 at 300° to 1500°C (Engle and Koyama,

.1968).




The data show that thermal conductivity, measured at room termperature,
decreases rapidly with fluence, saturates, and then decreases again with the
onset of breakaway expansion. There is also a strong temperature effect;

conductivity degradation was reduced with increasing irradiation temperature.

Taylor et al. (1969) have analyzed the behavior of the thermal conduc-
“tivity changes in highly annealed pyrolytic carbons in the range 30° to
450°C to 5 x 1020 n/cm2 and reactor graphites at 200° to 1350°C to 5 x lO21
n/cm2 in terms of the lattice defects that céuse dimensional changes. These
authors concluded that therﬁal conducﬁi;ity changes are due. to submicro-
scopic clusters, vacancies in the lattice, and vacancy ioops, and that inter-
stitial loops and collapséd vacancy lines, which are responsible for dimen-
sional changes, are insignificant.

N

They (Taylor et al., 1969) indicate that thermal conductivity changes

of reactor graphites, however, are larger at irradiation temperatures above

650°C than can be accounted for by vacancy content estimated from lattice

parameter changes. .They have estimated room temperature thermal conductivity
changes by the analysis of crystallite dimensional changes in reactor graph-
ites’at 650° to 1350°C to 4 x 1021 n/cm2 and found that the vacancy loops
responsible fér thermal degradation increase both in size and separation
with increasing irradiation temperature. This is in agreement with low
fluence data observed by other investigators (Blackstone et_al., 1969;

Deile aﬁd Vohief,‘ig7i; Engléréﬁd Koyama, 1968; Engié ahdrKoyamé,bl97l) and
may explain the smaller fractional changes in conductivity with increasing

irradiation temperature.




'Engle and Koyama (Engle, October 1971; Engle and Koyama, 1971) now
have data on reactor graphites irradiated to high fluences in the range 500°
to 1400°C (see Figure 11) and have found the same temperature effect with
both anisotropic and isotropic reactor graphites. Taylor et_al. (1969) con-
cluded that after the initial rapid degradation of conductivity which satu-

2, further changes in conductivity would

rates at about 3 to 5 x lO21 n/cm
not occur until large expansions begin above 1 x-lO22 n/cmz. Comparison of
thermal conductivity changes in Figure 1l with dimensional changes supports

the conclusion by Taylor et al. (1969) that crystal defects responsible for

dimensional changes do not correlate with thermal conductivity changes.

Engle and Koyama (1971) in annealing their graphites found the follow-
ing.  Recovery of conductivity was slower in Gilsocarbon graphite than in

needle-coke graphites after irradiation to about 3 x 1021 n/cm2

at 1200°¢
under identical annealing conditions of 1500°C. After irradiation to

8 x 1021 n/cm2 at 1200°C, recovery of coﬁductivity was even more difficult
when the same materials were annealed at 1700°C, and the fractional changes
remained large. It éhould be noted here that no increase in fractional con-
21

ductivity change took place in these graphites between 3 and 8 x 10 n/cmz.

Taylor et al. (1969) have calculated a decrease in the spacing between

vacancy 1oops-or an increase in loop population in reactor graphites between
1 and 4 x lO21 n/cm2 at 1350°C, which would indicate a steady reduction of
’thermal conductivity over this fluence range. The large interstitial loops,
which cause dimensional change, must certainly grow during the fluence region
where the conductivity is not changing, because the crystallites continue to
distort. Taylor's calculations iﬁdicate that the vacancy loop size remains

21
constant and that the population may be leveling off at 4 x 10 n/cm3.




In a later paper, Kelly and Brockelhurst (1971) show the conductivity

21 n/cmz. Kelly and

degradation to saturate at a.fluence of.ébout 5x 10
Brockelhurst (1971) indicate that scattering sites due to submicroscopic
clusters in graphite crystals irradiated at 150°C can be removed with a
1900°C anneal by aggregation into interstitial loops. Samples irradiated

at higher temperatures recover much less. At irradiation temperatures

above 1000°C, it is doubtful whether the population of submicroscopic
clusters or vacancies remains due to enhanced thermal effedts; thus, thermal
degradation may be due only to vacancy loops. At higher fluences the vacan-

cy loops may couple with the growing interstitial clusters and thus anneal-

ing or annihilation may be more difficult than at lower fluences.

A further degradation in thermal conductivity with irradiation to still
higher fluences (V2 x 1022 at 1200°C), where the graphites expand rapidly
and become highly porous, has been observed (Delle and Vohler, 1971; Engie

”andgkoyéma, l97l);i¥mwr_nw_“

It is tempting to assign this final degradation in conductivity to the
\ . 22
formation of porosity. However, in two graphites taken to 2 x 10" n/cm
(Engle and Koyama, 1971), the thermal conductivity was extremely low and

nearly identical in both samples, but there was a factor of 3 difference in

their volume expansion.

Considerable progress has been made in the theory of the thermal con-
ductivity of graphites through observations on highly annealed pyrolytic

carbons. Defects which cause thermal conductivity degradation during low




GHD to intermediate irradiation temperatures have been identified up to limited -
fluences. While considerable dimensional data are available in the range
800° to 1300°C to 2 x 1022 n/cmz, the thermal conductivity data\are not as

‘abundant. Several investigators have thermal conductivity data extending

'into this range and the general behavior has been observed; however, there

fhas been no systematic examination of thermal conductivity changes. ~Addi-

- tional experimental and theoretical work is required. at high fluences.




6. MECHANICAL PROPERTIES

6.1 Introduction: The Stress-Strain Relationship for Unirradiated Graphite

Conventional reactor-grade graphites before irradiation exhibit a non-
linear stress;strain curve, which is sensitive té past history and exhibits
a hysteresis effect upon load cycling. Moreover, the tensile strain-to-
failure is only about 0.25%. Clearly, in view of the discussion on bulk
and crystallite dimensional changes, an irradiation-induced mechanism must
exist to relieve the iﬁternally developed stresses, or graphite would quick—.
ly disintegrate. Before discussing radiation effects, it is advantageous
to quickly review the mechanical behavior of unirradiated graphite. fhe
factors involved in the unirradiated material provide some qualitative ex-

planation for the irradiationjinduced.phéhomenaf

The general behavior of uniaxially stressed grabhite is indicated in
Figure 13. Upon applying a stress O, the graphite strains nonlinearly, as
indicated by the curve AB. If the maximum stress O is not too close to the
ultimate strength, the material relaxes along the curve BC, leaving a resid-
ual strain eo. Reloading to a stress less than Om produces the curve CD,
which relaxes'linearly.backAalong the line DC. Furthér loading to a stress
greater than Gm produces the‘curve CDE, whichlbecomes_an extension (EF) of

the original curve AB.




A number of semiempirical equationé have been suggested to fit the
behavior of Figure 13. The simplest is that recommended:by Jenkins (1963),
for which he has provided a semiquantitative theoretical basis.v The origi-
nal loading curve AB is fitted closely by

€ = A0 + Bo

and the unloading curve BC by

eE=¢e - A(om - 0) - EB(Om - 0)

Upon reloading,.the curve CDE is given by

€ =¢ + A0 + iBo? )
o} 2

with the permanent set.

"The two coefficients A and B are related (Jenkins et _al., 1965) to
crystallite size and oriéntation. The coefficient A in'abparticuiér direction
depends upon the crystal shear stiffness C44 as well as the density of dis-
locations and their pinning characteristics, whereas B depends on the gener-
ation of new dislocations. Thus, a picture emérges of an individual crystal-
lite plastically shearing as dislocations are unpinned by the applied stress,

eventually piling up at the crystallite boundaries, to provideba restraining




back stress. Mason and Knibbs (1967) extended this work to further delin-
eate the effect of temperature and crystal size. In particular, they point
out that at temperatures above 300°C the increase in Young's modulus with

" temperature can be explained by closure of voids due to the anisotropic

crystallite expansions, thus effectively locking the material together.

We thus have a fairly satisfactory qualitative, and indeed semiquanti-
tative, theoretical basis to account for the stress—strain characteristics
of unirradiated graphite, involving dislocation motion and pinning as well

as the microporosity of the materials. = -

6.2 Strength of Trradiated Graphite.

Very little work has been done on measuring the strength of reactor -
graphites after high-temperature irradiation. Taylor et al. (1967) observed
an increase in tensile strength of reactor graphites of up to 1007% irradiated

at 150°C to low fluences. Krefeld et al. (1971) measured changes in tensile

‘strength on Gilsocarbon graphites and petroleum coke graphites at 1200°C to

20 n/cm2. This experiment was treated statistically

a fluence of about 5 x 10
-and Fhey reported that a graphite with a high mean unirradiated strength may
have a higher'risk of failure at some stress below thelmééh.fféézﬁfé'éﬁféés
after irradiation than one of lower mean stremgth. This is interpreted to
_mean that variations of the mean strength due to irradiation are not indicative
of the actual risk.of failure. This result if confirmed on a wider variety

of graphites could be disturbing since it is generally believed that during

densification at low fluences strength increases in reactor graphites.




o

No systematic data were uncovered on étrength measurements of graphites
after large expansion at high fluences. Pitner (October 1971) mentions the
testing oan single high-density high-strength isotropic graphite sample
after irradiation at 1050°C and 1.5 x 1022 n/cm2. On this sample the ten-— ~
sile strength increased by a factor of about 2. However, due to the excel-
lent stability of this material, the expansion was not large at such a high
fluence.

The strength of graphite,or more‘speéifiééi;itg%;fgﬂéﬁéé%Wigﬁgééi§¥é§éf

) |
bility of failure of graphites after high-temperature, high-fluence irradi-

ation,is of critical importance to reactor designs, and considerably more

work is needed in this area.

6.3 Young's Modulus of Irradiated Graphite

Irr;diation aﬁ temperatures from just above liquid nitrogen to the
highest yet studied has shown an immediate increase in the Young's modulus.
The effect quickly saturated and only minor dependence on fluence or temper-
ature was subsequently observed. ‘It is generally accepted that the first
rapid increase is due to pinning of dislocations by radiation-induced de-
fecés, and that these are probably di-interstitials or larger configurations
(Goggin, 1963). The saturated value is assumed to represent complete pin-
ning, and subsequent temperature dependence attributable to the crystal
shear constant or to thermal unpiﬁning of a small fraction of the disloca-

tions (Summers et al., 1966).




In the last 3 years, information at higher temperatures and much

greater fluences has become availablé. The data are not entirely consistent,
and much more remains to be done before general conclusions can be drawn.

It is apparent, however, that the situation is much more complex than‘the
early data at low temperatures and fluences implied. The new information

was obtained by Battelle Northwest Laboratory (Pitner, July 1971) and the
Dragon Project (Hankart et al., Juﬂe and September 1971). The Battelle group
admit to considerable uncertainties in temperature and measure the modulus

b; sonic resonance. The Dragon investigators obtain the modulus from the
stress-strain curve. Much of the Battelle data is so scattered that trends
of modulus versus fluence are not discernable. These differences in tech-
nique andvresolutionvmay account at least in part for the lack of consistency

in data on similar graphites.

The highest fluence data is on an anisotropic graphite (Pitner, July
1971), a conventionally formed graphite based on acicular coke (see Figure
14). The curves are not too dissimilar to earlier data indicating simple

saturation, althoﬁgh there is a hint of an inflection point at the highest

22

fluences,‘around 2 x 10 n/cmz. These may be compared with the Dragon Pro-

; ject data (Hankafﬁ et“él.;'jdﬁé and -September 1971), on experimental acilcular-

coke graphiteé (Figure 15), for which the.inflection points. occur near

5x 1021 n/cm2 followed. by .2 maximum.

Isotropic graphites conventionally formed are represented by Gilso-
carbon based graphite (Hankart et al., June and September 1971), shown in

Figure 16. Although not indicated in the figure, data at 900°C exist to




1.3 x lO22 n/cm2 and demonstrate a maximum modulus change of AE/E = 150%
at 1.0 x 1022. The rather subtle differences between the behavior of the
anisotropic and isotropic graphités are worth noting. The effects are less

dramatic and more delayed in the more isotropic material.

Some data are also available on a high-density, high-strength éfééhifé
(Pitner, October 1971) obtained at Battelle (Figure 17). In view of the
inconsistencies exhibited by the Battellé and the Dragon data, it is not
possible to state that the more dimensionally stable isotropic graphites

are also more modulus-stable.

The experimental.rééglts hardly justify a serious attempt at theoreti-
cal justification. One is nevertheless tempted to hypothesize a rationali—
zation: after the dislocation pinning process is completed, a further hard-
ening of the material occurs as crystal-to-crystal interlocging occurs
(Reynolds, 1965; Thrower and Reynolds, 1967). The crystal interlocking
eventually gives rise to direct pore-generation or fracture (Summers et al.,
1966; Taylor gg_gl.; 1967), which leads to the apparent decrease in modulus.
It remains for thg future to establish these hypotheses and to unravel the
behayior of the Young's modulus as measured sonically or from the stress-—

strain curve (Taylor and Kline, 1970).

6.4 Radiation-Induced Creep

It is somewhat éurprising that a relatively obscure property such as

creep has emerged as one of the critical properties of nuclear graphite.




Thermally induced creep is of significance only at temperatures in excess

of 2000°C (Reynolds, 1968). Yet in a neutron-irradiation environment, creep
becomes an important phenomenon at temperatures as low as 300°C. Graphite

will normally withstand strains of only 0.1 tb 0.3% before fracture, but

will take at least tén times this strain in a radiation field. 1In view of

‘the irradiation-induced distortion and its temperature dependence,vgraﬁhiégwm”mm
~would rapidly disintegrate without this relaxation process. The creep charac~- f

teristics are a dominant stress-relaxation parameter-in. the reactor designer's .

analysis (Head and Sockalingam, 1968; Scott énd EéEHerly, 1970):M

S — — ~

, Irradiation-induced creep takes place in two stages, the first (primary)

being a reversible procesé'which is quickly exhausted, and for practical
purposes may be considered a pseudoelastic process. This is followed by an
irreversible steady-state secondary creep, whose rate is linearly dependent

on fluence and stress.

The creep problem is further confused by the change in Young's modulus,
equivalent in itself‘to a permanent set under irradiation. Losty (1966),
who did the pioneering work on creep, argues persuasively that the creep co-
efficient should be defined so that the material system does no external
work; and this'viewpoint has been uniformly accepted in defining the creep

coefficient (Simmons, 1962).

The early work on creep was performed on springs and constrained-
geometry samples. The first clearcut experiments designed to produce uniform

stress fields constant in time were performed by Kennedy (1967), whose




-

-

results at low temperature (>400°) were inconsistent with those of Losty.
This discrepancy has been left unresolved, and need concern us only as it
leads to doubt for the higher temperature data. Fortunately, the higher -

temperature situation has been resolved in the last 3 years.

The first clearcut resolution of ‘the problem was furnished by Platonov

et al. (1969), whose data are superimposed upon Kennedy's in Figure 18.

Subsequently, the Dragon Project (Blackstone et al., 1969), have'fuffﬁéfr'"\

substantiated the high-temperature results and.exterided .them from."900° to

'n1200°C (Figure 19).

The available data ogvsecondary creep coefficients leave many questions
unanswered. The range of graphite structures covered is limited. From
analogy with thermally induced high-temperature creep, one WOuld expect
orientation and density parameters to enter /into the functional dependence
of the secondary creep coefficient. No clearcut démonstration has been made,
although some indication of an inverse relationship Between'Young's modulus
and creep coefficient has been-suggested:(Brocklehﬁrét and Brown, 1969;

Kennedy, 1966).

Theoretical aspects of irradiation creep in graphite have been discussed
by Kelly and Brockiehgrsf (1970):iThey'preseﬁted a theoretical model for
irradiation creep in which basal sﬁear isuthe dominant deformation mode that
predicts an irradiafion creep rate inversely proportional to the initial
Young's modulus of the sample, in'good agreement with several experiments.

The irradiation-induced shear strain during transient creep is believed to




be caused by the removal of pinning points for basal dislocations. The
mechanism for secondary creep is not yet established. Suggestions include
internal yielding resulting from irradiation-induced crystal strains, the
diffusion of interstitials in the high stress gradients present at the tips
of basal plane microcracks, grain boundary sliding, de-interleaving of crys-—
tals, and the restraint of c-axis grthh; Bach of these mechanisms is
either inconsistent with some part of the experimental observations or has
not been qﬁéntified to the point where useful comparisons with the data can

be made.




7. CONCLUSIONS AND FUTURE TRENDS

A complete understanding of the irradiation behavior or reactor graph-
ites at ‘high temperatures and high fluences has not been attained, but a
number of significant advances have been made during the past 6 to 7 years.
The irradiation data have been extended to fluences of 4 x'lO22 n'/crh2 and
temperatures into the range 900°vto>l400°C. The irradiation of reactor
graphites has been paralleled by simila;;é£udies onvas—depoéited.pyrolytic
carbons and annealed pyrolytic carbons which approach single crystals in

structure.

New insights have been made into the mechanism of irradiation damage to-
crystallites through electron microscopy and the nature and mobility of
defects in single crystals is now better understood. . However, direct ob-
servation of the neutron-induced defects in reactor crystallitgs continues
to be retarded by experimental difficulties in sample preparation and the
poor diffraction qualities of the'teactor'graphites. Progress has been
made in analyzing dimensional changes and .certain property changes such as
thermal conductivity andeoung's modulus in reactor graphites in terms of
defects observed in the annealed.pyrblytiC'carbons aﬁd,single.crystals, but
again the direct observations of damage in reactor graphite crystallites
would be helpful to confirm these interpretations. Microstructural changes
in reactor graphites have been measured and.explained; but only in qualita-
-tive terms. Better quantitative experimental techniques, to measure crystal-

lite and pore morphology changes, are required in this area.




The effect of irradiation temperature on the dimensional change rate

of reactor graphites in the range 900° to 1400°C needs to be clarified.

- There appears to be a temperature range from 900° to. 1200°C where structural

degradation is severe, whereas above about 1200°C lower dimensional change
rates have been reported. However, data are not abundent above 1200°C and
anomolies exist. More experiments are needed at 900° to 1400°C and improve-
ments in thermometry and,dosimetry‘above 1200°C will,beﬂrequiredre

Several novel high-—temperature, high-strength isotropic graphites have

~ come under study during the past 6 to 7 years and were shown to have improved

dimensional stability over conventional'graphites manufactured with aniso-
tropic petroleum-based cokes. Unfortunately, at present, these materials

have limited use in large commercial high-temperature gas-cooled power reac-

| tors due to limitations in production size and the high costs of processing.

' While economic design of power reactors appears feasible from conventional

%materials, it is encouraging to note that improvements are possible and fur-

i

%reactors should be encouraged

ther development of economical isotropic graphites for commercial power

High-temperature gas-cooled reactors. have now become a commercial pro-

duct. Each reactor will utilize about 1500 tons of hlgh purlty nuclear-
grade graphlte in the form of large moderator blocks.  Future improvements
in design of the reactors may .require’the graphites to remain.in the .reactor

environment to higher fluences and to . operate at higher temperatures and,

thus, continued efforts will be needed:-to.obtain commercial graphites with

improved irradiation stability.
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Fig. 13. Stress-strain diagram for unirradiated graphite
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