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I. INTRODUCTION

The purpose of the pres'ent- program is to realize substantial improve-
ments in the materials required for use in high-temperature, gas-cooled
reactors of advanced design. The approachis based on gaining a more
complete understanding of the properties and behavior of such materials in
order to provide effe¢tive guidance for the -development of improved
materials. Two principal lines of effort have been pursued: Task]I,
"Advanced Graphite-Matrix Fuel Systems, ' is concerned with the various
materials directly involved in the fuel systems of high-temperature reactors;
Task II, "Research on Graphite, ' is concerned with the graphitic materials
employed either in the fuel systems or in other structural components of
such reactors. Because of the close relationship between the items of work
in Task I and Task II of this program, the reports of progress have been
combined into a single report.

In the period covered by the present report, April 1, 1964, through
March 31,.1965, investigations have been conducted in the following areas:

1. Studies of Pyrolytic-carbon Coatings Deposited in Fluidized Beds.

The structures of pyrolytic carbons deposited in a fluidized bed
. are being characterized in order to establish the relationships

existing between bed deposition conditions, coating structure,
and the physical and mechanical properties relevant to reactor
performance. The earlier studies are being extended to deposition
temperatures greater than 1900°C. The property studies include
measurements of the effects of annealing and irradiation on
pyrolytic carbons.

2. Diffusion of Thorium and Uranium in Pyrolytic Carbon. The rates
of diffusion of thorium and uranium in pyrolytic carbons typical

of those employed in graphite-matrix fuel systems are being
determined. Particular emphasis is being given to determining
the effect of coating structure on diffusion.

3. Fission-product Release from Carbide Fuel Systems. The release
of fission products through pyrolytic-carbon coatings typical of
those employed in graphité-matrix fuel systems is being deter-
mined in an effort to relate release rates to coating structure.
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Characterization of Microstructure of Graphitic Materials.
Methods of characterizing the degree of graphitization of carbons
and graphitic-materials are being investigated.

Relation of Physical Properties of Graphitic Materials to
'‘Microstructure. The relationship of certain physical properties,
including Young's modulus and the dimensional changes under
irradiation, to the preferred orientation of various graphitic
materials is being studied. ' S

Chemical and Mefallurgical Processes for Modifying the Micro-
‘structure of Graphite. The process of hot-working graphitic
materials is being investigated, with current emphasis on
 evaluating the variables of pitch content and additives in the
-graphite bodies. ' ' '




II. SUMMARY

STUDTES OF PYROLYTIC- CARBON COATINGS DEPOSITED IN

FLUIDIZED BEDS

. Systematic investigations of the effect of deposition temperature, bed
surface area, and methane concentration on the structure of carbons
dep031ted in fluidized beds have shown that a wide variety of structures
is poss1b1e It was found that all the structures deposited could be divided
into three broad groups according to whether their microstructures are
laminar, isotropic, or granular. Each of the structures was characterized
further by measuring its density, crystallite size, and degree of preferred
orientation.. The variation of structure with deposition conditions has been
interpreted using current knowledge of carbon formation in the pyrolysis
of gaseous hydrocarbons. "

The structures of representative laminar, isotropic, and granular ’
carbons were studied in more detail using diffuse X-ray scattering tech-
niques. It was found that significant quantltles of amorphous carbon can
be present in carbons dep051ted at 1400°C and that the amount present
increases with deposition rate. The concentration of misaligned single
layers in the 1400 C deposits varied from 23% in low-density laminar
carbon deposited from 5% methane to less than 2% in high-density laminar
carbon deposited from 40% methane. Carbons deposited at 1650°C and
above had no detectable (<1%) amorphous carbon in thelr structure. A low-
density carbon deposited at a very high rate at 1650° C was found to contain
10% misaligned s%ngle 1ayers as compared with 1% and 2% in carbons
deposited at 2000 and 1900°¢, respectively. A model of carbon formation
consistent with the Varlatlons of structure with deposition conditions is
presented in this report. .

Absorption factors for a modified Bacon preferred-orientation téchnique
used in structural studies of carbon films have been calculated for spec1men
sizes and densities encountered in practice,

The mechanical properties of the carbon structures encountered in
the studies described above have been measured in bending tests These
studies have shown that the carbons deposited below about 1450°C have high
elastic moduli, high fracture stresses, and low fracture strains. The
isotropic carbons deposited above 1450° C have low elastic moduli, low
fracture stresses, and relatively high fracture strains (~2%) A coarse-
grained granular deposit was the weakest tested. Fracture appeared to be
initiated in this carbon by separation of the layers within individual grains.

3
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_ The carbons. deposited below 1450°C were found to respond to annealing
‘treatments in different ways. Annealing caused substantial structural and
mechanical-property changes in the carbons deposited from high methane
concentrations, but had little effect on the low-density carbons deposited
from low. methane concentrations. Annealing of isotropic carbons deposited
above.1450°C caused only small structural and property changes

Thermal- dlffu81v1ty measurements on representative carbon structures
showed that carbons deposited at 1400°C have a thermal conductivity an
order of magnitude lower than that of isotropic or granular carbons deposited
at higher temperatures. Annealing for 96 hr at’ 1500°C caused substantial
improvement (+100%) in the thermal diffusivity of carbons deposited from
40% methane but had only a small effect on the carbons deposited from 5%
methane. These changes are discussed in terms of the structural changes
that occurred due to the anneal

Seven representative carbon structures are presently being exposed
-to a fast-neutron flux in the General Electrlc Test Reactor (GETR) at
temperatures in the range 670° to 1075°C. After irradiation, the dimensional,
structural, and property changes will be measured and compared with
control specimens.

A ,sfudy relating uranium migration in pyrolytic carbon to structure
showed that high-density, oriented, laminar carbon deposited at low tem-
-perature from high methane concentrations-was superior to isotropic and
granular carbon in resisting uranium migration.

The structure and propertles of pyrolytic carbon deos1tcd in a
fluidized bed between 1900 and 2400°C from a carrier gas containing
between. 1% and 15% methane have been studied. The carbons have either
granular, isotropic, or.transition microstructures. Granular micro-
structures.are favored by high temperatures, low methane partial pressures,
and low bed surface areas. For a given -methane pressure, the density,
apparent crystallite size, and degree of orientation of the granular carbons
increase with increasing deposition temperature. The elastic moduli and
fracture stresses of the granular carbons are in the ranges 1.5 to 1.8 X. 100 psi
and 15 to 35 X 103 psi, respectlvely There is a trend toward higher elastic
modulus and fracture stress parallel to the deposition plane with increasing
.deposition temperature, i.e., increasing anisotropy. The isotropic and .
:Mtransition" carbons have elastic moduli of 1.5 to 2,2 x 106 psi and fracture
stresses of about 30 X 103 psi, The modulus decreases with increasing
deposition temperature, while the fracture stress remains appreximately'
constant. The carbons have thermal conductivities perpendlcular to the
deposition plane lying in the range 1 to 4 X 102 cal/cm-sec- C The con-
ductivities are highest for the isotropic carbons and lowest for the most
highly oriented granular carbons. ' ‘

®
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DIFFUSION OF THORIUM IN PYROLYTIC CARBON

Tracer-level diffusion studies have been carried out in laboratory-
prepared samples of pyrolytic carbons of widely divergent microstructure.
These samples are well characterized and contain no exposed layer-plane
edges. Using Th228 tracer, diffusion coefficients have been measured
perpendicular to the plane of deposition, over the temperature range
1600° to 2000°C. The diffusion coefficients were found to have a significant
dependéhée' on microstructure, with the diffusion coefficient in the highly
oriented, laminar pyrolytic carbon about an order of magnitude smaller
than that in either the isotropic or granular carbons, both of which gave
approx1m_ate1y the sarme results. The activation energy for tracer-level -
diffusion of thorium perpendicular to the plane of deposition in granular
pyrolytic carbon was determined to be 152 kcal/mole.

FISSION-PRODUCT RELEASE FROM CARBIDE FUEL SYSTEMS

By means of a small graphite disk impregnated with U235 and coated
with pyrolytic carbon, a diffusion coefficient of 1.0 X 10-9 cmz/sec has
been obtained for barium in‘'granular-type pyrolytic carbon at 1400°cC.

This is in excellent agreement with earlier results obtained for the diffusion
of Ba'140 perpendlcular to the layer planes in a large slab of pyrolytlc
carbon

The steady-state release of short-lived fission gases between 1100°
and 1700°C from high-density ThCy (150 to 250 p) indicates that the release
mechanism’is similar to that of monogranular UC, (179 to 210 pu). The-
inclusion of about 5%.UC) in the high-density ThC, improves the fission-
gas retentlgn by a factor of 2 to 10.

CHARACTERIZATION OF MICROSTRUCTURE OF GRAPHITIC

MAT ERIALS AP

Methods for measuring the degree of graphitization of graphite
materials are being developed for the purpose of following structural
changes taking place in carbonaceous materials during heat treatment and
in graphite materials during irradiation. A chemical method, in which
the kinetics of oxidation by a hot dichromic acid solutlon are measured
manometrlcally, has been set up and tested.

El“e‘"ctro‘n replication micrography has been employed to study the five
structufe_s’existing in graphitic materials, A cathodic etching device has.
been Set dp -and used in this work. The micrographs have been used to study
the differences in 'structure between a fuel-matrix graphite, a graphite:



6

matrix hot-worked with a dispersed liquid-carbide phase, and graphitized
pitch binder. - ’ '

HRELATION OF PHYSICAL PROPERTIES OF GRAPHITIC. MATERIALS
TO MICROSTRUCTURE

Equations have been derived which express physical properties such
as the thermal expansion, radiation-induced length changes, and Young's.
modulus of polycrystalline graphite and carbon in terms of the single-
crystal properties and functions of the preferred orientation. In the case
of Young's modulus, the expressions are based on the assumption of either
constant stress or constant strain through.the aggregate, The expressions
‘were tested by making measurements of static Young's modulus and pre-
ferred orientation on several kinds of pyrolytic carbon covering a wide
range of anisotropies. It was found that the ''constant stress'' model fitted
the observations well. In order to test the model for irradiation-induced
length changes, samples cut from the wall of an extruded graphite tube
where the radial, tangential, and longitudinal directions have different
degrees of preferred or1entat10n are being irradiated at temperatures
between 650° and 1050°C. The. length changes in the three directions will
be measured and compared with the model. Experiments have been
initiated to determine the role of binder and filler type and content on the
structure and irradiation stability of polycrystalline graphite bodies.

CHEMICAL AND METALLURGICAL PROCESSES FOR MODIFYING
THE MICROSTRUCTURE OF GRAPHITE

Investigations of processes aimed at improving the structure of
graphites have been restricted to two aspects of the hot-working process:
investigations of pitch content as a hot-working variable, and exploratory
studies of the effects of various additives on hot-working behavior and on
the properties of hot- worked graphitic materials. Relatively high pitch
contents in the starting material have been found to lead to improved prop-
erties in the hot-worked graphite; the hot-working behavior is not sensitive
to pitch content. These higher pitch contents have also been found favorable
with respect to the properties of a hot-worked graphite matrix containing
solid carbide particles.

Investigations of the hot-working of a graphite matrix containing a
liquid-carbide phase have resulted in:the development of unique graphite-
carbide materials with significant improvements in the properties. During
hot-working, the liquid carbide is progressively squeezed from the body,
leaving a densified matrix containing a fine dispersion of carbide particles. -
The principal efforts have been placed on bodies containing either molybdenum

'
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or zirconium carbide. This hot-working process has been applied success-

fully to extruded as well as hot-pressed starting materials.

~ The materials hot-worked with a liquid-carbide phase possess
proﬁer‘tie's;;which approach those of pyrolytic carbons and graphites. The
strong preferred orientations are reflected in the directional physical
properties. Compressive strengths in excess of 30, 000 psi and moduli
of rupture in excess of 15, ‘000 psi are observed for the favorable test
orientations., The helium permeabilities are less than 10~ 6 cm2/sec for
only'modest levels of hot-working. The materials show excellent thermal
conductivity, and the thermal expansion can be varied within wide limits.
by controlling the hot-working strain and the carbide content.

.-



III. STUDIES OF PYROLYTIC-CARBON-COATINGS DEPOSITED

_ IN FLUIDIZED BEDS
J. C. Bokros, R. J. Price, J. Chin, W. E., Ellis
‘K. Koyama, J. O, Gardner '

- STUDIES OF COATINGS DEPOSITED AT TEMPERATURES BELOW -
1900°C

"Effect of Coating Variables on the Structure of Pyrolytic Carbons

A survey of the structures of pyrolytic carbons deposited from methane
in.the temperature range 1350° to 19250C has been completed, and the
results have been presented in a topical report entitled '"The Structures
of Pyrolytic Carbons Deposited in a Fluidized Bed" by J. C. Bokros. (1)’
Figure 1 summarizes the dependence of the various structural parameters
of carbons deposited in a 2. 5-cm-diameter coater on deposition conditions.

sk

In work subsequent to this survey, it has been found that fractographs
of pyrolyﬁc carbon can reveal structural features not revealed by micro-
scopy of polished surfaces or by X-ray scattering. Figure 2 shows a

_fractograph of a high-density, laminar carbon deposited at 1400°C in a
2.5-cm-diameter coater using 40% methane in helium. The initial charge
area was 400 cm? and the total flow was 2750 cm3/min. The fractograph
shows that the dispersion in the pole figure of this structure is due to
undulations in which appears to be a continuous. layer structure, rather
-than to a dispersion of the c-axes of distinct '"grain'' or ''growth cones"

‘(see Fig. 3). This.is consistent with the supposition that laminar structures
such as that shown in Fig. 2 are built up from planar complexes that form
in the gas phase, condense directly on the bed surface, and become aligned
with it. It is thought that for large bed surface areas, only occasional
gas-phase condensation to droplets occurs. Decreasing the surface area
or increasing the contact time (decreasing the total flow rate) is thought to
increase the frequency of gas-phase condensation to droplets. The.incor-
poration of a high concentration of these droplets into the deposit decreases
.the degree of preferred orientation and the density. Figure 4 shows a
fractograph of a carbon deposited using the same conditions as those given
in Fig. 2 except that the total flow rate was reduced by 45% (i. e., the contact
time was increased) and the initial bed surface area was reduced by ~50%.
These changes in deposition conditions reduced the Bacon anisotropy factor

sl
b

"References are listed at the end of each section,
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Fig. l--Dependence of density, anisotropy, and crystallite size
on the deposition conditions in the fluidized bed process.
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Fig., 2--Fractograph of a high-density, oriented, laminar carbon

deposited from 40% methane at 1400°C in a 2, 5-cm-diameter coater.

The initial bed surface area was 400 cm?Z and the total flow {at 23°C
and 1 atm) was 2750 cm™ /min,
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(b)

Fig. 3--Schematic diagrams contrasting an undulating layer
structure with a structure made up of distinct grains or growth
cones: (a) anundulating layer structure with gas-phase-
nucleated particles incorporated in the deposits;
(b) a structure made of ''grains'
or ''growth cones."
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P-5664 (17, 000x)

Fig., 4--Fractograph of a carbon deposited from 40% methane at 1400°C in
a 2,5-cm-diameter coater, Thoe initial bed surface area was 210 cm? and
the total flow (at 23 C and 1 atm) was 1500 cm3/min .
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from 3.5 to near 1. 0. The fractograph reflects the more isotropic texture
of this deposit and reveals a higher concentration of features which might
be gas-phase-nucleated particles that were incorporated into the deposit,

Decreasing the methane concentration at 14000C from 40% to 5%,
while keeping all the other coating parameters the same as those used to
deposit the carbon shown in Fig. 2, reduced the degree of preferred
orientation, the apparent crystallite size, and the density of the carbon
deposited in spite of the concomitant decrease in deposition rate. A
fractograph of the carbon deposited from 5% methane is shown in Fig. 5
and reveals a structure finer than that shown in Fig., 2. or 4 and a more
poorly defined layered structure. Decreasing the methane concentration
at 1400 C is thought to decrease the size of the planar complexes at the
instant of deposition because of the reduced polymerization rate at lower
methane partial pressures. The smaller complexes cannot align them-
selves with the deposition surface or with one another as well as the larger
ones formed at higher methane concentrations. As a result, the deposits
are less dense, less anisotropic, have smaller apparent crystallite sizes,
and are more difficult to graphitize,.

X-ray scattering data for carbon deposits made at 1400°C support
the ideas expressed above, Using the approach described by Franklin, (2)
the weight fractions of these deposits which are in the form of amorphous
carbon, single unassociated layers, and associated layers have been
measured. The results show that the carbons deposited from 5% methane
(1. e., involving small planar complexes) contain 23% single unassociated
layers and no amorphous carbon. On the other hand, the carbon deposited
from 40% methane (i. e., involving larger planar complexes) contains only
1. 7% single unassociated 1gvers. The apparent crystallite size of the deposit
from 40% methane was 43 A as compared with 27 A for the carbon deposited
from 5% methane. Some of the X-ray scattering data are reported in
Table 1,

T'wo topical reports entitled "Absorption Factors for a Modified
Bacon Preferred Orientation Technique''(3) and '"Variations in the Crystallinity

of Carbons Deposited in Fluidized Beds'(4) by J. C. Bokros have been issued,

Mechanical Properties of Pyrolytic Carbons

The mechanical properties of pyrolytic-carbon coatings are important
in determining the service behavior of coated-particle fuels. The present
investigation is aimed at relating the mechanical properties of coatings
to their structures, which in turn depend on the coating conditions and
subsequent heat treatment.
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Fig. 5--Fractograph of a carbon deposited from 5% methane

at 1400°C in a 2, 5-cm-diameter coater. The initial bed sur-

face area was 400 cm? and the total flow (at 23°C and 1 atm)
was 2400 cm” /min.
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Table 1

STRUCTURAL DATA FOR CARBON DEPOSITS MADE FROM METHANE AT
1400° C IN A 2.5-CM- DIAMETER COATER

Initial
Methane ~ Total Bed Surface ‘Bacon L Single .. | Amorphous
Concentration | Flow Rate - Area Density |Anisotropy | ¢ |Layers | - Carbon

(%) (cms/min) (cm?) (g/cm3) Factor (A) (%) (%)

5 2400 400 1.51 1.9 27 23 <1

28 2780 1400 1.94 1.7 35 | .10 1

40 2750 400 2.11 3.5 b3 2 3
1500 1.1 32 e 4

- 40-

210

1.94

Gl
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Mechanical properties were measured by performing three-point bend
tests on planar samples approximately 0.250 in. by 0.040 in. by 0. 004 in.
cut parallel to the plane of the deposit. The technique of sample prepar-
ation has been reported previously. (5) -The bending jig was used in con-
junction with a table-model Instron testing machine which enabled plots of
bending. load versus deflection to be obtained automatically. The load and
deflection were converted to maximum fiber stress and strain by using the

‘usual bending-beam formulas. These formulas apply rigorously only to
isotropic materials; therefore, the calculated stresses and strains are sub-
ject to some error in the case of the oriented carbons. %¥he load-deflection
curves were used to obtain values for the initial flexural modulus, the
maximum fiber stress, the maximum fiber strain, and the mean elastic
modulus (maximum fiber stress divided by maximum fiber strain). The
initial modulus was always higher than the mean modulus because all the
curves were concave toward the strain axis.

Measurements were made of the mechanical properties of carbon
deposited under various conditions, corresponding roughly to the range of

-laminar and isotropic coatings and a typical granular coating. (1) Then a
.typical laminar deposit was annealed at a series of temperatures, and the
‘mechanical properties of the annealed samples were measured Finally,

the effects of a standard annealing treatment (4 hr at 2300° C) on the mechan-
ical properties of a series of deposits produced under different conditions
were determined. o '

Effect of Deposition Conditions on Mechanical Properties

Measurements were made of the mechanical properties of two series
of coatings deposited at various temperatures in'a 2. 5-cm-diameter coater.
The methane concentration in the helium carrier gas was 11% ih one series
of runs and 40% in the other (total flow in both cases was. 2600 em3/min at
23 °C and 1 atm total pressure). In both cases, the initial total surface -
area of the particle charge was 400 cm? (15 g of 150 to 250 u diameter UcC,
particles; see Table 2 for average deposition rates). The metallographic
-appearance of the coatings was laminar for depos1t1on temperatures below
1500 -C and isotropic for temperatures above 1500 C.

Figures 6 and 7 show the elastic modulus, maximum fiber stress, and
maximum fiber strain of the deposits as a function of deposition temperature,
together with their anisotropy factor, apparent crystallite size, and density.
The definitions and methods of measuring these structural parameters
appear in Ref.:1.- For both series :of.tests,.the modulus;cdécreases.....
with increasing deposition temperature,oexcept for the unexpectedly high
modulus of the deposit produced at 1835 C from 40% methane (Fig.: 7c).

The fracture stress also shows a general decrease with increasing de—posi.tion
.temperature, but since the fractional decrease in fracture stress is smaller
than the decrease in elastic modulus, there is a net increase in the elastic
strain at fracture.
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The material deposited from 40% methane at the three highest tem=-
peratures.showed a stress-strain curve that became increasingly non-
linear with increasing deposition temperature. This is shown by the
increasing gap between the initial modulus and the mean modulus plottead
incFig. 7c. A similar effect was observed when a 1450°C deposit was

- annealed at a series of temperatures; details are reported in the following

section,

The mechanical, properties, anisotropy factor, density, and apparent
crystallite size (L) of three laminar structures deposited at 14OOOC are
plotted in Fig. 8 as a function of the methane concentration from which
the structures were deposited. The data show a rise in the moduli and
fracture stress with methane concentration and a falrly constant fracture
strain.

Table 3 shows the deposition conditions, mechanical properties and
structural parameters of a granular structure deposited at 1730°C from
3% methane. Of particular interest are the very low fracture stress and
moduli observed for this structure. Metallographic examinations of
specimens.that were embedded in a pliable epoxy and stressed to incipient
fracture provided some evidence as to the cause of the low strength of the
granular structure. The photomicrographs in Fig. 9:show that large
interlaminar cracks form in the individual grains and are undoubtedly the BRI
cause of the low fracture stresses that were observed.

All mechanical-property data obtained to date from as-deposited AR
samples are summarized in Fig. 10, where Young's modulus, fracture Loy
stress, and fracture strain are plotted as functions of the bed temperature
and methane partial pressure used in the preparation of the samples. Tt
Laminar deposits (corresponding to the low-temperature side of the plots) -
are typified by high moduli and fracture stresses but low fracture strains.

Isotropic structures (the central region of the plots) have intermediate
moduli and fracture stresses and can sustain high elastic strains before
fracture., The granular deposits (corresponding to the high-temperature,
low-methane-concentration corner of the surfaces) had the lowest moduli
and fracture stresses of all the structures investigated.

Effect of Annealing on Mechanical Properties of Laminar Deposits

Pyrolytic-carbon sampies deposited from 40% methane at 1450°C
(see prev1ous sectmn for coating conditions) were annealed for 4 hr at
1700°, .1900°, 2100°, and 23000C, and then bend tests were performed on
the samples. The mechanical properties are shown in Fig. 11. There is
a ma_ri(ed decrease in mean modulus. and fracture stress with increasing
annealing temperature, and a slight increase in fracture strain. The most
remarkable effect of annealing is the increasing curvature of the stress-
strain curve, shown in Fig. 12, which results in an increasingly large gap
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.Table .2

AVERAGE COATING RATES FOR A
2.5-CM-DIAMETER COATER

(In w/hr)
Coating Rate®
Bed Temp
{ C) 11% CHy4" | 40% CHy
1200 | -
1350 17 22
1450 20, 30
1550 26 49
1650 29 57
1750 33 67
1850 44 76
1925 26 | 56

2 The initial charge was
400 cm? for both series.

Table 3

STRUCTURAL PARAMETERS AND MECHANICAL PROPERTIES
OF GRANULAR PYROLYTIC ‘CARBON STRUCTURE DEPOSITED
All/juc,ruuN13%1uL HANLE

"Density . . . .. e 2.00-2, 02 g/cm3

" Boeon oanisetrepy facter + + ov v oo 1.1

Apparent crystallite size, L ... 140 o
Layer spacmg’1 ...... Lo oo 3,43 R 6 .C
Mean modulus=. S SRR .21 £0. 11x107 psi—
Maximum modulus=. . . : . . . ... 1.62 0. 17x106 psi&
Fracture stressR . .. .... ... 0 17.8 £1.7x103 psiS
Fracture strain. . . ......... 1.48 0, 17% '

Dep051ted in a 2.5-cm-diameter coater using a
10-g charge of 420 to 495 4 (U, Th)C, ‘particles (130 cm?2),
The total flow rate was 3300 cm3/rn1n and the average
deposition rate was 15 p/hr. :
' - 2 Average from ten specimens. - T ’ o -
— The + values are standard dev1at1ons of the
determinations, '
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(a)

M-9405 -4 1000x

(b)

M-9405-3 1000x

Fig, 9--Photomicrographs showing interlaminar fracture in
a granular pyrolytic-carbon deposit (see Table 3 for structural
parameters): (a) bright field; (b) polarized light.
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between the mean modulus and initial modulus of Fig. 1la. The decrease
in maximum modulus on annealing is not accompanied by_any;change in
preferred orientation, but there is a steady increase in apparent crystallite
size with annealing temperature (see Fig. 11d). Itis possible that this
decrease is due to a reduction in the amount of. cross-linking between.layer
‘planes, with a corresponding decrease in.the effective shear modulus
parallel to the planes.

Laminar deposits do not all respond to anneahng treatments in the
same way, The effect of annealing for 4 hr atol900 C.and 2 hr at- 2800°C
on three laminar structures deposited at 1400 C is shown in Flg 13,
Annealing increases.the strain-to-fracture of laminar deposits, but reduces
their strength. The "annealability' of these carbons depends on their
structure.. High-density deposits made from high nlethane conc¢entrations
are affected by annealing temperatures as low as 1900°C, but low- density
carbons. deposited from low methane concentrations are only slightly
- affected by annealing at temperatures as high as 2800°C. The largest
_changes in properties occurred in the structures in-which the largest -

changes in crystallite size and layer spacing occurred. Phe anisotropy
factor of these three laminar deposits was unaffected by the annealing
treatments.

Effects of Annealing at 2300°C on Mechanical Properties of Isotropic
Deposits '

A number of isotropic deposits were annealed at 2300°C for 4 hr,
and the mechanical properties were measured before and after annealing.
- The deposition conditions and mechanical-property changes are shown
in Table 4. The structural parameters of the as-deposited material. may’.
be obtained trom ¥igs. 6 and 7. In contrast to the large changes in mechan=
ical properties observed in the laminar deposits on annealing (noted in the
previous section), changes in the properties of the isotropic materials
were small, There was, however, a 51gn1f1cant increase in the elastic
moduh of the structures deposited at 1650° .C from 11% methane and at
.1760°C from 40% methane, accompanied by a slight decrease in the fracture
strain,

Effect of Structure on Mode of Fracture of Pyrolytic-carbon Deposits

The fracture mode of the carbons studied depended sensitively on
structure. This was studied by nickel-plating the fractured samples and
preparing metallographic sections. The fracture path in as-deposited
laminar structurés was predominantly perpendicular tu the layer planes
(Fig. l4a), but after annealing at either 1900° or 2800° C, the fracture
-path tended to follow the layer planes, resulting in delamination on planes
perpendicular to the loading direction (Fig. 14b).
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(The initial charge area was 400 cm

. _  Table & _
EFFECT CF ANNEALING FOR 4 HOURS AT 2’3‘000C ON THE MECHANICAL PROPERTIES OF THREE
ISOTROPIC PYROLYTIC-CARPON STRUCTURES DEPOSITED IN A 2.5-CM-DIAMETER COATER

2

and the total flow was 2600 cm3/min.)

Coating Conditions

‘Mechanical Properties?®

- As Deposited.. .

' ,'Af'te.r Annealing

Bed Methane |Coating Mean Fracture |Fracture Mean Fracture |Fracture
Specimen | Temp. | Conc. Rate | Modulus Stress Strain . | Modulus Stress - Strain
Number | (°C) (%) | (w/h=) |(psi x 108) [(psi x 103)| (%) (psi x 108) | (psi x 103)| (%)
2359-57 | 1650 11 29 12.4x0.1 | 446 |1.9+£0.3|2.8+0.1| 44%£2 |[1.6+0.1
2511-17 { 1760 40 67" [1.9%0.1 393 [2.0£0.4(2.5%£0.1( 3721 (1.5£0.1
2511-23 | 1925 40 56 [2.2%0.1 | 44%3 [2.0%0.2[2.0%0.1| 403 [2.0%0.2

" 2The * figures are the standard deviations of the determinations.

87
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(a)

M-9317-1 500x

(b)

M-9315-1 500 %

Fig. 14--Photomicrographs of fractured laminar deposits

(a) fractured as-deposited; (b) fractured after annealing for

2 hr at 2800°C; carbon was deposited from 40% methane at
14OOOC; anisotropy tactor was 3.5 for both as-deposited and
annealed samples (see Fig. 8 for other structural parameters),
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An electron micrograph"\ of replicas taken from the fractured surface
of an as-deposited, high-density, laminar structure is shown in Fig. 15.
Fracture occurred predominantly perpendicular to the layer planes,
revealing details of the layered structure. Several small areas where the
fracture proceeded parallel to the layer planes are also visible. A similar
electron micrograph of tl'(l)e fractured surface of the same laminar deposit,
annealed for 2 hr at 2800 C before testing, is shown in Fig. 16. The
fracture in this case proceeded predominantly parallel to the layer planes.
The electron micrograph also shows that polygonization of the curvature
of the as-deposited layer planes occurred during annealing.

The fracture surface of isotropic structures was characteristically
conchoidal on a macroscale, Figure 17 shows a cross section of the fracture.
The electron micrograph shown in Fig. 18, however, reveals many structural
features that are probably caused by the incorporation of gas-phase-nucleated
solid carbon into the structure during deposition. The electron micrograph
suggests the presence of many particles of the order of 1 yu in diameter.

The interlaminar fracture in individual grains of the granular structure
is shown in Fig. 9. The electron micrograph shown in Fig. 19 shows the
details of the fracture surface. The relatively large regions, 5 to 10 u
across, that show circular symmetry are most likely the result of inter-
laminar fracture of individual grains.

A topical report entitled "Deformation and Fracture of Pyrolytic
Carbons Deposited in a Fluidized Bed" by J. C. Bokros and R. J. 'Price
is in preparation. Full details of the current work on mechanical pro-

(6)

perties of coatings are included.

Annealing Behavior of Low-temperature Carbon Deposits

As noted earlier in this report, the effects of heat treatment on the
properties of laminar pyrolytic carbons depend on the structure of the
carbons. Low-density pyrolytic carbons deposited from gas containing
low methane concentrations are almost unattected by heat treatment,
whereas high-density carbons deposited from gas containing high methane
concentrations can have their structure and p -operties profoundly altered
by annealing. This structure-dependence of the '""annealability'' is important
because coated fuel particles may be exposed to temperatures higher than
their deposition temperature during processing and while in service, and
it is desirable to know the extent to which the properties of the coating may
be altered. It is also of theoretical interest because of the relation between
the ""annealability' and the structure of the carbon. Consequently, a series
of experiments has been initiated in which four laminar structures will be

"Electron micrographs were prepared by J. O. Gardner of General
Atomic.



P-4835 (18, 000X)

Fig. 15--Electron micrograph of laminar pyrolytic carbon
deposited at 1400°C from 40% methane (see Fig. 8 for struc-
tural parameters).
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P-4854 (18, 000X)

Fig. 16--Electron micrograph of %nnealed (2 hr at ZSOOOC) laminar
pyrolytic carbon deposited at 1400 C from 40% methane (see Fig. 8
for structural parameters),



53

M-9322-1 500 %

Fig. 17--Electron micrograph of fractured isotropic
deposit; specimen was deposited at 1650°C from 15%
methane; deposit had a density of 1. 55 g/cm3, an L

c
of 49 X, and an anisotropy factor of 1, 05,



P-4759 (18, 000x)

Fig. 18--Electron micrograph of isotropic carbon deposited at 1650°C
from 15% methane; deposit had a density of 1. 55 g/cm3, an L. of 49 X,
and an anisotropy factor of 1,05,
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( 8000x)

P-4710

(see

Fig. 19--Electron micrograph of granular pyrolytic carbon

Table 3 for structural details),
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annealed at a constant temperature for successively increasing time periods.
The changes in lattice spacing, crystallite size, density, Young's modulus,
and electrical resistivity will be measured as a function of annealing time.
Electrical resistivity is being used to follow the progress of the anneal
because it is related to the presence of small defects such as regions of
amorphous carbon and it is easy to measure with high precision.

The laminar carbons used include the three structures, designated
numbers 1, 2, and 3, deposited at 14000C from helium containing 40%,
28%, or 5% methane in a 2. 5-cm-diameter coater. (The other structural
and coating parameters are reported in the section on the effects of
annealing on the mechanical properties of laminar deposits.) In addition,
a de%osit with very low preferred orientation was especially prepared at
1375 °C. in a 2. 5-cm-diameter coater, using a methane parlial pressure of
40% and an initial bed surface area of 210 cm? (15 g of 350 to 420 p diameter
UCy particles). The total gas flow was 1500 cm3/min (measured at room
temperature and pressure). The density of the deposit was 1. 92 g/cm3;
the apparent crystallite size, L_, was 32 &; and the anisotropy factor was
1.1. This structure was designated number 8.

The first series of anneals has been completed. The annealing tem-
perature was 1500°C and the annealing times were progressively increased
from 30 min to 96 hr, Eight samples of each structure were used to
measure the flexural modulus and electrical resistivity at each annealing
stage, and pairs of samples from each structure were used to follow changes
in density and L. In addilivy, the thermal diffusivity of pairs of samples
of each structure was. measured before and after the series of anneals,
and finally the fracture stresses and strains after annealing were determined
by bend tests on the elastic-modulus samples.

The fractional changes in the flexural modulus, electrical resistivity,
and L. during the course of the anneal are shown in Figs. 20 through 22.
The error bands delineate the standard deviations of the measurements.
The changes in the mean values of thermal diffusivity and fracturc stress
and strain are given in Tables 5 and 6. The densities of structures 2, 3,
and 8 did not change significantly during the anneal, but structurc l
increased in density from 2. 126 to 2. 164 g/cm3,

Annealing produced the largest changes in elaslic mudulus, electrical
resistivity, L., and thermal diffusivity in structure 1. There were also
substantial increases in the thermal diffusivity and L for structure 2 and
in L. for structure 8 (diffusivity measurements were not made for
structure 8). The electrical resislivily was significantly reduced in all
the carbons, but L. for structure 3 and the elastic modulus in structures
2, 3, and 8 were not changed significantly. The apparent increase in the

modulus of structure 3 (Fig. 20) is probably not significant and may have
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Table 5

EFFECT OF ANNEALING FOR 96 HR AT 1500°C ON THE ROOM-
TEMPERATURE THERMAL CONDUCTIVITY OF THREE LAMINAR
CARBONS DEPOSITED AT 1400° CIN A 2.5-CM- DIAMETER COATER

Thermal Conductivity
. (cal/cm-sec-OC) '

. B'efore After
. Depnsit Annealing Annealing
Laminar 12 1.1x2073 | 2.2x1073
Laminar 2 2.4x1073 4,7%x1073
Laminar 113 1.9%1073 2.1x1073

Change
(%)

+100
+96
+11

a, o .
—Average of two specimens.
=Average of three specimens.

Table b

MEAN FRACTURE STRESSES AND STRAINS‘ OF LAMINAR PYROLYTIC
CARBONS DEPOSITED AT 1400°C AS DEPOSITED AND AFTER"
ANNEALING AT 1500°C FOR 96 HR °

Fracturc St-rocc

Fracture Strain

Structure| As-deposited] Annealed [Change|As-deposited|'‘Annealed {Change
Number (lO3 psi) (IO3 psi) (%) (%) (%) (%)
i 58.9 #£13.9 [59.1 %10.62& 0 | 0.94 +0.20 [1.22 +0.17| +30
2 62.3 *10.4 161.8 £17.6 -1 1.27 +0.23 }1.27 +£0.32 0
3 45.2 #.0 29.1 +5.0 -36 0.98 10.21 {0.66 =0.12 -33
8 42.7 5.9 39.3 +5:5 -8 1.11 £0.14 |1.07 £0.17 -4
a

—The *limits refer to the standard deviations of the determinations.



, 41

been due to errors in measuring the modulus of the as-deposited samples.
The only changes in mechanical properties (Table 6) were the increase in
the fracture strain of structure 1 associated with the decrease in elastic
modulus, and decreases in the fracture stress and strain of structure 3,
which were apparently caused by an unexplained surface cracking that
developed during the final stages of the anneal.

The properties that were measured during the anneal are all sensitive
to some type of structural imperfeétion in the carbon. It is evident from
the results repor'ted above that different properties respond to annealing
to different extents, but the order of !'annealability' between the four
carbons remains the same: Structure l is readily annealable, but structure
3 is completely unaffected by treatment at lSOOOC; structures 2 and 8 are
intermediate in behavior. The ''annealabilities" are in reverse order to
the percentage of single layers in the structure as revealed by X-ray
scattering measurements (see Table 1l in the section on the structure of
carbons deposited below--l9000C).

The annealing of the same physical properties in the same carbon
-structures will be followed at higher temperatures so that a complete
picture will be built up of the annealing kinetics of several different pro-
perties as a function of the structure of the pyrolytic carbon.

Effect of Structure on the Thermal Conductivity of Pyroly.tic Carbons -. ..

Thermal-conductivity measurements have been made on representative
pyrolytic-carbon structures using the flash technique. This method has
the advantage of accommodating small, thin, disk samples 0. 3 in. in
diameter and <0. 005 in. thick. The results of these measurements were.
used in calculating the thermal-conductivity values.

The flash method and its application.in measurements.on various

" materials have been described in the literature. (7,8,9) The method con-
sists of the absorption of a very short pulse of radiant energy from a xenon
flash lamp on the front surface of a.specimen and the recording of the
resultant temperature history of the back surface. The pulse of energy

is short compared with the time required for the heat to flow through the
specimen to the back surface.

For a perfectly insulated specimen with uniform absorptivity across

its surface, the temperature of the back surface that results from a pulse
of energy on the front surface is given by

_ o ‘
T - 2 2 '
~m : L

n=
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.where‘-T(L’ t) represents the instantaneous rise in temperature of the back
surface at time't, T, is the maximum rise in temperature of the back
surface, @ is the thermal diffusivity in cmé/sec¢, L-is the specimen thick-
ness in centimeters, and n represents successive integers.

A plot of Eq. (1) is shown in Fig. 23, from which the thermal
diffusivity o may be deduced. - When T(L t)/Tm is equal to 0.5, and
(m/L)2at is equal to 1. 37, then
C1.370% 0,139 L?

: . (2).
2 t : |
1 !
T b2 Lz -
The thermal conductivity is then related to thermal dittusivity by
the expression

K =pCo , - (3)

where K is the thermal condudtivity-in c.al/ cme-=sec- - C, p is the density in
g/cm3 C is the heat capacity in cal/g- C, and « is the thermal dlffu51v1ty
in cmZ/sec.’

The use of Eq. (2) is confined to measurements in which the duration
of energy pulse T is short compared with time te = (L/m)%a-!, which is
roughly the time required for the pulse to penetrate the thickness of the
sample. Equation (2) is applicable when T <0.1't.. This requircment is
usually met by the choice of an appropriate specimen thickness, L, and
by the adjustment of the pulse length. For wvery ilhiu sampleo, howover,
such as pyrolytic-carbon coalings, of L <0, 005 in., t_. becomes small,
giving a 7 >0. 1 t.. In this case, a correction is applied according to ‘the
calculations reported by Cape and Lehman{(19) Figure 24 1s a g¥aph of
this correction, showing how the factor tI/Z/tc' of Eq. (2) increases as
the pulse time increases, : :

"The apparatus used is shown schematically in Fig. 25. It consists
of a xenon flash lamp-with a power supply, a sample holder, and an
oscilloscope-camera combination to.obtain the temperature history ‘of the
back surface. Up to several hundred joules arc dischaurged in.less than
500 pusec through the xenon flash lamp, which is placed approximately 3 cm
in front of the specimen. - The temperature rise at the back surface is
sensed by a Chromel-Alumel thermocouple of 0.005-in, -diameter wire,
with the junction made by the specimen. ’

In order to test the method, especially the method of correcting for
the duration of the pulse, copper specimens of various thicknesses were
measured using pulse durations varying from 130 to 230 usec. These
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F‘ig. 23-—Pldt, predicted from Eq. (1), of the témperature '
history at the rear surface of the specimen.
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results.are shown in Table 7. The corrected values were within 10% of
the thermal diffusivity reported in the literature. (7) The thinnest specimen
(the worst case) required a correction of about a factor of 2.

A photograph of the oscilloscope display showing the temperature
history of the rear surface of a pyrolytic-carbon specimen is presented:

- in Fig. 26. The shape of the curve is in good agreement with the theoretical
curve of Fig, 23. The pip near the start of the trace is caused by noise
from the trigger circuit and serves as a convenient time base, t = 0, from
‘w,hich.'i:l/2 can be measured. '

Thermal-diffusivity measurements at room temperature were made
.perpendicular to the deposition plane on specimens of pyrolytic carbon with
laminar, isotropic, and granular structures. . The results are listed in
Table 8 and are shown graphically in Fig. cZ)T" The therrmal-conductivity °
‘values were 0.0011 to 0, 0024 cal/ém-secs; €in theilaminar vegion,. 0.018 to
0. 030 cal/g;m—secoC for the isotropic structures, and 0. 021 cal/cm-sec-_C
for the granular structure. The conductivity for the laminar coatings. was
. about an order of magnitude lower than that for the isotropic or granular
coatings. -

The thermal-conductivity value listed iri Table 8 for each structure
represents the average of at least three measurements, except the value
for structure VI, which is the average ol nine determinations. The value
of the specific heat used in calculating the thermal conductivities was
0. 25 cal/g-oC,. which represents the average of room-temperature values
found in engineering handbooks on pyrolytic carbon, (11,12)

The flash technique was found to be an effective method of obtaining
thermal-diffusivity and thermal-conductivity values on very thin specimens
of pyrolytic-carbon coatings. The method is rapid and is able to accommodate
the paper-thin specimens with very little breakage. The standard deviation
.of the method on a single sample for a single measurement is better than +5%.

Comparison of the structural parameters and conductivities given in
Table 8 shows a correlation of the thermal conductivity with the degree of
preferred orientation. 'I'he relatively low ¢onductivities of the uiiented
laminar deposits aré most likely a conseyuence uf the low conductivity
perpendicular to the layer planes of the individual crystallites. The vari-
ations of conductivity within the laminar set also correlate with the degree
of preferred orientation, with the most highly oriented deposit having the
lowest conductivity. In the isotropic region (structures V, VI, and VII)
the lowest conductivity was observed for the deposit with a small amount
of preferred orientation, i.e., structure VI of Table 8.
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Table 7

TEST OF METHOD FOR PULSE-LENGTH CORRECTION
WITH COPPER SPECIMENS OF VARIOUS THICKNESSES
(Pulse duration was 130 to 230 psec)

Thickness Thermal Diffusivity (cmzlsec)
(mils) Uncorrected | Corrected| From Literature?
59. 3 1.06 1. 06 1.07
38.0 0.93 1.03 1.07
16: 2 0.90 0, 97 1,07
7.0 0. 48 0.99 1.07

2 From Reference 7.

Table 8

THERMAL DIFFUSIVITY AND CONDUCTIVITY
OF VARIOUS PYROLYTIC-CARBON COATINGS2

Thermal
Bed [Density,| . Diffusivity, Thermal
T%mp. p Anisotropy a Conductivity, K
Structure ("C) |(g/em3) |L. (X) Factor (cm?2/sec) |(cal/cm-sec-C)
Laminar (I) 1400 | 2.11 41 3.5 0. 0021 0. 0011
Laminar (II) 1400 | 1.95 33 Lol 0. 0049 0. 0024
Laminar (III) 1400 | 1. 51 25 1.9 0. 0050 0. 0019
Granular (IV) | 1750 2. 00 140 | 0. 042 0. 021
Isotropic (V) 1650 | 1,55 49 1. 05 0. 060 0. 023
Isotropic (VI) | 2000 | 2. 00 145 Uixs 0. 036 0.018
Isotropic (VII)| 1800 | 1. 81 105 L5 0. 066 0. 030

‘a'Figure 27 is a graphic presentation of these data.
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Fig. 26 Photographic trace of temperature rise
on rear surface of a sample of pyrolytic carbon;
reference baseline and trigger transient are left.
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Irradiation Effects in Pyrolytic Carbon

Previous work has shown that the structure of pyrolytic carbon can
be varied over wide ranges of density, anisotropy, and apparent crystallite
size. (1) These parameters depend on the mechanism by which the carbon
is formed during pyrolysis and are determined by specific deposition
conditions. Since the physical properties of pyrolytic-carbon deposits are
structure-sensitive, the effects of fast-neutron irradiation may also be
expected to be structure-sensitive; examination of irradiated coated fuel
particles suggests that this is indeed the case. This portion of the work
has therefore been devoted to a study of irradiation effects in pyrolytic
carbon with specific reference to structure. Irradiation-induced dimensional
changes, as well as the effects of irradiation on mechanical propertles of
various pyrolytic-carbon structures, are being measured. The effects of
irradiation on the structural parameters, e.g., density and apparent
crystallite size, are also being determined.

Irradiation-induced Dimensional Changes

Seven pyrolytic-carbon structures representative of those already
characterized have been selected for study, and specimens have been pre-
pared for these experiments. The structures include a granular structure,
three laminar structures varying in density and anisotropy, and three
isotropic structures varying in density and apparent crystallite size. 'The
deposition conditions used to deposit each structure, together with the
structural parameters that characterize them, are given in Table 9.
Photomicrographs of each structure are presented in Figs. 28a through 28g.

The irradiation spccimens were prepared in the form of small
pyrolytic-carbon disks measuring 6 mm in diameter and from 60 to 130 p
in thickness. These specimens were prepared by coating small graphite
disks in a fluidized bed together with the particle charge and then stripping
the coatings from the disks. In all cases, the outer 25 to 35 u of the coating
surface was ground off in order to remove any surface inhomogeneity or
roughness such at those visible in Figs. 28b or 28d. This technique has
been described and discussed in Ref. 1. -

In addition to unrestrained pyrolytic-carbon disks, graphite (HLM-85)
disks coated with each structure were left intact for irradiation. Since
the pyrolytic carbon is expected to shrink faster under irradiation than the
graphite-disk substrate, the behavior of these ''restrained' specimens
should provide a measure of the ability of these structures to accommodate
strain by means of irradiation-induced creep. Typical free and restrained
specimens are shown in Fig. 29.



Table 9
DEPOSITION AND STRUCTURAL PARAMETERS OF SAMPLES PREPARED FOR CAPSULE IRRADIATION

Deposition Conditions

As-deposited
Structural Parameters

. Bed | Average

Specimen Bed Methane | gyr:ace | Charge | Particle Total Deposition | Coater Bacon L.
Designation ° Teénp. Conc. Area Weight Size Flow Rate Diam. Density Anisotropy =
and Number ("€l (%) (cmz) (g) (m) (cm3/min) (u/hr) (cm) (g/cm3) Factor (X)
Laminar [ 1, 400 40 400 15 150-250 2,750 24 2.5 2.11-2.12 3.5 ‘)4,3
Laminar II 1, 400 28 400 k5 150-250 2,780 20 2.5 1.92-1.96 LT 32
Laminar III 1, 400 5 400 15 150-250 2, 400 9.k 2.5 1.50-1.52 1.9 27
Granular IV | 1,730 3.0 130 10 420-495 3,300 15 2.5 2.00-2. 02 Yl 140
Isotropic V 1, 650 15 400 34 420-495 4, 600 89 2:'5 1.54-1.56 105 e}
Isotropic VI | 2, 000 14,7 2, 600 186 350-420 13,500 25 6213 1.99-2.01 1.3 145
Isotropic VIL | 1, 80C 14,7 2,600 186 350-420 13,500 22 6.3 1.81-1.82 1.1 105

1S



M-8980-3 (150x) M-€980-2 (150x) M-8980 (150x%)

(a) Laminar I (b) Laminar II (c) Laminar III

Fig. 28--Photomicrcgrzaphs of the seven structures selectec for irradiation
(polarized light)
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(d) Granular IV

(150x%)

M-8980-6

(e) Isotropic V

Fig. 28(continued)
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M-8980-7

(f) Isotropic VI

(150x)
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M-8980-5 (150x)

(g) Isotropic VII
Fig. 28 (continued)
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Fig, 29--Typical pyrolytic-carbon irradiation specimens: left, free
specimen; right, restrained specimen (scale in centimeters).
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Since three of these structures (the laminar deposits) were deposited
at temperatures below those commonly used for subsequent fuel-element
processing, in practice they often are irradiated in an annealed condition.
Exposure to temperatures usually -encountered in processing is known to
produce significant annealing effects, such as dimensional and mechanical-
property changes; (5) therefore, the laminar structures in Table 9 have
been prepared for irradiation in both the annealed (4 hr at 1900 C) and as-
deposited conditions.

In order to explore the influence of graphitization on the irradiation-
induced dimensional changes in pyrolytic carbon, specimens of four of the
structures were annealed for 2 hr at 2800 C. The density and dimensional
changes resulting from this anneal proved to be quite structure-sensitive,
as did the degree of graphitization achieved. These data are summarized
in Table 10. The layer spacing of all four structures was 3. 44 A or largeor
before the anneal; after the anneal the spacings varied from 3. 35 to 3. 40 A.
The degree of graphitization of the laminar structures deposited at 1400°C
varies systematically with the methane concentration used in their pre-
paration and consequently is correlated with the initial density and anisotropy.
Further details are given in the section on the effects of anneahng on the
mechanical properties of laminar deposits. :

The ifradiation capsule' contains five separate cells, each of which
contains two thermocouples. The measured temperatures and expected
doses for each cell are shown in Table 11. Even though the temperatures
of each cell will vary somewhat during the irradiations, all specimens,
because of the small volume they occupy, will experience the same tem-
perature history and will receive.the same dose. This will allow direct
comparison of all specimens exposed within a given cell.

The irradiation-induced dimensional changes in the plane of the disk-
shaped specimens are to be determined by measuring the change in spacing
of two 125-u holes drilled near the ends of a diametral line (see Fig. 29).
The spacing of these holes can be measured with a precision of 1 part in
104 with the aid of a toolmaker's microscope. These measurements,
together with density measurements before and after irradiation;(precise
to 1 part in 2000), allow calculation of the dimensional changes perpendicular
to the deposition surface. Since the density of a disk of thickness t and
diameter d is '

4 (mass)

p = ———r= ' (4)
dZtTr
or 5
pd”t = constant , (5)

Irradiation of this capsule will he performed under Project Agreement
No. 17 of Contract AT(04-3)-167.



~ Table 10

EFFECT OF 2-HR,2800°C ANNEAL ON PYROLYTIC- CARBON
STRUCTURES I, II, III, AND VI OF TABLE9: |

Change in

- | Change in- Change in | Initial | Final
Structure | Specimen |Diameter, Ad | Density, Ap | Thickness 21 Cc, Co
. Designation | Number (%) ' (%) At (&) (%)
Laminar I | 1-1-1-G' +0. 47 +4.33 -5.3 343 | 3. 346
1-1-2-G +0. 48 +4.18 ST U O [r—
1-1-4-G. +0.57 (b). ————- NP [
Laminar II | 2-1-1-G +0. 22 +6.33 -6.8 3.45° | 3.370
2-1-2-G. | T ----- +6. 32 -——-- RSP [
2-1-3-G ~ "+0.35 mmme SRS (R [
Laminar II | 3-1-1-G | = ----- +4.51 ----- 3-43 13,398
-3-1-2-G - +1.28 +5.03 -7.6 cewee [a-aze
3-1-3-G +1.48 | ce-ee | eesme femmes foaall
Isotropic VI | 6-1-1-G +0.11 0. 00 -0.22 3.43 | 3.404
‘ 6-1-2-G "+0.14 0. 00 -0.28 R e
6-1-3-G . +0.10 | ceeee | eeeee [emeee feeees
6-1-4-G~ +0.09 | ee--e | seeee femeee [ aaeas

%Calcuiated from_: (ZA&/d) + (At/t) + (Ap/p) = 0.
=Not 'measu.red._~. '

9%



) . Table 11 B .
.~ IRRADIATION PARAMETERS AND SAMPLE DISTRIBUTION FOR IRRADIATION

| Estimated

| Mean | rormtnes Number of Specimens of'E;ch Type in Each Cell
Measured Exposure | . —denosi o _ -
Cell 'I‘%rnp.-é (fast nvt I-VII As-deposited I-III I*Zea-t t.reated _ | VI
No. { C) X 1021) Free |Restrained 2 Hr at 2800 C | 4 Hrat 1900 C Graphitized
1 | 550 2.0 4 each 1l each | 4 of Types I and' III| None - | 4 each
R ‘1 3 of Type II _ .
2 600 2.6 4'each 1 each None | 4 of each type - 4 each
3 980 2.9 4 each 1 each "3 of Type 1 None 4 each
4 1030 3.1 | 4 each 1 each None 4 of each type 4 each
5 .| 1030 3.5 |4each | 1each |3 ofTypesIandlIl | None 4 each
2 of Type 1II

& Mean temperature recorded by thermocouples over the first four irradiation cycles.

LS
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the changes in dimension and density due to irradiation are related by e

At | Ap +‘2~.Ad :—

. 5 3 0 .. (6) .

The values of At/t and Ad/d are expected to be of the order of 10-2, so
changes in At/t can easily be measured with a precision of 5 X 10-4,

The diametral changes of the disks for the various structures are of
immediate interest to coating designers. In addition, however, considerable
basic data that describe the average intrinsic distortion-rates of the
individual crystallites, B, and B (see Ref:il3ifor details..of this i
analysis), may also be obtained if accurate thickness changes At/t are
available. The data obtained in these experiments eghould yicld valuable
information relating B, and B, toe the structural parameters and should
provide a test of the usefulness of the model (described in Reif. d3)e e
for the rationalization of irradiation-induced dimensional changes in
pyrolytic carbon and graphite.

The capsule has now successfully completed five cycles of a scheduled
. six-cycle irradiation and is due to be discharged in April.

Influence of Irradiation on-Mechanical Properties

The mechanical properties of pyrolytic carbon are of considerable
importance in fuel-element design. - Work already described elsewhere in
this report has shown that these properties are extremely structure-
sensitive and, in some cases, respond significantly to heat treatment., It
is expected, therefore, that the mechanical properties may be influenced
by irradiation. In order to-assess these effects, the pyrolytic-carbon
disks, described in the previons section, will be cut into small strips and
tested in bending. The data obtained from the irradiated specimens, when
compared with those obtained from control specimens, will determine the
magnitude of any irradiation effect,

Effect of Structure on-Resistance to Uranium -Migration Through Pyrolytic-
carbon Coatings -

A topical report entitled ""Uranium Migration Through Pyrolytic . (14)
Carbons Deposited in a ¥luidized Bed'" by J. C. Bokres and N. L. Sandefur
describes the dependence of uranium migration on structure. It was found
that the high-density, oriented, laminar structures deposited at low tem-
peralures from high methane concentrations were superior to all the rest
in resisting uranium migration.
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STUDIES OF..COATINGS .DEPOSITED AT TEMPERATURES ABOVE 19000C

Effect of Coating Variables on the Structure of Pyrolytic Carbons

Experlments have been carried out to determine the structure of
pyrolytic carbons deposited above 1900°C in a 3. 5-cm-diameter coater.
Three series of experiments have been completed, using 3%, 7%, and 15%
methane in helium and making a run every 100 C in the range 1900
2400° C The total flow was held constant at 18, 000 cm3/min (measured
at 296 K and 1 atm), and the initial bed surface area in all cases was
1140 cm? (70 g of 300 to 420 u UCy particles containing 10.1 to 10.5 wt-%
carbon). The average coating rates are summarized in Table 12 and the
coating efficiencies are given in Table 13.

Metallographic examination of these deposits revealed that the
structures were either isotropic or granular. Formation of the granular
structures occurred at low methane concentrations, high temperatures,
and low bed surface areas. The bed areas at which the transition from
granular to isotropic occurred are shown in Table 14,

The variation of layer spacing with deposition conditions (methane
concentration and bed temperature) is shown in Table 15,

The densities of these carbons are reported in Table 16 and are
plotted in Fig. 30 as a function of the bed temperature and methane con-
centration used in their preparation. Comparison of these data with the
density data reported previously for deposits prepared in a 2. 5-cm-
diameter coater{l) shows good agreement at 1900°C. This good agree-
ment is probably fortuitous, since it is known that structural data for
carbons deposited in different coaters are, in general, not directly com-
parable; The intermediate !"shoulder' in Fig. 30 is undoubtedly a con-
sequence of the transition from a high-density granular structure to a
lower-density isotropic structure during the coating run in this region of
temperature, methane concentration, and bed surface areas..

The apparent crystallite sizes, L., of these carbons are given in
Table 17 and are plotted in Fig. 31 as a function of the bed temperature
and methane concentration used in their preparation. These data also
show good agreement with those reported previously for carbons deposited
in a 2, 5-cm-diameter coater, (1)

Because of the large particle size Qf' the charge used in these studies
(70 g of 300 to 420 p UC, particles), the bed surface area changes rather
slowly with coating thickness and, as a result, the influence of the bed
surface area on the formation of the granular deposits is clearly defined.
Table 14 shows the bed surface areas at which the transition ffom a granular
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Table 12

AVERAGE COATING RATE OF PYROLYTIC CARBONS
DEPOSITED IN 3.5-CM-DIAMETER COATER

Average Coating Rate (p/hr)
Bed - for Carbon Deposits
Teomp. From 3% CH From 7% CH, | From 15% CH |
(°cy 4 4 4
1900 | 36, 37, 34, 352 55 T 79
2000 | 38 CT2 ' 86"
2100 |- 31, 36, 37, 32, 36= 73 99
. 2200 | 36 | 71 S e
2300 | 36 ' 71 115
2400 | 51 - 93" 110

2 Results from duplicated runs,

Table 13
COATING EFFICIENCY DATA FOR 3.5-CM-DIAMETER .
COATER USING 1140-cM2 INITIAL BED AREA AND

TOTAL FLOW RATE OF 18, 000 CM3/MIN .
(AT 296°K AND 1 ATM)

Bed : Coating Efficiency (%)i
Teomp. For 3Y, CH For 7% CH For 15% CH
(7C) 4 4 4
} b .
1900 84, 85— 58 38
2000 -——— ‘ 77 ’ 45-
.2100 90 79 56
2200 - 8l -
2300 94 79 ' 61
2400 | 95° 82 60

2 Coating efficiency is defined as the propor-

tion of carbon originally present in the hydrocarbon
" -gas that is deposited as coating on the fuel particlés.
=Duplicated runs. ' ' '
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‘Table 14

BED SURFACE AREA AT WHICH TRANSITION FROM

GRANULAR TO ISOTROPIC STRUCTURES OCCURRED
_(Déta are for 3. 5-cm-diameter coater, .
using 18,000 cm3/min total flow rate)

- Bed Bed Area (cmz) at Transition
Temp.

. (OC) | For 3% CH4 For 7% CH4 For 15% CH4
1900 >5200 - 1900 <1140
2000 >4000. 2600 . 1300
2100 >4400 2600 . 2200

.2200 >4300 2900 ----
2300 >4100 | 2800 | 2600
2400 |  >3900 >3100 3200

Table 15

LAYER SPACI-NG OF-PYROLYTIC CARBONS DEPOSITED
IN 3.5-CM=DIAMETER COATER
. (Measurements from (002) reflection (CuK,,))

- Bed N ~Lé,ye: Spacing (A.) for Carbon Deposits

" 1;821)9° From 3% CH 4’ From 7% CH, | From 15% CH,
1900 3. 42 3.43 | 3.42
2000 3. 43 3.43 | 3,43
2100 3,42 3,42 |0 3,43
2200 3. 42 3.42 | I
2300 3.42 3.42 342
2400 3,43 3,42 | 3. 42
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Table 16

DENSITIES OF CARBONS DEPOSITED AT 1900° TO 2400°C
FROM METHANE IN A 3. 5-CM-DIAMETER COATER

Terzgi':sure Density (g/’crh?’) of Carbon Deposited
(O,C) ~From 3% CHy | From. 7% CHy [:From 15% CHy4
1900 1.97, 1.97% S1.68 - | 1,61
2000 . 202, 2.022 1.78 1. 67
2100 2.02, 2.03% | 1.91 L9
2200 2.06 |- 1.93 Cemee
2300 2,08 1.90 1. 77
2400 2. 09 2.1z 1. 89

a .
= Duplicate runs.

Table 17

APPARENT CRYSTALLITE SIZE; L., FOR PYROLYTIC CARBONS
‘DEPOSITED FROM 3%, 7%, AND 15% METHANE AT 1900 TO
: 2400°C IN A 3.5-CM-DIAMETER COATER

Temperature L. (4&.) of Carbon Deposited

of Bed - ol ‘

(QC) E rong 5%. CH4 From ?‘70 CH4 From 15% CH4
1900 102, 115, 1032 b4 ‘ 54

2000 : 124 ' 76 54

2100 134, 1282 102 . 80

2200 © 154 107 : -—

2300 . 135 118 ‘ 100

2400 168 161 115

a L
=—Duplicate runs,
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to isotropic structure occurs for various combinations of bed temperature
and methane concentration. These data, together with metallographic
results, were used to construct the schematic diagram shown in Fig. 32.
This diagram shows that low methane concentrations and high temperatures
favor the granular deposits and that for a given methane concentration and
bed temperature, the granular deposits are most likely to form when small
surface areas are used. These results are consistent with results previously
reported for a 2. 5-cm-diameter coater and lower deposition temperatures.

Metallographic examination of the carbons deposited from 3% methane
shows a decrease in grain size™ with increasing temperature and a gradual
increase in anisotropy (Fig. 33). As the anisotropy increases (with
deposition temperature), the granular structure becomes obscure and the
deposits take on a laminar appearance. Distinctly laminar structures
deposited at 2000°C from 2. 7% methane in a 6. 3-cm-diameter coater were
observed in earlier work, (1)

Mechanical Properties of Pyrolytic Carbons

Measurements have been made of the mechanical properties of
pyrolytic carbon deposited in a 3. 5-cm-diameter coater between 1900 and
2400°C from helium containing 3%, 7%, and 15% methane, using a charge
of 70 g of 300 to 420 p diameter UC; partlcles (initial surface area
1140 cm?2) and a total flow rate of 18, 000 cm 3 /min. Coating rates and
efficiencies are reported in Tables 12 and 13. The samples had micro-
structures that cover the transition from isotropic to granular and included
a range of granular structures of different densities and anisotropies. In
several samples, the microstructure was granular at the start of the
ccating run but turned to isotropic before the end of the run. In such cases,
extra sets of mechanical-property samples were made and a series of
bend tests was made with either the granular or the isotropic face of the
sample in tension.

All the samples deposited from 3% methane had fully granular
structures. The densities and anisotropies increased steadily with
deposition temperature (see the section on the structure of pyrolytic
carbons deposited above 1900° C). The mechanical properties (mean and
maximum flexural elastic modulus, fracture stress, and fracture strain)
are plotted in Fig. 34. The error bands on the figure refer to the standard
deviation of the determinations. There were no significant differences
between the properties of samples tested with the inside of the deposit in
tension and those tested with the outside in tension. There is a systematic

ole
S

These grains are those visible metallographically using polarized
light and should not be confused with the apparent crystallite size measured
by X-ray diffraction.
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increase in elastic modulus, fracture stress, and fracture strain as the
deposition temperature.increases. This is probably caused by the parallel
increase in density and anisotropy over the same deposition temperature
range. '

The mechanical properties of carbons deposited from 7% methane
are shown as a function of deposition temperature in Fig. 35. Of this
group of samples, the microstructure of samples deposited at 19000C was
fully isotropic, while that of samples deposited at 2400 C was fully granular,
The remainder had a mixed microstructure, with a granular microstructure
on the inside changing to an isotropic structure at the outside of the deposit.
Nevertheless, there was no systematic difference in properties according
to whether the inside or the outside of the deposit was stressed in tension.
The elastic moduli of the samples with isotropic or mixed microstructures
showed a gradual decrease with increasing temperature, whereas the
fracture stress remained approximately constant. Both the modulus and
the fracture stress of the fully granular structure were much lower than
those of the isotropic or ml_xed structures.

Of the samples prepared from 15% methane those made at 1900o
and 2000°C were fully isotropic and the rest contained a transition from
granular to isotropic microstructure. The elastic modulus and fracture
stress showed a steady decrease with increasing deposition temperature,
while the fracture strain remained approximately constant (see Fig. 36).

The dependence of the mean modulus, fracture stress, and fracture
strain on the deposition temperature and methane partial pressure is
shown in the form of three-dimensional plots in Fig., 37, together with an
indication of the microstructure of each of the sample groups tested.
Several conclusions may be drawni:: Among samples with a purely granular
microstructure, the modulus, fracture stress, and fracture strain increase
with increasing deposition.temperature, the increase corresponding to
increases in density and anisotropy and a decrease in grain size. The
occurrence of very low moduli (1 to 1.3 X 106 psi) and fracture stresses
(15 to 20 x 103 psi) seems to be limited to a narrow band of coarse-grained,
low-anisotropy, granular structures. The fine-grained granular material
that forms immediately after the transition from the isotropic microstructure
has the same strength (30 x 103 psi) as the isotropic structures, as shown
by tests where samples with.a. transition micpostructure were tested with
either the inside or the outside of the deposit in tension. Among the
isotropic and transition structures there is a slight decrease in modulus
and fracture stress with increasing deposition temperature. It is interesting
to note that the surfaces representing mechanical properties versus
deposition temperature and methane pressure (Fig. 37) form almost con-
tinuous extensions of the surfaces based on samples made at lower tem-
peratures in a different (2. 5-cm-diameter) coater.
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This work has been summarized in a topical repdrt entitled "'Structure
and lgro'perties ofOPyrolytic Carbon Prepared in a Fluidized Bed Between
1900°C, and 2400 C. "(15)

Effect of Structure on the Thermal Conductivity of Pyrolytic Carbons

The thermal diffusivities of the carbons described in the preceding
section have been measured in a direction perpendicular to the deposition
plane using the flash technique described in an earlier section of this
report, From these data, the thermal conductivities were calculated using
measured densities and a specific heat of 0, 25 cal/g-OC. These results,
which are presented in Table 18, show that the carbons deposited from 15%
methane have higher thermal conductivities than the granular deposits.
formed from 3% methane. The gradual decrease in thermal conductivity
with increasing deposition temperature for the carbons deposited from 3%
methane is most likely due to the increase in anisotropy in this series.

Table 18

ROOM-TEMPERATURE THERMAT, COI(;IDUC"I‘IVI(;I‘Yé (CAL/ CM-SEC-OC)
OF CARBONS DEPOSITED AT 1900° TO 2400 C FROM METHANE
IN A 3.5-CM-DIAMETER COATER

Tex:fp(;z;zture Thermal Conductivities for Carbon Deposited
(°c) From 3% CHy | From 7% CH, | From 15% CHy
1900 1. 7x107% 2. 1x107° 3. 0x107%

-2 -2 -2
2000 1. 6x10 2.6x10 2. 4x10
2100 1. 6x1072 2. 4x10°% 4. 1x10°%

‘ -2 -2 .

2200 1.2x10 3.3x10 -

-2 -2 Y a2
2300 1.4x10 2.2x10 3. 0%10
2400 1. 4x107% 1. 6x107% 3. 4x107 %

2 Calculated from the thermal diffusivity using a specific
heat of 0. 25 cal/g- C.
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IVv. DIFFUSION OF THORIUM IN PYROLYTIC CARBON
H. K. Lonsdale, J. Graves

INTRODUCTION

‘The study of the diffusion and solubility of the actinide metals in
various forms of carbon was begunin earnest over a decade ago, (1) and
in the intervening period a number of additional studies, both direct and

indirect, have been made({2-7) A detailed comparison of the early researches

of Loftness(l) and of Loch, -Gambino, and Duckworth(2) on the diffusion of
uranium in polycrystalline graphites shows that while the calcilated diffu-
sion coefficients are in qualitative agreement, the activation energies for
diffusion differ by a sizeable amount. Further.morie, the concentration levels
expressed in units of weight of uranium per unit volurifle of grafjhite are
grossly different, even though uranium dicarbide was used as the uranium
source in both. studies. From these studies, as well as"from experiments
involving diffusion of thorium and uranium through pyrolytic carbons, (6)(7)
it would appear that one or more important experimental parameters have
not been defined or controlled, and that diffusion in these materials is a
rather complex phenomenon, being at least as dependent on details of
microstructure as:other transport properties such as electrical and thermal
conductivity,

Wolfe, McKenzie, and Borg(3) (referred-to henceforth.as. WMB).were
apparently the first to reduce the number of variables in the diffusion

. experiments involving metals in carbon by using a pyrolytic carbon of well-
defined microstructure and performing tracer-level experiments. Their
work demonstrated that the extreme anisotropy of one type of pyrolytic
carbon--columnar pyrolytic carbon--is manifested in the rate of diffusion
of metal atoms parallel as compared with perpendicular to the plane of
deposition. They also demonstrated that thorium and uranium have
measurably different diffusion coefficients in this material.

A number of questions remain to be answered, however, before one
can predict metal diffusion coefficients in a given carbon with any confidence.
Among the important variables are the nature and concentration of the metal
species or the presence of other species; the microstructure of the carbon
or graphite, including specifically the degree of orientation and average
crystallite size; the time of observation, if the structure tends to change
with time; the presence of neutron or fission-fragment flux; the orientation
of the layer planes with respect to the source of the diffusion species; and
temperature. Evans, Stiegler, and Truitt(4) (referred to henceforth as
EST) have addressed themselves to some of these problems, including the
importance of the concentration of the diffusing species.
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The present study is aimed at determining the effect of the structure
of pyrolytic carbon on the diffusion rates of thorium. This portion of the
general problem has particular practical significance in that pyrolytic-
carbon-coated uranium/thorium carbide fuels as prepared in this and other
laboratories have shown wide variations in their resistance to the migration
of fuel through their coatings, and these variations have been traced to.
the nature of the coating and ultimately to its microstructure. Furthermore,
the effects of irradiation are also microstructural in nature, and the study
of the dependence of diffusion coefficients on structure may have relevance
to the problem of the irradiation stability of pyrolytic-carbon coatings.

EXPERIMENTAL

All experiments were carried out with thorium at a very low concen-
tration level, and diffusion coefficients were measured only perpendicular
to the plane of deposition. The important differences between this study
and previous studies are that the pyrolytic-carbon diffusion samples have
been well characterized microstructurally, and that the samples contained
no exposed edges of layer planes. In previous diffusion studies on pyrolytic
carbons (excluding studies with coated particles), the carbon specimens .
have been machined from a flat or nearly flat plate of commercially
deposited carbon. In the study of diffusion perpendicular to the plane of
deposition, these measurements suffered from the fact that the rag
diffusion of the impurity atoms over the surface of the. spec1mens( ). served
to create a source for diffusion parallel to the layer planes, which are.
generally aligned with the plane of deposition, in the early stages of the
diffusion anneal.

As WMB have pointed out, the diffusion coefficient parallel to the
layer planes is two to three orders of magnitude greater than that per-
pendicular to the planes, depending on the temperature and the nature of
the diffusing species, so it is difficult to carry out a diffusion anneal in
which the diffusion "'parallel' does not interfere with or completely mask -
the diffusion '"perpendicular."

The specimens used in the present study were prepared by applying
a pyrolytic-carbon deposit under well-defined conditions to graphite disks,
nominally 1/16 in. thick by 5/16 in. in diameter, in a fluidized bed, *
Normally, 12 to 20 such disks were coated in a single run; then the pro-
perties of the set were determined from a representative sample, and the
remainder were used for diffusion anneals. There was a small amount of

s :
Uranium dicarbide microspheres were coated simultaneously and
the diffusion specimens may have contained a .trace of uranium; none was
detected by o -counting, however,
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non-uniformity in the structure of the specimens prepared by this procedure.
This non-uniformity was present across the thickness of the deposit on

each specimen and was caused by the dependence of carbon structure on -
the size of the charge in the fluidized bed, as has been discussed previously
by Bokros and others. (9) On the basis of these prev1ous studles the

effect is believed to be small.

A total of three different types of pyrolytic-carbon coatings were
studied. In the terminology of the present report, they are known as
granular, isotropic or random, and laminar pyrolytic carbons. A summary
of the coating variables which have been found to be important in deter-
mining the structure, along with certain physical properties of these
materials, is given in Table 1, The variables usedin this table and the
relationships between coating conditions and the microstructure of the
deposits are discussed elsewhere in this annual report and in the previous
annual report in this series. (?) An depnsits were made from methane
gas in a helium stream at 1 atm pfessure. In all instances, the carbon
deposits were not absolutely flat, but were enlarged at the edges so that
the thickness of the specimens at their axial center was unifarmly less
than that at the edges. All spectimens were therefore polished flat and with
the faces plane-parallel to +3 u before the diffusion anneals. In the pro-
cess, a secondary carbon deposit, which was present on the periphery
of some of the specimens, was removed. In the case of the granular and
isotropic carbons, the diffusion anneals were carried out at temperatures
not exceeding the deposition temperature, and there was no change in
physical properties brought about by the diffusion anneals. This was not
the case for the laminar pyrolytic carbons, which can only be prepared
at relatively low temperatures. These samples were therefore preannealed
(in the absence of any thorium) at a temperature in excess of any of the
subsequent diffusion anneals. The preannealing conditions and the effect
on the apparent crystallite size, L., are given in Table 1. ‘

Photomicrographs of cross sections of coated disks and particles
prepared in the fluidized bed are shown in Fig. 1. The samples shown
are typical of the three kinds of carbon used, but they are not among the
actual samples used in this study. All the carbon deposits were approxi-
mately 100 p thick.

Except for the method of preparing samples, the experimental
technique was quite similar to that developed by WMB, who generously
communicated the procedure to us before publishing it. Th¢8 was used
as the tracer in-all experiments, This .nuclide. has a half life of 1.91 yr
and is normally in secular equilibrium with four a-emitting daughters.
The decay chain is indicated below. The material was procured from the
Radiochemical Centre at Amersham, England, in the form of an HCI
solution containing approx1mate1y 7 [J,g of thorium (Th23 ).as a carrier
for approximately 2 mciof Th¢ o



Table 1

SUMMARY OF DEPOSITION CONDITIONS AND PROPERTIES OF PYROLYTIC CARBONS USED IN STUDY®

Deposition | Charge L Preanneal | Preanneal | L. After
Graphite Sample T%mp. Size |CHy4 | Coating Rate| Contact Time | Density | Anisotropy § Teomp. Time Preanneal
Tygpe Number {"C) (cmz) (%) (u/cm) (sec) (g/cm3) Factor (A) {C) (hr) (A)
Granular| 2812-9N 1900 1140 3 37 0. 06 1.98 I3 110 ———- ——— --
Isotropic| 2703-47N 2000 800 15 63 0. 15 1.94 1.0 125 - ——-- --
|
Isotropic| 3023-37N 2000 | 800 15 60 0.15 2.12 1.3-1.4 |170 -—-- - --
|
Laminar | 2511-107N 1350 | 400 28 21 0.2 ! 1.6 37 1970 lé 76
Lam:nar | 2701-13N 1350 | 400 |28 14 0.2 1.96 2.0 39 | 1985 5.3 98
i
Laminar { 2701-103N/ 1400 | 400 40 23 0.2 25 12 129 43 2000 24 76

ESpecimens were prepared by J. Chin and the physical properties of the pyrolytic carbons were measured by J. Bokros and W.. Ellis,

all of this Laboratory.

The isotropic carbon 3023-37N appears to have properties which are rather similar to those of granular carbon.

Howzver, as viewed in the microscope it had a clearly different microstructure, typical of those referred to as isotropic.

6L



‘ L ’, . ‘ ‘ 3 . :
M-6970 200X M-6969 200x
(a)

M-6262 200x M-6337 200%
(b)

M-6763 ' 200% M-6764 200%
(<)

Fig. 1--Typical microstructures deposited on particles and disks

in a 2. 5-cm-diameter coater: (a) granular structure deposited

from 3.8% CHy at 1700 °C with initial charge of 130 cm?; (b) isotropic

structure deposited from 40% CH4 at 1925°C with initial charge

of 400 cmz; (c) laminar structure deposited from 11% CHy at 1350°C
with initial charge of 2000 cm
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The diffusion samples were prepared by evaporating a very small
amount of the Th228 solution onto one face of a polished carbon disk. About
0. 01 to 0. 02 uc of Th228 was deposited on each specimen, which amounted
to approximately 50, 000 cpm in a 27 a-counter. On the basis of 1 ug of
thorium carrier in the Th228 solution and the assumption that the thorium
was uniformly distributed in the pyrolytic carbon of the specimen, the
atom fraction of thorium was less than 10-10, Following a diffusion anneal,
the atom fraction probably never exceeded 10~ 8 in any portlon of the
specimen; this is discussed in more detail below.

The diffusion anneals were carried out in pairs in a vacuum resistance-
heated furnace., A drawing of the furnace is shown in Fig. 2. The residual
pressure in the furnace during the anneal was ~2 X 10-3 mm Hg. Heat-up
and cool-down times were usually quite short in comparison with the
annealing time; the shortest anneals were 4 hr in duration. The tem-
perature was sensed with a Radiamatic radiation pyrometer (Minneapolis
Honeywell Type RI-3), which was focused on the graphite container holding
the samples and not directly on the samples themselves. The temperature
of the samples was read through an opening in the lid of the sample container
which was an effective hohlraum and through a Pyrex window with a Leeds
and Northrop Model 8622-C optical pyrometer. The optical pyrometer and
window were calibrated periodically against a National Bureau of Standards
secondary standard (tungsten filament lamp). In every case but one (a
diffusion measurement in porous graphite discussed below), the calibration
did not change significantly with time, indicating that darkening of the window
due to graphite vaporization during the anneals was not a problem. After
bringing the sample to temperature with manual increase in the power
settings, the temperature was read with the optical pyrometer, the radiation
pyrometer was put in position, and the power supply to the furnace was
switched to automatic control,

A Barber-Coleman MMC controller was used, and temperature cycling
during an anneal was less than £2°C. At the end of each anneal the furnace
was switched back to manual operation, and the temperature was again read
with the optical pyrometer. In almaost all cases the initial and final readings
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did not differ S1gn1f1cant1y The accuracy of the temperature assignment
is estimated to be +5° to 10° C, with the uncertamty increasing with
increasing temperature. :

Following an anneal, a sample was prepared for sectioning by gluing
it to a piston and turning off the pyrolytic carbon on the sample edge with
a lathe, The purpose of this step was to eliminate Th228 from the sample
edges, the presence of which would provide a spurious background as the
sample was sectioned.. The steps taken to prepare the sample for annealing
and later for sectioning are indicated in Fig. 3.

The samples were stored for 2 to 3 weeks between annealing and
sectioning in order to restore secular equilibrium in the decay chain.
During the diffusion anneal the radium and radon daughters were undoubtedly
volatilized to some extent from the specimen, and there may well have
been diffusion of radium and other daughters into the carbon specimen in
advance of the thorium diffusion, as was found by WMB. After a period of
several half-lives of 3. 6-day Ra224, ‘the total activity in the sample
increased approximately fivefold as the equilibrium was re-established
and the daughters present before and immediately after the anneal completely
decayed away.

Samples were sectioned by abrasion on fine (4/0) emery paper which
was supported by a granite flat as depicted in Fig. 4. The piston with the
sample to be sectioned was placed in the lapping jig, which was inverted
with respect to its orientation in the photograph. A lead weight was added
to the piston to supply a constant loading on the sample as the sample was
pushed across the emery paper. Pressures of approximately 80 to 200 psi
were applied to the sample, depending on the hardness of the pyrolytic
carbon and on the thickness of cut desired. ’

‘ The length of the carbon strip formed by abrasion of the carbon
section on the emery paper was made uniform with '""stops' on the granite
flat. In a 9-in. strip, on the order of 1 p of carbon was removed from the
sample. To prevent smearing, a portion of the base of the lapping device
was machined off so that the base did not pass indirectly over the carbon
strip. Only the sample touched the emery paper along the line of sectioning.

Before each sectioning step, the relative sample thickness was
measured with a Mauser dial indicator (Model No, 658) calibrated in
0. 00005 in. (1.27 ) which could be read to 0, 00001 in. (0.25 p) with
interpolation. However, the reproducibility of successive readings was
probably not better than 0.5 u.

After the sampie'was sectioned, the emeryv paper w_as cut up to
divide the carbon strips into six segments of equal length. - These segments
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of paper were then counted directly in an a@-counter (Nuclear Measurements
Corporation Model PC-3B). A counting plateau for the a particles in the
Th228 decay chain was found to extend from 1000 to 1300 v; all counting
was done at a potential of 1150 v.

During the course of counting these emery paper samples, the back-
ground in the @ -counting chamber increased, presumably owing to the
release of a small amount of Rn220 from the samples and the deposition
of Pb212 on the chamber walls. This problem was circumvented by purging
the chamber at a high rate, by checking the background often, and by count-
ing the least concentrated samples first. Following a series of counts, the
excess background was observed to decay with approximately the 10, 6-hr
half-life of Pb212, Samples were generally counted until at least 1000 total
counts were recorded. Count rates of 10 cpm above background were
considered significant for calculational purposes.

The technique of counting the Th228 in the pyrolytic carbon while it
is embedded within the emery paper does not lead to a significant error
in the calculated diffusion coefficients. The several o particles in the
Th228 decay chain vary in energy from about 5.4 to 8. 8 Mev. The range
of these a particles in the emery paper particulate matter (Al,0O3) is 5. 4
to 12 mg/cmz., or 14 to 30 u; however, the face of the paper contains
perhaps 50% voids, so this range should be nearly doubled. Even if one
assumes that the pores are completely filled with carbon of density 2. 0,
this calculated range should be increased. The maximum particle
diameter in this paper is 12 4, so except for the lowest energy a particles
emitted at large angles from the vertical, the attenuation is not severe.
More important, the attenuation should be nearly the same on a relative
basis for all specimens,

The raw counting data were converted to units proportional to con-
centration by dividing by the thickness of the sample represented by the
carbon strip. For a given sample the diameter is the same for all speci-
mens (carbon strips), and a uniform rate of removal of carbon along the
emery paper has been assumed. Thus, relative concentrations are
expressed in terms of net cpm/u. All the data reduction was carried out
on the IBM-7044 computer.

RESULTS AND DISCUSSION

Diffusion in Pyrolytic Carbons

Concentration Profiles and Diffusion Coefficients

Because of the uncertainty in the expected diffusion coefficients, it
was impossible to preselect the annealing conditions which would result
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in a penetration distance comparable in magnitude to, but never exceeding,
the coating thickness. Thus, all the experiments with the isotropic and
laminar samples were carried out twice. In the first attempt, the annealing
conditions were conservative and the penetration distances were generally
too small to give accurate results. Since some of the initial results
obtained with these two pyrolytic carbons have been reported previously(lo)
and the data are less reliable than subsequent results reported below,
they are not repeated here.

There are, however, no inconsistencies of a qualitative nature between
the initial measurements and the later, more refined measurements.
Therefore, in the discussion to follow, only three sets of pyrolytic-carbon
samples will be included: the granular carbon 2812-9N; the isotropic
carbon 3023-37N; and the laminar carbon 2701-103N (see Table 1).

Some typical relative concentration plots are presented in Figs. 5, 6,
and 7. Concentrations are expressed in units of net counts-per-minute
per micron of thickness. The solution to Fick's law for an instantaneous
plane source diffusing into a semi-infinite slab is given by(ll)

S —x2
2(wDt)?

where C is the concentration of the impurity species at distance x, and

S is the source strength, i.e., the total amount of impurity species deposited
per cm2, One can calculate the diffusion coefficient, D, from the slope of
these curves and the annealing time, t. An effect which was observed in

a number of the concentration profiles was a surface concentration which

was anomalously high relative to the intercept value. The high-surface-
concentration data points were not used in calculating the diffusion
coefficients,

A summary of the annealing conditions and the calculated diffusion
coefficients is given in Table 2. Runs 22-27 were carried out with the
granular pyrolytic carbon, runs 28-32 with the isotropic carbon, and runs
33-37 with the laminar carbon.

These results are plotted in typical Arrhenius fashion in Figs. 8,9,

and 10, and a summary of D, and Q values, computed by fitting the diffusion
coefficient data to the phenomenological equation

D = D_ exp (i%) (2)

is presented in Table 3. Two points, runs 29-2 and 36-1, have been omitted
from the figures and from the least-squares fit tothe data because they
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‘ Table 2
ANNEALING CONDITIONS AND THORIUM TRACER DIFFUSION

COEFFICIENTS IN PYROLYTIC CARBON

Annealing |- Annealing D
Temp. Time 104/ T 1
Sample No. °c) (hr) (°K) |(cm?/sec)
22-1 1734 121.4 | 4.98 |2.0x107%
22-2 1734 121, 4 1,98 |2.0%107 ]
23-1 1804 24. 0 4,81 |1.2x10_ .
23-2 1804 24.0 4.81 | 7.7x10_ ]
24-1 1875 17. 0 4,66 |3.3x107 )
24-2 1875 17.0 4,66 |2.3x10" 0
26=1 1975 16, 0 4,45 [1.2x107),
26-2 1975 16. 0 4.45 |6.8x10_ .
27-2 1660 262 5.17 |3.3x10°]
28-1 1840 16.6 | 4.73 |1.8x10_
28-2 1840 16. 6 4.73 |2.3x10°
29-1 1750 24. 0 4.94 |3.6x10" 3
29-2 1750 24,0 4,94 |8.8x10_ o
30-1 1925 6. 4 4.55 |1.3x10_
30-2 1925 6. 4 4.55 |6.3x107
31-1 1630 240, 2 5.26 | 8.5x10_ )
31-2 1630 240. 2 5.26 |2.2¢107 7
3241 1715 72, 0 5,03 5,1x10:12
32-2 1715 72. 0 5.03 |5.2x10
33-1 1930 16,0 4,54 |2.6x10 1;
33-2 1930 16. 0 4.54 |1.2x10715
34-1 1850 42,1 4.71 |6.2x10° J
34-2 1850 42. 1 4701 |1.1x107 5
35-1 1985 4.0 4.43 |5, 0x107 ]
35-2 1985 4.0 4.43 |1.5x10_
36-1 1770 93,0 4.88 |2.0x1071%
362 . 1770 93. 0 4.88 |1.8x10_
37-1 . 1680 263. 6 5.12 2. 8x10°
37-2 1680 263. 6 5.12 |2.9x10




_ _ Table 3 A
Q AND D VALUES FOR THORIUM DlFFUSION IN PYROLYTIC CARBONS
P 'l;c Anisotropy : Q L . . D, D at 2000°K Percent
Material/Reference (g/cm3)| (A) Factor (kcal/mole)| (cm2/sec) (cmz/ sec) "Error
Columnar (c), WME 2.20 | 150 | 6-7% 1147 +3 2.5 | 7.2xio”?? 5
Columnar (c), EST 2.20 150 6-72 . 60.8 - 3. 2><10-5 7. 5,210—12 Not reported
Granular/p'resent s,tudy 1.98 110 1.3 152 %8 o '?:.'1x104v 1 1. 7x10—12. 21
(2812-9N) o | s : o , _
- ' _ ' S _ 1 :
Isotropic/present study 2.12 170 1.3-1.4 114 =11 - 15.5 5.3x10 2 36
(3023-37N) - : - .
' . o ’ . 4 . -1 .
Laminar/present study 2.12 76 1.9 157 11+ 1.2x10° " -~ 7.0x10. 4 33
(2701-103N) ' o o ,
Columnar (a), WMB 2.20 | 150 | 6-7% 145 +3 1. 3x10° 1, 7x10" 11

2 pstimatad by J. Bokros ofthis Laboratory from a sample of the WMB material.

e
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deviate markedly from the remainder of the results. Also presented in
Table 3 are results reported by WMB and by EST on thorium diffusion in
commercially prepared samples of columnar pyrolytic carbon. The last
entry in Table 3 refers to the work of WMB on the diffusion parallel to the
plane of deposition, i.e., D <a>, while all the other entries refer to diffusion
perpendicular to the plane of deposition, i.e., D <c>, The uncertainties
presented for the present Q results represent standard deviations. Also,

the d1ffu31on coefficient is presented at an arbitrarily selected temperature
of 2000°C from these séveral studies. The final column in Table 3 refers

to the average of the absolute deviations of the observed diffusion coefficients
from the least-squares fit to the data.

The study ca.rr'idd out by EST wao at low, but not tracer-level,
thorium concentrations. . The discrepancy between the EST and the WMB
results on presumably similar pyrolytic carbons hasnot yet been completely
resolved, but it has been suggested(12) that the large difference in concen~
trations in the two sets of experiments is responsible,

The scatter in the present results is significantly greater than that
found by‘WMB for thorium diffusion. However, their uranium diffusion
results have an error of 25% associated with them and uncertainties of this
magnitude for diffusion coefficients are not alarming. On the other hand
the large range of values found for Q and D, is surprising.

The results of these several investigations are plotted in Fig. 11 for
purposes of comparison. Taking into account the uncertainties in the
present results, one can conclude that tracer-level thorium dlffusmn in the
isotropic carbon is significantly higher, at least below.2000 K than that
in the granular carbon. The activation energy is also significantly different,
but in the opposite sense, so at approx1mate1y 2000 C the diffusion coefficients
in these two materials could be expected to be the same. The most striking
differences, however, exist between the granular or isotropic carbons and
the laminar carbon. Over the temperature range studied, the diffusion
coefficient in the laminar carbon was a relatively constant factor of 25
smaller than that in the granular carbons and was 30 to 100 -times smaller
than the diffusion coefficient in the isotropic carbton.

Sutface Concentrations and '"Solubilities'

The high surface concentrations found on some of the specimens
deserve further comment, For those speéimens in which this effect was
observed, the assumption of an instantaneous source of thorium is clearly
not justified if, as seems probable, the high surface a-activity is due to
Th228 and its daughters. In' some of these cases, the true thorium source
was probably time-dependent.owing to losses due to surface diffusion and
the diffusion within the sample. However; in some of the samples, the
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surface concentration always exceeded that in the interior of the sample,
and the constant-source solution to the diffusion problem applie‘s:(1 1)

c _ x
C—O—erfc2 =T - . (3)

In this expression Cp is the constant concentration of impurity species
in the sample at the boundary. One can only speculate about the time-
dependence of the thorium source in those samples which did not show high
surface concentrations.: Perhaps in those samples also.the surface con-
centration initially exceeded the ''limiting" concentratibr_; within the sample
but at the conclusion of those diffusion anneals the strength of the source
had decayed via diffusion below this concentration. For those cases in
which the surface concentration exceeded the value of the intercept on a
concentration versus distance plot, the diffusion coefficients should have
been derived by solving the complementary-error-function solution. When
plotted against the square of the penetration distance on semilogarithm
paper, this function gives a curve which is concave when viewed from the
high concentration side. Our results did not, in ’general, have this shape,
so our treatment of the results in terms of Eq. (1) is at least partly justified.
Furthermore, given the same set of experimental concentrations versus
distance data, the diffusion coefficients calculated by forcing a fit to either
the exponential or the error function solutions do not differ greatly in the
concentration range 0. 01 <C/C0<1.

It is interesting to note at this;;‘)oint that WMB also found anomalously
high surface concentrations following their diffusion anneals with Nib3 and
Agllom tracers. Neither of these nuclides is available in carrier-free
form, and WMB conclude that their samples were saturated with nickel
or silver in these experiments by the small amount of carrier. (The
experiments of WMB with Th228 and U232 were carried out with carrier-
free sources and in those specimens they found no surface anomalies. ) A
further parallel between the WMB nickel and silver experiments and the
present thorium experiments is that the WMB concentration profiles did
not have the expected shape of the complementary-error-function solution
to the constant potential diffusion problem (in fact, any deviations in their
data are in the opposite sense) and they treated their data with the
instantaneous source solution. '
. . . (13) . . .
In a recent publication, Hennig reports some diffusion experiments
involving boron in single crystals of graphite. At relatively high concen-
trations (10'2 to 1 atom-%),he also finds an excessively high concentration
of boron "within a few microns of the crystal edge, ! which apparently did
not occur at lower concentrations. Hennig attributed this result.to
"abnormal diffusion. " ' : '

%
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We believe that there is some significance to these high surface
concentrations which appear in diffusion experiments with carbons and
graphite. One can estimate the surface concentrations of nickel and silver
in the experiments of WMB from the data in their report. Making some
reasonable assumptions about B- and y-counting efficiencies, knowing the
range of the respective B and y rays, using the reported sample dimensions
reduced somewhat for the removal of edges, and taking the specific activity
of Ni63 and Agll0m from the ORNL Catalog of Radio and Stable Isotopes
distributed by the Isotopes Development Center, we calculate a concen-
tration of approximately 4 x 1014 and 2 x 1014 atoms of nickel and silver,
respectively, per crn3 of carbon. These are the intercept or ''saturation
concentrations, and they correspond to atom fractions of 4 and 2 x 10-9,
respectlvely

: : o 228 , .

In our experiments with Th , the thorium source contained a small
amount of carrier, and we have estimated the intercept values of thorium
concentration, Css in our specimens. The numbers show some trends
with annealing conditions (higher Dt values are associated with lower C
values) and with carbon type (the laminar carbons had the highest C  and
they did not, in general, appear to be saturated with thorium). However,
most of the data fell in the range 1 to 4 x 1014 atomS',/'cm3A, about the same
values we have calculated from the WMB data for nickel and silver. There
is no good reason why.these two sets of values should agree in view of the
difference in the carbons and in the impurity species.

One can only speculate as to the nature of this "solubility, ' Itis
generally believed that only boron dissolves in carbon substitutionally and,
according to theoretical calculations, (14, 15) j¢ appears very unlikely that
other atoms will dissolve even.interstitially, We believe that the small,
observed limiting concentration values represent some accessible defect
concentration. This concentration is much lower than that which would
be calculated by assuming that the impurity species filled all the free
volume in the carbon or that the impurity species was adsorbed in a mono-
layer on all the crystallites if they were assumed to be 100- A cubes. For
example, a defect density of 10- 9 corresponds roughly to the density
represented by the surface area of the cone boundaries in the columnar
pyrolytic carbons. These boundaries are spaced on the order of a milli-
meter apart. This observation may not be superfluous since both WMB
and EST report finding, by autoradiography, the diffused species concen-
trated along the cone boundaries.

The high levels of metal atoms at the surface can be attributed to a
surface effect such as chemisorption. All the experiments of EST were
carried out with relafilvely strong thorium and uranium sources, and from
their tabulations one may calculate that they find impurity concentrations
on the order of 1 mg/em3 (~2.6 x 1018 atoms/cm3)--orders of magnitude
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larger than the limiting concentrations estimated above. EST also found
that their calculated diffusion coefficients were time dependent. Assuming
that the microcracks found in the carbon specimens were not significant
sinks for diffusion, these several observations can be reconciled by further
assuming that the carbon structure is also time dependent in the presence
of large concentrations of a metal impurity, The catalytic recrystallization
of graphite with nickel, boron, and uranium has been-suggested, * as has,
recently, (6, 7) the crystallization of pyrolytic carbon into graphite in the
presence of uranium or thorium. It is possible that ih the presence of

a strong source of uranium or thorium, the carbons in the EST study
underwent at least a partial solid-state transformation to graphite and that
the high concentrations they observed were due to chemisorption on cry-
stallite surfaces or a real, low-level, substitutional solubility in graphite
at high temperatures. In the absence of a strong source, no transformation
occurs in the carbons and the observed limiting solubilities represent
accessible defect concentrations. '

Both EST and WMB report that on annealing their.carbons at tem-
peratures above 300096, the microstructure virtually disappeared and the
diffusion coefficient for impurity atoms dropped precipitously, From
Fig. 28 of Ref, 3 (by WMB), it appears that the ''solubility" of nickel in
the annealed carbon also decreased, although not to the same extent.
These observations are compatible with the assumed model of a defect- .
type solubility,

Comparison With the Model of WMB -

WMB have discussed in some detall the pre-exponential factor D
in terms of the diffusion mechanism in columnar pyrolytic carbon. Accord-
ing to the absolute reaction-rate theory, T D, in Eq. (2) is given by

2. asy) .
Do = a,o v exXp (R > ;o . (4:)

where a, is the atomic jump distance, v is the jump frequency, and AS can
be considered the entropy of activation for the diffusion process. WMB
have observed that the values of both D and D for diffusion of several kinds

>=<This phenomenon seems to be generally accepted, but it is only
vaguely described in the literature. See, for example, A.C. Titus,
Proceedings of the Fourth Conference on Carbon, Pergamon Press, New
York, 1960, p. 703; and W. P. Eatherly, et al., in Second Internatianal
Conference on the Peaceful Uses of Atomic Energy, Vol. 15, 1958, p. 389,

T‘See, for example,. P, G. Shewmon, Diffusion in Solids, McGraw-
Hill 'Book Company, New York, 1963, Chapter 2.
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of impurity atoms parallel to the layer planes (actually, parallel to the
plane of deposition) are two to three orders.of magnitude greater than those
for diffusion perpendicular to the planes, while the activation energies

are less variable; in fact, for thorium the activation energy for diffusion
parallel to the planes is less than that for diffusion perpendicular to the
planes (see Table 3). Hennig(13') also finds Q (||) = Q (1) and Dy (||)

>>Dg (1) for the diffusion of boron in graphite single crystals. WMB

argue that the large D, implies a largeojump distance which is of the

order of the crystallite diameter, 150 A. On this basis, the jump distance
perpendicular to the planes is like the diameter of a carbon atom. This
model does not adequately describe the present set of results for diffusion
perpendicular to the planes, wherein the Dy values cover-a wide range

(16 to 7 x 104) and all the values are greater than those reported by WMB
for columnar pyrolytic carbon. The variation in'Dg with the type of carbon
cannot be explained on the basis of differing apparent crystallite sizes,

L., because the range in L. values was not nearly great enough and the
values are not in the right order (see Tables 1 and 3).

The lower activation energy for diffusion in the isotropic carbon
and the similarity between this value and the Q reported by WMB for
diffusion in columnar pyrolytic carbon.in the <c¢> direction suggest that
diffusion in these two materials occurs along similar, relatively high con-
ductivity paths, i.e., grain or cone boundaries. The relatively high Q
values for the granular and laminar carbons suggest that the differences
in the details of microstructure, which are not particularly evident from
the parameters in Tables 1 and 3, play a dominant role. )

We have concluded that the parameters listed donot indicate the
differences in microstructure which are important to diffusion. The
anisotropy factor, for example, gives only the number of crystallites
aligned at a given angle with respect to the plane of deposition; it says
nothing about how these crystallites are aligned with respect to one another.
Further evidence for this conclusion is derived from the fact that the
diffusion coefficients in the laminar samples are even smaller than those
observed by WMB and by EST on columnar carbons which have both a
higher density, 2.20 g/cm3,_ and a higher degree of preferred orientation
(Bacon anisotropy factor estimated to be 6 to 7); Thus, cone boundaries
are important structural imperfections which can effectively provide
short-circuit paths for diffusion in the columnar carbons.

In the carbons of the present study, diffusion again must have occurred
along grain boundaries of some sort (assuming no substitutional or
interstitial solubility), and yet, from the range of Dy and Q values, itis
apparent that these grain boundaries (or the bridges between boundaries)
vary widely as conductivity paths as the carbon microstructure is changed.
This is discussed further below.
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Grain-boundary Diffusion Treatment

In view of the fact that a good deal of evidence points to-a grain-
boundary diffusion mechanism in pyrolytic carbons, it is reasonable to
inspect the solutions to-the grain-boundary diffusion problem which have
been developed in the past fifteen years. ¥ According to these treatments,
for diffusion in a polycrystalline matrix in which the diffusion coefficient
within the grain boundary is much larger than that within the grain, the
logarithm of the relative concentration may be expected to be linear in the
penetration distance raised to the. first powerT instead of the second power.
However, the results of the present study, as well as those of WMB, fit
the "Xz-solutlon” distinctly better than they fit the "Xl-solutlon" or
X /5-solut10n " A suggested reason tor this 1s derived trom an 1n5pect10n
of the grain-boundary diffusion equatlon. The statement of the grain-
boundary diffusion problem is usually given as

' 2
a9C! 8°C' 2D ac>'
—-— =D'—— +— , (5)
ot ryz w ax X0 -

where C' is the concentration at any point y along the grain boundary, Cis
the concentration within a grain, X is the distance from the grain boundary
into the grain itself, w is the width of the grain boundary, and D' and D
are the grain boundary and lattice diffusion coefficients.

According to this model, the equilibrium concentration of the diffusing
substance in the grain boundary is assumed to be the same as that in the
grains; thus, the grain boundaries act.as high conductivity paths which .
supply the diffusing substance to the grains, which are effectively very
. large sinks, The amount of diffusing material contained within the grain
boundaries is thus small compared with that within the grains.

In the case of metal diffusion in pyrolytic carbons, however, we believe
that C and D in Eq. (5) both effectively vanish and the equation reduces to
the simple statement of Fick's second law, the solution to which is con-
tained in Eq. (1) for the present boundary conditions. Stated somewhat
differently, the high conductivity paths in pyrolytic carbons do not feed the
sinks represented by the bulk of the material, and the diffusion occurs in
a straightforward manner along the two-dimensional planes which constitute
the grain boundaries and not within the three-dimensional lattice. The

“A concise review of these treatments through 1955 is given by D.
McLean in Chapter 3 of Grain Boundaries in Metals. (Oxford University
Press, New York, 1957), and the discussion which follows is based on this
chapter. : :
TAccordlng to the later treatment of H. S. Lev1ne and C. J. MacCallum
(J._Appl. Phys. 31, 595 (1960), the proper exponent is 6/5 over a large
portion of the concentration range.
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solution to this problem is the same as the solution to the surface-diffusion
problem and is given essentially by Eg. (1), i.e., the logarithm of the
concentration is linear in the square of the penetration distance.

The large activation energies reported herein and by WMB are not
necessarily inconsistent with a grain-boundary diffusion mechanism.
McLean reports the work of Clausing(16) and that of Langmuir(17) for the
grain-boundary diffusion of thorium in tungsten in which Q (grain boundary) =
90 kcal/mole and Q (lattice) = 120 kcal/mole

Previous studies of the effect of graln-boundary misorientation may
have relevance to the observed large divergence in the diffusion coefficient
of thorium perpendicular to the plane of deposition in the several pyrolytic-
carbon structures, as well as to the extreme anisotropy of diffusion
observed by WMB and EST for diffusion in columnar pyrolytic carbon.
Turnbull and Hoffman(18) have found in their experiments on self-diffusion
in polycrystalline silver that the rate of diffusion along a ''tilt'" boundary
depends on the direction of the boundary with respect to the crystal
orientations. It has also been reported(l9) that the diffusion rates may be
different in different directions along a given boundary. Furthermore, (

Turnbull and Hoffman(18) have analyzed the data of Achter and Smoluchowski 2

for the diffusion of silver along grain boundaries in copper, and have found
- that the ratio of grain-boundary diffusion coefficients for misorientations
of 45° and 18° was 35.

Taken collectively, these results imply that the arrangement of the
defects within a pyrolytic-carbon specimen with respect to one other is
likely to be the dominant factor in determining impurity metal diffusion
rates. Therefore, it does not appear that one can expect a quantitative
microscopic understanding of the diffusion in these carbons either in terms
of D and Q values or in terms of density, apparent crystallite size, and
anisotropy factor. Data on the anisotropy of the thermal conductivity in
these materials would probably not be of particular relevance because
heat is not transported exclusively in the grain boundaries, and therefore
the conductivity is less sensitive to the detailed arrangement of defects.
Perhaps the best one can hope for is a corroboration of the present results
with results for another diffusing species.

Extension of These Results to Other Pyrolytic Carbons

The present diffusion results are consistent with the data reported
by Bokros and Sandefur on the resistance to '"fuel migration'' in pyrolytic~
carbon coatings, (6»7)name1y, that mobility is the smallest in the laminar
carbons. In this regard one might reasonably ask about the ultimate limits
which might be attained. It is possible to deposit laminar pyrolytic carbons
with considerably higher degrees of preferred orientation. However,

0)



104

because of the gross differences in the circumferential and radial thermal
expansion coefficients, these materials tend to delaminate and crack
readily, so théy are not very interesting in practice. (6, 7) At the.other
extreme, the isotropic and granular carbons studied in the present research
were relatively isotropic and the diffusion rates would therefore be expected
to be close to upper limits. These diffusion coefficients are still' smaller
than those reported by WMB for the diffusion of thorium in polycrystalline
graphites or for the diffusion of thorium parallel to the plane of deposition
in columnar pyrolytic carbon. - The anisotropy in diffusion coefficients in
the relatively isotropic carbons of the present study has not yet been
measured.

Diffusion in Porous Graphite

Although it was not originally intended as a-part of this-study, the
diffusion of Th228 in porous graphite was observed in a cursory fashion.
For three samples, the pyrolytic-carbon deposit was completely removed
before depositing the thorium tracer and diffusion annealing.” A summary
of the results-is presented in Table 4, along with some data reported by
EST. Very little is known about the structure of these porous graphites.
The material used in the present.studies was National Carbon Company
Grade ATJ graphite, a fine-grained material with a density of 1. 73 g/cm3;
the graphite used in the ' EST studies was not specified. The data are
interesting mostly because they are in qualitative agreement even though
the two sets of experiments were carried out at grossly different thorium
source strengths, and because the diffusion coefficients are larger by
about an order of magnitude than those found in the 1sotroplc and granular
pyrolytic carbons.

Table 4

SUMMARY OF THORIUM DIFFUSION COEFFICIENTS
IN POROUS GRAPHITES

Annealing
: Temp Annealing Time D :
Sample No. ( C) “(hr) (cmz/sec)
1-1 1950 £50 64 6.1x10°10
4-2 1950 £50 64 2. 8><10'10
5-1 1790 a 8.1 6.4x10
EST 1950 - 5. 4x10" 0;
EST 1790 - 1, 8x10-10=

2 Calculated from Eq. (9) of Ref. 4.
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DISCUSSION OF ERRORS

Of the several contributory errors in the present experiments, the
most serious was in the measurement of the amount of sample removed
during sectioning. This number was used not only in determining the
depth of penetration, but also in calculating the concentration at a given
depth as expressed in the relative concentration parameter, cpm/u. A
very significant factor in the thickness measurement was the temperature
of the piston on which the sample was mounted. The piston changed in
length by 0. 7 u with each °c temperature change, and the temperature
variations brought about by handling the piston undoubtedly led to incorrect
measurements. -About midway through the experiments the procedure-
was changed in.that the piston was manipulated with tongs in order to
reduce temperature and thereby length variations. Nevertheless, we
believe that errors in this measurement were the most serious errors
in the procedure. ‘

For each of the materials under study, one or more ''"blanks'' were
run. In the blank runs the Th228 solution was deposited on one surface
and the sample was then sectioned without any annealing. The tracer A
penetration was about the same for all blank runs--3 to 5 p. This pene-.
tration is probably a measure of the surface roughness of the samples,
which was on too fine a scale to detect with the dial indicator, and/or the
smearing which occurs along the emery paper during sectioning. As such,
it represents a trivial correction to the penetration via diffusion for the
granular and isotropic carbon sarriples However, in some of the laminar
samples the total penetration distance observed after annealing was on the
order of 10 u, and it would appear that a correction might be in order.
However, none of _the concentration profiles for the laminar samples are
anomalously high at small distances, and we have chosen to use the
uncorrected data for calculating the diffusion coefficients.

SUMMARY AND CONCLUSIONS

Using a tracer technique, it has been demonstrated that the diffusion
of thorium and probably, therefore, of other metal impurity atoms in
pyrolytic carbons is strongly structure dependent. The diffusion coefficients
in a laminar pyrolytic carbon perpendicular to the plane of deposition are
about a factor of 25 smaller than those in a granular pyrolytic carbon in
the temperature range 1600° to 2000°C. The results of this study may be
summarized as follows:

7.1 % 10% exp (152, 000/RT) ,
15.5 exp'(-114, 000/RT) ,
1.2 x 104 exp (-157, 000/RT) .

D (granular)
D (isotropic)
- D (laminar)
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The diffusion coefficients in the present type of laminar pyrolytic
carbon are even smaller than those reported by Wolfe, McKenzie, and
Borg(3) and by Evans, Stiegler,and Truitt(4) for thorium diffusion in
columnar pyrolytic carbons, even though the columnar material is con-
siderably more anisotropic.- It is therefore concluded that other structural
parameters, particularly grain boundaries and their arrangement with
respect to one another, play an important role in deterrhining the mobility
of foreign atoms, ‘ '

Some of the questions remaining to be answered in the field of trans--
port of actinides and other metallic impurities in pyrolytic carbons concern -
the effects of the nature and concentration of the impurity atom, the
variation in diffysion-coetfticient parallel to the plane ot deposition with
structure, the effects of irradiation, the "solubility' of impurity atoms as
a function of structure, the microscopic nature of the ''solid solution' of
impurity atoms, and the details of thc transport mechanism in thesée
materials. '
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V. FISSION-PRODUCT RELEASE FROM CARBIDE FUEL SYSTEMS

P. Gethard, C. Adams, R. Precourt, L. Zumwalt

EFFECT OF COATING STRUCTURE ON DIFFUSION OF URANIUM AND
METALLIC FISSION PRODUCTS THROUGH PYROLYTIC CARBON

" In order to obtain information which will help elucidate the mechanism
by which uranium and metallic fission products diffuse in pyrolytic carbon.
disks of U235-impregnated ATJ graphite were coated with several types
of pyrolytic carbon for use in fission-product release studies. The pro-
cedure is to produce fission products in the disks by neutron irradiation.
The concentration gradient of metallic fission products through the coatings
is then measured as a funtction of annealing time and temperature.

The diffusion of uranium is measured by first annealing the samples
and then irradiating them. Measuring the concentration gradient of the
Lal40 fission product then gives the distribution of uranium in the coating
caused by the anneal.

Since earlier experiments indicated the need for assuring parallel
surfaces, (1) the ATJ graphite disks were machined parallel (1. 25 y) prior
to impregnation with U235, After coating the impregnated disks, the flat
surfaces were again machined parallel (x1. 25 p), since the pyrolytic carbon
tends to build up on edges even though they are beveled as they were in
this case. '

The disks (5/16 in. in diameter, 1/16 in. thick) were impregnated
by placing them in a concentrated solution of uranyl nitrate plus nitric
acid and then placing the system under vacuum. About 7% volume impreg-
nation is accomplished this way, and thus the amount of U235 ending up in
the graphite is determined by its concentration in the solutiont The
impregnated disks, each containing 0.1 mg of U233, were dried at 110°C
and finally baked in vacuo at 1015 C for | hr to eliminate all traces of
nitrate.

Three types of pyrolytic coatings were deposited on the impregnated
disks (see Table l). Using the TRIGA reactor King furnace, the steady-
state release of fission gases was measured from one disk at 1200°C. The
data obtained are shown in Table 2. As in the preliminary experiments,
the release is relatively high in comparison with the release measured for
coated fuel particles. This is indicative of a significant level of fuel in
the coating itself,
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Table 1

PYROLYTIC-CARBON COATINGS DEPOSITED

ON U235-IMPREGNATED GRAPHITE DISKS

Deposition CHy Coating

_ Tempg;ature Concentration | Thickness
Type ( C) (%) (u)
1. Isotropic2 1650 15 150
' Grainy-isotropic™ + 2000 15 110
3. Granular& 1900 3 150

éCoatings were deposited in a 2. 5-cm-diameter coater
using an initial charge of 400 cm?2 (15 g of 150- to 250-u (Th, U)C,
particles together with graphite disks). Total gas flow was
4,500 cm3/min and average deposition rate was 75 pu/hr.

= Coatings were deposited in a 3. 5-cm-diameter coater
using an initial charge of 800 cm? (48 g of 295- to 350-u UC,
particles together with graphite disks). Total gas flow was
7,325 cm3/min and average deposition rate was 85 u/hr.

£ Coatings were deposited in a 3. 5-cm-diameter coater
using an initial charge of 970 cm?- (70 g of 350- to 420-u (Th, U)CZ
particles together with graphite disks). Total gas flow was
18, 300 cm3/min and average deposition rate was 25 p/hr,

Table 2

STEADY-STATE RELEASE AT 1200°C OF FISSION GASES
FROM A U235-IMPREGNATED GRAPHITE DISK COATED
WITH PYROLYTIC CARBON2

Half-life Fractional
Isotope (hr) Release
Kroo™ 4. 4 2. lxlo—g
Krgg 2.8 1. 9x10_ 3
K1f89 1.3 1 9><10__4
Kr138 0. 053 9. 8><10n4
Xe139 0.28 4 4-><10_3
Xe 0.011 1. 6x10

éType 2 in Table 1.
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Procedure .

Each sample was lightly irradiated to about 1013,fis.sions. The con-
centration gradient through these flat specimens was measured by carefully
removing graphite by a precision lapping procedure in which graphite is
removed at about 6 p at a time with an accuracy of £l u. The sample is
carefully mounted in a holder, and each layer is removed by a single pass
over a sheet of fine (4/0 emery) abrasive paper. Since all the carbon
removed in each pass adheres to the paper, the Bal40 Removedis deter-
mined by y-spectrometry on the paper itself, Bal40 s measured, of course,
by means of the 1. 60-Mev y-ray of its Lal40 daughter.

Results' -

Measurements made of the distribution of uranium in the coatings,
simply as a result of the coating process itself, show a surprisingly high
level of uranium relative to that in impregnated disks. Figure 1l shows
the concentration of fission-product barium -(Ba,138 and P.a.140) in an
uncoated disk., From these data.and the known irradiation conditions,. the
concentration and thus the distribution of U235 were determined.

Figures 2, 3, and 4 show the distribution of U235 in the three types of
coatings described in Table 1. It is 1nterest1ng to note that for only one’
type of coating, isotropic-deposited at 1650° C, there was no peak con-
centration of U235 at the boundary between the fueled graphite and its
coating. For the other two types, it has dropped off from the level in the
unfueled wafer, but the boundary level is still higher than that either in
the fueled graphite or in the cnating. These high levels of fuel in tho
coatings complicate the intended studies of fission-product diffusion, but
on the other hand the techniques used here can help to develop coatings in
which the levels of uranium can be reduced to a m1n1mum

Included in Fig. 4 is the effect of a 1-hr anneal at 1400°C on the
dl[fublon of barium in the granular type of pyrolytic carbon deposited at
1900 C. Except for a higher peak value at the boundary for the annealed
sample, the distribution is not much different than for the unannealed
control. Electron microprobe studies show that the concentration of fuel
at the boundaries is associated with the bonding of the coating to the fueled
ATJ graphite, the concentration being higher for a tight bond and non-existent
for a poor bond. Therefore, the differences observed in these peak values
at the boundaries may all be experimental. The only way to resolve this
is to obtain microprobe data from a cross section of a disk prior to
sectioning and to see if the correlation holds.
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FISSION-GAS RELEASE FROM DENSE ThC,

. The steady-state release of short-lived fission gases from dense
ThC2 and (Th, U)C containing a small amount of uranium (Th U ratio,
21:1) was studied over the temperature range 1100° to 1700°C. Both
types of particles were of the size range 150 to 250 pu,

The release data are shown in Table 3, along with release data obtained
previously for monogranular UC, (179 to 210 i) at 1400° and 1600°C. Note
the similar fractional releases for dense ThC, and monogranular UC,

This is taken to indicate that release is by a-similar diffusion process
(through krypton or xenon occupied lattice vacancy motion) in crystal -
structures (of ThCZ ‘and UCZ) which are quite similar.

It is also interesting to note that the inclusion of about 5% UC, r;tl-_ong
with ThC, in the dense material improves the fission-gas retention by a
factor of 2 to 10. ‘

The data were obtained by heating the samples to the desired tempeft -
ature and then photofissioning them with X-rays generated with the General
Atomic linear accelerator. Observed release fractions (F) were corrected
to true steady-state release fractions ( oo) as described in an earlier
report, (2) As a test of the validity of this correction, a sample of ThC
was run for 3 hr at 1300°C and compared with data obtained for two 1- hr
runs at the same temperature. As seen by the data in Table 4, which
gives the observed steady-state release for a short-lived isotope (such as °
Kr89, which attains equilibrium during a 1-hr irradiation), there is no
difference. For isotopes such as Kr85m (4.4 hr = tl/é) which have not
achieved equilibrium even after 3 hr, the apparent steady-state release
increases with irradiation time, verifying, if in an approximate way,
the validity of the correction. '
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Table 3

STEADY-STATE FZSSION-GAS RELEASE FROM WELL-DEFINED FUEL PARTICLES

| Temp. Fractional Release (F_ = R/B)

Sample ,

Description (°c) Kroo" e kO K9 xe139 xe!3?

High- 1200 |3.5x1672 | 3.6 x 107° | 3.2 x 102 [6.6 x 103 [9.5x 103 | 2.2 x 1073

density 1300 |5.0x 102 | bh x 102 | 5.2x 10 1.6 x 102 | 1.0 x 1072 ---

C, { 1300 7-0 x 1072 | 6.8 x 1072 5.2 x 102 | 1.2 x 1072 1.3 x 107° 5.3 x 10 3

(150-250u) 1500 1.1 x 1071 | 2.6 x 1072 8.5 x 1072 | 2.0 x 1072 | 2.0 x 1072 ---

“ (| 2790 |11 x1207t | 71 %107 [6.0x 107 [2.5x107% |3.1x 107 |2.0x 102
Morogranular 100 1.6 x 1071 | 9.7x 1072 | 8.5 x 102 | 1.9 x 102 | 2.2 x 1072 ——-
(uC,(179-2104) { 1600 [1.1x 107" | 7721202 | 7.0x 102 | 1.8 x 102 | 2.5 x 1072 | 2.0 x 1072
High-density (| 1100 | L.k x207% [ 1.0 x 102 | 7.8 x 1073 [ 2.7 x 1077 | 1.9 x 10°3 | 1.6 x 1073

(Th,u)c, 1300 | 3.0x 102 | 3.5%x 102 | 2.7x120° | 6.0x 103 |2.6x 203 | 1.0 x 10
Th:U ratio 21:1)| 1500 |6.7 x 21072 | 5.4 x 102 [ 3.9 x 102 [ 3.1 x 103 |2.7x 1073 | 3.1 x 10

(150-250u) | | {

Table 4
EFFECT OF FRADIATION TIME CN-OBSERVED STEADY-STATE RELEASE VALUES
(IGH-DERSITY ThC, AT 1300 °c)
cor " Observed Fractional Release (Ft)
Time (), Ko™ Ko kel K xel3% xel 3
1.7 x 1072 1.5 x 10~ 2.4 x 107 | 1.6 x 1072 6.5 x 10°3 —
1 2.0 x 1072 2.3 x 1072 2.4 x 1072 1.2 x 1072 8.3 x 1073 5.3 x 10 3
3 3.1x 102 | 2.9 x 107 3. x102 [ 1.0x102% [87x 103 ---
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Vl. CHARACTERIZATION OF MICROSTRUCTURE
OF GRAPHITIC MATERIALS

J. L. White, A. S. Schwartz, G. R. Tully, Jr.,
J. O. Gardner, E. A. Taylor, D, E. Davis

ELECTRON MICROGRAPHY

Work on this program using optical micrography, including the recent
work illustrated in the section on carbide-graphite materials prepared
by hot-working, has indicated the existence of important structural detail
at magnifications at or beyond the resolution of optical microscopy.
Attempts to apply replication electron micrography to polished graphite
surfaces have been of limited value owing to smearing, microcracking,
and deposition of debris in pores even with the most careful polishing
procedures. (1) Therefore, an apparatus for etching by argon-ion bombard-
ment has been set up, and some results on materials of interest to the
present program are described here.

The cathodic etcher is similar in principle to that employed by other
workers. (¢4-4) The work illustrated in this section employed etching condi-
tions of 2 to 3 kv with approximately 10 u argon pressure. This produced
a discharge current of approximately 1 ma. It was found that specimens
prepared by different polishing procedures, which produce somewhat
different structures as observed optically, were brought to essentially
equivalent structures after sufficient cathodic etching.

Structure of Fuel-matrix Graphite

The initial work with the cathodic etcher was done with a hot-pressed
fuel-matrix graphite prepared with 25 wt-% Barrett No. 30 pitch binder and
75 wt- % GP-38 graphitized petroleum coke. This specimen was annealed
at 2800°C. The bulk density of this specimen was 1. 76 g/cm3, and the
porosity was 16%, measured by mercury porosimetry for pores with
diameters greater than 0. 085u. The micrographic sections were longitu-
dinal, i.e., the plane of the section was parallel to the hot-pressing
direction and therefore perpendicular to the preferred orientation of the
graphite layer planes.

The effective acticn of cathodic etching in removing debris and in
revealing the accommodation microcrack patterns may be seen by comparing

117



118

the etched structures of Figs. 1 and 2 with the as-polished structure of .
Fig. 3. The microcrack patterns, occurring in both linear and curved
regions, are similar to those observed by other workers, (345) in
conventional graphites and in pyrolytic graphite. The microcracks, which
presumably run parallel to the graphite layer planes, appear to be made
up of connected etch pits. Reglons showing a stepped structure are
believed to be areas where the:layer .planes.are sectioned at a low angle,
It is difficult to identify clearly any region as originally pitch binder.
However, it is not clear at this point whether the etching conditions have
been optimized with respect to removal of all effects of polishing, and
further work will be done on this problem,

Structure of Hot-worked Graphite Containing Molybdenum Carbide

The cathodic etching technique is currently being applied to study
the fine structure of the carbide-graphite materials prepared by hot-
working at temperatures such that the dispersed carbide phase is in
the liquid state. Figures 4 through 7 are electron micrographs prepared
from cathodically etched surfaces of graphite-molybdenum carbide
bodies hot-worked at 2720°C to a true strain of 56%. This specimen has
a measured porosity (d > 0. 085 u) of approximately 1% and analyzes at 3.2
at. -% molybdenum. (Optical photomlcrographs of thls specimen are shown
ln Fig. 22, Section VIII, of this.report.) -

The .photomicrogfaph of Fig. 4 was taken from a lightly etched
region where the etching is inadequate to remove the graphite debris but
is adequate to reveal structure in the molybdenum carbide particles.
The photomicrogra;phé of Figs. 5 through 7 were taken from somewhat
more heavily etched regions; the fine structure of the carbide particles
has disappeared, but the microcrack patterns of the gtaphite matrix are
mote clearly evident,

Several tentative observations may be drawn from these initial
studies. The hot-worked carbide-graphite material does not show curved
microcracks to the degree observed with the annealed matrix graphite,
although the general appearance and spacing of the microcracks is
approximately the same. Rather well- defined grain boundaries are also
evident in the carbide-graphite material, and there appears to be good ' ..
contact between the carbide particles and the graphite matrix.

In Figs. 5 and 6, the preferred orientation of the graphite layer
planes is from upper left to lower right, as indicated by the delamination
microcracks in the majority of the fields of view. These microcracks are
most dense in the neighbofhood of the carbide particles or in areas where
the graphite is misoriented relative to the preferred orientation.
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3 A

P-5608 (5, 000x)

Fig. 1--Electron micrograph of an annealed fuel-matrix graphite.
Cathodically etched. Carbon replica, negatively shadowed with Pd.
Longitudinal section.



P-5611 (~14, 000%)

Fig, 2--Electron micrograph of an annealed fuel-matrix graphite.
Cathodically etched, Carbon replica, negatively shadowed with Pd.
Longitudinal section.
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P-5620 (~14, 000x)

Fig. 3--Electron micrograph of an annealed fuel-matrix graphite.
No cathodic etching. Carbon replica, negatively shadowed with Pd.
Longitudinal section.
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Fig, 4--Electron micrograph of a hot-worked graphite matrix

containing molybdenum carbide particles. Lightly cathodically

etched, Carbon replica, negatively shadowed with Pd.
Longitudinal section,



P-5785 6300x

Fig. 5--Electron micrograph of a hot-worked graphite matrix containing
molybdenum carbide particles. Moderately cathodically etched. Carbon
replica, negatively shadowed with Pd. Longitudinal section.
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P-5796 6300x

Fig. 6--Electron micrograph of a hot-worked graphite matrix containing
molybdenum carbide particles. Moderately cathodically etched. Carbon
replica, ncgatively shadowed with Pd. Longitudinal section.
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P~5792 ‘ 17,000x

Fig. 7--Electron micrograph of a hot-worked graphite matrix containing
molybdenum carbide particles. Moderately cathodically etched. Carbon
replica, negatively shadowed with Pd. Longitudinal section.
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Several types of cracks may be distinguished. The delamination
cracks appear as connected rows of pits, as grooves of relatively constant
depth, or as intermediate forms of these two types. A few cracks perpen-
dicular to the general delamination microcracks were found, as shown in
Fig. 7; their appearance suggests a structure of aligned pits.

Although the majority of the carbide particles were rough in shape,
some of the smaller particles, e.g., those appearing near the center in
Fig. 6, have sides aligned with the graphite matrix. Few or no delamination
microcracks appear to be associated with these particles.

Structure of Graphitized Pitch

In previous work with both optical and electron micrography, it has
been found difficult to identify, with certainty, those regions of a manu-
factured graphite which were originally pitch binder. To simplify this
problem, pure binder materialO(Barrett No. 30 pitch) has been pyrolyzed
and finally heat-treated to 2800 C for 50 min, and the resulting porous
body is being studied by optical and electron microscopy.

For the purpose of cathodic etching, the specimen was impregnated
with Wood's metal. The optical photomicrograph of Fig. 8a displays a
structure not unlike a very fine-grained graphite. Observation by sensitive-
tint microscopy reveals that some regions of this material possess a pre-
ferred orientation. The electron micrograph shown in Fig. 8b displays a
markedly different structure from those observed in the previ"E)us electron
micrographs. Etch pits of approximately the same size as found in the
commercial graphite are distributed in a much more random manner over
the majority of the specimen, and few, if any, are aligned to form the
microcrack pattern typical of a manufactured graphite.

KINETICS OF OXIDATION OF GRAPHITIC BODIES IN LIQUID MEDIA

It is well known that bcdies containing a high percentage of a non-
graphitizing carbon, such as lampblack, contract more during high-temperature
irradiation than do bodies made from predominantly graphitizing carbon
sources and heat-treated Lo graphitizing temperatures. Commercial
graphites, and, indeed, graphites especially designed for nuclear reactor
use, often contain small amounts of nongraphitizing carbon as binders,
fillers, or impregnants. Often the formulation is not available, but of
more importance is the fact that it is not known exactly where,and in what
structure,these materials finally locate in a finished graphite body. Also,
it is not known whether the graphitizing binder or filler does indeed
graphitize fully during heat treatments. Furthermore, the effect of small
amounts of carbon on irradiation contraction is not clear. As the designs
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M-10411-7 500x

LI 8 4

l.tf"-“ﬁ',t’;!’

Fig. 8--Optical and electron micrographs of graphitized pitch,

impregnated with Wood's metal and moderately cathodically

etched: (a) optical micrograph, bright field, (b) electron micro-
graph, carbon replica, negatively shadowed with Pd
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of graphite-moderated reactors become more advanced, it becomes
necessary to minimize the graphite contraction so that longer reflector and
fuel-element life may be obtained.

In view of the above, it is thought that a method of determining small
amounts of ungraphitized carbon in graphite bodies could be used to give a
characterization factor that, together with an anisotropy relationship, would
correlate with irradiation behavior and serve to point the way to improved
formulations and fabrication methods.

A technique for the measurement of the graphitic and nongraphitic
components has been developed and described in the literature by Oberlin
and Mering. (6) The method involves manometric measurements of the
rates of oxidation of graphitic materials in a chromic acid medium., Oberlin,
Rappeneau, and Yvars(?) have shown that the method can be used to follow
the structural effects during graphitization or irradiation.

The chemical principle of the technique is that all carbons are
oxidized to COZ by a hot mixture of HZSO4 and AgZCrZO.?; however, the
rate of oxidation varies a thousandfold, depending on the state of graphit-
ization. Highest reaction rates are found for natural graphites or fully
graphitized manufactured graphites. Lowest.reaction rates are found for
soft carbons heat-treated at temperatures of less than 1200°C. Oberlin,
et al., have identified three characteristic levels of reaction rates, which
are presumed to define three constituents: ¥y, ¥,, and ¥,. The F
fraction corresponds to amorphous carbon and oxidizes at thc lowest rate,
Their published work does not indicate that they have attempted to detect
small amounts of the F, fraction.

An apparatus has been built to apply the oxidalion Lechuigue to
graphites under study in this program. It is patterned after that of Obecrlin
and Mering(é) and is shown schematically in Fig. 9. Fifty milligrams of
finely ground samples are placed in the bottom of a reqaction flask, and
the side arm of the reaction flask is filled with 25 cm~ of reactant made
up from 5 g of AgZCrZO7 dissolved in 25 cm3 of HZSO4. The reaction flask
is connected to the rest of the apparatus through a pivoting joint, and it is
immersed in a water bath maintained at 80 C. When the contents of the
flask have equilibrated at 80°C, the flask is pivoted so that the dichromate
solution empties into the body of the flask, starting the oxidation reactliown.
The gaseous product then passes through a reduction tube heated to 400°¢;
this tube is filled with active copper and a small amount of silver wool, and
any free oxygen or halogens liberated by the oxidation reaction are trapped
in the reduction tube. The gas is then passed through a water cooler into
a large flask filled with silver wool and immersed in a constant-temperature
bath at 25°C. This flask is also connected to an oil manometer that indicates
the system pressure. This pressure rise can be directly correlated with
the extent of reaction after the apparatus is calibrated.
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Fig. 9 --'Apparatus,‘for determining the degree
of graphitization using Oberlin technique
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Two experimental runs have been made with this apparatus. The
first run was made on unground natural flake graphite. Because of the
large size of the graphite flakes used, the reaction rate in this case was
so slow that no useful data were obtained. A run on natural flake graphite
will be repeated with ground flakes. The second run was made on a com-
mercial grade of finely ground graphite flour. ~Data were taken for the
first 3 hr of the run, then the run Wa.s contlnued for another 16 hr to allow
the reaction to proceed essentlally to completlon At the end of this reaction
period, calculations showed approximately 3% of the graphite unaccounted
for. Inspection of the reaction vessel showed that foaming during the initial
vigorous reaction between the graphite and the dichromate reagent had
deposited smallamounts of unreacted carbon on the sides of the reaction
vessel above the liquid level. This carbon could account for the 3% differ-
ence between the measured amount of graphite sample and the calculated
amount reacted. :

Figure 10 is a plot of the logarithm of the amount of unreacted carbon
versus time for the second run. The amount of carbon unreacted was
corrected for the carbon deposited on the reaction vessel wall by assuming
that all the carbon in contact with the reagent had reacted after 20 hr. With
the nomenclature of Oberlin, (6) the data show. two slopes, ‘labeled f3 and
fp. Slope fp represents partially graphitized carbon, and it indicates that
8. 5% of the original sample of carbon was less than fully graphitized. 4
Slope f; represents fully graphitized carbon, and it indicates that 91.5%
of the original sample of carbon was fully graphitized. The reaction rate
constants obtained from the data are shown in Table 1. These values agree
well with those obtained by Oberlm, et et al. (6)(7) ~ The reaction rate constants
are defined by the equatlon .

A=A e " +A.e +Ae |, (1)

where At is the fraction of the initial amount of carbon which isb unreacted
at time t, and Ay, Ap, and A3 are the fractions of the three carbonaceous

constituents Fl, -FZ,' and F3.
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Fig. 10--Oxidation rate-of finely ground graphite flour
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Table 1

REACTION RATE CONSTANTS FOR THE OXIDATION OF -
GRAPHITE FLOUR BY SILVER DICHROMATE

Reaction Rate Constants, fp and f3
_ Experimecntal Oberlin's
Temperature Results Results
(°C) Components (min-1) (min-1) ,
80 £, 4.8x107% | 3 to 30x1073
80 f 8.5x10°% | 6 to 13x10°2 -
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VII. RELATION OF PHYSICAL PROPERTIES OF GRAPHITIC

MATERIALS TO MICROSTRUCTURE
R. J. Price, J. C. Bokros, G. B. Engle, W. E. Ellis

THERMAL EXPANSION AND PREFERRED ORIENTATION

The work on this subject is described in a topical report entitled
"Relationship Between Preferred Orientation, Thermal Expansion, and
Radiation-induced Length Changes in Graphite," by R. J. Price and
J. C. Bokros, (1) and is summarized as follows.

Expressions -may be derived for the thermal expansion coefficient of
polycrystalline graphite in terms of the single-crystal coefficients and the
preferred orientation of the sample. Thermal expansion and preferred
orientation measurements were performed on pyrolytic, molded, hot-.
worked, extruded-rod and extruded-tube graphites in order to test the
validity of this model. These results showed that such expressions
adequately represent the behavior of several different graphites over a
range of temperatures, provided that the "accommodation' of a part of
the c-direction cfystallite expansion by microcracks is taken into account.
The amount of c -direction accommodation is a function of preferred orien-
tation and the direction of measurement. It is small for the principal
c-direction in a highly oriented body and large for a random aggregate of
crystallites-and is probably controlled by the number of microcracks which
form when cooling from the graphitization temperature.'

YOUNG'S MODULUS AND PREFERRED ORIENTATION

A topical rcport entitled ""Young's Modulus of Pgrolytic Carbon in
Relation to Preferred Orientation, ' by R. J. Price,( ) describing the
theoretical and experimental work on this subject, has been prepared. In
this report, expressions are derived which express Young's modulus of an
anisotropic aggregate of hexagonal crystallites in terms of the single-crystal
elastic constants and functions of the preferred orientation, assuming either
a constant tensile strain or a constant tensile stress throughout the aggre-
gate. Measurements of Young's modulus and preferred orientation on a
number of pyrolytic carbons with different anisotropies show that the
"constant stress! model represents the behavior of these materials to a
good approximation. Young's modulus of polycrystalline nuclear graphite
whose dislocations have been pinned by a low-temperature neutron irradia-
tion agrees with the same model. .
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To obtain the data on Young's modulus of massive pyrolytic carbon and
polycrystalline nuclear graphite, cylindrical samples having a 5-mm gauge
diameter were tested in tension in an Instron testing machine. The specimens
were cemented into gimbal-type grips with epoxy cement. The use of gimbals
eliminates bending stresses in the gauge length. Strain was-measured by
pairs of metal-foil strain gauges glued onto opposite sides of the gauge length.
The outputs of the two gauges were monitored separately, and final centering
of the specimen in the gimbals was achieved by making adjustments until the
two gauges recorded the same strain. Figure.l shows one sample mounted
in the gimbals ready for testing. Young's modulus was obtained from the
initial slope of the loading curve.

A3

RADIATION-INDUCED LENGTH CHANGES AND PREFERRED
ORIENTATION

An analysls of radiation- 1nduced dlmen31ona1 changes in terms of
preferred orientation is described in Ref. 1. A model similar to that
used for thermal expansion may be used to express the irradiation-induced
dimensional changes in polycrystalline graphite in terms of the preferred
orientation of the sample, a contraction in the crystallite a-direction,
and an expansion in the crystallite c- d1rect10n which is partlally accom—
modated by microcracks. The model was found to be in reasonable agree-
ment with published irradiation data for a number of graphites. A rigorous
test of the analysis is difficult to derive from existing data for two reasons:
.First, it is difficult to compare observatlons on different grades of graphite
irradiated in different reactors at tempe ratures that frequently changed
during the irradiation; second, nearly all the reliable measurcments under
well-controlled conditions have used nuclear graphite extruded as logs,
the preferred orientation of which is very similar in all cases. Since the
intrinsic distortion rates of individual crystallites have not been measured
directly but must be deduced from a set of data on extruded polycrystalline
graphite that is treatéd as a standard, applicdtion of the equations to data
from graphite having a preferred orientation similar'to that of the standard
involves a built-in self-consistency, which greatly reduces the value of the
test. A more satisfactory test would be to irradiate samples of graphite
made from identical starting materials, but having different degrees of
preferred orientation, under identical conditions of temperature and flux.
It would then be possible to observe whether the dimensional changes have
the predicted relationship to preferred orientation.. -

it is planned to make a test of this. type, using sarhples cut from the
wall of an extruded graphite tube whose texture is such that the radial,
tangential, and longitudinal directions have different and well-defined
degrees of crystalline alignment. Preferred-orientation and thermal-

expansion measurements have already been reported for this material. -3)



135

Fig. 1--Tensile sample of polycrystalline nuclear graphite
mounted in gimbal grips for measurement of Young's modulus.
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The starting materials for the tube were GP-38 coke and Barrett No. 30
pitch. A section of the tube was given a final graphitization heat treatment
of 2 hr at ZSOOOC, and five pairs of samples, measuring approximately
0.500 in. by 0. 375 in. by 0. 045 in., were cut in the two orientations shown
in Fig. 2. Fiducial holes 0, 013 in, in diameter were drilled in the samples,
as shown in Fig. 3. The spacing of the holes gives three length measure-
ments in the longitudinal and tangential directions and four measurements

in the radial direction for each pair of samples.

The spacings were measured with a toolmaker's microscope. Ten
sets of readings were taken for each spacing, giving a +0. 01% standard
error of the mean. After irradiation, the spacings will be remeasured and
the dimensional changes in the three directions will be compared with the
predictions.

The five pairs of samples are currently being irradiated in the GETR. -
Each pair of samples is in a different cell of the capsule with a different
irradiation temperature. The capsule is now in the fifth cycle of a scheduled
six-cycle irradiation and is due for discharge in April. The mean operating
temperatures of the five cells during the first four cycles lie in the range
600° to 1030°C.

INIFLUENCE OF FILLER AND BINDER COMPOSITION ON STRUCTURE
AND PROPERTIES

An experiment has been initiated to determine the role of pitch binder
and binder content (binder film thickness) on the preferrcd oricntation,
microstructure, physical properties, and subsequently neutron-induced
dimensional changes in graphitic bodies. Various techniques being develaped
in other phases of the current graphite research will be used to characterize
the samples.

A series of molded samples were prepared with the following filler
materials: (1) uncalcined needle coke, (2) calcined needlc coke, (3) natural
flake graphite, and (4) Gilsocarbon coke (isotropic). The binder (coal-tar
pitch) content was varied in order to observe, if possible, the effect of
binder film thickness on the various fillers and, in particular, the regions
of binder-filler interface.

The samples were heated slowly to 900°C to carbonize the binder and
subsequently heated to 2600°C to graphitize the binder and filler. The
samples formed with Gilsonite carbon had poor physical integrity and cannot
be machined. The others were satisfactory.

ste

“This irradiation is being performed under Project Agreement No, 17
of Contract AT(04-3)-167.
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Fig. 2--Procedure for cutting samples from wall
of an extruded graphite tube for measuring irradiation-

induced length changes; Type 1 radial and tangential
directions; Type 2 radial and longitudinal directions.

Fig. 3--Samples for measuring radiation-induced
length changes in graphite; left, Type 1; right,
Type 2 (see Fig. 2); scale is in centimeters.
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In future work, special attention will be directed toward observation
of the uncalcined coke materials and how the microstructure and orientation
are affected by carbonization and graphitization of the binder. Later
irradiation experiments are planned to determine the effect of fast neutron
flux on properties and dimensional change and to correlate the effect of
binder content.
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VIII. CHEMICAL AND METALLURGICAL PROCESSES FOR

MODIFYING THE MICROSTRUCTURE OF GRAPHITE
J. L. White, J. M. Pontelandolfo, L. C. Foster

During the period covered by this report, the investigation of pro-
cesses for the modification of the microstructure of graphite has been
directed toward two aspects of hot-working: (1) pitch content as a hot-
working variable, and (2) the effects of additives on the hot-working process
and on the properties of the resulting materials. In the latter case, parti-
cularly promising results have been obtained in hot-working carbide-
containing bodies at temperatures such that a portion of the body is in the
liquid state. Results presently available are given below for this work,
which is currently in progress,

Details concerning the device and methods applied to hot-workiong
graphitic bodies in compression at temperatures from 2250 to 3000 C
are given in Refs. 1 through 3.

PITCH CONTENT AS A HOT-WORKING VARIABLE

The results of previous work(z) suggest that the pitch content of a
fuel-matrix graphite is an important variable with respect to hot-working.
Two studies have been undertaken to define how the properties of a hot-
worked fuel-matrix graphite vary with the pitch content. In the first study,
the amount of pitch binder is varied by using a standard graphitized
petroleum coke as the filler. In the second study, various proportions
of the standard filler are replaced by pitch-binder coke. In both cases
the conventional hot-pressing process for fuel-matrix graphites(4) is used
to prepare the compacts to be hot-worked. In the work reported below,
emphasis has been given to defining the properties of a fuel-matrix graphite
prepared with 20 wt-% pitch binder, since this is the same matrix used
for the carbide-graphite bodies.

Fuel-inatrix Graphite Prepared with 20 Wt-% Pitch DBinder

Standard specimens of fuel-matrix graphite were prepared by hot-
pressing cylinders 2 in. long by | in. in diameter. These bodies were
prepared with 20 wt-% Barrett No. 30 pitch as the binder and 80 wt-%
GP-38 graphitized petroleum cnoke as t]’(l)e filler. The hot-working conditions
involved temperatures of 2400 to 2800 C and loads of 5000 to 10, 000 1b,
the more intensive conditions generally being employed to reach the higher
strain levels. Representative micrestructures of these bodies are shown
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in Fig. 1 and compared with similar micrographs on bodies prepared with
10 wt-% pitch.

The data on compressive strength are summarized in Fig. 2. The
compressive strengths were measured on cylindrical specimens, 0.25 in,
in diameter by 0. 375 in. high, cut with the cylinder axis either parallel
or perpendicular to the direction of hot-working in compression. Data
for hot-pressed fuel-matrix graphite prepared with 10 wt-% pitch binder
are included to demonstrate the favorable effect of using greater pitch
contents in specimens to be hot-worked than are used in conventional
graphite-matrix fuel bodies. It is clear that pitch contents of the order of
20 wt-% or greater are necessary in order to obtain beneficial effects by
hot-working and that these beneficial effects cannot be obtained at high
strain levels.

The effective action of hot-working in reducing the gross porosity
and in increasing the bulk density of fuel-matrix graphite is illustrated in
Figs. 3 and 4. Bodies of higher pitch content are clearly superior in
reaching higher densities and lower porosities. The scatter in the data
is believed to be due in large part to the variations in density of the hot-
pressed starting material.

The reduced porosity of the hot-worked graphite is expected to be
reflected in the permeability. Some measurements of the helium permea-
bility of the hot-worked fuel-matrix graphite are shown in Fig. 5. Although
these measurements also show appreciable scatter, the superiority ot
higher pitch contents is again evident.

Fuel-matrix Graphite Prepared with Various Proportions of Pitch-coke
Faller

The conventional hot-pressing process used to prepare compacts of
fuel-matrix graphite is not readily adaptable to a raw-pitch content in
excess of 30 wt-%. Therefore, in order to prepare graphite bodies with
pitch-binder contents as high as 100 wt-%, the filler was prepared by
mixing various fractions of pitch coke and graphitized petroleum coke,
and the hot-pressed compacts were prepared with a pitch-binder content
of 20 wt-%. The pitch coke was prepared by calcining Barrett No. 30 pitch
and grinding the residue. After mixing with appropriate amounts of GP 38
graphite powder, the mixture was given a graphitization anneal at 2650°C
for 1 hr. The compacts were then prepared by the conventional hot-
pressing techniques, using Barrett No. 30 pitch as the binder.

The specimens were hot-worked in compression at temperatures in
the neighborhood of 2700°C, using applied stresses as high as 10, 000 psi.
Annealed specimens were prepared for purposes of comparison. The
physical-property measurements available at this time are summarized
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M-2501-2-1 150x

M-10363-1 K 200x M-10365-1 200x
(e) (4)

Fig. 1--The microstructures of fuel-matrix graphites as a function of

pitch content and hot-working: (a) 10 wt-% pitch binder, no hot work,

(b) 10 wt-% pitch binder, 38% true strain in hot-working, (c) 20 wt-%

pitch binder, no hot work, (d) 20 wt-% pitch binder, 36% true strain
in hot-working.
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Fig. 2--The compressive strength of fuel-matrix graphites hot-worked

in compression.
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Fig. 3--Density and porosity (pores theoretically greater
than 0.1 micron in diameter) of fuel-matrix graphites
preparcd with two levels of pitch content,
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Fig. 4--Typical pore spectra of fuel-matrix graphite as a function .
of hot-working strain.

144



HELIUM PERMEABILITY (CM%/SEC)

o
[
(OS]

o -
1
£

145

A
A
A
A A
A o
A.
R s
2
a A
] A o
; o3
° ‘
o o . o
' A
‘ ° |
[ ]
I
— .
- Q) 20wt prTen
Egyf} 10 WT-% PITCH
- | | | M| [ ] |
0. . -0.1. -0.2 -0.3 -0.4 - -0.5 -0.6 -0.7 -0.8

TRUE STRAIN IN HOT-WORKING

F"ig. 5--Helium permeability of fuel-matrix gbraphites as a
function of true strain in hot-working. '



146

in Table 1. These data show appreciable scatter and inconsistency,
particularly with respect to porosity and permeability. Although hot-
working usually effected appreéiable reductions in the values of these pro-
perties, there was no systematic pattern in the property data for the
annealed specimens. :

" Micrographic studies provided several significant reasonsvfér the
scatter in the properties. By visual comparison of the photomicrographs
of the various materials, it was possible to rank the specimens in an order
consistent with the porosity values given in Table 1. Inhomogeneous
‘regions and large shrinkage cracks, such as those shown in Fig. 6a, were
also .found and were attributed to the segregation of pitch coke. Observations
by the sensitive-tint technique suggested that some of these pitch-coke
regions were not fully graphitized.

- HOT-WORKING GRAPHITE WITH ADDITIVES

In 'previous work, (1-3) an apparent enhancement in the plasticity of
graphite during hot-working has been observed for.-two conditions: (1) hot-
working a low-pitch fuel-matrix graphite containing 23 vol-% .ZrC particles,
and (2) hot-working.a fuel-matrix containing 12 vol-%, UG, particles at
temperatures. such that the carbide was in the liquid state. The micro-
structure of this latter body indicated good densification and low porosity.
Thus, the purpose of the present investigation is to explore further the
" effects of various additives on the hot-working process and on the properties
of the hot-worked bodies. 4 ‘

Although this work was begun by studying the properties and high-
temperature behavior of bodies containing solid carbides, the emphasis
during the period covered by this report has been shifted to investigation
of graphite-carbide bodies hot-worked with the carbide-bearing phase.iu
the-liquid state. The initial results of this latter work are given in Ref, ‘5.

Graphite Bodies Hot-worked with Carbides in the Solid State

Hot-working runs were conducted on graphite bodies co‘ntaining, carbide
particles (ZrC or NbC) at 12 vol-% loading. The graphite matrix was -
prepared with a pitch ¢ontent of 20 wi-%, aud the bodice wero formed by
hot-preésing._ The particle sizes were 125 to.175 p ZrC .and 125 to-250 pu
~NbC. - Fhe cylindrical bodies (1 in. in diameter by 2 in. long) were hot-
worked at approximately 2600°C to.true strains of the order of 25% with .

‘a load of 6000 1b. Reference specimens containing no carbide particles
were hot-worked under similar conditions. Al comparison of the hot-
working curves (ram displacement versus time) showed no significant
differences in plasticity.



Table 1

PROPERTIES OF HOT-WORKED FUEL-MATRIX GRAPHITES
PREPARED WITH VARIOUS PITCH CONTENTS

Helium Permeabi 1ity§

Compressive Strength&

Pitch Content | Hot-working Porosity, 2 3 :
in Filler True Strain | Density [d > 0.1 pu [{cm®/sec) X 10°] (pel)

(%) (%) (g/cm?3) (%) Parallel | Perpendicular | Parallel | Perpendicular
40 0 1.69 18.6 39.2 56. 2 6,120 5630
40 -0. 43 1,95 5.8 2 22 10,510 6880
50 0 1.86 107 -——— 26. 7 8,130 6340
50 0 1.78 1242 4.7 73’5 8, 880 8280
50 -0. 34 1.97 1.4 0. 022 0.24 12, 600 6400
50 -0. 36 1592 k9 1. 00 1.43 11, 480 6600
50 -0. 41 1.96 7.4 2.0 55 1 10,180 6400
50 -0.63 2. 03 6.8 - 3.3 10, 600 4670

100 0 1. 85 8.3 5.8 7.8 10, 660 9780

100 -0.23 2.00 9L 9.6 9.9 11,250 7500

100 -0. 34 1.94 4.6 8.3 5.9 12,060 7220

2 Measured parallel and perpendicular to the direction of hot-working in compression.

LyI
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M-7588-1 (50x%)

M-7589-1 (50%)
(b)

Fig. 6--Microstructure of matrix graphite with 50 wt-% pitch coke

in filler, longitudinal section: (a) annealed, note regions of shrinkage

cracks and penetration of mounting medium into various regions of
‘specimen; (b) hot-worked to true strain of 36%.
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In view of the fact that an apparently enhanced plasticity was observed
in previous work with a matrix graphite prepared with 10 wt-% pitch and
containing 23 vol- % ZrC particles, (3) a series of differential deformation
experiments was undertaken on the graphite bodies containing NbC or ZrC
pai'ticles at 12 vol-% loading. These differential deformation experiments
reduce the uncertainties of loading and temperature distribution present
in the usual hot-Working, runs. The results of these experiments confirmed
that (1) a significantly enhanced plasticity in hot-working is not observed
with 20 wt-% pitch bodies 'cont'aining 12 vol-% NbC or ZrC particles, and
(2) an enhanced plasticity is observed w1th 10 wt-% pitch bodies containing
. 23 vol-% ZrC particles.

(3)

The microstructures of hot- worked bodies containing ZrC particles
are compared in Fig. 7. The matrix of higher pitch content is apparently
denser despite the lower hot-working strain.

Some properties are compared in- Table 2 for bodies hot-worked or
annealed at 2600°C. These results indicate that bodies prepared with
10 wt-% pitch are adversely affected by the presence of ZrC particles,
whereas the superior strength of bodies prepared with 20 wt-% pitch is
not appréciably affected by the presence of either ZrC or NbC particles.
These observations lead to the speculation that the mechanism by which .
carbide particles impart an enhanced plasticity to a low-pitch-matrix
graphite during hot-working also leads to relatively poor mechanical pro-
perties in the hot-worked body.

Graphite Bodies Containing Nickel

The effect of nickel on the hot-working characteristics of graphite
is\ of interest because no carbides are expected to be.formed and because
a. hquld phase will be present in the body at temperatures above the eutectic,
1318°C. (6)

leferentlal deformatlon experiments were conducted at temperatures
of 2600° and 2300° C, using a nickel-bearing graphite matrix prepared w1th
20 wt-% pitch and an additive of 1 at. -% nickel. The experiment at 2600°C
showed a greater plasticity, of the order of 20%, in the nickel-bearing
specimen despite the fact that the nickel was vaporized before the conclusion
of the deformation run. A substantial loss of nickel was aloso observed in
the subsequent differential deformation experiment at 2300 C; in this case,
the deformation of the nickel-bearing specimens was approximately 35%
greater than that of the nickel-free specimens,

Hot-working runs have been made on graphite bodies containing
approximately. 12 vol-% nickel in order to learn if appreciable strain can
be attained before the nickel-is lost by evaporation.and to determine the
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M-2505-2-2 (150%)

M-9914-1 (200x)
(b)

Fig. 7--Microstructure of hot-worked graphite bodies containing ZrC

particles; longitudinal sections: (a) hot-worked at 2575°C to a true

strain of 37%, 23 vol-% ZrC initial loading; (b) hot-worked at 2605°C
to a true strain of 24%, 12 vol-% ZrC initial loadings.



Table 2

PROPERTIES 'OF HOT-WORKED GRAPHITE BODIES CONTAINING SOLID CARBIDES

Additive |
and * ' Compressive Strength. | Helium P bilit

Initial | Pitch Content | True Strain | Porosity, 3 Ve gHa e[ 4 2/ ermea103 y
Loading of Matrix in {d>0.1u : (psi) (cm®/sec) X ]
(vol-%) (wt-%) ‘Hot-working (%) Parallel ‘Perpendicular | Parallel | Perpendicular
.None 10 0 14. 1 6,230 . 5370 4.2 5.8
None 10 -0. 36 8.3 6,510 3710 1.2 : 2.4
ZrC,23% 10 0 14,6 | 5:280 | 4610 49.0 72.0
zrC,23% 10 -0.35 10. 1 4,010 ° 3070 41.0 69. 0
None 20 0 10.2 9,250 8250 1.75 3.0
None 20 -0.24 4.3 11,180 . 8250 0.36 | 0. 65
2:C, 12% 20 -0, 21 4.2 10, 450 8100 0.54 1.5
NbC, 12% 20 -0.25 - 10, 800 7200 2.6 - 2.6

‘'NOTE: The values of compressive strength are averages of two or more tests for each condition.

Hot- worklng temperatures were in the nelghborhood of 2600° C.

161
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propertci)es of the hot-worked nickel-bearing bpdy. These runs were made
at 2500 C, and it was found necessary to use initial hot-working loads (for
a;l-in. -diameter specimen) of less than 3000 1b to avoid fracture. In the
course of hot-working, the excess liquid nickel is équeezed from the
specimen, forming droplets on the surface. .Evaporation of nickel from
the droplets appears to be restrained by a graphite coating precipitated on
the surface of the liquid. '

The photomicrographs of Fig. 8 indicate appreciable densification
of the nickel-bearing body when hot-worked to a true strain of 26%. Some
properties of this hot-worked body have been measured and are given in
Table 3. The compressive strengths are inferior to.those of the other
hot-worked graphites, The values of permeability are generally lower
than obtained with matrix graphite, suggesting that the liquid nickel tends
to close the pores, which contributes to the helium permeability.

Table 3
PROPERTIES OF HOT-WORKED GRAPHITE CONTAINING NICKEL'

-Hot-working strain (at 25259C) e --0. 26
Porosity, d>0.1u ......... e e i . 3.4%
. Compressive strength: _ .
Parallel . ...... ... ... ... 9150 psi
Perpendicular . ... ............ 6080 psi
Helium permeability: ~
Parallel ......... e ... 5.6%1072 cm?/sec
Pcrpendicular . ... .00 0L e .. 3.8%x107 4 cm¢/sec

Graphite Bodies Hot-worked with Liquid Zirconium Carbide

The initial investigations of graphite bodies hotsworked with a dis-
persion of liquid carbide particles were done with z1rcon1um carbide, for
which the eutectic with graphite occurs at 28509 C. (®) In view of the sub-
stantial improvements in the properties of graphite obtained by means of
this modified hot-working process, the work was extended to include
molybdenum carbide as an -additive, and the presént investigation is directed
to a full characterization of these promising materials,

The results described here have been obtained with two characteristic
sizes of zirconium carbide particles, coarse-grained particles screened
to 125 to 175 p (as used in the hot-working runs on solid carbide additives).
and fine-grained particles screened to less than.38 u. The carbide-bearing
bodies were prepared by hot-pressing a dispersion of fine carbide particles
in a graphite matrix comprised of 20 wt-% binder (Barrett No. 30 pitch)



153

M-9879-1 (200%)
(b)
Fig. 8--Microstructures of nickel-bearing matrix graphite before

and after hot-working; long1tud1na1 sections: (a) annealed at 1600 (@
(b) hot-worked at 2500°C to true strain of 26%.
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and 80 wt-% filler (GP-38 graphitized petroleum coke). The nominal carbide
content before hot-working was approximately 10 vol-%. The bodies were
hot-worked in compression to strain levels as high as 60% true gtrain.

The hot-working temperatures were in the neighborhood of 2900 C, and the
hot-working loads were moderate, generally less than 3000 1b except for

the highest strain levels.

During the hot-working process, the carbon-saturated liquid carbide
tends to be squeezed out of the graphite matrix, and carbide droplets are
formed on the surface of the specimen during hot-working. The results of
chemical analysis for zirconium as a function of hot-working strain are
given in Fig. 9, which shows that the zirconium content is sharply reduced
in the early stages of hot-working. In terms of atom fraction, these
materials are relatively dilute mixtures of carbide in the graphite; hot-
working to a true strain of 40% reduces the zirconium content from about
4 at. -% to 2 at. -%. 'I'he carbide beads appear to be coated with graphite
precipitated from the liquid phase, and they can be readily removed from
the hot-worked body if care is taken to keep the cutting edge of the lathe
tool below the beads and in the graphite substrate.

Photomicrographs of the structure of these bodies are given in
Fig, 10. The microstructures are dense, and the carbide phase is finely
divided, with most of the particles less than 4 u in size., The distribution
of fine particles is more uniform for bodies prepared with finer-grained
carbide particles.

Measurements of the bulk density were made by weighing machined
cylinders, and the results are shown in Fig. 11. By using these data
together with the chemical analyses and the reported lattice parameter
for zirconium carbide saturated with graphite, (6) calculated values for the
density of the graphite phase of the two-phase body were derived.

'I'he sharp reduction i1n porosity caused by hot-working is shown in
Fig. 12. The porosity was measured by conventional mercury porosimetry.
Values for the theoretical porosity are also given in Fig. 12 and are cal-
culated from the density of the graphite phase, assuming that no zirconium
is present in the graphite phase. It will be noted that in bodies prepared
with fine-grained ZrC, the porosity (d > 0.1 pu) is reduced to less than 1%
in the first stages of hot-working. The higher porosity of the material
prepared with coarse-grained ZrC is believed to be due to inadequate
saturation of the body with the liquid carbide, leaving some regions of the
body relatively unimpregnated with carbide.

Measurements of the helium permeability are shown in Fig. 13. Owing
to the small size of the specimens and to the fact that the apparatus employed
was designed primarily for measurements on more permeable graphites,
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M-9880-1 (% (200x)
(b)

Fig. 10--Microstructures of ZrC-bearing graphite bodies hot-worked

above eutectic temperature; longitudinal sections: (a) ZrC-graphite

prepared with coarse-grained ZrC, hot-worked at 2960°C to true

strain of 44%; (b) ZrC -graphite prepared with fine-grained ZrC, hot-
worked at 2920°C to true strain of 39%.
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Fig. 11--Bulk density of hot-worked ZrC-g'raphite bodies; calculated
. values of the density of the graphite phase
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Fig, 12--Porosity of hot-worked ZrC-graphite hodies as
measured by mercury porosimetry and as calculated fron
' the density of the graphite phase.
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the values below .approximately 10-6 cm?/sec must be considered as upper
limits for the permeability.

"Measurements of the compressive strength and modulus.of rupture
-are shown in Figs. 14 and. 15, The tests for compressive strength were
‘made on cylindrical specimens, 0.25 in. in diameter and 0. 375.in. high,
cut with the cylinder axis either parallel or perpendicular.to the direction
of compression during hot-working. The.flexure tests were made with a
four-point loading jig, using specimens of approximately square cross
. section no larger than 0.1 in. on a side and approximately 0. 6 in. long.
Specimens were tested in the three orientations, relative to the preferred
.orientation imparted by hot-working (see Fig. 15). In contrast to the
strength of graphites hot-worked without liquid.-additives, (3X7) these
materials show a large increase in strength in one direction without
sacrificing strength in the other directions.

In considéring .possible-mechanisms. whereby sharp improvement in
strength is obtained for bodies hot-worked.with a.ligquid carbide phase, . it
should be . noted that the strength increases with increasing hot-working
.strain while the concentration of carbide is decreasing. Furthermore, the
.volume fraction of carbide is low, and the micrographic studies indicate
that the graphite matrix is the continuous phase. Consequently, the
effective strengthening would not appear to be attributable to the mere
presence of a strong carbide phase, and the mechanism of strengthening
..would appear to be due to an interaction of the carbide phase with the
graphite matrix,

- Measurements of the thermal diffusivity at room temperature have
‘been made using.a flash method (see Section.III), These data have been
.employed, together with the chemical analysis and the heat capacity of
graphite(8) and zirconium carbide; (9) to calculate the thermal conductivities,
It will be noted that the conductivity in the direction perpendicular-to the
direction of compression during hot-working is of the same order as.that
of copper. The thermal diffusivities and thermal conductivities are given
in Fig. 16. ‘

. Graphite Bodies: Hot-worked with Liquid Molybdenum Carbide

‘Molybdenum carbide otters two advantages.as a.liquid carbide additive
.for the hot-working of graphite; the eutectic with graphite is relatively
. low, approximately 25900_C, (10).and the carbide: is nonvolatile. - Accordingly, .
a-series of hot-working runs has been made on graphite-matrix bodies
containing a dispersion of fine molybdenum carbide particles, and the pro-

perties of the hot-worked bodies are being characterized.



COMPRESSIVE STRENGTH (PSI)

30,000

161

OO0 DO

11 } FINE-GRAINED
ZrC

-

ZrC :

-

} -COARSE-GRAINED

1 | | 1 | |

-0.1 -0.2 -0.3 -0.4 -0.5 -0.6

TRUE STRAIN IN HQT-WORKIMG

14--Compressive strength of hot-worked graphite
containing zirconium carbide,

v




MOCULUS OF RUPTURE (PS1)

162

20,000

15,000

10,000

5,000

PREFERRED
SYMBOL ORIENTATION

a
S
o & —

o [

ly

; et :
o .

0 ! 1 i { ] » ) e 1 :

0 -0.1 -0.2 -0.3 -0.4 .-0.5 -0.6. . -0.7

Fig.

TRUE STRAIN IN HOT-WORKING

15--Modulus of rapture of hot-worked graph1te ‘
Conta1n1ng zirconium carbide.



THERMAL DIFFUSIVITY (CMZ/SEC)

163

THERMAL DIFFUSIVITY, PARALLEL
" THERMAL. DIFFUSIVITY, PERPENDICULAR
'THERMAL CONDUCTIVITY, PARALLEL
" THERMAL CONDUCTIVITY, PERPENDICULAR

~

be> O

— 0
(j .
-8 N W e
: [
0 - | : 1l - - { = : 1 1 0
0 -0.1 -0.2 . 0.3, -0.4 -0.5 -0.6 -0.7

* TRUE STRAIN IN HOT-WORKING

Fig. lé--Thermal diffusivity and thermal conductivity of
hot-worked graphite containing zirconium carbide

THERMAL CONDUCTIVITY (CAL/CM-SEC-°C)



164

The materials were prepared in essentially the same manner as.for
-the ZrC-bearing bodies described previously. The particles of commercial
- molybdenum carbide were screened to less than-38 u, and the pitch content
of the graphite matrix was 20 wt-%. '

The hot- pressed bodies were hot-worked at temperatures in the
neighborhood of 2750° C,. using loads generally less than 6000 lb for the
-1-in. -diameter. specimens. The hot- worklng,behawor was similar-to
that of the ZrC-bearing bodies; in general, the liquid-carbide-bearing
bodies are more readily hot-worked than.the matrix graphite without an’
additive or with a solid-state additive. A photograph of a specimen at
approximately 25% strain is shown in Fig. 17.

The results of chemical analysis of the hot-worked specimens
(Fig.. 18) show that the molybdenum content drops somewhat less abruptly
with increasing strain than noted for zirconium. . In view of uncertainties
as to the structure.of the carbide when cooled to room temperature (the
most recent:phase diagram(10) indicates that MoC is unstable below about
1650°C), no attempt has been made to calculate the volume fraction of
carbide (or other propertles which depend on knowledge of carblde structure
€. g , graphite density .and theoret1ca1 poros1ty) - A

Photomicrographs of the matrix graphlte contalnlng molybdenum
‘carbide particles are shown in Figs. 19 through 22 for four levels of hot-
working strainand for both 1ong1tu,d1na1 and transverse sections, ' 'T'he
progressive reduction in porosity and increasing uniformity of structure
are illustrated by these photomicrographs. The carbide particles appear
as a unitorm dispersion with a particle size generally less than 4 u.. The
particles show little tendency to depart from an. equlaxed geometry even
in the highly hot-worked specimens.

Techniques of replication electron-micrography are belng developed
~to study the structures of the graphite bodies hot-worked witha dlspersed
liquid carbide phase. Some electron micrographs of the molybdenum-=-
bearing specimen of Fig. 21 are given in Section VI of this report.

- Measurements of the porosity and bulk density are given in Fig.. 23.
Measurements of the helium permeability (see Fig. 24) showed the same
drop when the sample was hot-worked, ‘to values at.or below the limit of
detection with the existing apparatus, as noted for the ZrC-bearing bodies.

The compressive strength. (Fig. 25) and modulus of rupture (Fig. 26)
show greater increases. in strength in the strong directions with increasing
‘hot-work than those observed with the ZrC-bearing bodies. Compressive
strengths in excess of 40, 000 psi and moduli of rupture in excess of

20,000 psi are competitive with current production pyrolytic graphite. (11)
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M-10556-1 (1.85%)

Fig. 17--Photograph of carbide-containing specimen after
hot -working to a compressive strain of approximately 25%.
Original specimen was 2 in. in length and 1 in. in diameter.
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M-10530-1 (400x)
(b)

Fig. 19--Photomicrographs of graphite matri}é containing molybdenum
carbide particles. Specimen annealed at 2700 C; no hot-work.
(2) longitudinal section; (b) transverse section.



M-10531-1 (400x)
(b)

Fig. 20--Photomicrographs of graphite matrix containing
molybdenum carbide particles. Specimen hot-worked at
2720°C to true strain of 24%. (a) longitudinal section,

(b) transverse section.



M-9924-10 (400%)

M-10532-1 (400x)

Fig. 21--Photomicrographs of graphite matrix containing

molybdenum carbide particles. Specimen hot-worked at

2720°C to true strain of 41%. (a) longitudinal section,
(b) transverse section.
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M-10359-10 (400x)
(a)

M-10533-1 (400x)
(b)

Fig. 22--Photomicrographs of graphite matrix containing
molybdenum carbide particles. Specimen hot-worked at
2720°C to true strain of 56%. (a) longitudinal section,

(b) transverse section.
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' Fig. 24--Helium permeability of hot-worked graphite

containing molybdenum carbide.
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Measurements of the thermal diffusivity are given in Figure 27. The
thefrriail'éohductivity has been calculated using the experimental measure-
ments of molybdenum content and bulk density and by making the assumption
of additive heat capac1t1es(12) in the abseénce of measurements of the heat
capacity of molybdenum carbides.

‘The thermal expansion of the series of hot-worked specimené con-
taining molybdenum carbide has been measured from room temperature to
1000°C, parallel and petrpendicular to the direction of hot-working. The
instantaneous thermal expansions for 400°C {where the a-direction of the
single crystal shows zZero thermal expansion) were derived and are shown

-~ in Fig. 28.

Hot- workmg Extruded Graph1te Carblde Bodies Above Eutectic
Temperature ' :

.Extrude'd' graphite bodies are attractive as starting materials for
two reasons: (l) since the preferred orientation of extruded bodies is
opposite to that resulting from hot-working, a wide range of preferred
oriéntations should be attainable by deforming the body in compression
parallel to the extrusion axis; (2) extruded bodies are relatively free from
the variations in density of hot-pressed bodies and the material can be pre-
pared with a more uniform structure for a series of hot-worked specimens.

-Therefore, attempts are being made to hot-work extruded graphite bodies

containing molybdenum carbide at temperatures: such that the carbide
phase is liquid.

The initial experiments are being made with an extruded body pre-
pared with approximately 8 vol-% molybdenum metal, 54 vol-% graphitized
petroleum coke as the filler, and 38 vol-% pitch as the binder. This mix-
ture was extruded at 220°C to form a l-in. -diameter body, which was sub-
sequently baked to 900°C and sintered in vacuum at 1750°C, Although this
initial body was found to contain voids owing to incomplete pitch distribution
(see Fig. 29), a preliminary hot-working run was conducted to learn if the
material could be satisfactorily hot-worked despite these defects.

The body was hot-worked at approximately 2700°C to a strain level
of 35%, using loads no greater than 3000 lb. As for the hot-pressed graphites
containing molybdenum carbide, the liquid carbide was squeezed from the
body, appearing as beads on the cylindrical surface.

The microstructure of the hot-worked body is dense and uniform with
no evidence of the voids found in the starting material. A few property
measurements have been made and are summarized in Table 4. In view of
these promising results further work is being undertaken, and extruded
bodies are being prepared tree trom shrinkage voids to improve the quality
of the starting material. '

\
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Fig. 28--Instantaneous thermal expansion at 400°C of hot-worked
graphite containing molybdenum carbide.




178

M-10708-2 200x

M-10713-2 200x
(b)

Fig. 29--The microstructure of extruded graphite bodies
containing molybdenum: (a) after sintering at 1750°C,
(b) after hot-working to approxicr)nately 35% true strain

at 2700 C.
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Table 4

PROPERTIES OF EXTRUDED GRAPHITE-CARBIDE
BODY AFTER HOT-WORKING

Compressive strain in hot-working . ... .. ... -0. 35
Instantaneous thermal expansion at 400°C —60
Parallel to direction of hot-working .. ..... 5.8x10 6oc
Perpendicular to: direction of hot-working ... 1,8 x 10"
Compressive strength
Parallel to direction of hot- -working . ... ... 18, 400 psi
Perpendicular to d1rect10n of hot -working ... 12,200 psi
Modulus of rupture
Strong test orientation (average) .. .. ..... 9600 psi:
Weak test orientation . .. .. .....,...... 5350 psi
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IX. APPLICATION OF HOT-WORKING PROCESSES TO.

FABRICATION OF GRAPHITE-MATRIX FUEL BODIES
L J. L. White, J.. M. Pontelandolfo

o

"+ The feasibility of using hot-working processes to fabricate a graphite-
matrix fuel body has been investigated, and this work has been summarized
in a classified toplcal report "Hot-Worked Graphite-Matrix Fuel -

Bodies (U) "(l) :

‘It is concluded that although it is technically feasible to prepare hot-
worked graphite-matrix fuel bodies, the process conditions require
stringent control and only modest improvements in:the properties of the
fuel body are accomplished by hot-working. Accordingly, attention has
been shifted to the development of methods for the attainment of substantial
improvements in the graphite matrix, and the results obtained in hot-
working graphite containing liquid carbide additives have been presented
in Section VIII of this report,
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