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ABSTRACT

This report describes the analytical development, processing, and testing
of tetrakaidecahedronal cellular carbon and graphitfe thermal insulations.
Becguse of the small cell size, thermal radiation does not significantly
increase the conductivity of these insulations at high temperatures, Fibers
added to the cellular matrix increase the tensile strength.
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Summary

High temperature cellular carbon and graphite thermal insulations (TKD) were designed
analytically with the aid of a computer program. The insulations were made by carbonizing and
graphitizing cork composites of variocus densities, The closed cells in the insulation are 14-sided
with uniform wall thickness and are less than 0,001 inch in diameter, The multitude of small
cells block radiation so efficiently that radiant heat transfer through the insulation is negligible
even above 5000°F, The result is that the conductivity of graphite TKD is nearly constant from
room temperature to 50000F, and the conductivity of carbon TKD increases less with increasing
temperature than other refractory insulations that have larger cells. Tensile and compressive
strength of TKD is comparable to other carbon foams. The tensile strength of TKD can be in-
creased by adding rayon fibers to the cork composites prior to carbonization. Recommendations

are made for the improvement of TKD and applications are suggested.
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HIGH TEMPERATURE TKD THERMAL INSULATION

Introduction

Refractory thermal insulations are needed to protect structures, elecironics, and personnel
in environments such as hyperscnic reentry and high temperature processing or experiments.
Most of the existing insulations cannot survive these temperatures which can exteed 4000°F. In-
sulations that can survive usually have a large increase in conductivity at high temperatures due
to radiation heat transfer within the insulation which reduces their effectiveness. In addition to
survivability and low conductivity at high temperatures, there are several other desirable char-
actoristics for high temperature insulation, Any structural member that protrudes through the
insulation could cause a local hot spot in the protected area; therefore, the insulation should have
structural strength, When materials are heated several thousand degrees, thermal expansion be-~
comes a problem. Another desirable property for the insulation is resiliency to compensate for

thermal expansion of the insulation and surrounding materials.

The current generation of isotopic heaters used in thermoelectric generators for space appli-
cation are designed to reenter the earth's atmosphere and contain the radiocactive fuel after earth
impact (Ref., 1 and 2), The heater structural member must be protected from reentry heating so
that it will be strong enough to withstand impact on a hard surface. Howewver, if there is too much
insulation around the heater, the heat generated during operation in space will overheat the fuel
and structure, causing a failure prior to reentry. Ideally, the insulation should have a high con-
ductivity at the relatively low operating temperatures (about IODOOF) and a low conductivity at the
higher reentry temperatures, This is the opposite temperature/conductivity relationship exhib-
ited by existing low density, low conductivity insulators. There are isotopic heater designs that
do function effectively and safely using a combined insulator, support, and compliance member
(Refs. 3 and 4), but the designs could be improved if better insulations were available. Insula-
tions used in space nuclear power supplies operate in a vacuum or an inert atmosphere, thus
eliminating any oxidation problem; however, the insulation must be compatible with ablation, clad-
ding, and structural materials at elevated temperatures and suffer no degradation from nuclear

radiation,

Fibrous and foam carbon insulations are being used for reentry thermal protection. The
conductivities of both insulators increase proportionally to TS at high temperatures because of
internal radiation heat transfer (Ref, 5). Fibrous carbons have very little compressive strength,
and thie conductivity increases when it is compressed, Carbon foam has a higher conductivity
than fibrous carbon for the same density, It is also brittle and cannot be used as a compliance
member. Low temperature conductivity of carbon insulators can be increased by graphitization

(Ref. 4), but carbon foam made from polyurethane will not graphitize in conventional processes.



These properties of existing insulations lead to the development of the tetrakaidecahedronal (TKD)

cellular carbon and graphite insulations described in this report.

Theory

L3

Heat is transferred through insulators by soclid conduction, gas conduction, radiation, and
in some very loose fibers or large cell foams by gas convection. For a given structure, solid
material, and temperature, solid conduction heat transfer is proportional to the density of the
insulation, For a given structure and temperature, gas conduction is nearly proportional to the
void volume, The amount of heat {ransferred by gas conduction can also be affected by pressure
if the cell sizes are very small and/or the temperatures are high. Radiation is proportional to
the fourth power of temperature and inversely proportional to the number of radiation shields
(i, e., cell walls per unit thickness), Therefore, efficient high temperature insulations must have
small void volumes, In addition to these heat transfer considerations, strength, resiliency, high
temperature survival, compatibility, ease of manufacture, and cost were also criteria for the

insulation being designed,

The strength of a cellular structure is higher than that of fibers, powders, or loose lami-
nates, Flat-sided cells that are loaded in pure tension or compression are stronger than cells
which have larger bending moments. Unless cells can be made with heavy structural edges, cells
with uniform wall thicknesses are stronger than cells with varying wall thicknesses for a given

density.

A sintered or bonded fiber struciure is the most resgilient, but if a cellular structure is
chosen for strength, resiliency must be obiained by proper material selection, Survivability and
compatibility are also dependent on material selection. Some of the potential uses for the insula-
tion would be reentry vehicles and reentering isotopic heat sources. Currently, both applications
use carbon or graphite ablation shields which can have surface temperatures as high as the subli-
mation temperatures which range from 55400R at 1()"3 atmosphere pressure, 71100R at 1 atmo-
sphere, to 9450°R at 103 atmospheres (Ref. 6), For high temperature survival and compatibility,
carbon and graphite would be candidate materials for the insulation. The greatest structural
loading on reentry vehicles is during peak deceleration and earth or planet impact when the in-
sulation is hot, Therefore, a material thal increases in strength with increasing temperaiure,
such as graphite (Figure 1), is desirable. In the teinperature range of interest, the conductivity
of graphite decreases with temperature, which would make it well suited for space nuclear power
supplies. The conductivity of carbon increases with temperature (Figure 2), but it is lower than .
graphite conductivity, which would make it a better gelection for reeniry vehicles with no internal
heating, However, most carbons graphitize when they are held at temperatures ranging from
4000 to 6000°R for extended periods of time, Shrinkage occurs during the graphitizing process,
which limits the use of these carbon insulators, Graphite has a lower modulus of elasticity and a

larger yield strain than carbon and hence is more resilient and compensates better for differential



thermal expansion, Carbon and graphite appeared to be the best materials for the insulation being

designed, but other refractories, such as zirconia, magnesia, silica, and alumina, were also in-

vestigated.
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The parameters mentioned above were guantified using the INCON computer program de-
scribed in Reference 9. Parametric runs were made with ecach material and several cover gases
with pressures ranging from a vacuum to 1000 atmospheres. Cell size, cell density, cell align-
ment, and cell configurations were varied to optimize the insulation. Since radiation is the cause
for the increase in conductivity of other insulations at high temperature, radiation biockage was a
prime requirement, The curve in Figure 3 shows the maximum allowable cell size of low conduc-
tivity, carbon insulations ranging from 5 to 30 lb/f’c3 to keep radiation to less than 10 percent of
the total heat transferred at SOUOOR. Cells 0.001 inch in diameter are acceptable over the practical
range of densities, Radiation heat fransfer is between 0,62 and 5.9 percent, and gas conduction is
between 4.3 and 34,1 percent in carbon and graphite 0.001 inch insulations at SOOOOR. The wide
range in the conductivities of the different kinds of carbon and graphite account for the range of
radiation and gas conduction percentages (Reference 7, Figures 3001 and 3001B). Cells 0,001
inch in diameter will also lower the effective gas conductivity at reduced pressures, As shown by
Figure 11 and Eq. {(8) of Reference 9, the effective conductivity of air begins to decrease at one
atmosphere and becomes negligible at 10-3 atmosphere in 0.001 inch cells at SOOOOR, At low pres-
sures the conductivity of 0.001 inch carbon or graphite insulation is approximately proportional to

the density of the insulation and the conductivity of the solid material.
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trangfer, Carbon cellular insulation in 1 atmosphere air,



Other results of the carbon and graphite parametric study include the following.

1. The cells should be staggered to increase the conduction path length in the solid.

This would indicate a closely packed structure such as spheres or polyhedrons.

2, The cells should be closed to make full use of the walls as radiation shields.
Low density spherical cells may have thin areas that transmit radiation (Ref. 10).

No transmission was predicted with uniform thickness walls,

3. Since most of the heat is transferred by solid conduction, the density should he

as low as possible while maintaining adequate strength,

4. If the insulation is to be used in an application that requires little or no increase
in conductivity with temperature, the material must graphitize or be made of

graphite,

Cork has the cell siructure selected by the INCON study, but it decomposes between 250 and
900°F. It has been an efficient low temperature insulation and has recently been used as low heat
flux ablation shields (References 11, 12, and 13), When cork is used as an ablation shield, pyroly-
sis and oxidation take place at a low temperature and a weak, porous, nonhomogeneous char is
formed, Although cork could not be used as a high temperature insulation, it could be used as a

structural model or possibly as a precursor for the insulation,

Cork is made up of individual 14 sided (tetrakaidecahedronal) cells (F'igure 4). This config-
uration gives cork the least possible surface 1o volume ratio with no interstices, The cells are air
filled and are bonded together with lignin which is a resinous binding substance., The size of the

cells vary slightly, ranging from 0.0008 to 0.002 inch,

Figure 4, 14 sided (tetrakaidecahedronal)
individual cork cell, '
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After cork bark is removed from the tree, it is boiled to remaove tannins and other water
soluble materials and loose dirt, The hard outer surface is then removed, leaving the cork in its
commonly used form. The density is 12.5 to 15.5 lb/ft3 after processing. Even high quality cork
has numerour voids (Figure 5). An insulation made from cork in this form would be nonhomo-
geneous, have low strength, and high conductivity at high temperatures because of radiant heat
iransfer across the voids., Uniform cork composites can be made by grinding the cork and then

bonding the granuels together by any of several processes.

Figure 5, Voids in XXX grade cork. Scale in inches.

The chemical composition of cork is given in Reference 14, Quantitative analysis of cork
will vary slightly with the quality and source of the sample. The average composition of good
cork is given in Table I. Acids (44 percent) and cellulose like materials (16 percent) are the

major constituents of the cells which are bonded together with the lignin (15 percent),



TABLE I

Composition of Cork

Average
Constituent Amount (%)
Moisture 4
Ceroids (Cerin CSOH5OOZ’ Friedelin CSOHSOO’ Waxes,

Glycerides, Stearine, and Free Acids) 10
Tannins 4
Glycerin 4
Fatty Acids 30

(Phellonic Acid, HOCEI(CH2)20 COCH) 25%

(Phloionic Acid, CHOH (CH2 )7 COCH) 3.5%

(Phloionolic Acid, CITHSZ (CH2)3 COQH) 1%

(Phellogenic Acid, HOOC (CHZ)ZO COOH) 0,5%

Other Acids 14
Lignin, CBHBOZ (OCHS) 16
Cellulose CSHIOOS 3
Cellulose Like Substances 13
Ash (Al, Ba, Ca, Fe, Mg, Mn, K, Na, and Sr) 2

When cellulose is heated in a vacuum, the volatile products of pyrolysis are CO, COZ’ HZO’
tars, and small amounts of CH4 and C2H4. At high temperatures free hydrogen is released. The
residue is a carbonaceous mass (Ref. 15), Reactions taking place during the pyrolysing of fatty

aclds include dehydration, decarboxylation, double-bond conjugation, polymerization, dehydro-

cryclization, aromatization, dehydrogenation, and degradation by carbon-carbon clearage (Ref. 16).

Thesge reactions produce mostly HZO’ HZ’ and 002 volatiles from the fatty acids listed in Table I,

This would indicate that a high carbon yield could be expected by the pyrolysis of these fatty acids.

Lignin is an amorphous polymer similar to cellulose but with a lower degree of polymerization
(Ref. 14), There are several types of lignin, and little is known about the products of pyrolysis
except that a carbonaceous char is formed. Most tests to measure the products of pyrolysis of
celiulose, fatty acids, and lignin have been conducted in o vacuum where the volatiles were with-
drawn from the solid, If pyrolysis takes place in an inert atmosphere, the gas pressure retards
the diffusion of the volatile products out of the solid so the products may undergo secondary reac-
tions with the residue. In addition, pressure will retard the escape of the volatiles from the hot
zone, so that they will undergo further secondary reactions in the gaseous state. One of the
secondary reactions that would increase the carbon yield of the residue would be CO reacting with
another oxygen atom to form CO2. If pyrolysis takes place in air, oxidation of the volatiles and

residue would take place, which would reduce the carbon yield,

Cork is composed mainly of carbon, oxygen, and hydrogen. Since oxygen and hydrogen are

the most common volatile products of pyrolysis, there was a good probability that cork could he
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carbonized under the right conditions without changing its original structure except for shrinkage,
The highest carbon yield was expected if the carbonization takes place in an inert atmosphere

such as argon to increase secondary reactions. Pyrolysis is a uniform internal phenomena which
requires diffusion of the volatiles to the surface. Since cork cells are closed, a slow carbon- 7

izing cycle should be used to aliow the velatiles to escape.

The difference between carbon and graphite lies in the spatial arrangement of the carbon
atoms. In graphite, the atoms are in a hexagonal close pack structure and all atomic layers are
parallel to each other, The interlayer spacing of graphite is 3,35 .ZX, and the crystallite size is
on the order of 1000 :& In carbon, there is a hexagonal arrangement in one plane but the arrange-
ment in the other two planes is random. Interlayer spacing of amorphous carbon is 3,44 A, and
the crystallite size is about 50 A There is also intermediate semicrystalline or mesomorphic
forms between carbon and graphite that have a definite structure in two dimensions but are random
in the third (Ref, 6). Graphitization of carbon involves a displacement and rearrangement of layer
planes and small groups of planes to achieve three-dimensional ordering, The growth of the
planes may be supplemented by the movement of individual atoms or single carbon rings to fill
vacancies in existing crystals., The probabilily of graphitization is related to the existing degree
of digorientation and the extent of carbon-carbon binding between layers (cross linking), Graph-
itization can be enhanced by the presence of oxidizing gases, Preferential oxidation of the more
disordered, noncrystalline regions occurs, eliminating cross linking bonds and single layer planes,
The ease of graphitizing carbons depends on the mobility of individual layers. Soft carbons graph-
itize at 49000F, but hard or glossy carbons may not graphitize until they reach 63 00°F because of
strong cross links (Ref. 8). The steps in the graphitization of soft carbon are as follows, Cal-
cination takes place beiween 1800 and 2400°F. The devolatization and dehydrogenation stabilize
the material, Carbon to hydrogen ratios increase from about 20 to greater than 1000, Between
2700 and 3600°F there is a 0.2 to 0.6 percent volumetric expansion. Beiween 4000 io 4900°F, the
graphitization process proceeds more rapidly and is accompanied by a volumetric ¢ontraction as

crystal growth and inferlayer spacing reduction predominate,

Carbons derived from some of the cork constituents are soft, but carbons derived from
others, such as cellulose, are hard and retain a turbostratic structure well above 54000F (Ref. 8).
Therefore, it was expected that carbonized cork would only partially graphitize in low temperature

graphitizing processes.

Theoretically, cork should carbonize and at least partially graphitize. Both carbonized and
graphitized forms of cork should have the thermal, mechanical, and chemical properties that

would make them good high temperature insulators,



Cork Composites

As shown in Figure 5, natural cork has too many voids to be used as a precursor for car-
bonized cork insulation. There are several processes by which cork composites can be made, all
of which require the same initial preparation. After the bark is boiled and scraped, it is dried,
granulated, and screened to separate the cork according to grain sizes. Ground cork sizes are
based on the standard screen sizes the granules will pass through, Figure 6 shows ground cork
that will pass through a number 20 screen (0,84 mm) but will not pass through a number 40 screen
(0.42 mm), All cork composites need some kind of adhesive to bond the granules together. The
object in reconstituting the cork is: (1) to use as litile adhesive as possible, (2) to eliminate gaps
between granules, (3) and to distort the granules, and hence the individual cork cells, as litile as
possible, Finely granulated cork distorts the least but uses the most binder because of the large
surface to volume ratio, Large granules use less binder, but the large amount of compression
needed to eliminate voids completely collapses some of the cells at the granule boundaries. A good
comparison is a mixture with sizes from about 50 to 12. The mixture has a good packing density

and bonds together well in all of the composite types.

Figure 6. Ground and refined cork size 20/40,
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The four basic types of cork composites are composition cork, expanded cork, corkboard,
and isolation cork. Composition cork is formed by bonding cork granules together with adhesives,
Densities are varied from 7 to 30 lb/ft:‘3 by varying the kind and amount of adhesive, the size of
the cork granuels, and the amount the mixture is compressed prior to curing, Curing time and
temperature depend on the type of adhesive, The adhesive must: (1) have a high carbon yield to
retain strength after carbonizing, (2) have a shrinkage during carbonization similar to that of
cork to prevent crushing or cracking, (3) wet the cork to obtain a good bond, and (4) have a low
viscosity before it is cured so it will flow along granule houndaries and minimize the quantity of
adhesive. Thick layers of carbonized adhesive would act as thermal shorts through the insulator,
Phenolics, furanes, refined coal tar pitches, and lignin all meet these requirements (Ref, 17),
Lignin is the natural cork binder and may be the most compatible with cork granules, Typiecally,
composition cork is about 3 to 6 percent adhesive by volume, Figure 7 shows a block of composi-

tion cork made of 16 /50 cork with a phenolic binder,

Composition Cork
with Phenolic Binder

Insclation
Cork

Figure 7. Cork Composites

Corkboard is made without any added adhesive. When cork is heated, it expands and some

of the natural resins come to the surface of the granules, Ground and refined cork is placed in a




mold and heat is applied. The pressures created by the expanding cork, force the cork to spread
into the voids between particles. The natural resins then resolidify forming a united mass. The
expansion of the cork cells gives a product of low density and helps to key the particles together,
The heat applied is sufficient to darken the cork cell walls and to remove some of the more vola-
tile constituents, but the air-filled cells remain intact, Densities vary from 5,5 to 14 11:)/f1:3
depending on the amount of cork loaded into the mold. The cork is heaied to between 500 and 600°F

and held for 4 to 6 hours at that temperature depending on the thickness of the mold.

Isolation cork is used for machinery mounts, Most commercial isolation cork is low quality
with inclusions of the hard outer shell and other impurities. Granule sizes are about number 30
to 6 (Figure 7). Isolation cork is made the same as corkboard excebt the cork is compressed
mechanically in the molds prior to heating to obtain higher final densities which range from 13 to

21 1b/ft3. The compression causes the cells to flatten slightly.

Expanded cork, which has a density of 4 o 6 1b /fts, is formed by adding calcium carbide to
fine cork granules. Acetylene gas is formed and the pressure expands the cells. The granules
are then honded together with adhesives or by heating in a mold. TKD insulation has not been

made from expanded cork, but it should be a good precursor for low densgity TKD.

Cork composites used as precursors for TKD insulation should be formed to approximately
desired sghape to reduce the amount of material to be carbonized and to minimize the distance that
volatiles must diffuse during carbonization. Allowances must be made for the shrinkage and dis-
tortion that takes place during carbonization and graphitization. Cork composites machine easily
and cleanly. Small parts can be machined from blocks of the composite, Large parts can be
molded to the desired shape, Some thin pieces with large radii of curvature can be made by bend-

ing sheets of the composites over forms, After carbonization, the rigid insulation will retain its

shape.

Refined granulated cork and cork composites are inexpensive and can be obtained from many

commercial sources (Ref, 18).

Carbonization and Graphitization

The first attempts at carbonizing cork were with standard cycles in one atmosphere of argon.
The cycles were 48 and 78 hours long and had a maximum temperature of 800°C. Chemical
analyses indicated that cork does not completely carbonize in a 800°C cyele, so a cycle was de-
veloped based on a thermogravimetric analysis (TGA). TGA's were conducted in a vacuum and
in an inert atmosphere, The results are shown in Figure 8. At temperatures below SOOOC, the
results of the tests are almost identical to those given in Reference 19, However, above 5000C,
Reference 19 shows alsmost no weight loss but the weight loss is substantial in Figure 8. Final

weight loss in a vacuum is 99 percent in the Sandia test and 82 percent in the Armstrong test,
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Sandia measured an 85 percent weight loss in helium, and Armstrong had a 72 percent loss in
nitrogen, In both sets of tests, the carbon yield was higher in an inert atmosphere than in a
vacuum, It was found that a post cure of the composition cork at ZOOOC for four hours in air in-
creased the carbon yield slightly. Theory also suggests the yield might be increased with catal-
ysis or by increasing the pressure of the inert cover gas, but these modifications have not as yet

been tried,
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The carbonizing cycle shown in Figure 9 was based on Figure 8b. The cycle time in a given
temperature range is proportional to the mass loss in that range, which produces uniform gas dif-
fusion rates throughout the cycle. The temperature gradient in the composite being carbonized
must be small to prevent cracks caused by earlier shrinking of hotter exposed surfaces. There-
fore, thicker sections require longer cycles. Longer cycle times are also required for thick
sections because of the longer diffusion lengths., Cycle times range from 24 hours for thin samples
to 100 hours for 4-inch thick sections, The maximum temperature is held for 1.5 to 6 hours to

assure uniform carbonization,
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Figure 9. TKD carbonizing cycle based on a thermogravimetric analysis.

Maximum carbonizing cycle temperatures were varied from 800°C to 1400°C, The cover
gas was one atmosphere of argon, and the samples were 30 1b /ft3 composition cork with a phenolic

binder. Weight losses and shrinkage are given in Table IL

Weight loss is negligible above 1000 to 11000C, and carbonization is almost complete. The

density of carbonized TKD is slightly over 18 1b/f1:3 for all carbonizing temperatures.
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TABLE II

Weight Loss and Shrinkage as a Function

of Carbonization Temperature

Maximum Fraction of Fraction of Fraction of
Temp. (°C) Initial Weight Initial Length Initial Volume
800 0.249 0.74 0.41
900 0.245 0.74 0.41
1000 0,242 0,73 0,39
1100 0,240 0,73 0.39
1200 0,238 0.73 0.39
1300 0.239 0.73 0.39
1400 0,238 0.73 0.39

Cork boards ranging in density from 7.15 to 14,50 1lb /ft3 were also carbonized at IGOOOC.
The fractions of initial weight were 0,29 to 0,30, the fraction of initial length were 0.74 to 0,71,
fractions of initial volume were 0.40 to 0.36, and carbonized densities were 5.18 to 12.1 lb/fts.
The cork board had slightly less weight loss and slightly more shrinkage than the composition
cork. Shrinkage of carbonized isolation cork was almest the same as cork board, but weight
losses were slightly higher, probably due to impurities in the samples, Figure 10 shows carbon-

ized composition cork and isolation cork samples similar to the cork composites in Figure 7.
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Figure 10, Carbonized TKD



The first samples of TKD were graphitized at 2750°C in one atmosphere of argon, X-ray
diffraction tests showed that the samples were only partially graphitized. Subsequent graphi-
tizing cycles with a maximum temperature of 3000°C produced TKD that was more fully graphi-
tized, but graphitization was still not complete, Even higher graphitizing temperatures would be
needed to assure no shrinkage if the insulation is used above 3000°C. The graphitization cycles
consisted of a rapid rise in temperature up to the maximum temperature of the carbonizing cycle
followed by a slow linear increase in temperature through graphitization and a 2-hour hold at

maximum temperature.

Composition cork with a phenolic binder that was carbonized at 800°C had an additional
weight reduction of 11 percent and a length reduction of 9 percent when it was graphitized at 27500(:,
Isolation cork carbonized at 1000°C had a weight reduction of 5 to 7 percent and a length reduction

of 10 to 12 percent when it was graphitized at 3000°C,

Since TKD shrinks slightly during graphitization, insulation which is used above 1000°%c
would have to be graphitized or heat treated at the operational temperature if shrinkage could be

detrimental,

All carbonized and graphitized TKD insulations machine easily and have good surface finishes.

Figure 11 shows two parts that were rough machined from a block of isolation cork, carbonized, and

then machined to final dimensions.

Figure 11, Machined carbonized TKD
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Characterization and Test Results

The TKD insulation design was evaluated using: (1) X-ray diffraction tesis to determine the
degree of graphitization, (2) electron micrographs to observe cell sizes and shapes, wall thick-
nesses and continmuity, and granule interface conditions, (3) thermal conductivity tests to measure
the effectiveness, and (4) tei'lsile and compression tesis to measure strength, elasticity, and

failure modes,

X-Ray Diffraction Tests

The low temperature thermal conductivities of TKD carbonized at 800°C and graphitized at
2750°C were lower than predicted values (Ref, 9), indicating that the carbonizing and graphitizing
processes were not complete. X-ray diffraction tests were then conducted on the samples to
measure interlayer spacing and crystallite size. The results are shown in Table IIl along with

these parameters for pure carbon and graphite.

TABLE ITI

Internal Dimensions of TKD

and Reference Carbon and Graphite

Material d002 Interlayer Spacing (A) Crystallite Sizes (;&)
Carbon 3. 44 50
Graphite 3. 356 1000
TKD (800°C) 3,94 -

TKD (2750°C) 3, 43 50
TKD (3000°C) 3.39 90

These tests showed that the 800°C cycle did not form a pure carbon structure and graphi-
tization had only begun at 275000. Graphitization was not complete at SOOOOC, but the degree of
graphitization was sufficient to produce the desired low temperature thermal conductivity. A

higher cycle temperature would be needed for more complete graphitization.

Electron Scanning Micrographs

Cell sizes, shapes, and wall thicknesses were needed in order to check the thermal model
against experimental conductivity data. All of this information was obtained from electron scan-
ning micrographs of cork composites, carbon TKD, and graphite TKD of various densities. The
effects on the shape of the cells and the distortion aleong granule boundaries caused by compressing
or expanding the cork were also determined with micrographs, Other uses of micrographs include
measurements of adhegive thicknesses and disiribution, location of fractures caused by processing,

and determining failure modes of mechanical tests.



Figure 12 shows the structure of a typical section of low density carbon TKD made from cork
board. The granules were only slightly compressed during the processing, and the cell distortion
is minimal. Cork cells have 6 square and 8 hexagonal flat surfaces. Figure 13 gshows this cell
shape. The small particles are dust from the sanded surface. Individual walls are uniform in
thickness, and the lignin that bonds individual cells together carbonizes to form a single wall be-
tween cavities as shown in Figure 14, A rare partial cell wall separation is shown in Figure 15
which illusirates that cork is made of individual cells that are bonded together. Also shown in
Figure 15 are cigar shaped growths that formed in some of the cells during a 3000°C graphitizing
cycle. Most of the growths are small, and hence little material is removed from the cell walls in

their formation, Similar growths on carbon and graphite have been noted previously (Ref, 20).

The average wall thickness of cork was found to be about 0,0001 inch, which agrees with
values published in the literature. Average wall thicknesses of carbonized and graphitized cork
were about 0,00005 inch, Figure 14 shows an extreme variagtion in wall thickness, Wall thick-

nesses of carbon and graphite TKD can also be computed using

) - . p Carbon _ Length Carbon
Carbon Thicknegs = Cork Thicknesgs ( b Cork X Tength Cork

or using the weight reduction and shrinkage from Table II,

Carbon Thickness = Cork Thickness ( Weight Fraction )

(Length ]Ei‘raction)2

Fora 10000C carbonization temperature,

Carbon Thicknegs = 0,0001 (L‘Ez) = (,000045 inches.

(0.73)

The wall thickness is reduced during carbonization by a larger amount than the wall lengths (0.45

of original thickness and 0.73 of original length),

Cells in high density cork composites are crushed more than the cell in low density compos-
ites. Defining the cell size as the average of the crushed direction and the two uncrushed direc-
tions, average cell sizes of several carbon TKD's are given in Table IV, Also given are the

average ratios of cell dimensions in crushed and uncrushed directions (Y).

TABLE IV

Average Cell Sizes of Carbon TKD

Precursor Precursor Density (1b/£t®)  Cell Size (in) Y
Cork Board 14,5 0.00080 0. 90
Isolation Cork 21 0.00075 0. 80
Composition Cork 30 0.00070 0,75
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13.3 1b/ft3 carbonized TKD cells,
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Figure 12,
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Figure 13,

Carbonized TKD showing
tetrakaidecahedron cells,
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0.001 in.

-

" Figure 14,

-

Typical junction of carbonized
TKD cell walls,



Seperated
Cell Walls

Cigar Shaped
Growths™ ™

Figure 15.

TKD graphitized at 3000°C showing a rare
wall separation and cigar shaped growths.
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The higher density of the composition cork was caused by the addition of a phenolic adhesive.
Figure 3 shows an envelope of approximate TKD cell sizes as a function of density. Cell sizes are

small enough to block radiation heat transfer over the eniire density range.

I'igure 16 shows a section of high density graphite TKD made from composition cork with a
phenolic binder. This micrograph was taken at a granule boundary and shows an area with com-
pletely collapsed cells where there was apparently a projection on one of the particles, Some
areas of local cell collapse can be found in all composition corks, but it is more prevalent in the
higher densities. The degree of cell distortion is usually larger along granule boundaries than in
the center of the granules, Also shown in Figure 16 are the carbonized phenolic adhesive between
granules and a cluster of cigar shaped growths. All cells are more flattened than those in the

lower density TKD shown in Figure 12,

When cork is heated during the formation of corkboard or isolation cork, the cells flow
slightly, which allows the voids between granules to be filled with a minimum of cell collapse.
This is illustrated in Figure 17 which shows the boundary area in high density TKD made from

isolation cork, Granules are held together by carbonized lignin which came from the cork granules,

A fracture surface of 13.3 1b/ft graphitized corkboard is shown in Figure 18. The fracture
followed granule boundaries, which was the case for all TKD insulations that did not have adhesive
added to the cork composite precursors. Fracture planes in TKD made from composition cork,

such as that shown in Figure 16, did not follow granule boundaries,

Thermal Conductivity Tests

The conductivities of carbon and graphite TKD were measured at Union Carbide's Parma
Technical Center using the cyclic temperature phase shift technique in one atmosphere of argon
and at Sandia Laboratories using the laser pulse technique in a vacuum. Tests were conducted on
TKD's made from 30 1};)/f1;3 composition cork with 16 /50 size granules and a phenolic binder, 21
1b /ft3 isolation cork with 6 /30 size low grade ground cork and no added binder, and 14.5 1b/ft3
corkboard with 20/40 size granules and no added binder, The results of the tests are given in

Table V,

The tests resulis are also shown graphically in Figures 19 and 20, The larger change in
graphite TKD conductivity with density than in carbon TKD is partially due to the larger percent of
heat that is transferred by solid conduction in the graphite form, There is a small disagreement
between data obtained in the two facilities, but this is common because of the difficulties in mea-
suring the conductivity of insulators at high temperatures, The conductivities of both carbon and
graphite TKD are close to the predicted values from Reference 9 (Figures 21 and 22). The con-
ductivities of these insulations are governed primarily by the conductivity of the solid walls. Radi-
ation heat transfer is negligible even at high temperatures. The conductivity of graphite TKD
actually decreases at high temperatures following the shape of the graphite conductivity curve
(Figure 2), The lower than predicted conductivity at low temperatures is probably caused by in-

complete graphitization and carbonization,
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Figure 16, Graphitized 29.5 lbf:t't3 composition cork with phenolic binder
showing cell distortion and local cell collapse at a granule
boundary.
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Figure 17,

t

Granule Boundary

Cut surface of carbonized
isolation cork.



Figure 18,

Fractured surface of graphitized
corkboard.
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TABLI V

Thermal Conductivities of Several Carbon

and Graphite TKD Insulations

Precursor 30 1b,fﬂ3 16 /50 Phenolic Cork
Carbonized p = 24.5 lb;’l‘td

Atmosphere Temp, (°C) Temp. (°R) Conductivity (3tu/Hr rt°R)

Argon 1316 2860 0,358
Vacuum 554 1489 0. 121
777 1850 0, 159

1154 256Y 0.416

1530 3245 0,600

1730 3605 0. 980

Graphitized p = 29,5 Ib/ft3

Argon 1300 2833 1, 166
1903 3919 1, 345
2244 4532 1,372
2304 4639 1,318
2390 4793 1,379
2522 5033 1,243
Vacuum 554 1489 1, 135
777 1890 1.178
1154 2569 1, 389
1530 3245 1.514
' 1730 3605 1, 589
Precursor 21 1b/ft3 Tsolation Cork
Carbonized p = 13.5 llzn,fi't3
Vacuum 537 1458 0. 156
749 1840 0.173
1070 2418 0.232
1349 2920 0.373
1954 4009 0, 842
Graphitized p = 17.5 1b/ft3
Vacuum 515 1418 0.781
BY2 2099 0,841
1242 2729 0.934
1537 3258 1. 106 :
1982 4059 1. 071
Precursor 14,5 Ib/ft? 20/40 Corkboard -
Graphitized  p = 13.3 1b/ft3
Vacuum 523 1433 0, 512
920 2149 0. 582
1303 2839 0.676
1616 3400 0. 729
2120 4300 0. 841
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Figure 23 shows a comparison between TKD and some of the most efficient carbon foams and
fibrous carbon high temperature insulations made by several manufacturers (Ref. 21). The con-
ductivity of carbon TKD ig lower than that of carbon foams for all temperatures., The conductivity
of carbon TKD at low temperatures would be about the same as a fibrous carbon of the same den-
sity, At temperatures above 4000°R, the conductivity of carbon foam and fibrous carbon increases
proportionally to temperature cubed because of radiation heat transfer (Ref. 5), but the rate of
increase for carbon TKD decreases with temperature. The conductivity of graphite TKD is nearly

constant, and at high temperatures it has a lower conductivity than foam or fibrous carbon,
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Figure 23, Thermal conductivity comparison of TKD,
carbon foam, and fibrous carbon,

Electrical resistivity can be used to measure the effective cross section area divided by the
path length for solid conduction and to locate discontinuities which are perpendicular to heat flow,

Table VI compares the resistivities of carbon and graphite with TKD insulations.
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TABLE VI

Average Electrical Resistivities

of Carbon, Graphite, and TKD

Material Resistivity (Ohm - m)
Carbon 3.8 x 1072
18,5 1b/ft3 Carbon TKD 2.0x107°
Graphite g.0x10°8
17.5 1b/ft3 Graphite TKD 5.0x 107 %

The TKD's in Table VI were made from low grade isclation cork with no binder added. Com-
parison of meagured resistivities with those computed from known cell configurations indicates

that there were some discontinuities or high contact resistances at granule boundaries.

Mechanical Tests

Room temperature mechanical properties of TKD were measured and compared to those of
foam and fiber insulations, A typical compression stress/strain curve for TKD is shown in Fig-
ure 24, Elastic deformation is nearly linear and rgnges from 0,66 percent for carbonized isola-
tion cork to 1,32 percent for graphitized composition cork. Failure begins with crushing of the
surface cells. When only surface cells are failing, the maximum stresses vary, but the average
remains nearly constant., At about 6 percent compression, internal failures, primarily at granule

boundaries, begin to occur, and the failure stress level begins te decrease.
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Figure 24. Compressive stress/sirain curve for 24,5 1b/#t3 carbon TKD insulation,
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Compression properties for several carbon and graphite insulations are listed in Table VIL
All tests were made with non-bonded surfaces and no initial surface crushing. The strengths of
the TKD insulations are hetween thoge of the foams and fibrous insulations. Rigidity is about the
same as the foams. The properties of TKD had good repeatability with crush stress and elastic

eclongation being +1,5 percent for the graphite forms and +4,0 percent for the carbon forms,

TABLE VII

Comparison of Compressive Strengths
Of TKD, Carbon Foam, and Fibrous Carbon

Stress at 10% Stress at 20% Modules of £ Compression

Densitg Crush Streas  Deflection Deflection Elasticity when

Material (ib/ft3) (psi) {ps1) {ps1) (psi} Crushing Begins

Fibrous Carbon . 8,2 - 24 35 384 -

Fibrous Carbon 4.9 - 171 245 3,610 -

Carbon Foam 12.5 876 - - 71,300 0.81

Carbon TKD 13.5 593 - - 91,500 0.66
(Isolation Cork Precursor)

Carbon TKD 2n.8 960 - - 107,600 0.89
(Composition Cork Precursor)

Graphlte TXD 17.5 339 - - Ly, 000 0.80
(Isclation Cork Precursor)

Graphite TKD ' 29.5 596 - - 45,000 1.32

(Composition Cork Precursor)

Tensile strength of 13.5 lb/f’c3 carbon TKD was 238 psi compared to 230 psi for 12.5 lb/ft3

carbon foam,

All of the properties of TKD insulations given in this section were for experimental compo-

sitions and processes. Optimization should improve and broaden the range of properties.

Fiber Reinforced TKD

Cellular materials such as TKD and polyurethane based carbon foams are usually weak in
tension as shown in Reference 21 and in the Mechanical Tests section of this report. One method
of increasing the tensile strength of a material is by the addition of fibers. When used in a cellu-

lar insulation, the fibers must mix uniformly, must adhere to the matrix material, and must not

form voids. In addition, if the cells and fibers are carbonized, the ghrinkage of the two materials

must be equal so the fibers will not buckle or pull free of the matrix,

The linear shrinkage of cork during carbonization is 27 to 30 percent. Rayon is the most
similar fiber with a shrinkage of 27,5 to 31.9 percent (Ref, 22), Fine fibers should be used for
better homogeneity and to allow the fibers to follow granule boundaries for better keying, fewer '
voids, and less cell deformation. The fibers should be at least as long as 6 to 10 granules to in-

sure good keying and span enough cork to increase strength.
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A reinforced corkboard was fabricated with 7.5 percent rayon by weight, which was 1.2 per-
cent by volume, The fiber diameters were 0,0011 inch, and lengths were about 0.3 inch. The
fibers were crimped, which caused them to felt and mix poorly with the cork granules, Streight
fibers have been found to mix more easily and more uniformly. Initial orientation of the fibers
in the matrix was random, but when the mixture was compressed during the formation of cork-

board, a preferential orientation developed normal to the direction of compression,

The reinforced corkboard was carbonized with a 50-hour cycle having a maximum tempera-
ture of 100000. Linear shrinkage was 27 percent. No evidence of differential shrinkage between
fibers and the cork granules could be found in electron micrographs., f‘igures 25 and 26 are micro-
graphs of two tensile fractures. All fractures occurred along granule boundaries, indicating there
was insufficient lignin to bond both the granules and the added fibers, There was also little evi-
dence of bonding between the fibers and cork, Fibers were secured primarily by keying (Figure 25).
When the fracture occurred near the end of the fiber, the fiber pulled out (Figure 25), but when the
fracture was near the middle of the fiber, the fiber fractured (Figure 26), Greater strength should
be obtained if lignin coated fibers are used or if a small amount of lignin is added to the mixture
to compensate for the increased surface area and small gaps around some of the fibers. Figure 26
shows some of the nonhomogeneity caused by felting of the fibers and the cell distortion around the
fibers, Longer and finer straight fibers should increase strengih and reduce voids and crushing.

More fibers could also be added to increase strength.

Table V1L compares the tensile strength of carbon foam, carbon TKD, and reincorced TKD,
Even though the reinforcing' was far from optimized, the addition of 1.2 percent fibers by volume

increased strength by 18 percent,

Polyurethane foam and PAN acrylic fibers also have approximately the same shrinkage dur-
ing carbonization, If acrylic fibers can be foames uniformly in place, the result could be stronger

polyurethane and carbon foams, This combination has not as yet been fabricated.

TABLE VIII

Comparative Tensile Strength
Of TKD and Carbon Foam

Density Tensile Strength

Material (b /£t3) (1b /in?)
Carbon Foam 12,5 230
Carbon TKD 13,5 238
Carbon TKD with 1,2% Fibers 13.3 281
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Figure 25,

Tensile fracture of reinforced carbon
TKD showing fiber keying and a granule
pull out.
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Figure 26,

Local cell crushing around
reinforcing fibers,
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Applications

TKD was originally designed as reeniry insulation arcund heat sources in radioisotopic

thermoelectric generators (RTG's) used in the space program, In this application, the tempera-

ture dependence of conductivity is as important as a low value of conductivity because heat must

be rejected through the insulation at the relatively low operating temperatures of the generators

but the heat flow must be limited during reentry at higher temperatures. The conductivity of

graphite TKD does not increase with temperature, it is sirong enough to support a heat source in

an RTG and it is resilient enough to compensate for thermal expansion.

Other potential uses for carbon or graphite TKD include the following,

1.

Load bearing insulation behind high conductivity ablation shields on reentry
vehicle bodies and control surfaces., Since TKD is rigid and is closed celled,

it may be possible to filament wind over the insulation and carbon vapor deposit
{CVD) the entire unit to form a one-piece ablation/insulation structure similar

to the RFD-1 reentry vehicle (Ref, 12),

Space vehicles returning from super-orbital missions can make several high
altitude passes through the earth's atmosphere before the final reentry (Ref, 4).
These passes are usually in free molecule or transition flow where heating rates
are relatively low and the ablation material is inefficient. The result is a pre-
heating of the ablation material and structure before the final high heating rate
reentry. A iwo layer ablation system consisting of an insulator /ablator over
the conventional ablation material may reduce the preheat problem. TKD should
be well suited for the outer layer because heat could be re-radiated from a high
temperature surface while heat flow inward would be retarded. Strength should
be adequate for the low forces in free molecule flow, The outer layer would

ablate off rapidly when continuous flow is reached.

Wake areas of reentry vehicles can have high enough heating rates to require
refractory insulator/ablators., Some low ballistic coefficient R/V's can survive
with polymer insulations in wake and separated flow areas, but high perfor-

mance R/V's need higher temperature insulation such as TKD,
As an insulator for planetary probes where temperatures exceed 50000R.

High temperature insulation on any apparatus in a vacuum, inert atmosphere, or

confined atmosphere.

Applications requiring a minimal change in conductivity with temperature.
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Conclugions and Recommendations

The development of TKD was primarily analytical., Tests were used only to evaluate the
design and to characterize the properties. The only precursors tested were composition corks,
and only high carbon yield adhesives were used to bond granules together, All the precursors are
inexpensive and processing costs are comparable to other carbons and graphites, Precursors can
be formed to any desired shape, and TKD is easily machined at any stage of processing. There
has been no optimization of TKD, but tests have indicated how improvements can be made. Even
though the TKD insulations have not been perfected, tests showed that mecha‘nical properties are
nearly as good as the strongest high temperature insulators, and at temperatures above 4500°R
TKD has a lower conductivity than any porous insulator tested. The conductivity of graphite TKD
is nearly constant from room temperature to 5100°R. The structure of TKD is uniform across
thick sections, and structure, mechanical properties, and thermal conductivity have excellent

repeatability.

Further development of TKD should improve mechanical properties, reduce and extend
range of thermal conductivities, improve carbon yield, and provide more complete thermo-

physical property data. Specific areas in need of development are the following.
Precursors

The density range of the precursors and hence the density range of TKD can be ex-
tended by changing the curing temperature and pressure, by using expanded cork, and by
changing adhesive types and quantities. Radiation heat transfer is small enough o permit
the cells {o be enlarged without a significant increase in high temperature conductivity,
Adhesives added to cork granules to form composition cork should have high fluidity be-~
fore curing and have the same shrinkage and yield during carbonization as cork, Lignin,
the natural binder in cork, and some phenolics appear to produce the best bonding with
the smallest amount of added material. The lowest density cork boards are made without
added binder. Since cork flows slightly and the cells expand when heated, a more uniform
precursor with fewer voids should resull from a longer high temperature cure with com-

pression forces applied at high temperature before the adhesive cures.
The tensile strength of reinforced TKD could be improved by using longer and finer
straight rayon fibers in the precursor. An adhesive is needed to make full use of the added

strength of the fibers. The maximum fiber constant has not been determined,

Carbonization and Graphitization

Carbonization was found to be nearly complete at 110000, but graphitization was not
complete at 30000(3. A higher temperature cycle is needed to completely graphitize TKD,
The carbon yield was higher at one atmosphere pressure than when the cork was carbonized
in a vacuum, A pressurized cycle may increase the carbon yield and reduce shrinkage
even further. Catalysis have been used to increase carbon yields and enhance graphitiza-

tion at lower temperatures, Catalysts may also be used to improve TKD.

4
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Tests
The composition of the gas in the closed TKD cell is not known, Initially the gas is
air, but it is at least partially displaced by niirogen and carbon dioxide during carbonization,
Diffusion rates through TKD are also not known., Tests must be run to measure evacuation
rates and the time required for TKD cells fo reach equilibrium with a surrounding gas, Dif~
fusion rates are also needed to determine if there are any practical limits on maximum

rates of temperature or pressure change,

Combined insulation/ablation tests are needed to measure the efficiency of TKD for
reentry vehicle wake area and free molecule flow thermal protection, A simple test simu-
lating flow impinging surfaces at high altitudes could be conducted in some low density
plasma jet facilities using the method described in Reference 23, Wake heating can be
simulated with radiant heaters, as described in Reference 13. Laser and X-ray tests can

measure the high density, short pulse, energy absorbing capabilities of TKD.

After the formulations of TKD are finalized, more complete characterization tests
will be needed, including; compressive, tensile, and flexure strength and modulus of elas-

ticity; conductivity; thermal expansion; specific heat; and emittance,

Although TKD could be used in its present form, further development should increase its

efficiency and extend its usage.
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