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DEVELOPMENT AND CHARACTERIZATION OF CARBON-BONDED CARBON FIBER 
INSULATION FOR RADIOISOTOPE SPACE POWER SYSTEMS* 

G. C. Wei and J M Robbins 

ABS TRACT 

The General-Purpose Heat Source (GPHS) is an improved 
radioisotope heat source for use in the thermoelectric genera- 
tors for the 1986 Galileo and Ulysses (formerly International 
Solar Polar) Missions. The heat source uses a modular design, 
which makes it adaptable to a wide range of power levels. The 
GPHS employs a unique thermal insulation material, carbon-bonded 
carbon fiber (CBCF), to protect the fuel capsule and to help 
achieve the highest possible specific power. 

The CBCF insulation developed for the GPHS is made from 
chopped rayon fiber about 10 pm in diameter and 250 p a  long, 
which is carbonized and bonded with phenolic resin particles. 
The CBCF shapes, both tubes and plates, are formed in a 
multiple molding facility by vacuum molding a water slurry of 
the carbonized chopped-rayon fiber (54 wt %) and phenolic resin 
(46 w t  %). The molded shapes are subsequently dried and cured. 
Final carbonization of the resin is at 16OOOC. Machining to 
close tolerances (20.08 nun) is accomplished by use of conven- 
tional tooling in conjunction with appropriate fixturing. The 
resulting material is an excellent lightweight insulation with 
a nominal density of 0.2 Mg/m3 and a thermal conductivity of 
0.24 W/(m*K) in vacuum at 20OO0C. Several attributes that make 
CBCF superior to other known high-temperature insulation mate- 
rials for the GPHS application have been identified. It has the 
excellent attributes of light weight, low thermal conductivity, 
chemical compatibility, and high-temperature capabilities. The 
mechanical strength of CBCF insulation is satisfactory for the 
GPHS application; it has passed vibration tests simulating 
launch conditions. 

technique was refined to eliminate undesirable large pores and 
cracks often present in materials fabricated by earlier tech- 
niques. 
tion rate by a factor of 10. The specific properties of the 
CBCF were tailored by adjusting material and processing 
variables to obtain the desired results. We report here how 
work on CBCF characterization and development conducted at ORNL 
from 1978 through 1980 has contributed to the GPHS program to 
meet the requirements of both the Galileo and Ulysses Missions. 

At Oak Ridge National Laboratory the basic fabrication 

Also, processing was scaled up to increase the fabrica- 

Research sponsored by the Office of Special Nuclear Projects, 
Office of Nuclear Energy, U . S .  Department of Energy, under contract 
DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc. 
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INTRODUCTION 

The 1986 Galileo and Ulysses Missions involve launching two space- 
craft for scientific exploration beyond the earth's ecliptic plane, 
including the region near the sun's poles. A critical component of both 

spacecraft is the radioisotopic thermoelectric generator (RTG). The RTG 

is required to supply electricity for the scientific instruments aboard. 

It produces electrical power by converting the heat generated by a 

radioisotopic heat source called the General Purpose Heat Source (GPHS) 
into electrical energy through the thermoelectric effects of silicon- 

germanium alloys. 

absorption of alpha particles in the 238Pu02 fuel in the GPHS. 

important material in the GPHS is the thermal insulation to protect the 

fuel cladding from extremes of temperature at various stages of flight. 
The GPHS module is shown in Fig. 1 and is described in detail 

The heat source utilizes the heat produced by the self- 
An 

elsewhere.' 

made of an iridium alloy. 

capsule, including the CBCF thermal insulation. The thermal insulation 

for each fuel capsule assembly consists of one sleeve and two disks. 

It contains four fuel pellets encapsulated in vented cladding 
Several graphitic materials surround the fuel 

The 
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Fig. 1. General Purpose Heat Source module, exploded view. 
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disks are bonded to the aeroshell with a high-temperature low-outgassing 
graphite cement to simplify the final hot cell assembly of the fueled 

module. During normal GPHS operation, the thermal insulation is under 

vacuum at 1300°C on the hot face and 1000°C on the cold face. Under some 

conditions the outer surface temperatures of the insulation could increase 

to 2500°C or above. 

Several stringent requlrements must be met by the thermal insulation 

of the GPHS. Light weight is a necessity to achieve high specific power 

(watts per kilogram) for the overall system. It should be chemically com- 
patible with other components of the GPHS. The thermal insulation must 

have long-term stability up to 1350°C and must be functional during 2500°C 

transients. Low gas evolution is required because the SiGe thermoelectric 

elements coated with Si3N4 and other components such as fuel claddings are 
extremely sensitive to oxygen-bearing gaseous species. The insulation 

material must have sufficient mechanical strength to survive vibrational 

stresses during launch. Finally, the thermal conductivity must be low to 

protect the iridium fuel cladding. 

Commercial insulations were reviewed for application in the GPHS. 

Pyrolytic graphite is a good insulator at high temperatures, particularly 

during transient conditions, but it has higher thermal conductivity and a 

higher density than CBCF insulation. Oxide fiber insulations such as 

Min-K, 

peratures and are therefore incompatible with graphite components. The 

oxide fiber insulations are also limited because of shrinkage and loss of 

insulation properties at high temperatures. 

as molybdenum foil coated with zirconia has extremely low thermal conduc- 

tance in vacuum over a wide temperature range but is too dense. The lack 
of a commercially available thermal insulation that meets the requirements 

for application in the GPHS led to the development and characterization of 
a CBCF insulation. 

* Zircar,t and Fiberfrax,* may react with graphite at operating tem- 

Multifoil insulation** such 

%in-K, product of Johns-Manville Corp. , Denver, Colo. 
tZircar, product of Zircar Products, Inc., Florida, N.Y. 
*Fiberfax, product of Carborundum Co., Niagara Falls, N.Y. 

%ultifoil insulation, product of Thermo Electron Co., Waltham, Mass. * 
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The designation CBCF is a generic name for a class of CBCF insula- 

It is fabri- tions initially developed at the Oak Ridge Y-12 Plant.2-4 
cated by vacuum molding from water slurries containing chopped carbon 

fibers and a phenolic resin. One version of CBCF insulation supplied by 

the Oak Ridge National Laboratory ( O W )  was used in the Apollo Lunar 

Radioisotopic Heater for lunar seismic experiment instrumentation asso- 

ciated with the first lunar landing in 1969 (ref. 5). At ORNL, the basic 
fabrication technique was refined to eliminate the undesirable large pores 

and cracks often present in the materials fabricated by the original tech- 

niques. Processing was also scaled up to increase the fabrication rate by 

a factor of 10. The specific properties of this material were tailored by 
adjusting material and process variables to meet the system needs. After 

three iterations, the CBCF material was developed, primarily for general 

use in radioisotopic thermoelectric generators. The specific properties 

of CBCF insulation also made it extremely attractive for application in 

the GPHS. Rather extensive efforts were then undertaken to fabricate 
samples and to characterize the thermal, physical, mechanical, and chemi- 

cal properties of the insulation. Samples and parts were made at ORNL. 
The comprehensive characterization was carried out at ORNL as well as at a 

number of other laboratories. 

patibility with other graphitic materials in the GPHS, very low thermal 

conductivity over a wide range of temperature, and the mechanical strength 
to survive launch vibration tests. These attributes led to the selection 

of CBCF insulation for use in the GPHS. 

The CBCF insulation has low density, com- 

We report here the attributes of CBCF insulation; fabrication refine- 

ment and scaleup; engineering data base of the thermophysical, mechanical, 
and chemical properties; and results of some investigations on the basic 

mechanisms of the thermal and mechanical performance. We also describe 
how the work on CBCF characterization and development conducted at ORNL 

from 1978 to 1980 has contributed to the success of the GPHS program to 
meet the requirements of both the Galileo and Ulysses Missions. 
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FABRICATION AND PROCESS IMPROVEMENT 

'. 

The fabrication process for CBCF insulation is basically an extension 

of the earlier development. However, we have made significant improve- 

ments in several critical steps of fabrication to produce parts with fewer 

defects and better yield. In this section, we describe the basic pro- 

cessing technique and present the process improvement. 

FABRICATION 

Figure 2 shows the flowsheet for fabrication of CBCF insulation for 

the GPHS. 

precision chopped to 0.25-mm length with a flock cutter. 

ment has a nominal diameter of 10.5 pm and a serrated cross section 

characteristic of regenerated viscose rayon made from wood pulp. Diffi- 

culties in achieving reproducibility in properties (including density and 

strength) in CBCF insulation can often be related to the variability in 

fiber diameter and length, which gives rise to different packing of the 

fibers and binders during forming. As-received rayon filament can vary 

several micrometers in diameter from lot to lot. In addition, chopping of 

the fibers to length is subject to considerable variation. Fibers within 

a given lot and from lot to lot can vary in average length up to t0.07 mm. 

To obtain a uniform batch, a large amount of chopped rayon fibers typi- 

cally is blended and mixed thoroughly. Consistency of the resin is also 

important but is less critical than that of the fiber, as discussed later. 
Chopped rayon fibers were carbonized at 135OOC for 3 h in an inert 
atmosphere. The carbon yield during pyrolysis of rayon fiber was about 

25 wt X .  During carbonization, the fibers shrank to an average diameter 

of about 6.5 pm and an average length of about 0.15 mm. The carbon fibers 

were then deagglomerated by passing through a Wiley mill? having two 

sizing plates with 2- and 0.5-mm-diam holes. The carbon fibers were sub- 

sequently blended in a water slurry tank and dried. 

Small-diameter continuous rayon [(C605H10)n] filament* was 

The rayon fila- 

Rayon filament, product of American Enka C o . ,  Enka, N.C. 

?Wiley mill, product of A. H. Thomas Co., Philadelphia, Pa. 

* 
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Commercial production of small-diameter rayon filament has been 

essentially eliminated by technical evolution of the tire cord industry. 

We recently surveyed the rayon fiber industry and could identify only one 

domestic continuous rayon filament supplier. This situation prompted an 
interest in the use of an alternate carbon fiber, namely, polyacrylo- 

nitrile [(CHZCHCN),] (PAN)-derived carbon fiber. Fabrication of 

PAN-fiber-based CBCF insulation was undertaken. However, as discussed 

later, its thermal conductivity was too high, and it had a large tem- 
perature dependence, which did not warrant its continued development. 6 

It is a 

* 

A phenolic resin? was used as the carbon-bond precursor. 

B-stage, two-step, thermosetting resin consisting of novalak [(C6H50HCH2),] 

powder to which about 8 wt % of hexamethylenetetramine [(CH~)~NL,] powder 

is added as an activator for polymerization. The average particle size 

was 9 m, and the carbon yield after pyrolysis was 50 wt %. Typically, 

the phenolic resin particles were sieved through a 200-mesh screen to 

remove agglomerates before use. 
The carbon fibers were mechanically slurried in water for 30 min. 

Phenolic resin in a weight ratio of 0.85 to the carbon fibers was added to 

the water-fiber mix and blended for 20 min to make a homogeneous distribu- 

tion. The dilute fiber-resin-water slurry (<0.5 wt % solids) was vacuum 

molded into tubular or plate configuration, with the resin particles uni- 

formily dispersed throughout the fibers (Fig. 3). The slurry was fed from 

the mixing tank to a molding tank containing perforated mandrels with 

3.2-m-diam holes and covered with knitted cotton filter cloth. The 
solids were deposited on the mandrel while the water flowed through. The 

slurry was transferred from the mixing tank to the molding tank by 

removing water in the molding tank at a rate (controlled by the vacuum) 
such that the molding tank was kept full during molding. The fibers were 

preferably oriented in planes perpendicular to the thickness direction of 

the molded form. After molding, excess water in the molded form was drawn 

North American Rayon Co., Elizabethton, Tenn. * 
tDurez 22352 phenolic resin, product of Hooker Chemical Corp., 

North Tonawanda, N.Y. 
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Fig. 3. Schematic of vacuum molding equipment. 

off by a vacuum that pulled air through the mold to reduce the water-to- 
solids ratio to less than 1. The preferable range of the water-to-solids 

ratio in dewatered molded forms was empirically determined as 0.7 to 1 to 
minimize shrinkage during the subsequent drying. Drying of the mold and 

curing of the resin were accomplished in a forced-draft air dryer. Final 
carbonization was achieved by heating at a rate of about 300°C/h to 160OOC 

and holding for 3 h in argon. Carbonization at such a temperature pro- 

duced parts with acceptable thermal conductivity and ensured dimensional 

stability of the final machined parts under the subsequent vacuum 
outgassing at 1500°C for 40 h before assembly of the GPHS module. 

Carbonized billets were inspected by X-radiography to ensure that the 

parts were free of large voids, high-density inclusions, and cracks. 

Core-drilled samples were taken from the carbonized billets for use in 

determining density, strength, thermal conductivity, and trace impurities. 

Typically, three characterization samples for each property were prepared 



f o r  CBCF p a r t s  produced i n  every molding run. 

b i l l e t s  t o  f i n a l  p a r t s  is a d i f f i c u l t  opera t ion .  Tolerance t o  0.8 mm can 

be  a t t a i n e d  by us ing  s ingle-poin t  t o o l i n g  i n  conjunct ion  wi th  appropr i a t e  

f i x t u r i n g  f o r  support  of t he  f r a g i l e  b i l l e t .  A vacuum f i x t u r e  w a s  used 

f o r  CBCF d i s k s ,  bu t ,  f o r  CBCF sleeves, t h e  p re s su re  f o r  holding t h e  b i l l e t  

had t o  be c a r e f u l l y  c o n t r o l l e d  t o  avoid permanent deformation o r  damage t o  

t h e  pa r t .  

and then examined by X-radiography before  shipment. 

Machining of t he  carbonized 

F i n a l  machined p a r t s  were v i s u a l l y  and dimensional ly  inspec ted  

PROCESS IMPROVEMENT 

A s  mentioned ear l ie r ,  t h e  average l eng th  and l eng th  d i s t r i b u t i o n  of 

carbon f i b e r s  g r e a t l y  a f f e c t  t h e  p r o p e r t i e s  of t he  f a b r i c a t e d  p a r t s .  For 

example, two batches of carbon f i b e r s  with somewhat d i f f e r e n t  average 

f i b e r  length  and l eng th  d i s t r i b u t i o n  r e s u l t e d  i n  f i n a l  p a r t s  d i f f e r i n g  i n  

d e n s i t y  by about  12%. A s  may be i n f e r r e d  from Table  1 ( t o t a l  number of 

f i b e r s  counted w a s  over  Z O O O ) ,  t h e  average f i b e r  l eng ths  of batches A and 

B are about 0.15 and 0.13 mm, r e s p e c t i v e l y .  The f i b e r  l e n g t h  d i s t r i b u -  

t i o n s  i n  both cases are s i n g l e  mode, but batch B is more dense ly  populated 

i n  t h e  s h o r t e r  s i d e  of t h e  d i s t r i b u t i o n .  The d e n s i t i e s  of CBCF-type insu- 

l a t i o n  f a b r i c a t e d  from batches A and B with t h e  same formula t ion  and pro- 

ces s ing  v a r i a b l e s  are 0.25 and 0.28 Mg/m3, r e s p e c t i v e l y .  

i l l u s t r a t e s  t h a t  f i b e r  length  must be c a r e f u l l y  monitored t o  maintain 

manufacturing con t ro l .  F ibe r  length  and d i s t r i b u t i o n  were determined wi th  

e a s e  by computer-aided microscopic image a n a l y s i s ,  but meaningful sampling 

Th i s  example 

Table  1. Densi ty  and carbon f i b e r  l eng th  d i s t r i b u t i o n  f o r  a carbon-bonded 
carbon f i b e r  I n s u l a t i o n  made from two d i f f e r e n t  batches of f i b e r  

Carbon Fiber distributton by length in pm (%) 

batch (Ng’m3) <50 51-100 101-150 151-200 201-250 251-300 301-350 >350 
Density 

A 0.25 3 9 25 49 8 3 3 1 

3 0.28 14 23 30 24 7 1 1 0.5 
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was difficult. Separating fibers of different lengths with a conventional 
vibratory shape separator was ineffective, primarily because of the high 
aspect ratios of the fibers. Further development of techniques is 

required for meaningful sampling and length separation of carbon fibers. 

The settling of short fibers during storage could be significant. The 

CBCF parts made of fibers from the bottom of the storage drum could be 

appreciably denser than those parts consisting of fibers from the top of 
the storage drum. Further work is needed to define an optimal storage 

condition and to study the segregation effects. 

Efforts were undertaken to solve the problem of excessively large 

pores commonly observed in CBCF parts made by the earlier process.2-4 

Such pores are thought to be detrimental to strength and thermal conduc- 

tivity of the insulation. Radiography was used extensively in examining 

the parts for defects. Numerous pores up to 2 mm in diameter were 

observed in carbonized parts. Radiographic examination of as-cured and 
uncured parts indicated numerous pores, especially in the top portion of 

the green (uncured) parts. Therefore, the presence of large pores was not 

related to carbonization but was due to molding and/or slurry preparation. 

The molding and slurry preparation were then critically reviewed. Large 

agglomerates of resin particles were thought to be one possible source of 

the large pores but were ruled out after parts made with sieved resin par- 

ticles still showed large pores. 

The fact that most of the pores were in the top portion of the tubes 

suggests that increasing the water level in the molding tank may be help- 

ful in eliminating the pores. Air bubbles produced during slurry prepara- 

tion could also result in the pores. Consequently, the following process 

modifications were made: (1) increasing the water level in the molding 

tank to reduce the aeration due to the splashdown of the fiber-resin-water 

slurry from the slurry tank to the molding tank and (2)  stopping the agi- 

tation in the slurry tank for 3 min before molding to let air bubbles 

escape while maintaining a reasonably homogeneous slurry. Calculation of 

the settling of fibers or resin particles in the water slurry by Stokes' 

law 



where 

V = terminal speed in cm/s, 
d = resin particle diameter ( 9  pm) or fiber's equivalent size 

(30 pm) in cm, 

pp = density of the resin particle (1.2 Mg/m3) or of the fiber 

pz = density of the liquid (1 Mg/m3), 
(1.6 Mg/m3>, 

g = gravity constant (980 cm/s2), 

TI = viscosity of water (1 sa's), 

indicated a terminal speed of less than 0.05 mm/s for both fiber and 

resin. Therefore, stopping agitation for 3 min to allow all bubbles to 

escape would not cause significant nonuniformity in the slurry. 

The above two process modifications greatly reduced both the size and 
population of the pores in CBCF parts. Typically, pores larger than 1 mm 

were essentially eliminated. The use of a wetting agent to eliminate the 

air bubbles in the slurry tank was considered but not pursued because the 

sulfur or phosphorus in most available wetting agents could contaminate 

CBCF parts and because either sulfur or phosphorus could seriously degrade 

the impact ductility of the iridium fuel capsule in the GPHS. In addi- 

tion, high-density inclusions revealed by X-radiography and identified as 

an iron compound by electron microprobe analysis were essentially elimi- 

nated by filtering the water and carefully cleaning molding equipment. 

We have established a multiple-mandrel molding facility that can form 
nine CBCF tubular forms per molding run (Fig. 2). The nine perforated 

mandrels are equally spaced on a 0.5-m-diam circle in the molding tank. 
The density variation from part to part in a multiple-mandrel run was 

generally within 25%. This variation was much smaller than the density 

variation (up to about 30%) from multimandrel run to multimandrel run 

within one batch of fiber. The development and installation of the 

multiple molding facility increased the speed of fabrication by almost a 
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factor of 10, and improved consistency from part to part on each run was 

achieved. 

even further by use of more mandrels if the need is justified. 

In principle, the multimandrel molding system can be scaled up 

Cracking in the final carbonized CBCF tubes was at one time a serious 

problem. It typically occurred as a longitudinal crack across the 

thickness and parallel to the axis of the CBCF tube. The pattern of the 

cracks suggested some diametral tensile stresses generated in processing. 

The heatup rate of carbonization was varied and was found to be unrelated 

to the cracking problem. 

reviewed. Residual stresses generated by shrinkage anisotropy (radial to 

axial) of the green forms in the drying and curing stages could cause the 

cracking. Such residual stresses are very difficult to determine with 

conventional X-ray diffraction line-broadening analysis because of the 

amorphous state of the carbon fiber and bond. 

generally occurs at temperatures from 80 to 130°C. The polymerization or 

curing reaction is exothermic and releases NH3 and hydr~gen.~ The curing 

reaction is further complicated by the evolution of water in the green or 

as-molded part. 

steps (50°C for 16 h, 80°C for 3 h, 100°C for 3 h, and 130°C for 16 h) 
instead of the old single-step operation (100°C for 48 h) significantly 

reduced the cracking. The residual stresses conceivably can increase with 

increasing diameter and thickness of the tubular body. Analytical 

modeling of the residual stresses, experimental analysis of the off-gases, 
and correlation with heatup rate are highly desirable. 

Drying and curing steps were then critically 

Curing of phenolic resin 

Drying and curing at a slower rate accomplished in four 

A low-voltage X-radiographic technique was employed to examine the 

final parts nondestructively. Instead of the customary 22-kV X-ray 

source, this low-voltage radiography uses an 8-kV source with a helium 

chamber between the target and bare film to improve attenuation.8 The 

technique proved to be very powerful in revealing internal pores measured 

to size of 1 mm, high-density inclusions, and even minor surface scratches 

not visible under a l o x  magnification. Note that CBCF has a nominal den- 
sity of 0.21 Mg/m3, so even the resin carbon bond will show up radio- 

graphically as a high-density inclusion when compared with the density 
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of the part. With the process improvement discussed above in place, CBCF 
parts typically are essentially free of any cracks and of high-density 

inclusions and pores larger than 1 mm. 

CHARACTERIZATION AND PROPERTIES 

During the development of CBCF insulation, properties including 
outgassing levels, impurity content, density, strength, and thermal con- 

ductivity were characterized. The properties reported in this section 

were all on outgassed samples unless otherwise noted. 

OUTGASSING 

Previous experience with the detrimental effects of water vapor 

released from graphite and fibrous oxide insulations on silicon-germanium 

thermoelectric elements and fuel cladding in the RTGs planned for the 1972 

Pioneer Mission led to stringent outgassing requirements for all thermal 

insulations in all RTGs (ref. 9). We investigated the outgassing behavior 

of CBCF insulation and established a standard outgassing procedure based 

on the data obtained with a high-temperature vacuum microbalance equipped 

with a residual gas analyzer. Experimental details documented elsewhere 

are not repeated here. The CBCF specimens were first outgassed at high 

temperatures representing the preassembly vacuum heat treatment of the 

insulation to be used in the RTG. The outgassed specimens were then 

exposed to argon at room temperature for 100 h to simulate storage before 
actual generator assembly and startup. Samples were then slowly heated in 

vacuum to 1350°C (secondary outgassing) for 100 h to simulate generator 

startup and normal operation and were finally heated to 1800°C for 5 min 

to obtain the total amount of volatile species in the specimens. Out- 

gassing at 1500°C for 40 h under 7 mPa (5.OE-5 torr) was established as 

the standard outgassing procedure. Specimens typically lost a total of 

0.6% in weight, with essentially all the weight loss completed in the 

first 30 h of the 40-h outgassing. Major off-gas species were CO, C02, 

H20, 02, N2, and Ar. 

10 

Specimens so outgassed showed only a very small 
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amount (0.004%) of readsorption of gases during exposure to argon, and 

that was all released as CO, C02, and Ar during the secondary outgassing, 
simulating the RTG startup and operation. 

transient, specimens typically released CO and C02, with a total weight 

loss of 0.02%. This was comparable to other graphitic materials such as 

POCO* graphite and was considered acceptable. 
outgassing data. Outgassing at temperatures higher than 15OOOC would 

remove more of the volatile species but might also result in some graphi- 

tization and increased thermal conductivity in carbon fibers and binders. 

Typically, the graphitization extent in samples outgassed at 1500°C for 

40 h was too small to be detected by routine X-ray diffraction. The ther- 

mal conductivity of outgassed specimens showed no increase over that of 

the CBCF before outgassing. 

During the final 18OO0C 5-min 

Table 2 lists the 

DENSITY 

Bulk density was obtained by measuring the weight and dimensions of 

outgassed samples. Figure 4 shows the density data collected for CBCF 

POCO graphite, products of POCO Graphite, Inc., Decatur, Tex. * 

Table 2. Carbon-bonded carbon fiber outgassing experiment results 

Outgassing step 
Weight l o s s  or gain ( X )  

Initial weight Total loss  

Primary outgassing (1500°C for 40 h under 43.57 95.0 
7 mPa vacuum) 

Exposure to argon at room temperature for +O. 004 
100 h 

Secondary outgassing to 135OOC and held at -0.004 0.8 
135OOC for 100 h under vacuum 

1800°C ramp -0.02 4.2 
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Fig.  4 .  Densi ty  of samples machined from carbon-bonded carbon f i b e r  
tubes  and p l a t e s  made wi th  multimandrel molding f a c i l i t y .  

p a r t s  made i n  26 mul t ip l e  molding runs f o r  tubes  and i n  6 runs f o r  p l a t e s .  

A t  95% p r o b a b i l i t y ,  t h e  dens i ty  ranged from 0.19 t o  0.27 Mg/m3 f o r  a 95% 

confidence l e v e l  f o r  t h e  l o t  mean. As mentioned before ,  d e n s i t y  depends 

p r i m a r i l y  on t h e  packing of f i b e r s ,  which, i n  t u r n ,  hinges on f i b e r  l eng th  

and l eng th  d i s t r i b u t i o n .  

According t o  t h e  a n a l y t i c a l  model of f i b e r  random packing by 

Milewski, t h e  nominal length-to-diameter (L:D) r a t i o  (23 )  of t h e  carbon 

f i b e r  i n  CBCF r e s u l t s  i n  a bulk volume of 7 V f ,  where V f  i s  t h e  f i b e r  

volume, f o r  packing of f i b e r s  only.  l 1  

der ived  from phenol ic  r e s i n  and is about 7 i~m i n  p a r t i c l e  s i z e .  Because 

l o o s e  packing of t h e  r e s i n  produces a bulk volume 4 t i m e s  t h a t  of t h e  

r e s i n  volume, it is  reasonable  t o  assume t h a t  t h e  volume of random packing 

The carbon b inder  i n  CBCF is 
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of t h e  carbon binder i s  4 times t h e  carbon binder  volume VB. Combined 

packing of t h e  carbon f i b e r s  (wi th  an L : D  r a t i o  of 23) and t h e  binder  

[wi th  a r a t i o  of binder  diameter  (6.5 p) t o  f i b e r  diameter  (6.5 pm) of 11 

in t roduces  an a d d i t i o n a l  void volume t h a t  i s  54% of t h e  sum of t h e  bulk 

volumes of packings f o r  f i b e r s  a lone  and f o r  binder  a lone ,  according t o  

Milewski 's  a n a l y s i s . l l  

f i b e r s  and binder  i s  

.Thus, t h e  t o t a l  bulk volume V of randomly packed 

v = 1.54(7Vf + 4vB) . ( 2 )  

Consider ing CBCF i n  which t h e  VB is  40% of t h e  Vf,  Eq. ( 2 )  becomes 

V = 1.54(7Vf + 1.6Vf) ( 3 )  

Equation (3 )  shows t h a t  t h e  bulk volume is  c o n t r o l l e d  t o  a much g r e a t e r  

e x t e n t  by t h e  f i b e r  than i t  i s  by t h e  binder .  The bulk d e n s i t y  p i s  then  

p = (wf + wB)/13.2vf , ( 4 )  

where Wf i s  t h e  f i b e r  mass and WB t h e  binder mass. 

CBCF and t h e  d e n s i t y  of t h e  carbon f i b e r  (pf = W f / V f )  o r  carbon binder  is 

1.6 Mg/m3, Eq. ( 4 )  l e a d s  t o  a bulk d e n s i t y  of 0.17 Mg/m3 f o r  random 

packing of carbon f i b e r s  and binders  i n  CBCF. 

S ince  WB = 0.4 Wf i n  

I n  CBCF, t h e  packing of carbon f i b e r s  i s  o r i e n t e d  wi th  most of t h e  

f i b e r s  a l igned  p a r a l l e l  t o  t h e  mandrel s u r f a c e  because of vacuum molding 

i n  f a b r i c a t i o n .  It i s  t h e r e f o r e  not  s u r p r i s i n g  t h a t  t h e  measured d e n s i t y  

(0.19 t o  0.27 Mg/m3)  i s  always g r e a t e r  than t h a t  (0.17 Mg/m3) c a l c u l a t e d  

f o r  random packing. It should a l s o  be noted t h a t  f i b e r  l eng th  d i s t r i b u -  

t i o n ,  which could a f f e c t  d e n s i t y ,  w a s  no t  considered i n  t h e  modeling. 

The above a n a l y s i s  shows t h a t  CBCF d e n s i t y  i s  c o n t r o l l e d  by t h e  f i b e r  

length-to-diameter r a t i o ,  t h e  carbon binder- to-f iber  diameter  r a t i o ,  t h e  

binder  conten t  ( W B : W ~  r a t i o ) ,  t h e  f i b e r  d e n s i t y  (Wf:Vf), and t h e  degree of 

p r e f e r r e d  o r i e n t a t i o n .  The amount of p r e f e r r e d  o r i e n t a t i o n  depends on t h e  

vacuum ( p r e s s u r e  d i f f e r e n t i a l )  used i n  t h e  molding process;  on t h e  dry ing  

and cu r ing  rate; and, t o  a g r e a t  extent,  on t h e  f i b e r  l eng th  and l e n g t h  

d i s t r i b u t i o n .  During dry ing  and cur ing ,  the thermose t t ing  r e s i n  s h r i n k s  

about  20% and migra tes  somewhat. The hea t ing  ra te  and temperature  of 

.. 
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drying and 

therefore, 

IMPURITIES 

curing can affect the amounts of shrinkage and migration and, 
the final density. 

Samples were subjected to chemical analyses, including ash analysis 
and spark source mass spectroscopic chemical analysis for trace impuri- 

ties. The CBCF consistently showed a total ash content of less than 

3000 ppm, with the following major impurities: Si, less than 300 ppm; Ca, 

Ti, V, Fe, and S ,  less than 200 ppm; and all others, less than 100 ppm. 

Such high purity is required for use in the GPHS. These major impurities 

seem to be strongly bonded to carbon atoms because none of them were 

detected in the off-gas during the secondary outgassing simulating the 

generator startup and operation and the 1800°C ramp. 

is believed to be rayon fiber, which is typically synthesized from wood 

Pulp and spun to fibers in an H2S04 bath. 

been introduced during chopping and Wiley milling. Other impurities 

including Ca, Ti, and V are often found in two-step phenolic resins, whose 
production involves the use of a small amount of lime and talc during 
pulveriz ing . 

The source of sulfur 

Silicon and iron might have 

MECHANICAL PROPERTIES 

Compressive strengths of CBCF samples (disks core-drilled from the 

cylinders or plates) were measured at a crosshead speed of 8.5  pm/s. 

the direction perpendicular to the fiber array, the stress-versus- 

deflection curve is typically linear to about 4% strain. From 4% strain 
to about 40% strain, the stress-strain curve is generally concave down- 
ward. At about 40% strain, samples generally crushed. Apparently, 
elastic deformation occurs up to 4% strain, after which structural degra- 
dation occurs. To characterize the strength of CBCF, the stress at 5% 

strain directly read off the curve of stress versus deflection was defined 
as the compressive strength. Over 100 samples from CBCF tubes fabricated 
in 25 multimandrel molding runs and plates made in seven molding runs were 

In 
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00 

- 

tested. The compressive strength in the thickness direction varied from 

0.52 MPa (76 psi) to 1.12 MPa (160 psi), and sample densities ranged from 

0.19 to 0.25 Mg/m3. 

af increases with increasing density. 

following relationship: 

believed to be caused by increased cross linking among fibers associated 

with increasing density. Literature on the mechanical behavior of porous 

fiber insulation is scarce. Note that the scattering of the data points 

in a plot of compressive strength against density was rather large 

(standard deviation 20%).  The lower limit instead of the average of the 

compressive strength of CBCF was more significant from the viewpoint of 

launch vibration survival. 

and strengths (0.52-0.70 MF'a) in the lower end of the statistical range 

were subjected to a series of vibration tests in a mock-up GPHS module 

Data are shown in Fig. 5. The compressive strength 

A least-squares fit yields the 

of (MPa) = 0.33 + 2 . 7 4 ~  (Mg/m3). This is 

The CBCF parts with densities (0.19-0.20 Mg/m3) 
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Fig. 5 .  Compressive strength versus density of carbon-bonded carbon 
fiber in the thickness direction at room temperature. Least-squares fit: 
of (MPa) + 2 . 7 4 ~  (Mg/m3) - 0.33. 
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simulating launch conditions. The vibration tests consisted of 3-min ran- 

dom vibrations in three directions at the flight, qualification, and twice 
the qualification levels as well as transient vibrations with a 40-g peak 

load. The CBCF parts showed negligible dimensional or weight changes 
after the tests and were found to be intact on X-radiographic examination. 12 

Therefore, the minimum compressive strength (0.51 MPa) corresponding to 

these CBCF parts was used as one of the acceptance criteria. 
modulus in the thickness direction of CBCF calculated from the stress- 

versus-strain curves ranges from 11 to 28 MPa. 

modulus of CBCF makes it extremely resistant to thermal shock. Both the 

elastic modulus and compressive strength of CBCF in the direction parallel 

to the fiber array are typically about 4 times those in the direction per- 
pendicular to the fiber array. This anisotropy results from the preferred 
orientation of fibers in CBCF as shown in Figs. 6 and 7 .  The elastic 

modulus and compressive strength at high temperatures (to 12OOOC) in 

vacuum or inert gases were actually slightly higher than those at room 

temperature. Long-term aging (135OOC for 1000 h under vacuum) had no 

effect on the strength. 

Elastic 

The relatively low elastic 

Cyclic compression tests of CBCF samples were conducted in the 

molding direction at room temperature. The results are shown in Table 3. 

Note that CBCF has a permanent set of less than 12% and no additional 

reduction in thickness after 40,000 constant-load [0 .69  MPa (1000 psi)] 

cyclic loadings. 

In situ observation of CBCF under a scanning electron microscope 

(SEM) 
structural changes under cyclic loading. 

microstructural changes associated with cyclic loading are as follows. 

aided with a videotape showed some interesting features of micro- 

Two important aspects of 

1. The CBCF initially responds to compression by rotation or 

realignment of the CBCF network with a limited amount of fiber breakage 

and fully recovers to its original thickness on the release of the load 

for strains of less than 4 % .  The fiber typically breaks in what appears 

to be a bending mode. A s  the strain exceeds the 4% "elastic limit," more 

fibers start to break and, finally, when the strain reaches 40 or 50X, 

massive breakage of fibers occurs. 
binders was not observed in any stage. 

Surprisingly, fracture of carbon 
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Fig. 6 .  Scanning electron micrographs of carbon-bonded carbon f iber .  
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Fig. 7. Micrographs of polished sections of carbon-bonded carbon fiber. 
( b )  V i e w  parallel to the molding direction. 

(a) View perpendicular to 
the molding direction. 
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Table 3. Results of cyclic loading tests (75 Hz, constant load) 
of carbon-bonded carbon fiber (CBCF) at room temperature 

Thickness  (mu) a f t e r  c y c l i n g  at each Btress in HPa (psi) 

p - 0.27 @lm3 p - 0.20 Mg/rn3 
l o3  Cycles  

0.34 0.52 0.69 0.86 1.03 1.21 1.38 1.72 0.34 0.69 
(50)  (75) (100) (125) (150) (175) (200) (250) (50) (100) 

0 

4 

LO 

1 4  

20 

30  

40  

50 

6 0  

8 0  

1 00 

150 

200 

300 

N e t  change, X 

2.098 2.202 

2.070 2.197 

2.060 2.192 

2.192 

2.057 

2.184 

2.184 

2.002 

1.989 

1.984 

1.979 

1.979 

1.976 

1.976 

2.057 

2.182 

2.179 

2.057 

2 1 

1.976 

1.976 

2.179 

2.118 

2.096 

2 a088 

2.068 

2 -052 

2 -040 

2 * 032 

2.032 

2 -032 

1 7 

1.953 

1.859 

1 .E42 

1.834 

1 .E29 

1.801 

1.791 

1.788 

1.781 

1.770 

1.753 

1.742 

1.732 

11 

~~ 

2.047 

2.029 

2.012 

1.999 

1.974 

1.951 

1.920 

1 .E82 

1.849 

1.791 

1.765 

1.740 

1.732 

1.704 

17 

~~ ~~ 

2.037 

2.017 

1 989 

1.963 

1.956 

1.951 

1.930 

1.905 

1.892 

1.839 

1.788 

1.555 

1.415 

a 

30a 

~ 

2.080 

2.029 

1 .E92 

1 e758 

1.664 

1.618 

1.575 

1.501 

1.443 

1 280 

1.074 

1.943 2.116 

1.930 2.045 

2.017 

1.905 2.007 

1.905 1.984 

1.905 1.969 

1 880 

1.880 

a 

40a  2 11 

‘Powdered. 

2. The amount of local deformation of fiber network rotation, shear, 
compression, and so forth is not uniform throughout the thickness. It 
decreases from a maximum amount of local compression at the surface to a 

very small amount of local compression at the center of the thickness. 

This implies more microstructural damage at the surface than in the bulk 

material in compression-loaded CBCF. 

The in situ SEM observation of compression loading of CBCF elucidated 

its mechanical behavior and pointed out the directions for further 

improvement of the mechanical properties of CBCF-type materials. The use 

. .  
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of stronger fibers such as PAN carbon fiber with elastic modulus and ten- 

sile strength higher than that of rayon carbon fiber could conceivably 

improve the compressive strength of CBCF-type insulation. 
carbon fibers with higher strength typically have higher thermal conduc- 

tivity, which would cause a substantial increase in the thermal conduc- 

tivity of the fibrous insulation. For example, one type of PAN-carbon- 

fiber-base CBCF insulation with a density of 0.29 Mg/m3 has thermal 

conductivity 2 to 3 times that of a rayon-carbon-fiber-base CBCF insula- 

tion (density, 0.26 Mg/m3) in vacuum from 25 to 1000°C (ref. 6 ) .  

joint between the carbon binder and PAN carbon fiber also appears to be 

less perfect than that of the rayon carbon fiber. This can be explained 

by the serrated surface of the rayon carbon fiber in contrast to the 

smooth PAN carbon fiber. 

Unfortunately, 

The 

Because of the discovery of fracture in fiber and not in binder, it 

becomes possible to formulate a simple model of the strength as a function 

of density. Figure 8 shows the basic assumption that the fibers are in an 

orderly arrangement, with fibers lying in planes perpendicular to the 
molding direction. Carbon binder is neglected in this simple model 

because fracture occurs in fibers and not in binders. In adjacent planes, 

the fibers are oriented at right angles. More rigorous modeling would 

include considerations of nonparallelism of planes of fiber arrays and 

random orientation of fibers on a given plane of fiber array. Simple 

geometric consideration (Fig. 8) shows that the nominal distance Z be- 

tween fibers in a given fiber plane is 

where d is the fiber diameter and P the fractional porosity. Equation (5) 

can be expressed in terms of bulk density p: 

z = d P f I 4 P  , ( 6 )  

where pf is the fiber density. 

(Fig. 8) can be viewed as under bending, with fibers A, B, and D acting 

as loading pins. Therefore, the critical bend stress bc in fiber C is 

For a CBCF under compression, fiber C 

0, = q~3/nr3 , ( 7 )  

where of is the apparent compressive stress that fractures fiber C. 
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Fig.  8. I d e a l i z e d  packing of f i b e r s  wi th  f i b e r s  i n  a plane l y i n g  
p a r a l l e l  and o r i e n t e d  a t  r i g h t  ang le s  i n  ad jacen t  planes.  F i b e r s  are 
l y i n g  i n  p lanes  perpendicular  t o  t h e  th i ckness  d i r e c t i o n  of t h e  molded 
form. 

S u b s t i t u t i n g  ( 6 )  i n t o  ( 7 )  y i e l d s  

o r  

Equation (9)  shows t h a t  t h e  compressive s t r e n g t h  of CBCF i s  p ropor t iona l  

t o  t h e  cube of t h e  bulk dens i ty .  

Eq. ( 9 )  y i e l d s  

For a s m a l l  change i n  p around po, 

For CBCF, uc i s  assumed t o  be 210 MPa (30 k s i )  , po is  0.20 Mg/m3, pf is  

1.6 Mg/m3,  Eq. (10) becomes 
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The slope ( 2 . 7 )  of the least-squares fit of compressive strength versus 

density is in fair agreement with the coefficient ( 8 . 5 )  in Eq. (11). 

Equation (9 )  shows that compressive strength increases with increasing 

bending strength of the carbon fiber if fractures occur only in fibers. 

In general, the nominal strength and standard deviation of fiber improves 

as its diameter decreases because of the reduced size of flaws in the 

fiber. Thus, CBCF parts made of small-diameter fibers are expected to be 

stronger and more consistent in strength than are those made of larger 

diameter fibers. Equation (9 )  also explains the increased strength of 

CBCF at high temperatures because the strength of rayon carbon fiber typi- 

cally increases with temperature. 

The finding that most of the fiber breakage occurs near the loading 

surface has important implications. The acoustic velocity in CBCF can be 

calculated by m, where E is the elastic modulus and p is the bulk den- 

sity. 

265 m/s. Such sonic velocity means rapid load transmission, but the 

attenuation in CBCF obviously is so high that much of the stress is 

distributed in the near-surface region. To improve the CBCF strength 
further, attention should be paid to reducing the sonic attenuation and 

reinforcing the surface region. 

For E = 14 MPa and p = 0.20 Mg/m3, the sonic velocity is about 

Shear strength of CBCF samples in the thickness direction were 

measured at room temperature by the ASTM D 732-46 method. The shear 

strength of CBCF having a density of 0.20 Mg/m3 is about 0.59 MPa 

( 8 5  psi), which is less than the compressive strength. 
shear typically found in layered materials such as CBCF is widely known. 

This problem is generally solved by designing to avoid their use in high- 
shear stress conditions. 

The weakness under 

Long-term creep and load relaxation of several CBCF samples (density, 

0.22 Mg/m3 ) in the molding direction were measured at 1000°C in argon in 

anticipation of possible load-bearing applications.6 

temperature, the stress relaxed to about 71% of the initial loading of 

1.03 MPa (150 psi) (ref. 6 ) .  The amount of load relaxation in CBCF was 

much less than those of oxide fibrous insulations such as Min-K under the 

After 10,000 h at 
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same creep test conditions. This is understandable because porous oxide 

fibrous insulations undergo sintering and shrink at high temperatures, 

whereas carbon in the form of fiber or powder is known to be nonsinterable 

at any temperature. 

THE RMO PHY S I C AL PRO PE RT I E S 

Thermophysical properties, including thermal diffusivity, thermal 

expansion, and emissivity of CBCF, have been measured. Detailed results, 

published elsewhere, 1 3 - 1 4  are only briefly summarized here. 

The total hemispheric emittance was measured by a direct-heating 

method. The emissivity in the direction parallel to the fiber array is 

0.8 from 1000 to 18OOOC. This is higher than the emissivity (0.5-0.6) of 

pyrolytic graphite in the C-direction but is close to that (0.8) of 

3D C-C. 

Thermal expansion of CBCF was obtained with a quartz-pushrod dila- 

tometer from room temperature to 800°C and with a multiproperty apparatus 

from 800 to 18OO0C. Expansion was greater in the direction perpendicular 

to fiber array, with an anisotropic factor of 1.4. The mean coefficients 

of thermal expansion from room temperature to 1800°C in the direction per- 

pendicular (3.9 E-6/OC) and parallel (2.8 E+/'C) to fiber array are lower 

than those (8.3 -/OC) of common graphitic materials such as POCO 

graphite. 
Thermal diffusivity a was obtained with the laser flash diffusivity 

Radiation from the front face of the sample measuring 12.7 mm method. l 5  

in diameter by 2.0 mm in thickness was corrected by a proportioning 

technique.16 

p is the density, was used to calculate k (thermal conductivity). The 

specific heats of 30 samples of CBCF were measured with a differential 

scanning calorimeter. The C results were within 2% of the recommended 

values for POCO graphite l 7  used in calculating thermal conductivity values 

from the thermal diffusivity results. A s  expected, the thermal conduc- 

tivity of outgassed CBCF in the direction perpendicular to the fiber array 

depends on the carbonization temperature. Increasing the carbonization 

The relationship k = d P p ,  where CP is the specific heat and 

P 
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. .  

temperature from 1350 to 160OOC increased the thermal conductivity in 

vacuum by about 30%. 

directional, with an anisotropic factor of 5 from room temperature to 

20oo0c. 

The thermal conductivity of CBCF in vacuum is highly 

More than 45 measurements of the thermal conductivity of CBCF in the 

thickness direction were made in vacuum from room temperature to 2O0O0C. 

Samples were from CBCF tubes made in six multimolding runs and from plates 

fabricated in three molding runs. The thermal conductivity at room tem- 

perature ranged from a low of 0.0222 to a high of 0.0863 W/(m*K) for 

sample densities ranging from 0.20 to 0.25 Mg/m3. 

thermal conductivity as a function of density for these ranges. 

of linearity did not disprove the hypothesis that thermal conductivity 

Figure 9 shows the 
A test 

ORNL-DWG 80-18210R 
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Fig. 9. Density dependence of thermal conductivity of carbon-bonded 
carbon fiber in the thickness direction in vacuum at room temperature and 
200O0C. 
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varies linearly with density. At room temperature, least-squares fit 
yields 

kV(25"C) = 4l.04757 + 0.5013~ , (12) 

where k, is the thermal conductivity in vacuum [W/(m*K)] and p is the 

density (Mg/m3 ) . At 2000"C, the density dependence is stronger: 
kV(200O0C) = -0.03936 + 1.39~ . (13) 

The data are presented in Figs. 10 and 11. 

both cases are about 15%. 

The standard deviations for 

Baxter derived an expression for fibrous insulation (without binder) 

in which the thermal conductivity k was in gaseous environment, 

k = X(kfVf + kg'$ + Y(kgkf)/(kfVg + kgVf) , (14) 

where kf, k g ,  Vf, and V 

fraction of fiber and gas. 

mal conductivity in fibrous insulations presented below, thermal 

resistance in binders is assumed to be negligible. Baxter found empiri- 

cally that X = 0.21 and Y = 0.79 fit his data obtained for fibrous insula- 

tions with densities ranging from 0.3 to 0.6 Mg/m3. 

environment and by use of Baxter's coefficients, Eq. (14) gives a linear 

relationship between thermal conductivity and density, 

represent the thermal conductivity and volume 9 
I n  Baxter's model and in other models of ther- 

Considering vacuum 

k = 0.2lkfP/Pf , (15) 

where p is the bulk density and pf the fiber density. 

derived the following relationships for the total conductivity k, of 
fibrous insulation in vacuum,20 which was the sum of the solid k, and 
radiation k, conductivity, 

Hager and Steere 
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Fig. 10. Thermal conductivity of carbon-bonded carbon 
2000°C in vacuum as  a function of density.  
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Fig. 11. Thermal conductivity of carbon-bonded carbon 
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where d is the Stefan radiation constant, d the fiber diameter, and T the 
absolute temperature. Equations (16) through (18) suggest that, at low 

temperatures where k ,  << k , ,  the conductivity varies linearly with den- 

sity. Verschoor and Greenbler also modeled heat transfer in fibrous insu- 

lation by comparing theory with experimental data. 21 They obtained 

k ,  = k ,  + k p P / ( P f  - PI 9 

k p  = 2.15 E-13 pfdT 3 2  /a p , 
(19) 

(20) 

in English units, where a is an "opacity" factor or the fraction of inci- 

dent radiant energy absorbed by a fiber. Equations (16) through (18) 

(Harger and Steere)20 and Eqs. (19) and (20) (Vershoor and Greenb1er)'l 

all suggest that the conductivity at high temperatures would increase with 

increasing fiber diameter and decreasing density if k ,  >> k s .  
these analytical models, the positive slope of k vs p at 2000°C shown 

in Fig. 9 suggests that at 2000°C the solid conductivity is still 

appreciable. 

In view of 

Donaldson established a more rigorous model for heat transfer in car- 

bon fiber insulation by assuming parallel heat flow paths, including 

solid conduction, gas conduction, and radiation. 22 

thermal resistance of the carbon binder was negligible, he derived the 

following equation for thermal conductivity k ,  resulting from solid and 
gas conduction 

Assuming that the 

where 

a = the fraction of total conductive component via the parallel 

Path, 
eP = porosity for parallel conduction path, 

E ,  = porosity for series conduction path, 

k g  = effective gaseous thermal conductivity, 

kf = effective series axial and transverse fiber thermal conductivity, 

k f t  = thermal conductivity of fiber (transverse). 
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The first term in Eq. (21) represents parallel gas and solid conduc- 
tion, and the second term is total series gas and solid conduction. Under 

vacuum, Eq. (21) shows that the solid conductivity is 

k, = a(1 - Ep)kf . ( 2 2 )  

Considering geometric arrangement of the fibers (Fig. 8) ,  the following 

relationships were derived22 for estimating a, cP, E,, and kf: 

a = [(z - d>2 + d21/22 , 
EP = [(Z - d)2]/22 , 

(23) 

(24) 

where 

Z = the distance between fibers in a fiber plane, 
P =  CBCF porosity, 

kfa = thermal conductivity of fiber (axial). 

Substituting E q s .  (23) through (27) into Eq.  (22), the solid conduc- 

tivity becomes 

(28) 
d [ ( Z  - d)2 + d*] (2Z - d )  kftkfa 

z4 kftZ/4d + kfa 
k, = 

Since P = 1 - p/pf and pf = 1.6 Mg/m3, Eq.  (27) leads to 

Z = 1.26d/p or d/Z = 0.80~ , (29) 

where p is in units of Mg/m3. 
Since the fiber spacing of CBCF is much greater than the fiber 

diameter ( 2  >> d )  and the thermal conductivity of fiber is approximately 
isotropic because of the amorphous state of the carbon fiber 
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( k f  k f t  
Eq. (28), we may show that 

k f a ) ,  by neglecting second and higher orders of d / z  in 

k ,  = 5.1kfp2/(1 f 3.2~) . (30) 

Equation (30) holds true for a wide range of p. For a small range of p, 

taking the derivative gives 

Ak,/Ap = (lop + 16.3~~)/(13.2p)~kf . (31) 

For CBCF, nominal p = 0.21 Mg/m3, k f  is assumed to be 1.0 W/(m*K) at room 

temperature in vacuum,** Eq. (31) yields a slope of 1.0 ( k ,  vs p), which 

is in fair agreement with the observed coefficient ( k  vs p) in Eq. (12) 

considering the assumption of perfect fiber contact, right-angle array, 

and uncertainty in k f .  Equation (31) shows that the slope is proportional 

to k f ,  which increases with temperature. The higher density dependence at 
higher temperatures (Fig. 9) can thus be explained by (1) solid conduction 
dominates, (2) the relationship between the slope and k f  shown in 

Eq. (31), and (3) k f  increases with temperature. For p = 0.21 Mg/m3, 

k f  = 1 W/(m*K) at 25°C (ref. 22) and 6.3 W/(m'K) at 2000°C (ref. 23), 

Eq. (30) shows a solid conductivity of 0.12 W/(m*K) at 25°C and 
0.78 W/(m'K) at 2000°C. Both values are theoretical upper limits because 

of the assumed perfect fiber contact. These theoretical values are 
greater than the experimental values [-0.06 W/(m*K) at 25°C and 

-0.28 W/(m*K) at 200O"CJ. 

Equation (20) is used for estimating k,. For CBCF, p = 0.21 Mg/m3, 

pf = 1.6 Mg/m 3, d =  7 pm, and assuming a = 6 (ref. 21), Eq. (20) yields 

k ,  = 4 . 6  E-14 T 3  W/(m'K) . (32) 

At 25"C, k p  = 1.2 E-4 W/(m'K), and at 20OO0C, k p  = 0.54 E-3 W/(m'K). These 
values suggest that, even at 20OO0C, radiation is not the dominant mode of 

heat transfer in CBCF. 

The important implications of Eq. (20) are that, to further reduce 

k p ,  the fiber diameter d must be decreased and "opacity" a must be 
increased. Graphite flakes have been incorporated into CBCF insulation as 

opacifiers to reduce thermal conductivity at ultrahigh temperatures 

(>2250"C), but thermal conductivity at temperatures lower than 2250°C was 
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increased with the opacif ier doping. 
be more effective opacifiers because of the large difference in the index 

of refraction between S i c  and carbon. 

In principle, Sic particles could 

Least-squares fit of 46 data points (21 at room temperature, 21 at 

2000°C, 2 at 8OO0C, and 2 at 14OOOC) of thermal conductivity in the 

thickness direction in vacuum of CBCF with densities ranging from 0.201 to 

0.245 Mg/m3 showed the following relationship: 

(33) 
k = -0.06988 + 7.543 E-5 T - 1.200 E-11 T3 

+ (0.4364 + 2.128 E 4  T + 4.000 E-11 T 3 )  , 

where 

k = thermal conductivity [W/(m*K)], 

T = absolute temperature, 

p = density (Mg/m3). 

The T term represents solid conduction through fibers and binders, and 
the !? term, the radiation portion of the conductivity. The temperature 

dependence of the thermal conductivity for three densities is shown in 

Fig. 12. Equation (33) was derived primarily for use in the design of the 

GPHS 
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Fig. 12. Thermal conductivity of carbon-bonded carbon fiber in the 
thickness direction in vacuum as a function of temperature. 
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The thermal conductivities of some samples were determined in air and 
in nitrogen as well as in vacuum. The values obtained in a gaseous 

environment were significantly larger than those measured in vacuum, as 

expected. For example, the thermal conductivity of CBCF in the direction 

perpendicular to the fiber array in 101 kPa N2 was 3 times that in vacuum. 

The increased conductivity values correlated well with the increases 

expected on the basis of the conductivity of the gas and of CBCF and the 

relative volumes of gas and solids in CBCF (ref. 13). Thermal conduc- 

tivities of CBCF (0.25 Mg/m3) in helium and xenon were also determined by 

a guarded hot plate method.24 

direction of CBCF in 0.1 MPa (1 atm) N2, the following relationship was 

derived from data for two densities (0.19 and 0.25 Mg/m3) by assuming that 

gas conductivity varies with the square root of temperature and linearly 

with density under 0.1 MPa N2, 

For thermal conductivity in the thickness 

kN = -0.06988 + 7.543 E-5 T -  1.200 E-11 T3 

+ (0.4364 + 2.128 E-4 T + 4.000 E-11 T 3 ) p  

+ [3.816 E-3 + 1.7807 E-2(p - 0.19)] T112 , 
(34) 

where kN is thermal conductivity of CBCF in 0.1 MPa or 1.0 atm N2 

[W/(m*K)]. 
in the GPHS module during reentry as air gradually diffuses into the 

s ys t em. 

Equation (34) was for use in calculating temperature profiles 

Thermal conductivity as a function of nitrogen pressure was deter- 
mined, and results are shown in Fig. 13. The data in Fig. 13 show a 

gradual change in the thermal conductivity, with the highest rate of 
change at about 1.0 H a  pressure at 18OOOC. 
path of nitrogen is 52 pm, which is very close to the fiber spacing 

(55 pm) in CBCF. 

The corresponding mean free 
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Fig. 13. Thermal conductivity of carbon-bonded carbon fiber in the 
thickness direction in nitrogen. 

CONCLUSIONS: ATTRIBUTES AND APPLICATIONS 

A rayon-base CBCF insulation has been developed and selected for use 

in high-reliability space nuclear power systems. The CBCF sleeves and 

disks are produced by carbonizing cured shapes vacuum molded from water 

slurries of carbon fiber and phenolic resin. Process improvements were 

made to eliminate large pores and axial cracking typically found in parts 
made by the old process. A multimandrel facility demonstrated a ten-times 

faster fabrication and considerable fabrication cost reduction. Critical 

processing parameters including fiber length, length distribution, binder 

content, curing rate, and carbonization temperature influencing the prop- 

erties of the fabricated parts were studied. 
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The CBCF is an excellent insulation among all known thermal insula- 

tions. Although its thermal conductivity increases with temperature, it 

is one-third that of pyrolytic graphite in the C-direction, even at 2000°C 

in vacuum. At 8OO0C, the difference is one order of magnitude (Fig. 14). 
Relative to other oxide fibrous insulations such as Cotronics ,* Fiberfrax, 
and Zircar, CBCF has slightly higher conductivities at low temperatures 

but is usable over much wider and higher temperatures (Fig. 14). Oxide 

fibrous insulations are incompatibile with graphites commonly used in 

radioisotope space nuclear systems, and multifoil insulation whose thermal 

conductivity is lower than that of CBCF (ref. 25) is too heavy to be 

Cotronics, product of Cotronics Corp., New York. * 
ORNL-DWG 80-18411R 

- 

- I I I I I 

PG (PYROLYTIC GRAPHITE) 
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(Mo/Zr02,60 LAYERS, 5 0 p m  PER TWO 

LAY E RS t /COTRONICS 360 I 

0 
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TEMPERATURE ("C) 

Fig. 14. Thermal conductivity of various thermal insulations in 
vacuum as a function of temperature. 
H. Groot, and R. L. Shoemaker, Thermophysical Properties of Carbon 
InSUkZtiOM, TPRL 196, Thermophysical Properties Research Laboratory, 
Purdue University, Lafayette, Ind., 1979; Min-K 1800 and Cotronics 360, 
E. A. Skrabek, "High-Temperature Insulations for Radioisotope Thermo- 
electric Generators," pp. 1712-76 in Proceedi,zgs of 13th Intersociety 
Energy Conversion and Engineering Conference, held in San Diego, Calif., 
on Aug. 20-25, 1978, vol. 2, American Society of Mechanical Engineers, New 
York, 1978; pyrolytic graphite and multifoil, H. Sookiazian, Fairchild 
Industries, Germantown, Md., personal communication to G. C. Wei, January 
1980. 

S O U r C e S  Of data: CBCF, R. E. Taylor, 
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favorably considered for use in the GPHS. A proper outgassing procedure 
was established for the use of CBCF in the GPHS. It is chemically pure 

carbon and compatible with other graphites and refractory metals in the 

GPHS. The strength was satisfactory; CBCF passed the vigorous GPHS vibra- 
tion tests. These attributes led to the application of CBCF in the GPHS. 

Because of the relative low density (0.2 Mg/m3 vs 2 Mg/m3 for pyro- 
lytic graphite), CBCF is lightweight. Its low thermal conductivity 

enables the use of only a very small thickness ( 2  mm). The application of 

CBCF in the GPHS reduces the weight of the overall system by 1.4 kg and 
successfully increases the specific power by a significant 7% (ref. 1) 
over previous space nuclear power systems or other designs of the GPHS 

utilizing contemporary insulations. 
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