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Abbreviations

C-C carbon-carbon composites
CCAT  Carbon-Carbon Advanced Technologies
CVD chemical vapor deposition
CVI chemical vapor infiltration

Condit  conditioning
FAW fabric areal weight

fab fabrication

HSW harness satin weave
HT heat treatment

ip in-plane

LaRC Langley Research Center

LoPIC  Low-pressure Pitch Impregnation and Carbonization

Max maximum

orth orthogonal

PPC preceramic polymer coating
t-t-t through-the-thickness

temp temperature

3-D three-dimensional






Abstract

Advanced thermal protection materials envisioned for use on future hypersonic
vehicles will likely be subjected to temperatures in excess of 1811 K (2800°F) and,
therefore, will require the rapid conduction of heat away from the stagnation regions
of wing leading edges, the nose cap area, and from engine inlet and exhaust areas.
Carbon-carbon composite materials are candidates for use in advanced thermal
protection systems. For design purposes, high temperature thermophysical property
data are required, but a search of the literature found little thermal conductivity data
for carbon-carbon materials above 1255 K (1800°F ). Because a need was recognized
Jor in-plane and through-the-thickness thermal conductivity data for carbon-carbon
composite materials over a wide temperature range, Langley Research Center
(LaRC) embarked on an effort to compile a consistent set of thermal conductivity
values from room temperature to 1922 K (3000°F) for carbon-carbon composite
materials on hand at LaR(C for which the precursor materials and thermal processing
history were known. This report documents the thermal conductivity data gener-
ated for these materials. In-plane thermal conductivity values range from 10
to 233 W/m-K, whereas through-the-thickness values range from 2 to 21 W/m-K.

Introduction

Advanced thermal protection systems envisioned for
use on future hypersonic vehicles will likely be subjected
to temperatures in excess of 1811 K and, therefore, will
require the rapid conduction of heat away from the stag-
nation regions of wing leading edges, the nose cap area,
and from engine inlet and exhaust areas. Carbon-carbon
(C-C) composite materials are lightweight, retain their
strength at high temperatures, and have high and tailor-
able thermal conductivity. These characteristics make
them attractive candidates as advanced thermal system
materials.

Carbon-carbon composites comprise a family of
materials having a carbon matrix reinforced with carbon
fibers. A large variety of both fibers and matrix precursor
materials is used. The choice of precursor materials and
the thermal processing used to fabricate the composites
are major factors which determine the thermophysical
properties of the materials. Availability of this informa-
tion enables the user (designer or researcher) to better
utilize the thermophysical property data and allows for
more meaningful comparisons between data sets. A
search of the literature found little thermal conductivity
data for C-C materials above 1255 K. In some instances,
thermal conductivity data were reported, but an adequate
description of the precursor materials and the thermal
processing history was not reported.

Because a need was recognized for in-plane and
through-the-thickness thermal conductivity data for C-C
composite materials over a wide temperature range,
Langley Research Center (LaRC) embarked on an effort
to compile a consistent set of thermal conductivity values
from room temperature to 1922 K for C-C composite
materials on hand at LaRC for which the precursor mate-
rials and thermal processing history were known. This

report documents the thermal conductivity data gener-
ated for these materials.

Experimental Procedures

Table 1 gives a description of the 28 materials for
which thermal diffusivity measurements were made and
reported in this report. All the materials were derived
from previous studies aimed at improving mechanical
properties and/or oxidation resistance. Material speci-
mens | through 10 and 16 through 18 were fabricated to
investigate the effects of different reinforcements and
different densification techniques on mechanical proper-
ties. Material specimens 11 through 15 were fabricated to
explore the benefits of candidate substrate oxidation
inhibitors and coating types. Material specimens 19
through 26 were fabricated to investigate the effects of
chemical vapor infiltration (CVI) processing parameters
on the thermal conductivity and mechanical properties of
carbon-carbon composites. Material specimens 27
and 28 were fabricated as candidate materials for a ther-
mal shield on a proposed NASA Solar Probe Spacecraft.

The source of each material is in the second column
of table 1. The fiber type and tow size are in the third col-
umn. Most of the materials were made with Amoco
T-300 fiber. Two materials were made with Amoco T-50
fiber, four were made with Celanese Celion fiber, and
two were made with Mitsubishi Kasel DIALEAD K321
fiber. All specimens except the four that were made with
Celion fibers were constructed by using an 8 harness
satin weave (8HSW) fabric. The number of tows per inch
in both the warp and fill direction is given. Material spec-
imens 16, 17, and 18 are stitched panels. A detailed
description of their construction is given in reference 1.
The weave construction for the materials made with the
Celion fiber were 3-D orthogonal. A detailed description
of the construction of these four material panels (material



specimens 7 through 10) is given in reference 2. The
layup for all materials except those made with the Celion
fiber was 0/90°, and most of them were 7- or 8-ply
laminates.

All the materials were initially prepared by pre-
pregging the fabric/3-D preforms with a phenolic resin
and molding into carbon-phenolic composites. The phe-
nolic resin was then converted into the carbon matrix by
inert-environment pyrolysis. A variety of densification
methods was used to increase the densities of these com-
posites to desired levels. Phenolic resin was the matrix
for about one-third the materials. CVI-deposited pyro-
lytic carbon was the matrix for another third. Two Rohr,
Inc., densification processes, designated by them as
“Low-pressure Pitch Impregnation and Carbonization
(LoPIC)” and “hybrid,” were used on the remaining third
of the materials. In the LoPIC process, both phenolic
resin and pitch are used as matrix material. The hybrid
process is a combination of using CVI and LoPIC
processes.

The fiber heat treatment temperature and maximum
composite fabrication temperature are also given in the
table. For material specimens 1 through 18, the fabric
had heat treatment temperatures of 2273 K except the
three made by the Boeing Company and Rohr which
were heat treated at 2423 K. The maximum composite
fabrication temperature was either 1173 K or 1923 K
except for specimen 15; this material had been coated at
a temperature of about 2033 K. In order to get a more
direct comparison of results between the uncoated mate-
rials in the original set of 18, the decision was made that
the finished composite materials (1-10 and 16-18)
should all be conditioned to the same final temperature.
The finished composites were heated to the fiber heat
treatment temperature of 2273 K. None of the commer-
cial materials (11 through 15) were conditioned, since
the thermophysical property data would not be represen-
tative of off-the-shelve commercial material. The fiber
heat treatment temperature for material specimens 19
through 26 was 2623 K and the CVI densification was
done at 1323 K. The fibers in both material specimens 27
and 28 were heat treated to 2273 K. Material 27 had a
maximum composite fabrication temperature of 2373 K,
whereas material 28 had a maximum composite fabrica-
tion temperature of 2973 K.

The tenth column in table 1 indicates whether the
material contained inhibitors and/or had been coated.
The three Boeing/Rohr materials are the only ones to
have inhibitors. The nomenclature of 0.2 FAW desig-
nates 20 percent by fabric areal weight. Two of the
Boeing/Rohr materials (12 and 13) and material 15 are
the only three coated materials. The next to last column
lists the direction in which the thermophysical properties
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were measured. Coated materials were only measured in
the through-the-thickness direction for reasons discussed
in the next paragraph. The last column gives additional
information on the construction of the 3-D and stitched
materials.

Material specimens were provided to D.P.H.
Hasselman at the Virginia Polytechnic Institute and State
University for thermal diffusivity characterization. The
thermal diffusivity was measured by the flash diffusivity
method, which basically consists of subjecting one side
of a sample to a single laser flash and then monitoring
the transient temperature response on the other side
(refs. 3 and 4). A round specimen, 0.45 inch in diameter,
was used for through-the-thickness direction measure-
ments. For in-plane measurements, a square specimen
was used. This square specimen was fabricated by cut-
ting rectangular pieces 0.118 inch wide by 0.340 inch
high and then stacking sufficient pieces together in the
thickness direction to make the stack approximately
0.340 inch thick. In-plane diffusivity measurements were
not made on the three coated materials because the stack-
ing of the rectangular pieces required for the in-plane
specimen would have left columns of coating within the
stacked thickness and thus would have invalidated the
measurement. Data were taken in increments of approxi-
mately 373 K from room temperature to 1938 K for
material specimens 1 through 26 and to 2448 K for mate-
rial specimens 27 and 28. The data reported by
Hasselman to LaRC were temperature and thermal
diffusivity.

The thermal conductivity k of a material is related to
its thermal diffusivity data by the following equation
(ref. 4):

k = poc,

where p is the density; @, the thermal diffusivity; and Cps
the heat capacity (specific heat). Bulk density measure-
ments at room temperature were obtained from mass and
volume measurements. Although the density of carbon-
carbon material does change slightly with temperature,
this change was neglected because only minimal error is
introduced. Carbon-carbon composites made with T-300
fibers have an in-plane coefficient of thermal expansion
(CTE) of 0.56 x 105K and through-the-thickness CTE
of 2.04 x 107¥/K values from 811 K to 1366 K (ref. 5).
With the use of these CTE values, the volume of the
material would increase a maximum of about 1.5 percent
from room temperature to 1922 K. This volume change
was considered to be sufficiently small so that density
could be taken as a constant for the thermal conductivity
calculations reported in this paper.

Experimental values of the specific heat of graphitic
materials taken from figure 2B-1 of reference 6 are



plotted in figure 1. These data were curve fitted with the
following empirical equation:

cp = —38.0528 + 0.041618T + 741.254/T

~0.707584 /T +19.0915 log ,,T V/g-K

where 7 is temperature in kelvins.

The values of specific heat reported in this report
and subsequently used to calculate thermal conductivity
were calculated by this equation. This equation cannot be
used to calculate the specific heat for coated materials
because it does not take into account the coating. Since
specific heat was not experimentally measured, there are
no heat capacity data for the three coated materials; thus,
thermal conductivity values are not reported for those
materials.

Results

Figures 2 and 3 summarize the thermal conductivity
results. Figure 2 shows the range of in-plane thermal
conductivity data for matenals evaluated in this report,
and figure 3 shows the range of through-the-thickness
thermal conductivity data. The temperatures and corre-
sponding thermophysical property data for the individual
materials are shown in tables 2 through 29. Thermal dif-
fusivity as a function of temperature is plotted for all
materials (figs. 4 through 31). Values are given in both
square centimeters per second (cm2/s) and square feet
per hour (ft%hr). Temperatures are shown in both kelvin
(K) and degrees Fahrenheit (°F). For uncoated materials,
both in-plane and through-the-thickness values are plot-
ted. For coated materials, only through-the-thickness val-
ues are shown because that was the only direction in
which measurements were made. For both in-plane and
through-the-thickness directions, thermal diffusivity val-
ues are maximum at room temperature and decrease with
increasing temperature. Values are fairly flat from 1200
to 1900 K.

Thermal conductivity values for each of the
uncoated materials are plotted in figures 32 through 56.
Thermal conductivity in units of both watts per meter-
kelvin (W/m-K) and British thermal units per hour-feet-
degrees Fahrenheit (Btu/hr-ft-°F) are given as a function
of temperature in both kelvins and degrees Fahrenheit.
For the in-plane direction, maximum thermal conductiv-
ity values ranged from 20 to 68 W/m-K for all materials
except that of material 28, which had a maximum value
of 233 W/m-K. For the through-the-thickness direction,
maximum thermal conductivity values ranged from 3
to 12 W/m-K for all materials except that of material 28
which had a maximum value of 21 W/m-K. In general
maximum thermal conductvity occurred around 500 K.

As with the thermal diffusivity values, thermal conduc-
tivity values were fairly flat from 1200 to 1900 K.

Concluding Remarks

Carbon-carbon composite materials are candidates
for use in advanced thermal protection systems. Because
a need was recognized for in-plane and through-the-
thickness thermal conductivity data for carbon-carbon
composite materials over a wide temperature range,
Langley Research Center (LaRC) embarked on an effort
to compile a consistent set of thermal conductivity values
from room temperature to 1922 K (3000°F) for carbon-
carbon composite materials on hand at LaRC for which
the precursor materials and thermal processing history
were known. This report documents the thermal conduc-
tivity data generated for these materials. In-plane thermal
conductivity values range from 10 to 233 W/m-K,
whereas through-the-thickness values range from 2
to 21 W/m-K.

NASA Langley Research Center
Hampton, VA 23681-2199
July 16, 1997
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Figure 1. Specific heat for carbon-graphite from TPRC (Thermophysical Properties Research Center) data (ref. 6).
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Thermal! conductivity, W/m-K
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Figure 2. Range of in-plane thermal conductivity values for materials reported in paper.
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Thermal conductivity, W/m-K
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Figure 3. Range of through-the-thickness thermal conductivity values for materials reported in paper.
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Temperature, °F
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Figure 4. Thermal diffusivity versus temperature for LaRC panel 7A, which is T-300 3k phenolic densified material.



Thermal diffusivity, cm2/s
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Figure 5. Thermal diffusivity versus temperature for LaRC panel 7B, which is T-300 3k LoPIC densified material.
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Temperature, °F
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Figure 6. Thermal diffusivity versus temperature for LaRC panel 6, which is T-300 3k hybrid densified material.
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Figure 7. Thermal diffusivity versus temperature for LaRC panel 7C, which is T-300 3k CVI densified material.
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Figure 8. Thermal diffusivity versus temperature for LaRC panel 1P, which is T-50 3k phenolic densified material.
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Figure 9. Thermal diffusivity versus temperature for LaRC panel 9H, which is T-50 3k hybrid densified material.
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Temperature, °F
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Figure 10. Thermal diffusivity versus temperature for LaRC panel 10-1, which is Celion 3k phenolic densified material.
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Figure 11. Thermal diffusivity versus temperature for LaRC panel 10-3, which is Celion 3k LoPIC densified material.
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Figure 12. Thermal diffusivity versus temperature for LaRC panel 9-1, which is Celion 3k/2k phenolic densified
material.
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Figure 13. Thermal diffusivity versus temperature for LaRC panel 9-3, which is Celion 3k/2k LoPIC densified material.
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Thermal diffusivity, cm2/s
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Figure 14. Thermal diffusivity versus temperature for Boeing/Rohr T-300 1k hybrid densified material.
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Figure 15. Thermal diffusivity versus temperature for CVD-coated Boeing/Rohr T-300 1k hybrid densified material.
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Figure 16. Thermal diffusivity versus temperature for PPC-coated Boeing/Rohr T-300 1k hybrid densified material.
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Figure 17. Thermal diffusivity versus temperature for CCAT T-300 3k phenolic densified material.
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Figure 18. Thermal diffusivity versus temperature for Type III coated CCAT T-300 3k phenolic densified material.
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Figure 19. Thermal diffusivity versus temperature for LaRC stitched panel 2, which is T-300 3k phenolic densified
material.
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Figure 20. Thermal diffusivity versus temperature for LaRC stitched panel 5, which is T-300 3k phenolic densified
material.
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Figure 21. Thermal diffusivity versus temperature for LaRC stitched panel 8, which is T-300 3k phenolic densified
material.
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Thermal diffusivity, cm?/s

54

Temperature, °F

-10 490 990 1490 1990 2490 2990
.60 T 1 T T I T T T T ' T T T T ‘ T T T 1 I T T T T ' L T T L] l 1_‘
i Specimen 19 420
.50 4
40 —1.6
30 L —1.2
.20 -4 .8
: In-plane .
A0 -1 4
i Tt
0 L L 1 1 l 1 1 1 1 l i 1 1 1 I 1 H 1 1 l 1 1 1 L [ 1 1 . A I L 1 i i o
250 500 750 1000 1250 1500 1750 2000

Temperature, K

Figure 22. Thermal diffusivity versus temperature for LaRC J1, which is T-300 3k CVI densified material.
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Figure 23. Thermal diffusivity versus temperature for LaRC J2, which is T-300 3k CVI densified material.
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Figure 24. Thermal diffusivity versus temperature for LaRC J3, which is T-300 3k CVI densified material.
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Figure 25. Thermal diffusivity versus temperature for LaRC J4, which is T-300 3k CVI densified material.
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Figure 26. Thermal diffusivity versus temperature for LaRC J5, which is T-300 3k CVI densified material.
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Figure 27. Thermal diffusivity versus temperature for LaRC J6, which is T-300 3k CVI densified material.
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Thermal diffusivity, cm@/s

Temperature, °F

Temperature, K

-10 490 990 1490 1990 2490 2990
.60 T | T T ] ] T L4 I 1 T T T I 1 T ] T T T L=
: Specimen 25 d2.0
.50 +— 4
- —1.
40 - . °
.30 —1.2
- In-plane 4
.20 - - .8
.10 — - _4
- t-t-t |
0 i I 1 1 l 1 L I 1 1 1 1 I 1 1 1 1 l L A 1 L 1 i 1 1 i 0
250 500 750 1000 1250 1500 1750 2000

Figure 28. Thermal diffusivity versus temperature for LaRC J7, which is T-300 3k CVI densified material.
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Figure 29. Thermal diffusivity versus temperature for LaRC J8, which is T-300 3k CVI densified material.
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Figure 30. Thermal diffusivity versus temperature for LaRC F1, which is K321 2k phenolic densified material.
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Figure 31. Thermal diffusivity versus temperature for LaRC P1, which is K321 2k AR pitch densified material.
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Thermal conductivity, W/m-K
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Figure 32. Thermal conductivity versus temperature for LaRC panel 7A, which is T-300 3k phenolic densified material.
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Figure 33. Thermal conductivity versus temperature for LaRC panel 7B, which is T-300 3k LoPIC densified material.
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Figure 34. Thermal conductivity versus temperature for LaRC panel 6, which is T-300 3k hybrid densified material.
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Figure 35. Thermal conductivity versus temperature for LaRC panel 7C, which is T-300 3k CVI densified material.
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Figure 36. Thermal conductivity versus temperature for LaRC panel 1P, which is T-50 3k phenolic densified material.
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Figure 37. Thermal conductivity versus temperature for LaRC panel 9H, which is T-50 3k hybrid densified material.
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Figure 38. Thermal conductivity versus temperature for LaRC panel 10-1, which is Celion 3k phenolic densified
material.
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Figure 39. Thermal conductivity versus temperature for LaRC panel 10-3, which is Celion 3k LoPIC densified material.
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Figure 40. Thermal conductivity versus temperature for LaRC panel 9-1, which is Celion 3k/2k phenolic densified
material.
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Figure 41. Thermal conductivity versus temperature for LaRC panel 9-3, which is Celion 3k/2k LoPIC densified
material.

73



Thermal conductivity, W/m-K

74

Temperature, °F

-10 490 990 1490 1990 2490 2990
45 i T ‘ L] I T T ] T l ¥ T T ' 1 T T I T |l T I 1

B —H 25
40 - Specimen 11 i
3 - — 20

[ In-plane J
30 |- —— i

- - 15
25 [ ]
20 ]

- — 10
15 [ ]
10 t-t-t .

i i

5+ i
0 [ l 1 l L 1 i ] 1 1 1 1 I 1 i I 1 1 s J I A1 i i 0
250 500 750 1000 1250 1500 1750 2000

Temperature, K

Figure 42. Thermal conductivity versus temperature for Boeing/Rohr T-300 1k hybrid densified material.
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Figure 43. Thermal conductivity versus temperature for CCAT T-300 3k phenolic densified material.
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Figure 44. Thermal conductivity versus temperature for LaRC stitched panel 2, which is T-300 3k phenolic densified
material.
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Figure 45. Thermal conductivity versus temperature for LaRC stitched panel 5, which is T-300 3k phenolic densified

material.
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Figure 46. Thermal conductivity versus temperature for LaRC stitched panel 8, which is T-300 3k phenolic densified
material.

78



Thermal conductivity, W/m-K

Temperature, °F

-10 490 990 1480 1990 2490 2990
70 i T T T T I T T T ) I T T T ] I T T T T l T T T T I T T T T I ] 40
60 - Specimen 19 J 35
- — 30
50 ;
i - 25
40 E
I d20
30 ]
- 415
- In-plane ]
i /—\ 110
10 1
- / t-t-t 15
0 [ L 1 1 i I L 1 3 L l L 1 L 1 l 1 1 1 1 I 1 3 1 1 l L 1 1 1 I 1 i 1 1 ] 0
250 500 750 1000 1250 1500 1750 2000

Figure 47. Thermal conductivity versus temperature for LaRC J1, which is T-300 3k CVI densified material.
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Figure 48. Thermal conductivity versus temperature for LaRC J2, which is T-300 3k CVI densified material.
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Figure 49. Thermal conductivity versus temperature for LaRC J3, which is T-300 3k CVI densified material.
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Figure 50. Thermal conductivity versus temperature for LaRC J4, which is T-300 3k CVI densified material.
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Figure 51. Thermal conductivity versus temperature for LaRC J5, which is T-300 3k CVI densified material.
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Figure 52. Thermal conductivity versus temperature for LaRC J6, which is T-300 3k CVI densified material.
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Figure 53. Thermal conductivity versus temperature for LaRC J7, which is T-300 3k CVI densified material.
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Figure 54. Thermal conductivity versus temperature for LaRC J8, which is T-300 3k CVI densified material.
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Figure 55. Thermal conductivity versus temperature for LaRC F1, which is K321 2k phenolic densified material.
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Figure 56. Thermal conductivity versus temperature for LaRC P1, which is K321 2k AR pitch densified material.
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