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Thermophysical Properties of High-Thermal-Conductivity
Graphite Sheets for Spacecraft Thermal Design
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Thermophysical properties of a new material—a graphite sheet, which has characteristics of high thermal
conductivity, anisotropy,lightweight and flexibility—have been measured in order to apply this sheet to a spacecraft
thermal control material. The following measurements were performed: 1) The thermal diffusivities in the in-plane
and out-of-plane directions were measured over the temperature range from 100 to 350 K using a laser heating ac
calorimetric method. 2) The specific heatand the total hemispherical emittance were measured over the temperature
range from 173 to 375 K using a transient calorimetric method. 3) The solar absorptance was measured using a
spectroscopic method for angles of incidence ranging from 5 to 60 deg. Additionally, the thermal conductivities
and the specific thermal conductivities were calculated using the measured results, and the high potential of this
graphite sheet as a material for spacecraft thermal control was confirmed.

Nomenclature

= surface area, m?

thermal diffusivity, m? s~

thermal diffusivity in respective direction, m? s~

specific heat,J kg™! K™!

thickness of sample, m

modulating frequency, Hz

Green’s function for respective direction

= spectral distribution of solar radiation,
Wm™2 ym™!

= wave number of temperature wave, m~

= wave number in the in-plane directions, m™

distance between heat source and detection

point, m

= mass, kg

electric power, W

heat loss, W

temperature, K

ac temperature, K

time, s

indices of summation

width of sample, m

Cartesian coordinates, m

solar absorptance

phase lag, rad

total hemispherical emittance

incident angle, deg

wavelength, m

= reflectance
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o = Stephan-Boltzmann constant,
5.67x 1078 Wm=2 K™
® = angular frequency,s™
Subscripts
GS = graphite sheet
H = heater
Im = imaginary part
L = lower
meas = measurement
offset = offset
Re = real part
S = sample
Sa = absolute
U = upper
w = wall
Introduction

HE current spacecrafttrend toward high density packing of the
payload electronics and increased waste heat flux will require
the development of lightweight high-thermal-conductivty materi-
als and innovative thermal transport techniques. Aluminum alloys
are the most commonly used materials for spacecraft thermal man-
agement components because of their high specific thermal con-
ductivity. Several high-thermal-condudivity composite materials,
including carbon-carboncomposites, metal matrix composites, and
polymer matrix compositescanreplacealuminumalloys for thermal
controlhardware, resultingin significant mass savings and improve-
ment in performance.'~® The high thermal performance of carbon
composite materialsis attributed to the high thermal conductivity of
carbon fibers, which are used as fillers of the composites. The short-
coming of the composite materials is the poor thermal conductivity
in the direction normal to the fibers as a result of axial orientation of
the carbon fibers. To diffuse heat in composites two-dimensionally,
the carbon fibers are laid up in differentdirections in the plane (e.g.
0, 45, and 90 deg) and, as a result, effective thermal conductivity
in each direction reduces.
Recently, a high-thermal-condudivity graphite sheet has been
developed* This graphite sheet (100+2 um in thickness and
0.84 g cm™? in density) has characteristicsof lightweight,anisotropy
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and flexibility like a piece of paper, as well as high thermal con-
ductivity. The graphite sheet (GS) is superior to other composite
materials in that the GS has plane orientation while carbon fibers
have axial orientation,and so, the GS has the same value of thermal
conductivity for any in-plane direction?

The goal of this study is to apply the GS as a material for space-
craft thermal control applications such as radiators, thermal dou-
blers, thermal paths, and heaters. To use the GS as a thermal control
material, it is essential to know the thermophysical properties such
as thermal conductivity,specific heat, total hemisphericalemittance,
and solar absorptance. So far, detailed thermophysical properties of
the GS have not been reported.

The present paper describes the measurement of temperature de-
pendence of thermal diffusivity, specific heat and total hemispheri-
cal emittance, and incident angle dependence of solar absorptance
for the GS. The in-plane and out-of-plane thermal diffusivitieshave
been measured over the temperature range from 100 to 350 K us-
ing a laser heating ac calorimetric method. The standard method for
measuring the out-of-planethermal diffusivityis the laser flash tech-
nique, in which one face of a sampleis heated by a laser pulse, while
the temperature of the other face is detected thorough its thermal
radiation® However, the measurement of the out-of-plane thermal
diffusivity of GS using the flash technique could not be performed
because the GS is a porous material and the radiation from the in-
side disturbed the exact measurement. Hence, we have attempted to
measure the out-of-plane thermal diffusivity of GS simultaneously
with the in-plane thermal diffusivityby improving one of the typical
in-plane thermal diffusivity measurement techniques—an ac calori-
metric method,” though the measured out-of-planethermal diffusiv-
ity by this method has a larger than desired uncertainty. The specific
heat of the GS has been measured only preliminarily because 1) it
is difficult to measure the specific heat of thin and low-density ma-
terials by the conventional measurement techniques and 2) unlike
the thermal transport properties, the specific heats of graphite mate-
rials are independent of the degree of graphitization® The specific
heat has been measured simultaneously with the total hemispheri-
cal emittance over the temperature range from 173 to 373 K using a
transient calorimetric method. The solar absorptance has been cal-
culated by measuring the spectral hemispherical reflectance over
the wavelength range from 0.26 to 2.5 um using a spectroscopic
methodintheincidentanglerangefrom5 to 60 deg. Additionally,the
thermal conductivity and the specific thermal conductivity, defined
as thermal conductivity divided by density, have been calculated
and discussed by comparing with other high-thermal-condudivity
materials.

Graphite Sheet

The GS used in the present study has been prepared from aro-
matic polyimide films by heat treatment at 2900-3300 K in an inert
atmosphere * The process formakinghighly oriented graphitesheets
from polyimide films is as follows: 1) At temperaturesbetween 700
and 900 K, the thermal decomposition reaction proceeds prefer-
entially on the imide group, and a planar and heterocycle carbon
precursor with the nitrogen contained are made. 2) Carbonization
occurs by denitrification and dehydrogenation, and aromatic rings
are developed above 1300 K. 3) At temperatures above 2900 K,
lamination layers have been grown, and highly oriented graphite
films are produced.

Figure 1 shows the scanningelectronmicroscope(SEM) photosof
1) the surface and 2) the cross-sectionalview of the GS structures. It
isremarkablethat the GS is organizedin differentstructuresbetween
the in-plane and the out-of-plane directions. Examining the cross-
sectional view of GS (Fig. 1b), there are large vacancies between
the layers sporadically. They cause the difficulty in making the out-
of-plane thermal diffusivity measurement.

Theoretical Background and Experimental Apparatus

Thermal Diffusivity

A laser heating ac calorimetric method is used to measure both
the in-plane and the out-of-plane thermal diffusivities of GS. In

(a) Surface

(b) Cross

Fig. 1 SEM images of a) surface and b) cross-sectional features of the
graphite sheet.

this measurement, a modulated laser beam, which is focused, is
irradiatedupon the front surface of a sample, and the ac temperature
is measured by a fine thermocouple, which is attached to the rear
face of the sample. The surface heating is supposed because the
optical absorption length of the GS is less than 2.4 x 1078 m.

Firstofall, consideranisotropicmedium of the three-dimensional
infinite region. Green’s function at x at a time ¢ caused by a unit
instantaneousheat source at x” at the time ¢’ is

G,(x,t;x', 1) ! {e [ (x—x’)2:|} (1)
- N = — X e —
AR 2J/mat — 1) Pl %aa =)

Green’s functions at y and z can be written in a similar form. The ac
temperature response in the medium heated by a modulated point
heat source at the point (0, 0, 0) at the rate pce’®’ from time ' = —o0
to t' =t, where p is the average density of the media and c is the
heat capacity, can be expressed as’

t
Tac(x,y,z,t)=/ UG (x, t:x )Gy (y, 11y, 1)
-0

x G (z,5;7,t)dt = ————
(2,12, 1) dmal(x,y,z)

xexp{—kl(x,y,z) +ilwt —kl(x,y,2)]} 2)

where T, is the ac temperature at the detection pointand w =27 f
is the angular frequency./ can be written as

I(x,y,2) =Vx2+ y2 + 22 3)

k is given by

k=+/nf/a @)

The detected phase lag A¢ of the ac temperature is given by
A¢(xvyvz)=—kl(xvyvz) (5)

Combining Egs. (4) and (5), one has

_ Ix,y,9 |
“ _”f[Aw,y,z)} ©

From Eq. (6) the in-plane thermal diffusivity for an isotropic ma-
terial is given as the distance dependence of the phase lag at a
fixed frequency. However, in order to obtain both the in-plane and
out-of-plane thermal diffusivities simultaneously for high-thermal-
conductivity orthotropic materials, the effects of anisotropy and the
boundaries of infinite samples need to be considered.!’
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Fig. 2 Sample shape for thermal diffusivity measurement.

In the case of a two-dimensional orthotropic material like GS,
which has a different thermal diffusivity in any xy direction (a,,)
as compared to the z direction (a,), the ac temperature response can
be written using Green’s function as’

ot — (1 + Dk, l'(x, y,
Tac(x,y,z,t)zeXp[’w (I +Dkeyl'(x, ¥, 2)] D

4Ar Jaal'(x,y, z)

where

U'(x,y,2) = \/x2 +y2+(a,,/a,)2? (8)

kxy =V ﬂf/axy (9)

In practice, the measurement is performed in the infinite region,
and in the case of the high-thermal-condudivity material the peri-
odic thermal energy propagated from the heat source is reflected at
the insulated sample edges repeatedly and, as a result, affects the
measurement.'®!! Consider an orthotropic medium with a width w
along y axis, a thicknessd along the z axis, and a length along the x
axis, which is far larger than the thermal diffusion length (which for
the GS under considerationis 40 mm in the length while the thermal
diffusionlengthis 7 mm at the most) and can be considered to be an
infinite length, as shown in Fig. 2, and there is no heat loss by the
conductionto the surroundings. The detected temperature response
at y =0, z =d can be described as'°

iwt 0 _ 1 . ](xvl” O’
T.(x.0.d.1) = —* Z{eXp[ (1 + Dk, 1"(0, v)]

2w Jay,a; gt (0, v)
N expl[—(1 + i)k, I (u, v)]
2 : 10
+ ; T (10)
where

I"(u, v) = /32 + @w)? + (a5, /a)[Qu+1)dP  (11)
The ac temperature T,. can be expressed as

Toe(x,y,2,t) = Tre(x, y,2,t) +iTi(x, y,2, 1) (12)
where Tg. and Ty, are the real and the imaginary parts of T, re-
spectively. The phase lag is obtained from

Tim(x, ¥, 2, t)} 13)

Ap(x,y,z,t) = arctan|:
Tre(x, y, 2, 1)

For the most precise experiments the measured phase delay Apeas

containsthe constantphase delay A¢,e; causedby the effects of the

thermocouple and the experimental equipment, and the measured

phase lag can be expressed as

APmeas = D@ + Adofser (14)

The in-plane thermal diffusivity a,,, the out-of-plane thermal diffu-
sivity a,, and offset value A¢ogse; are determined simultaneously by
the curve-fitting method, which is based on a simplex algorithm,'?
where the complete phase lag vs distance curve is fitted by Eq. (14).

Tablel Comparison of measurement results
and recommended values

Recommended
value Gxy a;
Sample [x107%m?s™']  [x107®m?s™!] [x107%m?s™!]
Stainless steel' 3.72 3.70 3.32
Pure copper' 117 119 56.9
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Fig. 3 Schematic diagram of the apparatus for thermal diffusivity
measurement.

Figure 3 shows the laser-heating ac calorimetric measurement
apparatus,'® which consists of an ac laser-heating source, a helium
(*He) gas continuousflow cryostatto coola sample, and a measuring
system. The measurement is performed under a vacuum condition
in order to neglect heat loss by conduction to the surrounding air.
The heatsourceis a He-Ne gas laser whose maximum output power
is 10 mW. The intensity modulation of the laser beam at an arbitrary
frequency between 1 and 1000 Hz is achieved with an acousto-optic
modulator(AOM). The beam diameteris adjustedto less than 10 um
by a microscope. The beam irradiation positionis controlledby x-y
dual axes translationstages, which are set under the cryostatand can
move together with the cryostat. A sample is thermally anchored to
a copper cold plate by fixing only both edges of the sample. Tem-
perature in the cryostatis controlled with a heater and “He gas. Onto
the rear face of the sample, a cross junction of a chromel-constantan
thermocouple (25 pum in diameter) is attached, and both dc and
ac temperatures are simultaneously measured with its two indepen-
dentterminals. The dc temperature gives arise of the sample temper-
ature from its background,and the ac temperature gives information
of thermal diffusivity in its amplitude and phase delay, detected by
means of a lock-in amplifier. The function generator provides the
frequency signal of the AOM and the reference frequency of the
lock-in amplifier. The data acquisitionand the control of laser beam
operation are performed using a personal computer.

Reliability of this apparatus and method were confirmed by
checking the thermal diffusivities of stainless steel (Standard Ref-
erence Material, SRM 1461, 0.5 mm in thickness), which were ob-
tained from the National Institute of Standards and Technology,and
pure copper (0.1 mm in thickness). A series of four measurements
using this apparatus was carried out with stainless-steel material
and copper, respectively.” Average values of these measurements
are listed in Table 1. The measured in-plane thermal diffusivities
a,, of stainless steel'* and pure copper'* were in good agreement
with recommended values within £3.5 and 1.7%, respectively. The
out-of-plane thermal diffusivities a, of stainless steel and pure cop-
per were systematically underestimated by about 11 and 52%. The
out-of-plane thermal diffusivity a, of a thinner sample with higher
thermal diffusivity is measured in larger disagreement with the rec-
ommended value. In the case of the GS, because the values of the
thickness and the out-of-plane thermal diffusivity are intermedi-
ate between stainless-steel and copper samples, the out-of-plane
thermal diffusivity a, should be systematically underestimated by
11-52%. It is true that this uncertainty is very large, but this simul-
taneous method based on the ac technique will be a better way than
any other methods for the GS having large anisotropy and porosity.
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Fig. 4 Sample shape for thermal diffusivity measurement and typical
example of measured phase lag vs distance and fitting curve of graphite
sheet.
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Fig. 5 Schematic diagram of the apparatus for specific heat and total
hemispherical emittance measurement.

Figure 4 shows the shape of the GS sample and a typical example of
the phase lag vs distance measurement result and fitting curve from
Eq. (14). Through the measurement the modulating frequency was
adjusted with the selected temperature so that the thermal diffusion
length would be in a constant range (3.5-7.0 mm).'?

Specific Heat and Total Hemispherical Emittance

A transient calorimetric method is used to measure the specific
heat and the total hemispherical emittance. A sample with a mass
mg and a surfacearea A is placed in a vacuum spherical vessel that
is evacuated to high vacuum and cooled at a temperature Ty . The
sample can lose heat only by radiationto the walls of the vessel and
by conduction through lead wires. The inner walls of the spherical
vessel are essentially black, and electricalheating leads are attached
to an internally mounted heater in the sample. The equation of en-
ergy balance, when the electric power is changed from Q to Q'
(Qf # Q), can be expressed as

dr
mscs(Ts)E =0 — 8HS(TS)UAS(T54 - Té/) —q (15)

where dT /dt is the rate of change of sample temperature with time.
The specific heatand the total hemisphericalemittance of the sample
are determined simultaneously by a simplex method,'> where the
measured temperature as a function of time is fitted by Eq. (15).
The specific heat and total hemispherical emittance measurement
isperformedwith the apparatusillustratedin Fig. 5 (Ref. 15). The ap-
paratus consists of a sample vessel, a liquid nitrogen (LN, ) cryostat,

Thermocouple
Lead Wires

Graphite Sheet

Sheet Heater

Fig. 6 Sample configuration for the specific heat and total hemispher-
ical emittance measurement.

a measuring system, and a vacuum system. The spherical sample
vessel (250 mm in diameter), which is made of copper to obtain
a uniform temperature distribution and a stability of temperature
throughout the measurement, is located at the bottom of the cryo-
stat. The sample vessel is cooled by LN,, and the pressure in the
sample component is kept at 10> Pa with a turbomolecular pump.
The inner walls of the sample vessel are painted with a black paint
(CHEMIGLAZE Z306), which has high total hemisphericalabsorp-
tance. The data acquisition is performed with a personal computer.
The sample is suspendedat the center of the vessel by means of lead
wires. The sample is made in a “sandwich” form as shown in Fig. 6.
Two test materials, 30 mm square, and an electricallyinsulated sheet
heater are accurately bonded using an epoxy adhesive. The temper-
ature of the sample is measured by a chromel-alumel thermocouple
(50 m in diameter), which is attached to the center of the sample.
Constantan wires (Cu: 55%, Ni: 45%, 50 yum in diameter) are used
to supply electrical power.

Provided that the heat capacity of the adhesive is small enough
to neglect, the heat capacity of the sample can be described as

mgCs = MgsCgs +MpyCh (16)
The specific heat of the GS can be obtained from
cgs = (mscs —mycy)/mes (17)

To separate the heat capacity of the GS from that of the sheet
heater, the measurementis carried out in the following steps: 1) the
specific heat and the effective total hemispherical emittance of the
sheetheater only (without the GS) are measured;2) the specific heat
and the total hemispherical emittance of the sample composed of
the heater and the GS are measured; 3) the specific heat of the GS
is calculated from Eq. (17).

Uncertainty of the measurement is attributed to 1) tempera-
ture measurement by the thermocouple (£0.77%), 2) current mea-
surement (£0.11%), 3) surface area of the sample measurement
(£0.02%), 4) mass measurement (£0.01%), 5) standard deviation
between experimental data and fitting curve (£2.78%), 6) temper-
ature gradient within the test sample (less than £0.001%), 7) heat
loss through the lead wires, and 8) heat capacity of the adhesive,
which contributesto the specific heat value. The effect of 7), which
is less than 4-1.0%, was experimentally estimated and calibrated.'?
The specific heat of the adhesive could not be measured, and so we
roughly estimated the impact of 8) to be less than 13% using a max-
imum specific heat of the epoxy resin (<2100 J kg~ 'K~ 1), which
was obtained from Ref. 16. The combined standard uncertainty of
the total hemispherical emittance measurement was estimated to
be about £3.0%, and that of the specific heat measurement was
estimated to be less than +14.5%.

We performed the verification test using pure copper (99.99%).
The measured specific heat of the copper sample corresponded to
the recommended value within 13.5%, and the total hemispheri-
cal emittance corresponded within 2.0% to the emittance measured
by a steady calorimetric method with the same measuring system.
The reliability of the measured total hemisphericalemittance by the
steady method with this system was confirmed by comparing with
the calculated total hemispherical emittance using the optical con-
stants, which were measured with the Fourier transform infrared
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Fig. 7 Schematic diagram of the apparatus for spectral hemispherical
reflectance measurement.

spectroscopy in the wavelength range from 2.5 to 100 pum, us-
ing aluminum-depositedpolyimide films. The measured total hemi-
spherical emittance correspondedto the calculated one within 7.0%
(Ref. 17).

Solar Absorptance

The solar absorptance is calculated using the spectral reflectance
psa(A, 0). Provided that the sample is opaque, the spectral absorp-
tance as, (X, 0) is given as

asa(h,0) =1 —psa(X, 0) (18)
The solar absorptance s for an incidentangle 6 is given as

M g (0, )T (M) dA

AL

as(0) = (19)

[;[” J (1) da

where J (1) is the spectral distribution of solar radiation, and Ay,
A correspond to the upper and the lower bounds of the wavelength
range for the measurement.

Figure 7 shows the spectral reflectance measurement apparatus,
which consists of a spectrophotometer,an integrating sphere, and a
measuring system.'® The sample (18 mm in diameter) is attached
to the inner surface of the sphere, and the center of the sample is
on the equator of the sphere. The test sample can be exchanged
into the reference sample with a turret mechanism. The integrating
sphere (300 mm in diameter) is allowed to rotate around a vertical
axis passing through the center of the sample. Several holes are
made on the equator to introduce the monochromatic beam into the
sphere. The incidentangle to the sample can be adjusted by rotating
the sphere leaving the position of the spectrophotometerfixed. The
incidentanglescorrespondingto the holesare 0, 5, 10, 20, 30,40, 50,
and 60 deg. The inside of the integrating sphere is spray coated with
BaSO, (Eastman White Reflectance Coating). Detectors, which are
photomultipliers for the wavelength region of 0.26-1.20 um, and
PbS for 1.20-2.50 pum, are attached to the center of the sphere. The
data acquisition and the calculation of the solar absorptance with
the measured spectral reflectance, as well as the control of a pulse
motor to drive the wavelength scanning mechanism, are performed
using a personalcomputer. The absolute spectral reflectance of a test
sample is determined by the following steps: 1) the intensity of the
light reflected at the reference and homogenized by the integrating
sphere are measured with the detector in the center of the sphere;2)
the intensity of the lightreflected at the test sample and homogenized
by the integrating sphere are measured; 3) from the intensity ratio
and the absolute spectral reflectance of the reference material, the
absolute spectral reflectance of the test sample is determined.

Uncertainty of the measurementis attributed to 1) the value of the
spectral reflectance of the reference sample (£1.0%) and 2) energy
loss to the introduce hole (£1.0%). The standard uncertainty is
estimated to be less than £2.0%.

The reliability of the measured solar absorptance was confirmed
by comparing with the calculatedsolar absorptanceusing the optical

constants, similar to the process applied to emittance measurement
with the FT-IR. The measured solar absorptance corresponded to
the calculated one within 5.0% (Ref. 17).

Results and Discussion
Thermal Diffusivity

The results of the in-plane and out-of-plane thermal diffusivities
measurementin the temperaturerange from 100 to 350 K are shown
in Fig. 8. It is clear that both the in-plane and out-of-plane thermal
diffusivitiesof the GS have large temperaturedependences,and they
decreaseas the temperatureincreases. The value of the in-plane ther-
mal diffusivity changes from 3840 to 552 x 107% m? s™! with the
increase of the temperature from 100 to 350 K, and the value of
the out-of-planeone changes from 97.2to 10.7 x 107% m? s~ It is
confirmed that the GS has extreme anisotropy of thermal diffusiv-
ities. The value of the in-plane thermal diffusivity is about 40-50
times larger than that of the out-of-planeresult. Additionally, the in-
plane thermal diffusivityis very high and far larger than the thermal
diffusivities of metals (<250 x 107% m? s71).

Specific Heat and Total Hemispherical Emittance

The measured specific heat of the GS, compared with that of other
reported data of graphite materials,®!?~2* in the temperature range
from 173 to 373 K is shown in Fig. 9. The specific heat of the GS
increasesas the temperatureincreases. The specific heats of graphite
materials are, except for extremely low temperatures, almost the
same value, independentof the degree of graphitization® Similarly,
the specific heat of the GS has the same temperature dependence
within 14%.
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Fig. 8 Temperature dependence of in-plane and out-of-plane thermal
diffusivities of graphite sheet.
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Table2 Thermal conductivity, density, and specific thermal
conductivity of the GS, pure aluminum, pure copper, pure beryllium,
P100 fiber, and K1100 fiber at room temperature

Thermal Specific thermal

conductivity, Density, conductivity, 1073
Wm 'K 10°kgm™  Wm?kg! K
GS
(in-plane) 466 0.84 554
(out-of-plane) 7.72 0.84 9.19
Pure aluminum'* 236 2.70 87.4
Pure copper'* 401 8.96 44.8
Pure beryllium'# 200 1.85 108
P100 fiber?® (axis) 293 2.18 134
K1100 fiber?®?7 (axis)  884-917 2.20 402-417

0

150 200 250 300 350 400
Temperature, K

Fig. 10 Temperature dependence of total hemispherical emittance of
graphite sheet.
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Fig. 11 Spectral hemispherical reflectance of graphite sheet for the
incident angles at 5, 30, and 60 deg.

The result of total hemispherical emittance measurement in the
temperature range from 173 to 373 K is shown in Fig. 10. The total
hemispherical emittance increase as the temperature increases. The
value of the total hemisphericalemittance changesfrom 0.22 to 0.32
with the increase of the temperature from 173 to 373 K.

Solar Absorptance

The measured spectral reflectance in the incident angle range
from 5 to 60 deg for the GS is shown in Fig. 11. In the ultravio-
let region ranging from 0.25 to 0.5 um, the reflectance decreases
steeply with wavelength. In the wavelength region between 0.5-
2.2 pum, the reflectance increases with wavelength. Above 2.2 um
the reflectance decreases again. Although the remarkable incident
angle dependence of the spectral reflectance between 5 and 30 deg
is not confirmed, it is clear that the reflectance at 60 deg is larger
than those at 5 and 30 deg. Figure 12 shows the incident angle de-
pendence of the solar absorptance calculated using the measured
spectral reflectance of the GS. The values of the solar absorptance
for incident angles of 5, 30, and 60 deg are 0.72, 0.72, and 0.67,
respectively.

Thermal Conductivity

The thermal conductivityof the GS is calculated using the thermal
diffusivity, the specific heat, and the bulk density. The DeSorbo’s
data?® (100-250 K) and Butland’s equation?® (250-350 K) for the
specific heat are used for calculating thermal conductivity because
1) the measured specific heat of the GS contains larger uncertainty

1.0 T T

0.8r b

Solar Absorptance

0-0 1 1
0 30 60

Incident Angle, deg.

Fig. 12 Incident-angle dependence of solar absorptance for graphite
sheet.
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Fig. 13 Temperature dependence of thermal conductivity for graphite
sheet, pure metals, and P100 fiber.!425

and 2) it was confirmed that the value of the specific heat does not
depend on the degree of graphitization.

The calculated thermal conductivity of the GS, compared to the
conductivities of pure aluminum, pure copper, pure beryllium,'
and P100 carbon fiber,*® are shown in Fig. 13. The in-plane thermal
conductivity is significantly greater than those of pure aluminum
and pure beryllium and is somewhat larger than the conductivity of
pure copper over the present temperature range, whereas the out-
of-plane thermal conductivity of the GS is smaller than those of
metallic materials. Additionally, the in-plane thermal conductivity
for the GS is greater than the conductivity in the axial direction of
the P100 fiber.
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The specific thermal conductivities, which are calculated by di-
viding the thermal conductivities of the materials by their densi-
ties, of GS, metallic materials, and carbon fibers, are evaluated in
Table 2. It is clear that the graphite materials (P100 fiber, K1100,
fiber and GS) have far greater specific thermal conductivities than
those of metallic materials. Among the graphite materials, the GS
is the highest in value of the specific thermal conductivities. Tak-
ing into account that the GS can diffuse heat two-dimensionally
in the in-plane directions, whereas carbon fibers can diffuse only
one-dimensionally, the GS should be a more useful material for
spacecraft thermal management components.

Conclusions

To apply a high-thermal-conductvity graphite sheet to a material
for spacecraft thermal control applications, thermophysical proper-
ties have been measured. The results can be summarized as follows:

1) Temperature dependences of the in-plane and out-of-plane
thermal diffusivities were measured simultaneously using a laser
heating ac calorimetric method. The large temperature dependence
and extreme anisotropy of thermal diffusivities were confirmed.

2) Temperaturedependenceof the specific heatand the total hemi-
spherical emittance were measured simultaneously using a tran-
sient calorimetric method. The specific heat of the GS showed al-
most the same temperature dependence as the other graphite materi-
als. The total hemispherical emittance increased as the temperature
increased.

3) The spectral reflectance was measured using a spectroscopic
method, and the incidentangle dependenceof solar absorptance was
calculated.

4 ) The thermal conductivityand the specific thermal conductivity
were calculated.

It was confirmed that this graphite sheet has a high potential as a
material for spacecraft thermal control applicationson the grounds
of its high thermal conductivity and lightweight.
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