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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, lightweightand � exibility—havebeen 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
calorimetricmethod.2)The speci� c heatandthe totalhemispherical emittancewere measuredoverthe 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 speci� c thermal conductivities were calculated using the measured results, and the high potential of this
graphite sheet as a material for spacecraft thermal control was con� rmed.

Nomenclature
A = surface area, m2

a = thermal diffusivity, m2 s 1

ax y; az = thermal diffusivity in respective direction, m2 s 1

c = speci� c heat, J kg 1 K 1

d = thickness of sample, m
f = modulating frequency, Hz
G x ; G y; G Z = Green’s function for respective direction
J = spectral distribution of solar radiation,

W m 2 ¹m 1

k = wave number of temperature wave, m 1

kx y = wave number in the in-plane directions, m 1

l ; l 0; l 00 = distance between heat source and detection
point, m

m = mass, kg
Q E = electric power, W
ql = heat loss, W
T = temperature, K
Tac = ac temperature, K
t = time, s
u; v = indices of summation
w = width of sample, m
x; y; z = Cartesian coordinates,m
®s = solar absorptance
1Á = phase lag, rad
"H = total hemispherical emittance
µ = incident angle, deg
¸ = wavelength, m
½ = re� ectance
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¾ = Stephan–Boltzmann constant,
5:67 £ 10 8 W m 2 K 4

! = angular frequency, s 1

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

T HE current spacecraft trend toward high density packingof the
payload electronics and increased waste heat � ux will require

the development of lightweight high-thermal-conductivity 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 speci� c thermal con-
ductivity. Several high-thermal-conductivity composite materials,
including carbon-carboncomposites,metal matrix composites, and
polymermatrixcompositescan replacealuminumalloys for thermal
controlhardware, resultingin signi� cantmass savingsand improve-
ment in performance.1 3 The high thermal performance of carbon
compositematerials is attributed to the high thermal conductivityof
carbon � bers, which are used as � llers of the composites.The short-
coming of the composite materials is the poor thermal conductivity
in the directionnormal to the � bers as a result of axial orientationof
the carbon � bers. To diffuse heat in composites two-dimensionally,
the carbon � bers 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-conductivity graphite sheet has been
developed.4 This graphite sheet (100 § 2 ¹m in thickness and
0.84g cm 3 in density)hascharacteristicsof lightweight,anisotropy
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and � exibility 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 � bers
have axial orientation,and so, the GS has the same value of thermal
conductivity for any in-plane direction.5

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,speci� c heat, totalhemisphericalemittance,
and solar absorptance.So far, detailed thermophysicalpropertiesof
the GS have not been reported.

The present paper describes the measurement of temperature de-
pendence of thermal diffusivity, speci� c heat and total hemispheri-
cal emittance, and incident angle dependence of solar absorptance
for the GS. The in-planeand out-of-plane thermal diffusivitieshave
been measured over the temperature range from 100 to 350 K us-
ing a laser heating ac calorimetricmethod.The standardmethod for
measuringthe out-of-planethermaldiffusivityis the laser � ash tech-
nique, in which one face of a sample is heatedby a laser pulse, while
the temperature of the other face is detected thorough its thermal
radiation.6 However, the measurement of the out-of-plane thermal
diffusivity of GS using the � ash 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-planethermaldiffusivityby improvingone of the typical
in-plane thermaldiffusivitymeasurement techniques—an ac calori-
metric method,7 thoughthe measured out-of-planethermaldiffusiv-
ity by this method has a larger than desireduncertainty.The speci� c
heat of the GS has been measured only preliminarily because 1) it
is dif� cult to measure the speci� c heat of thin and low-density ma-
terials by the conventional measurement techniques and 2) unlike
the thermal transportproperties, the speci� c heats of graphitemate-
rials are independent of the degree of graphitization.8 The speci� c
heat has been measured simultaneously with the total hemispheri-
cal emittanceover 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 re� ectance over
the wavelength range from 0.26 to 2.5 ¹m using a spectroscopic
methodin the incidentanglerangefrom5 to 60deg.Additionally,the
thermal conductivity and the speci� c thermal conductivity, de� ned
as thermal conductivity divided by density, have been calculated
and discussed by comparing with other high-thermal-conductivity
materials.

Graphite Sheet
The GS used in the present study has been prepared from aro-

matic polyimide � lms by heat treatment at 2900–3300 K in an inert
atmosphere.4 The processformakinghighlyorientedgraphitesheets
from polyimide � lms 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 denitri� cation 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
� lms are produced.

Figure1 shows the scanningelectronmicroscope(SEM)photosof
1) the surface and 2) the cross-sectionalview of the GS structures. It
is remarkablethat theGS 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 dif� culty 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

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 � ne 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 £ 10 8 m.

First of all, consideran isotropicmediumof the three-dimensional
in� nite region. Green’s function at x at a time t caused by a unit
instantaneousheat source at x 0 at the time t 0 is

G x .x; tI x 0; t 0/ D 1

2
p

¼a.t t 0/

»
exp

µ
.x x 0/2

4a.t t 0/

¶¼
(1)

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 sourceat the point (0, 0, 0) at the rate ½cei!t from time t 0 D 1
to t 0 D t , where ½ is the average density of the media and c is the
heat capacity, can be expressed as9

Tac.x; y; z; t/ D
Z t

1
ei!t G x .x; tI x 0; t 0/G y.y; tI y 0; t 0/

£ G z.z; tI z 0; t 0/ dt 0 D
1

4¼al.x; y; z/

£ expf kl.x; y; z/ C i [!t kl.x; y; z/]g (2)

where Tac is the ac temperature at the detection point and ! D 2¼ f
is the angular frequency. l can be written as

l.x; y; z/ D
p

x2 C y2 C z2 (3)

k is given by

k D
p

¼ f=a (4)

The detected phase lag 1Á of the ac temperature is given by

1Á.x; y; z/ D kl.x; y; z/ (5)

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

a D ¼ f

µ
l.x; y; z/

1Á.x; y; z/

¶2

(6)

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
� xed frequency. However, in order to obtain both the in-plane and
out-of-plane thermal diffusivities simultaneouslyfor high-thermal-
conductivityorthotropicmaterials, the effects of anisotropyand the
boundariesof in� nite samples need to be considered.10



NAGANO, OHNISHI, AND NAGASAKA 349

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 (ax y )
as compared to the z direction (az ), the ac temperature response can
be written using Green’s function as9

Tac.x; y; z; t/ D
exp[i!t .1 C i/kx y l 0.x; y; z/]

4¼
p

ax yazl 0.x; y; z/
(7)

where

l 0.x; y; z/ D
p

x2 C y2 C .ax y=az/z2 (8)

kx y D
p

¼ f=ax y (9)

In practice, the measurement is performed in the in� nite region,
and in the case of the high-thermal-conductivity material the peri-
odic thermal energy propagated from the heat source is re� ected at
the insulated sample edges repeatedly and, as a result, affects the
measurement.10;11 Consider an orthotropicmedium 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
diffusion length is 7 mm at the most) and can be considered to be an
in� nite length, as shown in Fig. 2, and there is no heat loss by the
conduction to the surroundings.The detected temperature response
at y D 0, z D d can be described as10

Tac.x; 0; d; t/ D
ei!t

2¼
p

ax yaz

1X

v D 0

»
exp[ .1 C i/kx y l 00.0; v/]

l 00.0; v/

C 2
1X

u D 1

exp[ .1 C i/kx y l 00.u; v/]
l 00.u; v/

¼
(10)

where

l 00.u; v/ D
p

x2 C .uw/2 C .ax y=az/[.2v C 1/ d]2 (11)

The ac temperature Tac can be expressed as

Tac.x; y; z; t/ D TRe.x; y; z; t/ C i TIm.x; y; z; t/ (12)

where TRe and TIm are the real and the imaginary parts of Tac, re-
spectively. The phase lag is obtained from

1Á.x; y; z; t/ D arctan

µ
TIm.x; y; z; t/

TRe.x; y; z; t/

¶
(13)

For the most precise experiments the measured phase delay 1Ámeas

containstheconstantphasedelay1Áoffset causedby theeffectsof the
thermocouple and the experimental equipment, and the measured
phase lag can be expressed as

1Ámeas D 1Á C 1Áoffset (14)

The in-plane thermal diffusivityax y , the out-of-planethermal diffu-
sivity az , and offset value 1Áoffset are determinedsimultaneouslyby
the curve-� tting method, which is based on a simplex algorithm,12

where the complete phase lag vs distancecurve is � tted by Eq. (14).

Table 1 Comparison of measurement results
and recommended values

Recommended
value ax y az

Sample [£10 6 m2 s 1] [£10 6 m2 s 1] [£10 6 m2 s 1]

Stainless steel13 3.72 3.70 3.32
Pure copper14 117 119 56.9

Fig. 3 Schematic diagram of the apparatus for thermal diffusivity
measurement.

Figure 3 shows the laser-heating ac calorimetric measurement
apparatus,13 which consists of an ac laser-heating source, a helium
(4He)gas continuous� ow cryostatto coola sample, anda measuring
system. The measurement is performed under a vacuum condition
in order to neglect heat loss by conduction to the surrounding air.
The heat source is a He-Ne gas laser whose maximum output power
is 10 mW. The intensitymodulationof the laser beam at an arbitrary
frequencybetween 1 and 1000 Hz is achievedwith an acousto-optic
modulator(AOM). The beamdiameteris adjustedto less than 10 ¹m
by a microscope.The beam irradiationposition is 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 � xing only both edges of the sample. Tem-
perature in the cryostat is controlledwith a heater and 4He gas. Onto
the rear face of the sample, a cross junctionof a chromel-constantan
thermocouple (25 ¹m in diameter) is attached, and both dc and
ac temperatures are simultaneouslymeasured with its two indepen-
dent terminals.The dc temperaturegives a riseof the sample temper-
ature from its background,and the ac temperaturegives information
of thermal diffusivity in its amplitude and phase delay, detected by
means of a lock-in ampli� er. The function generator provides the
frequency signal of the AOM and the reference frequency of the
lock-in ampli� er. The data acquisitionand the control of laser beam
operation are performed using a personal computer.

Reliability of this apparatus and method were con� rmed by
checking the thermal diffusivities of stainless steel (Standard Ref-
erence Material, SRM1461, 0.5 mm in thickness), which were ob-
tained from the National Instituteof 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.10 Average values of these measurements
are listed in Table 1. The measured in-plane thermal diffusivities
axy of stainless steel13 and pure copper14 were in good agreement
with recommended values within §3.5 and 1.7%, respectively.The
out-of-plane thermal diffusivitiesaz of stainless steel and pure cop-
per were systematically underestimatedby about 11 and 52%. The
out-of-plane thermal diffusivity az of a thinner sample with higher
thermal diffusivity is measured in larger disagreementwith 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 az 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 anisotropyand porosity.
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Fig. 4 Sample shape for thermal diffusivity measurement and typical
example of measured phase lag vs distance and � tting curve of graphite
sheet.

Fig. 5 Schematic diagram of the apparatus for speci� c 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 � tting 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).10

Speci� c Heat and Total Hemispherical Emittance

A transient calorimetric method is used to measure the speci� c
heat and the total hemispherical emittance. A sample with a mass
m S and a surface area AS is placed in a vacuum sphericalvessel that
is evacuated to high vacuum and cooled at a temperature TW . The
sample can lose heat only by radiation to the walls of the vessel and
by conduction through lead wires. The inner walls of the spherical
vessel are essentiallyblack, 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 E to Q 0

E
(Q E 6D Q 0

E ), can be expressed as

m ScS.TS/
dT

dt
D Q 0

E "HS.TS/¾ AS

¡
T 4

S T 4
W

¢
ql (15)

where dT=dt is the rate of change of sample temperature with time.
The speci� c heatand the totalhemisphericalemittanceof the sample
are determined simultaneously by a simplex method,12 where the
measured temperature as a function of time is � tted by Eq. (15).

The speci� c heat and total hemisphericalemittancemeasurement
isperformedwith theapparatusillustratedin Fig. 5 (Ref. 15).The ap-
paratusconsists of a sample vessel, a liquid nitrogen (LN2) cryostat,

Fig. 6 Sample con� guration for the speci� c 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 LN2, and the pressure in the
sample component is kept at 10 5 Pa with a turbomolecular pump.
The inner walls of the sample vessel are painted with a black paint
(CHEMIGLAZE Z306), which has high totalhemisphericalabsorp-
tance. The data acquisition is performed with a personal computer.
The sample is suspendedat the centerof 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 electricallyinsulatedsheet
heater are accuratelybonded using an epoxy adhesive.The temper-
ature of the sample is measured by a chromel-alumel thermocouple
(50 ¹m in diameter), which is attached to the center of the sample.
Constantan wires (Cu: 55%, Ni: 45%, 50 ¹m 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

m ScS D mGScGS C m H cH (16)

The speci� c heat of the GS can be obtained from

cGS D .mScS m H cH /=mGS (17)

To separate the heat capacity of the GS from that of the sheet
heater, the measurement is carried out in the following steps: 1) the
speci� c heat and the effective total hemispherical emittance of the
sheet heateronly (without the GS) are measured;2) the speci� c heat
and the total hemispherical emittance of the sample composed of
the heater and the GS are measured; 3) the speci� c 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 � tting 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 contributes to the speci� c heat value. The effect of 7), which
is less than §1.0%, was experimentally estimated and calibrated.12

The speci� c heat of the adhesive could not be measured, and so we
roughlyestimated the impact of 8) to be less than 13% using a max-
imum speci� c heat of the epoxy resin (<2100 J kg 1K 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 speci� c heat measurement was
estimated to be less than §14.5%.

We performed the veri� cation test using pure copper (99.99%).
The measured speci� c heat of the copper sample corresponded to
the recommended value within 13.5%, and the total hemispheri-
cal emittance correspondedwithin 2.0% to the emittance measured
by a steady calorimetric method with the same measuring system.
The reliabilityof the measured total hemisphericalemittanceby the
steady method with this system was con� rmed 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
re� ectance measurement.

spectroscopy in the wavelength range from 2.5 to 100 ¹m, us-
ing aluminum-depositedpolyimide � lms. The measured total hemi-
spherical emittance correspondedto the calculatedone within 7.0%
(Ref. 17).

Solar Absorptance

The solar absorptance is calculatedusing the spectral re� ectance
½Sa.¸; µ/. Provided that the sample is opaque, the spectral absorp-
tance ®Sa.¸; µ/ is given as

®Sa.¸; µ/ D 1 ½Sa.¸; µ/ (18)

The solar absorptance®S for an incident angle µ is given as

®S.µ/ D

R ¸U

¸L
®Sa.¸; µ/J .¸/ d¸
R ¸U

¸L
J .¸/ d¸

(19)

where J .¸/ is the spectral distribution of solar radiation, and ¸U ,
¸L correspond to the upper and the lower bounds of the wavelength
range for the measurement.

Figure 7 shows the spectral re� ectance measurement apparatus,
which consists of a spectrophotometer,an integrating sphere, and a
measuring system.18 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 monochromaticbeam into the
sphere. The incident angle to the sample can be adjustedby rotating
the sphere leaving the position of the spectrophotometer� xed. The
incidentanglescorrespondingto the holesare 0, 5, 10, 20,30,40,50,
and 60 deg. The inside of the integratingsphere is spray coated with
BaSO4 (Eastman White Re� ectance Coating). Detectors, which are
photomultipliers for the wavelength region of 0.26–1.20 ¹m, and
PbS for 1.20–2.50 ¹m, are attached to the center of the sphere. The
data acquisition and the calculation of the solar absorptance with
the measured spectral re� ectance, as well as the control of a pulse
motor to drive the wavelength scanning mechanism, are performed
usinga personalcomputer.The absolutespectral re� ectanceof a test
sample is determined by the following steps: 1) the intensity of the
light re� ected at the reference and homogenized by the integrating
sphere are measured with the detector in the center of the sphere; 2)
the intensityof the light re� ectedat the test sample andhomogenized
by the integrating sphere are measured; 3) from the intensity ratio
and the absolute spectral re� ectance of the reference material, the
absolute spectral re� ectance of the test sample is determined.

Uncertaintyof the measurement is attributed to 1) the value of the
spectral re� ectance 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 con� rmed
by comparingwith thecalculatedsolar 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 temperature range 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 havelarge temperaturedependences,and they
decreaseas the temperatureincreases.The valueof the in-planether-
mal diffusivity changes from 3840 to 552 £ 10 6 m2 s 1 with the
increase of the temperature from 100 to 350 K, and the value of
the out-of-planeone changes from 97.2 to 10:7 £ 10 6 m2 s 1 . It is
con� rmed 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 diffusivity is very high and far larger than the thermal
diffusivities of metals (<250 £ 10 6 m2 s 1 ).

Speci� c Heat and Total Hemispherical Emittance

The measuredspeci� c heat of the GS, comparedwith that of other
reported data of graphite materials,8;19 24 in the temperature range
from 173 to 373 K is shown in Fig. 9. The speci� c heat of the GS
increasesas the temperatureincreases.The speci� c heats of graphite
materials are, except for extremely low temperatures, almost the
same value, independentof the degree of graphitization.8 Similarly,
the speci� c heat of the GS has the same temperature dependence
within 14%.

Fig. 8 Temperature dependence of in-plane and out-of-plane thermal
diffusivities of graphite sheet.

Fig. 9 Temperature dependence of speci� c heat of graphitesheet, com-
pared with other graphite materials.8;19¡ 24
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Fig. 10 Temperature dependence of total hemispherical emittance of
graphite sheet.

Fig. 11 Spectral hemispherical re� ectance 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
valueof 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 re� ectance 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 ¹m, the re� ectance decreases
steeply with wavelength. In the wavelength region between 0.5–

2.2 ¹m, the re� ectance increases with wavelength. Above 2.2 ¹m
the re� ectance decreases again. Although the remarkable incident
angle dependence of the spectral re� ectance between 5 and 30 deg
is not con� rmed, it is clear that the re� ectance 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 re� ectance 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 theGS is calculatedusing the thermal
diffusivity, the speci� c heat, and the bulk density. The DeSorbo’s
data22 (100–250 K) and Butland’s equation20 (250–350 K) for the
speci� c heat are used for calculating thermal conductivitybecause
1) the measured speci� c heat of the GS contains larger uncertainty

Table 2 Thermal conductivity, density, and speci� c thermal
conductivity of the GS, pure aluminum, pure copper, pure beryllium,

P100 � ber, and K1100 � ber at room temperature

Thermal Speci� c thermal
conductivity, Density, conductivity, 10 3

W m 1 K 1 103 kg m 3 W m2 kg 1 K 1

GS
(in-plane) 466 0.84 554
(out-of-plane) 7.72 0.84 9.19

Pure aluminum14 236 2.70 87.4
Pure copper14 401 8.96 44.8
Pure beryllium14 200 1.85 108
P100 � ber25 (axis) 293 2.18 134
K1100 � ber26;27 (axis) 884–917 2.20 402–417

Fig. 12 Incident-angle dependence of solar absorptance for graphite
sheet.

Fig. 13 Temperature dependence of thermal conductivity for graphite
sheet, pure metals, and P100 � ber.14;25

and 2) it was con� rmed that the value of the speci� c 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,14

and P100 carbon � ber,26 are shown in Fig. 13. The in-plane thermal
conductivity is signi� cantly greater than those of pure aluminum
and pure beryllium and is somewhat larger than the conductivityof
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 � ber.
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The speci� c thermal conductivities, which are calculated by di-
viding the thermal conductivities of the materials by their densi-
ties, of GS, metallic materials, and carbon � bers, are evaluated in
Table 2. It is clear that the graphite materials (P100 � ber, K1100,
� ber and GS) have far greater speci� c thermal conductivities than
those of metallic materials. Among the graphite materials, the GS
is the highest in value of the speci� c thermal conductivities. Tak-
ing into account that the GS can diffuse heat two-dimensionally
in the in-plane directions, whereas carbon � bers can diffuse only
one-dimensionally, the GS should be a more useful material for
spacecraft thermal management components.

Conclusions
To apply a high-thermal-conductivity graphite sheet to a material

for spacecraft thermal control applications, thermophysicalproper-
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 con� rmed.

2)Temperaturedependenceof the speci� c heatand the totalhemi-
spherical emittance were measured simultaneously using a tran-
sient calorimetric method. The speci� c heat of the GS showed al-
most the same temperaturedependenceas the other graphitemateri-
als. The total hemispherical emittance increased as the temperature
increased.

3) The spectral re� ectance was measured using a spectroscopic
method, and the incidentangledependenceof solar absorptancewas
calculated.

4 )The thermal conductivityand the speci� c thermal conductivity
were calculated.

It was con� rmed 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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