
Jo
ur

na
l o

f I
no

rg
an

ic

    
    

M
ate

ria
ls

a 21 e a 5 -  3 1 � K � Vol. 21, No. 5

2006 " 9 { Journal of Inorganic Materials Sep., 2006�;=_: 1000-324X(2006)05-1173-06℄��6�2B�nAu��p)?d�7$�C=aV34�X K-jT S	YVW	ZXU
(RGJNQKHFLOPIM�KH 200050)9 1Æjm/CP X7��BsBS℄�;)��wsBS℄�
j�#&j�s�B℄�m!�1mXTZ%Bw1�XSB'g�S�'g#�B:.y1�.�3�#�afmX�'ZC�YSP_�T�#���b�� 1800◦C �:��fB1�#xB1�XSB'ghq�kR�q�O�oufB1�Xt=SB'g`ro%SBf-4)7mXT��(L�mjw5;SB'gX5C�k�sVga�Bw1�XoI�Æ�nK$a�d�!�1XBw'�BO��Æ�7g�W f GÆ!�1�oufB1��xB1��B"{E"��Ro_ÆTK31 �&>�zÆA

1 5.gD3�$yD3�a"�2Y'XDx3�
/TD(h�T�(h$�D\D$}G#.Ya"�2Dx(
PAY�K8h
r6a+�.	gD3�$yD3�Y'X?f�" [1]. l	Dx3�YD$}G#;/z/�4�$
bgn�G�(YQ`
 �3�
b$&wYp-��pM\b [2,3].���Q!p&D$}G#9
*�Y2GJ
n 11 &gD$yD3� — ��V+�-����&�s (Min-K) 3���&�9P�%�o��fO$�O}A_�;/LX}\
�Pv��l;Gl	�TD(h�T�(h$�DYZTQ`
.n/$�?3�YTD(h$T�(hz�l�/�4�$
b�L\gnY�([D�~&
�[n0����PA8h$[nG 

2 E�POtnY9
*�i�0DQ!
Ap5|xY8�DT^Y9
�;� 250∼1800◦C, 9
%<� –3.2%∼+5.6%[4]. �wt�{�xt
�S9gYaT�(h α, 9E�D Cp $�l ρ (
s*℄

λ = αρCp (1)9WTD(h λ.�U	�� 2005–11–03, �I+SU	��2006–01–04D<ei� 6 � (1979– ), ��k_� �,r!�� :�
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�DY'kAt9g^Y9
�;� 0∼1400◦C,9
%<� ±1.0%∼±1.5%[5]. �kAt�D9g^9
�;� –60∼1000◦C, 9
%< ±1.5%, �
9
�;*,
Yq5*T�9
U�
<*��xtDT^9
�;� 50∼1200◦C, 9
%<� –6.8%∼+4.9%[6]. Fn��{Xd3��
Yqn8�DT^. 9
Y-�z�%�z3�[D9


3 Æ/h\b�y
3.1 <�n�kA�D^9gY 5%Al �9P� 10%Al �9P$�s3�*i�D Cp ~%^x$ 1 $� 1. �&�s3�Y�l~%� 75 � 124kg/m3, g-M>~$U�5	
�
Y Cp�Y�J<e
n'kA�D^9gY��V+�-�� Cp]

800◦C
0◦C =1.00J/(g·K), z SiO2�S\YUi+�Y Cp �5R[�
gJ/u�lY Cp �q8�Ui+�Yhb
_� Cp]

t1
t2
qs*℄TE��D Cpt,

Cp]
t2
t1

=

∫ t2

t1

Cpt

dt

t2 − t1
(1)�H-
q+� Cp]

t2
t1
np7℄	l
sZ9Y� Cp]

t2
t1
�9Ep7℄Y=h7
��~(9E Cpt. ���kn	�H Y Dumas �Wts*i�D9W��D Cpt, J� 2.? 1 tAZ'gJ~k;�`�E
D>

Table 1 Average specific heat and enthalpy of two kinds of silicon rubber

Average specific heat/J·g−1
·K−1 Enthalpy/J·g−1

Silicon rubber

Cp]
129

◦
C

21◦C Cp]
129

◦
C

−61◦C Cp]
21

◦
C

−61◦C ∆H ]129
◦
C

21◦C ∆H ]129
◦
C

−61◦C ∆H ]21
◦
C

−61◦C

5%Al silicon rubber 1.21 1.18 1.14 129.8 224.3 93.35

10%Al silicon rubber 1.17 1.16 1.13 126.6 219.5 92.68

� 1 �r1�X)h�B<2
Fig. 1 Average specific heat of Min-K material

� 2 r Cp]
t1
t2
8V Cpt X�Vs

Fig. 2 Diagram of calculation from Cp]
t1
t2

to Cptkn�WtV
+�� 2 Y*i�D=3JJ�tH�lb n, 8[53 nq $i*3
ns, �K s b8[*Dx nq Y*D3
zI�3 nt YQb r Y19"=��l t VY��D Cpt. � 3 =�n�Wt9EY�&�9PY��D=3
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5 - 5 ��ZÆ!�1mTZ%Bw1�B"{E":.y.�3�#�afm�'XP_ 1175� 3 /^
�9PY Cpt r,��E�Y�ErI<
Æag��Y�D�/<x�9PY�Dh0Y


� 3 r Cp]
t1
t2
m�Vs8CX�%�8OX��B<2

Fig. 3 True specific heat of two kinds of silicon

rubber calculated from Cp]
t1
t2� 5% Al silicon rubber; � 10% Al silicon rubber

� 4 ��U*,�-��k#�k)Xt=SB'g
Fig. 4 Effective thermal conductivities of high

silica glassfiber blanket at different temperature

and density� ρ=84.5kg/m3; � ρ=90kg/m3;� ρ=98.5∼117.5kg/m3

3.2 T[0�q#�:
|mBvLH�"�8{NLYs*��V+�-��$�s3�\-�A1-�z�vm~0%AgD3�i.uP�3v
TD5!�}
� x~&
q`�gD3�$TD�n
$�MH&HDw℄nu>TD(h λe Y�1�.	TD~�~W>F�TDg. [7], =
λe = f{λS(λSC, λSF, λSM), λR(λRG, λRS), λG, λC} (3)℄$
 λS— �5TDg.
�y{Xd℄x5TDg. λSC(Q.TD), +�5TDg.

λSF(Q.TD), Xd5TDg. λSM(d.TD); λR— �MTDg.
�y35 (3v�) �MTDg. λRG(�.TD), �5�MTDg. λRS(�.TD); λG— 35DTTDg. (~.TD); λC— 35n
TDg. (~.TD).�bTD��5!
3�Y�6�l13v
�3vYAl�-��^$#�>:�-M>~$�li/l6�TDg.n λe Y�1?'
/$�l$�lYl6q��/
�J
nl&.	�l ρ � SiO2  �� 96% �-��^� 2∼7µm Y��V+-�Y λe [D�n�9
 (J� 4). � 4 /^
� 300∼800◦C �;�
z λe 6<�nkY6D�lv�
ρm � 98.5∼117.5kg/m3. JV λS � λG � λC ; λR �16<
 λe Y6<
R ρ > ρm V
 λS�/�P�R ρ < ρm V
� λG � λC ; λR �1�P
gJ
iT� λe �P
�s3�s-�$�vm~4>
/3vAl'<Yj~U�
9P`
!� λG �λC ;
λR Y�1
[r[/ λe PPN℄
gDG YpxH
YgD3�
��9g� ρ=75kg/m3$ ρ=124kg/m3 Y�&�s3�
)^x� 5. U�/^� 1000◦C `*
 ρ=75kg/m3 Y�s3�sxN℄� λS Y�1r
u	�peYgDG 

3.3 Q�MxLH�"�8}w�(LY"
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1176  3 1 � K � 21 e�&}A_�8�[&yD3�
~%n�O$fO
b!�
-M4~5	
�O
b!�YW(YTD(h�:	G
)PxfO!�W(I�w:YTD(h
Æag�fOW(
u;+U�
�I�x;+U�w:
nD

u	PYD2 [8]. ZTU�^x� 6 $


� 5 �r (Min-K) 1�-��k ρ XSB'g<2
Fig. 5 Thermal conductivities of Min-K material

at different density ρ

� 6 �N#eN|�^Æ�XSB'g<2
Fig. 6 Thermal conductivities of bakelite/

terylene moulded plate and bakelite/terylene lam-

inated plate

3.4 ^��
��FLH�"�
H�"�u`"�2Æ0F4nu5�%yD3�
�=� 200◦C `Jl\LX
�[DyDPA
BHXLX4 200◦C `*TD(h λ $T�(h α hb
	HX
�"�2yD3��EVsx3hEDB>YLX};Y λ $ α hb [9]. �J
���~&��"�2�E(YLX};D$Gz//�U��G�(
n X M3RM$d.{�~&nLX};Y4~;U�[D�Q` (J� 7 $ 8).

� 7 !�1KW|:X XRD �,
Fig. 7 X-ray diffraction pattern of the abla-

tion carbon at the spacecraft

� 8 !�1KW|:X
-z��'
Fig. 8 EPMA of the ablation carbon at the

spacecrafts� 7 q�
LX};E0�U�-Y~��
/^�EV3hED[zD3��jG�NU'��lrLX
s� 8 q�
LX};
u�/Y;+U�
grPP���vYgDG 
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5 - 5 ��ZÆ!�1mTZ%Bw1�B"{E":.y.�3�#�afm�'XP_ 1177n8�DT^9gYLX}; 1800◦C `*YT�(h=3^x� 9 $
LX};YTD(hsw� (1) 9E)^x� 10. w� (1) $YLX};Y�D
 1400◦C `*hbs'kA�D^ZT9g
 1400◦C `Jhb8��1�
w�
(1) $tnYLX};Y�l
r,�lS�rI<�JnZT9g)^x� 11.sxLX};Y;+U�T� λ $ α�YI<
r/U�-vT�LX};Y
λ $ α �YS�
J�
r,�lS�
};Y�l(/I<T��MTDg.Y�1�/�P
� 9 $ 10 Y=3�a`Jgn�	l6YU�
 � 9 !�1KW|:S�'g<2

Fig. 9 Thermal diffusivity of ablation carbon at

the spacecraft

� 10 !�1KW|:XSB'g<2
Fig. 10 Thermal conductivity of ablation carbon

at the spacecraft

� 11 KW|:�kq�k!,X<2
Fig. 11 Density of ablation carbon at different

temperatures

4 hy
1.  uP�3vYgD3�Yu>TD(h λe as λS � λG � λC ; λR \p�TDg.5*8n$�1YU�
�&gD3�����liM�z6<�5nkY6D�lv� ρm, 6 ρm r�lS�r�P
`
!r�lS�r�PY�MTDg. λR Y�1?'

2. ��tQ`Yp&gD3�$yD3�TDD�Y�	��aTD(hir�lS�r�P
Æag�Æ?3�
uRpY3v
r,�lS�
�MTDg.Mr�lYS�r<d�P
vnu>TD(hY�1?'Y5k�P

3. "�2Æ0YLX};sxU�-
MT�/TD(h�P
Qay$U�YTD(hY<er,�lYS�rI<
~%a� 1600◦C `JY��;
Æ&<e�/I<
gr(/IG�U�-n�PLX};TD(hY8n
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Thermophysical Properties of Eleven Thermal Control Materials

Related to Processing Conditions and Microstructure for Spacecraft

CAI An, XIE Hua-Qing, XI Tong-Geng

(Shanghai Institute of Ceramics, Chinese Academy of Sciences, Shanghai 200050, China)

Abstract: Laser flash method, thin plate steady state method and ice calorimetry for measuring

thermal diffusivity, thermal conductivity and specific heat were established. The thermophysi-

cal properties related to microstructure of eleven thermal control materials for spacecraft were

also studied experimentally. The results show that the thermal conductivity of thermal insulation

materials and thermal protective materials increases with temperature increasing. The effective

thermal conductivity of porous insulation materials is influenced by conductive factor, convective

factor and radiation factor, and there is an optimum density with the minimum thermal conduc-

tivity. Consequently the results provide scientific criteria for thermal control materials selection

and important data for spacecraft thermal design.

Key words spacecraft; porous insulation materials; thermal protective materials; thermophysical

property


