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ABSTRACT Porous lightweight ZrO2 and porous ultralightweight ZrO2 monolith were prepared via a
freeze-drying process using ice as template. The microstructures, formation mechanisms and performances
of thermal insulation and fire-resistant were studied. The results indicated that ice is an ideal template for
fabrication of porous materials. The obtained porous ZrO2 with periodical layered microstructures were
lightweight, but with poor strength. After adding sodium silicate as binder, the obtained ZrO2 monolith
has porous and layered hybrid microstructures, which were still kept after calcination at 400 � for 6 h.
The calcined ZrO2 monolith has a porosity of 87%, an apparent density of 0.50 g·cm−3 and high strength.
The ZrO2 monolith showed good thermal insulating and fire-resistant properties with 1300 � butane gas
flame.
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* !-+%"(Æ&,.), #�+%��,. 2006CB933000, !
-+%""*/�$%&'.

2008 ( 12 & 24 )'+,0; 2009 ( 5 & 27 )'+(10.

-)-*&: 2.3, /+

�0'.�41!(���5*,,�$2), *+

��36/�-, [1−3].

+0������,�)-.4$!.5,�&!
 -!!6 –/6!7/0�!,��/1081!!

9*�2$:; [4−6]. )%*,-31,�24 (Ice–

templated), ��7<=.+5+0����*+�

>?�-, [7]: <�@���8/�20Æ, 1$<

�239 [8,9] �+523�93A��8/.39

3:�3), 424391/56"4�6��, ;

7<=.B395C768, ��8/9:;1�3

9:�47, D<39*=�E�F+7���6�
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���. -3124��91�: 1!HI>::J;

; [10]; 2!D<9 E�24��, :D<9<&0!
,�?�$6824�+5 [11]; 3!$5=D<�;

6" (F6><G6>) ���� [12], KD<9@=

?A=D52�24L52�M�24'1���
#>&, *+0BH����� [13−15]; 4!$+0!

����H,C;6��F��# "�� [12]. I

?-312�24+0!�@ >A�H?���

ZrO2 �����!���4H,C;6��F��

$JD1@�&�KB�� ZrO2 E�, L��C4

2)'.

1 ()*+
1.1 ,- ZrO2 ./012

DA�B�1@:/E> ZrO2 NF (F8

6MFOGE>.OGE>), N" 99%, �"

5.49 g·cm−3. -$1PH&I+ ZrO2 20Æ. 1

A# ZrO2 �����)� ", .5$JD (P/

B 2SiO2· Na2O, �" 2.29 g·cm−3) '1@�&.

G 6 g ZrO2 E>NF� 16mL $M�HO22

0Æ, LCJ.D:"2C2!2. GC13D7<

E (�"E −25 �) 27< 12 h -K920ÆFL

<�. GF<��20ÆGJH17<=.)MI

G7<=. 72 h, PI7QQ=.B, <.RNOH

�PQ? ZrO2 BJ����, ��HH.

G ZrO2 E>NF 8 g �$ 20 mL M�HO2

20Æ, 4$JDRÆ 5 mL M�HO, <. ZrO2–

$JD�M�Æ. GM�ÆCJSKL?2C2!

2, RJ3D7<EE −30 �I7< 12 h. G<�

� ZrO2– $JDM�,GJH17<=.)M, I

G7<=. 72 h, PI7QQ=.B, <.42C2

!4?/J�SKL?RNKBSJM��� ZrO2

E�. GSE�RJTTK2- 3 �/min �K�5

�< 400 �, &0 6 h.

1.2 34056
�ULUL�7TVWV/M6M S–4300WU

I7�4X, V'VN 10 kV, I7 �7Y%'',

-N5C#V�. �O��APUB1

P =
V0 − V

V0
× 100% =

(
1 − ρ0

ρ

)
× 100% (1)

C2 P 1����O�, V0 1��17Z?7I
�"! (WN��D"5COP�O!XP�O),

V 1���QH�D"!. YOXRZP GB/T

1964−1996, � INSTRON5882 ��QA)[Q-$

JD1@�&�Q,Æ��E��#N ". AP�

� ZrO2 E�� W�",L1$2SR[YDA, -

ARC1KB��. S�ZS�"1 1300�� Iroda

PRO–TORCH PT–220C[T�Y\T0SE�, Æ

AC*��Z��.

2 89:;<
2.1 ,- ZrO2 /=0>?8@ABCDEF

1VWV/M6MI, ZrO2 NFF8U4D\

U!VVT, 6MP]FOGE>.OGE> (W 1).

+<�OHPQ? ZrO2 ��JB, CM^�_\H`

ab]R^UK2>A�� (W 2a)._\H  ̀�c

d, :V (>A) E1 50–60 μm, ]"E 10–12 μm(W

2b)._\H =̀6"1GE><6>� ZrO2 E>8

/5CT^"G2, 8/5CT^"W:42XW1

GE><6>��O (W 2c). _\H`W:=XJ

__`���abIY (W 2d),__`�]Z]"E

5 μm(W 2e). OHPQ? ZrO2 �)� "[e, `

Æ\B��_a� (W 2f).

3X2�24, 395CBf]I��g. Yb,

���b^�<�+5242J;���39. 1�

(�7<Y_I, 39]R�7<:>*=2!�#

=`� (H`�) �h\?39. h\39�]"Z

9b^�39Ica<��K" [12], <�<[a]

"[Z. IDA23D7<E��"1 −25 �, 7<

�"[#, SI7d�D:"2C2!2!�[/�

]", #\<�K"[e. Yb42�h\?39�

]" (_i,2_\H �̀:V) [/, E 50–60 μm.

][h\?39G ZrO2 E>8/5CT^"3A

.393:�3), 424h\?391/56"4

�_H .̀ 7<=.B, 39XY5C2$^�, ZrO2

E>8/5CT^"f9:;1�39:�47 [7],

42�ab]R^U� ZrO2_\H >̀A��. 1#

g"� ZrO2 8/20Æ2, h^P ZrO2 8/=�

39ba�Oc5\B�_�K7dJ39M^, 4

2`e�_\H Ẁ:�__ (̀inorganic bridges), I

Y�\HW:, $1�(5"4N #bc� [12,16].

jX, ];=>A�_\H`��G2���

J 1 ZrO2 cikjkdf]

Fig.1 SEM image of the ZrO2 powder
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J 2 ZrO2 ��g`^abhiÆecflmkG< ZrO2 kjkdf]

Fig.2 SEM images of the porous ZrO2 prepared from ZrO2 nanoparticle dispersion via a freeze-drying

process. (a) Periodical lamellar microstructures; (b) Magnification of (a); (c) Magnification

of a random lamellar microstructure; (d) Structure between two lamellar microstructures; (e)

Magnification of the structure between two lamellar microstructures; (f) Morphology of the

lamellar microstructure under pressure

ZrO2 ��, dX�;OH�PQ?HH��, LD�

42E�, )� "[e.

2.2 ,- ZrO2 ./0>?8@ABCDEF
.5ge�$JD'1@�&, +<���

ZrO2 E�, SE�JBSJM, )� "[#. �

� ZrO2 E�M^1���H?C;6W���F

� (W 3a), H?��W:f�h__ /̀iIY (W

3b j_`f), ������W6MP]FO6>.

)G6> (W 3c). �4)JaK, �n]E 5 μm, l

[�n4j42��W1 7, 8 μm Kg�K4� (W

3d2bcj_`f),S�oA#�����O�,k

"C W�". lU, F�n4j$mMkm.�[

dPHZh� ZrO2 E>8/T^" (W 3d 2Dc

j_`f).

=�DA23D7<E�"�7< ZrO220Æ

=", SdRM�Æ�SKL?2! �![/!]

"[Z,#\ ZrO2–$JDM�Æ2��^P$$-

7[aKk<�, �i#i*/Pn, 39Be*=

216>6"�3n. 3n�/Z, Z9=7<K�

�<��"Clpf^( [10]. 7<+5X13D7

<E2SRSI7!��(�]", #\jlI7M

^�7<K��<��"LD�\, ;1�(��"

g". ]#\I7M^42�3n/ZLD�\, C

6"P]FO6>.)G6>. q'124�3n;
7<=.+5768B, ]I�FO6>.)G6>

�n4���. 5=, 1<�+528�42n?3

9U,�^P$1<�+52*=21!�#=`�

(H`�) �h\?39, 4H? ZrO2 ��42�)
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J 3 iÆecflmkhro8kpqkG< ZrO2 =�kjkdf]

Fig.3 Low (a, b) and high (c, d) magnification SEM images of the porous ZrO2 monolith obtained

using sodium silicate as binder via a freeze-drying process

J 4 hro8kpqkG< ZrO2 =�h 400 sLo 6 h fkjkdf]

Fig.4 Low (a, b) and high (c, d) magnification SEM images of the porous ZrO2 monolith obtained

using sodium silicate as binder after calcination at 400 s for 6 h.

'/J. jX, =�M�Æ2;1@l�[/�$J

D,h\?39*=+52LD�FL]R�7<:

>, S:VD�\, <.�H?��LDX]R^U

�>A��. =b$r, -$JD1@�&���

ZrO2E�!������H?���F�6W��.

2.3 MNFO,- ZrO2 ./08@0PQ
�� ZrO2 E�1 400�&0 6 hBf1JM�

RND0mE�, �''*+�sp�\t,#\�
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R 1 Lofkhro8kpqkG< ZrO2 =�m�mn�kqn

Table 1 Densities of the calcined porous ZrO2 monolith using sodium silicate as binder

and the raw materials used

Material Density/g·cm−3

ZrO2 5.49

Sodium silicate 2.29

Porous ZrO2 monolith using sodium silicate as binder 0.50

J 5 Lofkhro8kpqkG< ZrO2 =�

Fig.5 Calcined porous ZrO2 monolith using sodium silicate as binder, (a) top and side views, (b)

floating on water

� �uiZcj. Fj"4WUE�, C"!tr

�kl. �''B, v]E�����Ld *mn

8ao (W 4a), 4���uo1�+�H��f9

:F&, dYÆ�Kt48a� (W 4b). 4�''c

/�, ����!4?!�WP]-5 ZrO2 8/5

CT^"�P]svd *mMot (W 4c � 4d).

2.4 ,- ZrO2 ./0ST
-$JD1@�&�Q,Æ��E�, C#N 

"1 3.11 MPa. ]l�p m, 131,�24�7

<=.;+0Q,Æ�����gp+52, .5$

JD'1:)@�&, //A#�Q,Æ�����
 ", <.�!��(#N "�Q,Æ��E�.

-$JD1@�&��� ZrO2 E�&0B�f
tO\<W 5a`p, &0BCXW1 6.312 cm, ]"

1 1.010 cm, "!E1 31.60 cm3.  W�"1 0.50

g·cm−3 (<1 g·cm−3), q"�`�B���" ( 1),

:"�KBu*vr�"!�" (0.8� 0.6 g·cm−3),

=UB (1) AP<SE���O�1 87%.

G&0B�E�s�$2, L?[Y�$�4

(W 5b). ] m, -$JD1@�&��� ZrO2 E

�=�!�#�O�K iuJB� q.

<W 6`p,�ZS�"1 1300�� Iroda PRO

–TORCH PT–220 C[T�Y\T0I7�w�2

=^e, I7�l�w@r�thu. qY\T0I

J 6 wxLofkhro8kpqkG< ZrO2 =�

kswxtq�k��vy

Fig.6 Digital image of performance test of thermal

insulation and fire-resistance for the calcined

porous ZrO2 monolith using sodium silicate as

binder

7�=:� 130 s =, I7l�w�utOrB6t

u, b=I7�"1 70 �. ]lDA�p m, =�

�� ZrO2 E�!�#���, C["�v"�y#

sf,2x/�U, YK!�[&�*��Z��.

3 8 <
-3124$+0!�@ �>A�_H? 6̀
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W�� (>AE 50–60 μm) ��� ZrO2 ��, CJ

Bj)� "[e. .5$JD'1@�&+0�
�� ZrO2 E�, C)� "//A#, #N "1

3.11 MPa; CM^1���PHC;6���F�

��, �O�#� 87%,  W�"t1 0.50 g·cm−3,

!KB����; 1 400��''B9:B��6W

��, 1 1300�ZST0I,  iu"&�*��Z

��.
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