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Cr2O3 P
dU MgO-Al2O3-SiO2-TiO2 ���lEr�l$�P0"JKN�I O�M L
(H=�DGA><BEF?C�A> 200050)3 .��w DTA�XRD �SEM ( TEM Whbsg�\e� Cr2O3 U�Gi� MgO-Al2O3-

SiO2-TiO2 7�$`%�4`Q'UuE	�e��� Ozawa ( Kissinger toB�?7�"
α- :D
U4`50, E. \eV� #�[	 Cr2O3 U�G#+�� MgO-Al2O3-SiO2-TiO27�%�4?U`CwN�Oo
	�%�,0,e Tg, QZ� α- :D
U4`50,	z�4`50,UQZ�H℄� α- :D
U4?�4$8S�k&|hwI�U$(X .
	�.

$(6�; (10GHz) UCiX^9y	 5.5, X^�% < 7 × 10−4.℄ g M� α- :D
�$`%��4`50,�X^S,8�Wp_�TQ171 � C�y�A

1 /)
MgO-Al2O3-SiO2 8;Ed%a'�i}�$V�YU.�MYU.)Y_U.�7(l'y�V%)Y!0��stx�%_1�#r�#�Y�j�� [1,3]. {�=y�U.)h�� α- ;EdD�rF�^g�7k>#Æ α- ;Ed)aDV9Tp?%W�V�X� Sung-Bum Sohn YNn� [4] 6�e13 CeO2 .�q� µ- ;EdDVP=��UTRp α- ;Ed()aDV%a'�0�� Malcolm D. Glendenning YNp? Jenn-Ming Wu YNV^gW�!$ [5,6], Æ�8�'�#HS B2O3 }��P=i}:J�aV µ- ;Edx�.Wa�GlI^ α- ;EdDP=� Linda R. Pinckney YN���H ZnO 9T�:aW� [7], �X�0�V�YU.�Æ�8�%a'�V���>#�:xVa'A} TiO2 �ZrO2 �Cr2O3 Y�TiO2 pe13a'A#tx5�sVl' [8]. �x DTA�XRD�SEMp? TEMYi
th�Æq-R 1300◦CV-fr&+���j�^g�H Cr2O3 )*�H Cr2O3 V MgO-Al2O3-SiO2-TiO28�%a'�g9�
�� Cr2O3 V�Hj��8�'�5aD��>VvF�^g�7!$��H\
V Cr2O3 � TiO2 l>7(~*a'Ajx�3j�8�'�VD�
�Y7`TMVvF�

2 �+HX
2.1 -~Q7A
[��
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N'Z[��
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5 < aD2�W� Cr2O3 U�Gi MgO-Al2O3-SiO2-TiO2 7�$`%�4`Q'UuE 1061:B'�V=x(ÆMgO 13∼18wt%�Al2O3 18∼23wt%�SiO2 52∼57wt%, TiO2 6wt%,HS 0.6wt% V Cr2O3 7(�HA���'��1xV��l(DtV1YDe13�1�4*l�.�x*Z89Æ�?�_�#Q�'��Q�-f( 1580◦C, �- 6h. '�Q�Æ,V��ZS+=O�Æ 720◦C <�7�- 2h .��yK�
2.2 L�Y� (DTA)P�k'�g9^&=y�jx NetzschSTA449C OMx5nx"Æ 5 � 10 � 15 p?
20◦C/min }
,�b-��<4Tg9V DTA JB�2�g( α-Al2O3, 5
i
-f(
1300◦C.

2.3 X �!*�Y� (XRD)PMC|.Vg9^&=y�jx MDI/JADE5 O X ℄B_℄n4`g9V X ℄B_℄;�4r1x CuKα ℄B��7_Z 40kV, �7_� 100mA.

2.4 �zRnY� (SEM)PMC|.Vg9!!0�C|.�vS HF �#}g�jxP�_1�| JSM-6301O8n℄W"_d�5g9V>%W��
2.5 ��RnY� (TEM)1xP� JEOL �|��V JEM-2010 O�℄_1>%d�5'�VxDP��H�_Z( 20kV.

2.6 jR&|K	xP� Agilent �|V E8363 O�
#�x5n�� GB9633-88 �/℄ 9 G�`VL�Apt4`g9VY_:z)Y_�&�g9H�= φ18mm×9mm V�*�4r7�(
10GHz, L�%l( TE011.

3 h^`�x
3.1 Cr2O3 QÆeVFs9b�TQ1#� 1 p'�g9Æ}',�b-�� (5 � 10 � 15 � 20◦C/min) <�Gq-R 1200◦CV6MJB�

� 1 +�a,��;%�f8U DTA IA
Fig. 1 DTA curves of the glass samples at different heating rates

(a) With Cr2O3; (b) Without Cr2O3. (1) 5◦C/min; (2) 10◦C/min; (3) 15◦C/min; (4) 20◦C/min
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1062 0 ; . 
 W � 21 jÆh,�b-��<V DTA 4rW��TR�
g9V'�-1-f
(Tg), DtVz���! 1 #���! 1#�3zh�TqpnA�Æ,�b-��<��H Cr2O3 Vg9V'�-1-f Tg l
�*�H Cr2O3 Vg9�{F/�qpO(Æ Cr2O3 V�HÆ
� MgO-Al2O3-SiO2-TiO2 8�V'�-1-f Tg. �p{� Cr–O N.
K
1142kJ/mol,jT'�W��T�H[ v��GlQ�� Tg Vb
�

D 1 t\,}G����w�O Tg 6 (◦C)

Table 1 Values of Tg (◦C) at different

heating rates

Heating rate With Without

/◦C·min−1 Cr2O3 Cr2O3

5 777 756

10 787 772

15 794 782

20 799 786

� 2 �G Cr2O3 U%�f8
+�,e;�, 2h -U XRD �:
Fig. 2 XRD patterns of the samples with

Cr2O3 heated at different temperatures for 2h

(a) 800◦C; (b) 970◦C; (c) 1180◦C

3.2 Cr2O3 QÆeVFs�m%�Q1#(�^g Cr2O3 j� MgO-Al2O3-SiO2-

TiO2 8�'�5aVvF�j�H Cr2O3 V'�g9^R�MC|Æp 4◦C/min Vb-���x"Æ 800 � 970 p? 1180◦C V
-f<�- 2h .��yK�� 2 pg9^RMC|.V XRD �;�G XRD �;ZqpnA�
� 800◦C MC|.Vg9pwa	()�g9V SEM �5 (� 3(a)) !$Ffg9p'�D()��0-fVb
�g9Æ 970◦C fmk5A MgSiO3 Dp?\
VZ,dD�PMC|-f( 1180◦C f�Gg9V SEM �5
(� 3(b)) #qpnRM
�.a�o��W*
XRD W��t( α- ;EdD�Ffg9a1o
:� =�)hVaD3=p�.V α-;EdD)\
o�.V MgSiO3 Dp?�.VZ,dD�

� 3 �G Cr2O3 U%�f8
+�,e;�, 2h -U SEM �4
Fig. 3 SEM micrographs of the samples with Cr2O3 heated at different temperatures for 2h

(a) 800◦C; (b)1180◦C
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5 < aD2�W� Cr2O3 U�Gi MgO-Al2O3-SiO2-TiO2 7�$`%�4`Q'UuE 1063j�*�H Cr2O3 V MgO-Al2O3-SiO2-TiO2 8�'��p 4◦C/min Vb-���x"Æ
800 � 1000 p? 1200◦C V
-f<�- 2h .��yK�� 4 pg9^RMC|.V X ℄B_℄�;�� 4 !$�\
 Cr2O3 VHS�}�� MgO-Al2O3-SiO2-TiO2 8�'�5AaDVxO�"a~YNV^g !$ [9], MgO-

Al2O3-SiO2-TiO2 8�'�Æ 800◦C 6~u=n`xD�G� Ti4+ Hu=5AVaDp��>�[ (MAT). ")�YNin�Æ" TiO2 V MgO-Al2O3-SiO2 8�'�#3n`xD [10]. LlG�
'�g9V
TEM P�qpnA��.V MgO-Al2O3-

SiO2-TiO2 8�'� (� 5(b)) $*n�JÆxD��q.pr('�# TiO2 V"
T\���j��H� Cr2O3 V'�g9
(� 5(a)) p?*�H Cr2O3 V'�g9 (�
5(b)),/�n��H\
 Cr2O3 ,3j'�7`xD�

� 4 )�G Cr2O3 U%�f8
+�,e;�, 2h -U XRD �:
Fig. 4 XRD patterns of the samples without

Cr2O3 heated at different temperatures for 2h

(a) 800◦C; (b) 1000◦C; (c) 1200◦C

� 5 ��%�f8
 800◦C ;�, 2h -U TEM �4
Fig. 5 TEM micrographs of the glass samples heated at 800◦C for 2h

(a) With Cr2O3; (b) Without Cr2O3

3.3 Cr2O3 QÆeVFs�mSq(Q1#��� 1 #�lg9V}
,�b-��V DTA JB�qp^g'�V5a61.�j�wY-Wa�>�qpx Ozawa p) Kissinger pt"w�b-�� α �5a61. EV�8qpx Ozawa up"w [11]:

lnα = −

E

RTp
+ C1 (1)
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1064 0 ; . 
 W � 21 jl# R p'm?�:z� Tp p5avMJBz�Vkj-f� C1 p:z�G (1) lqpnA�R�j lnα −
1

Tp
7��t�TRl��B���C��BVK� k, �qp�A�5avMzjtV E ��D 2 ,}2G����w�O Tp2 6 (K)

Table 2 Values of TP2 (K) at different

heating rates

Heating rate/K·min−1 With Cr2O3 Without Cr2O3

5 1422 1438

10 1440 1452

15 1449 1462

20 1455 1467

{�!TAVW���H� Cr2O3Vg9�=
-vMz (TP2)jtVp α-;EdDV5a�>�l*�H Cr2O3Vg9�=
-vMz (TP2) jtVip α- ;EdDV5a�>�rF�/�qp�x Ozawa up�Æh! 2 �AV,�b-��<g9V5avMz-f
(TP2) C�A�
g9# α- ;EdDV5a61. E. DtC�W�M! 3. C�mh( lnα −

1
Tp

, R� 6 �m�

� 6 ��f8U lnα-1/Tp �
Fig. 6 Plots of lnα vs 1/TP for the glass samples

� 7 ��f8U ln(T 2
p/α)-1/Tp �

Fig. 7 Plots of ln(T 2
p/α) vs 1/Tp for the glass

samples

Kissinger up�"wVb-�� α �5a61. E V�8R (2) l [12]:

ln
T 2

p

α
=

E

RTp
+ ln

E

R
− lnν (2)�g�Tj ln

T 2
p

α
−

1
Tp
7��itTRl��B�$C{�BVK� k qpC�A E��

D 3 α- ;���k
a{ E(kJ/mol)

Table 3 Values of crystallization

activation energy E (kJ/mol)

With Cr2O3 Without Cr2O3

Ozawa method 716.8 829.3

Kissinger method 692.9 798.7� 7 pÆh! 2 #zh�7V ln
T 2
p

α
−

1
Tp
��! 3 #�A�DtV E �VC�W��G! 3 #�'upVC�W�qpnA�\ 0.6wt% V Cr2O3 V�HjT α- ;EdV5a61.R[
 100kJ/mol. rF/�qpO( Cr2O3 VHS�B�vF MgO-Al2O3-SiO2-

TiO2 8�'�V5a
�Y�I^ α- ;EdDV5A�
3.4 Cr2O3 QÆeuVIvjR&|Q1#jg9Va11x�-a1pÆÆ 800◦C �- 2h ^R'1�Æ 1200◦C �- 2h ^Ra
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5 < aD2�W� Cr2O3 U�Gi MgO-Al2O3-SiO2-TiO2 7�$`%�4`Q'UuE 10651�b-��( 4◦C/min. ,� Cr2O3 "
V'�g9a1.VY_:z)Y_�&V�1GsM� 8. {� 8 q���*�H Cr2O3 Vg9D���H� Cr2O3 Vg9Y_:z$>R[�F���0 Cr2O3 "
V�H�0�VY_�&(OR[�Æ Cr2O3 "
( 0.2wt%�_A�=J���pr( Cr2O3 VHS�R[� α- ;EdDV5a61.�I^� α- ;EdDV5A�L\�3�'�D�'�DVM
JÆps>%a'�Y_�&V)h�r�l [13], l α- ;EdD�i}y�VY_U. [1], rF��H Cr2O3, }R[0�Y_:z)Y_�&V7x��lu!�/�n�P Cr2O3 V"
;� 0.3wt% f�a1.Vg9mkA�$>V�+M��H��p{� Cr3+ � Ti4+dp�JVdz1�37`a�#Ve12�qtÆ
2Cr3++O2−

→2Cr2++1/2O2+Vo (3)

Cr2++Ti4+ →Ti3++Cr3+ (4)qt (3) 7`l
er+�qt (4) �7`l
VJVK9>� Ti3+ ps>�+M�V�r�lr+�K9z1VJÆ�3�M0�VY_�& [13], �p Cr2O3 V�H�M�0�VY_�&� � 8 X^9y�X^�%� Cr2O3 !	U�0
Fig. 8 Changes of dielectric constant and di-

electric loss with the content of Cr2O32*�u!r~� Cr2O3 V�H
JÆ05F��Æh,� Cr2O3 "
Vg9Y_U.4rW��Æ�.^gV'�8�#�5FV Cr2O3 �H
tÆ 0.1∼0.3wt% �K�P Cr2O3 V�H
( 0.2wt% f�a1.Vg9Æ%)7�< (10GHz) VY_:z
εr=5.52, Y_�& tanδ = 6.22 × 10−4, pl'i}ixJ�V%)Y!0��
4 hx

1. Cr2O3 V�H�Æ
� MgO-Al2O3-SiO2-TiO2 8�V'�-1-f Tg, R[�5a-f Tp, IU��8�V'�P=.��
2. \
 Cr2O3 V�H�j MgO-Al2O3-SiO2-TiO2 '�5AVaDxO�}vF�5%VaD3=(M
V α- ;EdD�\
V MgSiO3 )Z,dD�
3. Cr2O3 B�vF MgO-Al2O3-SiO2-TiO2 8�'�V5a
�Y�M{fR[ α- ;EdDV5a61. E. 0.6wt% V Cr2O3 j�8�# α- ;EdDV5a61. E R[�


100kJ/mol.

4. P Cr2O3 V�H
( 0.2wt%, TRl'i}ixJ�V MgO-Al2O3-SiO2-TiO2-Cr2O38�%a'�0��Æ%)7�< (10GHz), =DjY_:z ∼5.5, Y_�& < 7 × 10−4.Jo��
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Effects of Cr2O3 Additive on Crystallization Behavior of

MgO-Al2O3-SiO2-TiO2 Glass-ceramics

DONG Ji-Peng, CHEN Wei, LUO Lan

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

Abstract: The crystallization behavior of MgO-Al2O3-SiO2-TiO2 glasses containing Cr2O3 was

investigated by means of differential thermal analysis (DTA), X-ray diffraction (XRD), scanning

electron microscope (SEM) and transmission electron microscope (TEM). The crystallization ac-

tivation energy (E) was also calculated by Ozawa and Kissinger methods. The results show that

the initial precipitated phase and the main crystal phase are not changed by the Cr2O3 addi-

tion. Meanwhile, the glass transition temperature (Tg) increases and the crystallization apparent

activation energy decreases. As a result the E values of cordierite is decreased, the formation

of cordierite crystals is promoted. The glass-ceramic obtained by crystallization of the glass has

dielectric constant around 5.5, and dielectric loss less than 7×10−4.

Key words α-cordierite; glass-ceramics; crystallization activation energy; dielectric property


