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ABSTRACT BaO–Al2O3–SiO2(BAS) glass–ceramics with stoichiometric and off–stoichiometric celsian
composition were fabricated, doped with B2O3 for melting and sintering. The crystallization and phase
transformation characteristics of two groups of BAS glass–ceramics with and without celsian seeds were
investigated. The results show that the soften temperature of BAS glass–ceramics increases with increasing
the content of celsian seeds. The crystallization characteristic of hexacelsian in every sample is bulk
nucleation when the Avrami exponent is 2.94–3.48. The characteristic of monocelsian doped with seeds is
surface nucleation when Avrami exponent is 0.63–1.30, while it is bulk nucleation when Avrami exponent
is about 3.3 in the sample without nucleation agent. The crystallization and phase transformation among
two groups of BAS glass–ceramics doped with seeds can be accelerated greatly. Both the activation energy
in two groups of BAS glass–ceramics and the crystallization peak temperature in stoichiometric BAS glass–
ceramics get lower. Stoichiometric BAS glass–ceramics doped with 1% seeds sintered at 850 � for 2 h is
completely transformed into monocelsian.

KEY WORDS inorganic non–metallic materials, glass–ceramics, celsian, seeds, crystallization, phase
transformation
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� �"3+� �4'2� �+2(� 
�!3�, [9]. 3+� �+'2� �!%)4
�&*#� 2.3×10−6 � −1 + 8×10−6 � −1, '

2� �!)4�&(+Æ&$05'�!)4�
&+. '2� �* 300 �3*)(-2(� 
�!+,6-, 5)7 3%–4% !*4-%. &*,

.+)1�3+� ��$��!/)4�& BAS

���"�8�$5��. /0!'2� �16

BAS �"�927, 3+� �*� 6-0!'
2� �96.27 [7,9]. *78"�9,83+
�3�9/'2� � → 3+� ��,6-:
"3!2-;% [9−22]. Bansal[9] :$"$9, 4:

+501; [10−14,23] :$.2 – 329)1 BAS

���"�/, *� �&"(<*!"�9,8
5%(<"*&, 60) ��!3+� �8��3, ;

9/'2� � → 3+� �!�,6-"17
!3<. Bansal[9] 4 BAS �"�* 1250 �= 

3 d >289!�3, )1=15 . 4:+501

; [10−14,23] 4,82" Li2O ! BAS �32"��

%>289!�3, '� Li ; BAS ���"�!

� 6���"= [17]. ?:$"$9)1%�&"
(+� Ba >"7, BAS ���"�, ���3;
BAS ���"�2�+�,6-!;<.

1 >�?@
3=$>�8�*2@. 49 BaO4Co2O3 +

B2O3 *#� Ba(OH)2·H2O4Co3O4 + H3BO3 ?

5. AB 1 ?7!9(C63=$@%A. 4,8

2%ZrO2 ! S0 "�@* 850 �= 24 h, $:A�
D;7BC 5 μm!@*,>23+�3.�<"�!

:B .� 1550 �, ,82" B2O3 �=/"�!

�< .. &"�!�< ./C 1500 �+EÆ 

./C 1550�, #$:D 249!&>&77%�&
"( BAS�"� (41%BaO427%Al2O3 + 32%SiO2)

9 B2O3 !:/>"� 6.5%, A<*B%%&B?
CB 1.

C 1 F@GHC

Table 1 Compositions of the glasses investigated

Composition/%
Sample

BaO Al2O3 SiO2 Co2O3 B2O3 Seed

S0 37 24 29 2 6 0

S1 37 24 29 2 6 1

S2 37 24 29 2 6 2

OS0 59 9 22 2 6 0

OS1 59 9 22 2 6 1

OS2 59 9 22 2 6 2

4C6!A3@%A$!8D�ED�8D, 1
5IA-., $FEJE-.B�). * 1550�= 

2 h G4"�FC9K5D:9, :L>"�F. 4

"�F15:A;;H, $GH;;E� 450 r/min

!69;; 2 h GIF*EMJ 150 μm <, 4>2

!"�@FK5LEMGGN$.

$ STA 449C ,0O%*2IPN"�@!

DSC =J. > 9G*#� 5410420 + 30 �/min,

 .O?�@ ∼1300 �. C62""�@HH, A

GK)<QR� 25 mm×5 mm×5 mm !BI(I.

$ DIL 402EP ,%)4IPN(ILC!%)4�
&, > 9G 5 �/min.

4"�@JC 20 mL ! Al2O3 -.J, 6@ 

� 10 �/min !9G> 2 850 �P DSC =J:

B .= %N/K)BDD, AG�;<H.BC

5 μm !@*. $ D8 Advance , XRD MEIPN

XRD FG, :$ CuKα QE (λ=0.15406 nm), R8
.K 40 kV, SL 40 mA, MNHN:L, HN9G

1◦/min.

4 S1 + S0"�@* 850�= 24 h,4>2!

"$LC*#8�3+� �+'2� �!SL,

9)3+� �>"*#� 20%440%450%460%

+ 80% !%�?D�LC. $�IKT! TOPAS

JO/GKG*:UP, &7D�LC93+� �
M(020) �Q+'2� � H(001) �Q!4*'.

( IM(020)/IH(001), $:BTV9RS3+� �>
" xM !K&; IM(020)/IH(001) !NSLJ

1/xM = 1 + K∗IM(020)/IH(001) (1)

L>W('. K=0.9293, X5 (2) &7"$LC9
3+� ��;C ('2� �Y3+� �) !�

;>" x.

x = 1/(1 + K∗IM(020)/IH(001)) (2)

2 MN�OP
2.1 BAS QRST�U

OF 1 +V, ZT S1 + S2 "�@! XRD G9
"�M!3+� �ME:�N, GF9U"4O�
*�!ME:[*. WB1A<*!>�* 1550 �

�< 2 h G,8)>TP8!"�@; PB1,* 1550

��< 2 h G, *� Ba >"! OS ,"�@9,8
!3+�3+Æ�%/5T78"�. BaO �"�

QVN*@%A, RUQ8$. S� Ba !>"VQ

M BAS�"�!QV'.,=/ BAS�"�!X.,

W"Y�8$ [25], +9/3+�3!�X.
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2.2 [�\�] BAS QRS�^T��
S0 (ILC!%)4=JVF 2 PW, A<*

"�!J% .VF 3 PW. $<B1, A<*"�

8* 650��6\XJ%, "�!J% .)3+�

3>"!58YS�. "�!J% .;#C�N

!X.,WB1]Y*^C49!3+�3�ZS�

_ 1 [F@\G XRD Z

Fig.1 XRD patterns of glass powders

_ 2 S0 [^X\G]_`^Y
Fig.2 Thermal expansion graph of S0 Sample

_ 3 [F@\G_]S^

Fig.3 Soften temperatures of glass powders

78"�!X.. ?:�,8 ZrO2 !%�&"(

BAS �"�)13+� ��3. ZrO2 *"�9!
.X.B, �7a5+"�!X. [25]. &*,8�

3,/78"�!X.1758.

-%�&"(! S , (S04S1 + S2) LC(5,

� Ba >"! OS , (OS04OS1 + OS2) "�!J%

 .)3+�3>"58YS�!_.5B. &�

* OS ,"�9, �>"! BaO W"Y�8$ [25],

_*3+�3�XC78"�, ]Y*^!�3>"
`B!Z`.

2.3 [�\�] BAS Qb\RSc\T��
F 49A92"�@F DSC=JK%:!:B

 .?CB 2. P"LCd"%aK%:+a, :B
 ./* 900 ��6. O;(+V, *`&! S ,"
�9,8�3#2�:B .17=/, Ma*�3
>"� 1% /`2bBB; `&! OS ,"�!2�
:B .(5b*.

_ 4 F@\cX\G DSC ^Y (bScd 10 a

/min)

Fig.4 Typical DSC graphs of glass powders using

heating rate of 10 a/min

C 2 [F@\Gdebe
Table 2 Characteristic parameters of glass powders

Sample Tp/a α rH/nm

S0 898.2 26.7 58.9

S1 826.9 88.7 20.3

S2 861.5 91.8 19.8

OS0 815.0 65.8 18.9

OS1 814.4 62.2 23.5

OS2 819.6 64.2 19.3

Note: Tp, crystallization peak temperature of glass pow-

ders; α, crystallinity of glass–ceramics sintered 10

minutes at Tp; rH, grain size of H–BaAl2Si2O8 in

glass–ceramics sintered 10 min at Tp
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F 5 B1, S0 "�@273%!'2� ��,

B14DSC=J�!K%:�'2� �!2�:.

S1 + S2 "�@27!���'2� �+3+�

 �, B14 DSC =J�!K%:�'2� �+

3+� �2�:!c8. ��>"! OS ,"�@
27!��8�'2� �+2( BaSiO3, B14

K%:�'2� �+2( BaSiO3 2�:!c8.

#$:D [26] 9!29&7A"�@"$LC!$
�.,#$ Scherrer d-+:':!c�e&77'
2� �!�HQR (B 2). $<B1: * S ,"�
@9,83+�3"YC'2� �!27+�H
[%. *N, S1 + S2 "�@!"$LC!$�.+

�HQRb*, OS, (OS04OS1+ OS2)A"�@"

$LC!$�.+�HQRb*. &�`&! BAS

���"�2�5C, 5 a"�@*2�:B .=
 10 min \d*2�.

Ozawa 9 [27] e\e#EPf&!]fYLb
L7ga�-Jf9f^6-"/!Bgh%� E,

efT&EPf&!g`g0YTh!_h. &*,

i$jAJiB!29&7g09G β > Jf9
`2�N2�" x! . T ,AG:$;6%G9i
> Ozawa 2f [27]

lnβ = ln(
AE

RG(x)
) − 5.3308 − 1.0516

E

RT
(3)

&77A"�@2�Jf9!h%� (F 6), 49 β

�jN8%9G, A �Bgh�&0, R �g2h*

j", x � t /ke#A\6-!*&, G(x) �4*

`-!k6�EPf&. $<B1, *ga2�Jf
9, * S ,P OS ,"�@9,8�38"YC=/
2�h%�,Ma/*�3>"� 1%/7a:BB.

#$"�@g0> 9G/!g02�:B 
., O lnβ ; 1/Tp 8F:$:BTV9J�l�>
2LJ (F 7). OLJ!+G&77A"�@!2�
h%� E, AGX5 Augis d-

n =
2.5
ΔT

× RT 2
p

E
(4)

&77 Avrami h& n(B 3), 49 ΔT � DSC =

JK%:c�e. $<B1, Z S1 "�@N, A"

�@! Avrami h&� 2.94–3.48, Ba7g*2�
��. W�:L/;;)>! BAS �"�@F9ib
5Æ, @F5[ (D50 ≈3 μm) !$<. OF 5 +a,

S1 "�@* DSC 2�:B .= 10 min l"1

7!3+� �27. &*, S1 "�@! Avrami h
&� 2.03, +��0/27!'2� �g*2�,

_ 5 [F@\i DSC UZWjS^kS 10 min G

XRD Z

Fig.5 XRD patterns of glass powders sintered 10

min at the crystallization peak temperatures

of DSC graphs

_ 6 [F@\GUZm]m

Fig.6 Activation energy as the function of crys-

tallinity

_ 7 [F@\G ln(β) j T−1
p Gl]nT

Fig.7 Plot of ln(β) versus T−1
p of glass powders
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C 3 bScdk 10 a/min l[F@\GUZon�de
Table 3 Crystallization characters of glass powders using heating rate of 10 a/min

Sample Tp/K To/K Te/K ΔT/K E/(kJ/mol) n E/RTe E/RTo

S0 1171.3 1157.7 1192.2 19.3 373.01 3.39 37.6 38.8

S1 1100 1064.4 1137.2 44.2 280.88 2.03 29.7 31.7

S2 1134.6 1119.2 1165.1 28.3 291.29 3.25 30.1 31.3

OS0 1088.2 1070.7 1109.7 21.4 305.61 2.94 33.1 34.3

OS1 1087.6 1068.6 1114.3 26.4 267.54 3.48 28.9 30.1

OS2 1092.7 1074.5 1119.2 28.1 277.21 3.19 29.8 31.0

Note: To: crystallization onset temperature of glass powders; Te: crystallization end temperature of glass powders;

E/RTe, E/RTo: minimum, maximum value of E/RT in the experimental range.

Avramih&+/� 3, 3+� �BQ2�, Avrami

h&� 0.63(a6:B 4) 108$!$<. &�

20<28.9≤ E/RT ≤38.8<60, #$ Ozawa d-&7

7! E + n "3p^c [27].

3+� ��3;'2� �!27"72Q
!8$. %2Q, �38�'2� �q8D`r!
rd, 7k;K!oQ=/T<r/!oQ�, 6Y

=/T<rJf9!2�h%�, "iC9/'2�

 �!`r+27. Ya*Tm2�;�, 9/8
$l', �r&plÆ, l"YC�H[%. q%2

Q, '2� �9I. 4%SiO2, �T6 BAS �"�

927'2� �, ne)( SiO2 !rYMH<s
s [28]. O*+a, �3!,8S�78"�!X.,

; SiO2 !rYR2mo8$, f)'2� �!`
r+27,&** S,"�@9,83+�3"YC
'2� �!27+�H[%; �3>"� 1% /, 2

,"�!2�h%�8:/, * S ,"�9!2�
:B .P:/. *� Ba >"! OS ,"�9, _

*3+�3�XC78"�, ]Y*^!�3>"`
B, �m72Q!8$8n2QM, &*Ba� OS

,A<*"�!2�:B .�p, 2�h%�!h

BP5B.

2.4 [�\�] BAS Qb\RS\ ÆnT��
i$KR!NS=J&77A92"�@F

850 �= g0/K!"$LC93+� ��;
C ('2� � + 3+� �) !�;>" x(F 8),

X5;& JMA 2f

ln(−ln(1 − x)) = nln(k) + nln(t) (5)

&77A92 BAS���"�9273+� �!
Avrami h& (B 4), 49 x � t /k3+� ��

;C ('2� � + 3+� �) !�;>", k �

e#9Gj&. ;& JMA 2f!J�l�LJVF
9 PW.

_ 8 [F@\ 850 aT[X\oqgr�oGhX
tt

Fig.8 Mass fraction of M–BaAl2Si2O8 in sintering

sample at 850 a for different time

C 4 uu BaAl2Si2O8 → qg BaAl2Si2O8 Zi

plG Avrami qe
Table 4 Avrami exponent of phase transformation

in BaO–Al2O3–SiO2 glass–ceramics

Mass fraction of seeds 0 1 2

Group S 3.31 0.63 0.86
Avrami exponent

Group OS 3.30 1.30 1.29

4 S0 "�@* 850 �= 24 h, *>2!��
"�LC9pP2�"3+� �, *= 100 h !

��"�LC9, 83.6% !'2� �6-�3+�
 �, 273+� �! Avrami h&� 3.31, Ba

�g*2�. g8`rv/6 BAS �"�9q12
7!�/0!'2� �. 3+� �g�Lb6
"�927, Y�*� /rJ'2� � → 3+

� �!�,6->2 [7,9]. &*, i> S0LC!&

7$<, rJ'2� � → 3+� �!�,6-
27!3+� �Ba�g*2���.
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_ 9 [F@\G ln(–ln(1–x)) j ln(t) Gl]nT

Fig.9 Plot of ln(–ln(1–x)) versus ln(t) of glass pow-

ders

,8 1% 3+�3! S1 "�@+,8 2% 3+

�3! S2"�@* 850�= 10 min,*#" 46.6%

+ 12.3% !3+� �[*; 4 S1 "�@ 850 �=

 2 h, *"$7!LC9pPg2'2� �![
*,Wa$<17!C:D [9–14, 23]. * S1 + S2�

�"�9273+� �! Avramih&*#� 0.63

+ 0.86, Ba�BQ2�.

* BAS �"�9,83+� �8��3, %

2QrJq8D`rj,�33*!'2� �8
96-�3+� � (EP 1),q%2Qi$s05t

3#8�3+� �Nk( !7*, Lb9/3+
� �678"�927 (EP 2). 7A,rJEP 2

27!3+� �Ba�BQ2���; i> S0 L

C!&7$<, rJEP 127!3+� ��g*
2���. S1 + S2 ��"�927!3+� �g
*Ba�BQ2�, B1EP 2!3<l(EP 1!

'.

Corral ; [28] ��T SiO2 *� �9!I.a
m, )a'2� �9I. 4% ! SiO2, Y3+� 

�d�I. 2% ! SiO2. nv�AEP 1 )('2

� � → 3+� �!�,6-, w�AEP 2 6

78"�9Lb273+� �, /ne3a SiO2

!27+rY. O*+V, *%�&"(! S, BAS

���"�9,83+�317S�T"�!X.,

f)T SiO2 !rY+'2� � → 3+� �!

6-. &**��! BAS ���"�9, �3>"
J�giC3+� �!27, 1% ��3!:x,
8".

4� Ba >"! OS0 "�@* 850 �= 

24 h, *>2!��"�sL9U"pP23+� 

�![*, *= 100 h !��"�sL9, 90.5%

!'2� �6-�3+� �, 273+� �!

Avrami h&� 3.3, Ba�g*2�.

,8 1% 3+�3! OS1 "�@+,8 2% 3

+�3! OS2 "�@* 850 �= 24 h, 3+� 

�!�;>"*#� 32.9% + 21.2%; * 850 �= 

48 h, 3+� �!�;>"*#� 100% + 94.1%;

3+�3>" 1% /9/3<5y. OS1 + OS2 �

�"�9273+� �! Avramih&*#� 1.30

+ 1.29, $9Ba�BQ2�. *N, * OS , BAS

���"�9,83+�3179/T3+� �
!27, B1 OS ,"�9,8!3+�3d�_*
�XC78"�9. 2&�_*�3�XC78"�
9, *,8�3! OS ,��"� (OS1 + OS2) 9
3+� �!279./C;#! S,��"� (S1

+ S2).

3 M P
1. ,82" B2O3 !7,`&<*! BAS�"

�8* 650 ��6\XJ%, �% ./C 900 �.

"�!J% .)73+�3>"!58YS�.

2. * S ,P OS ,"�@9,8�38"YC
=/2�h%�, 9/'2� �+3+� �!2

7; �3>" 1% /, h%�:B, OS ,"�9!2
�:B .P:/. ,8 1% �3! BAS ���"

�* 850 �= 2 h, K_6-�3+� �.

3. * BAS ���"�9'2� �!27B
a�g*2�. g8`rv/3+� �rJ'2

� � → 3+� �!�,6-27, Ba�g*
2�; ,8�3G3+� �$9i$s05t3#
Lb678"�927, Ba�BQ2�.
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