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Surface nucleation and cellular growth 
kinetics of cordierite glass ceramics 
containing 3 mol % Y2 03-ZrOz 
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Cordierite-based glass ceramics of the 2MgO:2AI=O3:5SiO2 composition with t-Zr02 (3 mol % 
Y2Oa-ZrO2) and P205 addition, was heat-treated isothermally and isochronically for 
crystallization studies. Major crystalline phases incurred by the heat treatment were t-ZrO2 and 
cz-cordierite. Surface nucleation predominated when edge and corner nucleation in these 
samples were suppressed regardless of their radii of curvature. Crystallization began with the 
formation of I3-quartz s.s. and its transformation to ~-cordierite was followed by prolonged 
heating. Cellular growth of =-cordierite on the surface of the quenched glass plates, gave a 
linear kinetics. The activation energy for cellular growth was ,-~ 410 kJ mol -~ 

1. I n t r o d u c t i o n  
Cordierite-based glass ceramics have been widely util- 
ized for their low thermal expansion coefficients and 
good thermal shock resistance [1, 2]. I t  is commonly 
processed by a heat-treatment of the cordierite com- 
position glass in one or two steps at temperatures 
ranging from 800 to 1300 ~ [1-7]. Additives such as 
ZrO2, TiO/, P205 among other alkali oxides [1, 8] 
were used in processing these glass ceramics to pro- 
mote the nucleation. Apart from acting as a nucleation 
agent, ZrO 2 has also been demonstrated to improve 
the fracture toughness of cordierite as well as other 
glass ceramics [9-i2]. 

The devitrification of ZrOz-added cordierite glass 
ceramics involved the following steps: (1) liquid phase 
separation to form a ZrO/-rich droplet and SiO2-rich 
matrix [13]; (2) crystallization of a metastable but 
dominant 13-quartz s.s., ZrO z, A1-Mg spinel and cris- 
tobalite [14]; (3) transformation of [~-quartz s.s. to 
g-cordierite and then to ~-cordierite [15]. It was 
generally believed that the transition between [3- 
quartz and g-cordierite involved composition varia- 
tion [4, 14], whereas la-cordierite and ~-cordierite 
were two of the known three polymorphs [5, 16] with 
~-cordierite being the stable phase. Heat treatment of 
the sintered cordierite composition glass powder discs 
[6, 11, 17] resulted in a different microstructure from 
that of the quenched glass plates [18, 19], although 
surface nucleation was involved in both cases. In 
contrast to the fine grain size cordierite and ZrO2 in 
viscous sintered samples [11], the heat-treated glass 
plate has dendrites formed by cellular growth on the 
surface layer [17-19] and spherulite in the interior. 
Segregation of ZrO2 at grain boundaries [20, 21] ~ts 
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well as preferentially along the crystallographic direc- 
tions of cordierite [7, 21] was also observed. Phase 
separation prior to crystallization [21] was found in 
3 mol % Y2Oa-ZrOE added cordierite glass ceramics. 
Partition of Y203 between ZrO2 and glass was also 
suggested in a recent study of the YzOa-A1203-SiO2 
glass system [22]. It would be interesting to study how 
the crystallization kinetics are affected by the phase 
separation and the partition effect. 

Recently, Chen and King [23] has shown that 
diffusion induced recrystallization (DIR) occurs along 
edges and at the corners of the copper single-crystal 
specimen. They also found that edge nucleation is 
suppressed when the radius of curvature of the edges is 
increased to approximately 40 gm. It is not known if 
edge nucleation is also affected by the radius of curva- 
ture in glass ceramics. 

Crystallization kinetics of 3mo1% Y203-ZrO2 
added cordierite glass composition was therefore in- 
vestigated in the present study. Activation energy and 
crystallization temperature in the cordierite composi- 
tion glass ceramics were determined and the effect of 
curvature of edge on nucleation was discussed. 

2. Experimental procedures 
Quenched glass plates of the composition of stoichio- 
metric cordierite with 3 wt % P205, 5 wt % 3 mol % 
YzO3-ZrO2 additions were heat treated at 950 to 
1420 ~ for 0.5 to 75 h. P205 was added to assist the 
crystallization [-24]. Glass plates sectioned by using a 
diamond-embedded saw, were polished successively 
by using y-A120 3 powder to samples of final dimen- 
sions of ~ 1 x 1 x 1 cm 3 and ~ 0.5 x 0.5 x 0.5 cm 3. 
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T A B L E I I Opt ica l  mic roscopy  observa t ions  of crysta l l ine  phases  and  mic ros t ruc tu ra l  deve lopmen t  in devitr i f led glass  p la tes  

T rea tmen t  T(~ t (min) Surface layer  W(l~m) L(mm)  In te r ior  V(t) a 

I sochron ica l  950 - [3-quartz s.s. 5 N .D  glass - 

for 5 h in glass  
1000 - [3-quartz and  10 0,,17 glass - 

=-cordier i te  
1050 - =-cordier i te  29 0.44 glass - 

1100 - 0~-cordierite 52 2 zt-cordierite - 

(with domains )  wi th  d o m a i n s  

1150 - as above  66 5 as above  - 

1200 - as above  104 12 as above  - 

I sochron ica l  1250 - ~-cordier i te  24 1.5 ~-cordier i te  - 

for 0.5 h (with domain)  wi th  doma ins  

1300 - ~-cordier i te  23 1.5 spherul i t ic  - 
and  glass ~t-cordierite 

1370 - as above  18 0.9 as above  - 

1420 as above  15 0.8 as above  - 

I so the rma l  180 cel lular  [3-quartz s.s - - glass 10 + 4 %  

at  1000 ~ and  ct-cordierite 

420 as above  - glass 17 + 5% 

540 cel lul lar  ~-cordier i te  - spherul i t ic  38 + 6% 
~-cordier i te  

in glass 

670 as above  - as above  50 _+ 5% 

1080 as above  - as above  71 _+ 5% 

1500 as above  - - as above  87 + 7% 

3000 as above  - - recrysta l l ized ~ 100% 

ct-cordierite 

a V(t) represented  crys ta l l in i ty  de te rmined  by XRD.  

W and  L: d imens ions  of cel lular  crys ta l  measu red  pe rpend icu la r  and  para l le l  to the cel lular  g rowth  direct ion.  
Note:  (a) ident i f ica t ion  of crys ta l l ine  phases  were also conf i rmed by XRD;  

(b) m i n o r  t - Z r O  2 was present  in b o t h  surface and  in te rna l  nuc lea ted  region (see text). 

r started to appear in samples treated at 
1000 ~ together with the disappearance of [3-quartz 
s.s.. Mullite also was found to accompany with ~- 
cordierite and t-ZrO 2 for samples treated at 
> 1300~ for 0.5 h. When isothermally treated at 
1000 ~ for more than 3 h (Table II), and up to 50 h, 
there was no [Lquartz s.s. and only ~-cordierite was 
found. 

3.3. DTA ana lys i s  
The principal features shown by the DTA results of 
glass plate compositions (Fig. 3) were the glass trans- 
ition (Tg ~ 837~ the shallow endotherm corres- 
ponding to the Mg range (Mg ~ 850 ~ [4, 29], the 
initial crystallization ( ~  924 ~ and the conversion 
to a-cordierite (1005 ~ The two exothermic peaks at 
924 and 1005 ~ corresponded to the crystallization 
temperature of 13-quartz s.s. and t-ZrO2, and the 
transition temperature of 13-quartz s.s. to ~-cordierite. 
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Figure 3 D T A  curve  of glass plate.  

3.4. Cellular growth of 0~-cordierite 
The microstructure of glass plates, heat-treated at 
various temperatures were compiled in Table II. The 
cellular crystals of ~-cordierite were firstly formed at 
the surface (Fig. 4) and the subsequent growth pro- 
ceeded inwards. The crystal orientation of ~-cordierite 
from the adjacent surfaces changed abruptly thus 
forming interfaces (as indicated in Fig. 4). The acute 
edge had only one interface (Fig. 4a); whereas the 
corner with obtuse angle resulted in two interfaces 
(Fig. 4b). The latter appeared in three sections of 
ct-cordierite having different crystal orientations 
(Fig. 4b). The indication therefore was that surface 
nucleation rather than edge or corner nucleation 
dominated during the crystallization of cellular ~- 
cordierite. 

Growth rate as measured by optical polarized 
microscope indicated that the length of cellular crys- 
tals increased linearly with isothermal heat-treatment 
duration. The cellular growth rate was almost tripled 
from 0.56 mmmin  -1 at 1000~ to 1.48 mmmin  -1 at 
1050~ (Fig. 5). Cellular lengths resulted from iso- 
chronical heat treatment at various temperatures 
(Table II) were also measured to construct the growth 
rate against (l/T) plot (Fig. 6). Estimation of the 
activation energy by plotting Arrhenius relation gave 

410 kJ mol-1 for the cellular ~-cordierite growth in 
quenched glass plates, as shown in Fig. 7. It indicated 
that the cellular growth of ~-cordierite was controlled 
by the same mechanism in the temperature range 
studied. The growth rate of cellular ~-cordierite 
crystals reached maximum at ~1250 to 1300~ 
(Table II). 
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Figure 6 Cellular growth rate against I/T plot. 

Figure 4 Optical micrographs (open nicol) showing cellular growth 
(950 ~ 25 h) at (a) acute edge, and (b) obtuse edge. The arrows 
indicate the interfaces of cellular crystals nucleated and grown from 
adjacent surfaces. 

4 

E 

s 

960 1# #oo 
Time(min) 

Figure 5 Length of cellular cordierite crystals in glass plates fired at 
1050 ~ (�9 and 1000 ~ (•). 

4. Discussion 
4.1. Nuc lea t ion  
The crystallization of ~-cordierite started from surface 
inwards (Fig. 4) and the very different crystal morpho- 
logy betweeen the interior and the surface [21], im- 
plied that surface nucleation and internal nucleation 
[7] concurrently occurred during heat treatment. Sim- 
ilar to copper single crystal [23], edge nucleation 
appeared to have been suppressed, and it also ap- 
peared that regardless of the shape of sample corners, 
either acute or obtuse, surface nucleation predomin- 
ated over edge and corner nucleation. Although the 
crystals nucleating at surfaces may be randomly orien- 
ted [30], the crystals oriented with the fast growth 
direction perpendicular to the surface took prece- 
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Figure 7 Arrhenius plot of logarithmic cellular growth rate as a 
function of 1/T. Ea = 410 kJmol- 1. 

dence. Hence the ~-cordierite crystals being surface- 
nucleated, grew perpendicularly to the surface until 
meeting with the adjacent crystals. 

4.2. Crysta l l iza t ion k ine t ics  
The n number of the JMA plots (Fig. 2) were 1.47 and 
0.46 for samples heat treated at 1000 and 1050~ 
Growth kinetics from the present study were different 
from the results of an interface-controlled linear 
growth kinetics obtained in a 15 wt % ZrOa-added 
cordierite composition glass [7]. The linear kinetics 
[7] resulted from the cellular growth of =-cordierite 

�9 indicated an interface-controlled mechanism, and re- 
distribution of ZrOz  could be responsible for the rate- 
controlling [7]. Adopting the spherulite growth 
theory in polymer [19, 31], however, an interface- 
controlled mechanism was represented [31] by n = 3. 
Since both cellular, spherulitic growth and ZrO2 seg- 
regation occurred in the present sample, the inter- 
pretation of n number in terms of crystal morphology 
was not attempted. 

The combination of homogeneous-heterogeneous 
nucleation [31] may account in part for the crystal- 
lization kinetics of non-integer n number. And only 
samples heat-treated at 1000~ (n = 1.47) fitted in 



the typical number of between 1 and 2 1-33] for oxide 
glass systems such as Li2-SiO2, BaO-SiO2 and 
Na20-PgOs,  where a combination of homogeneous- 
heterogeneous nucleation may have occurred. Due to 
the fact that many crystalline phases have emerged, 
the kinetics observed were also a combination of the 
crystallization of 13-quartz s.s., t-ZrO2 and r 
(Table I), and the phase transition of 13-quartz s.s. to 
a-cordierite occurred at ~ 1005 ~ (Fig. 3). 

cent surfaces changed abruptly and then formed inter- 
faces. 

(3) Cellular growth of ~-cordierite on the surface of 
quenched glass plates resulted in a linear kinetics and 
was interface controlled. 

(4) The activation energy for the cellular growth 
was ~410 kJ mol- 1. 

4.3. Activation energy  of cellular g rowth  
Activation energy (Ea) of ~ 272 kJ mol- 1 [29] for the 
crystallization of cordierite-composition glass powder 
discs, was much less than the E, ~ 410kJmo1-1 
estimated in this study. Composition affecting the 
viscosity was taken to account for the discrepancy 
obtained in the activation energy [29]. It can probably 
be taken to explain the present difference in the E, by 
the t-ZrO 2 content and the presence of Y2Oa in the 
glass composition. Phase separation [21] and the 
partition of yttria between ZrOz and glass [23] would 
also affect the viscosity of the glass upon crystalliza- 
tion. Alternatively, the control mechanism in the crys- 
tallization of cordierite in quenched plates may be 
different from that in sintered glass powder compact. 

4.4. Catalysed crystallization 
The catalysed crystallization generally involved two 
processes: (1) the control of phase separation in glass, 
and (2) the direct deposition of substance (epitaxy) on 
the crystal nuclei 1-34]. The observation of colloidal 
ZrOz-rich droplets formed by glass-in-glass phase 
separation [21] has, in fact, indicated that nucleation 
and subsequent growth would be different from what 
was reported in the cordierite composition glass pow- 
der without ZrO e [29]. ZrO 2 having a definite solubil- 
ity in the cordierite composition glass [19] forming 
ZrO4-tetrahedra when dissolved, would act as a nu- 
cleating catalyst [3] which promotedthe heterogen- 
eous nucleation and therefore increased the nucleation 
rate. Two mechanisms involving t-ZrO 2 were possible. 

(1) Homogeneous nucleation: ZrOz-enriched phase 
was formed firstly during glass-in-glass phase separa- 
tion, then 13-quartz s.s. formed, and which transformed 
to a-cordierite before t-ZrO2 was expelled to grain 
boundaries [21]. 

(2) Heterogeneous nucleation: precipitation of t- 
ZrO 2 provided the epitaxial growth of l~-quartz s.s., 
which transformed to r then the t-ZrO z 
was expelled to grain boundaries [21]. 

5. Conclusions 
The following conclusions may be drawn from crystal- 
lization of cordierite-3 mol % Y2 O3-ZrO2 glass plate: 

(1) The crystallization kinetics can be fitted to the 
JMA theory with the n value of 0.46 and 1.47 for 
devitrification at 1050 and 1000 ~ respectively. 

(2) Nucleation occurred from sample surface, 
rather than from edge or corner, and grew inwards. 
The crystal orientation of ~-cordierite from the adja-, 
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