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Phase transformation and mechanical 
properties of B203-doped cordierite derived 
from complex-alkoxide 

M. OKUYAMA* ,  T. FUKUI *, C. SAKURAI ~ 
Colloid Research Institute Kitakyushu 805 Japan 

Cordierite gel powders doped with up to 3 mol% B203 were prepared by the hydrolysis of an 
alkoxide complex. The effects of BaO3-doping on phase transformation were investigated for 
the purpose of preventing micro-cracking due to g-0~ cordierite transformation. B203-doping 
retarded the crystallization from amorphous to p-cordierite, and accelerated the crystallization 
of cz-cordierite. High doping concentrations (e.g. 1.5 mol %) appeared to promote the direct 
formation of 0~-cordierite from the amorphous state. The development of microcracks due to 
the p-~ cordierite transformation was prevented by the modified crystallization characteristics. 
The flexural strengths of the sintered bodies reached 190 M Pa. B=O3-doping also lowered the 
temperatures of densification and crystallization of 0~-cordierite to 850 and 950 ~ respect- 
ively. At the sintering temperatures of 1100 ~ or above, however, glassy phase oozed out on 
to the surfaces and internal pores were formed in the sintered bodies, resulting in decreased 
flexural strength. 

1. In troduc t ion  
Cordierite (2MgO-2AI203-5SiO2) or cordierite- 
based glass-ceramics are attractive materials for 
microelectronic packaging, because of their low dielec- 
tric constants, low thermal expansion coefficients, and 
other features [1-3]. Low-temperature processing (e.g. 
< 1000 ~ is also desired for the application of multi- 

layered substrates, which can be co-fired with good 
electrical conductors such as gold, silver and copper 
[1-3]. The alkoxide method offers potential for re- 
markable reductions in sintering and crystallization 
temperatures [4], motivating many researchers to syn- 
thesize cordierite gels or gel powders from metal 
alkoxides [5-11]. We studied the optimum synthesis 
[12] and hydrolysis [13] conditions of an alkoxide- 
complex precursor of cordierite to improve the mor- 
phology and chemical homogeneity of the powder, 
and obtained a chemically homogeneous, unagglom- 
erated gel powder of about 0.2 gm. 

When preparing ~-cordierite ceramics from 
amorphous materials (e.g. glasses or gels), a major 
issue exists: that is, the development of microcracks 
due to ~t-0~ cordierite transformation, e-cordierite 
phase always appears via g-cordierite phase. The p-~ 
cordierite transformation causes a sudden volume 
expansion, and high stresses are formed which lead to 
cracking [14, 15]. Suzuki et al. [16] studied the 
sintering of an alkoxide-derived cordierite gel, and 
found that the micro-cracks were healed by increased 
sintering temperature or prolonged heating, and 

obtained the strength of ~-cordierite of 100 MPa. To 
overcome the microcracking, however, modification 
of the whole crystallization characteristics (i.e. g-~ 
phase transformation) may be essential. 

In our previous study [17], one answer was found 
with epitaxial seeding, which promotes a direct forma- 
tion of ~-cordierite from the amorphous state, leading 
to the successful prevention of the microcracking. 
Thus a high maximum flexural strength of 190 MPa 
was obtained. However, the strengths were wide- 
spread in the range 100~190 MPa, and appeared to be 
sensitive to the seeding process. For example, agglom- 
erates of seed particles could cause defects in the 
sintered bodies, leading to poor strengths. For a see- 
ding method, the process has to be strictly controlled. 

Another answer may be doping with a nucleation 
agent. In conventional glass-ceramics processing, a 
nucleation agent such as TiO2, ZrO2, or P20 5 is 
usually added to the original glass to control the 
crystallization behaviour and achieve fine-grained 
crystallization. The addition of the nucleation agent 
may also be effective to modify the phase trans- 
formation of cordierite gel powder. There are, how- 
ever, few studies on cordierite gel powder doped with a 
nucleation agent, and no successful report about the 
prevention of micro-cracking. In our previous study 
[18], ZrO 2 was added to a gel powder of stoichio- 
metric cordierite composition. However, the addition 
increased the crystallization temperature of ~-cordier- 
ite and microcracks also developed. 

* Present address: R&D Center, NGK Spark Plug Co. Ltd, Iwasaki, Komaki, Aichi, 485 Japan. 
Present address: Kurosaki Refractories Co. Ltd, Kitakyushu, 806 Japan. 
Present address: Nippon Steel Co. Kawasaki, 100-71 Japan. 

0022-2461 �9 1993 Chapman & Hall 4465 



As a result of the exploration of several dopants, 
B/O3 was found to be the only effective dopant which 
controls the crystallization of cordierite gel powder. In 
the present work, the effects of B203-doping in a 
homogeneous cordierite gel powder on the crystalliza - 
tion (i.e. g-~ transformation) and microcrack forma- 
tion were studied. 

2. Experimental procedure 
2.1. Powder preparation 
Si(OCzI-Is) 4 dissolved in ethanol was partially pre- 
hydrolysed with HCl-catalysed water for 40 rain in an 
ice-bath at a HzO/HC1/Si(OCeHs),/ethanol molar 
ratio of 1.2/0.01/1/6.9. AI(OCgH~) 3 was poured into 
dry ethanol in a nitrogen glove box at an 
Al(OCgH~)3/ethanol molar ratio of 1/10.7, resulting in 
immediate precipitation of white solids. The two alk- 
oxide component liquids thus obtained were mixed 
and refluxed until an optically clear solution was 
obtained. Magnesium metal flakes were added to the 
refluxed solution, followed by additional refluxing for 
12h. Magnesium metal was completely consumed, 
and a transparent solution of an alkoxide-complex 
precursor of cordierite was obtained. A desired 
amount of B(OC2Hs) 3 was added to the alkoxide- 
complex solution in the nitrogen glove box, and the 
solution was refluxed for 2 h. The solution was diluted 
with ethanol to an alkoxide concentration of about 
13.2 wt %, and hydrolysed with 25 times the stoichio- 
metric amount of 1N NH4OH water required for 
complete hydrolysis. A precipitated powder was filtra- 
ted and dried at 150 ~ in air without washing. 

2.2. Sintering and characterization 
The morphology of the powders was observed using a 
scanning electron microscope (SEM). B203 contents 
in the powders were determined by inductively cou- 
pled plasma spectrometry (ICP) analysis. The crystal- 
lization behaviour was studied using a differential 
thermal analyser (DTA). 

After calcination at 500 ~ for 1 h, the powder was 
mixed with 3 wt % organic binder in ethanol by using 
a small alumina ball mill, and uniaxially pressed at 
50 MPa, followed by hydrostatic pressing at 150 MPa. 
The resultant particle compacts of 15 x 35 x 4 mm 3 
were calcined at 250 ~ and fired at different temper- 
atures for 1 h at a heating rate of 1 ~ min- 1. Densities 
for the sintered bodies were measured by the 

TAB LE I BzO 3 contents in cordierite gel powders 

Archimedes method. Crystalline phases formed in the 
sintered bodies were identified using an X-ray diffrac- 
tometer (XRD). The microstructure was observed 
using a scanning electron microscope (SEM). The 
fracture strength was measured by the three-point 
bending method. 

3. Results and discussion 
3.1. Powder characterization 
B203-doping in cordierite gel powders was attempted 
with different concentrations of B 2 0  3 (0, 0.5, 1, 2.5, 

and 5 mol %). In our previous study [13], the yield of 
cordierite powder was almost 100% under the hy- 
drolysis conditions used in this study. When preparing 
a borosilicate powder from metal alkoxides, however, 
a concern is the yield ofB203 [19]; boron species may 
remain in the supernatant liquid, probably because of 
the high solubility in alcohol-water systems. Thus the 
amounts of B203 in the powders obtained were deter- 
mined by ICP analysis (Table I). The B 2 0  3 contents 
analysed were considerably lower than those of the 
corresponding preparation compositions. Under the 
experimental conditions used in this study, the yields 
were in the range of 54%-59%. These powders were 
designated B-0, B-0.3, B-0.6, B-1.5, and B-3.0, respect- 
ively, in which the numerals roughly indicate the B203 
contents (mol %) determined by ICP. 

Fig. 1 shows the typical morphology of B203-doped 
powder (B-1.5). B203-doped cordierite powder con- 
sisted of discrete particles with particle sizes ranging 
from 0.1-0.3 Ixm, although they were slightly aggreg- 
ated. The specific surface area measured by the BET 
method was about 150 m 2 g-1, suggesting these par- 
ticles were porous. The morphology was similar to 
that of undoped gel powder (B-0), and differences 
caused by B203-doping were not observed. 

3.2. Crystallization 
Fig. 2 shows the DTA curves of undoped and B 2 0  3- 

d o p e d  cordierite gel powders at a heating rate of 
10 ~ min- t. The undoped cordierite gel powder (B-0) 
showed two separate exothermic peaks at 932 and 
1040 ~ These two peaks were identified as the crys- 
tallization exotherms of amorphous to Ix-cordierite 
and the transformation of IX-= cordierite, respectively, 
by XRD. As the amount of B 2 0  3 increased, the ex- 
othermic peak at 932 ~ due to the crystallization of 
Ix-phase shifted to higher temperatures and the peak 

Designation Preparation composition a (mol %) 

B203 MgO AI203 SiO 2 

ICP analysis, B20 3 (mol %) Yield b B20 3 (%) 

B-0 - 22.2 22.2 55.6 
B-0.3 0.5 22.1 22.1 55.3 
B-0.6 1.0 22.0 22.0 55.0 
B-1.5 2.5 21.7 21.7 54.2 
B-3.0 5.0 21.1 21.1 52.8 

0.27 + 0.01 54.3 
0.57 + 0.01 57.4 
1.46 + 0.05 58.4 
2.93 + 0.03 58.7 

a M g O / A I 2 0 3 / S i 0 2  = 2/2/5 (mole ratio). 
b Yield = BzO3(icP)/B203(preparation). 
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Figure 1 Scanning electron micrograph of B203-doped cordierite 
gel powder (B-I.5). 
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Figure 2 DTA curves of undoped and B203-doped cordierite gel 
powders. Numerals indicate the temperatures of the maxima of the 
DTA peaks. 

height decreased. Concurrently, the other exothermic 
peak at 1040~ due to the transformation to the 
cz-phase shifted to lower temperatures. For high con- 
centrations of doping (B-1.5 and B-3.0), only a single 
peak was observed at 969 ~ 

Figs 3 and 4 show the XRD patterns of the sintered 
bodies obtained from undoped (B-0) and B203-doped 
(B-1.5) powders, respectively. The B-0 remained 
amorphous  up to 850 ~ crystallized to ~t-cordierite at 
900~ for 1 h, and transformed into single phase 
~-cordierite by firing at 1050~ for 1 h. B-1.5 also 
remained amorphous at 850 ~ for 1 h. When fired at 
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Figure 3 X-ray diffraction patterns of undoped samples (B-0) fired 
at different temperatures for 1 h: (�9 ~-cordierite, (A) p-cordierite, 
(,) cellophane tape used to fix sample to XRD holder. 
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Figure 4 X-ray diffraction patterns of B203-doped samples (B-1.5) 
fired at different temperatures for l h. (�9 ~-cordierite, (A) 
~t-cordierite. 

900 ~ for 1 h, however, the dominant phase formed in 
B-1.5 sample was cz-cordierite and only a trace of 
~t-cordierite was observed. On firing at 950 ~ for 1 h, 
B-1.5 had crystallized to almost single phase c~-cor- 
dierite. Thus the doping of 1.5 tool % B20 3 lowered 
the crystallization temperature of cz-cordierite from 
1050 ~ to 950 ~ In all cases, no other phases such as 
spinel or SiO2-rich p-quartz solid solution, were detec- 
ted by XRD. 
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Fig. 5 shows the change in XRD patterns for un- 
doped and doped samples fired at 950 ~ for different 
holding times. With increasing B20 3 content, the 
crystallization of g-cordierite was retarded, while that 
of ~-cordierite was accelerated. This trend is con- 
sistent with the DTA result. It is noteworthy that 
BzO3-doping showed opposing effects (i.e. negative 
and positive) on the crystallization of g- and ~-cor- 
dierite. The crystallization behaviour of B-1.5 was 
considerably different from that of undoped powder 
(B-0). The crystallization of B-0 was consistent with 
the previous reports [5-11]; ~-cordierite phase ap- 
peared via p-cordierite phase. However, B-1.5 

Figure 5 X-ray diffraction patterns of undoped and B203-doped 
samples fired at 950~ for (a) Oh, (b) 0.5h, and (c) lh. (�9 
~-cordierite, ( � 9  p_-cordierite. 

mained amorphous up to 0.5h, where a trace of 
c~-cordierite was observed, and crystallized to almost 
single phase c~-cordierite at 1 h. It appears from this 
that a high concentration of B203-doping (e.g. 
1.5 mol%) promotes the direct formation of the 
c~-cordierite from the amorphous state. 

3 . 3 .  Densif ication 
In our previous study [17], heating rate was found to 
influence the densification of the alkoxide-derived cor- 
dierite powder; a low heating rate (I~ min -1) 
allowed the densification to proceed completely prior 
to crystallization. Thus the low heating rate of 
1 ~ min- t was chosen in all cases in this study. 

Fig. 6 shows the apparent densities of sintered 
bodies as a function of sintering temperature. The 
densities considerably depended on the sintering tem- 
peratures. The density variations were mainly due to 
the differences in crystalline phases formed in the 
sintered bodies. For undoped powder, high densities 
of the samples fired at 900 or 950 ~ were due to the 
higher density g-cordierite phase. At the sintering 
temperatures of 1050 ~ or above, the undoped sam- 
ples transformed to ~-cordierite and the densities were 
close to the theoretical value of c~-cordierite 
(2.512 g cm-3). 

B203-doped powders (i.e. B-1.5 or B-3.0) appeared 
to be fully densified on firing at 850~ for 1 h. The 
densification temperatures for these samples were 
50 ~ lower than that of the undoped powder, which is 
consistent with well-known effect of BzO3; BzO 3 addi- 
tions to silicate gels reduce the temperatures required 
for viscous sintering [19]. B-1.5 and B-3.0 samples 
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Figure 6 Apparent densities of(O) undoped and (z S) B-1.5 and (O) 
B-3.0 samples as a function of sintering temperature. ( - - )  Theoret- 
ical density of ~-cordierite. 

fired at 900~ were amorphous and showed high 
densities, compared with that of ~-cordierite. The 
density decreased with increasing sintering temper- 
ature, owing to the crystallization to the lower density 
~-cordierite phase. When fired at 950-1050~ the 
density almost reached the theoretical value. These 
sintered bodies had dense microstructure, as shown in 
Fig. 7a, where only very fine pores ( < 0.1 gm) are 
observed. 

At sintering temperatures of 1100 ~ or above, how- 
ever, the density considerably decreased to the values 
lower than that of cz-cordierite. For these samples, a 
glassy layer on the surfaces was observed with the 
naked eyes. The scanning electron micrograph of the 
fracture surface (Fig. 7b) shows many large pores 
( > llam), which lead to the low densities. On firing at 
temperatures exceeding l l00~ B20 a component 
could be excluded to the grain boundary, owing to the 
complete crystallization of cz-cordierite, and the B20 a- 
rich glassy phase with low viscosity could ooze out on 
to the surface, leaving large internal pores. Thus the 
optimum sintering temperatures for B-1.5 and B-3.0 
were found to lie in the range 950-1050 ~ 

3 .4 .  M e c h a n i c a l  p r o p e r t y  

Fig. 8 shows the flexural strengths of undoped and 
doped samples fired at different temperatures for 1 h. 
The undoped samples fired at 900~ consisting of 
la-cordierite, showed the average fracture strength of 
160 MPa. However, once the undoped samples were 
fired at temperatures exceeding 900 ~ the strengths 
rapidly decreased to about 30 MPa, owing to g-~z 
transformation. Microcracking had occurred in these 
samples exclusively, because the la ~ transformation 
caused a sudden volume expansion and formed high 
stress [14, 15]. 

For powders doped with B20 3 (B-1.5 and B-3.0), no 
microcracks were observed in the sintered samples, 
although they had crystallized to cz-cordierite. B-1.5 or 
B-3.0 samples fired at 950-1050 ~ showed high flex- 

Figure 7 Scanning electron micrographs of fracture surfaces of 
BzOa-doped samples (B-1.5) fired at (a) 1000 ~ and (b) 1150 ~ for 
lh. 
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Figure 8 Flexural strengths of(A) undoped and (~) B-I.5 and (�9 
B-3.0 samples as a function of sintering temperature. 

ural strengths ranging from 160-190 MPa. The high 
strength was probably due to the crack-free dense 
microstructure with only small defects (see Fig. 7a). 
When fired at 1100 ~ or above, however, the strength 
decreased. This was most likely due to the poor 
microstructure with large defects of > l  gin (see 
Fig. 7b). 

In this study, the doping of B)O 3 has been demon- 
strated as leading to the successful prevention of 
microcracking in ~-cordierite ceramics. This could be 
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attributed to the modification of crystallization 
characteristics by the BzO3-doping. A major differ- 
ence was observed in the crystallization characteristics 
between undoped and BzO3-doped powders. For the 
undoped powder, ~-cordierite appeared from the 
crystalline matrix consisting of la-eordierite. Because 
the crystalline matrix does not allow stress relief, the 
sudden increase in volume due to the It-a trans: 
formation leads to the development of severe micro- 
cracks. For BzO3-doped powders, the doping 
appeared to stabilize the amorphous state, and pro- 
moted the direct formation of the ~-cordierite from the 
amorphous state. Thus the volume change due to the 
g-~ transformation could be avoided. For the B203- 
doped powders, the crystallization of ~-cordierite pos- 
sibly causes another volume change, because the dens- 
ity of the amorphous state was higher than that of 
~-cordierite (see Fig. 6). However, this volume change 
occurs in the amorphous matrix, not from the crystal- 
line matrix as for undoped powder. The amorphous 
matrix could be very viscous. Thus plastic flow of the 
matrix could be sufficient to relax the stress, and does 
not cause the high stresses leading to cracking. 

Among the dopants explored in our laboratory 
(including ZrO 2 [18], TiO2, and P205), B20 a was the 
only effective dopant which modified the crystalliza- 
tion of cordierite gel powder. The effect of B203- 
doping was specific, and considerably different from 
that of the other dopants. It should be investigated 
further why and how onlyBzO3 promotes the direct 
formation of ~-cordierite. 

4. C o n c l u s i o n  
B 2 0  3 w a s  found to be the specific dopant which 
promoted the direct formation of ~-cordierite from the 
amorphous state. The BzO3-doping in a cordierite gel 
powder showed opposing effects (i.e. negative and 
positive) on the crystallization of It- and ~-cordierite, 
respectively, and promoted the direct formation of the 
m-phase for high concentrations of doping (e.g. 
1.5 mol %). The crystallization characteristics modi- 
fied by B203-doping led to the successful prevention 
of the microcracking due to the It-~ cordierite trans- 
formation. The sintered bodies showed a dense micro- 
structure, and the flexural strength reached 190 MPa. 
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