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Microhardness Anisotropy and the Indentation 
LoadlSize Effect in Mg0-xA1203 Single Crystals 

Hong Li*, Hisayuki Suematsu**, Takayoshi Iseki** and Richard C. Bradt* 
*Mackay School of Mines, University of Nevada-Reno 

Reno, Nevada 89557-0017, U.S.A. 
**Department of Inorganic Materials, Tokyo Institute of Technology 

0-okayama, Meguro-ku, Tokyo, 152 Japan 

The Knoop microhardness profiles were determined on 
the (100) of Mg0.1AI2O3 and Mg0.3AI2O3 single crystals. 
The ~ 1 0 0 s  were the hardness maxima and the <110> the 
hardness minima for both compositions. The non- 
stoichiometric spinel was the most anisotropic, but the 
stoichiometric Mg01.AI2O3 crystal had the larger load- 
independent "true" hardness for all indentation orienta- 
tions on the (100). The hardness profiles were found to 
be dominated by the {111)<1TO> primary slip systems 
from comparison with the calculated ERSS diagrams for 
the crystals, although differences in the profile shapes 
were evident. The nonstoichiometric spinel exhibited the 
greater indentation loadlsize effect in terms of the 
Meyer's Law exponent. 
[Received May 7, 1991; Accepted July 18, 19911 

Key-words: Spinel, Meyer's law, Hardness anisotropy, 
Microindentation, Stoichiometry 

1. Introduction 

Deformation processes relating to dislocation motion and 
the active slip systems of Mg0.xAl2O3 spinel single crys- 
tals" have been extensively studied for several decades. 
Following Homstra's prediction" of the (111]<1TO> pri- 
mary slip system in stoichiometric spinel (MgO,lA1203), 
Choi et a12' studied the high temperature deformation 
(1600°C) of polycrystalline stoichiometric Mg-Al spinel and 
confirmed that the { I l l  ]<IT@ slip system was active. Sin- 
gle crystal spinel was subsequently studied by ~ e w i s ~ '  at 
high temperatures (13WC to 1520'C) in one of the first 
reports on the effect of stoichiometry on the deformation. 
Lewis reported that the slip system in nonstroichiometric 
spinel (Mg0.xA1203, x=1.5, 2.5 and 3.5) is the 
[llO)<lTO>. For the x=3.5 spinel, he also observed the 
11 11 )<IT@, but considered that it was because of the high 
ratio of resolved shear stress ( ~ ~ ~ ~ / ~ ~ ~ ~ = 1 . 5 ) ,  which resulted 
from the oriented test s ecimens. g, Newey and Radford also studied the high temperature 
deformation of the Mg-A1 spinels (x=l, 2 and 3). They 
reported the {111)<1TO> slip system for both the 
Mg0.1A1203 and the Mg0.3&03 spinels, but that the 
(1  10)<1TO> was dominant for the Mg0.2A1203. Doukhan 
 eta^.'^' addressed the creep behavior of MgO.xAl203 (x=l. 1 
and 1.8) spinel single crystals at 1520'C. They confirmed 

the { I l l  ]<lTO> slip system for the x=l . l  Mg-Al spinel, but 
also observed the (110) slip system for the x=l.l M g - a  
spinel, but also observed the (110)n for the ~ 1 . 8  Mg-Al 
spinel. Donlon et a ~ . ~ '  reported disloction dissociation on 
the { l l l )  slip system for the nonstoichiometric 
(MgO. 3.5A1203) spinel at 15WC, which confums the pre- 
vious report by Newey and Radford. Heuer, Mitchell and 

have also studied the high temperature defor- 
mation of spinel between 1790' and 1895'C. The 
{I  1 l )<lf@ slip system was confirmed for the stoichimet- 
ric Mg-A1 spinel single crystals and the ( 110)<1TO> for the 
nonstroichiometric Mg-Al spinel single crystals. Recently, 
Suematsu et a~.'~."' studied nonstoichiomeric (MgO. 
2.9A1203) single crystal spinel at temperatures between 
1100' and 150072, where dislocation processes were ob- 
served to be those of the (llO)<lTO> slip system. The 
effect of the spinel stoichimetry on the stacking fault en- 
ergy has been addressed in considerable detail by Welsch et 
al.,12' who suggest that the stacking fault energy of 
MgO.xAI2O3 decreases as the composition ratio, x, in- 
creases. Duclos et al.'" have studied the effect of stoichi- 
ometry on the creep of Mg0.xA1203 (x=l.l, 1.8 and 3) 
spinels and concluded that the ease of glide on the 
{ 110)<1TO> slip plane of the nonstoichiometric spinel is the 
result of the high intrinsic mobility of the dislocations. 

Studies addressing the hardness of Mg0.xA1203 single 
crystal spinels do not appear to be as numerous as those for 
the slip systems. Mineralogy texts usually report a Moh's 
hardness of about 8j4'. In their summary, Young and Mill- 
man15' have reported that the Vickers microhardness varies 
from 1378 to 1505 kg/mm2 on the (111) plane of spinel 
single crystals, while Akimune and Bradt16' reported a 
Knoop microhardness of 1508kg/mm2 on the (1 11). 
Viechnicki et al."' have studied precipitation effects on the 
K n o o ~  microhardness of nearlv stoichiometric ME-Al s~ ine l  - * 

single crystals. They reported l00g test load Knoop micro- 
hardness values of 1820kg/mm2 in the <loo> directions, but 
only 1690kg/mm2 in the <110> on the (100). The difference 
between these hardnesses is about 8%. Bansal and ~euer"' 
measured the Knoop microhardnesses in the <100>and the 
<110> on the (100) plane during precipitation in 
Mg0.3.5A1203 spinel single crystals. They observed that 
the <100> is consistently harder than the 4 1 0 ,  by about 
lo%, although the actual microhardnesses fluctuated during 
the precipitation process. Only Akimune and Bradt16' have 
specifically addressed the Knoop microhardness anisotropy 
of stoichiometric (Mg01A1203) spinel single crystals, mea- 
suring both the (100) and the (111) planes. Their results 

'1 In some of the literature, the nonstoichiomeuic spinesls are specified 
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Fig. 1. The Knoop microhardness profiles of the single crystals on their (100) planes: (a) Mg0.1AI20, and (b) Mg0,3AIG, 

indicate that the mcirohardness is highly anisotropic on the 
(100), but essentially isotropic on the (111) plane. The trend . 

that the <loo> is harder than the <110> on the (100) plane, 
about 1800 to 1500 kg/mm2, is consistent with the other 
spinel micmhardnesses that have been reported by 
Viechnicki et all7' and Bansal and ~euer."' zinkleI9) re- 
cently studied the effect of ion-implantation on the hardness 
of polycrystalline Mg01A1203 spinel and observed that the 
hardness of the irradiated spinels increases about 5%. This 
increase in hardness by ion-implantation is addressed in 
terms of the creation of interstitial dislocation loops, which 
were observed to be of the {111}<1TO> and the 
(110]<1TO> types. 

In spite of these numerous studies of Mg-A1 spinels, there 
has not been a systematic investigations of the influence of 
the stoichiometry of Mg-AI spinels on either their hardness 
or their hardness anisotropy. Neither has there been a study 
of the indentation loadlsize effect, the ISE, on the micm- 
hardness or the microhardness anisotropy of spinel. This 
paper reports a study of these phenomena. The stoichiom- 
etry effect on the mcirohardness and the related anisotropy 
pmfiles of Mg-A1 spinel single crystals were determined on 
the (100) planes of high purity synthetic stoichiometric 
(Mg0.1A1203) and nonstoichiometric (MgO.3Al2O3) single 
crystals. The indentation load/size effect on the microhard- 
ness of these crystals is considered in terms of both the 
classical Meyer's L,awZ0' and a normalized form of Meyer's 
Law which has been pmposed by Li and ~ r a d t . ~ "  

2. Experimental Procedure 

According to the earlier study of Akimune and ~ r a d t , ' ~ '  
the Knoop microhardness anisotropy of Mg-A1 spinel is 
significant on the (100); however, on the (111) plane the 
mcirohardness is essentially isotropic. Therefore, in this 
study, only the Knoop microhardnesses on the (100) of the 
crystals have been addressed. Single crystals of MgO. 
1 ~ 1 ~ 0 3 ' ~  and ~ g 0 . 3 ~ 1 ~ 0 , "  were obtained from commercial 

sources. Previous to the specimen mounting, both surfaces 
and the <100> crystallographic orientations of specimens 
were confirmed by X-ray diffraction. Then each specimen 
was mounted using the cold mounting method with a mix- 
ture of epoxy powder and hardener. Subsequent polishing 
was carried out by using 15, 5, 3, 1 and finally 0.25 Irn 
diamond pastes to achieve scratch free, mirror-like surfaces 
for the Knoop indentation microhardness measurements. 

Using a Shimadzu microindenter, Knoop microhardness 
measurements were made at room temperature for indenta- 
tion test loads of 50, 100, 200 and 300g at an indentation 
rate of 0.017 mm/s for a dwell time of 15s. The crystallo- 
graphic orientations which were measured on the (100) 
planes were from the [OOl] through the [Oll] to the [OlO]. 
where the [hkl] is parallel to the long axis of the Knoop 
indenter. Cracks occasionally initiated fmm the indentation 
corners for test loads above 300g, thus not allowing for 
accurate hardness measurements above that level of test 
load. In the microindentation hardness test, the long diag- 
onal of the Knmp impression was measured immediately 
after the indentation. The Knoop hardness number (KHN) 
at each load level was calculated from the long diagonal of 
the indentation by applying: 

14229 pO(g/mm~) . KHN = - 
d2 

. . . . . . . . 

where P is the indentation test load (in grams) and d is the 
long diagonal of the Knoop indentation (in micrometers). 
The Knoop microhardness values are reported as the aver- 
ages for 25 individual indentations at each orientation and 
test load. The 95% confidence intervals are reported as 
determined by applying the "t" distribution for the 
hardnesses and all subsequent parameters derived from the 
analysis and the graphical presentation. 

*2 Union Carbide COT; San Diego, CA, USA 
*3 Shinko Co., Tokyo. Japan 
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3. Results and Discussion 

3.1. Knoop Microhardness Anisotropy 
The (100) plane Knoop mcirohardness profiles for the 

Mg0.1A1203 and Mg0.3AI2O3 single crystals are depicted 
in Figs.(la) and (lb), respectively. The error-bars on the 
50g results are the largest 95% confidence intervals for the 
data. The apparent microhardnesses of these two spinel 
single crystals are similar, ranging from about 1200 to 2000 
kg/mm2, dependent on the test load. In terms of the familiar 
Moh's scale, this is between about 7.6 and 8.3, which com- 
pares favorably to the value of 8 that has been reported.14' 
For both of these Mg-A1 spinels, the mcirohardness profiles 
on the (100) plane exhibit hardness maxima in the <100> 
and a minima in the <110>. This general microhardness 
profile is in agreement with the previous results of Akimune 
and Bradt on the (100) of stoichiometric ~ ~ 0 . 1 ~ 1 ~ 0 ~ . ~ ~ '  It 
is also similar to the result of Ito on the (100) of MnFeO,, 
which also has the spinel structurez2' and that of Dekker and 
RieckZ3' for the (100) plane of a Mn1,,3All.l104 spinel single 
crystal. 

Table 1 summarizes parameters descriptive of the Knoop 
microhardness anisotropy of these spinel single crystals. 
The hardness anisotropy can be defmed in terms of either 
the simple ratio of H A * ,  or in terms of the hardness 
difference as (H--H,,)/(H~~H~,,)~". Although these def- 
initions as applied to the Knoop microhardness anisotropy 
are slightly different, it is evident that both yield similar 
trends and the same conclusions, namely that the extent of 
the Knoop microhardness anisotropy of the stoichiometric 
(Mg0. 1A1203) spinel is less than that of the nonstoichiomet- 
ric (Mg0.3AI2O3) spinel and also that the extent or degree 
of microhardness anisotropy appears to decrease as the in- 
dentation test load increases for both crystals. These fea- 
tures are presented in Fig.2 where the Knoop microhardness 
anisotropy is observed to decrease with increasing indenta- 
tion test load. Comparing these two Knoop microhardness 
anisotropy profiles with the one reported by Akimune and 
~rad t , '~ '  they are in good agreement. The Knoop micro- 
hardness anisotropy reported in their study was about 20% 
between the <100> and the <110> orientations, which is 
about the same as illustrated in Fig.2 for these two spinel 
crystals. 

The representation of the microhardness anisotropy in 
Fig2 suggests a possible relationship between the degree or 
extent of this anisotropy and the microhardness indentation 
test load. The form of the anisotropy versus the test load 
closely resembles the typical hardness versus indentation 
test load (or indentation size) trend. This suggests that there 
may exist some fundamental relationship between the 
microindentation hardness profdes and the indentation test 
load/size effect, the ISE. However, the details of that rela- 
tionship are beyond the scope of this paper and will be 
addressed in a subsequent study. 

It is apparent that there exist differences as well as sim- 
ilarities in the microhardness anisotropy profiles and the 
Knoop microhardnesses between these two different stoichi- 
ometry spinel single crystals. Any similarity must be cer- 
tainly related to the crystal structure, as the same chemical 
species and chemical bonding are present in both crystals. 
However, the microhardness profiles of these two Mg-A1 
spinels are distinctly different. The stoichiometric spinel 
profile exhibits a central depression and well-defined pla- 
teau-like regions towards the <100> directions. This effect 

is accented with increasing microindentation test load, 
whereas no plateau-like regions exist for the non- 
stoichiometric crystal, which exhibits a smooth parabolic 
profile. This difference can be further considered through 
the concept of the effective resolved shear stress (ERSS), as 
has been advanced by Brookes and  coworker^?^' 

The primary slip system for the stoichiometric 
(Mg0.1A1203) spinel has been confirmed to be the 
{ 111)<1TO> by many studies as previously reviewed. For 
non-stoichiometric (Mg0.xA1203, x>l spinel, the operative 
slip system has been reported to be the ( 110) <lTO>. How- 
ever, there exists some controversy as to whether the 
{111)<1TO> slip system is also operative for the non- 
stoichiometric Mg-A1 spinels and to what extent it partici- 
pates in the deformation. 

ltom has measured the Knoop microhardness profile of 
Mn-Zn ferrite spinel single crystals on the (loo), as well as 
on the (110) and the (210) planes. On the (100) plane of 
the MnFeO,, Ito's Knoop microhardness profile is very 
similar to that reported for the nonstoichiometric spinel in 
this study. He concluded that both the { 11 1 )<IT@ and the 
{llO)<IT@ slip systems were responsible for the micro- 
hardness profile of MnFe204. Dekker and RieckZ3' have 
studied the Vickers microhardnesses of various spinel single 
crystals. On the (100) of a Mnl.8~11,1104 single crystal, 
they observed that the <lo@ dictions are harder than the 
<110> directions, which compares favorably with the hard- 
ness anisotropies for the Mg-A1 spinels in this study and 
Mn-Zn ferrite spinels measured by 1to.2" However, they 
used the Vickers indenter which creates a much deeper im- 
pression than the Knoop indenter at comparable indentation 
test loads. This requires that more material flow out of the 

Table 1. Knoop Microhardness Anisotropy of the MgO.x.4120, 
Single Crystals on the (100). 

Microindamlm 
Tsrt Lad (g) 

Indentalvan test load. P (go . 
Fig. 2. Effect of the indentation test load on the microhardness 
anisompy of spinel single crystals on the (100). 
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impression and probably promotes extensive slip on second- 
ary and perhaps even tertiary slip systems, nevertheless the 
orientation of the profile is similar. 

For the basis of discussion, it is logical to attempt to 
apply the ERSS concept as advanced by Brookes and co- 
workers under the assumptions that the ( 111]<1TO> is the 
dominant slip system for the stoichiometric Mg0.1AI2O3 
spinel, while the {lll]<lTO> and the {110]<1TO> may both 
contribute significantly to the anisotropy of the non- 
stoichiometric spinel. The ERSS diagrams can be readily 
constructed for the Knoop indentations on the (100) planes. 
Detailed information on ERSS calculations has been intro- 
duced by Brookes et al.?' and is not included here. The 
interested reader should refer to his original paper. For the 
ERSS calculations, each individual ERSS line is first calcu- 
lated, then the resultant ERSS diagram is constructed by a 
summation of the most dominant ERSS curves (dotted 
lines), those which have the highest magnitude ERSS within 
the region from the [001] to the [010] on the (100) plane. 
The microhardness profile is then expected to be the inverse 
of the ERSS diagram, if those slip systems dominate the 
microhardness. 

Figure (3a) presents the resulting ERSS diagram for the 
(111]<1TO> primary slip system, while Fig.(3b) illustrates 
the ERSS diagram for the { 1 lO)<lTO> primary slip system. 
These two ERSS diagrams are essentially the opposite, that 
is 45' out of phase. As the ERSS diagram is inversely 
related to the microhardness anisotropy profile, a compari- 
son of Fig.3 with Fig.1 clearly establishes that it is the 
{111]<1TO> primary slip system which dominates the de- 
formation processes which determine the microhardness 
profiles for both of these Mg0.xA1203 (x=l, 3) spinel single 
crystals. However, further discussion is appropriate. 

Figs.(3a) and (la) can be directly compared. In the cal- 
culated ERSS diagram of Fig.(3a) for the (llI]<lTO>, it is 
apparent that there are three distinct regions. A central high 
ERSS region extends over about 30' and is flanked by two 
lower ERSS symmetrical regions extending about 30' from 
the < l o b  toward the [Oll]. This is practically the exact 
inverse of the Knoop microhardness anisotropy in Fig.(la), 
which also exhibits three distinct regions. Thus it must be 
concluded that the microhardness profile of the stoichiomet- 
ric Mg0.1Al2O3 spinel on the (100) is determined primarily 
by the {111)<1TO> slip system. This is in agreement with 

Angle from (0011 on Ihe (100) 

Homstra's original prediction" and the experimental obser- 
vations of Choi et al.?' Newey and  adf ford,^' Doukhan et 
al.56' and Mitchell et aL8' The form of the microhardness 
profile for the stoichiometric MgOlA1203 spinel follows the 
behavior predicted by the ERSS diagram for the 
{ 111 ]<lTO> primary slip systems. 

However, the microhardness profile of the nonstoi 
chiometric M@3Al2O3 spinel presents some contradic- 
tions, or at least is not as clear in origin as that for the 
stoichiometric single crystal. Whereas several reseachers4. 
6.9,13' have reported the {110]<1TO> to be the primary slip 
system in nonstoichiometric spinel, particularly for defor- 
mation at elevated temperatures, the calculated ERSS dia- 
gram for that slip system yields the incorrect maxima and 
minima for the experimenttally observed microhardness 
pmfile. From the results of this study, it must be concluded 
that the {11O]<lTO> does not dominate the microhardness 
profile of Mg0.3A1203 on the (100). Rather, the microhard- 
ness profile for the nonstoichiometric crystal is in agreement 
with that predicted for the (111)<1TO> slip system domi- 
nance the same as for the stoichiometric crystal. The origin 
of the dominance of the ( 11 1 ]<lTO> slip system is not clear, 
it may be related to the highly compressive stress state be- 
neath the indenter or to the fact that the deformation was 
introduced at room temperature. 

Although the overall microhardness profile for the 
Mg0.3AI2O3 crystal on the (100) generally ascribes to the 
form predicted for the {111]<1TO> primary slip system, if 
Figs.(la) and (lb) are compared, there is no doubt that the 
nonstoichiometric crystal has a different shape to its micro- 
hardness profile. The plateau-like regions of the stoichio- 
metric MgO~lA120S spinel are not present and there is no 
evidence for three separate regions of microhardness behav- 
ior on the (100) of the Mg0.3A1203 single crystal. rather 
the profile appears to be quite smooth and parabolic in form. 

It the specific microhardnesses are considered for these 
two spinel single crystals, then it becomes evident that the 
nonstoichiometric crystal becomes harder for those orienta- 
tions which are near to the <loo>. This is precisely the 
orientation where the ERSS diagram for the {110]<1TO> 
predicts the highest resolved shear stress or the greatest 
propensity for slip on the (110)<1TO>. This suggests that 
it should be the lowest hardness when the {110]<1TO> slip 
system is dominant. However, that slip system is not dom- 

(b) 
Sllp System: (110)<1~0> 

. . 

Angle from [001] on the (100) 

Fig. 3. The calculated ERSS diagrams for (a) the [ 111 )<lTO> and @) tl te [110)<1TO> slip systems. 
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inant during the indentation measurements, yet it might be 
active. One possible situation that allows for the 
{110]<lTO> slip and increased hardness is that for those 
orientations near to the <100> in the Mg0.3Alz03 crystal, 
both the ( 111 ) and { 110) slip systems are active. Research- 
ers have observed the presence of multiple slip near to in- 
dentations''' and Ito has done so for the spinel structure. If 
the two slip systems were simultaneously active, perhaps 
there would occur much greater work hardening near to the 
<loo> orientations, thus leading to the higher harderness 
which are observed in the Mg0.3&0, and are evident in 
Fig.(lb). 

3.2. The Indentation LoadISize Effect, Meyer's Law 
Addressing the Knoop microhardness values as presented 

in Fies.(la) and (lb) at each level of individual indentation - . .  . .  
test load, there is not any absolute way in which to distin- 
guish as to which of the two crystals is consistently the 
harder. For exam~le. excevt for the <100> directions. the 
stoichiometric (~ 'g0:1Al~0,)  spinel generally appears to 
harder than the nonstoichiometric (Mg0,3A1,03) spinel. To 
clearly distinguish the microhardness difference between the 
crystals, it is constructive to analyze the load dependence of 
the hardness behavior of the two crystals. Many microhard- 
ness ~tudies""~' have shown that Meyer's Law: 

P=Ad" . . . . . . . . . . . . . . . . . . . . . .  (2) 

can be generally applied to describe the indentation 
lods ize  effect for a variety of materials and single crystals, 

the experimental data as the linear regression coefficients 
(2) of the plots all exceed 0.99. It is also apparent that the 
Meyer's Law exponent, or the n-value, is different for the 
[001] and the [Oll] as the n-value for the former is less than 
that of the latter for both of these spinel single crystals. 
Table 2 summarizes the two Meyer's Law parameters, the 
A-values and the n-values, for these two spinel single crys- 
tals. Note that the [001] and [OlO] Meyer's Law paramem 
are identical in each crystal and that the results are symmet- 
rical about the [001] for each. It appears that there may 
exist some fundamental relationship between these two 
Meyer's Law parameters as the A-value appears to be in- 
versely related to the n-value. This observation is con- 
firmed in Fig.5, which has an rZ of 0.92 for the linear 
regression analysis. This figure illustrates that the same n-A 
relationship exists for both the stoichiometric and the non- 
stoichiometric spinel single crystals, although the stoichio- 
metric spinel exhibits larger n-vaues than the nonstoi 
chiometric crystal. Secondly, for A=O, the n-value extrapo- 
lates to 2.03f0.04, which confirms the applicability of 
Meyer's Law to these hardness results. 

Considering the Meyer's Law behavior, the n-values of 
these two spinels are significantly different. Those for the 
stoichiometric spinel are consistently larger than those for 
the nonstoichiometric spinel, revealing that the indentation 
loadlsize effect is not the same for these two single crystal 
spinels. Since n=2 is indicative of an indentation load/size 
independent condition, it is logical that the greater the de- 

both metals and ceramics,~as well as for different indenter 
Table 2. Meyer,s Law of the Mg0,xAlz03 Single 

geometries (Knoop, Vickers and Brinell). In eq.(2), P and 
d have their original meanings as in eq.(l), while A and n C'YS*S On the (100)' 

8 

are descriptive parameters. The conventional Meyer's Law (IW)[-I A&,,,,,=.) A & U ~  a 

of eq.(2) can be expressed in the logarithmic form as: 

. . . . . . . . . . . . .  log P=log A + nlog d (3) 

Applying eq.(3) to the hardness results depicted in Figs.(la) 
and (lb), the indentation loadlsize effect can be directly 
addressed for these crystals. 

Figure 4 illustrates the Meyer's Law relationship on the 
(100) plane for the two Mg-AI spinels. Four orientations 
from the [001] to the [Oll] at 15' intervals are presented. It 
is evident that the Meyer's Law relationship is followed by 

//// ((a M90.1AI103 i t 

Meyer's Law coehicient. A 
log d log d 

Fig. 4 Fig. 5 

Fig. 4. The classical Meyer's Law relationship on the (100) of the MgO.lAlz0, (a) and the Mg0.3Alz03 (b) spinel single crystals. 
Fig. 5. The relationship of the classical Meyer's Law parameters A and n for the spinel single crystals. 



Li, H. et al. Journal of the Ceramic Socieiy ojJapan, Int. Edition Vol. 99-1043 

viation of the n-value from two, the greater is the indenta- 
tion loadlsize effect. Hence these results reveal that the 
stoichiometric Mg0.1Al2O3 spinel single crystal experi- 
ences less of an indentation loadlsize effect during 
microindentation hardness testing than does the non- 
stoichiometric Mg0.3Al2O3 spinel single crystal. 

33. The Indentation LoadlSize Effect, Normalized 
Meyer's Law 

The indentation loadlsize effect has been recently ad- 
dressed for the micmhardness of LaB6 single crystals 
through a normalized form of Meyer's Law by Li and 
~rad t .~" .  They applied the criterion of indentaton hard- 
nesslload independence, which is defined by a variation of 
hardness (H) with respect to a change of indentation test 
load (P )  equal to zero, as: 

to derive a normalized form of Meyer's Law, which is: 

where PC is the critical indentation test load beyond which 
the indentation load/size effect is diminished, and a!,, is a 
characteristic indentation size related to PC. According to 
other studies of the normalized form of Meyer's Law ap- 
plied to different single crystals, including LaB6"', TiOZz9) 
and SIIO~~", the Meyer's Law exponents or the n-values 
determined for experimental results analyzed by eq.(5) are 
identical to those for the classical Meyer's Law of eq.(2). 
The normalized form of Meyer's Law does, however, solve 
the dimensionality problem of the A-value and also reveals 
the physical significance of the Meyer's Law through PC and 
do. 

To apply eq.(5) to the analysis of the indentation 
loadtsize effect, PC and a!,, must first be determined from the 
experimental microhardness results. For indentation 
load/size independence, the microhardness can be consid- 
ered as a "true" hardness (Ho). Under this condition, do can 
be related to Ho and calculated fmm: 

where the load-independent "true" hardness can be deter- 
mined from experimental micmhardness results, as de- 
scribed by Lannie31' and Li et al.,"' in the form of: 

where 6 is related to relaxation effects on unloading. 
Figure 6 illustrates the d versus PI" plots for the evalu- 

ation of Ho of the (100) planes for the two spinel single 
crystals. The "true" hardness (Ho) values are obtained from 
the slopes of the linear regression lines. Table 3 summa- 
rizes the resulting "true" hardness values. For the stoichio- 
metric spinel, they range fmm 1180 to 1274 kg/mmz and are 
consistently higher than the values of 1033 to 1145 kg/mmz 
for the nonstoichiometric spinel with respect to all directions 
on the (100) plane. This comparison clearly reveals that the 
stoichiometric spinel is harder than the nonstoichiometric 
spinel structure. Many ~tudies~~"~." '  of plastic deformation 
of Mg-Al spinels at elevated temperatures confirm that the 
stoichiometric spinel is stronger than the nonstoichiometric 
spinels. At room temperature, the above conclusion is sim- 
ilar as revealed by the load-independent "true" hardnesses 
determined in this study. 

Table 3. "True" Hardnesses and Characteristic Indentation 
Sizes of the MgO.xAlz@ Single Crystals on the (100). 

Fig. 6. The "me" hardness plots for the Mg0.1Al~O3 (a) and the Mg0.3A1203 (b) spinel single crystals. 
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The calculated "true" hardnesses can be applied to de- 
termine the characteristic indentation size (do) through 
eq.(6). Table 3 summarizes the characteristic indentation 
sizes, the do-values, for these two spinel single crystals. 
With respect to the average value of d, on the (001) plane, 
that for the stoichiomehic spinel is essentially the same as 
that for the nonstoichiometric spinel: 64.24i2.56 pm versus 
63.81e.55 pm. These calculated do values are comparable 
to the measured indentation sizes at the 300g indentation 
test load for these spinel crystals, which is consistent with 
the observed indentation loadsize effect on the (100) planes 
for these two spinel single crystals. 

According to the calculated "true" hardness and the 
characteristic indentation sizes (the do-values), the critical 
indentation loads (the PC-values) can be determined and 
these are summarized in Table 3. The critical indentation 
loads are anisotropic with respect to indentation orientation 
on the (100). The stoichiomehic Mg0.1A1203 spinel has 
slightly higher PC-values than the nonstoichiomehic 
Mg0.3A1203 spinel. However, for both crystals, the P,=val- 
ues are about 300-400g, at which the indentation loadlsize 
effect is significantly reduced, consistent with the experi- 
mental results. 

Once these characteristic indentation sizes, the Qvalues, 
have been calculated, the normalized Meyer's Law in the 
logarithmic form of eq.(5), which is: 

log P = log (2PJn) + n log(dldo) . . . . . . . (8) 

can be applied to these crystals. Figures (7a) and (7b) 
illushate these relationships of log P versus log(dldo) for the 
stoichiometric spinel and the nonstoichiomehic spinels, re- 
spectively. The slopes of the regression lines yield the nor- 
malized Meyer's Law exponents which are identical to those 
of the classical Meyer's Law. It can be concluded that the 
normalized form of Meyer's Law is consistant with the ex- 
perimental observations that the indentation loadsize effect 
on the microhardness is significant when the indentation 
load is less than the critical indentation load (P,), or the 
indentation size is less than the characteristic indentation 
size (4). The normalized Meyer's Law provides a conve- 
nient way to assess the extent of the indentation loadsize 
effect on the microhardness in terms of the physical prop- 

erties: a critical indentation test load(P,) and a characteris- 
tic indentation size (4). 

Comparing the normalized form of Meyer's Law with the 
classical Meyer's Law, the physical meaning of the classical 
Meyer's Law coefficient (A) can be better understood. It is 
revealed to be related to the critical indentation test load (PC) 
and the characteristic indentation size (do), as well as the 
Meyer's Law exponent, the n-value. This is evident when 
eqs.(2) and (5) are combined, yielding the Meyer's Law 
coefficient (A) expressed as: 

2s 

9.4 

2.2 

I 8  " 

1.6 

This illushates that the A-value is indeed inversely related 
to the n-value as previously discussed and confirmed by the 
results presented in Fig.5. Sargent and Page"' have also 
studied correlations between the A-values and the n-values, 
but for polycrystalline ceramics rather than single crystals. 
They observed that there exists a degree of correlation 
where the n-value appears to be inversely related to the 
ln(A). However, for polycrystalline ceramics, the grain 
boundary effect also directly affects the indentation mea- 
surement results. As a consequence, the A-n relationship is 
not as obvious for polycrystalline specimens, as it is re- 
vealed for the single crystals in this study and illustrated in 
Fig.5. 

As clearly presented by the above discussion, some fea- 
tures of the indentation loadlsize effect on the microhard- 
ness can be quantitatively described by applying the 
normalized form of Meyer's Law. However, the physical 
significance of the Meyer's Law exponent, or the n-value 
remains unresolved even in the normalized form. Although 
the n-value has been defined and confirmed as a parameter 
directly associated with the indentation loadlsize effect:" 
there exists no consistent agreement among many research- 
ers as to its fundamental origin. Some explanations include 
the material resistance pressure dislocation source 
hardenin 26' interaction between the dislocations and the 
surface:'work hardening2" and the elastic recovery ef- 
f e ~ t ? ~ ~ '  It has been substantiated, however, that harder 
materials often experience the more significant indentation 
loadlsize effect in the microindentation hardness test, al- 

. 1 . . . I . . . . .  . (m1ln.l MtOOl . (-151 ".l.astO 01 
A (-2qn-I.Mto01 

. IOllJn-l8SfO.m 

- I:; / (=)w-.3 : 
' . ' I "  

8 
- 0 . 6  - 0 . 1  . 0 . 4  - 0 . 3  . 0 . 2  - 0 . 1  

Fig. 7. The normalized Meyer's Law relationship on the (100) of the MgO.lA1203 (a) and the Mg03Ah0, (b) spinel single crystals. 



Li, H. et al. Journal of the Ceramic Soc :iety of Japan, Int. Edition Vol. 99-1045 

though these two spinels do not follow that trend. Further 
investigation of the Meyer's Law exponent, the n-value, is 
required to gain additional insight of the response of the 
material to the indentation load. 

4. Summary and Conclusions 

The Knoop microhardness profiles were determined on 
the (100) planes of stoichiometric (Mg0.1A&O3) spinel and 
nonstoichiometric (Mg0.3A1203) spinel single crystals for 
indentation test loads from 50 to 300g. The microhardness 
results indicate that the hardnesses of the two Mg-A1 spinel 
single crystals are higNy anisotropic on the (100) planes. 
The extent of the hardness anisotropy for the stoichiometric 
spinel is consistently less than that for the nonstoichiometric 
spinel. Analysis of the indentation load/size effect on the 
extent of the microhardness anisotropy illustrates that the 
latter decreases with an increase of the indentation test load. 
The trend appears to follow a power law, but this phenom- 
enon requires further investigation. 

The Knoop microhardness profiles were compared with 
the calculated ERSS diagrams. The latter were calculated 
with the assumption that the [111J<lTO> slip system is 
dominant for the stoichiometric spinel and yielded good 
agreement with the experimental microhardness profile. As 
the consequence of these analyses, it is suggested that at 
room temperature the Knoop microhardness anisotropy of 
the stoichiometric and the nonstoichiuometric spinel crystals 
are both controlled by the { 11 1 J<ITO> primary slip system. 
The ( llO)<ITO> slip system appears to make only a minor 
contribution, even for the nonstoichiometric spinel and per- 
haps only near the <loo> orientations. 

The indentation loadlsize effect was addressed through 
both the classical Meyer's Law and the normalized form of 
the Meyer's Law. The normalized Meyer's Law was con- 
firmed to be consistent with the classical Meyer's Law 
through the experimental data, as the power law exponents 
or n-values are the same. According to the Meyer's Law 
analysis, the Meyer's Law coefficient (A) is inversely re- 
lated to the Meyer's Law exponent (n) for both of these 
spinel single crystals. The n-values for the stoichiometric 
spinel are consistently higher than those of the non- 
stoichiometric spinel. The calculated critical indentation 
test load (PC) and the characteristic indentation size (do) were 
consistent with the experimental results. The results suggest 
that the Meyer's Law parameters are anisotropic in nature, 
revealing that the indentation load/size effect varies with 
both the spinel stoichiometry and the crystallographic ori- 
entation. 
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Composites with several compositions in TIC-SIC system 
were fabricated by chemical vapor deposition and the 
several properties were measured. T ~ ~ - C V D  conditions 
used  were TiC14-SiC14-C&-HI system, deposition 
temperature of 1350°C and total gas pressure of 60 Torr. 
The Tic-Sic composites with various compositions were 
fabricated by stepwise change in the Ti/(Ti+Si) ratio in 
the feed gas on the basis of thermodynamic calculation 
for the system. The obtained composites were fully dense 
with columnar structure perpendicular to the substrate 
plane and had (220) orientation in parallel thereto. 
Thermal expansion coefficients of the Tic-Sic com- 
posites parallel to substrate ranged from 4.5 to 7.4~10- 
6K-' and Young's modulus perpendicular to the substrate 
ranged from 220 to 467 GPa depending on the composi- 
tion. These measured values agreed with those calcu- 
lated from some rules of mixture in composite. 
[Received January 16, 1991; Accepted July 18, 19911 
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1. Introduction 

In recent years, a reinforcing technique for high tempera- 
ture service structural ceramics such as Sic, Tic, Si3N4, etc. 
with high elastic continuous fibers such as carbon fibers and 
S ic  fibers have udnergone various experiments in order to 
improve fracture toughness and reliability of these ceramics. 
These fiber-reinforced ceramic composites exhibit various 
characteristics depending on the combination of fibers and 
ceramic matrix used, but one of the problems commonly 
involved in these composites is insufficient resistance to 
oxidation. In the case of carbon fibers used for the reinfor- 
cement, this problem is especially unavoidable, therefore, 
oxidation-resistant coatings must be applied on the com- 
posite surface. The oxidation-resistant coating popularly 
applied on high temperature service structural materials is a 
S ic  coating fabricated by chemical vapor deposition process 
(hot CVD process). However, since relatively high deposi- 
tion temperatures of higher than 1200'C are generally re- 
quired, thermal stresses are generated at the boundary 
between the coated S i c  layer and the substrate during cool- 
ing if thermal expansion coefficients of Sic and substrate 
material differ greatly from each other; Exfoliation of 
coated layer and crack generation in coated layer are thus 
caused, resulting in an insufficient oxidatibn resisting effect 
achieved by the coating. 

When thermal expansion coefficient of a substrate differs 

from that of S ic  layer, as above mentioned, a modified 
technique for functionally gradient coating has been 
proposed as an oxidation resistant coating techniques. The 
method in this technique is that the thermal expansion coef- 
ficient of coated layer is arranged equivalent to that of a 
substrate at the boundary with the substrate, and is changed 
continuously to that of Sic toward the external surface of 
the layer, where oxidation resistant characteristics are re- 
quired, so that a coated layer with a high oxidation resis- 
tance can be prepared without causing cracks and fractures 
in the coated layer. In the general case of hot CVD process, 
tensile residual stresses are generated in a coated layer when 
the thermal expansion coefficient of a coated layer is larger 
than that of the substrate, and compressive residual stresses 
are generated in a coated layer when thermal expansion 
coefficient of the coated layer is smaller than that of the 
substrate. Therefore, the modified technique for function- 
ally gradient coating must suit the given conditions. As an 
example of the former case, studiesL2' were carried out on 
the functionally gradient coating in C-Sic system by arrang- 
ing the thermal expansion coefficient of the coated layer 
gradient in the thickness direction in the range of 0 and 
4 . 5 ~ 1 0 - ~ ~ - '  by the hot CVD process on a substrate of carbon 
fiber-reinforced carbon composite (C/C composite). 

In our current study, the authors intended to investigate 
oxidation resistant coating technique on a substrate having 
a larger thermal expansion coefficient than Sic, and chose 
Tic-Sic system ceramics as the functionally gradient coat- 
ing materials. In this investigation, a material design is 
necessary for optimization of the compositional distribution 
as to make the gradient function maximum. In order to 
carry out the material design as required, it is necessary to 
obtain various fundamental data such as tensile strength, 
thermal expansion coefficient, Young's modulus, and so 
forth of the Tic-Sic composites synthesized by the CVD 
process. 

Regrading the study on the synthesis of Tic-Sic com- 
posites by CVD process, Touanen et a~ .~" '  and Stinton et a ~ . ~ '  
carried out thermodynamic equilibrium calculations in 
various raw materials systems. Meanwhile, Goto et a ~ . ~ " ~ '  
and Nick1 et al."' reported that they synthesized Tic-Sic 
composites by CVD process using feed gases of SiC4-TiCh- 
CCL-Hz system, compared the experimental results with the 
thermodynamic calculation results, and examined the tex- 
ture of the composites. Regarding thermal and mechanical 
characteristics of Tic-Sic composites, it was reported that, 
in the case of sintered bodies, bending strength and fracture 
toughness were improved by the addition of Tic to s~c, '~~"' 
while, Woydt et al.13' reported measured results of Young's 
modulus and thermal expansion coefficient of a sintered 
body in composition of 50vol%TiC-50vol%SiC. Regarding 
the characteristics of Tic-Sic composites synthesized by 
CVD process, however, fracture toughness was reported by 
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Goto et al.? but thermal expansion coefficient and Young's 
modulus have not been reported yet. 

In our study, we synthesized TiC-Sic composites by 
CVD process using feed gases of Sic&-TiCL-C&-Hz sys- 
tem and measured Young's modulus and thermal expansion 
coefficient of the composites synthesized. 

2. Thermodynamic Investigation 

Prior to the experiments of the synthesis of TiC-Sic sys- 
tem composites by CVD process, we estimated by a com- 
puter simulation the deposit phases under thermodynamic 
equilibrium from the feed gases of Sic&-Tic&-C6-H2 sys- 
tem under various deposition conditions. In this computer 
simulation, we used a thermodynamic equilibrium calcula- 
tion program (EKVICALC) and a data-base (EKVIBASE), 
both prepared by Svensk Energidata Co. (Sweden). 

A theoretical formula for equilibrium calculation is ex- 
pressed by simultaneous equations of equation (I), which 
concerns formation free energy in a system, and equation 
(2). which concerns material balance in a system.@ When 
total Gibbs' free energy in a CVD reaction system is ex- 
pressed by G ,  a dimensionless quantity of GIRT is expressect 
by equation (1) below. 

Here, XI  is mole number of chemical species i, go is standard 
Gibbs' free energy of chemical species i, R is gas constant, 
T is absolute temperature, P is total pressure, and X is total 
mole number. Meanwhile, g represents gas phase, c solid 
phase, m number of gas phase species, and s number of solid 
phase species. Chemical equilibrium in a system is attained 
when GIRT takes a minimum value under a condition that 
the material balance expressed by equation (2) below is 
satisfied. 

Here, aij is number of element j in chemical species i, and 
bj is total number of element j. 

Table 1 shows the chemical species used in ther- 
modynamic calculation in our experimental system, which 
include 50 kinds of gas phase species, 3 kinds of liquid 
phase ones and 14 kinds of solid phase ones. Goto et aL6' 
used the same raw materials system as we used, and carried 
out equilibrium calculation using chemical species of 49 
kinds of gas phase species and 8 kinds of solid phase 
species. The species they used included Ti3SiC2, which we 
did not use. The difference between the thermodynamic 
calculation results of theirs and ours is assumed to be due 
to the differences of kind and number of data reserved in 
respective data-bases, and it is difficult to simply judge 
which calculation is more accurate. 

Figure 1 shows an equilibrium phase diagram of SiC14- 
Tic&-Ch-H2 system at a coating temperature of 1350'C 
under a pressure of 60Torr in the case that the ratio of total 

flow rate of Sic&, Tic& and CHI in the feed gas against 
total gas flow rate is 1:7, and the ratio of C& gas flow rate 
against Hz gas flow rate (CH4/H2) is in the range of 5.0 to 
53x10". The phases to deposit under thermodynamic equi- 
librium are shown in the figure. When coating temperature 
was increased up to 1550°C in the same conditions of gas 
flow rate and gas pressure, there was no substantial change 
observed in the phase diagram. In order to control the com- 
position of deposited phases of TiC-Sic system as free from 
free carbon, Ti5Si3 and TiSi, we chose a composition line A 
(ClIJ-I, = 5.0 to 5.3~10') in the diagram. 

Goto et a~.~." calculated the thermodynamic equilibrium 
in the condition of CC14/& = 1.7 to 4.6~10'~. which was 
relatively close to our experimental condition of CH4/H2 = 
5.0 to 5.3x1u2, and reported that there were no intermetallic 
compounds such as Ti5Si3 and TiSi formed in the tempera- 
ture range of 1300" and 1600'C. Here, C C m ,  is the con- 
centration ratio of carbon source gas against hydrogen gas 
in the feed gas. This result agreed with ours. However, 
they calculated that free carbon was deposited in addition 
to Tic and S ic  in the case of CC1fi2 = 4.6~10.'. This result 
was different from our calculation result. We assume this 
difference was caused by the difference of carbon source 
gases used. 

3. Experiments 

3.1. Fabrication 
Using a CVD apparatus of external heating type with the 

heating element of carbon electrode, we carried out a coat- 
ing on a substrate of isotropic graphite (grade IG-11, made 
by Toyo Carbon Co.) with dimensions of 25x25x5mm. 

Figure 2 illustrates a schematic diagram of the CVD 

Table I. Chemical species in SiCL-TiCL-Cb-Hz system. 

<Gas spec i e s ,  
Ti Tic1 TiClr Ticla  Tic14 TirCle C1t S i  
S i r  S i l  S i c  SiCz S i d  S i c1  Sic12 Sic19 
SiC1. SiH SiH? SieHo SiHClx SiHzClt SiHaCl 
C CI CI CC1 CClr CClr CCI. CzClr C2Clr 
ClCls CH CHr CH, CHI CIHI CZHI CIHS 
CaH~(propyne) C~H,(propadiene)  C,Hr(propene) 
C~Hs(cyclopropane)  CaHt CHlCl CIHSCI H H2 HCI 

(Liquid species ,  
Ti  TiClr Si  

(Solid species ,  
Ti(a1pha)  T i (be t a )  Tic Tic12 Tic12 TiHt TiSi  
T iS i l  TirSi ,  S i  SiC(a1pha) SiC(beta)  C(diamond) 
C 

Fig. 1. Phase diagram in SiCL-XCL-CbHz system at 13M'C, 
60Torr. 
Hd(SiC4 + TiCL + C b )  = 6 
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apparatus. By fixing the CH, flow rate constant and by 
controlling the flow rates of SiCl, and TiCl, in the feed gas, 
we varied the Ti/(Ti + Si) ratio, which is the concentration 
ratio of chemical species in the feed gas, and had TiC-Sic 
system composites deposited in various thicknesses from 
about 0.2 to 2.0mm on the substrate. The afore-mentioned 
control of flow rates of Sic& and Tic& in feed gas was 
carried out by adjusting the flow rate of carrier gas of HI 
for respective SiC1, and Tic& vapors, which were kept at a 
constant temperature. Hz gas concentration in feed gas was 
controlled nearly constant by introducing the Hz gas from 
an independent supply system. Table 2 shows the CVD 
process conditions for synthesis of TiC-Sic composites 
along the composition line A given in Fig. 1. The thickness 
of deposited layer was determined by optical microscopic 
observation of the cross-section of the layer. The deposited 
phases were identified by X-ray diffraction analysis, the 
composition of the deposited layer was quantitatively deter- 
mined by chemical analysis, and the texture of the deposited 
layer was observed using an optical microscope, a scanning 
electron microscope (SEM) and a transparent electron 
microscope (TEM). 

3.2. Characterization 
Using the specimens of deposited layers after the 

graphite substrates were removed, we measured the density 
by Archimedean method, and measured the thermal expan- 
sion coefficient in parallel direction to the substrate surface 
iq the temperature range from room temperature to 600'C 
using a thermal expansion measurement apparatus by dif- 
ferential transformer method. Concerning the measurement 
of Young's modulus, test specimens were prepared by cut- 
ting the specimens of deposited layers after the substrates 
were removed in a size of lox-lOmm, and by polishing them 
on surfaces parallel to the substrate surface. We measured 

Table 2. The CVD conditions for fabrication of TiC-Sic corn. 

posites. 

point  a b c d e f g  

SiClr ( l /min)  0 . 52  0.31 0.26 0.18 0.14 0.09 0 
T i C m i n  0 0.15 0.18 0.23 0 .32  0 .31  0 . 3 1  
CHI (l/min) 0 . i 5  0 .25 0.25 0.25 0.25 0.25 0.25 
HP (l/min) 4.75-5.04 

Fig. 2. Schematic diagram of the CVD apparatus. (I) gas, 
(2) H2 gas, (3) flowmeter, (4) TiCh reservoir, (5) SiCh reservoir, 
(6) elecmc thermo-bath. (7) CVD furnace. (8) graphite heater, 
(9) thermocouple (10) substrate. (11) pressure regulator, (12) ex- 
haust exchange-valve (13) mrary pump. (14) water pump. 

the propagation velocity of supersonic beam through the 
specimen above prepared in the thickness direction at the 
room temperature using a supersonic pulse, and calculated 
the Young's modulus from the propagation ~elocity.'~' In 
connection to this measurement of Young's modulus, we 
measured the thickness of test specimens at 10 different 
points on the surface using a micrometer. 

When we investigate the coatings of TiC-Sic system 
with gradient composition, we need to know the physical 
properties of the coatings in parallel direction to the sub- 
strate surface. But it was difficult for us to measure Young's 
modulus in this direction, because thin plate-like specimens 
in a maximum thickness of about 2mm only were obtained 
in our experiment. We were therefore obliged to measure 
the Young's modulus in a direction perpendicular to the 
substrate surface. 

As seen in Fig.3, a supersonic beam supplied from a 
supersonic probe propagates through water and is reflected 
by a reflector. When the difference of propagation time 
between the cases that specimen exists and does not exist 
in this passage of supersonic beam is expressed by AT, it is 
expressed by equation (3) below. 

Here, d is thickness of specimen, Vw is propagation velocity 
in water, and V,, is propagation velocity in specimen. When 
density and Poisson's ratio of specimen are respectively 
expressed by p and v, Young's moludus (E) at a constant 
temperature is expressed by equation (4) below. Poisson's 
ratio of the TiC-Sic composites we applied was 0.24. 

4. Results and Discussion 

4.1. Fabrication 
Figure 4 shows two relationships between Ti/(% + Si) 

and composition of deposited phase respectively obtained 
by calculation and measurement. Here, Ti/(Ti + Si) is the 
ratio of Ti atomic concentration against total atomic con- 
centration of Ti and Si in the feed gas. We could synthesize 
the composites in the full compositional range from 
100%TiC to 100%SiC by controlling the composition of 
feed gas. S i c  content in the composite by measurement 
tended to be higher than that by calculation, and this ten- 
dency became more remarkable with the increase of Ti/(Ti 
+ Si) atomic ratio. 

Supersonic reflectoscope 

water  

I ( Supersonic beam 
I 
i j 
0 0 

Specimen 

! !  
c ,  

Fig. 3. Schematic diagram of supersonic pulse method for meas- 
urement of Young's Modulus. 
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Figure 5 shows the relationship between composition of 
deposited phase and deposition rate. The deposition rate 
slightly decreased with the increase of Tic content in the 
deposited phases, but it could be deemed as nearly constant. 

Based on the experimental condition that (Ti + Si)/C 
value, which is the ratio of total atomic concentration of Ti 
and Si against that of C in the feed gas, is nearly constant, 
we assume that Sic is deposited preferentially to Tic with 
the increase of Ti/(Ti + Si) value when a mixed gas of Sic4 
and TiCb is used. 

Accord'mg to the study by Goto et al. using the feed gases 
of SiC1,-TiC1,CCb-H2 system:' Tic content in the 
deposited composites by measurement was higher than that 
by calculation when a coating temperature of 1300°C was 
applied. This result was contrary to ours, though the 
temperature applied was nearly the same. They also 
reported that S ic  content in the composites tended to in- 
crease with the increase of coating temperature, so that the 
Sic content by measurement became higher than that by 
calculation when the coating temperature was increased to 
160OSC, and that this tendency became more remarkable 
with the increase of Ti/(Ti + Si) value. These results suggest 
that the deposition rate of Sic increases with the increase 
of coating temperature and with the increase of Ti/(Ti + Si) 
value, and that the deposition preferentiality of Sic and Tic 
is reversed at a certain temperature. 

Our study results agreed well with those by Goto et al., 
if we exclude our result that the deposition rate of Sic was 
higher than that of Tic at a relatively low coating tempera- 
ture of 1300°C. We assume that the higher deposition rate 

Thermodynamic ' 
composition I 

Experimental 
cornposliion 

0 I I 
0 0.2 0 . P  0.6 0.8 1.0 

TII(T1tSi) atomic ratio in gas phase 

Fig. 4. Relationship between the composition of XC-Sic com. 
posites and the feed gases composition. 

Fig. 5. The deposition rate of Tic-Sic composites. 

of S ic  at 1300°C in our study is mainly attributed to the 
different kind of carbon source in the feed gas we used from 
that Goto et al. used, namely, the critical temperature to 
determine the deposition preferentiality of SIC and Tic 
decreases when CH4 is used as the carbon source in the feed 
gas. 

4.2. Microstructures 
Figure 6 shows the optical microscopic structures of 

Tic-Sic system composites on their cross-sectional sur- 
faces. Dense columnar structures developed perpendicular 
to the substrate surface are observed, which agreed with the 
results Goto et al. As shown in Fig.7, the den- 
sity values measured nearly agreed with those calculated on 
the basis of the law of mixture in components. When the 
micrographs and the compositions of the composites are 
compared and contrasted to each other, it is estimated that 
the dark parts in the micrographs correspond to Sic and the 
bright parts to Tic. In the region of Sic-rich composition 
in the micrographs, it was as if Sic in the dark parts and 
Tic in the bright parts did not finish growing completely by 
themselves. It was also observed that wedge-shaped struc- 
tures were partially contained in the columnar structures. 

Figure 8 shows a TEM micrograph of the columnar 
structure containing this wedge-shaped structure. The 
wedge-shaped crystal was found to take an inclination of 
about 30 degree to the columnar crystal, which developed 

Fig. 6. The cross-sectional surface of Tic-Sic composites. 
(a) T i c  13.8 mol%. (b) X C  34.3 mol%, 
(c) Tic  38.7 mol%. (d) Tic 62.8 mol%. 

TiCI(TiC+SiC) mol$ 

Fig. 7. Relationship of the composition of Tic-Sic composites 
and the density. 
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perpendicular to the substrate surface. 
Figure 9 shows the X-ray diffraction patterns of various 

phases in the Tic-Sic composites. As both Tic and S ic  
take the same cubic crystalline structure (face-centered 
cubic), and have extremely similar lattice constants (Sic: 
a=4.358A, Tic: a=4.3285A), they showed sharp X-ray dif- 
fraction lines at nearly the same position, but showed dif- 
ferent orientations depending on the composition of 
deposited phase. The single Tic phase exhibited a strong 
(200) orientation, while the single SIC phase did not but 
exhibited two strong orientations of (200) and (111). In 
contrast, the Tic-Sic composite phase exhibited a strong 
diffraction from (220) plane and a very weak diffraction 
from (111) plane; the former diffraction became stronger 
and the latter became weaker with the increase of SIC con- 
tent in the composite. Since (111) and (220) planes are 
calculated as crossing each other at an angle of about 35 
degree based on the angle between the planes, the diffrac- 
tion lines for the (111) plane are supposed to have been 
reflected from the wedge-shaped structures. 

We assume that those strong (220) orientations the com- 

Fig. 8. The cms-sectional surface of 34.3 mol% Tic-Sic com- 
posite. 

Fig. 9. X-ray diffraction panems of Tic-Sic wmposites. 

posite phases exhibited are attributed to the similar be- 
haviors of Tic and Sic crystals to epitaxial growth as if 
these two kinds of crystals act mutually as the nucleus for 
the crystal growth of the other crystal. 

4.3. Young's Modulus 
Regarding the calculation equation of Young's modulus 

of composite materials, a model equation proposed by Voigt 
and one proposed by Reuss are availab~e.'~' Equations (5) 
and (6) shown below are obtained by applying these model 
equations to our experimental system. Upper and lower 
limit values of Young's modulus of the composite materials 
are determined by these equations (5) and (6). That is, the 
upper limit value of Young's modulus (E") is calculated by 
equation (5) when a unidirectional stress is give parallel to 
the layer of the composite materials, and the lower limit 
value of Young's modulus (EL) is calculated by equation (6) 
when a unidirectional stress is given perpendicular to the 
layer, if we presume that the specimen is simply constructed 
with a perpendicular layer or one parallel to a given 
unidirectional stress. In the case of actual composite 
materials produced, the calculated limit values of Young's 
modulus (E,,,) are obtained as an intermediate value be- 
tween E, and EL due to the effect of combined orientation 
of crystal structure. 

EL = EXCES~C (E + ) . . . . . . . . . .  .(6) 
nC SIC SIC nc 

Here, ETIC and Vnc, and Esic and Vsic respectively indicate 
Young's modulus and volume fraction of Tic and Sic. 

In the case of Tic-Sic composites fabricated in our ex- 
periments, the crystal structure grew perpendicular to the 
substrate surface independent of the composition of the 
composites, and Young' modulus was measured in the per- 
pendicular direction to the substrate surface. Unde such 
conditions the calculated value of Young's modulus (&,) in 
the perpendicular direction to the substrate surface is ex- 
pressed by equation (7) below, if equation (5) is presumed 
to be applicable to this calculation. 

Figure 10 compares the measured and calculated values 
of Young's modulus of Tic-Sic composites in the pelpen- 
dicular direction to the substrate surface at room tempera- 
ture. 

The measured Young's modulus values of the single 
phases of Tic and S ic  almost agreed with the respective 
literature  value^,^^.^') and those of Tic-Sic composites 
changed almost continuously with the change of composi- 
tion of the composite in the whole range of Young's 
modulus of 220 and 467GPa. These experimental values of 
220 and 467GPa obtained for the respective terminal com- 
positions were used as Eric and Esic in our calculation. The 
error in the measurement of specimen thickness, as seen in 
Fig.10, is assumed to be attributed to the different specimen 
thicknesses. In fact, the error size became smaller with the 
increase of specimen thickness. The measured values were 
a little smaller than the calculated ones. This difference is 
assumed to have been caused by the coexistence of colum- 
nar structures perpendicular to the substrate surface and 
other structures which grew in different directions. 
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4.4. Thermal Expansion Coefficients 
Regarding thermal expansion coefficient a of composite 

materials, equation (8) proposed by ~ u r n e r ~ '  is available. 

We calculated the thermal expansion coefficient of the 
Tic-Sic composites using this equation, and experimentally 
measured the mean thermal expansion coefficient of the 
composites in the range of room temperature and 600°C in 
the parallel direction to the substrate surface. Figure 11 
compares these two results. Respective Young's moduli and 
respective thermal expansion coefficients of Tic and Sic 
used in our calculation were our measured values. 

Our measured values of thermal expansion coefficient of 
respective single phases of Tic and S ic  almost agreed with 
the literature values.202" Our measured values of thermal 
expansion coefficient of the Tic-Sic composites in the in- 
termediate composition range between 4.5 and 7 . 4 ~ 1 0 - ~ ~ - '  
changed almost continuously with the change of composi- 
tion of the Tic-Sic system composite, and almost agreed 
with the calculated values. 

Regarding Sic-containing ceramic composites, Sasaki et 
al.23' and Uemura et al?" respectively synthesized the C-Tic 
system composites and the C-Sic system composites by 
CVD process, and characterized the properties of these com- 
posites. They reported that Young's modulus and thermal 
expansion coefficient of these composites did not change 
continuously with the change of their composition. Accord- 
ing to their interpretations, such discontinuous changing be- 
haviors were caused by the content of a number of pores 
generated in the composites when C was compounded in 
Tic or Sic in the form of composite, and by the composition 
dependent change of the texture of the composites. 

In the case of our Tic-Sic composites, we assume that 
Young's modulus and thermal expansion coefficient 
changed almost continuously with the change of composi- 
tion of the composite, because pores of third component did 
not exist in the composites, and because the composites 
contained uniform columnar structures perpendicular to the 
substrate surface independent from the composition of the 
composite. 

Regarding Young's modulus and thermal expansion coef- 
ficient of the Tic-Sic composites fabricated by the sintering 
process, Woydt et al.I3' reported that they measured a 
Young's modulus of 4.586GPa and a thermal expansion 
coefficient of 5.7~10%' in the case of the composite with 

composition of 50vol%TiC-50~01% Sic  (about 
40mol%TiC-60mol%SiC) fabricated by hot press sintering 
process. The thermal expansion coefficient of 5 . 7 ~ 1 0 - ~ ~ - '  
agreed well with what we obtained in our experiment, but 
the thermal expansion coefficient they reported was larger 
than that which we obtained in our experiment. Regarding 
the texture of sintered composite body, they did not say 
anything, but Endo et al.14' repo~ted that the texture of 
sintered body fabricated by the hot press process (having 
the same composition as the sintered body fabricated by 
Woydt et al.) did not exhibit columnar structure as those 
which we obtained in our study. We suppose that the dif- 
ference of the measured values of Young's modulus is main- 
ly attributed to the orientation of the composite tested, but 
we could not clarify the reasons for the'difference any fur- 
ther. 

5. Conclusion 

The authors fabricated Tic-Sic composites by CVD 
pmcess, measured Young's modulus and thermal expansion 
coefficient, and compared the measured values of respective 
properties of the composites with the calculated ones, ob- 
taining the following conclusions. 
1) Tic-Sic composites having various compositions ranging 

from 100mol% Tic to 100mol%SiC were synthesized by 
adjusting the T i i  + Si) atomic ratio in the feed gas 
based on the thermodynamic calculation results with a 
feed gas of SiCLTiC1,Cb-H2 system. In the synthesis 
pmcess condition of a temperature of 1350'C and a pres- 
sure of 60Ton; the deposition rate of the composite was 
about 60 to 100pm/h. The experimentally measured 
composition of the composites synthesized was higher in 
Sic content than the calculated one. 

2) It was confirmed that the Tic-Sic composites were main- 
ly composed of dense columnar structures which grow 
perpendicular to the substrate surface. It was also con- 
firmed that the composites partially contained wedge- 
shaped structures, which were supposed to exhibit (111) 
orientation, different from (220) orientation exhibited by 
columnar structures. 

3) Young's modulus of the Tic-Sic composites measured in 
a direction parallel to the growing direction of the com- 
posite changed nearly continuously with the change of 
composition of the composite in the range of modulus 

Fig. 10. Young's Modulus of liC-Sic composites. Fig. 11. Thermal expansion coefficients of Tic-Sic composites. 
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value of 2.20 and 4.67GPa. These measured values were 
a little smaller than the calculated ones. The reason for 
such difference was assumed to be due to the partial 
existence of wedge-shaped structures, which had a dif- 
ferent orientation from tlie columnar structures. 

4) Thermal expansion coefficient measured in a direction 
perpendicular to the growing direction of the Tic-Sic 
composites changed nearly continuously with the change 
of composition of the composite in the range of 4.5 and 
7.4x106K-'. These measured values nearly agreed with 
the calculated ones. 
Remarks: Part of this paper was presented at the 1990 

Autumn Symposium of the Ceramic Society of Japan, held 
in September 1990. 
(This study was performed through Special coordination 
Funds of the Science and Technology Agency of Japanese 
Government.) 
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Preparation of Porous Si02-Zr02 Glass from Sol 
Containing Polyethylene Glycol 

Tetsuo Yazawa, Akiko Miyake* and Hiroshi Tanaka 
Government Industrial Research Institute. Osaka 

8-31, Midorigaoka 1-chome, Ikeda-shi, 563 Japan 
*Shinko Pantec Co., Ltd. 

4-78, Wakihama-cho I-chome, Chuo-ku, Kobe-shi, 651 Japan 

Porous SO2-Zr02 glass was prepared from a sol contain- 
ing polyethylene glycol (PEG) by the sol-gel method. 
After air-drying at room temperature, the gel was baked 
at  600°C. The ZrO, content in the porous glass was 
30wt%. The median pore diameter of the porous glass 
was 2nm regardless of the molecular weight and amount 
of PEG added. The reproducibility of the pore size dis- 
tribution as good, and the pore volume and surface are 
were linearly proportional to the amount of PEG added. 
Alkali resistance of the porous glass was much larger 
comparing to the porous SiO, glass. 
[Received March 22, 1991; Accepted July 18, 19911 

Key-words: Porous glass, Polyethylene glycol, Sol-gel 
method, Alkali resistance, Zirconium oxide, Organic 
polymer 

1. Introduction 

As inorganic porous materials, porous glasses can be ex- 
perimentally produced by various processes, including a 
process by sintering of glass powder given with a controlled 
size distribution, a process based on phase separation and 
accompanied heat treatment of glasses at a temperature 
slightly than the glass transition point, a process by deposi- 
tion of crystals in glasses and subsequent dissolution of 
chemically weak parts in the glass, and a process by the 
sol-gel method. Currently, the process based on phase 
separation is most common for the production of porous 
glasses. However, this process involves several problems 
such as a restricted selection of the composition of porous 
glasses, and difficulty obtaining a pore diameter smaller 
than 4nm. For instance, when we intend to make ZrOZ, a 
high chemically resistant component contained in the 
skeleton of porous glasses, its content is badly restricted due 
to the vitrification region of starting glasses and the heat 
treatment condition for phase separation.'.2' In contrast, 
when the sol-gel method is used, the vitrification region is 
enlarged considerably and, in addition, the intermediates are 
porous bodies. Therefore, this method can be used for the 
production of porous glasses. Accordingly, many experi- 
ments have ben conducted on the production of porous glas- 
ses, including porous ~ i ~ ~ - ~ r ~ ~ - ~ l a s s e s .  However, these 
experimental results proved that various problems remained 
in the preparation of an even pore size and in the 
reproducibility thereof. 

This paper reports our study results, in which we used 
the sol-gel method and successfully prepared porous Si02- 

ZrO, glasses containing 30wt% of ZrOz in their skeleton and 
contained pores in a median diameter of 2nm with good 
reproducibility. As afore-mentioned, porous glasses having 
a pore diameter smaller than 4nm are difficult to prepare by 
the process based on phase separation. When the pore 
diameter of 2nm is compared with that of various other 
inorganic materials, it is found, for instance, that the largest 
pore diameter of zeolite ranges from 1.2 to 1.3nn1,~' that of 
intercalation compound ranges from 0.7 to 0.9nm,~' and that 
of molecular sieved active carbon, which belongs to a recent 
development, ranges from around 0.7 to 0.9nm.~' Therefore, 
the porous glasses having pore diameter of 2nm are deemed 
to be materials occuping a unique position among various 
inorganic porous materials. 

2. Experimental Procedure 

2.1. Preparation of Porous Glasses 
Figure 1 illustrates a scheme of preparation process of 

porous glasses. We used 3 grades of polyethylene glycol 
(PEG), which is a linear polymer, such as PEG 600 having 
a mean molecular weight of 570 to 630, PEG 6,000 having 
that of 7,400 to 9,000, and PEG 20,000 having that of 
18,000 to 25,000 (all of which were made by the Nakarai 
Yakuhin Kagaku Kogyo Co.). Ethanol solution of tetra- 
ethoxy-silane (TEOS) containing one of the PEGS was 
added with water and hydrochloric acid in respective ratios 

I s i ( 0 C . H ~ ) .  I I HZO 
P E G  HC1 I 

i n  CrHrOH i n  CeHrOH 

G e l a t i o n  a 
C a l a i n a t i o n  

Fig. 1. Preparation process of porous glass. 
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of lmol and O.Olmo1 to lmol of TEOS, and was stirred for 
around lh  to make reaction. We call this reaction the f is t  
hydrolysis. Next, this solution was added with n-propoxide 
zirconium (NPZ) and stirred for around lh. After that, it 
was added with ethanol solution containing water and 
hydrochloric acid in respective ratios of 1 to 8mol and 
O.Olmo1 to lmol of TEOS. Thus the second hydrolysis took 
place.9' After stirring for around lOmin, the gel formed was 
air-dried at room temperature and then baked at 600°C. The 
solution temperature during the stirring was controlled at 
room temperature when PEG 600 was used, and at 40°C 
when PEG 6,000 or PEG 20,000 was used in order to 
homogenize the solution. 

2.2. Measurement of Pore Size Distribution 
Both pore size distribution and pore volume were deter- 

mined from the adsorption isotherm, of nitrogen at -196'C 
based on the Cranston Inkley method,"' in which a cylindri- 
cal model was presumed for a pore. Mean while, pore 
surface area was determined based on the BET formula 
(using an apparatus of Sorptometer 1,800, made by the 
Carlo Erbe Co.). Prior to these measurements, samples 
were pretreated at 150°C under a vacuum pressure of 452Pa 

Fig. 2. XRD pattern of porous glass. 

P o r e  r a d i u s  (nm) 

Fig. 3. Pore size distribution of porous glasses prepared from 
PEG 600. 

for 2h. 

23. Measurement of Alkali Resistance 
Porous glasses (having pore surface area of 280m21g) 

were prepared from the sol, which was prepared by adding 
water in the ratio of 2mol to lmol of TEOS, and by adding 
PEG 600 by 20wt%. They were classified in the size range 
from 250 to 4 2 5 ~ .  5g of this glass powder was taken, 
washed with ethanol, dried under vacuum at 125"C, and then 
weighed. This powder sample was put in a sealed container 
made of teflon, in which it was dipped in 1N-aqueous solu- 
tion of sodium hydroxide at 80°C for 140h. After rinsed, 
the sample was dried sufficiently in the same drying condi- 
tion as applied to the original sample, and then weighed. 
Alkali resistance of the glass was determined from the 
weight loss ratio. For comparison we used porous SiO, 
glass (composition: Si02=97wt% and B203=3wt%) having 
a pore diameter of 4nm and a pore surface area of 150m21g. 
This pore surface area was almost the same as that of porous 
Si0,-Zr02 glasses prepared in this experiment. 

3. Results and Discussion 

3.1. X-ray Diffraction (XRD) 
Figure 2 shows an XRD pattern of the porous glass 

sample we prepared. A very broad hollow appearing in the 
20 range of 15 and 25 degrees is assigned to amorphous 
Si02. This XRD pattern without any sharp diffraction peak 
suggests that the porous glass we prepared is in the amor- 
phous state. 

3.2. Relationship Between Added Amount As Well As 
Molecular Weight of PEG and Pore Size 

I .  . . . . . . . . . I  
0 5 10 

P o r e  r a d i u s  (nm) 

Fig. 4. Pore size distribution of porous glasses prepared from 
PEG 600.6000 and 20000. 
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Distribution 
Figure 3 shows respective pore size distributions when 

water was added in the ratio of 2mol to lmol of TEOS and 
PEG 600 was added in various ratios from 10 to 60wt%. It 
is seen that the pore size distribution is a little broad in the 
case of the addition ratio of PEG 600 of 80wt%, but the 
median pore diameters are nearly the same regardless of the 
addition ratio of PEG 600 in the case of the various ratios 
other than 80wt%. Figure 4 shows the pore size distribu- 
tions when various grades of (PEG as PEG 600, PEG 6,000 
and PEG 20,000) having different molecular weight were 
added. It is seen that the pore size distribution does not 
depend much on the molecular weight of PEG added. Fig- 
ure 5 shows the relationship between pore volume and pore 
surface area of the porous glasses prepared by adding PEG 
600 in various ratios. It is seen that pore volume and pore 
surface area are almost linearly correlated. If a pore is 
presumed to take a cylindrical shape, then pore volume v, 
pore surface area s and pore diameter d are expressed in a 
relation of s=4v/d; pore diameter d was thereby calculated 
as 2.34nm from the inclination of the linear relation line in 
Fig.5. Meanwhile, according to a study result on the ad- 
sorption of PEG from its aqueous solution onto molecular 
sieved active carbon,"' it was reported that the length of 
PEG molecule increased with the increase of molecular 
weight of PEG, but its diameter did not change so much 
with the increase of the molecular weight as to have been 
indicated as 1.4nm, 1.72nm and 1.678nm, respectively 
when the PEG used had various molecular weights of 600, 
6,000 and 20,000. These diameters of PEG molecule 
reported almost agreed with the pore diameter of 1.34nm 
we calculated from the inclination of a relation line in Fig.5. 
Judging from this result of the agreement between the 
diameter of PEG molecule and the pore diameter, as well as 
from the result that pore diameter was independent of 
molecular weight and addition amount of PEG, as 
aforementioned (Figs.3 and 4). we assume that PEG 
molecules are contained in the SO2-Zr02 matrix in such 

P a r e  v o l u m e  (crn1/g) 

Fig. 5. Relation between pore volume and surface area of 
porous glasses. 

Fig. 6. Structural state of PEG in SiOz-ZtOz 

unbroken state as shown in Fig.6. 

3.3. Relationship Between Amount of PEG Added and 
Pore Volume and Pore Surface Area in Porous 
Glasses 

Using the porous glass samples prepared in the same 
various conditions as mentioned in section 3.2, we inves- 
tigated the effect of the amount of added PEG on the pore 
volume and the pore surface in the porous glasses. Figures 
7 and 8 show the respective results. It is observed that both 
pore volume and pore surface area increased with the in- 
crease of the amount of PEG added. Volume and pore sw- 
face area in porous materials generally depend on pore size, 
but when linear polymers like PEG are contained in the 
matrix in such unbroken state as shown in Fig.6, a different 
behavior is shown to take place where both pore volume 
and pore surface area can be changed independent of pore 
size, as we previously mentioned in section 3.1. 

A peculiar phenomenon is often experienced where 
porous glasses exhibit a black colour due to carbonization 
of residual organic materials during baking, especially when 
porous glasses containing fine pores in diameter of less than 
5nm are prepared by the sol-gel method. These black- 
coloured porous glasses are found to have extremely 
reduced pore volume and pore surface area thereby, When 
PEG is added, however, such black colouring of porous 
glasses does not take place. The reasons for this different 
behavior are assumed to be that the pores generated by the 
baking of PEG provide passages for the gases generated 
during baking of the dried gels, and that the gases generated 
by the baking of residual organic materials are released 
through these passages together with the gases generated by 

0- 
0 10 20 30 40 50 60 70 80 

Quantity of PEG addition (wtl) 

- 

Fig. 7. Relation between quantity of PEG addition and pore 
volume of porous glasses. 

0 ' PEG 600 
0: PEG6000 

0 

I l o  , , , , , , , , I 
0 10 20 30 40 50 60 70 80 

Quantity of PEG addition (rtl) 

5 0.3-  A.PEG20000 

g 0.1 

Fig. 8. Relation between quantity of PEG addition and surface 
area of porous glasses. 
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the baking of PEG. 

3.4. Effect of Water Amount Added on Pore Size 
Distribution 

In the course of the second hydrolysis of the sol, which 
was added with 70wt% of PEG 600, we added water in 
various ratios from 1 to 8mol against lmol of TEOS content, 
and measured the pore size distribution in the porous glasses 
prepared. The results are shown in Fig.9. It is seen that the 
amount of water added has little effect on the pore size 
distribution as far as the ratio of water added is in the range 
as experimented. 

3.5. Alkali Resistance 
Table 1 shows the results of our alkali resistance test of 

the porous glass samples. As porous Si02 glass is dissolved 
completely in this test condition, its weight loss ratio is 
expressed as 100%. In contrast, the weight loss ratio of the 
porous SO2-Zr02 glass we prepared was 7.4%. When com- 
pared with the weight loss ratio of 19.5% of slide glass, 
which is not porous, it is not difficult to evaluate the porous 
glasses we prepared as extremely alkali resistant. 

3.6. Thermal Resistance 
We experimentally investigated the thermal resistance of 

the porous Si02-Zr02 glasses, which we prepared from a sol 
added with 30wt% of PEG, after baking at various tempera- 
tures from 600" to 900°C for 24h. As an additional test 
condition, we applied a baking time of 48h in the case of 
baking temperature of 600°C. Table 2 shows the pore 
volume and the pore surface area of the samples after baking 
in various baking conditions. It was learnt that, when the 
baking temperature was 600°C. both pore volume and pore 
surface area changed little with the change of baking time 
from 24h to 48h, but when the baking temperature was 
increased, they both decreased with the increase of tempera- 
ture until they disappeared at 90OSC, which implied the 
porous glasses were sintered completely. The overall results 

\ . - . . -  

2 mol 

1 "Dl 

Pore  rad ius  Inml  

Fig. 9. Addition effect of water on pore size distribution at the 
second hydrolysis. 

Table 1. Rate of weight loss of glass samples. 

Class Rate of weight loss(%) ' 

SiOe-ZrOz 7.4 
porous glass 

SiOp porous glass 
by phase separation 1 0 0 . 0  

Slide glass 19.5 

Conposition of slide glass 
SiOz 68, Nan0 8.0, CaO 6.0, K20 7.5, 
11201 2.5, BaO 3.3 (wtX) 

Table 2. Thermal resistance of porous glasses. 

Conditions Pore volume Surface area 
'C h cml/g mlll 

here suggest that the porous SiOz-ZrOz glasses we prepared 
are thermally resistant up to around 600'C. 

4. Conclusion 

Porous Si02-Zr02 glasses containing about 30wt% of 
Zr02 were prepared by the sol-gel method, and the follow- 
ing results were obtained from the preparation process and 
the prepared products. 
1) The said porous glasses containing fine pores in diameter 

of around 2nm could be produced with good 
reproducibility. 

2) Pore volume and pore surface area in the said porous 
glasses increased almost linearly with the increase of the 
amount of PEG added. 

3) Pore size in the said porous glasses was independent of 
the molecular weight of PEG added. 

4) Alkali resistance of the said porous glasses was by far 
greater than that of porous SiOz glasses, even those 
having nearly the same pore surface area as the former 
glasses. 

5) Thermal resistance of the said porous glasses was around 
600°C. 
The authors previously prepared multi-layer films of 

porous Si02-ZrOz glasses,'2' which were desalted in the ratio 
of about 90% (feed solution: 0.5wt% NaCl aqueous solu- 
tion). The porous Si02-Zr02 glasses we prepared in this 
study are expected to be used for separation films. It is 
supposed, in addition, that not only pore size but also pore 
morphology might be possibly changed by the selection of 
organic polymers to be added. 
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Sintering of High Purity ZrSi04 Powder 
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By measuring shrinkage and bulk density of the 
specimens a t  900" - 1700°C, sintering of three kinds of 
high purity ZrSiO, powders prepared from 0.2 - 0.8M 
ZrOC12 and colloidal silica was studied. The flexural 
strength of their sintered bodies at room temperature to 
1400°C was also evaluated to investigate the effect of 
sintering conditions. In the initial stage of sintering of 
high purity ZrSi0, powders with an average particle size 
of 0.5~m, grain boundary diffusion was a dominant fac- 
tor. The apparent activation energy for sintering in the 
initial stage was 81 KJImol. On the other hand, when 
the average diameter of the particles is greater than 
0.7pm, the bulk diffusion seemed to be overwhelming, 
and the apparent activation energy for sintering was 
higher than 130 KJ/mol. In the intermediate and final 
stages for sintering, the powders with relatively large 
sizes have resulted in high bulk density. However, the 
strength of the specimen obtained using powders with 
large grain sizes was low since the grain growth 
proceeded significantly. The sintered bodies of high- 
purity ZrSi0, with excellent flexural strength at  high 
temperature were obtained by sintering the powder with 
the average particle size of less than 0 . 5 ~ m  up to more 
than 98% of theoretical density. 
[Received April 1, 1991; Accepted July 18, 19911 

Key-words: High purity ZrSi0, powder, Particle size, 
Sintering Process, High terhperature bending strength. 

1. Introduction 

Zircon (ZrSi04) sintered bodies, studied for use mainly 
as refractories because they have a low coefficient of ther- 
mal expansion and low heat c o n d u ~ t i v i t ~ , ' ~ ~ '  are expected 
to be developed for use at high temperatures, such as mullite 
(3Ah0,2Si02) sintered bodies. They also have high chemi- 
cal stability; they are resistant to glass co~rosion.~.~' On 
sintering zircon, however, densification is now performed 
usually with Ti02 or other additives being used as sintering 
aids.'." 

The authors conducted studies on the synthesis of high 
purity ZrSi04 powder and succeeded in the synthesis of high 
purity ZrSi0, powder suitable for sintering?-") We also 
reported that, by using this powder as a starting material, 
ZrSi0, powder was densified with no sintering aid of oxide 
(which has been considered necessary for densification), 
and that the densified ZrSiO, has excellent properties at high 
temperat~res.~~' In the present study, we investigate some 
factors affecting the sintering of zircon prepared from syn- 
thesized high purity ZrSiO, powder, and evaluate their ef- 

fects on the properties of the sintered body. 

2. Experimental Method 

2.1. Synthesis of High Purity ZrSiO, Powder 
The starting materials were ZIOClz (Tosoh Corporation) 

used as a zirconium material and colloidal silica (Nissan 
Chemical Industries, Ltd.) of 20wt% concentration used as 
a silica material. The ZrSiO, powder was synthesized by 
the following method. 

Equal moles of ZrOC1, and colloidal silica were weighed, 
and hydrolysis was performed while refluxing by heating at 
100°C for a specified time. To verify the completion of 
hydrolysis, hydrolyzed liquid was centrifugally separated at 
15,000 rpm, and the Zr concentration in the aqueous solu- 
tion obtained by filtering the supernatant liquid was 
analyzed. When unreacted ZrOC12 almost disappeared, the 
hydrolysis was regarded as being completed. After the 
hydrolyzed liquid thus obtained was dried, dechlorination 
was performed at 500°C. After dechlorination, the material 
was heated to 1400°C at a heating rate of 20"C/min, and 
then calcined for 8 hours to produce single-phase ZrSiO, 
powder. 

By using the above method, three kinds of powders were 
prepared by changing ZrSiO, concentration into 0.2M, 0.4M 
and 0.8M to evaluate the difference in sintering. 

The synthesized powders were evaluated by measuring 
the purity and particle size distribution. For the chemical 
analysis of powders, determination was performed by using 
the weight method by alkali fusion for Zr, the ICP emission 
method for Fe, Y, Ti, Ca, Mg, V, Cr, P, Ni, and Mn, the 
atomic absorption method by lithium tetraborate fusion for 
Na, the graphite atomic absorption method by lithium 
tetraborate fusion for Al, the weight method for Si, and the 
atomic absorption method for CI. The particle size meas- 
urement of powder wds performed after the powder was 
dispersed ultrasonically in distilled water for 30 minutes. 
For evaluating sintered bodies, shrinkage and three-point 
bending strength- were measured and the microstructure of 
the sintered body was observed. The shrinkage was 
measured by using a thermal expansion meter (TMA), and 
the three-point bending strength was measured at room 
temperature and at temperatures in the range between' 
1000°C and 1400'C. The microstructure was observed with 
a scanning electron microscope (SEM) after thermal etching 
was performed. 

2.2. Method for Evaluating Sintering of ZrSiO, Powder 
The synthesized ZrSiO, powder was repressed at a mold- 

ing pressure of 49MPa. and then compacts were prepared 
with a rubber press at 196MPa. The compacts were heated 
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to a specified temperature (1100"-1700°C) at a heating rate 
of 200"C/h, and kept at that temperature for a specified time 
(20min-48h) to prepare ZrSiO, sintered bodies. 

The initial sintering stage of ZrSi0, was defined as the 
stage in which the shrinkage of sintered body is up to 5%. 
The change in shrinkage in this stage was measured by 
TMA, and the activation energy in the initial sintering stage 
was calculated from the shrinkage. In the intermediate and 
final stages, the sintering was evaluated by measuring the 
bulk density of the sintered body. 

The obtained sintered bodies were cut into 3~40x40  mm 
specimens. The specimens were ground with #I40 and 
#600 grindstones. After the bulk density was measured, the 
strength was measured at room temperature and at 1000"- 
1400°C, and the microstructure was observed with a SEM 
after thermal etching. 

3. Results and Discussion 

Their values are summarized in Table 1. Tlie reflux time 
is also given in Table 1. Although the factors affecting the 
cohesiveness and particle size of powder cannot be deter- 
mined from this result, there seems to be a tendency for the 
obtained powder to aggregate strongly during drying of 
hydrolysis gel when a material with high concentration is 
used. The chlorine concentration is so sufficiently low that 
it does not affect the sintering. 

In general, the rate of initial sintering is given by the 
following equation. 

AL/L, = (AyRD/kTrP) "t" . . . . . . . . . . (1) 

where, r is the surface energy, R is a volume of void, D is 
the self-diffusion coefficient, K is the Boltzmann's constant, 

Table 1. Chemical compositions of synthetic zircon powders 

0. 4m ~owd,er 31.6 <O.Ot <0.005 <o.OOs ~ 0 . 0 0 2  0.004 
0.6n powder 32.0 <0.01 0.006 '0.00s <0.002 0.002 

3.1. Initial-stage Sintering of ZrSiO, 
Figure 1 shows the particle size distribution of three (wtr) (DDI) 

kinds of zircon powders and their SEM photographs. 
Regarding the particle size distribution, the powder syn- 7- 

thesized from 0.4M ZrOC1, aggregated less, and its particle o.811 w d e r  a . 0 0 1  <O.WI 0.014 0.03 0.06 190 

size was very small--the average particle size being 0.5 lpm. - 
The powders synthesized from 0.2M and 0.8M ZrOCI, have - 
an average particle size of 0.96pm and 0.71pm. respective- 
ly. The SEM observation also revealed that these powders 
were aggregated. 

The three kinds of powders used in this experiment have 
nearly the same level of purity and chlorine concentration. 

reflux t i l e l h )  

0. 4n wwder 
0.811 wwder 

Fig. l(a) Particle size distributions for three kinds of zircon powders: (1) 0.2M powder (2) 0.4M powder and (3) 0.8M powder. 

(b) SEM images of three kinds of zircon powders: (I) 0.2M powder (2) 0.4M powder and (3) 0.8M powder. 
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r is the particle size, and A, p and n are the constants that 
depend on the sintering mechanism. 

Figure 2 shows the linear shrinkage as a function of 
holding time at temperatures between 1100°C and 1350°C 
for the powder synthesized from 0.4M ZrOC1, shown in 
Fig. I. From the result of Fig.2, the slope of line was taken 
as 0.22 to 0.27. If the initial sintering proceeds due to grain 
boundary diffusion, the relation of n=0.25 to 0.31 holds 
theoretically."' In the range of experiment shown in Fig.2, 
therefore, the sintering seems to proceed with the grain 
boundary diffusion being the dominant factor. 

Figures 3 and 4 show the linear shrinkage as a function 
of holding time at temperatures between 1100'C and 1350°C 
for the powder synthesized from 0.2M and 0.8M ZrOCl, 
shown in Fig.1, respectively. The slope of line was taken 
as 0.27 to 0.48 for the figures. If the initial sintering 
proceeds due to bulk diffusion, the relation of n=0.33 to 0.50 
holds the~reticall~. '~. '~' In the range of experiment shown 
in Fig.3, therefore, the sintering seems to proceed with the 
bulk diffusion being the dominant factor. 

From Eq.(l), the following equation is obtained. 

where, K=(ArQDlkTrP)". Figure 5 shows logK as a function 
of the inverse of absolute temperature (11T). The activation 
energy of powder in the initial sintering stage obtained from 
the result of Fig.5 was 131KJlmo1, 81KJ/mol, and 
147KJ/mol for the powder synthesized from 0.2M, 0.4M, 
and 0.8M ZrOC12, respectively. From the above results, it 
is thought that, when ZrOC12 is used as a starting material, 
its concentration significantly governs the nature of powder 
and causes a difference in the mechanism of initial sintering. 

Furthermore, when the powder synthesized from 0.4M 
ZrOC12 was used, the grain boundary diffusion was the 
dominant factor for sintering, and when the powder syn- 
thesized from 0.2M and 0.8M ZrOC1, was used, the bulk 
diffusion was dominant in sintering. This seems to be the 
reason for low activation energy of powder synthesized 
from 0.4M ZrOCI,. 

The reason for the difference in activation energy in the 
initial sintering stage caused by the concentration of ZrOCl, 
is possibly the aggregation of material powder. For the 

powders synthesized from 0.2M and 0.8M ZrOCl,, the ag- 
gregation of powder was strong, though the primary particle 
size is small. The difference in cohesiveness of material 
powder causes the difference in bulk density of compact, 
which may disturb the initial sintering. 

3.2. Intermediate and Final Sintering of Zircon Sintered 
Body 

Figure 6 shows the bulk density as a function of sintering 
temperature for zircon sintered bodies sintered at tempera- 
tures between 1400°C and 1680°C for 4 hours. In the inter- 
mediate sintering stage up to relative density of 95% (bulk 
density of 4.46g/cm3), the process of densification for the 
powder synthesized from 0.4M ZrOC12 is nearly the same 
as that for the powders from 0.2M and 0.8M ZroCl,. How- 
ever, as shown in Fig.7, it was found that the powder syn- 
thesized from 0.2M ZrOClz was densified most in the range 

Fig. 5. log K as a function of temperature. (0: 0.8M powder, 
0: 0.4M powder, A: 0.2M powder) 
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Fig. 2. Linear shrinkage as a function of holding time for 0.4M powder. (a,. l IWC,  0: 120VC, 0 :  13WC, A: 1350'C) 
Fig. 3. Linear shrinkage as a function of holding time for 0.8M powder. (0: IIWC, 0: 12WC, 0: 13WC, A: 1350'C) 
Fig. 4. Linear shrinkage as a function of holding time for O.2M powder. (0: IIWC, 0; IZWC, 0: 13WC. A: 1350'C) 
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above 95% of relative density (4.46g/cm3 of bulk density) 
when being sintered at 1650°C. 

The powder synthesized from 0.2M ZrOC1, had the 
largest average particle size in the particle distribution meas- 
urement. To investigate the reason for increased bulk den- 
sity, the powders were compared in cohesiveness by 
measuring the particle distribution after the dilution rate of 
dispersant (SN Wet 366, Sa~0pUk0 Co., Ltd.) was changed 
and a hydrophilic group was added to the powder surface. 
The result is shown in Fig.8. 

As seen from Fig.8, only for the powder synthesized from 
0.2M ZrOCI,, the aggregation of powder is loosened at a 
dilution rate of 10.' by the surface activity effect, and the 
average particle size determined from the particle distribu- 
tion decreases. The strength of cohesiveness of powder 
seems to be in the order of 0.2M>0.8M>0.4M from the 
particle distribution measurement in Fig.1 and SEM obser- 
vation, but the order seems to be 0.8M>0.2Ma.4M when 
the result of Fig.8 is considered together. 

The measured compact density was 2.73g/cm3, 
2.59g/cm3, and 2.35g/cm3 for the powder synthesized from 
0.2M, 0.4M, and 0.8M ZrOCL, respectively. The reason 
why the powder synthesized from 0.2M ZrOCI,, which is 
slightly cohesive, has a higher compact density than the 
powder synthesized from 0.4M ZrOCI2, which is least 
cohesive, may be because the aggregated particles of pow- 
der synthesized from 0.2M ZrOC1, that has aggregated by 
relatively weak cohesive force are loosened by the molding 
pressure during molding, resulting in the increase in com- 
pact density. This increase in density in molding may con- 
tribute to the densification, and lead to the increase in bulk 
density in the final sintering stage. 

33. Mechanical Properties of Zircon Sintered Body 
As described in 3.2, the sintering of high purity ZrSiO, 

powder is greatly affected by the cohesiveness of powder 
caused mainly by the difference in concentration of starting 
material. Therefore, we investigated the effect of the dif- 
ference in sintering on the nature of sintered body. 

Figure 9 shows the three-point bending strength as a 
function of temperature for the samples sintered at 1680°C 
for 4 hours that have been synthesized by using three kinds 
of powders. 

This figure indicates that for the powder synthesized 
from 0.4M ZrOCl?, the strength is almost unchanged in the 
range from room temperature to 1400"C, whereas for the 
powder synthesized from 0.8M ZrOCI,, the strength at room 
temperature is kept up to 1300"C, but decreases at 1400°C. 
To study the reason for this difference, the surface of 
sintered body was observed. The results are shown in 
Fig.10. These SEM photographs reveals that a dense and 
fine structure of average particle size of 0.5-lpm, whereas 
the sintered body using the powder synthesized from 0.8M 
ZrOCl, has an average particle size of 1-2pm. in which grain 
growth is greater and has larger voids than the sintered body 
using the powder synthesized from 0.4M ZrOCl,. The 
reason for the decrease in strength at 1400°C for the sintered 
body using the powder synthesized from 0.8M ZrOCl, may 
be. that the grain boundary slides at 1400°C because of in- 
sufficient densification. The sintered body using the pow- 
der synthesized from 0.2M ZrOC1, has a higher bulk density 
and less voids than the other two sintered bodies, but has 

Fig. 9. Bending strength of the samples sintered at 1680C for 
4h as a function of temperature. (0: 0.8M powder, 0. 0.4M 
powder, A: 0.2M powder) 
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Fig. 6. Bulk density as a function of sintering temperature. (0: 0.8M powder, 0: 0.4M powder, A: 0.2M powder) (Holding time: 4h) 
Fig. 7. Bulk density as a function of holding time. (0: 0.8M powder. 0: 0.4M powder, A: 0.2M powder) (Sintering temperature: 1650'C) 

Fig. 8. Average panicle size as a function of dilution rate dispersant. (0: 0.8M powder, 0: O.4M powder, A: 0.2M powder) 
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Fig. 10. SEM images of zircon sintered bodies. (sintering temperature: 

powder. 

more grain growth than the sintered body using the powder 
synthesized from 0.4 ZrOCI,. This may be because of the 
nonuniformity of panicle size of 0.2M powder. For the 
powder synthesized from 0.2M ZrOCI,, the cohesiveness of 
powder was so low that the aggregation is loosened in mold- 
ing. On the other hand, however, it had the highest compact 
density among three kinds of powders. Therefore, the non- 
uniformity of particle size of powder probably increased the 
packing property of powder. Also, the nonconformity of 
particle size probably promoted the grain growth in sinter- 
ing. It is difficult to identify the reason why the sintered 
body using the powder synthesized from 0.2M ZrOCI2 has 
a lower strength than the sintered body using the powder 
synthesized from 0.4M ZrOCI,. However, one reason for 
lower strength as a whole is that the particle size in the 
sintered body is generally large. The decrease in strength 
at 1400°C probably did not occur because less voids lie in 
the sintered body as with the sintered body using the powder 
synthesized from 0.4M ZrOCI2. 

From the above results, it was found that the excellent 
high-temperature properties of ZrSi04 single-phase sintered 
body appear to be due to the absence of impurities (which 
become glass phase of low melting point) and due to den- 
sification up to 98% or more of theoretical density. 

4. Conclusions 

Sintering was performed at the normal pressure by using 
three kinds of high purity ZrSiO, powders. The conclusions 
are as follows: 
1) The initial sintering of high purity ZrSiO, powder dif- 

fered depending on the change of particle size of ZrSiO, 
powder due to the change of aqueous water concentration 
of ZrOCI,, which was a starting material. For the ZrSiO, 
powder with an average particle size of 0.5pm. the ac- 
tivation energy required for initial sintering was 
81KJ/mol. When the average particle size exceeds 
0.7pm. however, the initial sintering is greatly disturbed, 
and the required activation energy became 130KJ/mol or 
more. 

2) In the intermediate and final stages of sintering of high 
purity ZrSiO, powder, the powder synthesized from 
0.2M ZrOC12.had the highest apparent bulk density. The 
measurement of particle size distribution of powder using 
a dispersant revealed that the aggregation was easily 
loosened, so that the powder aggregated by weak 
cohesive force was collapsed, which increased the com- 

1680C holding time: 4h) ( I )  0.2M powder (2) 0.4M powder (3) 0.8M 

pact density; as a result the apparent bulk density in- 
creased. However, SEM observation revealed that sig- 
nificant grain growth was found in the sintered body as 
compared with the powder synthesized from 0.4M 
ZrOC1, that had the smallest average particle size; 
mechanical strength was not so high. 

3) As a result of investigation on sintering of single-phase 
high purity ZrSi0, powders with different powder char- 
acteristics, it was found that the high-temperature char- 
acteristics of the sintered body (in which the strength did 
not decrease up to 1400°C) appeared when the sintered 
body, prepared by sintering while the average particle 
size was controlled to 0.5pm or less, had a dense and fine 
structure having a bulk density of 4.55gIcm' (relative 
density of 98%). 

Acknowledgments 
We wish to thank Mr.S. Motoki and Mr.C. Ishihara at the Analysis Research 
Department. Tosoh Corporation for chemical analysis of powder to evaluate 

zircon powders. 

References: 
I) S. Motoi, Seramikkusu. 7, 29 (1972). 

2) M. Danhara, ibid.. 23. 960-962 (1988). 

3) Y. Kagami. TAIKABUTSU, 39, 5 10-5 12 ( 1987). 

4) K. Ichikawa and N. Tsukamoto. Jirukon(Kagaku to Gijutsu) 
Uchidarokakuho (1988) 229-242. 

5) A. Ihara, Seramikkusu, 14, 513-519 (1988). 

6) E.A. Tomas and R.W. Knauft, Am. Ceram. Soc. Bull.. 35. 1-5 (1956). 

7) S. Motoi. KOGYO KAGAKU ZASSHI, 70.638-643 (1967). 

8) M. Sugai and S .  Munemiya, Jirukon(Kagaku to Gijutsu) 
Uchidarokakuho (1988) 149-21 7. 

9) H. Kobayashi, T. Kono, T. Mori. H. Yamamura and T. Mitamura. 
Ceram. Soc. Jpn., 98. 567-572 (1990). 

10) H. Kobayashi, T. Terasaki, T. Mori, H. Yamamura and T. Mitamura. 
ib~d., 98. 1109-1 113 (1990). 

11) H. Kobayash~, T. Terasaki. T. Mori, H. Yamamura and T. Mitamura, 
ibid., 99. 42-46 (1991). 

12) T. Mori, H. Hoshino. H. Yamamura, H. Kobayashi and T. Mitamura, 
ibid., 98. 1017-1022 (1990). 

13) M.F. Berard and D.R. W~lder, 1. Am. Ceram. Soc. 52. 85-88 (1969). 

14) W.D. Kingery and M. Berg. J. Appl. Phys.. 26. 1205-1212 (1955). 

15) K. Kuribayashi and T. Sata. Yogyo-Kyoka~shi, 89. 4 1 4 6  (1981). 

This article is a full translat~on of the article which appeared in Nippon 

Seramikkusu Kyokai Gakujutsu Ronbunshi (Japanese version), Vo1.99, 

No.11. 1991. 



Matsui, T.  et a[. Journal of the Ceramic Society of Japan, Int. Edition Vol. 99-1063 

The Effects of Surface Coating and Orienting of 
Whiskers on Mechanical Properties of SiC(w)/SisN4 

Tatsuji Matsui, Osamu Komura and Masaya Miyake 

Sumitomo Electric Industries, Ltd. 
1-1-1. Koya-kit& Itami-shi, 664 Japan 

In order to strengthen and toughen Si3N4 ceramics by 
addition of SiC-whiskers, we tried to control interfacial 
properties between the whisker and matrix as well as  
orientation of the whiskers. For interfacial control, the 
effects of A1,03, ZrO, and carbon coating on the surface 
of whiskers were studied. The flexural strength and the 
fracture toughness of Si3N4 composite containing A1203- 
coated whiskers by decomposition of aluminum stearate 
were stronger (1107MPa) and larger (10.2MPam1") than 
those of the composite with non-coated whiskers. TEM 
observation revealed that Al,O,-coated whiskers in the 
composite had a smoother surface than non-coated whis- 
kers and that a film-layer was formed at  the interface 
between whisker and matrix. For orientation control, 
the flexural strength and the creep rupture resistance at 
1250°C of Si3N4 composite, reinforced with uni-direction- 
ally oriented whiskers by the doctor-blade method, were 
much stronger (1180Mpa) and much larger than those 
of monolithic Si3N4 ceramics. After creep testing, the 
new stacking defects and dislocation in the whiskers were 
observed by TEM. On the basis of these results, the 
mechanisms of toughening and high-temperature 
strengthening of SiC(w)/Si3N4 have been discussed. 
[Received April 12, 1991; Accepted July 18, 19911 

Key-words: Silicon nitride, Sic whisker, Coating, Interfa- 
cial bonding, Uni-directional orientation, Fracture tough- 
ness, High-temperature strength 

1. Introduction 

Si3N4 ceramics excel in wear, corrosion, and thermal 
shock resistance and have considerable strength and tough- 
ness, so that they are expected as structural materials for 
automobile and other mechanical parts. However, their 
fracture toughness or high-temperature strength is not suffi- 
cient as practical materials, and studies are now active to 
provide higher strength and toughness by adding whisker 
and long fiber. 

The expected composite effects of whisker-reinforced 
ceramics include higher toughness4' by crack deflection," 
bridging owing to whisker pullout2' or debond3' of whisk- 
erlmatrix interface, and higher high-temperature strength5' 
by controlling intergranular slip under stress shown in Fig.1. 
Conditions especially required to realize these effects are 
said to be: 
1) proper control of interfacial bonding force between 

whisker and matrix; 
2) orientation and dispersion of whisker as much as possible 

in the vertical direction to the face of crack propagation; 
and 

3) whisker strength maintained even after ~intering.~." 
With regard to interfacial bonding force, there are some 

reports on the measurement of shear strength of fibdmatrix 
interfaces of S ic  fiber reinforced si3~,8' and on the effect 
of the addition of Y201-SO2, C, and BN to the whisker 
interfaces of S ic  whisker-reinforced Si3N4 on fracture 
toughness?' As for the effect of whisker orientation, tough- 
ness was improved by uniaxial orientation through exh.usion 
or injection m~lding.'~. '~' 

At present, however, only a few reports are available on 

1.Interface Control 2.0rientation Control 

Whisker 

<Pull-out bridging, <Debond bridging> 'Increased resistence, <Less effect of whiskers) 

Uni-directional orientation of whiskers 

Fig. 1. Schematic illustration of control factor f a  toughening mechanism by whiskers. 
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bonding strength of whiskerlmatrix interfaces of whisker- 
reinforced materials, and it is quite hard to measure the 
factor directly. Moreover, no distinct knowledge has been 
obtained yet as to what k i d  of interfacial or reaction layers 
are the most effective to improve strength and toughness. 
In addition, study is also necessary with respect to the ef- 
fects of whisker orientation on mechanical properties other 
than fracture toughness. 

This project was intended to clarify a relation between 
the interfacial bonding force of whisker/matrix and strength 
and toughness of Sic whisker reinforced Si3N4 ceramics 
(SiC(w)/Si&), by examining the effects of whisker coating 
materials on strength, toughness and others. In the case of 
the effects of whisker addition after unidirectional orienta- 
tion as well as those of different orientation property, studies 
were performed chiefly on fracture toughness, high 
temperature strength and high-temperature creep properties. 
Based on these results, the mechanism of whisker addition 
was investigated to improve toughness and high-tempera- 
ture strength. 

~ ~ 2 : : : :  <,yim> 
stearate 

Fig. 2. Fmcess of ,41201 coating on SIC whisker surfaces. 

2. Method of Experiment 

2.1. Coating Method of SIC Whisker Surfaces and 
Preparation of Sintered Bodies 

Three kinds of whisker coating materials (Al2O3, Zr02 
and C) were chosen to vary the interfacial bonding force of 
S ic  whisker and Si3N4 matrix. The interfaces of S ic  whisk- 
er and Si3N4 particles do not react below sintering tempera- 
tures (-1700'~),'~,'~' while predictions were made that A1203 
promotes an interfacial reaction, C inhibits the reaction, and 
Zr02 plays an intermediate role. The difference in their 
reactivity was considered to change interfacial bonding 
force which might vary the strength or toughness of com- 
posite materials. 

Figure 2 shows the method of forming a uniform A1203 
coating layer by the pyrolysis of an oxide precursor attached 
to whisker surfaces. A hundred grams of Sic whisker 
(Tokai Carbon Co., Ltd.; TWS-100; average diameter: 
about 0.5pm; length: 5-15pm; P type) and the same 
amount of aluminum stearate (Yasuda Medical Mfg.) were 
mixed in ethanol, dried, and treated at 900°C in air for 2hr 
to obtain A1203 (estimated amount: about log). Also in the 
case of ZrOl coating, the same process was applied with 
zirconyl nitrate (Research Laboratory for Hypepure 
Chemistry; 33g). The whisker/precursor ratio was deter- 
mined such that the film thickness of oxide coating was 
about 1/50 of whisker diameter assuming uniform coating 
over S ic  whisker surfaces. For the C-coated whisker, a 
commercial product was adopted. Figure 3 shows SEM 
images of non-, A1203-, Zr02-, and C- coated whisker. 
A1203 and Zr02 were dispersed uniformly over whisker sur- 
faces in the form of particles, and X-ray diffraction found 
that the crystal form was a type for A1203 and monoclinic 
for Zr02  The surface of C-coated whisker (Tokai Carbon 
Co., Ltd.; TWS-100 with carbon treatment on its surface; 
film thickness: 5nm) was smooth and considered to be not 
crystalline but amorphous from the standpoint of X-ray 
analysis. 

In the preparation of sintered bodies, as shown in Fig.4, 
the following materials were used: 20wt% of coated-whisk- 
er, 8wt% of Yz03 (The Shin-Etsu Chemical Co., Ltd.; SU) 
and 2wt% of M2O3 (Sumitomo Chemical Co., Ltd.; AKP50), 
both for sintering aids and 70wt% of Si3N4 powder (Ube 
Industries, Itd.; E10). They were mixed in ethanol, molded 
in sheet by filtration under reduced pressure, dried, stacked, 
and sintered by a hot press method. Specimens 3 x 4 ~ 3 6  in 

-- - * 

Fig. 3. SEM photographs of non-coated SIC wh~sker (a), Al20,-coated (b). Zr02-coated (c) and C-coated (d) wh~sker 
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size were cut out from the resulting sintered body, and den- 
sity was measured by an Archimedean method. Strength 
(r.t. and 1250°C) was determined by a 3-point bending test 
with a span of 30mm. Fracture toughness was obtained by 
the SENB method in which the above specimen was slit 
0.75mm deep by a diamond wheel (blade width: O.lrnm) 
in the vertical face to the pressing direction of a hot press. 
Moreover, residual stress in sintered bodies was measured 
by X-ray stress measurement under conditions of: 
Si3N4(323) face for a diffraction face, characteristic X-ray 
by a yi constant method with Cu-Ka, and- 733MPaldeg. for 
a X-ray stress calculation. The appearance of whisk- 
erlmatrix interfaces was observed with a transmission-type 
electron microscope. 

2.2. Orientation Method for Sic Whisker 
As a method of whisker addition to enhance the com- 

posite effects of whisker on monolithic materials studies 
were conducted on the addition by unidirectional orientation 
through a doctor blade method. The properties of resulting 
composite materials were compared with those of 
monolithic materials to examine the effects of addition, and 
comparison was made between specimens with dierent 
directions of orientation. 

Figure 5 illustrates the preparation of doctor blade 
sheets. As has been stated in 2.1, 20wt% of whisker 
(without coating), 70wt% of Si3N4, lOwt% of sintering aids, 
MPaand an organic binder were thoroughly mixed in 
ethanol, followed by defoaming and viscosity adjustment to 
provide a green sheet 0.3mm thick. The sheet was cut into 
tiles IOOxlOOmm in size, which were stacked so as to have 
the same direction of whisker orientation, and then hot- 
pressed with the same conditions as in Fig.4. Four kinds of 
specimens 3x4x36mm in size were cut out from the ob- 
tained sintered body, according to the directions of hot 
pressing and doctor blade drawing as in Fig.6. The three- 
point bending strength (r.t. and 1250°C) and fracture tough- 
ness of each specimen were measured and the process of 
crack propagation was observed with a scanning electron 
microscope. In addition, creep tests were carried out at 
1250°C in air under a 3-point bending stress of 343MPa. 
and the microstructures of parts of specimens after creep 

Sirll.pxder Y~O~wwder AlrOlwrder Sic whisker Precursor of oxide 
(Aluminum stearate. 

Zirconyl nitrate) 

Hiring 
Drying 

Heat treatment 
(90OT in air)  

nixing 

P Hot pressing 
(llOocx2Hr,2Ookg/mm2.in U.) 

6 Estimating of sintered bodies 

d 
Fig. 4. Fabricating process of SiC(w)/Si& composites. 

rupture where tensile stress had been at work were observed 
with a transmission type electron microscope. 

3. Results of Experiment 

3.1. Coating Effects of S ic  Whisker Surfaces 

3.1.1. Mechanical Properties of Coated Whisker Com- 
posite Materials 

The relative density of composites containing noncoated 
whisker as well as A1203-, ZTOZ-, and C-coated whisker was 
over 99% after hot pressing, proving that all the materials 
were dense sintered bodies. Figure 7 shows the compara- 
tive results of each composite with regard to flexural 
strength (oRT and 6,250.~) as well as fracture toughness K c )  
at r.t. and 1250°C. 

The cn value of non-coated whisker composites 
(hereafter refered to as non-coated materials) was 990Mpa 
on the average, while that of A1203-coated whisker com- 
posites (hereafter A1203-coated materials) was 1107Mpa on 
the average, higher than the former. In addition, the strength 
of C-coated whisker composites (hereafter as Ccoated 
materials) was improved to 1054Mpa, whereas that of Zr02- 
coated whisker composites (hereafter Zr02-coated 
materials) decreased to 864Mpa. 

The value of non-coated materials was 794MPa 
while that of C-coated material was 921MPa on the average, 
the highest of all, and a decrease in strength was low com- 
pared with the value at r.t. A1203-and Zr02-coated materials 
had lower high-temperature strength than noncoated 

Fig. 5. Illustration of doctor-blade method. 

D.B. D.B. H . P  

A B C D 
( V e r t i c a l )  ( P a r a l l e l )  ( V e r t i c a l )  ( P a r a l l e l )  

Fig. 6. Specimen for bending experiments classified according 
to the direction of power on 3-point bending (P), hot pressing 
(H.P.) and drawing of slurry by doctor-bllade method (D.B.). 



Vol. 99-1066 Journal of the Ceramic Society of Japan, Int. Edition Matsui, T. et al. 

materials. 
The KIc value of non-coated materials was 8 . 7 ~ ~ a m "  

while that of A1203 coated material was 1 0 . 2 ~ ~ a m ' ~ ,  show- 
ing a notable improvement in toughness. On the other hand, 
KIc of Zr02-coated materials was 7.4MPamIR and that of 
C-coated materials was 7.8MPam1', both lower than non- 
coated materials. 

It was found that A1203-mated materials have improved 
strength at r.t. and toughness while they have low strength 
at high temperatures, that C-coated materials have lowered 
toughness and yet have notably improved strength at high 
temperatures, and that 2rO2coated materials have decreased 
strength at r.t. and high temperatures as well as toughness. 
These results suggest that A1203 coating reacting at the in- 
terface of whisker and matrix provides the effect of improv- 
ing fracture toughness, and that C and Zr02 coating does 
not promote a reaction, tending to reduce toughness. For 
further study on the effect of Ah03 coating to increase 
toughness, the behavior of crack propagation through com- 
posites was observed along with the condition of whisk- 
erlmatrix interfaces in the composites. 

3.1.2. Behavior of Crack Propagation in Composites 

Fig. 7. Mechanical properties of composites containing whiskem 
(a) non-coated, @) Al2Ol-coated. (c) ZrO2-coated and (d) C- 
coated. 

A Vickers indenter was pressed onto the surfaces of 
sintered bodies of Al2O3- and C-coated materials, and the 
propagation of resulting cracks was observed with SEM. In 
the case of C-coated materials, there were many points 
where whiskerlmatrix interfaces peeled off and cracks 
deflected along them (Fig.l(i)). As for &03-coated 
materials, no such deflection was encountered but whisker 
bridging was rather common (Fig.l(i)). 

3.1.3. Observation of WhiskerMatrix Interfaces 
The effects of N203 coating were studied noticing whisk- 

erhatrix interfaces by means of TEM observation, as well 
as drawing a comparison with non-coating and C-coating in 
which the behavior of crack propagation was clearly dif- 
ferent. 

Figure 9 gives the condition of interfaces of non-coated 
materials (a), that of A1203-coated materials (b), and C- 
coated materials (c). In the case of non- and C-coated 
materials no special layers were encountered at their inter- 
faces, suggesting that there are no interfacial reactions 
(Marked with "+"). By contrast, A1203-coated materials 

Fig. 8. Crack propagation in (i) Al&-coated and (ii) C-coated 
whisker containing composites. 

Fig. 10. Orientation of whiskers in doctor-blade sheets. 

Fig. 9. TEM photographs of whisker-mah interface of (a) non-coated, (b) Alh-coated and (c) C-coated whisker containing canposites. ?be 

m w s  show the interface. 
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developed film-like layers at the interfaces probably caused 
by A1203 coating (Marked with "t"). The layers were 
detected even when samples were inclined during observa- 
tion, proving that it is not due to overlapping of interfaces. 
Additionally, whisker in non-coated materials had a rough 
surface and was greatly strained by matrix particles, while 
in A1203coated materials, whisker surfaces were quite 
smooth. The probable reason is that A120, coating im- 
proved interfacial wettability during hot-press sintering, 
thus reducing strain against and damage to the whisker. 

3.2. Study on Orientation Effects of S i c  Whisker 

3.2.1. Effects of Whisker Addition With Unidirectional 
Orientation and Difference in Orientation Property 

Whisker in green sheets prepared by a doctor blade 
method was oriented almost in the same direction as shown 
in Fig.10. Evaluation was made with four kinds of 
specimens (A,B,C,D) cut out as in Fig.6 from a hot pressed 
body after stacking the above sheets. Differences in peak 
intensity ratios with (111) and (220) faces of P-Sic by X-ray 
diffraction showed the following facts: whisker in the 
specimens A and C of the sintered body is oriented vertically 
to the plane of crack propagation (hereafter referred to as 
vertically-oriented materials A and C), while in specimen B 
the orientation is parallel to the propagation plane and ver- 
tical to the propagation direction (hereafter paralleloriented 
material B), and in the specimen D it is parallel to the 
propagation plane and direction (hereafter paralleloriented 
material D). Figure 11 plots the measurements of QRT, 
olzSoc and Klc of each specimen. The vertically-oriented 
material A had lower om than the monolithic material, but 
higher Olzac and K, in particular, a125,c increased nearly 
twice from 646 to 1180MPa. in addition, KIc of the verti- 
cally-oriented material A was 1.15 times that of the paral- 
lelly-oriented material D, and al25o.c 1.25 times that of the 

Fig. 11. Mechanical properties of monolith, specimen A (verti- 
cal), B (parallel). C (vertical) and D (parallel) classified accord. 
ing to whisker orientation as showed in Figd. 

latter. The vertically-oriented material C also showed the 
same trend as A in comparison with monolithic and paral- 
lel-oriented materials. This revealed that whisker-oriented 
composites had greatly improved fracture toughness and 
especially high-temperature strength. 

In the next step, the behavior of crack propagation was 
observed to study the effect of Klc improvement by vertical 
orientation, and further creep tests were performed to ex- 
amine the effect of improvement of high-temperature 
strength. 

3.2.2. Behavior of Crack Propagation 
A Vickers indenter was pressed onto the hot-press face 

of specimen A in order to examine the propagation behavior 
of cracks generated in various directions. Figure 12(i) 
shows the case of vertical whisker orientation to the diiec- 
tion of crack propagation, while (ii) the case of parallel 
orientation. In parallel orientation, cracks advance almost 
straight along the direction of whisker orientation, whereas 
in vertical orientation, crack deflection or whisker pullout 
is encountered everywhere, and this effect is considered to 
have improved Klc of vertically-oriented materials. 

3.2.3. Influences on Creep Properties 
Figure 13  shows creep properties of monolithic and com- 

posites (vertically-oriented material A and parallel-oriented 
material D). It was found that the strain rates of composites 
are lower than that of the monolithic material. Moreover, 
in comparison between the vertical-oriented material A and 
parallelly-oriented material D, the former had greater strain 
amount leading to creep rupture time about twice as much, 

Fig. 1 2  Comparison of crack propagation configuration be- 
tween (i) vertical and (ii) parallel orientation of whiskers. 

0 - o = 343HPa (3-point bending) 
Temp : 1250'C 

Fig. 13. Creep resistance properties of monolith, composites of 
specimen A (vertical) and D (parallel) showed in Fig.6. 
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and about nine times that of the monolithic material. That 
is, the vertically-oriented material had lower strain rate 
against loading stress and greater strain amount till rupture 
than the monolithic material, which probably resulted in 
longer creep rupture time. 

4. Discussion 

4.1. Effects of A1203 Coating of Whisker on Fracture 
Toughness 

The fact that C-coating of whisker increased chances of 
interfacial peeling or deflection during crack propagation 
and A1203 coating reduced them (Fig.8) suggest that there 
is a difference in an interfacial bonding force between C and 
A1203 coating. Ashizuka et al.13' pointed out that in the case 
of C-coated Sic whiskerlcordierite C-coating weakens the 
interfacial bonding force and causes peeling, which is the 
same trend as this result. The interfacial layer between 
whisker and matrix of A1203coated materials (Fig.9) is dif- 
ferent from an AI2O3 layer (Fig.3) coated onto the whisker 
surface and changed into a film, so that some kinds of reac- 
tions must have occurred at the interface during sintering. 
Additionally, in A1203-coated materials, whisker bridging 
was mainly encountered during crack propagation. To ex- 
plain the mechanism of providing higher toughness by 
bridging,  ell^^' proposed pullout bridging in which energy 
is relieved by the friction of whisker pullout during bridging 
while Becher et aL3' claimed debond bridging in which in- 
terfacial peeling causes bridging in the case of higher inter- 
facial bonding force than pullout (Fig.1). It is not clear 
whether A1203coated materials are related to pullout or 
debond, and yet at least the appropriate enhancement of a 
bonding force by an interfacial reaction is considered to 
correspond to the bridging mechanisms. Further, as in 
Table 1, results of the measurement of stress remaining in 

Table 1. Comparison of properties of non-coated and M2On- 
coated Sic-whisker containing SilN4. 

2.1 smooth Yes 

composites showed that A1203 coating reduces compressive 
residual Stress against Si3N4 in the composites to about 115. 
In other words, when the balance of tehsile stress to com- 
pressive stress inside sintered bodies was taken into con- 
sideration, tensile residual stress against whisker could be 
lowered to 115, and the relaxation of tensile stress against 
whisker seemingly improved whisker strength. Another 
fact that roughness owing to strain against whisker surfaces 
was reduced suggests that composites had lowered 
deterioration and damage of whiskers and maintained the 
strength properties of whisker before sintering. From the 
above results, the functions of AI2O3 as a coating material 
for whisker to improve toughness are probably due to the 
following two points. 
1) Control of interfacial reactions: Formation of interfacial 

reaction layers to moderately enhance an interfacial 
bonding force. 

2) Maintenance of whisker strength: Relaxation of strain or 
stress generated at the interface during sintering. 
In the case of I), excessive reactions at interfaces let 

cracks merely advance while cutting whisker - the effect 
of whisker composition is not at work. In addition, as is the 
case with C-coated materials in this experiment, the distinct 
occurrence of interfacial peeling or deflection does not al- 
ways improve fracture toughness. In AI2O3 coated materials 
in this study, whisker bridging during crack propagation 
probably resulted in improved toughness. 

As for 2), AI2O3 coated onto whisker is considered to 
form a liquid phase with Si02 on the same surface in the 
process of sintering to improve interfacial wettability, thus 
relaxing strain and a difference in coefficients of thermal 
expansion caused by contraction in sintering, as well as 
resultant residual Stress. 

4.2. Effect of Orientation in Whisker Addition on 
High-Temperature Properties 

When whisker was added with vertical orientation to the 
plane of crack propagation (vertically-oriented materials), 
strength at 1250°C increased about twice and creep rupture 
time about 9 times as much as the case without whisker 
addition (monolithic materials). Moreover, during creep 
tests, the vertically-oriented materials had about 118 the 
strain rate and about 1.7 times the strain amount till rupture 
compared with the monolithic material. Further, even in the 
same composites, vertically-oriented materials had a strain 
amount about 1.5 times that of parallel-oriented materials 
(parallel orientation to the plane of crack propagation). 
These results indicate that whisker composition leads to an 
increase in resistance to strain under high-temperature 

Fig. 14. TEM photographs of whisken in composite (specimen A) before (a) and after (b, c) creep testing, showing the appearance of (b) stack- 
ing defects and (c) dislocation in the whisker. 
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stress. In other words, the intergranular slip of Si3N4 matrix 
accompanying the softening of an intergranular glass phase 
at high-temperatures is hampered by the pinning effect of 
whisker. In addition, when whisker is oriented vertically to 
the plane of crack propagation, the strain amount of com- 
posites increases under high-temperature stress. The prob- 
able reason is that whisker orientation acts as bridging in 
Si,N4 matrix, and even when the strain amount is increased 
by the intergranular slip of Si3N4, this whisker bridging 
against the direction of strain prevents the structure from 
easy rupture. Thus, added whisker with orientation in- 
creases rupture resistance even in case of the intergranular 
deformation of matrix. As a result, considerable stress is 
expected to be loaded on the whisker itself under high 
temperature stress. To confirm this, whiskers in specimens 
before and after creep tests were observed using TEM as in 
Figs.l4(a), (b), (c), and new stacking defects or dislocation 
(Figs.l4(b), (c)) were noticed inside the whisker after the 
tests. ~ u t t ' ~ '  studied defects in S ic  whisker and reported 
the presence of stacking defects, partial dislocation, and 
holes. Such initial defects may trigger new stacking defects 
with the help of external stress or act as nuclei to promote 
the movement of dislocation. Consequently, the generation 
of defects as in Figs.l4(b), (c) suggests that the whisker 
shares stress during creep. 

4. Conclusion 

The effect of surface coating for S ic  whisker by the 
pyrolysis of oxide precursors was investigated as well as 
that of whisker orientation by a doctor blade method, and 
the following results were obtained. Surface coating ef- 
fects: 
1) A1203 coating onto whisker surfaces improved strength 

at r.t and fracture toughness of composites to 1107MPa 
and 10.2MPam"2 (K.) respectively; 

2) Crack deflection was often encountered in C-coated 
materials while bridging of whiskers in A1203-coated 
materials, suggesting a difference in the condition of in- 
terfacial bonding; 

3) Al,03 coating smoothened whisker surfaces, formed an 
intermediate layer between whisker and matrix, and 
reduced residual stress; and 

4) These results indicated that A1203 coating maintained 
whisker strength even after sintering and an interfacial 
bonding force between whisker and matrix changed to 
let a bridging mechanism dominate, thus improving 
toughness. Composite effects of whisker orientation 
were: 
(1) The addition of whisker oriented vertically to the 

plane of crack propagation provided composites 
with a high temperature strength of 1180MPa at 
1250'C, about twice that of a monolithic material; 

(2) Strain fracture resistance during high-temperature 
creep increased and fracture time was greatly 
prolonged by about 9 times that of the monolithic 
material, thus proving a substantial improvement in 
creep properties by vertical orientation; and 

(3) Such orientation effects at elevated temperatures are 
probably attributed to an increase in the deformation 
resistance of matrix by whisker bridging as well as 
to stress sharing by the whisker itself. 

note: 
This work was mainly performed under the management of Engineering 
Research Association for High Performacne Ceramics as a part of The Fine 
Ceramics R&D Project of Basic Technology for Future Indusuies supported 
by New Energy and Industrial Technology Development Organization. 

(Published at the A ~ u a l  Meeting in May, 1990 and also the 3rd Autumnal 
Symposium in September, 1990 of the Ceramic Society of Japan). 
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The effect of coarse quartz grains on mechanical proper- 
ties of triaxial porcelain body was examined. Bodies 
composed of 50 kaolin, 25 potash feldspar and 25% fine 
quartz, which was replaced in turn with 74-149km 
coarse ones, were fired at 1400°C for lh. Their bulk 
density was about 238g/cm3 and hardly changed with 
the amount of coarse quartz. Bending strength of the 
fired specimens was markedly decreased from 
1350kgf/cmz for the body free from the coarse quartz 
grains to about 900kgf/cm2 by addition of only 0.03% of 
the coarse grains, and further decreased with an increase 
in the amount of the coarse quartz grains. Scattering in 
the bending strength values and also mean deviation of 
starting point of failure from the maximum stressed 
point decreased with increase in the content of the coarse 
quartz grains. From these relations, it was inferred that 
most failures of the specimens were started at the origin 
associated with the coarse quartz grains. The results 
clearly show that not only the control of the quartz grain 
size within an appropriate range but also the prevention 
of the contamination by coarse quantz grains are indis- 
pensable for the increase in the mechanical strength of 
a porcelain body. 
[Received April 16, 1991; Accepted July 18, 19911 

Key-words: Porcelain body, Mechanical strength, Weibull 
coefficient, Quartz, Grain size, Coarse grains. 

cooling becomes too high, creating cracks in the surround- 
ing glassy phase and quartz grain and reducing their 
strength?' When the quartz grains in the size range that 
produces effective prestressing effect are contained, the 
strength of body becomes higher as more quartz grains are 
left unmelted in the rounded form in the body.2' 

When the fracture surface of specimen is observed with 
a microscope after the strength test, large quartz grains are 
often found the surface or near the surface layer. This sug- 
gests that such coarse quartz grains are the sources of frac- 
ture. From this viewpoint, we studied the relationship 
between the amount of coarse quartz and the strength. 

2. Materials and Preparation of Specimen 

The materials used in this experiment were elutriated 
Korean Hadong Kaolin, Indian feldspar grains of 10-20pm 
obtained by elutriation, and screened quartzite of high purity 
for optical glass. Two kinds of quartz grain size ranges were 
used in this experiment. One was coarse size of 74-149ym 
that had been found to decrease the strength in the previous 
work. The other was grain size of 10-20pn screened by 
elutriation that had been found to give the highest strength 
when fired at 1400°C for Ih. 

The chemical composition of raw materials is given in 

Table 1. Chemical compositions of raw materials 

1. Introduction 

The previous reports presented the following facts: The 
factors having effects on mechanical strength of kaolin-base 
porcelain body are the differences in thermal expansion 
coefficiency and modulus of elasticity between the quartz 
grains and surrounding glassy matrix in the densified body. 
The prestressing effect due to the residual compressive Table 2. Compositions of specimens (wt%). 
stress at the glassy phase around the grain is large.12' This 
prestressing effect is affected by quartz grain size, and varies 
with the firing temperature. For the standard composition 
porcelain body of 50 Kaolin, 25 potash feldspar and 25 wt% 
fine quartz, the body containing 10-20pm quartz grains 
when fired at 1400°C for lh and the body containing 5- 
IOpn quartz grains when fired at 1350-1250'C for lh  have 
the highest strength. If the grain size is too small, the quartz 
grain is excessively melted, producing small prestressing 
effect. If the grain size is too large, the stress occurring in 
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Table 1. From the result of X-ray diffraction, it was 
revealed that the Hadong Kaolin mainly contains metahal- 
loysite and contains small amounts of hydrohalloysite, trace 
amounts of micaceous clay mineral, quartz and plagioclase, 
indian feldspar is potash feldspar into which small amounts 
of soda feldspar is dissolved; and the quartzite contains 
qua* only. 

These materials were blended into nine kinds of 
specimens shown in Table 2 on the basis of standard com- 
position of 50 Kaolin, 25 potash feldspar and 25 wt% fine 
quartz, which was replaced in turn with 74-149pm coarse 
quartz. The mixing was performed by stirrer so that the 
quartz grain size is not changed. The mixture was heated 
while stirred using distilled water, and then evaporated. 
After being dried, the specimen was lightly ground in an 
agate mortar to prepare sample powder. The powder was 
preformed into a 5x5x40mm rectangular specimen under a 
pressure of 300kgf/cm2 (lkgf/cmz=9.8x104~a) of a uniaxial 
press by using a bakelite-lined metallic mold, and then 
HIPed under a pressure of 800kgf/cm2. The compact was 
heated to 1400'C at a heating rate of 6'C/min using an 
electric furnace of silicon carbide heating element, held for 
lh  and then allowed to cool in the fumace (at a rate of 
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Fig. 1. Effect of addition of coarse quartz on bulk density of 
fmd bodies. 
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Fig. 2. Polarization microphotographs of fved bodies containing Fig. 3. Effect of addition of coarse quartz on bending strength 
of f d  bodies and its deviation. 

2"C/min on average to about 800°C) to prepare specimens 
for experiment. 

3. Experimental Results and Discussion 

First, the bulk density was measured by the mercury 
replacement method to estimate the degree of vitrification 
of compact. The measured values were calculated as the 
mean measurements from five measurements and plotted 
against the amount of coarse quartz particles as shown in 
Fig.1. The bulk density of fired body is almost unchanged 
though it decreases slightly as the amount of coarse quartz 
increases, so that it can be judged that the all specimens is 
in the same densification condition. 

The powder X-ray diffraction has revealed that the con- 
stitutive phase of fired body is amorphous glass phase in 
addition to mullite and quartz, and that the quartz content 
increases as the amount of coarse quartz particles increases. 
In addition, polarization microscope observation was per- 
formed on the thin layer of fired body. Figure 2 shows 
examples of polarization microphotographs of fired body 
containing 5% coarse quartz. In any body, the glass 
produced by the melting of feldspar spreads to form a 
matrix, in which mullite needle-shaped crystals are consid- 
erably developed. The fine quartz grains are melted from 
their surface and edge and shaped into a rounded form. The 
coarse quartz grains are also rounded, but cracks are found 
in and around the grains as seen in Fig.2. 

The bending strength of fired body was measured. The 
measuring method is the three-point loading method with a 
span of 20mm and a cross head speed of O.lmm/min. For 
the strength test, ten test pieces were used for the sample of 
0% coarse quartz and 25% coarse quartz grains each, and 
twenty test pieces were used for other samples each, and the 
mean values were calculated. Figure 3 plots the of bending 
strength test result against the logarithmic value of the 
amount of coarse quartz particles. The bending strength of 
body was 1350kgf/cm2 on average when coarse particles 
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were not contained and prepared from only 10-20pm quartz, 
but suddenly decreased to about 900kgf/cm2 when 0.03% 
coarse quartz particles were added. The strength continued 
to decrease as the amount of coarse quartz particles in- 
creased, being as low as 270kgf/cm2 when all of quartz of 
25% was coarse one. This shows that the effect of coarse 
quartz particles on the bending strength is very large. 

The variation in strength value Ao also decreases with 
the increase in the amount of coarse quartz particles. The 
ratio of Ao to the average strength o under each condition, 
Aa/o, is represented by the broken line in Fig.3. This devia- 
tion value is unchanged up to 0.25% coarse quartz, but 
suddenly decreases as the amount of coarse quartz particles 
exceeds 0.25%. 

In this bending test (three-point loading method), fracture 
did not necessarily begin at the bottom center, which is the 

1 . -  . . , . . , . .  . . ,  , . , , , . ,  1 , , , * , . .  . .  I 
0 - 003 0.1 025 0.5 1 2 5 25 

h o u n t  ot coarsequartz partctes (%) 

Fig. 4. Effect of addition of coarse quam on length of deviation 
from center of specimens. 

maximum load point of test piece, and it often began at a 
point deviating from the center. Figure 4 shows the relation 
between the amount of coarse quartz particles and the length 
of deviation (X) from the center of the specimen. This 
result was obtained by measuring the length of deviation (X) 
for each test piece, and the mean value (X) was calculated 
for each condition. The length of deviation is unchanged 
up to 0.25% coarse quartz, but suddenly decreases as the 
amount of coarse quartz particles exceeds 0.25% and num- 
bers of test pieces in which fracture began near the center, 
i.e. the maximum load center, increase. This relation is very 
similar to the plot of Ao/o in Fig.3. 

Figure 5 shows the SEM photographs of fracture surface 
of specimen after subjected to the bending strength test. On 
the fracture surface, it can be observed that coarse quartz 
grains are present on the specimen surface as shown in A 
and also near the surface as shown in B, at which fracture 
began. 

Summarizing these relationships, the coarse quartz grains 
contained in the body produces a high stress at the grain 
boundary due to the difference in thermal expansion coeffi- 
cient of the grains and surrounding glass phase, and the 
stress sometimes exceeds strength value of the glass and 
quartz grain, creating cracks in the glass phase and quartz 
grain. Since some of these cracks are present on or near the 
surface of the specimen, the cracks, or ones formed by load 
superimposed on high residual stress, becomes the source 
of fracture of the entire specimen. As the amount of coarse 
quartz particles increases, the ratio of crack distribution on 
or near the surface of specimen increase. Therefore, the 
probability of presence at or near the maximum load point 
increases when the strength test is canied out. The fact that 
the change of strength deviation as a function of the amount 
of coarse quartz particles is in almost good agreement with 
the change of length of deviation from the maximum load 
point shows that the strength of specimen depends on the 
presence of coarse quartz grains. 

Figure 6 shows the Weibull plot of bending strength of 
fired bodies. As the content of coarse quartz increases, the 
strength decreases, but the Weibull modulus increases. Fig- 
ure 7 shows this relationship. 

In consequence, the presence of coarse quartz grains in 
a densified porcelain body produces high stress during cool- 
ing owing to the difference in thermal expansion coefficient 
and modulus of elasticity between the quartz grains and the 
surrounding glass, which sometimes creates cracks. These 

Fig. 5. Scanning electron micrographs of fired bodies contaning 
coarse quartz. 
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Fig. 6. Weibull plot of bending strength of fved bodies. 

- content of coarse 
quartz (wt%l 

A 0 I 
. S 003 r" 

c o t 0  ; 
D 025 
E 0 5 0  

E ; / 3 0  , - 1  25 

10- 

I 

2 3 4 5  
Bendnng strength( r10'kglcd) lo 20 



Harnano, K. et a1 Journal of the Ceramic Sol :iety of Japan, Int. Edition Vol. 99-1073 

05' 'oO3'"6 ' 025'05 ; i ' ' k " ' "  'i5 I 
Amwnl of caarse quartz particles ('I.) 

Fig. 7. Effect of addition of coarse quartz on Wiebull modulus 
of bending snength of fired bodies. 

become the source of fracture when the specimen is sub- 
jected to a load. Therefore, tiny amounts of coarse quartz 
grains of 0.03% contained in a body decrease the strength 
value to two-thirds. With the increase in the content of 
coarse quartz, the strength decreases further; at the same 
time, the variation in strength value becomes low, and the 
Weibull modulus becomes high. 

For the materials for stuctural component, not only high 
strength but also high Weibull modulus is required. For 
porcelain bodies, as seen in this experiment, since fracture 
seems to occur from any defect, high Weibull modulus cor- 
responds to the fact that the sources of fracture distributed 
near the maximum load point of specimen has increased, 
which naturally decreases the strength value. 

Although it is ideal to make bodies having no defects, it 
is now necessary to minimize such defects to make bodies 
with high strength. As described in the previous report, it 
is naturally effective to decrease the qurtz grain size con- 
tained in the body to some degree, and it is also necessary 
to thoroughly control the process in order to prevent coarse 
quartz grains that may become the sources of defects from 
entering the raw materials powder. 

4. Conclusions 

The effects of the amount of coarse quartz grains on the 

mechanical strength of a triaxial porcelain body having 
nearly the same degree of densification were examined. 
The conclusions obtained in this experiment are summarized 
below. 
1) The bending strength of body is decreased from 

1350kgf/cmz to about 900kgf/cmz, i.e., to two-thirds by 
the addition of 0.03% coarse quartz grains. The strength 
decreases further as the amount of coarse quartz grains 
increases. 

2) Variation in strength measurements become narrower 
with the increase in the amount of coarse quartz grains 
when more than 0.25% of coarse quartz grains are added. 
This tendency agrees well with the tendency of change 
of averaged length of deviation of crack formation point 
under three-point load from the maximum load point due 
to the addition of coarse quartz grains. This means that 
many fractures of porcelain body begin at the source 
caused by the presence of coarse quartz grains. 

3) The Weibull modulus of body strength value increases as 
the amount of coarse quartz grains increases. 

4) To increase porcelain body strength, it is necessary not 
only to control the grain size of quartz to be in an ap- 
propriate grain size range depending on the fuing condi- 
tion but also to prevent coarse quartz grains that may 
become the sources of fracture from entering the raw 
material powder. 

(This paper represents results reported to the annual 
meeting of the Ceramic Society of Japan in May, 1985 and 
additional new work) 
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The frost susceptibility of inorganic porous building 
materials was discussed from a viewpoint of quantitative 
analysis of internal pore structures. The analysis was 
undertaken on the basis of a couple of black-and-white 
image data, such as two dimensional pore-size distribu- 
tion and three dimensional pore-connecting texture being 
constructed by a computer  from original  SEM 
photographs. The results were summarized as follows. 
The frost susceptibility showed excellent correlations 
with factors obtained by the quantitative analysis of 
pore-connecting textural. They are (a) an averaged 
shape factor (S) of the deviation from the perfect circle, 
a variance and a standard deviation about (S); (b) a 
distribution of (S) along with the polishing direction and 
a branching degree in a three dimensional connecting 
texture of pores; and (c) a fractal dimension calculated 
from the data of an accumulated pore-size distribution 
which was measured by the mercury-intrusion method. 
It is suggested that they should be used as promising 
factors for the indirect evaluation of the frost suscep- 
tibility of inorganic building materials. 
[Received April 24; Accepted July 18, 19911 

Key-words: Frost durability, 3D pore structure, Image 
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1. Introduction 

Inorganic building materials have a porous stmcture be- 
cause they are prepared from the state of powder as the raw 
materials through firing process. Therefore, the porous 
structure of the material is gradually destroyed by the repeti- 
tion of freezing and thawing of water held in the porous 
structure, which deteriorates the basic performance of build- 
ing material. 

Generally, the above deterioration is called a "frost 
damage". For building materials to have excellent frost 
durability at low temperature region, it is effective to control 
the freezing and movement of moisture in such a porous 
structure by controlling the pore size distribution in the 
material and by the modification of the intend pore surface 
chemically and physically.'~2' Since the frost phenomena of 
building material is caused by the freezing of water held in 
the pore structure, it is needless to say that the pore structure 
is related closely to the mechanism by which frost damage 
is generated. Therefore there are some key factors for quan- 
titatively characterizing the pore structure when the pore 

structures in building materials are controlled to improve the 
frost durability. These are (a) pore size distribution, (b) pore 
shape distribution, and (c) pore-connecting texture. Several 
reports have been published in an attempt to improve the 
frost durability by the control and analysis of pore size 
distribution in ceramic building materials and cement-base 
building materials such as roof tiles, brick, and tiles?6' A 
few reports also have been published that deal with qualita- 
tive relation between the internal pore structure and frost 

However, no report has been published on the 
quantitative analysis of the relation between the factors (b) 
or (c) with frost durability. 

In the present work, we studied the relation between the 
various quantitative analysis results and actual frost 
durability as a basic study for proper design of inorganic 
building materials having excellent low-temperature 
durability (frost durability). The quantitative analysis was 
performed by image processing aded with a computer on 
the pore shape distribution and three-dimensional pore con- 
necting texture in the polished cross section of some fired 
ceramic building materials (clay roof tiles) graded in frost 
durability. 

2. Experiment and Analysis Method 

2.1. Building Material Sample 
Three kinds of clay roof tiles being graded in frost 

durability were used in this experiment. They were 
prepared from the raw material with the same composition 
so as to have the properties shown in Table 1 by changing 
the firing temperature only?' As the index of frost suscep- 
tibility shown in Table 1, the sample weight loss Q that has 
been used for evaluating the frost durability of aggregate for 
concretelo' was used. The material was sieved by two types 
of screens (1.9cm and 0.8cm mesh). The sieved material 
was dried at 105-1lO"C for 24h. After that, the accurately 
weighed lump sample (about 400g, W,) was impregnated 
by the boiling saturation method (5% salt water with ac- 
celerated deterioration effect was used), and then placed in 
a glass container with a lid that had an inside volume of 

Table 1. Physical properties of building materials ( f d  clay 
roofing tiles) used as samples. 

sample W a t e r  Apparent saturat .  Frpt . ! !p~cf~t ibi l  tY L---r as, P\ 
1 - 8  w t 0 )  

A 2 
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about 300cm3. After being allowed to stand in a freezer at 
-25+IQC for 16 hours, the sample was allowed to stand at 
room temperature (20°C) for 8 hours. This cycle was 
repeated at a specified times. After that, the washed and 
dried sample was sieved again and weighed accurately (W,). 
The weight loss Q due to breakage and fragmentation of 
grains in the starting lump sample was determined from the 
following equation. 

The holding time for freezing and thawing is sufficient dura- 
tion for the center of lump sample to reach a temperature 
equilibrium. In this experiment, 130 cycles was selected as 
the freezing-thawing cycle number to clearly specify the 
frost susceptibility?' This cycle number has been confirmed 
by using many other samples. 

2.2. Image Processing Method 
The consolidated sample whose fine pores were filled 

with penetable embedding resin was minor polished, and a 
black-and-white image was prepared from the photographs 
obtained by SEM observation. To build the three-dimen- 
sional pore-connecting texture, the ordinate data of one 
frame was constructed with 256 pixels at the maximum both 
longitudinally and transversely by always fixing the fixed 
point in each black-and-white image; this was obtained by 
photographing under the same condition the above- 
described minor polished surface prepared continuously at 
about Ipm intervals in parallel to each other and the sub- 
sequent image processing. The number of sheets of sample 
surface that were input into the computer was 10 for all 
samples because of the limited memory capacity of the com- 
puter and the limit of calculation time. 
1) Quantitative Analysis of Pores for Two-dimensional 

Image Processing 
One of the above-described 10 sequential black- and - 

white images was analyzed on the shape distribution of 
pores. Although there are some methods for representing 
the pore shape, an averaged shape factor (S) of the deviation 
from the perfect circle was used in this experiment. The (S) 
is a shape evaluating factor contained in commercially avail- 
able image processing software and is expressed by eq.(2). 

where L is the peripherical length of pore and A is the pore 
area. 

As seen from Eq.(2), S=l for a perfect circle. In the 
shape measurement of this study, 11256 the longitudinal and 
transverse dimensions of a black-and-white image is input 
as one pixel into the computer. When the pore area is con- 
siderably larger than one pixel, an exact shape factor can be 
obtained, but it contains many errors when the pore area is 
small. In the present analysis, therefore, the degree of 
deviation of the S value from S=l for a perfect circle was 
calibrated beforehand on a circle with a known radius. S 
was determined for the pore image with the S value being 
in the range of 12S20.85. The relation between statistical 
factors such as the mean value S of shape factor, variance 
h or standard deviation o of S value and frost durability was 
investigated. 
2) Analysis for three-dimensional pore-connecting texture 

The relation between three-dimentional pore-connecting 
texture and frost durability was investigated as follows: 

Analysis method O: One set of ten sheets of sequential 

black-and-white image planes that were in parallel to each 
other-at intervals of about Ipm were prepared for each 
sample by computer image processing. When three-dimen- 
sional continuous pore structure data are built by piling the 
neighboring image planes, the determination of whether the 
pore is continuous was made as shown in Fig.1. When the 
neighboring pixels of the central pixel on the same plane 
and the neighboring pixels on the upper and lower planes 
have the same binary signal as the central pixel, they are 
given the same address number as the central pixel. The 
qualitative relation between branching degree and frost 
durability was investigated for the addressed threedimen- 
sional connecting pores. 

Analysis method Q: It is known that the pore distribu- 
tion and the geometric connecting structure show fractal."' 
Therefore, based on the pore size distribution data of sample 
obtained by the mercury-intrusion method, the quantitative 
relation between fractal dimension D obtained from eq.(3) 
and frost durability was investigated. 

where, R is the pore radius, V is the calculated volume of 
pore, D is the fractal dimension, and the suffixes of min and 
max indicate the minimum and maximum values of V and 
R when the logarithmic plot of (V-V,,)/(Vm,-V) versus (R- 
R,.)I(R,-R) has the highest linearity by substituting the 
pore size distribution curve data into eq.(3). 

3. Results and Discussion 

3.1. Study by Two-dimensional Image Analysis 
Figure 2 shows the black-and-white image planes (black 

portion indicates the pore) for three kinds of clay roof tiles 
with different frost durability. Comparing pore shapes in 
Fig.2, it is qualitatively observed that the sample with higher 
frost durability is smoother in pore shape and lower in con- 
tinuity. To quantitatively investigate the distribution of pore 
shape, therefore, the distribution of shape factor S calculated 
from Eq.(2) was determined for the images that are inde- 
pendent each other in each plane in Fig.2. The result is 
shown in Fig.3. From this figure, it is difficult to classify 

Upper image plane 

Neighbowing p ixe ls  

Central  image plane 

@-v+-r image plane 

When hatched p ixe ls  have same image 
s igna l  a s  t h e  c e n t r a l  p ixe l  , those 
neighbowing p ixe ls  were incorpolated 
t o  a same group including t h e  c e n t r a l  
pixel .  

Fig. 1. Determination procedure for making the mutual linkages 
among neighboring pixels in the sequential image planes for com- 
puter-image pmcessing. 
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the difference between three samples. However, when the 
data of Fig.3 is represented by the mean value S, variance 
h, or standard deviation o, a distinct difference is found 
between the three samples. In addition, the relation between 
these statistical factors and the index of frost susceptibility 
(weight loss Q) was investigated. The result is shown in 
Fig.4, in which highly linear correlation is found for any of 
these factors. 

3.2. Study by Three-dimensional Image Analysis 
Figure 5 shows ten sequential black-and-white image 

planes obtained by polishing at intervals of about l ~ m  for 
each sample. The changes of the pore area A and the pore- 
shape factor S along with the direction of sample polishing 
were investigated for the pores that are continuous (i.e. have 
the same address) from the top to the bottom image plane. 

The result is shown in Fig.6, which indicates that the sample 
having better frost durability has smaller changes. 

Next, the branching degree of each pore from the top 
image plane to the bottom plane was investigated. The 
result was shown in Fig.7 by discriminating the pore having 
the same address in one image plane on the basis of three- 
dimensional continuity obtained by the computer on the 
criterion of Fig.1. Fig.7 indicates that the sample having 
better frost durability has lower branching degree and the 
sample that is more susceptible to frost has higher branching 
degree. This fact can be interpreted as follows by relating 
to the difference in frost susceptibility of water saturated 
sample obtained in this experiment. As known as a ther- 
modynamic fact, the water held in the pore structure can 
locally freeze at a different temperature depending on the 
pore size. In the sample that has a continuous structure with 

--I  o :Standard deviation I 

Fig. 2. Black-and-white images from SEM photographs for the 
analysis on the distribution of pore-shape factor (S) indicating 
the deviation from the perfect circle. 

Sample C (0= 4.72) 

1 f ? 5 P 1 7 ? 1 ~ 1 , " , 2 1 ~ 1 ~ 1 ~  1: 
2  3 4  5  6  7  8 9 10 11 12 13 14 15 16 17 

Range of pore shape factor (S) 

Fig. 3. Comparison of distribution of (S)  among three different 
samples. 

Sample J1:: C-L 

r: correlation coefficient - 
O O  5  10 15 20 25 30 35 

Frost susceptibility wt$ 
(weight loss), Q 

Fig. 4. Relationship of frost susceptibility (Q) against (S), 
variance (k) and smdard deviation (a) concerning the value of 
(S) and pore area (A). 
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many pore branches (such that the water in fine branches is 
in the entrapped condition without being frozen), the 
amount of entrapped water increases, and finally the struc- 
ture is destroyed under the static pressure generated when 
the system is cooled and the freezing of entrapped water 
proceeds. Particularly when the cooling speed is high, or 

No. of Sample A Sample B Sample C 
imag 

I 
0  

1 

2 

3  

4 

5 

6 

7  

8 

9  

Fig. 5. Ten sequential black-and-white image planes for three 
different samples as the original data for creating three dimeti- 

sional connecting structure of pores by computer. 

the pores branch finely, the structure is destroyed heavily 
because the accumulated fracture pressure cannot be 
released by the hydraulic flow of water and/or plastic defor- 
mation of ice through the fine pores. 

Figure 9 shows the log-log plots between (V-V,.)/(V,,- 
V) and (R-R,.)I(R,,-R) calculated by Eq.(3) on the basis of 
the pore size distribution of three materials (see Fig.8). The 
relation between the fractal dimension D obtained from the 
line slope in Fig.9 and the index of frost susceptibility 
(weight loss Q) is shown in Fig.10. This figure shows very 
close linear correlation. 

The range of R,., R,,, V,., and V,, value was deter- 
mined by making reference to the results of another experi- 
ment9' in which the pore size range having closest 
correlation (see Fig.11) with the frost susceptibility Q was 
investigated for over 30 kinds of clay roof tiles including 
one used in this experiment, that is, by considering that the 
log-log plot between (V-V-)/(V,,-V) and (R-R,,)I(R,,-R) 
has highest linearity in the.widest possible range in the pore 
range of Rc0.7pn. 

The fractal dimension calculated for three kinds of clay 
roof tile specimens used in this experiment was in the range 
of D=2.16-2.26. Judging from the value that is similar to 
the fractal dimension D=2.17 for a human lung,'2' it is 
thought that the connection of pore within clay roof tile is 

100J 
Sample A 0:Standard deviation 

N I Sample B 

Sample C 
100 - 

- 5  

0  ' " " n . .  1 
0 1  2 3 4 5 6 7 8 9 1 0  
Distance frcm the top'surface 
of reswtive sample, urn 

Fig. 6. Changes of the pore area (A) and the pore-shape fact01 

(S) along with the direction of sample polishing. 
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similar to the spatial connection of human alveolus. When 
a space is filled with pores, D becomes 3. But the actual 
pores within the roof tile specimen show smaller D as com- 
pared with D=3. It is found that the specimen that is sus- 
ceptible to frost (i.e. having high Q) has a D value close to 
3, and the pores branch finely within the specimen, the 
specimen having a pore structure with increased connection. 

Considering the effect of defect density (that becomes a 
fracture starting point of brittle material) and the crack 
length included in the stress intensify factor term (in the 

lo0 101 lo2 lo3 lo4 
Radius of pore, R nm 

Sample A 
Fig. 8. Original data of pore size distribution for the fractal 
analysis. 

Sample B 

. D:Fractal dimension 

r:Correlation coef f ic ien t  

Fig. 9. Log-log plots between (V-Vmm)(Vm,-V) and (R-R,,,,)(R,- 
R)  in order to obtain the fractal dimension D in eq.2. 

Sample C 

Same shad- area indicates the same 
family of pres which a re  connected 
with each other. 

Fig. 7. Configurational comparison of the branching degree in a 
three dimensional connecting texture of pores. 

r:Correlation coefficient 
2.1 I 1 I I I I 

0 5 10 15 20 25 30 35 
Frost susceptibility wt% 
(weight loss), Q 

Fig. 10. Relationship between the fractal dimension and the 
frost susceptibility (Q). 
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I I 1 1 1 1 1  
10 50 100 400 700 1000 7500 

Range of pore radius, R nm 

Fig. 11. Correlation of respective pore-size range against frost 
susceptibility (Q), which were obramed from statistical analysis 
using over 30 kinds of clay-rooting ti~es.~' 

Griffith-Orowan theory) the irregularity (deviation from the 
perfect circle) of pore surface, which is morphological fac- 
tor of pore, is related to the existence density of cracks for 
the case of stmctureal fracture (i.e. frost damage) due to 
freezing of water within the porous structure. It is thought, 
therefore, that statistical factors of the mean value of S 
corresponding to the deviation from the perfect circle and h 
or o relating to the distribution of S reflecting the variety of 
pore shapes have a correlation with frost as high as the mean 
value of S. 

As described above, several factors obtained by the quan- 
titative analysis of two-dimensional distribution or three- 
dimensional connecting texture of pores dealt with in this 
experiment are useful tools not only for the analysis of frost 
mechanism but also as an indirect evaluation factor of frost 
susceptibility of building materials. 

4. Conclusions 

To study the difference in frost susceptibility of inorganic 
porous building materials (represented as weight loss ob- 
tained from the freezing and thawing of sieved lump 
specimen saturated with water) from the viewpoint of pore 
structure of building material, quantitative analysis of shape 
distribution in the two-dimensional cross section and three- 
dimensional fractal dimension analysis based on pore size 
distribution were performed by using computer-aided image 
processing technology. The conclusions are summarized as 
follows: 
1) The mean value, variance, and standard deviation of 

shape factor of the deviation fmm the perfect circle for 
pores of a two-dimensional image obtained from the 
black-and-white image data from an SEM photographs 

of mirror polished building material surface show excel- 
lent correlation with the frost susceptibility. . . 

2) The distribution of the branching degree and the deviation 
fmm the perfect circle in the polishing direction obtained 
fmm the three-dimensional connecting texture built by a 
computer from the sequential black-and-white SEM 
image of polished surface at intervals of about lpm 
shows close correlation with the frost susceptibility. The 
factors relating to the pore structure are very effective 
when the degree of structural fracture caused by the 
hydraulic pressure of water entrapped in the pore con- 
necting texture in unfrozen condition on freezing is 
evaluated indirectly. 

3) The fractal dimension calculated in the fractal dimension 
analysis based on the three-dimensional pore distribution 
data obtained from the mercury-intrusion method has 
close correlation with the frost susceptibility. This 
means that the fractal dimension for pore distribution 
becomes a factor that permits indirect evaluation of the 
fmst susceptibility described in (2) because it represents 
the connection and spatial distribution of pores. 
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Direct observation of the distribution of electrical resis- 
tance within dielectric semiconductor ceramics by means 
of optical and scanning electron microscopes became 
possible by electrolytical etching of the ceramics con- 
ducted in diluted acid. By this method, the insulating 
layer of BaTi03  surface-layer type semiconductor 
ceramics and the pain-boundary of the SrTi03 semicon- 
ductor ceramics became observable by SEM or optical 
microscopes, and the distribution of the electrical resis- 
tance within the ceramics became measurable. It is con- 
sidered that the latter insulating boundary layers are 
different from Bi diffused layers. 
[Received May 15, 1991; Accepted July 18, 19911 
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1. Introduction 

By utilizing the particular electrical characteristics real- 
ized by its inherent semiconductive and dielectric proper- 
ties, semiconductor ceramics have been applied to produce 
various electronic components including capacitors, varis- 
tors, thermisters, etc. 

Whereas the ceramics composition consisted mainly of 
semiconductor ceramics and dielectric parts existing on 
either the surface or at the grain boundaries, and the electri- 
cal characteristics of the grain boundary had been studied 
 extensive^^,'^' very few had been reported on the actual 
observation of the dielectric part except a case wherein a 
substantial materialistic unbalance such as segregation is 

This difficulty comes from the facts of nearly identical 
compositions of the semiconductor and the dielectric parts, 
producing no significant and detectable differences in the 
chemical composition and the element distribution. 

Moreover, even if boundaries in the chemical composi- 
tion were found, it would be nearly impossible to prove the 
coincidence of the composition boundary with the electrical 
boundary. 

Thus, in our efforts to differentiate the above two boun- 
daries, observations of the reoxidized insulating surface 
layer formed on a surface-layer type semiconductor ceramic 
(hereafter called SL-SC) capacitor and the grain-boundaries 
formed within a diffusion-material added grain-boundary 
type semiconductor ceramic (hereafter called DMA-GB- 
SC) capacitor are experimented. 

SL-SC with a thin insulating layer on its surface is 
produced by reoxidizing the surface of a semiconductor 
ceramics which is produced by a sintering process in air 
which si followed by a reduction sintering process. There- 
fore, the chemical compositions of the layer and the semi- 
conductor parts are identical except a slight oxygen 
deficiency in the surface. 

Despite of a few past attempts to observe a cross-section 
of surface-insulation layer canied out using a reflection 
mode of optical micro~co~e ,~ '  and to observe a cross-section 
on which a potential difference is applied also by using a 
scanning electron-microscope (sEM)," the observation of 
surface-insulation layer formed on SL-SC is a highly dif- 
ficult task because of its indistinctive boundaries, and even 
if it became observable, its coincidence with the insulation 
layer could not be proved. 

The DMA-GB-SC capacitors are formed by reduction 
sintering of semiconductor ceramics. After coating its sur- 
face by Bi03.Cu0, the ceramics is subjected to a diffusion 
sintering in order to diffuse the oxides into the boundaries 
within the ceramics and to form an insulation layer on the 
surface. In this case again, although the distribution of the 
diffused material in the grain boundaries had been known," 
the coincidence of this with the insulation layer had not been 
established. 

Thus, in these facts in mind, a method to observe and 
detect the boundary layers is developed by directing atten- 
tions of authors to the difference in the electrical resistances. 
With this method, the ceramics is electrolytically etched in 
acid solution to form surface indentations which are distinc- 
tively observable by either SEM or optical microscopes. 

2. Experimental Method 

2.1. Detection of The Reoxidized Layer of Surface-layer 
Q p e  SC Capacitor 

2.1.1. Pretreatment 
In order to observe and detect the surface insulation layer, 

a disc-shaped barium titanate SL-SC (capacitor of a diame- 
ter of 7.5mm, thickness of 300pm, static capacitance of 
1000pF, insulation resistance of more than 10000M-Ohms) 
is vertically buried into a resin mold. 

Then, the mold is cut to expose it cross-section on the 
upper and lower surfaces of the mold respectively. An 
electrode is deposited on the upper surface while specular- 
polish is applied onto the lower surface in order to make the 
observation and detection of the surface-layer easier. 

At this state, the ceramics is conductive between the 
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lower and the upper surfaces, allowing easy determination 
of the conductivity by an ohm-meter. 

2.1.2. Direct Measurement of Resistance Distribution 
In this experiment, the ceramics specimen is cut to ex- 

pose its diagonal cross-section in order to obtain a larger 
cross-sectional area to be observed. By this, the 3 0 0 ~ -  
thick cross-section is enlarged up to a width of 6mm. A 
stainless-steel very fine needle is adapted on one of the 
probe terminals of digital multi-meter made by FLUKE. By 
this, a contact area on the specimen of a radius less than 20 
microns is realized. 

The electric resistance is determined as the needle probe 
is sequentially scanned along the thickness direction under 
a steromicroscope, while the other probe terminal is fixed 
on the upper electrode. 

2.1.3. Observation of The Electrolytically Etched 
Reoxidized Layer 

The ceramics specimen is electrolytically etched in 
diluted nitric acid (diluted down to cause no further chemi- 
cal etching) for 30minutes by applying -lOV to a carbon 
electrode dipped into the electrolyte while the lower surface 
of the specimen is kept at a plus polarity before the SEM 
observation of the surface is made. The specular-polished 
surface prior the etching is observed also as a contrast. 

2.1.4. Effects of Heat-Treatment on the Reoxidized Layer 
By altering the heat-treatment time (to perform reoxida- 

tion sintering) applied to the barium-titanate ceramics 
manufactured by the same method UD to the reduction sinter- 
ing process, various ceramics specimens are prepared. The 
heat-treatment is applied at a rate of temperature rise and 
fall of 400"C/hr, a keep temperature of 1000"~,  a keep time 
of either 2, 4, or 16h, conducted in air. 

The reoxidized layers are observed by a method shown 
in Sec. 2.1.3 in order to determine the respective thick- 
nesses. 

2.2. Detection of Grain Insulation layer of Grain 
Boundary Type Semiconductor Ceramic Capacitor 

In order to observe the grain-boundary insulation layer, 
a disc-shaped strontium titanate GB-SC capacitor (having a 
diameter of 6.0mm, thickness of 250pm, static capacitance 
of 18000pE a diffusion material of BiO,, and an insulating 
resistance of 8000M-Ohms) is ground down to a thickness 
less than that of the ceramic grain sue (10-30~m), and the 
observation surface is specular-polished as shown in 
Fig.l(a). At this condition, the surface is conductive to the 
reverse side through the grains. 

The finished thin ceramic specimens is pasted on 

Fig. 1. Specimen for SEM observation of SrTiO3 boundary layer. 
(a) Polished to thin layer less than grain size. 
(b) Electrolytically etched in dilute acid. 

a doughnut-shaped insulating holder, and its reverse side is 
coated with a conductive paste to form an electrode there. 

The specimen is then electrolytically etched in diluted 
nitric acid according to the method shown in Sec. 2.1.3. The 
specimen shown in Fig.l(b) is removed from the holder 
before the SEM observation is made. The specimens 
prepared by etching in the same diluted nitric acid without 
applying potential, and the specimens without etching are 
observed also. 

3. Results and Discussion 

3.1. Insulation Layer of the Surface-Layer Type 
Ceramic Capacitor 

Figure 2 shows a result of the electrical resistance meas- 
urements conducted on the cross-section of ceramic 
specimen. Despite of a slightly higher apparent resistance 
of the conductive part due to the point contact, this shows 
distinctive differences between the semiconductor part and 
the insulation part, proving the existences of insulation 
layers on both surfaces. 

The thickness of the surface insulation layer is found to 
be approximately 3 0 p ,  and beside these, parts having 
higher resistances are found even within the semiconductor 
Parts. 

Although the existence of reoxidized layer of the SL-SC 
capacitor is.confirmed, and the partial thickness are deter- 
mined by this method, a huge amount of resistance meas- 
urement have to be canied out in order to obtain a total 
image. 

Figure 3 shows respective photographs of a specular- 
polished surface of the surface-layer type SC before and a 
surface after the application of electrolytic etching shown in 
Sec. 2.1.3. The latter photograph with a high contrast shows 
the surface roughened by the etch-off of the semiconductor 
parts and by the insulation parts unaffected by the etching. 

The thickness of the insulation layer is even throughout 
the surface, and is approximately 30pm, and this coincides 
with the result of the direct observation. 

Insulation parts are observed in a form of white islands 
existing within the semiconductor parts. According to an 
analysis carried out by using an energy-distributed X-ray 
microanalyzer, the island could be a part failed to change 
into semiconductor, and this contains titanium at a content 

O loo ~ b 2 m )  
Distance frcin top surface( pm) 

Fig. 2. Electric resistance of cross section of BaTiO3 surface layer 
semiconductive ceramic capacitor. Total thickness is 300pn. 
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higher than that in BaTi03 parts. 
Figure 4 shows photographs of the electrolytically 

etched surfaces of surface-layer SC specimens subjected to 
different reoxidizing conditions. 

Figure 5 shows plots of the determined thickness of the 
insulation layer and the reciprocals of static capacitance 
taken against the reoxidation time. 

Since these plots are on two straight lines which go 
through the origin, this proves that the static capacitance is 
solely dependent on the thickness of the insulation layer, 
and the reoxidation is made by the diffusion of oxygen 
atoms obeying the Fick concentration diffusion rule. 

In the experiments conducted on the presently prepared 
specimens, specifying the thickness of the insulation layer 
by 1 and the re-oxidation time by t, a empirical relationship, 
1 = 13.0& is derived. This proves that the parts which 
became detectable by the electrolytic etching correspond 
exactly to the insulation layer (dielectric parts). 

Fig. 3. Optical photograph of cross section of BaTiO, surface layer 
semiconductive ceramic capacitor. 
(a) Specula polished, and (b) Electrolytically etched 

Fig. 5. Eflect of reoxidation time on elecuic capacitance and thick- 
ness of insulating layer of BaTla surface layer semiconductive 

ceramic capacitor. 

.iety of Japan. Int. Edition Uehara, M .  and Tanahashi, M .  

3.2. Grain Boundary Insulation Layer of the Grain 
Boundary Semiconductor Ceramics 

Figure 6(a) shows a SEM photograph of specular- 
polished surface of GB-SC, Fig.B(b) shows the same surface 
after electrolytic etching, and Fig.6(c)shows the surface 
after chemical etching. These photographs show the bis- 
muth diffusion layers appeared in a form of white traces 
along the grain boundaries. 

Within the specimen, the grains realizing no conductivity 
between surface and reverse surface after electrolytic etch- 
ing are keeping with their respective polished surface as 
they are, while two insulation layers formed within the grain 
boundaries of the etched grain are observed. 

These two lines are attributed for the insulation layers 
originally formed at the neighborhood of the grain boun- 
daries. These are left intact with their specular surfaces 
while the grains which are semiconductor are etched off. 

Since this insulation layers are uniformly formed, this 
suggest that the growth of the grain boundary is controlled 
by the oxygen diffusion rate like the growth of the insulation 
layer of SL-SC. 

Whereas a total disappearance of grain boundary for a 
width of O.lpm is observed for all the specimens regardless 
its etching method, this could be attributed for the dissolve 
of strontium titanate which is denatured by the diffusion of 
the added Bi03 along the grain boundaries since this disap- 
pearance coincide with the observed white insulation layer 

Fig. 4. Optical photograph of BaTiO, surface layers. 
Reoxidaled at 1 W C  for (a) ZH, (b) 4H and (c)I 6H. 
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lines. 
Therefore, the grain boundary which became observable 

after electrolytic etching is different from the bismuth dif- 
fusion layer, and this is formed at an internal part within the 
bismuth diffusion layer. 

3.3. Electrolytic Etching of the Ceramics 
As shown in Secs. 3.1 and 3.2, by suing this method, 

ceramics having identical chemical properties can be dis- 
criminated by utilizing their differences in the respective 
conductivities. This is caused by the distribution of electri- 

cal resistance existing even within a same semiconductor 
part, producing different etching modes therein. 

Taking an example for a grain of the GB-SC, the semi- 
conductor part neighboring to the grain boundary is etched 
stronger than those at the grain center. A resistance distribu- 
tion formed at the sintering could be responsible for this. 

Since the developed etching method is able to convert 
the resistance distribution into a form of surface ir- 
regularities, this method is applicable to other conductive 
ceramics. 

4. Conclusion 

An electrolytic etching method to be conducted in dilute 
acid is developed in order to observe electrical resistance 
distribution within semiconductor ceramics. By applying 
this method, particular surface irregularities which can be 
easily observed by optical microscope or SEM are formed. 

The two-dimensional structure of reoxidized insulation 
layer formed on the surface-layer type semiconductor 
ceramics is determined and its formation obeying the Fick- 
type oxygen diffusion rule are identified. 

The grain-boundary of the grain-boundary type semicon- 
ductor ceramics became observable first time as a form of 
insulation layer. This layer is considered to be different 
fmm the bismuth diffusion layer formed at the grain bound- 
ary. 

Detailed study on the intergranular insulation layer of 
semiconductor ceramics capacitor will be continued by 
using this method. 

(A part of this study was published at Electronic 
Materials Study Discussion of the Ceramics Society of 
Japan in October, 1988.) 
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(c) chemically etched boundary. 
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High Temperature Oxidation of Si3N4 in 02-N2 
Atmospheres 
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High temperature oxidation tests were carried out in a 
flowing 0,-N2 mixture for gas-pressure-sintered Si,N4 
containing Y203 and A1203 as sintering aids. The oxida- 
tion temperature and time were 1400°C and 15h, respec- 
tively and O2 concentration in the gas mixture ranged 
from 1 to 100vol%. The oxidation reaction was 
monitored every minute by measuring of the evolved N2 
and NO gases with a quadruple mass spectrometer. The 
oxidation rate expressed as the N2 evolution rate was in 
the order 1%02>21%02>100%02. In oxidation in high 
O2 concentration, oxidation kinetics obeyed the parabolic 
law and a good conformity was obtained between the 
amount of N2 evolved and the weight gain of the Si,N4 
sample after the oxidation. At a low 0, concentration 
(lvol%), the oxidation rate was partly expressed by the 
first-order kinetics and a poor conformity was observed 
between the amount of N2 evolved and the weight gain. 
It should be noted that the conformity improved when 
the gas flow rate was greatly increased. 
[Received May 17, 1991; Accepted July 18, 19911 

periodically taken out of a furnace for the measurement of 
its weight gain, and (2) time interval of the measurement 
cannot be arranged so short as desired, thereby, abrupt chan- 
ges in the oxidation reaction are hard to be detected. A 
continuous measurement method of the weight change of 
sample using a thermo-balance can be a solution to these 
problems, but not only it is restricted in the shape and the 
weight of sample, but also actual reactions taking place can 
be only estimated from the oxide phases in the sample after 
the entire reactions. Especially when some other reactions 
to cause a weight loss of sample take place simultaneously, 
for instance, when active oxidation reactions to form SiO 
vapor (as shown in equations (2) and (3) below) take place, 
or when additives evaporate, the quantity of oxidation reac- 
tion will be assessed smaller than the actual one, if we only 
rely on the conventional method of measuring the weight 
gain of sample based on a reaction of equation (1). Further- 
more, even when the reaction to form silica is taking place, 
the reaction actually taking place might possibly be eq.(4), 
instead of eq.(l) usually assumed. These two different reac- 
tions could not be distinguished by the measurement of the 
weight change of Si,N4 sample. 

Key-words: Si3N,, Oxidation, Mass-spectrometer, N2 gas, Si3N4 + 3sio2 + 6SiO(g) + 2N2(g) . . . . . . (2) 
Weight gain 

2Si3N4 + 302 -t 6SiO(g) + 4N2(g) . . . . . . (3) 

1. Introduction 

Silicon nitride (Si,N4) is a high temperature serviceable 
structural material with high mechanical property and a high 
thermal shock resistance. Thereby, it has been used com- 
mercially in various fields, notably as a turbocharger rotor. 
However, it has a problem of strong oxidation susceptivity 
in a high temperature oxidizing atmosphere. Therefore, a 
number of study results have been reported on the oxidation 
behavior of si,~,.'"' 

The most popular quantitative evaluation method of 
oxidation reaction of S i a 4  is based on the measurement of 
weight gain of Si,N4 sample during oxidation. If this oxida- 
tion is assumed to proceed by the reaction shown in equation 
(I), the weight gain of Si3N4 due to the formation of silica 
can represent the amount of Si,N, oxidized. 

This method of determining the reaction rate by the weight 
gain has an advantage of easy measurement on the one hand, 
but it involves the following problems on the other hand. 
They are, for instance, (1) protective films on the sample 
surface are given with a thermal shock when the sample is 

Consequently, the authors have investigated the oxidation 
reaction mechanism of sintered Si,N4 by means of mass 
spectrometric analysis of exhaust gases evolved during the 
oxidation test of the Si3N4 samples. We previously reported 
the investigation results on the oxidation reaction of Si3N4 
in the condition of 100% oxygen concentration in the oxida- 
tion test atrno~phere.~' This report concerns the effect of 
oxygen concentration in the test atmosphere on the oxida- 
tion reaction of gas-pressure-sintered Si3N4 in the atmos- 
phere of high temperature oxygen-nitrogen gas mixture. 

2. Experimental Procedure 

2.1. Test Samples 
Test samples used in our experiments were sintered Si3N4 

bodies, which were prepared by adding 5wt% of Al20, and 
5wt% of Y203 as sintering aids, and by sintering at 1750'C 
for 2h under a gas pressure of lower than 0.85MPa. Cherni- 
cal composition of the sample analyzed by EDX is shown 
in Table 1. Test specimen was prepared in a rectangular 
prism shape in dimension of 3x4x40mm as specified by 
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industrial standard of JIS R 1601 for bending test of fine 
ceramics. The surfaces of the specimen were polished using 
#800 silicon carbide polishing papers, and then finished by 
ultrasonic cleaning in acetone. 

2.2. Oxidation Test 
Figure 1 shows a diagram of the oxidation test apparatus 

used. 
The oxidation test was canied out by continuously sup- 

plying oxygen gas or oxygen-nitrogen gas mixture (0, : 
21~01% 1 N, : 79~01% or 0, : 1~01% I N, : 99~01%) at a 
flow rate of 20mllmin in a combustion tube made of mullite, 
which was placed in an electric furnace. The test specimen 
was placed in the combustion tube, which was held at the 
outside of the furnace without being heated. After the fur- 
nace was heated to 1400"C, this combustion tube was quick- 
ly inserted into the furnace and held there for 15h to be 
heated. 

A part of the exhaust gas in the normal pressure 
(O.lMPa), which included the gases evolved during the 
oxidation test, in addition to the waste feed gas mixture, was 
introduced directly into the analysis chamber in a high 
vacuum (10*a) of a quadruple mass spectrometer through 
a leak valve, and the respective mass spectra of various 
gases in the exhaust gas were measured continuously. Mass 
numbers of the gas ions we measured ranged up to mle value 
of 60 (m: mass number of ion, e: charge number of ion). 
By scanning in about 60sec, the mass spectrometer recorded 
continuously the data of ion intensity of the respective gas 
ions. Thereby, the data of ion intensity of all gas ion inten- 
sity obtained every minute. 

In general, any ion intensity to appear in a mass spectrum 
is exhibited in a different value, depending on the apparatus 
of mass spectrometer used, or on the electron energy for 
ionization used, even when the same sample gas is used. 
Furthermore, even if the same apparatus and the same 
electron energy for ionization are used in the continuous 
mass spectrometric measurement, a minor fluctuation of the 
degree of vacuum in the quadruple chamber, including the 
ionization chamber, is unavoidable, when a single step pres- 
sure reduction is arranged for the continuous sampling of 
exhaust gas through the leak valve. Oxidation reaction 
mechanism of SigN4 was investigated in the past using a 
mass ~pectrometer,~' hut it was not pursued sufficiently, be- 
cause qualitative data were only available from the mass 
spectrometric measurement. To obtain the quantitative data 
of the gases evolved, the dependence of relative ion inten- 
sity on the degree of vacuum must to be analyzed by all 
means. The authors confirmed that relative ionic strengths 
of various gases contained in the exhaust gas were not af- 
fected by such conditions in the mass spectrometric meas- 
urement as the degree of vacuum and others, as long as the 
concentrations of respective component gases in the feed 

Table 1. Chemical composition of Si& sample. 

Chemical composition (wt%) 

3.30 4.76 0.08 0.07 0.30 0.25 

gas mixture were kept constant, and, based on these con- 
firmed results, we corrected the ion intensity values we 
measured. As a result, by using a quadruple mass 
spectrometer, which has been regarded as only effective for 
the qualitative evaluation of gases, we were able to compare 
the relative ion intensity which corresponded to the con- 
centrations of various gases in the exhaust gas evolved 
during the oxidation test, and, based on the ion intensity 
values measured of various standard gases respectively 
having a known concentration, we were further able to ob- 
tain the absolute values of the respective gas concentrations 
and to evaluate quantitatively the various gases in the ex- 
haust gas evolved. 

Using the samples before and after the oxidation test, we 
measured their respective weights, and investigated the 
relationship between the weight change of the sample and 
the amount of gas evolved. Concerning the surface of 
sample after the oxidation test, we identified the crystalline 
phases by X-ray diffraction (XRD) analysis, and examined 
the formed species using a scanning electron microscope 
(SEM), which was attached with an energy dispersive X-ray 
analysis (EDX). 

3. Results 

3.1. Gases Evolved and Weight Gains by Oxidation 
Figure 2 shows the respective total amounts of various 

gases evolved and the weight gains of samples during the 
oxidation test of sintered Si3N4 samples. The major com- 
ponent gases evolved were N2 and NO, regardless of oxygen 
concentration in the test atmosphere. A small amount of 
C02 was c o n f i e d  to be additionally contained. It was 
recognized that the amount of N2 evolved by the oxidation 
reaction increased with the decrease of oxygen concentra- 
tion in the atmosphere gas. Especially when oxygen con- 
centration was Ivol%, a great amount of N2 was observed. 
This suggests the oxidation reaction took place violently. 
Meanwhile, the weight gain of sample showed a little dif- 
ference in its dependence on the atmosphere gas condition 
from that in the same dependence of the amount of N2 
evolved. That is, the weight gain increased with the 

Fig. 1. Diagram of Oxidation apparatus. 
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decrease of oxygen concentration from 100% to 21~01% in 
the atmosphere gas, but turned to decrease greatly with the 
further decrease of oxygen concentration to 1~01%. In the 
case of oxygen concentration of lvol%, the weight gain 
measured of the sample after oxidation test was lower than 
that calculated from the total amount of N2 evolved, when 
the flow rate of atmosphere gas was as low as 20ml/min. 
However, it was high enough to correspond relatively well 
to that calculated, when the flow rate of atmosphere gas was 
6(hnl/min. 

Figure 3 shows the evolution rate of N2 (~ll/cm'min) 
during the oxidation test of sintered Si3N4 sample at 1400°C 
plotted against the oxidation time. Four N2 evolution rate 
curves in the figure correspond respectively to the various 
conditions of oxidizing gas atmosphere. In any atmosphere 
condition, N2 evolution rate is observed to reach a maximum 
within a few minutes after the sample was quickly inserted 
in the high temperature oxidizing gas in the furnace, and to 
subsequently decrease rapidly or gradually. This behavior 
suggests that the initial oxidation of Si3N4 takes place in a 
very short time, but the subsequent oxidation proceeds sup- 
pressively due to the formation of oxidized layer on the 
sample surface as protective films. However, it is also seen 
that the changing behavior or N2 evolution rate against the 
oxidation time are alittle different, depending on the oxygen 
concentration in the atmosphere gas. In the case of atmos- 
phere gas with a high oxygen concentration such as 100% 
oxygen, or a gas mixhlre of 21~01% O2 and 79~01% N2 
(hereafter called "air"), the oxidation of sample proceeds 
rapidly immediately after the sample starts to be heated, so 
that the N2 evolution rate reaches a maximum of about 45 
or 60pl/cm2min. In a few minutes after the rate reached a 
maximum, the N, evolution rate starts to decrease rapidly 
down to a half of the maximum value. After that, it is kept 
nearly constant for about lh, and then decrease again rapid- 
ly. After decreasing for about 5h, it comes to almost zero. 

On the other hand, in the case of oxygen concentration 
of 1~01% in the atmosphere gas, the oxidation rate of sample 
does not increase so rapidly immediately after the sample 
started to be heated as to show the maximum N2 evolution 
rate of about 20p1/cm2min, which is around a half of that in 
the case of the atmosphere gas of 100% oxygen or air. It is 
also observed that the N2 evolution rate does not decrease 
rapidly for several minutes after the initial violent oxidation, 
as observed in the case of the atmosphere of 100% oxygen 
or air, and that it stays at almost constant for about 15min 

Fig. 2. Weight gain and amount of N2. NO and C02 evolved 
oxidized for 15h at 1400'C in 02-NZ atmosphere; (A) 01, (B) 
0~(21%)-N1(79%). (C) 0~(1%):20mVmin, (D) Oz(l%): 60mVmin. 

after the afore-mentioned decrease. 
Figure 4 shows the NO gas evolution rate curves of the 

same Si3N4 sample. In the case of the atmosphere gas with 
a high oxygen concentration, the curves of NO evolution 
rate resemble those of N2 evolution rate. In the case of the 
atmosphere gas with 1~01% oxygen concentration, however, 
it is observed that the NO evolution takes place simul- 
taneously with the N2 evolution in the initial oxidation 
period, decreases rapidly until it comes to zero in the sub- 
sequent period, and then starts to take place again. 

33. Oxide Films and Oxidation Products 
According to our XRD analyses of the oxide phases 

formed on the surface of Si3N4 sample after the oxidation 
test, there was no notable difference in the phases caused 
by the difference of atmosphere gas used. The crystalline 
phases there identified were cristobalite, Y2S (Y2032Si02) 
and Si3N4. In addition, we observed a broad peak, which 
was supposed to be assigned to amorphous silicas. 

Figure 5 shows the SEM micrographs of the surface of 
oxidized surface layer of the samples after the oxidation test 
in various atmospheres. In the case of the sample oxidized 
in the atmosphere of 100% oxygen or of air, the surface of 
oxidized layer was smooth and consisted of dense glass 
phases and crystals of needle or prism type. These crystals 
of needle or prism type were identified by EDX analysis to 
have a composition in Y20dSi02 molar ratio of 112, thereby, 
they were regarded to be mainly composed of Y2S 
(Y2032Si02). 

In the case of the samples oxidized in the atmosphere of 
1~01% oxygen concentration, the surface of the oxidized 
layer was rough, and the needle type crystals were not ob- 
served much, but mainly unidentified crystals were ob- 

0 2 4 6 8 1 0 1 2 1 a  

Time@) 
Fig. 3. N2 evolution rate during the oxidation of Si3Nq at 
1400'C in 02-Nz atmosphere: (A) Oh (B) @(21%)-N2(79%), 
(C) O~(l%):ZOmVmin, (D) Or(l%): 60mVmin. 

0 2 4 6 8 1 0 1 Z l O  

Time(h) 

Fig. 4. NO evolution rate during the oxidation of SilNq at 
1W0C in 02-Nz atmosphere: (A) 0 1 ,  (B) 0~(21%)-N2(79%). 
(C) 02(1%):20mVmin. (D) Oz(l%):60mVmin. 
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served instead. These unidentified crystals were analyzed 
by EDX to mainly consist of silica. The EDX analysis of 
the amorphous part in the oxidized layer on the surface of 
the samples after oxidation test revealed that impurity ele- 
ment of low melting point as K, Ca, Fe, etc. was accumu- 
lated in a high concentration at the sample surface, 
compared to the sample surface before oxidation. The ac- 
cumulation of these impurity matters was especially remark- 
able in the case of the atmosphere with 1~01% oxygen 
concentration, in which the oxidation reaction took place 
violently. 

4. Discussion 

When Si3N4 is oxidized to form SiOz and N2 as shown in 
equation (I), square of weight gain (corresponding to 
formed amount of silica) of Si3N4 sample is generally as- 
sumed to obey the so-called parabolic law by changing 
linearly as a function of oxidation time. 

W = K ~ ~ + C  . . . . . . . . . . . . . . . . . . (5 )  

where, W is weight gain, t is time, K, is a parabolic rate 
constant, and C is a constant related to initial oxidation. 
This parabolic relation expressed by equation (5) implies 
that oxidation reaction is rate-determined by mass transfer 
through glassy oxide films mainly consisting of silica, which 
were formed on the sample surface and act as an oxidation 
protective film. As another idea, a combined oxidation 
reaction formula as given in equation (6) below was 
propo~ed,~' which combined the oxidation reaction rate 
determined by the linear law in the initial stage of oxidation 
and that determined by the parabolic law in the progressed 

Fig. 5. Scanning electron micrographs of surfaces of SilN4 speci- 
mens oxidized for 15h al 1400°C in OrNz atmosphere; (A) 0 2 .  

(B) 02(21%)-N2(79%), (C) &(I%) 20mlhnin, 
(D)02(1%) 6Gmlhnin. 

stage of oxidation. 

Here, W is weight gain, t is time, and K,, A and C are 
constants. 

In view of the corresponding relation confutned between 
the amount of oxide phases formed by oxidation reaction 
and the amount of N2 evolved during oxidation, we ex- 
amined if a similar relation was effective when the in- 
tegrated amount of N2 evolved was used in place of the 
amount of N2 evolved at each time. Figure 6 shows the 
curves prepared by the integration of the evolution amount 
of N2 continuously measured every minute during the oxida- 
tion test of Si,N4 sample in the atmospheres with various 
oxygen concentrations, and Fig.7 shows the modified curves 
of parabolic plots prepared from the data shown in Fig.6. 
In the case of the atmospheres with high oxygen concentra- 
tions (100% oxygen and air) used, the integration curves are 
observed to change their gradients rapidly to a lower inclina- 
tion, thereby, a resistance to diffusion is indicated to have 
been caused by the protective films formed. However, 
when we examine the conformity of these integration curves 
with the parabolic law in Fig.7, we find that the oxidation 
reaction of Si3N4 in the atmosphere with high oxygen con- 
centration is not so simple as to be expressed by a single 
equation of diffusion-controlled rate determination. By 
this is mean, that the integration curve obeys the parabolic 
law to exhibit a constant gradient for around 2h immediate 
after the oxidation of sample is initiated, but it starts to 
deviate from the pirabolic law after that and comes to nearly 
zero in inclination in the late period. Hasegawa et a ~ . , ~ '  
Davidge et a1.,8' and Tripp et al." reported similar behaviors 

Fig. 6. Amount of Nz evolved during the oxidation of SbN4 at 
1400'C in OrNz atmosphere; (A) 0 2 ,  (B) 02(21%)-Nz(79B). 
(C) Odl%) 20mVmin, (D) 02(1%) 60mllmin. 

Fig. 7. Parabolic plots for oxidation of SbN4 at 14W0C in 02-NZ 
atmosphere; (A) 02, (B) 02(21%)-N2(79%). (C) Oz(l%) 20mVmin, 
(D) Oz(I%) 60mUmin. 
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of the integration curves as we observed, which apparently 
indicated the presence of protective films to resist diffusion, 
but did not simply obey the parabolic law. Among them, 
the behavior of porous Si3N4 body reported by Davidge et 
al. was very similar to what we observed. Meanwhile, the 
behavior of the integration curves we prepared seems to 
obey the logarithmic law.9' Porosity of our Si3N4 samples 
was very low compared to that of porous Si3N4 samples 
tested by Davidge et al. but it is hard for us to assume that 
such low porosity was caused by the closure of pores due 
to the progress of sintering, resulting in a rapid decrease of 
oxidation rate of Si3N4 Our EDX analysis revealed an ac- 
cumulation of impurity elements (especially of Fe, K and 
Ca) in the glass phases in the oxidized surface layer. Judg- 
ing from this phenomenon of the accumulation of impurity 
as well as from the fact that the Si3N, sample with a low 
content of impurity oxidized more violently than those with 
a high content of impurity,'0' we assume that the accumu- 
lated impurity strengthen the function of oxide films as a 
protective film to oxidation. In other words, the relatively 
porous oxide phases formed on the surface of Si3N4 sample 
in the initial oxidation period were densified as the result of 
densification of glass phases by the accumulated impurity, 
resulting in a rapid increase of the resistance to diffusion 
through the oxidized surface layer, so that the oxidation 
reaction of Si3N4 sample almost stopped. 

In the case of the atmosphere gas with 1~01% oxygen 
concentration the curves of evolution amount of N2 nearly 
obey the parabolic law in the period after 4 to 5h from the 
initiation of oxidation, as seen in Figs.6 and 7. However, 
the evolution amount of N2 increased linearly for 4h from 
the initiation of oxidation, as if it obeyed the linear law 
rather than the parabolic law. Therefore, a combined linear- 
parabolic law as expressed by equation (6) can be applied 
more suitably to the entire behavior in the oxidation of Si3N4 
samples. The behavior where the evolution amount of N2 
obeyed the linear law in the initial oxidation period when 
oxide films were not formed sufficiently yet, as afore-men- 
tioned, implies that the oxide films were not formed com- 
pletely as to cover the whole surface of a Si3N4 sample, or 
were formed completely but in a very porous state, there- 
fore, the oxidation of the sample was ratedetermined by 
reaction. In general, the oxidation of Si3N4 sample (obying 
the linear law while the protective films are being formed 
in the initial oxidation period) takes place for a very short 
time, so, it is difficult to detect by measuring the weight gain 
of the sample. In fact, in the case of the atmosphere with 
a high oxygen concentration, the oxidation of the sample 
was obsefved to obey the linear law for a very short time, 
and to change soon thereafter and start to decrease according 
to the parabolic law. However, in the case of the atmos- 
phere with 1~01% oxygen concentration, linear law be- 
haviour was observed for quite a long period. The reasons 
are categorized into the following two cases. 

First, it took a long time before homogeneous protective 
films were formed over the whole surface of the sample. 
When we examined the oxygen concentration curve in the 
exhaust gas which we simultaneously measured with other 
gas concentrations in the oxidation test, we found that 
oxygen was consumed almost completely for the continuous 
long period in the initial oxidation period, since the flow 
velocity of the atmosphere gas was low and the furnace 
inner volume was very small. (Oxygen reaction ratio was 
higher than 80% in the period for 30min after the oxidation 

reaction initiated). This experimental result can be seen as 
proof for the long of linear law behaviour. Secondly, period 
some reactions not forming the protective films are taking 
place. This case will include, as Billy indicated,"' an active 
oxidation of Si3N4 forming SiO gas, a periodical exfoliation 
of oxide phase layer formed, a crack generation in the oxide 
phase layer due to crystallization, and a porosification of 
oxide films due to foaming by N2 and other gases. How- 
ever, the phenomena of other active oxidation are mainly 
caused after the oxidation of Si3N4 has progressed sufficient- 
ly, so it is hard to assume that they cause the linear progress 
of oxidation in the initial period, as we observed. Then, if 
such active oxidation of forming SiO has taken place, it 
necessarily is accompanied by a weight loss of Si3N4 
sample. In several reports, they confirmed the occurrence 
of active oxidation by the weight loss of Si3N4 sample. In 
our current experiments, we could not observe the weight 
gain of the sample after oxidation, but we observed some 
inconformity in quantity between the amount of N2 evolved 
and the weight gain of the sample as shown in Fig.2. That 
is to say, in the case of the atmosphere with a high oxygen 
concentration, the weight gains measured of the sample al- 
most conformed with the respective values calculated by the 
oxidation reaction equation (1) from the respective amounts 
of N2 evolved if we take account of the measurement al- 
lowances. Meanwhile, in the case of the atmosphere with 
1~01% oxygen concentration, the amount of N2 evolved was 
larger than that in the case of the atmosphere with a high 
oxygen concentration, but the weight gain of the sample was 
smaller in the former case than that in the latter case. These 
phenomena suggest that some reaction to cause the weight 
loss of the sample, for instance, a reaction to form volatile 
SiO, is taking place partially. singha13' calculated that ac- 
tive oxidation reaction of forming SiO could take place at 
1400°C at a low oxygen partial pressure of lower than 10- 
2.5 atm. In fact, in several experimental reports,'.'2' in which 
the weight loss was measured and the active oxidation reac- 
tion was confmed to have taken place accordingly, the 
active oxidation reaction was reported to have taken place 
at a low oxygen partial pressure close to, or lower than 
10-~.~atm. When oxygen concentration is 1~01% in a gas 
mixture at latm, the oxygen partial pressure in the gas mix- 
ture is calculated as 10-~atm, which is a little higher than the 
critical oxygen partial pressure of around 10-~.~atm calcu- 
lated by Singhal and others. However, the oxygen con- 
centration in the exhaust gas in the initial oxidation period 
is exhemely low, as previously mentioned, and is lower than 
the critical oxygen partial pressure. If we take account of 
the oxidation reaction on the entire surface of a sample, we 
suppose that there might possibly be some part in the atmos- 
phere gas, in which the oxygen partial pressure is reduced 
low enough to cause an active oxidation reaction. Also, it 
might be possible that the oxygen partial pressure in the 
atmosphere gas along the sample surface is influenced by 
the boundary layer between the sample surface and the gas 
flow, because the gas flow velocity was relatively low in 
our experiment. As a matter of general tendency, when a 
gas flow velocity is low or in the state of natural convection, 
it is supposed that the oxygen partial pressure is reduced by 
the effect of the presence of a boundary layer between solid 
surface and gas, thereby, the active oxidation tends to take 
place ea~i l~ ." . '~ . '~ '  In order to confirm the effect of the 
boundary layer above we canied out an oxidation test using 
the atmosphere gas with 1~01% oxygen concentration, in 
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which we increased the atmosphere gas flow rate to 
60ml/min, which was three times as high as that of 
20ml/min in our standard test. The test result revealed that 
the weight gain of the sample and the amount of gases 
evolved conformed well with each other, so the active 
oxidation to be accompanied by the weight loss of the 
sample did not take place. However, a part of the relation 
curve between the amount of N2 evolved and the test time 
was observed to obey the linear law for as long as several 
hours, in the same manner as observed in the case of gas 
flow rate of 20ml/min. This observed result suggests that a 
considerably long time is necessary in the case of gas flow 
rate of 60ml/min, as in the case of that of 20ml/min before 
the protective films were formed homogeneously on the 
whole surface of the sample. As the result, the amount of 
N2 evolved was smaller in the case of atmosphere gas flow 
rate of 60mUmin than in the case of that of 20ml/min. (in 
which active oxidation took place), ut was larger in the case 
of atmosphere gas with 1~01% oxygen concentration and 
atmosphere gas flow rate of 60ml/min than in the case of 
atmosphere gas with a high oxygen concentration and at- 
mosphere gas flow rate of 20mllmin. Concerning the 
weight gain of the sample, same comparative relations were 
obtained. 

5. Conclusion 

The authors prepared sintered silicon nitride (Si4N4) 
samples by the gas-pressure-sintering method using alumina 
and yttria as sintering aids, and, in order to investigate the 
effect of oxygen concentration in the oxidizing atmosphere 
gas on the high temperature oxidation behavior of the Si3N4 
samples, we canied out an oxidation test of the sample using 
3 kinds of 0,N2 system oxidizing atmosphere gases with 
respective oxygen concentrations of 100%, 21~01% and 
1~01% in an electric furnace at 1400°C. We carried out 
continuous quantitative measurements of the exhaust gases 
from the electric furnace using a mass spectrometer. The 
following results were obtained. 
1) When the amount of oxidation reaction was estimated 

from the amount of N2 evolved, it was found that oxida- 
tion reaction became more violent in the order of oxygen 
concentration in the atmosphere gas of 
lvo1%>21vol%t100%. Concerning the relationship be- 
tween the weight gain of sample and the amount of N2 
evolved, it conformed relatively well with the assumed 
reaction equation based on protective oxidation, in the 
case of high oxygen concentration in the atmosphere gas, 
but the weight gains were measured smaller than those 
calculated from the amount of N2 evolved using the same 
reaction equation in the case of 1~01% oxygen concentra- 
tion in the atmosphere gas. Thereby, it was estimated 
that some active oxidation reactions accompanying the 
weight loss of sample like a reaction of forming SiO were 
taking place in the latter case. 

2) Concerning the effect of atmosphere gas flow rate on 
oxidation reaction in the case of 1~01% oxygen con- 
centration in the atmosphere gas, disconfonnity between 
the amount of N2 evolved and the weight gain of sample 
was not observed in the case of high gas flow rate 
(60ml/min), as observed in the case of low flow rate 

(20ml/min). 
3) Concerning the effect of oxygen concentration in the 

atmosphere gas on the relationship between the amount 
of N2 evolved and the oxidation time, in the case of high 
oxygen concentration, the relation curve basically 
obeyed the parabolic law, but deviated there from in the 
latter half of the oxidation period, finally decreasing its 
gradient to zero as if it obeyed the logarithmic law. The 
reason for such behavior was perhaps because impurity 
elements of low melting point accumulated in the protec- 
tive films formed on the surface of Si3N4 sample worked 
to densify the oxide phases (glass phases) in the protec- 
tive films, resulting in a rapid increase of the resistance 
of the films to diffusion through the film. Meanwhile, 
in the case of 1~01% oxygen concentration in the atmos- 
phere gas, the relation curve obeyed the parabolic law by 
exhibiting a gradual decrease of the oxidation rate in and 
after the middle part of oxidation period, but showed a 
long part of the curve of obeying the linear law in the 
initial oxidation period. Therefore, this relation curve is 
deemed to obey the combined linear-parabolic laws. 
This duration of obeying the linear law appeared in the 
relation curve regardless of the flow rate of atmosphere 
gas, therefore, a considerably long time would be neces- 
sary before homogeneous protective films were formed 
over the whole surface of Si3N4 sample in the initial 
oxidation period. 
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Composition and Microstructure of CVD-C, Sic  
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Nicalon-Sic fibers were coated with (C, Sic) at  1200°C 
and 1300°C by chemical vapor deposition to improve the 
thermal stability of the fibers and to modify fiber-matrix 
interface. A coating layer having thickness of O.lpm- 
25pm was obtained by controlling the CVD conditions. 
According to the AES and SEM analyses, a carbon rich 
layer (0.lpm-OJpm) was deposited on the fiber surface 
initially. Nuclei of silicon carbide were formed on the 
surface of the carbon rich layer and finally whiskers or 
domed grains of silicon carbide were grown. The deposi- 
tion rates of the carbon rich layer and silicon carbide 
layer were about 0.02pmlmin and 0.65pm/min, respec- 
tively. It was observed by XRD and TEM that domed 
grains, which. were the mixtures of P-Sic and small 
amount of a-Sic, consisted of subgrains and contained 
stacking faults in high density. 
[Received May 22, 1991; Accepted July 18, 19911 

Key-words: Nicalon-Sic fiber, CVD-Coating, Composi- 
tion, Carbon rich layer, Microstructure, Morphology 

1. Introduction 

The high toughness of fiber-reinforced ceramic matrix 
composites is mainly provided by crack bridging by rein- 
forced fiber, debonding of fiber from matrix, friction slip 
between fiber and matrix, and fiber pullout. As well known 
the interfaces of fiber and matrix greatly affect the above- 
stated mechanism for higher toughness, so that appropriate 
interfaces are required to obtain high-performance com- 
posites. However, at present, there are few kinds of rein- 
forced-fiber that can be used for ceramic matrix 
composites. One reason is that as in the case of alumina 
fiber, high sintering and operating temperatures cause shong 
chemical bonding between fiber and matrix, and composites 
are deshoyed catastrophically as in monolithic materials, 
thus damaging the mechanism for higher toughness. 
Another reason is the high-temperature degradation of fiber 
itself (oxidation or thermal decomposition at high tempera- 
tures)." To prevent these disadvantages, fiber surfaces are 
modified by ceramic coating with excellent thermal and 
oxidation resistance as well as good compatibility with 
f i t ~ r . ~ . ~ '  The hopeful candidates among existing ceramic 
fiber for ceramic matrix composites are CVD-Sic fiber 
(Avco) and Nicalon fiber (Nippon Carbon Co., ~td.) . ' ,~.~ '  

CVD-Sic fiber is carbon fiber coated with Sic by a CVD 
method, and the composition of the CVD coating layer con- 
sists of $-Sic and a small quantity of a-Sic. Columnar S ic  
grains grow rapidly from the fiber surface with the plane of 
the close-packed (111) of S i c  vertical to the growth direc- 

tion, and $-Sic contains a great deal of ( 11 1 ) stacking faults 
and rnicr~twins.~~" The CVD-Sic fiber has excellent ther- 
mal resistance, and yet its large diameter (about 140pm) 
prevents a mechanism for higher toughness from taking ef- 
fect. On the other hand, in the case of Nicalon fiber, chemi- 
cal reactions occur at high temperatures over 1000°C among 
SiOz, C, S ic  contained in fiber, and the evolution of reaction 
products of CO and SiO causes great defects in the fiber 
surfa~es,8.~' thus hampering its use for ceramic matrix com- 
posites as it is. In recent years, B, BN, and Si coating for 
Nicalon fiber is under study?-"' When Si or B is coated 
on Nicalon fiber, Si diffuses promptly at high temperatures 
inside the fiber and matrix, while B forms glass with low 
melting point which makes the composite brittle and liable 
to easy destruction. The C or BN coating improves fracture 
toughness, but the former has an oxidation problem. 
Moreover, BN-coated fiber decreases its strength to 60% 
with treatment at 1200"C, and reactions with matrix pose a 
problem at high temperatures. These conditions indicate 
that it is necessary to develop a coating method which 
provides a layer with high compatibility between fiber and 
matrix, stable at high temperatures and capable of control- 
ling the reaction of Nicalon fiber itself. 

This study was intended to improve the thermal resis- 
tance of Nicalon fiber as well as to modify fiberlmatrix 
interfaces by CVD- (C and Sic) coating on fiber surfaces: 
A CVD process and the morphologies of coating layers were 
examined along with the mechanism of layer formation, 
composition and microstructures. 

2. Experimental Procedures 

The fiber used in this study was non-sizing Nicalon- 
NL200 (Nippon Carbon Co., Ltd.), and fiber coating was 
conducted with a low pressure chemical va;our deposition 
system. As for a coating precess, a carbon frame on which 
Nicalon fiber was attached while arranged in the same direc- 
tion was put in a CVD furnace, heated to the specified 
temperature, and exposed to a raw material gas mixed with 
mixer to effect CVD coating. SiCI, and CH, were adopted 
as raw material gases for reaction and HZ gas as a carrier 
gas. Since reaction temperature, pressure, gas flow rate, and 
gas mixing ratio generally have great influences on the mor- 
phology and composition of a coating layer in S ic  coating 
on subshates by c V D , ' ~ ' ~ '  the reaction temperature and 
pressure were set to 1200'C, 1300°C and 20Tor1, 40Torr; 
flowrate of SiCI, and CH, to 40 SCCM and 40 SCCM 
respectively, and that of Hz to 120 or 170 SCC.M (SCCM: 
gas flow rate at Icc/min at 0°C and 1 atm). The reasons for 
adopting 1200°C and 1300°C as the reaction temperature are 
as follows. (1) To obtain pure P-Sic or a mixture of &Sic 
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and C, a reaction temperature of about 1300°C was ap- 
propriate in this reaction system. (2) Coating at lower 
temperatures was desirable to prevent the high-temperature 
degradation of fiber during the heating stage of CVD 
process, while there was a report that free Si was formed on 
the side of low temperat~res,'~' so that the minimum CVD 
reaction temperature was set to 1200'C. Fiber samples 
coated under various conditions were observed with a scan- 
ning election microscope for their surface morphology and 
crosssectional microstructures. Moreover, fiber surface and 
depth direction analyses were performed by AES using 
JAMP-10s (JEOL, Ltd.) to investigate composition and dis- 
tribution. The vacuum in the Auger analysis of the outer- 
most surface of coated fiber was 1x10.~ Pa, and that in the 
depth direction analysis was 6x10'~ Pa (Ar atmosphere). 
The acceleration voltage of electrons was set to lOKV, 
sample current to ~ x ~ o - ~ A ,  electron beam diameter to 0.5pm 
and the inclination angle of samples to 60". The conditions 
of ion etching in the depth direction analysis were 3KV for 
the acceleration voltage of an ion beam, 6 x 1 0 ' ~ ~  for sample 
current, and 17nm/min for etching speed (in the case of the 
standard sample SiO,). In addition, the crystal structures of 
coating layers were examined by TEM and XRD. 

3. Experimental Results 

3.1. SEM Observation of Coating Layers 
The surfaces of fiber coating under the above-stated con- 

ditions were observed with SEM photos as well as the meas- 
urement of the thickness of coating layers. Nicalon fiber 
samples coated at 13WC, 20 Ton, and H, 120 SCCM with 
a CVD reaction time of 5, 30, and 60 minutes has coating 
layers about O.lpm, 0.5pm, and 20pm thick respectively. 
Figure 1 shows the surface conditions of fiber coated with 
a reaction time of 30 minutes (layer thickness: 0.5pm). As 

Fig. 1. SEM micrographs of Nicalon fibers with CVD coating 
(13WC, Hz IZOSCCM, 3h in ) .  (a) surface of coated fiber, (b) 
showing a domed grain on the surface of coating layer. 

Fig. 2. SEM micrographs of N~calon fibers wlth CVD coatlng 
(13WC, H2 120SCCM, 60mm). (a) fiber located m upstream of 
CVD chamber, (b) fiber located m downstream of CVD chamber 

show~ng large domed grains. 

in Fig.l(a), the surfaces of coated fiber were smooth, and 
though the size of deposited grains was small, a few dome- 
shaped grains were deposited on the part of the coating layer 
surface as in Fig. 1 (b). The dome grains were about 4pm or 
less in size, and the number and size increased with a reac- 
tion time. The sample with a coating time of 5 minutes has 
the same surface condition as that in the case of 30 minutes. 

Figure 2 shows SEM photos of the surface of fiber 
coated with a reaction time of 60 minutes. In the case of 
fiber coated in the upstream of a CVD reaction furnace, 
dome grains are overlapped and hard to distinguish 
(Fig.Z(a)), while in fiber coated in the downstream, dome 
grains about 20pm in diameter are recognized (Fig.2(b)). 
The reason is considered to be that super-saturation is higher 
(a reaction gas is thick), and the nucleation of Sic grains is 
more active in upstream than in downstream. As shown in 
Fig.l(b), the surface coating for 30 minutes has only a few 
small dome grains, and it is clear that the great dome grains 
as in Fig.2(b) grew rapidly with a reaction time over 30 
minutes. These large dome grains are composed of sub- 
grains about 0.6pm in diameter, and there are grain boun- 
daries between dome grains (Fig.3). 

Figure 4 is an SEM photo of the fracture surface of fiber 
coated with a reaction time of 60 minutes. The noticeable 
point here is the presence of a thin intermediate layer at the 
interface of fiber and a coating layer. The thickness of the 
intermediate layer was found to be about 0 . 5 ~ .  In the case 
of coating for 60 minutes, the formation of the coating layer 
was slow in the first 30 minutes of reaction in the CVD 
process (coating formation rate: about 0.02pm/min.), while 

Fig. 3. SEM micrograph of a CVDcoated fiber surface showing 
a boundary of domed grains which consisted of subgains. 

Fig. 4. The fracture sluface of a coated fiber showing an inter- 

mediate layer at fiber-coating interface. 
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in the last 30 minutes of the reaction the growth rate was 
greatly accelerated (coating formation rate: about 
Od5plmin.). A difference between the formation rate near 
the surface of fiber after CVD coating and the subsequent 
formation rate was due to the different microstructures of 
coating layers, and the details will be described in the next 
 graph. 

In order to investigate the influences of an Hz flared on 
the morphology, composition etc. of coating layers, the H2 
flared was increased from 120 SCCM to 170 SCCM (reac- 
tion time: 60 minutes), a coating layer 25pm thick was 
obtained with the same surface morphology as the case of 
H2 120 SCCM and the coating formation rate about 1.3 
times that of the case of Hz 120 SCCM. Under this condi- 
tion also, an intermediate layer was detected from the frac- 
ture surface of fiber at the interface of a coating layer and 
fiber. 

The influences of H2 flared and pressure on the formation 
of coating layers were investigated with the conditions of 
1200°C. Hz 170 SCCM, and 20 Torr for pressure as a stand- 
ard. Figure 5 presents SEM photos of fiber surfaces coated 
under each condition. The coating conditions for (a), (b) 
and (c) in the figure are (H2:170 SCCM, pressure: 20 Ton), 
(H2:120 SCCM, Pressure:20 TOIT) and (H2:170 SCCM, Pres- 
sure:40 Torr), respectively. A reaction time was constant at 
30 minutes for all conditions. In Fig.S(a), the coating sur- 
face was cone-shaped and the thickness of the coating layer 
was about 3.5pm (distance from the fiber surface to the cone 
top). The SEM observation of the fracture face found an 
intermediate layer 0.1 pm similar to that stated above at the 
interface of cone particles and fiber. When H2 flared was 
changed from 170 to 120 SCCM, the coating layer 
smoothed (thickness: about 0.3pm), and a few small par- 

ticles and whisker-like deposited were encountered on the 
thin coating layer (Fig.S(b)). This means that a change in 
Hz flared greatly affects the deposition rate and morphology 
of a coating layer. With a H2 folw rate of 170 SCCM and 
reaction pressure 40 Ton increased from 20 TOIT, the coating 
layer transformed into a mixture of whisker and dome par- 
ticles from cone-shaped ones (Fig.S(c)). 

The above results are summarized as follows. In the case 
of fiber coated at 1200 and 1300"C, the sample with the 
higher reaction temperature had higher rate of coating 
deposition larger size of particles of the coating layer, and 
the dome-type surface of the coating layer from the whisk- 
er-type one. An increase in H2 fow rate tends to heighten 
the deposition rate. In coating at 1200"C, a change in H2 
flared has a greater influence on the morphology of the 
coating layer than in coating at 1300°C. 

3.2. Component Analysis of Coating Layers by AES 
The element analysis of the surfaces and depth direction 

of fiber coated at 1300 and 1200°C (thickness of coating 
layers: 0.5,20 and 0.3pm) was performed by AES. Figure 
6 gives the results of AES analyses of fiber coated under 
conditions as in Fig.1 (coating thickness: about 0 . 5 ~ ) .  
Fig.6(a) is the Auger spectrum of the outermost surface of 
coated fiber (surface of the sample in Fig.l(a)), which 
detected 0 in addition to C and Si on the surface. Fig.6(b) 
is the result of element quantitative analysis in the depth 
direction, and sputtering from the surface to inside caused 
a decrease in the amount of detected Si and 0 and an in- 
crease in that of C. Fig.6(c) is an Auger spectrum after ion 
sputtering for 30 minutes, showing that the coating layer 
consists only of C. The element 0 detected near the surface 
by AES analysis is considered to be that adsorbed in air after 

Fig. 5. SEM micrographs of CVD-coated Nicalon fibers: (a) fiber coated at IZWC, HZ 170SCCM, ZOtorr, (b) fiber coated at IZWC, Hz 
IZOSCCM. ZOtorr, (c) fiber coated at 1200°C. HI I7OSCCM. 40torr. 
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Fig. 6. Auger Electron Spectroscopy analysis for a CVD-coated fiber with a thickness about 0.5pn: (a) Auger spectrum of coated fiber sur- 
face. (b) depth profile, (c) Auger spectrum of coated fiber surface with 3 h i n  sputtering. 
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CVD coating. 
Figure 7 presents the result of AES analysis with fiber 

coated under conditions as in Fig.2 (thickness of coating 
layer: about 20pm). Si, C and 0 were detected from the 
outer-most surface of the coating layer, and the elemental 
ratio of Si to C is about 1:l from a depth of about 20pm 
(sputtering time: about 2 min.) (Fig.7(a)). Fig.7(b) is an 
Auger spectrum for the fracture face of coated fiber at the 
center of its coating past, and 0 was not detected. The 
above results suggest that the composition of the coating 
layer are composed only of Sic except for an intermediate 
layer near the fiber surface. 

Figure 8 shows the analytical results of the depth direc- 
tion from the surface of fiber coated at 1200°C (coating 
conditions: same as in Fig.S(b); thickness of coating layer: 
about 0.3pm). Compared with the case in Figd(b), much 
C, Si and 0 were detected on the outermost surface of the 
coating layer, and yet their amount dropped as the measur- 
ing point became deeper from the surface. 

33. XRD and TEM Analysis 
Figure 9 presents the results of XRD analysis with fiber 

without coating (a), that treated at 1300°C (b) and that with 
coating 20pm thick (c). Both samples of the patterns (a) 
and (b) consist of PSiC fine crystals. Fig.9(c) is the result 
with the coated fiber, showing a peak at 28=33.5' charac- 
teristic of a-Sic as well as others (probably overlapped 
peaks for P- and a-Sic). That is, the crystal structure of the 
coating layer is composed of P-Sic (3C) and a-SiC(2H). 

There are some reports that in the crystal structure of S ic  
the energy of stacking faults is low at { 11 1 ) of 0-Sic and 
(0001 ) of a-Sic, thus often causing face  defect^.^.^.'^.'^' 
Figure 10 is the TEM photo of a coating layer deposited by 
CVD on the fiber surface. A number of stacking faults are 
contained in the CVD-Sic coating layer, and misorientation 
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Fig. 7. Auger Elecuon Spectroscopy analysis for a CVD-coated 
fiber with a thickness about 2 0 p :  (a) depth profile fa coated 

fiber, (b) Auger spectrum of fracture surface of coating layer. 

is formed between fine particles. There is a curved grain 
boundary between fine particles with many defects. 
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Fig. 8. Depth profile for a coated fiber with a coating thickness 
about 0.3pm. 
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Fig. 9. X-ray diffraction patterns of fibers: (a) as-received. (b) 
heat-treated at 1300°C in Ar. (c) CVD-coated fiber with a wat- 
ing thickness about 20pm. 

Fig. 10. TEM micrograph of coating layer, 

Fig. 11. SEM micrograph of CVD-coated fiber. 
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4. Discussion 

In this experiment, coating layers with various surface 
conditions and thickness were obtained by controlling reac- 
tion temperature, pressure, gas flared and others during 
CVD. In the case of a coating layer 0.1-0.5pm thick, the 
composition near the fiber surface was C (Auger analysis), 
and about 10% of Si was dispersed in C near the surface of 
the coating layer. Dome-shaped P-Sic was formed on the 
surface of this carbon-rich layer, and grew 30 times as fast 
as the deposition rate of the carbon-rich layer. Normally, in 
structural materials, S ic  coating is applied to substrates by 
CVD to provide wear and thermal resistance; yet there are 
few works on the mechanism of S ic  deposition (thin film) 
near substrate surfaces, and most of them deal with the 
morphology, mechanical properties, and crystal structure of 
p-siC.15.17-20) On the other hand, in works on CVD-Sic thin 
films as electronic materials, a large number of line and 
plane defects are observed at the interfaces of substrates and 
P-S~C.~' .~ '  In this study, there are Si02 and free C in 
Nicalon fiber, so that the incompatibility of a fiber surface 
(substrate) and ~~Sic face during CVD obviously hampers 
the nucleation of Sic. In the process of CVD, thermally- 
decomposed carbon was deposited in advance on the surface 
of Nicalon fiber, which probably facilitated Sic nucleation. 
The thickness of the formed carbon-rich layer is related to 
gas supersaturation, and with high supersaturation, many 
Sic  nuclei are formed on the surface of the carbon-rich 
layer, thus reducing its thickness. Moreover, in the case of 
coating at 1200"C, a decrease in the flared of hydrogen led 
to a thicker carbon-rich layer. The reason is that with lower 
hydrogen flared the nucleation of SIC was slower and its 
deposition rate was lower. The number and growth rate of 
dome Sic  particles attached to the surface of the carbon-rich 
layer were affected by gas supersaturation as stated above, 
and the particle size became larger as well as the number 
increased with reaction time. Moreover, when a carbon 
substrate was changed into a CVD reaction furnace, it 
tended to promote the deposition of Sic. Figure 11 shows 
a SEM photo of fiber coated at 1300°C with a reaction time 
of 5 minutes. Plenty of S ic  particles are formed on the 
surface of the carbon-rich layer O.lpm thick. 

In thick coating, it is necessary to provide fine coating 
for S ic  particles to avoid the reduction of fiber strength. 
When coated fiber is used as a composite material, it is 
especially required to weaken interfacial bonding between 
coating layers and fiber as well as bonding between coating 
layers and matrix. As clearly shown in Fig.4, peeling oc- 
curred at the interface of the carbon-rich layer and fiber, 
indicating that the interface has weak bonding. Further, the 
same peeling was noticed between the carbon-rich layer and 
S ic  layer. 

5. Conclusion 

In this study, fiber coating was conducted by CVD in an 
attempt to improve thermal resistance and modify the sur- 
face of Nicalon fiber, and the morphology, composition, 
crystal structures of coating layers were investigated to ob- 
tain the following conclusions. 
1) When fiber is coated, first a carbon-rich layer is deposited 

on the fiber surface. The layer has a thickness of about 
0 . 1 - 0 . 5 ~  and a deposition rate of about 0.02pm/min. 
Once the carbon-rich layer is formed, S ic  nuclei appear 
on the surface of this layer, and S ic  particles grow with 
reaction time. 

2) With coating at high temperatures, SIC particles formed 
on the surface of the carbon-rich layer are of dome, while 
with low reaction temperature, whisker-shaped ones are 
deposited and the amount increases with reaction pres- 
sure. 

3) The Sic particles deposited in the form of dome consist 
of fine particles, and S ic  contains a large amount of 
P-Sic as well as a small amount of a-Sic. S ic  has a 
number of stacking faults. The deposition rate of S ic  
was very high, reaching about 0.65pn/min. Moreover, 
the deposition rate becomes greater with reaction 
temperature and hydrogen flared. 

4) When fiber is coated thickly, an intermediate layer and a 
carbon-rich layer are convened with an S i c  layer as they 
are. There is a weak bonding force between the inter- 
mediate layer and fiber and the S ic  layer, so that the 
treatment is expected to have the effect of improving the 
fracture toughness of composite materials by peeling and 
pullout at the interface. 
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New piezoelectric mechanical dampers have been fabri- 
ca ted  using composites of piezoelectr ic  
ceramic:polymer:carbon black. Significant vibrational 
damping was observed in the composites with a ceramic 
volume fraction more than 50%. Damping charac- 
teristics are controllable by changing the conductivity 
through the carbon black concentration. 
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1. Introduction 

Piezoelectric ceramics are useful for damping vibration. 
The authors reported previously that piezoelectric ceramics 
can be used as dampers.') Consider that a piezoelectric 
ceramic material is attached to the object whose vibration 
is to be damped. When vibration is transmitted to the 
piezoelectric ceramic material, the vibrational energy is con- 
verted into electrical energy by the piezoelectric effect, and 
AC voltage is produced on the ceramic material. If the 
piezoelectric ceramic material is open or shorted electrical- 
ly, the generated electrical energy is changed back into 
vibrational energy without loss. The repetition of this 
process provides continued vibration. If a proper resistor is 
connected, however, the energy converted into electricity is 
consumed as Joule's heat by the resistor, and the energy 
changed back into mechanical energy is reduced, so that the 
vibration can be damped rapidly. Taking the connected 
resistance as R, the capacity of piezoelectric ceramic 
material C, the frequency of vibration to be damped o, 
damping takes place most rapidly when the connected resis- 
tor is selected in such a manner that the matching condition 
of impedance, R=l/oC, is satisfied.') The damping time 
constant can be freely changed by the connected resistor. 

Ceramics, though useful for damping vibration as 
described above, are difficult to assemble directly into 
mechanical system because they are hard and brittle. To 
resolve this difficulty, we fabricated dampers using a com- 
posite with properly flexible polymer (piezoelectric com- 
posite for damping) by considering practical use and 
workability. 

2. Principle 

When electrically conductive particles such as carbon 
black (CB) are added to polymer increasingly, the electric 
conductivity of composite increases in the order of ten near 
the critical adding point." Therefore, when a composite of 
polymer, piezoelectric ceramic powder and carbon black is 
fabricated (see Fig.l), the electric conductivity of composite 
is greatly changed by the addition of small amounts of carb- - - 
onblack. This means that, by properly selecting the electric 
conductivity of composite in place of connection of external 
resistors, each ceramic pwder forms a circuit with the carb- 
on black, so that the vibrational energy is consumed on the 
same principle as described above. 

3. Experimental Method 

In this study, PLZT (7165135) with a high piezoelectric 
constant was used as a piezoelectric ceramic material, and 
polyvinylidene fluoride (PVDF) was used as a polymer. 
The reason for using PVDF is that PVDF is relatively stiff 
elastically, though the piezoelectricity of PVDF is not par- 
ticularly important in this study. PVDF, PLZT and CB were 
mixed on the basis of volume ratio. In this experiment, 
samples were prepared by fixing the ratio of PLZT at 40% 
and 50%. To prepare the samples, CB and PLZT powder 
was added to PVDF softened at 200'C, and the materials 
were mixed and pressed for a short time. Figure 2 shows 
flowchart of the process for making samples. The electric 
conductivity of O.5mm-thick sheet was measured. The 
sheet with a stable conductivity was cut into specimens of 
lOOmm long xl5mm wide. The specimen was fixed by vice 
at one end. Initial tip displacement was given by a pulse 

CPIamiCs 

U 4 U 
pi-ledricity Cadudivity md-mical 

Flexibility 

Fig. 1. Piezo-ceramic: Polymer: Carbon composite for 
mechanical dampers. 
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P V D F  PLZT CB pqKG/y/Lv/"v 

A d d i n g  CB 

t o  P V D F  

driving motor, and the residual vibration was detected with 4, Results and Discussion 
a non-contact displacement sensor (Kaman, SDP-2300) to 
determine the time over which the amplitude becomes l/e . 

(damping time constant). Figure 3 shows the mechanical Figure 4 shows the change in conductivity with the 
vibration measuring system. volume percentage of carbon black. The conductivity great- 

ly changes depending on the volume percentage of CB. The 
volume percentage at which the conductivity begins chang- 
ing suddenly is called a percolation threshold. The value of 
percolation threshold was 7% for 40% PLZT, and 6% for 
50% PLZT; the value was lower when the ratio of PLZT 
was high. This difference may be caused by the facts that 
the volume percentage of carbon is not defined in relation 
to polymer, but in relation to the whole composite, and that 
the conductor circuit is easily formed when the ratio of 
ceramics is high because carbon particles aggregate around 
the ceramic particles. 

The damping time constants of these samples were 
measured, producing the results shown in Figs.S(a) and 
5(b). These figures show the relation between the damping 
time constant and the volume percentage of CB. In Fig.S(a), 
the specimen with 40% PLZT was vibrated at lOOHz (the 
characteristic frequency of specimen was set at lOOHz for 
unification). The value of 100 Hz was set for ease of meas- 
urement. The figure indicates that when the volume per- 
centage of CB is about 7%, the damping time constant 
decreases; the vibration is damped rapidly. This value of 
volume percentage is nearly the same as the percolation 
threshold, and takes an intermediate value of conductivity 
between the maximum and the minimum. In Fig.S(b), the 
specimen with 50% PLZT was vibrated at 100Hz. The fig- 
ure indicates that when the volume percentage of CB is 

Fig. 2. Process of making samples. 

OSCILLOSCOPE COMPUTER 

PULSE D R I V I N G  M ~ T ~ R / ~ ~ ~ ~ ~ ~  \NON-CONTACT SENSOR 
MATERIAL 

Fig. 3. Mechanical vibration measuring system 

V o l u m e  p e r c e n t a g e  o f  CB 

Fig. 4. Relation between conductivity and volume percentage of 
CB. 

V o l u m e  p e r c e n t a g e  o f  C B  

1 2  3 4 5 6 7 1 x 1  

V o l u m e  p e r c e n t a g e  o f  CFJ 

Fig. 5. (a) Relation between damping time constant and volume 
percentage of CB ( P U T  40%). 
(b) Relation between damping time constant and volume 

percentage of CB ( P U T  50%). 
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about 6%. the damping time constant decreases. Comparing 
Fig.S(b) with Fig.S(a), the lowest value of damping time 
constant is lower than that of specimen with 40% PLAT, but 
the damping time constant is higher at low volume percent- 
age of CB (4% and lower) than that of specimen with 40% 
PLZT. This is probably because the specimen with more 
PLZT is stiffer elastically and has larger mechanical Q. 

The volume percentage of CB at which the damping 
effect is largest in Figs.5(a) and 5(b) lies at the position 
where the conductivity is not so high in FigA. This is 
probably because CB forms an appropriate conductivity cir- 
cuit partially around the ceramic particles in the composite 
in the condition where the CB begins forming network 
structure but does not complete the conductor circuit as a 
whole. This fact must be confirmed by observation with a 
microscope or other instruments. The specimen with 40% 
PLZT has less effect than that with 50% PLZT. Therefore, 
a fairly high ratio of piezoelectric ceramics is desirable. 

Now, considering the relation of R=l/oC, it is expected 
that higher characteristic frequency of specimen shifts the 
curve of Fig.5 to the right slightly. By selecting a proper 
conductivity corresponding to the characteristic frequency, 
a damping effect appears. 

5. Conclusions and Future Problems 

A damper using piezoelectric composite of PVDF, PLZT 
and carbon black, which is a variant of damper using 
piezoelectric ceramics, was fabricated, and the relation be- 
tween damping time constant and volume percentage of 
carbon was evaluated. The conclusions were as follows: 
1) It was found that the damper using piezoelectric com- 

:iety of Japan, Int. Edition Suzuki, Y .  et al. 

posite is as useful for damping as the case where a resis- 
tor is connected to piezoelectric ceramics. The 
piezoelectric ceramics with a volume percentage of 50% 
has larger effect than that with 40%. 

2) The damping effect appears by selecting conductivity 
corresponding to the specific frequency. Therefore, it is 
necessary to control the conductivity corresponding to 
the frequency to the damped through carbon black con- 
centration at the fabrication stage. 
However, it may be a problem in the future that sample 

fabrication is somewhat difficult when PVDF is used as a 
polymer because the change in conductivity is abrupt. A 
polymer whose conductivity changes slowly with the 
volume percentage of carbon black should be used. 

As seen from Fig.S(b), the vibration was damped down 
to about 50% at the maximum depending on the volume 
percentage of carbon. In this experiment, however, 
electricity-machine coupling coefficient (efficiency of ener- 
gy conversion) was low because the bending vibration mode 
of specimen was used. In the applications in which lon- 
gitudinal vibration mode can be used, the damping charac- 
teristics may be improved further. 
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Synthesis of ZSM-5 Zeolite from Silica Stone Occurred 
in Ioh Island, Kagoshima Prefecture, Japan 
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ZSM-5 zeolite with the molar ratios SiOJAl2O3=61-75 
was synthesized hydrothermally at 220°C from silica 
stone containing A1203 component of 1.40wt% (occurred 
in Ioh island, Kagoshima Prefecture, Japan), with tetra- 
n-propylammonium bromide (TPABr) and NaOH solu- 
tion. The formation ratio, yield, and morphology of 
Z S M J  were strongly affected by the concentration of 
NaOH solution. Increasing NaOH concentration 
decreased the yield and Si021A1203 ratio of ZSM-5. 
ZSM-5 zeolite formed from the silica stone smaller than 
44pm in NaOH solutions of concentrations higher than 
1.OmoVI consisted of rectangular particles of about 5pm. 
The AI2O3 and Fe203 components in the silica stone 
remained in the formed ZSM-5. It was possible to con- 
trol the Si02/A1203 ratio of ZSM-5 from 44 to 431 by 
adding NaA102 or amorphous SiOz to the Ioh island 
stone. Roles of Na and TPA ions in the formation of 
ZSM -5 were also discussed. 
[Received April 22, 1991; Accepted July 18, 19911 

Key-words: ZSM-5 zeolite, Silica stone, Cristobalite, 
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1. Introduction 

H type ZSM-5 zeolite, which was developed by Mobil 
Oil Corporation, is an excellent proton acid catalyst in con- 
verting methyl alcohol to hydrocarbon and H20 below 
~WC. ' .~ '  The amount and acidic strength of proton in H- 
ZSM-5 depend upon molar ratio S ~ O J A I ~ O ~ . ~ ~ ~ '  Substitu- 
tion of A1 for Si in the Si-0 tetrahedron leads to introduction 
of proton in the zeolite along a general formula H,AI,Si,.,O,. 
indicating many acidic points for low SiOz/A1203 ratio. It 
is also pointed out that addition of organic cation such as 
tetrapropylammonium ion (TPA for short) plays an impor- 
tant role in synthesizing hydrothermally ZSM-5 zeo~ite.~.~' 
Unfortunately, limited understanding has been reported 
regarding the role of organic cation in the formation of 
ZSM-5. The purposes of this paper were (i) to confirm the 
possibility of hydrothermal synthesis of ZSM-5 zeolite from 
natural siliceous stone containing AI2O3 component of 
1.40wt% (silica stone in Ioh island, Kagoshima Prefecture, 
Japan; IIS for short), TPABr and NaOH solution, (ii) to 
understand concentration effect of TPABr and NaOH on the 
formation and molar ratio SiOJA1203 of ZSM-5, and (iii) to 
discuss change of Na20 and (TPA)20 contents with 
SiOJAl2O3 ratio of ZSM-5. 

2. Experimental Procedure 

Silica stone in Ioh island of Kagoshima Prefecture, tetra- 
n-propylamrnonium bromide ((CU3CH2CH2)JBr and 
NaOH solution were used to synthesize hydrothermally 
ZSM-5 zeolite. As-received IIS contained cristobalite 
(SO2), tridymite (SO2) and a small amount of alunite ((K, 
Na)A13(S04)2(0H),) as crystalline phase under X-ray dif- 
fraction. The chemical composition of IIS dried at 110°C 
for 24hr was as follows (wt%): 2.95 Ig.loss, 94.16 SiOl 
1.40 A1203~0.36Fe203~0.81Ti0~0.17Ca0, 0.05Mg0, 99.80 
Total (molar ratio SiOJA1203=114). Mixtures of IIS pow- 
der (c44pm), TPABr and aqueous NaOH solution with 
oxide compositions a(TPA),0.bNa2O.Al2O3. 1 14SiOrcH20 
(a=2.72-36.7, b=14.2-28.4, c=15 104620) were settled into 
a teflon vessel (28mm diameterxl05mm height) and heated 
at 160" - 220°C for 3-72hr in an autoclave. After the 
hydrothermal reaction, solid products were removed from 
the solutions by filtration and dried at llWC for 8hr in air. 
Phases in as-produced powders were identified by X-ray 
diffraction at a scanning rate of 2'/rnin (CuKa, Model 
No.2013, Rigaku Co., Tokyo, Japan). Formation ratio of 
ZSM-5 in the solid product (f(z)) was represented by the 
ratio of X-ray diffraction intensity regarding (501) plane of 
ZSM-5 and (101) plane of cristobalite: f(z)=I,(501)/ 
(IZ(501)+L(101)). The chemical compositions of solid 
pmducts were examined by X-ray fluorescence (Rh) at 
50kV (System 3080-E, Rigaku Co., Tokyo, Japan). About 
200mg of the powder product was mixed with 4.5g of 
Li2B407 and the mixture melted to form a 35mm-diameter 
glass sphere, which was chemically analyzed for Si, Al, Fe, 
Ti, Na and K contents. TG and DTA analysis of the 
pmducts were carried out up to 1000°C at a heating rate 
10'C/min (PTC-IOA Type, Rigaku Co., Tokyo, Japan). 
Morphology of the products was observed by scanning 
electron microscopy at 75kV (H-700H Type, Hitachi Co., 
Tokyo, Japan). 

3. Results and Discussion 

3.1. Hydrothermal Synthesis of ZSM-5 

3.1.1. Reaction Time and Solid Products 
Figure 1 shows reaction time dependence of weight ratio 

(yield) of the solid products to IIS, phase relation and molar 
ratio SiOz/A1203 of the products for the system 
2.74(TPA)20-24.6Na20-A1203-114Si02D530H20 at 220'C. 
The reaction products consisted of cristobalite and ZSM-5 
zeolite at reaction time shorter than 12hr and changed to 
only ZSM-5 at longer time. The yield gradually reached a 
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constant value (-0.55) with reaction time after a drastic 
decrease at the short time of 3hr. In the absence of TPABr, 
yield of the solid products containing no ZSM-5 after 
hydrothermal reaction for 12hr was 33% and close to the 
yield for 3hr as shown in Fig.1. This result and phase rela- 
tion shown in Fig.1 suggest that (i) about 60wt% of IIS 
dissolved within 3hr, (ii) ZSM-5 formed through following 
two processes8': (a) solid-liquid reaction in the IIS-TPABr- 
NaOH-H20 system and (b) crystallization from the liquid 
phase containing dissolved Si02 component, TPABr and 
NaOH. Increase in Si02/A1203 ratio with increasing time, 
that was accompanied by the increase in yield and in the 
amount of ZSM-5, reflects the crystallization of ZSM-5 
from the liquid phase. Wet analysis of AI" and ~ e ~ '  ions 
with chelatometric titration for the filtrate after the reaction 
for 12-72hr indicated that 99.0-100% of those ions in the 
starting IIS remained in the formed ZSM-5 zeolite. Above 
results and the difference in molar ratio Si02/AI20, between 
starting IIS and ZSM-5 formed after reaction for 72hr sug- 
gest that 54% of SiOl component of IIS was used for the 
formation of ZSM-5 and 46% of Si02 remained in the solu- 
tion. 

3.1.2. Effect of Concentration of NaOH and TPABr on the 
Formation of ZSM-5 

Figure 2 illustrates effect of NaOH concentration on the 
yield of solid products (A) and on the formation ratio of 
ZSM-5 (B) for the reaction at 220°C for 12hr. Increase in 
the NaOH concentration higher than 1.2moV1 accelerated 
the dissolution of IIS (A), implying the formation of soluble 
sodium silicate. Influence of TPABr composition f(T), 
f(T)=[TPABr]/([TPABr]+[NaOH]), on the dissolution of IIS 
was small. On the other hand, formation ratio of ZSM-5 
depended upon both concentrations of NaOH and TPABr. 
No ZSM-5 formed at f(T)=O. As seen in Fig.2(B), the 
amount of ZSM-5 increased with increase of NaOH con- 

centration and f(T) value (TPABr concentration). However, 
at high f(T) values above 0.5 the amount of ZSM-5 showed 
maxima at certain NaOH concentrations. A comparison of 
results between Fig.2(A) and (B) suggests that (i) reaction 
of Si02 component and NaOH to form ZSM-5 did not 
proceed completely below the concentration [NaOH]= 
1.4mol/l, and (ii) decrease in the amount of ZSM-5 at low 
f(T) values below 0.2 was ascribed to the lack of template 
effect of TPABr to form ZSM-5 in addition to slow crystal- 
lization of ZSM-5 from highly concentrated NaOH solution 
(Fig.1). These phenomena, (i) and (ii), resemble partial 
destruction of the tetrahedral Si-0 bond of Si02 (formation 
of non-bridging oxygen) by Na20 in glass formation and 
crystallization of glass in the NalO-M,O,-Si02 system (M: 
cation), respectively. Existence of maxima in the formation 
ratio of ZSM-5 against NaOH concentration at high f(T) 
values, and shift of NaOH concentration corresponding to 
the maximum formation ratio of ZSM-5 to higher concentra- 
tion with decreasing f(T) value might be associated with the 
solubility limit of TPABr at 220'C. Coating of the surface 
of IIS by undissolved TPABr may suppress chemical reac- 
tion between IIS and NaOH and as a result the formation 
ratio of ZSM-5 may not reach 100%. The solubility limit 
of TPABr at 220'C was estimated to be 1.2-1.3mol/l from 
the maximum formation ratio of ZSM-5 in Fig.2(B). 

3.1.3. Chemical Compositions of Solid Products 
Figure 3 summarizes SO2, Al2O3 and Na20 contents, and 

ignition loss with heating to about 1000°C for the solid 
products after hydrothermal reaction at 160"-220°C as a 
function of formation ratio of ZSM-5. Based on the analysis 
of some TG-DTA data of the products, ignition loss ob- 
served below and above about 350°C was interpreted to be 
the evaporation of H20 and decomposition of (TPA),O, 
 respective^^.^.'^' The structure change from cristobalite to 
ZSM-5 was accompanied by the decrease in Si02 and H20 

0 20 40 60 80 
reactton t ~ m e  (hr)  

Fig. 1. Reaction time dependence of phase relation (A), yield 
(weight ratio) of the solid products to IIS (B), and molar ratio of 
SiOdAl203 (C) of the pmducts for the system 2.74 (TPA)2O- 
24.6Na20-A1~0~-114Si02-1530HIO at 220'C. 

0 0.4 Q&3 1.2 1.6 2.0 
NaOH (moll I) 

Fig. 2. Effect of NaOH concentration on the yield of solid 
product (A) and formation ratio of ZSM9 (B) for the hydmther- 
ma1 reaction at 220'C for 12h1. Formation ratio of ZSM-5, f(Z), 
means X-ray diffrdction intensity ratio of ZSMJ and cris- 
tobalite: f(Z)=h(501)/(I,(501)+I,(IOl)). TPA composition (f(T)) 
was defmed as follows: f(T)=[TPABr]/([TPABr]+[NaOH]). 
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contents, and increase in (TPA)20 content. Composition 
change of AhO, and Na20 with the formation of ZSM-5 was 
minor as shown in Fig.3. Increase in (TPA),O and Na20 
content with the formation of ZSM-5 means that these com- 
ponents have a crucial role for constructing ZSM-5 struc- 
ture. 

Figure 4 shows the SiOJA1203 ratios of products after 
hydrothermal reaction at 220°C as a function of NaOH con- 
centration. The molar ratio Si0JAI2O3 decreased in the 
reaction using highly concentrated NaOH solution. This 
tendency can be compared with the result shown in 
Fig.2(A). Increasing NaOH concentration promotes dis- 
solution of Si02 component of IIS. However, most of the 
A1203 component of IIS remained in ZSM-5, as mentioned 
in section 3.1(A). As a result, the SiOJA1203 ratio strongly 
depends upon NaOH concentration. In addition, the molar 
ratio SiOJAI20, increased for the products having high 
ZSM-5 formation ratio (Fig.1). This result is explained by 
the crystallization of ZSM-5 from the liquid phase. Conse- 
quently, the molar ratios of Si02/A1203 are dominated by the 
concentration of NaOH and famation ratio of ZSM-5. 

Figure 5 shows the controlling of wide range Si0JA1203 
ratios of ZSM-5 by adding amorphous Si02 powder or 
NaAIOz to IIS in NaOH solution. Experiments were done 
at 220°C for 24hr. The only solid products under X-ray 
diffraction were ZSM-5. Yield of ZSM-5 increased with an 
increase in molar ratio A120 JSi02 of the starting materials 
as shown in Fig.5(A), suggesting an acceleration effect of 
A1203 component on the crystallization of ZSM-5 from the 
liquid phase (see Fig.8). The A120JSi02 ratios of ZSM-5 
were 1.3-1.9 times as high as those of starting materials 
(Fig.5(B)). As shown in Fig.S(B), the A1203/Si02 ratio of 
ZSM-5 to starting materials decreased linearly with increas- 
ing A120JSi02 ratio of starting materials. This result is 
related to the yield of ZSM-5. Since the decrease in the 
yield at low AI2O3/SiO2 ratio of starting materials indicates 
the dissolution of large amount of Si02 component (see 

Fig. 3. Chemical compositions of the solid products after 
hydrothermal reaction at 160'-220'C as a function of formation 
ratio of ZSMJ, f(z). 

Figs.2 and 4). the A1203/Si02 ratio of ZSM-5 becomes 
higher as the starting A1203/Si02 ratio is decreased. 

A difference in the Al2O3/SiO2 ratio of ZSM-5 between 
the IIS-TPABr-NaOH-H20 system and amorphous SO2- 
NaA102-TPABr-NaOH-H,O system was also compared at a 
molar ratio ~ 1 ~ 0 ~ / ~ i 0 ~ = 8 . 7 7 ~ 1 0 "  of starting materials in 
Fig.S(B). The former system using IIS gave higher 
A120 JSi02 ratio of ZSM-5 than the latter system. Lower 
yield of ZSM-5 for the former system, which means lower 
SiO, content of ZSM-5, can explain the above result. 

3.2. Morphology of ZSM-5 Zeolite 
Figure 6 shows morphology change of solid products 

with hydro thermal temperature for the ~yteml3.9(TPA)~O. 
14.2Na20 A1203.1 14Si02.6540H20. Main products at low 
(160"-180°C) and high (200"-220°C) temperatures in the 
dilute NaOH solution (0.24mol/l) consisted of 

m 
"0 0.4 0.8 1.2 1.6 2.0 

NaOH (m0l l l  ) 

Fig. 4. SiOdA1201 ratios of the solid products after hydrother- 
mal reaction at 220'C for 10 and 12hr as a function of NaOH 
concentration. 

0.4 0 5 1 0  15  20.10 -3 

Al2O31 Si02  r a t io  (moll rnol) 

Fig. 5. Yield (A) and A12011Si0, ratio of ZSMJ  to starting 
materials (B) for the hydrothermal reaction at 220'C for 24hr as 
a function of SiOdAlz01 ratio of starting materials. 
The A1201/Si0z ratios of starting materials with the TPA com- 

position f(T)=0.13 were controlled by adding amorphous Si02 or 
NaA102 to IIS in the NaOH solutions of 1.3-1.4moV1. The sym- 
bols in Fig.5 represent the kinds of SiOz sources of starting 
materials. 
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monodispersed spherical or rectangular particles of 1-2pm 
and agglomeration of rectangular primary particles in the 
submicron size range, respectively. The above change in 
the shape and size of products and formation ratio of ZSM-5 
with reaction temperature (Fig.3) leads to the following ex- 
planations: (i) increase in the reaction rate between IIS and 
NaOH solution at high reaction temperature accelerates the 
dissolution of SiO, component, (ii) increase in the con- 
centration of SiOz component and structure. change of IIS 
with increasing temperature advance the nucleation of 
ZSM-5 zeolite: and (iii) grain growth of each ZSM-5 par- 
ticle is suppressed due to the high nucleation rate of ZSM-5 
at high temperatures and poor supply of SiO, component in 
the dilute NaOH solution. On the other hand, larger rectan- 
gular ZSM-5 particles of about 5pm were formed in high 
concentrated NaOH solution."' Figure 7 shows the ZSM-5 
particles formed in the NaOH solution of 1.0-1.4mol/l. In 
this concentration range of NaOH solution, significant 
change in the particle shape was not observed as seen in 
Fig.7. However, the SEM photos seem to indicate that in- 
crease in the TPABr concentration promotes the formation 
of agglomerated ZSM-5. Growth of ZSM-5 particles in the 
concentrated NaOH solution would be ascribed to enough 
supply of dissolved SiO, component. Formation of ag- 
glomerated ZSM-5, which was related to the increase in the 
TPABr concentration, may be due to higher nucleation of 
ZSM-5. 

Figure 8 shows the effect of AI2O3 content of ZSM-5 on 
the morphology. Decrease in the A1203 content of starting 
materials caused (i) decrease in the size of ZSM-5 particle, 
and (ii) formation of irregular shape ZSM-5 particles. That 
is, A1 ions promoted grain growth of rectangular ZSMJ. 
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3.3. Role of Na and TPA Ions on the Formation of ZSM-5 
We discuss the role of Na and TPA ions on the formation 

of ZSM-5. As shown in Fig.3, the contents of these two 
cations in the solid products increased with formation of 
ZSM-5, suggesting following role of Na and TPA ions: 
template effect and charge compensation with substitution 
of A1 for Si in constructing the ZSM-5 framework. 

In the absence of TPA ion no ZSM-5 was formed as 
shown in Fig.2. This result indicates no template effect of 
only Na ion and high template effect of TPA ion accom- 
panied with Na ion. Figure 9(A) shows Na20 and (TPA),O 
contents of TPA-Na type ZSMJ formed by hydrothermal 
reaction at 220°C for 12-24hr, as a function of a x value in 
(TPA,Na,,),AI,SiMVl-x02. ZSM-5 with the molar ratios 
of A120,/Si02=0-0.05 contained (TPA),O of 2.5-3.0~10' 
mollg, indicating little dependence of TPA content on x 
value. However, Na20 content increased with increasing x 
value. The Na20/A1203 molar ratio corresponding to (l-y) 
value is shown in Fig9(B). Fig.9(B) illustrates clearly 
charge compensation effect of both cations of Na and TPA. 
The contribution of Na ions to charge compensation in- 
creased with an increase in x value and reached 0.7-0.9 
above 0.03 of x. In other words, the charge compensation 
effect by TPA ions is relatively high below 0.03 of x value. 
The molar ratios of (TPA)20/A1203 were also calculated to 
be 0.9-1.7 for x=0.021-0.048. Therefore, ZSM-5 formed in 
this experiment contained excess (TPA),O compared with x 
value, indicating template effect of TPA ions. The above 
results conclude the two roles of TPA ions on charge com- 
pensation and template effect for constructing the 
framework of ZSM-5. 

Fig. 6. Effect of hydmhennal temperature on the morphology 
of solid products after 12hr for the system 13.9(TPA)20, 
14.2Nafl.AI~01.114SiQ.6540Hfl. 

Fig. 7. Influence of TPABr concentration on the morphology of 
ZSMJ formed at 220°C for 12hr in the NaOH solution of 1.0- 
IAmoW. TPABr concentration (mom) (a) 1.63, (h) 1.01, (c) 

0.68, (d) 0.20. 
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Fig. & Effect of the AhOdSi02 ratio of starting materials on the 

morphology of ZSMJ formed at 220°C for 24hr in the NaOH 
solution of 1.3-1.4moVI at the TPA composition f(T)=0.13, 

Al2O~/Si02 ratio: (a) 16.7~10.' (b) 8.8xlo5 (c) 1 . 2 ~ 1 1 ~ ~  (d) 0. 

4. Conclusions 

ZSM-5 zeolite with the molar ratios SiOZ/A1203=61-75 
was synthesized hydrothermally at 220°C in Ioh island silica 
stone (IIS)-TPABr-NaOH-H20 system through solid-liquid 
reaction and crystallization of ZSM-5 from the liquid phase 
containing dissolved SiOz component. The A1203 and Fe203 
components in IIS (A1203: 1.40wt%, Fe203: 0.36wt%) 
remained in the formed ZSM-5. Increasing NaOH con- 
centration decreased yield and molar ratio Si02/AI2O3 of 
ZSM-5. The undissolved TPABr above the solubility limit 
suppressed the formation of ZSM-5. In the hydrothermal 
reaction at the Si0Z/A1,03 molar ratios of 60 to 825, which 
were controlled by adding amorphous Si02 or NaA102 to 
IIS, the A1203/Si02 ratio of ZSM-5 to starting materials 
decreased linearly with increasing A1203/Si02 ratio of start- 
ing materials. The contribution of Na ions to charge com- 
pensation with substitution of Al for Si ions in ZSM-5, (I-y) 
value in the formula (TPAyNal,),AI,SiMV1-x02. increased 
with increasing x value and reached 0.7-0.9 above 0.03 of 
x. ZSM-5 formed in this experiment contained excess TPA 
ions compared with x value, indicating two roles of TPA 
ions: charge compensation and template effect in construct- 
ing the framework of ZSM-5. ZSM-5 zeolite formed from 
IIS in the NaOH solution of concentration higher than 
l.Omol/l consisted of rectangular particles of about 5pm. 
Addition of A1 component to IIS promoted grain growth of 
rectangular ZSM-5 particles. 

Fig. 9. Na2O and (TPA)2O contents (A) and Na20/AI2O3 ratio 

(B) of TPA-Na type ZSMJ as a function of x value in (Na, 

TpA)xAlxSi~-xO2. 
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Role of External Additives on the Surface 
Crystallization of Multi-component Non-Alkali Glasses 
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The crystallization behavior of a glass in the SO2-A1203- 
Ca0-Zn0-Ti02-B203 system with additives was inves- 
tigated by means of DTA, XRD and SEM observation. 
The additives were wollastonite, silica, lime, Fe203, 
alumina, zirconia, zircon, 36.6Ca0.63.4Si02 glass, 
titania, montmorillonite, kaolin, talc, and zeolite. The 
main results are as follows. 1) The most effective addi- 
tives to reduce the double peaks of DTA curve into a 
single one were wollastonite, TiO, and 36.6Ca063.4Si02 
glass. Among them, only external addition of wollas- 
tonite shifted the peak temperature downward. 2) Crys- 
tal precipitation was enhanced on the wollastonite 
contacted glass surface. 3) The precipitated crystalline 
phase was speculated to consist of tiny particles of anor- 
thite, gehlenite, willemite and titatnite crystals. 
[Received April 6, 1991; Accepted July 18, 19911 

Key-words: Non-alkali glass, Surface crystallization, 
DTA, Wollastonite, External additive, Water vapor. 

1. Introduction 

fectly smooth surface before the crystallization starts. Fur- 
ther, the crystallization should be completed in the narrow 
temperature range of 800-900°C. In the previous report:' 
the two-step process was proposed as a crystallization step 
accompanying the heat treatment of glass of this system: 
(1) phase separation to an A120,-rich glass phase and a 
Ti02+ZnO-rich glass phase, and (2) precipitation of titanite 
and gehlenite from the A1203-rich phase, and that of titanite 
and willemite from the Ti02+ZnO-rich phase. The paper 
added the necessity of effecting means to promote phase 
separation in order to accelerate cry~tallization.~' Following 
these works, this study was intended to unify two crystal- 
lization peaks in the differential thermal analysis (DTA) at 
low temperatures by promoting surface crystallization with 
external additives. The extemal additives are agents added 
to glass samples to be crystallized, and are expected to affect 
crystallization from glass surfaces. Few reports have basi- 
cally dealt with the effect of external additives on the ac- 
celeration of crystallization, with some exceptions such as 
the work by Partridge and McMillan4' that dust powder and 
fine flaws on the surface promotes ununiform nucleation. 
In this study, first various extemal additives were added to 
glass powder to investigate the behavior of crystallization. 
In the final step, the roles of the extemal additives in surface 
crystallization were discussed as well as the mechanism of 
surface crystallization. 

Glass materials used for the insulated low dielectric 
lavers of hybrid IC are eswiallv required to hae thermal - - &  

resistance up to 900"C, insulation resistance over ~ O ' ~ R ,  low 
dielectric constant less than 13, and migration i-esistance. 2. 
Generally, non-alkali glass in the borosilicate system is used 
for these purposes. The authors earlier studied a Si02- 
A1203-Ca0-2110-Ti02-B203 system with low-concentration 
B203 by varying the amount of SO2, A1203, CaO, ZnO, 
Ti02, and B203 in order to clarify the effect of each com- 
ponent on the glass crystallization of this system and chan- 
ges in precipitated crystal phases.'." It was found that in 
the case of glass of this system, crystallization starts at the 
surface and the following rystals are precipitated: anorthite 
(Ca0.AI2O3.2SiO2), gehlenite (2Ca0.A120rSi02), titanite 
(Ca0.Ti02.Si02), and willemite (2Zn0.Si02). In the ordi- 
nary preparation of glass ceramics, the two steps of heat 
treatment of crystal nucleation and crystal growth are 
adopted in most cases. However, the two-step heat treat- 
ment is not quite appropriate to prepare insulated low 
dielectric glass ceramics for IC with glass as a starting raw 
material. To prepare IC glass ceramics using glass with this 
composition requires a process in which glass powder is 
heated to a specified temperature (800-900'C) with a con- 
stant heating rate, where it is held for a short period of time 
(for example, about lominutes) to complete crystallization. 
Moreover, the glass powder must be fused to exhibit a per- 

2.1. Preparation of Glasses 
The composition of the basic glass (No.0 glass) was the 

same as in the previous reports:'"' Si02=35 (39.8) in wt% 
(molar percent), A1203=15(10.1), Ca0=20(24.4), 
Zn0=15(12.6), Ti02=13(1 1. l), and B203=2(2). 

The weighing and mixing of raw materials were amved 
at according to the method stated in the previous report." 
The prepared raw material was melted at 1450°C for 2hours 
in a platinum crucible, and part of it was discharged on an 
iron plate to form a glass block. The rest was allowed to 
flow on the water-cooled roller to obtain quenched glass 
flakes about 0.5mm thick. The following two kinds of 
samples were prepared from the above glass. (1) One of 
them was powder glass containing extemal additives and 
was for the investigation of the influences of the extemal 
additives on crystallization. In this case, the external addi- 
tives stated below were added to the glass flakes by 5wt%, 
and the mixture was finely ground for 20hours with a 500cc 
alumina pot mill (dry) to prepare a mixed powder glass 
sample 3pm in average particle diameter (particle size dis- 
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tribution: 2 -8~) .  (2) The other is a block-shaped glass 
sample to investigate the behavior of crystallization of the 
external additives on the contact surface. A cube about 
10x10x10mm3 in size was cut out of annealed glass with a 
diamond cutter and mirror-finished with cerium oxide pow- 
der. 

The following external additives were selected: corun- 
dum (a-A1203), quartz (Si02), calcium oxide (CaO), and 
rutile (Ti02), as well as iron oxide (Fe203), zirconia (Z102). 
zircon (ZrSi04) and wollastonite (Ca0.Si02), were used as 
nucleation agents. Moreover, as mineral components con- 
taining water or OH groups, the following were also used: 
montmorillonite, talc, zeolite, and kaolin. In the addition of 
wollastonite crystals, the amount of addition was varied to 
0.5, 1, and 10wt% to examine its effect on crystallization. 
As will be described later, wollastonite had the effect of 
promoting crystallization as an external additive, so that the 
addition of glass with wollastonite composition was at- 
tempted. However, since the wollastonite composition has 
a strong tendency to devitrify by the melting method, glass 
with composition close to wollastonite (Ca0=36.6 and 
Si0=63.4 mol%) was added as an external additive. Glass 
was prepared from a batch containing 2.5-15wt% of 
CaO.Si0, (wollastonite composition) in glass raw materials, 
and its behavior of crystallization was also studied (internal 
additive). Table 1 lists these external additives or kinds of 
added components, particle size, and the amount of addition. 

2.2. Behavior of Crystallization of Powder Glass 
The behavior of crystallization of various powder glass 

samples prepared as in Section 2.1(1) was examined by 
differential thermal analysis (DTA). In the analysis, 
Rigaku's differential thermal analyzer (TG 8110) was used 
and about 500mg of a sample was heated at a rate of 
20"C/min with a-A1203 powder as a standard sample. Such 
data were obtained from a DTA curve as exothermal peak 
temperature T:' (in the case of plural peaks, Td, T,,, T,, and 
Tc3 from the low temperature side), and peak width. Addi- 
tionally, powder glass was treated at a constant temperature 
of 730°C for 1-48 hours, the order and amount of crystal 
precipitation were analyzed by powder X-ray diffraction 

2.3. Reaction Between Glass Surface and External 
Additives 

Wollastonite specimens to be brought into contact with 
polished glass surfaces were prepared as follows. Fist, 
natural wollastonite powder was pressed at 50kg/cm2 into 
compacts about 10x10x5mm3 in size. They were sintered 
at 1350'C for lhour, cut by a diamond cutter, polished with 
#600 alumina paper, and finished by ultrasonic cleaning. 
The following experiment was performed using glass 
samples prepared as in Section 2.1(2) and wollastonite 
specimens. Each wollastonite sintered body was placed 
with its polished face on that of a glass sample, and heated 
at 730°C for 1-48hours in the electric furnace. After treat- 
ment, glass surfaces contacted by wollastonite and the con- 
dition of crystallization inside the glass samples were 
analyzed by XRD, as well as observed with SEM and a 
polarizing microscope. Before SEM observation, the 
samples were etched with a 5% HF solution for 5seconds. 
The composition of precipitated crystals was analyzed along 
with their crystal distribution. The component analyses 
were conducted in the range of 0.9x0.9-4.5x4.5pm2 using a 
scanning electron microscope (JEOL, Ltd., T-220) and an 
energy-dispersion-type X-ray analyzer (EDX) (JEOL, Ltd., 
JED-2000). 

3. Results of Discussion of Experiment 

3.1. DTA Curves of Powder Glass 
Figure 1 shows the DTA curves of powder glass samples 

containing 5wt% of extemal or internal additives. Crystal- 
lization peak temperatures were summarized at the bonom 
of Table 1. The case (a) is without extemal additives. Ex- 
othermal peaks appeared at Tc,=877"C on the low-tempera- 
ture side and at Tc2=892"C on the high-temperature side. 
The reason why they shifted further from those of DTA 
curves of No.0 glass (Tci=862"c, Tc2=894"C) stated in the 
previous report3) to the high-temperature side is probably 

Table 1. Additives to pmmote a nucleation of No.0 glass. The form of additives, c~ystalline or glass, particle size, quantity of additives, and 
peak temperatures (T,) are shown. The basic composition of No.0 glass is 35Si01, 15A1203, U)CaO, 15Zn0, 13Ti02, 2B203 in wt%. "Ext" in- 
dicates extemal additive; "Int" indicates internal additive with regard to No.0 glass. 

Additive 

C O ~ P D U D ~  

Phase 

Size/". 

Quantity 

Tc,/'C 

T e d C  

T c d C  

Additive 

C O ~ P O U R ~  

Phase 

Sire/@. 

Quantity - 
Tc,/C 

T c d C  

Tc,/'C 

la) (b) Ic) Id) lel Itl Is1 lh) lil 
Non A1,01 SiO, F e A  CaO ZrSiOn Ti07 Zr02 CaO.SiO2 

Corundum o -quartz Rutile + O . O ~ Y ~ O I  lollastonitc 
Ext Ext Ext Ext Ext Ext Elrt Ext Ext 
Cryst Cryst Cryst Cryst Cryst Cryst Cryst Cryrt Cryst 

0.1 ,110 2.3 1.0 18.5 4.5 6.0 9.5 

k t %  5.tl 5.t% 5rtl 5rtI 5*t% 5wtX 51tX 0.5. 1 5 IOwtX 

877 892 893 913 925 882 903 905 861 859 853 862 
892 903 911 942 950 9L4 911 

926 

- 
lj) lk) Ill I In1 lo1 

38.8Ca0 CaO'SiO, )lontmorillonite Kaolin Zeolite Talc 

83.4Si07 lollsstonite 

Ext Int Ex t Ext Ext Ext 

Glass Melt Cryst Cryst Cryst Cryst 

130 3.2 18.5 2.8 1.5 
5wtX 2.5 5 10 15.t% 6wtX 5.tl 5.tX 5.t% 
918 925 944 959 978 858 855 869 897 

896 812 879 904 

914 



Vol. 99-1106 Journal of the Ceramic Soi 

that the grounding conditions of powder glass in this experi- 
ment (5grams sampling, planetary mill, 30min. grounding) 
were different from those in the previous report.3' In the 
previous work, smaller particle size led to lower crystal- 
lization temperature under the same grinding method, but in 
this experiment, the result was contrary. Possible causes 
include particle size distribution, impurity contamination, 
and residual strain, but the mechanism is not clear at present. 
(b) In the case of samples containing corundum, T,, and T,, 
peaks shifted by 1 lo-15'C to the high-temperature side, and 
the third peak Tc3 appeared. (c) In samples containing SiO,, 
the peak temperature shifted by 15'-20°C to the high- 
temperature side, and T,, entered the shoulder of the T,, 
peak. (d) In samples with iron oxide, the peak temperature 
shifted by 36"-50°C to the high-temperature side. (e) In 
samples with calcium oxide, the peak temperature shifted 
by 48"-58°C to the high-temperature side. In the cases from 
(b) to (e), crystallization peaks are as broad as that of (a). 
(f) In samples with zircon, the peak temperature shifted by 
5"-22°C to the high-temperature side. (g) In samples with 
rutile, the peak temperatures shifted to the high-temperature 
side and were unified. (h) In samples with zirconia, the 
peak temperature shifted by 25'-28'C to the high-tempera- 
ture side. (i) In samples with wollastonite, the peak 
temperatures shifted to the low-temperature side and were 
unified. The peak temperature showed little change even 
when the addition of wollastonite was increased to 0.5, 1, 
5, and 10wt%. (i) In samples with 36.6Ca063.4Si0, glass, 
peaks shifted by 41°C to the high-temperature side and were 
unified. (k) In samples with wollastonite as an internal 
additive, peak temperatures shifted by 52°C to the high- 
temperature side and were unified. When the amount of 
addition was varied to 2.5, 5, 10, and 15wt%, the peak 
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temperature rose to 92S°C, 944"C, 95YC and 978"C, respec- 
tively. In the above cases (0-(k), crystallization peaks are 
sharper than that of (a), and are unified or close to it. (1) In 
samples with montmorillonite, T,, shifted by 17°C to the 
low-temperature side, while T, did by 4'C to the high- 
temperature side. (m) In samples with kaolin, T,, shifted by 
12'C to the low-temperature side, and a small peak TC3 ap- 
peared. (n) In samples with zeolite, the peak temperature 
shifted by 8'-13°C to the low-temperature side. (0) In the 
sample with talc, the peak temperature shifted by 

19"-12°C to the high-temperature side. In the above 
cases 0)-(o), peaks were not perfectly unified and yet shar- 
per than in (a). 

3.2. Effects of External Additives in Holding at  Constant 
Temperature 

3.2.1. XRD of Powder Glass 
Figure 2 shows XRD patterns of powder glass (average 

particle diameter:3pm) with external additives treated at 
730'C for lto 48hours. (a) is No.0 glass without external 
additives. As stated in the previous report:' anorthite 
(CaO.AI2O3.2SiO2) is precipitated in 16hours, and gehlenite 
(2CaO.Al2O3.SiO2), willemite (2ZnO.SiO2), and titanite 
(Ca0.TiOz.Si02) in 24hours. The diffraction intensity of 
anorthite showed an increase with treatment from 36 to 48 
hours, while that of other crystal phases hardly increased 
after 36hours. (b) is the case of a-Al,03 addition. Anor- 
thite crystals began to precipitate when treatment reached 
16hours. However, compared with No.0 composition, the 
diffraction intensity of all crystal phases decreased substan- 
tially. It was found that A1,03 remained unreacted till the 
final step. The case (c) is the addition of cubic ZrO, includ- 

Fig. 1. DTA curves of No.0 glass with 5 ~ 1 %  additives (Table I), heated at a rate of 2O'CImin. (a) is No.0 glass with no additive. DTA curves 
of four groups of additives, (b) to (h), (i) to (k), and (1) to (0). are illustrated 
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ing 811101% of Y2O3. Anorthite began to precipitate after 
treatment reached Ihours, and gehlenite, willemite, and 
titanite precipitated after treatment of 24hours. Their dii- 
fraction intensity was almost constan over that point. Z102 
proved to remain nearly unreacted. The case (d) is the 
addition of wollastonite. Anorthite precipitated after 8hour 
treatment, and gehlenite, willemite, and titanite after 16hour 
treatment. The diffraction intensity of these crystal phase 
was constant after 24hour treatment. On the other hand, 
most peaks of added wollastonite crystals disappeared after 
4hour treatment. 

3.2.2. XRD of Wollastonite-Contacted Surfaces 
Figure 3 shows XRD patterns of the surface of glass 

contacted with wollastonite and treated at 730°C for 1 to 48 
hours. (a) is the XRD pattern of the free surface of glass. 
After heat treatment of 24hours, an anorthite peak was 
detected as well as those of gehlenite, willemite, and titanite, 
though slightly. The crosssection of the sample after heat 
treatment was examined by XRD; no crystal peaks were 
recognized even after 48hour treatment. (b) is the XRD 
pattern of the glass surface contacted with wollastonite. 
After 24hour treatment, the diffraction peaks of the four 
kinds of crystals were detected more strongly than in the 
case of (a). 

3.2.3. SEM Observation of Wollastonite-Contacted Faces 
Figure 4 gives SEM photos of glass faces contacted with 

wollastonite or nothing, which were treated at 730'C for 48 
hours. 

The case (a) is without contact with wollastonite. After 
treatment at 730'C for 4 hours, columnar crystals about 
IxOApm in size were noticed though they were not detected 
by XRD. As treatment time increased to 8,24, and 48hours, 
the columnar crystals grew but the number seemed un- 
changed. Moreover, the glass surface became rough, and 
the degree was intensified with treatment time. This is 
probably due to phase separation and was caused by dif- 
ferent solution rates by etching. The case (b) is with contact 
with wollastonite. A number of columnar crystals 
precipitated after treatment of 8 hours. A part of the surface 

without crystals became rough. The columnar crystals grew 
with treatment time, but the number seemed unchanged. 
The number of crystal particles is obviously greater than in 
the case of (a). There are striped microstructures probably 
indicating the direction of crystal growth in the enlarged 
photos (a) and (b) of the precipitated crystals, However, 
the grain boundaries of the four kinds of crystal particles 
(anorthite, gehlenite, willemite, and titanite) are not clear in 
the crystals. In order to distinguish the four kinds of crystal 
particles, the component analysis of columnar crystals and 
nearby glass was conducted by EDX. As a result, the con- 
centration of Ca, Al, Si, Ti and Zn in the crystals and nearby 
glass was almost constant, and no difference in concentra- 
tion was detected in both phases. Therefore, the grain 
boundary or condition of arrangement of each crystal par- 
ticle in the columnar particles could not be recognized. 
SEM observation found that some pits were caused by etch- 
ing with fluoric acid between the crystals and glass. Yet, 
when the sample surface without etching was observed by 
a polarizing microscope, no distinct cracks were en- 
countered between the crystals and glass. It could not be 
determined whether the pits formed by etching were due to 
different solution rates by strain accompanying the composi- 
tional change or volume contraction of glass in the vicinity 
of the columnar crystals, or the presence of microcracks at 
the boundary face. After all, the columnar crystal was con- 
sidered to be the aggregate of fine crystal particles less than 
lpm in size that cannot be recognized by EDX. 

33. Selection of External Additives For Crystallization 
As has been stated earlier, the use of glass studied in this 

work as insulation film materials should meet the require- 
ment for crystallization in heating (1) at appropriately low 
temperature, (2) in the narrow temperature range, and (3) as 
quickly as possible. In the cases of adding Ti02, wollas- 
tonite and 36.6Ca0.63.4Si02 glass, crystallization peaks 
were unified in the presence of external additives. In Ti02 
addition, the peak temperature shifted to the high-tempera- 
ture side, which is undesirable from the standpoint of (1). 
The peak temperature decreased only in the case of adding 
wollastonite. The crystallization peaks were also unified 

Fig. 2. XRD panems of No.0 glass with additives, heat-treated at 730'C for 1 to 48h. (a) No.0 glass with no additives. (b) No.0 glass with 
5wt% A1203. (c) No.0 glass with 5wt% ZrO2. (d) No.0 glass with 5wt% external wollastonite (CaO.Si03. 
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when a wollastonite component was added as an internal 
additive, hut the peak temperature increased and it is un- 
desirable from standpoint (1). The glass transition point of 
this glass increased 4" to 18'C higher than that of No.0 glass, 
so that a rise in peak temperature was probably due to an 
increase in the viscosity of glass. As a result, it can be 
concluded that wollastonite crystals as an external additive 
are the most favorable agent to promote crystallization at 
low temperatures. 

3.4. Crystallization Mechanism in Presence of External 
Additives 

Based on experimental results in this study, the roles of 
external and internal additives in the promotion of crystal- 
lization were summarised as follows to study the mechanism 
of c~ystallization. 
1) The addition of wollastonite (Ca0.Si02) as an external 

1 I I 
20 25 M 35 40 

28 1 deg 

-0 

28 1 deg 

Fig. 3. XRD patterns of No.0 glass surface, heat-treated at 730'C 
for 1 to 48h in contact with wollastonite body (CaO.Si02). 

(a) No.0 glass surface free from wollastonite body. (b) No.0 glass 
surface kept in contact with wollastonite body. 
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additive induces the precipitation of anorthite 
(CaO.AhOY2SiO2) from an A1203-rich phase in the glass 
surface. The precipitation of anorthite promotes that of 
gehlenite as well as accelerates crystallization from the 
ZnO+Ti02-rich phase. 

2) It is known that water addition lowers glass viscosity5~"~ 
and promotes crystalli~ation.~~,~~) When water or 
minerals containing OH groups are added, they are intro- 
duced in glass to reduce viscosity near the glass surface, 
thus probably promoting crystallization. 

3) When DTA peaks are unified, the precipitation of anor- 
thite precedes slightly, followed by that of other crystals. 

4) Figure 5 is the schematic diagram of a mechanism in 
which crystal particles grow while maintaining columnar 
forms. Quenched glass (a) fust undergoes o phase 
separation by heating (b). The previous report3' showed 
that the composition (mol%) of the precipitated crystal 
is A (anorthite):G(gehlenite):W(wil- 
lemite):T(titanite)=78:18: 1:3. The component amount of 
A1203- rich glass (A+G) is greater than that of 
ZnO+TiO,-rich glass (W+T), and after phase separation 
the former is expected to be a continuous phase. The 

Fig. 4. SEM photographs of No.0 glass surface etched with 5% 

HF solution for Ssec, after a heat treatment at 73W for 48h. 
(a) Free surface of glass. (b) Glass surface kept in contact with 

wollastonite body. 

Fig. 5. A schematic drawing of crystal growth in No.0 glass. 

Phase separation proceeds from clear glass (a) to (b), and crystal- 

lization occurs in A1203 rich phase and TiO*ZnO rich phase (c). 

Crystalline panicles grow in size (d). Distinctive patterns of in- 
dividual crystalline phases, A (anorthite), G (gehlenite), W (wil- 
lernite) and T (titanite), are not visualized. 
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nucleation of A and G occurs from the A1203-rich phase; 
then the crystals of W and T begin to precipitate from 
the ZnO+Ti02-rich phase (c), and they grow (d). Each 
columnar crystal is surmised to consist of the fine crystals 
of A, G, W, and T (probably lpm or less in particle 
diameter). 

4. Conclusion 

Powder glass samples which were Si02-A1203-Ca0- 
Zn0-Ti02-B203 glass containing various additives were 
subjected to DTA, XRD, SEM, observation with a polariz- 
ing microscope, and component analysis to investigate the 
behavior of crystallization, and the following results were 
obtained. 
1) The two crystallization peaks in DTA curves were unified 

by the addition of TiOl, wollastomnite, and 
36.6Ca0.63.4Si02 glass. The peak temperature shifted 
to the low-temperature side only in the case of the exter- 
nal addition of wollastonite crystals. 

2) Also in constant temperature heating, the external addi- 
tion of wollastonite crystals accelerated the precipitation 
of anorthite as well as that of other crystals. 

3) Plenty of fine columnar crystals were formed in the glass 
surface contacted with wollastonite, and the columnar 
crystals grew with heat treatment time while the number 
did not show an increase. 

4) These columnar crystals were considered to be aggregates 
of the four kinds of crystals less than lpm in size (anor- 

thite, gehlenite, willemite, and titanite). 
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Properties of Y203-A1203-Si02 Glasses as a Model 
System of Grain Boundary Phase of Si3N4 Ceramics 

(Part 2) 
- Leaching Characteristics - 
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The leaching behavior of Y203-A1203-SiO, glasses was 
studied in connection with the hydrothermal corrosion 
of Si3N4-YZO3/Al20, ceramics. Leaching tests were con- 
ducted with the glass blocks under hydrothermal condi- 
tions at 300°C for 1 to 10 days. It was found that the 
weight loss of the glasses is less than 0.8mglcmz after 10 
days and the durability of the glasses is higher than that 
of SiOz glass, Corning-1723 glass and Si3N4-YzO3/Al2O3 
ceramics. It was considered that the higher durability 
of the glass under hydrothermal conditions is due to the 
lower leach rates of Yz03 and A1203. 
[Received March 14, 1991; Accepted July 18, 19911 

Key-words: Leach rate, Hydrothermal corrosion, Durabili- 
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1. Introduction 

The authors have been studying the corrosion behavior 
of silicon nitride ceramics under water at high temperatures 
and pressures," as part of a study on the water resistance of 
ceramics aiming at the .development of their applications as 
well as modification. So far, the authors have reported that 
the chemical stability of silicon nitride ceramics with addi- 
tives in water at high temperatures and pressures depends 
mainly and greatly on a difference in the composition of 
additives constituting grain boundary phases, and that 
silicon nitride ceramics containing Y203 and A1203 has 
higher corrosion resistance than those containing MgO. 

Based on these results, this study aimed to obtain infor- 
mation on the grain boundary phases of silicon nitride 
ceramics with Y203 and A1203 using simulated grain bound- 
ary glass. The physical properties of the simulated grain 
boundary glass were stated in the previous report." As a 
further step, the leaching characteristics of the simulated 
grain boundary glass were investigated under water at high 
temperatures and pressures. As a result, it was found that 
this Y203-A1203-Si02 glass has excellent corrosion resis-- 
tance under high-temperature and high-pressure water. 
Detailed characteristics are described in this paper. 

2. Experimental Procedure 

2.1. Preparation of Glass Samples 
The glass sample used in this experiment was simulated 

grain boundary glass with the same composition as in the 
previous report2' -- xY203(60-x) A120340Si02 (x=30, 40, 
45wt%) -- prepared in the same manner (these glass samples 
with x=30, 40 and 45 wt% was denoted as YAS-1, -2 and 
-3, respectively). Some of these glass samples were 
polished with CeO, powder to mirror faces to prepare glass 
block specimens 8x8x4mm3 in size, and the rest were 
ground to prepare glass powder specimens with 420-250p 
in particle size. 

2.2. Leaching Test 
Glass powder specimens underwent a leaching test at 

100°C for one day in a Teflon autoclave according to JIS 
R-3502 (chemical durability test for glass). The chemical 
analyses of leaching solutions were conducted by an ICP- 
AES method, and the leaching amounts of Y2O3, Al2O3 and 
SiO, were measured to calculate the leach rate L (g/cm2.h) 
of each component.3' 

Glass block specimens were subjected to a leaching test 
with an autoclave at 100°C and equilibrium water vapor 
pressure (8.6MPa) for 1, 6 and 10 days. In the procedure, 
as in the case of silicon nitride ceramics, hydrothermal treat- 
ment was canied out so that the volume of redistilled water 
v(cm3) was determined as V/A=lO cm with regard to the 
geometric surface area of a sample ~(cm') ,  in order to oh- 
tain the weight change of the sample per unit area before 
and after the leaching test. For comparison, the leaching 
test was also performed with quartz glass finished to mirror 
face 3x4x40mm3 in size under the same conditions. The 
chemical analyses of leaching solutions were conducted by 
an ICP-AES method. 

3. Results and Discussion 

3.1. Results of Glass Powder Leaching Tests 
Figure 1 shows a relation between the leach rate of each 

component in leaching tests with simulated grain boundary 
glass powder in the Yz03-A1203-Si02 system and Y/Al 
(molar ratio). Moreover, for reference, Table 1 lists results 
obtained earlier by the authors-measurements of the leach 
rate of each component of glass with a composition of ((1- 
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x)[0.5Na20~B203~3Si02]~xM203; x=0.05, M=Al, Y) consist- 
ing of basic glass (0.5Na20.B203.3Si02) and 5mol% of 
4 2 0 3  and Y203 as additives. 

As in the table, the relation between the leach rates L(i) 
of components is L(Si02)>L(A1203)>L(Y203). Moreover, 
the addition of and Y203 tended to greatly inhibit the 
leaching of Si02 as well. The leach rates of these com- 
ponents can be regarded as indexes expressing the leach 
rates of oxide components by water, that is, tendencies of 
leaching characteristics peculiar to the components, though 
there is a difference in matrix. 

The leach rates of components of simulated grain bound- 
ary glass in the Y203-A1203-Si02 system in this experiment 
as in Fig.1 are about 1/1000 compared with values in Table 
1, showing that glass in this system has extremely high 
corrosion resistance. The studv on the alkali resistance of 
aluminosilicate glass containing Y2O3 by Makishima et a ~ . ~ '  
also reported that aluminosilicate glass with Y2O3 has higher 
corrosion resistance than quartz glass. Moreover, ~a~ et 
aL6' reported that Y203-A1203-Si02 glass is not corroded in 
distilled water at 50'C, and that etching or pitting does not 
occur. Those can be explained by the results of leach rates 
of components. The reason why the leach rate of Si02 in 
Fig.1 shows lower value than that in Table 1 is probably that 
alkali borosilicate glass as a matrix fundamentally has low 
water resistance while Y203-A1203-Si02 glass is non-alkali 
glass and the solubility of its A1203 and Y203 components 
to water is extremely low. 

3.2. Results of Leaching Tests With Glass Blocks 
Table 2 shows weight changes of block samples of Y2O3- 

A120,-Si02 simulated grain boundary glass after treatment 
in the autoclave under the hydrothermal conditions of 300'C 
and 8.6MPa. Moreover, for comparison, Fig.2 plots the 
earlier results" of Si3N4-Y203/A1203 ceramics in which this 
glass component (measured under the same conditions) cor- 

- IOO'C ; lol 

Fig. 1. Leach rates of Y203-AI2O,-Si02 glasses as a function of 
YIAI mole ratio. 

Table 1. Leach rates of ((1-x)[O.5Na~O~Bz0r3SiO~l~xM~O~; 
x=0.05, M=AI, Y) glasses calculated from the results of powder 
leaching test. (Ref.(3)) 

1 u s/cm' h 1 

Addit ive oxide L(MsOxl  L(Si0,) 

(Base glass) - 
AlzO,  2.3 
Y, 0, 0.6 

responds to the simulated grain boundary phase, as well as 
those of monolithic quartz glass since the major leached 
component is Si02. In addition, the similar test data with 
Coming-1723 glass (SO2 57, A1203 15, B203 5, CaO 10, 
BaO 6 and MgO 7wt%) used as the window material of 
high-temperature and -pressure water containers (after rein- 
forced with mica plates) are shown in the figure; these data 
serve as reference in studying the application of high- 
temperature and -pressure water resistance properties of the 
glass used in this experiment. 

The block samples of Y203-A1203-Si02 simulated grain 
boundary glass showed little weight change after hydrother- 
mal treatment for 1 and 6 days. Even after hydro-thermal 
treatment for 10 days in which a weight change was 
detected, no substantial changes were encountered except 
for slightly clouded surfaces. It is clear that the simulated 
grain boundary glass in the Y203-A1203-Si02 system has 
much higher corrosion resistance than Si3N4-Y203/A1203 
ceramics or quartz glass. 

Table 3 summarizes the leaching amount of each com- 
ponent of leaching solutions after leaching tests with Y203- 
A1203-Si02 simulated grain boundary glass, 
Si3N4-Y20JA1203 ceramics, and quartz glass which were 
determined by ICP analysis. The table shows that weight 
changes given in Fig.2 are mainly due to the leaching of 
Si02 and the weight loss of each sample is in good agree- 
ment with the leaching of SO2. By contrast, in the case of 
A1203 and Y203, the contribution of these components to 
weight loss is negligible. That is, the leaching charac- 
teristics of glass blocks are closely related to the leach rates 
of components obtained by glass powder leaching tests 

Table I Specific weight loss for Yz03-AhO,-Si@ glasses atier 
hydrothermal treatment at 300'C and 8.6MPa. 

-- - 

Specific weight  loss ( mg/cmS 1 

T i m e  (day) 

YAS-1 YAS-2 YAS-3 

Z A Corning 1723 glass 
512- 
P - I O -  

Fig. 2. Specific weight loss for YAS-I, YAS-2 and YAS-3 glas- 
ses. S~~NI-YZO~AIZO~ ceramics and SiOz glass treated under 
hydrothermal conditions at 3WC and 8.6MPa. 
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Table 3. Dissolution data for YAS-1, YAS-2 and YAS-3 glasses, Si,N4-Y20,/A120~ ceramics and Si02 glass treated under hydrothermal condi- 
tions at 3 W C  and 8.6MPa. 

Specimen YAS-1 YAS-2 YAS-3 Si N -Y 0 /A1203 SiOZ glass 3 4  2 3  

Leached amounts (mg/ll 

though temperature is different, and they can be explained phase may basically provide higher corrosion resistance for 
by the leach rates of components to some extent. Si3N4 ceramics and that they are candidates for window 

The corrosion of Si3N4-Y203/A1203 ceramics under materials of high-temperature and -pressure water con- 
hydrothermal conditions proceeds with the following reac- tainers. 
tion: Si3N4 t 6H20 +3Si02 + 4NH3; and the leaching of 
the products into water leads to weight loss." On the other Acknowle~gements 
hand, a glass phase with Y203 and M2o3 constituting a grain This research was supported financially in pan by Nihon Itagarasu Zaj.0 
boundary phase has high leaching resistance (as shown in ~ o g a k u  Zaidan. 
the measurements of leach rates) so that it becomes a silicate 
hydrate containing these aid components, thus forming a 
corrosion phase. The corrosion layer of Si3N4-Y2O3lAI2O3 
ceramics consists qualitatively of the same components as 
Y203-AI2O3-Si02 glass. As for the corrosion of quartz glass 
under the same conditions, Si02 component is quite soluble 
to hot water judging from its leach rate and the lack of aid 
components leads to uncontrolled corrosion so that leaching 
weight loss increases monotonously with time. Corrosion 
layers are not formed on sample surfaces after corrosion 
tests, and corrosion is considered to proceed by a dissolution 
reaction in the  surface^.^' 

As has been described above, the properties of high- 
temperature and -pressure water resistance of Y203-A1203- 
Si02 glass as the simulated grain boundary glass phase of 
Si,N4-Y203/A1203 ceramics were studied on the basis of the 
leach rate of each component. As a result, it was found that 
excellent high-temperature and pressure water charac- 
teristics of glass in this system are due to low leach rates of 
Y20, and A1203 components. These results suggest that 
controlling the composition of the grain boundary glass 
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Thermal Shock Resistance of High Thermal Conductive 
S i c  Ceramics 
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The thermal shock resistance of high thermal conductive 
S i c  ceramics by the water quench method was studied 
in comparison with other S i c  ceramics. The critical tem- 
perature difference (AT,) of the flexural strength was 
dependent on the kinds of S i c  ceramics. The high ther- 
mal conductive SIC ceramics had the highest AT, value 
of 680°C. The hot-pressed S ic  and pressureless-sintered 
S i c  ceramics with smaller thermal conductivities had the 
AT, values of 450 and 350°C, respectively. The thermal 
shock damage resistance parameters (R') calculated 
from the thermal conductivities at  500°C were 22kW/m 
for high thermal conductive SIC, 16kWIm for hot- 
pressed and 12kWlm for pressureless-sintered SIC ce- 
ramics, which agreed qualitatively with the AT, values. 
The ratio of the calculated stress intensity factor (K1) for 
crack initiation at the water quenching to the critical 
stress intensity factor (Klc) obtained from the flexural 
strength was in the range of 60-80%, and approximately 
constant in all examined S i c  ceramics. 
[Received March 27, 1991; Accepted July 18, 19911 

2) to choose or develop a strongly resistant material to ther- 
mal stress fracture without changing the shape of the 
parts. 
An example of method (1) is seen in the development of 

stationary ceramic blades of a gas turbine, in which the 
ceramic parts are designed in a structure separated into sev- 
eral pieces, so that the stress concentration is relaxed." As 
an example of method (2), high thermal conductive Sic 
ceramics shall be suitable materials to develop because of 
their excellent thermal as well as mechanical properties. 

Thermal shock fracture of ceramic materials has been 
investigated in various ways. The most popular evaluation 
method of this fracture has been the quenching of the ma- 
terials at various temperature differences, and the arrange- 
ment of mean residual strength of the materials after 
quenched in relation to the temperature difference applied 
in quenching. In our current study, we investigated the high 
thermal conductive Sic ceramics added with Be0 by com- 
paring with other kinds of S ic  ceramics, using the water 
quenching method. 

Key-words: Silicon carbide, Thermal shock behavior, 
Water-quench, Flexural strength, Fracture stress, Thermal 2. 
shock fracture resistance parameter 

1. Introduction 

Silicon carbide (Sic) has a strong covalent bonding char- 
acter and is superior in the properties of heat resistance and 
oxidation resistance; it is thus expected as an excellent ma- 
terials for high temperature sbuctural application. How- 
ever, Sic ceramics are known to have a wide difference in 
their thermal, electrical and mechanical properties, depend- 
ing on the sintering aids used.'"' Particularly when sintering 
aids of Be or its compounds are used, S ic  ceramics addi- 
tionally exhibit a higher thermal conductivity at room tem- 
perature than metallic aluminum, an electrical insulating 
property, and a thermal expansion coefficient close to that 
of silicon. This makes them commercially available as 
electrical insulating substrates for mounting Si semiconduc- 
tor devices. Futhermore, these S ic  ceramics exhibit high 
flexural strength up to 4 3 0 ~ ~ a . ~ '  In view of these various 
excellent properties, high thermal conductive S ic  ceramics 
are also expected to be suitable materials for parts subject 
to thermal shock at high temperature. 

As remedial measures for the thermal stress fracture of 
ceramics materials, two methods described in the following 
are generally thought of: 
1) to reduce the concentration of generated thermal stresses 

by a change of geometrical shape of the parts, and 

2.1. Test Samples 
Table 1 shows three kinds of S ic  ceramics test samples 

prepared by adding different kinds of sintering aids and by 
different sintering methods. Sample No.1 was prepared by 
hot-pressing with addition of BeO. (Hereafter, it is symbol- 
ized as SC-101). Sample 1 has high thermal conductivity 
at room temperature up to 2 7 0 ~ / m ~ . ' - ~ '  Samples No.2 and 
No.3 are Sic ceramics prepared for comparison purposes. 
Sample No.2 was prepared by hot-pressing with addition of 
AlN. (Hereafter, it is symbolized as SC-501.) Sample 2 
has the highest flexural strength among the three samples.6' 
Sample No.3 was prepared by pressureless sintering method 
with B additives. This sample was prepared by Hitachi 
Chemical Ceramics Co., Ltd.. 

Test specimens were prepared in dimension of 
3x4x36mm, and polished on all surfaces in the surface 
roughness of less than 0.8pm. Specimen comers were 
chamfered by about 0. lmm. 

Table 1. Properties of Sic ceramics used 

hot-press 

SC-501 hot-press 
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2.2. Measurement of Flexural Strength 
Flexural strength of the specimens was measured by the 

4-point bending test method using a lower span of 30mm 
and a upper span of IOmm, and using a cross-head speed of 
O.5mm/min at room temperature. 

23. Measurement of Thermal Shock Fracture Resistance 
After held at the respective specified temperatures for 20 

to 30min, test specimens were quenched into water con- 
trolled at 20°C. The specimens thus given with thermal 
shock were measured for flexural strength at room temper- 
ature. 

3. Test Results and Discussion 

3.1. Change of Strength after Water Quenching 
Figure 1 shows the relationship between temperature dif- 

ference (AT) in quenching and flexural strength of the three 
kinds of S ic  ceramics specimens after subjected to thermal 
shock by water quenching. In the case of SC-101, it is seen 
that flexural strength is maintained at 470MPa in the region 
of temperature difference in quenching up to 600'C, but it 
decreases rapidly after that, and then starts to gradually de- 
crease with the increase of temperature difference in the 
region of A T beyond 680'C, finally reaching a very small 
value at AT of 900°C. It is considered that cracks generated 
in the specimen propagated semi-statically as early as at AT 
of 680°C due to a high thermal conductivity of SC-101, so 
the strength did not decrease rapidly." In contrast, in the 
case of SC-501 and pressureless-sintered Sic ceramics, 
flexural strength decreased rapidly at AT of 450°C and 
350°C respectively, it reached a very low value at respective 
AT of 500°C and 400°C. From these results, we determined 
the critical temperature differences (AT,) of SC-101, SC- 
501, and pressureless-sintered Sic ceramics as 680eC, 
450°C and 350°C respectively. It should be noted that AT, 
of 680'C of SC-101 having a high thermal conductivity is 
much larger than those of various SIC ceramics, which were 
reported as 400°C more or less," and is nearly equal to a 
high AT, value of Si3N4 ceramics;' which have been actively 
researched and developed as prospective structural ceramics 
in recent years. Consequently, SC-101 is proven to be a 
material excellent in thermal shock resistance property. 

0 SC-101 
A SC-501 

' .  o Sintered SIC 
... 

500. 

; 400. 

$ 300- 
C 

2 200- 
.d C .- g loo-  
9 

On- 

Temperature difference t 

Fig. 1. Fracture stress of the three kinds of S ic  ceramics 
quenched at various temperatures into water at 20'C. 

3.2. Thermal Shock Fracture Resistance Parameter 
Thermal shock damage resistance parameter is expressed 

by the following equations (1) and (2) when thermal shock 
is applied by the water quenching method. 

Here, R and R' are thermal shock damage resistance param- 
eter, S, is tensile strength, v is Poisson's ratio, K is thermal 
conductivity, E is Young's modulus, and a is thermal expan- 
sion coefficient. R or R'  should be appropriately selected 
by the value range of Biot parameter P, which indicates the 
degree of thermal shock. When P is larger than 5, equation 
(1) for R should be used, and when P is smaller than 5, 
equation (2) for R' should be used. P is calculated by equa- 
tion (3) shown below. 

Here, r, is a half thickness for a test specimen, which is 
2.0mm in the case of this experiment, and h is heat transfer 
coefficient. Since water was the cooling media, we adopted 
the data reported by Midorikawa et a1." as the heat transfer 
coefficient. 

In order to determine p, the value of thermal conductivity 
is necessary to be known. The thermal conductivities of 
sintered Sic ceramics were measured by the laser-flash 
method.') Test specimens for the thermal conductivity mea- 
surement were in dimension of lOmm in diameter and 5mm 
thick. Figure 2 shows the temperature dependence of ther- 
mal conductivity of the three kinds of S ic  ceramics samples. 
It is seen that thermal conductivity is higher in the sequential 
order of SC-101, pressureless-sintered S ic  ceramics and 
SC-501, and it decreases with the increase of temperature 
in any of those S ic  ceramics samples. It shall be specially 
noted that thermal conductivity of SC-I01 is higher than that 
of BeO, which is known to be a high thermal conductive 
material among various ceramics materials. 

Using these thermal conductivity data, respective Biot 
parameters p of SC-101, pressureless-sintered S ic  ceramics 
and SC-501 were calculated at the respective temperatures, 
at which AT, is given, obtaining 0.42, 1.3 and 1.2. All of 
the p values obtained were found to be smaller than 5. 
Therefore, as far as those experimental conditions are con- 
cerned, R' expressed by equation (2) is effective as the ther- 
mal shock damage resistance parameter for the S ic  

ob 260 I ~ O  660 660 ti00 

Temperature 'C 

Fig. 2. Thermal conductivity as a function of temperature of the 
three kids of SIC ceramics. 
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ceramics. 
Table 2 shows physical properties, mechanical properties 

and thermal shock fracture resistance parameters of the three 
kinds of S ic  ceramics. R' values given in Table 2 were 
calculated using the thermal conductivity values of respec- 
tive Sic samples at 500°C. R values are seen to be higher 
in the sequential order of SC-501, SC-101 and pressureless- 
sintered S ic  ceramics. This sequential order of R agrees 
with that of flexural strength, which represents the mechan- 
ical properties, but does not agree with that of AT,. Mean- 
while, R' values are seen to be higher in the sequential order 
of SC-101, SC-501 and pressureless-sintered Sic ceramics, 
and R' value of SC-101 is extremely high, upto 22kW/m, 
compared to two other Sic ceramics samples. This sequen- 
tial order of R' agree with that of AT;$?' value of hot-pressed 
Si3N4 was calculated as l l k ~ / m ~ '  based on the same as- 
sumption of Sic ceramics. Hot-pressed Si3N4 is well known 
to have a strong thermal shock resistance among various 
kinds of ceramics. SC-101 is superior even to this hot- 
pressed Si,N, in terms of thermal shock fracture resistance 
parameter R'. These results prove that SC-101 is an ex- 
tremely strong ceramic material in thermal shock resistance 
due to its high thermal conductivity. In other words, SC- 
101 is a suitable material for equipment parts subject to 
thermal shocks. 

33. Investigation of Fracture Kinetics 
In the study on thermal shock fracture using a sintered 

zirconia body, Ashizuka et al."' introduced a relation as 
shown in equation (4) below, and investigated the behavior 
of this ceramics material on the basis of fracture kinetics. 

Equation (4) expresses the ratio of stress intensity factor K, 
when a quenching temperature difference of AT is given to 
the ceramics material against critical stress intensity factor 
K ,  of the material. Thermal stress fracture is caused when 
the thermal stress given to the material becomes larger than 

Table 2. Relationship between physical and mechanical proper- 
ties and thermal shock fracture resistance parameters of the three 

kinds of Sic  ceramics. 

Table 3. Calculated K ~ K K  for initiation of them 

the maximum tensile stress of the material. Therefore, frac- 
ture occurs in principle when KJKIc value become 1. In 
equation (4). f(P) is a parameter indicating the deviation 
from an ideal quenching state, and is a function of P. In 
this study, f(P) was obtained using the results of Satyamrthy 
et al.12' 

Table 3 shows the various physical properties and the 
KJKlc values calculated with these data for the three kinds 
of Sic ceramics. Here, tensile strength was calculated from 
flexural strength using equation (5) below. 

Here, CJ, is tensile strength, ow is flexural strength mea- 
sured by the 4-point bending test, and m is Weibull modulus. 
KJKlc ratios using the ATc values were shown in Table 3, 
obtaining 61% for SC-101, 72% for SC-501, and 77% for 
pressureless-sintered Sic ceramics. The reason why SC- 
101 showed a small KJKIc value as 61% is related to the 
high thermal conductivity of SC-101, which results in the 
relation that flexural strength does not change so rapidly 
with the increase of quenching temperature diierence as in 
the case of two other Sic ceramics. As seen in Fig.1, all of 
the S ic  ceramics tested in this study showed some allow- 
ance in the critical temperature difference ATc. Especially 
in the case of SC-101, it is difficult to determine the AT, 
value simply, because its flexural strength starts to decrease 
gradually with the increase of quenching temperature differ- 
ence in the range of AT,, as seen in Fig.1. Then the tem- 
perature difference, at which flexural strength reached a 
remarkably decreased value, was adopted as 900°C for SC- 
101, 500°C for SC-501, and 400°C for pressureless-sintered 
Sic ceramics. KJK, ratios using these ATc values, were 
obtained 81, 80 and 87%, respectively. These resulted in 
similar values slightly larger than the previous values from 
61 to 77%, but none reached 100%. The reasons for these 
results were not clarified, but if the fluctuations of respective 
values of o, and AT, in this measurement are taken into 
account and determination, these KJKIc values calculated 
above are agreed fairly well with this estimation on the 
possibility of causing the thermal shock damage of SIC 
ceramics, which was predicted on the basis of fracture ki- 
netics. 

4. Conclusion 

Three kinds of Sic ceramics samples having different 
characteristics were camed out thermal shock fracture re- 
sistance tests by the water quenching method. The results 
obtained are summarized iq the following. 

~ a l  shock fracture of the three kinds of Sic ceramics 
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1 )  AT, was calculated as 680°C. 450°C and 350°C for the 
respective samples for SC-101, SC-501 and pressureless- 
sintered Sic ceramics. 

2) Thermal shock fracture resistance parameter R', which 
was calculated on the basis of the thermal conductivity 
value at 500"C, was determined as 22, 16 and 12kWlm 
for the respective samples of SC-101, SC-501 and pre- 
ssureless-sintered S ic  ceramics, and the sequential order 
of this value in size conformed to that of AT,. 

3) The ratios of stress intensity factor KI against critical 
stress intensity factor KT, of the three kinds of Sic ce- 
ramics samples were in the range of about 60 and 80%. 
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Bending Strength of SiCIA1203 Composite Sheet 
obtained from Polycarbosilane/Alumina PowderIBinder 

Mixture 

Kazuro Kawamura 
Dept. of Materials Science and Engineering, 

The National Defense Academy 
1-10-20, Hashirimizu, Yokosuka-shi, 239 Japan 

A SiC/Al,03 composite sheet was prepared from a green 
sheet composed of polycarbosilane (PCS) and A1,03 pow- 
der with the weight ratio of 2:l. The green sheet was 
fired in the temperature range of 1200" to 1400°C under 
N, gas atmosphere, and three point bending strength of 
the composite was examined. The strength in room tem- 
perature increased with firing temperature and showed 
the maximum value of 333MPa at 1300°C. Dispersion 
of A1,03 particles in the S ic  matrix was effective to in- 
crease the strength of monolithic S i c  sheet derived from 
PCS. When the composite was fired at  1400°C, however, 
the bending strength dropped rapidly in a similar man- 
ner as PCS-derived S i c  fiber. 
[Received April 17, 1991; Accepted July 18, 19911 

Key-words: Polycarbosilane, Silicon carbide, Silicon car- 
bide/Alumina composite sheet 

a partially transformed resin of PCS. This fibre shifts a little 
to higher temperature side in heat resistance than the Sic 
fibre converted from PCS." There is also a report3' that the 
bending strength was 57MPa at maximum in sintered body 
of PCSIa-Sic powders fired at 1000' in IOwt% of PCS 
content. There is a recent report4' on polysilastylene as the 
Sic precursor. They obtained the strength of 275MPa with 
no deterioration in strength for their composite (mixed by 
wt%) with P-Sic fired at 1500" - 1700°C. These reports 
suggested to us that, if we use the organic silicone polymer 
as S ic  precursor and want to get superior materials in high 
temperature strength, it would be better to mix with ceramic 
powders of the same or different system in sintering. 

This study aimed at learning the structure and strength 
of the composite with heterogeneous ceramic powders, or 
the composite on the matrix of SIC converted from 
PCS/A1203 powder. 

2. Experimental Procedures 
1. Introduction 

There are many studies on the application of organic 
metal polymers as the ceramic precursor (precursor poly- 
mer). This is because this type of material has been re- 
garded as more advantageous than powder materials in 
freedom of forming, sinterability and control of the compo- 
sition. These advantages are also important in raising the 
efficiency of the manufacturing process. 

Accordingly, we think that study in this field will be 
further enforced to include polymer design. However, prob- 
lems exist in manufacturing ceramics by preparing and di- 
rectly heat-transferring the precursor polymer. For instance, 
polycarbosilane (PCS), as the typical precursor polymer in 
producing Sic fibers, presents the following problems in 
heat-converting into SIC. 
1) Contraction takes place in this substance as it reduces 

weight markedly in being made inorganic. 
2) The f i g  temperature in which the strength becomes 

highest is 1200mC, and the strength deteriorates markedly 
at higher temperature." 
Higher polymerization of PCS or making it cross-linked 

serves to improve the above phenomenon of 1). On the 
other hand, we can solve the demerit of 2) in some applica- 
tions, although problems remain as this phenomenon is re- 
lated with the progress of crystallization. For example, it is 
said that there is no deterioration in strength up to the tem- 
perature of 1300'C in fibre of Si-Ti-C-0 system converted 
thermally from polytitanocarbosilane which is considered as 

2.2. Specimens 
We synthesized PCS from the starting substance of 

Dimethylchlorosilane in accordance with the literature.'"' 
The obtained PCS was in foams with polymerization enough 
to swell (dissolve partially) in xylene. The A120, powders 
were the product (easily sinterable alumina) of Showa 
Denko K.K. The SiC/A1203 composites were prepared in 
the following manner. Firstly we prepared a slurry of 
PCS/A1203/binder (we set the weight ratio of PCS/AI2O3 as 
211). Then we formed into sheet and fired into SiC/AI,O, 
composite sheet. We obtained the strength data by the bend- 
ing test. 

2.2. Heat-treatment and Measurement of Physical 
Properties 

We sandwiched the specimen with a pair of alumina set- 
ters and fired in a tubular furnace at the temDerature ranee 
of 1200"-140WC in nitrogen gas atmosphere: Te tempera- 
ture was measured by platinumplatinum~rhodium thermo- 
couple. The rising speed was 200"~/hr and the retention at 
the maximum temperature was lhr. 

The X-ray diffraction measurement was based on the 
powder method using CuK, for the ray. And the SEM ob- 
servation was made on the fractured section coated with 
evaporated gold. Density was measured on a small speci- 
men piece at 20°C in n-butanol using a Gay-Lussac picno- 
meter. The bending test was carried out by the 3-point 
bending method, in 20mm of span at O.Smm/min of cross 
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head speed. The size of the specimen was 6mm wide and 
0.34-0.35mm thick. 

3. Results and Observation 

The white specimen before sintering turned to blackish 
gray by firing within the range of 1200"-1400'C. Figure 1 
shows the X-ray diffraction of the sintered sheet. The dif- 
fraction peaks marked with y correspond with aA1203, and 
the broad and weak diffraction lines of arrow marks corre- 
spond with (I l l ) ,  (220), (211) of PSiC respectively from the 
lower angle. The diffraction lines of Sic are weaker in 
strength and broader than that of Al2O3. This diffraction 
pattern indicates that PCS converted Sic has a high degree 
of amorphism in the structure as well as small crystals. 

The SEM photographs on the fractured section is shown 
in Fig.2. The structures in these pictures appeared the same 
for this range of firing temperature, and the effect of the 
firing temperature on the structure was not clear. We ob- 
served the peculiarity in structure that PCS converted S ic  
was formed uniformly in matrix and appeared to have sur- 
rounded the 4 2 0 ,  grains. ,41209 in the matrix remained as 
grains, and the sintering did not seem to have progressed. 

On the other hand, the change in density against the firing 
temperature was evident. The density increased linearly; 
from 2.49g/cm,' 2.62g/cm2 to 2.72g/cm2 at the firing tem- 

peratures of 1200". 1300" and 1400' respectively. This in- 
crease in density may have been caused by the progress in 
crystallization of the S ic  components. 

Figure 3 shows the 3 point bending strength (average of 
3 specimens). The maximum bending strength was 33MPa 
at 1300°C firing, and decreased above or below this firing 
temperature. The decrease in bending strength was partic- 
ularly pronounced at a higher temperature. The deteriora- 
tion in strength at 1400°C sintering was the phenomenon 
observed in the tensile strength of PCS converted Sic fiber." 
In other words, the bending strength of the SiC/A1203 de- 
pends on the structural characteristics of S ic  matrix. The 
small change from the strength behavior of Sic fiber was 
the fact that the bending strength became the maximum at 
1300°C firing. The phenomenon to shift the temperature 
characteristics to the higher temperature side resembles the 
case of fibers of Si-Ti-C-0 system converted from poly- 
titanocarbosilane. 

The weight reduction following the change from organic 
metal compounds to inorganic materials was large. In our 
samples, about 25% of weight reduction took place by turn- 
ing to inorganic. Supposed that the remainder was all Sic, 
then the 211 mixing ratio of PCSIA1203 corresponds with the 
SiC/A1203=3.8/1 in the mol ratio after turning to inorganic. 
When we took higher mol ratio of AI2O3 against PCS, we 
could not get the sintered body with measurable strength 
below the firing temperature of 1400", for instance, in the 
ratio of PCS/A1203=1/1. We can predict this phenomenon 

Fig. 2. SEM photographs of fiacture surfaces 'of SiCIAhO3 composite sheets obtained by firing of PCSIalumina powder/binder mixture. 
a : F i g  temperature 12WC, b : F i ~ g  temperature 1300'C, c:Fing temperature 1 W C .  
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Fig. 1. X-ray diffraction profiles of SiCIAI203 composite sheets Temperature IT) 

obtained by iiring of polycarbosilane (PCS) alumina powderbinder Fig. 3. Changes of bending strength with f i n g  temperature for 
mixture. a:Firing temperature 1200'C. b:Firing temperature SiCIAhO, composite sheet obtained from PCSIalumina pow- 
1300'C. c : F i g  tempemre 1 W C .  derbinder mixture. 
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from the SEM photographs in Fig.2. This may due to the 
fact that the continuity was lost in the Sic mamx structure, 
with more mixing ratio of A1203. 

The writers et al. had tried to produce Sic sheet from 
PCS in the same manner before. In this case, the bending 
strength was 281MMPa at maximum at 1260" C sintering." 
The comparison of these two experiments points to the fact 
that the small addition of N2O3 powders to polycarbosilane 
served to increase the strength. As previously stated, the 
SEM photograph in Fig2 indicate that the N203 grains re- 
mained as grains, and the s i n t e ~ g  did not appear to have 
progressed. Accordingly, we cannot link the increase in 
strength upon the progress of sintering of A1,03. However, 
we observed that the bonding between the S ic  matrix and 
N2O3 is good. Therefore, we presume that the increase in 
strength was brought about by this good bonding effect. In 
this sense, the sintering in the system of PCSISiC powder 
mixtures formulates the compounds of the same system. 
We can expect a marked effect of complex as the integration 
of the structure can easily occur at the boundary of these 
components. The s i n t e ~ g  of A1203 grain may progress at 
higher temperature, say 1600'C in this mixture. The crys- 
tallization, however, also progresses simultaneously in Sic 
matrix, causing the deterioration of strength. It appears, 
accordingly, that in applications l i e  in our study where the 
PCS converted Sic in the matrix controls the strength, we 
cannot expect the increase in strength at the fving temper- 
ature, where the sintering of N2O3 progresses at higher tem- 
perature. 

As the conclusion, it would be advisable to mix a small 
quantity of PCS as the binder, as stated at the beginning of 

:iety of Japan, lnt. Edition Vol. 99-1119 

this paper, in an attempt to make a composite by combining 
PCS and ceramic powders. Moreover, it would be also 
advisable to consider the combination of the same com- 
pounds from the viewpoint of integration. This experiment, 
however, proved that a bonding effect can be expected in 
some applications by combining heterogeneous ceramics. 
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Preparation of Sic-Si3N4 composite fine powders from 
chlorosilanes, C2H, and NH3 by R.F. thermal plasma was 
studied. Sic-Si,N4 composite f ine powders were 
prepared by injecting chlorosilanes (SiCI,, SiHC13, 
SiH2CI2), C2H4 and NH3 to the tail flame of R.E plasma. 
When the powder was prepared from SiH2Cb C2H4 and 
NH,, the powder composition depended on the C2H4 and 
NH3 flow rate. When C2H, flow rate was low, the powder 
contained Sic, Si, Si3N, and amorphous phases. As the 
C2H, flow rate increased, crystalline Sic, C and amor- 
phous phases were present. The surface area of the pow- 
der was from 46.6 to 100mZ/g and the particle size was 
from 0.02 to 0.2ym. TEM and SAED observation 
showed that these composite powders contained Si, Sic, 
Si3N4, C and amorphous particles. SiZp XPS spectra of 
the powder were separated into Sic, Si3N,, Si02 com- 
ponents. These composite powders were considered to 
be a mixture of Sic, Si,N,, C and amorphous particles. 
After heat treatment at 1773K for l h r  in Ar, amorphous 
phase disappeared and the crystalline phases in the pow- 
der were S ic  and Si3N4. 
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1. Introduction 

Many studies have been conducted extensively in recent 
years on composite ceramics, with special attention on 
nanocomposite materials which combine fine ceramic par- 
ticles." It is generally considered that the manufacture of 
composite ceramics with excellent features needs the 
preparation of composite fme powders, in which particle 
sizes, composition, crystal structure and the like are control- 
led from the stage of materials. Sic-Si3N4 composite fine 
powders have so far been prepared by Electric Furnace 
Method," Laser Method,s4' D.C. Plasma ~ethod:' Hybrid 
Plasma Method.@ We examined the conditions to prepare 
Sic-Si3N4 composite fine powders by the R.F. Plasma and 
the characteristics of the prepared composite fine powders. 

2. Experiment 

We illustrate the schematic view of r.f. plasma torch in 
Fig.1. Sic-Si3N4 composite fine powders were prepared by 
injecting chlorosilanes (SiC14, SiHC13, SiH2ClZ), NH3 and 
CZH, into the tail flame of the plasma. Chlorosilane and 

NH3 react at ambient temperature to produce solid imide. 
Therefore, we introduced double walled nozzle to mix these 
reactant gases immediately before the plasma for the neces- 
sary reaction. 

Sic14 and SiHC13 are liquid at ambient temperature and 
have high vapor pressure, so we used Ar gas as the carrier 
gas to the torch. The torch was a quartz tube of 45mm O.D. 
with mple walls. Plasma was manipulated by injecting Ar 
gas revolving to the tangent direction at both outer and inner 
tubes to stabilize the plasma. The flow rates of Ar gas were 
8l/min for the outer tube, 5Umin for the inner tube, and 
0.3llmin for the center tube. The output of the r.f. was 
4MHz, 1.9kV. The location to inject reactant gas was at the 
distance L=5mm directly under the work coil. The tempera- 
ture of the plasma was estimated to be in the range of 
2100-2400K at L=Smm, by inserting a high melting point 
metal wire inside the plasma. Powders were collected from 
the collection bottle and electric precipitator, which were 
connected to the silica tube. Considerable volume of 
generated powders, however, adhered to the wall of the 
quartz tube. We collected these powders adhered to the 
quartz wall as samples. Powders contained m C 1  as by- 
products. Since m C 1  is sublimed at 610K, we removed 
NhC1 by the heat treatment for lhr at 623K in the Ar flow. 

We obtained the specific surface area by the 1-point BET 
method, and carbon content of the powder by coulometry, 
and nitrogen and oxygen content by nitrogen and oxygen 
analyzer for ceramics (EMGA-650, Horiba). We examined 
the crystal structure by X-ray diffraction o), as well as 
the shape and crystal structure of the particle by a transmis- 
sion electron microscope (TEM) and a selected area electron 

Fig. 1. Schematic view of R.E plasma torch. 
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diffraction (SAED). We also examined the chemical state 
of the elements by X-ray photoelectron spectroscopy (XPS). 
We further examined the wffect of heat-treatment on some 
samples. 

3. Results and Observations 

Table 1 lists the composition, surface area and crystalline 
phase of the powders. Amorphous peak in the range of 
20-25' (Cu, Ka) appeared in all samples by XRD. We 
observed crystalline Sic, Si, Si3N4 besides amorphous phase 
when the C2H, flow rate was low. When the C2H, flow rate 
increased, the crystalline phase became Sic only. The same 
tendency was observed in the case of SiC14, SiHCl,, and 
SiH2C12. 

The composition of particles changed with the reactant 
gas flow rate. The total C content of the powders increased 
as the GH, flow rate increased. And these powders also 
contained oxygen of 6-15wt%. One of the causes may be 
attributed to the oxidization of the powder surface, as the 
powders were handled in the air. We noticed the tendency 
of smaller oxygen content in the powders prepared from 
SiH2C12 compared with those from SiHC13, SiC14. This ten- 
dency was pronounced in the formation of Si3N4 Si3N4 
powder prepared from SiH2C12-NH3 contained about lOwt% 
of oxygen, while those from SiHCl,, SiCh-NH3 contained 
about 2Owt%. We presumed that Si3N4 powders prepared 
from SiHCl,, Sic4 were more easily oxidized in the air, as 
the reaction had not been completed up to inorganic Si3N4 
leaving the bond of N-H, Si-H, Si-CI. 

The powders prepared from SiH2C12 contained less 

Table 1. Reactant gas flow rate and composition, surface area, 
crystalline phase of the powder prepared from chlorosilanes. 

4.0 6.8 29.9 76.3 SIC. AMO.'" 

5.0 6.7 28.9 85.2 SIC. Amo. 

5.4 11.4 28.5 120.8 SIC. Amo. 

7.1 8.8 28.4 82.1 SIC. Amo. 

12.8 7.7 26.7 92.7 SIC. Am0. 

3.7 14.4 25.3 61.8 SIC. SI, S13N4. Amo. 

14.1 9.1 23.2 95.0 SIC. Amo. 

Table 2. Reactant gas flow rate and composition, surface area, 
crystalline phase of the powder prepared from SiH2Ch. 
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oxygen as impurity and showed higher yield among the 
chlosilanes. Therefore, we examined the SiH2C12-C2&-NH3 
system in detail. Table 2 indicates the flow rate of the gas, 
and the composition, surface area, and crystalline phase of 
powders. The crystalline phase showed the same tendency 
as in Table 1. When the NH3 flow rate was 25OSCCM, the 
C content of the powders increased slightly, even if we 
increased the flow rate of C2H4. The C content of the pow- 
ders was 6.8wt% when the C2H4 flow rate was 40SCCM. 
We could increase the C content of the powder when we 
injected NH3 of lOOSCCM diluted by Ar of 15OSCCM. 

Figure 2 shows the change of the total C and N content 
of the powder with C2H, and NH3 flow rate. Total C content 
increased as the C2& flow rate increased, with more in- 
crease in lesser NH, flow rate. On the other hand, total N 
content did not depend on the flow rate of C2&, but solely 
on the flow rate of NH3, and increased with the NH3 flow 
rate. Figure 2 shows that we can control the composition 
of the powder by changing the flow rate of reactant gas. 

Figure 3 shows the TEM photographs of the fine pow- 
ders prepared with various flow rates of C2H4, NH3 and with 
constant flow rate of SiH2C1,. These TEM photographs in- 
dicate that these powders consisted of particles of 

Crystalline 
Phase 

SIC.  $1. S13N4. AmO. 

Reactant Gas 
Chloro~l lane  C2H4 NH3 

ISCCMIISCCMI 

S1H2C12 1OSCCM' 10 250 Fig. 2. Effect of reactant gas flow rate on total C and N content 
of the powder. 

Crystalline 
Phase 

SIC. S1, S13N4. m 0 .  

SIC. Amo. 

SlC.AT0. 
SIC. C. AmO. 

$1. S13N4. SIC. m 0 .  

SIC. Si3N4. S l ,  Amo. 

SIC. Si. Amo. 

SIC. Amo. 

Fig. 3. TEM photographs of the powder. 
(A) Sample No.1, CJt=10, NHI=ZSOSCCM, (B) Sample 

No.10, C2&=40. NHI=Z~OSCCM, (C) Sample No.12, C>H4=10, 
NHFIOOSCCM, (D) Sample No.13, C&=15, N H I = ~ ~ ~ S C C M  

l5OSCCH A r  was a d d e d  t o  lOOSCCM N H 3 1  

S1DDle 
NO. 

1 

2 

3 

10 

11 

12 

1 3  

14 

Corn~oslt~on 
C 0 N 

Iwttl lwttl i v t % l  

2.1 7.9 27.7 
4.0 6.8 29.9 
5.0 6.7 28.9 
6.8 8.6 29.5 
6.0 20.8 10.3 
8.7 10.4 20.7 

13.5 12.4 17.0 

15.5 10.3 18.9 

Reactant Gal 
S1H2CIZ C2H4 NH3 

ISCCMIISCCMIISCCMI 

10 10 250 

10 20 250 

10 30 250 

10 40 250 

10 5 '100 

10 10 '100 

10 15 *loo 

10 20 '100 

Surface 
A r e a  

lm21gi 

100.0 
76.3 
85.2 
811.8 
46.6 
56.4 
69.5 
80.0 



Vol. 99-1 122 Journal of the Ceramic Soc 

0.02-0.2pm in sizes. In the case of low flow ratiio of 
C2&(A), the particles were smaller in size and spherical in 
shape, and many of them were rather uniform. As the flow 
ratio of C2H, increased, large particles (around 0.2pm) with 
various kind of peculiar shape, appeared. We camed out 
the SAED observation to find out what these particles were. 

Figures 4 and 5 show the TEM photographs and SAED 
patterns on some peculiar shaped particles. The SAED pat- 
terns showed that smaller and spherical particles (a) of about 
0.02pm were amorphous. Spherical particles (b) of about 
O.lpm consisted of mainly Si, and a small quantity of cubic 
Sic. Angular particles (c) of 0.1-0.2pm were cubic Sic. 
Particles (d) of 0.1-0.15pm which were almost spherical but 
somewhere hexagonal were carbon. Although the composi- 
tion of amorphous particles were not clear we could not find 
the mixing of Si, C, and N atoms in one particle by the 
SAED observation. 

We also canied out the XPS measurement on some 
samples for the chemical state of elements in the powders. 
The XPS measurement can discriminate between the bond 
status of Sic, Si3N4, SiOz and others from their chemical 
shift. Figures 6 and 7 show the typical XPS spectra and 
the peak separation of Si2p and Cls. Si2p was the broad 
peak, and could be separated into 3 components of Sic, 
Si3N4, and Si02. The area intensity ratio of these com- 
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ponents varied according to the composition of the powders. 
Cls was likewise able to be separated into Sic, graphite, and 
hydrocarbon, and the area intensity ratio of these com- 
ponents also varied according to the composition of the 
powders. Nls had rather wider half value width, but its peak 
position showed Si3N4 and did not change with the composi- 
tion of the powders. 

These results implied that the powders obtained in this 
study were mixtures of Sic, Si3N4, Si, C, and amorphous 
particles. However, the composition and chemical state of 
the amorphous particles were not clear, and need further 
examination. Table 3 indicates the change of the powders 
by the beat-treatment at 17733 for lhr in Ar. The heat 
treatment reduced their surface area, and the TEM observa- 
tion revealed the increase in the particle sizes. The atoms 
heat treatment hardly changed the N content, but reduced 
the 0 content. Reduction in C content was observed in the 
samples, in which the XRD showed isolated C, although no 
change in the C content was seen in other samples. The 
amorphous phase was disappeared by the heat treatment and 
became crystalline Sic and Si3N4. 

We believe that these powders can be used starting 
materials for composite ceramics containing both Sic and 
Si3N4. 

Binding energy(ev) 

Fig. 6. Sizp XPS spectrum of sample No.3 and the result of 
peak separation. 

Fig. 4. TE.M photogaphs and SAED pattern5 of various type of 
the panicles found in the composite powder.(a) amorphous and 
(b) Si and small amount of Sic. 

Fig. 7. Cls XPS specmm of sample No.3 and the result of peak 
separation. 

Table 3. The change of the powder properties by heat treatment. 

Fig. 5. TEM photographs and SAED patterns of various type of 
the panicles found in the composite powder. (c) cubic Sic and 

(d) C. 
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Micro Mechanical Processing for Ordered Structure 
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A novel method for controlling the microstructure of a 
ceramic green body has been proposed. In this method, 
spherical granules with uniform size were placed 
mechanically in a regular array on a mesh, and then 
moved to a substrate (Micro mechanical processing). To 
demonstrate the potential of this method, alumina 
granules with size range 77-85pm were used as a model, 
and a hexagonal close packed structure was made. Uni- 
axial pressing of this array can create a uniform and 
orderly structured green body (Ordered structure). 
[Received June 25, 1991; Accepted August 22, 19911 
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1. Introduction 

Defects present in ceramic structures greatly determine 
their characteristics. For the production of highly functional 
ceramics, the first thing is to remove the defects in the 
sintered structures as much as possible. The authors have 
been developing ceramic processing, in particular press 
forming, to assess the defects in granules and formed 
bodies," and to accurately measure density of granules.2' In 
this study, we have proposed a new method for controlling 
structures of green bodies, developed based on the 
knowledge acquired so far. 

The proposed processing involves trays to produce the 
structure, uniformly configured to the order of several tens 
of microns, by mechanically arranging granules. Such an 
approach is named "micro mechanical processing," after its 
ability to control structures microscopically mechanically. 
It corresponds to the conventional physicochemical method 
to arrange monodisperse particles regularly," but is ap- 
plicable, in principle, to production of larger-size green 
bodies. Moreover, the defects present in the green body 
prepared by the new method tend to be smaller in size. For 
example, the defect structures present in the green body 
consisting of uniformly sized and orderly arranged particles 
of several tens of microns (ordered structure) should be, in 
principle, several microns in size at the largest. 

The newly developed method is also applicable to the 
production of composite material in which the particles are 
regularly arranged to the order of several dozen microns. 
Regularity of the particles depends largely on accuracy of 
particle arrangement and time required for the arrangement. 
Development of accurate and efficient method to arrange 
particles, therefore, is essential for the production of the 
desired st~ctures. This article discusses the method for 
two-dimensioally arranging closely packed particles. 

In this study, granules were placed on a mesh of adequate 
pattern to furnish the close-packed arrangement, fixed on 

the mesh, and then uniaxially formed, to form the green 
body. 

2. Experimental Procedure 

Alumina particles were used in this study; they were 
dried and granuled by a spray drier, and then passed through 
77pm- and 85 pm-size sieves. A copper mesh with fme 
pores was used to arrange the granules regularly, where the 
pores, hexagonal in shape and 4 6 ~ m  in inscribed circle 
diameter, were arranged in a hexagonal close-packed pattern 
with a pitch of 83 pm. Figure 1 illustrates the method for 
arraying the granules; near close-pack condition will be real- 
ized by placing the granules one by one on the hexagonal 
arranged mesh pores. 

Figure 2 illustrates the test apparatus, which consists of 
a stereoscopic microscope (Nikon, SMZ-2B) in the upper 

Fig. 1. Principle of granule array by a mesh. 

Adhesive 
slideglass 

-Mesh 

-Glass mesh 
holder 

-Stage 

Fig. 2. Schematic diagram for apparatus to array granules. 
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portion and metallic stage on which the sample was placed 
in the lower portion. The granule-arraying mesh is fixed on 
the glass tube, kept vacuum inside, to induce air through the 
mesh pores. The sieved granules are placed on the pores 
carefully by the aid of the microscope, confirm that each 
granule is placed on each pore, before the vacuum is 
stopped. The granule-carrying mesh is then moved upwards 
slowly onto the slide glass plate coated with an adhesive 
uniformly to a thickness of approximately 40 pm, while 
carefully observing the adhesive surface, to fix the granules. 
The granule assembly was formed uniaxially by a superhard 
die (inner diameter: lcm) with mirror-polished. The struc- 
ture was characterized by means of a scanning electron 
microscope (JOEL, STM-T100). 

3. Results 

Figure 3 shows an SEM micrograph of the granules. 
They are arrayed highly regularly in a regular hexahedron. 
Some of the particles around the center have seemingly 
obscure contours, probably due to insufficient deposition of 
gold and carbon, but actually they are as densely arrayed as 
those around them and contact each other closely, as 
revealed by stereoscopic microscope analysis. Some of the 
granules shown in the micrograph are non-spherical, be- 
cause of insufficient sieving, which, however, will be solved 
in the future by improving the apparatus. 

Figure 4 gives the SEM micrograph showing the 
granules formed uniaxially. They are pressed uniformly as 
a whole, approaching the hexahedral, corresponding to the 
close-pack structure. It is also observed that individual 
granules are not deformed uniformly, but ununiformly in 
such a way that peripheries are partly split. Those depressed 
at their centers are hollow granules deformed under pres- 
sure. 

4. Discussion 

Ulrich discusses processing to produce regular and fine 
structures for highly functional ceramic materials, viewed 
from chemistry:' but the authors' attempt is the first dealing 
with relatively large structures. 

The structures prepared in this study are characterized by 
a close-pack array with little space between the granules, as 
shown in Fig.4. The product prepared by the conventional 
forming process under elevated pressure suffers locally un- 
stable packing conditions for granules before pressurization, 
with the result that the formed body is ununiform in density, 
having large pores locally. The method used in this study 
produces microscopically uniform body consisting of 
regularly arrayed granules, with only small defects believed 
to be formed at the interfaces. 

High-strength materials should have as few defects as 
possible. It is however very difficult even for the method 
developed in this study to produce completely defect-free 
structures, as is the case with the conventional ceramic 
processing method, such as slip casting, injection molding 
and powder compression. Nevertheless, however, the 
newly developed method should produce ceramic structures 
with improved reliability, because the defects, even if 
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present, are well-controlled. 
The method has the following advantages over the con- 

ventional method, and is expected to provide one conceptual 
model producing new ceramic materials: 
1) Differently packed structures may by produced by chang- 

ing the mesh pattern. 
2) The composite structures may be controlled precisely by 

changing combination of meshes with different patterns. 
3) A bulk material with regular structures may be produced 

by lamination. 
For example, a lcm thick formed body may be prepared 

by stacking roughly 100 layers when granules of 100 pm or 
so in diameter are used. 

It is necessary to solve two major problems before the 
proposed method is commercialized. First of all, more ad- 
vanced control-related techniques are required than those 
used for the conventional processing method. The latest 
semiconductor-producing techniques can be used to align 
the granules with mesh pores and to produce the mesh pat- 
tern. The granule-arraying mesh can be easily produced by 
advanced etching techniques. It is easy to move the mesh 
to an accuracy of 1 pm by means of an adequate device. 

Second, it is necessary to produce dense granules of 

Fig. 3. SEM micrograph of regulary arrayed granules 

Fig. 4. (a), (b) SEM micrograph of uni-axially pressed structure 

of regulary arrayed granules. 
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uniform size. It is believed that this problem can be also 
solved easily by advanced powder-producing techniques, 
such as those for micr~encapsulation.~' 
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Wetting Properties of W by Molten SO2-Mg0-AI2O3 
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The contact angle 0 of the melt with SO2-MgO-AI2O3 
ternary eutectic composition on W substrates and the 
penetrating behavior of the melt into W powder com- 
pacts were studied in the temperature range from 1350°C 
to 1650°C in N2/H2 atmosphere. 0 decreased with in- 
creasing temperature and 0 in a wet H, atmosphere was 
about 20" smaller than that in the dry H2 atmosphere. 
No time dependence of 8 nor reaction between the melt 
and W was observed a t  1600°C. The shrinkage of W 
compacts after the penetration of the melt was observed 
when 0 was below 40". 
[Received June 25, 1991; Accepted August 22, 19911 

Key-words: Contact angle. Wetting, SO2-Mg0-AI2O3, 
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1. Introduction 

In the liquid-phase process to sinter or join ceramic or 
metallic materials, wettability of the solid surfaces with the 
liquid formed during the process greatly determines sinter- 
ing characteristics and bonding strength.'.2' It is known that, 
in the production of the Wlalumina circuit wiring substrate, 
the sintering aid for alumina is molten during the firing 
process and the liquid-phase penetrates into the thick film 
of the W conductor to bond alumina fast to the c o n d u ~ t o t ~ , ~ '  

Several researchers have discussed sintering of W/alu- 
mina circuit wiring substrates for strength of metallized 
tungsten and dependence of metallized structures on firing 
temperature.5~7' Bonding of Mo (or Mo-Mn), sharing com- 
mon physical and chemical properties with W, to alumina 
has been studied for a long time,'."' but mainly from the 
practical angles of their interactions, penetration of molten 
sintering aids into the space between the Mo particles, and 
metallized strength. 

In this study, wettability of the W conductor with molten 
sintering aid was studied, in an attempt to collect the basic 
data for sintering of alumina-base circuit substrates. Pro- 
duction of this type of substrate normally depends on the 
eutechtic composition of 3 to 4 elements, such as SO2- 
Mg0-AI2O3 and CaO, as the sintering a i ~ l ; ~ . ~ '  the Si0,-MgO- 
A1203 type aid (melting point: around 1350°C) was used in 
this study to investigate its wettability with the W plate and 
its penetration into the W compact. 

2. Sample Preparation and Experimental 
Procedure 

2.1. Sample Preparation 
Assessment of wettability was done by measuring the 

contact angle, using the Sessible drop method, where the 
substrate was of 99.9% purity tungsten (approximately 
2Ox20mm in area, 0.2mm thick), ground with 3 pm dia- 
mond paste, decreased and then thermally treated at 1650°C 
for 30min in a hydrogen atmosphere. 

The starting materials for the liquid droplets were pow- 
dered talc (3Mg0,4Si0,.H20) and clay 
( A ~ ~ o , . ~ s ~ o ~ ~ ~ H , o ) , ~ '  which were mixed in a ratio to give 
the 3-element eutectic composition (61.8wt%Si02, 
20.9wt%MgO and 17.3wt%A1203, melting point: approxi- 
mately 1 3 5 0 ' ~ ' ~ ' ,  ball-milled thoroughly in the presence of 
an adequate medium, dried, and formed into a shape lOmm 
in diameter and 8mm long under a pressure of approxi- 
mately 25kg/cm2. This compact was heated at 1200°C for 
Ihr in air, and then cut into cube of 5x5x5mm (approxi- 
mately 0.5g). to form the sample for the liquid droplets. For 
the experiments of penetrating the molten sintering aid into 
the W compact body, powdered tungsten (purity: 99.99%, 
average particle size: Ipm) was formed into a shape 5mm 
in diameter and 5mm long, under the conditions to give a 
relative density of around 25% (which roughly corresponds 
to density of the vehicle-free paste for printing the wire 
substrate with a thick W film), to prepare the W compact. 
The same calcined sintering aid as used for measuring con- 
tact angle was molten for the penetration tests. 

2.2. Experimental Procedure 
One measure of wettability is contact angle,"' i.e., angle 

between the surface of a liquid droplet and the surface of a 
solid (including liquid) at the line of contact. Figure 1 
illustrates the apparatus used in this study to measure con- 

no heacsr  j J , j 4  
rh=lmO- .. _...____..._ .___ ___-- - -  -- 
couple r a m r . , e  

\ -. . . - - - .- - . - - - - - - 
a a . . . . . a . 

c=m-r-  

Fig. 1. Schematic diagam of apparatus for wetting measure- 
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tact angle, consisting of the heating elements of molybde- 
num and combustion tube, where the measurement was 
done in a mixed atmosphere of N2/HZ/H20. Temperature 
was measured by the W-5%Re:W-26%Re thermocouple 
unit. A droplet carried by tungsten plate was set in an elec- 
trical oven, and was observed by a camera set at one side 
of the peeping window for the changes with temperature 
increased at 3'C/min. The camera was equipped with a 
close-up bellows and a telephoto lens (400mm). 

The film was enlarged 30 to 50 times by a coordinate 
analyzer, and the droplet silhouette was transferred to a 
semi-transparent paper, to read contact angle by a scaled 
protractor. Only the contact angles of those droplets spread- 
ing in almost complete circles were recorded. 

The measured sample was then ground for its cross-sec- 
tion, to be analyzed by a scanning electron microscope 
(SEM) and by an energy-dispersion type X-ray diffracto- 
meter (EDX) for the elementary analysis. 

For the test of penetrating the molten sintering aid into 
the W compact, the compact placed on the calcined aid was 
heated at 3'CImin in the apparatus shown in Fig.1, to ob- 
serve the molten aid penetrating into the compact and 
changes in the compact shape in the radial diiection. 

3. Results and Discussion 

3.1. Effects of Temperature and Atmosphere on Contact 
Angle 

Figure 2 shows the droplet sample on the tungsten plate, 
before and after melting at high temperature. It had an 
apparent melting point sufficiently close to that of the three- 
element eutectic composition of SO2-Mg0-AL0, (around 

Fig. 2. Sessile drop profdes of Si02-Mg0-A1203 liquid on W. 

Temperature <'C) 

Fig. 3. TemperaNre dependence of Ihe contact angle for Si02- 
MgO-Al203 liquid on W. (a) dry Hz and (b) wet Hz. 

1350'c14'), in spite of the compounded powder, by which 
was meant that the droplet was of almost uniform compo- 
sition. The cooled sample was completely transparent, with 
no precipitates, and was amorphous as revealed by the X-ray 
diffraction analysis. 

Figure 3 shows contact angle changing with temperature, 
increased at 3"C/min, where (a) represents the data for the 
dry atmosphere of N2/H2 (= 411, dew point: -50°C) and (b) 
the data for the wet atmosphere of N2/H2/H20 (41110.4). 
Contact angle 0 decreases as temperature increases in the 
presence of water, whereas it is almost constant at between 
1400 and 1500'C in the dry atmosphere, about 20' higher 
than that observed in the presence of water at 1600'C or 
more. 

Contact angle is generally determined by the balances 
between the interfacial tensions at the solidlgas, liquidlgas 
and solidpi uid interfaces, designated as "(s. yL and y,, re- 
spectively: 1 4  

The 0 value varying with atmosphere will result from 
changed balances between the interfacial tensions. Both 
droplet samples had the same composition, and the interac- 
tions between the starting particles constituting the samples 
were the same. It is therefore considered that H20 adsorbed 
on the tungsten surfaces affects ys and ySL, assuming that y, 
is constant. 

Figure 4 shows the effects of time on contact angle 0 for 
the sample kept at 1600°C in the NJH2 atmosphere. Contact 
angle was constant at around 30', irrespective of time, indi- 
cating that there were neither changes in the droplet com- 
position nor interactions between the droplet and the 
tungsten plate under the conditions used. The tested dmplet 
was easily separated from the plate, and there was no reac- 

40 

; *r U 2or, 
*r 

0 0 U 0 40 80 120 I 0 0  Z O O  

Fig. 4. Relationship between contact angle and holding time at 
I W C .  

Fig. 5. The polished mss-section photographs of SiOrMgO- 
A10, glass/W interface. (a) SEM and (b) Mg mapping. 
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4. Conclusions 

Fig. 6. Penetmting behavior of flux into W compact heating at 
3'CImin. a:W compact, b:SiOz-MgO-A1203 glass. 

Temperature (C) 

Fig. 7. The relation between radial shrinkage and temperature. 
for W compact heating at 3'C/min. 

tion layer observed by the SEM analysis (Figs). 

3.2. Penetration of Molten SiO2/MgO/Al2O3 into 
Tungsten Compact 

Figure 6 shows the calcined sintering aid of the three-el- 
ement eutectic composition of Si0&igO/A1,03, placed 
under the tungsten compact and on the molybdenum plate, 
changing with temperature in a mixed N2/H2/H20 atmo- 
sphere (sketched from the photographs). The calcined 
sintering aid melted at around 1350°C penetrated the tung- 
sten compact increasingly as temperature increased, the sit- 
uations being represented by decreased e level, as shown in 
Fig.3. 

As shown in FigJ, it was also observed that the tungsten 
compact started to shrink in the radial direction as soon as 
the sintering aid was molten, and this trend was accelerated 
as temperature increased. 

To summarize these results, the molten sintering aid pen- 
etrates into the tungsten compact, and it is necessary for the 
molten aid to have a contact angle of around 40" or less with 
the compact, to cause the latter to shrink. 

The authors have measured contact angle of the molten, 
three-element eutectic composition of Si02-Mg0-A1203 
with the tungsten compact, and observed its penetration into 
the tungsten compact. 
1) Contact angle 8 tends to decrease as temperature in- 

creases. It also varies with H20 content of a N2/& mix- 
ture as the atmosphere gas; it is around 20" lower in a 
wet atmosphere than in a dry atmosphere, conceivably 
resulting from H20 adsorbed on the tungsten substrate 
surfaces. 

2) Contact angle 8 is almost independent of time at 1600'C, 
and no interactions between the molten aid and tungsten 
substrate were observed. 

3) Penetration of the molten aid into the tungsten compact 
and the resultant shrinkage of the compact proceed, when 
contact angle 8 is around 40" or less. 
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Growth of Epitaxial PLZT Film by CVD 
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(Pb, La) (Zr, Ti) 0, films were prepared by CVD using the heating temperature of La(DPM),. The distance be- 
Pb@PM)2, La(DPM),, Zr(0.T-Bu),, Ti(0.i-Pr), and O2 tween the tip of the gas nozzle and the substrate was kept 
as  starting materials. PLZT films were grown with al- at 30mm. which was longer than that in the preparation of 
most complete epitaxy on (100) MgO substrates. The the PZT film (lomm), for improving of the surface flamess 
deposition rate of the film was about 50-100nmImin. of the film. 
Some optical properties were almost the same as those 
of PLZT ceramics. 
[Received August 4, 1991; Accepted October 17, 19911 3. Result and Discussion 

Key-words: Epitaxial PLZT film, CVD, Cold-wall type 
apparatus, Pb(DPM)2-La(DPM)3-Zr(0.t-Bu)cTi(0.i-Pr),- 
O2 system, Optical property 

1. Introduction 

The solid solution of (Pb,,La,) (ZryTi,)l.,,~03 
[PLZT(100J100,/100,], is well known as a fernelectric 
transparent material with strong electro-optic effect. It is 
known that these properties of PLZT depend on its composi- 
tion, especially La content, and crystal structure," so that 
precise control of composition and crystallinity are required. 
In view of the application to integrated optics, it is of great 
interest to grow thin films of this material. The epitaxial 
thin films are especially useful for applications to various 
devices. The preparation of PLZT films by 
and ion beam deposition9' was reported, and epitaxial films 
were prepared by the sputtering m e t h ~ d ? ~ . ~ . ~ '  However, the 
problem of precise control of composition and crystal struc- 
ture in the bulk of the film still remains unsolved, because 
the sputtering ratio varies with each element. On the other 
hand, CVD is expected to achieve precise control of the 
film composition and crystallinity with facility. However, 
the preparation of the PLZT film by CVD has not been 
reported yet. 

In this paper, almost epitaxially grown tetragonal PLZT 
films were prepared on (100) MgO substrates by adding La 
into Pb(Zr, Ti)03, PZT, film which was previously 
reported.lO' 

2. Experimental 

The PLZT film was prepared by adding La(DPM), vapor 
into the Pb(DPM)2-Zr(0.t-Bu)4-Ti(0.i-Pr)4Q system which 
was previously used as starting materials for the preparation 
of the PZT film. The schematic apparatus and experimental 
procedure for the PLZT film used in the present study were 
almost the same as that for PZT film."' Freshly cleavaged 
(100) MgO single crystal was used as a substrate. The 
deposition conditions for the PLZT films were summarized 
in Table 1. The La content in the film was controlled by 

The films deposited on the substrates were transparent 
and adhered well to the substrate. The growth rate of about 
50-100nm/min was more than 10 times as fast as that of dc 
or rf sputtering methods but was almost half of that of the 
PZT film.I0' This was mainly attributed to the fact that the 
concentration of the PLZT source gas near the substrate was 
lower than that of PZT for the longer distance between the 
tip of the gas nozzle and the substrate. 

The PLZT films with different x,  y and z were obtained 
by controlling the vaporizing temperature of each starting 
materials and the flow rate of each canier gas. Figure 1 
shows XRD patterns of (a) PLZT (0/50/50), (b) PLZT 
(6150150) and (c) PLZT (8150150) films. The composition 
of these films was determined by EDS measurements. Only 
(001) and (hOO) peaks of tetragonal phase were observed 
together with those of MgO and the intensities of (001) 
reflections are significantly stronger than those of (hOO) 
ones. Moreover, (000 peaks shifted to the higher angle and 
approached to (hOO) peaks with the increase of La content. 
This means that the lattice constants of a- and c-axes of 
tetragonal phase tended to become equal with increasing La 
content in the film. Such a result was reported for bulky 
PLZT."' The degree of c-axis orientation, was in- 
creased to above 0.9 by adding La into PZT as shown in 
Fig. 1 (b) and (c). This suggested that PLZT films had highly 
[OOl] orientation. 

Figure 2 shows (001) and (101) X-ray pole figures of the 
PLZT (6150150) film. This is almost the same of that of the 
PZT film.lO' This result shows that there is not only the 

Table 1. Deposition conditions of PLZT film. 

Precursor 

~ ~ ~ ~ ~ r a t u r e  of vaporizer Pb : 1 6 5  - 170 OC 
La : 1 7 0  - 180 OC 
zr : 49 - 54 OC 
Ti : 36 - 42 OC 

Flow rate of carrier 
for each component 

~ 0 t . 1  4.5 flow ra te  : 480 mllmin 
~ 0 t . 1  qas pressure : 20 ~ o r r  
~ ~ p o ~ i t i ~ ~  temperature ' : 650-700 OC 

Substrate . : 110mm ( 1 0 0 )  x Mq0 lOrnm x 0.5 mml 
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crystal structural arrangement having an axis perpendicular 
to the substrate but also that with parallel one. From the 
result of Figs.1 and 2, the highly epitaxial name of this film 
on (100) MgO substrate was ascertained as the same as that 
of the PZT film.'" 

Figure 3 shows SEM micrographs of PLZT (6159141) 
film. The PLZT film was dense and made up of fine grains. 
Moreover this film has a relatively flat surface and some 
roughness corresponds to the surface roughness of 
cleavaged MgO substrate, as shown in Fig.3(a). 

The transmittance spectra of the PLZT (6159141) film on 
MgO substrate with about 0.53pm in thickness were 
measured at normal incidence in the range 0.2-0.8pm. The 
measurement was done for the same film as shown in Fig.3. 
The transmittance rose from ca. 0.34pm and showed strong 
interference oscillations corresponding to the flat surface of 
the film. The transmittance at the wavelength of 0.589pm 
was about 57%. This transmittance was rather small com- 
pared with that prepared by the sputtering meth~d.~.~ '  The 
reduction of the transmittance was probably caused by the 
irregularity of the surface of the film and the interface be- 
tween the film and substrate as shown in Fig.3(b). The 
refractive index was obtained from the wavelength spacing 
between adjacent peaks of the interference oscillations. The 
dependence of refractive index of the film on the 

Cu K., 2 8  / degree 

Fig. 1. XRD patterns of P U T  films on (100) MgO substrates. 
(a) PLZT (0/50/50), @) PLZT (6/50/50), (c) PLZT (8150150). 

Fig. 2. X-ray pole figures of P U T  (6150150) film on (100) 
MgO subshate. 

(a) (001). @) (101). 
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wavelength is shown in Fig.4. This was the typical disper- 
sion curve near an electronic interband transition. The 
refractive index was ca. 2.56 at the wavelength of 0.589~111, 
which was almost the same of that of P U T   ceramic^.^^"^' 

Generally dispersion data in the interband transition 
region are most often modeled with a single electronic os- 
cillator. According to the notation of DiDomenico and 
~ e m ~ l e , " '  the refractive index is given by the expression 

where h, is an average oscillator position and So is an 
average oscillator strength. Figure 5 shows ll(n2-1) of 
PLZT film as a function of l/h2 for the PLZT film using the 
data in Fig.4. The linear relationship was observed and this 
shows that the model with the single electric oscillator is 

- 
10 prn 

Fig. 3. SEM micrographs of (6159141) PLT film.(a) surface, (b) 
fractured swface. 

Fig. 4. The wavelength dependence of the refractive index of 
PLZT (6159141) fdm on (100) MgO subsuate. 
Film thickness: ca. 0.53pm. 
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Fig. 5. The dependence of l/(n2-I) on 1/k2 ~ p l o n e d  using the 
data in Fig.4. 

suited for the PLZT film prepared in the present study. 
Moreover, So and h, was estimated to be 0.813~10'~m-~ and 
0.24pm, respectively, from the slope of the straight line and 
the infinite-wavelength intercept in Fig.5, respectively. 
These values were similar to those reported for (10./65/35) 
PLZT  ceramic^.'^.'^' 

4. Conclusion 

Almost completely epitaxially grown (Pbl.,La,)(ZR,, 
Ti,),. J4O3 films have been successfully prepared on (100) 
MgO substrate by CVD using Pb@PM)2, La(DPM)3, 
zr(O.t-B~)~, Ti(0.i-Pr), and 0 2  as starting materials. The 
deposition rate of the film was about 50-100mm/min. Some 

optical properties were almost the same as those of PLZT 
ceramics. 
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We have read with great interest the paper by Tabuchi, 3TiF4 + 2A1203 + 3TiO2 + 4A1F3 . . . .  . (D) 
Kaneko and Iwasaki published on TiN whiskers in J. Ceram. 
Soc. Japan Intl. Edn., 98, 44-49 (1990). for which AG is only + 5kcal at 1600K. 

Because KF vapor is present at 1600K, the following We commend them for the conversion of K2TiF6 into reaction would take place with AlF3 (from either reaction TiN, however we strongly disagree with the reaction 
mechanisms. The occurrence of a reaction such as in ea.0) (C) or (D) or both) 

- .  . 
in which elemental fluorine is evolved is highly unlikely; 6KF + 4AlF3 + 3KAIF4 + K3A1F, . . . . .  (E) 
Ti(IV) will not thermally reduce to Ti@), especially when 
present as a fluoride or complex fluorides, The only reduc- thus explaining the presence of K-fluoroaluminates as tor- 

tant known to be present in the system is carbon. while at rosion products of the A1203. Because the Ti02 could have 

1600K the reaction formed on the wall (eq.(D)) a reaction is needed to 
transport Ti02 to the graphite; the following reactions are 

TiF4 + C + CF4 + Ti . . . . . . . . . . .  .(A) feasible from a thermochemical point of view 

cannot proceed to the right because its AG is + 160kcal, it Ti02 + COF2 + TiOF2 + C02AG = -6kcal (F) 
is conckivable that a reaction such as 

3K2TiF6 + 0.5C + 2K3TiF6 + TiF, + 0.5CF4 
. . . . . . . . . . . . . . . . . . . . . . . . .  (B) 

may have a AG not too far from zero. Unfortunately we do 
not have the necessary data for the calculation. 

Using free energy calculations for the related reaction 

at 1600K its logKp=-17.0 which will indicate a significantly 
low equilibrium partial pressure of CF4. However the sys- 
tem is dynamic and the CF, would be consumed by reaction 
with the AI2O3, according to 

. . . . . .  2A1203 + 3CF4 + 4AF3 + 3C02 (C) 

f a  which AG is -287kcal at 1600K. 
Because there is no sufficient information available on 

what species (especially gaseous) are present, we are not 
able to postulate a thermodynamically reasonable equation 
for representing the formation of TiN from the TiF3. It is 
conceivable, that although at very low partial pressures, 
oxyfluoride species such as AlOF, TiOF2, COF2 may par- 
ticipate in the reaction. Thus it would be of interest to 
replace the A1203 tube with one that does not contain 
oxygen, i.e. a refractory metal or even graphite. 

The corrosion of the A1203 tube can also possibly occur 
by the alternative reaction 

2TiOF2 + Ti02 + TiFJG = -82kcal . . . .  (G) 

In the presence of graphite the Ti02 can be converted to 
TiN according to: 

Ti02 + 2C + 0.5N2 + TiN + 2COAG = -9kcal 
. . . . . . . . . . . . . . . . . . . . . . . .  . (H) 

and to close the cycle the carbonyl difluoride could be 
regenerated by: 

TiOF2 + C02 + Ti02 + COF2AG - +6kcal . (I) 

which is the reverse of eq.(F). This would require a AT 
between the A1203 wall and the graphite tube. 

The above reactions are just examples of what might 
occur in a complex system such as that used; the reactions 
postulated by us' are thermodynamically feasible and thus 
do not require transport mechanism in which gaseous TiN 
needs to be present at 1600K and to nucleate on the graphite 
wall as indicated in the paper. 

All the above discussion is predicated on the assumption 
that the system of Tabuchi et al. (especially the graphite) 
was clean of any impurities, mainly hydrogen or hydrocar- 
bons. 

This article appeared in English in Nippon Seramikkusu Kyokai Gakujutsu 
Ronbunshi (Japanese version), Vo1.99, No.11, 1991. 
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We have investigated reactions related to eq.(3) from the 
thermodynamical point of view thoroughly and have anived 
at the following conclusion. 

It is clear from Fig.3 in the paper that TiN is formed in 
association with converting K 2 T i  into K3TiF6. When we 
consider reasonable reaction paths from K2TiF6 to TiN, two 
processes must be taken into account. The first process is 
that from KzTiF, to K3TiF6. The second process is related 
to the formation reaction of TiN whisker and coating. It is 
presumed that gaseous species, such as TiF,, Ti%, TiOF2, 
take part in the second process. The reactions (D-I) pointed 
out by the Bamberger and Brynestrad are involved in this 
process. 

In the fust process, carbon from the graphite tube would 
dominate the conversion reaction from K2TiF6 to K3TiF6. 
because the product obtained by firing K2TiF6 without the 
graphite tube nor boat under N2 flow at 1000'C was not 
K3TiF6, this crystalline phase could not be identified by 
X-ray diffraction. 

As for the second process, formation mechanism of TiN 
from TiF,, which is cited through eq.@-I) in the comment, 
is valid from the thermodynamical point of view. But it is 
difficult to think that K3TiF6, which is another product in 
reaction (B) is not converted into T i  and is transferred out 
of the system. It is doubtful for us that the formation 
mechanism can also explain the formation process of TiN 
from K3TiF6, because TiF4 could not be formed probably 
from K3TiF6, having trivalent titanium, in the reduced at- 
mosphere. 

Thus we must consider feasible conversion from K3TiF6 
to TiN. We could not find the standard Gibbs energy of 
formation (AGO) of K3TiF6 and KAIF,. The white product 
in the neighborhood of gas outlet is considered to be 
K3AklF6, and we consider that K3TiF6 is decomposed into 
TiF3 vapor (Ti3,,) and KF vapor (KFw) at 1600K. because 
TiF3 and KF melt at 1500K and 1129K respectively. The 
AGO values of these compounds are available.') 

Ti&,, can not change into TiN without the existence of 
carbon and A1,03 tube andlor KF,, at 1600K from ther- 
modynamical point of view as follows: 

TiF3w + 1/2N2 -t TiN + 3/2F2 
A@ = + 222 kcal 

. . . . . . . . . . . . . . . . . . . . . . . . .  (1) 

TiF3, + 1/2Nz + 3/4C + TiN + 3/4CF4 
A@= +98 kcal 

,m, 

TiF,,, + 1/2N2 + 3/2CO 
+ TiN + 3/4C02 + 3/4CF4 

AGO= + 117 kcal 
. . . . . . . . . . . . . . . . . . . .  

and 

TiF,, + 1/2N2 + 3%) + 1/2A1,03 
+ TiN + K3AlF6 + 3/20, 

AGO = + 56 kcal 
. . . . . . . . . . . . . . . . . . . . . . . . .  (5) 

' The reaction (5) is more feasible than reactions (1-4). 
But this reaction could not proceed to the right and after all, 
the following reactions (6) and (7) would occur. 

TiN,,, + 1/2N2 + 3KF,, + 1/2Ai203 + 3/2C 
-t TiN + K3A1F6 + 3/2CO 

AGO = - 35 kcal 
. . . . . . . . . . . . . . . . . . . . . . . . .  (6) 

and 

TiF,, + 1/2N2 + 3KF, + l/2A1203 + 3/2CO 
-t TiN + K3AlF6 + 3/2C02 

AGO = + 4 kcal 
. . . . . . . . . . . . . . . . . . . . . . . . . .  

These reactions could proceed to the right, probably in 
the neighborhood of A1203 tube. These reactions look con- 
sistent with our experimental results in which TiN whisker 
was formed on the outer surface of the graphite tube and on 
the A1203 tube occasionally. Both reactions (6), (7) and 
(D-I) are probably consistent with the growth mechanism of 
a TiN whisker, that is, TiN whisker grew by layer growth 
on the facets of it, as mentioned in the paper. 

We could not f i d  a more reasonable reaction path for 
the TiN formation on the facets of a whisker, this problem 
could be resolved by determining the gaseous species which 
take part in the formation process of the TiN whiskers from 
K2TiF6. 

References: 
1) M.W. Chase. Jr., C.A. Davies, J.R. Downey, Jr., D.J. Fnuip, R.A. 

McDonald and A.N. Syvemd, JANAF Thennochemical Tables Thud 
Edition Pm I and 11, Joumal of Physical and Chemical Reference 
Data, 14 Supplement 1, Am. Chem. Soc. and Am. Inst. Physics for 
the National Bureau of Standards (1985). 

TiF3, + 1/2N2 + 3/2CO + TiN + 3/2COF2 
AGO= + 115 kcd This anicleappeared in English in Nippon Seramikkusu Kyokai Gakujutsu 

. . . . . . . . . . . . . . . . . . . . . . . . .  (3) Ronbunshi (Japanese version), Vo1.99, No.11, 1991. 
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News 

Zirconia-base Ceramic Material 
Ishiiawa Prefecture's Industrial Research 

Institute has developed, jointly with Kanebo 
and Germany's Max Planck Institute, a new 
zirconia-base ceramic material suited for 
elecaolyte in solid-phase electrolyte fuel 
cells, which are called fuel cells of the third 
generation. It is known that cubic zirconia, 
containing trace quantities of yttria, is suited 
for the solid-phase electrolyte, but the newly 
developed material is the conventional one to 
which roughly 5wt% of alumina is added to 
improve characteristics. Alumina is added by 
the special wet process in which hydrolysis is 
combined with coprecipitation, to keep sinter 
resistance low and make the sinter 
"plastically" processable. Electrical resistiv- 
ity is approximately I O . ~ ~ ,  which is lower 
than that of the conventional material by one 
digit. Addition of alumina reduces particle 
size to 0 . 4 ~ .  which is equivalent to that of 
teaagonal zirconia, making the sinter more 
amenable to deformation at high temperature 
of 1400 to 1500'C. The institute has deeply 
drawn the sinter. The results were presented 
to the International Ionics Symposium, held 
in Canada The institute also plans to de- 
velop a fuel cell with the new ceramic elec- 
trolyte, jointly with Kanebo. 

Ceramic Material for 
High-Efficiency Thermoelectric 
Devices 

Prof. Kakue Matsubara of Yamaguchi 
University's Faculty of Engineering has been 
studying the effects of thin, amorphous film 
formation by ion-assisted deposition on tem- 
perature-related characteristics of thermo- 
electromotive force, in order to develop ce- 
ramic-base thermoelectric materials as part of 
a "project to develop thermoelectric materi- 
als by the plasma-ion process," an energy-re- 
lated research p m g q  being promoted by 
Ministry of Education. Usefulness of the ce- 
ramic, produced by sintering plasma-treated 
iron and silicon microparticles under pres- 
sure, has been demonstrated as a material for 
high-efficiency direct thermoelectric conver- 
sion. Power-generation tests were conducted 
under a differential temperature of W C  
(heating temperature: 8WC, heat radiator 
end temperature: 200°C). to generate power 
of approximately 2W per unit area at the 
maximum voltage of 0.48V and amperage of 
18.5.4/cm2, using a specimen 13mm long and 
4mm2 in cross-sectional area. The msults in- 
dicate that there are bright prospects of devel- 
oping an element of stiU higher efficiency. 
The element is expected to greatly contribute 
to effective utilization of waste heat, esti- 

mated to be equivalent m 200 million KI of 
oil, and to the saving of fossil fuels and 
thereby to the abatement of C0z emission. 
The results were presented to the symposium, 
held at UK's Wales University. 

Uniform Film of Cubic Crystals of 
Gallium Nitride 

The Agency of Industrial Science and 
Technology's Elemtechnical Laboratory 
has developed for the first time uniform film 
of gallium nitride which consists only of 
cubic crystals. Gallium nitride is attracting 
attention as a material which can realize blue 
light emission and superhigh-speed elements. 
The devices so far developed, however, are 
made of hexagonal crystals. The key to the 
success was the pretreatment of the gallium- 
arsenic substrate with nitrogen gas prior to 
the molecular beam epitaxy (MBE) pmcess, 
in which the starting metallic material is de- 
posited over the substrate under a vacuum, to 
form the film. 

The pretreatment replaces arsenic by n i m  
gen, to form a superthin film of gallium ni- 
hide over the substrate. Evaporation of 
metallic gallium, while blowing nitrogen onto 
the substrate forms the uniform film consist- 
ing only of the cubic crystals. Its band gap, 
which determines semiconductor characteris- 
tics, is 3.8eV, higher than that of the film of 
the hexagonal system. The success should 
further enhance the possibility of gallium ni- 
hide films fmdiig use in superhigh-speed 
semiconductor elements and light-emitting 
devices which cover a wide color range from 
red to ultraviolet region, says the laboratory. 

Ceramic Substrate for Fixing Disc 
Kyocera has developed glass-coated ce- 

ramic substrate for fixing discs. It is an alu- 
mina disc, sandwiched by 2 . 5 ~  thick glass 
films, with a total thickness of 0.635mm. It 
has a smoother surface than the conventional 
aluminum or glass substrate, allowing it to 
read information stored in finely sectioned 
areas in the disc. The 2.5-inch type can store 
information of 60 megabytes, a capacity 
roughly 1.5 times higher than that of the con- 
ventional disc. 

The newly developed substrate, having 
sufficiently smooth surface, makes the disc 
come as close as 0 . 0 5 ~  to the head. Alu- 
mina ceramic has various advantages over the 
conventional one; it is roughly 4 times 
stronger than aluminum or glass, polished 
more easily, and produces less defective de- 
vices in the assembly process. Two types are 
available: 1.8 and 2.5 inches in diameter. 
The sample price is 2,000 to 3,000 yen, which 

will be reduced to 1,000 yen when they are 
mass-produced. The company expects to at- 
tain annual sales of 5 billion yen or so in five 
years. 

Discharge-Sintering for Production 
of Material with Inclined Functions 

Sumitomo Coal Mining Co., Ltd. has de- 
veloped a technique which allows production 
of material with inclined functions in much 
shorter time (onetenth or less) than the con- 
ventional process. The key is a process 
called discharge-sintering in which pressure 
and voltage are applied simultaneously to the 
starting powder. The product made on a trial 
basis is a composite plate of zirconium diox- 
ide and stainless steel, approximately 2mm in 
thickness, in which the chemical composi- 
tions are changed in three stages. A pressure 
of 300kg/m2 is applied to the powder mix- 
ture of three different compositions, simulta- 
neously with DC pulse voltage, to trigger the 
discharge plasma phenomenon between the 
particles. The jigs that support and transmit 
pressure to the upper and lower sides of the 
plate are of diiferent materials, to generate a 
temperature differential across the thickness 
(superhard alloy of tungsten carbide for the 
stainless side and graphite for the zirconia 
side). The technique produces the composite 
plate much easier than the conventional one, 
in 20 min or so. The company plans to sell 
sets of know-how and equipment to the mak- 
ers. 

Insulator Tiles 
Mitsui Mining has developed, jointly with 

Kawasaki Heavy Industries, a ceramic insu- 
lator tile for the external surfaces of the J a p  
anese space shuttle planned for launch in 
1999. It is characterized by uniform, thme- 
dimensional structure of silica fibers and alu- 
mina fibers fixed by a ceramic material. 
These fibers are known for their insulating 
and heat-resistant properties, respectively. 
The tile is coated with glassy material. Its 
tensile strength is 10kg/m2, which is roughly 
two times higher than those used by NASA. 
The development project was commissioned 
by the National Space Development Agency, 
in which Mitsubishi Heavy Industries and 
Fuji Heavy Industries, in addition to 
Kawasaki Heavy Industries, are participating. 

Production of Plate-shape, 
Singlecrystalline Rutile by the 
EFG Method 

Chichibu Cement has succeeded for the 
first time in the world, jointly with Tohoku 
University's Prof. A. Fukuda, in growing 
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plate-shape, singlecrystalline mtile by the 
EFG method as one of the single crystal with- 
drawal growth methods. The starting pow- 
der, placed in a die provided with a slit, is 
placed in a crucible and heated by high-fre- 
quency curtent, and the molten powder, rising 
up through the slit by capillarity, is withdrawn 
and grows over the seed crystals to produce 
the single crystals. Temperature within the 
oven is finely wntrolled, to realize plate- 
shape (2~2Ox80mm). single-crystalline mtile. 
Two or more plates can be produced simulta- 
neously. Single-crystalline mtile is produced 
by melting titanium dioxide as the starting 
material. The product, however, tends to be 
polycrystalline, and difficult to form into a 
plate of target width. The company plans to 
expand the size and, at the same time, to wm- 
mercialize polarization plates and lightde- 
tecting elements for optical isolators in 1992. 

Fig. 1. Plate-shap?, single crystalline rutile 

Dummy Wafers of 
Single-crystalline Sapphire 

Kyocera Cop. is going to mass-produce 
for the first time dummy wafers of single- 
crystalline sapphire, based on the EFG 
method developed by US Mobile Industries. 
Molten alumina, treated at 2,000'C. is with- 
drawn together with the seed crystals along 
the die into a plate. The plate is then cut into 
a disc, to produce the wafer, Cnines (99.99%) 
in purity. Having a complete mirror face, 
sufficiently high strength and heat-resistance, 
it can be used repeatedly for a semi-perma- 
nent period in semiconductor production 
lines. This compares with only 3 months at 
the longest for which the wafer of quartz as 
the major wafer type at present can be used 
repeatedly. It is also suited for analysis, by 
fluorescent X-ray, of trace quantities of im- 
purities in films. The company plans to pro- 
duce 200 wafers monthly, mostly of 4-, 5- and 
6-inch diameter types, and of 8-inch diameter 
types to some extent. The sample price of the 
8-inch diameter type is 200,000 yen. It ex- 
pects to attain annual sales of 1.2 billion yen 
in one year. 

Heat-resistant Parts of C/C 
Composite 

Kawasaki Steel and Kawasaki Heavy In- 
dustries have jointly succeeded in production, 
on a Rial basis, of carbon material reinforced 
with carbon fibers (CIC composite) for the 
Japanese space shuttle "HOPE" which the 
National Space Development Agency plans to 
launch. The former is responsible for fonn- 
ing carbon-fiber-reinforced plastic (CFRP) as 
designed, and the latter for sintering the wm- 
posite at 1500 to 2000%. The small pores in 
the sintered body are filed with coal tar, and 
the sintering process is repeated. It is finally 
coated with heat-resistant oxide film. The 
C/C composite thus prepared, in which car- 
bon molecules are regularly arranged at a 
high density, can withstand heat of 1700C, 
generated when the shuttle dashes into the 
atmosphere. Its bending strength is 
42kg/cmz, which is higher than that of super- 
duralumin (40kgh2)  used for the shuttle 
body. The composite material will be used 
for the front sections of the main wings and 
the vertical wings. It is lm long, forming a 
monolith with the reinforcing frame. Distor- 
tion is Imm or less. 

Fig.1. CICcompos~t material for nose of 
shuttle 

Competition in Development of 
Cerebral Magnetic Field 
Measurement Equipment which 
Employs SQUID 

Fifteen Japanese firms are competing in 
the development of cerebral magnetic field 
measurement equipment. They include 
Toshiba, Hitachi, Shimazu, Yokogawa Medi- 
cal Systems, Siemens Asahi Medics, 
Furukawa Electric, Daikin Kogyo, Sumitomo 
Electric, Osaka Gas, Mitsui Metals, 
Sumitomo Heavy Industry, Fujitsu, Seiko 
Electronic Industry, Nippon Gaishi, Ulvac, 
Takenaka Consrmction, and Shimizu Con- 
struction. 

Ten companies are participating in a con- 
sortium organized by MITI on superconduc- 
tor sensor laboratory. Cerebral magnetic 
field measurement equipment is available for 
fields other than the diagnosis of cerebral dis- 
eases. Including diagnosis of heart diseases, 
estimation of pleasantness felt by humans, 
and the detection analysis of information pro- 
cessing by humans. 

Formal Contract between SSC 
Laboratory and l b o  Japanese 
Companies for Development of 

Superconducting Wires 
Fumkawa Electric Industry Co., Ltd. and 

Sumitomo Electric Industry Co., Ltd. have 
arranged with US SSC Laboratory to partici- 
pate in the development of superconducting 
wires. SSC has the world's largest proton 
accelerator with circumference of 87km. 
SSC inquired as to whether or not the two 
companies wanted to participate in the devel- 
opment program. Both companies have ex- 
perience in fabricating superconducting wires 
used for JT-60, linear magnetic levitaiton 
train, MRI, Japanese Tristan, accelerator, and 
other projects. Sumitomo will in develop 
the of superconductor to be used for the in- 
ternal ring and Furukawa will develop that 
for the external ring. Seven manufacturers 
have participated in the program, of which 
two will be selected. The superconducting 
wire will be 6pm in diameter, and one thou- 
sand wires will be contained in a copper tube. 
The wpper tube wire is necessary to enable 
tuming elechicity of 2750A under 5T. Mean- 
while SSC announced that it bas successfully 
developed a wire which allows tuming elec- 
tricity of 7000A. 

Turbo Helium Compressor for 
Cryogenic Refrigerator Used in 
Superconducting Generator 

MI has developed a turbo compressor 
which operates at 80K with a rotation speed 
of 100,000rpm. This turbo compressor will 
be used for cryogenic refrigerators which 
cool the magnetic coils of a superconducting 
generator, now under development as na- 
tional project. Through this development, he- 
lium at flow rate of 113g/s can be compressed 
to 8 am,  7 times that achieved by a conven- 
tional compressor. Full- scale testing has not 
yet been conducted and the total the refriger- 
ation system has not yet been completed. 
The technology developed thus far is re- 
garded as sound footing for the system. 

The turbo wmpressor suctions helium gas 
which is cooled prior to compression in order 
to increase compression efficiency. A 25kW 
motor is employed, and 3-D radius flow im- 
pellers were developed. A magnetic bearing 
was employed to support the shaft which wn- 
nects the motor and impellers, thus eliminat- 
ing the need for a lubricant. These measures 
prevented contamination of the system. 

Oxygen Sorption-Desorption 
Behavior and Superconductivity of 
Bi-Based Oxide Superconductor 

Y. Deshinaru and his colleques at Kyushu 
University verified the following: 

1) The sorption-desorption of oxygen is 
accompanied by reversible changes in rritical 
temperature T, and in the length of the c-axis. 

2) The relationship between the quantity 
of oxygen sorbed (or desorbed) and T, varies 
with composition. The difference is particu- 
larly noticeable, when changing the Sr/Ca 
ratio (y level); the T, level of the samples 
vary inversely and more significantly. 

3) The Pb-doped sample bas a higher hole 

Fig. 1. Single crystalline sapphire wafer 
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concentration, approximately 1 x 1 0 ~  mollg as 
oxygen, than the Pb-free sample, 

4) The sample with y=0.8 has a lower T, 
level and a shorter c-axis than the sample 
with y=O, irrespective of oxygen content. 

5) It is considered that the 2212 phase has 
the optimum hole concentration at a certain 
oxygen content to provide the maximum Tc 
level. The sample with (x, y)=(O, 0.8) is 
found to have the optimum oxygen content at 
8 4 1 5 .  

Fabrication of Y System 
Superconductor Thick Film on Ag 
Substrate by Gas Deposition. 

Dr. Murakami and his colleagues at the 
Superconductivity Research Institute of 
ISTEC fabricated a YBazCu207., thick film, 
lmm wide and 1 to 100pm thick, on an Ag 
substrate by gas deposition using ultra-fine 
particles of YBazCuzDI-X. 

The gas deposition process was adopted 
for fabrication of a thick film with ultra-fine 
powders of Y system superconductor in order 
to take advantage of the features of the ultra- 
fine particles. The thick f im displayed ex- 
cellent properties, obtaining ~ , = 2 3 ~ ) ~ / c m ~  
(77K). 

It was shown that silver is more suitable 
as a substrate for the gas deposition method 
than ceramics. This was attributed to the bet- 
ter adhesion of ultra-fine powders to the sil- 
ver substrates and to the sintering through the 
liquid phase. 

With respect to thermodynamizs, the silver 
substrates provided superior results. Further- 
more, it was found that the gas deposition 
method depresses the melting point of ultra- 
fine particles; thus, causing the depression in 
the melting point of silver. 

Superconducting Magnetic Bearing 
MPMG Group of The Superconductivity 

Research Lab., ISTEC, headed by Dr. M. 
Murakami, has jointly with Nippon Seiko 
K.K., developed a superwnducting magnetic 
bearing using Y system superconductor pre- 
pared by MPMG process and permanent 
magnet. 

The magnetic bearing was able to support 
2.4kg heavy shaft which rotate at 30,000rpm. 
Conventionally superconducting magnetic 
bearing had been pmposed by many and they 
were all applied repulsing force between su- 
perconductor and permanent magnet. Newly 
developed bearing applied attraction force so 
that the bearing realized stable and strong 
force. 

This experiment demonstration possibility 
to manufacture large superconducting mag- 
netic bearing, that precision processing of su- 
perconductor was possible, availability of 
superconducting magnetic bearing at limited 
space for precision machines. 

Development of Magnetic 
Levitation Transportation System 
which Employed Oxide 
Superconductor 

Toshiba Cop. developed a demonstration 
system of a linear magnetic levitation trans- 
port system whichemployed Y system super- 
conductor provided by Nippon Steel Corp. 
It was composed of vehicle mounting Y sys- 
tem superconductor and cooling liquid nitre 
gen, and truck wmposed of permanent 
magnet. The vehicle mounted 4 supercon- 
ductor plate of 4.5m in diameter and 1.5cm 
thick. The truck was wmposed of 4 columns 
of permanent magnets each raw of which was 
composed of 4 magnets. Linear motors 
were arranged at both sides along with truck. 
The system can lift up vehicle by 5mm, and 
transport 3kg heavy load. Lateral 4kg force 
is not able to push away the vehicle from 
truck. It travel at speed of 25mlmin. 
Change in current can control travelling 
speed. 

Special Resin for Repairing Dies 
Sanki Bussan has developed gelled, spe- 

cial epoxy resin containing alumina particles, 
which can be used to repair (by filing or 
heaping) dies for plastic makers. The resin 
is a two-liquid mixing type with a hardening 
agent, having a tensile strength of 220kg- 
f/cm2 and compressive strength of 1OOO kg- 
f/cm2, when dried, which are equivalent 
figures tn those of alumina Furthermore, it 
is highly rigid and machinable. 

The special resin is dried and hardened in 
3 to 5 hrs at normal temperature. It is useful 
for repairing dies for metallic part production 
and injection molders by fdling or heaping 
the damaged portions. It is also useful for 
modifying the dies by filling ribs, stopping 
gates and changing wall thickness. 

Sanki Bussan, which developed the special 
resin, is a maker of die-related products such 
as mold bases. The resin, having mechanical 
strength equivalent to that of alumina, ad- 
heres well to glass and ceramic materials, and 
is useful for repairing dies of plastics and 
other materials. 

The company has also been selling the re- 
lease agent for the resin it has developed. 
The resin allows the die to produce master 
models and models to he cut easily 

YAG Laser Machine 
Hitachi Construction Machinery Co. Ltd. 

is expanding sales of YAG laser machines. 
The company is aiming at a breakaway of a 

construction machine reliance and is actively 
expanding a new field The company has al- 
ready succeeded in the commercialization of 
a supersonic wave processing machine, and 
in development of a YAG laser machine. 
YAG laser machines are used for super-ultra 
fine processing in electronics -- related fields. 
YAG laser machining is used in place of elec- 
tro-discharge machining and etching. 
Against such a background, the company is 
selling YAG laser machines abroad. One 
such machine employs a laser oscillator made 
by Lazak Co. (Switzerland). This oscillation 
device, which has almost complete single 
beam mode and high output, was developed 
to process new fme ceramic materials and is 
starting to be used widely also in the field of 
hard and brittle material including sintered 
carbide tools. Hitachi will expand business 
in Japan, and is starting exportation to Korea 
and other Southeast Asian countries. The 
company plans to export this machine even 
to U.S. in the near future. 

High-Grade Colored Stainless Steel 
Sheets 

Nisshin Steel Co., Ltd. has started mass 
producing high-grade colored stainless steel 
sheets as a company calls Neues by using 
sputtering, a high speed vacuum vapor depw 
sition techniques. This is the result of coop 
erative development efforts with Leibholt, 
Germany's largest producer of vacuum equip 
ment, and also the first application of the 
sputtering technique to the production of 
wide stainless steel sheets. 

The sputtering used for manufacturing 
high-tech products like semiconductors, mag- 
netic discs and carbide tools is used to coat 
raw stainless steel sheets with ceramic mate- 
rials such as titanium nitrate and titanium car- 
bonate to produce stainless steel sheets coated 
in various colors such as silver, black, bronze 
or blue -- Neues. As coloring technique used 
for Neues is superior to conventional chemi- 
cal coloring in color uniformity, tint, and 
color durability, the company expects Neues 
to find wide applications in high-grade inte- 
rior building materials, materials for elevators 
and escalators, and other interior materials. 

Improved Technique for 
Production of Superconducting 
Membrane 

A research group at the Toyo University's 
Faculty of Engineering, led by Prof. H. Im- 
agawa, has developed a technique to simplify 
the superwnducting ceramic production p r e  
cess. It is based on the supersonic spray-py- 
rolysis concept, in which the powder 
synthesis apparatus is modified in such a way 
that production of bismuth-base, high-tem- 
perature superconducting oxide and deposi- 
tion of the oxide on a ceramic substrate are 
combined, and effected simultaneously by the 
same unit. The screen printing step, required 
by the conventional process to deposit the 
synthesized particles on a ceramic substrate, 
can be eliminated. The newly developed 
technique will amact attention as one which 
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can greatly save time in processing the super- 
conducting ceramic membrane, which is dif- 
ficult to mass-produce. 

Supersonic spray-pyrolysis is generally 
known as the method for synthesizing bis- 
muth-base, high-temperature oxide particles. 
This comprises (1) dissolution of the super- 
conducting oxide in nitric acid, (2) atomiza- 
tion of the solution by supersonic waves, and 
(3) heating the atomized particles to 800 to 
900'C, to synthesize the superconducting 
powder. 

Deposition of the synthesized particles on 
a ceramic substrate to form the film has usu- 
ally required a time-consuming procedure; 
the particles are collected from the reactor 
and then screen-printed on a substrate, spin 
coating being sometimes required. 

The newly developed method is time-sav- 
ing in that the panicles are directly deposited 
on a ceramic substrate in the reactor in which 
they are synthesized. 

The powder-synthesizing apparatus has a 
heating unit consisting of an electrical oven 
and quartz tube, which a~ combined in a 
characteristic manner. Specifically, the 
quam tube is set in the electrical oven in such 
a way that part of the tube is projected out of 
the oven. This arrangement generates a tem- 
perature differential between the portion 
within the oven and that outside, to promote 
transportation and deposition of the particles. 

Fig. 1. Supersonic spray-pyrolysis appa- 
ratus for 

powder synthesis 

CCD Linear Image Sensor with 
Amplifier 

NEC Corp. has shipped samples of a high 
sensitivity CCD linear image sensor incor- 
porated with amplifiers, the pD3732D, 
pPD3733D. and pD3734D. 

The CCD linear image sensor consists of 
a photodiode light receiver, a transferring 
gate mansferring electric charges from the 
photodiode to a register, a CCD register to 
serially nansmit the charges, and an output 
circuit to output signals. The CCD linear 
sensor can be used in facsimiles and image 
scanners. 

Amplifiers incorporated with the output 
circuit render high sensitivities of the CCD 
linear image sensor and incoporated periph- 
eral circuits in the CCD chip allow compact- 
ness of the element including auxiliary 
circuits. The package is a ceramic 22-pin 
package with Imm pin-pitch. 
Mass production started in October at a 

level of 450 thousand pieces monthly. The 
unit prices for sample are 2,500 yen for the 
pPD3732D having 1760 elements, 2,800 yen 
for the pD3733D having 2,088 elements, 
and 3,000 yen for the pD3734D having 
3,000 elements. 
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Abstracts of Articles on Ceramics from the Selected 
Journals of the Academic Societies 

Journal of The Physical Society 
of Japan 
Vo1.60 No.6 June 1991 
p.2040-2050 

Zairyo 
Vo1.40 No.453 June 1991 
p.689-694 

Spin Dynamics Studied by 89Y NMR 
in High Te Superconductor YBazC~306+~ 

Takashi  OHNO, T a t s u o  KANASHIRO a n d  Kiyoshi M I Z U N O ~  

Deportmenr of Physics, FacuNy oJEngineering, Tokushimo University, 
Tokushima 770 

'Faculty of Integrared Arts and Science, Tokushima University, 
Tokushimo 770 

"Y NMR shifts in the high T, superconductor YBa2Cu,0,+, arc compared with "0 
NMR new data published by Yoshinari el 01. and the orbital shift a 9 ~ o , b  isestimated to 
be IS5 ppm. The nuclear spin lattice relaxation rate '"(11 T, T) for "Y is found to be 
proponional to "(IIT, T)  for "0 at 2, 3 plane sites, which supports the single spin 
fluid model. The relation T, TK,=const. is realized for *'Y nuclei in the oxygen 
depleted compounds YBa,Cu,O,+,. It is found that the relation 7, TK,=const. 
means that the energy width of dynamical spin susceptibility ~ " ( q ,  w )  with the wave 
vector 4-0,  hK,, is independent of temperature although the uniform susceptibility 
~ ~ s t r a n g l y  depends on temperature. it is also shown that the welght of the low q part 
of the spin excitation spectrum decreases with decreasing the hole concentration. 

high Tc superconductor, YBa,Cu,O,+,, NMR. Knight shift, spin-lattice relaxa- 
tion, spin dynamics 1 

Fractography and Fracture Analysis on Ceramics/Metal Joint 

H i d e o  KOBAYASHI*, Y o s h i o  ARAI*. and Nobuo NAGASHMA'** 

Four paint bending testa for Si,N,/steel joints were conducted and their fracture surfaces were 
examined by advanced fractographic method. Based on these results, the fracture mechanism was dis. 
cussed by the fracture mechanics approach. 

The crack initiates at the ceramics/adhesive interface. A part of crack front is arrested a t  the mic- 
rocrack in the ceramics side of the interface. Another pan of the crack front grows along the interface. 
Then, the stress intensity factor, K,  at the amsted crack front increases as the profile of the whole 
crack front becomes like a Chevron notch. The unstable fracture oeeurs when K a t  the arrested crack 
front reaches K,. for ceramics. 

Kel words : Ceramics, Ceramics/metal joint, Fracture mechanics, Fractography, Interface 
men& 

Japanese Journal of Applied Preparation of Superconducting Bi-Pb-Sr-Ca-Cu-0 Compounds by 
Phvsics Oxalate Coprecipitation 
~ o i . 3 0  No.6 June 1991 
p.1198-1203 

Dian-Hau CHEN, Cheng-Yie SHE+, Shyang-Roeng SHEEN 
and Chau-Ting  CHANG 

Department of Chemistry, National Tsing Hua University, 
Hsinchu and INIlture of Atomic and Molecular Science, 

Academia Sinica, Taipei, P.O. Box23-166. Taiwan, R.O.C. 
'Material Research Laboratories. Indurtrinl Technology Research Institute, Hsinchu 

Bi, ,Pb,,,Sr,Ca,Cu,O, has been prepared from an ethylene glycol medium that contains starting maal nitrates via 
homogeneous coprecipitation using triethylammoniumoxalate and oxalic acid. The theoretical estimate on the condi- 
tions of oxalate coprecipitation and preliminary characterization of the properties of the Bi,,Pbo,,Sr,Ca,Cu,O, ob- 
tained after the high-temperature treatment are reported. The preparation of this five-component system of Bi, Pb, Sr, 
Ca and Cu using triethylammoniumoxalate and oxalic acid has worked successfully in a large-quantity preparation of up 
to ZM) g per batch. 

KEYWORDS: (Bi, Pb),Sr,Ca,Cu,O,, high-temperature superconductor, triethylamine, oxalate coprecipitation 
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japanese journal of Applied Preparation of YBa2Cu30y Superconducting Thin Films by 
Physics Radio-Frequency Plasma Flash Evaporation 
Vo1.30 No.6 June 1991 Wataru FUKAOAWA*, Kazunori KOMORI, Masao FUKUTOMI, Yoshiaki TANAKA, 

p.1216-1217 Toshihisa ASANO, Hiroshi  MAEDA and Naokichi HOSDKAWA' 
Narionnl R m r c h  Institule for Melols, Tsukubn Lnboroloricc. Tsukubn-shi, Ibnrnki 305 
'ANELVA CORPORATION, Fuchu-shi, Tokyo 183 

An attempt has b a n  made to deposit superconducting thin films using low-pressure plasma Rash evaporation. The rf 
plasmas used were susta~ned at 20-30 Ton by the 13 56 MHz rigeneralor operated at 10 kW. A dense and lustrous film 
was obtaned at the dews~tlon rate of about 10A/s The best film on (1OO)MBO showed a sharp rcstnlvc transmon vtth 
T. (p=O) as high as il K and the 3, of 1.3 x IO'A/cm2 at 77 K and zero fieid. 

KEYWORDS: YBa,Cu,O, superconducting thin film, high-temperature plasma, plasma flash evaporation, 
atomic oxygen 

Japanese Journal of Applied 
Physics 
Vo1.30 No.6 June 1991 
p.1235-1238 

Japanese Journal of Applied 
Physics 
Vo1.30 No.6A June 1991 
p.L991-L992 

Japanese Journal of Applied 
Physics 
Vo1.30 No.6A June 1991 
p.L100&L1002 

Reaction-Bonded Boron Nitride-Aluminum Nitride 
Ceramic Composites 

T a k a o  KANAI, Kei TANEMOTO and Hiroshi K u e o  

RdiD Laboralories-I, Nippon Steel Corpornlion. 1618 Ida, N~knham~Ku, Kawerdki 211 

Hexagonal boron nitride-aluminum nitride (h-BN-AIN. 75-25 wt%) ceramic composites are synthesized by reaction 
bonding. Metallic component-free, relatively dense composites are obtained by using h-BN and Al as starting materials 
and by optimizing sintering conditions. In comparison with reaction-bonded BN, higher bending strength, 98 MPa, and 
higher thermal conductivity, 66 W/(m.K), areattained for a Y,O,-added BN-AIN composite. A low thermal expansion 
coefficient of 2 . 6 ~  10-'/K is also achieved. 

KEYWORDS: hexagonal boron nitride, aluminum nitride, ceramic composite, reaction bonding, bending 
strength, thermal conductivity 

Fabrication of Thick Bil.~bo.sSr2Ca2C~30x Superconducting Tapes 
by an Extrusion Method Using Paraffin Wax 

Suguru  SUZUKI, Hiroki  KATO, Kenji IWASHITA, 

Minoru  TAKAHASHI a n d  Yasuo HIKICHI 

Ceramic Engineering Research Lnbomlory, 
Nagoya Inslitule of Technology, 186, Asahignokn, Tnjimi-shi 507 

Thick Bi, ,Pbo,Sr2Ca,Cu,0,supermnducting tapes, which can flow practically high critical currents, are obtained wn- 
tinuouslv bv the followinn process: (1) calcined Bi, .Pb.Sr,CaFu,O, particles. mixed with paraiiin wax, are atruded . . 
through a nozzle to align platelike particles unidirectionally; (2) the paraffin wax, used as a matrix for workability, alone 
is burned out. takinn care not to destroy the extruded configuration; (3) the burned out tapes arc pressed to realize the 
denser configitratio; and then (4) anhealed at 850DC for lDO h in air. 

KEYWORDS: superconductor, Bi, ,Pho,Sr,Ca,Cu,O,, critical current density, extrusion 

Effects of Annealing Conditions and Substrate Materials on the 
Superconducting Properties of Ba2YC~307-y Films Prepared by the 

Dipping-Pyrolysis Process at 750°C 

Takaaki  MANABE, Wakichi KONDO, Susumu MIZUTA 
and Toshiya KUMAGAI 

National Chemicnl Labornlory for Induslry, Tsukuba, I h m k i  305 

Superconducting Ba,YCu,O,-, (BYCO) films wen prepared on various substrates by the dipping-pyrolysis process. 
The effects of annealing parameters, environment and time were also investigated. The 2-rm-thick films of BaC0,- 
Y,O,-CuO mixture were heat-treated at 750°C under a low-oxygen partial pressure (p(02)=2x 10-'atrn) followed by 
annealing under higher-p(0,) atmospheres. The resulting films showed high superconducting transition temperatures: 
values of T,,*.,(s)'s were 89 K on SrTiO,(IDO), 86 K on LaAIO,(IW). 86 K on ptria-stabilileddrconia (YSZ), 83 K on 
MgO(lOO), and 76 K on sapphire. 

KEYWORDS: Ba,YCu,O,., superconductor. film, dipping-pyrolysis process, metal acatylacetonatas, oxygen 
partial pressure, low temperature, annealing, substrates, SrTiO,, YSZ 
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Japanese Journal of Applied 
Physics 
Vo1.30 No.6A June 1991 
p.Ll003-L1005 

Japanese Journal of Applied 
Physics 
Vo1.30 No.6B June 1991 
p.LlW6-L1098 

Japanese Journal of Applied 
Physics 
Vo1.30 No.6B June 1991 
p.Ll106-L1109 

Japanese Journal'of Applied 
Physics 
Vo1.30 No.6B June 1991 
p.Ll114-L1117 

Low-Temperature Deposition of Y-Ba-Cu-0 Superconducting 
Films by Thermal Chemical Vapor Deposition 

Hisanor i  YAMANE, Masaharu  HASEI~, Hideyuki KUROSAWA~ 

and Toshio HIRAI 

Institute for Materiais Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980 
'Riken Co., 810 Kumagaya, Kumagaya 360 

Y-Ba-Cu-0 superconducting films having a zero-resistance temperature of 84-85 K were prepared at 650°C on 
SrTiO,(lW) single-crystal substrates without postannealing by thermal chemical vapor deposition usingfidiketone metal 
chelates as sources and 0, with low partial pressure as a reactant gas. The films mainly consisted of YBa,Cu,O, with a- 
axis and c-axis orientations normal to the film planes. 

KEYWORDS: chemical vapor deposition. Y-Ba-Cu-0 superconducting film, low-temperature growth. 8- 
diketone metal chelates, 02, superconducting transition temperature, film surface structure 

Biaxial Alignment of High-T, Superconductor Polycrystals (111): 
Demonstration in a Bi-2212(Yb) Thick Film 

Bao-Shan ZHANG, Feng CHEN, Rafae l  HIDALGO, 
Sheng-Qi WANO, Xin-Yu ZHANG, J ian-Zhong ZHANG, 

Robert S. MARKIEWICZ, Bill C. GIESSEN and Yuan-Zang Lul 

DepartmenLs of Chemistry and Physics and Barnett Inrfitufe, 
Northeerrern Universily, Boslon, MA 02115, USA 

'Division of Applied Physics, Horvard Universily, Cambridge, MA 02138, USA 

To produce polycrystalline superconductor ceramics with potentially higher critical currents by eliminating grain 
boundary weak links caused by grain orientation misfit, we usea method combininggrain shape alignment and magnaic 
field alignment by orthogonal alignment forces. Continuing this work, we report here X-ray diffraction data 
demonstrating the first preparation of an - 80 pm thick Bi,Sr,C%,,Yb,,Cu,O,Blm having substantial biaxial grain align- 
ment; a very high degree of c-axis alignment is combined with >30% preferential (100) axis alignment within the a-b 
plane (relative to a random (100) axis distribution in that plane). While films with this composition are not good super- 
conductors, they demonstrate the feasibility of the method. 

KEYWORDS: Bi cuprate superconductors, Bi,Sr,Ca,Cu,O,lYbl. rare earth magnetic moment, magnetic field 
alignment, plate shape alignment, double alignment. X-ray diffraction study, grain boundary 
weak links, elimination of weak links 

Superconductivity in Hydrogen-Doped N d l . ) ~ C e ~ . l ~ C ~ O ~  

Kenkichi ro  KOBAYASHI, Yoshiharu  GOTO, Shigenori MATSUSHIMA 
a n d  Genj i  OKADA 

Facuhy of Engineering, Ehime University. Molsuyamo 590 

Hydrogenation of N~,,,CQ,,,CUO, has been carried out at a low temperature of 1 IO'C in I atm H,. The contents of 
hydrogen and oxygen of H-doped samples arc estimated by pulse H-NMR measurements and thermogravimelric 
analvsis. The 7. values of H-doped samples are independent of the hydrogen content, whereas the volume fraction of 
superconductivity is significantly decreased v ~ t h  the increasc an hydrogcn content These results arc explained by the 
local d~sappearance of superconductivity In the neighborhood or a doped hydrogen atom 

KEYWORDS: superconductor, hydrogen doping, Nd, IICeo,lCu04 

In Situ Preparation of Superconducting BizSrzCan-1Cu.0, (n = 1 - 5) 
Thin Films by Molecular Beam Epitaxy Technique 

Ich i ro  TSUKADA a n d  Kunimitsu UCHINOKURA 

Department of Applied Physics, The University of Tokyo, 
7-3-1 Hongo. Bunkyo-ku, Tokyo 113 

Supmconducting Bi,Sr,Ca.-,CunO, ("=I - 5 )  thin films have been prepared in siru by molecular beam epitaxy with 
highly wndensed ozone asoxidizing gas. All films including thermally metastable phases of n=4and 5  were obtained by 
sequential shutter control, and even then= I phase film showed superconductivity. The surface of the n=l  phase film 
was observed by reflection high-energy electron diffraction, and the modulated structure was clearly observed. 

KEYWORDS: superconductivity, Bi,Sr,Ca,., Cu,O,, ozone, metastable phase, molecular beam epitaxy, incom- 
mensurate modulated structure 
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Journal of The Physical Society Unconventional Superconductivity and Magnetism 

of Japan in a Heavy Fermion Material CeCu~Si2 
V01.60 No.5 May 1991 Masa-aki OZAKI* and Kazushige MACHIDA' 
p.1452-1455 

Department of Physics, Kyoto University, Kyoto 606 
'Department of Physics, Okayama University, Okayama 700 

By enumerating group-theoretically the antiferromagnetic (AF) states allowed 
under the known crystalline symmetry in a representative heavy Fermion supercon- 
ductor (SC), CeCu,Si,, the conditions are examined under which a double transition 
of either SC (T,) or AF (7,) stntes occurs. It is predicted that for almost all simple 
AF states a splitting of the transition temperature T, or 7, can be induced by a non- 
trivial coupling of the two order parameters. provided that the existing SC state 
belongs to a degenerate E, representation. 

[ CeCu,Si,, heavy Fermion superconductor, unconventional pairing state, antifer- 
romagnetism, double transition 

* Present address: Niihama National College of 

I 
Technology, Niihama 792. 
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