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        The results of a series of the present authors' investigation on unidirectional solidification of the 
    melts with the compositions of Li20.2SiO2 and its neighbors are described. The conditions for ob-
    taining dense Li2O.2SiO2 polycrystalline ceramics with oriented microstructures, and some physical 

     properties, such as thermal expansion, sound propagation rate and compressive strength of the 
     resultant ceramics were investigated. 
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                            I. INTRODUCTION 

      Most of the conventional ceramics are composed of randomly distributed crystalline 

  phases and show isotropic physical properties. In the last decade special attention 
   has been focused on producing ceramics with oriented microstructure which show 

   anisotropic properties and have potential for unique structural or electrical applications. 
      Typical methods employed hitherto for producing such ceramics are; a) to press 

  plate-like crystalline powders uniaxially and then to sinter,1-6) b) to crystallize glasses 
  unidirectionally by special heat treatments,7-161 and c) to solidify melts unidirectional-

  ly.17-35) However, the first method a) is applicable only to the system for which 

  plate-like crystalline powders can be easily obtained as starting materials, and the 
  method b) is applicable only to limited compositions the melt of which could be super-

  cooled into a glassy state. The method c) has hitherto been used most frequently for 
   producing oxide ceramics with aligned composite microstructure, but was applied only 

   to the melts of the eutectic compositions. 
      The present authors have attempted to produce single phase-ceramics with oriented 

  microstructure by unidirectional solidification of the melts which solidify congruently. 
   In the present article, the results of a series of our investigation36-40) on unidirectional 

  solidification of the melts with compositions of Li2O.2SiO2 and its neighbors are 
  described. The Li2O.2SiO2 composition was chosen because it melts congruently 

  at fairly low temperature (e1034°C,41) see APPENDIX) and physical properties of 
  its melt and crystal are both known in detail. The main objectives of the present 

  investigation are to find out the conditions for producing dense Li2O.2SiO2 polycystal-
   line ceramics with oriented microstructure and to analyze the parameters controlling 

   * A'5,ry , FEN : Laboratory of Ceramic Chemistry, Institute for Chemical Research, 
     Kyoto University, Uji, Kyoto. 
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the resultant structures. Since the Li20.2Si02 melt is viscous even at high tempera-
tures, the results of this investigation may form a general guide to unidirectional solidi-
fication of viscous silicate melts. 

                    II. EXPERIMENTAL PROCEDURE 

1. Unidirectional Solidification 

   About 160 g of batch mixtures with the compositions of Li2O.2SiO2 and 100 

(Li2O.2SiO2)3RmOn in mole ratio, where RmOn is Na20, MgO, B203, Al203, Si02, 
or P205, were prepared from the reagent grade chemicals of Li2CO3, Na2CO3, MgO, 
B203, Al203, Si02, and P205. They were melted in a Pt10%Rh crucible at 1400°C 
for 6 h in a SiC electric furnace. The melts were poured into a clay crucible 45 mm in 
inner diameter, 55 mm in depth and 3 mm in thickness. In some cases, the inner 
surface of the bottom of the clay crucible had been previously covered with a platinum 
foil, sintered Li2O.2SiO2 ceramic plate about 2 mm thick or Li2O.2SiO2 glass-ceramic 
layer about 2 mm thick. The sintered Li2O.2SiO2 ceramic plate was prepared by 
sintering a compressed mass of Li2O.2SiO2 crystal powders at 900°C for 6 h. The 
Li2O.2SiO2 glass-ceramic layer was prepared by heating a Li2O.2SiO2 glassy layer 

previously formed on the inner surface of the bottom of the clay crucible to 900°C at a 
rate of 300°C/h and keeping it at that temperature for 3 h. 

   The clay crucible empty of the melt was first placed in a temperature gradient 
furnace schematically shown in Fig. 1. The temperature of its top was held at 1200°C 
with SiC heating elements. Its bottom was cooled by using a water-cooled copper 

jacket. When the melt was poured into the clay curcible, it solidified immediately up 
to the height of 10 mm from its bottom. Since many gas bubbles were formed in the 
remaining melt, the temperature at the top of the crucible was maintained at 1200°C 
further for 10 h to refine the melt. Its temperature was then lowered at a constant 
rate of 5, 10, 25, 50, or 100°C/h to solidify the melt upward unidirectionally. 
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           Fig. 1. Temperature gradient furnace used for unidirectional solidification 
                 of the Li2O.2SiO2 and 100(Li2O.2SiO2)3RmOn melts. 

                 a; Refractory. b; SiC heating element. C; Thermocouple. 
                 d; Clay crucible. e; Melt. f; Water-cooled copper jacket. 

( 356 )



 Li2O.2SiO2 Ceramics with Oriented Microstructures 

1200 1^q 

             c, 1000 

w 800- 

a600-               w a 
              w400- 

                   200- 

               0 20 40 60 8 10 12 14 16 18 20 22 
TIME (min.)TIME (hr.) 

          Fig. 2. Temperature changes at the top of the crucible (A), the upper surface 
                of the melt (B) and the inner surface of the bottom of the crucible (C) 

                 during solidification process in which the temperature at the top of the 
                 crucible was first maintained at 1200°C for 10 h and then lowered at 
                 a rate of 25°C/h. 

   The curve A in Fig. 2 shows the change in temperature of the top of the crucible 
with time, when its temperature was lowered at a rate of 25°C/h. The curves B and C 
in Fig. 2 are for those of the upper surface of the melt and the inner surface of the bottom 
of the crucible, respectively, in the same run. The temperatures of these two surfaces 
were measured by Pt-Pt13Rh thermocouples inserted through the crucible wall from 
the outside to the respective surfaces. Figure 2 indicates that the temperature differ-
ence, B—C, between the surface of the melt and the bottom of the crucible was main-
tained at about 220°C throughout the cooling process. The temperature gradient in the 
specimen was obtained by dividing the temperature difference (B—C) by the height of 
the specimen, 27 mm; i.e. the distance from the upper surface of the melt to the bottom 
of the crucible. Its value was about 80°C/cm. In the other runs, in which the other 
cooling rates were used, the temperature gradients in the specimens were found almost 
the same. 

   The solidification rate of the melts in the region 10 mm or more above the bottom 
of the crucible, obtained by dividing the thermal gradient by the cooling rates, were 
0.7, 1.3, 3.3, 6.7, and 13 mm/h for the cooling rates to 5, 10, 25, 50, and 100°C/h, 
respectively. 

2. Analysis of Microstructure 
2.1. X-Ray Diffraction 

   Rectangular pieces, approximately 5 X 5 X 3 mm, were cut out from the ingots at 
the distance of 17-20 mm from their bottoms, powdered and subjected to X-ray dif-
fraction analyses to identify the crystal phases precipitated and to determine contents 
of glassy phase in the specimens. The contents of the glassy phases were determined 
by Ohlberg's method42); i.e. the noncrystalline scattering intensities of the powdered 
specimens were compared with those of mechanical mixtures of Li20.2SiO2 glass and 
Li2O.2SiO2 crystal powders in various weight ratios at the diffraction angles of 20= 
19.6°, 22.5°, and 27.6°. The glass contents determined at these three angles for each 
specimen were averaged and used for discussion. 
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    Transverse sections of the ingots at the distance of 15 mm from their bottoms were 
subjected to X-ray diffraction analyses to determine degree of the preferred orientation 
of the Li2O.2SiO2 crystals. The degree of the orientation f (00 1) was expressed by 
the relation used by Lotgering43) : 

   .f(00l) = P—Po(1)                     P a 

  1,  (00 1)(2) ~I (hk 1) 

where 2I (000 and >I (hkl) are the sum of the intensities of the (000 reflections and that 
of all the (hkl) reflections in the range of the diffraction angle 20 from 20° to 50°, and 
P and Po are the values given by the Eq. (2) for the transverse section of the specimen 
and its powder (non-oriented specimen), respectively. For the specimen in which the 

<001> direction of the crystals is ideally oriented perpendicularly to its transverse 
section, f (001) =1, whereas for that with non-oriented structure, f (001) =0. 

2.2. Optical and Electron Microscopies 

   The ingots were transversely sectioned at various distances from their bottoms, 

polished and observed under a polarizing or metallurgical microscope to determine 
the diameter of the crystals and pore distribution. The mean diameters (D) of the 
Li2O.2SiO2 columnar crystals were determined from the number (N) of the crystals 
in the area (S) of 2 x 3 mm, in the transverse sections cut out from the ingots at the 
distance of 15 mm from their bottoms, by using the equation ir(D/2)2=S/N. 

   Some of the sections were etched with 1 %HF aqueous solution and observed with 
a scanning electron microscope (Hitachi-Akashi, Model MSM-11) to determine pore 
distribution in more detail. 

3. Measurement of Porosity 

   Cubic pieces, 10 x 10 x 10 mm, cut out from the ingots at the distance of 12-22 
mm from their bottoms, were subjected to measurements of their bulk densities using 
Archimedean technique. The true densities of the specimens were measured by a 

pycnometer method after they were powdered. The reagent grade chemical of toluene 
was used as the immersion liquid in the measurements. The true porosities of the 
specimens were determined from the bulk and true densities. 

4. Massspecroscopy 

   To investigate the origin of the bubbles formed during the solidification of the 
melts, the clay crucible containing the Li2O.2SiO2 melt was taken out from the furnace 
in the middle of the solidification, and one of the bubbles remaining in the melt was 
spooned up together with the surrounding melt with a platinum spatula and allowed 
to cool in air. A piece of glass containing the bubble was placed in a sample chamber 
of a quadrupole massspectrometer (Finnigan, Model RGA-400) and broken mechani-

cally into pieces to release the gas from the bubble inside of the massspectrometer. 

5. Infrared Spectroscopy 

   The Li20.2SiO2 melt, after refined for 10 h in the clay crucible, in the beginning 
of the unidirectional solidification process, was taken out from the furnace together 
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with the crucible and allowed to cool in air. A portion of the resulting glass adjacent 
to the previously crystallized part was sliced, polished to the thickness of 1.4 mm and 

subjected to infrared spectroscopy for determination of its H2O-content. 

   On the other hand, the Li2O.2SiO2 melt, after refined for 10 h and unidirectionally 
solidified at a rate of 1.3 mm/h, was remelted in a Ptl0%Rh crucible in a N2 atmosphere 
for a short time and poured onto a steel plate to be formed into a plate. The resulting 

glass, after polished to the thickness of 1.4 mm, was subjected to infrared spectroscopy. 

6. Measurement of Thermal Expansion 

    Rectangular pieces, 5 X 5 x 15 mm, with the long axis parallel or perpendicular to 
the bottom of the crucible were cut out from the ingots at the distance of 10-25 mm 
from their bottoms. Their thermal expansions along the long axes were measured with 
an automatic recording dilatometer (Shimazu, Model TMA-30) at a heating rate of 
5°C/min. 

    For reference, the thermal expansions of the Li2O.2SiO2 crystal, which was report-
ed of pseudo-orthorhombic system, along its crystallographic axes were determined by 
high temperature X-ray diffraction technique in the temperature range of 20-900°C. 
The specimen used was the powdered Li2O.2SiO2 crystals obtained by crystallization 
of the Li2O.2SiO2 glass powders. 

7. Measurement of Sound Velocity 

   Cubic pieces, 10 x 10 x 10 mm, were cut out from the ingots at the distance of 
15-25 mm from their bottoms. Propagation rates of a 12MHz longitudinal sound 
wave in the specimens were measured in the directions parallel and perpendicular to 
the bottoms of the ingots by pulse transmission method.45) 

8. Measurement of Compressive Strength 

   Cubic pieces, 7 x 7 X 7 mm, were cut out from the ingots at the distance of 15-25 
mm from their bottoms. The compressive strengths of the specimens were determined 
in the directions parallel and perpendicular to the bottoms of the ingots. The loading 
rate used was 7 Kg/s. Ten measurements were made on each of the ingots. 

                      III. RESULTS AND DISCUSSION 

   All the melts were transformed, by the unidirectional solidification, into the white 

dense ingots composed of many columnar crystals, as shown in Fig. 3. The X-ray 
diffraction analyses indicated that for all the ingots the main crystalline phase was the 
Li2O.2SiO2 crystal and a small amount of glassy phase was in coexistence. In the 
100(Li2O.2SiO2)3RmOn ingots, the other kinds of crystalline phases were also detected 
although in a small amount. The crystalline phases detected and the content of the 

glassy phase estimated are listed in Table I. 

1. Orientation of the Crystals 

   When the Li2O.2SiO2 melt was unidirectionally solidified in the as-prepared clay 
crucible, which has a fresh bottom surface, at a rate of 3.3 mm/h, the Li2O.2SiO2 
crystals nucleated only from a few points on the bottom surface of the crucible and grew 
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              Fig. 3. A longitudinal section of the Li20.2Si02 ingot solidified 
                       at a rate of 3.3 mm/h. 

          Table I. Composition, Solidification Condition and Microstructure of Ingots 

                              Solidification Crystal Diameter ofGlass True  Specimen Composition (in mole)
rate (mm/h) phase*L crystal (om)content porosity 

                                     L2S-1 Li2O.2SiO213 L340 311.3 
 L2S-2 Li2O.2SiO26.7 L420 310.2 
 L2S-3 Li2O.2SiO23.3 L460 35.5 
 L2S-4 Li2O.2SiO21.3 L540 23.4 
 L2S-5 Li2O.2SiO20.7 L580 23.0 
 L2S-B Li2O.2Si02+0.03B2031. 3 L, Q, C 170 51. 7 

 L2S-Na Li20.2Si02+0.03Na20I. 3 L, Q 240 71. 1 
 L2S-Mg Li2O.2SiO2H-0.03MgO1. 3 L, C, Q, F 210 33. 2 
 L2S-Al Li2O.2SiO2+0.03Al2O3 1. 3 L, S, C 220 1>9. 1 
 L2S-Si Li2O.2Si02-f-0.03Si02 I. 3 L, C 410 42.7 

 L2S-P Li2O.2SiO2+0.03P2O51. 3 L, C, Q, P 310 1>7.6 

 * L, Li20.2SiO2 crystal; Q, a-Quartz; C, a-Cristobalite; F, Forsterite; S, /3-Spodumene; P, Li3PO4 
   crystal. 

radially. However, when the same melt was solidified in the clay crucibles, the bot-
toms of which had been previously covered with the platinum foil, the sintered Li2O. 
2SiO2 ceramic plate or the Li2O.2SiO2 glass-ceramic layer, the Li2O.2SiO2 crystals 
nucleated from numerous points on the surface of these materials and grew upwards 
and almost in parallel with each other. The most highly oriented columnar structure 
was obtained when the crucible, the bottom of which had been covered with the Li2O. 
2SiO2 glass-ceramic layer, was used. 

    The X-ray diffraction patterns of the transverse sections of these ingots are shown 
in Fig. 4, in which that of the powdered Li2O.2SiO2 crystals is also shown for compari-
son. Factors of the orientation degree of the Li2O.2SiO2 crystals, f (00l) obtained 
from these X-ray patterns are shown in Table II. It can be seen from Fig. 4 and 
Table II that the ingot solidified in the as-prepared clay crucible shows no crystallo-

graphic orientation, whereas the ingots solidified in the other clay crucibles, the bottom 
surfaces of which were covered with various materials as described above, show high 
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  Fig. 4. The X-ray diffraction patterns taken of the transverse sections of the 
Li20.2SiO2 ingots solidified in various clay crucibles the bottom sur-

        face of which had been fresh (a), or covered with a platinum foil (b), 
         a sintered Li2O.2SiO2 ceramic plate (c) or a Li20.2Si02 glass-ceramic 

         layer (d). The pattern (e) is that of powdered Li20.2Si02 crystals. 

 Table II. Degree of Orientation f (00l) of the Li2O.2SiO2 Crystals Solidified 
          in Various Clay Crucibles 

   Bottom of cruciblef (001) 

Covered with nothing0. 00 

Covered with a platinum foil0.43 
Covered with a sintered Li20.2SiO2 ceramic plate0. 61 

Covered with a Li20.2Si02 glass-ceramic layerI. 00 
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degrees of orientation. The <001> direction of the oriented  Li20.2Si02 crystals in 
the ingots was in parallel with the elongation direction of the columnar crystals. The 
degree of their orientation depended on the kind of materials applied on the bottom 
surface of the crucible: The sintered Li2O.2SiO2 ceramics plate gave a fairly high 
degree of orientation to the precipitated crystals, 0.61, although the degree of orien-
tation of the ceramics plate itself was extraordinarily low, i.e. —0.09. The Li2O.2SiO2 

glass-ceramic layer with the high degree of orientation, 0.88, gave almost perfect orien-
tation to the precipitated crystals. 

   The fact that the ingot with a fairly high degree of orientation could be obtained 

even when the orientation degree of the seed crystal layer was extraordinarily low 
indicates that the high crystallographic orientation of the seed crystal layer is not a 

prerequisite for obtaining the ingots with highly oriented microstructure. Its cause 
may be interpreted as follows: When the nuclei are densely formed, crystals originating 
from the nuclei soon mutually impinge and only the crystals whose elongation direction 
are perpendicular to the bottom of the crucible survive, giving highly oriented columnar 
microstructure. 

   The melts with other compositions (Table I) also gave ingots with almost perfectly 
oriented microstructure, when the Li2O.2SiO2 glass-ceramic layer was used as the 
seed crystal layer. The following results are all concerned with the ingots the micro-
structures of which were highly oriented by using the glass-ceramic layer as the seeds. 

2. Diameter of the Crystals 

   An optical micrograph of a transverse section of the Li2O.2SiO2 ingot solidified 
at a rate of 1.3 mm/h is shown in Fig. 5. The cross-section of the Li2O.2SiO2 columnar 
crystals in all the ingots was generally angular. For calculation of their diameter, 
however, it was assumed to be circular. The mean diameters of the Li20.2Si02 
columnar crystals in the Li2O.2SiO2 ingots solidified at various rates and in the 
100(Li2O.2Si02)3RmOn ingots solidified all at a rate of 1.3 mm/h are shown in Table I. 

   The mean diameters of the columnar crystals ranged from 170 to 580 tim, which 
were much larger than that (about 10 pm) of the Li2O.2SiO2 crystals in the seed crystal 

(glass-ceramic) layer. Table I indicates that the mean diameter of the columnar 

"
;400pm 

           Fig. 5. Optical micrograph of a transverse section of the Li20.2Si02 ingot 
                  solidified at a rate of 1.3 mm/h. 
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           Fig. 6. Mean diameter of the Li20.2Si02 columnar crystals in the ingots as 

                  a function of their solidification rates. 

crystals decreases with increasing solidification rate and also by addition of the third 
components. Relation between the mean diameter (D) of the columnar crystals in 
the Li2O.2SiO2 ingots and their solidification rate (R) is shown in Fig. 6. It is repre-
sented by the equation DoeR-1/6. 

3. Porosity of the Ingot 

   True porosities of the Li2O.2SiO2 and 100(Li2O.2SiO2)3RmOn ingots are shown 
in Table I. They ranged from 1.1 to 11.3%. Table I indicates that the porosity of 
the Li2O.2SiO2 ingots decreases markedly with decreasing solidification rate down to 
about 4%, but below this value its decrease becomes more sluggish and finally stops. 

   In the Li2O.2SiO2 ingots solidified at rates higher than 3.3 mm/h a number of cy-
lindrical pores, as shown in Fig. 7(a), were observed indiscriminately, while in those 
solidified at rates lower than 1.3 mm/h no cylindrical pores were observed, but a few 
microcracks at crystal boundaries, as shown in Fig. 7(b). These results suggest that 
the porosities higher than about 5% of the ingots solidified at rates higher than 3.3 mm/h 
are attributed to the existence of the cylindrical pores while those lower than about 4% 
of the ingots solidified at rates lower than 1.3 mm/h are attributed to the existence of 
the microcracks. 
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     A,B 
          Fig. 7. Micrographs of transverse sections of the Li20.2SiO2 ingots solidified 

                 at rates of 3.3 mm/h (A; optical) and 1.3 mm/h (B; SEM), respectively. 
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   Table I also indicates that the porosity of the  Li2O.2SiO2 ingots is markedly 
increased by the addition of the Al203 or P205 while that is markedly decreased by 
the addition of the Na20 or B203. In the 100(Li2O.2SiO2)3Al203(or P205) ingots, 
having the porosity higher than 7% ,many cylindrical pores were observed, while in 
the 100(Li2O.2SiO2)3Na2O(or B203), having the porosity lower than 2%, no cylindri-
cal pores but only few microcracks were observed. 

4. Origin of the Cylindrical Pores 

   The infrared spectra of two kinds of the Li2O.2SiO2 glasses, one prepared by 
refining its melt in the clay crucible and allowing to cool in air, and another prepared 
by subjecting the above melt to unidirectional solidification and then remelting for a 

short time and pouring onto steel plate, are shown in Fig. 8. Their infrared absorptions 
at the wavelengths of 2.9, 3.5 and 4.2 ,um are all attributed to the H2O dissolved in the 

glasses.46) The contents of the H2O estimated from the intensities of the spectra by 
using the values of the extinction coefficients reported for the Li2O.4SiO2 glass by 

Scholze47) were 0.025 and 0.003 mo1/1 for the respective glasses above described. This 
result suggests that the solubility of the H2O in the initial melt (or glass) is lowered 

drastically by its solidification. This suggests further that the H2O initially contained 
in the Li2O.2SiO2 melt will be expelled and accumulate in the melt adjacent to the 
ascending crystal surface in the process of its unidirectional solidification, as schematical-

ly shown in Fig. 9. 
   The H2O concentration Cu, in the melt at the distance of x from the crystal surface 

at the time t after the beginning of solidification is represented by: 

          a2CyxaCyx aC9x        D—a
x2+Rax—at                                          (3) 

where D is the diffusion coefficient of the H2O in the melt and R is the solidification rate. 
Assuming that the H2O solubility in the crystal is negligibly small, at x=0 for all t: 

WAVELENGTH, pm 
                  2.5 3.04.0 5.0 

                             100 

                               80 -
                                               b 

60 
a 

40 

20 -

                                             0 - 
               400030002000 

                                             WAVE NUMBER, cm-1 
          Fig. 8. Infrared spectra of the Li20.2SiO2 glasses prepared from a melt 

                 before solidification (a) and from that remelted after solidification (b). 
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                    Fig. 9. Schematic representation of gas distribution in a solidifying melt. 

        RCgo+D(3xgxc")x.0=0(4) 
       where C90 is the H2O concentration at the crystal surface. At x=oo for all t: 

Cgo=Co(5) 

       where Co is the initial H2O concentration in the melt. At t=0 for all x: 

Cgx=Co(6) 

       Under the boundary conditions (4) to (6), Eq. (3) can be solved: 

Cgx =1 erfc[—x+Rt1 1 ex r Rxlerfcr x-Rt  1 
              Co2L24/7tJ m 2PL D JL 2+J5t J 

                   

f R7TDtexp[—RDx]exp[(x4Dtt)2J D(x—Rt)exp 

           [—D]•erfc[--------2iIDtt](7) 
        At x=0: 

Cg0=erfc[—R+~t ]4D+R+ltexp[—R2t]~R2D2terfc[R~t ](8) 
Co2 VD~I~rD2VD 

      When R\I t /2+1D>> 1: 

     Cgo=Co(Dt12)(9) 
          Equation (9) indicates that the H2O concentration in the melt adjacent to the 

       crystal surface increases in proportion to the time elapsed and the square of the solidifi-
       cation rate, and in inverse proportion to the diffusion coefficient of the H2O in the melt. 

       In such a viscous melt as the Li2O.2SiO2 melt, where D is low, the H2O will be accumu-
       lated very rapidly at the crystal-melt interface, especially in the case when the solidi-

        fication rate is high, and, when the H2O concentration exceeds its critical supersaturated 
       value, the H2O bubbles will be formed in the melt near the ascending crystal surface. 

           Actually many bubbles were observed in the Li2O.2SiO2 melt taken out of the 
       furnace in the middle of the solidification progressing at a rate of 13 mm/h. The 

        massspectroscopic analysis of these bubbles showed that they were mainly composed 
       of H2O as shown in Fig. 10. 
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           Fig. 10. Massspectroscopic analysis of the gas in a bubble caught by the 
LisO.2SiOs glass: Massspectra of the gases in the massspectrometer 

                  before (I=I) and after (®) a piece of glass was broken. 

    The bubbles thus formed in the melt during the solidification will rise to the surface 
at the rate (V) given by:48) 

V=(1/12)d2gp/")(10) 

where d, g, p and 77 are the diameter of the bubble, acceleration of gravity, and the 
 density and viscosity of the melt. According to Eq. (10) the rising rate of the bubble 

decreases with decreasing diameter of the bubble. When the rising rate of the bubble 

is lower than the solidification rate of the melt, the bubble will be captured by the 

 growing crystals and form a cylindrical pore in the ingot. The maximum diameter 
 (dmax) of the bubble captured by the ingot solidifying at a given rate (R) is given by: 

d max = u1 12i]R/gp(11) 

    For the Li2O.2SiO2 melt at the melting temperature, 1034°C, 77 and p are 350 

poise and 2.17 g/cm3,49) respectively. Then the Eq. (11) is represented by the solid 
line shown in Fig. 11. The maximum diameters of the cylindrical pores determined 
experimentally on the transverse sections of the Li2O.2SiO2 ingots solidified at rates 
of 3.3, 6.7, and 13 mm/h respectively are given by open circles in Fig. 1 I . The circles 
fall on the solid line representing Eq. (11) . 

    No cylindrical pores were observed in the ingots solidified at rates lower than a 
limit. This suggests that in such ingots the H2O concentration did not reached the 

 critical supersaturated value at which the H2O gas bubbles start to nucleate. These 
results emphasize the importance of lowering the solidification rate below a certain 
value for obtaining the cylindrical pore-free ingots especially from such viscous melts 
as the Li2O.2SiO2 melt. 

    In the ingots solidified at a rate of 3.3 mm/h, the cylindrical pores were observed 
only in the region more than 2 mm apart from the line where the melt started to solidify 
after refined. This means that the bubbles formed 40 min after the solidification 
started. Diffusion coefficient of the H2O in the Li20.2Si02 melt at its melting point, 

 1034°C, is estimeted to be 1.6 X 10-6 cm2/s from those for the Li20-Si02 melts reported 
by Scholze et al.50) Inserting these values into the Eq. (9), one obtains the critical 
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2SiO2 ingots upon their solidification rates. Solid line; Eq. (11). 
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supersaturated concentration (Co) of the H2O in the melt at its melting point, i.e. the 
H2O concentration in the melt at which the H2O gas bubbles start to form: 

C0=15Co(12) 

The initial concentration (Co) of the H2O in the melt is considered to be the saturated 
concentration, because the melt had been refined long before the solidification started. 
Equation (12) indicates that the critical supersaturated concentration is 15 times of 
the saturated concentration. 

5. Origin of the Microcracks 

   The thermal expansion coefficients of the Li2O.2SiO2 single crystals, determined 

by the X-ray diffraction method, were 198, 90, and 142 x 10-7/°C, in the directions of 
their a-, b-, and c-axes, respectively. As described previously, the constituent Li2O• 
2SiO2 crystals in all of the ingots were aligned with their c-axis parallel to the solidifi-
cation direction of the ingots. Their a- and b-axes, however, were randomly distributed 
on planes perpendicular to the solidification direction of the ingots. Since there is 
much difference of thermal expansion coefficient between the a- and b-axes of the Li20 
2SiO2 crystals, the large thermal stresses must have been induced in the ingots when 
the ingots were cooled from their solidification temperature to room temperature. 
The micro-cracks observed at the crystal boundaries in the ingots, which were consi-
dered in the previous section to be the main source of the porosities lower than about 
4%, were probably formed by such thermal stresses. 

   As shown in Table I, a fairly large amount of glassy phase is present in some of 
the 100(Li2O.2SiO2)3RmOn ingots, especially in the ingots with addition of the Na2O 
or B2O3. If the glassy phase exists at the boundaries of the columnar Li2O.2SiO2 
crystals the thermal stresses induced in the ingots by the large difference in thermal 
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expansion coefficient between the a- and b- axes of the constituent Li2O.2SiO2 crystals 
will be relieved by the viscous flow of the glassy phase and the formation of the micro-
cracks will be suppressed. The relation between the porosities of the ingots containing 
no cylindrical pores and their glass content, which was derived from the data in Table I, 

is shown in Fig. 12, which shows that the porosity decreases with increasing the amount 
of the glassy phase in the ingots. This fact supports the assumption described above; 
i.e. the thermal stresses induced in the ingots will be relieved more easily by the viscous 
flow of the glassy phase as the amount of the glassy phase increases. It should be noted 
that the addition of a small amount of third components such as Na20 and B203, which 
will form the glassy phase at the boundaries of the unidirectionally oriented columnar 
Li2O.2SiO2 crystals, is effective in suppressing the formation of the microcracks. 

   The fact that the glassy phase is present at the boundaries of the unidirectionally 

aligned Li2O.2SiO2 columnar crystals was verified, for example, the special shape of 
the thermal expansion curve, obtained in the direction perpendicular to the solidifi-
cation direction of the 100(Li2O.2SiO2)3B203 ingot containing 5 wt% of glassy phase, 
as shown in Fig. 13; i.e. its curve had two bends similar to those as observed for glassy 
substances at their transition and softening temperatures, suggesting that the glassy 

phase existed in series with the crystal phase in the ingot. The thermal expansion 
curve of the same specimen in the direction parallel to its solidification direction, 
however, was almost linear up to 900°C. 

6. Thermal Expansion of the Ingot 

   The thermal expansion curves obtained with the dilatometer of the Li2O.2SiO2, 

100(Li2O.2SiO2)3Na2O and 100(Li2O.2SiO2)•3Al2O3 ingots, all solidified at a rate 
of 1.3 mm/h, are shown in Fig. 14. For comparison, the thermal expansion curves of 
the Li2O.2SiO2 single crystal, obtained by X-ray diffraction technique, are also shown 
in Fig. 14. The expansions of all of the ingots in the direction parallel to their solidifi-
cation directions were linear up to 900°C as shown in Fig. 14(A), and their expansion 
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              Fig. 13. Thermal expansions of the 100(Li20.2Si02)3B203 ingot in the direc-
                      tions parallel (a) and perpendicular (b) to its solidification direction. 

    coefficients were almost identical to that of the c-axis of the Li2O.2SiO2 single crystal, 
i.e.N140 x 10-7/°C, irrespective of their solidification rates and compositions. 

        The expansions of the ingots in the direction perpendicular to their solidification 
     directions, however, depended on their solidification rates and compositions as shown 

    in Fig. 14(B); i.e. the thermal expansion coefficients in the temperature range 300 to 
700°C varied wide from 100 to 145 X 10-7/°C and the thermal expansions of some ingots 

    showed a sharp bend at 700°C to 800°. The dependence of the thermal expansion on 
    the solidification rates and compositions of the ingots can be explained in terms of the 

    presence of the glassy phase and crystalline phases other than the Li2O.2SiO2 crystal, 
    the kind and the amount of which are strongly affected by the solidification rates and 

    compositions of the ingots, at the boundaries of the columnar Li2O.2SiO2 crystals. 

    7. Sound Velocity in the Ingot 

        The propagation rates of the 12 MHz longitudinal sound wave in the ingots given 

    in Table I were generally high and almost constant, 7.10-7.30 Km/s, in the direction 

    parallel to the solidification directions of the ingots, whereas in the direction perpendi-
    cular to their solidification directions they were generally low and varied markedly 

    from 1.20 to 6.20 Km/s depending on their solidification rates and compositions. The 

    plots of the propagation rates in the ingots against their porosities (Fig. 15) indicated 
    that the propagation rates are independent of the porosities in the direction parallel 

    to the solidification directions of the ingots, whereas they, in the direction perpendicular 
    to their solidification directions, decrease markedly with increasing porosity. 
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   These results can be explained in terms of the presence of the openings such as the 

cylindrical pores or microcracks at the boundaries between the columnar Li2O.2SiO2 
crystals oriented with their c-axes parallel to the solidification directions of the ingots. 

8. Compressive Strength of the Ingot 

   The compressive strengths of the ingots were generally high and almost constant, 

2300 to 2700 Kg/cm2, in the direction parallel to their solidification directions, except 
for those of a few ingots having porosities higher than about 7%. On the other hand, 
the compressive strengths of the ingots (S) in the direction perpendicular to their solidifi- 
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         Fig. 16. Compressive strengths of the ingots in the direction perpendicular to 
                  their solidification directions as a function of their porosities. 
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cation directions were generally low and decreased markedly from 1170 to 120 Kg/cm2 
with increasing porosity (p), as shown in Fig. 16. The relation between S and p was 
expressed by; 

Socexp(-25p)(13) 

   These results can be explained on the basis of the assumption of Knudsen51) that 
the change in strength which accompanies a change in specimen porosity is attributable 
to an associate change in the size of the critical loadbearing area within the specimen. 
For the ingots with the microstructure described in the preceding section, the critical 
area bearing loads in the direction parallel to the solidification direction of the ingots 
is probably proportional to (1-p), where p is the porosity of the ingots, and, therefore, 
the compressive strength of the ingots will be proportional to (1—p). For the small 
values ofp, the change in compressive strength with porosity will be negligibly small as 
verified experimentally. 

   Estimation of the critical area (A) bearing loads in the direction perpendicular to 
the solidification directions of the ingots is somewhat complex, but it can be expressed 
by; 

Aocexp(-27p)(14) 

This relation applies within the range ofp=0 to 7%. The theoretical method of deri-
vation of this relation was reported in detail elsewhere40); in principle, it is based on the 
assumption that the columnar crystals with the same diameter are aligned in closest 

packing and their contact is represented simply as flat junction between the columnar 
crystals partially planed with their surfaces. According to the relation (14), the critical 
area in the ingots bearing the loads perpendicular to their solidification directions will 

change markedly with their porosities, and, consequently, the compressive strength of 
the ingots in the direction perpendicular to their solidification directions will also change 
markedly with their porosities, as found experimentally. 

                          IV. SUMMARY 

   The melts with the compositions of Li2O.2SiO2 and 100(Li2O.2SiO2)3RmOn, 
where RmOn is Na2O, MgO, B2O3, Al2O3, SiO2 or P2O5, were unidirectionally solidi-
fied in clay crucibles at various rates ranging from 0.7 to 13 mm/h under a constant 
temperature gradient of 80°C/cm. The relations between the microstructures of the 
ingots and their solidification conditions as well as those between their physical pro-

perties and microstructures were investigated. The results are summarized as follows. 
1. All the ingots were composed of primarily Li2O.2SiO2 columnar crystals and a 
small amount of glassy phase. Some other minor crystalline phases were existent in 
the 100(Li2O.2SiO2)3RmOn ingots. 

2. The Li2O.2SiO2 columnar crystals did not show preferred orientation in the ingots 
when the melts were solidified in an as-prepared clay crucible with a fresh bottom 
surface, whereas they were well aligned with their c-axes parallel to the solidification 
direction of the ingots when the melts were solidified in the clay crucible, the bottom 
of which was covered with a Li2O.2SiO2 glass-ceramic layer. 
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3. The mean diameter of the Li20.2Si02 columnar crystals (D) in the Li20.2SiO2 
ingots decreased from 580 to 340 ,um with increasing solidification rate (R) according 
to the relation, DocR-1/6. It also decreased markedly with addition of the third com-

ponents such as MgO and Al203. 
4. Many cylindrical pores were found in the Li20.2Si02 ingots solidified at rates 
higher than 3.3 mm/h and also in the 100(Li20.2Si02)3Al203(or P205) ingots solidi-
fied even at a rate of 1.3 mm/h. The porosities of their ingots exceeded 5%. No 
cylindrical pores were found in all of the other ingots solidified at a rate of 1.3 mm/h, 

but microcracks were found at the boundaries of the columnar Li20.2Si02 crystals. 
Their porosities ranged from 1.1 to 3.4%. 

5. The cylindrical pores were probably formed during the solidification of the melts 
by the process in which the H2O originally dissolved in the melts first accumulated at 
the crystal-melt interface, then formed bubbles in the melts and was finally caught by 
the growing crystals. Change in the H2O concentration distribution in the melt with 
time during its solidification, the critical supersaturated concentration of the H2O in 
the melt at which the H2O gas bubbles start to form, and the rising rate of the bubbles 
in the melt were estimated quantitatively. 

6. The microcracks were probably formed by the thermal stresses, which were induced 

by a large difference in the thermal expansions between a- and b-axes of the unidirec-
tionally oriented columnar Li20.2Si02 crystals, during cooling of the ingots from their 
solidification temperature to room temperature. The porosities of the ingots due to 
the existence of the microcracks, which were in the range below about 4%, decreased 
with increasing glass content of the ingots. The glassy phase probably suppressed the 
formation of the microcracks by its viscous flow. The addition of the Na20 or B203 
was effective in increasing the amount of the glassy phase in the ingots. 
7. The thermal expansion coefficient, propagation rate of sound wave and compressive 
strength of the ingots, all in the direction parallel to the solidification direction of the 
ingots, were almost independent of the solidification rates and compositions of the ingots, 
whereas they, in the direction perpendicular to the solidification direction, varied 
markedly depending on the solidification rates and the compositions. These aniso-
tropic properties of the ingots were explained in terms of the presence of the openings 
such as the cylindrical pores or microcracks and also of a small amount of the glassy 

phase and crystalline phases other than the Li20.2Si02 crystal all at the boundaries 
between the columnar Li20.2Si02 crystals well oriented with their c-axes parallel to 
the solidification direction of the ingots. 

                             APPENDIX 

Kracek41) reported in his paper on the phase equilibrium in the system Li2O-Si02, 
that "the disilicate disappears at 1033°, leaving very rare Li2SiO3 and liquid. The 
Li2SiO3 disappears from this preparation just below 1035°. The order of uncertainty 
in these determinations is very near the limit of experimental precision; the most 

probable interpretation is that Li2Si2O5 just misses having a stable melting point". 
    According to his experimental results, one has to conclude theoretically that Li20• 

2Si02 melts incongruently. 
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       Practically, however, Li2O.2SiO2 can be treated as the congruent melting composi-

   tion, especially in the process of solidification of the Li2O.2SiO2 melt, since the range 

    of its incongruently melting temperature is only 1035°—I 033°C =2°C, as Kracek report-

    ed. The present authors confirmed that no Li2O•SiO2 crystal precipitated in the melt 

   in the process of solidification of the Li2O.2SiO2 melt; the Li2O.2SiO2 crystal precipi-

   tated directly from the melt. 
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