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   The papers published by this Laboratory cover the vast field of silicate chemistry 

including glass, enamel, refractory, porcelain, cement, roofing tile and ceramic 
furnace. 

   In the following they are tabulated according to their research items. 
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                       Porcelain and  Pottery: 
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                          Roofing Tile 
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                      (Bull.  :  Bull. Inst.  Chem. Res., Kyoto Univ.  ) 

   Out of the above-mentioned  problems studied under the  direction of Prof.  Sawai, 
some of the main results  will  be summarized below. 

           Determination of the Density Change of Glass 

                                  By  M. Mine 

   The flotation method of measuring small variations in. the density of glass 
was used successfully for the control of glass composition in tank-melting operations. 
Fundamental studies of this method were made to apply it to glass manufacturing 
in Japan. The density characteristics of glass melted in the pot-furnace of a 
factory  were investigated by this method. The results indicates that the method 
is, in some occasions,  available effectively even to small factories in this country. 

   It is well known that the density of glass is not only affected sensitively by 
variations in chemical composition,  but depends considerably on thermal history. 
To get exact knowledge on the general features of the compacting process of glass, 
the density change of glass of a definite composition subjected to heat treatments 
was determined. The method was found to be very useful to a successive density 
determination of  several samples, the density of which differs slightly each other. 

    1. Measurement of Density 

   The method of measuring glass density used was similar in principle to that 
of M. A. Knight (J. Amer. Ceram. Soc. 28, 297 (1945)). But in 1948, when the 
the research was started, appropriate organic heavy  liquids and special solvents 
such as used by Knight (1. c.), R. D. Duff (ibid., 30, 12 (1947)) and A. T. Coe 

(J. Soc. Glass Tech., Trans. 33, 199 (1949)) could not  be obtanied at all in this
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 country. Therefore, the water solution of  K.2I-T.g14 (Thoulet's solution, maximum 
density,  ca. 3. 2  g.  /cm.3) was used as  buoyant liquid. (The  complox salt was 

prepared in the laboratory with  pottasium iodide and corrosive  sublimate.)  As 
bromoform  has become obtainable after 1950, mixtures of it with  m.onobrorno-
benzene,  monochlorobenzene or dibutylphthalate were  used. The characteristics of 
these organic mixtures as buoyant liquid were compared and  checked with those 
of Thoulet's solution. In the range of density of  2.4-2.6  g./em.3, the temperature 
coefficients of density of Thoulet's solution and the mixtures of organic liquids 
were found to  be  11-12  x10-4 and  20-22  x  10'  (g./cm.3PC),  respectively. There 
was no noticeable difference between these liquids in accuracy of density measure-
ment. 

    2. Density Characteristics of Glass  Melted in the Pot-Furnace 

   The density characteristics of soda-lime glass of a relatively higher grade 
melted in the closed pot were investigated with the above-mentioned method. 
Measurements were made on a) changes in glass density with the lapse of time 
from the beginning of the fining period to the end of the working, b) difference 
in density due to difference in position from which the glass samples were taken 
out (the glass surface, center, bottom and  wall-side in the pot), and c) changes 
in glass density due to pot corrosion. 

   The densities of glass samples taken out of the  pot and annealed with a definite 
schedule were found to be nearly the same within the error of measurement (ca. 

 0.0002 g./cm.3), regardless of sampling periods from the reaching maximum melting 
temperature over  1400°C to the end of the working, or of the sampling position 
within the  pot. But variations in glass density over  0.01  g./cm3. were found to be 
almost unavoidable for each separate glass  batch, because of  rou.ghness of the 
operation of manual weighing and batch handling for each charge. 

   Daily variations in glass density were also observed over 2 months' period. 
From these results, it seems that the method of measuring density is effectively 
applicable for quality control, in some occasions, even to small plants, which are 
operated with pot-furnaces. 

    3. Density Characteristics of Rod Samples 

   The density of glass rod drawn and cooled in air decreases with the decreasing 
diameter, and the difference in density caused by that in diameter disappears by 
annealing. The difference in density between the rod-as-drawn of a definite 
diameter and the  sample annealed by a definite schedule is constant for glass of 
the same type, as shown in Fig. 1. The figures also indicate that the difference 
between densities of annealed- and rapidly cooled rod-samples increases nearly 
linearly with the decreasing diameter, as long as the latter lies in a narrow range, 
as disclosed by Duff (1. c.) with a certain flint and an amber glass. More exactly, 
however, the  gr'adients of the curves representing the diameter-density relations 
increase more and more rapidly with the decreasing diameter. These differences 
in density between the annealed- and unanealed rod- samples can  be explained, at 
least qualititatively, by the differences between the  coefficients of thermal expansion 
above  and below the transformation point, which are tabulated in Table 1.
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 Table 1. Thermal Expansion Characteristics of Glasses 

  

. •  
. ,   _- - _z : 

                                                Cubical Coefficient of Thermal                        Deformation ;Transformation  Expansion 
  Typeof Glass Point Point 

                    D. P.  (°C) T. P. (°C) Below T. P. Above T. P. 

1. Soda-Lime  Glass 610  I  530  j  2.7  x  10-5/°C  12.8x10-5/°C 
2. Borosilicate Glass 618 550 2.6  „ 15.3  „ 
3. Lead Glass 498 440 2.8  „ 9.0  „ 
4. Boric oxide Glass 298 250 5.0  ,, 45.5  , 

    4. Range of the Density Change Affected by Thermal History 

   The density of oil- and water-quenched samples of soda-lime glass was found 
to be smaller than that of rod-as-drawn, 4-5 mm. in thickness, by  0,2-0.3 (55 

 -  70  x  10-4  g .  /cm.3) and by 0.6 - 0.80/,  (150  -  200  x  10-4  g.  /cm.3), respectively. The 
density of such intensely quenched samples was increased by reheating at the 
temperature far below its annealing range. A water-quenched sample, for an 
example, proved the increase in density at the 3rd decimal place by heating for an 
hour at the temperature as low as 100°C. 

   The density of rod-as-drawn, 3-6 mm. in thickness, increases by  0.55--0.60/ 

 (135  -150  x  10-  ' g.  /cm.3), when treated at 450°C for about a month. Thus, the 
density of soda-lime glass of a definite composition varies readily at least in the 
range of over 1 ,/,  (0.02-0.03  g.  /cm.3) by difference in thermal history. Therefore, 
the change in density at the 4th decimal place, which is the degree of accuracy of 
the above-mentioned measuring method, can not  be discussed without knowing the 

precise thermal history of the samples. 

    5. Density Change of Glass Subjected  to Heat Treatments at Tempe-
       ratures in the Annealing Range 

   For the purpose of obtaining exact knowledge on the change in glass density 
affected by different thermal history, the density of a soda-lime glass of a definite 
composition was measured after being subjected to different heat treatments. The 
results  obtained are summarized as  follows  :
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   1) The density of rapidly cooled samples,  after- having been reheated for a 
 definite time at different temperatures and cooled in air, was found to show a 

maximum value, when heated at a certain definite  temperature. The maximum 
value in density,  D.  (g./cm.3) and the temperature  7',„ (°C), at which this 
maximum value occurs, vary with the holding time  t (minute) according to the 

 equations  :  1+  d.  Logio  t  (1) and  T„„--Ty„. 1—c.  Logio 1  (2), where 
 D..  1 is constant for glass of a definite composition, but varies with small variations 

in the chemical composition of the sample. The  temperature  Ty,.  i and the coeffi-
cients d and c are characteristic constants which are common to glass of this type, 
their values being 527°C, 0.0025 g./cm.3 (mean) and 18°C (mean), respectively. 
The efficient compacting temperature of glass for a definite time of  holding may 
be found by the equation (2). 

   2) For each value in density D  (g.  /cm.3) of glass, the rate of increase of D 
reaches the maximum at a certain temperature  T. The  temperature  Ty (°C) 
at which the condition,  d(dDldt)IdT-0, is satisfied, was found to decrease with 
time  t (minute) according to the  equation  :  Ty—Tv.  1—c.  Log10  t  (3), where  T. 
and c are constant for glass of  this type, having the values of 521°C and 18°C, 
respectively. Hence it may be said that the most efficient method of compacting 
glass is to lower  temperature with the schedule represented by the equation (3). 

   3) It was also found that the density  D• (g./cm.3) of the glass sample which 
has been cooled from 600° to 350°C at a constant rate r (°C/min.) ranging  0.007-
30°C/min., is expressed by the equation,  Dy—Dv.1—d.  Logior (4), where a constant 
density value  Dy.  1 corresponding to the cooling rate of  r  —1°C  min. varies with 
small variations in the chemical composition of the sample, but the  coefficient d 
0.0025 (g./cm.3) is constant for glass of this type and coincides with d in the 
equation (1) within the error of  measurement. The result seems important for the 

purpose of comparing the density variations due to small variations in glass 
composition and of explaining the nature of the transformation point of glass. 

        Studies on the Mechanism of  Adherence of Porcelain 

                   Enamels to Steel Surface 

                                 By M. Tashiro 

   The study of the mechanism of adherence of enamels to steel is essential with 
regard to the improvement of the mechanical strength of enameled steel wares. 
Hitherto, however, the  microstructure of the enamel-steel interface has been investi-

gated in most cases only by the microscopic observation of the cross-section of the 
 enameled steel. Therefore, the structure of the portion especially near the interface, 

that is, within a few micron of it, has remained almost indistinct, because of the 
technical difficulties of observation. 

   With a view to obtaining a more clear picture of the structure of the enamel-
steel interface, the author planned firstly to investigate the  physico-chemical changes, 
which occur near the enamel-steel interface in practical firing process, and then, to 
summarize from the results the interfacial structure of normal fired enameled  steel.
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    1. Consumption of Oxygen by Steel Surface during the Firing of Enamel 

   It is  well known that oxygen in the air is necessary for the firing of enamel. 
Oxygen diffuses through the enamel layer and reacts with the steel surface. The 
author measured succesively the volume of oxygen consumed by steel surface 
during the firing. The steel pieces applied with a ground coat by dipping were 

dried and put into a silica tube filled with oxygen at a pressure of 152±5 mm. Hg. 
and heated to 885°C. 
The composition of the frits used were as  follows; 

 Si02 Al203  CaO Na20 K20  Co304 B203 
       (No. 1) 54.61 5.36 5.06 15.13 5.02 —  19.82 (difference) 

       (No. 2) 53.82 5.25 5.14 15.25 4.57 0.47 15.51 (difference) 

The slip was prepared by adding clay 5 and ammonium carbonate 0.5 to  1.00 of the 
frit. The results indicates that the progress of the consumption of oxygen was 
divided into  three  stages  ; that is, 1) the oxidation of iron surface by oxygen, which 

passes freely through the  unnielted frit particles, 2) the interval when oxygen 
consumption is stopped, and 3) the oxidation of iron surface by oxygen which 

 diffuses through the melted frit. The velocity of the consumption of oxygen was 
the same for both specimens applied with enamel frits of No. 1 and No.  2  ; this 
means that the velocity of the diffusion of oxygen is not affected by the presence 
of cobalt oxide in the frit. 

    2. The Role of Ferrous Oxide during Firing 

   To make clear the cause of stoppage of oxygen consumption in the middle of 
firing, oxygen consumption was also measured with steel pieces, the  surface of 
which was covered with a artificial ferrous oxide layer of  4  -  -15 micron thick. 
The results indicates that the diffusion of oxygen through the molten enamel  layer 
did not occur as far as the ferrous oxide layer exists between the enamel and the 
steel surface, and the diffusion began after the ferrous oxide layer disappeared by 
dissolving into the molten enamel layer. From this fact the following conclusion 
was made for the progress of the actual firing; 1) the stoppage of oxygen con-
sumption is due to the existence of the primary ferrous oxide layer under the 
molten enamel layer formed during the first stage of the firing process, 2) after 
this ferrous oxide layer dissolves into molten  enamel; no formation of a new ferrous 
oxide layer occurs between the steel and the enamel, 3) after the primary ferrous 
oxide layer disappears, the velocity of oxygen consumption is determined by the 
dissolution velocity of the ferrous oxide layer into the molten enamel layer. 

     3. The Dissolution Velocity of the Ferrous Oxide in Molten Enamel 

    The dissolution velocity of ferrous oxide into the molten enamel was determined. 
A layer of ferrous oxide, 0.5 mm. thick, was formed on a steel piece; this piece 
was dipped into molten frit No. 1 at  885±10°C, and, from the decrease of the 
thickness of the ferrous oxide layer, the diffusion constant (D) of the ferrous oxide 
in the molten frit was obtained. The value of (D) was found to be  0.66x  10-' 

 cm.  /sec. The measurement was also made with frit No. 2, and it was found that 
the dissolution velocity was not affected by the pressence of the small amount of
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cobalt oxide. Using the above diffusion constant, the  quantity of the ferrous oxide 
dissolved during the firing was  calculated  ; it agreeded well with the quantity of 
formed ferrous oxide determined from the oxygen consumption described in section 1. 

    4. Effects of the Temperature and the Chemical Composition of 
      the Enamel Frit on the Dissolution Velocity of Ferrous Oxide 

   Enamel frit containing borax is believed to have a greater ability to dissolve 
ferrous oxide than borax free enamel. In orde to ascertain if this is true, the 
dissolution velocities of ferrous oxide in enamel No. 1 and in the borax free sodium 
silicate, which has the same viscosity, were determined. It was found that the 
velocities were the same for both enamels. This seems to indicate that the diffusion 
velocity is not affected by the chemical composition of enamel, if the viscosities 
of enamels are same. The temperature and viscosity of enamel were found to affect 
velocity strongly. Their relation can be expressed in the following  equation  ; 

 S(d1  Idt)— const.  17Q/B7' 

                                                                                         , where  Q  : 53  kg.-cal./mol. (diffusion activation energy of ferrous oxide),  S  : density 
of ferrous oxide, and  (dildt): diminishing velocity of the thickness of ferrous 
oxide layer, and                      

•  
S(d1  Idt)  const. 

where  'v : viscosity of enamel. 

    5. The Viscosity Gradient and Distribution of Ferrous Oxide in 
      the Molten Enamel Layer during the Firing 

   The  varions amount of ferrous oxide was added to enamel frit  No. 1 and the 
relation between the ferrous oxide content (C) and the viscosity  (7) of the enamel 
were measured. The relation at 900°C was expressed in the following  formula  ; 

 log  17 =  0.030C-1-3.5  . 
   By using this equation and the equation of diffusion of ferrous oxide in molten 

enamel, the distribution of ferrous oxide in the molten enamel layer during the 
firing was determined. The viscosity of enamel during the firing is lower at the 
steel surface than at the surface exposed to the air. It was concluded that wetting 
of the steel  -surface by enamel is greatly promoted by this decrease of viscosity at 
the steel surface. 

    6. Iron-Silicate Crystals Appearing at the iron-Enamel interface 

   At high temperature, enamel dissolves a considerable amount of ferrous oxide. 
Then, it is naturally expected that some crystals are separated out from enamel, 
when the enameled steel is withdrawn from the furnace.  Kautz found, under the 
reflected light, gray crystals formed at the steel-enamel interface of the over fired 
enameled steel, and assumed them to be ferrous  oxide. To  clarify the nature of 
the gray  crystals, the author prepared large crystals, which could  be easily decided 
by petrographic examination. A steel ring having an artificial ferrous oxide layer, 
about 0.15 mm. thick, on the inner part of the ring was filled  Tv ith enamel. Disk, 
0.1 mm thick, was cut from the ring, and polished. Clear photomicrographs of the
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iron-enamel interface at the inside wall of the ring showed the crystals about 100 
times as large as those found in marketed enameled steel wares. These crystals 
were gray in the reflected light, but yellowish brown and transparent in the 
transmitted light. Contrary to other theories  hiiterto proposed they are naturally 
not ferrous oxide, but seem to be iron silicate. The optical properties of this 

yellowish-brown  iron silicate were as  follows  ; n about 1.75 or above, strong 
birefringence,  +elongation,  zero extinction  angle, and no  pleochroism. For the 
formation of crystals,  SiO2  , Na20,  B2O3 and  .FeO are necessary, but  Al203  ,  CaO 
and  K2O are not required. Some of the crystals contained crystals of  fayalite and 
ferrous oxide in themselves especially near the steel surface. In this case, the 
structure of crystals were found to be very brittle and the enamel layer was liable 
to chip off from the base steel. 

    7. Distribution of Metallic Particles in the Enamel Phase 

   When a cross-section of  enameled steel is examined in the reflected light, a 
string of metallic particles can  be seen in the enamel phase of short distance from 
the iron base. These particles do not appear, when cobalt free enamel is used, 
and the appearence of  these particles is only one  characteriStic feature of the enamel, 
when cobalt oxide is used to increase its adherence. Hitherto, no explanation has 
been given why these metallic particles take such a peculiar distribution. By a 
special method described in section (6), the author obtained a specimen in which 
large metallic particles  appeared  ; the distribution of the particles was exactly same, 
but the size was more than about 100 times and, moreover, the distance between 
the particles and the steel surface was 10  --- 100 times of those observed in marketed 
enameled steel wares. By a microscopic study of the thin section of a specimen, 
using the transmitted light, it was found that (1) a string of  metalic particles 
observed in the reflected light is the cross-section of a network which consisted of 
entangled minute needlelike metallic crystals and (2) the crystallization of the minute 

 metalic crystals took place at the top of the diffusion of ferrous oxide in the molten 
 enamel phase. The needle like metallic crystals thus formed were then pushed up 

by the gas bubbles evolved from the steel base and gathered to form the network.


