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ABSTRACT

The crystallization behaviour of a zinc raw glaze was
investigated. In addition to the expected willemite crys-
tals, a new crystal, ZnpTiO30g was identified. This was
a gold coloured angular crystal on a blue background of
cobalt. It develops on cooling at about 1100°C. This is
the first time this crystal is reported in a glaze.

in an attempt 1o make experimental results clearer

kinetic reaction, nucleation and crystallization theories
and glazing procedures are reviewed in this paper.
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INTRODUCTION

The purpose of this research is to explore the pos-
sibility of developing a zinc crystalline glaze from non-
fritted ceramic materials.

Numerous scientific investigations have been made
inlo crystalline glazes the results of which have been
recorded in the literature, [1-7]. However, most of these
investigations were made on fritted crystalline glazes ot
commercial possibilities.

The research also has as its aim developing a useful
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raw crystalline glaze of commercial possibilities for use by
the small traditional ceramic operations as well as the
large industrial manufacturers; a glaze that matures with
the body in a single fire, does not flow off the ware, does
not craze, and produces crystals of a pleasing habit that
are consistently producible within limits both as to size
and number. y

REVIEW OF NUCLEATION AND
CRYSTALLIZATION THEORY

From time immemorial potters have been producing
visible crystals in the glassy matrix of glazes. The first
appearances of these crystals were, doubtless, acciden-
tal hence there was no control over the crystal formation
nor growth of these crystals.

This art of crystal formation later in the years past
became a scientific investigation. Many investigations
had been made over the years before 1940, and there
were successes lo enhance aesthetic qualities not only of
studio pottery but also industrially produced whilewares.

Since the writer is dealing with complex mixtures of
oxides, he has chosen to relate reaction in the mixiures
to chemical reaction theories to help make the behaviour
of the conslituents of the glaze or experimental resulls
clearer.

The study of base silicate melts belongs to the field
of chemical kinetics which helps in understanding reac-
tion rate phenomena. Chemical kinetics have been inter-
preted in terms of collision theory [8]. This theory makes
basic assumption that in any chemical reaction, ions,
molecules or atoms must collide. The collision theory,
therefore, accounts for four basic factors which influence
reaction rates [8] :

1 Concentration of reactions, because the number of
collision increases as concentration increases.

2. Temperature, which when increased makes
molecules move faster, collide more violently to -
promote reaction.

3. The nature of reactants; because energy of
activation differs from one reaction to another.

4. Catalysts, the presence of which rate of reaction
depends.

All the above factors in one way or the other assisl
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in the choice of materials, working out the molecular
proportions of these materials and temperature treatment
to be given the overall compositions to achieve a desired
result.

One other theory which must not be overlooked in
the experimentation is the absolute-reaction-rate theory
for which the collision theory of chemical kinetics is ac-
tually the basis. This calculates the potential energy
change in a system as molecules come together to form
activated complex. The rate theory explains the reaction
pathof each step such as individual atom jump in diffusion
or. new chemical bond being formed involving activated
complex or transition state of maximum energy along the
reaction path. Figure 1A explains this reaction theory.

ACTIVATED COMPLEX

ACTIVATION
ENERGY

POTENTIAL ENERGY

Figure 1A Reaction Rate

In many processes, however, the specific reaction
rate is related to temperature by the relation,
K = Ae - E/RT

where A = a constant characteristic of reaction,

e = natural legarithm base, 2.718,

E = an energy called experimental activation

energy of reaction, and

R= ﬂ}e gas constant equal to 1.987 calmole -1

deg”

At this point, the author wishes to stress that this
experiment is not set to prove chemical reaction rate
theory nor the absolute-reaction-rate theory.

With the scanning of chemical theories on reaction
rates, we consider the chemical thermodynamic property
Entrophy, S, which measures randomness in a system.
According to the second law of thermodynamics, for
spontaneous change in an isolated system, the entropy
must increase, that isAS must be greater than zero ;

5 + AS -
%nmt._ags‘{s*w A2 survsuneing

The AS syrrounding corresponds 1o the amount of
heat transferred to the surroundings divided by the
temperature at which the transfer occurs. Heat added lo
the surrounding increases thermal motion and hence
increases random disorder : this is then expressed,

- sz =AH

B vrmunding = A8 surcaunding = “L8 cislem,

where  AH symounding is the increase in the heat
content of the surroundings due to heat transter from the
system to the surrounding. In the process the heat con-
tent of the system diminishes by the same amount; sub-
stituting,

= AS ~AH
A% oL ™ Tapln Trspiom 20
On most occasions only what happens to the system
is considered and not its surroundings. For the system
alone, the second law states that the quantity which must
increase in a spontaneous change is
This is related to the free energy change:

G =H - TS or free energy is,

AG =AR-TAS «k& constant temperature
and pressure.

Dividing through by T gives,
a4 - AH _ changin
= = AS or by changing

sign and rearranging,

H.
—-_.A__‘_""-= As ~-L2 i3

T [

For spontaneous change in a system in contact with its
surrounding - 48 must be > 0. This is shown in equation
(2. '

Before considering or discussing nucleation, it
should be borne in mind that free energy of a substance
as well as its heat content depends on the state of the
substance. It also depends on the temperature and the
pressure in the case of solution or concentration. Conse-
quently, the change of the free energy during a chemical
reaction depends on the state, conditions and concentra-
tions of the reactants and products.

NUCLEATION

The earliest and most important studies of nucleation
were done' more than 80 years ago. In the solubility of
materials Ostwald [9] and others showed that spon-
taneous crystallization takes place in only supersaturated
solutions. They also developed the idea of a metastable
zone within which no crystal nuclei could form spon-
taneously. This metastable zone has been confirmed by
later experimental and theoretical investigators and has
been shown to be true.
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It is worthwhile defining crystallization before em-
barking on classical theories propounded from studies in
this field:

Crystallization is the process by which the regular

lattice of the crystal is generated from the less well-or-

dered liquid structure [10].

Theories on melis and crystallization are generalities
based on classical studies [11]. A glaze like aglassisa
complex mixture described as super-cooled solution [12].

- Being a glass in its physical and chemical nature a glaze,
| therefore, necessarily takes advantage of cryslallization
theories.

Tamman [13] made classical studies of crystal-
lization on supercooled liquids in 1925. His experimental
studies of crystallization of under-cooled organic liquids
and inorganic glasses lay classic bases of much of our
knowledge on nucleation and crystallization.

During melting of bodies, the oscillating movements
of the lattice building block around their lattice points or
rest positions attain a certain magnitude at a certain
temperature, whichis referred to as temperature of fusion.
A high amplitude of atoms results in the building biock no
longer returning to their former positions. The crystal
lattice breaks down and it loses regularity. The silicate
mixture melts and assumes a fluid state. As no further
energy is being supplied the melling point of the silicate
melt remains in equilibrium. If at melting-point the system
is continuously supplied with further heat energy, the heat
energy removes the lattice building blocks from the lattice
points and thus raising the internal energy of the system
by the amount of latent heat of fusion. No rise in tempera-
ture occurs as long as crystalline matter is available. On
supply of energy, however, a further increase in tempera-
ture occurs when there is liquid phase remaining.

On cooling of the strongly heated fusion of the sili-
cate mixture, thermal motion of atoms or molecules
diminishes. Thermal contraction and an increase in vis-
cosity ensue because of the crowding together of these
atoms of building units and the strengthening of the bond
between them. The liquid melt changes to crystalline
solidification in which case the latent heat of fusion put
into the system is given up in the form of heat of crystal-
lization. Arrest point alse occurs in this case on the
cooling curve until the whole melt is completely solidified.

Tamman showed that below the equilibrium melting
temperature there exists a temperature interval referred
fo as the "metastable” zone [14] in which nuclei do not
form at a detectable rate. In this zone crystals can grow
it nuclei are provided. Melts which increase in viscosity on
cooling show maxima in crystal growth rates. This is
because lower temperature promote high viscosity which
hinders the atomic rearrangements and diffusion proces-
ses which are necessary for nucleation and crystal
growth.

Tammann's theory based on the thermal agitation of

a'toms has been the basis of research on crystalline
glazes. He has shown that the formation of visible crys-
tals depends upon three conditions :

1. The number of nuclei formed (KZ)
2. The rate of growth of the crystals (KG)
3. The viscosity of the melt.

These conditions are illustrated in Figure 1B. This
diagram could as well be drawn as in Figure 2A. In Figure
2A (T4 - T») shows the "metastable” zane of supercool-
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ing. The temperature zone below T3, of low nucleation
rate can be regarded as another "metastable” zone.

In order to form a new phase (the nuclei) within a
mother phase, an increase in free energy of the system
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must occur; this conslitutes a barrier to nucleation.
Groundwork for theoretical studies on the basis of ther-
modynamic equilibrium relating to studies of nucleation
was laid by J. W. Gibbs in 1928 [8]. This notion of
thermodynamic equilibrium can be used to derive rela-
lions for critical size of nuclei. Gibb's derivation of the
work of formation, W, of a critical nucleus of phase Bin a
mother phase A shall be shown later. Other parameters
to be considered in discussing nuclei formation are ;

1. Thegrowth of a new phase B at the expense of initial
phase A can occur only when they are not in
equilibrium. During the change, therefore, A is in
metastable equilibrium with respect to B.

2. Thenucleiformed of phase B are very small particles
of B. They differ from larger particles because of
their large surface area, and therefore surface
energy and surface tension.

The nucleation rate | of a crystal is given as,
T=K exp Efr
where k is Boltzmann's constant.

The effect of composition and temperature, Ton K is

small and the work of critical nucleus formation W* for a

spherical isotropic nucleus is,

w = 16Ty ? .5

_——-——-"'g
3 (aP)

Y is the interfacial tension and P is the pressure dif-
ference between the interior of the nucleus and the sur-
rounding phase, and is called the driving force of
nucleation of free energy change per unit valume going
from matrix to critical nucleus.

An approximate equation for AP for a crystalline
nucleus forming in a liquid or glass is,

M L A
AP = o (Tm—T)
where Tm is the melting temperature,
L is the heat of fusion, and
v is the molar volume of the liquid.

Therefore, it can be discerned that two paramelers
in determining nucleation rate are the interfacial tensiony
and the driving force AP. Lowering the temperature in-
creases P and consequently | [15], the nucleation rate,
shown in equation [4].

' When a crystal nucleates, there are two sources of
free energy change. First, the formation of a boundary or
surface between. the embryo and the mother phase
results in a gain of free energy due to the interface energy.

Secondly, since the arrangement of the atom within
the embryo will be less disordered than that in the sur-
rounding phase there will be a reduction in free energy of
the system. Thus the two opposing factors which govern
actual.free energy change can be written in the following
way to giveAG, the free energy change for a spherical

7

inclusion of radius r :
AG = -g— T3 AGv+ Ar*Gs

where AG is the free energy change per unit volume
resulting from fransformation of one phase to the other,
and AGs is the energy per unit area of surface between
two phases.

The above equation shows that when r is small the
interfacial energy term predominates, but whenthe radius
of the embryo increases the interfacial energy becomes
a small fraction of the total change. Once some critical
radius is reached the wvolume free energy term
predominates and further growth will lead to lowering of
free energy and therefore to a more stable system. Ata |
given temperature the overall free energy change is re-
lated i. the radius of the.nucleus in the manner shown in
Fiqure 2B. This figure explains the change in overall free

+\Ve

AG o
\ RADIUS —
CRITICAL RADIUS

-Ve

Figure 2B Charge in Overall Free Energy as a
Nucleus Grows

energy as a nucleus grows. Regions smaller than the

.crilical radius (embryos) require an increase in free ener-

gy to form and will continually form and dissolve with the
total number in the system remaining constant. Some
embryos will attain the critical radius and will continue 1o
grow wilh a decrease of energy and hence will constitute
stable nuclei. At the critical radius, the free energy attains
its maximum value.

An expression has been derived for homogenous
nucleation by Becker and Doering 1 and Frenkel 2 and
others have applied statistical mechanics to the expres-
sion,

I=Aexp(- AGYKT )

where A is a constant anddG" is a maximum free
energy of activation for formation of a stable nucleus.

The above expression neglects the effect of diffusion
rate. In viscous liquid however, diffusion of molecules
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acrossthe phase boundary may constitute a major barrier
to nucleation. A general equation for the the rate of
homogenous nucleation in condensed system proposed
by Becker 1 gives a better approach:

I=Aexp[- Llacr+Q@)

kT
where Q is the activation energy for diffusion of

molecules across the phase boundary.

This theory provides a quantitative explanation for
experimental observation.

In heterogeneous nucleation, the important feature
is that the interfacial tension between the heterogeneity
and the nucleated phase must be low. The influence of
the catalysing surface is therefore the angle of contact, o}
at the substrate-melt-precipitate junction. The activation
energy for this system is expressed,

lo=Al exp[-a6* £ (8)/Kk7 |
and when activation energy of diffusion, Q, is in-
cluded we have,

le= Al exp[—(aa* £(®) + Q/k7]
With the general theories discussed, one must con-
sider the following when studying crystalline glaze:

solubility of oxides used, degree of saturation and
viscosity.

It has already been mentioned that for crystallization
to begin, a nuclei must be formed. For this reason special
importance must be attached to the transitional region
between a liquid melt and a solid. In a glaze melt no
spontaneous nucleation occurs if the saturation curves
are slowly exceeded. This phenomena is shown
schematically in Figure 3. On cooling of a mell which is

MELT |
* i
|

|

|
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= SATUKATION CURVE
SOLIDIFICATION CURVE]

ZSUPER COOLING |
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J«
CRYSTAL
SUPERSATURATION —
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COMPOSITION —=

rigure 3  Schematic Representation of ne

Crystalline state.
(This drawing is based on the Theory of

Kleber and Roy (1D) ),

Transformation of Highly Viscous melt into

at temperature x, spontaneous formation of nuclei and
crystals only takes place when a second boundary, the
super-saturation curve has been transgressed. This in- . |
termediate region called Ostwald-Meirs region cannot be
exactly determined. A crystal introduced into this region
will continue growth, but there is a certain threshold.for |
nucleation. "

On the whole, however, theories proposedto explain
growth of crystals from a melt are of varying complexity.
Their validity is still a matter of considerable controversy.

LITERATURE REVIEW

As has been discussed in the previous sections, an
added heat energy, the latent heat of fusion is necessary
10 effect melting; and equilibrium situation is determined
by this free energy difference, AG = AW —T AS: .
As can be discerned it is the greater randomness of the’
liquid than its greater enthropy which makes T AS term
large enough to overcome AH so that the crystal melts
whenT AS= AH. It mustalso be remembered that
heal exhanges during fusion are endothermic during
evaporation, dissociation, inversion and mefting.

EFFECT OF TEMPERATURE ON
CRYSTALLIZATION

Crystallization is strongly influenced by temperature;
this is discussed in Section . As shown in Figure 2, when
the temperature is lowered below the equilibrium
temperature the nucleation rate and crystal .growth in-
crease and then decrease; there is decrease because of
decreasing mobility of atoms resulting from increasing
viscosity.

EFFECT OF CONCENTRATION:
UPON GLAZE

Since further energy is proportional to the surface
area, finely ground particles fuse more easily than the
coarse ones. This affects the viscosity of the glaze. We
therefore see that fritted mixes fuse lowerbecause of their
homogeneity and because of the presence of pre-
viously fused materials.

The composition of the body has a remarkable in-
fluence on the appearance of the crystals due to the
dissolution of the body constituents into the fluid glaze.
Since body solution is an interfacial process the amount
of body dissolved is almost constant for a given composi-
tion on a set firing schedule.
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EFFECT OF COMPOSITION ON
GLAZE :

Many ceramicists have investigated composition
variables in glaze have reported contradictory results.
Impurity inthe raw materialcan affect composition; Norton
(1) stated that the composition of the body exerted strong
influence on crystalline glaze. A glaze being a multicom-
ponent variable, a substitution of one variable for the other
will affect the nature and general composition of the glaze.
In fact, investigators were for the most purposes practi-
cal, that is wanling a good result under certain required
condition, and finding “cure” to faults. Many empirical
rules have been formulated; only some of these are quite
useful.

Large numbers of very small crystals have opacify-
ing effect due to their large surface areaforthe reflectance
provided. C.W. Parmelee and W. Horak (2) worked on
“the microstructure of some raw lead glazes” and con-
cluded that zinc oxide must not be used in quantities
larger than O.3 equivalents as zinc silicate might then
crystallize out in large crystals. Titania must be used with
care as even if introduced pure it very easily forms yellow
stains with any iron impurity (3).

In a basic melt containing an excess of zinc oxide,
zinc-silicate is the precipitate. Other crystals are formed
in basic melts but the mechanism of their formation and
¢ what crystals these are is still a source of controversy.

Purdy and Krehbie (4) found that manganese oxide
had the greatest crystallizing tendency, producing large
and varied crystals. Zinc oxide gives large crystals in
certain areas. Titania produces small but evenly dis-
tributed crystals. They found that Na is more conducive
to crystal formation than K. Colouring agents are usually
taken up by the crystals or the vitreous phase and so can
produce very fine effects (5). Norton showed thal a
growing period of an hour at fixed temperature lower than
the maturing temperature of the glaze could produce
crystal growth. He also showed that growth periods at
different temperatures produced different crystal lypes.
The kiln atmosphere throughout the firing should be
oxidizing. Haldeman (6) reported the substitution of LiO2
for Na was detrimental for large crystal formation but did
“form ‘excellent mattes. Binn [7] observed that multicom-
ponent glazes give better mattes. Parmelee stated that
increase in NayO increases the number of crystals
formed. The function of alkalies is to reduce viscosity and
also assist crystallization.

' Compounding of crystalline glazes still follows
Seger's classification of batches chemically by
equivalents of RO, R203, and RO2. On the whole,
however, the various components do have some kind of
effect on solulion of the glaze. A component may
decrease or increase solubility, viscosity, vapour pres-
sure, surface tension and possibly other characteristics of

the solution. An increase in a component can increase
the volume of the melt thereby decreasing the concentra-
tion of some constituents. A component which does not
melt presents quite a different phenomena in the melt or
system. Evaluation of the effect of components depends
on theoretical study as well as experimental knowledge.

EXPERIMENTAL PROCEDURE

Several glaze trials were made and only one was
chosen by the author as suitable for a thorough investiga-
tion. A suitable body was also prepared on which this
glaze was applied.

Table | shows the composition of the glaze; Table Il
shows the chemical analysis of raw materials, and calcu-
lated mineral oxide constituents in the glaze (gms/100
gms batch) is shown in Table IIl. Weight percent oxides
and empirical formulae are shown in Tables IV and V
respectively.

TABLE1
COMPOSITION OF GLAZE
Batch Wt precent Raw material
23 Kingman Feldspar
23 Nepheline Syenite
g Whiting
28 Zinc Oxide
4 Rutile
13 Flint (Ground Ottawa)
TABLE II

CHEMICAL ANALYSIS OF RAW MATERIALS

SiO‘z -"“203 Ft‘/zﬂ‘z T102 Cal Mg0 NaQO Kﬂz(]

Kingman

Feldspar 66.5 184 .08 0.01 2.7 12.0
Nepheline

Syenite  66.0 240 0.08 06 0.1 100 43
Whiting 1 0.5 54 2

Flint

(Ground 9961 0.16 0.2 0.05 0.03

Otutawa)

The batches were weighed and edch one was ball-
milled for 30 minutes. Before milling one of the batches
has 2 grams CopO3 added and the other has 4 grams
CuO added to it; these additions were made to effect
colour or beauty in the glaze

Test bars were made from the body composition
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TABLE IlI
MINERAL OXIDE CONSTITUENT IN GLAZE
(gms/100 gms baich)

<8i05'Aly03 Fey03 Ti0,'Ca0 Mg0 Nag0 K0 Zn0

Kingman =
Feldspar 153 423 276
Nepheline 5, 55 23 1-
Syenite
Flint
(Ground 13
Ouawa)
Whiting 4.86
Rulile 4
Zinc Oxide 28
Total 434 9.73 4 486 23 3.76 28
TABLE 1V
Wi % Oxide in Glazc
Kq0 3.92
Ni 50 239
Cal 5.05
Alyly 10.13
Si0, 4519
TiUz 4.17
Zn() 29.15
TABLE V
FIORMULA OF GLAZE
0.042 Kol
0.039 May0 0753 Si02
0.099  Alyl4
0.090 Ca0 0.053  Ti0y
0360 Zn0
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or

008 K0
@
0.07 Nazﬂ 1.42 SIUZ
0.19 Ale'j
017  Ca0 0.10  Ti0y
TABLE VI
COMPOSITION OF PROCELAIN BODY
Raw material Wt. %
Kingman Feldspar 30
Ajax P Kaolin (fine) 20
Velvacast Kaoline (coarse) 25
Flint (Ground Ottawa) 25

shown in Table VI. The bars were extruded with 1/4* x 1*.
cross section and 11" long; They were bisque'fired 1o
1040 C. In this condition they were porous to take the
glaze. :

The glaze was adjusted o specific gravity of 1.4 and
had pH of 8 and was applied to the bars by dipping. The
sides of the bar were wiped after dipping leaving the glaze
on one flat surface.

Furnaces used during the whole firing process were
a Stone Temperature Gradient furnace Model TG-DA No.
155 and a small globar laboratory kiln. The wall of this
latter kiln is constructed of 2-1/2 inches of G28 (2800 F) |
insulated firebrick (I.F.B.) backed up with 4-1/2 inchies of -
G23 (2300 F) I.F.B. It has 10" X 12" silicon carbidesetting
but supported by posts out from 99% A1203 brick. The
kiln is heated by 8 Hot Rods (silicon carbide heating
elements), 1" diameter x 12" heating length x 29" overall
length. These elements are wired as four parallel pairs in
series, thus giving twice the nominal resistance of one
element (0.61 ohms) or 1.22 ohms. The power supply is
a 3-bank Powerstat, rated at 20 KVA or 84 amperes 240
volts wired into a 21 KVA stepdown transformer 240 V fo
168 V and then to the kiln. The eight heating elements
have a total rediation surface of 302 square inches.

The firing rate in the kiln was controlled by the use
of the variable transformer (Powerstat). The temperature
was measured with Pt - Pt + 13% Rh thermocouple ‘and
was controlled by a Wheelco gaivanometer type on-off
controller actuating a relay in the power circuit. The firing
schedule for this kiln is shown in Figure 4.

The crystals resulting from various heat treatmenls
were observed in a stereo binocular microscope and
photographed using Richert Mettalographed and a Canon
35mm reflex camera. X-ray diffraction analysis was car
ried out on a Norelco diffractometer using Cuka radiation.
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.Figure. 4 Firing Schedule of Glazed Bars
RESULTS AND DISCUSSION

In order to study the melting temperature and crys-
tallization range of the glaze, a couple of bars were glazed
and Oelaced in the thermal gradient furnace and fixed at
1300°C. Examination of the bars after imng showed that
this glaze has a melting point at 1250°C. Below 1200°C
region of the bars the glaze appeared matte. Visible, blue
fanklike willemite crystals appeared above the 1200°C
region of the bar.

. Having determined that the glaze matured and that
.crystals appeared between 1200°and 1300°C, uniform
temperature firing tests were carried out in the globar kiln
at various temperatures. Several bars were glazed and
fired in this kiln :

+ Afirst set of bars (Group A) was fired at 1300°C
" without soaking. A second set of bars (Group B)
was fired to 1300°C with 30 minutes soaking. A
*:third set (Group C) was fired to 1350°C without
" ‘soaking.

All tiles were allowed to cool to room temperature in
the kiln where the cooling rate is essentially the same for
all firings.

- The various firing processes produced very interest-
ing results. Bars fired al 1300°C (Group A) produced a
cluster of round yellow crystal covering the whole surface
of.the bars. Viewed under bingcular microscope the
crystals were found to have a dark blue background. All
crystals’ ‘were macrascopic ; their identification and
.. method of identification shall be discussed later. Bars
. fired at 1300°C with 30 minutes’ soaking (Group B) has
much more round gold crystals than that of Group A. In

this group, however, the size of the gold crystals became
reduced. Under the binocular microscope dark blue
patches were seen touching the edges of the gold crys-
tals. All these gold and dark blue patches have a light
blue background. At 1350°C the number of the gold
crystals increased considerably and their sizes became
smallest. The round dark blue patches observed in Group
B became bigger in size; much of the light blue back-
ground described in Group B has been taken up by the
dark blue areas. The gold crystals have perceptible
roughness to the touch.

The results showed that the higher the temperature,
the greater the number of smaller crystals produced. On
the whole, however, the firings of Group B and C have
much better aesthetic qualities than Group A. As will be
shown later, the yellow crystals are nol present al
temperature above 1100°C so the difference observed
here may be caused by differences in cooling conditions
rather than the maximum heat treatment conditions.

Cooling the kiln rapidly from 1300°C to 1100°C for 30
minutes, raising the temperature by 50°C for 30 minutes
and allowing the kiln to cool to room temperature
produced a cluster of large fanlike nature of the willemite
crystals. Cooling the kiln to a temperature above 1100°C
deslroyed this visible fanlike nature of the willemite crys-
tals. The author i5 convinced from this result that
temperatures above 1150°C are inimical to the growth of
any visible fanlike willemite crystal if needed.

Since the author's greatest interest was in the
production of the gold crystals already mentioned, much
attention was drawn to their study, when they occur during
the firing process and what type of crystals they are.
Glaze bars were fired at 1250°C, 1300°C and 1350°C.
Each barwas allowed a soaking period of 30 minutes and
then quenched at the temperatures mentioned. Another
bar was fired in the globar kiln to 1350°C, soaked for 2
hours and then quenched. The draw trials from this
experiment showed no gold crystals. Another group of
bars were fired to 1300°C, and draw trials made at 1300°
C, 1250°C, and a bar was left to cool to to room tempera-
ture in the kiln ; the draw trials at these various tempera-
ture also exhibited no gold crystal. However, the bar that
was allowed to cool to room temperature in the kiln
showed numerous round gold crystals covering the sur-
face of the bar; the bar very much looked like the sample
from Group A. With continued draw trials, the gold
crystals begin to show only at 1100°C and below the
surface of the glaze. Viewed under binocular microscope -
each yellow crystal appeared to be very much like little
stars in concentric circles. At 1075°C the yellow crystals
begin to show more clearly; this shows that the crystals
were gradually coming out to the surface of the glaze. The
binocular microscope did not show little stars in con-
centric circles at this time, but just round solid gold crys-
tals. At 1050°C the round gold crystals showed much
more clearly with few scattered willemite crystals. At
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