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Abstract
The study of glazes is inhibited by the complex nature of multiple oxide
compositions typically witnessed in industrial and art glazes.

This research

systematically addresses this complexity issue in multiple glaze compositions consisting
of SiO2, Al2O3, CaO, MgO, Li2O, K2O, and Na2O oxides through the use of the Unity
Molecular Formula (UMF) approach.
The UMF limits for simple glaze compositions are defined for matte and gloss
surface development. These limits are defined using Glossmeter, SEM/EDS, XRD, ICPAES, and Optical Interferometry analytical techniques. Included is the correlation of
gloss and surface roughness characterization techniques, which is compared with visual
observations in order to define the most accurate surface quantification tool. Also a
proposed technique that will define the glass formation boundary is introduced by using
the internal standard method of quantitative XRD coupled with ICP-AES.
Results show that matte formation, in the glaze systems tested, is either a result of
underfiring or devitrification. Also, the proposed glass formation boundary technique has
the ability to accurately define the glass formation boundary, but it may only be restricted
to use with simple, three component glass compositions. Crystalline phases exhibiting
solid solution, found in more complex glaze systems, reduce the accuracy of the
technique. Finally, it is demonstrated that the optical interferometer is superior to gloss
measurement when quantifying a wide range of glaze surface qualities.
Through this approach multi-component glaze systems can be thoroughly
analyzed and accurately represented in terms of its development using the UMF
approach. The analytical techniques incorporated in this study effectively evaluate the
complex glaze systems allowing for further study into more complex systems.

x

1.0 Introduction
This research was initially conducted to define the Unity Molecular Formula
(UMF) limits for glaze development of simple glaze compositions consisting of SiO2,
Al2O3, CaO, K2O, and Na2O oxides. Preliminary tests suggested that the results would be
substantially improved if expanded to accommodate MgO and Li2O. The limits for matte
and gloss surface development are then evaluated for these glaze systems. From these
limits the glass formation boundary can be semi-quantitatively assessed. Predicting the
glass formation boundary is important because it allows glaze quality to be controlled.
However, because of the importance of the glass formation boundary location a technique
is proposed to more accurately define the boundary based on glass phase compositions
determined from bulk chemical analysis corrected for crystalline phases assessed using
quantitative XRD. This approach appears applicable for crystal products that do not
exhibit solid solution.

Finally, the correlation of gloss and surface roughness

characterization techniques were evaluated and compared with visual observations.
The UMF approach to glaze development is commonly taught to artists and
engineers in many ceramic programs, but is rarely used later in their careers to solve
glaze problems and to develop new glazes due to problems with published UMF limits.
Furthermore, the trend within industry, as well as with the art community, has been to
develop glazes that are environmentally friendly by eliminating potentially toxic oxides
such as lead and barium.
Industrially, the proximity to the limits for matte formation is often ignored thus
resulting in surface quality variations due to raw material selection and heat treatment
variations. Difficulties such as these demonstrate the need to accurately determine the
matte formation limit, which also serves as the glass (gloss) formation boundary.
This work demonstrates that the UMF limit formulas are both over-simplified and
too complex. The move to simpler compositions (composed of mainly SiO2, Al2O3, CaO,
MgO, K2O, and Na2O) render the UMF limits too complicated and are thus not well
suited for use with these simpler glaze formulations.
The fact that matte glazes can be a result of either devitrification or underfiring
make the UMF limits overly simplified in the context of the development of matte
1

surfaces. In this study alumina-based mattes are generally a result of crystallization from
the melt while the silica-based mattes are usually a result of underfiring. From a visual
perspective alumina-based mattes possess the most visually appealing matte surface
while silica-based mattes appear dry and rough. Additionally, silica-based mattes in this
study tend to be porous, thus making them not well suited for functional ware.
Also included in this research is the introduction of surface roughness analysis of
glaze surfaces using optical interferometry to quantitatively define the limits for surface
quality (gloss, semi-gloss, and matte surface development). Multiple glaze compositions
were tested and correlated to other surface analysis techniques to correlate roughness to
surface quality. Glossmeter and optical interferometry are used and compared based on
accuracy and the applicability. The relationship between both gloss and roughness is
defined for a wide range of glaze surfaces with visual observations to compare to as well.
During this study, gloss and matte formation limits were determined for a broad
range of glazes. Structure assessments on the glazes are made based on the surface
measurements, SEM, and XRD results. The procedure to characterize multiple glaze
systems using the UMF approach has been outlined so future testing can address more
complex systems. Also, the proposed glass formation boundary technique allows for
reliable location of the boundary through quantitative XRD. Problems arise with this
technique due to the composition of certain crystalline phases after heat treatment
stemming from complexity issues.

Finally, ranges for roughness readings from the

optical interferometer were developed for a wide range of glaze surfaces that describe the
surface quality and demonstrate its superiority in quantifying the glaze surface.

2

2.0 Literature Survey
2.1

Introduction
There are such a wide variety of glaze compositions that it is very difficult to

classify glazes in a simple manner. The main reason for such a variety of compositions is
the wide range of temperatures that are required of the different glaze compositions.
These temperatures range from 800°C to 1400°C where the scope of this study lies at the
higher temperatures for porcelain glazes.1

Another reason for a variety of glaze

compositions is the need for a variety of surface qualities. Glazes may be bright or dull,
opaque or transparent, glossy or matte, thick or thin, as well as all the gradations in
between. All these surface qualities result from varying the composition of the glaze.
Careful consideration needs to be made when dealing with glaze compositions containing
crystalline phases. How the crystalline phase was formed is critical in deciding how to
control the quantity of crystalline phase, which ultimately controls the surface quality of
the glaze (gloss, matte, or satin surfaces). Many general solutions to controlling surface
quality have been developed, but rarely pay attention to how the surface quality was
formed in the first place. Crystalline phases may be a result of the devitrification process
or due to residual crystalline phase formed during the firing process (solid-state reactions)
or left due to underfiring as in undissolved quartz or alumina.2 Ideally matte glazes are
thought of as products of devitrification.3
Ceramic glazes are normally combinations of complex silicates and borates
compounded to produce a covering which may be required to fulfill any number of the
following conditions:4
1. Very low solubility in water.
2. Resistant to scratching and mechanical damage.
3. Impervious.
4. Resistant to crazing, peeling and similar defects.
5. Suitable for producing certain decorative effects, such as color, crystal
development, etc.
6. Fusible with a predetermined temperature ranges.

3

Glazes are difficult to investigate because of the multiple reactions possible with
the body and the possible volatilization of alkali commonly experienced due to its thin
nature. So primary knowledge is obtained from work on bulk glass. There are multiple
theories that describe the theory behind glass or glaze formation. Of the many theories
the most prominently used is Zachariasen’s structural model for glass formation, the
“Random Network Theory.”

Zachariasen proposed that in vitreous silica and other

glasses there is a continuous three-dimensional random network exhibiting a limited
order. The basic unit is a tetrahedral coordination of a glass former (i.e. Si4+) with
oxygen just as it is in the corresponding crystalline tetrahedron. These networks extend
in all three dimensions, such that the average behavior in all directions is the same
(isotropic nature of glass and its gradual melting because of irregular energy distribution).
When alkali ions are also in the glass, the lattice is weakened by the alkali ions entering
holes in the network and breaking some of the bridging oxygen bonds and hence creating
non-bridging oxygens (NBO). Zachariasen then considered the structural arrangements,
which could produce such a network and came up with the following.4-6
The formation of oxide glass may occur if:
1. The material contains a high proportion of cations which are surrounded
by either oxygen triangles or oxygen tetrahedra,
2. These polyhedra are connected only by their corners,
3. Some oxygen atoms are linked to only two such cations and do not form
further bonds with any other cations,
4. At least three corners in each oxygen polyhedron must be shared.
Zachariasen also states that the melt must be cooled under the proper conditions
for glass formation to actually occur, which lead to the development of the kinetic
theories of glass formation.
The kinetic theory of glass formation deals with the fact that liquids that would
crystallize during normal cooling can be brought to a glassy or amorphous state by a
more rapid cooling rate or quenching. The rate of cooling needs to be rapid enough to
avoid crystallization (or devitrification) until the liquid reaches the freezing point.5,6
Crystallization requires first the formation of a detectable number of nuclei and then the

4

occurrence of a detectable crystal growth rate. Both kinetic and structural theories will
be discussed later in this section with the bulk of the discussion dealing with the
structural model.
Not only does cooling rate affect the glass formation ability of a glaze
composition, but it also shifts the glass formation boundary within the triaxial glaze
system (triaxial: flux, alumina, silica).

The glass formation boundary defines the

compositional limits for glass formation, assuming only devitrification occurs. Industrial
firing processes all subscribe to similar cooling rates, limiting the possibility of
substantial shifts in the glass formation boundary.

Therefore, suggesting the glass

formation boundary is an intrinsic relationship when subjected to industrial firing
processes. The extreme cooling rates observed in industry are 1.7 K/sec in fast-fire tile
glazes and 0.12 K/sec in porcelain dinnerware glazes.3 Quenching, which may consist of
50-35 K/sec, will have a considerable effect on the position of the glass formation
boundary particularly in glaze systems. Carty has demonstrated this in triaxial porcelain
systems.7
2.2

Unity Molecular Formula Concept/ Origin
The idea of the Unity Molecular Formula (UMF) was developed late in the 19th

century by a German ceramist Seger, but was not referred to as UMF, but as the Seger
method of describing the formula of glazes (Seger molecular formula).4,8,9 Charles Binns
may have been the first to refer to Seger formulas as UMF as he talks about UMF in his
work.10 Further development of the UMF approach was conducted by Stull, Howat, and
Sortwell.2,11,12 The UMF approach or the Seger formula expresses the glaze composition
in terms of its constituent oxides as a molecular formula. Before the composition can
accurately be described it is first necessary to chemically analyze the raw materials used
in the glaze batch, which then allows you to separate the oxides into three groups. These
groups include basic (fluxing) oxides, amphoteric (intermediates) oxides, and acidic
(glass forming) oxides. The oxides present are arranged in three columns in the form
R 2O + RO 
R 2O 3

moles of 
moles of neutral

bases = 1.00  or amphoteric oxides
5

RO 2


 moles of
 acid oxide


Using the standard R2O or RO, R2O3, and RO2 designations for the oxide
constituents it is easy to break up the oxides in terms of their role in the glaze. The R2O
(mainly Na2O, K2O, Li2O) and RO (primarily CaO and MgO, but also including SrO,
BaO, ZnO, PbO) components represent the basic or fluxing oxides. R2O3 represents the
amphoteric or intermediate oxides alumina (Al2O3) and boric oxide♠ (B2O3). The acidic
oxide or glass-former designated RO2, is primarily SiO2. To calculate the UMF, all the
batch constituents are converted to a molar basis. The total flux levels are summed and
the batch is normalized to the amount of flux.♣ For an example of a typical porcelain
glaze, which is the focus of this research, see the following:2
0.3 K 2O 
 0.5 Al2O3
0.7 CaO 

}

5.0 SiO 2

This arrangement makes it easy to see at a glance the important ratio of alumina to silica,
and enabling this to be compared accurately with other glazes. The importance of the
alumina:silica ratio with constant flux is demonstrated by Seger in his development of the
Standard Cone method for measurement of high temperatures.8 The ratio of silica to
alumina is critical in giving insight to the glaze maturation temperature range.
Maturation of the glaze means not only is the glaze melted, but also it has flowed
smoothly over the surface of the substrate and all bubbles, pinholes, etc, have disappeared
leaving a flawless surface.
The UMF limit formulas establish the upper and lower limits for glaze formation
(gloss, satin or semi-gloss, and matte) for each different oxide constituent. A global
reference and published tables have not been found in the open literature except for
sporadic references for specific glaze applications.13-16

The first UMF limits were

compiled by Clarence Merritt but not published.17 Recently, Cushing compiled new
tables, both from Merritt’s work, and through his own observation.17 Cushing’s purpose
for developing the limits was to expand the narrow range of limit formulas to help in
understanding the glaze concept. Meaning his limit ranges were intended to include
rather than exclude. The danger here is that the limits could become too broad as to be
♠

B2O3 acts as a modifier plus a glass former and is usually placed in the glassformer column (not typically
used in porcelain glazes). May be used to replace SiO2 completely in glaze formulations.
♣
For an Example of the UMF calculation see Appendix A.
6

meaningless so he categorized them by glaze surface texture and temperature.10 Tables
II-1 to II-3 are the UMF tables compiled by Cushing for Cone* 04 (1060°C), Cone 5-6
(1196-1222°C) and Cone 9-10 (1280-1305°C), respectively.19 Cone 10 glazes are the
scope of this study. The table is categorized by temperature and glaze nature or quality:
gloss, semi-matte, and matte surface. It is assumed in all cases that the glazes have been
properly fired, that is, the matte surface is not the result of incomplete melting.
Therefore, matte surfaces are due to recrystallization of the glass during the heat
treatment process, creating a light-scattering texture.19
Table II-1. UMF Limits for Cone 04 Glazes.17,19
Gloss
lower
upper

Semi-Matte
lower
upper

Matte
lower
upper

KNaO

0.02

0.80

0.05

0.35

0.05

0.35

CaO

0.02

0.40

0.02

0.40

0.05

0.45

MgO

0.00

0.12

0.00

0.30

0.00

0.35

BaO

0.00

0.15

0.00

0.30

0.00

0.50

ZnO

0.00

0.12

0.00

0.25

0.00

0.35

Li2O

0.00

0.60

0.00

0.20

0.00

0.15

SrO

0.00

0.15

0.00

0.30

0.00

0.50

PbO

0.00

0.90

0.00

0.50

0.00

0.40

Al2O3

0.05

0.20

0.10

0.30

0.10

0.30

B2O3

0.00

2.00

0.00

1.00

0.00

0.50

SiO2

0.50

2.50

1.00

2.50

1.00

3.00

Cone 04

*

These refer to Orton standard pyrometric cones.18 For most artists, pyrometric cones are
still the normal means of determining firing temperature and heat work. The temperature
values that follow the cone values are taken from standard Orton Tables and are
consistent with a heating rate of 150°C per hour for the last three hours of the firing
schedule. Faster heating rates result in an increased temperature at which the cone
deforms.
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Table II-2. UMF Limits for Cone 5-6 Glazes.19
Gloss
lower
upper

Semi-Matte
lower
upper

Matte
lower
upper

KNaO

0.05

0.60

0.05

0.35

0.05

0.30

CaO

0.05

0.60

0.05

0.70

0.05

0.80

MgO

0.00

0.10

0.00

0.35

0.00

0.45

BaO

0.00

0.15

0.00

0.35

0.00

0.50

ZnO

0.00

0.15

0.00

0.30

0.00

0.40

Li2O

0.00

0.50

0.00

0.15

0.00

0.10

SrO

0.00

0.15

0.00

0.35

0.00

0.50

PbO

0.00

0.60

0.00

0.40

0.00

0.20

Al2O3

0.10

0.30

0.20

0.40

0.20

0.50

B2O3

0.00

1.00

0.00

0.50

0.00

0.50

SiO2

1.50

4.00

2.00

3.50

2.00

3.00

Cone 5-6

Table II-3. UMF Limits for Cone 9-10 Glazes.19
Gloss
Semi-Matte
Cone 9-10
lower
upper
lower
upper

Matte
lower
upper

KNaO

0.05

0.50

0.05

0.40

0.05

0.30

CaO

0.05

0.80

0.05

0.80

0.05

0.90

MgO

0.00

0.15

0.00

0.50

0.00

0.60

BaO

0.00

0.15

0.00

0.50

0.00

0.60

ZnO

0.00

0.15

0.00

0.40

0.00

0.50

Li2O

0.00

0.40

0.00

0.20

0.00

0.10

SrO

0.00

0.15

0.00

0.50

0.00

0.60

PbO

0.00

0.00

0.00

0.00

0.00

0.00

Al2O3

0.20

0.50

0.25

0.60

0.25

0.80

B2O3

0.00

0.50

0.00

0.40

0.00

0.20

SiO2

2.00

6.00

2.00

5.00

2.00

5.00

The UMF limits are both over-simplified and too complex. Over the past thirty
years art glazes have been moving to simpler compositions, composed of mainly SiO2,
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Al2O3, CaO, MgO, K2O, and Na2O. From this perspective, the UMF limits are too
complicated and are not well suited for use with the simpler glaze formulations. The
UMF limits are overly simplified in the context of the development of matte surfaces.
Two types of mattes are possible, mattes of underfiring and mattes of devitrification. The
UMF limits only predict one of these possibilities (mattes of devitrification). Both types
of mattes are defined in this research and addressed on how to control both types.
The UMF limits, in spite of the problems discussed previously, are a step toward
solving multi-component glasses and provide a good first approximation to glass and
glaze development.17
2.3

Role of Various Oxides in the Glaze Formulation
Individual oxides (and combinations) contribute specific properties to a fired

glaze/glass and this fact is what makes ceramic calculations such as the UMF viable and
valuable. By studying the oxide content of the fired glaze or glass we can predict what it
will do in the kiln and troubleshoot problems effectively.
Silica (SiO2) is by far the most important of the oxides because of its glass
forming ability. By itself it will form a glass, but the melting temperature is too high
(about 1700°C) for practical applications. Most glaze formulations contain more silica
than all other constituents together. Therefore, one way to look at glazes is to view them
as a network of silica tetrahedra to which the other materials have been added as
modifiers. Low-firing glazes, those that mature at 1050°C or less, contain from one to
two parts of silica to each part of all other ingredients. High-firing glazes, such as those
melting at 1250°C or higher, will have three to five times as much silica compared to all
other ingredients combined. As a general rule, increasing the silica content in a glaze
will:2,4,9,15,20
1. Raise the melting temperature;
2. Decrease the fluidity of the melt;
3. Stabilize the resistance of the matured glaze against solution by water
and to chemical attack;
4. Lower the coefficient of thermal expansion;
5. Increase the gloss, hardness, and strength.
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These effects will be modified based on the amount and character of the other elements
present and whether the silica is within the limits of the glaze formulation.
Considering the network-modifying ions as a whole, their fluxing power at
moderate temperatures (about 1100°C) is as follows, in decreasing order:20
Li2O> PbO> Na2O> K2O> BaO> CaO> SrO> MgO> ZnO
The network modifying ions occupy the spaces in the glass forming network and because
of their size (ionic radii larger than the network formers) and valency (bond strength) are
important when discussing the properties of the system.4 For the remainder of this work
only the oxides used in this research will be discussed.
The alkali used in this research and used most in glaze formulations are Li2O,
Na2O, and K2O. All three oxides are strong fluxes and can be used at both high and low
fire temperature ranges.

They increase the fluidity of the molten glaze and have

important influences upon the development of color. They increase the refractive index
of the melt, effect the resistance to chemical attack and weathering.15 The influence upon
the thermal expansion properties is considerable and is a major issue with crazing.
Na2O (soda) is very active chemically and functions in glaze as one of the
strongest fluxes.1

The primary disadvantage to the use of soda is the very high

coefficient of thermal expansion that it imparts on the glaze. Therefore glazes, which are
high in soda, tend to craze on most bodies. Also high soda glazes tend to be soft and
deteriorate easily. It decreases the tensile strength and the elasticity as compared with the
action of the other fluxes commonly used.15 When used in moderate amounts and in
combination with other fluxes, soda is very useful in glazes over a wide range of
temperature.
K2O (potash) is very similar to soda in its action in glazes as a network modifier.
Their behavior is so much alike that they are frequently used interchangeably (KNaO)
since it almost always occurs together with soda in minerals.2,4 Potash improves the gloss
of the glaze relative to soda and has a higher expansion coefficient.

Secondly, in

aluminosilicate systems, the viscosity at a given temperature of a K2O system is higher
than that of an equivalent soda system. By replacing soda with potash the fluidity
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decreases, increase the scratch hardness, and increase the resistance to solution by
water.15
Li2O (lithia) is the most active of the fluxing oxides. Its behavior is otherwise
similar to soda and potash. Because it is more expensive than other alkali oxides, its use
is normally restricted to those glazes where its powerful fluxing action is truly needed.
The atomic weight is only 6.94 against 23 and 39 for sodium and potassium respectively.
Theoretically, this permits the substitution of 1 part of lithia for 3 to 5 parts of the other
alkali without changing the level of the total alkali present. Such a reduction in alkali
content should have the effect of reducing the expansion and increasing the durability of
the glass.15 Usually only small substitutions of lithia for KNaO is effective because lithia
has higher field strength values than soda or potash, which tends to promote
devitrification (discussed further in next section).
The mixed alkali effect is where the combination of more than one alkali ion is
used in a system and the properties vary in a non-linear manner. In particular the
expansion coefficient show pronounced maximum while the viscosity shows a deep
minimum.9 Mixed alkali glasses also show a unique mechanical relaxation phenomenon
at temperatures of 100-200°C. It has also been shown that the mixed alkali effect
increases in magnitude with increasing alumina concentration, even though the total
alkali oxide content was kept the same in all samples tested.21 The use of mixed alkali
has been exploited in many commercial compositions, including glazes, to give superior
combinations of properties, more so than could be obtained with the incorporation of any
one alkali alone.
CaO (calcia) is the principle flux in medium and high fire glazes, beginning its
action around 1100°C. Calcia hardens a glaze, increases scratch resistance, increases
acid resistance, lowers viscosity of the melt, increases tensile strength and lowers the
coefficient of thermal expansion greatly as compared with the action of the alkali.22 If
too high a percentage is used in the glaze it will produce a matte surface due to
underfiring or crystallization. Crystallization products include wollastonite (CaO·SiO2)
and anorthite (CaO·Al2O3·SiO2) (discussed more in depth in section 3.2.2)
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MgO (Magnesia) like CaO is refractory at lower temperatures, but in high
temperature glazes it acts as a flux (about 1170°C) producing melts of high surface
tension. When combined with CaO, it is not as refractory. It lowers the coefficient of
expansion of the melt and compares favorably with other R2O and RO oxides in its
influence upon the other mechanical properties of the glaze.15 Depending upon the
amount of magnesia present and the temperature it can promote opacity (used as a
matting agent) or increase the gloss of the glaze. Crystallizing species include forsterite
(2MgO·SiO2), enstatite (MgO·SiO2), and diopside (CaO·MgO·SiO2) when combined with
CaO.
Al2O3 (alumina) is second in importance to silica and studies have proven when
combined with silica and basic fluxing oxides crystallization and phase separation can be
prevented. Also chemical stability is restored to the glaze. In the presence of alkali and
alkaline earth, alumina forms tetrahedral coordination from oxygen ions taken from the
alkali and alkaline earth (discussed in next section).5,9 Alumina also adds to the hardness,
durability, and tensile strength of the glazes. The ratio of alumina to silica is mainly
responsible for the degree of matteness in glazes. Ratios of greater than 8:1 silica to
alumina are usually glossy in the absence of high titania, zinc, magnesia or calcia (which
cause volatile melting or crystallization during freezing). Ratios of 5:1 are possible in the
presence of boron.1
2.4

Glaze Structure and Properties

The composition of the glaze controls its behavior during the firing process, but the heat
treatment (dwell and cooling rate) and composition both control the structure and
properties of the glaze once fired. Understanding the effect of each oxide introduced into
the glaze composition is critical in deriving the structure of the final glaze composition.
The properties, such as ionic potentials and coordination, of the modifier, intermediate,
and glass forming oxide dictate the role of each oxide and the resulting structure and
properties of the glaze.
In silicate glasses it is easier to start out with simple glass compositions and work up to
the more complex compositions, which are very typical of glazes.

In alkaline and

alkaline earth silicate glasses, modifiers such as Li2O, K2O, Na2O, CaO, and MgO are
12

used to break up the network structure allowing for the reduction in melting temperature.
By incorporating these oxides into silica some of the Si—O—Si bonds are broken
resulting in a NBO as stated previously. The oxygen ion from the modifier is taken up to
form Si—O O—Si, which is then negatively charged, and the free modifier ion fits in an
interstitial site in the network. The formation of one NBO per modifying ion is the case
for the R+ ions (Li+, Na+, and K+) and two NBO per modifying ion if the modifying ion is
R2+ (Ca2+ and Mg2+).

A schematic of a two-dimensional silicate glass structure

containing alkaline and alkaline earth ions (soda-lime-silica) can be seen in Figure 2.1.

Oxygen
Silicon
Sodium
Calcium

Figure 2.1. Schematic drawing of a two-dimensional structure for sodalime-silicate glass.5
By breaking up the glass network with the alkali ions the flow of the melt will be
enhanced. The viscosity decreases rapidly by several magnitudes of 10 as the first
addition of alkali increases the concentration of NBO.23 Generally the density increases
with alkali additions with the influence of the kind of alkali becoming more evident when
the molar volume is considered. While Na+ contributes mostly to filling the cavities, K+
additionally expands and Li+ contracts the network.24 The increase in the asymmetry of
(SiO4)4- tetrahedra by the introduction of NBO is a major cause for the large increase in
the coefficient of expansion with increasing alkali content. The influence is larger for the
larger ions so that the coefficient is larger for K+ than Li+ with Na+ in-between.13 This
also supports the fact that the crazing in satin and matte glazes is controlled by the glassy
phase.17 The R2+ ions, which provide stronger network linkages at the alkaline earth sites,
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give the glass or glaze a higher chemical durability as well as increasing the melt
viscosity and density when replacing the R+ ions.13
CaO and MgO are both used in this research with both playing the typical modifier role
in the glaze system. One interesting view found in the literature is that glasses containing
MgO demonstrate that the Mg2+ takes part in the network forming position.25, 26 MgO
showed lower values of hardness than CaO, SrO, and BaO which is unexpected since
Mg2+ has a smaller ionic radii than any of these other cations. This suggests along with
other property data that MgO enters the structure in some instances as a network-forming
ion. The conditions are that two alkali ions must be in the interstices near the Mg2+
cation to ensure electro-neutrality with the four singly charged oxygens surrounding the
Mg2+ cation.
The scope of this study deals mainly with aluminosilicate glasses where alumina is
introduced in all the compositions. In crystalline silicates, Al3+ is found in 4-coordinated
(tetrahedral) as well as in 6-coordinated (octahedral) sites. In silicate glasses the role of
alumina is the same where the alumina tetrahedra substitute directly into the network for
the silica tetrahedra.

If an (AlO4)5- tetrahedron replaces a (SiO4)4- tetrahedron, the

valency 3+ for Al causes a charge imbalance that is best compensated by R+ and R2+ ions
(R2+ compensate for two alumina tetrahedra). Since the oxygen supplied by the R2O and
RO components are consumed in the formation of the alumina tetrahedra, they are not
available for formation of NBO.27 So it can be considered for each Al3+ ion two NBO are
removed from the structure as seen in Figure 2.2.
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Na

Na

+ Al2O3
- 2 SiO2

Al

O

Al

Na

Na

Figure 2.2. Elimination of the NBO in an alkali silicate glass by
introduction of alumina.
If the ratio Al/R+ is < 1.0 and Al/R2+ is < 0.5 ({Al/(R++2R2+)} < 1.0) than there is excess
R+ and R2+ acting in its normal modifying role.

With {Al/(R++2R2+)} = 1.0 the

aluminum is tetrahedrally coordinated with the glass being at its maximum in strength,
durability and at its transformation temperature (Tg). When there is excess Al in the
system (({Al/(R++2R2+)} > 1.0)) the Al ion is in octahedral coordination and acts as a
modifier. With every residual Al ion, three NBO are created. The structure is presumed
to have three oxygens non-bridging and three bridging to the Al ion (AlO6). According
to Lacy the formation of AlO6 groups is unlikely because of packing difficulties.28 He
suggests the formation of triclusters where an oxygen is shared between three tetrahedral:
One AlO4 and two SiO4 or two AlO4 and one SiO4. The first case is electrically neutral
and the second results in a net negative charge requiring an associated alkali ion.
Multiple experiments have backed up Lacy’s theory, but still there is not enough
evidence to favor one theory over the other.29
2.5

Crystallization/Devitrification
Crystallization and devitrification in glazes is an important issue because it

controls the surface texture of the glaze (matte, satin, and gloss). Another effect that can
cause a matte surface is an immature glaze due to insufficiently high temperature of firing
or insufficient time to dissolve an excess of refractory batch constituents. Parmelee’s
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definition of a matte glaze is as follows: Matte glazes are opaque or translucent but never
transparent, and a cross section will show that the crystallization is complete from surface
to the body. The crystals must be small and evenly dispersed in order to give the glaze
Crystals usually found include anorthite

surface a smooth velvet appearance.15

(CaO·Al2O3·2SiO2) and wollastonite (CaO·SiO2) in lime mattes, forsterite (MgO·SiO2)
and diopside (CaO·MgO·SiO2) in the case of MgO additions, along with many other
compositionally dependent crystalline forms.
All glasses and glazes tend to crystallize just below their liquidus temperature, the
compound that separates is the first which becomes insoluble in the melt. Therefore,
controlling the crystallization and the dissolution of crystals in the glaze melt are critical
for controlling the surface and structure of the glaze.
There are three main factors that control crystallization. They are the number of
nuclei formed, the crystal growth rate and viscosity of the melt (kinetic model). Other
factors contributing to crystallization are the strength of the bond between cation and
anion, and percentage of the cation most likely to cause devitrification. Small ions of low
valency and high bond strength (high field strength) have a strong tendency to crystallize
from a melt. Examples are Li+ and Mg2+.
The formation of nuclei is a net result of two opposing processes. They are
initiated when two atoms come together and do not have enough kinetic energy to
separate and become an easy target for other atoms to bond too. As these form, they have
a tendency to disperse by thermal agitation and dissolve according to solubility
requirements.15 These two processes depend on the solubility of the crystal in the liquid
and the relation between viscosity and temperature. Above the liquidus temperature
crystals dissolve, but slightly below, solubility decreases with increasing growth-rate as
well as increasing viscosity that retards the growth of the crystals in the glass. Two types
of nucleation are homogeneous (forming spontaneously in the melt) and heterogeneous
(forming at a pre-existing surface such as an impurity, seed particle, bubbles, or crucible
wall) with the heterogeneous being more frequently observed.
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As the nuclei grow they become crystallites and their rate of growth is the rate of
crystallization. The peak rate of crystallization is offset from the peak of nucleation as is
demonstrated in Figure 2.3. This offset or displacement of the two peaks is a primary
property of the glass or glaze. The shapes and the spacing between nucleation and crystal
growth curves vary between glazes. The closer the peaks are the higher the number and
size of crystalline phases will result and the more difficult it will be to form a glass. By
increasing the cooling rate the crystallization will happen to a lesser extent, in many cases
no detectable nucleation or crystal growth will be the result.

Nuclei
Formation Rate

Crystal Growth Rate

Nucleation Rate

Viscosity

Viscosity

Crystal
Growth Rate

Temperature

Figure 2.3. Schematic of the relation between temperature, nucleation,
crystal growth, and viscosity.
For a true satin or matte glaze to be formed the crystallization from the melt needs
to be controlled. Factors that influence crystallization from solution are:15
1. Phases separation
2. Type and concentration of impurities
3. Viscosity
4. Type of nuclei
5. Diffusion coefficients
6. Time-temperature relations
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With heterogeneous nucleation, increasing the particle size will raise the starting
temperature for crystallization due to the specific surface area for nuclei formation being
decreased. This allows for lower rates of nucleation. If the initial heating rate is low
enough, some glaze compositions will cause crystals to precipitate during the heating
process and will partially or completely dissolve at peak temperature. Crystals that do
not completely dissolve will remain undissolved during cooling and act as a nucleating
site or seed.
The presence of modifier ions of various types contributes to glass or glaze
stability, the network formers being subjected to a variety of electrostatic attractions from
different modifier cations, and the resultant deformation of the network hinders the
rearrangement of ions into an ordered crystalline lattice. This principle of complexity has
long been exploited by ceramists as a means of producing stable glazes.9,15,30
2.6

Defining Glass Formation Boundary

Defining the glass formation boundary in glaze systems is important, especially when
trying to control the surface character of the glaze (gloss, semi-matte, or matte surfaces).
Most of the work conducted in the past has been done on simple glass systems and the
more complex glaze systems have been virtually ignored. Multiple tests developed to
define the glass formation boundary, test multiple compositions and analyze each sample
for complete glass phase usually by optical microscopy or XRD.31-33 The boundary is
then estimated to lie between compositions of 100% glass phase (amorphous) and
compositions containing crystalline phases, rarely stressing the dependence of the
boundary position on the temperature and cooling rate. Examples of this can be seen in
McMillan’s work (1964), where he semi-quantitatively showed the region of glass
formation in the Li2O-Al2O3-SiO2 system and the MgO-Al2O3-SiO2 system (seen in
Figures 2.4 and 2.5, respectively).34 McMillan, in Figure 2.4, demonstrates how alumina
reduces the tendency of binary silicate melts to devitrify. Alumina allows for lithia
contents up to 45 mole % in the ternary as compared to 40 mole % lithia in Li2O-SiO2
glass system. The proportion of alumina in the glass system is limited by the requirement
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that the Al2O3:Li2O cannot exceed 1:1 in order to satisfy electro-neutrality conditions as
discussed previously.

Figure 2.4. Region of glass formation in the Li2O-Al2O3-SiO2 system
(molecular percentage composition).34

Figure 2.5. Region of glass formation in the MgO-Al2O3-SiO2 system
(molecular percentage composition).34
Cooling rate’s effect on the glass formation ability of a glaze composition is also critical
in defining the glass formation boundary position within the triaxial glaze systems. All
19

glass phase compositions within triaxial systems must lie on or within the glass formation
boundary within that particular system. Carty has demonstrated this in triaxial porcelain
systems.7 The alkali level within these compositions determine the amount of alumina
solubility within the glass phase. Assuming a mature glaze, or completely melted glaze,
the recrystallization, or devitrification, is dictated by fluxing oxide and alumina levels in
the glaze. His experimental data suggests, as it does in McMillan’s glass-ceramic work,
that the (R2O+RO):alumina ratio in the glass phase compositions is nearly constant over
the range of compositions applicable to all commercial porcelain compositions. The
quartz dissolution is determined entirely by temperature and it is assumed with a
sufficiently high enough temperature all added quartz will eventually dissolve into the
glass phase. As discussed previously the distinction between geologic and industrial
cooling rates was made. Provided the glaze system is subjected to industrial processes,
not quenched or exposed to prolonged cooling rates on a geologic time scale, the glass
formation boundary is independent of temperature assuming a complete melt is achieved.
The development of glazes is inhibited by the problems of dealing with complex
compositions. Research needs to be conducted that will establish a solid foundation,
which will allow for a series of studies that will address more complex glaze systems and
more accurately locate the glass formation boundary within these complex systems.
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3.0 Unity Molecular Formula Approach
3.1

Introduction

The use of the UMF approach is a simple approach to address a matrix of glaze
compositions. The concentration of glaze constituents is represented in terms of their
role in the glaze. Batch constituents are converted to a molar basis with the flux levels
being summed and then the batch is then normalized to the amount of flux. This
approach represents Al2O3 and SiO2 levels as a ratio of the fluxes, which allows easy
comparison between different flux combinations with respect to varying alumina and
silica levels.
From an engineering perspective, the calculation of the molar constituents of a
glaze is a normal operating procedure to allow a batch to be controlled. Artists may have
a similar need for quality control, and the occasional absence of a particular raw material
necessitates using molar calculations for a glaze batch. Raw material selection plays a
major role with raw material substitution depending entirely on the chemical composition
of the raw materials not the empirical formula (all feldspars are not equal and are
substantially different from nepheline syenite, nor are clays). Once material substitution
has been addressed the molar limits are used to predict the glaze nature such as gloss,
matte, semi-matte (satin), etc.
The approach of Stull (1912), seen in Figure 3.1 provides an excellent road map
to the development of good glaze control using the UMF approach.2 The rectangular box
labeled KNaO Group is the compositional range tested for the glazes consisting of only
KNaO as the alkali. The rectangular box labeled Li2O Group is the compositional range
tested for the glazes that introduce Li2O in the system. Both groups of glazes tested
received Cone 10 heat treatments. Similarities between Stull’s work and the glazes tested
in this research will be demonstrated in section 3.2. The devitrified region labeled in
Stull’s work will be argued underfired and the area labeled as matte and semi-matte will
be argued as devitrified in this research. This report, like Stull’s, uses the same technique
to develop glazes and includes glossmeter measurements to evaluate gloss, SEM with
EDS capabilities to evaluate glaze microstructure, and XRD to evaluate the crystalline
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species. This procedure will also aid in the next section (4.0) where a procedure for
defining the glass formation boundary is outlined.

KNaO Group

Li2O Group

Figure 3.1. This diagram taken from Stull’s work shows the effect of
changing silica and alumina levels in glazes with a constant flux ratio of 0.3
K2O: 0.7 CaO (normalized to 1.0). The use of K2O only by Stull is highly
unlikely and it should be assumed that a significant amount of Na2O is also
present because of the feldspar used to introduce the alkali. The trends seen
in this figure were a result of glazes fired to Cone 11 on a wall tile substrate.
The crosshatching region signifies the composition ranges that exhibited
crazing.2
Fifteen simple glaze matrices were developed and characterized using the
analytical techniques mentioned previously. The major oxides tested included KNaO
(1/2(K2O+Na2O)), Li2O, CaO, MgO, Al2O3, and SiO2. The fifteen matrices tested, varied
the ratio of R2O oxides to the RO oxides as well as substituting in MgO for CaO and
Li2O for KNaO.
Compositional limits for matte glaze formation are defined for the fifteen matrices
tested. This allows for an estimate of the glass formation region, which is another
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objective of this UMF approach. Distinction between the two types of matte formations
is made with the alumina mattes being a result of devitrification and the silica mattes a
result of underfiring. Matte glazes defined as ‘alumina mattes’ are given this title to
represent glazes of devitrification. It does not mean that Al2O3 is necessarily found in the
crystalline species that devitrified in the glaze. The reason for these labels is that mattes
of devitrification (alumina matte) are generally found in the low silica range and the
underfired mattes (silica matte) are found in the low alumina range. For this study these
two labels will be used to separate the two matte regions based on this criteria. Phase
equilibrium diagrams will also be used to predict crystalline phase found in the glaze
microstructures.
3.2

Experimental Procedure

3.2.1 Approach
Glaze compositions were determined from UMF calculations and divided into two
groups in order to illustrate the influences of variable silica and alumina. The two groups
differentiate based on the R2O used in the glaze composition where both incorporate CaO
and MgO. The first group of glazes consists of nine different matrices solely comprised
of KNaO as the R2O and covers the limits

}

R 2O 
 0.2 − 0.6 Al 2 O 3 1.5 − 5.0 SiO 2
RO 
The normalized flux ratios (R2O: RO) for the initial nine matrices are found in
Table III-1. Compositions have been verified by ICP-AES analysis using lithium borate
digestion of the samples (ACME Analytical Labs LTD., Vancouver, BC). Three repeat
experiments of two glaze compositions (random) in each glaze system were conducted
(ICP-AES) to test accuracy (accuracy within ± 1% of each oxide).
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Table III-1. Normalized Flux Ratios of the KNaO Glaze Compositions.*
Normalized Flux Ratio
Series Label

KNaO

CaO

MgO

MgO: CaO

Series A
Series B
Series C
Series D
Series E
Series F
Series G
Series H
Series J

0.30
0.50
0.70
0.25
0.40
0.65
0.25
0.40
0.59

0.70
0.50
0.30
0.43
0.34
0.20
0.62
0.48
0.33

0.32
0.26
0.15
0.13
0.12
0.08

0:1
0:1
0:1
1.3:1
1.3:1
1.3:1
4.8:1
4.0:1
4.1:1

*Each matrix is a five by five matrix consisting of 25 samples.

The second group of glazes consists of six different matrices where Li2O is being
substituted into the glaze composition for KNaO. The limits being addressed for silica
and alumina in the Li2O group are

}

R 2O 
 0.1 − 0.4 Al2O3 1.5 − 4.0 SiO 2 .
RO 
The normalized flux ratios (R2O: RO) for the Li2O group are found in Table III-2.
Compositions have been verified by ICP-AES analysis using lithium borate digestion of
the samples (ACME Analytical Labs LTD., Vancouver, BC). Three repeat experiments
of two glaze compositions (random) in each glaze system were conducted to test
accuracy (accuracy within ± 1% of each oxide). Note that a smaller alumina and silica
range is addressed at lower levels (when compared to KNaO group of glazes) to take a
closer look at the boundary between alumina and silica matte formation (denoted in
Figure 3.1).
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Table III-2. Normalized Flux Ratios for the Li2O Glaze Compositions.*
Normalized Flux Ratio
Series Label

KNaO

Li2O

CaO

MgO

Li2O: KNaO

Series L
Series M
Series N
Series O
Series P
Series Q

0.20
0.15
0.10
0.15
-

0.10
0.15
0.20
0.30
0.15
0.30

0.70
0.70
0.70
0.70
0.35
0.35

0.35
0.35

1:2
1:1
2:1
1:0
1:1
1:0

* Each matrix is a four by four matrix consisting of 16 samples.

Raw materials used in batching the glazes include G-200 feldspar, spodumene,
talc, EPK, SSP (Super Standard Porcelain), flint, whiting, lithium carbonate, and soda
ash.

Information regarding the raw materials used can be found in Appendix B.

Throughout the experiment, the clay content was not allowed to go below 10% (dry
weight basis) to provide the glaze suspensions with adequate application rheology and to
eliminate settling. The Li2O is introduced into the system by spodumene and lithium
carbonate. By using talc to replace whiting the intent was to replace the CaO with MgO
completely (used empirical formula), but was unable due to talc also containing
significant amounts of CaO based on the chemical analysis. Therefore 4.8:1 MgO to
CaO is the extreme case with MgO as a flux. Ratios of Na2O:K2O were maintained from
1:0 to 1:1. Glaze batches were wet blended at 60 wt% (dry basis) and mixed for
approximately four hours on a ball mill. Specific gravity of the glaze suspensions was
maintained around 1.7 (±0.1).
A Cone 10 porcelain disk, 2 inches in diameter, was slip cast and bisque fired
(1100°C, 2 hr.) for the body of the sample. The porcelain disk composition can be found
in Table III-3. The glazes were applied to the porcelain disks by spraying with a HVLP
(high volume, low-pressure) spray gun. Porcelain disks were heated to 100°C prior to
glaze application to help the glaze adhere.

The substrate was weighed before and

weighed after glaze application to keep the thickness of the glaze consistent (2.0 ± 0.3
grams applied for an average thickness of 0.33 ± 0.083 mm). Two samples were sprayed
for each glaze composition, allowed to dry at room temperature, and then heat-treated to
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Cone 10 in a Roller-Hearth Kiln (Alfred University, Alfred, NY). Figure 3.2 illustrates
the firing schedule subjected to both groups of glazes. The firing cycle was monitored
with nine thermocouples and five Cones. Cones 8-12 were sent through the kiln at
regular intervals to monitor the firing schedule (also note that refractory brick was
continuously sent through the kiln once the kiln was ignited). Nine bulk glaze samples
for each matrix were poured into porcelain crucibles and fired to Cone 10 along with the
porcelain substrate to allow for easier XRD sample preparation.
Table III-3. Porcelain Substrate Composition Bisque Fired to 1100°C.
36.5% Clay

34% Nepheline Syenite

29.5% Silica

32.4% 6 Tile Clay

A-400 Nepheline Syenite

SIL-CO-SIL

4.1% Old Mine #4
1400
KNaO Group
Lithium Group

Temperature (deg. C)

1200
1000
800
600
400
200
0
0

2

4

6

8

10

Time (hours)

Figure 3.2. Firing schedule for the two main groups of glazes fired to Cone
10 by means of roller-hearth kiln. Despite the different firing schedules
both groups of glazes were fired till Cone 10 (soft) was at a 90° angle.
3.2.2

Glaze Characterization

To define the UMF limits for a broad range of simple glaze
compositions, the glaze specimens were characterized by measuring gloss,
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microstructure, and crystalline species.

Post heat treatment these three

properties were analyzed by glossmeter, microscopy, and XRD.
Gloss (or luster, shine) gives glazes their special characteristic.
Whether high polish, satin finish, deep gloss, or dull finish, the gloss can be
seen and felt. People manufacturing products whose surface gloss is a
determining quality characteristic should naturally assess the luster
objectively with reproducible measurement methods and this is done with
the glossmeter. Luster measurements can serve as objective means for the
judgement of surfaces in industrial environments and also the long-term
durability of a glaze against chemical attack or against weathering, as well as
aid in defining the composition limits for matte formation.
Glaze flaws such as devitrification, mineral stones, blisters, bubbles, pinholes, etc.
may be examined with microscopy methods. SEM with analytical accessory EnergyDispersive X-Ray Spectrometer (EDS) is utilized in this research to produce images of
the glaze microstructures and verify crystalline and glass phase composition.
Products of devitrification and mineral stones left as a result of underfiring are
identified by XRD. This analysis technique will allow for accurate representation of
glaze quality and purity (free of crystalline phases).

Note the bulk glaze samples

prepared were used in the XRD analysis.
3.2.2.1

Glossmeter Measurements
After heat treatment of the samples, a glossmeter was used to quantitatively

analyze the gloss of the glaze. The glossmeter (Photovolt “G-3” Gloss, ASTM 2457,
UMM Electronics Inc., Indianapolis, IN) was used to measure gloss. The glossmeter
measures the specular reflection of a light source off the surface of the glaze (Figure 3.3).
In order to obtain a clear differentiation over the complete measurement range from high
gloss to matte surface, three different geometry’s (20°, 60°, and 85° angle) can be used.
For the purpose of these experiments the 60° angle is the suggested geometry because
this angle allows for more accurate quantification of a wider range of surfaces (from
matte to gloss). The glossmeter reports numbers in gloss units (GU) where the typical
gloss surface ranged from 94 to 70 GU, the semi-gloss surface ranged from 70 to 20 GU,
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and the matte surfaces ranged from 20 GU and below.♥ Gloss units are related to the
amount of reflected light from a black glass standard with a defined refractive index
(1.567), and not to the amount of incident light. The measurement value for this defined
standard is equal to 100 GU (calibration). Materials with higher refractive index can
have a value above 100 gloss units, but is not the case for this research. Commercial
glazes were also measured with the glossmeter to verify the stated ranges (commercial
glazes ranged from 94 to 87 GU).

Incident Light

Detector
Diffuse

Specular

Figure 3.3. Schematic diagram of the glossmeter and the measurement of
specular reflection off the surface of the glaze. The incident light is at an
incident angle of 60° for this experiment.
3.2.2.2

X-Ray Diffraction
XRD was used to detect the crystallizing species between the alumina mattes and

the silica mattes. Sample preparation consisted of grinding fired bulk glaze samples with
a motorized mortar and pestle made of sintered alumina (Retsch Mortar Mill type
RM100, Retsch GmbH & Co. KG, Rheinische Str. 36, Haan, Germany). Samples were
ground down below 10 µm in 30-minute time intervals. Once sample preparation was
complete it was measured using the XRD (Siemens Goniometer, CuKα radiation, Alfred
University, Alfred, NY). The parameters used were: 2θ range: 15-60°, Step size: 0.03°,

♥

Ranges defined by UMM Electronics Inc. for the ASTM 2457 (Indianapolis, IN).
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Dwell time: 3 sec.

Phase Identification was conducted using commercial software

routines (Jade+, Version 3.1, Materials Data, Inc., Livermore, CA, 1995).
3.2.2.3

Scanning Electron Microscopy (SEM)
Images were taken of the glaze surface using SEM (Philips Electron Microscope,

Alfred University, Alfred, NY). After samples were fired, five samples from each series
of glaze were chosen based on difference in appearance. The best gloss, two alumina
mattes, and two silica mattes were chosen. Samples were cut using a diamond saw and
mounted using carbon paste.

Images were taken of the microstructure as well as

qualitative analysis by EDS measurements to verify the crystalline phase compositions
formed from the devitrification process. Precise qualitative analysis of the crystalline
material is not possible due to interaction volume affects and the environment or the
inhomogeneous nature of the glaze that analysis is conducted on. EDS is also unable to
detect lithium due to lithium’s low energy (0.5 eV), so it used only as reinforcement to
the other characterization techniques.
3.3

Results and Discussion

3.3.1 Characterization of Glaze Compositions
Gloss units produced from the glossmeter were used to quantify the surface
character of the glazes in each group (KNaO and Li2O) and series. Contour plots of each
series that show how the surface changes with alumina and silica additions can be found
in Figures 3.4-3.12 (KNaO group) and Figures 3.13-3.18 (Li2O group). The legend
indicates the gloss unit intervals. Both groups of glazes will be discussed separately with
the focus on the compositional effects on the glaze character.

All data from the

glossmeter was transformed using a negative exponential smoother to mathematically fit
the data and omit any outliers, which in return will reduce noise. This transform is a
local smoothing technique using polynomial regression and weights computed from the
Gaussian density function. The brighter regions of the maps indicate the high gloss
regions and the transition from bright to dark regions reflects the transition from gloss to
matte surfaces. Two different matte formation regions are identified in this research
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through the aid of SEM/EDS and XRD. The two matte formation regions identified are
mattes of devitrification (alumina mattes) and mattes of underfiring (silica mattes). The
reason for these labels (alumina and silica mattes) are that alumina mattes (devitrified)
are generally found in the low silica compositional ranges (both high and low alumina
range) and the silica mattes (underfired) are found in the low alumina ranges (high silica).
For this study the alumina mattes and silica mattes will be defined to separate the two
matte regions based on these criteria. The alumina matte and silica matte regions have
been given the following general compositional ranges in past experimentation:
Alumina Matte:

}

Variable Flux } 0.10 − 0.60 Al2O3 1.5 − 3.0 SiO 2

Silica Matte:
Variable Flux } 0.10 − 0.30 Al2O3 3.0 − 5.0 SiO 2

}

Note that previous work has demonstrated that the silica matte region is devitrified and
the alumina matte region is unfused (or underfired).2 Also, the limit formulas do not
differentiate between the two types of matte formation.19
This research will demonstrate these general compositional ranges for matte formation
are not accurate enough to represent the true trend seen in each glaze system (Series A
through Q), meaning some of the data is excluded rather than included. For this reason, a
more complete evaluation of these limits or constraints needs to be determined.
The gloss results found in Figures 3.4-3.18, clearly and accurately, demonstrate
the change from gloss to matte surface with changing alumina and silica levels. When
applying the general compositional ranges for both alumina and silica matte surfaces it
can be seen that some of the gloss data collected is not included in the matte ranges. To
provide a better representation and to avoid excluding important data, lines are drawn for
the boundaries between gloss and alumina matte regions as well as gloss and silica matte
regions. This is demonstrated for Series A glaze system seen in Figure 3.19.
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Figure 3.4. Gloss of the glazes for 0.3 KNaO: 0.7 CaO (Series A) were
tested by means of glossmeter. The legend represents the gloss unit
intervals. Transition from bright colors to dark colors signifies the transition
from gloss to matte surfaces.
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Figure 3.5. Gloss of the glazes for 0.5 KNaO: 0.5 CaO (Series B) were
tested by means of glossmeter. The legend represents the gloss unit
intervals. Transition from bright colors to dark colors signifies the transition
from gloss to matte surfaces
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Figure 3.6. Gloss of the glazes for 0.7 KNaO: 0.3 CaO (Series C) were
tested by means of glossmeter. The legend represents the gloss unit
intervals. Transition from bright colors to dark colors signifies the transition
from gloss to matte surfaces.
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Figure 3.7. Gloss of the glazes for 0.25 KNaO: 0.43 MgO: 0.32 CaO
(Series D) were tested by means of glossmeter. The legend represents the
gloss unit intervals. Transition from bright colors to dark colors signifies
the transition from gloss to matte surfaces.
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Figure 3.8. Gloss of the glazes for 0.4 KNaO: 0.34 MgO: 0.26 CaO (Series
E) were tested by means of glossmeter. The legend represents the gloss unit
intervals. Transition from bright colors to dark colors signifies the transition
from gloss to matte surfaces.
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Figure 3.9. Gloss of the glazes for 0.65 KNaO: 0.2 MgO: 0.15 CaO (Series
F) were tested by means of glossmeter. The legend represents the gloss unit
intervals. Transition from bright colors to dark colors signifies the transition
from gloss to matte surfaces.
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Figure 3.10. Gloss of the glazes for 0.25 KNaO: 0.62 MgO: 0.13 CaO
(Series G) were tested by means of glossmeter. The legend represents the
gloss unit intervals. Transition from bright colors to dark colors signifies
the transition from gloss to matte surfaces.
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Figure 3.11. Gloss of the glazes for 0.4 KNaO: 0.48 MgO: 0.12 CaO
(Series H) were tested by means of glossmeter. The legend represents the
gloss unit intervals. Transition from bright colors to dark colors signifies
the transition from gloss to matte surfaces.

38

0.60
0
10
20
30
40
50
60
70
80

Molecular Equivalents of Alumina

0.55

0.50

0.45

0.40

0.35

0.30

0.25

0.20
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Molecular Equivalents of Silica

Figure 3.12. Gloss of the glazes for 0.59 KNaO: 0.33 MgO: 0.08 CaO
(Series J) were tested by means of glossmeter. The legend represents the
gloss unit intervals. Transition from bright colors to dark colors signifies
the transition from gloss to matte surfaces.
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Figure 3.13. Gloss of the glazes for 0.1 KNaO: 0.2 Li2O: 0.7 CaO (Series
L) were tested by means of glossmeter. The legend represents the gloss unit
intervals. Transition from bright colors to dark colors signifies the transition
from gloss to matte surfaces.
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Figure 3.14. Gloss of the glazes for 0.15 KNaO: 0.15 Li2O: 0.7 CaO (Series
M) were tested by means of glossmeter. The legend represents the gloss
unit intervals. Transition from bright colors to dark colors signifies the
transition from gloss to matte surfaces.
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Figure 3.15. Gloss of the glazes for 0.2 KNaO: 0.1 Li2O: 0.7 CaO (Series
N) were tested by means of glossmeter. The legend represents the gloss unit
intervals. Transition from bright colors to dark colors signifies the transition
from gloss to matte surfaces.
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Figure 3.16. Gloss of the glazes for 0.26 Li2O: 0.74 CaO (Series O) were
tested by means of glossmeter. The legend represents the gloss unit
intervals. Transition from bright colors to dark colors signifies the transition
from gloss to matte surfaces.
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Figure 3.17. Gloss of the glazes for 0.15 KNaO: 0.12 Li2O: 0.38 CaO: 0.35
MgO (Series P) were tested by means of glossmeter. The legend represents
the gloss unit intervals. Transition from bright colors to dark colors
signifies the transition from gloss to matte surfaces.
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Figure 3.18. Gloss of the glazes for 0.25 Li2O: 0.38 CaO: 0.37 MgO (Series
Q) were tested by means of glossmeter. The legend represents the gloss unit
intervals. Transition from bright colors to dark colors signifies the transition
from gloss to matte surfaces.
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Figure 3.19. Schematic diagram demonstrating the use of line equations
being used to represent the boundaries between gloss, silica mattes and
alumina mattes (Series A glaze system demonstrated above).
Each line can be assigned an equation to represent the boundaries separating the
gloss from the matte regions as well as separating the alumina matte region from the
silica matte region (labeled in the diagram).

The highlighted regions represent the

general compositional ranges for alumina and silica matte regions stated previously and

it clearly shows that gloss and matte surface data is being excluded from the ranges.
Where the boundary lines intersect is also important because this point is where both
boundary lines end and the silica matte-alumina matte boundary begins (dotted lines are
not part of the boundary). To determine the position of the alumina matte-silica matte
boundary line more extensive analysis of the glaze surface needs to be collected. The
crystalline products found in the glaze, that contributes to the matte surface texture,
determines where the boundary resides. Whether the crystalline product is a result of
underfiring or the devitrification process will separate the two matte regions.
For the equations of the boundary lines for the remaining glaze systems tested,
refer to Table III-4. Each glaze system and the boundary constraints will be discussed in
more detail in the remaining sections. Notice some glaze systems do not have boundary
46

intersection points meaning the boundary lines ran parallel to one another. Glaze systems
J through Q are represented with NA (not applicable) because no boundary between the
gloss and matte regions is detected by gloss measurements only the boundary between
alumina matte regions and silica matte regions can be determined in these systems
(discussed in more detail in the following sections).
Table III-4. Boundary Line Equations that Separate Gloss, Alumina Matte,
and Silica Matte Regions for Glaze Systems Tested.
Series

A
B
C
D
E
F
G
H
J
L
M
N
O
P
Q

Boundary Equation
Alumina Matte-Gloss Silica Matte-Gloss

y = 0.231x - 0.278
y = 0.167x - 0.0668
y = 0.175x - 0.0125
y = 0.3x - 0.45
y = 0.1x + 0.15
y = 0.15x + 0.15
y = -0.6x + 1.95
y = -0.211x + 1.022
NA
NA
NA
NA
NA
NA
NA

y = 0.06x + 0.15
y = 0.09x + 0.05
y = 0.175x - 0.325
y = 0.06x - 0.15
y = 0.1x - 0.05
y = 0.14x - 0.15
y = 0.038x + 0.259
y = 0.014x + 0.37
NA
NA
NA
NA
NA
NA
NA

Boundary Intersection
* (Alumina, Silica)

0.30, 2.5
0.19, 1.5
0.30, 2.5
-4.35, -30
0.36, 2.65
0.41, 2.9
NA
NA
NA
NA
NA
NA
NA

* Molecular equivalents of both Alumina and Silica.

From this point on it is important to distinguish between a good matte or satin
(semi-gloss) surface and a bad (or dry) matte surface. Dry matte surfaces, or mattes of
immaturity, are usually a result of undissolved refractory material, such as quartz and
alumina as a result of underfiring or in some cases excessive crystallization (can also be a
result of underfiring). Good matte glazes (mattes of crystallization) are those that have a
high degree of crystalline material in the glaze as a result of devitrification, but have a
texture similar to velvet (homogeneously dispersed micro-crystals). Dry mattes in this
study are found at the extremes of each alumina and silica matte (gloss units ≤ 10) for
Series A through C.

Increased temperature or longer dwell times will aid in the
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dissolution of quartz and increase the glaze’s ability to form a higher percentage of glass
phase. Alumina matte regions in this study demonstrate that the crystalline phases are a
result of devitrification and are controlled by the level of certain oxides in the system.
This will be demonstrated in the following discussion. Note that it has been reported in
the past that too much alumina introduced into the glaze may result in underfiring due to
undissolved clay and alumina, but it is not experienced in this research.
The results of the XRD tests for each series can be seen in Table III-5 (KNaO
group) and Table III-6 (Li2O Group). The crystalline species found in each series is
separated into two groups, alumina mattes and silica mattes, based on the matte formation
process (devitrification or underfiring).

Both matte formations result in distinct

crystalline species that can separate the two groups from one another. Distinguishing the
two mattes is critical because the mechanism for crystalline formation is different for
each group and will be discussed in the following sections.

XRD patterns of the

crystalline phases found can be seen in Appendix C and chemical formulas of the
crystalline phases identified can be seen in Table III-7.
SEM photomicrographs were taken of selected glaze samples for each series of
glaze and can be seen in Figures 3.20-3.34. SEM images for the KNaO group of glazes
can be seen in Figures 3.20-3.28. These samples were chosen to illustrate the difference
between microstructure of glazes with CaO as the dominant RO oxide (Series A to C)
and glazes with MgO as the dominant RO oxide (Series D to J). These images will also
be used to compare the surface of alumina matte microstructures and silica matte
microstructures. Surfaces of gloss glazes can be seen in Figures 3.20e and 3.26b. It can
be seen from these images that there is no real difference between the two surfaces and
that the quality of the gloss surface is obscured with debris. As expected, no real
distinguishing features can be seen in the gloss surfaces. Figures 3.29-3.34 illustrate the
difference between alumina mattes and silica mattes in the lithium group of glazes.
Surfaces used for SEM analysis were also analyzed with EDS to verify XRD results of
crystalline phases formed. Discrepancies were found when comparing the results of the
XRD analysis and the SEM/EDS analysis. These results will be identified and discussed
in the following sections.
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Table III-5. Phase Identification for KNaO Group of Glaze Compositions
(Series A through J) of the Alumina and Silica Matte Regions.
Crystalline Species

Glaze
Series

Alumina Matte

Silica Matte

A

Anorthite
Anorthite

Wollastonite, Quartz
Wollastonite, Cristobalite, Quartz

D

Nepheline, Leucite
Diopside

Cristobalite, Quartz
Cristobalite, Quartz

E

Diopside

Cristobalite, Quartz

F

Sodium Aluminosilicate

Cristobalite, Quartz

G

Spinel, Forsterite

Cristobalite, Quartz

H

Spinel, Forsterite
Spinel, Forsterite

Cristobalite, Quartz
Cristobalite, Quartz

B
C

J

Table III-6. Phase Identification for Li2O Group of Glaze Compositions
(Series L through Q) of the Alumina and Silica Matte Regions.
Glaze
Series
L
M
N
O
P
Q

Crystalline Species
Alumina Matte
Amorphous
Amorphous
Amorphous
Amorphous
Diopside
Diopside

Silica Matte
Wollastonite, Tridymite, Quartz
Wollastonite, Tridymite, Quartz
Wollastonite, Tridymite, Quartz
Wollastonite, Quartz
Tridymite, Quartz
Tridymite, Quartz

Table III-7. Chemical Formulas of the Crystalline Species Identified in the
Glaze Systems Studied.
Crystal Phase

Crystal Phase

Anorthite

Chem. Formula
CaO·Al2O3·2SiO2

Wollastonite

Chem. Formula
CaO·SiO2

Nepheline, syn

K(Na, K)3Al4Si4O16

Quartz

SiO2

Leucite

KSi2AlO6

Cristobalite

SiO2

Diopside

(Ca,Mg)O·MgO·2SiO2

Tridymite

SiO2

Sodium Aluminosilicate

Na2O·Al2O3·SiO2

Spinel

MgO·Al2O3

Forsterite

2MgO·2SiO2
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0.3 KNaO: 0.7 CaO

200 µm

50 µm

a) 0.5 Al2O3: 2.0 SiO2

b) 0.5 Al2O3: 1.5 SiO2

20 µm

200 µm

d) 0.2 Al2O3: 5.0 SiO2

c) 0.2 Al2O3: 2.0 SiO2

20 µm

e) 0.5 Al2O3: 4.0 SiO2
Figure 3.20. SEM Photomicrographs of glaze surface microstructure for
Series A (Normalized flux ratio of 0.3 KNaO: 0.7 CaO): a & b) Alumina
matte with anorthite as crystallizing species, c) Silica matte glaze with
wollastonite as crystallizing species, d) Silica matte with undissolved quartz
(little evidence of melting), e) Gloss glaze (debris on surface) with alumina:
silica ratio of 1:8.
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0.5 KNaO: 0.5 CaO

a) 0.4 Al2O3, 1.5 SiO2

100 µm
b) 0.2 Al2O3, 4.0 SiO2

Figure 3.21. SEM Photomicrographs of glaze surface microstructure for
Series B (normalized flux ratio of 0.5 KNaO: 0.5 CaO): a) Alumina matte
with anorthite as crystallizing species, b) Silica matte with cristobalite and
undissolved quartz.
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0.7 KNaO: 0.3 CaO

50 µm

a) 0.5 Al2O3: 2.0 SiO2

100 µm

b) 0.2 Al2O3: 5.0 SiO2

Figure 3.22. SEM Photomicrographs of glaze surface microstructure for
Series C (normalized flux ratio of 0.7 KNaO: 0.3 CaO): a) Alumina matte
with leucite as crystallizing species, b) Silica matte with cristobalite and
undissolved quartz (higher degree of melting when compared to Figure
3.19d).
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0.25 KNaO: 0.43 MgO: 0.33 CaO

50 µm
a) 0.4 Al2O3: 1.5 SiO2

100 µm

50 µm

b) 0.2 Al2O3: 2.0 SiO2

c) 0.2 Al2O3: 4.0 SiO2

Figure 3.23. SEM Photomicrographs of glaze surface microstructure for
Series D (normalized flux ratio of 0.25 KNaO: 0.43 MgO: 0.33 CaO): a)
Alumina matte region containing diopside as crystalline species, b)
Alumina matte region also containing diopside as crystallizing species
demonstrating a change in the alumina matte range, c) Silica matte with
cristobalite and undissolved quartz.
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0.41 KNaO: 0.34 MgO: 0.25 CaO

a) 0.5 Al2O3: 1.5 SiO2

50 µm

b) 0.2 Al2O3: 4.0 SiO2

Figure 3.24. SEM Photomicrographs of glaze surface microstructure for
Series E (Normalized flux ratio of 0.41 KNaO: 0.34 MgO: 0.25 CaO): a)
Alumina matte region containing diopside as the crystalline species, b)
Silica matte with cristobalite and undissolved quartz.
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0.63 KNaO: 0.21 MgO: 0.16 CaO

50 µm

a) 0.5 Al2O3: 1.5 SiO2

200 µm

b) 0.3 Al2O3: 5.0 SiO2

Figure 3.25. SEM Photomicrographs of glaze surface microstructure for
Series F (Normalized flux ratio of 0.63 KNaO: 0.21 MgO: 0.16 CaO): a)
Alumina matte region containing sodium aluminosilicate as the crystalline
species, b) Silica matte with cristobalite and undissolved quartz.
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0.25 KNaO: 0.62 MgO: 0.13 CaO

2 µm

20 µm

a) 0.5 Al2O3: 2.0 SiO2

b) 0.6 Al2O3: 5.0 SiO2

200 µm

10 µm

d) 0.2 Al2O3: 5.0 SiO2

c) 0.3 Al2O3: 3.0 SiO2

Figure 3.26. SEM Photomicrographs of glaze surface microstructure for
Series G (Normalized flux ratio of 0.25 KNaO: 0.62 MgO: 0.13 CaO): a)
Alumina matte with spinel as crystallizing species, b) Gloss glaze (some
quartz crystals) with alumina: silica ratio of 1: 8.3, c) Alumina matte region
containing forsterite as crystallizing species, d) Silica matte with
undissolved quartz (Higher degree of melting when comparing to Figure
3.19d), surface cracks also evident (cracks resulted from sample
preparation).
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0.40 KNaO: 0.49 MgO: 0.11 CaO

20 µm

a) 0.5 Al2O3: 2.0 SiO2

200 µm

10 µm

b) 0.2 Al2O3: 1.5 SiO2

c) 0.2 Al2O3: 5.0 SiO2

Figure 3.27. SEM Photomicrographs of glaze surface microstructure for
Series H (Normalized flux ratio of 0.4 KNaO: 0.49 MgO: 0.11 CaO): a)
Alumina matte with spinel as crystallizing species, b) Alumina matte
region containing forsterite as crystallizing species, c) Silica matte with
cristobalite and undissolved quartz (cracks in the surface resulted form
sample preparation).
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0.59 KNaO: 0.33 MgO: 0.08 CaO

10 µm

a) 0.6 Al2O3: 2.0 SiO2

b) 0.5 Al2O3: 1.5 SiO2

c) 0.2 Al2O3: 4.0 SiO2

Figure 3.28. SEM Photomicrographs of glaze surface microstructure for
Series J (Normalized flux ratio of 0.59 KNaO: 0.33 MgO: 0.08 CaO): a)
Alumina matte with spinel as crystalline species, b) Alumina matte with
spinel as crystalline species, c) Silica matte with cristobalite and
undissolved quartz.
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0.20 KNaO: 0.10 Li2O: 0.70 CaO

a) 0.4 Al2O3: 2.0 SiO2

b) 0.1 Al2O3: 1.5 SiO2

c) 0.3 Al2O3: 3.0 SiO2

Figure 3.29. SEM Photomicrographs of glaze surface microstructure for
Series L (normalized flux ratio of 0.20 KNaO: 0.10 Li2O: 0.70 CaO): a)
Alumina matte with anorthite as the crystalline species, b) Silica matte
glaze with wollastonite as crystallizing species, c) Silica matte glaze with
wollastonite as crystallizing species. High silica range in the silica matte
region contains undissolved quartz (not shown here).
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0.15 KNaO: 0.15 Li2O: 0.70 CaO

a) 0.4 Al2O3: 2.0 SiO2

b) 0.2 Al2O3: 2.0 SiO2

c) 0.3 Al2O3: 3.0 SiO2

Figure 3.30. SEM Photomicrographs of glaze surface microstructure for
Series M (normalized flux ratio of 0.15 KNaO: 0.15 Li2O: 0.70 CaO): a)
Alumina matte with anorthite as the crystalline species, b) Silica matte
glaze with wollastonite as crystallizing species, c) Silica matte glaze with
wollastonite as crystallizing species.
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0.10 KNaO: 0.20 Li2O: 0.70 CaO

a) 0.3 Al2O3: 3.0 SiO2

b) 0.3 Al2O3: 4.0 SiO2

c) 0.1 Al2O3: 1.5 SiO2

d) 0.2 Al2O3: 4.0 SiO2

Figure 3.31. SEM Photomicrographs of glaze surface microstructure for
Series N (normalized flux ratio of 0.10 KNaO: 0.20 Li2O: 0.70 CaO):
Compositions a, b, and c are silica matte glazes with wollastonite as
crystallizing species (these glazes demonstrate that wollastonite is present
as high as 0.3 molecular equivalents of alumina), d) Silica matte glaze
containing tridymite and undissolved quartz.
The alumina matte
composition contains anorthite as the crystallizing species as seen in the
two previous figures (not shown here).

61

0.30 Li2O: 0.70 CaO

a) 0.4 Al2O3: 2.0 SiO2

b) 0.1 Al2O3: 1.5 SiO2

c) 0.1 Al2O3: 1.5 SiO2

Figure 3.32. SEM Photomicrographs of glaze surface microstructure for
Series O (normalized flux ratio of 0.30 Li2O: 0.70 CaO): a) Alumina matte
with anorthite as the crystalline species, b) Silica matte glaze with
wollastonite as the crystallizing species, c) Increased magnification of
figure 3.31b showing layered platelet-like morphology of the CaO·SiO2
phase.
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0.15 KNaO: 0.15 Li2O: 0.35 MgO: 0.35 CaO

a) 0.4 Al2O3: 2.0 SiO2

b) 0.1 Al2O3: 1.5 SiO2

c) 0.3 Al2O3: 4.0 SiO2

d) 0.2 Al2O3: 3.0 SiO2

Figure 3.33. SEM Photomicrographs of glaze surface microstructure for
Series P (normalized flux ratio of 0.15 KNaO: 0.5 Li2O: 0.35 MgO: 0.35
CaO): a) Alumina matte with diopside as the crystallizing species, b)
Alumina matte glaze with diopside as crystallizing species demonstrating
devitrification at low alumina and low silica levels, c) Silica matte glaze
with tridymite and undissolved quartz as crystalline species, d) Silica
matte glaze with tridymite and undissolved quartz as crystalline species.
(Samples a and b show macrocrystalline scale crystals).
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0.30 Li2O: 0.35 MgO: 0.35 CaO

a) 0.4 Al2O3: 2.0 SiO2

b) 0.1 Al2O3: 1.5 SiO2

c) 0.2 Al2O3: 2.0 SiO2

Figure 3.34. SEM Photomicrographs of glaze surface microstructure for
Series Q (normalized flux ratio of 0.30 Li2O: 0.35 MgO: 0.35 CaO): a)
Alumina matte with diopside as the crystalline species, b) Alumina matte
glaze with diopside as crystallizing species demonstrating devitrification
at low alumina and low silica levels, c) Silica matte glaze with diopside as
crystalline species. (Samples a and b show macrocrystalline scale crystals)
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3.3.2 Comparison to Previous Results

The results from the KNaO group of glazes are very similar to that of Stull’s and
Sortwell’s research considering we tested a smaller compositional range.2,11,12 Figures
3.4-3.6 (Series A through C) follow the trends seen in Stull and Sortwell almost exactly
even with increasing alkali content (the crazing area is also similar to what Stull and
Sortwell found). Resent work conducted by Carty and Katz also looked at the same
simple glaze compositions as Series A and C and obtained similar results. Despite the
previous research using different bodies for glaze application and firing schedule, results
are consistent and reproducible.

Crazing area varied slightly due to different body

compositions, but is consistent enough to suggest crazing is more a result of stresses
induced by crystallization than thermal expansion mismatch (crazing found in the matted
regions).
The best bright glazes (highest luster) lie on and to either side of the line running
diagonally across the field through those points having alumina-silica ratios of 1 to 8.2.
The boundary between gloss and silica matte regions is being affected with increasing
alkali due to increased fluxing power, or higher degree of melting behavior, reducing
undissolved quartz levels. This trend is seen in Figures 3.5-3.6 and Table III-4 where the
silica matte-gloss boundary line can be seen shifting in the high silica, low alumina
direction (larger gloss area). Also note that the low silica range in the silica matte region
exhibits higher gloss readings due to lower levels of CaO in the system. Due to higher
alkali levels no crystalline phase is found in Series C (Table III-5) in this region while
there is lower levels of crystalline phases present in Series B when compared to Series A.
This is also demonstrated in Table III-4, where the boundary lines in Series A intersect at
0.30 Al2O3, 2.5 SiO2 and in Series C the boundary lines are parallel to each other. Slight
change in the boundary between the gloss and alumina matte regions is seen with
increasing alkali levels for Series A through C, indicating the Flux:Al2O3 ratio controls
the boundary line.
Thompson’s work on the microstructure of glazes looked at the same composition
as Series A at Cone 10 and had nearly identical results to this work.35 In the alumina
matte region very small needle-like crystals of anorthite (CaO·Al2O3·2SiO2) were found
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to recrystallize upon cooling as seen in Figures 3.20a where anorthite crystallizes can be
seen growing in a glassy matrix. The dry matte in this region is also anorthite, but highly
crystalline as seen in the SEM image in Figure 3.20b where there is little evidence of
glassy phase. The silica matte regions show evidence of large amounts of undissolved
quartz (Figure 3.20d) with lower levels of quartz found with increasing alkali (seen in
Figures 3.21b and 3.22b where also a higher degree of melting can be seen). Small
amounts of wollastonite (CaO·SiO2), found in Figure 3.20c, and cristobalite (SiO2) were
also found in the silica matte region, which is identical to what Stull and Thompson
found in this compositional range with the exception of tridymite, which was seen in
Thompson’s work.35

The formation of cristobalite can happen one of two ways.

Cristobalite can form from solid-state reactions as described by Lundin in his research
(discussed in more detail in Chapter 4.0) or by the devitrification process where
cristobalite crystals precipitate from the melt.36 There is not enough evidence to support
one over the other. With reference to Stull and Thompson, they label just the silica matte
region as devitrified when in fact this research shows alumina matte regions are
devitrified mattes and the silica matte regions are a result of underfiring.
Formation of the wollastonite phase, in this case, is presumed a solid-state
reaction. This is supported when comparing morphologies of the wollastonite phase in
this case to previous cases. Thompson’s work demonstrates that the wollastonite crystals
have grown radially from a common center, similar to anorthite crystals seen in Figure
3.20a.35 In this research wollastonite assumes platelet-like morphology as seen in Figure
3.20c arguing against devitrification. C. J. Jacob also demonstrates solid-state formation
of wollastonite when sufficient amounts of calcium carbonate with quartz are heat treated
to temperatures in excess of 1000°C.37 Crystallized CaSiO3 is obtained between 1000°C
and 1100°C and high temperature wollastonite (pseudo-wollastonite) between 1100°C
and 1200°C. XRD results show wollastonite and pseudo-wollastonite and when EDS is
conducted on the platelet-like crystals seen in figure 3.20c a calcium/silicon rich
composition is present (seen in Figure 3.35). The solid-state reaction can be seen in
equation 3.1.37
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CaCO 3 + SiO 2 ⇒ CO 2 ( g ) + CaO + SiO 2 ⇒ CaSiO 3 ⇔ CaSiO 3
1000 −1100° C

Si
Ca

Au
O

Al

Pd

K

(3.1)
Figure 3.35. EDS analysis on the platelet-like crystals seen in composition
0.3 KNaO: 0.7 CaO: 0.2 Al2O3: 2.0 SiO2. Analysis indicating wollastonite
(CaO·SiO2) composition.
The crystallization of these particular crystals can simply be explained by plotting
the compositions tested on a CaO-Al2O3-SiO2 phase equilibrium diagram seen in Figure
3.36. The compositions labeled as mattes have crystalline phases that are dictated by the
phase field they reside in, which matches perfectly to the results found in Series A. With
the low levels of alkali the phase field boundaries may only be slightly affected. With
KNaO replacing the CaO no longer is the CaO-Al2O3-SiO2 ternary diagram used to
accurately predict the crystallizing behavior of the glazes.

The phase field the

composition lies in predicts the phase that first becomes insoluble in the melt below the
melting point causing devitrification unless cooled past the glass transformation
temperature (Tg).
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1100 −1200° C

As the alkali content is increased the species crystallizing out of the melt changes
as seen in Table III-5. The higher KNaO level compared to the CaO result in alkali-rich
aluminosilicate phases precipitating out of the melt in the case of the alumina mattes
(Figure 3.22a). No evidence of wollastonite is found in the glazes at higher alkali levels
due to lower CaO levels. The absence of wollastonite is also noticed in the gloss
measurements seen in Figures 3.5-3.6, as the gloss region expands into the low aluminalow silica direction.

SiO2

Gloss
Alumina Matte
Silica Matte

Tridymite
Cristobalite

Anorthite

Pseudowollastonite

Mullite

ru
Co
nd

O
Si
2
Ca

Gehlerite

um

4

Lime

0.3 KNaO:
0.7 CaO

Al2O3

Figure 3.36. Glaze compositions with 0.3 KNaO: 0.7 CaO flux ratio
overlaid on a CaO·Al2O3·SiO2 equilibrium diagram (wt%). Crystallization
of anorthite, wollastonite, and cristobalite in the glaze microstructure is
consistent with their phase field, even when low alkali is introduced.
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3.3.3Influence of MgO on Glaze Characteristics

Figures 3.7-3.12 show the effect MgO has on the glazes as it is used to replace the
CaO as a flux. From Series D to Series F (Figures 3.7-3.9) and Series G to Series J
(Figures 3.10-3.12) alkaline earth oxides are being systematically replaced by alkali. The
initial intent for series D through F (intermediate levels of CaO and MgO) was to
maintain the ratio of CaO to MgO at 1:1, but was unable due to CaO impurities in the talc
chemical composition. Just using the empirical formula of traditional talc composition
was found to be inaccurate. Chemical analysis of talc found significant amounts of free
quartz and less CaO than initially assumed. Again, this demonstrates the need for the
UMF approach and chemical analysis as outlined in this research.
One important observation is the ability of the MgO to change the area of gloss
within the experimental matrix, suggesting the MgO is affecting the glass formation
behavior and melting behavior differently than CaO does as a flux. This is also backed
by the XRD data found in Table III-5 and is also well established in industry that MgO
(small amounts) helps to lower the melting point of high-fire glazes particularly when
combined with CaO at Cone 10.38 Evidence of diopside (CaO·MgO·2SiO2), seen in
Figure 3.23a-b and 3.24a, is found at low levels of silica and alumina as well as high
alumina (unlike Series A to C). Diopside is found as high as 3.0 moles of SiO2 at the low
levels of alumina (< 0.3 moles of Al2O3) which is generally seen as the silica matte
region (Series A-C), but the diopside phase is clearly formed from the devitrification
process.

Diopside has a similar needle-like structure to anorthite except there is

substitution of Mg2+ into the structure and the absence of Al3+. In the high silica range of
the silica matte region cristobalite is found with undissolved quartz for all intermediate
levels (Table III-5). As stated before the cristobalite formation could have formed one of
two ways.36 Undissolved quartz is again the reason for unsatisfactory mattes (<20 GU) in
the silica matte region for series D through F, but the amount of quartz suggests the
system is more mature than the systems with only CaO, showing the MgO in
combination with CaO achieves a higher degree of melting in a broader compositional
range (a higher degree of melting can be seen when comparing the images in Figures
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3.20d and 3.23c). In the high alkali compositions (series F) alkali rich (mostly Na)
aluminosilicate phases crystallize out of the melt (Figure 3.25a).
Similar to Series A through C the boundary lines seen in Table III-4 show a
similar trend in Series D through F glaze compositions.

The alumina matte-gloss

boundary line intersects the silica matte-gloss boundary line at 0.30 Al2O3, 2.5 SiO2
(same as Series A) where the alumina matte-silica matte boundary line continues from
the intersection down to 0.2 Al2O3, 3.0 SiO2 (different than Series A). Both Series E and
F demonstrate a trend similar to Series C where the boundary lines are parallel showing
high gloss along the diagonal of the compositional range. Even with the high gloss
readings there is still evidence (Table III-5), in the low alumina, low silica region of
Series D, that diopside phase is present in small amounts.
Clearly the same trend seen in Stull’s work can be seen in Series D through E, but
the boundaries in Series G through J are suggesting a different result (Figures 3.10-3.12).
In series G through H the levels of MgO are too high to form a complete glass phase.
Also the level of RO is too high for a complete melt to be achieved for this particular heat
treatment for the compositions found in the silica matte regions. Only in series J is the
entire range tested completely gloss or semi-gloss (gloss units ranged from 65 to 85 over
the entire range tested) due to the high alkali level; there are no matte surfaces. However,
when referring to the XRD data (Table III-5) and SEM imaging (Figures 3.26-3.28) there
is evidence of crystalline phases present in most of the range tested.

This is not

uncommon, particularly in high MgO (as well as high Li2O) glaze compositions. Due to
the small atomic radius and high bond strength of MgO (and Li2O) the field strength
(Zc/a2 where Zc is the valence and a is the ionic radius) values are relatively high,
compared to other fluxing oxides used (Mg2+= 4.7; Ca2+= 2.04; Li+= 2.78; K+= 0.57;
Na+= 1.11).34 This results in the glaze melt rearranging into an ordered or crystalline
structure more readily. To a large extent, the arrangement of oxygen ions in the melt will
be determined by the silicon ions, which have high field strengths (23.8). The other ions
such as the fluxing and intermediate ions influence the structure of the melt in an attempt
to achieve a closely packed polyhedron of oxygen ions around themselves and the extent
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to which these ions can modify the structure of the melt will depend upon their ionic field
strength.34
The literature supports glazes of these compositions (high MgO) at Cone 12 and
higher, but exhibit a level of opacification.9 Opacification is seen in Series G while little
to no opacification is seen in Series H and J. Note that the opaque nature of the glaze is
independent of the gloss or sheen of the glaze because the glazes that show relatively
high gloss readings (75-85 GU), found in Series G, have the highest degree of
opacification. Past literature also suggests that MgO also participates in the networkforming role in the structure of the glass, which may explain its glass forming
ability.25,26,30,34,39 Especially in the case of high alkali because for the Mg2+ to enter the
network former position it must be accompanied by two alkali to ensure neutrality laws.
This means the likeliness of Mg ions to take up the network former position in the
structure is increased with the higher levels of alkali ions available (Series J glaze
compositions support this).
MgO provides a broader range of high gloss readings when in combination with
CaO, but when in higher concentration, devitrification of crystalline phases is more than
likely to happen. In the case of the alumina mattes and bright glazes, seen in Figures
3.10-3.12, MgO results in devitrification of fine, well-dispersed crystalline phases (Table
III-5 gives phase identification). Both Series G and H possess negative slopes for the
alumina matte-gloss boundary line demonstrating that the trends seen previously are
being altered by the dominance of MgO in the glaze system. Both silica matte-gloss
boundary lines in Series G and H are similar with the boundary intersections in both
series being 0.36 Al2O3, 2.65 SiO2 and 0.41 Al2O3, 2.9 SiO2 respectively (Table III-4).
The alumina matte-silica matte boundary lines in both series is also similar with the line
separating the underfired glazes from the devitrified glazes extending from the
intersecting point to the 0.2 Al2O3, 3.0 SiO2 composition in both glaze systems. Glaze
compositions lying to the right of this line and below the silica matte-gloss boundary line
are matte compositions due to underfiring.
The alumina matte region contains the crystalline phase spinel (MgO·Al2O3) seen
in Figures 3.26a, 3.27a, and 3.28a-b, which appears, as a triangular crystal at the surface.

71

Also seen in the low silica, low alumina regions in the alumina matte regions is forsterite
(2MgO·SiO2), seen in Figure 3.26b, while cristobalite and undissolved quartz (Figures
3.26d, 3.27b, 3.28c) are found at the higher molecular equivalents of silica (3.0-5.0) in
the silica matte regions. EDS measurements on the crystalline phases of spinel and
forsterite can be seen in Figures 3.37-3.38. To counteract the matte effect, the general
rule is to increase the temperature or alumina levels in the composition.4,40,41

This

statement is true if the glaze composition resides in the silica matte region at the high
silica end. Spinel and forsterite phases are a result of devitrification; therefore increasing
temperature or alumina concentration will have no affect on decreasing the quantity of
crystalline phase. Only decreasing the MgO level in both alumina and silica matte
regions will reduce devitrification, which is shown in the results of Series J glaze
compositions.
Series J shows no boundary conditions between matte and gloss regions (Table
III-4) because the entire range tested is gloss or semi-gloss. The only changes in the
glaze compositional range tested can be detected by XRD and SEM, seen in Table III-5
and Figure 3.28 respectively, where the crystalline species is seen changing with variable
alumina and silica levels. This demonstrates the importance of the XRD and SEM
techniques in analyzing multiple glaze compositions in the UMF format. Undissolved
quartz and cristobalite are detected (small quantities) in low alumina and high silica
ranges while most of the compositional range is dominated by small quantities of spinel
and forsterite (result of the devitrification process).
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Figure 3.37. EDS measurements of the spinel (MgO·Al2O3) phase seen in

Al

Mg
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glaze composition 0.25 KNaO: 0.62 MgO: 0.13 CaO: 0.5 Al2O3: 2.0 SiO2.

Mg
Si
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O
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Ca

Crystals are of a triangular morphology.
Figure 3.38. EDS analysis of the forsterite (2MgO·SiO2) phase seen in
glaze composition 0.2 Al2O3: 1.5 SiO2 and 0.3 Al2O3: 3.0 SiO2 of Series G.
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3.3.4 Influence of Li2O on Glaze Characteristics

The Lithium Group of glazes seen in contour plots (Figures 3.13-3.18) of gloss
measurements, look at a smaller compositional range than the KNaO group of glazes did.
The purpose of these ranges are to get a closer look at the compositional limits between
alumina and silica matte formation regions as well as to see the effect Li2O has when
substituted for KNaO. The ranges investigated (Series L through Q) produce no high
gloss readings in these compositional ranges, which is expected and is the reason for no
boundary line equations represented in Table III-4 for these glaze systems. Similar to
Series A through C the silica matte region is underfired and the alumina matte regions is
a result of devitrification to anorthite.
Series L through O contains needle-like anorthite crystals in the alumina matte
region (confirmed by SEM, XRD, and EDS), which are consistent with the results in
Series A where the CaO level is 0.7 based on UMF calculations. Figures 3.29a, 3.30a,
and 3.32a show SEM images of the alumina matte region for Series L, M, and O. No
anorthite crystallization is observed below 0.3 molecular equivalents of alumina and
above 3.0 molecular equivalents of silica, which agrees with the compositions tested in
the Series A though C glazes. An important observation made is that the XRD results
conducted on bulk glaze samples fired in crucibles, seen in Table III-6, show no
crystalline phases (amorphous) present for all the alumina matte regions for each series
tested in the Li2O Group. This data is inconsistent with the results found through SEM
and EDS analysis discussed previously.
Comparing bulk glaze samples with thin layers of applied glaze particularly in the
case of XRD measurements is prone for error in the results. Differences between the two
are largely due to composition, caused by volatilization and by reaction with the body,
which result in an inhomogeneous layer with physical properties also different from the
bulk glaze. The possibility of different reactions occurring between the substrate and the
glaze are common and may result in crystalline phases that don’t agree with the bulk
glaze samples. By conducting XRD on the glaze applied to the substrate directly, the
problem experienced with the bulk glaze samples may be alleviated.
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The silica matte regions for Series L through O is dominated by wollastonite
(specifically pseudo-wollastonite), which is proposed to be crystallized by solid-state
reactions as discussed in the previous sections.37 Figures 3.29b-c, 3.30b-c, 3.31a-c,
3.32b-c show SEM images of the wollastonite in the glaze microstructure and
demonstrate wollastonite in the glaze matrix up to 0.3 molecular equivalents of alumina
and 4.0 molecular equivalents of silica. Wollastonite crystallization is seen over the
entire silica matte range until low alumina and high silica compositions, specifically 0.10.2 Al2O3 to 3.0-4.0 SiO2, where undissolved quartz and tridymite (SiO2) crystals are
detected by XRD. Figure 3.31d demonstrates a typical glaze surface microstructure from
this compositional range from Series L through O.
The entire compositional range tested for Series L through O exhibit crazing and
contains small quantities of crystalline phase, which explains the low gloss readings seen
in the contour plots. The high silica and alumina range has gloss readings ranging from
50-70 gloss units where good semi-gloss or satin glazes reside. Undissolved quartz and
trace amounts of wollastonite are detected by XRD, but in relatively small amounts,
which can be explained by the higher gloss readings in this region.
Series P and Q test the same compositional range with respect to alumina and
silica but increases the complexity of the glaze system by introducing MgO into the
system. Gloss measurements seen in Figures 3.17-3.18 shows a much higher range of
gloss readings over the entire compositional range when compared to Series L through O.
This trend as seen in Series D through J of the KNaO Group can be attributed to the
combined effect of CaO and MgO enhancing the melting behavior of the glaze
composition.

Similarly to Series D and E the alumina matte regions recrystallize

diopside, but diopside is also the major phase present in what use to be the low silica end
of the silica matte region defined for Series L through O (below 2.0 molecular
equivalents of SiO2). SEM images of the diopside phases can be seen in Figures 3.33a-b
and 3.34a-c that demonstrates the presence of the phase in the alumina matte region,
which is now expanded, compared to Series L through O alumina matte regions. Also
note these crystals are considered on the macrocrystalline size scale, which is a property
of glazes commonly used in ceramic art decoration. EDS of the diopside crystals, seen in
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Figure 3.39 verifies the XRD results in the silica matte region. XRD results for the
alumina matte region did not detect any crystalline phase, which can be attributed to
conducting XRD measurements on the bulk glaze specimens (discussed previously).
Undissolved quartz and tridymite occupy the high silica compositions (seen in Figure
3.33c-d) ranging from 0.1-0.3 molecular equivalents of Al2O3 to 3.0-4.0 molecular
equivalents of SiO2.
Only the glaze systems that incorporate both Li2O and MgO oxides posses the
macrocrystalline type microstructures, suggesting the high field strengths of the Mg2+ and
Li+ ions have a much higher contribution to the reordering of the structure to form these
large crystals. The possibility of fewer nuclei could also be the result in these larger
macrocrystalline phases, suggesting homogeneous nucleation.

Also note that these

microstructures seen at low alumina and silica ranges (0.1-0.4 molecular equivalents of
Al2O3 to 1.5-2.0 molecular equivalents of SiO2) demonstrate that the lower alumina
levels tend to promote crystallization. This is because there is less alumina to take part in
the network-forming role in the glass structure, allowing the higher levels of alkaline and

Si

Al
Mg

Ca
Au

Pd

O

alkaline earth ions to disrupt the network, increasing the chance of recrystallization.
Figure 3.39. EDS analysis of the diopside (CaO·MgO·2SiO2) phase found
in glaze composition in the silica (low silica end) and alumina matte regions
seen in Series P and Q.
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3.3.5 Effect of Alumina and Silica on Glaze Characteristics

Previously discussed is the role of the RO and R2O oxides, the following will
address the role of the alumina and silica in the glaze systems. The effect of alumina and
silica on the glaze may be the most important in the entire process and are usually the
variables adjusted when glaze difficulties are experienced both in industry and in the art
community. The UMF procedure outlined in this work demonstrates clearly the effect of
variable alumina and silica levels and how the two control one another in the glaze as it is
treated. Not only will the alumina reduce devitrification to a certain point, but it also
lowers the liquidus temperature as well.2,42-44 Alumina slows devitrification by raising the
viscosity of the molten glaze so that the crystals do not grow to a sufficient size to cause
dry matte surfaces. Looking at the ratio of Al:(R++2R2+) gives insight to structural and
property information of the glaze composition.45 This ratio for these glazes ranges as low
as 0.20 and goes as high as 0.60.

This means the glazes contain relatively high

proportions of modifying oxides (low alumina content), where the modifier-oxygen bond
plays a major role in determining the connectivity of the structure.27 This will increase
the number of NBO’s in the system and the network becomes weakened so that atomic
rearrangements necessary for crystallization become increasingly probable at higher
fluxing oxide levels.34
At high alumina levels, the Si-O-Al bonds control the connectivity of the structure
and the identity of the modifier ion becomes less important. These high alumina levels
were not witnessed in this work but is suggested for future applications that a higher
range of alumina and silica levels are experienced so this can be tested. Because the
Al2O3:(RO+R2O) doesn’t exceed 1:1.1, the devitrification seen in alumina mattes, can be
attributed the level of RO or R2O oxides exceeding the glass formation limits in the glaze
system.34, 45 This implies the RO and R2O oxide levels determine glass formation.7
Depending on the region the glaze composition resides, changing the silica level
will have different effects on the outcome of the glaze character. This is demonstrated in
Figure 3.40. Increasing the level of silica when the glaze composition is in the alumina
matte region will help prevent recrystallization from the melt upon cooling (denoted by
Composition A). By controlling the amount of silica addition the surface quality can be
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altered to form satin or gloss surfaces depending upon the application.

For glaze

compositions sitting in the silica matte region (denoted by Composition B), silica
addition can only have a negative effect by making the composition too refractory and
have a dry or porous appearance. The only way to overcome this dry matte is to increase
temperature or dwell time and or increase alumina levels.
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Figure 3.40. Schematic diagram, demonstrating the effects of increasing
silica levels on the glaze surface quality of glaze compositions in both
alumina (A) and silica (B) matte regions. The glaze system represented in
this figure is from the Series A glaze system.
3.3.6

General Observations

•

Despite different firing schedules used in previous research, results provided through
the use of UMF calculations and Stull’s approach to glaze development are
consistent and reproducible.

•

The good matte and satin glazes in the glaze field owe their matteness to either
devitrification or solid state crystallization of wollastonite.
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•

Applying boundary line equations to the boundaries separating gloss and matte
surfaces allows for a more accurate representation of the glaze surface quality with
compositional changes.

•

Use of MgO and Li2O tend to accentuate the devitrification of glass due to the higher
field strengths exhibited by these oxides.

•

Combination of MgO with CaO increases gloss/glass region until higher levels of
MgO where devitrification of spinel and forsterite phases are favored.

•

An excess of either alumina or silica will cause devitrification, while greater excess
will increase refractoriness.

•

Silica level in the glass phase and the corresponding quartz dissolution level is
determined entirely by alkali level, temperature and dwell time (necessary to saturate
the glass with silica).

•

Increasing silica in the glaze composition, in the alumina matte region, prevents
devitrification by decreasing the RO and R2O oxide levels in the composition.

•

Crystalline phases found in simple glaze compositions can be dictated through the
use of equilibrium diagrams and the phase field the composition resides. As the
complexity of the glaze system increases so does the ability to use phase equilibria
diagrams.

3.4

Applying UMF to Ternary Diagrams

When plotting these glaze systems (series A through J) on a ternary diagram, the
region of glass formation can semi-quantitatively be assessed. Figure 3.41 is a ternary
plot of Series A glazes, which distinguishes between regions of pure glass (high gloss),
regions of devitrification, and underfired glazes. The following samples were assigned as
glass (gloss) or crystalline phase (devitrified or underfired) based on characterization of
the glazes as discussed in previous sections.

Samples labeled glass are assumed

completely amorphous, but in some cases small crystals of quartz are evident in the SEM,
but are assumed articles of underfiring. Devitrified and underfired glazes are separated
based on how the crystalline phase was formed. The same can be said for the remaining
series that were investigated (the Li2O group of glazes is not discussed due to the entire
range tested being crystalline and showing no evidence of pure glass phase).
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With Series B and C on the ternary (Figures 3.42 and 3.43 respectively), it can be
seen more easily that the glass formation area increases in the direction of the underfired
glazes, due to increasing alkali in the glaze composition causing more dissolution of
quartz into the glass phase. Also the higher alkali systems result in lower CaO levels,
which explains the absence of wollastonite. Compositions containing wollastonite in the
underfired region are considered as forming under solid-state reactions.37

These

compositions under the proper firing schedule, which achieved a complete melt, may also
result in the recrystallization of wollastonite upon cooling as seen in Stull’s and
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Figure 3.41. Ternary plot of Series A glazes with samples labeled as gloss
representing the glass formation area (Molecular percentage composition).
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Figure 3.42. Ternary plot of Series B glazes with samples labeled as gloss
representing the glass formation area (Molecular percentage composition).

81

SiO2
0 100
10

90

20

80

30

70

40

60

50

0.7 KNaO: 60
0.3 CaO
0

10

20

30

Gloss/Glass
Devitrified
Underfired
40
50

50

60

40

Al2O3

Figure 3.43. Ternary plot of Series C glazes with samples labeled as gloss
representing the glass formation area (Molecular percentage composition).
Similar to Series A through C the glass formation region is seen increasing with
increasing alkali in Series D through F (Figures 3.44-3.46) where MgO is introduced into
the glaze composition. However, the boundary between devitrified compositions and
glass compositions change significantly with increasing alkali. At high alkaline earth
levels (Series D) the devitrified region contains diopside indicating the compositional
limits for glass formation for CaO and MgO have been met. At higher alkali levels the
glass formation region becomes similar to what is seen in Series B and C. The boundary
for devitrification in Series E is again determined by alkaline earth level (diopside as
crystalline species) while Series F is determined by alkali level in the glaze composition
with sodium aluminosilicate as the crystalline phase.
Significant changes in the glass formation region are seen when larger amounts of
MgO are introduced into the system leaving low levels of CaO in the system. This is
seen in the ternary plots of Series G through J found in Figures 3.47 through 3.49. Series
D glaze composition consists of 1.3:1 ratio of MgO to CaO while Series G composition is
4:1 of MgO to CaO. Notice that the larger concentrations of MgO in these glaze systems
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result in a significantly smaller glass formation region with a majority of the testing range
dominated by products of devitrification. A high degree of melting behavior is seen in
these glaze compositions, but the systems precipitate spinel and forsterite phases in the
glaze compositions labeled as devitrified. The lower CaO levels experienced in Series G
through J, when compared to the Series D through F, correlates with the absence of
diopside.
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Figure 3.44. Ternary plot of Series D glazes with samples labeled as gloss
representing the glass formation area (Molecular percentage composition).
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Figure 3.45. Ternary plot of Series E glazes with samples labeled as gloss
representing the glass formation area (Molecular percentage composition).
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Figure 3.46. Ternary plot of Series F glazes with samples labeled as gloss
representing the glass formation area (Molecular percentage composition).
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Figure 3.47. Ternary plot of Series G glazes with samples labeled as gloss
representing the glass formation area (Molecular percentage composition).
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Figure 3.48. Ternary plot of Series H glazes with samples labeled as gloss
representing the glass formation area (Molecular percentage composition).
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Figure 3.49. Ternary plot of Series J glazes with samples labeled as gloss
representing the glass formation area (Molecular percentage composition).
Again, for the reasons stated previously, the trend seen with the glass formation
region with increasing MgO is due to the structural implications of MgO. The literature
suggests with increasing temperature the gloss/glass formation area will increase in both
directions.2, 35, 46 This research argues this previous statement to be too general. The
composition of the glaze determines whether a glass will form under industrial type heat
treatments. Compositions located in devitrification regions will crystallize on cooling if
heated above the melting temperature (Tm). The only way to avoid recrystallization from
the melt is increasing the cooling rate so that devitrification is unable to take place. In
most cases quenching is the only solution, which is unfavorable to industrial glaze
applications. Compositions in the underfired region are the only compositions that could
result in glass formation with increased temperature. Even then devitrification is not out
of the question. Referring to Figures 3.47-3.48 the underfired glaze composition will
more than likely recrystallize on cooling even when heated to higher temperatures. These
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underfired regions will more than likely require alumina additions to enhance glassforming ability and counteract the devitrification process.
Further tests that need to be conducted are the temperature and cooling rate
dependencies of the glass formation region. Due to the glass formation area being highly
dependent upon temperature and multiple temperature ranges used to mature glazes it
would be important to conduct these tests in the future. The glass formation boundary
location, as seen in Figures 3.41-3.49, is not precise so new measures need to be diploid
to accurately define the boundary. This facilitates the need for a procedure for further
investigation into this area, which leads us into the next section that deals with a proposed
technique to accurately define the glass formation boundary for glaze compositions.

3.5

Summary

Through the use of the UMF approach to the development of glazes
coupled with SEM, XRD, gloss measurement, and chemical analysis,
multiple glaze compositions can quickly and accurately be characterized as
to its performance and quality for use in art curriculums and industrial
applications.

Particularly from a potter’s point-of-view, multiple glaze

compositions can be tested to find the proper texture or surface quality
desired.

Problems encountered with raw material substitution can be

alleviated.
Possible disadvantages of the approach can be the costly use of equipment and
chemical analysis conducted on each sample or raw material. There also lies the problem
with comparing bulk glaze samples with a glaze applied to a substrate, particularly in the
case of XRD measurements.

Differences between the two are largely due to

composition, caused by potential volatilization and by reaction with the body, which
result in an inhomogeneous layer with physical properties also different from bulk glaze.
The possibility of different reactions occurring between the substrate and the glaze are
common and may result in crystalline phases that don’t agree with the bulk glaze
samples. By measuring the glaze applied to the substrate directly this may be overcome.
General observations of the glaze systems tested can be seen in Section 3.2.6.
The need for a technique to define the glass/gloss formation boundary has been
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demonstrated and it has been suggested that further experimentation is needed to test the
temperature and cooling rate dependence on the glass/gloss formation boundary.

4.0 Determining the Glass Formation Boundary
4.1

Introduction
Predicting the glass formation boundary in a glaze system is important because it

allows glaze quality to be controlled. Because of the importance of the glass formation
boundary location a technique is proposed to more accurately define the boundary based
on glass phase compositions. The glass phase composition within a glaze system lies on
the glass formation boundary within that particular system, as demonstrated in previous
work on glass phase evolution in porcelain material.47 Experimental data suggests that
the glass formation boundary is an intrinsic relationship.

Therefore meaning the

boundary is dependent upon the composition, mainly the level of fluxing oxides in the
glaze, over a broad range of cooling rates (observed in industrial processes).7 Assuming
a mature glaze, or completely melted glaze, the recrystallization, or devitrification, is
dictated by both fluxing oxide and alumina levels in the glaze. Quartz dissolution is
determined entirely by temperature and is assumed that with a sufficiently high
temperature the quartz will melt and form a glass.

As discussed previously the

distinction between geologic cooling rates (10-5 K/sec) and industrial cooling rates is
important (extreme cooling rates observed in industry range from 1.3 K/sec in fast-fire
tile glazes to 0.12 K/sec in porcelain dinnerware glazes, correlating to cycle times of 55
minutes and 34 hours respectively). Therefore, provided the glaze system is subjected to
industrial firing processes, i.e., not quenched (50-35 K/sec) or exposed to prolonged
cooling rates (geologic), the glass formation boundary will be independent of temperature
assuming a complete melt is achieved.
Many techniques have been developed to define the glass formation boundary, but
all these techniques test multiple compositions and analyze each sample for complete
glass phase usually by microscopy and some instances XRD.31-33 The boundary is then
estimated to lie between compositions of 100% glass phase (no evidence of crystalline
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phase) and compositions containing crystalline phases rarely stressing the dependence of
the boundary’s position on temperature and cooling rate. This section deals with a new
technique that can possibly improve the process for defining the glass formation
boundary.
Using an internal standard with X-ray diffraction (XRD), quantitative phase
analysis can be performed on the fired glaze. This allows for determination of the phase
quantities present in the glaze specimens. Quantitative XRD analysis is conducted by
adding a known quantity of a standard to a powder sample that contains unknown phase
quantities. Then the integrated peak intensities of the standard are compared to the peak
intensities of each phase of interest in the sample. Using this information coupled with
the chemical analysis, the glass formation boundary and the crystallization products can
then be determined and simplified in a triaxial system, consisting of flux, alumina, and
silica. This section outlines the process and calculations so that this approach can be used
in the future to address more complex glaze systems.

4.2

Experimental Procedure

4.2.1 Approach
To define the glass formation boundary, a new approach has been developed that
precisely locates the glass formation boundary location. The three compositions chosen
for this experiment are (based on UMF calculations):

Series A

0.3 KNaO
 variable Al2 O 3 } variable SiO 2
0.7 CaO 

Series C

0.7 KNaO
 variable Al2O3 } variable SiO 2
0.3 CaO 

Series D

0.3 KNaO

0.35 CaO  variable Al2O3 } variable SiO 2
0.35 MgO 

The best gloss composition from both Series A, C, and D is used as the center point and
dry blended with kaolin (Super Standard Porcelain, ECC International, Sacks, UK),
quartz (Tamsil 8, Unimin Specialty Minerals Inc., Tamms, IL), and fluxing oxides (Soda
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Ash, Pearl Ash, and Whiting) in varying ratios. The information regarding the raw
materials used can be found in Appendix B. A schematic diagram of the glass formation
region and experimental approach can be found in Figure 4.1. Each of the resulting
compositions were dry blended in a porcelain mortar and pestle.

Each sample

(approximately 20 grams) was then heat-treated at 150°C/hr to 1300°C, dwell for 1 hr
(Cone 12) with a controlled cooling rate of 100°K/hr or 0.03°K/sec.48 Following the heat
treatment, the samples were prepared for quantitative XRD by grinding to <10 µm using
a sintered alumina motorized mortar and pestle (Retsch Mortar Mill type RM100, Retsch
GmbH & Co. KG, Rheinische Str. 36, Haan, Germany).
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Figure 4.1. Schematic diagram of the estimated glass formation region in a FluxAl2O3-SiO2 system. The large dot in the diagram represents the best gloss/glass glaze
composition. The dots on the edges indicate samples that would be blended with the
best gloss glaze to create the experimental compositions represented by the squares
(positions labeled 1-8). Chemical analysis and quantitative XRD data (of the squaredenoted compositions numbered 1-8) would be used to identify the glass formation
boundary (represented in the figure by the open circles). The fluxing oxide corner of
the ternary would be composed of the R2O and RO oxides and their respected ratios.
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4.2.2 Quantitative X-Ray Diffraction
This quantitative XRD technique involves using the internal standard method,
which allows for determination of the phase quantities present in the glaze specimens.
The internal standard used in this particular investigation is fluorite (CaF2). Fluorite was
chosen for this particular experiment because the fluorite peaks did not interfere with
peaks of the other phases present in the sample (except the anorthite phase; discussed in
next section).49-51 Using this information coupled with the chemical analysis, the glass
formation boundary and the crystallization products can be determined and plotted on a
ternary as illustrated in Figure 4.1.

4.2.3 Calibration of Phases
Each of the glaze compositions upon firing resulted in different crystalline phases
present. For this reason multiple calibration curves were necessary. The calibration
curve is required of each crystal phase so that particular phase can be quantified in the
sample. To produce a calibration curve, a powder standard of each phase of interest is
needed. For example anorthite, mullite, quartz, and cristobalite are all phases of interest
due to the phase fields these compositions reside in. Calibration curves of the mullite and
quartz phases were used from Seymour’s work.51 Anorthite standard was made by
mixing 74% (by weight) Super Standard Porcelain and 26% (by weight) whiting with a
porcelain mortar and pestle (1 mole of CaCO3 to 1 mole of Al2O3·2SiO2·2H2O). Heat
treatment is as follows: 100°C/hr to 1578°C with 5 hr dwell. The cristobalite standard
was made by firing Tamsil at 100°C/hr to 1470°C and dwell for 25 hr. Standards were
analyzed by XRD for any trace phases other then the phase of interest.
To produce a calibration curve, five samples, varying weight fractions of the
phase standard and the internal standard were mixed then analyzed using XRD (Siemens
Goniometer, CuKα radiation, Alfred University, Alfred, NY). The parameters used were:
2θ range: 15-60°, Step size: 0.04°, and Dwell time 6 sec. Three peaks of each phase of
interest (including the internal standard) were chosen as the peaks that will be used
throughout the quantitative analysis procedure, with the exception of the anorthite phase.
Only two peaks of the internal standard were used when anorthite is the phase of interest.

91

This is due to overlapping of peaks 28.2° 2θ (CaF2) and 27.98° 2θ (Anorthite). Generally
only one peak is required of each phase to calculate phase quantities, but it is suggested
for accuracy to use multiple peaks.

Table IV-1 lists the peaks chosen and their

corresponding 2θ ranges that were used for consistency.
Table IV-1. 2θ Ranges for Quantitative XRD Analysis
Phase
Mullite

Quartz

Anorthite

Cristobalite

CaF2

Approx. 2 theta (o)
30.9
33.2
40.8
20.8
40.2
50.1
18.9
21.98
24.5
31.5
36.1
48.6
** 28.2
46.9
55.7

2 theta range fitted (o)
30-32
32-34
40-42
19-22
38.2-41.5
49-51
18-20
20.5-23
23.5-25.5
30-32.5
35-37
48-50
27-29.5
46-48
54.5-57

** 28.2° 2 theta for CaF2 is not used with the quantification of samples containing
anorthite due to peak overlap.

The following parameters were used in the Jade profile fitting function. The Voffset was set to 0%, the background fit was linear, Kα2 peaks were included, and
individual profile peaks were used. The Background Fitting Dialog Window was set up
for a medium background with medium sampling and automatic noise determination.
The Peak Search and Labeling Dialog boxes were checked to ensure the filter length was
set at eleven points with a three-sigma threshold and an intensity cutoff of 1%. One of
the characteristic peaks was then chosen using the Zoom Window. Both profile-fitting
functions were used. The starting shape factor settings were 1.5 for the Pearson-VII
function, and 0.5 for the Pseudo-Voigt function (standard starting settings for peak
refinement). First one function was used until the iteration equaled one and the second
function was used. Once the function equaled one then the first function was used again.
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This process continued until the fitted peak matched the peak of interest well and the
lowest residual (R%) was achieved.51

The 2θ peak position, residual error, height

intensity, and area intensity were recorded.

Peak position and residual error were

recorded to help with the accuracy of the analysis.

Area intensity is the only

measurement that is used in the calculations.
The area intensities from the peaks of a phase are added together and then divided
by the added area intensities from the peaks of the internal standard to form a ratio value.
The ratio is then multiplied by the wt% of the internal standard in that sample. This value
is then graphed against the wt% of the added phase standard (not internal standard) in
that sample. Figures 4.2-4.3 are the calibration curves for the phases of interest. With
the calibration curve completed quantification of the phases can be achieved.
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Figure 4.2. Quantitative XRD internal standard calibration curves for quartz
and mullite.51
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Figure 4.3. Quantitative XRD internal standard calibration curves for
anorthite and cristobalite.

4.2.4 Glass Phase Calculations
Each sample was analyzed with the same procedure as discussed in the previous
sections. 10 wt% fluorite was added to the powder sample and wet mixed in a porcelain
mortar and pestle using acetone. This step is important because it allows for obtaining a
homogeneous mixture required for accurate phase quantification.
Calculating the amount of phase present in a sample is similar to the calculations
of the calibration curves. The combined area intensity from the three chosen peaks of a
phase is divided by the combined area intensity of the three chosen peaks of the internal
standard (two peaks in the case of anorthite). The result was then multiplied by wt% of
the internal standard being added to the sample.
Using the calibration curve for the individual phases, the wt% of the phase present
in the sample is found. However, by adding the internal standard to the sample, it has
diluted the sample and therefore the resulting answer from the calibration curve. To
correct for this, the phase wt% result given by the calibration curve is divided by 0.9
(because the mixture is 90% unknown sample).51 This value correctly yields the amount
of phase present in the sample.
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The remaining phase left is the wt% glass phase. To find the glass formation
boundary the glass phase composition is required. Chemical analysis was performed by
ICP-AES analysis (ACME Analytical Labs LTD., Vancouver, BC) to confirm the
composition of the glaze sample. From this the wt% of crystalline found in quantitative
XRD is converted to molecular weight % (mol%) where the composition of the
crystalline phase and glass phase can be distinguished. The moles of crystalline phase
are subtracted from the initial composition tested with the glass phase composition as the
remainder. The glass phase composition then lies on the glass formation boundary line.
4.3

Results and Discussion

4.3.1 Chemical Analysis

Chemical analysis was used to acquire the precise composition of the glazes
tested for this experiment. The tests were conducted by ICP-AES analysis (lithium
borate digestion) with an accuracy of 0.01% for each oxide. The reported compositions
from the chemical analysis for each series can be seen in Table 4.2 (labeled as ‘Test’).
The results from the chemical analysis reported lower levels of Na2O than K2O,
suggesting the possibility of volatilization (ratio of Na: K was intended to be 1:1). This
inconsistency has no effect on the outcome of the experiment because the alkali level
remained consistent and varied by ±1% for all three series of glaze systems (K2O and
Na2O oxides are averaged together in glaze calculations (KNaO)).
4.3.2 Quantitative XRD

Results from the quantitative phase analysis can be seen in Table IV-2. Here the
glass phase compositions (labeled as ‘Glass’), calculated from the quantitative XRD, are
reported along with the initial glaze compositions tested (both in UMF format). The
amount of crystalline phase (weight %) detected in each test composition, used for the
glass phase calculations, are also reported. Only the crystalline phases listed in Table
IV-2 are quantified in this research. Other phases such as mixed feldspar phases were
present, but not reported. These glaze compositions have no glass phase compositions
reported in Table IV-2.

95

Table IV-2. Test Compositions (Test) Verified by AES-ICP Analysis and
Glass Phase Compositions (Glass) Determined by Quantitative XRD.∞

Phase (wt%)

Composition (UMF)

Series A

Composition (UMF)
Phase (wt%)

Point #3

Point #4

Point #5

Point #6

Point #7

Point #8

K2O

0.17

0.17

0.19

0.44

0.21

0.61

0.22

0.62

0.19

0.52

0.15

0.15

0.15

0.10

0.14

0.14

0.13

0.30

0.13

0.39

0.14

0.38

0.14

0.38

0.14

0.14

0.14

0.15

CaO

0.69

0.69

0.68

0.27

0.66

0.00

0.64

0.00

0.67

0.10

0.71

0.71

0.70

0.75

MgO

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Al2 O3

0.91

0.91

1.59

1.10

2.20

1.06

2.60

0.65

0.78

0.38

0.36

0.36

0.18

0.07

SiO2

11.97 7.57

9.91 18.02 8.59 19.09 7.13 13.00 2.39

3.09

1.29

1.29

0.77

0.49

Quartz

7.64

Cristobalite

22.26

3.32

1.38

Mullite

9.39

19.25

31.82

Anorthite

18.66

25.12

23.17

60.88

77.74

71.95

55.63

45.01

39.12

100

Point #1

Point #2

Point #3

Point #4

Point #5

Point #6

Series C

Point #7

Point #8

Test Glass Test Glass Test Glass Test Glass Test Glass Test Glass Test Glass Test Glass

K2O

0.37

0.37

0.38

0.38

0.40

0.40

0.40

0.40

0.38

0.35

0.33

0.31

Na2O

0.33

0.33

0.32

0.32

0.31

0.31

0.32

0.32

0.32

0.34

0.35

0.35

CaO

0.30

0.30

0.30

0.30

0.28

0.28

0.28

0.28

0.30

0.31

0.32

0.33

MgO

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Al2 O3

0.93 0.93 1.71 1.29 2.33
12.78 11.95 10.59 10.31 8.98

1.26
8.26

2.86
7.72

1.30
6.69

0.81
2.39

0.36
1.27

0.21
0.83

0.18
0.68

SiO2
Quartz

5.27

Cristobalite
6.68

17.56

26.16

100

93.32

82.44

73.84

Point #1

Point #2

Point #3

Point #4

Mullite
Anorthite
Glass

Series D
Composition (UMF)

Point #2

Na2O

Glass

Phase (wt%)

Point #1

Test Glass Test Glass Test Glass Test Glass Test Glass Test Glass Test Glass Test Glass

Point #5

Point #6

Point #7

Point #8

Test Glass Test Glass Test Glass Test Glass Test Glass Test Glass Test Glass Test Glass

K2O

0.16

0.16

0.18

0.18

0.20

0.20

0.22

0.22

0.16

0.26

0.15

0.15

0.15

0.14

Na2O

0.14

0.14

0.13

0.13

0.13

0.13

0.13

0.13

0.14

0.22

0.15

0.15

0.15

0.15

CaO

0.35

0.35

0.32

0.32

0.31

0.31

0.30

0.30

0.36

0.00

0.36

0.36

0.36

0.37

MgO

0.36

0.36

0.36

0.36

0.35

0.35

0.35

0.35

0.33

0.52

0.34

0.34

0.34

0.34

Al2 O3

0.91 0.91 1.62 0.51
13.65 5.84 11.51 8.36

2.23
9.62

0.86
8.70

2.68
8.22

1.07
7.14

0.77
2.67

0.64
3.04

0.34
1.43

0.34
1.43

0.16
0.81

0.06
0.53

SiO2
Quartz

4.44

3.1

Cristobalite

43.57

12.56

Mullite

17.14

22.43

27.42

70.3

77.57

72.58

33.3

Anorthite
Glass

56.43

∞

66.7

100

Amount of crystalline phase(s) found in test composition following heat treatment is also represented.
Series A, C and D glaze compositions represented.
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The Series C compositions (0.7 KNaO: 0.3 CaO nominal flux ratio) are the easiest
to represent in a ternary diagram, and therefore will be discussed first (seen in Figure
4.4).

The glass phase compositions (denoted by open circles) are generated from

quantitative XRD. Numbers are assigned to connect the glass phase composition to its
corresponding composition tested (denoted by black circles). Quantitative XRD results
were collected for points 1-4 while points 5-8 resulted in multiple feldspar phases, which
did not allow for reliable quantitative analysis. Test point 1 contains undissolved quartz
while points 2-4 contain only mullite crystalline phases (refer to Table IV-2), making this
series easy to represent in a ternary system (avoid the difficulties encountered in the
following glaze systems). Because the quartz is undissolved it will not be used in the
glass phase calculations. The glass formation boundary for this glaze system is drawn in
Figure 4.4 (solid line) with the dashed line representing the estimated boundary.
Series D compositions (0.3 KNaO: 0.35 MgO: 0.35 CaO nominal flux ratio)
produced quantitative XRD results for points 1-6 with points 7 and 8 unable to quantify
due to multiple feldspar phases present (seen in Figure 4.5). Test point 1 after heat
treatment results in undissolved quartz and cristobalite as does point 2, but point 2 also
contains mullite as a crystalline phase, suggesting the composition lies on the cristobalitemullite phase boundary line. Figures 4.6-4.7 demonstrate that cristobalite is grown from
the glass phase and not due to the direct conversion of quartz to cristobalite.36 Here a
large quartz grain (artifact of underfiring) is seen with clusters of cristobalite crystals
dispersed throughout the glass phase. Also note the areas proposed as phase separated
(these results were not verified). Phase separation is only observed in Series D glaze
compositions. Both test points 3 and 4 contain mullite as the only crystalline phase
present. Composition point 5 contains anorthite while point 6 is completely amorphous.
The anorthite found in composition point 5 causes difficulties when defining the glass
phase composition in this particular ternary system (Samples containing anorthite are
denoted by ∇). The anorthite present doesn’t allow for proper representation because
subtracting CaO, found in the anorthite, out of the glass phase (required by the
calculations), without KNaO, will put the glass phase composition into another triaxial
system, which is the reason for point 5 being represented on a separate ternary (A) in
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Figure 4.5. The glass formation boundary is represented in Figure 4.5 with a solid line;
the dashed line represents the estimated boundary. The glass formation boundary is
estimated to the right side of point 6 because no crystalline phase was detected and
therefore requires composition point 6 to reside inside the glass formation boundary.
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Figure 4.4. Glass phase compositions plotted with corresponding glaze
compositions tested for Series C (weight percent scale). Numbers are used
to connect compositions tested to resulting composition of glass phase.
Samples 5-8 were not quantified due to presence of multiple alkali feldspar
phases present (solid solution). The glass formation boundary for this glaze
system is drawn in (solid line) with the dashed line representing the
estimated boundary.
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Figure 4.5. Glass phase compositions plotted with corresponding glaze
compositions tested for Series D (weight percent scale). Numbers are used
to connect compositions tested to resulting composition of glass phase.
Anorthite containing sample (5) is represented by ∇ and is corrected for in
the side plot A. Samples 7 & 8 were not quantified due to presence of
multiple alkali feldspar phases present (solid solution).
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Phase
Separated (?)
Quartz

Cristobalite

Figure 4.6. SEM image of a polished and etched microstructure of
composition 0.30 KNaO: 0.35 CaO: 0.35 MgO: 0.91 Al2O3: 13.65 SiO2
(etched 10 sec, 0°C, 20% HF).

Cristobalite
Quartz

Phase
Separated (?)
20 µm
Figure 4.7. SEM image of a polished and etched microstructure of
composition 0.30 KNaO: 0.35 CaO: 0.35 MgO: 0.91 Al2O3: 13.65 SiO2
(etched 10 sec, 0°C, 20% HF).
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Series A (0.3 KNaO: 0.7 CaO nominal flux ratio) quantitative XRD results were
collected for points 1-6, also indicated in Table IV-2 and seen in Figure 4.8. Points 7-8
produced multiple soda and potash feldspar phases, which did not allow for reliable
quantitative analysis. Test point 1 after heat treatment results in undissolved quartz and
cristobalite due to the test composition residing in the cristobalite phase field. The level
of cristobalite suggests the cristobalite is nucleating and growing from the melt and not
by solid state reactions, as discussed previously.36

The microstructure of this

composition, seen in Figure 4.9, supports this argument. Here clusters of cristobalite
crystals can be seen in a glass matrix. Testing points 2-4 result in both mullite and
anorthite crystalline phases, suggesting the compositions lie on the mullite-anorthite
phase boundary line (points 2 and 3 contain undissolved quartz). Test point 5 contains
only anorthite phase while point 6 results show no evidence of crystalline phases being
present (amorphous). Note that compositions containing anorthite result in most or all of
the CaO being depleted from the glass phase resulting in difficulties representing the data
(discussed in the following).
Glass phase calculations produced reasonable results for composition points 1 and
6. The rest of the test compositions contain anorthite, which causes difficulties defining
the glass phase composition in this particular ternary system (similar to Series D
composition point 5). The anorthite present doesn’t allow for proper representation
because subtracting CaO, found in the anorthite, out of the glass phase, without KNaO,
will put the glass phase composition into another triaxial system, which is the reason for
points 2-5 being represented on separate ternaries. The compositions denoted with ∇
represent the compositions containing anorthite. These compositions are represented
correctly on separate ternaries labeled A, B, & C. Note the composition location in the
ternary systems A, B, & C is the same, but the flux composition is altered to compensate
for the loss of CaO in the system.
The glass formation boundary for this glaze system is not represented in this
system because only two points can not accurately defined the position of the boundary,
only estimates can be drawn.
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Figure 4.8. Glass phase compositions plotted with corresponding glaze
compositions tested for Series A (weight percent scale). Numbers are used
to connect compositions tested to resulting composition of glass phase.
Anorthite containing samples (2-5) are represented by ∇ and are corrected
for in the side plots A, B, & C. Samples 7 & 8 were not quantified due to
presence of multiple alkali feldspar phases present (also solid solution).
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20 µm
Cristobalite

Figure 4.9. SEM image of a polished and etched microstructure of
composition (Point #1) 0.3 KNaO: 0.7 CaO: 0.9 Al2O3: 12.0 SiO2 (etched
10sec, 0°C, 20% HF).
XRD measurements indicate that Series A and D contain inaccurate glass phase
compositions due to anorthite or more accurately plagioclase solid solution series. This
plagioclase series along with alkali feldspar solid solutions define the ternary feldspars
(seen in Figure 4.10). The extent of solid solution within the ternary system depends on
both temperature and pressure, but in general is much more restricted between KSi3AlO8
and CaSi2Al2O8 end-members.52 More extensive solubility exists nearer the albite endmember, and those compositions go by a number of different names (see Table IV-3).

Figure 4.10. Temperature-composition diagram for ternary feldspars.
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Table IV-3. Compositions of Plagioclase Mineral Series.

Mineral Name

% CaAl2Si2O8

% NaAlSi3O8

Albite
Oligoclase
Andesine
Labradorite
Bytownite
Anorthite

0-10%
10-30%
30-50%
50-70%
70-90%
90-100%

90-100%
70-90%
50-70%
30-50%
10-30%
0-10%

XRD shows patterns of anorthite or patterns similar to anorthite, such as albite
and intermediate phases of albite and anorthite (plagioclase series), that closely resembles
one another.

Peak shifts are evident when overlaying XRD patterns of samples

containing anorthite from Series A compositions (seen in Figure 4.11). These peak shifts
are indicative of the isomorphic substitution of the plagioclase series.

When Ca2+

substitutes for Na+ in the lattice, electrical neutrality must be maintained by the coupled
substitution of Al3+ for Si4+. These ionic substitutions (isomorphic) in the lattice are
governed by size of atom being introduced, also affecting the lattice dimensions and
composition. The extent to which atomic substitution takes place is determined by the
nature of the structure, the closeness of correspondence of the ionic radii, and the
temperature of formation.52

This solid solution (mixed crystal effect) increases the

complexity of the quantification of phases because the exact ratio of albite to anorthite is
required for this technique to work. With the higher levels of calcium present, the
compositions are more likely to be bytownite or anorthite (KSi3AlO8 is more than likely
present in the lattice as well). If calibration curves for the multiple alkali feldspar phases
were made, found in points 7 and 8 of all three series, similar solid solution phenomena
would be experienced and the accuracy of the quantitative analysis would be diminished.
This technique shows the ability to accurately define the glass formation
boundary, but it may only be restricted to use with simple glass compositions based on
the results discussed previously. Also difficulties concerning solid solution phases, such
as the feldspar group of minerals, need to be addressed for complete accuracy in defining
the boundary. Correctly representing the results, particularly when anorthite is present
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causes for lapses in locating the glass phase composition and the corresponding glass

Intensity (Counts)

formation boundary.

1.6 Al2O3: 9.9 SiO2

2.2 Al2O3: 8.9 SiO2
2.6 Al2O3: 7.1 SiO2
0.8 Al2O3: 2.4 SiO2

21.6

22.0

22.4

22.8

23.2

23.6

24.0

Two-Theta (Degrees)

Figure 4.11. XRD patterns from glaze compositions found in Series A (0.3
KNaO: 0.7 CaO nominal flux ratio) that exhibited anorthite as one of the
crystalline phases present after heat treatment. XRD pattern for anorthite
(ordered) for this particular 2θ range is also included (solid/dashed lines).
Peak shifts indicate Albite/Anorthite solid solution. Higher levels of CaO
favor anorthite with low albite (most likely orthoclase is also present). The
ratio of albite to anorthite is needed in order to quantify the phases
accurately. Relative intensity not accurately displayed due to the offsetting
of the patterns.

4.4

Summary
The new technique to define the glass formation boundary using quantitative

XRD has been applied to three glaze systems. Results show that the proposed technique
has the ability to accurately define the glass formation boundary, but it may only be
restricted to use with simple glass compositions.
The complexity of the glaze system alone is where the difficulties reside. With
increasing numbers of oxides being introduced into the glaze system, the probability for
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phases exhibiting solid solution increases. These solid solution phases reduce accuracy
of this technique significantly.

Also problems with phase precipitation, such as

plagioclase phases, no longer allows the glass phase composition to be represented in the
glaze system being tested. Anorthite is an example where the CaO is diminished from
the glass phase leaving only KNaO present in the glass phase. This requires the glass
phase to be represented in a KNaO-Al2O3-SiO2 triaxial system and not the original
triaxial system being tested. Instances like these require use of quaternary systems and
possibly even more complex systems. With this, glaze systems using compositions of
more than four oxides will cause even a higher degree of difficulty and the potential for
reduced accuracy.

106

5.0 Surface Finish versus Surface Character
5.1

Introduction
The optical interferometer was used in conjunction with the glossmeter to

compare the results between the two techniques in quantifying the surface of the glaze
with respect to variable alumina and silica levels in multiple glaze systems (glaze systems
based on UMF calculations).

Tests were conducted to correlate surface finish

(roughness) values to surface character such as gloss, satin, and matte surfaces. The first
technique measured the gloss of the glaze surface using a glossmeter (results of this
technique have been reported in Chapter 3.0). The second technique used to measure the
glaze surface roughness was optical interferometry (Zygo Optical Interferometer,
Newview Model 5032, Zygo Corporation, Middlefield, CT). Both techniques allow for
quantitative assessment of the surface quality of the glazes allowing for comparison of
multiple glaze systems in the UMF format. The issue that is being addressed is the
accuracy and the applicability of the two techniques along with defining the roughness
limits for the quality of the glaze surface (gloss, semi-gloss, matte).
The gloss of a surface is difficult to define, but it is related to the relative amounts
of specular and diffuse reflection. It has been found to be most closely related to the
sharpness and perfection of the reflected image, that is, to the narrowness of the specular
reflection band and intensity.53

The specular band reflecting off a glaze surface is

demonstrated in Figure 3.3 as well as in Figure 5.1 where the specular band is seen
changing with increasing roughness.

These factors are determined by the index of

refraction and by the surface smoothness (or roughness).
The surface roughness can be a result of crystal formation, a wavy surface, or
craters created by bubbles or other surface defects commonly found in glazes. The
optical interferometer directly measures the surface roughness by analyzing the
interference patterns of reflected white light from the surface of the glaze sample. Also,
three-dimensional images can be produced of the glaze surface, which allows for a more
accurate representation and understanding of the glaze surface.
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Figure 5.1. Polar diagrams of reflection from a glaze surface of increasing
roughness.53

5.2

Experimental Procedure

5.2.1 Approach
The compositions quantitatively analyzed with these techniques are the
compositions denoted as the KNaO Group of glazes (215 samples analyzed) from
Chapter 3.0. The glossmeter (Photovolt “G-3” Gloss, ASTM 2457, UMM Electronics
Inc., Indianapolis, IN) was used to measure the gloss while the roughness of the glaze
surface was measured with an optical interferometer (Newview Model 5032, Zygo
Corporation, Middlefield, CT). The results from the two techniques are then used to find
the roughness ranges relating to the gloss, matte, and semi-gloss surface quality for the
glaze surfaces. Regression models are fit to the data to describe the relationship between
gloss and roughness. Based on the results the applicability of the two techniques is
determined.

5.2.2 Glossmeter
In order to obtain a clear differentiation over the complete measurement range
from high gloss to matte surface, three different geometry’s are commonly used (20°,
60°, and 85° angle). For the purpose of these experiments the 60° angle is the suggested
geometry. The glossmeter reports numbers in gloss units (GU) where the typical gloss
surface ranged from 94 to 70 GU, the semi-gloss surfaces ranged from 70 to 20 GU, and
the matte surfaces ranged from 20 GU to 2 GU. These ranges are also supported by
UMM Electronics Inc. and demonstrated in Chapter 3.0. Gloss units are related to the
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amount of reflected light from a black glass standard with a defined refractive index
(1.567), and not to the amount of incident light. The measured value for this defined
standard is equal to 100 GU (calibration), the black glass standard is assumed to have a
nearly flawless surface. Materials with higher refractive index values can have a gloss
value above 100 GU, but this is not the case for this research. The upper limit for the
glossmeter (ASTM 2457) used in this research is 150 GU. The area measured at the 60°
geometry angle is 9 x 9 mm (81 mm2) with resolution 0.1 GU and accuracy ≤ 1 GU in a
range between 0 and 100 GU.

5.2.3

ZYGO Optical Interferometer
The optical interferometer (Newview Model 5032, Zygo Corporation,

Middlefield, CT) was used in conjunction with the glossmeter to compare the results
between the two techniques in quantifying the surface of the glaze with respect to
variable alumina and silica levels. The optical interferometer analyzes the interference
pattern of reflected white light from the surface of a sample. Focusing the instrument on
the fringes (the interference pattern from the reflected light) and allowing the head of the
instrument to scan in the z-direction collects the data.
For this study the interferometer was set up using the 5x Michelson objective and
a 1.0x zoom. The surface roughness data was collected using the extended scan option,
which allows a scan length of 75 to 5308 µm. Depending on the curvature of the sample,
the scan length was changed to assure collection of all data from the surface. Of the four
filters that can be used for the incident radiation, the F1 and F2 filters (filtered at 400 nm
and 600 nm respectively) were primarily used for data collection since they are
recommended for rougher surfaces. With the F2 filter being used for the really dry matte
or rough surfaces.
To develop statistically significant results the stitching application was used to
analyze a larger area, selected at random, on the glaze surface. The software associated
with the optical interferometer (MetroProTM, Zygo Corporation, Middlefield, CT)
allowed for a stitching application, which means several images were collected in
sequence and then stitched together to analyze a larger area. Two stitch measurements
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were made where each stitch used a 2 by 3 stitch on the surface of the glaze that resulted
in a 2.7 mm by 2.52 mm (6.804 mm2) area for analysis.
The software also gave the option to use several data filters to remove noise in the
collected image. The data filters available and a brief description of the filter’s effects
can be found in Table V-1. The method of filtering and the window size used for the
filter determine the overall effects of each filter. The filter methods are listed in Table
V-2 with a brief description. The window size is a square grid of data points surrounding
the data point that is being analyzed (window size can range from 3 to 49 pixels in
increments of two). The larger the window size the greater the effects of the filtering and
the longer the data analysis time to calculate the roughness of the surface.
Table V-1. List of the Filters Available with the MetroProTM Software and
Their Effects on the Surface Roughness Analysis.54

Filter
Off

Effect on the Roughness Analysis
No filtering of the data

Low Pass

Data above a set frequency is rejected

High Pass

Data below a set frequency is rejected
Only data with a set range of frequencies is analyzed, filter must be
used with FFT (fast Fourier Transform) filter mode
Data within a set range of frequencies is rejected during analysis,
filter must be used with FFT filter mode

Band Pass
Band Reject

By digitally filtering the data, the surface characteristics of the glaze surface are
broken down into low frequency (long wavelength) waviness (long range roughness), and
high frequency (short wavelength) noise and the roughness data is located between these
two regions. Because filtering modifies the original data it should be used with caution,
as filtering can drastically alter the test results. The use of the terms “frequency” and
“wavelength” as they relate to filtering is shown below.

Waviness

Roughness

High Frequency

Low

←Frequency→

High

Long

←Wavelength→

Short
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Table V-2. List of the Filter Methods, or Algorithms, in the MetroProTM
Software Application.54

Resulting Effect on the Filtered Data Point

Filter Method
Average
Median
2-Sigma

FFT Auto

FFT Fixed

Averages all valid data points in the filter window and applies the
result to the central point
Applies the “middle” value of all valid data points to the central data
point.
Uses data points that are only within two times the rms value in each
filter window and disregards values outside of this range
Fast Fourier Transform-automatic. A Fourier Transform is applied
to the data points and the filter window size is not used. The
frequency settings for the Fourier Transform are automatically
selected. The algorithms should only be used as a starting point for
selecting the frequency settings.
A Fast Fourier Transform that uses fixed frequency settings,
determined by the operator, for the frequency cutoffs.

The filter type used to analyze the data points from the glaze surface was the low
pass, median filter with window size 5.

Therefore each data point is the median

surrounding 25 data points. This filter was used to remove the high frequency noise
acquired during the data collection so the analysis would emphasis the roughness and
waviness data.
Three surface roughness measurements are reported using the optical
interferometer, the peak-to-valley distance (PV), the root-mean-square (rms) roughness
and the average roughness (Ra). The PV is a measurement of the distance between the
highest peak and the lowest valley on the analyzed surface and is a worst-case error
statistic. The result is often misleading as a roughness measurement since there can be
isolated peaks or valleys on the surface that are not representative of the overall surface.
The Ra of the surface is the average of the height data for all the collected points. The
rms roughness is an area-weighted statistic, calculated as the standard deviation of the
height (or depth) of the test surface relative to the reference plane for all the collected
data points. Out of the three statistics displayed the rms roughness (µm) value will be
reported in this research.
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5.2.4 Visual Observations
To support the results of gloss and roughness, visual observations are made on
randomly selected glaze samples from the raw data set. None of the glaze samples
chosen contained any surface defects such as crazing, pinholing, or crawling (only
contributions to surface quality due to surface crystals and in some cases, subsurface
bubbles were considered). Forty-eight ceramic art and engineering students rated 16
glaze samples on a scale of 1 to 10 with 1 representing the roughest surface (matte) and
10 representing the highest gloss or brightest (lowest roughness). Ranking of these
glazes will be used to compare to the results of the gloss and roughness measurements
conducted to see if the trend is followed. Also 12 samples were arranged in order from
lowest gloss (highest roughness) to highest gloss (lowest roughness) by selecting samples
found along the regression line that is best fit to the raw data represented in the following
section. Here the cutoff between gloss to semi-gloss and semi-gloss to matte surface is
tested visually to compare with the glossmeter and roughness limits.

5.3

Results and Discussion

5.3.1 Nonlinear Regression Model

The roughness (rms) data is plotted against the gloss measurements to
represent the raw data seen in Figure 5.2. With the limits defined for surface
quality from the glossmeter, the roughness values can be defined for surface
quality through the use of a regression model. The raw data of gloss versus
roughness is fit with the following exponential decay function (5.1):
f = y(0) + a (e − bx )

(5.1)

This equation has predetermined values for the variables y(0) and a (amplitude)
based on the gloss results and the limitations of the glossmeter. The amplitude is set
equal to 98 GU (a = 100 GU – 2 GU) because 100 GU is the gloss measurement for the
black glass standard used for calibration of the glossmeter (considered as the upper limit
for gloss). Variable y(0) is set equal to 2.0 GU because no gloss readings are recorded
below this value and by simply looking at the raw data in Figure 5.2 the 2.0 GU is the
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baseline response or where the data levels off. Once these variables are set, curve-fitting
software (Sigma Plot 2000, Jandel Scientific Software, Chicago, IL) was applied to find
the most significant b variable or coefficient (rate constant) in fitting the equation to the
raw data. A t-test was used to determine the statistical significance of the regression
coefficient (variable b). With the rate constant determined to be 0.2831 the model can be
represented with the raw data seen if Figure 5.2. The t-test demonstrates the significance
of the rate constant with a to value equal to 28.1 with at least a 90% confidence level.
Effects that are large relative to experimental error have high to values (|to| ≥ 2.0).

100

f = 2 + 98e-0.2831x
Raw Data

Gloss (GU)

80

60

40

20

0

0

10

20

30

rms Roughness (µm)

Figure 5.2. Relationship of the two surface techniques when
defining roughness limits for gloss, semi-gloss, and matte surface
qualities.
The coefficient of multiple determination (R2) and the standard error of estimate
(Sy·x) were determined for the model to demonstrate the model’s significance to the
relationship between the two variables being compared. Approximately 95% of the
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response values for a given test are expected to fall within the model prediction ± 2Sy·x.
The regression model used has an R2 value of 0.778 indicating that 22.2% of the
variability of the response is still unexplained by the model. The large deviation (or
scatter) in the data can explain the relatively large model error (Sy·x) value of 12.85 and
the low R2 value. Multiple regression models were tested to reduce the model error and
increase the R2 value. The resulting model derived previously optimized these variables,
which means the model can not be fit more accurately with amplitude and y(0) variables
being predetermined.

5.3.2 Roughness Limits
The roughness limits for defining the surface quality can be determined by using
the limits for the gloss measurements derived in chapter 3.0. By using the regression
model the limits for roughness can be calculated for the transition between gloss and
semi-gloss or semi-gloss and matte surfaces by implementing the gloss limits for surface
quality into the regression equation. The results are listed in Table V-3.

Table V-3. Roughness (rms) and Gloss Limits for Glaze Surface
Quality.
Surface Quality

Gloss (GU)

rms Roughness (µm)

Gloss
Semi-Gloss (Satin)
Matte

≥ 70
70 - 20
≤ 20

≤ 1.291
1.291 - 5.986
≥ 5.986

It should also be recognized that the area analyzed has an effect on the roughness
that is calculated by the interferometer so the limits addressed above are only valid for
this particular interferometer data collection setup. By considering a surface that has both
long-range roughness (waviness) and short-range roughness this effect can become
apparent. By analyzing a small area of the surface the long-range waviness might be
missed in the calculation of surface roughness, resulting in lower values of rms (and Ra if
considered). As the area analyzed is increased, more of the waviness is included in the
calculation for roughness and the rms and Ra values will be increased. Schulz observed
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this effect in the analysis of some glazed samples manufactured by various industrial
processes, seen in Table V-4.54
Table V-4. The Effects of Analyzing a Small versus Large Area on the
Surface of the Samples Using the Optical Interferometer.54

Sample

Area Analyzed
(mm2)

PV
(µm)

rms
(µm)

Ra
(µm)

Dry Press

6.804

2.457

0.238

0.186

46.306

5.077

0.859

0.713

6.804

2.164

0.264

0.208

46.306

8.515

1.214

1.002

6.804

4.486

0.199

0.146

46.306

6.461

0.886

0.727

Ram Press
Jiggered

5.3.3 Visual Observations
The initial visual observation tests include 16 glaze samples chosen at random.
Samples were chosen that didn’t follow the trends of increasing gloss or decreasing
roughness and were randomly placed so not to lead the observer into a pattern of
evaluation. The 16 samples tested and their corresponding gloss and roughness readings
can be found in Tables V-5 to V-6. Glaze samples are ordered by increasing gloss in
Table V-5 and increasing roughness in Table V-6. This is done to show the relationship
or trend between observation and both roughness and gloss analysis. Notice that the
gloss to roughness relationship does not follow the trend of increasing gloss with
decreasing roughness. This will be used to demonstrate which trend, increasing gloss
(Table V-5) or decreasing roughness (Table V-6), will compare more favorably with the
visual observations.
observations.

Each table contains the compiled results of all 48 student

For each ranking (1-10) the percent of students who evaluated that

particular glaze sample that rank is listed in Tables V-5 to V-6. For instance, Sample #16
received the rank of 10 by 63% of the 48 students, 33% assigned a rank of 9 and 4%
assigned a rank of 7. The majority vote is highlighted in each table for each sample
tested.
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When comparing the results in both tables the optical interferometer matches up
better than the glossmeter data with the visual observations at the high gloss to semi-gloss
range. Both tables suggest in the semi-gloss to matte surface regions that the relationship
with the visual observations is difficult to distinguish. Rating the glaze surfaces visually
is difficult especially when people have different opinions of what is a good matte or
semi-gloss surface. This is easily seen by looking at the wide range of rankings from 1-8
for samples 1 through 10 in Table V-5. No concise ranking is seen in these regions as it
is in the high gloss range suggesting these regions need to be looked at more closely to
distinguish more accurately between the different surfaces.
Table V-5. Visual Observation Tests Conducted on Random Glaze Samples.
Glaze Samples Represented in Order of Increasing Gloss.
#

Sample

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Gloss (GU)

10

11

12

12

15

18

22

39

44

46

54

63

65

70

83

89

rms (µm) 2.812 8.379 2.349 1.867 3.602 6.605 3.326 2.000 1.321 4.838 1.783 0.564 1.017 0.703 0.513 0.690
Rank (1-10)

Percentage assigned to each sample (%)

10

60

9
8

10

7

10

4
4

15

25

4

15

21
23

31

63

44

33

15

35

19

6

19

10

42

40

19

6

6

4

21

17

21

38

10

31

19

10

5

21

4

15

15

25

23

31

21

17

8

4

15

23

13

4

6

13

10

33

23

10

33

4

3

21

19

25

21

35

23

23

13

31

2

44

25

6

23

19

21

4

15

19

1

25

19

44

4

8

4

Table V-6. Visual Observation Tests Conducted on Random Glaze Samples.
Glaze Samples Represented in Order of Decreasing Roughness (rms).
Sample

#

Gloss (GU)

2

6

10

5

7

1

3

8

4

11

9

13

14

16

12

15

11

18

46

15

22

10

12

39

12

54

44

65

70

89

63

83

rms (µm)

8.379 6.605 4.838 3.602 3.326 2.812 2.349 2.000 1.867 1.783 1.321 1.017 0.703 0.690 0.564 0.513

Rank (1-10)

Percentage assigned to each sample (%)

10

21

9

15

8

10

7

10

4

6

4

21

10

17

5

21

25

17

15

23

4

13

10

13

23

33

6

3

19

23

31

35

23

21

2

25

21

19

19

4

44

1

19

25

44

8

23

10

4

15

35

6

42

19

40

19

21

4

31

38

19

10

4

31

15

8

21

4

15

10

4

33

25

13

21

6

11615

23
4

23

63

60

31

33

25

44

15

19

4

6

Looking at the gloss measurements of samples 1 through 7, small differentiation
is seen between these samples (GU range from 10-22) demonstrating the inability of the
glossmeter at the 60° geometry to show a large difference between the surfaces. To show
a more accurate differentiation between a wide range of matte surfaces the glossmeter
needs to be measured using the 85° geometry (when the 60° geometry produces 20 GU
and below). The interferometer demonstrates a wide range of roughness values from
high gloss surfaces to highly rough matte surfaces showing a high degree of accuracy in
measuring the surface quality of the glaze (this is also demonstrated by the trend seen in
Figure 5.2).
The gloss and roughness values for the glaze specimens that were arranged in
order from lowest gloss (highest roughness) to highest gloss (lowest roughness) can be
seen in Table V-7. Based on the limits for surface quality determined in previous work
the transition point between gloss and semi-gloss lies between points 10 and 11. The
visual observation tests demonstrate that a majority (55%) of the people agree with the
transition point between 10 and 11. The other 45% split their decision between samples
9-10 and 8-9 for the transition from gloss to semi-gloss. The transition point between
semi-gloss and matte surfaces, based on previous work, lies between samples 5 and 6.
Only 35.5% of the students agreed with the 5-6 boundary while 35.5% picked the 4-5
transition point and 29% picked the 6-7 transition point. This demonstrates, as before,
that agreement on the semi-gloss to matte transition point is not concise based on visual
observations, meaning a closer interpretation of the surface is required for a more
accurate determination of the surface quality.
Table V-7. Glaze Samples used in Observational Tests that are Arranged in
Increasing Gloss or Decreasing Roughness.
Points
Gloss (GU)
rms (µm)

1

2

3

4

5

6

6
9.5
10
14
15
20
21.46 12.91 11.75 6.821 6.254 4.701

7
30
3.22

8

9

10

11

12

36
54
57
78
94
1.774 1.783 1.786 1.205 0.428

5.3.4 Technique Applicability
The glossmeter technique used in the application of the UMF approach addresses
multiple glaze compositions very quickly and fairly accurately. The area analyzed using
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the glossmeter is also larger so excluding important surface features is unlikely. When
comparing the two instruments themselves the glossmeter is hand held and portable,
unlike the interferometer, making its use more convenient.
Problems concerning the surface measurement with the glossmeter stem from
surface flatness issues. The glossmeter requires a completely flat surface for accurate
measurements to take place, which calls for careful substrate preparation. The glossmeter
can not be used on cylinder, piston, or sphere shaped surfaces and still produce the same
accuracy as a flat surface. The interferometer on the other hand can subtract these
surface shapes out of the roughness calculation and the image. An example using the
interferometer would be analyzing a glazed cup, which would demonstrate a cylinder
shaped surface. The glossmeter is limited in its application to glaze surfaces such as
these. The largest difficulty with the glossmeter, when compared to the interferometer, is
its inability to accurately measure a wide range of surface qualities as accurately as the
interferometer. As demonstrated previously the interferometer shows a much higher
degree in distinguishing surface character over the entire range tested where the
glossmeter needs to change the geometry at high and low gloss readings to more
accurately distinguish between high gloss and matte surface qualities.
From an accuracy perspective the interferometer, with knowledgeable data
acquisition, is clearly superior to the glossmeter. Knowledgeable data acquisition means
understanding what the glaze surface is and how to filter the data once it has been
acquired.

Over-fitting or subtracting important data is an obvious problem.

The

interferometer can be used in any application, particularly when measuring glaze surfaces
that exhibit shapes that can not be addressed by the glossmeter, such as spherical or
cylindrical shaped surfaces. The analysis time is fairly quick as long as the analysis setup
allows for it (analysis of a smaller area).

Smaller areas are necessary for quick

measurements when comparing to the glossmeter, but data may be missed in the
roughness calculation, particularly the waviness. Also consistent interferometer data
acquisition parameters need to be maintained, especially when addressing a large range
of glaze compositions as in the UMF format.
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Problems with the interferometer stem from a bulky and expensive apparatus
making it more inconvenient when compared to the glossmeter. Also the area analyzed is
smaller.

To analyze a larger area the time of the data acquisition is increased

significantly.

As demonstrated earlier the roughness changes with increasing area

analyzed meaning interferometer setup needs to be standardized when comparing
multiple glaze compositions.
As mentioned previously, the data from the interferometer has been filtered to
remove noise. This noise is the result of the light penetrating the surface of the glaze and
scattering from interfaces within the glaze. These interfaces can be crystals, bubbles, or
the substrate/glaze interfaces. The subsurface bubbles are particularly difficult to handle.
The concave bottom of the bubbles focus and reflect the light, the interferometer records
the bottom surface of the bubbles as the external surface of the glaze. The roughness
information due to the bubbles in the glaze can and should be filtered from the image and
roughness calculations using a “Band Reject” filter with Fourier transform.54 This allows
for only the long-range roughness, or the waviness, to be used in calculating the
roughness of the surface. It has not been determined to what extent the bubbles effect the
roughness measurement, but tests are being conducted to determine how much of the
roughness needs to be removed from the image to get the true surface roughness.
Because of this, the unedited data has been reported and analyzed (without subsurface
bubble features removed). Only until the range of roughness, where subsurface bubbles
are detected, can be filtered out of the roughness calculation, the low pass filter will be
used to eliminate noise in the analysis. Once this range is determined the roughness
limits for surface quality defined previously will be altered slightly, particularly in the
gloss and satin range where subsurface bubbles are evident. This will more than likely
reduce the variability or scatter in the raw data, seen in Figure 5.2, for these regions as
well.

5.4

Summary
Gloss (or luster, shine) and roughness give glazes their special characteristic.

Whether high polish, satin finish, deep gloss, or dull finish, the gloss and roughness can
be seen and felt. People manufacturing products whose surface gloss and roughness is a
119

determining quality characteristic should naturally assess the gloss and roughness
objectively with reproducible measurement methods. Gloss and roughness measurements
can serve as objective means for the judgement of surfaces in industrial environments and
also the long-term durability of a glaze against chemical attack or against weathering, as
well as aid in defining the composition limits for semi-gloss and matte formation.
The relationship between gloss and roughness has been established using both
glossmeter and optical interferometer analysis techniques. Roughness limits for matte,
semi-gloss, and gloss surfaces have been derived from gloss limits established in early
work.

Visual observations were also used to verify the gloss and roughness data.

Concerning the applicability of the two techniques the results favor the roughness
measurements over gloss because the interferometer can be used in all applications of
surface analysis. Not only this but the interferometer more accurately addresses a wider
range of glaze surface qualities, from high gloss to matte surfaces, making it very useful
in the UMF approach to glaze development.
Defining and controlling the degree of crystallization is critical in many
applications, especially in both the ceramic art and industrial world. For this the optical
interferometer offers a unique advantage because it clearly demonstrates it superiority in
quantifying the glaze surfaces, particularly in the semi-gloss and matte surface regions.

120

6.0 Conclusions
Through the use of the UMF approach to glaze development coupled with SEM,
XRD, gloss measurement, and chemical analysis, multiple glaze compositions can
quickly and accurately be characterized as to its performance and quality for use in art
curriculums and industrial applications.

Particularly from a potter’s point-of-view,

multiple glaze compositions can be tested to find the proper texture or surface quality
desired.

Furthermore, problems encountered with raw material substitution can be

alleviated. The compositional limits for surface quality in these glaze systems have been
addressed using the UMF technique quite effectively. It has been determined that the
matte surfaces formed are either a result of underfiring (silica mattes) or devitrification
(alumina mattes). Gloss regions in the glaze system separate alumina and silica matte
regions. The following compositional ranges were assigned for each matte formation
region in earlier research:

Alumina Matte:
Silica Matte:

}
}3.0 − 5.0 SiO

Variable Flux } 0.10 − 0.60 Al2O3 1.5 − 3.0 SiO 2
Variable Flux } 0.10 − 0.30 Al2O3

2

This research demonstrates these particular regions for matte formation are not
accurate enough to represent the true trend seen in each glaze system, meaning some of
the data is excluded rather than included. For this reason, lines are drawn for the
boundaries between gloss and alumina matte regions as well as gloss and silica matte
regions (equations of the lines seen in Table III-4). This provides a more complete
evaluation of the surface and also to avoid excluding important data.
Crystalline phases resulting from the devitrification process include anorthite in
high CaO glazes, diopside when the MgO and CaO ratio is close to 1:1, mixed alkaline
feldspar phases in high KNaO glazes, and spinel and forsterite in the high MgO glaze
systems.

The crystalline phases found in the underfired matte regions include

wollastonite formed from solid-state reactions in the low silica range and cristobalite,
tridymite and undissolved quartz at the high silica end of the silica matte region.
Possible disadvantages of the approach can be the costly use of equipment and
chemical analysis conducted on each sample or raw material. There also lies the problem
with comparing bulk glaze samples with a glaze applied to a substrate, particularly in the
121

case of XRD measurements.

Differences between the two are largely due to

composition, caused by potential volatilization and by reaction with the body. The
possibility of different reactions occurring between the substrate and the glaze are
common and may result in crystalline phases that do not agree with the bulk glaze
samples. By measuring the glaze applied to the substrate directly this may be overcome.
General observation of the series of glazes tested can be seen in Section 3.2.6.
These results also allow for the glass formation region to be semi-quantitatively assessed,
but the accuracy from this technique is low. For this reason a technique for defining the
glass formation boundary in these glaze systems has been successfully demonstrated.
The new technique to define the glass formation boundary using the internal
standard method for quantitative XRD has been demonstrated in three glaze systems.
Results show that the proposed technique has the ability to accurately define the glass
formation boundary, but it may only be restricted to use with simple glass compositions.
The complexity of the glaze system alone is where the difficulties reside. With
increasing numbers of oxides being introduced into the glaze system, the probability for
phases exhibiting solid solution increases. These solid solution phases reduce accuracy
of this technique significantly. Also problems with phases precipitating out, such as
plagioclase phases, no longer allows the glass phase composition to be represented in the
glaze system being tested. Anorthite is an example where the CaO is diminished from
the glass phase leaving only KNaO present in the glass phase. Instances like these
require use of quaternary systems and possibly even more complex systems. With this,
glaze systems using compositions of more than four oxides will cause even a higher
degree of difficulty and the possibility of reduced accuracy.
The relationship between gloss and roughness has been established using both
glossmeter and optical interferometer analysis techniques. Roughness limits for matte,
semi-gloss, and gloss surfaces have been derived from gloss limits established in
previous work. Visual observations were also used to verify the gloss and roughness
data. Concerning the applicability of the two techniques the results favor the roughness
measurements over gloss because the interferometer can be used in all applications of
surface analysis. Not only this but the interferometer more accurately addresses a wider
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range of glaze surface qualities, from high gloss to matte surfaces, making it very useful
in the UMF approach to glaze development.
Defining and controlling the degree of crystallization is critical in many
applications, especially in both the ceramic art and industrial world. For this the optical
interferometer offers a unique advantage because it clearly demonstrates it superiority in
quantifying the glaze surfaces, particularly in the semi-gloss and matte surface regions.
The development of glazes is inhibited by the problems of dealing with complex
compositions. What is needed and is demonstrated here is a series of studies that grow in
complexity, but are established on a solid foundation. It has been proposed that this
foundation has been developed with glazes composed of SiO2, Al2O3, CaO, K2O, and
Na2O, and then expanded to include MgO and Li2O.
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Appendix A
Unity Molecular Formula Calculations

I.

Batch to UMF:
1)

Convert raw material compositions to mole %.

2)

Multiply each raw material by its batch composition weight percentage.

3)

Add moles of each oxide to get oxide totals.

4)

Add the fluxes together (R2O + RO oxides).

5)

Divide each oxide (R2O, RO, Al2O3, and SiO2 oxides) by the flux total,
determined in step 4, to normalize the batch.

6)

Write out the UMF formula.

II.

UMF to Batch:
1)

Create table of raw materials as seen in Appendix B. For accuracy purposes the
chemical analysis is preferred rather than empirical formulas.

2)

Convert raw materials selected from weight % (w/o) to mole %.

3)

Write out the UMF in column form, including a break down of fluxes.

4)

Systematically compensate for oxides in the batch based on raw material
selection.

5)

Convert moles of each to w/o batch.

Example calculations for both routes (I & II):
The glaze composition used in the example calculation is of the following composition:
0.3 KNaO 
 0.5 Al 2 O 3
0.7 CaO 

}

5.0 SiO 2

The raw materials used in the example calculations are the actual materials and
corresponding chemical analysis’s used in this research for this glaze composition.
Chemical analysis of the raw materials can be found in Appendix B.
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I.

Batch to UMF

1)

Convert raw material compositions to mole %:

Assume that instead of percentages, the values represent grams and that the total
amount is 100 grams (g). Therefore the given G-200 feldspar (used in this particular
glaze composition) contains 14.4% KNaO, 17.8% Al2O3, 67.7% SiO2, assume that
instead of percentages, you have a 100g. Then convert to a mole percentage by dividing
each oxide level by the molecular weight (g/mol) of the oxide. Demonstrated below for
G-200 feldspar (must be conducted for all raw materials used in glaze batch).

2)

w/o

grams

g/mol

moles

KNaO

14.4

14.4

78.1

0.184

Al2O3

17.8

17.8

102

0.175

SiO2

67.7

67.7

60.1

1.126

Multiply each raw material by its batch composition weight percentage.

For each raw material in the batch multiply the molar amounts of each of the
oxides in each raw material by the percentage of that raw material. This is demonstrated
below for G-200 feldspar where there is 40.2% by weight in the batch.

moles

Batch % moles added

KNaO

0.184

0.402

0.074

Al2O3

0.175

0.402

0.0704

SiO2

1.126

0.402

0.453

Th following table is an example for a glaze of batch constituents: 40.2% G-200, 10.7%
SSP, 15.1% Whiting, and 34% Flint.
Molar
Basis
KNaO
CaO
Al2O3
SiO2
H2O
CO2

G-200 SSP

Whiting

Flint

0.184
1.000
0.175 0.368
1.126 0.774

1.664

0.711
1.000

G-200
SSP Whiting Flint
(40.2%) (10.7%) (15.1%) (34%)
= 0.074
=
0.151
= 0.0704 0.039
= 0.453
0.083
0.566

Oxide
Sum
0.074
0.151
0.110
1.101

=

0.076

x

=
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0.076
0.151

0.151

3)

Add moles of each oxide to get oxide totals.

This is already done in the Oxide Sum column in the previous table for each oxide.
4)

Add the fluxes together (R2O + RO oxides).

This example has KNaO and CaO as the fluxing oxides: (0.074 + 0.151) = 0.225
5)

Divide each oxide (R2O, RO, Al2O3, and SiO2) by the flux total, determined in step
4, to normalize the batch to the fluxing oxides.

KNaO
CaO

Oxide
Sum
0.074
0.151

Al2O3
SiO2

Oxide

6)

÷
÷

Flux
Total
0.225
0.225

=
=

Normalized
Ratio
0.3
0.7

0.110

÷

0.225

=

0.5

1.101

÷

0.225

=

4.9

Write out the UMF formula.

R2O

RO

R2O3

RO2

KNaO

CaO

Al2O3

SiO2

0.3

0.7

0.5

4.9
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II.

UMF to Batch

1,2,3) Steps 1 through 3 have been compiled in Appendix B (Tables B.1 & B.2).
Conversion of raw materials selected from weight % (w/o) to mole % has been
demonstrated previously. Also, the UMF calculation that produces the tables
seen in Appendix B have been previously demonstrated.
4)

Systematically compensate for oxides in the batch based on raw material
selection.

The number of moles required to satisfy the UMF oxide levels are demonstrated
in the following table (Steps 1-4). Step 1 introduces G-200 into the batch first so the
alkali level can be satisfied initially. The feldspars should be used first because of the
multiple oxides in the composition. The moles of G-200 are calculated by dividing the
UMF level for KNaO of 0.3 moles by the moles of KNaO in G-200 (found in Table B.1).
The resultant is 0.317 moles of G-200. The Al2O3 and SiO2 levels, also found in G-200,
are determined by multiplying the 0.317 moles by the moles of each oxide found in G200 (found in Table B.1). The resultant is 0.318 moles of alumina and 2.046 moles of
silica. These levels are then subtracted from the initial UMF levels as demonstrated in
the table below (seen in bold). Also note that small amounts of CaO are detected in G200 and compensated for in Step 1.

UMF →
Step 1 →

G-200

Step 2 →

SSP

Step 3 →

CaCO3

Step 4 →

Flint

KNaO
0.300
0.300
0.000
0.000
0.000
0.000
0.000
0.000
0.000

CaO
0.700
0.017
0.683
0.000
0.683
0.683
0.000
0.000
0.000

Al2O3
0.500
0.318
0.182
0.182
0.000
0.000
0.000
0.000
0.000

SiO2
5.000
2.046
2.954
0.383
2.572
0.000
2.572
2.572
0.000

# moles

0.317
0.182
0.683
2.572

Steps 2-4 follow the same calculation procedure as discussed previously. SSP is
used to satisfy the remaining Al2O3 level in the batch (the clay level was maintained
around 10 w/o for this research). Whiting was then used to satisfy the remaining CaO
levels. In all cases quartz should be the last addition to the batch to satisfy the remaining
SiO2 level as is demonstrated above. Also, carbonates such as Soda Ash and Pearl Ash
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can be introduced into the batch when higher alkali levels are required (low silica).
Caution should be used because of solubility problems with the carbonates.
5)

Convert moles of each to w/o batch.

The conversion of the moles to w/o is demonstrated in the table below. The
moles for each raw material, determined in the previous steps, are then multiplied by the
corresponding molecular weight of each raw material. The resultant is the grams of each
raw material required in the batch. These grams can then be normalized to produce the
wt% of each raw material required to batch the predetermined UMF.

G-200

# moles g/mole
0.317
576.92

grams
182.69

wt%
40.24%

SSP

0.182

265.45

48.33

10.65%

CaCO3

0.683

100.09

68.40

15.07%

Flint

2.572

60.09

154.54

34.04%
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Appendix B
Table B.1. Raw Materials used in the UMF Study (Chapter 3.0).

G-200 Feldspar

K2O

Na2O

0.68

0.27

Spodumene

Li2O

CaO

MgO

0.05
1.00

Talc

0.15

Al2O3

SiO2

H2O

1.00

6.46

0.16

1.16

4.37

0.12

0.98

0.67

0.85

EPK

1.00

2.28

2.45

S. S. P.

1.00

2.10

2.06

Whiting

1.00

1.00

Lithium Carbonate

1.00

1.00

Soda Ash

CO2

1.00

1.00

Flint

1.00

Table B.2. Raw Materials used in the Glass Formation Boundary Study
(Chap. 4.0).
K2O

Na2O

Li2O

CaO

MgO

S. S. P.
Whiting

SiO2

H2O

1.00

2.10

2.06

1.00

1.00

Lithium Carbonate

1.00

1.00

Soda Ash

CO2

1.00

1.00

Magnesium Carbonate

Pearl Ash

Al2O3

1.00

1.00

1.00

1.00

Tamsil (Quartz)

1.00
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Table B.3. Raw Material Supplier Information.
Raw Material
G-200 Feldspar
Spodumene
Talc
EPK
S. S. P.
Whiting
Soda Ash
Pearl Ash
Lithium Carbonate
Magnesium Carbonate
Flint
Tamsil (Quartz)

Supplier
The Feldspar Corp.
Amalgamet Co.
R.T. Vanderbilt Company, Inc.
The Feldspar Corp.
ECC international
Snowcal
General Chemical
Armand Products Co.
SQM North America
Rohm and Haas
Oglebay Norton
Unimin Specialty Minerals
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Location
Atlanta, GA
Toronto, Ontario
Norwalk, CT
Edgar, FL
Sacks, UK
London, England
Parsipanny, NJ
Princeton, NJ
Atlanta, GA
Andover, MA
Glenford, OH
Tamms, IL
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Figure C.1. XRD pattern of the anorthite (CaO·Al2O3·SiO2) crystalline
phase found in Series A & B alumina matte glazes (JCPDS # 41-1486).
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Figure C.2. XRD pattern of the nepheline (K(Na,K)3Al4Si4O16) crystalline
phase found in Series C alumina matte glazes (JCPDS # 35-0424).
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Figure C.3. XRD pattern of multiple feldspar phases found in Series C
alumina matte glazes with leucite (KSi2AlO6) as the dominant crystalline
phase (JCPDS # multiple).

137

600

Relative Intensity (Counts)

500

400

300

200

100

0
10

20

30

40

50

60

2θ (degree)

Figure C.4. XRD pattern of the diopside (CaO·MgO·2SiO2) crystalline
phase found in Series D & E alumina matte glazes (JCPDS # 41-1370).
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Figure C.5. XRD pattern of multiple feldspar phases found in Series F
alumina matte glazes with sodium aluminosilicate phases
(Na2O·Al2O3·SiO2) as the dominant crystalline phase (JCPDS # multiple).
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Figure C.6. XRD pattern of the forsterite (2MgO·SiO2) crystalline phase
found in Series G through H of the alumina matte glazes (JCPDS # 340189).
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Figure C.7. XRD pattern of the wollastonite (CaO·SiO2) crystalline phase
found in the silica matte glazes from Series A, B and all Li2O Groups of
glazes (JCPDS # 31-0300).
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Figure C.8. XRD pattern of the pseudo-wollastonite (CaO·SiO2) crystalline
phase found in the silica matte glazes from the Li2O Group of glazes
(JCPDS # 74-0874).
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Figure C.9. XRD pattern of cristobalite (C) and undissolved quartz (Q)
phases found in the silica matte glazes from the KNaO Group of glazes
(JCPDS #’s 39-1425 (cristobalite) & 46-1045 (quartz)).
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Figure C.10. XRD pattern of tridymite (T) and diopside (D) phases found in
the silica matte glazes from the Series P & Q group of glazes (JCPDS #’s
42-1401 (tridymite) & 41-1370 (diopside)).
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