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Abstract

Raw glazes, which do not contain pre-melted glass frits, are widely used due to their low cost.
The natural variability of the mineral compositions used in raw glazes affects their viscosity
during firing. Molten glaze viscosity plays an important role in determining the final surface
quality; therefore, it is important to determine how raw glaze composition and firing conditions
affect viscosity. Thermophysical modeling provides a way to evaluate the liquidus temperature
and viscosity of molten glazes as a function of composition and oxygen activity. Equilibrium
phase volume fraction and composition of 242 raw glaze recipes were evaluated under oxidizing
and reducing conditions. Undissolved or precipitation of solid phases explain the secondary flux
transition from anti-fluxing to fluxing near the liquidus temperature. The liquidus temperature
and viscosity of iron glazes decrease as a function of increasing iron content under a reducing
atmosphere. The empirical probability distribution of molten glaze viscosity follows a lognormal
distribution, with lead glazes having significantly lower viscosity compared with glazes without
lead. The peak firing temperature viscosity of lead-free glazes is near the working point of glass.
Multiple linear regression analysis shows that the peak firing temperature viscosity and liquidus

temperature significantly predict the viscosity factor.
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1. Introduction

Glazes satisfy both functional and aesthetic needs in ceramics fabrication. In addition to
sealing porosity and waterproofing the ceramic body, glazes also add color and a glossy or matt
surface finish. Molten glaze viscosity is an important factor in surface quality. Pinholes may
form if the viscosity is too high; conversely, the glaze may run freely if the viscosity is too low
[1]. Estimates of molten glaze viscosity are as low as 0.7 to 2 Pa-s [2] and as high as10° to 10*
Pa-s [3]. The former is comparable to the room temperature viscosity of glycerin, while the latter
corresponds to the working point and flow point of glass, respectively. The lack of agreement
between these estimates means there is no effective guidance for optimal molten glaze viscosity,
particularly the maturation of raw glazes.

During maturation, the constituent minerals in a raw glaze melt to form a vitreous coating
and fuse to the ceramic body at the same time. While they are less costly to produce than glazes
that incorporate pre-melted glass frits, the melting behavior of raw glazes is less predictable. This
is partly due to the natural variability of mineral composition from different mines or quarries.
Moreover, the heating schedule can also affect the maturation of raw glazes. Understanding how
these variables affect molten raw glaze viscosity is essential for good results with raw glazes.

Molten glaze viscosity measurements have largely been limited to fritted glazes [4-8]. In
comparison, few experimental methods have been applied to measure molten raw glaze
viscosity. Beam [9] studied the compositional variability in molten feldspathic glaze viscosity by
measuring the diameter of fused cones. Additionally, fixed point measurements via hot stage
microscopy [10] has been used to study raw glazes [11, 12]. Neither approach measures the

dynamic or absolute viscosity of the molten glaze. As a result, raw glaze recipes are developed



and adjusted principally through time consuming trial-and-error testing in the studio or at the
fabrication facility.

Computational modeling offers a new approach to studying molten raw glaze viscosity
that can rapidly explore the effect of composition, temperature, and oxygen activity. The
calculation of phase diagrams (CALPHAD) method [13] uses thermochemical databases and
Gibbs energy minimization software to predict equilibrium phases present as a function of oxide
composition and temperature. The liquidus temperature of multicomponent oxide melts is
determined readily through CALPHAD. Once the molten phase composition and liquidus
temperature have been determined, a suitable viscosity model can be used to estimate the molten
glaze viscosity. The Modified Quasichemical Model (MQM) [14] is a promising candidate, as it
is based on the molten phase structure, specifically the molar fraction of free, bridging, and non-
bridging oxygen atoms present. It has been used previously to study the viscous deformation of
pyrometric cones [15] and fusibility of coal ash [16]. Lastly, the Einstein-Roscoe equation [17] is
used to calculate the effective viscosity of subliquidus melts as a function of the intrinsic
viscosity and solid volume fraction. The equilibrium viscosity of fully molten and partly molten
raw glazes can thus be estimated readily as a function of composition, temperature, and oxygen
activity.

2. Modeling

The oxide composition of molten raw glaze [1, 9, 11, 18-21], fritted glaze [4, 22], glass
[10, 23-25], and molten magma [26, 27] were analyzed using a commercial CALPHAD program
(FactSage, version 8.1, Equilib Module, FTOxid and FactPS databases) to estimate their liquidus
temperature (Tiig) as well as their phase fraction and composition at the peak firing temperatures.

Compositions given as oxide mass fraction in the source were used as published; otherwise,



Table 1 was used to convert mineral mass fraction to oxide mass fraction. The arithmetic mean
of the highest and lowest peak firing temperatures when a firing range is specified (e.g. 1230 °C
for cone 5 to 8 or 1200 to 1260 °C) are used where a temperature range is specified. Oxygen
activity was evaluated from oxidizing (aO2 = 0.21), weakly reducing (a0 = 10°%), and strongly
reducing (a0, = 10°) conditions down to a0z = 10, at 1 atm. The system is assumed to be at
equilibrium, associated with long firing times and high peak temperatures, with no metastable
phases present in the model output.

The effect of silicate liquid immiscibility in the K2O-FeO-Al>,03-SiO; system [28] on
viscosity was studied using the FTOxid-SLAGA phase single-phase or possible two-phase
immiscibility options. The molten silicate phase with the larger volume fraction is assumed to be
the continuous phase. The contribution of the dispersed phase to the effective viscosity is

estimated via equation 1 [29]:

o [ < (1 ) ®

2+5K bm
where 1 is the relative viscosity (ratio of emulsion viscosity to continuous-phase viscosity), ¢ is
the volume fraction of the dispersed phase, and K is the viscosity ratio (ng / nc Or ratio of

dispersed phase viscosity to continuous-phase viscosity).

The solid volume fraction (®) is calculated by first estimating the volume of each solid
and molten phase present, and then dividing the sum of the solid volume by the total volume.
Solid phase volume is based on mass and the density of the mineral or pure chemical compound
at ambient pressure and temperatures as shown in Table 2. The primary contribution to changes
in solid phase density is expected to be phase transformations. For example, tridymite density is
approximately 14% lower than quartz density at ambient temperature and pressure [30]. The

decrease in solid phase density due to thermal expansion is assumed to be negligible in



comparison, as demonstrated by the decrease in plagioclase feldspars density by less than 2%
when heated from ambient temperature to over 900 °C [31]. Molten phase density was calculated
with its composition from the output data, based on partial molar volumes of oxides present [32-
36], and used to calculate the molten phase volume from its mass.

The intrinsic viscosity (no) of the molten phase as a function of composition and
temperature was calculated using the Modified Quasichemical Model (FactSage, version 8.1,
Viscosity Module, Viscosity Module, Melts database for T > Tjiq - 200 °C and Glasses database
for T < Tiig— 200 °C) with up to 14 oxide and 11 fluoride compounds. For molten raw glazes
containing stable solid phase or phases, the Einstein-Roscoe equation was used to estimate the

effective viscosity (n):

n=mo(1-22) 0

®‘YYla.JC

where ®Omax IS the maximum packing fraction of the solid phase (i.e. the critical solid phase
volume fraction). Jamming transition simulations[37, 38] and rheological measurements of
spherical particle suspensions[39] suggest that ®max is around 0.64. For this study, a value of
0.637 [29] was used for ®max for this study.
3. Results and Discussion
3.1 Effect of oxygen activity on liquidus temperature and secondary flux transition

Raw glazes become fully molten above their liquidus temperatures upon reaching
equilibrium. When the peak firing temperature is less than the liquidus temperature, undissolved
or newly precipitated solid phases can scatters light, which gives the resultant glaze a matt or
opaque finish. Figure 1 plots the liquidus and peak firing temperatures of 175 lead-free glazes [1,
40] and 12 lead glazes [18, 19] with matt and gloss (i.e. transparent, semitransparent, or bright)

finishes (see A. The liquidus temperature calculation accounts for the possibility of two-phase



Table 1 Average oxide and fluorine mass fraction of common raw glaze minerals and metallic compounds. Zinc oxide (100 % ZnO)

and trace P20s (< 0.08 %) and SOs (< 0.04 %) in ball clay, china clay, and Cornish stone were also incorporated into the model.

SiO2 | Al203 | CaO | MgO | MnO | Li2O | Na2O | K20 | Fe203 | FeO | PbO | TiO2 | F | LOI | Ref.
Ball clay 468| 348 042] 0.2 0 o] 085[/031] 15| o o] 021 o] 148][41,42]
Bentonite 576| 222 1.19| 257 0 0| 162]043] 181 o0 0] 001 o0/ 12.6][40,43]
China clay 449| 387 004 0.06 0 0| 002]017] 060]0.08 0| 1.26 [0.01 | 14.1 | [44, 45]
Cornishstone | 71.9| 162 | 1.75| 0.03 0 0| 31]533] 014| o0 0| 0.09]0.14 | 1.29 | [40, 46, 47]
Dolomite 15| 06| 310] 201 003 0| 003|007 026|] 0 0 0| 0465 |[40, 48]
Feldspar [40, 47]
(potash) 66.6 | 18.6| 0.39 0 0 0| 289|114 01| o0 0 0| o0} o0.07
(Fs‘i)'g:g)ar 675| 194 184 0 ol ol 72|365| 006/ ol ol o| oloa41]|l4047]
Flint 999| 02 0 0 0 0 0 0 ol o 0 0| 0| 0]T40,49]
Lepidolite 492 | 267/ 005| 001 018] 425 13|104| 028]0.11 0 0|582| 1.7|[50]
Lithium [1]
carbonate 0 0 0 0 0| 40.4 0 0 0 0 0 0 0| 59.6
Nepheline [40, 47]
syenite 59.0 | 23.8| 055 0 0 0| 92|714| 010| O 0 o/ o] 01
Red clay 575| 146/ 576 | 2.67 0 0| 08]324] 519 o0 0| 080 0]9.43][51]
Red iron 0 0 0 0 0 0 0 0| 100| O 0 ol of ol
oxide
Spodumene 65.0| 27.0 0 0 0| 8.0 0 0 0 0 0 0 0 0 | [40]
Talc 552 | 11| 2.28] 30.9 0 0 0 0| 165| 0 0 o/ ol 89][40,52]
White lead 0 0 0 0 0 0 0 0 0o/ 0] 863 0| ol13.7][53]
Whiting 0.23 0| 554 005| 013 0 0 0| 005 0 0 0| 0441 ][40, 45]
Wollastonite | 51.4| 08| 452 0.98| 0.05 0| 005 0| 048] 0 0| 002| 0] 0.98][40,54]




Table 2 Ambient density of stable solid minerals and chemical compounds.

FactSage phase Mineral or compound | p (g/cm®) | Ref.
a'(Ca,Sr,Ba)2Si04 calcium orthosilicate 3.27 [55]
CaSiO3_Ps-wollastonite pseudowollastonite 2.90 [56]
Clinopyroxene#1 and #2 clinopyroxene 3.19 [57]
Cordierite cordierite 2.63 [58]
Feldspar#1 feldspar 2.65 [52]
Leucite leucite 2.5 [58]
M203(Corundum)#1 corundum-hematite 4.62 [59]
Melilite melilite 3.0 [58]
Mg4Al10Si2023 Sapphirine | sapphirine 2.63 [60]
Mullite#1 mullite 3.16 [30, 61]
Olivine#l olivine 3.74 [62]
SiO2_Tridymite(h) tridymite 2.28 [30]
Spinel#1 spinel-hercynite 3.72 [58]
Titania_Spinel ulvospinel-geikielite 4.48 [59, 63]
Willemite willemite 4.10 [64]
Wollastonite wollastonite 2.98 [52]

immiscibility in the molten glaze. Glazes containing lead melt fully at a significantly lower
temperature compared with those that do not contain lead (F(1,185) = 90.5, p < 0.001). In
addition, the average liquidus temperature of matt glazes is significantly lower relative to gloss
glazes (F(1,207) = 38.6, p < 0.001) and is 22 °C higher than the peak firing temperature. In
comparison, the average liquidus temperature of gloss glazes is 59 °C lower than their peak
firing temperature. In other words, transparent or gloss glazes are far more likely to be fully
molten at their peak firing temperature compared with matt glazes. While devitrification of a
fully molten glaze can also give rise to a matt finish, transparent glazes cannot have any light
scattering solid particles upon reaching the peak firing temperature. Consequently, the liquidus

temperature is an important parameter in predicting glaze surface finishes.
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Figure 1 Comparison between the liquidus temperature and peak firing temperature of raw
glazes in an oxidizing atmosphere. A line showing 1:1 correlation is plotted for comparison.

The primary phase field describes the crystalline phase that forms first upon cooling a
melt below its liquidus temperature. It is thermodynamically stable and is the last to melt if it is
present in the glaze recipe. For example, tridymite and cristobalite (high temperature polymorphs
of SiO) will not dissolve fully until the liquidus temperature is reached. This also applies to
recipes that contain wollastonite (CaSiOz) and pseudowollastonite.

Glazes that contain iron oxide become fully molten at progressively lower temperatures
when fired under a reducing atmosphere as the oxygen activity is decreased. This is due the
reduction of iron(111) oxide (Fe203) to iron(1l) oxide (FeO). Iron oxides are known to be
secondary fluxes and have an anti-fluxing effect below 1220 °C for Fe.O3 and 895 °C for FeO
[53]. This is consistent with Figure 2, which shows the decrease in the liquidus temperature as a

function of iron fraction and oxygen activity determined through thermophysical modeling.
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Figure 2 Decrease in liquidus temperature as a function of glaze iron fraction (aO2 = 107).
Linear regression lines at different oxygen activity are also plotted for comparison. Changes are
relative to the liquidus temperature in an oxidizing atmosphere (aO2 = 0.21). See Appendix A for
liquidus temperatures in tabular form.

The decrease in the liquidus temperature of iron oxide glazes due to reduction is
explained by the transition in the primary phase field from hematite (Fe2O3) to magnetite (FezOa)
and sometimes anorthite (CaAl2Si>Og), where the majority of iron oxide is present as FeO in the
molten phase. The formation of a stable calcium-rich feldspar from potash or soda feldspar
occurs as CaO minerals (e.g. whiting, wollastonite, dolomite) through a dissolution-precipitation
mechanism mediated by the molten phase. The same mechanism is at work to produce willemite
(Zn2Si04) and magnesium-rich olivine (Mg2SiO4) from zinc oxide and MgO minerals (e.g. talc

and dolomite).
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Figure 3 Liquidus and secondary flux transition temperatures [53]. Error bars correspond to one
standard deviation. The linear regression line (solid) does not include FeO; the dashed line and
open circle for FeO are extrapolated values.

Figure 3 shows the average liquidus temperature of glazes that have primary phase field
which clearly corresponds to a single secondary flux: hematite (Fe203), forsterite (MgO),
wollastonite or pseudowollastonite (CaO), and willemite (ZnO). The secondary flux transition
temperature of magnetite, a FeO-Fe>Os spinel, is assumed to be the average of the values for FeO
and Fe>0s. The liquidus temperature for pure FeO is extrapolated from the average liquidus
temperatures of hematite and magnetite. For this reason, it is plotted for comparison but not
included in the linear regression analysis. The coefficient of determination (R?= 0.90) shows that
the liquidus temperature and secondary flux transition temperature are strongly correlated. The
melting of the secondary flux only begins to have an appreciable effect on viscosity between 60

to 130 °C below the liquidus temperature, since precipitation of the stable phases acts to remove
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secondary fluxes from the melt. Barium oxide (BaO) has a secondary flux transition temperature
of 1185 °C and is predicted to have a corresponding stable oxide mineral with an average
liquidus temperature of 1257 °C in molten raw glazes.

3.2. Comparison between viscosity models and measured values

Modeling molten glaze viscosity as a function of composition, temperature, and oxygen
activity is complicated by the presence of iron oxide. For example, neither Fluegel’s global
statistical model, which is based on multiple regression and the widely known SciGlass database
[65], nor Giordano [66] et al. multicomponent chemical model for naturally-occurring silicate
melts, account for the contribution of both Fe2O3 and FeO. Fluegel treats all iron oxide as Fe20s,
while Giordano et al. assume all iron oxide as FeO. Unlike these models, MQM uses both Fe2O3
and FeO in calculating viscosity. Also, while the multicomponent chemical model is limited to
the SiO2-Al203-Ca0-MgO-MnO-FeO-Na20-K>0-TiO2-P20s-F system, MQM also includes
ZnO, PbO, Li20, and B>03. These are oxides present in many glaze recipes. While MQM also
accounts for Ti,Os3, the trace quantities (< 210 ppm, mol/mol) expected to be present in the
molten phase are not expected to have a significant effect on viscosity.

Figure 4 plots the viscosity predicted by the global statistical model, multicomponent
chemical model, and MQM against experimentally measured viscosities [10, 23, 25-27] in the
valid range of each model. The output of all three models are strongly correlated with measured
viscosities (R > 0.99); however, more extensive use of the global statistical model in this study is

precluded by compositional limits on model applicability.

12
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Figure 4 Comparison predicted and measured viscosity from [10, 23, 25] for Fluegel [65] and
[26, 27] for Giordano et al. [66]. A solid line showing 1:1 correlation is plotted for comparison.

Table 3 Components of molten frits, glazes, glasses and magmas

Ref. | SiO2 | Al203 | CaO | MgO | ZnO | Na20 | K20 | TiO2 | B203 | Other

[22] ] X X X X X X X X | CaFz, NaF, AlFs
[4] X X X X X X X X | PbO

[10]] X X X X X X X | Li2O

[24]] X X X X PbO

[25] ] X X X X X X X

[23] ] X X X X X X X | Fe203

261 X | X | X | X X | X | X MnO, FeO

2711 X | X | X | X X X MnO, Fez0s

MQM viscosity estimates are compared with dynamic viscosity measured via ball drawn
viscometry [22], sinking bar viscometry [10], rotary viscometry [4, 10, 23-27], and fiber
elongation [23] for porcelain enamel frits [22], fritted sanitary ware glazes [4], experimental

glasses [10], standard reference glasses [24, 25], commercial glasses [23], and magmas [26, 27].
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The models and measured viscosity values are plotted in Figure 5. The data is also shown in

tabular form in Appendix B. The components of the molten oxides are summarized in Table 3.
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Figure 5 Measured and MQM viscosity of molten frits, fritted glazes, glasses, and magma
Linear regression analysis of the model and measured values show that the two are
strongly correlated (R? = 0.93, F(1, 112) = 1572, p < 0.001), but the model systematically

overestimates the viscosity. The regression line (Equation 3) will be used to correct the model

viscosity for molten raw glazes based on the oxide phase composition.

loglo(nmeasured) = 0.8996 10910(TIMQM) + 0.09093 (3)
Notably, the model viscosity of lead glass begins to deviate from the measured value above 10°
Pa-s. For U.S. NIST Standard Reference Material 711 (lead silica glass, 45.32% PbO by mass),

this corresponds to 710.4 °C for measured viscosity. All raw glazes studied have a peak
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temperature of 970 °C (cone 07) or more, and have lead content ranging from 39 to 51% by
mass.
3.3. Effect of silicate liquid immiscibility and oxygen activity on viscosity

The formation of low viscosity Ca-rich (CaO/SiO2 = 22%, mol/mol) and high viscosity
Ca-poor (CaO/SiO2 = 2%, mol/mol) immiscible molten phases are predicted for around 40% of
the raw glazes evaluated in this study. The liquid-liquid emulsion viscosity is 22% lower on
average when compared with the corresponding single-phase viscosity. The single-phase and
two-phase models are generally in agreement for viscosity values up to 10* Pa-s, above which the
two models begin to deviate (Figure 6). The lack of agreement occurring in a small number of
cases studied (14% of two-phase models and 6 % of the total) is attributable to misidentification

of the continuous phase.
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Figure 6 Deviation between single- and two-phase model viscosity above 10* Pa-s (dashed line).
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Increasing the iron content of a glaze makes it more susceptible to a drop in the effective
viscosity under a reducing atmosphere (Figure 7). In addition to the decrease in the liquidus
temperature of iron glazes under a reducing atmosphere, the formation of iron(l11) oxide
decreases the viscosity of a glaze by breaking up bridging Si-O-Si bonds in the molten silicate
network. This is consistent with observations of “runny” iron oxide glazes under reduction firing
[1] and a warning too much iron oxide can make a glaze too fluid when fired under reducing
conditions. In other words, a reducing environment decreases both the solid volume fraction (®)
and the intrinsic viscosity (o) in the Einstein-Roscoe equation, leading to a decrease in the

effective viscosity of the molten glaze.

Change in viscosity (%)

@)
-100 | | | | | |

0 2 4 6 8 10 12

Iron fraction (% Fe, mol/mol)
Figure 7 Decrease in the effective viscosity at the peak firing temperature as a function of glaze
iron fraction (aO2 = 10°). Linear regression lines at different oxygen activity are also plotted for
comparison. Changes are relative to the liquidus temperature in an oxidizing atmosphere (aO2 =

0.21). See Appendix A for effective viscosity values in tabular form.
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The decrease in the effective viscosity on a glaze containing 12 % (mass/mass) red iron
oxide as well as potash feldspar, whiting, ball clay, china clay, and flint (recipe 419 from [1]) is
illustrated in Figure 8. The effective viscosity is predicted to be significantly higher under an
oxidizing atmosphere compared to reducing atmospheres. The initial drop in the predicted
effective viscosity arises from a transition from a high viscosity continuous phase (Ca and Fe-
poor) to a low viscosity (Ca and Fe-rich) continuous phase. Since the volumes of the two
immiscible molten phases are very close to each other, it is possible that the high viscosity
estimate arises from a misidentification of the continuous phase. If this is the case, the effective
viscosity may much lower (2.1x10* Pa-s). The molten glaze viscosity decreases continually
under increasingly reducing conditions as more iron enters the molten phases. The glaze
becomes fully molten at the peak firing temperature when oxygen activity is less than 10, and

the effective viscosity does not decrease significantly thereafter.
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Figure 8 Changes in volume fraction of molten and solid phases: feldspar (anorthite), corundum
(hematite), and spinel (magnetite) as well as intrinsic and effective viscosity of a high firing iron
stoneware glaze (cone 7 to 9) at 1265 °C as a function of oxygen activity.
3.4. Measurement of molten glaze deformation at constant heat work

Beam [9] measured the diameter of fused cones as a way of quantifying the viscosity of
molten feldspathic glazes. The dry powder sample is loaded a conical mold and transferred to an
unfired clay disk. After firing, the diameter of the fused raw glaze sample is measured with a
caliper. The sample diameter is reported in millimeters is reported as the viscosity factor. Beam
noted that the compositions producing good glazes at cone 12 all had similar viscosity factors.

Unlike hot stage microscopy, which measures the temperature at which the sample
reaches a predefined geometry under constant rate heating, the Beam viscosity factor measures
the extent of deformation under constant heat work. Heat work (i.e., the combined effect of time
and temperature) is typically measured with pyrometric cones, which mechanically integrate
viscous deformation as a function of time. Viscosity is a function of the pyrometric cone
composition and temperature [15]. Consequently, the Beam viscosity factor is not solely a
function of viscosity; instead, the time from the onset of deformation to the peak firing
temperature must be considered as well.

The onset of deformation at the Littleton softening point (1088 Pa-s) temperature is
strongly correlated with the liquidus temperature in pyrometric cones (R? = 0.83); consequently,
it is useful as a readily calculated proxy variable for the viscous deformation time in raw glaze
samples. Table 4 summarizes the liquidus temperature and viscosity of raw glazes containing
feldspar, flint, china clay (kaolin), and whiting at cone 12 (1300 °C) under an oxidizing

atmosphere. A single molten phase was used for the MQM analysis to avoid misidentification of
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the continuous phase as a source of error. Multiple linear regression analysis was used to test

whether the liquidus temperature and peak firing temperature viscosity significantly predict the

viscosity factor. The result of the regression shows that the two predictors explain 74% of the

variance (F(2,41) =59, p <0.001) in the data, and the findings are summarized by equation 4:

Viscosity Factor = 120.43 — 0.046174 T;;; — 5.0829 log;0(1300°c)

(4)

Table 4 Liquidus temperature (Tiiq) and viscosity based on composition of raw glazes [9],

identified by member numbers (M#) and corresponding viscosity factors. Good glazes identified

in the original work are marked with an asterisk (*).

M# | Tiiquidus | logio(n, Pa-s) | Viscosity | M# | Tiiquidus logio(n, Pa-s) Viscosity
(°C) | MQM | MCM | factor (°C) MQM | MCM factor
[14] | [66] (mm) [14] [66] (mm)
1 1461 451 | 5.70 29.5 27 | 1164 3.15 4.33 48.5
2 1242 441 | 551 314 28 | 1204 3.11 4.16 48.3
3 1345 434 | 5.35 36.8 32 | 1529 3.25 4.77 29.8
4 1280 430 | 521 38.5 33 | 1461 2.84 4.66 35.0
5 1259 424 | 5.04 39.2 34 | 1387 2.82 4.57 49.0
6 1279 4.19 4.87 39.2 35* | 1307 2.81 4.49 49.9
7 1299 4.14 4.73 40.5 36* | 1221 2.77 4.30 52.1
8 1318 4.25 4.70 41.0 37 1206 2.74 4.11 53.7
11 1518 4.09 5.46 29.5 38 1205 2.71 3.92 53.6
12 1460 3.83 5.28 32.6 43 1476 2.44 441 31.8
13 1398 3.77 5.14 41.8 44 1397 2.43 4.34 42.3
14* | 1184 3.72 | 5.02 43.0 45 | 1312 2.43 4.27 46.1
15* | 1259 3.69 | 4.88 425 46* | 1254 2.40 4.08 49.2
16 1192 3.65 | 4.70 44.7 A7 | 1247 2.37 3.87 53.0
17 1227 3.60 | 454 44.2 48 | 1241 2.34 3.67 54.1
18 1260 356 | 4.38 43.7 49 | 1233 2.30 3.47 59.4
21 1560 3.72 | 5.19 30.2 54 | 1398 2.24 4.24 36.5
22 1500 3.57 | 5.03 36.8 55 | 1307 2.08 4.06 43.3
23 1435 3.28 | 4.90 45.6 56 | 1293 2.05 3.83 46.6
24* 1365 3.24 4.80 47.5 57 1289 2.02 3.61 47.9
25*% | 1290 322 | 4.70 47.0 58 | 1283 1.99 3.39 50.1
26* | 1210 3.18 | 451 48.3 59 | 1276 1.96 3.18 55.6
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The liquidus temperature significantly predict the viscosity factor ( =-0.62, p < 0.001),
as does the peak firing temperature viscosity (f =-0.51, p < 0.001). Figure 9 plots the multiple
linear regression results against their corresponding measured viscosity factors. The analysis was
repeated using the multicomponent chemical model (MCM), and the multiple regression findings
are substantially the same:

Viscosity Factor = 121.25 — 0.032839 T};; — 7.6258 logy10(1300°c) (5)
where the regression model explains 76 % of the variation (F(2,41) = 66, p < 0.001). Notably,
the MCM effective viscosity is roughly an order of magnitude higher than the values predicted
by the MQM model. This is surprising since both models are in agreement when used to
calculate the viscosity of molten magmas. The difference may be due to the absence of iron from

the raw glaze compositions studied by Beam.
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Figure 9 Regression models and measured viscosity factors [9] for feldspathic glazes. A solid
line showing 1:1 correlation is plotted for comparison.
3.5. Average viscosity of raw glazes with and without lead

Figure 10 plots the empirical probability distribution of the peak firing temperature
viscosity calculated from raw glaze recipes, 14 of which contain lead [18-21] and 201 which do
not[1, 9, 11, 40], under oxidizing conditions and using a single-phase molten oxide model. The
log-normal distributed viscosity values range from 0.48 to 150 Pa-s for raw glazes with lead and
13 to 7900 Pa-s for raw glazes without lead (Table 5). Glazes with lead are predicted to have
significantly lower viscous than glazes without lead (F(1, 213) = 37.9, p < 0.001), despite the
former having peak firing temperatures that are lower (990 to 1160 °C) than the latter (1200 to
1280 °C). This is explained by the lower liquidus temperature of glazes with lead.

A subset (n = 139) of the glaze recipes was analyzed using the multicomponent chemical
model. Again, the estimate is roughly an order of magnitude higher than the values predicted by
the MQM maodel.

Table 5 Average peak firing temperature viscosity of glazes with lead and without lead

Glaze Model 1) c Mean (Pa-s) | Median (Pa-s) | Mode (Pa-s)

with lead MQM | 0.933 | 0.624 13.4 8.6 3.5

without lead MQM | 2.509 | 0.693 561 323 107
MCM | 3.353 | 0.991 5860 2250 333
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Figure 10 Empirical probability distribution of model raw glaze viscosity with lead (filled
symbols) and without lead (open symbols). Dashed (- -) and solid (—) lines show normal
distribution models fitted to the lead glaze and lead-free glaze datasets, respectively.

The difference between the peak firing temperature viscosity for raw glazes with lead and
those without lead may be explained by Nosova’s [4] observation that fritted glazes with lead are
less likely to boil up, or form closed or burst bubbles on the glaze surface. Additionally, it is
recommended that molten glaze viscosity should be either greater than 600 to 900 Pa-s or less
than 40 Pa-s to avoid boiling up. Thermophysical modeling of raw glaze viscosity indicates that
the mean viscosity for lead-free glazes at their peak firing temperature is around 600 to 5900
Pa-s, depending on the viscosity model, while the mean viscosity for raw glazes containing lead
is 13.4 Pa-s. The former is within the higher viscosity range and the latter is below the lower

viscosity limit to avoid boiling up. The lower viscosity limit is in agreement with the 0.7 to 2
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Pa-s viscosity range for fast firing tile glazes [2]. In comparison, lead-free glaze viscosity is
closer to the flow point of glass (10° Pa-s) [3].
4. Conclusions

The liquidus temperature is an important variable for raw glazes. Thermophysical
modeling is able to calculate the liquidus temperature of a raw glaze as a function of its
composition and oxygen activity during firing. Glazes that are fired to temperatures higher than
their liquidus temperatures are more likely to be transparent or have shiny surfaces, while firing
temperatures lower than their liquidus temperature are more likely to result in matt or opaque
surfaces.

Iron glazes fired under oxidizing and reducing atmospheres can have very different colors
and surface finishes. This is due to changes in the iron oxidation state. For glazes containing a
high iron fraction, the primary phase field shift from hematite to magnetite accompanied by a
decrease in the liquidus temperature. An increase in the fraction of FeO, a silicate network
modifier, lowers its viscosity of the molten phase.

The precipitation of thermodynamically stable high temperature phases actively removes
secondary fluxes from the melt. The secondary fluxes transition from being anti-fluxing to
fluxing between 60 to 130 °C below the liquidus temperature.

Silicate liquid immiscibility is predicted for a sizable number of the raw glaze recipes
considered in this study, which may result in the formation of a low-viscosity Ca-rich molten
phase and a high viscosity Ca-poor molten phases. On average, the two-phase viscosity values
are is 22% lower on average compared with their corresponding single-phase viscosity values.

Correctly identifying the continuous phase in an immiscible silicate melt is a significant
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challenge in viscosity modeling, particularly when the two molten phases are similar in their
volume fraction.

Experimental measurements of raw glaze viscosity factors are in agreement with a
multiple linear regression model based on the liquidus temperature and peak firing temperature
viscosity as calculated with two viscosity models. This may be helpful in identifying promising
candidates for glaze recipes or evaluating new raw glaze minerals.

Lead glazes have peak firing temperature viscosity values that are significantly lower
than lead-free glazes. The peak firing temperature viscosity of the latter is consistent with the
working point of glass. Boil up (i.e., formation of closed or burst bubbles) can be avoided by
limiting glaze viscosity to less than 40 Pa-s or higher than 600 to 900 Pa-s, as proposed by
Nosova [4] in a study of fritted glazes. Molten lead glazes are expected to have effective
viscosities lower than 40 Pa-s, while lead-free glazes have effective viscosities greater than the
600 to 900 Pa-s range.

Thermophysical modeling provides a unifying framework for understanding molten raw
glaze viscosity under disparate firing conditions. The approach allows for rapid evaluation of
changes in raw glaze viscosity as a function of composition, temperature, and oxygen activity.
The approach is also helpful in furthering an understanding of changes in the composition of
molten and solid phases present during the firing of raw glazes, particularly in the absence of
experimentally measured quantities.
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