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Two models for estimating liquidus temperature from eomposition are presented and eompared with thermodynamically calculated
temperature as well as primary phase. Α simple polynomial model is given for high silica glasses, while a model covering a wide
composition ränge and several primary phase fields is more complex. Thermodynamic calculations generally give too high liquidus
temperatures in the devitrite field and too low in the primary field for N a 2 0 · 2 CaO · 3 Si02. In the wollastonite field the values
are scattered, but in general too high.

Abschätzung der Liquidustemperaturen für Süicatgläser

Es werden zwei Modelle zur Abschätzung der Liquidustemperatur aus der Zusammensetzung vorgestellt und mit der thermodyna-
misch berechneten Temperatur und Primärphase verglichen. Für Gläser mit hohem Si02-Gehalt wird ein einfaches polynomisches
Modell vorgeschlagen, während ein komplexeres Modell einen weiten Zusammensetzungsbereich und verschiedene Primärphasenfel-
der abdeckt. Thermodynamische Berechnungen ergeben für Na20 · 2 CaO · 3 Si02 im allgemeinen zu hohe Liquidustemperaturen
im Devitritfeld und zu geringe im Primärfeld. Im Wollastonit-Feld streuen die Werte sehr, sind meist aber zu hoch.

1 . INTRODUCTION

With increasing machine speeds and corresponding
changes in Container glass composit ions, a good esti-
mate of the liquidus temperature becomes ever more
impor tant . Liquidus temperature can, in principle, be
calculated thermodynamical ly [1 to 3]. However, al-
though Computer capacity no longer limits the Per-
formance of such a calculation, the necessary data
bases are far from complete. Ability to determine the
pr imary crystalline phase as well as l iquidus is an
impor tan t feature of the the rmodynamic calculation.
Solidus temperatures could also be calculated but are
of little importance to glass technologists. Another
me thod of estimating liquidus temperatures is to use
a polynomial description of the relation between liqui-
dus and glass composit ion. The first model ing of this
kind was done by Lakatos and his coworkers [4] for
the System N a 2 0 - K 2 O - C a O - M g O - AI2O3 - S i02 ,
but that model was restricted to a narrow ränge of
composi t ions having silica as the pr imary phase. Ex-
tending the composit ion ränge, however, leads to cross-
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ing the bounda r i e s in to o ther phase fields, so tha t
l iquidus is n o longer a s m o o t h function of c o m p o s i t i o n
a n d the mode l inevitably more complex . Separa te m o d -
els can of course be derived for each p r i m a r y p h a s e
field, as was d o n e by Babcock [5] bu t such m o d e l s a re
of little pract ical interest as the p r imary phase is rarely
obv ious in a mu l t i componen t System. Α m o d e l cover-
ing a fairly large set of compos i t ions was deve loped
in a Joint venture between Philips, Saint G o b a i n , a n d
the universit ies of Sheffield a n d A b o A k a d e m i [6 t o
8]. T h a t mode l was based on fifty glasses in the sys tem
N a 2 0 - K 2 O - M g O - C a O - S r O - B a O - P b O - A I 2 O 3 -
B 2 0 3 - S i 0 2 . This paper extends the set of d a t a used
for po lynomia l model ing and compares es t imates of
l iquidus t empera tures ob ta ined from those m o d e l s a n d
by t h e r m o d y n a m i c calculat ion.

2 . C A L C U L A T I O N S

T h e only sufficiently sophist icated t h e r m o d y n a m i c m o -
del for calculat ing l iquidus tempera tures a n d p r i m a r y
phases in mu l t i componen t oxide Systems is t ha t of Pel-
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Figure 1. Correlation between modelled and experimental liqui-
dus temperatures for 45 glasses in a seven-eomponent system
with silica contents 70 < SIOJ ^ 77 wt%.
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Figure 2. Correlation between thermodynamically calculated
versus experimental liquidus temperatures for 45 glasses
in a seven-component system with silica contents 70 < Si02
< 77 wt%.

t o n a n d W u [3]. It requires knowledge of H, G, S and
CP values for every species in the system; the data base
F A C T 2.0/98 [9] and the Computer p r o g r a m ChemSage
[10] were used in the present calculat ions. However, that
d a t a base lacks da t a for S rO a n d B a O , so that calcu-
lat ions could no t be m a d e for m o s t of the composit ions
in the original t en -componen t system. The maximum
con ten t of these two oxides was only 5 wt% (2 to
3 mol%) . They were therefore ignored a n d the remaining
oxides sealed u p to m a k e a to ta l of 100 %. The liquidus
tempera tures as well as p r imary phases were then calcu-

lated for this new set of data and the results are given in
table 1.

Calculations could also be m a d e for this set of data
using the polynomial model of Backman et al. [8] but
compar i son between two sets entirely of approximately
calculated data was not considered as useful as desired.
As the equipment to make more measurements was no
longer available at Sheffield, Philips glass works in Eind-
hoven kindly supplied liquidus temperatures and crystal-
line phases for a set of 45 composi t ions in the system
N a 2 0 - K 2 O - M g O - C a O - A I 2 O 3 - B 2 O 3 - S i02 . These
all had higher silica contents than the original set.
The rmodynamic calculations also showed that none of
these had a pr imary phase occurring in the original set
but either S i02 or N a 2 0 · 3 M g O · 6 S i02 . The X-ray
determinat ions dominant ly gave devitrite as pr imary
phase. However, devitrite crystals have earlier been
found to be the fastest growing, even when being sec-
ondary or ternary phase [8] and, admittedly, only the
fastest growing crystals are of interest to product ion. It
should also be noted that in multicomponent glasses
crystals easily form solid Solutions. These are not yet
implemented in the thermodynamic data base.

Before proceeding further a polynomial model was
obta ined for the composit ion dependence of liquidus for
this new set of data. The model was linear in terms of
the oxides in wt%.

Aiq = 4785.48 - 29.8314 · ; 7 s i 0 2 " 60.4794 · P^^O, 

- 82.2195 • / p ^ a . o - 118.279 · ; 7 κ , ο

- 43.5043 · / 7 M g o - 35.0431 · PC.O (1)

but the coefficients for alumina and b o r i c oxide w e r e

i n s i g n i f i c a n t . The r e g r e s s i o n c o e f f i c i e n t F} = 95.4 % and

the S t a n d a r d deviation of 24 K, see f i g u r e 1; this S t a n d -

ard d e v i a t i o n was accepted as s h o w i n g t h e l i k e l y a g r e e -

ment between experiment and any other calculations.
The experimental values were then compared with those
obtained by thermodynamic calculations, see f i g u r e 2,
which show that the thermodynamic values are on an
average about 50 °C higher than the experimental data.
Note , however, that the model is valid only for glasses
where 70 < S i02 < 77 wt%.

To improve the usefulness of the simulated exper-
imental da ta in table 1, seven randomly selected glasses
from the Philips set were added to those and a regression
analysis m a d e on this set. The extension with only seven
glasses is arbitrary, but was done in order no t to over-
emphasize high silica contents, in par t icular as equat ion
(1) already gives a useful approximation for this ränge.
The regression analysis gave a polynomial description
with E? = 93.12 % and a Standard deviation of 34K, i.e.
had the same estimation accuracy as the original model
for the ten componen t system [8]. The factors in the
model

13 / 10 \ 

N = 0 ^ I= 
(2)



Table 1. Oxide eomposition (in wt%) for 50 glasses, their liquidus temperatures (in °C) caleulated by equation (2) and thermo-
dynamieally ealeulated liquidus temperatures (in °C) as well as primary phases (N = Na20, Μ = MgO, C = CaO, S = Si02)

liquidus temperature acc. to

K 2 0 MgO AI2O3 PbO Na20 CaO Si02 equation
(2)

Computer
program
ChemSage

primary
phase

2.69 2.15 2.15 3.23 11.78 9.98 68.02 1093 1063 wollastonite
0.55 3.28 1.64 0.00 16.40 15.43 62.70 1174 1081 wollastonite
4.21 3.68 1.05 0.00 10.77 11.26 69.02 1112 1184 wollastonite
7 .49 4.28 1.60 0.00 11.55 12.44 62.64 1134 1201 wollastonite
1.08 1.08 2.69 1.61 23.02 2.94 67.59 756 732 N S 2
3.68 4 . 7 4 2.63 4 . 7 4 19.06 9.54 55.61 1061 978 N C 2 S 3
5.88 3.21 0.53 2.67 11.54 9.69 66.47 1050 1116 wollastonite
3.14 1.05 2.09 5.24 11.24 10.30 66.94 1097 1053 wollastonite
2.20 4 . 9 5 1.10 0.00 15.75 15.75 60.26 1123 1128 wollastonite
7.53 1.61 2.15 1.08 12.68 6.61 68.34 9 5 7 9 7 5 devitrite
1.06 4 . 7 9 0.53 0.00 12.45 10.07 71.10 1034 1129 wollastonite
3.30 1.65 0.55 0.00 11.75 13.79 68.97 1156 1148 wollastonite
1.64 1.64 3.28 2.19 18.55 6.83 65.88 920 880 devitrite
2.70 0.54 1.08 0.00 21.42 3.81 70.45 670 7 7 5 devitrite
3.70 2.65 3.17 0.00 23.96 6.20 60.32 968 895 N 4 C S 3
7.37 0.53 2.63 0.00 12.45 7.38 69.64 978 991 devitrite
3.72 5.32 2.66 0.00 17.40 14.01 56.88 1141 1039 wollastonite
4.92 3.83 3.28 0.00 9.21 16.12 62.64 1268 1309 wollastonite
7.30 3.93 3.37 0.00 12.39 8.40 64.60 1079 1141 wollastonite
6.56 0.55 2.73 5.46 17.52 7.51 59.67 902 951 N C 2 S 3
4.84 2.15 2.15 0.00 23.74 3.19 63.92 768 780 N C 2 S 3
0.57 1.14 2.29 4.00 24.00 8.89 59.11 988 918 N C 2 S 3
4.89 2.17 3.26 0.00 24.91 5.89 58.87 988 9 4 4 N C S 5
2.67 1.07 1.07 0.00 21.47 7.47 66.26 807 891 devitrite
2.20 2.75 1.65 0.00 14.66 5.98 72.77 897 913 devitrite
4.40 5.49 3.30 3.85 13.12 9.74 60.11 1094 1131 wollastonite
7.18 3.87 0.55 2.76 15.08 3.77 66.78 780 898 N M 3 S 6
1.06 4.23 3.17 3.70 23.27 4.39 60.17 920 808 N C 2 S 3
7.30 2.81 2.81 0.00 16.58 13.69 56.81 1178 1044 N C 2 S 3
5.41 2.70 3.24 2.16 15.24 11.95 59.30 1153 1039 wollastonite
2.69 3.76 1.61 2.15 17.80 12.00 5 9 . 9 9 1076 9 9 9 N C 2 S 3
5.43 4.35 2.17 0.00 21.05 4.30 62.68 818 857 N C 2 S 3
5.38 5.38 2.15 0.00 20.94 9.72 56.44 1045 987 N C 2 S 3
0.51 0.51 2.56 0.00 14.76 13.28 68.37 1107 1009 devitrite
6.11 1.11 0.56 0.00 9.61 12.01 70.60 1141 1165 wollastonite
5.85 3.19 1.06 0.00 16.53 11.02 62.34 1026 1005 wollastonite
1.60 5.35 1.07 0.00 19.68 8.98 63.32 9 9 5 9 4 7 N C 2 S 3
3.17 2.12 1.06 0.00 20.58 11.76 61.31 9 9 7 998 N C 2 S 3
2.21 4.42 0.55 0.00 20.51 12.23 60.08 1031 1009 N C 2 S 3
4.76 3.17 3.17 0.00 19.08 11.45 58.36 1116 1004 N C 2 S 3
1.60 2.13 1.60 4.26 14.50 5.52 70.40 872 933 Si02
5.88 2.67 0.53 1.60 13.67 13.67 61.97 1128 1120 wollastonite
3.63 4.66 2.07 4.15 19.23 11.05 55.21 1080 1004 N C 2 S 3
6.74 0.52 1.55 0.00 14.54 5.95 70.70 852 932 devitrite
4.30 3.23 0.54 1.08 14.87 12.39 63.60 1072 1077 wollastonite
2.15 1.61 0.54 0.54 23.00 4.96 67.20 717 825 devitrite
6.42 4.28 1.60 3.21 12.62 12.99 58.88 1137 1166 wollastonite
7.29 4.69 1.04 0.52 20.73 8.82 56.91 958 983 N C 2 S 3
1.69 5.62 2.81 0.00 16.26 14.00 59.63 1131 1084 wollastonite
6.90 1.72 1.72 0.00 18.60 13.39 57.67 1083 1042 N C 2 S 3

are given in table 2 and the relation between experiments
and equat ion (2) in figure 3. The F-test gave a total value
of 44.8, but test values for the individual terms were all
safely above the elimination limit. It is interesting that
the t e rm for silica was eliminated and the remaining
terms are of exactly the same forms as those in the orig-
inal model [8] but the coefficients are slightly changed.
Al though the scatter is slightly larger, it is still within
100 K.

3 . D I S C U S S I O N

T h e t e r m s in equa t ion (2) are qui te compl ica ted , bu t the
fourth degree oxide p roduc t s were in t roduced to de -
scribe the Sharp change in slope when crossing a b o r d e r
be tween two phase fields. A n al ternative a p p r o a c h w o u l d
be to use separa te polynomials for each phase field as
in the Babcock model [5]. However, then a p o l y n o m i a l
descr ip t ion has to be in t roduced to descr ibe the re la t ion
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Table 2. Equation for liquidus temperatures (in °C) of eomplex glasses (oxides in wt%)

coefficient value oxide product Standard
deviation

F-test

884.109
BI 30.284 CaO 2.75 121.0
B2 -1.721 Na20 · NasO 0.233 54.8
B3 2.512 NasO · AI2O3 0.469 28.7
B4 -1.382 CaO · SrO 0.543 6.47
BS 0.275 Na20 · MgO · CaO 0.052 27.7
BE -0.742 K2O · MgO · AI2O3 · B2O3 0.255 8.45
BJ 0.017 Na20 · Na20 · SrO · SrO 0.004 21.6
BS -0.052 MgO · MgO · CaO · CaO 0.013 17.2
B9 0.003 Na20 · Na20 · Na20 · Na20 0.0004 27.2
B\O 0.314 K2O K2O MgO BaO 0.079 16.0
Β Η -0.248 K2O · K2O · BaO · AI2O3 0.097 6.58
BU -0.114 K2O · K2O · K2O · BaO 0.041 7.81
BN 0.471 K2O · K2O · AI2O3 · B2O3 0.114 17.0

Table 3. Prediction of primary phase by thermodynamic calculation

experimental phase total failed failed predictions

wollastonite 14 3 2 as devitrite, 1 as Na20 2 CaO • 3 Si02
devitrite 19 12 7 as wollastonite, 3 as Na20 2 CaO • 3 Si02

1 as Si02, 1 as Na20 2S i02
Na20 · 2 CaO · 3 Si02 17 4 3 as wollastonite. 1 as Na20 CaO · 5 Si02
total 50 19
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Figure 3. Correlation between polynomial model and exper-
imental liquidus for 57 glasses in a ten-component system with
silica contents 55 < Si02 < 73 wt%.
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Figure 4. Correlation between thermodynamically caleulated
and simulated experimental liquidus temperatures for 57 glasses
in an eight-component system with silica contents 55 < Si02
< 73 wt%. Ν = Na20, Μ = MgO, C - CaO, S = Si02.

be tween p r imary phase and compos i t i on . It is doubtful
whe ther the accuracy of the l iquidus temperature esti-
m a t i o n would be any bet ter t h a n wi th a polynomial of
the type given by equa t ion (2). Fur the r , da ta available at
present are no t sufficient to descr ibe all pr imary phase
fields in the t en -componen t system.

The coefficients in equation (2) differ slightly from
the similar equat ion published before [8], a l though the
oxide terms are the same. The reason is that in deriving
equat ion (2), the data base was extended with a few
glasses so that the validity ränge increased from 68 to



73 wt% silica. Fur the r any minor componen t can be
omit ted from the composi t ion. The equat ion described
by Backman et al. [8] was derived assuming a min imum
of 0.5 wt% of each minor components .

Figure 4 shows the relation between the liquidus val-
ues obtained using equat ion (2) with the thermo-
dynamically calculated values. The thermodynamic m o -
del generally gave slightly higher values when the pri-
mary phase was devitrite, but rather lower values when
it was N A 2 0 · 2 C a O · 3 S I 0 2 . Glasses having wollaston-
ite as pr imary phase were more scattered with bo th
higher and lower values but the difference was negligible
for glasses giving disilicate. F rom table 3 it is seen that
phase predictions failed primarily for glasses in the de-
vitrite field (63 % ) . For the other two prediction failure
was about 20 %. Four of the extra glasses had silica as
pr imary phase, one of these lay on the diagonal while
the thermodynamic values were too high for the others.
The three having N A 2 0 · 2 M g O · 6 S I 0 2 as pr imary
phase lay on both sides of the line.

Once performed, the the rmodynamic calculations
yield the State variables H, S, G and Cp. However, it
must be remembered that the t rue pr imary phase is
sometimes obscured by faster growing secondary or
ternary crystals and that the latter may thus be more
impor tan t to the glass technologist.

4 . C O N C L U S I O N S

These data indicate that the best models now available
for estimation of liquidus temperature of complex
glasses give a Standard deviation of about 25 °C; when it
is essential to have accurate result it must at present still
be obtained by experiment. G o o d agreement between
two sets of theoretical predictions does not necessarily
confirm that their results are accurate but is encourag-
ing. Fur the r refinement of the rmodynamic modeling in
such complex Systems is still needed.

For glasses in commercia l use a po lynomia l m o d e l
will anyway remain the quiekest way of ob ta in ing a g o o d
approx ima t ion of l iquidus. However, it can be foreseen
tha t such models will in future be able to use d a t a o b -
ta ined by t h e r m o d y n a m i c calculat ions ra ther t h a n la-
bor ious experiments .

The authors want to express their thanks to Dr. Ger van der
Steen at Philips BG Lamps, Eindhoven, for supplying liquidus
data for the glasses used in ereating figures 1 and 2.
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