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INTRODUCTION

PURPOSE

The primary purpose of this study was to compare
experimental viscosiiy résults, as a function of composition,
with the theory of ~ .»p and Sgmis (1,2) of the structure of
liquid silicates. <Tae secondary objectives were to construct
and operate a high-temperature viscometer suitable for corro-
sive oxide melts, and to measure the viscosity of some liquid
borates and phosphates, since few values for such systems were
available in the literature.

A viscometer of the Margules type was constructed and
found, together with the Iurnace, Lo operate in a satisfactory
manner. Viscosity was measured in several binary oxide systems.

Results appeared to be in agreement with the predictions of

Toop and Samis!' theory.
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THEORETICAL CONSIDERATIONS

BACKGROUND

Accurate knowledge of the structure of liquid slags is

Fad

o T a better understanding of the

s

considerable importiance
function of slags in process metallurgy is to be realized.

A structural model is of particular importance in the inter-
pretation of physical propervies and of slag-metal reactions.

In the past, investigations of physical properties and svructure
have often been concerned with complex meits similar in compo-
sition to those encountered in metallurgical slags, or in giass-
maxing procssses. DBut it is evident that until the structures
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possible by consideration of multi-component, technologically
important systems.

The slags used in metallurgical practice are, viritually
without excepition, mixtures of oxides, as are most inor
glasses (3,L). In structural terms, the lonic nature of molten

oxides has become widely accepted (5); physicochemical evidence

¢t

inclucdes eisctrical conductivity, electrolysils, transpor
numbers, e.m.f., surface tension, viscosity, density, and ex-
pansivity (5-12). If one constituent in a binary melt is an

acid, or oxygen-accepting, oxide, such as Si0 3203,or P205,

2’
and the second is a basic or oxygen-donating oxide, such as

Ca0, Nazo, or Pb0O, the nature of the melt is different for

Yo onize In the liguid

Cifferent compositions. The basic oxides

e

pie

to form meital catlions and oxygzgen anions, dbut boron and phos-

(S8

phorus, iike silicon, are complexing agents. In comdination




with oxygen, they form chain, ring, or dranched anions of
varying sizes, depending upon tue proportions of the consti-
tuents.

Reorganization readily occurs in borate (13,1l ) and
phosphate (11,15,16) meits, making possible a cdynamic equili-
brium among various possible structures. Similarly, organic
polyesters readily undergo reorganizsatvion in the liquid. It
is thus natural to regard borate, phospnate, or silicate melts
as liquid polymers. The degree ol polymerization in silicave
melts, as & function of composition, has been characterized
by Toop and Samis (1,2) in terms of thermodynamic ecuilidbrium
in the melt between singly-bonded oxygen (0 ), Goudbly-bonded
oxygen (0°), and free oxygen anions (0°). This resul: has
been extended to borate and phosphate melts (17), in which
complex anions similar to those found in silicate melts are
known ©o exist (16,18-20).

It is to be expected that as the anion size (degree of
poiymerization) of such melts changes, the viscosity will also
cnange; available experimental evidence generally confirms
this (7,11,14). It was the primary purpose of this work to
compare experimental viscosity versus composition data for
binary borate and phosphate systems with predicted structure

versus composition curves derived from the model oi Toop and

Samis (1,2).




SUMMARY OF TIE TIEZEO0RY OF T00P AND SAMIS

It may be valuable to elaborate brieflly on some aspects
of Toop and Samis' theory. As mentioned above, equilibrium
among the ilonic species in the melt may be cdescribed in verms
of the oxygen atoms, since neither the metal catlons (Na+, ?b+ﬁ
nor the "acid atoms" (B%3, P+5)-undergo changes. For the case
ions reacting to form a single 32059 ion, one can
06 reaction schematically as

s P

" . - - 0
ons aione, one can write 6 0 =L 0 + O

PJ.

or, for the oxygen
+ 0O . This reduces to

20 ==0°+0 . (1)

For the reaction of Equation 1, one can also write an equili-

k= (0°) (0) / (0% .
An equation relating k to AG® (of any compound in the rele-
vant phase diagram) has be;n given by Toop and Samis (1,2);
wWith .AGO data, therefore, one can obtain values of k. Now
Toop and Samis have illustrated that for silicates, this
constant is generally non-zero. But on the basis of the £§G°
data which are available, it can be suggested that for borates

nd phosphates of the type investigated, the value of k is

generally so small (e.g. 1 X 10"7) as to be essentially zero.
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The consequences of a zero value of & for Eguation 1
must be emphasized. A zero value of k means that Equation 1
i1l go to virtual completion to the left as written, thus

in oorate an } nate systems, thne Ions present
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the equilibrium constant is then postulate

=
i
[
-
J
]
H
&
| aatd
¢t
L]
-
Hy

to be identically zero, one can readily constiruct diagrams

such as Iigures 1 and 2, which show the amounis of each oxygen

atom present at various values of the mole fraction of acid
oxice (NB or HD). It may be noted that these diagrams diflfler
somewhat from those drawn by Henrikson (17) for borate and phos-

phate systems with a non-zero value of k. Such figures enabie

one to relate the mole fraction N, or N, to the composition-
B P

parameter of Toop and Samis, which is the (07) fraction:

0= /{0~+ 0° + B%3) or 0~ /{0~+ 0% P*2).

[0]

Toop and Samis have postulated (1,2) that silicate melts
should exhibit a "melt line", which passes through the envelope
of possible ions on a graph of the number of silicon atoms per

e
R

ion (written as Si¥ in this paper) versus composition, 07 /{07 +
0%+ Si+u). Such a graph, for borates, is reproduced here as
Figure 3. The points in this diagram represent individual
ions: chains, single rings, and single rings joined at one,
two, or more places. The position of the dashed line is hypo-

b

thetical. However, one would expect from entropy considera-

-

that th

o

s line would tend toward the lower limit ol the envel-

ope. Entropy is maximized by & maximum number of particles,
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i.e. many small ions rather than a few large ones at a given

b}

composition. Therefore, the melt line has been given the
approximate shape of the lower envelope limit.

One woulid intuitively expect the viscosity ol a complex

silicate, borate, or phosphate melt to be a strong function of

3 e b

ion size. Size is of course not the only factor, but it should

92}

v

exert a considerable influence. 1if this is so, a grapa of
Fs

osity versus composition should bear a strong resemblance
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to the melt line in a graph of ion size (e.g. B ) versus

eSS

b3

composition. Thus, the theory of Toop and Samis predicts the
general shape of the viscosity versus composition curve, and
this shape is given by the melt line in Figure 3 for the case

of a borate melt.




DERIVATION OF THE VISCOSITY EQUATION
Newton's analysis of viscosiby, based upon concentric

cylinders, concluded that the shear stress developed in a

fluid is proports > to the rate of shear ai any point (21)
or that
T =k (— dV/dI‘) P

pie
ct
e

where ‘U = shear stress and k = coefficient of proportional
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If the coefficient of proporticnality is a constant
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1uid is called Newtonian. The coefficile

o
9]
o

775 often referred to as simply the viscosiuy,

2

usually measured in units of dyne-sec./cm.”, or poises. The

s

viscosity relation becoﬁes, for this case,
T= v (- dv/dr) = % {-r aw/dr) , (2)
where w = angular velocity in the {luid.

The apparabtus geometry which was adopted for this work
was essentially that Margules (22) and others \see Zxperimental
Procedure). Thne apparabtus consisted of an inner cylinder, or
bob, rotating with angular veloclty £l in a concentric cylinder,
or crucible (see Figure L). For this geomeiry, it may readily
be shown (neglecting and effects) that the stress T is related

to the torque T at any radius r by the relation

T/ 2nren , (3)

where h = depth of immersion. Substituting Equation 3 into




’ A - e n - s
surfaces, w= 0 at the crucible wall and w=iL at the bob
| . . e .
| surface; thus 0 and {lare the integration limits of dw .
The radius r varies from the crucible radius Ry vo the bob
radius Rg. Therelore Equavion L becomes
i 3
Jj dw= - T / 2% hv dr/r ,
0 R
| C
wiaich may be integrated and solved for »m %o give the well-
¢
known Margules equation,
. T 2 2
- — I - - Y
n = —— {(1/R, - 1/Rg ) . (5)
Lwnac ~
| =
! Squation;may ve expressec With a constant which includes the
experimental geometiry, as
4 A
| n=X({(T/nlt) , (6)
g wnore

K=tz (1 R, -1/ Ry ) . (7)

-

Tae above relations neglect end elffects, wnich arise

from the shear developed between the bottom of the bob and the

crucivle botvom. Such effects increase the total torgue
produced over that due to h alone, and may be inciuded in
Eguation 6 as an additional "effective height", ho. Replacing
h by a', where h'! = h + h

s

»=K (T /{ath) 1) =K (T7/n2) . (8)
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For hg to be a true constant, cerc
as pointed ocut by Lindsley and Fisc
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each of Lindsley and

thus insuring the validity




EXPERIMENTAL PROCEDURE

b

Six binary systems were chosen for investigation: oxides

r 2 né lead wWi:h B-0O. . .
of soaium anc lead wWiwa Bp0s, 5.5 oxides of sodium, lead, po-

Fre

tassium and calcium with PZOS' The temperatures and composi=-
tions investigated were chosen with relerence to published
phase diagrams (2l ); wherever possible, similar values of these
variables were selected to allow comparison among binaries.

In ali cases, temperatures were above the liquidus, dbut in

oraer U0 maximize viscosity values, the temperatures were u«ept

as low as possiblie.

AVPLE PREPARATION
The mixtcures to be melted were prepared in two ways.
Either a suitable compound was mixed with the necessary amount

ol acicd oxide (e.g. NaZBhO7and 8203), or the metal carbonate

.

- o
4

was mixed with the acid oxide (e.g. PbC0y and Bp03). In a few
cases, these methods were combined in a single melt Reagent
grade chemicals were used throughout. The majority of these
were obtained Ifrom the J. T. Baker Co. Some PZOS was obtained
from the Allied Chemical Co., and Pb3(POu)2 was obtained from
Matnheson, Coleman and Bell. Considerable care was taken in
caiculation of weights and in weighing, and the compositions
are believed accurate to + 0.2 mole %.

The majority of the chemicals used (and some glasses
obtained) were hygr oscopid to varying degrees. In order to
avoid inaccuracies in composition due to weighing errors, as

the melvs Lo Le measured, chem-




icals were stored and weighed in a sealed glove box in which
PZO5 powder was liberally exposed to the air. Accordingly,
water pick-up is considered to have been negligible.

Since the volume of crystalline chemicals considerably
exceeded the volume of melted glass in most cases, several
successive melting runs were required for most compositions.
In every case, care was taken that the temperature did not

)

[N

exceed that at which the melt was to be measured. McKinn
and Sutton have suggested (25) that heating viscous glasses
above the measurement temperature may significantly affect the
viscosity value subsequently observed. This "melting history"
concept will be discussed further in the section Discussion
of Results.

It has been observed that small amounts of absorbed

weter may remain in borate (6,26) and phosphate (11) melts,

[

even at high temperatures, unless a vacuum is utilized. Tails
retained water can significantly affect viscosity. Accordingly,
most melts (particularly those with large N5 or NP) were re-
moved from the furnace in the molten state on the last pre-
measurement melt, quickly placed in a vacuum dessicator, and
the dessicator pumped out. Appreciable bubbling of the melts
was generally observed while pumping. The crucibles were then

allowed to cool under dynamic vacuum (mechanical pump only).

ion of the out-

ct

ng ac

=

that the stirr

gassing is believed benelicial for nomogenlzation of viscous
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