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The measurement of viscosity of liquid slags and metals 
at high temperatures involves the solution of difficult 
practical problems. The device described here facil i­
tates the production of continuous viscosity-tempera­
ture curves without the operator's intervention. since 
contro l and recording are automatic. The contro l set-up 
is both simple and inexpensive. and is being used in the 
Department of Minerals Engineering at the University 
of Birmingham on slag viscosity problems. but it may 
be applied whenever the electromagnetically balanced 
concentric cylinders viscometer is in use. 

The viscometer has been constructed in a way that 
is generally simi lar to those of Bockris and Lowe. 1 

Roberts.2 Jones3 and Higgins and Jones4 It is of the 
concentric cylinders type in which the lower cylinder. 
containing the slag. is rotated when a viscous torque 
is exerted on a spind le suspended in the melt. A coil 
attached to the top of the spindle is situated between 
the poles of a magnet. and a current is passed through 
this coil until it is of such a magnitude that the electro­
magnetic torque exactly opposes the viscous torque. 
It is usual to judge the position of balance by means of 
a light beam-mirror arrangement. A mirror on the coil 
reflects a light beam. and the position of the reflected 
beam on a scale is observed. The operator regulates the 
current by means of a resistance box. In the present 
instrument the sca le is rep laced by a block housing two 
photocells. the zero point being midway between the 

Fig. 1 Block diagram of system 

two cel ls. When the light beam deviates from the zero 
position one cell is illuminated. and the amplified signal 
from the ce ll triggers a relay. The relay starts a smal l. 
low-speed motor which drives a variable potentiometer 
in the viscometer coil circuit. The current to the coil is 
increased or decreased. depending on which photo­
cell is illuminated. and the coil is returned to the zero 
position . The magnitude of the current is measured by 
means of a potent ial divider in the coil circuit and a 
millivolt chart recorder. A block diagram of the system 
is given in Fig. 1. and the circuit diagrams are shown in 
Figs. 2 and 3. 
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Fig. 2 Coil circuit: this circuit supplies the variable 
current to the coil by means of a constant vo ltage 
source and a variable potentiometer 
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Fig. 3 Detector and amplifier circuit: when photocel ls 
PC1 or PC2 are il luminated the amplified signal closes 
relay RL 1 or relay RL2. wh ich starts the potentiometer 
drive motor 

If the viscometer furnace is placed under the contro l 
of a programme controller operating at a very slow rate 
of change. and the furnace and melt temperatures are 
also monitored by the chart recorder. it is possible to 
obtain results for viscosity-temperature over a range of 
temperatures. The changes in di mensions of the 
apparatus between 1200 and 1400°C (typical copper 
reverberato ry slag temperatures) are sma ll. and thei r 
effect on the viscosity measurement is less than the 
uncertainty in temperatu re measurement at these 
temperatures. but the data may be corrected for 
dimensiona l changes in the same way as viscosity data 
obta ined by manua l contro l. 

The advantages obtained by using automatic control 
of coil current are that cont inuous cu rves of viscos ity-
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temperature are obtained, and long experimental runs 
may be made with no operator in attendance. The rate 
of data collection is improved, and curves may be 
plotted more fully than was the case with manual 
contro l. Reproducibility is at least as good as it is under 
manual contro l, and errors introduced by the controller 
are extremely small compared with errors in the 
measurement of other parameters. 

Fig. 4 Contro l un it (size, 17 in x 5 in x 5 in) 

The coil controller may be constructed fairly cheaply, 
and uses only standard parts. While the simplicity of 
on-off control is an advantage, hunting may be a 
problem on low-viscosity liqu ids where damping is 
low. Hunting has, however, been eliminated in the 
present instrument by making use of a very low speed 
(1 rev/min) motor to drive the potentiometer; this 
motor is equipped with an electromagnetic brake to 
el iminate overshoot. Sensitivity may be varied by 
changing the mirror-photocell distance. 
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The silver-oxygen system has been investigated at 
pressures of oxygen in the range O· 2-750 atmospheres.' 
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Fig. 1 Phase diagram for eutectic region of silver­
oxygen system. Broken lines represent schematic 
portions 



From thermogravimetric determinations the eutectic 
composition is found by extrapolation to be approxi­
mately Ag 2 0 40 mole per cent. Ag 60 atom per cent; 
from these measurements a three-d imensiona l phase 
diagram has been constructed for the system (Fig . 1). 

Cuprous oxide is structurally similar to silver oxide 
and behaves as a meta l-deficit semiconductor;2 silver 
oxide shou ld therefore act likewise. No sub-oxide of 
silver, however, is fo rmed 3 and no stable higher oxide 
appears to exist. so departures from stoichiometry of 
silver oxide should be small. Since the solubil ity of 
oxygen (or silver oxide) in solid silver is also smal1.4 the 
solid phases in Fig. 1 are regarded as the normal oxide 
and pure silver. 

Belowthe eutectic point (A) the equilibrium between 
the solid phases is independent of the amounts present 
and is represented by the unidirectiona lly parallel 
surface OEFG. The lines AB and AC give the composi­
tions of melts in equi librium with solid si lver oxide and 
solid silver respectively; the projections of these lines­
EH and EI (or OJ and OC)-represent the pressure­
temperature relation for the melt region . The all- liquid 
region is represented by the surface ACKLB. At pres­
sures up to 100 atm the shape of th is surface is defined 
by means of the isobars a, band c, obtained thermo­
gravimetrically; at higher pressures the precise contours 
of the surface are uncerta in. 

With the carbonate systems 5 . 6 the pressures of carbon 
dioxide in equi librium with the oxide phase and the 
melts increase with temperatures above the eutectic 
point. reaching a maximum before diminishing towards 
the melting point of the oxide. In contrast to this 
behaviour, the ana logous equilibrium line here (AC) 
shows a continuous diminution of pressure from the 
eutectic point to the melting point of si lver (961°C) . The 
much larger temperature range involved with the 
carbonate systems wi ll be a signif icant factor in this 
difference of equilibrium behaviour. 

Al len heated a mixture of silver and silver oxide in a 
steel bomb, and obtained a micrograph of the coo led 

Fig. 2 Micrograph of solidified melt obtained at 548°C 
and 700 atm (unetched) . Magnification, x 140 

ingot which indicated eutectic melting.7 In the present 
work, similar micrographs have been obtained from the 
cooled ingots of the binary melts fo rmed by dissociation 
of the silver oxide above the eutect ic point (i.e. melts 
lying along AB) .' One of these from a melt at 548"C and 
700 atm is shown in Fig. 2. Since the high-pressure 
furnace cooled rapidly, only the outer portions of the 
ingot reox idized, and the section of the centra l portion 
depicted shows clea rl y the granular silver and the dark 
areas of the oxide. 

It is unlikely the melting point of silver oxide could be 
determined directly. Extrapolation of the line AB to 
100 mole per cent A9 20 indicates that the melting 
po int of the silver oxide would be approximately 
1000°C under a pressure of oxygen of at least 104 atm. 
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Extraction of low-grade ores and reclamation of scrap 
metals is often carried out using processes involving the 
chlorides of the metals concerned. Metals such as tin, 
copper and lead can be extracted by making use of the 
chlorides of these metals, which are collected for 
further refining. This method of extraction can involve 
the heating of the metal source material in a chlorine 
atmosphere to make the chloride; but. more often, it is 
made by heating with cheaper calcium chloride. 
Information on the phase relationships of the chlorides 
of metals is not readily available and the meagre amount 
of data on the chlorides of copper, calcium and lead 
which can be obtained has been collected by Levin 

.et al.1 

Previous researches by Coleman and Lacy2 and 
Coleman and Spencer3 have shown that systems con­
taining chlorides or fluorides of metals can be deter­
mined readily with the hot-stage microscope technique. 
This technique has been shown to be reliable and 
accurate for determining binary and ternary systems; it is 
the method that has been used in this research . 

Experimental details 

Hot-stage microscope 
The hot-stage microscope technique is well established 
and references to its development were reported in an 
earlier note3 which explained how the technique has 
been adapted to measure temperatures of phase changes 
at liquidus, solidus and so Iv us boundaries. Details of 
the method of phase diagram determination will there­
fore not be reported here; the accuracy of temperature 
measurement in the technique is, however, estimated as 
±3·C in the temperature range 0-1000·C. 

For this particular research the hot-stage microscope 
cell was operated with an inert atmosphere obtained by 
passing dry nitrogen through the ce ll at a slow rate. This 
protected the materials during the determinations-from 
oxidation in the case of CuCI and PbCI2 or deterioration 
of CaCI2 due to moisture in the atmosphere. 

Materials preparation 
These were prepared by methods suggested by Brauer.4 
Calcium chloride The anhydrous material was pre-
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pared from 'Analar' grade CaCI2 . 6H20 by heating in 
a stream of dry hydrogen chloride gas for 3 hours at 
100·C, followed by 1 h at 250·C and, finally, 1 h at 
400·C. 
Cuprous chloride 'Analar' grade CUS04' 5H 20 was 
dissolved in distilled water, sodium chloride was added 
and sulphur dioxide gas bubbled through the solution 
until white cuprous chloride was precipitated. It was 
filtered, washed with glacial acetic acid, ethanol and, 
finally, acetone while under an atmosphere of carbon 
dioxide gas. The precipitate was dried in warm air. 
Lead chloride Dilute hydrochloric acid was added to a 
solution of 'Analar' grade lead nitrate. The precipitate 
was washed with cold distilled water and was dried in 
warm air. 

All these materials were stored in a vacuum until 
required . 

Mixture preparation 
The correct amounts of materials were rapidly weighed 
into a platinum crucible. The mixture was heated in an 
atmosphere of dry nitrogen until molten, and the 
crucible was then allowed to cool rapidly. The mixture 
was quickly ground with a warm pestle and mortar 
before being stored under vacuum. 

Results and discussion 

Melting points of pure materials 
The melting point of calcium chloride, as determined by 
the hot-stage microscope method, was 750·C. Menge 5 

found a value of n7"C, but quoted references to values 
ranging between 719 and 806·C. Later references 6 .7 

gave the melting point as 772·C. 
Cuprous chloride had a meltin g point of 425·C, which 

is in agreement with the values of other workers ; 6-8 

Menge, however, found cuprous chloride melting 
points ranging from 418 to 434·C. 

The melting point of lead chloride was determined as 
490·C, which is similar to the findings of Menge 
(496·C) ; Menge, however, quoted references to values 
ranging from 447 to 501 ·C. 

Menge and Herrmann determined the melting points 
and phase diagram data by sealing samples in tubes 
with thermocouples embedded in them. Using a furnace 
with a controlled cooling rate, phase change data were 
obtained from cooling curves. Obviously, larger samples 
were used in these determinations in comparison with 
the hot-stage microscope method, but in the latter a 
greater number of determinations (usually more than 
a dozen for each value) is possible. Bearing in mind the 
difference in methods of determination, the agreement 
of results is good. 

Binary phase equilibrium results 
The phase equilibrium diagrams redetermined for the 
binary eutectic systems CaCI2-CuCI and CaCI2-PbCI2 
are shown in Figs. 1 and 2 respectively. The binary 


	Baker, E.H.-4591_OCR
	Baker, E.H.-4592_OCR
	Baker, E.H.-4593_OCR

