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ABSTRACT

In the copper-zinc-sulfur phase diagram, a liquid 
brass and a liquid sulfide can exist together between the 
temperatures of 1125°C and 1250 °C. The solubility of the 
phases in each other increases at higher temperatures and 
decreases with increasing zinc content. The sulfur content 
of the brasses varies between 0„84% and 1.47%. Brasses are 
made with a maximum of 17% zinc. The sulfide phase contains 
a maximum of 1% excess metal at 1250eC and a maximum zinc 
content of 17%. The tie lines-are almost parallel even 
though the composition of one phase and temperature are 
varied. , .

A graph of the ratio of the percentage of zinc in 
the brass to the percentage of zinc in the sulfide as a 
function of the zinc content of the brass is a smooth curve.

Some comments are made about the shape of the two- 
liquid area from information about the thermodynamics of 
binary systems near the two-liquid area.
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INTRODUCTION

Two liquids exist together in many extractive 
metallurgy operations. The most common type has a metal, 
or alloy, in contact with a siliceous phase (slag). This 
type of phase system exists in blast furnaces, open hearths, 
reverberatory furnaces, and many other metal melting furnaces.

There are few two-liquid systems in industry that 
are non-siliceous in nature. Occasionally, metals are melted 
in contact with fused halide salts. Copper or nickel sul­
fides can be separated from the siliceous waste of the con­
centrate by melting to form two immiscible liquid phases. 
During the convertikig of copper or nickel sulfides, the sul­
fide is changed to the-metal by oxidizing the sulfur with air. 
Both the metal and sulfide are present at all intermediate 
stages of the operation. . .

Basic scientific data is always useful for improv­
ing industrial processes. Some two-liquid systems have been 
studied that can be applied to industrial reactions. The 
copper-iron-sulfur ternary phase diagram and its thermo­
dynamics have been studied in the two-liquid region. The 
investigation, of other ternary sulfide systems that have 
two-liquid fields would help to understand the principles of 
this type of phenomenon.

-1-
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The copper-zinc-sulfur phase diagram has some inter­
esting points that make its study valuable. The shape of 
the two-liquid surface and the tie lines change smoothly and 
continuously with temperature and composition. This informa­
tion is related to the thermodynamics of the components of 
the system. The free energy of the reduction reaction be­
comes zero at a temperature in which the two-liquid field 
exists. This should influence the shape arid tie lines of 
the field. The system can become saturated with zinc sulfide 
and this can effect the ratio of the components in the two 
phases. Estimations of the activities of the components in 
the two-liquid field can be made from thermodynamic data of 
the binary systems that are nearby.

Since a lot of work has been done on the copper- 
iron-sulfur ternary phase diagram (Fig. 1), some comments 
about it would be desirable. The liquidus surface around the 
two-liquid area will be different than the.copper-zinc-sulfur 
ternary because the melting point of iron and its sulfide are 
significantly different from the corresponding zinc components, 
and iron has a negligible vapor pressure.

The two-liquid area exists on the diagram where the 
straight lines (tie lines) occur that are at various non­
intersecting angles to each other. The lines show two 
liquids whose compositions are given by the end of the lines 
and at the temperature given. Temperature is depicted normal
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to the plane of the paper.1 In most phase diagrams, as the 
temperature increases, the two-liquid area becomes smaller 
in size and eventually becomes one liquid. One liquid (at 
the left end of the tie line) is a_ copper-iron.alloy with 
some dissolved sulfur; the other liquid is a mixture of 
cuprous and ferrous sulfides with an' excess of metal. The 
copper-cuprous sulfide binary two-liquid area exists at 
the top edge of the ternary two liquid area.

If one assumes that pure metals and sulfides can 
exist with unit activity, free energy calculations show that 
copper should reduce ferrous sulfide.to iron. It is also 
known that iron has a very-positive deviation in activity 
in alloys with copper. Near the top of the two-liquid area, 
this last fact overrides the free energy consideration, and 
the sulfide phase contains a higher percentage of iron than 
the metal phase.. At the higher temperatures in the iron- 
rich portion of the two-liquid area, the metal phase contains 
more iron than the sulfide phase.



REVIEW OF LITERATURE

Ternary Diagram
One reference (Strohfeldt 1936) was found that gave 

information on the two-liquid area of the copper-zinc-sulfur 
ternary phase diagram. The article is of value to t>btaLn a 
general idea of the characteristics of the two liquid area 
but there are some serious errors in the position of the 
surface and the accuracy of the data. The compositions of 
the two liquids are given in Table I.

The samples were made of copper, zinc, and cuprous 
sulfide and were melted in a ceramic crucible with a pouring 
spout♦ A tapered graphite plug wrapped with asbestos was 
placed in the top of the crucible. The graphite plug was 
kept at 700-800 (probably °C) to condense most of the zinc 
vapor. Samples #1 through #8 were heated in a carbon re­
sistance furnace and the remaining ones were melted in an 
induction furnace. No mechanical stirring was done. Zinc 
vapor was allowed to flow out of the spout to prevent oxygen 
from getting to the molten sample. Nothing was said about . 
any quenching technique. The crucible had to be broken to 
remove the charge. The initial charge size was not given 
but 50-100 grams of sample were taken for analysis and this 
was not the whole charge. The thesis author wonders how 
an equilibrium can occur if zinc is continually escaping

-5-
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Table I
Compositions of the Two Liquids of the 

Copper-Zinc-Sulfur Phase Diagram
Strohfeldt 1936

SULFIDE BRASS

% Cu % Zn % S % Cu % Zn % S

77 .69 1.82 20.49 97 .26 1.70 0.96
75.73 3 .48 20.75 94.09 4.78 1.03
71.22 7 .38 21.50 89.83 9.13 0.94
68.88 9.80 21.21 87 .79 10.98 1.01
66 ,74 11.00 22.20 86.89 12.01 1.00
63.99 13.19 22.70 86.57 12.27 1.03
56.09 20.31 23 .64 81.90 16 .77 1.11
56 .04 20.61 23 .45 80.12 18.69 1.05
39.32 35.15 25.51 76 .87 21.93 1.04
37 .22 36.42 26 . 24 75.85 22.72 1.20
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from the sample and with the possibility of molten zinc 
(less than 907 Ĉ) dripping onto the sample.

The article says that the equilibrium was obtained 
in a furnace at 1550-1600°. At this temperature and at one 
atmosphere pressure, a sulfur-free brass'*" could only hold 
a few percent zinc but alloys were made up to 22% zinc. The 
type of temperature scale is not given but other- values in 
the article that are indicated in the same manner are on the 
centrigrade scale. Even if the furnace temperature is in 
degrees Kelvin, the thesis author doubts that the high zinc 
brasses could be made.

There is a theoretical discrepency in the composition 
of the sulfide phase. The analysis of the samples up to 
about 10% zinc shows that the composition is equal to a 
stoichometric mixture of pure zinc and cuprous sulfides. As 
the zinc concentration approaches zero, the boundary of the 
ternary two-liquid field should close on the binary two 
liquid boundary instead of the compound cuprous sulfide.

1. In this thesis , the word..’'brass'* will'.be used to 
denote a liquid or solid copper-zinc alloy that has been 
saturated with sulfur at temperatures above 1105'C. When
a non-sulfur bearing brass is mentioned, the sense of the 
paragraph or modifying words will indicate the absence of 
sulfur.

2. In this thesis, the word "sulfide" without modi­
fication will mean cuprous sulfide or a mixture of zinc and 
cuprous sulfide that is saturated with metal above 1105"c.
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All systems with two liquids should show some solubility of 
the two phases in each other if the analysis is sufficiently 
accurate.

The precision of the sulfur content of the brasses 
is low. This would indicate poor analysis, lack of equilib­
rium, non-isothermal operation, or difficulty in obtaining 
a sample. There is a slight trend to the effect that the 
solubility of sulfur increases with higher zinc concentra­
tions .

The photomicrographs in the article are like the ones 
in this thesis.

Binary Diagrams
The copper-cuprous sulfide phase diagram influences 

the ternary two-liquid field more than any other binary or 
quasibinary system. The two liquid field is generated from 
the two liquid area in the copper-cuprous sulfide diagram, 
and the presence of zinc or zinc sulfide modifies the shape.

Many investigators have studied the two-liquid field 
of the copper-cuprous sulfide diagram. The agreement is 
fair, particularly for the cuprous sulfide boundary. The 
differences in the data for the maximum solubility of sul­
fur in copper at high temperatures are significant. The 
method of sampling and lack of equilibrium are probably the 
main source of the differences. The accuracy of the sulfur
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analysis could possibly be the reason for the differences of 
investigators of the sulfide phase but this explanation is 
not as good for the copper phase.

The most recent information (Johannsen and Vollmer 
1960) on the copper-cuprous sulfide diagram was done in 
Germany. The quality of the article and data appears to 
be good. The precision is excellent. For the determination 
of the boundaries of the two-liquid area, a charge of 70 
grams of copper and 50 grams of cuprous sulfide was melted 
in a graphite crucible. At 1150°C, the samples were stirred 
for 70 minutes before quenching with water sprays. Bromine 
and nitric acid were used to dissolve the copper. The 
article mentions and has pictures showing the precipitation 
of metallic copper on the surface of the sulfide. The data 
of this author and succeeding ones is given in Table II. A 
reference to this article does not appear in Hansen’s (1958) 
book because the article was published at a later date.

Friedrich and Waehlert (1913) determined the bounda­
ries of the copper-cuprous sulfide two-liquid area up to 
1485"C which is the highest temperature of any known investi­
gation. A 300 gram charge was melted in a crucible. A 
quartz tube was used to remove analysis samples from two 
different levels in each liquid. The values for the solu­
bility of sulfur in copper are about the highest of all known 
investigations. A sample removal, method for the liquid



Table II

Literature Values for the Copper-Cuprous Sulfide System

Type of Boundary 
or Reaction . :

Temperature
°C

Composition 
% Sulfur

Reference

Two-Liquid Bound. 
Copper-rich ; 1300 1.81 Friedrich and Waehlert 1913

1252 1.88 Smith 1952
1250 1.55 (Interpolated) Smith 1952 -
1250 1.26 Johannsen and Vollmer 1960
1237 1.50 Smith 1952
1218 1.33 Smith 1952 •
1217 1.34 Smith 1952
1200 1.76 Friedrich and Waehlert 1913
1200 1.11 Johannsen and Vollmer 1960
1150 1.15 (Interpolated) Smith 1952
1150 1.06 Friedrich and Waehlert 1913
1150 1.01 Johannsen and Vollmer 1960
1150 0.97 (Interpolated) Smith 1952 Ho



Table II--Continued
Type of Boundary Temperature Composition Reference

or Reaction °C % Sulfur

Two-Liquid Bound.
Copper-rich
(Continued) 1120 1.00 (Interpolated) Smith 1952

1120 0.96 Smith 1952
1105 1.5 Hansen 1958
1105 1.0 (Graph) Johannsen and Vollmer 1960
1105 0.99-1.01 (Text) Johannsen and Vollmer 1960

Two-Liquid Bound!
Sulfide-rich 1300 18.84 Friedrich and Waehlert 1913

1250 19.6 Schuhmann and Moles 1951
1250 19.41 Johannsen and Vollmer 1960

: 1200 19.52 Johannsen and Vollmer 1960
1200 19.34 . Friedrich and Waehlert 1913
1150 19.8 Schuhmann and Moles 1951
1150 19.66 Johannsen and Vollmer 1960
1150 19.54 Friedrich and Waehlert 1913
1105 19.8 Hansen 1958 HH



Table II— -Continued
Type of Boundary 

or Reaction
Temperature

°C
Composition 
% Sulfur

Reference

Two-Liquid Bound. 
Sulfide-rich 
(Continued) 1105 19.8 (Graph) Johannsen and Vo 1 line r

, 1105 . 19.78 t.03 (Text) Johannsen and Vo 1 line r
Eutectic Bound. 1096 ■ 0.85 Smith 1952

1088 0.75 Smith 1952
Eutectic 1067 .0.77 Hansen 1958

1067 0.75 Johannsen and Vollmer
Melting Point 

Copper 1083 0.0 Hansen 1958

1960
1960

1960

Cuprous Sulfide 1129 20.15 Hansen 1958
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material is theoretically the best ..way of obtaining a sample 
for analysis. The problem is that minute quantities of the 
high sulfur upper liquid might be picked up with a sampling 
probe when an analytical sample is being removed from the 
lower copper layer. With a quenching technique for obtain­
ing an analytical sample, there is the possibility of sulfur 
loss by precipitation and floating and the sulfur content of 
the copper would be at some value between the desired equi­
librium temperature and the eutectic (approximately 0.76% 
sulfur)„ This undesirable action causes the boundaries of 
the two-liquid area to become more vertical.

Shuhmann and Moles (1951) determined the sulfide-rich 
boundary of the two-liquid area as a by-product of a thermo­
dynamic study of the components in the copper-sulfur system 
near the composition of cuprous sulfide. The authors felt 
that their technique should give the best values for the 
boundary. They used a 7 millimeter Vycor tube to remove 
samples from the equilibrium mixture in an alumina crucible.

Two theses were done at Massachusetts Institute of 
Technology that contained some work on the immiscibility 
gap of the copper-cuprous sulfide system. Neither author 
seemed to have much faith in the accuracy of his results. 
Smith (1952) reacted a hydrogen-hydrogen sulfide mixture 
with 100 grams of molten copper in an alumina crucible 
until a sulfide film appeared on the top of the copper.
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The temperature was readjusted until the film almost dis­
appeared and then some of the copper was sucked up into 
a 1/8 inch ID satin-surfaced silica tube that had the tip 
drawn down to about 1/16 inch ID. The ends of the analysis 
samples were covered with a sulfide film and only the center 
portion was used for analysis. Smith says that a quench 
method of sampling for small samples would be the best, 
but he gives no reason as to why. Krivsky (1954) melted 
100 gram samples of copper and cuprous sulfide in a nitrogen 
atmosphere. A silica tube was drawn down to a fine point.
The point was broken on the bottom of the crucible and a 
sample was sucked up into the tube. Mo values were given in 
the thesis for the data points of the boundary, but the points 
on a graph agree with Smith (1952) at about 1250 "C. A point 
at about 1125*0 contained more sulfur than a line representing 
the data of Smith (1952). For the sulfur rich boundary, the 
points are slightly more metal rich than those of Schuhmann 
and Moles (1951).

Hansen’s (1958) book on binary phase diagrams is 
very good because of the large number of references from 
which he draws for information. The book uses the data of 
Schuhmann and Moles (1951) for the sulfide boundary. The 
work of Friedrich and Waehlert (1913) is cited for the 
copper rich boundary of the two-liquid area. The phase 
diagram in the book readily shows the large range of values
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of the various investigators for. the boundaries. This means 
that the compositions for the boundaries can be in error 
because of experimental technique or chemical analysis.

The data available for the stoichiometric cuprous 
sulfide-zinc sulfide binary diagram is conflicting. The 
high sublimation temperature of zinc sulfide should, in 
general, raise the melting point of the sulfide mixtures. 
This fact is borne out by some old data (Friedrich 1908) 
given in Fig. 2. The samples were made up of electrolytic 
copper, sulfur, and zinc sulfide mineral specimens. Some 
samples had more sulfur added than what was required to 
combine with the copper. These additional elements probably 
caused the composition of the samples to vary some from the 
true binary.

Two recent diagrams are available on the sulfide 
binary. Unfortunately, the diagrams (Fig. 2 and 4) are 
not taken from the original article. Nesterov and 
Ponomarev (1960) try to use their thermodynamic information
to determine which diagram is correct-- Fig. 2, 3, or 4.
The diagram of Friedrich (Fig. 2) seriously disagrees with 
the thermodynamic data given in the article. At 1200*C, 
the thermodynamic data supports the liquidus in Fig. 4, but 
this is only at one temperature. The thesis author never
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found any reference to the compound given in Fig. 4, of 
course, it might decompose at lower temperatures. It is 
interesting to note that the temperature horizontals in 
Fig. 2 and 4 are almost identical. The liquidus of Fig. 3 
checks more closely with the thermodynamic data than the 
one in Fig. 2. For this reason, the data in Fig. 3 is 
considered the best, and any further reference to the 
stoichiometric cuprous sulfide-zinc sulfide binary diagram 
will refer to it.

One of the liquids in the ternary diagram is a 
copper-zinc alloy that is saturated with a small quantity 
of sulfur. The properties of this alloy are probably similar 
to the sulfur-free alloy. The liquidus temperature of pure 
brass (Hansen 1958) declines steadily from 1083®C for copper 
to 902 °C for an alloy containing 38% zinc. The solid in 
equilibrium with these brasses is the alpha phase.

One boundary of the ternary two liquid field is formed 
when the vapor pressure reaches one atmosphere and. the vapor 
phase is present. Two references to the boiling points of 
pure brasses were found. Leitgebel (1931) used a direct 
experimental method of determining the boiling points , .
Chipman (1948) extrapolated the information from the activi­
ties of brasses at lower temperatures. The data of both men 
appears in Fig. 5.
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The zinc-zinc sulfide system is the last binary 
required to surround the two liquid area. Hansen (1958) 
does not have a reference for the direct determination of 
this binary, but mentions other diagrams to which it should 
be similar. He implies that zinc and zinc sulfide are 
essentially insoluble in each other up to the boiling point 
of zinc at 907 <,C . The melting point of wurzite which is 
the high temperature modification of zinc sulfide was given 
as 1800-1900°C at 100-150 atmospheres pressure.

Thermodynamics
Two references (Chipman 1948) (Hultgren et al 1963) 

are available that give the activity and activity coefficient 
of zinc in pure brass in the liquid region. This information 
was not determined, directly, but was extrapolated from data 
of other investigators at lower temperatures and usually 
in the solid state. The data of both men are given in Fig.
6.

Schuhmann and Moles (1951) determined the vapor 
pressure of sulfur over melts near cuprous sulfide in compo­
sition. With appropriate calculations, the activity of copper 
and cuprous sulfide can be found. It should be noted that 
the activity of cuprous sulfide has a negligible dependence 
on temperature and varies slightly with changing composition„ 
The activity of copper becomes positive in the two-liquid
area.
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The standard state of copper is copper at the composition 
of cuprous sulfide. The data is shown graphically in Fig. 7.

The activity of zinc sulfide in the stoichiometric 
cuprous sulfide-zinc sulfide binary was determined by vapor 
pressure measurements (Nesterov and Ponomarev 1960). The . 
activity coefficient at several temperatures is given in 
Fig. 8. The large positive deviation in the activity co­
efficient at 1200°C should be noted.

Though it might not be obvious, a "chemical reac-
Qtion" exists in the two-liquid area. The reaction is 

shown below:

2Cu (b) + ZnSt5) CuzS(s) +

It is interesting to note that each liquid contains a com­
ponent from each side of the equilibrium. If an activity 
of one is assumed for each component (pure compound or 
element at the temperature indicated for the reaction), the 
change in free energy becomes zero at the temperatures given 
in Table III. The above reaction with the previous assump­
tions shifts to the right at higher temperatures. The "equi­
librium temperature" for the two liquid area can probably 
best be calculated from the work of Okunev (1955). He deter­
mined the vapor pressure of zinc over mixtures of copper and

3. The subscript "B" indicates the brass phase and 
"S" is for the sulfide phase.
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Activity of Copper and Cuprous Sulfide at Compositions

near Cuprous Sulfide
Schuhmann and Moles 1951
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Table III

Temperature
«C

1170

1209
1235

EQUILIBRIUM TEMPERATURES FOR THE REACTION: 
2Cu%, + ZnS(c, ^  Cu^S^ + Zn^

Method of Obtaining 
Temperature

Reference

Intersection of extrapolated 
lines on graph

a f ;® 59,570 - 40.19T - 0
AFt°̂  59,650 ~ 39.55T 0
Intersection of lines on 

graph

Richardson and Jeffes 
1952

Okunev 1955 
Okunev 1955

1240 Osborn 1950



zinc sulfide up to 1100°C. By extrapolating the pressure 
to one atmosphere, a temperature of 12406C is obtained.



OBJECTIVES

The following objectives were attempted in this
thesis:

1. Determine the position of the metal-rich surface 
of the two-liquid area of the copper-zinc-sulfur ternary 
phase diagram between 1125°C and 1250°C.

2. Determine the position of the sulfide-rich surface 
of the two-liquid area of the copper-zinc-sulfur ternary 
phase diagram between 1125°C and 1250 ®C.

3. Determine the composition of the two liquids in 
equilibrium as a function of temperature.

4. Estimate the monotectic‘temperatures.
x J5 . Check the literature values on the boundaries of 
the copper-cuprous sulfide two-liquid area.

6. Graphically, display the above objectives .
7. Check the data of the two-liquid field with thermo­

dynamic generalizations made from data on the binaries near 
the two-liquid field.
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EQUIPMENT

Sample Containment
The method of holding the two-liquid sample is the 

most critical part of the experimental equipment. Few 
materials are inert toward both phases and will allow rapid 
solidification, All readily available metals are excluded 
because they might alloy with the brass or react with the 
sulfide. Most ceramic oxides are eliminated because of 
their lack of thermal shock resistance, and the sulfide 
might stick by a wetting action or by filling the pores.
A high temperature glass or graphite appears to be usuable 
for sample containment. -

About a dozen of the first samples were made in 
evacuated and sealed 9 millimeter OD Vycor tubes. Generally, 
the inside areas of the tube that came in contact with the 
liquid sample became frosted while other parts were usually 
clear. This means.that something in the liquid sample 
chemically attacked or caused devitrification of the silica. 
Most metal oxides will cause both of these phenomena. Micro­
scopic examination of the solidified sulfide-Vycor interface 
showed a mixture of fine sulfide and silica particles. Even 
air quenching of the capsules caused them to disintegrate.
The use of Vycor capsules was abandoned because it was felt 
that the wetting action of the melt on the glass inhibited 
mixing.

—2»9—
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Graphite appears to be the only available material 

for enclosing the molten samples. It is theoretically and 
experimentally inert with the charge (the presence of oxides 
from air oxidation of the sample constituents is the ex­
ception) . If the capsule chamber is slightly tapered,.the 
solidified sample can, be removed by tapping the capsule 
lightly. Graphite has a high thermal conductivity which 
will encourage rapid quenching. The disadvantages of using 
graphite are that the capsule can not be completely sealed 
to prevent zinc vaporization and it must be protected from 
oxidation. The most precise work found' in the literature 
(Johannsen and Vollmer 1960) on the copper-cuprous sulfide 
two-liquid area was done by quenching the two liquids in a 
graphite crucible by water sprays. Moles (Schuhmann and 
Moles 1951) melted his samples of cuprous sulfide with 
copper in an alumina crucible, but a Vycor tube was used to 
remove samples for chemical analysis.

Several types of graphite capsules were made. The 
best capsule (Fig. 9) has a tapered graphite plug which is 
held in place with a screw. This arrangement minimizes 
the losses of zinc by vaporization at high temperatures and 
high zinc concentrations.

The size of the capsule is limited by the length 
of the chamber in the furnace and the inside diameter of 
the surrounding Vycor tube. The wall thickness and mass



'FIGURE 9 

Graphite Capsule with Plug 

Screw, plug, and s hell. 
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of the graphite capsule should be as small as possible. 
Radiation is probably the most important method of heat loss. 
Therefore, the external surface area of the capsule should 
be maximized. A scale drawing of the graphite capsule with 
critical dimensions is shown in Fig. 10. The hole for the 
sample is given its final shape with a #5 standard taper 
reamer. The threads in the tapered plug are used in remov­
ing the plug from the shell with a threaded steel rod. The 
graphite parts are machined from a 1/2 inch diameter rod of 
AUC graphite made by the National Carbon Co.

The lifetime of the graphite capsule is very long 
if some care is taken in using it. One time with a high 
zinc sample and no graphite plug, molten brass was forced 
by gas pressure into the threads. The capsule cracked on 
trying to remove the screw. There is no visual evidence 
of the charge attacking the interior of the capsule. There 
is a weight loss of 0.01-0.02 grams per run out of a total 
weight of about 14 grams for the capsule. This is probably 
caused by the reaction of the graphite with some oxide or 
oxygen.

The graphite capsule must be protected from oxida­
tion . Sealing the capsule in a Vycor tube would accomplish 
this and prevent zinc vaporization, but the graphite can 
react with oxides in the sample to create a carbon monoxide 
■pressure that will expand the Vycor. This type of action
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was observed by placing a.small piece of graphite into a 
sample that had been sealed in a Vycor tube. For this 
reason, the graphite capsule is not completely sealed in 
Vycor.

To encase the capsule, a 15 millimeter GD Vycor 
tube with a minimum length of about 18 inches is closed at 
one end. The capsule is placed in the tube with the screw 
going in first. A rod of insulating brick about 6 inches 
long and shaped to fit inside the Vycor tube is put in next. 
The brick rod has been impregnated with graphite powder to 
react with the oxygen' before it reaches the capsule. A 
Pyrex rod with an attached cork holds the brick rod and 
capsule in place at the closed end of the Vycor tube. The 
cork has sufficient porosity to allow gas to escape from 
the Vycor tube.

The inside of the Vycor tube that is near the graph­
ite capsule develops a tan film after a few runs. It occurs 
in patches because it appears to flake off. The outside of 
the Vycor tube has a white dust on it after each run. This 
is probably some crystalline form of silica. Both of these 
actions seem to weaken the tube because it will bend more 
with increased time. Two 15 millimeter Vycor tubes of the 
same specifications were used in the experiments. One of 
them would last several times longer before bending as much 
as the other one. If the bending becomes sufficiently great,
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the capsule can not slide down the Vycor tube. The bending 
difficulty can be partially solved by occasionally rotating 
the tube 180° during a run.

Furnace ..
A high temperature furnace with a constant tempera­

ture zone for the capsule is required for the proper treat­
ment of the samples. Some method of mixing the two-liquid 
sample is highly desirable so that the time necessary to 
reach equilibrium is held to a minimum.

The first -samples that were sealed in Vycor were 
heated in an automatically controlled muffle furnace. The 
sample tubes were placed horizontally to maximize the inter­
face area between the two liquids. With a large interfacial 
area, equilibrium conditions could be attained more quickly. 
The tubes were positioned on some refractory in such a way 
that they would tilt when the thermocouple was pushed in 
slightly. The tilting of the tubes caused the two liquids 
to separate with a small interface before the furnace door 
was opened for removal of the tubes with tongs. The tubes 
were quenched outside the furnace by quickly inserting them 
into close-fitting holes drilled in a steel block.

During the last experiments with Vycor capsules, 
the furnace was occasionally tilted back and forth to help 
mix the samples. Apparently, surface tension prevented 
the liquids from flowing easily.



A tube furnace (Sentry Co., Model "V", size #4) with 
a pair of silicon carbide heating elements is used to heat 
all samples made in graphite capsules. The. manufacturer 
claims 14006C as the maximum temperature. The furnace temper­
ature is to be manually controlled. The temperature in the 
sample chamber is read with a 13% platinum platinum-rhodium 
thermocouple. A potentiometer (Minneapolis-Honeywell Regu­

36

lator Co., Model #2745) indicates the voltage produced. The 
smallest division on the potentiometer dial is equivalent 
to 5/14°C but 1/140C could easily be estimated. With some

control the furnace power.
A "Zirco" combustion tube (2 foot 1-1/4 inch ID, 

McDanel Co.) is placed in the tube furnace (Fig. 11). The 
constant temperature chamber tube, the quenching pipe, and 
brick rods are placed within this combustion tube. The 
sample chamber is made of a 6 inch length of a boat protector. 
Two 1-1/4 inch diameter rods made of Babcock and Wilcox K-30 
insulating brick were carefully fitted into the ends of the 
boat protector tube. This assembly is equal to the length 
of the furnace. One of the brick rods has a hole drilled in 
it for the 15 millimeter OD Vycor tube used to contain- the 
capsule. The other brick rod has a hole made in it to allow 
the thermocouple to pass through, A 6 inch length of 9/16

care, the temperature variation could be held to less than 
.2°Cj. A 2-1/2 kilowatt variable autotransformer is used to
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inch ID and 1 inch OD graphite pipe is placed on the 15 
millimeter Vycor tube. With this equipment, the graphite 
sample capsule can slide down the Vycor tube from the sample 
chamber in the furnace into the graphite pipe for quenching.

The tube furnace is placed on a 3/4 inch thick ply­
wood plank (Fig. 12) that could be positioned in an arc from 
vertical to 5 6 below the horizontal. A movable shelf is 
placed on the plank at each end of the furnace. The shelf 
at the upper end held the thermocouple; the other held the 
combustion tube and Vycor tube in place.

The furnace and its auxiliary equipment worked well 
throughout the experiments. This design is used for all 
runs with graphite capsules.

Analysis
The sulfur determination in the sulfide phase re­

quires a very accurate analytical technique. The greatest 
difficulty is quantitatively getting the sulfur into solu­
tion and preventing mist formation. The following sealed 
tube technique was developed by the author.

The dissolving tube is made from an 8 inch diameter 
Pyrex glass. One end is closed with a natural gas-oxygen ' 
hand torch. A weighed sample of sulfide is placed in the 
tube. The refrigerated bromine and then the concentrated 
nitric acid are added. Closing the open end of the tube is 
the most difficult part. The rim is heated to cause



Tube Furnace- in Horizontal Position
Vycor tube entering the combustion tube from left, 
couple entering the furnace from right.

FIGURE 12

Thermo-
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shrinkage. As the hole becomes smaller the flame is directed 
more along the axis of the tube. The hole eventually closes 
and the heating is continued until the end ballons slightly. 
The tube is allowed to cool about 15 seconds and then a 
small, hotter flame is directed against the top center of the 
end. The heating is continued until the end is sucked in 
slightly. With the best skill, the sealed tube will look 
like the drawing in Pig. 13.. This design and procedure is 
found to be satisfactory and deviations from it will lead to 
explosions or loss of sample by leakage. It was desired to 
seal the brass samples in a flask for dissolving but this 
was found to be impractical ...and. uftnecess ar

At room temperature, the reacted samples in the 
Pyrex tubes are under pressure. Removing the sample is 
simple if done properly. After the sample is refrigerated, 
it is placed in a 5/8 inch ID polyethylene tube that has 
the upper end closed with a polyethylene stopper. This 
assembly .is placed on the three point Pyrex tube breaker in 
Fig. 14. Tightening the "C” clamp will break the Pyrex tube. 
The contents are collected in a beaker.



FIGURE 13
Pyrex Tube for Dissolving the Sulfide
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EXPERIMENTAL PROCEDURE

Sample Preparation
The sample preparation procedure is fairly complex 

though it might appear simple. The small size of the cap­
sules makes it necessary to use high density starting 
materials (many powders are about 60% theoretical density). 
The components of the samples, particularly the fine powder 
ed sulfides, can readily oxidize in air. This can put a 
fourth component into the phase system, can cause trouble 
with containing the sample, and can make a sample of poor 
physical characteristics.

The following materials were used to make up the
samples:

Copper-Mallinckrodt #4649, ACS, fine granular, 
minimum copper 99.8%

Sb & Sn as Sn .01%
As .0005
Insol HN0s .02
Fe . 005
Pb .005..
Mn .001

P .001
Ag .005

-43-
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#2 copper wire of electrical grade

Cupric sulfide-Fisher #C-5Q, powder 
Cl" .005%
Fe .03
Alkali .04

Zinc-Baker #4244, ACS, 20 mesh granular, 99.8% zinc 
As .000002%
Fe »004
Pb . .003

Zinc sulfide-Fisher #Z-72, purified, powder

The first step is to melt the cupric sulfide. This 
is done at about 1200"C in a graphite crucible heated by 
induction. This causes the cupric sulfide to decompose, 
and the end product is fused cuprous sulfide. The theo­
retical composition of cuprous sulfide is 20.15% sulfur, but 
the prepared material has 20.6% sulfur. The fused mass is 
crushed, and the -65 + 150 mesh fraction is used in prepar­
ing samples. The storage bottle is tightly sealed to pre­
vent the appearance of a bluish film from air oxidation.

The fused rod of sulfides that is put into the graph­
ite capsule is prepared in the following manner. A mold is 
made by drilling 15/64 inch holes 3-1/2 inches deep in a 2 
inch graphite rod. The holes are shaped with a #5 standard 
taper reamer. The reamed holes are filled with the fused
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cuprous sulfide and a mixture of sulfides of the proper 
quantities to give an end product of about 3 grams of the 
desired composition. The mixture of sulfides mentioned 
above contained equal amounts of- zinc and cupric sulfides.
It is th ought that the sulfur liberated from the cupric 
sulfide would help convert the oxides in the sample to 
sulfides. Graphite plugs close the sample holes to decrease 
zinc sulfide volatilization and help prevent oxidation of 
the sample by air. The graphite sample holder is placed in 
a sand finished'quartz tube and heated by induction. Nitro­
gen flows into the quartz tube to prevent'air infiltration. 
Even if oxygen got into the tube, the incandescent graphite 
should convert it to inert carbon monoxide. The maximum 
temperature could not be measured accurately but it is about 
1300 Ĉ. This temperature is held for about 15 minutes. One 
time a lower temperature was used but white specks appeared 
on the fused samples. These might have been zinc oxide.
The samples are cooled with the nitrogen flowing. The 3/4 
inch long rods are easily removed from the holes by lightly 
tapping the mold.

The brass portion of the charge is usually made up 
of granular metals and"mostly copper wire. The total metal 
weight for a charge is about 10 grams . For charges of less 
than about 10% zinc about 1 gram of granular copper can be 
used. For charges having more than 10% zinc, much more



46
granular copper must be used, or a brass rod is satisfactory. 
This must be done because the zinc metal might not react 
rapidly enough with the copper wire to prevent boiling upon 
putting the capsule into the furnace.

Furnace Operation
The operation of the furnace strongly influences 

the possibility of obtaining an equilibrium sample. The 
furnace temperature must be held constant; rapid attainment 
of the equilibrium should be encouraged; the two liquids 
must be cleanly separated; and the high temperature equi­
librium must be quenched into the solid.

■ The furnace is first heated to a temperature about 
25“C above the desired equilibrium temperature. The Vycor 
tube with the graphite capsule is inserted into the com­
bustion tube through the graphite pipe. The end of the 
Vycor tube can be moved directly to the inlet of the con- . 
stant temperature chamber. At this time, the furnace is in 
the vertical position. The Vycor tube is moved-.continuously 
into the chamber over a period of about 20 minutes. After 
an additional period of about 10 minutes, the furnace was 
tilted to about 16 degrees above the horizontal. The furnace 
is allowed to cool to about 5 0C above the equilibrium temper­
ature . After this, the furnace remains in the horizontal 
position except for a gentle rocking action about every 5 
minutes to 10 minutes to increase the speed of the reaction.



47
An indication of the minimum time required to reach equi­
librium was obtained from the experiments with the sealed 
Vycdr tubes. The minimum reaction time is 1-1/2 hours at 
1125°C and 1150 C . For each 25°C increment above 1150 °C 
the reaction time is decreased by 15 minutes to a minimum of 
30 minutes. For first half of the reaction time, the 
furnace is held at about 5 °C above the desired equilibrium 
temperature. Then the furnace is held as close to the 
equilibrium temperature as possible.

Before the sample is quenched, the furnace is turned 
vertical (Fig. 15) for 20 minutes to allow the phases to 
separate. The sample is quenched by loosening the cork in 
the end of the Vycor tube and lowering the Pyrex rod until 
the capsule is in the graphite pipe. With some of the high 
temperature high zinc concentration samples, the capsule is 
only partially lowered into the graphite so that the brass 
would be cooled first. After about 10 seconds, the capsule 
is completely lowered into the pipe. It would take about 
45 seconds for the samples to lose their incandesence.

Chemical Analysis
The chemical analyses of the samples has to be very 

accurate or any work up to this point will be meaningless. 
All techniques of analysis will have to be developed to the 
highest degree attainable.' The small size of the samples 
is the main limitation to obtaining the best accuracy.



FIGURE 15 

Tube Furnace in Vertical Position 

·Thetmocouple entering combustion tube from top. Note the 
potentiometer on the table. 
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The tapered rod sample from the graphite capsule 

must first be divided in preparation for dissolving. The 
sample is struck with a pointed hammer near the interface 
to separate the two phases.

The sulfide film and brass spots are cleaned off of 
the brass portion of the sample by using emery paper. The 
sulfide clinging to the interface and the brass collar have 
to be removed. The sulfide film in the solidification sinks 
on the side of the brass is cleaned out by using a burr 
tool on a hand grinder. The sulfide-phase samples are given 
no cleaning.

The brass samples are washed with distilled water and 
then alcohol before drying and weighing. The brass is put 
into an Erlemneyer flask that is attached to a reflux column 
with a ground glass joint. The flask is partially submerged 
in a beaker of water. One milliliter of bromine and then 
75 milliliters of concentrated nitric acid are poured down 
the column. After the reaction is stopped, put in another 
1-milliliter of bromine. The flask is heated at the boiling 
point for about 10 minutes. The solution is partially 
evaporated in a beaker to remove the liquid bromine. Cool 
the solution and make up to 250 milliliters in a volumetric 
flask. Take a 50 milliliter portion for electrolytic copper 
and EDTA zinc analysis, and the rest is used for a sulfur 
analysis.
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The sulfide phase requires no cleaning. If it is 
struck on the side with a hammer, it will usually fracture 
down the center axis . One-half and a little more is used 
to make a 1.5 gram sample which is sealed in an 8 inch Pyrex 
tube. One-half milliliter of bromine which has been cooled 
to about 0°C is added to the tube followed by 7.5 milliliters 
of concentrated nitric acid which has been cooled to about 
-10°C. After the tube is sealed, it is placed in a pan of 
water at room temperature. The dissolving reaction proceeds 
readily except in the case of low zinc samples. The tubes 
are then heated in boiling water for 1 hour. No tube should, 
be heated unless the dissolving reaction is complete or an 
explosion of the tube will result from the exothermic reac­
tion inside the tube. Explosions in general are most likely 
to occur on heating the tube in the water because of the 
internal gas pressure. A face mask, rubber gloves, and 
protective clothing should be worn when handling the tubes.

The Pyrex tubes after being cooled to -10 °C are 
broken immediately in the three point Pyrex tube breaker, 
and the reaction products and broken glass are washed into 
a beaker. The beaker is heated to evaporate the liquid 
bromine. The solution is filtered before placing it into a 
250 milliliter volumetric flask. This solution is then all-. 
quoted into two 50 milliliter portions for sulfur analysis 
and a 150 milliliter sample for electroylic copper and EDTA 
zinc determination.



51
Electrolytic copper analyses can readily and 

accurately be made on the samples because none of the other 
elements present interfere. The iodide copper method was 
used on some of the initial samples. It is excellent when 
the sample has about 50 milligrams of copper in it. The 
electrolytic method is potentially more accurate if the 
sample is large enough (the author felt that about 0,5 gram 
of copper is required to be more accurate than the iodide 
method). The electrolytic method makes a solution that is 
good for EDTA zinc determination.

The electrolytic method (ASTM 1960) requires a solu­
tion that has a specific nitric acid concentration and is 
free of nitrous acid, therefore, the aliquot portions of 
the two phases are slowly evaporated to dryness. The resi­
due is dissolved in 5 milliliters of nitric acid, 10 milli­
liters of sulfuric acid, and sufficient distilled water to 
barely cover the platinum gauze cathode in a 250 milliliter 
electrolytic beaker. The gauze is 1 inch in diameter and 2 
inches high, A platinum wire loop in the center of the 
cylinder forms the anode. An automobile battery and resistor 
are used to keep the power at 2.5 volts and 1 ampere. When 
the solution becomes pale blue, the electrolyte is lightly 
stirred with a plastic-covered magnetic bar. The mist that 
deposits on the beaker cover should be occassionally washed 
back into the electrolyte. If no additional copper film is
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produced after raising the level of the electroyte and 
waiting 1/2 hour, the deposition is completed. The elec­
trodes are removed with the current on while washing with 
a fine stream of water. The electrodes are placed in dis­
tilled water while they are being detached from the elec­
trode holder. The electrodes are dipped in ethyl alcohol 
and dried in an oven at 110°C before weighing. The elec­
trodes are cleaned in nitric acid and weighed before using, 
again. -

Sulfur analyses have the potential of being very 
accurate because it is a gravimetric procedure. The method 
must be carefully standardized to maintain precision because 
it is rather empirical * The. sample size- used is about the

: f -smallest that can be accepted. The method, of sulfur analysis 
used here is similar to one used on copper-nickel alloys ■ 
(ASTM 1960) .

The aliquot portions for sulfur,analysis are evapor­
ated to dryness slowly to prevent spattering. The samples 
from the brass are taken to dryness twice with 50 milliliters 
and then 25 milliliters of hydrochloric acid. The same 
thing is done to the sulfide samples with 10 and 5 milli­
liters of hydrochloric acid.

The sulfur samples are diluted to 350 milliliters 
and 2 milliliters of concentrated hydrochloric acid is added. 
The solution is brought to boiling. Barium chloride (235
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grams B a d  z *2Hz0/liter) is 'added to the sulfate solution 
from the top 25 milliliters of a 50 milliliter buret. The 
stream from the buret contacts the sulfate solution about 
1/4 inch from the wall of the beaker. The sulfate solution 
is rapidly stirred when adding the solution. The precipi­
tate is allowed to stand overnight. This procedure is 
carefully followed on all samples.

The barium sulfate is filtered with Whatman #42 
filter paper. The first 100 milliliters of the filtrate is 
refiltered. After all of the solution is filtered, the top 
portion is decanted and the bottom 50 milliliters are filter­
ed again. These two steps help reclaim barium sulfate that 
might have gotten through the filter paper. When filtering, 
the solution should be kept 1/8 inch below the top edge of 
the filter paper. The precipitate is washed with two 25 
milliliter portions of barium chloride wash solution (2 
grams B a d  i, + 10 milliliters HCl/liter) and then 25 milli­
liters of boiling water.

The filter papers are allowed to drain before putting 
then into alumina crucibles for ignition. The paper is 
first charred at 500"c and the final ignition is at 8258C 
for 30 minutes. The electric furnace door is left slightly 
open to insure an oxidizing atmosphere.

A Mettler balance is used for rapidly measuring the 
.total weight and then the barium sulfate is brushed out of
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the crucible before a second weighing. The difference in 
weight is equal to the weight of barium sulfate.

Zinc analyses are generally difficult because zinc 
ions do not have any very distinctive properties. Most 
other ions must be removed from the solution before making 
a zinc determination. Some analyses on the samples sealed 
in Vycof was done by the electrolytic and ferrocyanide 
methods. Both methods lack the accuracy that is desired. 
Finally, an EDTA (based on the ethylenediaminetetraacetate 
ion) method was chosen. The author developed a reasonably 
satisfactory procedure for determining zinc in samples of 
greater than 5% zinc. This was done in the presence of 
copper though no reference to making this type of determina­
tion was found. This method was finally abandoned because 
it would not work at all zinc concentrations.

The electrolyte from the electrolytic copper deter­
mination is good for an EDTA zinc determination because it 
is relatively free of other ions . Cyanide and fluoride 
must be added to mask the residual copper, calcium, and mag­
nesium present. The books by Welcher (1958) and Flaschka 
(1959) are good, general references on the EDTA method.

The spent electrolyte from the copper determination 
is evaporated to dryness to remove the excess acid. The 
residue is dissolved in distilled water and placed in a 
volumetric flask. An aliquot is used that will titrate with
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about 30 milliliters of EDTA solution. The aliquot is 
diluted to 25 milliliters with distilled water. Three milli­
liters of buffer solution (65.6 grams NHfCl 4- 570 milliliters 
NH^OH 4- H^O/liter) and then 0.5 milliliters of potassium 
cyanide solution (50 grams KCN + 100 milliliters NH^OH 4- Hx0/ 
liter) are added. Great care must be taken to prevent the 
cyanide from contacting acid solutions because of the very 
poisonous gas that is generated. . One-half gram of ammonium 
bifluoride is added and one drop of indicator (0.2 grams 
Eriochrome Black-T 4- 15 milliliters N(CHLCH1pH)5 4- 10 milli­
liters absolute CxH;50H) . The EDTA solution (made from 
disodium ethylenediaminetetraacetate dihydrate) used in the 
titration is equivalent to 0.5 milligrams or 0.1 milligrams 
of zinc per milliliter of EDTA depending on the amount of 
zinc in the solution to be titrated. After the indicator 
becomes a light blue, add 1.5 milliliters of formaldehyde 
(1 volume 37% ECHO 4* 7 volumes Hx0) and two more drops of 
indicator. It is best to add the indicator as late as possi­
ble in the titration. The end point is taken to color change 
from a dark reddish-violet to dark blue. The end point is 
very sharp with high accuracy and precision when titrating 
pure zinc standards and solutions made with deionized water. 
The end point become less sharp with low concentrations of 
zinc in the type of solutions normally analyzed. This loss
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of sharpness appears to be caused by traces of elements like 
copper, magnesium, and calcium„



TABLE AND GRAPHS OF DATA

Most of the information of the samples is given 
by the percentage of copper, zinc, and sulfur in the two 
phases. All of the values in Table IV have been determined 
by chemical analysis. The sulfur analysis of the sulfide 
is the average of two aliquot samples and the zinc analysis 
is the average of two or more aliquot samples. All other 
values represent only one analytical determination. The 
first place after the decimal should be significant. The 
analyses that are stated to one place beyond the decimal 
point are determined by non-standard procedures. The 
accuracy of the data will be taken up in a later chapter.

The tie lines on an isothermal phase diagram connect 
the composition of two liquids that are in equilibrium. The 
relative position of the tie lines on the various isothermal 
planes is about the same, therefore, only one isothermal 
plane (Fig. 16) can depict the general appearance of a 
plane.

The boundary of the two-liquid region can be repre­
sented as a topographic map with temperature taking the 
place of elevation. The isothermal boundaries are depicted 
as the constant elevation lines on the map. The two-liquid
area has the shape of a mound, though some of the sides are

-57-



Table IF
Compositions of the Two Liquids

Brass Sulfide
Sample
#

Temp.
°C

%Cu ' %Zn %S %Cu %Zn . %S

12 1150 97 .94 0.00 1.15 79.88 0.00 ■ 19.85
13 1150 97 .86 1.14. 1.17 79.29 0.48 19.95
14 1150 95.78 2.00 1.14 79.05 1.12 19.86
IS­ 1150 93.59 4.04 1.10 77 .88 • 2.35 20.12
IS 1150 88.79 9.15 0.89 Sulfide lost.
17 1150 Sulfide did not melt. : .

18 1150 . Remelted as #36 "
19 1150 5 Used for photomicrographs.
20 1150 98.67 0.00 1.16 80.2 0.00 19.67
21 1150 98.07 0.00 1.15 80.2 0.00 19.49
22 1125 94.02 4.79 - 0.97 76.52 . 2.95 20.24
23 1125 95.64 ■ 3.15 1,04 78.12 1.80 20.16
24 1125 97.02 1.74 1.05 79.05 .92 19.99



Table TW-^continued \ . ---- ----—
Sample Temp. ec %Cu %Zn %S %Cu %Zn %s
25 1150 87 .89 11.22 .88 68.65 9.64 21.58
26 1200 81.83 17 .12 .84 58.19 18.93 23.09
27 1200 83.44 15.61 .88 60.72 15.68 ■'22.45
28 1200 95.67 2.70. -7 1.36 78.82 1.43 • [ 19.39
29 1200 91.63 6 .41 1,22 75.69 4.05 20.01
30 1200 88.71 . 10.12 i.ii: 71.38 7 .80 i 20.68 

19.4631 • ' 1250 97 .19 1.18 1.42 79.87 .56
32 1250 89.25 10 . 47 1.16 71.25 7 .82 ' ''20.67
33 1250 98.26 .00 1.47 80.28 .00 19.39
34 1250 93.95 5.18 1.25 76.96 3.05 19.73
35 1250 82.20 16.84 1.00 60.75 16.68 :22.31
36 1125 91.19 7.68 ' .92 73.59 5.70 20.99
37 1125 97 .34 1.54 1.04 79.35 .80 ■ 19.68
38 1150 98.11 .62 1.18 80.00 .30 19.88
39 1150 96 .08 2.64 1.13 78.64 1.41 19.53
40 1200 96.83 1.50 1.41 79.33 .77 19.48



Table IV— eontinued
Sample Temp. °c %Cu %Zn %S %Cu %Zn ' ' %S
41 1200 82.0 17 .37 Poor iphase separation
42 1200 92.50 6.13 1.18 76.2 3 .9
43 1225 91.03 7 .61 1.34 74.46 4.97 ' 20.64
44 1175 95.67 2.96 1.23 78.53 1.54 20.07
45 1175 93,47 5.17 1.17 76.26 3 .09 20.32
46 1175 90.74 8.10 1.08 73.75 5.75 ■ P20.96

o



61 

s 

/ 

- Zn ::, 

-; eo 

0 ~--~----~--~~--~--
C u 1 

- - \1__~ ___ _,.,_ - .....¥..-- - 10 c 
--~ o 2G · 7 n 

Cor r r ( Nt .o,) 

FIGURE 16 

Tie Lines of the 1250°C Isotherm 



62
formed by straight lines. The information in Fig. 17 and 18 
is enlarged to show the detail of the surface» Ho mathemati­
cal function is used to indicate the position of the lines. 
Note that the solubility of the two liquids in each other 
decreases with increasing zinc content. The data of 
Strohfeldt (1936) shows that the solubility of metal in the 
sulfide phase increases with increasing zinc content.

Fig. 19 shows a way of depicting the tie line data. 
The vertical axis indicates values that are calculated by 
taking the percent zinc in the brass of a tie line and 
dividing it by the percent zinc in the sulfide. Most of the 
data falls on a smooth curve. This graph shows that the tie 
lines on an isothermal plot of the data as in Fig. 16 are 
not parallel. With the use of Fig. 17, 18, and 19, one can 
start with the amount of one element at some temperature and 
calculate the composition of the other phase. Assuming that 
the method of showing the data in Fig. 19 should be a smooth 
curve, the lack of equilibrium of zinc between the two phases 
will be readily evident. The agreement with the data of 
Strohfeldt (1936) is good.

Fig. 20 and 21 compare the values of this thesis 
with information of other investigators for the boundaries 
of the two-liquid area of the copper-cuprous sulfide system. 
The values from this thesis are in the same range as other
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published data. The points on the graph from this thesis are 
determined by experiment or by extrapolation from the ternary.

A rough estimate of the monotectic temperatures 
is indicated by some of the samples. The sulfide appeared to 
be thick as if it was near the solidification point. The 
zinc content would be about 7% at 1125°C, 15% at 1150*0, and 
25% at 1200“C . The zinc content for the last two tempera­
tures was not determined by analysis. These values are more 
likely to be low than high. Strohfeldt (1936) made a sul­
fide with 36% zinc.
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MACROSTRUCTUEE AND MICROSTRUCTURE OF THE SOLID SAMPLES

The examination of the structure gives some inter­
esting facts about the samples even though this thesis is 
about the two-liquid region of a ternary system. General 
information about the relative rates of solidification and 
loss of equilibrium are obtained by observing the micre­
structure . The major components of the system are easily 
identified by their color and their shape gives some idea 
as to the conditions under which they are formed. This 
chapter will correlate the structure of the samples with 
other physical properties of the system where possible.

Consider first, the macrostructure of the samples 
(Fig. 22 ). The general appearance of the samples varies 
with the zinc content and equilibrium temperature. The 
sulfide is always black with the external and fracture sur­
face changing from shiny to dull with a few percent zinc.
The brass can precipitate on the surface of the sulfide in 
various amounts and shapes of particles. There seems to be 
little correlation between the last two properties and the 
zinc content or equilibrium temperature. The brass parti­
cles can be sufficiently numerous on the samples having less 
than 10% zinc, that a solid ring of metal (Fig. 22) is formed 
near the interface of the two previously liquid phases.
With samples having zero to several percent zinc, long and
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FIGURE 22 

Macrostructure of the Samples 

Right sample has polished edge section exposing the two 
phases. Hole leading into the solidification cavity just 
below the interface of right sample. Note depressed area 
caused by solidification on the left bottom edge of the 
right sample. Metallic brass collar on left sample at 
the interface. The samples have a low zinc content. 
Approximately 1.25x. 
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sometimes curly copper hairs grow out of the rounded top 
surface and a ring or plume of sulfide is extruded from the 
top by gas evolution. The tops of the sulfides are usually 
hemispherical in shape except for the samples of highest 
zinc concentration at the lower temperatures. Sometimes 
there is a small solidification sink hole in the top center 
of the sulfide.

The brass portion of the sample changes in color 
from a copper red to a brassy yellow with increasing zinc 
content. The brass is usually covered by a film of sulfide. 
The film is thick, black, shiny, and continuous when the 
zinc content is less than a few percent. At higher tempera­
tures , this type of film exists at higher percentages of 
zinc. Around 10% zinc in the brass, the film is dull, thin­
ner , arid more spotty.• With samples above 15% zinc, the film 
can disappear and the brass surface has a sand cast appear­
ance .

As with many materials during cooling and solidifi­
cation, contraction occurs. Usually the last material to 
solidify becomes depressed into the sample.

Two types of solidification contraction occur in 
the brass with about equal, probability. There is the type 
with a hole at the surface that leads into a cavity just 
below the interface. The other type is a smooth eliptical 
depression on the surface. There are usually several of
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the last type of a sample and they usually occur just below 
the interface. It is rare that both types exist on the same 
sample.

The microstructure of the samples is strongly influ­
enced by the zinc content. High zinc increases the amount of 
zinc sulfide precipitates in the sulfide and changes the 
shape of the precipitated sulfides in the brass. The three 
components of the solidified samples are a brass, zinc 
sulfide, and cuprous sulfide. The microstructure is not 
likely to be an equilibrium situation. If a true room temper­
ature equilibrium exists, there would probably be less or no 
cuprous sulfide present because it would be reduced by the 
zinc of the brass. The two sulfides and the brass are easi­
ly distinguished by color. The sulfides are bluish-gray 
with the zinc sulfide being much darker.

The brass in the photomicrographs contains about 5% 
zinc, and it was made at 1150“c. This is the only sample 
that is examined at several cross-sections. All other samples 
were polished on one edge as in Fig. 22. This means that 
most of the comments on microstructure are about the sample 
near the surface.

Unfortunately, the photomicrographs are tinted yellow 
because of an improper combination of film and light. Koda- 
chrome 135 daylight film was used with tungsten light. The 
cuprous sulfide becomes an yellowish-green and the zinc sul­
fide becomes a dark green.
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The microstructure of the sulfide (Fig. 23) readily 
shows the low solubility of the two sulfides in each other 
in the solid state and the presence of dissolved metal.
About 0.5% zinc is required before zinc sulfide precipitates 
are visible. With sulfides of about 5% zinc, the precipi­
tates form as particles and as very long stringers that 
appear to be in the grain boundaries. A transverse cross- 
section of the sulfide shows radial stringers and a longi­
tudinal section has stringers in a polygonal pattern. Above 
about 10% zinc, the stringers dissappear and only rounded 
particles are present. The brass precipitates in the sulfide 
as round or elongated particles. As the percentage of zinc 
increases, a larger percentage of the brass particles become 
associated or surrounded by zinc sulfide. With up to about 
2% zinc, tubular holes or "pipes" are found in the center of 
the sulfide samples.

The interface (Fig. 24) between the two phases is an 
important area to consider when checking for loss of equi­
librium . The line between the two phases is usually quite 
smooth except below about 2% zinc and at higher temperatures. 
There are several distinct zones near the interface. Just 
on the sulfide side of the interface, zinc sulfide particles 
precipitate, This precipitate is. non-existent up to about 
1% zinc. Zinc sulfide forms as fine particles and the layer 
becomes a little thicker at high zinc concentrations. Above



FIGURE 23 

Transverse Section of Sulfide Phase. 

All phases in normal sulfide phase s p resent---Zinc sulfide 
particles and stringer, internal and external brass particles, 
·and 'cuprous sulfide matrix. Black areas in sulfide are voids. 
surface of the sulfide at left. 20x. 
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about 15% zinc, the layer becomes continuous. The origin 
of this zinc sulfide layer is unknown. It might be a low 
temperature reaction or a nucleation phenomenon. The author 
doubts that the layer could be made by floating sulfides 
formed during quenching. Beyond the zinc sulfide layer is 
a zinc sulfide depleted layer that always occurs and is 
about the same thickness with different samples. The inter­
face surface is hemispherical and quite often has a slight 
depression in the center at lower zinc concentrations .

Fig. 25 shows a globule of sulfide, that has floated 
to the interface. On some very low zinc samples, the pene­
tration of the interface by a globule is more pronounced 
and an irregular interface is formed. It is interesting to 
note that the layer of zinc sulfide particles at the inter­
face almost always breaks where a globule touches it. This 
would indicate that the particle layer is formed after the 
sulfide phase is solidified. Sometimes a brass particle 
forms in the center of a globule as is shown in Fig. 25.

The microstructure of the brass is quite complex be­
cause of the many different shapes of sulfide precipitates 
present. The composition of these sulfide precipitates 
should be different than the liquid phase. Theoretically, 
the first equilibrium sulfide precipitates to appear (they 
would be liquid except when starting at the monotectic 
temperature) would have the same composition as the liquid
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sulfide phase. Since the precipitates are small, diffusion 
reactions might change the composition of them during quench­
ing. It should be noted that the zinc sulfide precipitates 
on the surface of the large globules.

With very rapid quenching, the precipitates should 
be similiar in shape and evenly distributed throughout the 
sample. With the quenching rate that occurs in this thesis, 
three types of sulfide precipitates (Fig. 26) are formed.
The globular precipitates might be formed on cooling in the 
two-liquid region and the fine matrix precipitates might 
be made by solidification (eutectic, etc.) or solid state 
reactions. The dendrites that appear might grow by precipi­
tation of a solid phase from a saturated liquid.

The globular precipitates increase in number as the 
zinc content decreases and rarely occur above 10% zinc. 
Dendrites do not exist up to several percent zinc, often 
occur with globules at intermediate zinc concentrations, and 
are large and well-shaped at high zinc contents. The den­
drites and globular precipitates usually occur in the center 
and upper portions of the brass sample. The amount of zinc

sulfide in the precipitates increases with increasing zinc 
content of the brasses. At the highest or lowest zinc 
concentrations, the precipitates can appear to be pure zinc 
sulfide or cuprous sulfide. The sulfide precipitates
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(Fig. 27) in the lower portion of the brass are varied in 
size and are rounded but not spherical.

The surface of the brass is covered by a film of 
sulfides at low and intermediate zinc concentrations. The 
film is not visible in the pictures (Fig. 24 and 27), but 
its presence is indicated by the distance between the 
external surface of the brass and the brass particles on 
the surface of the sulfide film. The interface between the 
film and the brass is quite smooth with no indication of the 
film precipitating from the brass. The external surface of 
the film becomes rough at high zinc concentrations. With 
high temperatures and samples of about 5% zinc, the sulfide 
film can penetrate deeply into the surface of the brass .
The excluded surface particles are approximately a hemisphere 
with the flat surface being even with the surface of the 
brass. The relatively large size of these particles com­
pared with the thickness of the sulfide film would indicate 
that the brass particle is formed by diffusion of metal 
from areas other than the sulfide film near the particle.
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ACCURACY OF THE PHASE DIAGRAM

Attainment of equilibrium and accuracy of the 
chemical analyses are the most important considerations in 
this thesis. They are dependent on each other and are 
meaningless by themselves. When the data of the initial 
experiments were inconsistent, it was difficult to pin 
point the problem. In some instances, the analytical 
accuracy required to check for equilibrium approaches the 
accuracy of the determination of an element.

There is no absolute method for checking the exis­
tence of the equilibrium. Even if equilibrium exists at the 
intended conditions, the sample must be brought to room 
temperature without a change in the analysis of the phases. 
The consistency of the data, which is dependent of chemical 
analysis and to some extent visual examination, is the best 
method of obtaining an indication of the attainment, or loss, 
of equilibrium. The zinc and sulfur contents of the phases 
are probably quite sensitive indications to the equilibrium 
and shape of the diagram.

The sulfur analysis shows how much of the two phases 
dissolved in each other, i.e. the amount of sulfide dissolved 
in the brass and the quantity of excess metal in the sulfide- 
phase. When the samples are prepared, there is no sulfur in
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the brass and no excess metal in the sulfide mixture, there­
fore, a change in composition of the phases must occur to 
reach equilibrium.

The sulfur analyses of the brass show little agree­
ment with the data of Strohfeldt (1936) . The thesis author 
found that the sulfur composition of the phases changes with 
temperature. Strohfeldt (1936) does not claim to have iso­
thermal data. In his data, there is little change in sulfur 
in the brass compared with the percentage of zinc in the 
brass. Strohfeldt (1936) says nothing about quenching, 
therefore, the thesis author assumes that little thought or 
technique was applied to this subject.

This thesis shows a decrease in the solubility of 
sulfur in the brass with increasing zinc content. This is 
not unreasonable, because zinc sulfide can be formed and 
its solubility in brass might be low. The loss of equilib­
rium on quenching of the brass causes the sulfur content to 
be low. This is caused by sulfides precipitating in the 
liquid brass on cooling and floating to the sulfide before 
the brass freezes around them. If the sulfides precipitate 
from the brass as all or part of the surface film, and an 
error in sulfur analysis will occur because the surface film 
is removed before analysis. No visual evidence was found to 
show that the film is precipitated from the brass. The 
high zinc brasses at the lower temperatures probably have
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the most accurate in sulfur analyses. The sulfide film on 
the high zinc brass is thin, therefore, if it is part of the 
sulfur in the brass, the sulfur analysis is not changed by 
removing the film before analysis. Another possible error 
is also decreased in high zinc brasses. The precipitated 
sulfide globules in the brass can float through the inter­
face and become part of the sulfide-phase only if the sul­
fide is molten. With high zinc brasses, the high zinc, 
sulfide should be near its monotectic temperature. This 
should allow the sulfide to freeze more rapidly and decrease 
the amount of time during which sulfide precipitates from 
the brass can be accepted.

Since literature data is available on the copper- 
cuprous sulfide two-liquid area, this is a good place to 
check the accuracy of the data in this thesis. Unfortunate­
ly, the information in this area of the two-liquid field 
of this thesis is probably the least accurate, therefore, 
a comparison is somewhat misleading.

Fig. 20 has already shown that the data given for 
the solubility of sulfur in copper agrees fairly well with 
the data of Smith (1952) and, also, with Krivsky's data 
(1954) though it is not shown. Both of these men used melt 
sampling techniques to get a copper-phase specimen for 
analysis. For the solubility of sulfur in copper near the 
monotectic temperature, the thesis data shows good agreement



85
with Johannsen and Vo 1 liner (1960) . The thesis author con­
siders their data the most precise and it is probably the 
most accurate, particularly at lower temperatures. The 
lower sulfur contents of Johannsen and Vollmer (1960) com­
pared with other investigations at high temperatures might 
be caused by the quenching method of obtaining a sample 
for analysis. They quenched their samples with water 
sprays, while radiation quenching is used in this thesis.
They used a sample with 50 grams of copper and 70 grams 
of cuprous sulfide. This thesis uses samples with about 
9.5 - 10.0 grams of copper and 2.5 - 3.0 grams of sulfide. 
Though no sample dimensions are given in the article by 
Johannsen and Vollmer (1960), the thesis author believes 
that the radius would be larger than the samples in this 
thesis. The larger radius might mean slower complete quench­
ing of the sample. The long specimen made in this thesis 
decreases the possibility of floating sulfide precipitates, 
but the high surface area increases the possibility of errors 
caused by surface precipitation of the sulfide (the surface 
film of sulfides is removed before analyzing the sample).

The thesis author believes that the data presented 
in this thesis for the solubility of sulfur in copper is 
quite accurate at low temperatures and reasonably accurate 
at high temperatures. The accuracy of the data for the 
solubility of sulfur in brass is'believed to be-the .best of 
any ..known source.
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When considering the position of the sulfur-rich 

boundary of the ternary two-liquid area, the sulfur analyses 
must be very accurate. The change in sulfur solubility 
over the temperature range studied is not much more than the 
precision of the analysis.

Strohfeldt (1936) has some data points at low zinc 
concentrations for the sulfur-rich boundary that lie on the 
cuprous sulfide-zinc sulfide quasi-binary. This is difficult 
to believe unless the accuracy of his sulfur analyses is low. 
The most, outstanding fact is that the solubility of the brass 
in the sulfide increases at high zinc concentrations. The 
curve of the data (Fig. 18) in this thesis curves slightly in 
the opposite direction. This descrepancy is significant.

In this thesis, the capsule with its sample is held 
in the vertical position to allow the phases to separate. 
Since zinc does vaporize from the sample, it is more likely 
to come from the top sulfide phase. This type of unequal 
volatilization would create a non-equilibriurn situations.
This might cause the curvature mentioned in the previous 
paragraph and cause the ratio of the zinc between the two 
phases to., be high. Actually, the ratio of zinc agrees well 
with Strohfeldt (1936) and the initial samples sealed in 
Vycor. The curviture of the boundary occures at lower zinc 
concentractions at lower temperatures. These conditions 
should lower the vapor pressure of zinc which should decrease
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any vaporization loses during phase separation. The high 
temperature boundaries are a- straight line at these lower 
zinc concentrations. The high temperature boundaries 
should show even more tendency to be high in sulfur because 
of zinc vaporization but the data shows that they do not.

It is difficult to find reasons to support the 
analytical accuracy of the high zinc sulfides. Actually, 
it is possible that the sulfide of Strohfeldt (1936) might 
be supersaturated with zinc which is probably at one 
atmosphere pressure. The solubility of the sulfide has 
already been found to decrease in the brass with increasing 
zinc content. It would seem reasonable then that the 
solubility of brass in the sulfide would decrease with in­
creasing zinc sulfide content.

There is no visual evidence to indicate the loss 
of equilibrium in the sulfide on quenching.

The author believes that the accuracy of the sulfide 
surface of the ternary two-liquid area is good within the 
limits of the chemical analysis. The thesis author con­
siders other investigator’s data for the sulfide boundary 
of the copper-cuprous sulfide system to be of similar 
quality.

The zinc analysis of the two liquids gives some in­
dication of the accuracy of the data and the attainment of 
equilibrium. . The work by Strohfeldt (1936) is the only data



88
that can be compared with this thesis. The range over which 
the data-points of the two investigations overlap is small. 
He does not claim to have isothermal data.

A good check on the zinc analysis is obtained by 
noting the ratio of the zinc in the two phases. The thesis 
author believes that this should be a smooth curve as a 
function of the zinc content of one phase and temperature. 
This hypothesis is borne out by the data in Fig. 19. The 
author wonders if sample 13 has an equilibrium concentration 
of zinc in each liquid.

At least some qualitative statements should be made 
about the accuracy of the chemical analyses. The accuracy 
of the copper, sulfur in the sulfide, and high zinc analyses 
is probably good to about j. .1% and possibly -$* .05%. With 
about 1% zinc in-a sample, the•accuracy is about + .03%.

A



THERMODYNAMICS

The two-liquid area of the copper-zinc-sulfur phase 
diagram can be thought of as a chemical reaction of the 
type that is given below:

2Cu (e) + ZnS^) ^  4- Z n ^

Thermodynamic considerations should apply to this equilibrium 
Just as in any chemical reaction.

A few general- comments should be made about the 
thermodynamics of the equilibrium. First of all, the change 
in free energy shows that the reaction should be encouraged . 
to the right as temperature increases. The review of litera­
ture shows that the equilibrium temperature is about 1240“c 
if unit activities are assumed for the components (this is 
equivalent to saying that the reaction is occurring between 
the pure elements or compounds at the temperature of the 
reaction).- Since the components do form mixtures, a 
correction must be applied to the initial pure component 
assumption. ' f

References in the literature review show that zinc 
has a negative deviation in activity in pure brass and zinc 
sulfide has a positive deviation in activity in stoichio­
metric mixtures of cuprous and zinc sulfides. This should 
further enhance the driving of the reaction to the right.

— S 9 —  ■
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The high activity of zinc sulfide in cuprous sulfide-zinc 
sulfide mixtures would also be suspected, because zinc 
sulfide is not very soluble in molten cuprous sulfide. The 
activity of zinc sulfide should become one at the liquidus 
in the stoichiometric binary mixture or probably at the 
monotectic in the case of the ternary two-liquid area.

Deviation in activity from ideality is usually the 
greatest at lower temperatures. The activity information 
given in the literature review indicates this to be true 
for the components in the system in this thesis .

The phase diagram is an equilibrium situation. An 
equilibrium constant can be written for the system as given 
below:

A F ° “ -RTXn K - 0

a a
K = Zn Cu S ■ 1

xa a
ZnS Cu

The change in free energy should increase the ratio of the 
percent zinc in the brass to the percent zinc in the sulfide 
at higher temperatures. A ratio of the weight percents zinc 
has been graphed in Fig. 19. To be thermodynamically correct, 
the equilibrium constant requires the substitution of mole 
percent of zinc in the brass and zinc sulfide in the sulfide,
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but the relative position of the isothermal ratios is the 
same on a weight percent zinc ratio.

Fig. 19 shows that the ratio of the zinc content 
of the brass to the zinc content of the sulfide increases 
with increasing temperature. There is no indication that 
the strong positive deviation of the activity of zinc 
sulfide in cuprous sulfide effects the ratio at lower 
temperatures. The general thought that the zinc content 
of the brass should increase with temperature is borne out.

The two-liquid area also creats a significant devia­
tion from ideality. The activity of the -components of the 
system do not. change when isothermally crossing the two- 
liquid area. This means that the activity of the components 
can only change in the small areas of mutual solubility 
outside the two-liquid area. It is difficult to make a 
qualitative statement as to how this deviation should effect 
the ratio of the zinc in the phases.

The author hoped that the equilibrium temperature 
of the reaction would be indicated by a distinct change in 
the shape of the two-liquid surface or by a noticable change 
in the ratio of zinc between the phases. Neither of these 
thoughts is borne out by the information found.



FUTURE WORK

The following items would help to understand and 
expand the knowledge of the phase diagram in this thesis:

1. The data given in this thesis can be extended to 
higher temperatures and zinc concentrations if more elab­
orate experimental techniques are used„

2. The determination of the monotectic temperatures 
by melting point experiments would place another boundary 
on the two-liquid area and increase the faith in the 
accuracy of the sulfide surface.

3. The determination of the vapor pressure of zinc 
would give the activity of zinc in the two-liquid area.
By determining the compositions of the phases at one atmos 
phere pressure, another boundary would be placed on the 
two-liquid area.
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CONCLUSIONS

The general shape and tie lines of the two-liquid 
surface of the copper-zinc-sulfur phase diagram has been 
determined between 1125°C and 1250°C. The solubility of 
either liquid in the other has been found to decrease with 
increasing zinc content. The mutual solubility increases 
at higher temperatures.

The maximum zinc content of the samples at lower 
temperatures is limited by the solidification of the sulfide. 
This is probably the monotectic temperature. At the higher 
temperatures, the limitation on the zinc content is the 
high vapor pressure of zinc.

A plot of the ratio of the zinc contents of the two 
phases as a function of the zinc content of the brass is a 
smooth curve. The curves for the various isothermals are 
almost the same. The ratio decreases for the higher tempera­
tures .

Thermodynamic reasons are found for the shape of the 
two-liquid surface and the relative positions of the tie 
lines.

The monotectic •temperature appeared to increase as 
the zinc content of the system increases.

-93-



REFERENCES

ASTE Methods for Chemical Analysis of Metals, American 
Society"for Testing Materials, rSBUT

Chipman, John, ”Activities in Liquid Metallic Solutions
. /Discussions of the Faraday Society 4, 23-49 (1948)„

Flaschka, H.A., EDTA Tritrations, Pergamon Press, 1959„
Friedrich, K ., "Zinc Sulfide as a Constituent of Mattes," 

Metallurgie _5, 114-128 (1908) „ Translated.
Friedrich, K . and M. Waehlert, "Investigations of Layer-

Forming Systems," Metall und Erz 10, 976-979 (1913).
Hansen, Max, Consitution of Binary Alloys, Second Edition, 

McGraw-Hill Book Co., Inc., 1958.
Hultgren, Ralph, Raymond L. Orr, Phillip D. Anderson, and

Kenneth K . Kelley, Selected Values of Thermodynamic 
Properties of Metals and Alloys, John Wiley & Sons, 
I M S . ~ ~ ~  '

Johannsen, F . and H . Vollmer, "The System Copper-Copper 
Sulfide," Zeitschrift fur Erzbergbau and 
MetalIhuttenwessen 13, 313-322 (1960). Translated.

Krivsky, W . A., Thermodynamics of the Copper-Iron-Sulfur
System at Matte Smelting Temperatures, PhjD. Thesis, 
Massachusetts Institute of Technology, 1954.

Leitgebel, W ., "The Boiling of Certain Metals and Alloys at 
Atmospheric Pressure," Zeitschrift fur Anorganische 
und Allgemeine Chemie 202, 305-324 (1931) . Trans­
lated .

Nesterov, V. N . and V. D . Ponomarev, "The Vapor Pressure and 
Activity of Zinc Sulfide in the ZnS-CuzS System at 
1200-1400°," Izvestiya Akademii Nauk Kazakhskoi SSR 
(Bulletin of the Academy of Sciences of the Kazakh 
SSR), Seriga Metallurgii, Obogashcheniya i 
Ogheuporov (Series on Metallurgy, Dressing, and 
Refractory Materials), 3, 64-72, (1960). Translated 
Chemical Abstracts 55:6Tl6b .

-94-



95

Okunev, A . I., ’’Thermodynamics and Kinetics of the Inter­
action of Metallic Copper and Zinc Sulfide," 
Tsvetnye Metally (Non-Ferrous Metals) 28, #1, 41-45 
(1955). Translated. Chemical Abstracts 53:18609b.

Osborn, C . J ., "Graphical Representation MetallurgicalEquilibria," Transactions of American Institue of 
Mining and Metallurgical Engineers 188, 600-607 
(1950). ---

Reuleaux, 0 ., "Reactions and Equilibria in the System
Copper-Iron-Sulfur With Reference To Copper Ores," Metall und Erz 24, 99-111 (1927).

Richardson, F . D . and J . H . E . Jeffes, "The Thermodynamics 
of Substances of Interest in Iron and Steelmaking,’’ 
Journal of the Iron and Steel Institute (London) 
171, 165-175 (1952). -

Schuhmann, R ., Jr., and Q. W . Moles, "Sulfur Activities in 
Liquid Copper Sulfides," Transactions of the 
American Institute Mining and Metallurgical Engineers 
191, 235-241. (1951) .

Smith, D . B ., Thermodynamic Properties of Sulfur in Liquid 
Copper ,"M. S. Thesis, Massachusetts Institute of 
Technology 1952.

Strohfeldt, Erwin, "The Systems Copper-Zinc-Sulfur and Lead 
Sulfide-Cuprous Sulfide-Zinc Sulfide,’’ Metall und 
Erz 33, 561-572 (1936). Translated.

Welcher, J . Frank, The Analytical Uses of Ethylenediamine- 
tetraactic Acid, I).’ V an "Nos t rand Co., Inc ., 1958.


