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ABSTRACT

Two separate studies were undertaken to investigate 
several aspects of the Hanna Mining Company's ferro-nickel 
process at Riddle, Oregon.

The first study focused on determining the effects of 
varying reaction temperatures and carbon addition levels on 
the reduction of iron (ferrous and ferric) and nickel from 
molten Riddle ore with the objective of determining whether 
the more expensive ferro-silicon could be replaced with carbon.

The results indicated that violent slag foaming occurred 
for carbon addition levels equal to 0.5 and 1.0 percent by 
weight in the ferro-nickel at both 1540 and 1620°C. At the
0.2% carbon level, no slag foaming was detected at either 
reaction temperature. In addition, significant quantities 
of nickel were reduced from the molten ore at this level in 
amounts which increased with increasing reaction temperature. 
The effects on the iron units, however, were inconclusive.
These results suggest that a potential savings of ferro- 
silicon might be realized through carbon additions of up to
0.2 percent by weight in the molten ferro-nickel at Riddle. 
Indeed, rough calculations indicate that the current FeSi con
sumption rate might be reduced by approximately 16% for a 
yearly savings in excess of $500,000. Coke and iron carbide 
offer possible alternative carbon sources as do several 
others.
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The final study concentrated on determining the effects 
of temperature and composition on the viscosity of molten 
Riddle slag with the objective of identifying those changes 
in plant practice which might result in a decrease in slag 
viscosity and thus provide for:

(A) Decreased slag-metal droplet separation time 
following mixing.

(B) Decreased amounts of mechanically entrapped metal 
in the slag.

(C) Increased reaction kinetics (assuming diffusion 
control of the reactants).

(D) Reduced slag hold-up in reaction ladle.

The composition - temperature - viscosity results were subse
quently used to construct iso-viscosity contour lines on a 
nSiC>2 "-"MgO"-'FeO' ternary composition diagram, where "SiC^" 
was equal to the sum of the alumina and silica mole percents 
and "MgO" was equal to the sum of the magnesia and lime mole 
percents. The overall concentration ranges for the various 
components were

11 SiO>" : 40-55%
"MgO" : 46-58%
'FeO1 : 8-20%

The temperatures of interest included 1480, 1520, and 
1560 °C.

iv
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The important results of this study are

(1) The viscosity of the slag system is extremely temper
ature sensitive. The viscosity shows a significant 
increase with decreases in slag temperature for all 
compositions investigated.

(2) A "valley" of minimum viscosity exists extending 
through the region of interest at all temperatures 
investigated.

(3) The Riddle slag composition lies on the slope of a 
valley wall rather than in the valley itself. Further
more, the valley wall is sloped upwards in the direction 
of increasing magnesia content.

(4) In the direction of increasing magnesia content, the 
Riddle slag viscosity is affected, i.e. changed, to a 
much greater extent than for comparable changes 
(magnitudally) in the direction of increasing silica/ 
alumina contents.

(5) At higher temperatures, composition control of the slag 
is less critical than at lower temperatures. That is, 
at high temperatures, the viscosity is affected to a 
lesser degree for small composition changes than at a 
lower temperature for the same composition changes.

(6) It is possible to shift the composition of the Riddle 
slag in a direction of decreasing viscosity through 
small additions of silica and/or alumina, i.e. by
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decreasing the magnesia content of the slag. Such a 
shift could be achieved through additions of a high 
silica, low magnesia containing material. The float 
product of a heavy media treatment of Riddle rock reject 
might be a possible candidate.

The results of this final study indicate that it should 
be possible to alter the composition of the Riddle slag 
through appropriate "flux" additions resulting in decreased 
slag viscosity and possible process (smelting) improvement, 
bearing in mind points (A)-(D). However, further research 
is essential to determine whether decreased Riddle slag 
viscosities truly translate into economic savings.

The Brookfield viscometer arrangement used in this 
study was found to be well suited for elucidating the viscos
ities of the molten silicates at high temperature.

In addition to determining the viscosity information, 
fusibility measurements were obtained for each experimental 
slag composition. These results were subsequently used to 
construct iso-thermal contour lines on an equi-alumina plane 
of the SiC^-A^O^-MgO- 1 FeO1 composition pyramid. Important 
results included

(1) The experimental liquidus temperatures were found to be 
significantly lower than the temperatures indicated by 
the "pure" ternary diagram.
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(2) The iso-thermal contour lines in no way resemble the 
liquidus surface of the "pure" SiC^-MgO-'FeO' ternary 
phase diagram.

(3) The iso-thermal contour surface resembles the viscosity 
surfaces in general shape and location. An apparent 
"valley" of minimum liquidus temperature exists similar 
to those determined for the viscosity surfaces. Further
more, the Riddle slag composition lies on a slope of
the valley wall. In addition, enriching the Riddle slag 
composition with silica and/or alumina will move the 
Riddle slag in the direction of decreasing liquidus 
temperatures.
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1. INTRODUCTION

This thesis deals in large part with the viscosity of 
molten slags. Therefore, it seems pertinent to briefly 
review the current thinking concerning the structure and 
viscosity of molten oxides.

1.1 The Structure of Molten Oxides

1.1.1 General

Originally, it was believed that a liquid slag con
tained molecular compounds which dissociated into their com
ponent oxides to varying degrees depending on the composition 
and melt temperature (1). However, based on certain physical 
properties of molten oxide mixtures, e.g. electrical conduc
tivity, transport numbers, viscosity, surface tension, partial 
molar volume, and expansivity, the currently accepted theory 
envisions a melt containing largely cationic and anionic com
ponents (2,3,4,5,6,7). That is, the oxidic constituents of 
a melt are ionized to varying extents. In addition, the 
theory indicates that oxide melts containing certain 'network 
forming1 oxides such as silica, alumina, or phosphorous pent- 
oxide are actually polymeric fluids where the anions are 
present as macro-ions whose sizes (and shapes) are distributed 
about a definite mean (6,8,9,10).

Unfortunately, direct experimental evidence of the 
structures of oxide melts is limited owing to the difficulties
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associated with obtaining such information. The strongest 
such evidence, however, in support of the anionic polymer 
structure and distribution of sizes has been supplied pri
marily from investigations concerning phosphate glasses (8,11). 
Specifically, it has been possible using chromatographic methods 
to show that supercooled (glassy) phosphate melts richer in 
metal oxide than the metaphosphate, i.e. MPO^/ give rise to 
anions which consist primarily of long, nonbranching phosphate 
chains. Furthermore, for metal oxide compositions less than or 
closely approaching the metaphosphate, anionic ring structures 
and macro, three-dimensional (network) phosphate ions prevail.

Silicates and aluminates are not amenable to chromato
graphic analysis as no method is available to date which can 
bring the glasses of these melts into solution without appreci
able structural alteration. Hence, no conclusive direct ex
perimental evidence exists indicating that the aluminates and 
silicates form structural entities similar to the molten phos
phates. However, there is some indirect evidence to support 
such a hypothesis. To be sure, the low values of the entropies 
of fusion and the comparatively small changes in viscosity on 
melting suggest that no major structural changes occur on going 
from the solid to the liquid state. Thus, since ring, chain 
and "network" structures have been inferred from X-ray analyses 
of many common crystalline silicates and aluminates (12), it 
is reasonable to conjecture that these 'condensed' structures 
are maintained in large part on fusion.
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1.1.2 A Model for the Structure of Molten Oxides

The structure of pure silica is now fairly well estab
lished and many models have been proposed to explain the 
structural changes which occur when basic oxides are added 
to silica-rich melts. In pure solid silica, each silicon 
ion is tetrahedrally coordinated with four oxygen ions and
each oxygen ion is shared by two tetrahedra, i.e. linked to 

44-two Si ions (13, 14). The structure can be represented 
in two dimensions by the pattern in Figure 1A. Figure IB 
shows the corresponding tetrahedral pattern, where the tetra
hedra are linked together to form a three dimensional network 
of hexagonal cells (open and solid points are the centers of 
the oxygen and silicon ions, respectively). The structure of 
pure liquid silica is probably very similar although the 
periodicity and long-range order are largely absent.
Figure 1C demonstrates this diagramatically.

When a basic oxide is added to molten silica, the oxide 
is envisioned as ionizing to discrete metallic cations and 
oxygen anions. Furthermore, the oxygen ions 'react1 with 
the silica network by breaking Si-O-Si bonds binding the 
corners of adjacent tetrahedra. The cations remain near 
the separations and are accommodated within the holes or cells 
of the structure thereby providing for the necessary electro
neutrality. With progressive additions of basic oxide, the 
silica network is steadily broken down until eventually the



4

—  Si O  S i----------- O ----------S i-----------O —

o o o

—  Si-----------O ----------- Si----------- O ---------- Si----------- o —

o o o

—  Si---------- O -----------S i-----------O ---------- S i----------- O — -

B

FIGURE 1 - SCHEMATIC REPRESENTATION OF THE STRUCTURE OF PURE SILICA TO SHOW (A) TWO DIMENSIONAL PATTERN AND (B) TETRAHEDRAL ARRANGEMENT OF CRYSTALLINE SILICA, (C) REPRESENTS THE STRUCTURE IN THE LIQUID STATE.
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4-silica is present as discrete SiO^ groups. From stoichio-
4-m e t n c  considerations alone, this point of complete SiO^

formation will be reached when the moles of oxygen added to
the silica melt (as basic oxide) are just equal to twice the
moles of silica contained in the melt. For the alkali and
alkaline earth metal oxides, this point corresponds to a 66
mole percent metal oxide content in the molten silicate.
Further additions of basic oxide will result in no further

. 4-structural changes m  the SiO^ groups.
Most structural models proposed within the past twenty- 

five years are in agreement with the preceeding scenario.
The models, however, differ significantly when attempting 
to describe the various network structures which arise on 
addition of a basic oxide(s) to molten silica over the 
composition range 0 < total moles oxygen contained in basic 
oxide < 2 x moles silica in melt.

The "Iceberg" Model proposed by White et al. is the 
most consistent with regard to conforming to observed molten 
silicate properties. The Model is purely qualitative in 
nature and embodies to a large extent the same ideas set 
forth in the Discrete Polyanion Model suggested by Lowe, 
Mackenzie, et al.

In its essence, the "Iceberg" Model consists of the 
following:
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In the composition range 2 xmoles silica in melt ^
total moles oxygen added as basic oxide < «  (i.e. moles
of silica -* 0) , the molten silicate consists exclusively of

4-metallic cations, oxygen anions and SiO^ anions. In other
words, the melt contains no silicate structures larger than

4- . .the SiO^ monomer and the molten silicate is essentially
"structureless".

In the composition range moles silica in melt ^ total 
moles oxygen added as basic oxide § 2 xmoles silica in melt, 
the silicate anions form chains of the general formula 
sin0 3 n + i ^  whose average length decreases with increasing 
amounts of added basic oxide. However, for any given basic 
oxide composition within the range of interest, the dimers, 
trimers, and tetramers are considered to be the predominant 
structures, i.e. very long chains are highly improbable.
No free oxygen anions are present and the metallic cations 
are closely located near the chain extremities.

In the composition range 1/2 x moles silica in melt <, 
total moles oxygen added as basic oxide <, moles silica
in melt, the silicate anions form ring structures of the

6 — s—general formulas s^ 3 n°( 5 n+ 3 ) anc  ̂ S^4n°(8n+4)’ As ^or t*10
chain structures, the formation of very large rings is not 
likely. In addition, no free oxygen ions exist and the 
metallic cations surround the ring structures.
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In the composition range 1/9 x moles silica in melt ^ 
total moles oxygen added as basic oxide .< 1/2 x moles silica 
in melt, two distinct silicate structures are present. One
consists of ring structures based on the general formula

6 “Sign 0 ^ 2 n+ 3 )* T^e other consists of small, discrete 
"globules" or "icebergs" of pure, vitreous silica with its 
open-network structure described earlier in this sub-section. 
The occurrence of this latter structure accounts for the 
silica - silicate immiscibilities frequently encountered in 
many silicate systems. In addition, it also offers an 
explanation for the negligible change observed in the partial 
molar volume of silica within this composition range.

Finally, in the composition range 0 < total moles 
oxygen added as basic oxide 1 / 9 xmoles silica in melt, 
the network structure of pure molten silica is maintained; 
the structure becomes increasingly more "open" as the basic 
oxide addition approaches the upper limit of the composition 
range. In addition, a small amount of silica molecules 
exist resulting from thermal bond breaking in the network.

The structural changes occurring in other network- 
forming compounds, such as alumina and phosphorous pentoxide, 
with increasing additions of a basic oxide(s) can also be 
envisioned as successive steps involving network breakdown, 
anionic cyclo and chain formations and subsequently, a 
"structureless" melt containing metallic cations, oxygen
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anions, and the basic, anionic network units. The composition 
ranges will, however, be different.

1.2 Theory of Viscous Flow in Molten Oxides

It was shown in the previous sub-section that the 
currently accepted "picture" of the structure of a fused 
network-forming oxide, e.g. silica, containing a basic 
oxide(s) is largely that of discrete, anionic chain and ring 
structures of varying sizes and proportions, depending on 
the concentration of the basic oxide(s). In addition, the 
cations are monatomic, metallic ions (surrounding the anions) 
and are, hence, "structureless". The question now arises 
as to how the viscosity of the molten oxide mixture can be 
explained in terms of the structural entities present in 
the melt.

Viscous flow of a liquid is a transport process involving 
the movement of particles past particles. The process is 
based on elementary acts, each act consisting of two steps:
(1) holes are formed, and (2) the particles jump into these 
holes. The mean size of each hole is determined by the sur
face tension of the liquid; for molten silica, the range of

osizes is approximately 1 to 10 A.
For fluids with simple or non-associated structures, the 

overall rate of the transport process is dependent on the rate 
of hole formation since the 'particles' of the proper size
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(relative to the holes) already exist ready to "jump".
However, liquids which have associated or network-type 
structures do not generally contain 'particles' of a suffi
ciently small size to readily "fit" into the holes once they 
are formed. Instead, the flow entities, which are chain- 
and ring-type structures (see sub-section 1.1.2) of varying 
dimensions, must first undergo a bond-rupture step thereby 
producing a smaller kinetic 'particle' capable of "fitting" 
into the adjacent hole.* Since holes are readily formed 
(the rate of which is controlled by the vibrations of the atoms 
relative to each other), it follows that the overall rate 
of the transport process for network-forming melts is depen
dent on the rate of the bond-rupture step.

It has been established that viscous flow is an activated 
process, i.e. a minimum activation energy is required for a 
'particle' to move from one stable position to another (15,16,17). 
Thus, in a simple, non-associated liquid, the experimental 
activation energy for the transport process, i.e. viscous flow, 
will be determined by the enthalpy of hole formation, whereas 
for an associated, network liquid, the activation energy is 
that required to break the bonds of the network to produce 
smaller flow entities.

It is now possible to explain, i.e. relate, in a quali
tative way the viscosity of a fused network oxide to the 
structural components present in the melt.

*For molten silicates, the smallest possible anionic flow 
entity is the Siof” ion. This ion has an approximate 
"diameter" of 3 jL'
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Just above the melting point of a pure network oxide, 
the viscosity and, hence, the activation energy for viscous 
flow is very large, i.e. relative to the viscosity and acti
vation energy of a pure, non-associated oxide melt slightly 
above its respective fusion temperature. With increasing 
additions of a basic oxide(s) to the network oxide melt, the 
viscosity (and activation energy) will decrease dramatically 
approaching the viscosity of the pure oxide(s) in the limit. 
This occurrence can be explained by considering the structural 
changes which occur on additions of basic oxide(s). Specifi
cally, as was discussed in the preceeding sub-section, the 
structure of a pure molten network oxide is essentially that 
of a distorted macro-molecule with very small amounts of free 
oxide molecules present. Thus, although holes will be in 
abundance, there are very few flow entities, i.e. the free 
oxide molecules, available which can make the jumps resulting 
in bulk fluid flow. Hence, in order for flow to occur, 
significant bond-breaking must take place creating smaller 
flow entities capable of making a jump. The activation energy 
is accordingly very high with a resulting high fluid viscosity.

When a basic oxide(s) is added to the molten network 
oxide, the oxygen ions (from the dissociated basic oxide) 
rupture the network bonds thereby producing smaller flow 
entities, the amounts and sizes of which are dependent on the 
quantity, i.e. moles, of added oxide. Hence, the addition of
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a basic oxide(s) accomplishes the task of producing additional 
flow entities capable of making jumps into adjacent holes. 
Therefore, less energy must be expended to create appropri
ately sized kinetic "particles" and the activation energy 
and, hence, the viscosity of the melt will decrease.

From the preceeding discussion, it would appear that 
the viscosity and, hence, the activation energy for viscous 
flow of a network oxide containing a basic oxide(s) is inde
pendent of the type of basic oxide added, i.e. that the 
activation energy and viscosity of, for example, a molten sili
cate containing a certain concentration of a basic oxide will 
be equivalent to the activation energy and viscosity of a 
molten silicate containing a different basic oxide at the 
same concentration* and temperature. Figure 2 indicates that, 
for a given valence of the metallic cation, the activation 
energy for the binary silicates is indeed largely independent 
of the type of basic oxide added. However, the activation 
energy changes significantly with changes in the cationic 
valency, i.e. from +1 to +2. This difference is believed to 
result predominantly from the differences in the ion-oxygen 
attractions of the metallic cations. For example, the attrac
tion of the alkaline earth metal cations for oxygen are 
approximately twice as great as for the alkali metal cations

*The concentration equivalence is relative to the moles of 
oxygen contained in the basic oxide which are contributed 
to the silica network.
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(18). Thus, the higher valent cations would tend to hinder 
the movement, i.e. the jumping, of a flow entity into a hole 
through the force of its attraction for an oxygen atom at 
the site of the network rupture. This "hinderence" would 
translate, therefore, into a greater activation energy for 
viscous flow.

Figure 3 indicates that, as for the activation energy 
for viscous flow, the viscosity of a binary silicate is 
largely independent of the type of basic oxide so long as 
the valency of the metallic cation and the concentrations of 
the basic oxide are the same.

It would seem reasonable to expect that the activation 
energies and, especially, the viscosities of ternary and 
higher order silicate melts containing metallic, basic 
oxide cations of like charge would correspond quite closely 
to the viscosities of silicates containing a single basic 
oxide of equivalent charge and overall concentration. This 
is found generally not to be the case. Although most basic 
oxides of like charge can replace, i.e. substitute for, one 
another over limited molar concentration ranges with little 
or no effect on the viscosity of the melt, the viscosity 
changes significantly if "replacement" is attempted beyond 
these limites (which vary greatly between basic and network 
oxides). The breakdown in the extent of compound "replace
ment" is largely the result of ionic interactions between 
the dissimilar metallic cations.
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1.3 The Hanna Mining Company's Ferro-Nickel Operation at
Riddle, Oregon

As is apparent by now, the intent of this thesis is to 
present the findings of an investigation concerning several 
aspects of the Hanna Mining Company's ferro-nickel operation 
at Riddle. However, prior to proceeding with these findings, 
it is deemed appropriate to first acquaint the reader with the 
overall Riddle operation in general and the ferro-nickel 
smelting process in particular.

Figure 4 is the flowsheet of Hanna's ferro-nickel 
operation.

The Riddle ore is obtained by open-cut mining methods 
from lateritic deposits grading about 1.3% nickel. The ore 
is crushed and sized at the mine site; a coarse, low-grade 
^raction is rejected, and minus 3-inch material is transported 
by aerial tramway two miles to the smelter where it is 
deposited in a large stockpile.

The ore is reclaimed from the stockpile and conveyed to 
four rotary kiln dryers in parallel for removal of the 15 to 
25% free moisture it contains. Free moisture in the ore is 
reduced to below 5%. The dried ore analyzes, in percent by 
weight: 1.4 nickel, 0.02 cobalt, 8 to 15 iron, 25 to 35
magnesia, 45 to 55 silica, 2 alumina, 1.5 chromic oxide, and
1.5 1ime.
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The ore is discharged from the dryers onto a triple-deck 
shaking screen. The top screen separates at 1 1/4-inch; the 
oversize is a low-grade material which is rejected (PRIMARY). 
The intermediate screen is set at 5/16-inch. The oversize 
material is sent to a cone crusher and then to a separate 
screening and crushing circuit. The undersize falls onto 
the lower screen which separates at 20 mesh. The oversize 
material is sent directly to (six) ore-to-process storage 
bins. The undersize goes to a ore-to-process fines storage 
bin.

The separate screening and crushing circuit mentioned 
above rejects all +5/16-inch material (INTERMEDIATE). The 
-5/16-inch material reports to the ore-to-process storage 
bins.

The coarse and fine ore fractions are pre-heated in 
different units. The coarse material is fed to two, parallel 
rotary kiln calciners; the fine material goes to two 
Herreshoff roasters.

The pre-heated ore fractions are subsequently charged into 
four, three-phase, open top, hydraulically tilted electric fur
naces 26 feet in diameter equipped with three 40-inch self-baking 
electrodes. The furnaces are gravity fed continuously, except 
when tilted to pour the melt. The potential across the elec
trodes is maintained around 700 volts. The electrodes func
tion open arc with the tips a little above the surface of the 
melt so as to minimize reducing reactions with the electrode
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carbon. The furnace walls are water-cooled to freeze ore 
to the shell thereby providing them with necessary refractory 
protection. The molten pool in the furnace contains up to 
175 tons of material.

There are two parallel ferro-nickel producing lines.
Each includes a pair of electric furnaces that are tapped 
alternately, a skip mixer and its reaction ladles, slag ladles, 
and two remotely controlled turntables. The reaction and 
slag ladles are on self-propelled, remotely controlled cars, 
and the turntable expidites their handling.

When a furnace is tapped, about 15 tons of molten ore 
is poured into a reaction ladle, which is then positioned in 
one side of the skip mixer. In the other side is a second 
ladle that contains approximately 11 tons of molten ferro- 
nickel (regular production crude metal). The skip mixer 
raises the ferro-nickel ladle and pours its contents into 
the ladle of molten ore. Simultaneously, finely crushed 
ferro-silicon (48% Si) produced at the smelter is added to the 
stream of FeNi. The filled ladle is then raised, and the 
mix poured back into the empty ladle. This back-and-forth 
mixing procedure is continued for a total of seven pours.
Adding production crude metal and ferro-silicon to the 
molten ore gives rise to a series of rapid reducing reactions. 
These reactions will be discussed in the following sub-section.
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At the end of the last pour, the ladle containing the 
mix is allowed to stand for approximately three minutes to 
promote slag-metal droplet segregation. The slag is then 
decanted into a slag ladle which is subsequently granulated 
by pouring it through high-pressure water jets.

During each reaction cycle, which takes about 17 minutes, 
half a ton of ferro-nickel is produced which combines with the 
original production crude metal.

The cycle is repeated until approximately 15 tons of 
ferro-nickel are contained in the ladle. Four tons of ferro- 
nickel are then removed and dispatched to the refining furnace.

The refining furnace is a three-phase, closed top 
electric furnace. The molten ferro-nickel is covered with a 
blanket of iron ore and lime to oxidize and stabilize, respec
tively, the phosphorous in the metal. The resulting slag is 
subsequently skimmed off and the blanketing procedure repeated 
twice more.

After the final skimming, ferro-silicon is added for 
deoxidation. The refined ferro-nickel is then teemed into a 
standard pig casting machine where the metal is cast into 28 
pound pigs.

The ferro-nickel produced assays 48.5% nickel and 50% 
iron with silicon, copper and cobalt making up the balance.
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1.3.1 Chemistry of the Hanna Ferro-Nickel Process

The Hanna process for reducing iron and nickel from 
molten ore using a (ferro-) silicon reducing agent is based 
in large part on the Ugine process, patented by Rene Perrin 
in France. This process involves the addition of a suitable 
reducing agent to a molten oxide ore in the presence of molten 
ferrous metal and using violent agitation for mixing the 
reducing agent and molten material. The exothermic heat of 
reaction assists in maintaining a sufficiently high tempera
ture during the mixing cycle.

Mixing production crude metal and ferro-silicon with the 
molten ore gives rise to a series of rapid reduction reactions 
which occur largely according to the thermodynamics of the re
duction reactions. Specifically, ferric iron is reduced to fer
rous iron followed by nickel oxide to metallic nickel and lastly 
ferrous iron to metallic iron. In descending order of 
occurrence, the reactions are

(1) 2Fe20 3 (slag) + (Fe)Si = 4FeO(slag) + SiC>2 + (Fe) *

(2) 2NiO(slag) + (Fe) Si = 2Ni° + SiC>2 + (Fe)

(3) 2FeO(slag) + (Fe)Si = 2Fe° + SiC>2 + (Fe)

Since reaction (2) starts before (1) is completed, and (3) 
before (2) is completed, some nickel is reduced before all

*Parentheses indicate that the iron content of the ferro- 
silicon joins the ferro-nickel produced by silicon reduction.
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trivalent iron is reduced and some divalent iron is reduced 
before all nickel is reduced. Thus, some divalent iron must 
be reduced in order to assure a high nickel recovery from 
the ore.

Reactions (1) — (3) are highly exothermic and generate 
sufficient heat to maintain the melt in a molten state 
during mixing.

The production crude metal also enters into the reduction 
process according to the reaction

(4) Fe (FeNi) + Fe20 3 (sla^ ) = 3FeO(slag)

Reaction (4) decreases the net ferro-silicon consumption 
rate by "freeing" some of the silicon which normally would 
have participated in reaction (1) to participate in reaction 
(2) .

1.4 Purpose of this Study (General) - Introductory Note

The subsequent (sub)sections of this thesis will be 
concerned with the experimental research work conducted on 
several aspects of the Hanna Mining Company's ferro-nickel 
operation at Riddle, Oregon. For simplicity, the two aspects 
dealt with will be referred to as Phase I and Phase II 
research.

Phase I will be concerned with the carbon reduction 
investigations of molten Riddle ore samples.
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Phase II, where the major emphasis of the combined 
research has been placed, will deal with the temperature- 
composition effects on the viscosity of molten Pviddle slags.
In addition, the effects of composition on the resulting 
slag liquidus (fusion) temperatures* will be examined.

1.5 Purpose of the Research - Phase I

The purpose of this initial phase of research was to 
investigate the feasibility of replacing a portion of the 
ferro-silicon reducing agent in use at Riddle with carbon.
In particular, it was desired to determine at what point, i.e. 
for what carbon concentration in the molten ferro-nickel, 
significant slag foaming occurred and whether iron and nickel 
could effectively be reduced from the molten ore.

As ferro-silicon is, relatively, much more expensive than 
carbon, any replacement might result in a significant financial 
savings over the long term.

*Throughout the rest of this thesis, the terms "liquidus 
temperature" and "fusion temperature" will be used inter
changeably and will refer to that temperature at which a 
slag just becomes completely molten.
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1.6 Experimental Outline - Phase I

This phase of the research was conducted in two 
parts.

Part I was more of a preliminary nature intended to 
determine the suitability of graphite reaction crucibles for 
the subsequent reduction experiments of Part II.

The testwork involved charging as-received Riddle 
ferro-nickel shot and Riddle ore into a graphite crucible 
and fusing the contents in an induction melting furnace at 
1482°C (2700°F). The contents were maintained at temperature 
for 20, 45, and 60 minutes after which time molten slag and 
button samples were obtained for subsequent chemical 
analysis.

The experimental matrix is included below.

EXPERIMENT
NO.

REACTION 
TEMPERATURE, °C

REACTION 
TIME, MIN.

RIDDLE 
FeNi SHOT, GM

RIDDLE 
ORE, GM

1 1482 20 320 270
2 1482 45 320 270
3 1482 60 320 270

Part II of this phase was more involved. The experi
ments were conducted using high purity alumina crucibles 
after the preliminary testwork demonstrated that the graphite 
reaction crucibles were highly unsatisfactory.
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Given amounts of as-received Riddle ferro-nickel shot 
were blended with enough ferro-nickel-carbon alloy (prepared 
previously and analyzing 3.14% by weight carbon) to result in 
the desired carbon content in the button. The mixture was 
charged into the bottom of an alumina reaction crucible and 
a given amount of as-received Riddle ore charged on top of 
the button.

The crucible contents were fused in an induction melting 
furnace at two various reaction temperatures for a single 
reaction time.

Slag and button samples were taken for subsequent 
chemical analysis.

The experimental matrix is tabulated below.

EXPERIMENT
NO.

REACTION 
TEMPERATURE,°C

REACTION 
TIME, MIN.

RIDDLE Fe
Ni SHOT, GM

RIDDLE 
ORE, GM

WT % CARBON 
IN BUTTON

1 1540 20 -230 200 0
2 1620 20 -230 200 0
3 1540 20 -230 200 0.2
4 1620 20 -230 200 0.2
5 1540 20 -230 200 0.5
6 1620 20 -230 200 0.5
7 1540 20 -230 200 1.0
8 1620 20 -230 200 1.0
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Experiment No.'s 1 and 2 were intended as experimental
baselines against which the performance of the carbon reduction
runs could be compared.

1.7 Purpose of the Research - Phase II

The purpose of this phase of research was to determine
the affects of temperature and overall composition on the 
viscosity of molten Riddle slags and ultimately to construct 
iso-viscosity contour lines on appropriate ternary composi
tion diagrams. Viscosity trends with composition and temper
ature might then be obvious thereby enabling the accurate 
prediction of process changes necessary to achieve reduced 
slag viscosities.

Reduced slag viscosities are of interest to the Riddle 
operation from several standpoints. Some of the more impor
tant include

(1) Decreased slag-metal droplet separation time 
following mixing.

(2) Decreased amounts of mechanically entrapped metal 
in the slags.

(3) Increased reaction kinetics (assuming diffusion 
control of the reactants).

(4) Reduced slag hold-up in reaction ladle.
Each of these points has the potential of saving money over the 
long term.
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In addition to the viscosity-composition-temperature 
information, it was desired to determine the composition 
affects on the resulting slag liquidus temperatures. In 
this way, it might be possible to construct a plot of the 
liquidus surface on a ternary composition diagram. This 
information could then be used to predict the expected 
changes in the fusion temperatures of a sla^ whose composition 
has been altered by a known amount.

1.8 Experimental Outline - Phase II

All experimental testwork was conducted within the 
ternary composition region bound by the limits (in percent 
by weight):

Si02 : 45-60%
MgO : 25-35%
'FeO' : 10-25%

This region is shown diagramatically as the cross-hatched 
area in Figure 5. The closed circle denotes the as-received 
Riddle slag composition.

Table 1 is a tabulation of the desired* experimental 
compositions (referred to as 'points') selected for vis
cosity and fusibility measurements. Although the bulk of 
the points fall within the region of interest, a few were

*For reasons to be mentioned in a subsequent section, the 
compositions of the equilibrated slags differed significantly 
from the initial, as-mixed (desired) slags.
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Table 1 - DESIRED EXPERIMENTAL COMPOSITIONS 
(POINTS) SELECTED FOR THIS STUDY

Weiqht Percents
Point % Si02 % MgO % 'FeO'

A 55.0 35. 0 10.0
B 60.0 30.0 10.0
C 60.0 25.0 15.0
D 50.0 25. 0 25.0
E 45.0 30.0 25.0
F 45.0 35.0 20.0
A' 50.0 35.0 15.0
B 1 55.0 30.0 15.0
C ’ 55.0 25.0 20.0
D' 50.0 30.0 20.0
E' 50.0 32.0 18.0
F» 55.0 32.0 13.0
G' 55.0 28.0 17.0
H' 50.0 28.0 22.0
1 61.0 22.6 15.5
2 60.0 33.0 7.0
3 50.0 37. 0 13.0
4 55.0 35.0 10.0
5 50.0 25.0 25.0
6 58.0 32.0 10.0
7 59.2 31. 3 9.5
8 48.1 27.1 24. 8
9 45.0 30.0 25.0

10 53.8 36. 3 9.9
11 48.1 34.6 17. 3
12 59.6 27.3 13.1
13 44.7 32.2 23.1
14 53.9 25.1 21.0
15 52. 7 37.9 9.4
16 52. 3 34. 9 12. 8
17 52.0 30. 8 17.2
18 51.9 26.9 21. 2
19 56.1 30.2 13. 7
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chosen around the outer perimeter to better define the 
iso-viscosity lines inside the region.

The slag compositions were obtained by mixing 
(fluxing) seventy grams of as-received Riddle slag with the 
appropriate amounts of powdered silica, magnesia, and 
magnetite. It should be noted here that the experimental 
slag compositions were not true ternary mixtures of SiO^
MgO, and 'FeO' as Figure 5 and Table 1 would suggest. Instead, 
the slags contained small amounts of lime, chromic oxide, and 
alumina, all of which were present in the as-received Riddle 
slag as naturally occurring "contaminants". However, it was 
possible to sum these components with the appropriate ternary 
constituents in a way which considered only their effects on 
the viscosity of the molten slag. Hence, the experimental 
slag compositions could be expressed as a ternary mixture 
of"SiO^'z "MgO" and 'FeO'.

As-received ferro-nickel shot was charged into the bottom 
of a high-purity alumina reaction crucible and the experimental 
slag charged on top of the button. The crucible contents 
were subsequently fused in an induction melting furnace and 
slag viscosity measurements taken at 1560, 1520, and 1480°C.

The equilibrated slags were saved for chemical and 
fusion analysis.

The viscosity and fusion results were used to construct 
iso-viscosity and iso-thermal (liquidus) plots on appropriate 
ternary diagrams.
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2. EXPERIMENTAL APPARATUS AND PROCEDURE

2.1 Experimental Apparatus - Phase I

Apparatus and equipment used for the first phase of 
research included:

(1) Induction Melting Furnace - Control Unit
(2) Electronic Digital Thermometer
(3) Re-5%W, Re-26%W Thermocouple
(4) Argon Purging Gas
(5) Graphite and Alumina Reaction Crucibles

2.1.1 Description of Experimental Equipment

As was mentioned in the first section, Phase I 
research consisted of two separate parts; Part I concerned 
the preliminary carbon reduction experiments conducted using 
graphite reaction crucibles. Part II dealt with the carbon 
reduction experiments using recrystallized alumina reaction 
crucibles. Although both parts used largely the same 
equipment and followed essentially the same experimental 
procedure, there were some significant differences which 
warrant discussion of each part separately.

Therefore, throughout the remainder of this section, 
each sub-section will be noted as to the part(s) to which it 
refers.
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2.1.1.1 The Induction Melting Furnace 
General Discussion

Induction furnaces are ideally suited for achieving 
elevated temperatures beyond the reach of most resistance- 
type heaters or when conditions are not suitable for forced- 
gas heating.

Heating in an induction-type furnace differs from that 
in resistance and forced-gas furnaces in one major respect; 
the sample is heated from "within" by an induced current 
as opposed to being heated from "without" due to radiation 
and conduction losses from the furnace walls to the sample. 
The current is induced in the sample by placing it inside an 
alternating magnetic field which itself is set-up by an 
external alternating current. Actually, the induced current 
is "made" to flow through the sample at a certain nominal 
depth by controlling the frequency of the alternating 
current. The higher the frequency, the less the depth of 
penetration of the magnetic field will be resulting in a 
smaller current flux in the sample and a longer heating 
rate. Conversely, the lower the frequency is, the greater 
will be the penetration depth and hence, the shorter the 
heating rate. Therefore, choice of the current frequency for 
a given material is dependent on the mass and desired heating 
rate. In addition, for a given frequency, two dissimilar 
materials of equal mass will not heat at the same rate.
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Hence, the choice of frequency must also depend on the type 
of material. In general, though, it can be stated that most 
materials fall within the following mass-frequency ranges 
(yielding identical heating rates):

<1 lb. : >10,000 Hz
10-50 lbs : 2,000-4,000 Hz

300-2000 lbs : >1,000 Hz

An apparent shortcoming of an induction-type furnace is 
that, for obvious reasons, the sample must be electrically 
conducting in the solid state. However, this problem can 
be overcome if the sample is contained within a material 
which is a conductor but is not itself fused (within the 
temperature range of interest). Graphite, for example, is 
such a material commonly used. In this instance, then, an 
induction furnace would behave as a resistance-type furnace 
in as far as the mode of sample heating is concerned.

2.1.1.2 Induction Furnace and Control Unit - Parts I and II

For this study, an Inductotherm Model 30 induction fur
nace control unit and an Inductotherm 30 pound induction 
furnace were used. Figures 6 and 7 show views of these two 
apparatus, respectively. The power generator (located inside 
the control unit) is rated at 30 kw and 400 volts and supplies 
a current at a constant, unadjustable 4200 Hz frequency to the
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induction furnace via two high voltage cables connected 
to the bottom of the furnace. Connected to the back of the 
furnace are two water cooling hoses through which water is 
pumped at a rate of 1.2 GPM under 30 psi pressure. The 
water hoses are connected to a 24-turn copper cooling coil 
inside the furnace which also serves as the induction coil, 
i.e. the power cables also connect up to the copper coils at 
the bottom of the furnace thereby allowing the alternating 
current to flow through the coils. In so doing, an alter
nating magnetic field is created which surrounds the 
coils. Since most slags are not electrically conducting in 
the solid state, a graphite susceptor was used and situated 
between the coils. The magnetic field penetrates the suscep
tor thereby inducing in the graphite an alternating electric 
current resulting in resistive heating. A 4 in. diameter 
by 6 in. deep hole was machined in through the top of the 
susceptor allowing access for sample crucibles. Between the 
copper coils and graphite susceptor, a 1/2 in. thick layer 
of periclase powder was rammed to insulate the susceptor 
from the cooling coils. Figure 8 shows a schematic cross- 
sectional view of the furnace including power and water 
hook-ups.

2.1.1.3 Temperature Measurement System - Parts I and II

Temperature measurements were obtained using a 
Re-5%W, Re-26%W thermocouple constructed of 0.01 in.
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diameter Re-5%W and 0.01 in. diameter Re-26%W wires sheathed 
in a 2-hole alumina insulator. The thermocouple was pro
tected by a 5/32 in. O.D. by 6 in. long closed-one-end 
alumina tube. Output from the T.C. was displayed on an 
Omega Model 2168A, 8 channel electronic digital thermometer.

2.1.1.4 Reaction Crucibles - Part I

Conical, 500 ml, high-quality graphite ("Plumbago") 
reaction crucibles were used for each of the preliminary 
experiments conducted.

2.1.1.5 Protection and Reaction Crucibles - Part II

Conical, 250 ml, recrystallized, 99.8% alumina cru
cibles were used as the reaction crucibles for all experi
ments .

Alumina was chosen because of its well known chemical 
non-reactivity and very high fusion point. Indeed, the 
molten ore did not react with or flux the alumina crucible. 
However, the molten Fe-Ni-C alloy was apparently very reactive 
with the alumina resulting in severe wear and often break
through during the coarse of a run. Thus, in order to pro
tect the graphite susceptor from crucible spillage, the alumina 
crucible was placed inside a 500 ml graphite protection 
crucible. In addition, owing to the very poor thermal shock 
resistance of the alumina, a small amount of magnesia powder
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was first charged into the bottom of the graphite crucible 
thereby offering a thermal cushion for the alumina crucible.

2.1.1.6 Purging System - Parts I and II

U.S.P. grade argon was used to purge the furnace in 
the region of the reaction crucible via a mullite lance 
pushed through a hole drilled into the refractory bricks 
sealing the mouth of the furnace. The purge was used in an 
effort to maintain a sufficiently low oxygen potential so 
as to minimize reoxidation of the reduced reactants, i.e. 
nickel and iron, in the slag, as well as oxidation of the 
graphite reductant (Part II, only).

2.2 Experimental Procedure - Phase I

2.2.1 Experimental Preliminaries - Part II

2.2.1.1 Master Alloy Preparation

Carbon (in the form of graphite) was added to the 
Fe-Ni shot at the beginning of each run (requiring an 
addition*) in the form of an Fe-Ni-C master alloy of known 
carbon content. This was decided on, as opposed to charging 
the appropriate amount of powdered graphite separately with 
the ferro-nickel shot, to insure reproducibility and precise 
control over the amount of carbon actually present during a

*As will be described shortly, several experiments were con
ducted with no carbon additions to the ferro-nickel.
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run. More specifically, powdered graphite will expose a 
much greater surface area to the furnace atmosphere than 
will the alloyed carbon particles. If conditions in the 
furnace were sufficiently oxidizing, the graphite particles 
would be expected to oxidize to a much greater extent than 
the alloyed graphite. Of course, once the Fe-Ni shot 
fuses, the graphite particles will no longer be "exposed".
But this will not occur until around 1440°C and after approxi
mately 75 minutes, the average time required per run to reach 
this temperature. Hence, significant quantities of graphite 
may have oxidized prior to 1440°C introducing considerable 
error and uncertainty into the results. Thus, alloyed 
graphite was the choice.

The Fe-Ni-C master alloy was prepared by mixing 
twenty-five grams of powdered graphite (technical grade) 
with 600 grams of as-received Fe-Ni shot in a 500 ml graphite 
crucible. The crucible was then placed in the induction 
furnace unit previously described and subsequently brought 
to 14 70°C under an argon purge. After 20 minutes, the cru
cible was removed from the furnace and the molten contents 
cast into an 8 in. x 3/2 in. x 3/2 in. iron ingot mold and 
allowed to cool.

2.2.1.2 Alloy Homogeneity and Carbon Content

To check the homogeneity of the alloy ingot (with respect 
to carbon), eight equi-spaced, 1/4 in. diameter holes were
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drilled through the bar along its length. The filings 
from each hole were subsequently analyzed on a LECO Carbon 
Analyser. The results for each hole were within 0.02 w/o 
carbon of one another yielding an overall ingot compositional 
average of 3.14 w/o C.

2.2.1.3 Sample Preparation &
(A) As-received ore - Parts I and II: Approximately four 
pounds of as-received ore were crushed to 100% -3 +8 mesh.
This was done so that the ore could be more tightly packed 
into the reaction crucibles, as the as-received ore chunks 
from Riddle averaged approximately 5/8 in. (screen).

The crushed ore was subsequently placed in a plastic, 
two gallon drum and rotated on ball-mill rollers for 24 hours 
to insure homogeneous mixing of the sample. All ore samples 
used for each experiment were then drawn from the plastic 
drum.

(B) As-received Fe-Ni shot - Fe-Ni-C alloy blending - Part II: 
For those runs not requiring a carbon addition, as-received 
ferro-nickel shot with no special pre-treatment, i.e. mixing 
or sizing, was used. However, runs requiring carbon additions 
were prepared in the following manner.

Since the carbon was in the form of an Fe-Ni-C alloy, 
it was necessary to blend the alloy with enough as-received
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Fe-Ni shot to obtain the desired carbon concentration in 
the ensuing molten button.

Arbitrarily, it was decided to use 200 grams of Fe-Ni 
shot. The following equation was then developed to enable 
calculation of the required weight of master alloy necessary 
to yield the desired carbon content in the button when 
blended with 200 grams of ferro-nickel shot:

^  = (3.14/%C)-1' Where m  is

the weight in grams of master alloy required and %C is the 
desired weight percent carbon in the blended-button.
Table 2 is a tabulation of the blending results using the 
above equation and the carbon contents of interest in this 
study.

Half of the master alloy was then sectioned into approxi
mately thirty gram slices, some of which were subsequently 
sectioned into quarters. By combining the right combinations 
of slices, it was then possible to fall within a few grams 
less of the desired weight for each composition. Alloy 
filings obtained by drilling more holes into the remaining 
half of the ingot were then added to give the required 
weight.
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Table 2 - BLENDING RESULTS FOR PHASE I,
PART II RESEARCH

w/o CARBON 
IN BUTTON

WEIGHT OF 
MASTER ALLOY (GM)

WEIGHT OF BLENDED 
BUTTON (GM)

0 0 200

0.2 13.6 213.6

0.5 37.9 237.9

1.0 93.4 293.4
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2.2.2 Experimental Procedure

2.2.2.1 Part I

Three-hundred-fifty grams of as-received ferro-nickel 
shot were charged into a pint jar and briefly hand-agitated. 
Thirty grams were then removed and placed in a sample vial 
(sample designation SE). The remaining Fe-Ni was subse
quently charged into the bottom of a 500 ml graphite reaction 
crucible.

Three-hundred grams of crushed, as-received ore were 
placed in a pint jar and mixed and sampled as above (sample 
designation OR). The jar contents were then charged into 
the graphite crucible on top of the Fe-Ni shot.

A round, 3/16" thick graphite lid with a small 1/8" 
deep counter-sunk hole in the top center was fitted on the 
crucible. The crucible assembly was then placed inside the 
graphite susceptor of the thirty-pound induction furnace 
which was subsequently sealed by placing refractory bricks 
over the mouth.

The refractory bricks contained two holes as access to 
the crucible region in the furnace. A Re-5%W, Re-26%W 
thermocouple in an alumina sheath was pushed through its 
respective hole down into the counter-sunk hole in the cru
cible lid. A 3/16 in. O.D. by 7 in. long mullite tube 
attached to one end of a six foot piece of Tygon tubing
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was introduced into the remaining access hole as a purging 
lance. The other end of the Tygon tube was connected to 
an argon cylinder.

By a four-step process to be described under sub-section
2.2.2.2, the crucible was heated to and maintained at 1482°C. 
The reaction time at temperature was varied from 2 0 to 45 
to 60 minutes.

At the end of the reaction time, molten slag and metal 
button samples were obtained in the following manner.

After removing the T.C. and purging lance, the refractory 
bricks were removed thereby exposing the reaction crucible.
A 1/4 in. O.D. x 10 in. long Vycor tube was rapidly inserted 
down through the slag layer into the molten ferro-nickel 
button and a small quantity suctioned up into the tube by a 
syringe attached to one end of the tube via a 6 in. long 
rubber hose (sample designation MT). The Vycor tube was 
then removed and a 1/8 in. O.D. x 24 in. long stainless steel 
rod was quickly swirled in the slag thereby removing a 
sample adhered to the rod tip (sample designation SL).

The reaction crucible was subsequently removed from the 
furnace and the contents cast into a conical mold which, on 
cooling, yielded a metal phase (sample designation RM) and a 
slag phase (sample designation RS).

The samples MT and SL were obtained in the preceeding 
manner so that the slag and button samples would accurately
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reflect their reacted states after the prescribed reaction 
time. More specifically, if the crucible were allowed to 
slowly cool inside the furnace, further uncontrolled 
reaction would occur between the molten button and slag.
Hence, the reacted states of the cooled slag and button samples 
would not be expected to be representative of their high 
temperature counterparts. This method of sampling was 
abandoned during the subsequent alumina crucible experiments, 
however, after it was determined that the molten slag and 
button could be cooled below their solidus temperatures very 
rapidly (less than 30 seconds) simply by removing the crucible 
from the furnace and placing it on a 1/4 in. thick sheet of 
stainless steel plate at ambient conditions.

The RS and RM-type samples were obtained as checks to 
determine how representative the SL and MT samples were of the 
total slag and button. These samples were also discontinued 
during the subsequent testwork (conducted using alumina 
crucibles) as the crucible contents were allowed to solidify 
inside the reaction crucibles. In addition, for reasons to be 
discussed in the following section, the RS-type samples were 
found to contain significantly higher amounts of free metal 
than the SL-type samples. The anticipated comparisons, 
therefore, were not possible.
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2 . 2 . 2 . 2 Part II

Two-hundred-thirty grams of as-received Fe-Ni shot were 
charged into the bottom of an alumina crucible and briefly 
mixed by hand-agitation. Thirty grams were removed and 
placed in a sample vial (sample designation SE). The 
appropriate amount of master alloy was then charged on top of 
the shot and the crucible again briefly agitated.

In another crucible, 200 grams of crushed, as-received 
ore* plus 30 grams excess were charged and briefly mixed as 
before. Again, the excess ore was removed and stored in 
a sample vial (sample designation OR). The ore remaining 
in the crucible was subsequently poured into the first on 
top of the Fe-Ni-C "button".

A small amount of powdered magnesia was charged into 
the bottom of a 500 ml graphite protection crucible thereby 
separating the graphite from the alumina reaction crucible, 
which was subsequently placed on top of the magnesia.

The entire crucible assembly was then placed inside the 
graphite susceptor of the thirty-pound induction furnace 
and refractory bricks placed over the mouth thereby sealing 
the furnace. Two holes were drilled through the bricks as
access to the crucible region in the furnace for the thermo
couple and argon lance.

*The weight of ore sample used for each experiment was also 
arbitrarily chosen at 200 grams.
The amount of ore was held constant so that the carbon reduc-

tant would be the only mass variable between experiments. That
is, the amount of reducible metal oxides was the same for each 
experiment- only the amount of carbon and "neutral" ferro-nickel 
(in the button) changed.
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A Re-5%W, Re~26%W thermocouple inside an alumina 
protection tube was pushed down through the appropriate 
hole to its final position between the two crucibles with the 
T.C. bead resting close to the ferro-nickel ore interface.
This distance was determined previously by marking the thermo
couple sheath.

A 3/16 in. O.D. by 7 in. long mullite tube attached to 
one end of a six foot piece of Tygon tube was introduced into 
the remaining access hole as a purging lance. The other end 
of the Tygon tube was connected to an argon cylinder. See
Figure 9 for a schematic view of the experimental set-up
discussed to this point.

The cooling water to the furnace was turned on to 30 psi, 
after which the furnace generator was started by a push button 
located on the front of the control unit. With the amperage 
turned to zero (by means of a turning dial also located at
the front of the control unit), the "Field Control" button
was depressed thereby closing the electric circuit to the 
furnace allowing the inducing current to flow.

The current was increased in four separate, fifteen 
minute intervals to the miximum allowable current of 75 AMPs. 
The first two intervals, the current was increased 15 AMPs/ 
interval. The third interval, the current was increased 20 
AMPs and finally, 25 AMPs the last interval. This "stepwise" 
heating was done to avoid thermal shock of the alumina
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crucible and T. C. sheath as a result of heating the furnace 
too rapidly.

Toward the end of the first interval, the crucible 
temperature was around 300°C, at which time the argon gas 
purge was turned on at a rate of approximately 150 ml/min.
The flow rate was obtained previously by measuring the time 
required for a soap bubble to traverse a given distance 
(proportional to volume) in a graduated buret. This method is 
discussed elsewhere in greater detail (19).

The furnace usually required approximately 90 minutes to 
reach 1540°C and an additional 5-10 minutes to reach 1620°C. 
Once the desired temperature was approached, the amperage was 
decreased slightly to slow the rate of temperature increase 
and prevent significant overshoot. Even so, it was only 
possible to maintain the desired temperature ±5°C. Also, 
since there was no temperature controller for the furnace, 
it was necessary to "chase" the temperature manually by 
alternate current increases and decreases. Thus, the crucible 
temperature cycled more or less between the boundary limits 
above.

Once the lower temperature limit was reached, the reaction 
period was timed and allowed to proceed for 20 minutes while 
maintaining the temperature as described above.

At the end of the reaction period, the alumina crucible 
was immediately removed from the furnace and allowed to 
rapidly cool on the stainless steel plate mentioned in Part I.
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After the crucible had sufficiently cooled, it was 
broken open and the slag and button samples saved for 
subsequent preparation for chemical analysis.

Part II - No Carbon Addition:

The procedure for these runs was identical to Part II 
above except, of course, that no master alloy was charged 
into the reaction crucible with the ferro-nickel shot. The
same two initial and final (shot, ore, button, and slag)
samples were taken, also.

The purpose for making these runs was to establish a
baseline against which changes in iron and nickel units in
the slags reacted with carbon could meaningfully be compared.

2.2.3 Post-Reaction Sample Preparation - Parts I and II

With exception to the as-received ferro-nickel shot and 
ore samples saved for each run, the slag and button samples 
were further processed prior to delivery to the Hanna Research 
Laboratory in Nashwauk for chemical analysis. The slag 
samples were coarsely crushed to approximately 3 mesh. The 
button samples were cut into quarters. The remaining sample 
preparation was then conducted at the Research Laboratory.
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2.3 Experimental Apparatus - Phase II

Apparatus and equipment used for the last phase of 
research included:

(1) Induction Melting Furnace - Control Unit
(2) Electronic Digital Thermometer
(3) Pt, Pt-13% Rhodium Thermocouple
(4) Nitrogen Purging Gas
(5) Graphite and Alumina Reaction Crucibles
(6) Viscometer
(7) Optical Cathetometer

2.3.1 The Induction Melting Furnace - Control Unit

The same system was used for this study as in Phase I. 
Refer to sub-section 2.1.1.2 for a complete description and 
diagrams of these apparatus.

2.3.2. Temperature Measurement System

Temperature measurements were made using a Pt, Pt-13% Rh 
thermocouple constructed of 0.01 in. diameter platinum and
0.01 in. diameter Pt-13% Rhodium wire sheathed in a 2-hole 
alumina insulator. The thermocouple was protected by a 
5/32 in. O.D. by 6 in. long closed-one-end alumina tube. 
Output from the T.C. was displayed on the same unit described 
in sub-section 2.1.1.3 in this thesis.
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2.3.3 Purging System

U.S.P. grade nitrogen was used to purge the furnace in 
the region of the reaction crucible via a mullite lance 
pushed through a hole drilled into the refractory bricks 
sealing the mouth of the furnace.

The purge was used to maintain a sufficiently low 
oxygen potential so as to minimize oxidation of ferrous iron 
in the slag, as well as free iron (and nickel) in the 
button.

2.3.4 Protection and Reaction Crucibles

Cylindrical, 2.32 in. I.D. x 4.1 in. high, recrystallized, 
99.8% alumina crucibles were used as the reaction crucibles 
for all runs. In addition, 500 ml graphite protection cru
cibles were also used because, although no dissolved carbon 
was present in the ferro-nickel button, severe wear and dis
solution of the alumina crucible in the region of the button 
occurred. The graphite crucible was also intended as pro
tection against spillage, as mentioned in sub-section 2.1.1.5.

2.3.5 Viscosity Measuring Apparatus

2.3.5.1 General Discussion

Although many types and designs of viscosity-determining 
apparatus have been devised and proven over the years, very
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few are suited for high temperature applications. This is 
because of the obvious constraints imposed on the selection 
of materials adequate for use at the temperatures and, most 

importantly, environments of interest.
Whereas at low temperatures, chemical reaction of 

the sample with the viscometer is usually not a problem 
(certainly not insurmountable), increasing temperature com
plicates the picture by (1) thermodynamically increasing the 
favorability of reaction(s) occurring, and (2) kinetically 
increasing the rate(s) of existing reaction(s). In addition 
to these problems of chemical inertness (or insignificant 
reaction rate), material selection must also be based on 
machinability, cost, and most importantly, wetability.
Material wetting is a term used to descirbe the degree of 
actual solid-liquid contact. The contact angle between these 
two phases is generally used as a measure of wetting, 
i.e. a contact angle less than 90° is correlated with wetting, 
greater than 90° with non-wetting.

For most molten silicates, molybdenum, tantallum, 
zirconium, and tungsten have been found to be quite suitable, 
satisfying all of the above requirements (difficulty is found 
in machining tungsten and zirconium, however). Graphite, 
although adequate for most other fluids, is dissolved 
by liquid silicates (5). In addition, graphite is not wet 
by most silicates (20) .
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Viscosity measurements based on two separate techniques 
have found wide application in the elucidation of viscosities 
of high-temperature melts.

The first technique is known as the oscillating bob or 
cylinder method. A cylinder is suspended from a torsion wire 
or tape in the liquid under investigation, and the decrease of 
amplitude of oscillations of the cylinder while immersed in 
the liquid is compared with the damping effect of liquids 
of known viscosity. In this way, the unknown viscosity can 
be found.

The second technique is known as the rotating crucible 
method. A crucible containing a sample of the liquid to 
be studied is rotated at constant velocity exerting a constant 
torque on an inner cylinder immersed in the liquid. The 
torque is measured from a torsion wire from which the inner 
cylinder is suspended. Then, the viscosity of the fluid 
can be calculated from the well-known equation (21)

2 , 2
T = 4 7T n go [— ^ I  (L + E) , where 

b -a
n is the liquid viscosity
T is the measured torque
co is the angular velocity of crucible rotation
a is the inner radius of rotating crucible
b is the radius of the cylinder
L is the depth of immersion
E is the correction for end effects of the cylinder
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For this study, a slight modification of the latter 
technique was used (22,23). As opposed to rotating the outer 
crucible, the inner cylinder was rotated at constant speed 
while "holding11 the outer crucible stationary. As before, 
the torque was indicated from the inner cylinder but by 
means of a torsion spring and not a wire. Also, the same 
equation is valid for the calculation of the viscosity.

Use of this equation, as well as its derivation, will 
be described later in a subsequent section of this thesis.

2.3.5.2 Description of Equipment Used

A Brookfield Synchro-lectric Viscometer, Model LVT, was 
used for slag viscosity determinations in this study. The 
viscometer operated at 120 VAC and featured a constant, 
non-adjustable spindle velocity of 60 RPM. A stop-action, 
rotating scale with relative readout from 0 to 100 was 
included.

Scale deflections were proportional to the external 
torque on the spindle. In addition, the viscometer could 
be elevated or lowered relative to its base by a screw-gear 
arrangement. Figure 10 is a view of the viscometer.

An Eberbach Optical Cathetometer with a 40 cm vertical 
elevation capability was used in conjunction with a six in. 
long steel scale to measure slag immersion depths. These will 
be discussed in further detail in the following sub-section.
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FIGURE 10 - VIEW OF THE BROOKFIELD VISCOMETER
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Finally, connected to the viscometer spindel by a set 
screw was a 3/32 in. O.D. by 16 in. long two-hole alumina rod. 
At the bottom of this rod was fastened a 1/4 in. O.D. by 2 in. 
long solid molybdenum rod using a high alumina cement. It was 
this section which was immersed into the slag and rotated 
thereby playing the part of the "cylinder" mentioned previously 
under sub-section 2.3.5.1. This will also be discussed in 
greater detail in the subsequent sub-section.

2.4 Experimental Procedure - Phase II

2.4.1 Experimental Preliminaries

2.4.1.1 Viscometer Calibration and Slag Viscosity Calculations

The Brookfield viscometer used for this study did not
crive the viscosity coefficients directly. Instead, a scale 
deflection between 0 and 100 was obtained, the magnitude of 
which was dependent on two parameters; (1) the viscosity of 
the melt, and (2) the depth of immersion of the moly 
"cylinder". The depth of the molybdenum rod was obtained 
using the cathetometer-scale set-up. With the viscometer 
suitably calibrated, the viscosity of the melt could then be 
determined from the following equation:

(1) n = n X (Brookfield Reading)umurn cm (Brookfield Reading)cm '

Dum is the sought (unknown) viscosity
ri is the viscosity of the calibration media (known) .cm J
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(Brookfield R e a d i n g ) w a s  for the sample media, and
(Brookfield Reading) was for the calibration media.cm

See Appendix D for the derivation of this equation.

To eliminate the one-point nature of the calibration 
technique, it was decided to use two separate calibration 
media. In addition, it was desired that the viscosities of 
the two media be as close to the expected slag viscosities as 
possible so that the same molybdenum rod could be used for 
the subsequent slag measurements*. Glycerol and Caster Oil 
(Spectrometric Grade) were chosen as the two calibration 
media for this study. Figure 11 graphically depicts the 
temperature-viscosity data for these two liquids (24).

*As will be seen, Brookfield Reading vs. Immersion Depth 
calibration curves for the two media will be constructed for 
a given molybdenum rod. If the viscosities of the calibra
tion media were, for instance, much larger than the slag 
viscosities, then a very shallow immersion depth of the 
viscometer rod would result in a full-scale deflection,
i.e. > 100, and the abscissa would be a very small value 
(corresponding to an ordinate of 100). Now, for this same 
immersion depth for a slag, the viscometer scale deflection 
would be very small (if at all) owing to its much smaller 
viscosity. Hence, use of the calibration curves would be 
questionable at best.
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Briefly, the calibrations were performed in the 
following manner.

Starting at the tip of the moly rod, 1/2 inch total 
was marked off in pencil along the length of the rod in 1/8 
in. increments. Two-hundred-twenty-five ml of the calibration 
fluid were then poured into a cylindrical, 250 ml alumina 
reaction crucible* and covered while allowing the fluid to 
equilibrate to ambient temperature (approximately 30 
minutes).

The alumina + molybdenum rod was attached to the vis
cometer spindle, positioned above the crucible and the first 
1/8 inch lowered into the media. The viscometer was sub
sequently turned on rotating the moly rod at a constant 
60 RPM. A thermometer was placed in the media close to the 
surface and the temperature recorded.

A series of Brookfield readings were then taken at 
this depth until agreement of ±0.1 scale deflection was 
obtained. All measurements within this range were averaged 
yielding a Brookfield reading value which was subsequently 
plotted (as the ordinant) versus the depth of immersion

This procedure was repeated for the remaining 1/8 inch 
increments on the rod.

In this way, it was possible to construct the viscometer 
calibration curves in Figure 12 for glycerol and castor oil.

*The same alumina crucibles were used for the calibration 
procedure and fusion experiments.
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It is of interest to note that a Brookfield reading 
equal to zero is not obtained for zero immersion depth, as 
might be expected. This "apparent" viscosity, however, is a 
result of the rotational inertia of the alumina + molybdenum 
rod.

A final temperature reading was taken at the conclusion
of the viscometer measurements and averaged* with the first.
In no case did the final temperature differ by more than
0.2°C from the first. n , the calibration viscosity, wascm x

then read off Figure 11.
Now using equation (1) and knowing

(a) n _cm
(b) Brookfield Reading of slag, and
(c) Immersion depth corresponding to (b),

rium, the sought (slag) viscosity can be calculated. For
reasons explained in the derivation of equation (1) (see
Appendix D), (Brookfield R e a d i n g ) m u s t  be evaluated from
the calibration curves at the same immersion depth as in (c)
above. Once this quantity has been found, the appropriate
values are substituted into equation (1) and n follows.^ um

It was possible to use the same viscometer rod from 3 to 
7 times before replacement was necessary. When the rod was 
replaced, it was always due to fracture of the alumina 
section of the rod. The molybdenum was quite inert to the 
silicate slag showing no apparent wear after each run. In
deed, this has been confirmed by other investigators (5,25).
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2.4.1.2 Varification of the Validity of the Technique

From the preceeding analysis, it is clear that in order 
for the viscosity measuring technique used in this study to 
be valid, identical viscosity values for a fluid at constant 
temperature (and concentration) must result regardless of 
immersion depth. That is, the technique must be depth inde
pendent. In addition, the technique must yield viscosity 
results for media which are consistent with accepted 
values in the literature.

The medium selected was a binary fused oxide consisting 
of 37.2 percent by weight of CaO and 62.8 percent by weight 
of SiC>2 * Briefly, the procedure was as follows.

As lime is slightly hygroscopic, 100 grams of 
laboratory grade CaO were placed in a drying oven at 110°C for 
24 hours. The lime was then removed from the furnace and 
55.80 ± 0.01 grams weighed and dumped into a one-quart glass 
jar. 94.20 ± 0.01 grams of laboratory grade silica were 
subsequently weighed and charged along with the lime.

The glass jar was placed on ball mill rollers for 24 
hours thereby thoroughly mixing the contents. The mixture 
was then charged into a 250 ml alumina reaction crucible and 
placed inside the graphite susceptor of a 30 pound induction 
furnace. A pre-calibrated Pt, Pt-13% Rhodium thermocouple 
inside an alumina protection sheath was subsequently situated
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inside the crucible such that the tip and, hence, the T.C. 
bead, rested approximately 1/2 in. above the crucible bottom.

The furnace was brought to 1550°C, held for 15 minutes 
to insure complete sample fusion, and a series of viscometer 
readings taken. This was repeated at 1500°C and 1450°C all 
according to the subsequent procedure outlined in sub
section 2.4.2 for viscosity measurements.

The resulting viscosity-temperature data are plotted 
in Figure 13. The data obtained by other investigators 
are also plotted (5). The curves indicate

(1) good accuracy and

(2) very good reproducibility (as evidenced by the
close proximity of the lower two curves, 
each a separate run)

of the viscosity-measuring technique used in this study. In 
addition, the data of Figure 14 demonstrate that the technique 
is also independent of rod immersion depth, as was required.

Therefore, it would appear that the Brookfield Viscometer 
technique used in this study is very well suited for the 
accurate determination of molten slag viscosities, at least 
over the temperature range of interest.
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2.4.1.3 Sample Preparation

For all experiments (composition points) in this study, 
70 grams of as-received Riddle slag were mixed (fluxed) 
with the appropriate amounts of silica, magnesia, and 
magnetite powders. A computer program was written which 
calculated the individual flux additions required to result 
in the desired overall slag composition. As mentioned in the 
experimental outline, though, the as-received slag was not a 
pure ternary mixture, but contained small amounts of CaO, 
Cr^O^/ and Al^O^. It is a well known fact that lime and 
magnesia both exhibit very similar affects on the viscosity 
of silicate melts (26). In addition, alumina and, to a 
somewhat lesser extent, / both exhibit similar affects
as silica on the viscosity of molten silicates (26). Thus, 
strictly in as far as the viscosity of such melts is con
cerned, the lime can be totalled with the magnesia yielding 
a new, "adjusted" MgO content, and the and A ^ O ^
totaled with the silica yielding an "adjusted" SiC^. This 
will be discussed in much greater detail later. Therefore, 
the "adjusted" Riddle slag composition was used in the above 
computer program for the flux addition calculations. The 
computer program is included in Appendix A.
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After the flux weights were determined, the Riddle 
slag and the appropriate amounts of flux were charged into 
a one-quart glass jar. The total amount of flux charged 
varied between 150 and 250 grams for each composition 
point. The jar was then rotated on ball-mill rollers for 
approximately 24 hours thereby completely mixing the slag 
constituents. it

2.4.2 Experimental Procedure - Phase II

Initially, 125 grams of as-received ferro-nickel shot 
were charged into the bottom of the alumina reaction cru
cibles. However, after it was determined that the button 
reacted, i.e. dissolved, the alumina crucible, 55 grams of 
shot were used thereby reducing the contact area between 
the crucible and molten metal. Since the dissolved alumina 
reported to the slag as a contaminant, reducing the amount 
of shot indirectly decreased the contamination.

The mixed slag + fluxes was then charged into the alumina 
reaction crucible on top of the Fe-Ni shot. A small amount of 
powdered magnesia was charged into the bottom of a 500 ml 
graphite protection crucible thereby separating the graphite 
from the alumina reaction crucible, which was subsequently 
placed on top of the magnesia.
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The entire crucible assembly was then placed inside 
the graphite susceptor of a thirty pound induction furnace 
and refractory bricks placed over the mouth thereby sealing 
the furnace. Three holes were drilled through the bricks 
as access to the crucible region in the furnace for the 
thermocouple, nitrogen lance, and viscometer rod. A 3/8 in. 
diameter hole drilled in the center of the bricks such that 
the center of the reaction crucible was immediately below 
served as the viscometer rod entrance. A 3/16 in. diameter 
hole drilled in the bricks and lined up just inside the 
reaction crucible served as access for the T.C. Finally, 
another 3/16 in. diameter hole lined up just outside the 
reaction crucible served to admit the purging lance. The 
purging lance was not placed directly over the reaction cru
cible to prevent surface cooling of the molten slag. Also, 
the N£ flow rate was maintained at approximately 15 0 ml per 
minute.

Prior to sealing the furnace with the refractory bricks, 
an alumina protection tube for the T.C. was situated inside 
the reaction crucible with the tip resting approximately 
1/2 in. above the ferro-nickel shot (when the slag and button 
fused, the tip would be from 1/8 to 3/8 in. below the slag 
surface). In addition, a small strand of nichrome wire 
twisted around the top of the protection tube to prevent it 
from sliding down into the Fe-Ni button on fusion.
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The furnace was now sealed and the viscometer support 
table placed over the entire furnace. Drilled into the top 
of the table were three holes lining up with the holes in 
the refractory bricks. The top of the table was approxi
mately 1/2 in. above the bricks and 10 in. above the 
bottom of the alumina reaction crucible.

A Pt, Pt-13% Rhodium T.C. was pushed through the appro
priate hole in the table and funneled through the bricks down 
into the alumina protection sheath with the bead resting 
firmly against the tip. The nitrogen purging lance was 
pushed through its respective hole in the table top and down 
into the bricks. The tip of the lance was flush with the 
bottom of the lowest brick.

The Brookfield viscometer was subsequently placed on 
top of the support table with the spindle directly above 
the access holes in the table and bricks. The alumina + 
molybdenum rod was fastened to the spindel via a set-screw.
By means of a screw-gear assembly, the viscometer and, 
hence, the viscometer rod, was lowered until the moly rod 
just touched the top of the slag + flux mixture in the 
crucible below (This distance was determined by observing 
the rotating scale of the viscometer as the rod was slowly 
lowered. When the slag + flux surface was touched, the scale 
would indicate a sudden deflection). A cross-sectional view 
of the set-up discussed to this point is shown in Figure 15.
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The induction furnace was next brought to 1520°C 
following the same procedure as discussed in sub-section
2.2.2.2. Approximately 90 minutes were required to reach 
this temperature. Once this temperature had been maintained 
for 15 minutes (to insure complete fusion of the slag + flux 
sample), slag viscosity measurements were obtained in the 
following manner.

The viscometer was turned on thereby rotating the rod 
at 60 RPM. Slowly, the rod was lowered until a deflection on 
the rotating scale was observed, indicating contact with the 
surface* of the melt. This distance was noted by the 
optical cathetometer - scale - reference mark (indelible ink 
mark on alumina rod) set-up indicated in Figure 16. The 
rod was then lowered until either approximately 95% full- 
scale deflection on the viscometer was obtained or the upper 
surface of the ferro-nickel button was approached (this 
distance was taken as the original shot depth in the bottom 
of the crucible). This depth was then recorded.

The rod was allowed to rotate at this depth for 
approximately 30 seconds, after which time a viscometer 
reading was taken by stopping the rotation of the scale and

*Depending on the viscosity of the melt, this observable 
deflection may or may not correspond to the actual slag 
surface, i.e. almost 1/8 in. immersion depth was required 
at 1 Poise for a detectable deflection to be observed, con
trasted with actual surface contact at approximately 100 
Poises being discernable.
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simultaneously freezing the deflection needle relative to the 
scale via a lever located at the back of the viscometer. 
Subsequent readings were taken until a scale reading ±0.1 
unit was obtained (usually 3 readings sufficed). The viscom
eter was then immediately raised until approximately half the 
original immersion depth was reached or 50% scale deflection 
registered*. This depth was recorded. Again measurements 
were taken after 30 seconds until ±0.1 scale unit agreement 
was obtained. The viscometer rod was then raised just above 
the point where no scale deflection was noted, and the fur
nace amperage increased raising the slag temperature to 
1560°C (5-10 minutes required) . The same sequence was then 
followed for the Brookfield readings as before. After com
pleting the measurements and raising the rod up out of the 
slag, the furnace amperage was decreased again to the 
original setting thereby allowing the temperature to return 
to 1520°C. However, the temperature was allowed to very 
slowly decrease (approximately 15 minutes) to prevent any 
possible super-cooling affects on the slag. Replicate 
measurements were again made as was previously done.
Finally, after raising the viscometer, the temperature 
was further slowly decreased as above to 14 8 0°C and the

*This procedure, which was intended as a verification of the 
previously determined independency of the viscosity with 
immersion depth (refer to sub-section 2.4.1.2), was dis
continued following experiment C after corroborating the 
previous findings.
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measuring technique repeated. Afterwards, the moly rod was 
raised just above the melt and the furnace turned off.

When the slag had cooled to 14 00°C, the rod was very 
slowly lowered until a scale deflection on the viscometer 
was noted. Since all slags were exceedingly viscous at this 
temperature, this "depth" measurement would be an accurate 
indication of the true location of the molten slag surface.

The rod was subsequently re-raised just above the 
melt thereby concluding the run. As soon as the furnace 
had cooled sufficiently, the alumina crucible was removed and 
prepared for shipment to the Research Laboratory in Nashwauk 
for chemical analysis.

2.4.2.1 Post-Reaction Sample Preparation

All equilibrated slag samples were prepared in the 
following manner.

To avoid "artificial" slag contamination by the alumina 
crucible and T.C. protection sheath, a circular diamond saw 
was used to cut these away from the slag. The slag samples 
were subsequently crushed and ground to 100% - 28 mesh and 
stored in glass sample vials.

The ferro-nickel button was discarded.
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3. EXPERIMENTAL RESULTS AND DISCUSSION

3.1 Experimental Results - Phase I

Results of the preliminary carbon reduction runs are 
listed in Table 3. It will be recalled that these first 
experiments differed from the subsequent runs in the method 
in which equilibrated slag and metal button samples were 
taken (refer to sub-section 2.2.2). In addition, the experi
ments were conducted in graphite reaction crucibles with no 
initial carbon additions to the seed metal.

Although slag foaming was not directly observable and 
no slag losses occurred from the crucibles, the occurrence 
of significant slag foaming was apparent from the presence 
of many porous bubbles left in the solidified slags. In 
addition, the surface of the solidified Fe-Ni-C button was 
very rough and turbid indicating violent, interfacial reaction.

Results of the reduction runs with controlled carbon 
additions to the ferro-nickel seed metal are tabulated in 
Table 4. Each of these experiments was conducted in alumina 
reaction crucibles and involved the addition of controlled 
amounts of carbon to the ferro-nickel seed (button).

For initial carbon addition levels of 0.5 and 1.0%, 
violent slag foaming resulted with subsequent partial slag 
loss from the reaction crucibles. This occurred at both
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Table 3 - RESULTS OF THE PRELIMINARY CARBON
REDUCTION EXPERIMENTS

Run
No.

Sample 
No. *

Reaction 
Time (min)

Reaction 
Temp.(°C)

Ana^Lytical Resu!Lts
%C %FeT %Fe 2+ %Ni°

1 1-1-OR
-SL
-SE
-MT

20 1482 0.14
1.28

10.1
1.01
48.7
47.5

1.46
0.33

0. 016 
0.119
48.7
45.8

2 1-2-OR
-SL
-RS
-SE
-RM

45 1482

2.91

9. 88 
0.67 
0.29 
48.8 
49.4

1.45
0.013
0.007

0.017
0.005
0.008
49.7
42.8

3 1-3-OR
-SL
-RS
-SE
-MT
-RM

60 1482

3. 36 
2. 79

10.1
1.57
1.09
49.4
49.2
48.7

1.45
0.008
0.006

0.017
0.006
0.009
48.1
46.5
45.5

*SE = Fe-Ni Shot (as-received)
OR = Ore Sample (as-received)
SL = Reacted (equillibrated) Ore-Slag 
MT = Reacted (equillibrated) Fe-Ni 
RM = Residual Metal (charged into mold) 
RS = Residual Slag (charged into mold)
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Table 4 - RESULTS OF CARBON REDUCTION STUDY FOR
CONTROLLED CARBON ADDITIONS

Sample
No.*

Reaction 
Time (min)

Reaction 
Temp.(°C)

% Initial 
Carbon 

Addition

Analytical Results(wt.%)
%C %FeT o 1-1 2+%Fe ôNi.p %Ni2+

1-7-SL — 11.5 10.78 1.14 _
-SE 20 1540 0.0 0.06 46.2 - 50.2 -

-OR - 11.2 8.2 1.48 -

-MT 0.04 45.9 - 51.2 -

2-1-SL — 12.4 10.33 1.21 —
-SE 20 1620 0.0 0.01 47.5 - 48.4 -

-OR - 11.4 8.35 1.45 -
-MT 0.02 46.7 - 51.7 -

SI/-0.2-1540 _ 12.0 10.93 0.671 _
SE- 20 1540 0.2 0.04 44.5 - 52.0 -
OR- - 11.2 8.5 1.46 -

MT- 0.02 46.6 - 51.6 -

SL-0.2-1620 _ 12.6 11.92 0.32 _

SE- 20 1620 0.2 0.04 47.4 - 50.0 -

OR- - 11.1 8.2 1.42 -

MT- 0.04 46.2 - 51.6 -

3-1-SL — 9.03 8.78 0.980 0.974
-SE 20 1540 0.5 0.07 45.0 - 53.5 -

-OR - 10.9 8.63 1.51 1.46
-MT 0.05 47.6 - 52.0 -

4-1-SL _ 8.85 8.78 0.68 0.064
-SE 20 1620 0.5 0.05 45.8 - 53.0 -

-OR - 11.2 8.63 1.54 1.483
-MT 0.05 47.3 - 51.7 -

5-1-SL _ 8.80 8.55 0.770 0.740
-SE 20 1540 1.0 0.05 47.9 - 48.6 -

-OR - 11.0 8.25 1.50 1.454
-MT 0.57 46.3 — 50.5 —

6-1-SL _ 4.33 4.09 0.045 0.040
-SE 20 1620 1.0 0.04 45.8 - 51.5 -

-OR - 11.0 8.48 1.47 1.42
-MT 0.27 46.4 — 49.8 —

*SE = Fe-Ni Shot (as-received), OR = Ore Sample (as-received), 
SL = Reacted (equillibrated) Ore-Slag, MT = Reacted 
(equillibrated) Fe-Ni.
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1540 and 1620°C. At 0.2%, no foaming was detected at either 
reaction temperature. The solidified slags showed the for
mation of few bubbles and the surfaces of the metallic 
buttons were smooth and non-porous.

3.2 Discussion of the Results - Phase I

The discussion of the results will be undertaken in 
two parts. The first part will deal with the results 
obtained for the preliminary reduction experiments carried- 
out in graphite reaction crucibles. The last part will then 
discuss the results concerning the experiments conducted in 
alumina reaction crucibles with controlled carbon additions.

Part I - Not unexpectedly, it was found that the ferro- 
nickel button reacted, i.e. dissolved, the graphite crucible 
quite extensively, depending on the reaction time. Figure 17 
graphically shows that as the reaction time increased, so 
too, did the concentration of the dissolved carbon approaching 
saturated levels after approximately 60 minutes.

Figures 18 and 19 are plots of the residual nickel and 
iron units in the slags in weight percent versus the dissolved 
carbon concentration in the ferro-nickel buttons in weight 
percent, respectively. The figures indicate that increasing 
concentrations of carbon in the molten ferro-nickel resulted 
in increased amounts of iron and nickel reduced from the
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molten ores. This is not, however, a valid conclusion. 
Specifically, as was mentioned earlier, the molten ferro- 
nickel dissolved increasing amounts of crucible graphite as 
the reaction time increased, i.e. the dissolved carbon con
tent was time dependent. Similarly, the iron and nickel 
results depicted in Figures 18 and 19 are also time dependent. 
Thus, it is not possible to determine from the data whether 
the increased amounts of metallic oxide reduction resulted from 
increased reaction time, irrespective of the dissolved 
carbon concentration*, or from the carbon concentration alone 
or from a combination of both.

It is also not possible to determine to what extent 
the dissolved carbon actually effected the reduction process. 
That is, since the reaction crucible was itself carbon, it is 
to be expected that a significant amount of iron and nickel 
reduction occurred at the slag-crucible interface; a greater 
contact area (relative to the slag-button interfacial 
area) and near unit carbon activity should ensure significant 
reduction at the crucible walls.

*0f course, the dissolved carbon concentration would have 
to be such that the reaction

M O (s,£) + k (£) + L U (g)
will favor the product side.
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Thus, it is apparent from the preceeding discussion 
that any quantitative conclusions regarding the results of 
these experiments are impossible. Qualitative conclusions 
are, however, possible. For example, at 1482°C, carbon is 
an extremely effective reducing agent for nickel and iron 
oxides in the molten ore. In addition, much more iron was 
reduced than nickel (on a weight and hence, molar basis) 
indicating probable preferential reduction of iron over 
nickel by carbon. Indeed, as will be shown in Part II, 
the chemical driving force for the reduction of whstite is 
approximately seven times greater than that for nickel 
oxide.

As was mentioned earlier, slag foaming occurred for all 
reaction times and dissolved carbon concentrations. This 
was evidenced by the presence of many porous bubbles in 
the solidified slag as well as a porous slag "wash” coating 
the walls of the graphite crucible well above the solidified 
slag surface. In addition, the surface of the ferro-nickel 
(-carbon) button in contact with the slag was very rough and 
turbid. Since it is not known to what extent the dissolved 
carbon was responsible for the total reduction process, 
it is not possible to determine the optimum carbon concen
tration at which little or no slag foaming will occur.
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Of final importance, the slag samples designated 
1-2-RS and 1-3-RS both indicated higher levels of free 
nickel content (and hence, probably free iron as well, 
although the data do not include Fe° analyses) than do their 
corresponding SL samples. These higher free metal values 
for the RS-type samples were probably due to mechanical 
entrapment resulting from the sampling method (refer to 
sub-section 2.2.2).

In view of the problems and limitations associated 
with the use of graphite reaction crucibles, it was decided 
to repeat the experiments using recrystallized, high purity 
alumina crucibles. In addition, carefully controlled carbon 
additions to the ferro-nickel seed were employed so that 
the extent and form of carbon reaction could be determined. 
Also, the reaction time was held constant thereby removing the 
uncertainty of its' effect on the reduction process. However, 
varying reaction temperatures were selected so that any 
temperature effects on the reduction process might be 
elucidated. Finally, the RS and RM type samples were dis
continued because of the free metal '’contamination" previously 
cited.

Part II - Figures 20 through 22 graphically depict the 
effects of the controlled amounts of dissolved carbon in the 
Fe-Ni buttons on the iron and nickel units in the slags.
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Unfortunately, as with the preliminary experiments, these 
data must also remain qualitative in nature. Specifically, 
as was mentioned earlier, violent foaming and subsequent 
partial slag losses occurred from the reaction crucibles 
for the 0.5 and 1.0% carbon addition experiments. For 
reasons to be explained shortly, the slag losses would 
probably have occurred rapidly during the initial stages 
of the reduction reactions when the dissolved carbon in the 
ferro-nickel button and the nickel and iron oxides along 
the slag-button interface were at their greatest chemical 
activities, i.e. concentrations. After the rapid slag 
losses had occurred (approximately half the initial slag 
volume), the dissolved carbon would not have decreased 
appreciably from its' initial concentration, but the amount 
of slag in the crucible would have registered a dramatic 
decrease. Therefore, at the conclusion of the reaction 
period (20 minutes), proportionately, on a molar basis, 
more moles of metal oxide would have been reduced than if no 
slag losses had occurred since, essentially, more reductant 
was available per mole of metal oxide in the slag. Thus, 
the results for the reduction of iron and nickel oxides 
at 0.5 and 1.0% by weight of carbon would be expected to be 
too low, but the downward trends in metal oxide units in the 
slag with increasing carbon content qualitatively very real. 
Conversely, the results of the 0.2% carbon addition experiments
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would be expected to describe both qualitatively and 
quantitatively the behavior of the system to carbon reduction 
as no slag losses occurred. However, as is apparent from 
the figures, with the exception of Figure 20, the effects of 
the 0.2% carbon additions appear to have increased the ferrous 
and ferric units to levels exceeding the initial concentra
tions in the slags for the 1540 and 1620°C experiments, 
respectively. If these results are true, then the additional 
iron units in the slags would have to have been supplied via 
oxidation of the iron in the ferro-nickel button. This 
oxidation would occur via the interfacial reaction

Fe + 2 Fe3+<sla<?> = 3 Fe2+(sla9>

In addition, the ferric iron involved in the reaction would 
be supplied through the oxidation of wtistite at the slag- 
furnace (atmosphere) interface, i.e.

2 + (slag) = 3+(slag) Q2-(slag)
2 (g)

Thus, if the oxygen potential inside the furnace were high 
enough, the iron content in the slags would increase. However, 
nickel is also readily oxidized by ferric iron. As was noted 
earlier, though, nickel did not register an increase but, 
instead, decreased dramatically for the 1540 and 1620°C 
experiments (see Figure 20). Since the furnace was purged 
with nitrogen at identical flow rates during each experiment
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(see Section 2), the furnace atmosphere would be expected 
to be comparable for all runs. Therefore, it is likely 
that the chemical analyses for either the initial iron con
tents and/or the two "reacted" iron contents at 1540 and 
1620°C for the 0.2% carbon experiments were in error. Thus, 
in view of the uncertainty associated with the iron values 
for the 0.2% carbon experiments, it appears that these 
results, too, must remain qualitative. Hence, the only 
experimental results with any quantitative significance are 
apparently the nickel reduction results for 0.2% carbon 
additions. This significance will be discussed later.
The important point of the preceeding discussion is that all 
the curves depicted in Figures 20 through 22 can only be 
regarded as being qualitative in nature. The qualitative 
significance of these figures may now be described.

The effects of temperature on the reduction of nickel 
and iron (ferrous and ferric) are readily apparent from the 
three respective figures where it is seen that increasing 
reaction temperature resulted in a greater extent of metal 
reduction. In addition, the curves indicate a marked response 
of the metal oxides to reductant level, i.e. increasing 
initial carbon concentrations in the ferro-nickel button 
resulted in increased reduction of iron and nickel oxides.
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It would appear from Figures 20 and 22 that the nickel 
and ferric iron were reduced to a much greater extent than 
the ferrous iron. However, it should be noted that there is 
a scaling factor difference of ten between Figure 21 and 
Figures 20 and 22. Thus, on closer examination of the three 
figures, it is evident that the quantity, i.e. moles, of 
ferrous iron reduced from the molten slag far exceeds that
of the nickel and ferric iron. This can be explained 
thermodynamically with the aid of the following simple 
calculations for the reduction of FeO and NiO. Reaction 
temperature was chosen as 1501°C. In addition, a carbon 
concentration of 1% was chosen.

For Ferrous Oxide Reduction:

AG° 1501 = -37,566 cal/mole

r (graphite) AG° 1501 =12,507 cal/mole

C, , . +1/2 0o , . = C O , % : AG°(graphite) 2(g)_____ (g) 1501 = -63, 844 cal/mole

FeO
(I)

+ C% = Fe + CO (g) AG° = -88,903 cal/moleK,

AGr = AG°r + RT Zn Q, where Q

FROM HANNA MEMORANDUM NO. M-72-22 3:

(1) YFeQ = 1.079 0 1501°C
(2) xFe0 = 0.089 @ 1501°C
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ALSO:
aFe (50 w/o Fe in Ni @ 1500°C) - 1.42 

Pco - 1 ATM, hc% (1 w/o C ) = l

aFeO = XFeO * YFeO

THUS:
AGr = -88,903 + (1.987)(1773) In [ (1 f > ^ > 89) ]

AG = -79,413 cal/moleK

FOR NICKEL OXIDE REDUCTION:

N i 0 (s) = N i ( 0  + 1/2 °2 

c% = c
(g) : A G ° = 16 , 587 cal/mole

(graphite) : AG°1501 12'507 cal/mole

C (graphite) + 1/2 °2(g) = C Q (g) : AG°1501= ~63'844 cal/mole

N i O , . + C% = Ni , 0. + C O , . (s) - (I) (g) : AG0.. =-34 , 750 cal/moleIX

AND:
aN i ,(:>COAG = AG° + RT tn Q, where Q =   r—

R R NiO • C!

ALSO:
a__. (50 w/o Ni in Fe @ 1500°C) - 0.39Ni
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Pco - 1 ATM, hc% (1 w/o C ) = l

aNiO XNiO*yNiO 

FROM HANNA MEMORANDUM NO. M-72-223:

(1) YNiO = °-4° @ 1501°c

In addition, the following representative Riddle slag 
composition was observed at 1501°C (M-72-223):

NiO : 0.164 w/o

FeO : 11.7 w/o

Si02 : 55.0 w/o

MgO : 30.5 w/o

Mass Balance Closure = 97.4%. Normalizing gives:

NiO : x 100 = 168 w/o -> 0.0022 moles

FeO : jl~y! q x 100 = 12.01 w/o ->• 0.167 moles

SiO~ : x 100 = 56. 47 w/o -*• 0. 940 moles

Total moles = 1.886

0 0022Therefore, the mole fraction of NiO = y _ t • ̂  =  -r* o ' = 0.0012ANiO 1.886
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AGr - -34,750 + (1.987) (1773) In

AG = -11,146 cal/mole-K

These rough calculations indicate that the chemical
driving force for the reduction of F e O ^  to i-s some
7.1 times greater than that for the reduction of NiO, , to(s)
its corresponding liquid metal. Thus, the experimental 
results are completely consistent with the preceeding 
analysis. In addition, the fact that there were many more 
FeO reaction sites than NiO sites further explains the greater 
reactivity of wtistite.

As was mentioned earlier, the partial slag losses from 
the crucibles would probably have occurred during the initial 
stages of the reduction reactions when the dissolved carbon 
in the ferro-nickel button and the metal oxides at the slag- 
button interface were at their greatest chemical activities. 
More specifically, the system would be furthest away from 
chemical equilibrium when the chemical activities of the 
reactants were greatest, i.e. at the beginning of the reaction 
period. Generally, it would be expected that the reaction 
kinetics (chemical) increase as chemical dis-equillibrium 
increases. Thus, in the absence of any activation period, 
the kinetics would probably also be greatest at the beginning
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of the reaction period. The reduction reactions occurring 
at the slag - Fe-Ni-C interface are

Fe3+(slag) + _ pe2+(slag) + CQ
(g)

Fe2 + (slag) + c = Fe + CO. .- —  (g)
Ni2+(slag) + = Ni + CQ

—  (g)

All three reactions involve the formation of carbon monoxide. 
If the CO were generated faster than small, discrete CO 
bubbles could be transported away from the reaction inter
face, a large gaseous "pocket" would form which, on eventual 
rising, would push some (or all) of the slag above the 
bubble out of the crucible. This is probably the reason 
for the slag losses observed. However, if the kinetics were 
sufficiently slow, then smaller, individual bubbles would 
leave the reaction interface resulting in no slag losses 
from the crucible. This possibly explains why no slag 
losses occurred for the 0.2% carbon runs where the activity 
(initial) of the carbon reductant was least.

As mentioned in the previous part, alumina crucibles 
were used to replace the graphite crucibles because of 
reaction of the graphite with the ferro-nickel melt. However, 
it was determined that the alumina also reacted, i.e. was 
dissolved, by the molten Fe-Ni(-C). Since the crucibles 
rarely failed (resulting in molten metal breakthrough and
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spillage into a protection crucible) and the dissolution in 
no way affected the added carbon units in the molten button 
or the metal oxide reduction* in the slag, their use was not 
discontinued.

The significance of Figure 20 has already been discussed 
qualitatively. Quantitatively, it can be stated that at 
1540°C for a 0.2% by weight carbon addition, the nickel in 
the ore was reduced from 1.41 w/o to 0.671 w/o in 20 minutes, 
a 41% weight reduction. In addition, for the same carbon 
addition at 1620°C, the nickel in the ore was reduced from 
1.21 w/o to 0.32 w/o in 20 minutes, a 73% weight reduction. 
Thus, it is evident that the 0.2% carbon additions resulted in 
a very significant reduction in nickel units in the molten 
ore at both reaction temperatures. Most importantly, though, 
the reduction was achieved with no attendant slag losses from 
the crucible, i.e. slag foaming was not apparent.

*This is not strictly true as the additional alumina content 
of the slag resulting from the crucible dissolution would 
have a diluting effect on the nickel and iron oxide con
centrations in the slag. The result would be a change, 
probably a decrease, in the activities of the latter oxides. 
However, since the amount of alumina dissolved was not 
appreciable, the change in the oxide activities will 
probably not be significant.
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SUMMARY - PARTS I and II

The major findings of the carbon reduction studies
(Parts I and II) may be summarized as follows:

(1) Graphite crucibles were not suitable for use in this 
study. The ferro-nickel buttons readily dissolved 
the crucibles resulting in the "addition" of uncon
trolled amounts of graphite (as dissolved carbon) to 
the system. In addition, uncontrolled reaction probably 
occurred between the metal oxides in the slags and the 
crucible walls.

(2) Alumina crucibles were also attacked and dissolved in 
the region of the ferro-nickel (-carbon) button but to 
a much lesser extent. The alumina dissolution product 
diluted slightly the slags but in no way affected the 
carbon contents in the ferro-nickel buttons. The 
additional alumina in the slags probably did not sig
nificantly effect the metal oxide-carbon reductions.

(3) With exception of the 0.2% carbon addition experiments 
for nickel oxide reduction, all other reduction data 
must remain qualitative.

(4) Quantitatively, for the 0.2% carbon experiments for 
nickel oxide reduction, a 41% weight reduction was 
achieved after 20 minutes at 1540°C, i.e. the nickel 
in the ore was reduced from 1.14 w/o to 0.6 71 w/o.
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In addition, at 1620°C after 20 minutes, the nickel 
content in the ore was reduced from 1.21 w/o to 
0.32 w/o, a 75% weight reduction.

(5) Carbon additions to the ferro-nickel shot of 0.5 and 1.0 
percent by weight resulted in violent slag foaming
and subsequent partial slag losses from the reaction 
crucibles.

(6) Carbon additions to the ferro-nickel shot of 0.2 percent 
by weight resulted in no detectable foaming.

(7) Qualitatively, the reduction data indicate that for 
increasing reaction temperatures, a greater extent of 
nickel and iron (ferrous and ferric) oxide reduction 
was noted. In addition, increasing carbon content
of the ferro-nickel seed resulted in increased 
reduction of nickel and iron oxides from the slags.

(8) On a molar basis, much more ferrous iron was reduced than 
were nickel and ferric iron. This was explainable from 
thermodynamic reasoning.
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3.3 Experimental Results - Phase II

Table 5 is a tabulation of the as-received chemical 
analyses for all experimental slag compositions (points) 
investigated during this phase of the study. The analyses 
were conducted at the Hanna Research Laboratory in Nashwauk, 
as discussed in a previous sub-section.

Table 6 is a listing of the data above in weight 
percents with total iron set equal to ferrous iron and con
verted to wtistite. The last column gives an indication of the 
mass balance closure of the chemical analyses for each com
position point.

Tables 7 and 8 are tabulations of the preceeding data 
normalized to 100% in weight and mole percents, respectively*. 
In addition, Table 8 contains two additional columns;
"Adjusted % SiO^" and "Adjusted % MgO". The former quantity 
represents the sum of the silica and alumina mole percents.
The latter quantity, the sum of the magnesia and lime mole 
percents.

Table 9 contains the temperature - viscosity data for all 
experimental compositions investigated. The viscosity 
results tabulated represent the average of two or more 
determinations, as previously mentioned in sub-section 2.4.2.

*These calculations were accomplished using the computer 
program in Appendix A.



T-2365 101

Table 5 - AS-RECEIVED SLAG ANALYSES FOR ALL +
EXPERIMENTAL POINTS IN WEIGHT PERCENTS'

Point %A12°3 %Si02 %CaO %MgO %FeT* %Fe2+

A 8.71 48.92 0.571 30. 80 9.60 8.66
B 9. 73 51. 56 0.504 26. 50 10.09 8. 95
C 8.62 51.50 0.470 20.40 13.70 11.84
D 5.03 48. 38 0. 370 24.19 18.47 15. 02
E 4.08 41.91 0.861 26. 89 17. 98 14.97
F 5.35 44.16 0. 772 29.40 15. 50 13.51
A 1 4.13 47. 31 0. 520 31.73 12.11 10. 77
B 1 4.94 50.65 0.420 26.96 12.41 10.77
C 1 4.23 51.53 0.340 22.69 15.57 11.98
D 1 5.15 45.63 0.530 26.12 16.65 13. 80
E' 5.19 46.40 0.540 27. 90 15. 34 12.89
F' 5.20 50.55 0. 390 28.76 11. 20 9.86
G 1 4.04 49.92 0.490 24.62 14.30 12.06
H 1 5.20 46.05 0.470 25.90 17.26 14.18

As-Received 
Riddle Slag 3.78 50.74 0.650 29.60 10. 97 9.25

1 0.66 58.23 0.455 19.98 11.98 9.04
2 1. 73 56. 32 0. 357 30.40 6.33 5.88
3 3.49 46.70 0.647 32. 35 12.06 9.49
4 2.07 52.22 0.451 32.28 7.99 7.38
5 3.10 48. 07 0.467 24.07 17.48 14.17
6 1. 74 55. 72 0.493 29.96 8.14 7.08
7 1.77 56. 67 0.490 29.18 7.69 6.63
8 3.44 45. 32 0.502 25.27 18.23 14.17
9 3.87 42.07 0.415 26.46 19.29 16.12

10 3.33 53.20 0.840 29.60 8.91 7.55
11 3.68 46. 51 0. 717 30.70 13.59 11.02
12 3.87 56.72 0.577 24.70 10.49 7.93
13 5.08 41. 33 0. 735 27.10 18.12 15. 55
14 5.67 49.38 0.735 21.60 16.53 12.91
15 3.54 50.59 0.770 34.40 8.45 7.02
16 4. 70 49.75 0. 541 31.17 10.36 8.47
17 3.73 49.37 0.505 28.57 13.01 9.83
18 5.11 49. 37 0.466 24.13 15.58 12.25
19 3.87 54.42 0. 523 27. 74 10.74 8.02

Total nickel analysis has been excluded from the table owing 
to its negligbly small concentration, i.e. in no case did 
the concentration exceed 0.2 %.

*Fe represents total iron in the slag and is equal to the sum 
of ferrous and ferric iron.
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Table 6 - S L A G  A N A L Y S E S  WITH FeT = Fe A N DC O N V E R T E D  T O  w t i S T I T E  - N O T  N O R M A L I Z E D  T O  1 0 0 %
Point %Al2°3 %Si02 %CaO %MgO %FeO %Total

A 8.71 48.92 0.571 30.80 12. 35 101.35
B 9. 73 51.56 0.504 26.50 12. 98 100.27
C 8.62 51.50 0.470 20.40 16. 62 98.61
D 4. 37 43. 38 0.370 24.19 23.76 96.70
E 4.08 41.91 0.861 26.89 23.13 96.87
F 5. 35 44.16 0.772 29.40 19.94 99.62
A 1 4.13 47.31 0.520 31. 63 15. 58 99.27
B ’ 4. 94 50.65 0.420 26.96 15. 96 98.93
C' 4.23 51.53 0. 340 22.69 20.06 98.85
D' 5.15 45.63 0.530 26.12 21.42 98.85
E 1 5.19 46.40 0.540 26.90 19. 73 99.76
F' 5.20 50.55 0.390 28.76 14.41 99. 31
G' 4. 04 49.92 0.490 24.62 18.40 97.47
H 1 5.20 46.05 0.470 25.90 22.20 99.82

As-Received 
Riddle Slag 3. 78 50.74 0.650 29.60 14.11 98.88

1 0.66 58.23 0. 455 19.98 15.41 94.73
2 1.73 56. 32 0.357 30.40 8.14 96.95
3 3.49 46. 70 0.647 32. 32 15. 51 98.70
4 2.07 52.22 0.451 32.28 10. 28 97. 30
5 3.10 48.07 0.467 24.07 22.49 98.20
6 1. 74 55.72 0.493 29. 96 10.47 98.38
7 1.77 56.67 0.490 29.18 9.89 98.00
8 3.44 45. 32 0. 502 25.27 23.45 97.98
9 3. 87 42.07 0.415 26.46 24. 82 97.64

10 3.33 53.20 0. 840 29.60 11.46 98.43
11 3.68 46.51 0.717 30. 70 17.48 99.09
12 3.87 56.72 0.577 24.70 13.49 99.36
13 5.08 41. 33 0.735 27.10 23. 31 97.56
14 5.67 49. 38 0.735 21.60 21.26 98.64
15 3.54 50.59 0. 770 34.40 10. 87 100.17
16 4. 70 49.75 0. 541 31.17 13.33 99.49
17 3.73 49.37 0. 505 28.57 16. 74 98.91
18 5.11 49.37 0.466 24.13 20.04 99.12
19 3.87 54.42 0. 523 27. 74 13. 82 100.37



T-2365 103

Table 7 - SLAG ANALYSES IN WEIGHT PERCENTS 
AND NORMALIZED TO 100%

Point %a i 2o 3 %Si02 %CaO %MgO %FeO

A 8.59 48.23 0.563 30. 39 12.18
B 9.61 50. 91 0.498 26.17 12. 82
C 8.74 52.22 0.477 20.69 17.87
D 4.55 45.15 0. 385 25.18 24.73
E 4.21 43.26 0.889 27.76 23.88
F 5.37 44.33 0. 775 29.51 20.02
A 1 4.16 47.66 0.524 31.96 15.69
B 1 4.99 51.19 0.424 27.25 16.14
C' 4.28 52.13 0. 344 22.95 20.29
D' 5.21 46.16 0.536 26.42 21.67
E ' 5.20 46.51 0.541 27.96 19.78
F' 5.24 50.90 0.393 28.96 14.51
G 1 4.14 51.22 0.503 25.26 18.87
H' 5.21 46.13 0.471 25. 94 22.24

As-Received 3. 82 51. 31 0.657 29.93 14.27Riddle Slag 
1 0. 70 61.46 0.480 21.09 16.27
2 1. 78 58.09 0. 368 31.35 8.40
3 3.53 47.31 0.655 32.77 15. 72
4 2.13 53.67 0.463 33.17 10.56
5 3.16 48.95 0.475 24.51 22.90
6 1. 77 56.63 0.501 30.45 10.64
7 1. 81 57.82 0.499 29. 77 10. 09
8 3.51 46.25 0.512 25.79 23.93
9 3.96 43.09 0.425 27.10 25.42

10 3. 38 54.05 0. 853 30.07 11.64
11 3. 71 46.94 0. 723 30.98 17. 64
12 3.89 57.08 0.581 24.86 13.58
13 5.21 42.36 0. 753 27.78 23. 89
14 5. 75 50. 06 0.745 21. 89 21.56
15 3.53 50.50 0.769 34.34 10.85
16 4. 72 50.01 0.544 31.33 13. 39
17 3. 77 49.91 0.510 28.88 16.92
18 5.15 49. 81 0.470 24.34 20.22
19 3. 85 54.22 0.521 27.64 13.76



T-2365 104

Table 8 - SLAG ANALYSES IN MOLE PERCENTS AND
NORMALIZED TO 100%

Point %A12°3 %sio2
Adjusted
%sio2 %Ca0 %Mg0

Adjusted
%Mg0 %FeO

A 4.63 44.11 48.74 0.552 41.39 41.95 9.31
B 5.30 47.66 52.96 0.499 36.51 37.01 10.03
C 4.97 50.38 55.35 0.492 29.74 30.23 14.42
D 2.52 42.41 44.93 0.387 35.25 35.64 19.43
E 2.30 40.04 42.34 0.881 38.29 39.18 18.48
F 2.90 40.65 43.55 0.761 40.34, 41.10 15.35
A' 2.20 42.77 44.97 0.504 42 .75 43.25 11.78
B' 2.71 47.10 49.81 0.418 37.36 37.78 12.41
C ’ 2.37 49.09 51.46 0.347 32.21 32.56 15.97
D' 2.86 43.02 45.88 0.535 36.70 37.24 16.88
E T 2.83 42.91 45.74 0.535 38.45 38.99 15.26
F f 2.81 46.40 49.21 0.383 39.34 39.73 11.06
G T 2.27 47.59 49.35 0.500 34.98 35.48 14.66
H' 2.87 43.12 45.99 0.471 36.14 36.63 17.39

As-Received 
Riddle Slag 2.03 46.30 48.33 0.635 40.26 40.89 10.77
1 0.38 57.21 57.59 0.479 29.26 29.74 12.66
2 0.93 51.27 52.20 0.348 41.25 41.60 6.20
3 1.86 42.21 44.07 0.626 43.58 44.21 11.72
4 1.10 47.20 48.30 0.437 43.49 43.92 7.77
5 1.74 45.75 47.48 0.476 34.14 34.62 17.89
6 0.93 50.34 51.27 0.477 40.34 40.82 7.91
7 0.95 51.52 52.46 0.477 39.54 40.01 7.52
8 1.93 43.10 45.03 0.511 35.81 36.33 18.65
9 2.17 40.07 42.24 0.423 37.56 37.99 19.77
10 1.79 48.47 50.25 0.820 40.19 41.01 8.73
11 1.97 42.35 44.32 0.699 41.66 42.36 13.31
12 2.12 52.65 54.77 0.574 34.18 34.17 10.48
13 2.85 39.36 42.21 0.750 38.47 39.22 18.56
14 3.23 47.72 50.95 0.761 31.11 31.87 17.18
15 1.83 44.43 46.26 0.724 45.03 45.75 7.98
16 2.50 44.94 47.44 0.523 41.97 42.49 10.07
17 2.02 45.42 47.44 0.498 39.18 39.68 12.88
18 2.85 46.75 49.60 0.473 34.05 34.53 15.87
19 2.07 49.40 51.47 0.509 37.53 38.94 10.49
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Table 9 - TEMPERATURE - VISCOSITY RESULTS FOR THE 
EXPERIMENTAL COMPOSITIONS INVESTIGATED

Composition
Point

Average Slag Viscosity (Poise)
14 80 °C 1520 °C 1560 °C

A 28.3 4.6 3.3
B 5.4 4.5 3.6
C 9.1 8.1 6.4
D 2.1 2.0 2.0
E 66.5 47.5 33.0
F 164.5 90.7 54.0
A' 124.1 71.6 30.2
B ' 2.7 2.2 1.9
C' 7.2 6.6 4.8
D' 4.7 2.4 2.0
E' 122.0 32.5 6.3
F' 3.3 2.9 2.5
G' 4.1 3.0 2.3
H' 1.5 1.0 0.8

As-Received 77.9 8.1 2.6Riddle Slag
1 100.7 73. 3 26.9
2 218.8 17.0 6.6
3 120. 8 89.6 44.0
4 12. 3 8.4 5.8
5 3.0 2.7 2.5
6 10.5 6.9 4.9
7 14.0 11.3 6.6
8 6.1 1.6 0.4
9 4.1 3.3 2.9

10 7.1 6.0 4.7
11 157.9 98.7 49.6
12 82.4 22.0 7.6
13 8.3 5.0 3.3
14 6.8 5.3 3.9
15 25.0 17.5 13.2
16 15.6 10.5 7.1
17 20.5 12.9 7.6
18 4.9 3.7 3.0
19 5.9 4.0 3.1
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In addition to the chemical analyses, slag fusion 
information was obtained for each experimental composition. 
The as-received data corresponding to the temperatures of 
complete slag fusion under both reducing and oxidizing 
atmospheres are listed in Table 10. It should be noted 
here that these temperatures were in error, a matter 
which will be dealt with in the subsequent sub-section.

Finally, it was observed that the alumina reaction 
crucibles were attacked and dissolved in the region of the 
ferro-nickel button. Although this dissolution was not as 
severe as during the carbon reduction experiments, it did 
result in significant alumina pickup by most of the slags.
In addition, fluxing of the alumina crucible by the molten 
slags was not observed.

3.4 Discussion of the Results - Phase II

As previously mentioned, dissolution of the reaction 
crucible occurred for all experimental runs. Table 5 
indicates that compositions A, B, and C contain the most 
alumina, after which the alumina content rapidly drops to 
near as-received levels for all remaining points. The 
reason for this is that the first three experiments were 
conducted with 125 grams of as-received ferro-nickel shot 
in the button, whereas the remaining experiments were run 
with approximately 55 grams of shot. More specifically, the
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Table 10 - AS-RECEIVED SLAG FUSION TEMPERATURES
IN °C (°F) FOR REDUCING AND 

OXIDIZING CONDITIONS

Composition
Point

Reducing* 
Fluid, °C(°F)

tOxidizing 
Fluid, °C(°F)

A 1448 (2640) 1401 2555)
B 1415 (2580) 1401 2555)
C 1426 (2600) 1393 2540)
D 1410 (2570) 1415 2580)
E 1432 (2610) 1426 2600)
F 1426 (2600) 1432 2610)
A' 1437 (2620) 1421 2590)
B 1 1435 (2615) 1385 2525)
C 1 1426 (2600) 1385 2525)
D' 1426 (2600) 1448 2640)
E 1 1460 (2660 1437 2620)
F' 1426 (2600) 1465 2670)
G' 1426 (2600) 1426 2600)
H' 1426 (2600) 1410 2570)

As-Received 
Riddle Slag 1448 (2640) 1460 2660)

1 1454 (2650) 1532 2790)
2 1504 (2740) 1482 2700)
3 1443 (2630) 1426 2600)
4 1487 (2710) 1460 2660)
5 1393 (2540) 1410 2570)
6 1482 (2700) 1448 2640)
7 1476 (2690) 1448 2640)
8 1393 (2540) 1396 2545)
9 1360 (2480) 1404 2560)

10 1504 (2740) 1471 2680)
11 1443 (2630) 1437 2620)
12 1482 (2700) 1465 2670)
13 1443 (2630) 1443 2630)
14 1415 (2580) 1404 2560)
15 1493 (2720) 1487 2710)
16 1482 (2700) 1443 2630)
17 1443 (2630) 1404 2560)
18 1421 (2590) 1460 2660)
19 1476 (2690) 1421 2590)

*Reducing Conditions: 1 SCFH 60% CO in CO 2

• •Oxidizing Conditions: 1 SCFH Air
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area of contact between crucible and molten button was 
significantly decreased by reducing the amount of Fe-Ni in 
the button which, in turn, reduced the amount of alumina 
dissolved. The ferro-nickel button was not dispensed with 
altogether as it was necessary to minimize the formation of 
ferric iron via the interfacial reaction

F e (alloy) + 2 pe3+(slag) = 3 Fe2+(slag)

In addition, and to a lesser extent, the molten button 
served to more evenly distribute the heat across the slag- 
button interface by minimizing the affects of thermal gradi
ents along the crucible bottom due to uneven heating of the 
graphite furnace susceptor.

As was mentioned (footnoted) earlier in Table 5, the 
presence of nickel oxide in the slags has been ignored 
because of its very low concentration, i.e. less than 0.2 
mole percent. In other words, it has been assumed that the 
effect of the small amounts of NiO on the Riddle slag 
viscosity are negligible. This assumption, however, is based 
on the following argument.

It has been found (17,26,27) that, for compositions 
less than approximately 10 mole percent, lime and whstite 
are chemically equivalent to magnesia on a 1:1 molar basis 
in as far as their effect on the viscosity of alumino- 
silicate melts is concerned. According to a currently
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acceptable theory, this occurrence is qualitatively explain
able largely on the basis of the oxygen content and the cati
onic valency of the basic oxide, both of which are identical 
for the oxides above.

Thus, it seems reasonable to expect that the basic 
oxide* NiO, which is identical to MgO, CaO, and FeO as 
regards oxygen content and cation valency, should also 
exhibit a molar magnesia equivalence over some (no doubt, 
small) concentration range. If this is true, then the 
mole % NiO can be summed (along with the lime mole %) to 
the mole % MgO yielding a new "adjusted" magnesia mole %. 
However, by closely examining the ternary diagrams of 
Figures 24 through 26 (whose construction will be discussed 
shortly), it is apparent that a 0.2% increase in the magnesia 
+ lime content will not significantly alter the position of 
any composition point. Consequently, for simplicity, and no 
real loss in rigorousness, the % NiO has not been summed 
to the magnesia, but ignored.

As is indicated in Table 5, a column headed FeT , total 
iron, is included. Total iron is equal to the sum of ferrous 
and ferric iron. Therefore, the analyses for all experimental 
compositions appear to show the presence of from 1 - 3  weight

*Oxide basicity is based on the rather loose definition of 
the affinity of a given oxide for, e.g. silica, as 
expressed by the free energy of silicate formation. The 
affinities (and hence, basicity) are found to decrease in 
the order: CaO, MgO, FeO, NiO, A^O^*
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percent Fe^+ in the slag samples. This would indicate that
considerable amounts of magnetite and/or hematite occurred
in the molten slag along with wtistite. However, since

3+ 2+ferric iron was found by difference, i.e. Fe = FeT - Fe ,
its accuracy is subject to considerable scrutiny. Specifically,

3+the uncertainly m  the value of Fe will be equal to the sum
of the uncertainties involved in the ferrous and total iron

2+determinations. Thus, any errors m  the FeT and Fe
3+analyses will be manifested m  the resulting values of Fe 

It was therefore decided to obtain a second analysis indepen
dent of the wet chemical methods and their inherent uncer
tainties. M&ssbauer Spectrometry is such a method which is 
ideally suited for the determination of ferrous to ferric 
ratios in the slag samples. The method does not require 
chemical decomposition or alteration of the sample other than 
crushing and fine grinding. Most importantly, though, 
the method has an accuracy and precision unsurpassed by 
any wet chemical methods. This method is discussed in 
greater detail in Appendix B.

Table 11 contains the results of the MOssbauer Spectrom
etry experiments conducted on slag samples A through H'.
In addition, the table lists the iron ratios for the same 
compositions based on wet chemical methods. As is indicated, 
with the exceptions of points D, E, and C', all points 
showed iron(II) to iron(III) ratios greater than 10, most in
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Table 11 - IRON(II) TO IRON(III) RATIOS AS DETERMINED BY 
WET CHEMICAL METHODS AND M&SSBAUER SPECTROMETRY

Wet Chemical Mttssbauer Spectrometry
Composition

Point - 2+/ Fe3+ Fe2+, 3+ / Fe

A 9.21 >25
B 7.85 * >25
C 6. 36 >25
D 4. 35 9
E 4.97 8
F 6.79 13
A' 8.04 >25
B 1 6.57 >25
C' 3. 32 7
D* 4.84 >25
E ' 5.26 25
F ' 7. 36 >25
G' 5. 38 >25
H ’ 4.60 11

As-Received 
Riddle Slag 5. 38 >25
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excess of 25. These results indicate two things:
2 +(1) The error incurred in determining FeT and/or Fe by 

the wet chemical methods is not insignificant1, and

(2) Ferric iron is present in the slag at such low
concentrations, it can be assumed negligible. In

24-other words, FeT can set equal to Fe with little error.

Appendix B contains a tabulation of the M&ssbauer results.

In addition to enabling determination of the iron ratios, 
Mftssbauer Spectrometry can also yeild information concerning 
the crystalline environments of the various iron species 
in the condensed slags. As a result, it was possible to 
determine that the ferrous iron occurs primarily as pyroxenes 
and olivines, (Mg, Fe, Ni) 0 • SiC^ and 2 (Mg, Fe, Ni) 0 * SiC^, 
respectively, and that ferric iron occurs as magnetite in 
the solidified slags. In addition, since magnetite, e.g. 
ferric iron, is not an equilibrium component of this system, 
it is conjectured that its' occurrence in the molten slag 
is limited to the extreme upper surface exposed to the furnace 
atmosphere where the oxygen potential is possibly in excess 
of I for the reaction02 'eq

Fe3°4 (s ,1) 3 FeV )  + 1/2 °2 (g)
fThe procedure currently followed for determining total iron, 
Feip, is to reduce all ferric iron to the ferrous state (via 
SnCl 2 ) and then titrate iron(II). This procedure is straight
forward and involves very little inaccuracies. Thus, any 
errors involved in the ferric iron determinations most prob
ably arise from the ferrous iron measurements.
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Of course, the ferrous iron will be present in the molten 
slag as wtistite.

Table 6 duplicates the previous results of Table 5 
with the exception that total iron has been set equal to the 
ferrous iron and subsequently converted to wtistite. The 
last column of this table is equal to the sum of the component 
weight percents for each composition point and is an indica
tion of the mass balance closure. As can be seen, with the 
exceptions of points D, E, 1, and 2, all compositions sum 
to 100 ± 2%. Thus, the mass balance is good and normaliza
tion to 100% justified. Table 7 is a tabulation of the nor
malized data in weight percents.

It is of interest to note that the as-received (actual) 
analyses are significantly different from the initial, 
desired slag compositions (Compare Table 7 with Table 1 
located under the experimental outline sub-section for Phase 
II). The reason for this is predominantly the result of the 
alumina "contamination" of the slag samples arising from 
dissolution of the reaction crucibles.

Table 8 is a tabulation of the analytical results con
verted to mole percents and normalized to 100% (Actually, 
the mole percents were already normalized as they were 
calculated from the normalized weight percents in Table 7).
As discussed previously in sub-section 2.4.1.3, alumina and 
lime show silica and magnesia molar equivalences,
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respectively, if certain criteria are met. More specifi
cally, it has been shown that for SiC^-A^O^-MgO-CaO melts, 
alumina will have a 1:1 molar equivalence with silica if
(1) the alumina concentration is not greater than approxi
mately 5 mole percent, and (2) the alumina/(magnesia + lime) 
mole percent (or mole fraction)ratio does not exceed 0.15.
In addition, lime exhibits a 1:1 molar equivalence with 
magnesia if the former concentration does not exceed 
approximately 10 mole percent.

Table 12 shows that, with the exception of possibly 
points B and C, the results of this study fall well within 
the "equivalence limits" previously described. Hence, as 
indicated by the appropriate columns in Table 8, the alumina 
and silica individual mole percents have been summed on a 
1:1 basis yielding an "adjusted silica mole percent".
Similarly, the lime and magnesia individual mole percents 
have been summed on a 1:1 basis yielding an "adjusted 
magnesia mole percent". It is important to note (again) 
that the molar equivalences have significance only in as 
far as describing the similar affects of these compounds on 
the viscosity of the melt.

Figure 23 is a plot of all experimental compositions 
using the data of Table 8. The individual point designations 
are inscribed inside each circle. In addition, the (hexagonal) 
region of interest has also been included.
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Table 12 - "EQUIVALENCE LIMITS" FOR SOME 
EXPERIMENTAL COMPOSITIONS

Point
Mole Percents %Al 2 0 3  

%CaO + MgO%CaO %a l 2o 3

A 0.557 4.67 0.11
B 0.505 5. 36 0.14
C 0.502 5.07 0.16
D 0. 383 2.49 0.07
E 0. 909 2.37 0.06
F 0. 777 2.96 0.07
A' 0.510 2.23 0.05
B* 0.425 2. 75 0.07
C f 0. 360 2.46 0.07
D* 0.551 2. 95 0.07
E 1 0.550 2.63 0.06
F* 0. 389 2. 85 0.07
G 1 0.512 2.32 0.06
H' 0.487 2.96 0.08

As-Received 
Riddle Slag 0.646 2.07 0.05
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The results of Tables 8 and 9 were used to construct the 
iso-viscosity contour lines on the ternary composition 
diagrams constituting Figures 24 through 26. Construction 
of these viscosity - composition - temperature plots was, of 
course, the primary objective of this phase of study. The 
composition points were plotted using the adjusted percents 
silica and magnesia, as well as the wtistite mole percents.
The iso-viscosity lines were drawn between the composition 
points largely by interpolation and, therefore, do not 
necessarily represent the exact positions of the true 
contours. The hexagonal-shaped region marks the area of 
experimental interest, as was described under the experi
mental outline section of this thesis.

The iso-viscosity plots generally indicate the following:

(1) The viscosity of the slag system investigated is 
apparently extremely temperature and composition 
sensitive. Not unexpectedly, the viscosities for all 
composition points registered a significant decrease 
with increasing temperature.

(2) An apparent "valley" of minimum viscosity exists at
all temperatures investigated. The center of the trough 
is indicated by the line A - A '  on the figures.

(3) For the temperatures investigated, the as-received 
Riddle slag lies on the slope of each "valley”.
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The crossed, open circle on the diagrams marks the 
Riddle composition.

(4) Above line A - A 1 in the direction of increasing silica 
and alumina, the upward slope, e.g. the viscosity, 
increases much more slowly than below the line, where 
the viscosity increases very rapidly with decreasing 
concentrations of silica and alumina. This is evident 
for all temperatures investigated.

(5) As the temperature of the slag increases, the steepness 
of the slope decreases above and below line A - A'.

(6) Below line A - A ' ,  for constant silica and alumina 
contents, the viscosity is apparently independent of 
both the wttstite and magnesia (+ lime) concentrations 
over the approximate range

44 - 48% Si02 + A12C>3

40 - 46% MgO + CaO

7 - 14% 'FeO1

This range changes very little with the temperatures of 
interest.

(7) Above and below line A - A ' ,  for constant magnesia and 
lime contents, the viscosity is independent of both 
wtistite and silica (+ alumina) concentrations over the 
approximate range



T-2365 122

41 - 48% Si02 + A120 3 

34 - 40% MgO + CaO 

14 - 20%'FeO1

Again, this range shows little change with temperature.

As was mentioned in (3), the Riddle slag composition 
lies on a slope of the viscosity contour surface for all 
temperatures investigated. From Figure 24, it is apparent 
that, for slight shifts in the composition of the Riddle 
slag in any direction, a significant change in the viscosity 
will result. Conversely, Figures 25 and 26 indicate that 
as the temperature of the slag increases (above 1480°C), 
the change in viscosity is less appreciable for composition 
changes of corresponding magnitude and direction. More 
specifically, at 1560°C a much larger composition change is 
required to affect the Riddle slag viscosity by, say, 10 
Poise, than is required at 1480°C for an identical viscosity 
change. This means that, as far as the slag viscosity is 
concerned, composition control of the slag becomes less 
critical as the melt temperatures increase, i.e. from 
1480°C to 1560°C.

For a given melt temperature, it is apparent from the 
ternary diagrams that the Riddle slag composition can be 
shifted to a point of lower viscosity by increasing the
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silica (and/or the alumina) content of the slags or by 
increasing both the silica and the wtistite contents. To 
illustrate this point, two broken lines have been drawn 
connecting the Riddle slag composition point to the 
SiC> 2 + and the 'FeO1 apices of the ternary diagram
in Figure 27. Each line traces the path the overall slag 
composition would follow if the Riddle slag^ were enriched in 
that given component ( S i C ^ + A ^ O ^  or FeO), only. For 
example, if FeO alone were added to the Riddle slag, the 
resulting slag composition would move away from the Riddle 
composition point toward the FeO apex along the straight 
line. Likewise for the silica (alumina), if it along were 
added to the Riddle slag, the slag composition would move 
toward the SiC^ + A ^ O ^  apex along the appropriate line.

It can be seen that the line connecting the Riddle 
composition point to the Si 0 2  + A ^ O ^  apex passes through a 
narrow region of reduced viscosities (relative to the Riddle 
slag) immediately above the Riddle composition point, where
after the viscosities again increase on further increases 
of the silica (A^O^) concentration. Hence, it is possible 
to shift the Riddle slag composition to a region, albeit 
narrow, of reduced viscosities via appropriate silica 
and/or alumina increases of the Riddle composition.
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If the whstite content alone were increased slightly, 
it is apparent that the resulting composition shift would 
be into a region of increasing viscosities. However, if 
both the SiC^CA^O^) and FeO contents were increased con
currently, the resulting slag compositions could be made to 
follow a line intermediate of the two lines mentioned 
previously into a region of lower slag viscosities. Such 
a possible "intermediate" path is also shown in Figure 27.

Although the preceeding discussion was made using the 
1520°C iso-viscosity contour diagram (Figure 25) as an illus
trative aid, it is apparent that the same type of analysis, 
when applied to Figure 24 and 26, will lead to similar 
conclusions. Specifically, small increases in the silica 
(alumina) or silica (alumina) and whstite contents of the 
Riddle slag will shift the overall slag composition into 
narrow regions of reduced viscosities
(relative to the Riddle slag composition). In addition, 
correspondingly small increases in the whstite concentration 
alone will result in viscosity increases of the shifted 
Riddle slag.

Thus, it appears that the viscosity of the Riddle slag 
may be decreased in a number of ways. These include:

(1) Increasing the temperature of the molten slag while
maintaining a constant, i.e. unadjusted, composition.
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(2) Increasing the silica (alumina) content of the slag 
while maintaining a constant melt temperature.

(3) Increasing both the silica (alumina) and whstite
contents of the slag while maintaining a constant
melt temperature.

(4) A combination of (1) and (2).

(5) A combination of (1) and (3).

As will be pointed out in Section 5, points (1), (2),
and (4) represent the only viable methods for reducing the
Riddle slag viscosity as regards the Riddle operation.

Figure 28 is a plot of n (slag viscosity in Poise)
5 -1vs. 1/T x  10 , K on log-linear axes for several experi

mental compositions from Table 9. As is apparent, the natural 
logarithm of the slag viscosities is a linear function of 
the inverse of the melt temperature. This is in accord with 
the theoretical relation (derived by Eyring and co-workers(15))

2
(1) n = (f) (— ) exp (AGo/RT)

“ V
which describes the viscosity of a Newtonian fluid, where

2n is the fluid viscosity in Poise, 6 hN/ ?V is a constanta^
for a given fluid composition in Poise, AG0 is the molar 
free energy of activation for viscous flow in cal/mole,
R is the gas constant in cal/K-mole, and T is the melt 
temperature in K.
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compositions.
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Thus, it would appear that the experimental slags 
exhibit Newtonian behavior, i.e. are Newtonian fluids.
However, although agreement with equation (1) is a necessary 
requirement for all Newtonian fluids, it is not a sufficient 
condition from which to draw a final conclusion. Equation (2) 
in Appendix D offers the deciding relation.

As will be recalled, this equation was derived assuming 
the slags were Netwonian fluids. With some rearrangement, 
the equation can be made to show that, for a constant immer
sion depth (L), the slag viscosity is proportional to the 
ratio of the Brookfield scale reading and the angular 
velocity of the molybdenum rod. Thus, if the slags are 
indeed Newtonian fluids, then by varying the rotational speed 
of the rod, the Brookfield scale reading will adjust itself 
such that the ratio of the latter to the former quantities 
is constant yielding a constant value for the viscosity*. 
However, in section 2 it was mentioned that the Brookfield 
viscometer used for this study did not feature a variable 
speed adjustment. Therefore, a definitive conclusion can 
not be drawn as regards the nature of the slags investigated. 
However, it is reasonable to assume that the slags are 
Newtonian fluids, and hence, that the viscosity-measuring

*It is a well known fact that the viscosity of a Newtonian 
fluid is a constant independent of the applied torque and 
rate of shear for a given fluid temperature and pressure.
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technique is valid, in light of the findings cited in 
Appendix D and the linear nature of the In n vs. 1/T 
plots of Figure 28.

As was mentioned in the previous sub-section, the 
as-received fusion temperatures determined at Hanna's 
Research Laboratory for the slag samples A through 15 were 
in error. On recalibration of the thermocouple used for the 
measurements, it was found that the T.C. registered higher 
than the actual temperature. Specifically, the T.C. was 
calibrated against the known fusion points of pure nickel 
and gold. The calibration results are included in the 
table below.

True Fusion Point, °F Measured Fusion Point, °F A , °F
1946 (Au) 1945 -1
2651 (Ni) 2695 +44

From these results, it was possible to construct the 
calibration curve shown in Figure 29. Using this curve, 
the as-received Hanna slag fusion temperatures for both 
oxidizing and reducing conditions were adjusted to their 
actual or true values. The adjusted values are tabulated 
in Table 13.
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Table 13 - ADJUSTED (TRUE) SLAG FUSION TEMPERATURES FOR 
REDUCING AND OXIDIZING CONDITIONS IN °C (°F)

Composition
Point

Reducing* 
Fluid, °C (F)

tOxidizing 
Fluid, °C ( °F)

A 1426 (2599) 1381 2518)
B 1395 (2543) 1381 2518)
C 1405 (2561) 1375 2505)
D 1389 (2532) 1394 2542)
E 1410 (2570) 1405 2561)
F 1405 (2561) 1411 2571)
A' 1416 (2581) 1400 2552)
B' 1413 (2575) 1366 2491)
C' 1405 (2561) 1366 2491)
D' 1405 (2561) 1426 2598)
E' 1437 (2619) 1415 2580)
F 1 1405 (2561) 1442 2627)
G 1 1405 (2561) 1405 2561)
H' 1405 (2561) 1390 2534)

As-Received 
Riddle Slag 1426 (2599) 1437 2619)

1 1431 (2608) 1505 2741)
2 1479 (2694) 1458 2656)
3 1421 (2590) 1405 2561)
4 1463 (2665) 1437 2619)
5 1374 (2505) 1390 2534)
6 1458 (2656) 1462 2598)
7 1452 (2646) 1426 2598)
8 1374 (2505) 1377 2510)
9 1342 (2448) 1384 2521)

10 1479 (2694) 1447 2637)
11 1421 (2590) 1415 2580)
12 1458 (2656) 1442 2627)
13 1421 (2590) 1421 2590)
14 1395 (2543) 1384 2521)
15 1468 (2674) 1462 2665)
16 1458 (2656) 1421 2590)
17 1421 (2590) 1384 2521)
18 1400 (2552) 1437 2619)
19 1453 (2647) 1400 2552)

^Reducing Conditions: 1 SCFH 60% CO m  C09+ . *Oxidizing Conditions: 1 SCFH Air
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In addition to the Hanna fusion temperature determin
ations, several slag samples were submitted to the analytical 
laboratory at Hazen Research, Inc., in Golden, Colorado for 
independent evaluation. The results of their tests indicated 
that the slag fusion temperatures were approximately 2 5°F 
lower than the adjusted Hanna temperatures, on the average. 
This does not represent a significant difference and intro
duces less than 1% uncertainty in the slag fluid temperatures. 
Hence, it is justified to assume that the adjusted Hanna 
slag fusion temperatures do indeed represent the true fusion 
temperatures.

Initially, it was hoped that the small amounts of 
"contaminants" present in the slags, particularly alumina, 
would not drastically alter the shape of the liquidus 
surface beyond that of the pure ternary system 
SiC^-MgO-1FeO1, these three components accounting for better 
than 96 mole percent of the total slag composition, on the 
average. If this were true, then the concentration of the 
"contaminants11 in the slags could be assumed to be negligible 
and the actual slag compositions re-normalized to 100% 
assuming only SiC^f MgO, and "FeO" to be the slag components. 
Table 14 is a tabulation of some sample experimental points 
whose actual compositions have been re-normalized accordingly.

These points are plotted on the liquidus surface of 
the pure Si02~Mg0-'FeO1 ternary diagram of Figure 30 in
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Table 14 - SAMPLE EXPERIMENTAL SLAG COMPOSITIONS NORMALIZED
TO 100% ASSUMING NO "CONTAMINANTS"

Point
Slag Compos
sio2

itions - Mol 
MgO

e Percents 
FeO Fusion Temp.(°F) 

(Reducing Conditions)

D 43.68 36. 31 20.01 2532
C' 50.41 33.08 16.40 2561
G' 48.94 35.97 15.08 2561

As-Received 
Riddle Slag 47.57 41. 36 11.06 2599

5 46.79 34.91 18. 30 2505
10 49. 77 41.27 8. 96 2694
15 45. 81 46.43 8.23 2674
19 50. 71 38.52 10.77 2647
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mole percents. Beside each point is listed the actual 
fusion temperature of the experimental slags in °F for 
reducing conditions*. The heavy dashed lines represent the 
liquidus isotherms (also in °F) describing the liquidus 
surface of the pure ternary mixture in relation to the 
experimental region of interest. As can be seen, the 
experimental fusion temperatures are approximately 160°F, on the 
average, lower than the expected temperatures. That is, if 
the effects of the "contaminants'1 on the liquidus temper
atures truly were negligible, then it would be anticipated 
that the actual experimental slag temperatures would corres
pond to the pure ternary, i.e. the diagram, temperatures 
much more closely. Evidently, the presence of the "contamin
ants" can not be neglected, at least not in as far as their 
effects on the fusion temperatures are concerned.

It is not readily apparent why the small quantities of 
"contaminants" present in the slags should result in such 
a significant lowering of the fusion temperatures (relative 
to the liquidus surface of the pure ternary system 
SiC^-MgO-’F eO1), particularly in view of the highly refrac
tory nature of the compounds. Specifically, as was mentioned 
in a previous section, alumina, chromic oxide, and lime

*As will be pointed out briefly, it is believed that the fusion 
temperatures determined under a reducing atmosphere more 
closely reflect the actual fusion temperatures of the experi
mental slags than those determined under oxidizing conditions.
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constitute the vast majority of the "contaminating11 species 
in the experimental slags. On average, alumina is present 
at around 2.5 mole percent (- 4 weight percent), lime at 
approximately 0.5 mole percent (- 0.6 weight percent), and 
chromic oxide at around 0.5 mole percent 1 weight percent). 
For the ternary systems Si02-Mg0-"X", where "X" is one of 
the "contaminant" compounds at its respective concentration, 
the change in the liquidus temperature of the ternary system 
over the binary Si02-Mg0 system for identical Si02/Mg0 
ratios* and a 40 - 60% Si02 range registers a marked increase 
(28); 5% Al202 resulted in a 126 - 216°F increase, 1% Cr^O^ a 
50 - 68°F increase, and 0.6% CaO a 41 - 59°F increase.
However, for the ternary systems Si02-"Fe0"-"X", the effect 
of the same "contaminant" species is just the opposite, 
i.e. the liquidus temperatures for the ternary systems are 
significantly lower than their corresponding SiC>2-"FeO" binary 
systems; 5% Al^O^ resulted in a 216 - 450°F decrease and
0.6% CaO a 36 - 138°F decrease. As before, all liquidus 
temperatures were compared for identical silica/wtistite 
ratios over a 40 - 60% Si02 range.

*Choosing the same Si02/Mg0 ratio ensures that any changes 
in the liquidus temperature are due solely to the presence 
of the contaminating specie.
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The Si02- 1FeO1-Cr20 2 system was not available for compar
ison. However, since Cr20 2 and A120 2 are chemically similar, 
the small addition of Cr20 2 to the Si02“ "Fe0" system would 
probably result in a depression of the liquidus surface.

Apparently, then, the presence of the iron in the 
experimental (and Riddle) slags appears to play a very 
significant role in the 'reducing1 effects the "contaminants" 
have on the liquidus temperatures, relative to the Si02-Mg0-1FeO' 
ternary system, of the experimental slags. The formation of 
low melting ferrous alumino-silicates might help to explain 
the role iron plays on the depressing effects of alumina.
Indeed, it has been found by another investigator (29) 
that, for a system quite similar to this studys', small 
amounts of alumina resulted in the formation of ferrous 
alumino-silicates and an attendant depression of the liquidus 
temperature of approximately 70°F. Cr20 2 and CaO may form
similar compounds with similar effects on the liquidus 
temperatures.

As was mentioned earlier, the slag fusion temperatures 
were obtained under oxidizing and reducing conditions, 
i.e. air and 60% CO in C02*, respectively, according to ASTM 
method D-1857. It should therefore be expected that the 
ferrous and ferric iron distributions and, hence, the liquidus

*The ratio of the CO to CO~ partial pressures was 1.5. This 
was sufficient to ensure that ferrous iron was the only 
stable iron specie above approximately 700°C.
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temperatures, will be significantly different between slags 
fused under the two conditions. The results of Table 13 
show this to be the case. It can further be shown that the 
'oxidized' slags are probably solely responsible for this 
difference in fusion temperatures. Specifically, as will be 
recalled from the discussion earlier in this sub-section, 
results of the Mttssbauer spectrometry experiments indicated 
that the ferric iron content of the experimental slags was 
negligible. Hence, the slags fused under the reducing 
atmosphere should essentially be identical to the experi
mental slags and the liquidus temperatures obtained for the 
former slags equivalent, therefore, to the latter.

Thus, it appears that only the slags fused under the 
oxidizing atmosphere would contain iron, e.g. ferric iron, 
contents significantly different from the experimental 
slags. The liquidus temperatures between the two slags 
should accordingly be different.

Unfortunately, no chemical analyses were obtained on 
the slag samples following fusion measurements. Thus, it is 
not possible to determine the extent of the ferric iron 
formation.

In the preceeding discussion, it was shown that the 
liquidus (fusion) temperatures of the experimental slags 
should correspond quite closely to the fusion temperatures 
obtained under reducing conditions and differ significantly
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from the liquidus temperatures obtained for the oxidizing
atmosphere as a result of iron(II) oxidation and subsequent 

3+Fe enrichment of the slags. It might therefore be expected 
that the liquidus temperatures of the slags fused under the 
oxidizing atmosphere would correspond closely to the fusion 
temperatures of similar Riddle-type* slags as both are 
fused under atmospheric air. Since, as was noted previously, 
the alumina concentrations of most experimental slags were 
very near as-received, i.e. Riddle, levels, any differences 
between the oxidized and Riddle-type slag liquidus temper
atures should be a result of disproportionate iron contents. 
Therefore, if the liquidus temperatures of both slags are 
similar, then the iron distributions must also be similar.
This can not be the case, however. Specifically, the slags 
at Riddle are, for the most part, exposed to atmospheric air 
while in the presence of dissolved, molten ferro-silicon, 
a powerful reducing agent. Thus, the oxygen potential in 
the slags will necessarily be low, certainly much lower than 
the experimental slags fused under the oxidizing atmosphere. 
Since the iron distribution in the slags is a function of the 
dissolved oxygen potential, the distributions must be

*The slags at Riddle are fairly consistent in overall compo
sition and by no means 'wander' within the region of interest. 
'Riddle-type' slag refers to a Riddle slag whose composition 
has been altered, e.g. through suitable flux additions, to 
correspond to the composition of an experimental slag.
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different. Therefore, the liquidus temperatures of the 
oxidized and Riddle slags must also be different.

On the basis of the preceeding paragraphs, it is con
jectured that the liquidus temperatures of similar Riddle- 
type slags should be closely approximated by the slag 
fluid temperatures obtained under the reducing atmosphere. 
Although this is necessarily an approximation, it is believed 
to be justified. The subsequent discussion is made with 
this in mind.

It would be advantageous if it were possible to plot 
the slag fusion temperatures on a ternary diagram in much 
the same manner as was done for the viscosity results. 
However, unlike viscosity, which allows for a large range of 
compound 'equivalency1, liquidus temperatures are very much 
dependent on the 'kind' of compound(s) present. In other 
words, many compounds can replace or substitute (partly or 
wholly) for certain other compounds of a melt with little 
or no change in the viscosity of the molten mixture. Except 
in the range approaching infinite dilution, such is not the 
case where liquidus temperatures are concerned. Thus, it 
is not valid to sum the alumina with the silica and the lime 
with the magnesia (on any basis) to obtain "adjusted" 
values.
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Unfortunately, there exists no exact physical means 
by which to depict a plot of the liquidus temperatures, for 
to be able to do so would require six dimensional space 
(one dimension each for SiC^, A ^ O ^ ,  Cr^O^, MgO, CaO, and 
!F e O :). The problem may be greatly simplified, though, if 
it is assumed that the very small amounts of chromic oxide 
and lime do not appreciably effect the liquidus temperatures, 
i.e. that the alumina contributes most to depressing the 
liquidus temperatures. This assumption is certainly valid 
on the basis of their effects on the appropriate ternary 
systems examined previously.

Thus, the real system reduces (approximately) to a 
quaternary system and can be depicted by a pyramid with 
each component at a separate apex. Figure 31 is a two- 
dimensional representation of the quaternary system SiC^- 
MgO-'FeO'-Al^O^• The cross-hatched plane parallel to the 
base of the pyramid denotes a quaternary system of constant 
alumina content.

A second approximation which must be introduced can 
now be mentioned. As is apparent from the chemical 
analyses of the experimental slags, the alumina contents 
vary from slag to slag for reasons already mentioned. This 
means that each composition point must be plotted on a 
separate equi-alumina plane corresponding to the alumina 
content of that particular slag. The resulting plot of the



T-2365 142

O0)

ro

O

Eo>
in
>*in
roO_£J
<I
0  0) li_
~l
O
O'
2  o
1 £ co p

2  iCO «

<D£  Co
•4- </)o c o o

a>

5
0)

o
.2  §  </> —- 
c  °- <u
£  O'
-6 -S■o
o ^  * o
I

ro
LxJ
tr3O
li.



T-2365 143

liquidus temperatures would be a complex, three-dimensional 
"surface" which would be difficult and very cumbersome to 
use. However, if a representative value were chosen for the 
alumina contents of the slags, then it would be possible to 
plot all points on a single, equi-alumina plane, i.e. the 
points could be plotted on a simple ternary diagram.

Although this procedure will also result in the intro
duction of error into the shape of the "ternary" liquidus 
surface, this error should certainly be less than assuming 
either that the alumina has a silica equivalence and summing 
the two components yielding an adjusted silica or that the 
effects of the alumina on the liquidus temperatures are 
negligible.

From Table 7, it appears that 4 w/o is a good, repre
sentative value for the alumina contents of the experimental 
slags. Table 15 contains the adjusted, renormalized values 
of Table 7 with all alumina concentrations set equal to 
4 percent by weight. Since alumina is assumed to be the 
only "contaminant" significantly effecting the liquidus 
temperatures, the lime contents of the slags have been ignored.

Figure 32 is the resulting ternary plot of the liquidus 
temperatures on the 4% alumina iso-composition plane. The 
isotherms correspond to the liquidus temperatures in °F 
as determined under reducing conditions. As will be recalled, 
these fusion temperatures were assumed to be highly
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Table 15 - SLAG COMPOSITIONS ADJUSTED TO 4% BY WEIGHT
ALUMINA AND RENORMALIZED TO 100%

Point %A12°3 %Si02 %MgO %FeO

A 4.00 50.55 32.44 12. 76
B 4.00 53.93 28.25 13.58
C 4.00 54. 82 22.22 18.78
D 4.00 45. 40 25.71 24.87
E 4.00 43. 35 28.71 23.93
F 4.00 44. 95 30.71 20. 30
A' 4.00 47.74 32.54 15.72
B' 4.00 51.70 27.95 16. 30
C' 4.00 52.27 23. 36 20. 35
D* 4.00 46.26 27. 01 21.71
E' 4.00 47.07 28.85 20.02
F' 4.00 51.54 29.72 14.69
G 1 4. 00 51.29 25. 80 18.90
H' 4.00 46.23 26.47 22.29

As-Received 
Riddle Slag 4.00 51.22 30.53 14.24

1 4.00 59.50 20. 88 15.75
2 4.00 56.83 31.03 8.22
3 4.00 47.09 33.27 15.65
4 4.00 52. 68 33.02 10. 37
5 4. 00 48.54 24.78 22.71
6 4.00 55. 39 30.27 10.41
7 4.00 56.58 29.62 9.87
8 4.00 46. 02 26.17 23.81
9 4.00 43.06 27.50 25.44

10 4. 00 53.72 30.73 11.57
11 4.00 46.80 31.61 17.59
12 4.00 57. 02 25.41 13. 56
13 4. 00 42. 88 28.88 24.18
14 4. 00 50. 95 23.04 21. 94
15 4.00 50.26 34. 94 10.80
16 4.00 50. 37 32.10 13.49
17 4.00 49. 79 29. 32 16. 88
18 4.00 50. 39 25.10 20.45
19 4.00 54.14 28.12 13.74
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representative of the liquidus temperatures of similar, 
Riddle-type slags.

In contrast with the smooth iso-viscosity curves of 
Figures 24 through 26, the isothermal plots are twisted and 
very complex. However, not unlike the iso-viscosity plots, 
there appears to be a region or valley of decreasing liquidus 
temperatures in the temperature - composition surface* . as 
indicated by the line A-A'. In addition, the Riddle slag 
composition, denoted by the crossed, open circle, lies on a 
slope of the surface.

The figure graphically demonstrates that small increases 
in the silica and/or whstite concentrations of the Riddle 
slag composition will shift the slag into a region of rela
tively lower liquidus temperatures. It will be recalled that 
the same occurrence was found to be true as regards the 
reduction of Riddle slag viscosities. In addition, on 
comparing the general trends of the isotherms with those of 
the iso-viscosity lines, it appears that there exists a 
relation between the liquidus temperatures and viscosities.

*It should be noted that the isotherms may not necessarily 
correspond to a single liquidus surface defining a single 
equillibrium crystalline phase. In fact, the complex shape 
of the isotherms indicates that there probably is more than 
one crystalline phase region present over the range of 
experimental compositions investigated. This possiblity, 
however, is significant only in as far as the type (compo
sition) and relative amounts of crystals at the solidus 
temperature(s) are concerned.
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That is, for a given melt temperature, the slag composi
tions with the lowest liquidus temperatures will also have 
the lowest coefficients of viscosity.

Although such a conclusion certainly suggests itself 
from the diagrams, there exists no evidence in the liter
ature (indeed, there exists much evidence to the contrary) 
to support such a statement. Of course, if* the melt 
temperature corresponds to the liquidus temperature of a 
given slag composition, then the viscosity of this composi
tion will generally be greater than a slag composition of 
lower liquidus temperature at the same melt temperature. 
This phenomena is the result of solids precipitation in the 
molten slag, however, and the slag will physically resemble 
a slurry as opposed to a fluid (in the classical sense). 
Thus, a comparison between these two slags would be 
meaningless.

Therefore, it should be understood that the apparent 
interrelationship between slag viscosity and liquidus 
temperature is largely coincidental.
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4. AGREEMENT OF THE VISCOSITY RESULTS WITH THEORY

Unfortunately, no theory exists today which can satis
factorily predict (explain) qualitatively and, especially, 
quantitatively the coefficients of viscosity for melts of 
ternary and higher order compositions. This limitation, 
however, does not impose a serious restriction on the 
evaluation of the experimental viscosity results. Specifi
cally, the independent findings of other investigators for 
identical or similar systems can be used as an indication 
of the general validity of the experimental data.

The quaternary system SiC^-A^O^-MgO- 'FeO’ has not 
been investigated with regard to the viscosity variations 
with temperature and composition. Hence, a precise evaluation 
of the results of this phase of study is not possible.
However, an oxide system somewhat similar to the above 
’Riddle1 system has been explored, the results of which are 
depicted in the iso-viscosity diagrams of Figure 33. The 
diagrams apply to the quaternary system SiC^-A^O^-MgO-CaO, 
where the silica content has been held constant at 45%, for 
various melt temperatures.

It is immediately apparent from the diagrams that the 
iso-viscosity lines for this system are essentially linear 
and show little inclination toward curvature. Thus, it would
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appear either that this system is radically different from 
the 'Riddle' system with regard to viscosity effects, e.g. 
that lime is significantly dissimilar to wftstite, or that 
the experimental, i.e. the curved iso-viscosity trends 
obtained for this study, are in error. The literature does 
indicate that lime and wtlstite exhibit molar equivalence up 
to approximately 16 mole percent 'FeO', after which the 
differences between the two compounds become dramatic (17). 
Hence, the disagreement between the shapes of the iso-viscosity 
lines in the diagrams of Figure 33 and the experimental lines 
(curves) is not unexpected.

The literature indicates that magnesia has a molar 
equivalence with lime up to approximatley 10 mole percent, 
after which the similarity between the two compounds de
creases gradually. Thus, it should be expected that the 
iso-viscosity trends as determined for the 'Riddle' system 
will correspond to those for the SiC^-A^O^-CaO-' FeO' 
quaternary system. Unfortunately, viscosity measurements have 
not been obtained for this system. However, as was shown in 
Section 3, small concentrations of alumina may be summed to 
the silica as the former quantity exhibits a silica equi
valence up to approximately 5 mole percent. Since this was 
shown to be the case for the experimental slags, the ternary 
system SiC^-CaO-'FeO' should be similar to the 'Riddle' quater
nary system in as far as the viscosity trends are concerned.
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The iso-viscosity plots for this system are shown in 
the diagrams of Figure 34 at 1300 and 1400°C. It should be 
noted that these diagrams are in weight percents and the 
experimental plots are in mole percents. Hence, direct 
comparison is, in principle, not possible. However, since 
the molecular weights of the ternary constituents are not 
significantly different from one another (20% between the 
heaviest (FeO) and the lightest (CaO)), the viscosity plots 
in mole percents will be very similar in shape as well as 
location to the weight percent plots. Therefore, it is 
valid to compare the iso-viscosity plots of the SiC^-CaO-'FeO' 
system to the experimental ('Riddle') iso-viscosity diagrams.

It is evident on comparing the experimental diagrams 
to those of Figure 34 that the shape and location of the 
isokoms are quite similar. Specifically, the viscosity 
trends of the diagrams indicate the presence of a valley of 
minimum viscosity at approximately the same position on the 
viscosity surfaces. In addition, the slope of the viscosity 
surface corresponding to the valley 'walls' is significantly 
steeper for the 'wall' of the lowest silica contents.

Thus, it would appear that the iso-viscosity plots for 
the SiC^-CaO-'FeO' system confirm the general viscous trends 
determined for the experimental compositions. However, it 
must be stressed that, in view of the approximate nature of 
the 'evidence' above and, particularly in the absence of
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substantiating experimental proof, the viscosity results of 
this study must be accepted largely at face-value alone.
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5. IMPLICATIONS OF THE EXPERIMENTAL RESULTS FOR POSSIBLE 
IMPROVEMENTS IN THE RIDDLE FERRO-NICKEL OPERATION

5.1 Implications - Phase I

The results of this phase of study have major implica
tions for possible improvements in the Riddle smelting oper
ation. Specifically, it has been shown that it is possible 
to reduce significant amounts of nickel (and iron) from 
molten Riddle ore via controlled carbon additions to the 
ferro-nickel seed (button) amounting to 0.2 percent by weight. 
Most importantly, however, is the fact that the reduction can 
be achieved with no attendant slag foaming.

Thus, it should in principal be possible to affect a 
significant decrease in the consumption of the more expensive 
ferro-silicon reducing agent through partial replacement with 
carbon. Indeed, rough calculations (see Appendix C) indi
cate that a 16% reduction in the current ferro-silicon 
addition rate (1.5 pounds FeSi per pound of nickel in the 
molten ore) may be possible for a 0.2 percent by weight 
carbon addition to the molten ferro-nickel resulting in an 
approximate yearly savings of $500,000.

It must be stressed that the carbon "dopant" and molten 
ferro-nickel be homogeneously mixed prior to contacting the 
mixture with molten ore to ensure a uniformly low carbon 
activity. As will be recalled, it was felt that the violent
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slag foaming which occurred for the 0.5 and 1.0% carbon 
additions resulted from the rapid reaction kinetics because 
of the greater carbon activities (relative to the 0.2% 
carbon activities). Thus, given a 0.2 percent by weight 
carbon addition, if homogeneous mixing were not attained, 
then it could be possible that regions of locally high 
carbon activities (concentrations) would exist resulting in 
excessive reaction rates and hence, significant foaming.

The chemical form of the carbon dopant should not be 
limited solely to graphite, as was used in this study. 
Petroleum coke or charcoal are but several other possibilities. 
Another alternative form would be iron carbide. In order 
to determine the best candidate (if indeed a best candidate 
exists) as regards chemical reactivity, solution rate in the 
FeNi, etc., as well as cost, additional research is essential.

5.2 Implications - Phase II

In Section 3, it was determined that the Riddle slag 
viscosity could be reduced in a number of ways. These 
included

(1) Increasing the temperature of the molten slag while 
maintaining a constant, i.e. unadjusted, composition.

(2) Increasing the silica (alumina) content of the slag 
while maintaining a constant melt temperature.
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(3) Increasing both the silica (alumina) and wtistite con
tents of the slag while maintaining a constant melt 
temperature.

(4) A combination of (1) and (2).

(5) A combination of (1) and (3).

Although point (3) would bring about the desired 
decrease in Riddle slag viscosity, it is not a viable con
sideration. Specifically, increasing the wtstite concentra
tion of the slag would be counterproductive from at least 
three stand points. Firstly, the amount of silicon 
reducing agent (as FeSi) required to achieve the same degree 
of nickel recovery from the molten slag (ore) would increase. 
That is, a greater proportion of the silicon would go
toward the reduction of ferrous iron at the expense of nickel

2+reduction since the chemical activity of the Fe would be 
expected to increase and that of the nickel to decrease 
(because of diluting effects). Secondly, the grade of the 
resulting ferro-nickel melt would decrease relative to the 
nickel owing to the disproportionate increase of iron reduced. 
Lastly, it is doubtful whether any viscosity-reducing effects 
of the additional wtistite on the slag would be apparent as 
most if not all of the additional wtistite would be reduced 
from the slag. Thus, (3) and hence, (5), are not viable con
siderations for decreasing the Riddle slag viscosity.



T-2365 157

Points (2) and (4), however, appear to offer plausible 
alternatives to decreasing the slag viscosity. As discussed 
earlier, the additions of small amounts of silica (alumina) 
to the Riddle slags do indeed result in significant de
creases in slag viscosity. In addition, increasing melt 
temperatures resulted in decreased viscosities. However, 
whether these two alternatives are truly viable must depend 
on certain other considerations. Some of the more important 
considerations include:

(a) How will the silica (alumina) concentration
changes, i.e. increases, of the Riddle slags be 
achieved? In addition, at what point in the Riddle 
flow sheet will the composition changes be 
introduced?

(b) What effect will the increased silica contents of 
the Riddle slags have on the chemistry of the nickel 
and iron reduction reactions?

(c) What effect will the increased silica contents of 
the Riddle slags have on the fluid properties,
i.e. liquidus temperatures, of the resulting slags?

(d) How do the economics of achieving reduced slag 
viscosities at lower melt temperatures and greater 
silica concentrations compare to reduced viscosities 
via higher melt temperatures (and possibly also
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higher SiO^ concentrations), bearing in mind
(a) , (b) , and (c) ?

Perhaps the most critical consideration of all is

(e) Do reductions in the Riddle slag viscosity by
magnitudes physically realizable truly translate 
into economic process improvements?

Points (b), (d), and (e) will require an additional
research effort in order to answer the questions posed.
Point (a), however, may be readily speculated on and point
(c) answered directly.

The silica content of the slags could be changed 
(increased) via additions of either pure silica sand (or 
high silica sand) or additions of a low magnesia (lime) 
and iron (alumino-) silicate. Any contaminants, i.e. com
pounds foreign to the Riddle slag system, present in the 
high silica sand or the (alumino-) silicate should be 
"screened" as to their effects on the slag fusion and vis- 
cosity and their effects on the nickel and iron reduction 
as a whole.

A possible candidate for the alumino-silicate would 
be Riddle rock-reject* whose source and composition were

*Actually, the material of interest is the product (float) of 
a heavy media separation currently being considered for the 
Riddle rock-reject. Laboratory results obtained at Hanna's 
Research facility indicate that this material contains a high 
silica content and recoverable nickel units. All subsequent 
references to the 'Riddle rock-reject' will be understood to 
be the f lo at-product.
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mentioned earlier in the Introductory section. "Screening” 
of this material would, of course, not be necessary as it 
contains the same components as the ore-to-process material. 
If the rock-reject were determined to be a suitable material, 
it would have the obvious advantages of:

(1) Availability - millions of tons are piled at the mine 
site.

(2) Recoverable nickel units from the reject material - 
the rock-reject contains approximatley 1% Ni.

(3) Little or no material procurement costs - since the 
material has heretofor been considered a worthless 
by-product, the raw material (to HMS) is essentially 
"gratis".

Since the reject material would necessarily contain 
significant amounts of moisture (resulting from the previous 
heavy media separation step), the material would have to be 
dried prior to usage. If it were decided to adjust the 
ultimate slag composition by adding the appropriate amounts 
of rock-reject to the molten ore in the electric melting 
furnaces, moisture removal from the reject material could 
be achieved by blending the rock-reject with the ore-to- 
process feed stream just ahead of the ore calciners. This 
procedure would not necessitate, therefore, the need for a
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separate drying step for the rock-reject material. Pure 
(or high) silica sand could also be added to the ore-to- 
process feed stream at this point, although drying would 
probably not be necessary. However, the material would get 
the benefit of pre-heating.

Figure 32 (in Section 3) may be used directly to 
predict the approximate change expected in the liquidus 
temperatures accompanying a known composition change in the 
Riddle slag. It will be recalled that the liquidus tempera
tures were found to decrease for small increases in the silica 
content of the Riddle slag.

As discussed earlier in Section 1, reduction of the 
Riddle slag viscosity would be advantageous from several 
standpoints. These included:

(1) Decreased slag-metal droplet separation time following 
mixing.

(2) Decreased amounts of mechanically entrapped metal in 
the molten slag.

(3) Increased reaction kinetics (assuming diffusion 
control of the reactants).

(4) Reduced slag hold-up in th<? reaction ladle.

This list may now be extended to include several additional 
possible advantages which are based on the findings of this 
study. Specifically:
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(5) Decreased amount of added superheat to maintain 
required slag fluidity, and

(6) Recovery of additional nickel units heretofore lost 
to the rock-reject.

Point (5) follows from the realization that if the 
Riddle slag were compositionally shifted to a region of 
reduced viscosity for a given temperature, this melt tem
perature could then be reduced to a point where the slag 
viscosity would increase back to its original, Riddle 
viscosity. Although this procedure would not accomplish the 
intended purpose of reducing the slag viscosity, it would 
represent a reduction in the thermal energy requirements 
necessary to achieve a given Riddle slag viscosity (relative 
to the non-adjusted slag composition). Of course, the 
impetus for doing this must be based on the economic 
advantages of a reduced slag viscosity (bearing in mind point 
(E)) versus the economic savings associated with a reduction 
in the added superheat.

Point (6) follows from the earlier discussion concerning 
the use of Riddle rock-reject to shift the Riddle slag 
composition to a region of reduced viscosity.
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6. CONCLUSIONS

6.1 General

It has been shown through this basic research that 
several fundamental aspects of the Hanna Mining Company's 
ferro-nickel smelting operation at Riddle, Oregon are open 
to change which might lead to significant capital savings 
over the long term. However, whether these changes are 
truly viable from engineering and economic standpoints must 
depend on the results of further research.

6.2 Conclusions - Phase I

This phase of study has demonstrated the feasibility 
of reducing iron (ferrous and ferric) and nickel from the 
molten Riddle ore using controlled amounts of carbon 
additions to the ferro-nickel phase (in contact with the 
molten ore).

It was determined that carbon additions in excess of
0.2 percent by weight resulted in violent slag foaming and 
partial slag losses from the reaction crucibles. This 
occurred at both 1540 and 1620°C.

For a carbon addition equal to 0.2%, no slag foaming 
occurred at either reaction temperature. In addition,
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significant reductions in the nickel units (and probably 
iron units as well) contained in the ore were achieved.

It was further shown that a 0.2% carbon addition has the 
potential of reducing the current ferro-silicon consumption 
rate by approximately 16%. This translates into an approxi
mate yearly savings of $500,000.

6.3 Conclusions - Phase II

This final phase of study has shown that the Brookfield 
viscometer arrangement as used in this research is well 
suited for the elucidation of molten-silicate slag vis
cosities at high temperature. The results of these viscosity 
determinations have demonstrated the possibility of effecting 
significant reductions in the Riddle slag viscosity through 
any one of the following procedures:

(1) By increasing the slag temperature for a constant slag 
composition, or

(2) By increasing slightly the silica and/or alumina con
tent of the slag for a constant slag temperature, or

(3) By increasing both the slag temperature and silica 
(alumina) content.

In addition, it was possible to determine the slag 
liquidus temperatures for each composition change thereby 
enabling a ternary plot of the liquidus surface.



T-2365 164

REFERENCES CITED

1. Schenck, H . , The Physical Chemistry of Steelmaking,
London, (1945).

2. Bockris, J. O'M., Kitchener, J. A., and Davies, A. E.,
"Electric Transport in Liquid Silicates", Trans. 
Farad. Soc., 48, (1952), p. 536.

3. Bockris, J. O'M., Tomlinson, J. W. , and White, J. L . ,
"The Structure of the Liquid Silicates: Partial
Molar Volumes and Expansivities", Trans. Faraday 
Soc., 52, (1956), p. 299.

4. Endell, K. and Hellbrhgge, J . , Naturwissenshaft, 30,
(1942), p. 421.

5. Bockris, J. O'M. and Lowe, D. C., "Viscosity and the
Structure of Molten Silicates", Proc. Roy. Soc.,
A226, (1954), p. 423.

6. Masson, C. R., "An Approach to the Problem of Ionic
Distribution in Liquid Silicates", Proc. Roy. Soc., 
A287, (1965), p. 201.

7. Toop, G. W. and Samis, C. S., "Activities of Ions in
Silicate Melts", Trans. Met. Soc. AIME, 224, (1962),
p. 878

8. Westman, A. E. R. and Gartaganis, P. A., "Constitution
of Sodium, Potassium, and Lithium Phosphate Glasses", 
J. Amer. Ceram. Soc., 40, (1957), p. 293.

9. Lin, P. L . , and Pelton, A. D. , "A Structural Model for
Binary*Silicate Systems", Trans. Met. Soc. AIME,
10B, (1979), p. 667.

10. Masson, C. R., Smith, I. B . , and Whiteway, S. G . ,
"Activities and Ionic Distributions in Liquid 
Silicates: Application of Polymer Theory", Can.
J. Chem., 48, (1970), p. 1456.

11. Meadowcroft, T. R. and Richardson, F. D., "Structural
and Thermodynamic Aspects of Phosphate Glasses",
Trans. Farad. Soc., 61, (1965), p. 54.

12. Eitel, W. , The Physical Chemistry of the Silicates, The
University of Chicago Press, Chicago, Illinois, (1954),
p . 22.



T-2365 165

13. Zarcycki, J. , "Proc. 4th Int. Congress Glass", Paris,
6, (1956), p. 323.

14. Waseda, Y. and Toguri, J. M . , "The Structure of Molten
Binary Silicate Systems Ca0-Si02 and Mg0-Si02",
Trans. Met. Soc. AIME, 8B, (1977), p. 563.

15. Bird, R. B., Steward, W. E . , and Lightfoot, E. N. ,
Transport Phenomena, John Wiley & Sons, Inc.,
New York, New York, (1960), p. 26.

16. Bockris, J. O'M. and Reddy, A. K. N., Modern Electro-
chemistry, Plenum Press, New York, New York, (1970), 
p. 599.

17. Geiger, G. H. and Poirier, D. R., Transport Phenomena in
Metallurgy, Addison-Wesley Publishing Company, Inc., 
Reading, Massachusetts, (1973), p. 15.

18. Bodsworth, C . , Physical Chemistry of Iron and Steel
Manufacture, Longmans, Green and Company, LTD,
London, England, (1963), p. 86.

19. Annamalai, V., A Thermodynamic Study of the Formation
of Vapor Complexes in the System Mn-Fe-Cl, (Masters
Dissertation, Colorado School of Mines, 1972).

20. Machin, J. S. and Hanna, D. L., "Viscosity Studies of
System CaO-MgO-Al-O^-SiO-: I, 40% SiOp", J. Am.
Ceram. Soc., 28, \1946), p. 310.

21. Alcock, C. B., Principles of Pyrometallurgy, Academic
Press, New York, New York, (1976), p. 138.

22. Dietzel, A. and Brhckner, R., "Calibration of an
Absolute Viscometer for High Temperature and the 
Measurement of the Viscosity of Boric Oxide",
Glastech. Ber., 28, (1955), p. 455.

23. Kurkjian, C. R. and Douglas, R. W . , "The Viscosity of
Glasses in the System Na20-Ge02", Phys. Chem.
Glasses, 1̂, (1960), p. 19.

24. International Critical Tables of Numerical Data,
John Wiley & Sons, New York, New York, (1966), 
p. 1132.

25. Bockris, J. O'M., Mackenzie, J. D., and Kitchener, J. A., 
"Viscous Flow in Silica and Binary Liquid Silicates", 
Trans. Farad. Soc., 51, (1955) p. 1734.



T-2365 166

26. Turkdogan, E. T. and Bills, P. M . , "A Critical Review
of Viscosity of Ca0-Mg0-Al203-SiC>2 Melts", Am. Ceram. 
Soc. Bull., 39, (1960), p. 682.

27. Bills, P. M. , "Viscosities in Silicate Slag Systems",
J. Iron and Steel Inst., (1963), p. 133.

28. Levin, E. M . , Robbins, C. R., and McMurdie, H. F . ,
Phase Diagrams for Ceramists, The American Ceramic 
Society, Inc., Columbus, Ohio, (1964).

29. Boow, J. , 11 Viscosity/Temperature Characteristics of
some Australian Coal-ash Slags in the Range 1100° 
to 16 0 0°C", J. Inst, of Fuel, (1965), p. 3.

30. Ewing, G. W . , Instrumental Methods of Chemical Analysis,
McGraw-Hill Book Company, New York, New York, (1975), 
p. 475.

31. Tipler, P. A., Foundations of Modern Physics, Worth
Publishers, Inc., New York, New York, (1976), 
p. 454.



T-2365 167

APPENDICES



T-2365
168

APPENDIX A

COMPUTER PROGRAMS USED TO DETERMINE THE REQUIRED FLUX 
ADDITIONS AND THE ADJUSTED, NORMALIZED SLAG COMPOSITIONS IN 
MOLE AND WEIGHT PERCENTS.

The computer program on the following pages was used to 
calculate the required amounts of fluxing material (in grams) 
necessary to obtain a desired overall slag composition when 
added to 70 grams of as-received Riddle slag.

The program assumes that the Riddle slag contains only 
Si02/ MgO, and 'FeO' and is normalized to 100% on this basis. 
Furthermore, the program assumes that the ferric iron present 
in the magnetite flux occurs in the slag mixture as ferrous 
iron.

Symbol Variables
S (= 70) Grams of Riddle Slag
Ml
SI
FI
P

Desired Overall MgO Content 
Desired Overall Si02 Content 
Desired Overall FeO Content 
Grams of FeO Added
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1 o
£030 40 50 •SO 70 
SO 90 100 110 ISO 130 14 0 150 
ISO 170 ISO 19 0 30031 0 33 033 034 0
35 0 34 0

DIM L (2, 2) , 0(2* 2) » M(2,l), N(2,l) DIM fi( 3,3), B <3? 1) » C(3*l), D(3*3) P=10FDR J=1 TQ 10 REPD Sj Ml» S1 » F1 A(l, 1) = (Ml/ I 00) — 1 Ft (1» 2) =M 1/1 0 0 H (1,3)=M1/100 ft(2»1)=S1/100 Ft(2,2) = (Sl/100)-l A (2* 3) = S1/1 00 ft (3* 1)=F1/100 Ft <3» 2) =F 1/10 0 Ft (3. 3) = (FI/I 0 0) -1 C (1, 1)= -S*(Ml/1 00-33.5/97)C (2* 1)= -*♦(Sl/100-54/97)C (3j 1) = -St (Fl/1 00-1 0. 5/97)NAT D=INV(A)MAT B=DtCIF B (1 , 1) <0. 0 THEM 530 IF B (3, 1) <0. 0 THEM 52 0 IF B (3j 1) <0. 0 THEM 530 R=S+B(1, 1) +B (3,1) +B (3- 1)X = (St-32. 5/97+B (1 , 1)>/P V= (St-54/97 + B (3 * 1) ) /R 
Z=<SM0.5/97 + B(3» 1))/R 7 0 F'F; I MT " ♦■♦•♦TO DBTAIN THE 8OPR I NT"29 U 3 0 031 032 033 0 340 35 034 u

3  • U 28 0 39 04 0 041 042 0 430 4404 5 043 0 47 05 0 0 
510
53 054 055 0 53 0
57 0
58 059 OMFtT 300 IF 31032 0 83 0
S-4 0
850 83 0 37 0
33 0

IF
f ; 1

PRINT" PRIMT PRIMT" PRINT" PRIMT" F= (231 PRIMT PRINT" FRIMT PRIMT PRIMT" PRINT" PRIMT PRINT" PRIMT" PRINT" PRIMT PR I NT"♦ NEXT J DATA 70 DFtTft 70 L (1 L (1 L (2 L (2 M (1 H (2 NAT

DESIRED OVERALL SLAG COMPOSITION"DF 7NG0="?Ni;", 7.3102=" ? SI J “ , AMD 7FE0="5F1 THE FOLLOW I MG AMOUNTS DF REAGENTS MUST BE ADDED!
GMS MGO = ";BC1j1) GMS SI 02 = "? B(2* 1) 
GMS FEO="5B(3»l) 54tB(3, 1))/(3*71.85)

FE3D4 IS USED AS THE GMS OF FE304 MUST BE SOURCE OF ADDED!". I POM(IM FLUX)* THEN-

WITHPURE THE ABOVE S L A b• THE AMOUNTS DF COMPOUNDS ADDED TD THE" NORMALIZED OVERALL SLAG COMPOSITION IS:
7MGD="? Xtl0 0 72 I 02-"? YMOO 7FE0=";Ztl00

2* 50. 18* 70, 38. 50* 22 i* 55* 17* 70* 32, 55* 131) = (Ml/I 0 0) -12)=M1/10 01)=S1/1002) = (Sl/1 00) -11) = -S* (Ml/I 00-32. 5/97) -F«-M1/1 00 
1)= -£♦ (Sl/10 0-54/97)-PtSl/100 D=IMV (L)M=D«-NM (1 * 1) <0. 0 THEM 380 IF M (2, 1) <0. 0 THEM 380 

B (3,1)=P B (1 * 1) =M (1 * 1)B (2* 1) =M(2* 1)GD TO 230PR I NT"PECHD03E VALUE FDR FED flS";p;~GMS DDES MOT WORK!
GO TO 470
END
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A sample output is included below.

obtain THE DESIRED OVERALL SLAG COMPOSITION OF XMG□= c'S * ZS102= 55 , AMD XFE0 = 17 
THE FOLLOWING AMDUNTS DF REAGENTS MUST BE ADDED!
GMS MGD= 5.49727 GMS SI 02= 17.8937 GMS FE0= 10

IF FE3D4 IS USED AS THE SOURCE DF I RDM (IN FLUX), THEM 10.7418 GMS OF FE3D4 MUST BE ADDED!
WITH THE ABDVE AMDUNTS OF CDMPDUMDS ADDED TD THE 
PURE SLAG, THE NORMALIZED OVERALL SLAG COMPOSITION IS:

7MG0= 23.73102= 55.*FED= 17.

The computer program on the subsequent two pages was 
used to calculate the adjusted, normalized compositions for 
the reacted (equillibrated) slags in mole and weight per
cents. The source for the data was the actual chemical 
analyses of the equillibrated slags.

The program assums that all iron was present in the 
slags as ferrous iron. In addition, any chromic oxide in 
the slag was ignored.

Symbol Variables
A* AI 2 O 3 , as-analyzed, Wt. %
C CaO, as-analyzed, Wt. %
FI Total Iron, as-analyzed, Wt. %
M MgO, as-analyzed, W t . %
S Si02, as-analyzed, Wt. %
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 1̂ -K=0--------------— ------------------:---------:-:-- ---
20 FOR T=1 TO 8
30 READ Q$(T) ; ■ 40 - DATA- At B t-Ct D r-E »f rG r-H—  -- -̂-- — :...     — -------------50 NEXT T oO FOR 1=1 TO 24

 3 0 —READ—A r C-t F-I-rfi r-S------------------------ :----------- >--------------- -------------
80 A 1 = A/101.96 
90 C 1=C/ 5 6 .08

110 51=5/60. OS 
120 F3= ( Fl'/55 . S 5 )

140 A2=A1/Z 
150 C2=C1/Z

170 52=51/Z 
•180 F5 = F2/Z

200 A 3 = <A / X >»100 
110 C3='C/X>*100

230 53 = ( S/X J X: 100
140 F 2 = < F 3 * 71 . S 5/X )Y 100

2 6 0 L = A 2 / F‘
270 PSIi'li *■*. t t  *****

290 PRINT* 1: *:? t * V X X: 7 r F' 0 1 N T *;Q*<I> ? **X* .******* * '
3 00 PRINT * * * a . * * X * * ̂ * v * * * * X ******* *

320 PRINT ’ WEIGHT/: riOLEX
3 3 0 F1R I N T .

350 PRINT * 5102: ‘ ‘, S 3 r '  *552*100
jcO P R I N T ’ AL.2 0 3 1 ‘fA3f* * ?A2* 100 .

— 37C"-F’RI-NT *—C ftG :-----•‘S-C3 j * -------------- * > 1 2** 100-------------------------------------------------------------
350 FRTNT' FEOJ ‘JFS;* *=75*100
350 PRINT
4 00 PRINT * THE 'AL202/ < CAO-: ;100 ? OGLE FRACTION RAT 10= *"*1. --------------
•4 3 0 PRINT
A 20 PRINT-—•V/O' -PRINT * 7HC~C0MBINEB' ,‘IOLE ' PERCENTS' OF ~CAD_t7',G0="T3 C2tM2'5TT0'0----

r'R I N'T
130 PR I N'T ’ A,1 *SI NCE THE HOLE FRACTION OF A 1.203 IS VERY SHALL t *
460 ' F RI NT * ' - IT CAN REF’LACE 3IG2 GN A~3 II' r AS I 3 ( REr ETT TO * ”
4 70 PRINT* ARTICLE BY TURKDGGAN AND BILLS).*
— 5 0 F' RIN T

- - A ~ 0  PT.INT*THEFT GHI-TK'ED' TiGLE" F'ZZ ~E'NTA335 ‘ Or 'AL203+ ST02=’’ * ''A2-5 2VXT00
5 DO PRINT
5 30 GO TO 610
320 IF 1=15 THEN 560

(Program continued on next page.)
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Program Continued:
530 IF I >15 THEN 580 ; ■ * * • .540 PRINT * ' * > Hi (1-6 ) + •'•;■******#’*** *"550 "GET 70*300   — ~~~ ; : ~ - - . ~ ~  "560 PRINT * *************PURE SLAG*-******** *+•***'570 GOTO 300 ' '

■"550 37=11+1 . ' ~590 PRINT' **********POINT ■; K»‘ * * * * * * * * * * * *  '
600 GO TO 300 .
BYO "NEXT'"I ; : • ~  ; ■ ; . ...... :620 DATA 8.71»0.571»9.6»30.8»4B.92»9.73»0.504»10.‘0?»26.5r51.56 ' 63C DATA 8.62.0.47.13.7.20.4.51.5.4.37.0.37.IS.47.24,19.43.38 .“6 40 DAT A "4 VOS . O’/BBT 7177 987 267 89Y41 7-17 5 7357 0 777271 5 . 5. 2974 74471' 650 DATA 4.13f0.52»12.11f31.73f47.31f4.94f0.42fl2.41>2o.?6»50.6 660 DATA 4,23.0.34.15.59.22.6 9.51.53.5.15-0.53.16.65.26.12.4 5.63 ~670~ DATA 57.19707 547 1573472777' .T5T4'75T27~0'7397ri7 77287767 5T0T55 680 DATA 4.04.0.49.14,3.24,62.49.92.5.2.0.47.17.26.25.9.46.05 890 DATA 3.7S.0.65.10.97.29,6.50.74.0,66.0.455.11.98.19. 95.58. 23 
/ vC I'i-.TA 1 .73 . v . d577 6 . d3 > dO . 4 . 55 . j>2710 DATA 3.49.0.647.12.06.32.35.46.7.2.07.0.451.7.99.32.23.52. 22 720 DATA 3.10.0.467. 17.48.24.07.48. 07.1,7*.0,493.8.14.29.96.55.72 730 T*A'TA 1.77 ."0 . 47”. 7769 ."29 rlST56 » 6773744 . OlTSOTTTo 773 >75 .77 . 43732 740 DATA 3,87.0.415.19.29.26.46.42.07 
750 END

A sample output is included below.

• -%~f *TFT N'T
TV* >: V* t x; o iNT A', *

I f' £ "j T i ** ** TT'i >;•* •*t- 1
X- I

UEI GHT% MQLEZ

~~b o U I b '.j .3884 - i . b95
si 02: 48. 2678 44.113
A L 2 0 3 : S. 59388 4 . 62805
c a d : - - - ■ 0 .5633 d 7"“ _ - -0.5516:
f e q : 12. 1856 9.31232

- T+fE— A{r733/<-CAo-iriGOMOLE FRACTION R a TIC="C. 117332-----

IRE COMBINED' MOLE-PERCENTS-Cr :-:GTf‘GE =

*7* SINCE THE MOLE FRAC-T1ON OF A_2D3 IS '.'ERV SMALL: 
~ IT" C.AN REF'L ACL 8 I 0 2’AJ:'.'" A 1 J 1' DAT 1 6 ' K'lFEF,' TO 
A F: TIC L E B T TURK DOG AN AND BIL_S).

- THE COMBINED MOLE" PERCENTAGES 0- AL29Z + SI02=" 48. 7 4V

o m
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APPENDIX B

THEORY BEHIND MOSSBAUER SPECTROMETRIC ANALYSIS AS IT 
APPLIES TO IRON AND RESULTS OF THE M&SSBAUER EXPERIMENTS 
CONDUCTED ON THE EXPERIMENTAL SLAGS.

Mfissbauer Spectroscopy designates a study of the pheno
menon of resonance fluorescence of gamma rays. It is com
parable to resonance fluorescence in optical regions, but 
involves intranuclear rather than electronic energy levels.
An important characteristic of this radiation is the 
extreme sharpness of the lines, i.e. the resonance gamma 
ray of 57Fe, for example, has a width at half height 
approximately 1000 times narrower than the corresponding 
Fe Ka x-ray.

Although about one-third of the elements are amenable to 
study by Mttssbauer Spectroscopy, only for iron and, to a 
lesser extent, tin has it been a major research tool.

MOssbauer Spectroscopy depends on a phenomena known as 
the Mfissbauer effect. With reference to iron, the effect 
depends on the fact that the nuclide 57Fe, which is formed

7 . -7in the decay of Co, has an excited state (tx - 10 sec) 
at 14.4 keV above the ground state; this leads to a very 
sharp resonance absorption peak. Thus, if y-radiation
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from a 5 7Co source falls on an absorber where the iron 
nuclei are in an environment identical with that of the 
source atoms, then resonant absorption of y-rays occurs. 
However, if the Fe nuclei are in a different environment, 
no absorption occurs and the radiation is transmitted and 
can be measured. In order to obtain resonant absorption, 
it is then necessary to impart a velocity to the absorber, 
relative to the source. This motion changes the energy of 
the incident quanta (Dflppler shift) , so that at a certain 
velocity there is correspondence with the excitation 
energy of the Fe nuclei in the absorber.

The shifts in the absorption position are customarily 
determined relative to stainless steel as arbitrary zero.
The shift in the resonance absorption energy depends on the 
chemical environment of the Fe nuclei in the absorber.

Thus, it is possible to determine the amounts of, 
for example, ferrous and ferric iron in a sample simply by 
comparing the absorption peaks of suitable standard com
pounds (containing these ions) with those obtained for the 
sample material.

This was done for the experimental slag samples 
obtained during the second phase study. The Mflssbauer 
Spectroscopy printouts are included in Figures 35 through 41.

An excellent discussion on the theory and application 
of Mttssbauer Spectroscopy can be found in the referenced 
texts (30,31).
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392 MILLET SAMPLE 3
1.000

0.903

391 MILLET SAMPLE A

0.892
0 60. 120. 240.

CHANNEL NUMBER

FIGURE 35 - MOSSBUAER SPECTRA FOR POINTS
A AND B.
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1.000

0.938

0.875

0.813

1.000

395 MiLLET SAMPLE E

393 MILLET SAMPLE C

0.933 h 

0.867 

0.800 L

A A f

0. 60.
CuI i

120.
.L NUMBl R

180. 240.

FIGURE 36 - 10SSBAUER SPECTRA FOR POINTS C AMD E.
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397 FIT 2 SAMPLE A'
1.000

0.951

0.903

0.854

1030

0 o / •

JO

\  r ,  r
I

(

!*f
I I I

!i
Vi.

,L I SAIv':Pi_Er

0.882

0.824
0. 60. 120. 180. 

CHANNEL N'JMB-R

FIGURE 37 - MOSSBAUER. SPECTRA FOP POINTS
F AND A'.
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399 SAMPLE
1000

0.S39

0.878

/■*%

0.817

1.000

0.941 -  

0.883 

0.824

398 SAMPLE B

0.

V \  ? \

'• \i n
t

i
It

60. 120. 
ChANixiL NJ!,;3iR

180. 240.

FIGURE 38 - MOSSBAUER SPECTRA FOR POINTS
B' AND C',
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401 SAMPLE E'
1.000 •

0.944

0.888

0.832

400 SAMPLE D’
1000

0.940

0.879

0.819
0 120.60. 180.

CHANNEL NUMBER

FIGURE 39 - MOSSBAUER SPECTRA FOR POINTS D' AND E'.
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1.000
403 SAMPLE G'

0.929

0.858

0.788 L

402 SAMPLE F
1.000

A

0.353

0.905

0.858 l  
0. 60. 120. 

CHANNEL NUMBER
180. 240.

FIGURE 40 - UOSSBAUFR SPECTRA FOR POINTS F' AND G'.
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1.000 

0.943 

0.887 - 

0.830 -
0.

 1 1-----
405 SAMPLE PURE SLAG

0.956 -

404 SAMPLE IT

% ^ * 
f v

60. 120. 
CHANNEL NUMBER

180. 240.

FIGURE 41 - MOSSBAUER SPECTRA FOR POINT H'
AND PURE SLAG.



T-2365 182

APPENDIX C

The calculations for the reduction of the FeSi addition 
rate resulting from carbon additions to the FeNi melt are 
based on the following conditions and assumptions:

(1) All of the carbon added is reacted with the iron and 
nickel in the molten ore.

(2) The ore assays 1.5% by weight Ni++

(3) Enough carbon is added to and well mixed with 11 tons 
of molten ferro-nickel to give a carbon content of 
0.2 percent by weight.

(4) Fifteen tons of molten ore are reacted, i.e. mixed, 
with the FeNiC melt.

(5) FeSi assaying 48% by weight silicon is added to the 
ore at the rate of 1.5 lb per lb of nickel in the 
molten ore.

Calculations *

200 lb ore 1.5 _ 30 lb Ni 
ton ore X 100 ton ore

1.5 lb FeSi 30 lb Ni 45 lb FeSi ̂   ~lb Ni (in ore) ton ore ton ore
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45 lb FeSi 48 21.6 lb Si
ton ore x 100 ton ore

21.6 lb Si lb-mole Si _ 0.760 lb-mole Si
ton ore 2 8.1 lb Si ton ore

11 tons FeNi _ 0.733 tons FeNi
15 tons ore ton ore

________  ̂ C/ton ore  100 = 0 2^,0.733 tons FeNi 2000 lb x Z lb C x uu u °(  x   -f-  )ton ore ton ton ore

z = 2.939 lb C 
ton ore

2.939 lb C lb-mole C _ 0.24 5 lb-mole C
ton ore x 12 lb C ton ore

Fundamental Reactions:

C + (Ni2+, Fe2+, 2 Fe3+) = C2+ + (Ni°, Fe°, 2 Fe2+)

and

Si + (2 Ni2+, 2 Fe2+, 4 Fe3+) = Si4+ + (2 Ni°, 2 Fe0 , 4 Fe2+)
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Thus, on a molar basis, carbon has 1/2 the reducing 
power of silicon. Hence, 0.245 lb-mole C/ton ore WILL 
REPLACE 1/2 x 0.245 = 0.123 lb-mole Si/ton ore. Therefore,

given a carbon addition of 0.2 percent by weight.

The calculation of the net yearly savings based on a 
0.2% carbon addition follows from the following assumptions:

(1) The cost of 48% (ferro-) silicon is $400/ton.

(2) The carbon content of the ferro-nickel is achieved 
through coke additions.

(3) The cost of coke is $120/ton.

(4) The coke is pure carbon.

0.12 3 lb-mole Si 
ton ore

28.1 lb Si 
lb-mole Si

3.442 lb Si 
ton ore

3.442 lb Si 
ton ore

100
48

7.171 lb FeSi 
ton ore

Thus

This corresponds to a FeSi addition rate of

84.1 1.5 lb FeSi = 1.26 lb FeSi
100 x lb Ni (in ore) lb Ni (in ore)
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Calculations:

The yearly cost of FeSi is found to be approximately

335 working days 24 hr 60 min
year x day x hr tQns Qre... - —   , .   — ■  - -.. ■  U______AA . pour ton ore20 mm/ */pour

X 2000#°FeSi = $3,256,200/year

For a 16% FeSi replacement, the yearly FeSi cost is 
approximately:

C- . 0 ore onn/ 2000# FeSi A 0.48# Si$3, 256 , 200/year x -------   x 0.16 x — pisT

lb-Mole Si 0.245 lb-Mole C 12# C
X  — 7T -.—  X  - r — ~  ^  ~=n — r r - = i  = r r -  X28.1# Si 0.12 3 lb-Mole Si lb-Mole C

$120 c, c ,X 2000#' C = $ ' 815/year

The approximate yearly savings is then:

$3,256,200/year - $2,735,200/year - $63,815/year = $457,185
year
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APPENDIX D
Derivation Of The Equation Used For Determining 
Slag Viscosities For The Second Phase Of Study

Derivation of the equation relating an unknown fluid 
viscosity to the product of the known viscosity of a 
calibration media times the ratio of Brookfield Viscometer 
readings obtained for the unknown and calibration fluids 
follows from first principles of viscous flow as they relate 
to Newtonian behavior*.

Thus, the subsequent discussion will be devoted to the 
step-by-step derivation of the equation making use of first 
principles.

The viscosity-measuring technique consisted of rotating 
a small molybdenum cylinder at a constant velocity inside a 
large, stationary cylinder (alumina crucible). The rotating 
cylinder was immersed in a viscous fluid (slag) contained in 
the larger cyclinder to a given depth. The diagram on the 
next page shows this set-up schematically.

*As will be discussed shortly, the experimental slags 
are assumed (with justification) to exibit Newtonian 
behavior.
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The parameters involved are:
(1) Constant angular velocity W
(2) Constant immersion depth L
(3) Stationary cylinder radius R
(4) Rotating cylinder radius KR, where 

K is a constant less than 1.
The diagram below shows a top-view of the set-up 

in relation to the cylindrical coordinate system depicted in 
Figure 42. The z-axis is normal to the planeof the paper.

In steady-state laminar flow, the fluid will move in a 
circular pattern and it is apparent that the velocity components 
in the r-and z-directions will be zero. In addition, there 
will be no pressure gradient or gravitational acceleration 
in the ©-direction. Therefore, all terms in the equation of 
continuity in Table 16 (see equ. B) will equal zero and the 
equation of motion for the ©-direction in Table 17 (see equ.
E) will reduce to

n d / I d  , .'\
0  = -5—  f —  -j— (rv© ) dr ‘ r dr w J

Differentiating and multiplying by r2 gives the second 
order differential equation
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z

FIGURE 42 -  C y l ind r ica l  Coordinate Axes

TABLE .16

THE EQUATION OF CONTINUITY IN SEVERAL 
COORDINATE SYSTEMS

R e ctan g u la r coordinates (x, y, i);

^ S c'r', + T,w + T,^‘,-° “>
C y lin d ric a l coordinates  (r, 0, r);

ip ] ) i a aT + - - + - ̂  + —  CfO - 0 (5)it r er r e6 c:

S p h e ric a l coordinates (r, 6,

a* ] a l a l a— + - — Cor-r,") x    — CF-t S'*n 5) -t -:—7 — (.‘fj — 0 (C)it fir fl in 5 c6 /• sin 0
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TABLE 17
THE EQUATION OF M O TIO N  IN  C Y LN D R IC A L COORDINATES (r. f l . i )

In  terms of t :
(io, 3r, r, 3rr c,* 3cr\ ip

r-com pon rn , + c, + p, _

( H r  \  j . l i T r * r ** ± *r"\ . /«(r ar(rTrr) r  r  + fa J PSt W

l . c ^ M  , ( £  + r,aI' + " - ^  +  ̂  +  ' . % )  %
\  3/ >r r  36 r  i t J  r  r f

/> * . I 9tm  3r„\
~ (̂ Tr(rT̂  + Jit + "S') + PS* {B)

( 3d, 3d, c, 3p, 3r,\ ipi? +r'ir + 7 »  + '-'cJ - - c
~ (; 17 ("J  + 7 I T  + i t ) + m

In  terms o f velocity gradients fo r a N ew ton ian  flu id  w ith  constant p and p i

( 3cr 3cr p, 3rr o,* 3rr\ ip17 + '-F + 7 «  “ T  + "-17j -"57
r 9 0 9 \ 1 r r ,  2 Sr .  5V7I

+ "1/4; + 77f - 71o + 17 J + « ’ (D>
+ r, £  + +  ^ *  + r.£) - - I *r \ 3/ 3r r iO r li J r 36

r 3 /I 3 \ 1 c’-r# ’-2 3b, 3Jr,l
+ '[i; (; 17 *) + + 7 * + 1?J + *• w

C 3c, 3d, c, 3c, 3c,\ ip+ „--+--— + o, —  1 “ — r-
3/ 3r /• 36 «  / 3x

f l  3 /  3 r , \  1 ? c , 3 ^ ,1

+ /ib 7 r ^ i r ) + r T ^ + l ? J + ^

TABLE IB
COMPONENTS OF THE STRESS TENSOR FOR NEW TONIAN FLUIDS 

IN  CYLINDRICAL COORDINATES (r, 6 , l )

w

W

(Q

(f>)

(£)

r»D 3rr-|
(O

13 1 3c, 3d,
">--r»™+-rlS+i; (0
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0 = vQ + r d vQ - v©
dr^ dr

The solution to the equation is found to be
v© = Cr + C ’/r ,

where C and C* are constants of integration.
By using the boundary conditions
B.C.l: v© = WKR @ r = KR

and B.C.2: v© = 0 @ r = R
C and C 1 are determined to be
C = -W (KR) 2

R3 - (KR)?
and C ' = W ( K R )  2 r 2  

R^ - (KR) ̂
Hence, the velocity component of the fluid in the 0- 

direction as a function of r becomes on substitution and 
rearranging

V .  -  ™  ^  - r / „ ^

The shear stress distribution Tr e (r ) is found from the 
appropriate stress tensor equation in Table 18 (equ. D ) . 
This equation reduces to

Substituting for v © , differentiating and simplifying
gives

2 riW R
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The torque required to turn the inner cylinder is 
equal to the product of the force times the lever arm:

T = 2tr (KR) L (Trelr=KR) * KR ,

where 2 tt (KR)L is the surface area of the inner cylinder
in contact with the fluid (slag) , 2 tt (KR)L (Tre I _«.„) isr—KR
the total shearing force exerted by the fluid on the surface 
of the inner cylinder, and KR is the lever arm (radius of the

T iinner cylinder). Substituting for re and simplifyr—KR
gives

( R2 (KR) 2 \
(1) T = 4 tt n L W  ̂ r2 - (KR) 2 J

Equation (1) is valid as written only under the follow
ing conditions.

(a) The fluid exibits Newtonian behaviour over all 
temperatures.

(b) The fluid has reached a steady-state flow.
(c) The steady-state flow is non-turbulent.
(d) End effects of the inner cylinder are negligibly 

small.
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The first condition ( (a)) is assumed to be valid for 
the experimental slags investigated largely on the basis 
of the findings of other investigators. Specifically, the 
literature contains numerous examples of the Newtonian 
behaviour of a wide range of binary, ternary, and higher 
order silicates and alumino-silicates (12,25). Further 
justification is supplied by the linear plots of In n vs ^Ar 
obtained for the experimental slags (refer to sub-section 
3.4) .

The last three conditions are assumed to be valid 
solely on the basis of the work done by other investigators 
(22,23, 29) using essentially the same technique for 
determining slag viscosities.

The torque exerted on the inner cylinder by the fluid 
is registered on the Brookfield Viscometer as a deflection 
of the indicator needle relative to an arbitrary scale. The 
indicator needle senses torque changes in the inner cylinder 
by means of a torsion spring inside the viscometer. Thus, 
the Brookfield scale reading (BR) is proportional to the 
torque exerted on the inner cylinder. That is,

BR = CT,
where C is a constant of proportionality independent of the 
type of fluid being measured.
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Equation (1) now becomes
(2) BR 4 tt n L w c R2 (KR)2

R^ - (KR)2
Since the viscometer rotated the inner cylinder at a

single, constant speed, W is also a constant. In addition,
R and KR are constants.

Thus, equation (2) reduces to its final form
(3) BR = C 1 n L
where C' is a constant equal to 4 tt W C

Using equation (3), it is now possible to demonstrate 
the method employed for determining the viscosity of the 
experimental slags.

Given: BR vs L for a media of known viscosity.
As will be recalled from sub-section 2.4.1.1, this 

information was obtained using glycerol and castor oil.
For each experimental slag at a given temperature, a 

Brookfield scale reading was obtained for a single 
immersion depth. Call these (BR)^ a^d Lg, respectively.

From the information determined for the calibration 
media, the Brookfield reading corresponding to the same 
immersion depth L, can be obtained. Let this Brookfield 
reading be (BR)2-
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Thus,
(BR) i = C' n-L L1 

and (BR) 2  = C 1
By forming the ratio of the two equations and solving 

for r)1 , the slag viscosity is found as

n-| = Tin x C ' LI (BR) 1
C ,Li(BR)2

Cancelling like terms yields the sought relation

• n = n x <BR> 1 * * ni 2 (BR) 2
This equation was used for the elucidation of all ex

perimental slag viscosities.


