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The Oxidation and Morphology of Molten Iron

and Iron Alloy Droplets

by

R Jackson

ABSTRACT

The oxidation characteristics of iron droplets and a range
of binary iron alloy droplets have been investigated at 1600°C.
The droplets were generated by a novel technique of melting the
iron or iron-alloy, in the form of wire, in a levitation coil.
The droplets were held for several minutes in hydrogen prior to
releasing them into a mass transfer column separated from the
levitation chamber by a thin plastic film. The oxidised droplets
were quenched. The oxidising or reducing characteristics of
various quenching media were investigated and silicone oil was
selected as the quenchant.

Pure iron and a range of iron-manganese, iron-chromium and
iron-silicon alloys were investigated. Whereas the iron-manganese
system showed increasing oxygen pick-up with increasing manganese
content, the iron-chromium and iron-silicon systems showed an
inversion in oxidation bshaviour after an initial increase in
oxidation rate. The oxidation characteristics of these systems
have been related to the surface morphology of the droplets as
revealed by Scanning Electron Microscopy and to SIMS analysis of
the thin surface oxide films, and mechanisms are proposed for
each system. '

A mathematical model has been developed which simulates the
mass transfer of oxygen by forced convection to an accelerating
molten iron droplet. The model generates an almost linear
oxidation rate for iron, for the period of flight of the droplet
and is in good agreement with the experimental work when the
model is compensated for circulation within the droplet. The
model predicts that temperature has a minimal effect on oxidation
rate whereas droplet size is of major importance. Both of these
effects were confirmed by the experimental studies.

The rolesof the alloying elements in relation to the
cheracteristics of oxide films reduced in hydrogen at 1150°C
have also been considered. Reduction mechanisms are postulated
to account for the morphology of the reduced droplets and the
final oxygen levels in the droplets.
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PREFACE

The work presented in this thesis was carried out during
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SYMBOLS

A interfacial area

Aeff effective sectionsl area

Ap projected surface area
a, activity of component A
ag activity of solute

b constant

CD drag coefficient
C concentration

C6 concentration of surface active substance

Cp heat capacity

D diffusion coefficient
D, temperature~independent factor in equation relating D to T
d diameter

dg diameter of droplet

d, diameter of sphere of equal volume

E activation energy for reaction

Fb frictional or drag force

£ activity coefficient

£° Henry's law coefficient

£ as subscript, relating to film temperature

G Gibbs free energy

Gz Gibbs free energy of component A in standard state

Gy partial molar Gibbs free energy of component A

Gr Grashof number for heat transfer = gd3 (T+~T.) { _02_3
| T e

Gr' Grashof number for mass transfer =

gd3 (pf.om)‘;l%)f
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CHAPTER 1  INTRODUCTION

In recent years the hot forging of powder metal preforms
has been receiving increasing attention as an alternative
production route for low alloy steel engineering components.

Iron powders are produced by a variety of techniques, notably,
electrolysis, solid state reduction and atomisation. Since
atomised powders are generated directly from liquid metal, more
variation and control is‘possible compared to other types of
commercial powder production processes. In atomisation the purity
of the powder is a function of raw materials and melting practice.
A wide range of particle shape and size is possible through
variations of the atomising parameters., It is the only method ofv
the three that can make pre-alloyed powders. Atomised powders
are therefore being widely evaluated for use in steel'powder
compaction forging,

With powder preforms the number of factors influencing the
choice of alloy composition is greater than those in traditional
wrought alloy production methods. Since strength is frequently
controlled by heat treatment, hardenability is of importance.:

The elements that are most useful in promoting hardenability at
lowest cost are manganese and chromium. However, because of thair
affinity for oxygen, giving rise to fabrication problems, they
have been replaced by molybdenum and nickel in some applications
at much greater cost. In designing steels for powder forging,

the over-riding factor is thet of cost. Modification of the
processing route in terms of high temperature pre-treatment of the

pre-forms offers the possibility of closer control of oxide
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formation, but the cost of the process is increased in terms of
additional energy requirement. The alloy design is thus a
delicate balance of the lower cost elements to promote harden-
ability constrained by their oxide forming tendencies as against
the additions of elements with less oxygen affinity but
restricted by cost and other technical factors.

The work described in this thesis was undertaken to establish
the oxidation behaviour of alloying elements in molten iron. The
generation of small molten metal droplets from wire in a levitation
coil had previously proved successful. The behaviour of those
alloying elements which have a greater affinity forboxygen than
iron required investigation. Ih addition the effect of the amount
of the alloying element in the iron on the oxygen pick-up and the
effect of the alloying element present on the surface morphology
of the droplet was unknown. The rate and extent of reduction of
the oxides on the surface of the iron alloy droplets in terms of
the distribution and nature of the retained oxides would also be
of significance. Overall this study would contribute to the
understanding of the influence of alloying elements on the

character of iron powders.



CHAPTER 2  LITERATURE REVIEW

2.1 Production of Atomised Powders

2.1.1 Introduction

Atomisation is one of the most commonly used commercial
methods for making iron powders and alloy steel powders. In this
process & stream of molten metal is broken or dispersed into
particles by & rapidly moving gas or liquid stream, Atomised
powders have distinct advantages over powders manufactured by
other routes. It is claimed that any alloy can be made, including
new alloys, and systems can be designed especially and solely for
powder metallurgy(l). All particles have the same and uniform
composition; macro segregation is eliminated which resulté in an
homogeneous grain size with improved workability and
reproducibility of properties. Atomisation gives a degree of
control of particle shape, size and structure; particles range
from spherical to irregular. Generally the method gives higher

bub these rmay he jn Ppror crck locakiens.
purity metals with fewer non-metallic inclusions, Also associated
with atomised powders is higher compressibility with improved
properties and structures.

For iron and low alloy- steel powders water atomisetion is
most widely used because it produces a somewhat irregular surface
structure which is desirable for achieving a good strength in
powder compacts(z). For many other powders, which readily oxidise
in contact with water or steam, insrt gas stomisation is
necessary(B). Two other commerciel atomisation techniques have
been developed for the highly oxidation prone superalloys: the

rotating electrode process and vacuum atomisation(A).
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The production route has a profound effect on the important
characteristics of metal powders, namely, particle sisze, particle
shape and particle structure including density.

2,1.2 Particle Properties
2.1.2(1) Particle Sige

During the atomisation process atomic bonds within the liquid
metal are broken in proportion to the increase in surface area,
thus giving rise to an increase in total surface energy. The
atomising process must supply this new energy which is proportional
to the surface tension and proportional to the
characteristic dimension of the drops. Considering only the
parameters associated with the liquid metal, and not the atomising
agent, finer particle sizes are favoured by low metel viscosity,

low metal surface tension and a degree of superheat.

2.1,2(ii) Particle Shape
One of the advantages of the atomisation process is that there

is a high degree of control of the particle shape; this is an
important consideration in all commercial uses for metal powders.
The particle shape of atomised powders can be modified from
irregular to almost perfectly spherical, basically by controlling
the processes that take place in the interval between disintegra~-
tion of the liquid metal stream and the solidification of the drop.
The particle shape is determined mainly by the surface tension of
the molten metal and the cooling capacity, density, rate of flow
and reactivity of the atomising agent. Water atomisation usually
produces irregular shaped particles while gas atomisation usually

produces spherical particles(l).

- -



Rao and Tallnadge(5) from photographs of atomisation
processes suggest that quench atomisation can be described in terms
of two sequentiel steps; namely the formation of droplets and the
quenching of drgplete. The formation zone includes the region
where the liquid metal stream is broken into droplets by the
atomising fluid. Some cooling occurs and the two important effects
of the formation zone are the creation of a sige distribution and
an initial shape for each particle. In the quench zone the newly
formed droplets change shape due to several forces and are cooled
by convection and radiation until they freeze into the final powder
shape. Rao and Tallmadge suggest that it is in the quench zone
that the final particle shape variation is established. They
assert that in the period between formation and freezing the
forces which are primary and dominant for causing shape change of
the particle ere the surface tension force, internsl viscous force,
inertial force and an external drag force.

The surface tension of liquid metals is high and once a drop-
let has formed it tends to assume a spherical shape. The higher
the viscosity of the medium, the greater the deformation of the
droplet. Moreover, the greater the cooling rate the shorter is
the time available for swrface tension forces to operate to
spheroidise the droplet and hence the more irregular is the
particle shape. Impurities and alloying elements in the metal or
surface reactions that decrease the surface energy will promote
irregular particle shapes, Little is reported on the role of
elloying elements on the surface tension properties of iron.
Gummerson(l) reports on the work of Lochman . who investigated the
role of silicon in influencing the particle shape of atomised
stainless steels. It was found that up to 1% Si addition to 18:8

-5«



and 17:13 Cr-Ni melts resulted in spherical particles while
2.5-5,0% Si additions gave irregular shaped particles.

Inert gas atomisation always produces spherical powders
regardless of process variations, When oxidising gases, such as
eir or steam, are employed the particle shape is dependent on the
formation of surface oxide films. Increasing amounts of oxygen
in the atomising gas will produce increasingly irregular particle
shapes in the atomisation of those metals that form tenacious,
stable oxides such as aluminium and magnesium. On the other hand,
metals and alloys with & high solubility for their own oxldes
e.g. nickel, and also those that have low melting point oxide
f£ilms tend to remain spherical under oxidising conditions.

Nichiporenko et al(éo suggest that the effects of an element
added to a melt for alloying purposes or for the purpose of form-
ing refractory oxides can be predicted. When the element being
added to the melt has a high affinity for oxygen and the amount
added is sufficient for deoxidation, the melt will become less
viscous and the resultant powder parﬁicles will be more spherical.

Metal pouring temperature and degree of superheat are also of
importance.

Metal pouring temperature does not apprecisbly affect
particle shape in gas atomisation but it does affect particle
shape of powders produced by water atomisation., The greater the
degree of superheat then the more spherical are the resultant
particles. If the pouring temperature is sufficlently high then
superheat remains after the atomisation process to allow surface

tension forces to create spherical particles,



It would eppear that on the whole the major influence on
particle shape is related to the metal surface tension, the

viscosity of the atomising medium and the quenching rate.

2,1.2(iii) Particle Structure

One of the advantages of the powder metallurgy route over
normal production routes is the elimination of segregation(l).

It can be said that for all atomising processes the alloy
chemistry is independent of particle size in all inert systems.

In those instances where reactions can take place between the
metal droplet and the atomising agent and/or the quenching medium,
then the greatest effect will be on the finest particle sizes such
as in oxidation reactions. These surface reactions and any con-
current changes in chemistry will increase with higher pouring
temperatures, slower cooling rates and higher atomising pressurés
which give finer particles.

The particle structure is a function of the rate of solidifi-
cation., Water or liquid atomisation will give a finer micro-
structure when compared with gas atomisation. A finer structure
will also be given by lower metal pouring temperatures, higher
atomising pressures, higher flow rate and viscosity and by shorter

particle flight paths.
Grant(7) has exemined the dendrite arm spacing as & function

of solidification rate for aluminium and copper a&lloys and two
steels, Gas atomisation gives & solidification rate in the range
100 to 102 °C second™! and water and steam atomisetion in the
renge 102 to 104 o0 second™l, The quench rate of liquid metal

droplets is restricted primarily by heat flow at the surface.
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Solidification rate is dependent on the heat transfer coefficient

'h'., The heat transfer equation is given by:

1
% = 2.0 + 0,60 9-95-39 Pr¥

g

where h heat transfer coefficient

Do = diameter of liquid droplet
Kg = thermal conductivity of gas

vl = gas velocity reletive to metal droplet

pg = density of the gas
ug = Lkinematic viscosity of the gas

Pr = Prandtl number

Rapid solidification is achieved by maximising the heat transfer
coefficient. This is done in practice by using higher conductivity
gases, or steam or liquids.

In gas atomisation large devietions from smooth spherical
particles are common(é). The welding of fine droplets onto coarser
particles (satellited occurs due to repeated collisions among liquid
or semi-liquid coarse particles and fine solidified particles in =a
turbulent atmosphere. This affects packing densities and surface
area measurements become much less meaningful and increased
contamination occurs. Powder particles with significantly different
dendrite sizes and phase distributions are incorporated into the
final product and result in negative effects on structure properties.
Another major problem with gas atomisation is the entrapment of gas
in the powders. If the gas is insoluble, e.g. argon, the gas
becomes part of the final product. The gas pores are sealed in
hot working but reéform gas pockets on exposure again to high

temperatures,



J B See et al(s) have shown that the atomised stream
initially thins out and breaks into ligaments and sheets of thin
liquid metal. These thin unstable sheets flying through space
reform into round particles by folding and trapping the atomising
gas internally. Also at this stage, for alloys with alloying
elements such as chromium, which readily oxidise to form refractory
| oxides, the final stage of spheroidisation into droplets is
prevented or hindered and highly irregular powders form. Hence
the atmosphere in the atomising chamber must be protective to
minimise formation of such oxides.

The important difference between water and gas atomisation
is that water has a high quench capability. Water atomisation
when applied to metels and alloys which can be cleaned
inexpensively of oxide surfaces, e.g. by hydrogen reduction,
represents a cheaper process than gas atomisation (except when
using air).

Steam atomisation offers a choice of conditions intermediate
between those of gas and water atomisation. Low pressure steam,
passed through geometrically arranged nozzle configurations, can
be brought to resonance to produce relatively coarse powders of
less than spherical shape, with a relatively high quench rate.
Most classes of carbon and low alloy steels, as well as stainless

steels, have been successfully and economically steam atomised(l)(2).

2.1.3 The Effect of Oxygen on Properties of Atomised Powders

Ferrous materials and low alloy steels, including the stainless
steels, together with a number of nickel alloys can generally be air

melted and atomised with water, steam or air without excessive



oxidation or other detrimental effects(l). Therefore these
metals lend themselves to high-volume, low cost atomising
techniques.

In the case of special purpose steels, inert gas atomisation
mey be necessary to meet striﬁgent oxygen specifications. The
sengitivity and critical applications of tool steels and high
temperature alloys for most purposes preclude the use of water
and air and possibly nitrogen es an atomising or cooling medium.
High temperature alloys are either vacuum melted or melted under
argon and are argon atomised in a dry chember. Such practices
are very expensive compared to air melting/water atomisation
routes, Water atomisation is favoured, when possible, to produce
very irregular particle shapes which in conventional powder
metallurgy techniques require green strength and compressibility
in compacts.

Water atomisation of iron alloys, particularly stainless
steels, differs little from the atomisation of iron or low carbon
steels except that these alloys are more sensitive to oxygen pick-
up and, therefore, do not always lend themselves to subseﬁaant
economical heat tre&tment(l). Precautions are taken to prevent
excessive exposure to axygen during atomisation while the atomised
particles must be irregular enough to provide compacts of good
green strength from the as-atomised and dried condition. The
atomising chamber can be purged with a protective atmosphere before
etomisation and the flight path should be kept short for rapid
qusnching. Argon or nitrogen gases can be used. Nitrogen may be
detrimental in the presence of chromium., In such instances, steam
can sometimes be used to edvantage and is cheaper than either
nitrogen or argon.

- 10 -



Petrov et 31(9) examined & number of highly alloyed powders
produced by argon atomisation of the liquid metal and collected
in a tank containing water; the water in some experiments also
containing a corrosion inhibiter. In théir paper, data is given
on two alloy steels, namely; an 18,5% W, 4% Cr, 1% V tool steel
and an 18% Cr 15% Ni stainless steel. Determinations of the mean
thickness of oxide films on the tool steel powder particles
established that there is a close relationship between oxide
thickness and cooling rate, Figure 1. The higher the cooling
rate, the smallerfthe oxide film thickness. They argued that
this is evidence that powder particles oxidise mainly while they
are in the molten state. Confirmation of this conclusion is
furnished by the results of éxperiments with various corrosion
inhibitors. Several vessels were filled with liquids having
verying oxidising powers (corrosion inhibitors, distilled water
and ordinary water) and they were placed in the collecting tank
of the atomisation unit. The distance of the nozzle to the surface
of the cooling liquid was such that powder particles had sufficient
time to solidify in the gaseous atmosphere. The results of the
oxide film thickness and oxygen content determinations on the
18% Cr 15% Ni stainless steel, Table 1, demonstrated that the
degree of oxidation of the powder in this case was not significantly
affected by variations in the corrosiveness of the cooling medium.
Petrov et al concluded that the formation of an oxide film on
a powder particle is affected by an aggressive enviromment only
while the particle is in the molten state; the additional oxidation
after solidification is negligible. It follows therefore, that the
oxidation of atomised powder particles can be reduced by shortening

their solidification time,
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In the above experiments the cooling rate of the powders
was measured by structuwral differences. From analysis of experi-
ments using different cooling rates, Petrov and his co-workers
found that the distance between the second order dendrite axes
when plotted ageinst cooling rate, using logarithmic co-ordinates,
gave & straight line relationship. From this information it was
then possible to determine the solidification time of a powder

particle. From the relationship:

Cooling rate of a drop, %% = ﬁﬁl__%%_ég__

vhere 46" represents the superheat of the drop
A® represents the undercooling of the drop, and
t 1is the solidification time

For a typlcal atomisation process, it may be assumed that

Aot = 5000, AT = 150°C and do/dt = 2 x 104 oC,s~1

Under these conditions a drop remains in the liquid state for

0.01 seconds., The distance, s, covered by the particle before its

solidification can be found from the relationship:
8 =vt

where v 1is the flight:velocity of the particle in the gaseous
stream.
The flight velocity has been determined(lo) resulting in a valus
of the order of 20 ms~l. Under these conditions, a droplet will
travel 0.2 m before solidifying.
Water atomisation, on the other hand, appears to lead to

increased oxidation. For example, & water atomisation unit is
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described by Dunkley and Ghilton(ll) where conditions were such
that when collecting the powder in air before settling in water
the oxidation of the powder was very severe. It was necessary

to purge the collecting vessel with nitrogen for three hours to
reduce the oxygen level of the gas in the vessel to a reasonable
figure. Under these conditions the oxygen contents of the powders
quoted were: stalnless steel about 1200-1500 ppm and iron
1500-2500 ppm

Grant{6) has given other figures for stainless steel:

500-1500 ppm., He goes on to say that self milling of coarse
powders will remove 80-90% of the surface oxides and if this is
then followed by chemical treatments (not specified) the oxygen
level of stainless steels can be lowered to levels of 200-400 ppm.

When an iron based VM, 300 maraging steel(lz) was steam
atomised and quenched in water the oxygen figures were between
150 and 2000 ppm. The same steel argon atomised and water quenched
gave oxygen levels of 630 ppm.

Small and Bruce(13) investigated the atomisation of stellite
alloys., Seventy five pound charges were melted in an induction
furnace and poured under conditions designed to minimise gas
contamination, The initial oxygen content was 50 ppm. After
atomisation each heat was blended and sampled in accordance with
accepted ASTM practice. They concluded that the higher the pouring
temperature, the hotter the particles after atomisation and the
longer is the oxidation period. This effect was minimised with
inert gas atomisation because of the limited presence of oxygen.
They found that in water atomisation, increasing pressures resulted

in lower oxygen levels but the opposite appeared true for inert gas
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atomisation, They argued that the increased water pressure
resulted in faster quenching rates which quickly cooled the
powder below oxidation temperatures. The cooling rate of inert
gas atomised powder is less affected by increased atomisation
pressures. Instead, the increased volume of gas merely
supplies additional oxygen available for pick up. However,
common to both methods of atomisation, it was found that finer
powders contain & proportionately higher level of oxygen. From
their data, it was seen that the larger the surface area per
unit mass becomes, the greater is the oxygen contamination. This,
they argued, implies that the oxygen present is a result of a
surface reaction though they were not able to determine whether
the oxygen was present primarily as a surface oxide.

Friedman and Ansel1{14) looked at the production of swer-
alloy powders., They noted that water atomisation could only be
applied to alloys in which the reactive elements Al, Ti or Nb are
either absent of, if present, only in very low concentration. They
argued that the difference between water and gas atomisation was
significant, both with respect to powder chemistry and the effect
on subsequent powder consolidation. The irregular particles
produced by water atomisation possess relatively large surface
areas compared to inert gas atomisation, and tend to contain
oxides on the surface and internally. For some processes,

e.g. iron powder production, the atomisation variables are
deliberately controlled to promote powder oxidation, so that the
particle surface area 1s further increased in a subsequent oxide-
reduction operation. Such large surface area powders are cold
compressible and are important in the press and sinter sector of

the industry. In contrast, superalloys must be atomised under
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- conditions permitting no oxidation of the powder particle,

either internally or on the surface. The reason given is that
while iron and nickel oxides are easily reduced by a subsequent
hydrogen anneal such is not the case for the reactive Y' formers.
The stability of oxides such as TiOp, Al303, Nby05 are such that
once formed there is no practical way to return these oxides to
the metallic state without influencing the integrity of the
powder. Therefore, the superalloy compositions containing
elements such as Ti, Al,Nb are usually melted in vacuum or under
inert gas cover and are atomised with inert gas. The consequence
of such inert gas atomisation is that the powder produced has low
surface area and may be spherical in shape. The combination of
low surface area and high hardness has the effect of making the
inert gas atomised powders virtually incompressible at room
temperature,

Oxygen levels on nickel superalloy Udimet 700 vary widely
depending on the atomisation technique(l4). Atomisation with
either nitrogen or argon and employing a water tank at the bottom
of the atomisation chamber to quench the hot particles gave a
resultant oxygen level of 700 ppm from melt stock containing
310 ppm oxygen. When the melt stock was 20 ppm and using nitrogen
as the atomising gas the resultant powder had an oxygen level of
160-250 ppm. Current practice for superalloys is to atomise with
argon and collect the powder in a dry chamber; powder so produced

is spherical with oxygen contents ranging from 20 to 100 ppm.
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2.1.4 Parameters for Powder Forging

2.1.4(1) Role of Alloying Elements
The possibility of hot working a powder preform in order

to increase density, accelerate sintering and give good mechanical
properties has been attractive for many years., However, serious
development work only commenced from about 1970 onwards(ls).

The forging of a hot preform has been shown to lead to mechanical
properties which are superior to those normally produced by
conventional powder metallurgy. The hot forging operation adds

to the costs of the product and hence must be compared with drop
forgings used as stress components. In terms of surface finish
and economy of materials, powder forging is in the lead, but in
terms of mechanical properties the situastion is more complex. The
powder forging is more isotropic than the traditional drop forging
vwhich tends to have very high mechanical properties in a
longitudinal direction and poor properties in the other two
directions, The ductility and impact properties of the powder
forged material are intermediate between the transverse and
longitudinal properties of the wrought steel.. Brown(16) suggests
the answer lies with non-metallic inclusions since in the powder
forged steel the inclusions present the same length of path to a
propogating crack whatever the direction of testing. In wrought
steel, elongated inclusions assist crack propagation in one direction
and when the crack is propagating perpendicular to them in the
other direction the crack is deflected. In view of this a careful
assessment of the designed stress levels in components is

necessary when a conventional drop forging is replaced by a powder

forging.
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The basic powder forge process route for steels has the

following steps:

(a) Mix iron or alloy powders with graphite to adjust

carbon content.

(b) Meter powder into die cavity; apply pressure to

produce & green preform,
(¢) Heat preform in controlled atmosphere furnace.

(8) Remove preform direct from hot zone and transfer
to press or forge. It is important that the
transfer time is short since no atmosphere

(1),

protection is used

(e) Complete the densification by single stroke in a

heated totally enclosed die.

Atomisation from the melt is likely to become the leading
production method for forging grade pcwders(17). ‘While the
particle interior of atomised powders is ususlly fully dense,
surface texture depends to a great extent on the atomising
conditions. For iron and low alloy steel powders, water atomisation
is most widely used because it produces a somewhat irregular surface
structure which is desirable for achieving & good strength in powder
compacts, For many other powders which readily oxidise in contact
with water or steam, inert gas atomisation is necessary(3).

Brown(lé) suggests that the two prinecipal requirements are an
ability to develop an appropriate hardenability to guarantee

strength and the control of fatigus performance by reference to
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microstructural features and, in particular, the non-metallic
inclusion count. The effect of non-metellic inclusion content
on the fatigue performance of powder forged steels is shown in
Figure 2. Again, from a comparison between water atomised
powder and powder reduced from iron ore, only water atomised
powder appears suitable for quality powder forgings because

the relatively large content of non-reducible oxide inclusions
in sponge iron powder causes & serious reduction of ductility or
impact properties(ls).

In the powder route alloying elements can be introduced by
two main techniques, namely, by prealloying or by blending
followed by alloying during heating. However, it has been
reported that even after sintering for one hour at relatively high
temperatures, homogenisation in powder blends containing Ni, Mo,
Cr and Mn is not complete(l9). This is reflected in hardenability
data, see Figure 3.

In the design of an alloy for fabrication by the powder
forging route, the conditions controlling optimum hardenability
tend to conflict with those promoting high faetigue and ductility
performance(lé). The normal steel making inclusions, which result
from slag entrapment, refractory wear and deoxidation products,
are atomised along with the steel. These present an angular
appearance in the final mierostructure. In addition, a series of
complex oxides are formed during the atomisation process itself.
During atomising with high pressure water jets, the enviromment
of the first formed droplets is essentially oxidising, After
atomising, the powder is separated from the water and dried in

hot air. Corrosion of the product is inevitable and hence the
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oxygen content is increased during this drying operation. The
powder is subsequently annealed in dissociated‘ammonia and the
thin oxide films reduced.

Guichelaar and Pehlke(zo) looked at the gas metal reactions
during sintering and explein in some detail oxide reduction and
how it depends on sintering conditions. The graphite reacts with
the oxides present on the particle surfaces to give CO and CO,.

The degree of reduction of the oxides depends on the C0/COo
ratio which is given by the equilibrium constant of the
Boudouard reaction C + CO2 = 2 CO., Above 700°C & CQ/002 ratio is‘
established which is reducing even to the lowest iron oxide,
wustite (FeO), according to the reaction FeO + CO = Fe + COa.
As the reaction proceeds in the presence of excess cerbon, the
iron oxide is completely reduced to iron. Athigher temperatures
the C0/CO, equilibrium shifts further towards CO meking the
atmosphere even more reducing. Beceause of this, at very high
temperatures it is possible to reduce such difficult oxides as
those of mangenese or chromium if excess carbon 1s available.

At temperatures of n1100°C the reaction kinetics are so fast(zo’zl)
that the reduction of iron oxides is practically complete after about
three minutes totel heating time.

No accurate kinetic deta exist for the reductioh of other than
iron oxides, although it appears that nickel and molybdenum oxides
are reduced under similar conditions. The modified Ellingham
diagram, Figure /, shows that the oxides of iron, molybdenum and
nickel are easily reduced, whereas the oxides of manganese, chromium
and silicon are more difficult. The ease of reducing the oxides

formed on a Ni-Mo steel powder in practice are shown in Figure 5.
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It has been shown that chromium and manganese oxides need
reducing temperatures in excess of 11200C and 1160°C
respectively, see Figure 6. Heating time is & factor, not so
much in relation to the reduction equilibrium but in the
diffusion of the elements released, Where cost is a major con-
trolling influence, long heating times or high temperatures
(in excess of 1125°C) present a barrier.

2.1.4(ii) Composition Constraints
It is evident from previous evidence that the alloy systems

chosen must produce a minimum of non-metallic inclusions(16).
However, at the same time, the alloy selection must be such as to
give acceptable service properties,

Hardenability is an important factor(zo. Manganese, chromium
and molybdenum are all efficient promoters of hardenability whereas
nickel is not. The major constraints in any strategy would there-
fore seem to be cost, in the case of nickel and molybdenum, and
oxide formation in the case of chromium and manganese.

Silicon is found in iron by virtue of its presence in the ore
or as a deoxidation element in the refining process., Normally the
level of silicon in iron is fairly low.

In powder forging alloys, the top limit for nickel is set in
relation to its cost. It is usually accepted that up to 2% is a
reasonable compromise between the attainment of hardenability and
cdst(lé). The lower end is of the order of 0.25% which gives some
smell degree of hardensbility.

A minimum of 0,25% molybdenum is necessary to affect

hardenability(lé). Up to about 0.7% is currently used but beyond
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this figure molybdenum becomes too expensive and is only found
in special purpose alloys.

Manganese in powder forging alloys is desirable from harden-
- ability and cost points of view. However, this has to be
equated with its affinity for oxygen and a compromise made. The
current situation appears to be that to obtain a significant
effect on hardenability a lower limit of 0.25% is desirable but,
to restrict oxide formation, an upper limit of about 0.55% is
appropriate.

Chromium strongly promotes hardenability and is desirable
from this point of view. Theoretically chromium oxide is
easier to reduce then manganese oxide but it forms a coherent,
tenacious oxide film, and both elements appear to be additive
when considering oxidation effects. Manganese, however, is first
choice because of its sulphur control. Consequently, a minimum
of 0.15% chromium is used to aid hardenability; the upper limit
is not clearly defined but at the 0.5% chromium level there is a

marked increase in inclusion content(lé).

2.2 Single Droplet Studies

The number of publications pertaining to the fluidodynamic
behaviour and heat and mass transfer characteristics of single
droplets in free fall through a fluid medium is considerable and
it is beyond the scope of the present work to attempt a complete
review. Only a general introduction with & more detailed review

of that work which is pertinent to this research will be
considered here. More extensive reviews of the literature

already exist(22’23).
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2.2.1 Fluidodynamic Considerations

A droplet in free fall through a fluid will accelerate
until the force of gravity producing the motion is exactly -
balanced by the buoyancy force and by the drag forces (Fp) at
the surface of the droplet, tending to resist motion. From
this point onward the drop will move at a constant velocity,

the terminal velocity, ug.

3 3

d d
m &g = 7 & o+ Fy

6 6

where dy 1is the diameter of the droplet
and Pa and p; are the densities of the droplet and fluid
respectively.

3
- T ddg
6

Hence:? F

D (pd - pf) 2.1

The drag force acting on a freely falling droplet is
quantified in terms of the dimensionless group, the drag

coefficient, Cp:

F
CD = D 2.2

Ap.%%ug

where Ap is the 'projected' surface area of the droplet, such that

ap = T d2
D 4 2.3
4

The drag coefficient is a function of the shape of the

droplet and the Reynolds Number of the droplet

_ d.u_p
Npe = 4 t F 2.4
He

Graphical correlations between Cp and Npg are presented in the

literature, Figure 7(24).
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When the Reynolds number is less than unity, creeping flow
conditions pertain. OCreeping flow conditions usually only apply
to very small droplets, e.g. for steel droplets in slag such a
condition only occurs with droplet diameters <0.5 mm(25), The
droplet is so small that surface tension forces dominate its
internal fluidodynamic behaviour, ceusing it to effectively
behave as a solid sphere. Under these conditions it is found
that:

C. = 24 2.5

By substituting from equations 2.2, 2.3 and 2.4 it can be shown
that the drag force acting on the droplet under these conditions
is given by:

FD = 3 dduf u, 2.6

This equation is known as Stoke's Lew, in honour of Stokes
who derived it analytically by integrating the Navier Stokes
egquations for the case of creeping flow(26).

The valus of the terminal velocity of the droplet under
creeping flow conditions may be obtained by combining equations
2.1 and 2,6
439 (og Py 2.7

18 uf

For droplets with a Reynold's number greater than 0,5,
surface tension forces are no longer sufficient to cause the
droplet to behave as a rigid sphere., The external flow of fluid
over the surface of the droplet induces circulatory flow within
the droplet(27), Figure 8, reducing the drag force below that
predicted by Stokes!' Law,
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o = 2 <N. < 10° 2.5
Re

N °” (intermediate region, Fig.7)

The terminal velocity of the droplet is consequently
greater than that predicted by Stokes' Law(zg),.see Figure 9.

For even larger droplets, and hence even greater Np., the
droplet deforms to an oblate spheroid but the terminal velocity
it reaches is below the value predicted by Stokes' Law,

The peak velocity is generally associated with increased
droplet distortion and the onset of oscillations; both of which
tend to reduce the velocity., Ultimately a size is reached at
which the oscillations are so pronounced that surface tension
is no longer sufficient to prevent the break-up of the droplet.
Allied to these phenomena are changes in the flow pattern of the
fluid over the external surface of the droplet. At higher
Reynold numbers the boundary layer becomes separated from the
rear surface of the droplet leading to the formation of a
turbulent wake behind the droplet. All of these phenomena lead
to a considerably enhanced, drag force on the droplet - usually
referred to as the 'form drag'., Various mathematical models have
been developed which attempt to predict the effect on the terminsl
velocity of various degrees of internal circulation and droplet
oscillation(2930,31)

Hademard(32) and Rybezynski(33) heve derived a limiting lew
which predicts the effect of internal circulation. This law for
laminar flow corresponds to Stokes! law for solid spheres and
also gives an exact solution of the Navier Stokes equations.

The boundary conditions differ from those for flow around solid

particles. In the case of solid spheres the velocity at the inter-
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face is zero; for the droplet it is equal in both phases, but
not equal to zero. In the droplet the velocity decreases
towards the centre and reaches negative values in the interior
(relative to the external flow pattern). Compared to Stokes®
Law the resistance is smaller i.e. the ascending velocity is
larger due to the non-zero velocity at the interface. Hadsmard

expressed the frictional force and drag coefficient by the

equations:
- 2u.+3u
Fp = TdgMe¥o (£ d 2.9
W + Ud
_ 2y 2 U, + 34y
o = £ f d 2.10
U, dq 0 Mg + Uy
CD - 8 2uf+3ud 2.11
1\XRe uf + ud

Combining equations 2.1 and 2.2 gives

L

4 gd. (py - pg)
w = d 7d f'] 2.12
t

3 Cp s J
Combining 2,10 and 2,12 (where u_=u_), the terminal
velocity u,cen be expressed as

d2( - ) +

u 9% 'Pq 7 P Me P Hg ) 2.13

6uf 2uf+ud
which is known as the Rybczyﬁski—Hadamard equation. Fpr droplets
falling through a gaseous medium, the viscosity of the gas is very
srall compared to the viscosity of the droplet and can therefore

be neglected: as a result Stokes' Law reapplies.
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The drag coefficient of non-spherical droplets depends not
only on the Reynold's number but also on & dimensionless number
known as the sphericity. This factor takes into account the
deviations of the droplet from a sphere. Sphericity is defined

as:

v o= v ' 2.14

where A is the droplet surface area

and dv is the diameter calculated from the volume where
v v m 2.15

Pettyjohn and Christiansen(Bo) suggest that the terminal velocity
of an isometric body can be expressed by Stoke's law for low

Reynold's numbers provided a correction factor « (kappae) is

introduced:
o2
u = Kd_ g (Dd - Pg) 2.16
18 y
where K = 0.843 log Y 2.17
0.065

K depends on sphericity., It can be seen that the terminal
velocity decreases with the sphericity, which means that the
resistance increases with increasing deviation from the spherical
shape.

Although drag forces on small drops are often expressed in
terms of Stoke's law, this is sometimes not correct(24). The
conditions for flow around droplets are complicated by the
influence of interfacial tension. Although a number of experi-

mental and theoretical investigations have been made, notably
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the work of Garner and Lane,(3l) many of the phenomena are not
yet completely understood.

The influence of surface active agents on the velocity of
droplets in laminar flow has been considered theoretically.
According to Gibb's adsorption isotherm surface active agents
accunulate in the interface(zg). When the droplet moves in the
surrounding fluid, the concentration of the surface active agent
at the stagnation point becomes lower than the equilibrium value °
due to the continuous renewal of the interfaces; at the rear it
increases, since the molecules present in the interface are trans-
ported to the rear by the flow. The concentration gradients so
formed in turn give rise to a gradient of the interfacial tension
and as such provide &n additional tengential force retarding the
flow along the interface. This phenomenon has been examined
theoretically by a number of investigators, notably Levich(34),

He put forward the following expressions for drag coefficient and

terminal velocity:

oL 8 [t iug vy -
P Mee | omptug ity
& (0. - 0.) +u, 4
u _ 2% Pa” ¢ {“f Hg Y 2.19
6uf 2uf+3ud+3y

The coefficient 'gamma' is the retardation coefficient. 4s ¥y
tends to zero, equations 2,18 and 2.19 become the Rybczynski-
Hadamard equations. With very large values of the retardation

coefficient (y >> Mg + ud), Stokes relationships are obtained.
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The value of the retardation coefficient depends on the

concentration gradient attained at the bounding surface; this

in turn is dependent on the kinetics of the transport of the

surface active agent. Levich derived three equations for the

situations when either a phase boundary reaction, volume diffusion

or boundary surface diffusion is the rate determining step,

assuming that the surface active agent is practically insoluble

in the droplet.

When reaction, i.e. adsorption is rate determining the

following equation applies:

2 I

39 2.20
aT

Y, =

2kr

where k is the rate constant and is determined experimentally.
When volume diffusion is rate determining, i.e.

Yz = 2 RT (I‘*)2 ) 2.21

3 Dr C6

For practically insoluble surface active agents the surface
diffusion is rate determining, and for the retardation

coefficient one can write:

<
I

2 T'*r RT 2,22
3D

where D is the coefficient of the interface diffusion,
For higher Reynold's numbers (NRe >1) the theoretical
_derivation of similar resistance laws 1s very difficult and only

possible by making some simplified assumptions. A number of

- 28 -



derivations have been made but these are meinly associated with
spherical bubbles rising through & liquid, B T Chao(35:36) pas

suggested an equation applicable to droplets:

) 16 b
Cp - 2 (14 °'?i4 2.23
N Nge
Re
where b, =
3y
d
2 + /uf.

2.24

L
p. M
T d)
He He

The resistance law is only valid for spherical or nearly spherical
droplets.

(37) carried out a theoretical investigation

Hamielec and Woo
of the effect of simultaneous free fall and forced thermal con-
vection on fluid drag for a single sphere fixed in an unbounded
fluid moving at constant #elocity. Their main conclusion is that
Stoke's law can be in serious error for low Reynold's number flows
(NRe<1) when applied to estimate the terminal velocity of a sphere
falling in a fluid of low Prandtl number and of different tempere-
ture. They suggest that, in particuler,’ when NGr NRé‘z is greater
than 0,5, Stoke's law is significantly in error and should only

be used for rough estimstions.

2.2.2., Heat and Mass Transfer Considerations

The reaction mechanism between & droplet and a gaseous
atmosphere involves:
(i) Mass transfer within the continuous, gas phase.
(ii) Reaction at the gas-droplet interface.
(iii) Mass transfer within the dispersed phase, i.e.

the droplet.



The rate of any one or combination of these processes may eﬁ&:ﬁmgj

control the overall rate of the process.

The rates of mass transfer processes are influenced by the
stirring conditions and the diffusion coefficients of the
relevant reactive species within the continuous and dispersed
phases. Interfacial reaction rates are influenced by the activa-
tion energy and the probabilities of the chemical steps involved
i.e., adsorption and reaction.

Heat and mass transfer in fluid media primarily occurs by
convection which may be natural or forced. The functional
depé@ence of heat and mass transfer coefficients may be expressed

in terms of dimensionless groups. Thus for mass transfer:

NSh o« NRea . NSCB for forced convection

1

1
and NSh o« NGru NScB for natural convection

Similarly, the heat transfer coefficient may be expressed:

Ny = NReY . NPr6 for forced convection

1 §?
and Ny, «Ngp' . Np,.~  for natural comvection

Radial diffusion always exists, In the limiting case of a

spherical particle in a motionless fluid:

Nre = Ngr = O

it has been shown(38) that NNu = Ngp = 2 for heat/mass transfer in
the continuous phase,

This is taken into consideration in the previously noted
dimensionless relationships so that, for example, in the case of

s ons - 0, B .
forced mass convection: NSh =2 + C NRe Nsc where C is a

constant.
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A large number of investigations have been carried out to
determine the values of the constant and exponents in equations

of the above generel type. (25:38,39,40,42)

2.2.2(i) Heat and Mass Transfer in the Continuous Phase

Natural convection occurs when Np, = O. Mass transfer
results from the flow of the surrounding medium promoted by
differences in the fluid density brought about by concentratiop
and/or temperature gradients. High temperature differences between
the sphere and the gas enhance this effect, Merk and Prins(39)
analysed heat losses by natural convection from which an analogy
for mass transfer can be made. Madden, Piret and co-workers(4o’4l)
golved, numerically, the simultaneous heat and mass transfer
equations for free convection. Steinberger and Treyba1(42) derived
two equations depending whether Ng, NS¢ was greater or less than 108,

Forced convection arises when Ng, > O i,e. when relative flow
exists between the sphere and the bulk fluid, Differences exist
in the literature as to the most appropriate form of dimensionless
relationship to use. The simplest form for mass transfer in the
continuous phase, for a stagnant sphere under conditions where

natural convection is negligible is given:(42)

For high Sherwood numbers where the radial diffusion flux can be

ignored:

1
Ng,, = const. NReg'Nsc% 2,26

Davies and Alexander(25) suggest the constant lies between 0.6 and

0.8, This type of correlation applies only to the leading surface
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of the sphere and completely ignores the wake. The contribution
of the rear surface is due to turbulent transfer through the
wake, Unfortunately this is not amenable to rigorous theoretical
treatment. White and Churchill(43) suggested that the contribu-
tion is proportional to the Reynold's number. A more satisfactory

correlation is proposed by Kinard et al(44) of the form:
Ngh = const. Nﬁé% Nsc% + const. Ngg Nsc% 2.27

where the second term describes transfer within the wake region of

the droplet surface.

Rowe, Claxton and Lewis(45) have reviewed published data on
heat and mass transfer to spheres, and, together with experimental
results, in which heat and mass transfer between air and a

spherical particle was measured, arrived at the following equation:
Ngp = 2 + 0.69 N, % Ng P 2.28

The Reynold's number exponent increases slowly from about 0./ at
Npe = 1 to about 0.6 at Nge = 104 but it can be assumed constant
and equal to O,5 in the range 20 <Npe < 2000,

Hadamard(32) has suggested improvements to this approach and

derived the equation:

u 3
N = 2 + const. Re% N 5 N £ 2.29
Sh Sc Sc | ———

Hg + Mg

by considering the surface velocity term in viscous systems. The
constant lies between 0,46 and 0.61(46) It is clear, from the
above, that circulation and oscillation are of major importance

in determining mass transfer rates
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For a circuleting drop, Beek and Kramers(47) have used the

penetration theory to derive the following equation:

u
M. =2+0.80N IN 2 £ 2.30

Sh Re Sc
Uf + 1.5 ud
Richardson(48) quotes the dimensionless equation of

Steinberger and Treybal which relates the Sherwood number to

other dimensionless groups:

0.62

0.25 0.5) 2.31

- " .
NSh 2 + 0.5(Gr Nsc) + b(NRe NSC

The first term, as already noted, represents the contribu-
tion from radiel diffusion such as would occur in a static
isothermal system. The second term is a contribution from free
convection and would arise with a droplet which is hotter than
the gas even without any imposed gas flow. The third term is a
contribution arising from gas flow under isothermal conditions.
The value of the constant, b, depends on the geometry of the
system e.g. the relation between the size of the droplet to the
diameter of tube in which it is supported or down which it falls.
At low temperatures the first and third terms are the most
important, but at high temperatures all three terms are about
equally important. The Grashof number N rl is & mean value of

G
Grashof number as defined by Mathers et a1(41) instead of NGr

where:
N

0.5
l = +
NGr NGr _Sc NGr 2.32
mass Nbr heat

This follows the suggestion of Baker et a1(49) who used a mean

value of Grashof number because heat and mass transfer occur
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simultaneously in the very steep temperature and concentration
gradients which co-exist when reacting gases at room temperature
come into conmtact with metal which is 1500°C or hotter.

Richardson(As) notes that it is suwrprising tﬁat the three
contributions in equation 2,31 should be additive but states
that experiment shows this to be approximately so, whereas
Kinard et al question the validity of linearly adding the con-
tributions of radial diffusion, natural convection and forced
convection to obtain the overall transfer rate.

More recently, Furuta et a1(50) investigated the average
and local mass transfer coefficients for a rotating sphere in
an axial streem with rotational Reynolds number Npe, from 103
to 5 x 104 and four kinds of stream Reynolds number NRey of
0, 2000, 3800 and 10,000, They used an electrochemical method
and fifteen isolated electrodes were used to obtain the local
mass transfer rate. The average Sherwood numbers NShav vere
measured for a stationary sphere in the stream (NRer = 0) and
for a rotating sphere in a quiescent fluid (NRet = 0). These

were correlated as:

L

Nsh,, =1 * 0.570 Hpe,? Ngo& 2.33
1

NShaV =1+ 0,453 NRerg NSC-% 2,34

The local mess transfer coefficients NShl within the laminar
boundary layer were found to incresse gradually with increase of

rotational speed.

Levi and Mehrabian(5l) investigated the heat flow in atomised
aluminium, iron and nickel droplets using an enthalpy model. They

presented equations describing the cooling of an initially super-
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heated droplet and a numerical heat flow model for its subsequent
solidification, Parameters such as times for initiation and
completion of solidification, cooling rates and interface
velocities in iron were related to the process variables governing
the rate of heat extraction from the droplets. The models predicted
that the average cooling rate in the liquid prior to solidification
is directly proportionsl to the heat transfer coefficient in the
gas phase, h, inversely proportional to the droplet radius, r, and
independent of the initial superheat. The cooling time, t9, for
the surface to reach the melting point, which was estimated from
the analytical solution, increases with increasing superheat

towards the Newbonian model prediction:

%t  1n (1 + 6,./Ste) ‘ 2.35

r2 3 Bi

Reducing the droplet radius, r, has a less pronounced effect on t°
than the direct proportionality indicated by the Newtonian model.
However, increasing the heat transfer coefficient at the droplet
surface has a more pronounced effect on decreasing t° than the
inverse proportionality predicted by Newtonian cooling.

In the continuous phase, mass transfer is faster for fully
circulating drops then for rigid drops. In his work on heat
trensfer, Boussinesq(52) showed that the following dimensionless
correlation should apply:

2 0.5 0.5
N = — N N 2.36
Sh J Re Sc

o . vy - 5 . o)
Ln equetion was derived by dlgble()B) who considered transfer
to take nlace by unsteady state diffusion from elements of liguid

which are formed at the front stagnation point and pass in stream-
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lines over the surface untll they reach the rear of the droplet.
Compared with Steinberger and Treybals' equation for rigid drops,
equation 2,31, the rates given by Higbie's model are some four to
six times greater, depending on drop size and liquid properties.
For a circulating droplet, Boussinesq(52) applied the penetration
theory to continuous phase transfer and found the relationships

8__2D!'§'l.112 2.37

m

2.2.2(ii) Heat and Mass Transfer in the Dispersed Phase

The nature of the velocity profiles in and around a falling
droplet and the intensity of any internal circulation will vary
from one droplet to another depending on the duration of the fall,
the size and inertia of the droplet and the presence of any
adsorbed species, For the case of no circulation, there will be
minimum rates of mass transfer. If the surface of the droplet
is kept saturated by the continuous phase, then the fractional

saturation for & drop starting from zero bulk concentration is

given by(54)

-4 72 Dy t &
F = 1 - exp 2.38
d2

When mass transfer in the continuous phase is rate controlling,
the Steinberger and Treybal correlation, equation 2.31,‘can be
used for most cases neglecting the free convection term.
It can be supposed that if there is full circulation
within the droplet plus random radial motions caused by oscillations,
these conditions will give meximum internal rates of transfer. A

model to deseribe such a situation has been proposed by Handlos and
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Baron(55). They assumed that transfer takes place by eddy
diffusion arising from the radial motions, the speeds of which
are related to the rate of circulation within the droplet which
in turn is determined by the droplet size and velocity and by

the viscosities of the two phases., They developed the relation:

0.00375 U
k., = ———— 2.39
1+, Ha

uc
where U is the velocity of the drop, and

Hcand Hgare the viscosities of the continuous and
dispersed phases respectively.

An intermediate model, between the rigid and oscillating
turbulent models has been developed by Kronig and Brink(56),
The model only considers & circulating droplet with no radial
motion which would be more applicable to low Reynolds numbers.
The rate of mass transfer is entirely controlled by radial
diffusion within the drop. The equation for the fractional
saturation for a droplet starting with zero bulk concentration
has the same form as equation 2,38 except that the term Dd’ the
diffusion coefficient, is replaced by 2.25 Dd’ Hence the
effect of the circulation is equivalent to increasing the

diffusivity in the droplet by a factor of 2.25.

2.2.3 Surface Phepomena

In addition to fluidodynamic factors, mass transfer itself
may lead to interfacial turbulence due to concentration or density
variations, the Marangoni effect, which may further increase mass

transfer rates.(57) Garner(27) hes shown that mass transfer
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coefficients in drops of water and organic liquids in a wind
tunnel are highest in the first few seconds of their existence,
presumably due to the high circulations induced in the droplets
during their formation. Another factor is the presence of
surfactants which tend to decrease mass transfer either by inter-
ferring with circulation patterns or by reducing the effective
interfacial area by blocking transfer aites(32).

Interfacial turbulence may occur when a reaction taking place
at an interface involves the transfer of a surface active substance.
It arises when the eddies in the gas or liquid phase which bring
reactants to the interface, give rise to local variations in the
surface concentrations of these agents bringing about strong local
changes in surface tension. Thus, whilst reaction is taking place,
the surface tension varies from one place to another over the
interface; the areas of high surface tension tend to contract
whilst those of low surface tension tend to expand. Movement of
the interface may then result.

Kozakevitch(58) has shown that oxygen, along with a number of
other elements, is surface active in liquid iron and lowers the
surface tension strongly. It is possible that in reactions in
which oxygen is removed from or added to liquid iron, eddies in
the metal (or gas) may bring about sufficiently large local changes
in surface tension for interfacial twrbulence to be set up. Because
this effect occurs at such a critical region i.e. the interface,
it may greatly enhance the mass transfer coefficient in the metel
phase. However, from date presented to date it is not possible
to determine how important such effects are. The effect of oxygen

on the surface tension of iron is shown in Fig.10. Kozakevitch
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also noés that Cr, Mo, Mn and Ni in dilute solution in iron are
not surface active. Richardson(59) notes that although some
highly active solutes such as oxygen and sulphur have strongly
exothermic heats of solution, this is no guide to surface
activity, because silicon and phosphorus are only weakly active
in iron in spite of their high heats of solution.

The Gibbs adsorption equation has been applied(58) to data
for oxygen in liquid iron in order to estimate the excess of
solute in the surface region over and above the‘concentration in

the bulk liquid. The Gibbs equation is:

1 9y
I's = T®Rr |5 In a 2.40
s/ T

where Fs is the excess quantity of solute s associated with unit
aree of interface, y is the surface tension and a_ is the activity
of the solute in the system. A plot of the surface tension of liquid
dron vs 1ln %0 is shown in Fig.ll. The slope 57%??&318 equal
to the term in the bracket in equation 2.40 since the activity
coefficient of oxygen is constant over the relevant concentration
range., From such slopes the valuesof I' shown in Fig.12 have been
obtained.

Equation 2.40 only gives the excess solute in the interfacial
region. Richardson(59) suggests that itis confined to one layer
of atoms. If it is assumed that the limiting value of T represents
complete coverage of the surface by the adsorbed species, the
fraction of the surface covered at each concentration may be

calculated(éo) as shown in Fig.13 for oxygen in iron. If the

adsorption reaction is represented as:
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[0]b+DS = [OJS 2.41

where s is a vacancy in the surface and subscripts b and s

represent bulk and surface concentrations,

[O]s 6

= —_— = 2.42

) [o]b O, [o]b (1-6)

where 0 is the fraction of surface covered.

Richardson notes that in the case of oxygen in iron,

%[0], may be written instead of [0]}, because the activity
coefficient is constant.

The initial slope of the curve in Fig.13 gives a value for
K of 71. When the film tends to saturation the value is 780;
the curve for an ideal monolayer with K equal to this value is shown
by the broken line. This suggests that the activity coefficient
of the oxygen in the surface layer decreases markedly as its con-
centration rises.

Richardson(48) quotes examples where high temperature
reaction kinetics have been found to be chemically controlled.

It seems probable that in some high temperature reactions between
gases and metals adsorption of a surface active element such as
oxygen may influence these kinetics.

Impurities in & metal may also exert an impeding effect by
forming relatively thick films on the surfaces of metal droplets.
It has been shown(bl) that when silicon is present in liquid
copper at a concentration of 2 ppm it produces over the entire

surface of the drop, & film of silica which impedes further
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reaction. It is unlikely that very small amounts of silicon
in iron could impede surface reactions as silicon is rapidly
evoporated about 150000 under oxygen pressures low enough for
oxidation not to occur, On the other hand, large amounts of
silicon in iron can be oxidised to form liquid slags and if
these wetthe metal they can cover the metal surface and so
prevent‘direct contact between gas and metal.

Absorption of gaseous oxygen by liquid iron using a constant
volume Sieverts! apparatus has been measured(ézaég). The
absorption process was found to proceed in two stages. When pure
oxygen came into contact with the surface of the molten iron,
extremely rapid disappearance of oxygen from the gas phase
accompanied by strong local superheating of the melt at the gas/
metal interface was observed. The rate of oxygen wtake during
this stage was found to be dependent wpon oxygen pressure and
gas/metal interfacial erea, but essentially independent of
temperature, volume and stirring conditions of the melt. This
wes followed by a second stage of continued absorption at a much
lower rate in the presence of an oxide phase covering the melt.
This rate depended on oxygen pressure. It was noted that the
absorption during both stages was independent of concentration

of dissolved oxygen in the melt.

2.2,/ Previous Experimental Work on the Oxidation of Single
Droplets

The reaction between levitated iron droplets and flowing

gases containing oxygen and of free falling iron droplets in

oxygen containing atmospheres has been extensively investigated.
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However, most of the work has been in relation to the
decarburisation of molten iron. Baker et a1(64) determined
rates of decarburisation of levitated Fe~-C droplets containing
5.5 to 0% carbon at 1660°C, They noted that with 10% or more
oxygen in the gas stream and when the carbon concentration in
the melt was low (less than 1% C), the rate of oxygen supply
through the gas boundary layer exceeded the rate of consumption
by carbon at the surface; the specimen surface became rich in
oxygen and some of the excess oxygen diffused into the specimen
leading to internal nucleation of €O within the droplet (i.e.
mass transport control within the dispersed phase). Baker and
Uard(és) reacted single iron droplets of about 4 mm diameter,
containing between 0.8% C and 4.5% C, during free fall through
oxygen. At low carbon values, less than 0.5% C, the droplets
exploded due to the formation of carbon monoxide within the
droplet.

Distin et a1(66) conducted a series of‘éperiments where iron
droplets were levitated in flowing gases. One of these experi-
ments included the oxidation of pure iron drops in carbon dioxide.
However, the samples were quenched in a 3ft column of flowing
water. They noted that a flaky oxide layer formed on the surface
of the quenched droplets due to the reaction with the water. The
flaky oxide layer was removed by light filing befare the oxygen
picked up during the experiment could be determined by analysis.
Figure 14 shows the oxidation of iron droplets in flowing carbon
dioxide.

Desforges(67) used a high frequency coil to melt wires to

form droplets in argon. The droplet fell down a flight tube where
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it was oxidised in air or oxygen prior to quenching through
argon into water. A sosp film was used to separate the oxidising
gas and the argon at the top of the tube. The oxidising column
length was controlled up to a height of 1.3 metres by means of
a second soap film below which was argon directly above the
water quench tank. Binary alloys of Fe-Mn up to 6.78 mass % Mn,
Fe-Si up to 9.5 mass % Si and Fe-Zr wp to 3.0 mass % Zr were
investigated., Photographic evidenc of a falling drop revealed
that the droplet oscillated from spherical to prolate spheroid
and in the case of Fe-3 mass % Si alloy, the frequency of
oscillation was 166 Hz., An investigation into the fuming of
certain alloys, notably the Fe-Mn alloys, was also made. The
quenched droplets were metallographically mounted and the oxide
phase examined by electron probe microanalysis, He concluded
that if the oxygen flux to the droplet surface was greater than
the metal vapour flux then a liquid oxide should form whilst the
reverse condition should produce a vapour/gas reaction. Fe-Mn
alloys exemplified the latter situation. In the case of Fe-Si
alloys he concluded that a liquid oxide forms and the rate of
oxidation is controlled by the rate of transfer of oxygen through
the liquid oxide.

Vig and Lu(6®) uged levitation melting to study the oxida-
tion kinetics of free-falling iron droplets. Single droplets of
about 1 g were initially deoxidised by hydrogen then allowed to
fall through oxidising columns of known heights and then quenched
in silicone oil. The amount of oxygen picked up by a droplet,
for a given height of fall was found to be dependent on its

initial temperature, its size, and the composition of the
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reacting gas. The effects of these parameters on oxygen pick

up are shown in Figs,15-18.

Schwerdtfeger and Uepner(ég) have suggested a model to
calculate the oxidation of disintegrated steel streams by mass
transfer of oxygen to the droplets. The mass transfer of oxygen
into the cylindrical space occupied by droplets and gas is
assumed to occur by bulk flow and diffusion., They computed the
increase in oxygen content of the metal phase for a steel stream
disintegrated into droplets of various sises; the result for a
steel stream of 4 cm radius falling into & cylindrical space 8 cm
radius with a starting velocity of 600 em gl is shown in Fig.19.

Baker( 70) studied the reactions which occur when molten iron-
alloy droplets fall freely in oxygen. He found that with carbon-
silicon-manganese-iron alloys up to 80% of the silicon and
manganese was removed during a 5 foot fall. The emphasis of the
work was on carbon ahd sulphur removal from carbon-containing and
sulphur-containing alloys. The alloys were quenched in water and

no acdount was taken of oxygen levels in the samples so obtained.

2.3 Oxidation and Reduction Characteristics

2.3.1 Oxidation Kinetics of Molten Iron and Iron Alloys

Several authors(71,63,72,62,73) have used a bonstant-volmne
Sievert's apparatus to measure the rate of oxygen solution in
molten iron. It was noted that the volume of gaseous oxygen which
initially reacts with metals is strongly dependent won the

physical nature of the oxide film which forms dwring the initial
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stage of reaction, In the case of molten iron which forms a
liquid surface oxide the initial oxygen absorption is greater
than for molten nickel which forms a solid oxide(72). The
absorption of liquid iron containing wp to / mass% Si is similar
to the oxidatipn of pure iron at 1600°C. Above this concentra-
tion of alloying element, considerable decrease in the oxidation
rate occurs(72’73). This is shown in Fig,20., Formation of a
silica-rich oxide layer on the melt prevents further progress of
the exothermic chemical reaction., Further, addition of diluents
to oxygen markedly and continuously decreased the oxidation rate
of a pure iron melt.

Filippor and Zharov(74) using an emf method to imvestigate
the kinetics of gaseous oxygen absorption by liquid iron
identified three process stages. 1In the first stage after contact
of the oxident with the liquid metal swrface, self- or auto-
acceleration of the process takes place in a short space of time,
with a rising rate uwp to a maximum velue., With a decrease in the
rate of supply of the oxidant, the individual stages became more
prolonged and the maximum rate was maintained for a considerable
interval of time, The final stage was characterised by a rapid
drop in rate and by retarded oxygen absorption by the metal. The
activation energy in the first stage of direct oxygen absorption
by the metal was determined to be about 8, kJ mo1™ T, Filippov
and Zharov concluded that the oxidation of pure iron, even in the
absence of dissolved oxygen was limited by the mess transfer of

oxygen to the metal surface., This conclusion was also reached by

Choh(75).
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Hosoda and his co—workers(76) looked at the role of
silicon and menganese in liquid iron in relation to their
deoxidation behaviour. Iron-oxygen alloys, of wp to 0.153 mass%
oxygen, were mixed with iron-silicon, iron-manganese and iron-
silicon-manganese alloys respectively. The alloys were brought
into contact under argon and held at 1600°C for different
periods. The specimens were allowecd to solidify end a chemical
profile was taken through each sample., 1In the case of silicon
alone, iron oxides were reduced by silicon in the metal and trans-
formed to solid silica. In the case of deoxidation by silicon
and manganese with a 2:1 ratio of Si:Mn the oxide phase on
nucleation was iron-manganese silicate. However, it was reduced
by silicon in the metal and in due time was changed to solid
silica particles. In the case of deoxidation by silicon and
manganese with a ratio of Mn:Si of 2.,5:1, non-metallic inclusions
were always iron-manganese silicates.

Choh et al(77) measured the rates of oxygen absorption of
liquid Fe-18% Cr, Fe-18% Cr -8% Ni and Fe-25% Cr-20% Ni alloys
from OZ-Ar gas mixtures., They found that the initial rates of
oxygen sbsorption were proportional to the partial pressure of
oxygen and independent of the alloy mixture. The results were

consistent with those for liquid iron(79),

2.3.2 Diffusion of Oxygen in Molten Iron

The diffusivity of oxygen in moliten iron has been measured
by a number of techniques but more recently by oxygen concentration
cell technique(78,7), Kawakami and Goto(78) used a Mo, Mo,/

Zr05.Ca0/Fe(0) cell and Povolotskiy and his co-workers{7) used a
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Mo, M002/2r02.Y203/Fe(o) cell, The first group determined a value
of diffusivity of (1.9 % 0.7) x 1074 em2 s~1 at 1550°C. The
second group measured the diffusion coefficient in the tempera-
ture range 1550-1650°C. They also determined the activity
coefficient of oxygen in iron with initial oxygen contents of
0,003 -~ 0.95%. They eported the temperature dependence of the

diffusion coefficient of oxygen in liquid iron as:

= 1671.32
DO - em (—6065 - ———T—-—)

It was also found that the oxygen content in liquid iron

influences only slightly its diffusion coefficient:

D, = ex (..7.45 + 0,028 log ao)

Ershov and Kasatkin(so) have reviewed the effect of alloy-
ing elements on oxygen diffusion rate in molten iron, Of the
elements of interest, nickel dissolved in molten iron increases
the rate of oxygen diffusion., On the other hand, molybdenum and
chromium markedly reduce the value of D,, the reason given is that
they increase the viscosity of molten iron, The effect of these

alloying elements on the value of D, is given in Fig,21,

2.3.3 Reduction of Oxide Phases in Iron Powders

Bulanov et 31(81) have used an electrolytic dissolution
technique to separate the oxide phases in alloyed iron powders.
In a range of alloys containing up to 1.16% Ni, 0,75% Cr and
0.95% Mn they identified Fe203, FeO, S5i0,, Or203 and MnO and they

were able to deduce the relative amounts of the alloying element
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present as oxide and in solution. Grintsov et a1(82) reduced
atomised iron powders in hydrogen. Virtually complete removal
of oxygen from atomised iron powders of various fractions occurred
in a very dry hydrogen atmosphere (with a dewpoin£ not exceeding
-40°C) at an end reduction temperature of 500°C. The form of
silica Has an effect on the reducibility of iron oxide(83). If
the silice is present as crystalline particles it improves the
reduction and fayalite (2 Fe0.S5i0,) does not form. If it is
amorphous in form it undergoes reaction with wustite (Fe0) to
form fayalite which results in & deceleration in the reduction
rate.

Ryzhonkov(84) argued that the reduction rate of an oxide
mixture is not an additive function of the reduction rates of
individual oxide components. The presence of a second oxide affects
the reduction of the first one, even in a mechanical mixture.

From his work, he showed that, depending on the relative amounts

of oxides in the mixture, an intensification or deceleration of the
reduction process is possible, For example, the reduction of

Fb203 and,Cr203 mixtures is complicated by the formation of spinels
by the reduced wustite with Cr203. Chu and Rahmel(85) studied the
reduction kinetics of chromium oxide as a function of hydrogen
partial pressures, gas flow rate and temperature., They found that
reduction follows a linear time law and is dependent on gas flow
rate below a value of approximately 10 cm s, At high flow rates
the phase boundary reaction is rate determining and the activation

energy was found to be 123 kJ mol~t.
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Lindskog and Grek(86) investigated the reduction of
oxide inclusions in powder preforms prior to hot forming. For
a 1% Cr 1% Mn steel they found an initial reaction at 600-700°C,
The oxygen content remained constant until a temperature of
800-900°C was reached. With increasing temperature the rate of
reaction increased reaching its highest value at 11200C for a
heating rate of 4° C/min. and at 1200°C for 250 C/min, There
were no discontinuities in either curve, Fig.22, which indicated
that the oxides form a solid solution for which there was no
sharp separation between the reduction of the different components
at the heating rates employed. The results indicated that

equilibrium conditions were practically established at 1300°C

within 5-10 minutes.
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2.4 lLevitation Melting

2.4.,1 Adventages and Disadvantages of Levitation Melting

One of the primary adventages of levitation melting is non-
conﬁamination of the melt(87). Iron is & moderately reactive
metal and will react with many refractories resulting in a loss
of purity when crucibles are used for melting.

Levitation melting is especially suited to physico-chemical
studies of gas-liquid metsl systems and difficulties of inter-
pretation due to possible side reactions with cruecible materials
are eliminated.

Levitation melting offers rapid heating and melting., The
repid melting cycle for small samples permits a large number
of metal samples or alloys to be prepared for investigation.
Alternatively, rapid heating and melting allows the variation of
more parameters than would ordinarily be practical.

Homogeneity of the melt due to very efficient stirring is
also achieved in levitation melting. The induced currents in the
metal droplet keep the charge in a continual state of motion and
the molten metal is stirred efficiently. Polonis(88) noted that
homogeneity is also retained in the ingot due to the rapidity of
solidification, Comenetz and Selatka(89) obtained greater
homogeneity with levitation melting than was obtained by repeated
arc melting.

Rapid attaimment of equilibrium is achieved in gas-
liquic metal systems and is another advantage of levitation melt-
ing. The rapid atteinment of equilibrium is due to the relatively
large surface area of the droplet exposed to the gas phase and also

to the efficient stirring of the melt. The rate is further
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enhanced when the gas flows past the molten sphere. Peifér(go)
has reported the increase in nitrogen content of moclten pure
iron from 2 ppm to the equilibrium solubility level of 445 ppm
in 50 seconds by levitation melting., Rapid deoxidation of iron
in & hydrogen stream is possible by this technique; the time re-
quired to deoxidise & 1 g sample being of the order of two
minutes(ég).

The main disadvantage of levitation melting is the diffi-
culty of temperature control. In the design of a levitation coil
for a particuler metal there is often a conflict between the
electromagnetic field for levitation and the field for heating.
In some cases the power required to levitate the metal is so high
that too rapid heating resulted(gs). On reduction of power to
the coil the levitation force decreases but as the metal sinks
further into the coil the heating effect is increased, Another
digadvantage is temperature measurement. Since a thermocouple
cannot be used to measure the temperature of a molten droplet
within the coil temperature can only be measured by pyrometry.
Here problems of surface emissivities are encountered.

Stability within the coil can also be a problem(®®), on
occasions a droplet can begin to oscillate in the field of the
coil, This can often occur when a droplet hes been in the coil
for a period of time(sg). The reasons are not clear, but,
resonance is important and sometimes changes in the properties of
the droplet, e.g. due to oxidation, may be & factor, The ampli-
tude of the oscillation may be diminished by regulation of the
power to the coil. On occasions, however, the droplet may be

ejected from the coil and then interaction with the containing

walls occurs.,
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A lesser disadvantage can be the relatively severe
vapourisation of high vapour pressure elements from a melt due
to the large surface area to volume ratio and due to rapid
stirring. This effect is of little importance in simple alloy-
ing but can be of extreme lmportance in physico-chemical
experiments requiring longer times. The weight of a molten
charge can also be & limitation,

2.4.2 Electromagnetic Field in a Levitation Coil

A conductor when placed in an electromagnetic field will
move from the stronger to the weaker portion of the field. For
levitation, the field strength must decrease vertically to
provide a 1ifting force equal to the weight of the conductor.

For lateral stability, the field strength must decrease radially
toward the field axis, thus providing a restoring forece forward
of the axis., Such a field is obtained from two ceaxial coils
matched to 2 high frequenecy generator. Normally variable capaci-
tanqe is employed to provide the‘means of tuning the load to the
gererator for maximum power transfer to the coils.

Levitation coils, in practice, are generally unequal, carry-
ing alternating currents with a 180 degree phase difference, In
this way, é point of minimum field strength, necessary for stable
levitation, is obtainedbetween the two coils. At some point
along the axis between the two coils the fields from each coil
are equal and opposite such that they exactiy counteract each
other, producing & null point in the field. The field strength

increases in all directions from this point. A conductor placed
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in the magnetic field will experience a force tending to move

it toward the null point. Weightless conductors would remain

at this point. 1In practice, an equilibrium will be established
between the magnetic field and gravitational forces and the finsl
position of the conductor will lie a certain distance below the
null point. Slater et a1(91) imvestigated the electromagnetic
field configuration within a levitation coil and the effect on
this field of inserting a metallic charge within the coil., They
devised a Magnaflux powder technique which produced interesting
visible patterns of the levitation field, The field strength
slong the axis of a levitation coil was measured by Hulsey(gz).
He measured the voltage induced on a small probe coil, 3 mm o.d.
x 3 mm long, wrapped on the end of a small quartz tube. The
probe coil was calibrated by measuring the induced voltages
when placed inside a straight solenoid where the field strength
was reedily calculated,

The fundamental equations of levitation theory were first
stated by Okress et a1(93). They considered the important
factors that determine the levitating force on a so0lid sphere
and arrived at a complex quantitative relationship. The funda~-
mental result of their calculations is that the metal sphere
behaves as an idealised magnetic dipole loop. They demonstrated
experimentally that their theoretical result for the levitating
force is accurate for a 1 inch diameter bronze ball suspénded
between two co-axial loops with current flowing in reverse

directions. The approximation they used in deriving their

formula is only valid for small spheres and relatively small
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maghetic field gradients. The relationship which they derived
indicates that the levitation force is directly proportional to
the square of the coil current and to & complex parameter which
is proportional to the square root of the frequency; the higher
the - frequency the larger the value of the parameter. As the
parameter becomes very large, the 1ift or force function becomes
a meximum at relatively low values of the parameter whereas the
heating function increases almost without bound. The signifi-
cance of their formula is that for metals of moderate electrical
conductivity no significant increase in the levitation force
results at very high frequencies. However, the energy absorbed
by the conductor becomes so large that melting results and the

- temperature of the melt increases; the temperature may rise
beyond the desired level. It can be concluded that the maximum
levitation force with minimm heating is attained at low
frequencies and high field strengths.and gradients., The size
and nature of the metal, coupled with the temperature, will
determine the value of the frequency to be used.

There has been no adequate theoretical treatment of the
levitation of a liquid mass. The problem here is not only that
of total levitating force but also of local support of the droo-
let, in particular at the lower tip of the melt. Any solution
to the problem should involved surface tension and the effect
of an oxide or other surface film.

Comenetz and Salatka(sg) have investigated the force in
levitation melting, While the formula they quote is restricted
with several limitations it does give perspective as to the

influence of some parameters. The limitations are that the
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charge is spherical, homogeneous and non-magnetic and small
compared to distance over which the magnetic field can be
assumed linear. The operating parameters are, first of all,
material, viz. density and resistivity; secondly, electricel,
viz, frequency and current and thirdly, geometricl, wviz. coil
dimension and charge radius.

It has been noted that the stability of a liquid metal is
far more complex than for solid metals. Various WOrkers(88’89’92’93)
have suggested that surface tension and the density of the liquid
metals determine whether they will drip during levitation.
Hulsey(92) in his report, has derived a relationship for & con-
| dition of static equilibrium involving swrface tension, density
and radii of curvature of the top and bottom of the melt. In his
analysis, he neglected any electromagnetic or hydrodynamiec
forces acting on the melt and equated the static equilibrium
pressures. Rony(94) has suggested that these calculations may be
greatly in error since the stability of a levitated metal system
depends on both static and dynamic elements, Static stability
results with balanced electromagnetic, gravitationsl and surface
tensional forces while dynamic stability is concerned with the
oscillations set up by these forces. It can be argued that if a
melt has & high value of surface tension then any instabilities
generated in the melt will be inhibited to a greater extent than
in the comparable situation of & melt with a low surface tension
value, In this way, surface tension is important to both static

and dynamic stability.
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2.4+3 Design Considerations

Much of the work to date in the design of levitation coils
has been empirical(gz). Most of the analyses performed on levi-
tation forces has been directed to solid charges and little
attention has been directed to the study of heating effects or
to the problem of coil design. In general coils have been
constructed of 6 mm diameter or less copper tubing, For a given
coil current the levitating force increases with coil turns(go).
Hence, the smallest diameter tubing is preferable to provide
more turng/unit length of coil. This is important in the high
gradient position and for multilayer coils, In practice, 3 mm
diameter tubing is about the smllest that can be adequately
cooled. In some instances larger bore tube has been taken and
flattened to give it an oval shape, in this way more layers of
tubing can be accommodated in a coil and there is less restriction
on water flow. Small diameter coils provide higher field
strengths but the volume of material that can be accommodated
within the coil is restricted. Harris and Jenkins(gs) in their
coil . design used 3 mm o.d. silver tubing to reduce the impedsnce
of the coil.

Coils used for levitation melting have been of a variety of
sizes and shapes. Slater et al(9l) arbitrarily determined the
levitation force for various coil configurations., The coils
were made by winding 3 mm diameter annealed copper tubing on
wooden formers. Five conical coils were made so that the semi-
cone angle varied from 0° (solenoid) to 90° 1In addition, a

gixth coil was made incorporating a reverse turn equal in diameter
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to the top turn of the coil. From their results they
concluded that the maximum levitating force occurred at or just
above the smallest and lowest turn in the coil. The exception
to this was the solenold where the maximum force appeared to
occur above the top turn. However, with the solenoid they found
that lateral stability was absent. They found that as the
conical coil semi-angle was increased the levitating force
decreased to & minimm. This occurred at a cone semi-angle of
45°. They concluded that with a semi-angle of 20° to 30°
optimum conditions of greatest metel 1ic charge and ample lateral
stability would be obtained. The levitating force appeared to
be independent of coil semi-angle at values in excess of 60° .
From investigations of the field developed in the coil, having
a reverse turn at the top, it was found that the levitating
force would be small until the metallic charge was well inside
the top turns of the coil. This was further borne out by the
measurement of the actual levitating force. However, the maxi-
mum force appeared to be at least as high as that obtained for
a similar coil without a reverse turn, Slater also showed that
to obtain the highest possible levitating force a coil with a
few turns and with small diameter turns at the bottom is
required.

Harris and Jenkins(95) in their designs used . cé—planar
lower turns. This they argued was equivalent to a turn of
smaller diameter and produced good stability of the liquid
charge. They also adopted two co-planar reversed turns directly

above the cone arguing that this produced high lateral stability
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and prevented the levitated sample touching the side of the

coil. Peifer(go) reported that cylindrical coils gave maximum
levitating force but, for stability, required surmounted opposing
coils or reverse turns,

The steady state temperature of & levitated charge depends
upon the properties of the charge material, characteristics of
the levitation system and the heat dissipated by the charge. The
physical factors of importance in this connection are the
electrical resistivity and the density of the specimen, Materials
of greater mass or density and higher electrical resistivity
levitate lower in the coil where the field strength is greater
and thus are heated to a greater extent. The higher density
materials require a high magnetic field strength to produce levi-
tation and in turn a high temperature results. Decreasing the
power permits the charge to drop lower into the coil with the
result that the temperature increases. Since levitation force
and heating of the metal are controlled, more or less, by the
current control of the induction heater it follows that the high
field strength required to support & high density material also
often results in higher than desired temperatures. It has been
noted(90,95,96) that a separate wey of cooling the levitated
charge is by passing a gas of high thermal conductivity such as
helium or hydrogen over the charge. This cooling effect can be
significant at high flow rates, Additional means of temperature
control are dependent upon adjusting the mass of the charge and/
or power input. Peifer(90) found that the minimum temperature

was obtained with & small charge.
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It has been shown(97’98) that the levitation force on a
spherical charge increases with the square of the current, I,
in the coil, and that the levitating force is independent of
the current frequency at sufficiently high frequencies which
are normally used in levitation melting. The diameter of the
tubing used in the coil should be kept small to increase the
number of turns which can be used in the high gradient positions.
The minimum size which can be used will depend on the amount of
power which must be dissipated in the cooling water.

Since the levitation force is proportionsl to the axial
field gradient, G, thechoice of adding an additional turn to the
coll design depends on its effect on the ratio of G to the total
tubing length. Increasing the length of the coil increases its
resistance which in turn increases the power to the coil. The
location of the coil turns are limited by physical restrictions.
Allowance has to be made for insertion of the charge. Openings
at the top and bottom generally limit the use of turns in
positions which add greatly to the coil gradient, and thus reduce
the levitating force and reduce the heating efficiency. The coil
must also be made 8o that the leads can be brought out without
interfering with the coil operation., The reversing connection
from the upper and lower sections of the coil should be short to
minimise the coil resistance and yet at the same time the field
from the loop should not interfere with the magnetic field
generated by the coil itself. Making this connection from the
bottom turn of the upper coil to the top turn of the lower coil

reduces this length and also reduces the problem of electrical
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discharge between the coil sections. Another problem is due
to the difficulty of bending tubing to small radii without

flattening the tube and restricting the water flow.

2.4.4 Temperature Measurement and Control

Peifer(go) has reported that temperature control and measure-
ment of a levitated charge has probably been the area of
greatest difficulty in developing the levitation melting
technique. The difficulty of control is inherent in the
electrical equipment which requires that both the levitation
force and the heating of the metal must be controlled, more or
less, by the current control of the induction heater. Harris
and Jenkins(95) claim that the mass of the sample levitated and
its position in the coil are important factors affecting the
equilibrium temperatures. The amount of energy lost by radia-
tion at a given temperature depends on the surface area of the
sample and the emissivity of the surface. For any one metal
sample in the molten state, these variables are fixed and cannot
be used as a means of temperature control. The heat lost by
conduction depends upon the gas pressure and uon the gas
composition, Variation in gas pressure from one atmosphere
down to half an atmosphere increases the temperature only
s11ght1y{90,95)

Measurement of the temperature of levitated metal droplets
presents difficulties. Thermocouples have been ruled out on
several grounds{9%) . Firstly, induced e.m f's in the thermo-

couple from the high frequency coil give erroneous electrical
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signals and also generate a heating effect in the thermo-
couple itself. Thermocouples would not be desirable or
convenient in some respects because of possible melt contami-
nation and, in many instances, the temperature is too high.
These objections do not apply to the optical pyrometer but
other difficulties arise due to the non-black conditions
associated with an unenclosed body. Emslie and Blau(gg)
examined the case of an unenclosed body and concluded that,
without a prior knowledge of emissivity, it wﬁs impossible to
measure the temperature of such an object in the range 2 000~
4 000 K with an accuracy greater than 10%, If, however, the
emissivity of the body is known within 20%, the temperature
can be determined within one or two percent by means of an
optical pyrometer.

Jenkins et 51(100) used an optical pyrometer to observe
the solid-liquid junction of a molten drop formed on the end
of a rod by induction heating. They measured the emissivity
of the metal at this temperature i.e. at its melting point.
This method was useful for reactive metels. However, they
assumed that there was no appreciable change in emissivity
above the melting point. This difficulty of emissivity values
has béen overcome to a certain extent by the use of two-colour
pyrometers, The basis of this pyrometer is that the unknown
quantity of emissivity can be eliminated by taking the ratio
of the radiant intensities from the object at two different
wavelengths, and that the emissivity is the same at the two

wavelengths. However, the ratio of the emissivities at the two
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wavelengths can, in practice, differ considerably from
unity(gg). Shiraishi and Ward(IOl) modified the two-colour
pyrometer technique by obtaining a linear calibration for the
pyrometer against a thermocouple over the lowest part of their
temperature range and extrapolated for thé upper range. They
considered their measurements correct to within ¥ 10°C,
Peifer(90) found that emission of fume can be troublesome at
high temperatures and leads to erroneous temperature measure-
ment. Here he found the two-colour pyrometer gave correct
temperature readings whilst a disappearing filament pyrometer

indicated a temperature 300°C lower.

2.5 Quench Media
Different medis have been used to quench reacted iron

droplets. Water was used by Desforges(67), Baker(loz),
Distin et a1{66) and Vig and Lu(68), Liquid nitrogen and
silicone oil were also examined by Vig and Lu.

Water was found to be very oxidising(68,102), yhen
deoxidised Armco-iron droplets, weighing about one gramme, were
quenched into water without falling through an oxidising chamber
an oxygen content in excess of 650 ppm resulted(és).

Liquid nitrogen always contains amounts of oxygen and the
gas layer between the droplet and the liquid nitrogen gives a
low quenching rate. Deoxidised droplets of iron when quenched

into 1liguid nitrogen were found to contain more than 300 ppm

oxygen(68).
Silicone oil was tested with respect to its oxidising end

reducing powers on iron-oxygen droplets(68). The oxygen content
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of deoxidised droplets quenched in 70, Dow Corning silicone
0il was found to be less than 30 ppm. Specimens of Armco iron
of known oxygen content (890 ppm) were levitated in en inert
atmosphere and quenched into silicone oil. Droplet tempers-
tures of 1580°C and 1638°C were used. The oxygen content of

the quenched specimens was found to be within *50 ppm of the

initial values.
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CHAPTER 3 EXPERIMENTAL PROCEDURBE

3.1 Production of Iron and Iron Alloy Wires

The wires used in the experiments were made from high
purity materials. The iron base metal was Japanese electrolytic
iron, the composition of which is given in Table 2. The iron
was 1nitially degassed by heating in vacuum for one hour at
1100°C to remove any hydrogen which may be present. The furnace
was a NGN Limited Horizontal Tube Furnace, Model VTF/H3 fitted
with rotery and vapour diffusion pumps and a Carbolite Furnace
with a maximun temperature of 14000C, The furnace tube was a
50 mn Recrystallised Alumina tube fitted with water cooled steel
flanges at each end, The electrolytic iron was very brittle and
was broken down into small pieces of approximately O.5 cm cube.
The pieces were placed in en alumina boat and put in the cold
furnace., The furnace was evacuated and the temperature raised
‘to 1100°C where it wes held for one hour. The furnace took
several hours to cool to room temperature when the iron was
removed, During the heating and cooling periods the furnsce
was kept under vacuum. The iron was transferred to an A.E.I.
Tungsten Electrode Flat Hearth Furnace where it was melted down.
The charge, consisting of the small iron pieces plus the addition
of the appropriate alloying element, was ‘heaped' onto the water-
cooled copper hearth in the furnace. The furnace was evacuated
and flushed with high purity argon., An arc was struck between
a tungsten electrode and the charge in the hearth which formed

the other electrode. The charge melted down and ran into a
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shallow groove in the hearth, The charge was about 50 gramme
in total and formed a stick of metal about 100 mm long with
cross section of approximately 7 mm x 4 mm, Whilst in the
mould the alloy was melted from end to end in three passes to
ensure homogeneity of the melt.

The pure iron wire was made by a difference technique.

4 0,5 kg charge of iron was melted in an Electroheating 15 kVA
High Frequency Induction Furnace in a zirconia crucible. The
crucible was open to the air but argon gas was purged over the
surface of the iron melt. When the temperature of the metal

was 1600°C, vacuum sealed pyrex glass tubes were dipped into

the metal, The glass melted and the iron was sucked up into

the tube, The lower end of the tube was well immersed so that
the surface layer of the iron was not drawn up into the tube.
The sample was cooled and the glass was then removed from around
the iron rod.

The samples were then swaged down to wire, the machines
employed in this operation were Robertson Swaging machinss.
However, some of the iron samples were found to contain 'blow
holes! and broke up in the swaging machine., As a result, the
samples were radiogrephed and only sound iron 'sticks' were used.
The radiography was performed on a Marconi X-Ray Unit, Type
™ 4334. Prior to swaging, the surface of the iron was removed
using emery paper. The metal samples were also annealed before
swaging. Initially, this was carried out by sealing the iron
in a mild steel capsule, in argon. The mild steel capsule was

made from mild steel tubing with mild steel blanks welded on
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each end. A 15 cm length of 18 mm i.d. mild steel tubing was
machined from a stock length of tubing in a lathe. Two
circular discs of mild steel of the same diameter as the tubing
vere machined from 3 mm plate. The components were clesned and
degreased in trichlorethane and the first disc was welded in
position with a continuous weld run on one end of the tube. The
iron was placed inside the tube and the air was displaced with
argon. The second disc was welded in place on the open end,
again with a continuous weld run using tungsten-argon welding.

A piece of zirconium foil was placed inside the capsule to take
up any oxygen which might be present. The capsule and specimen
were annealed at 950°C for 3 hour and then left in the furnace
whilst it cooled down. The iron alloy samples were not sealed
in a capsule but placed in an alumina boat and annealed in
vacuo in the NGN Horizontal Tube furnace at 1000°C for 30 minutes
and furnace-cooled under vacuo.

The iron and iron alloys were swaged on the two Robertson
Swaging machines, The first and larger machine, employing ten
sets of dies, took the metal samples down to 3.2 mm (0,125 inches).
The dies were lubricated by oil continuously pumped around the
dies. The second and smaller swaging machine was then employed
to reduce the diameter of the rod down to 1.5 mm (0,060 inches).
In this machine the rod was dipped in oil prior to insertion in
the dies for lubrication. Because of the heavy reduction in
cross sectional area it was necessary to inter-stage anneal to
relieve the work hardening of the material., All alloys received

one anneal, some alloys required a second inter-stage anneal.
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These were &ll carried out during the first few swaging steps.
Annealing was carried out in the NGN Horizontal Tube furnace
at 950°C under vecuum for 30 minutes, furnace cooling under
vacuum,

The iron, iron-chromium and iron-manganese alloys were
all swaged dovn to 1.5 mm diameter. However, difficulty was
experienced with the iron-silicon alloys. Despite annealing,
the rods were hard and brittle and many cracked in the dies
but sufficient material was generated for the purpose of

experimentation,

3.2 Levitetion Melting Rig

3.2.1 Power Source

The power unit used initially in the design of the levi-
tation coil was a 15 kVA, 350-450 kHz Electroheating power
source, the power output of which is varied by the operator
using & handwheel located on the front panel of the unit. As
there was no output current meter on the unit, the power setting
was gauged from the position of the handwheel pointer which
covered a circular scale 0-7.5. A meter giving the anode
current to the valve oscillator was another indication of the
power being supplied to the coil, The water cooled, flexible,
high frequency leads from the generator were connected to a
tufnol plate which was clamped to the experimental rig. The
high frequency connections from the generator to the coil were
placed close together to minimise their inductaence. At the

tufnol plate, the 13 mm (3") water connections from the high
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frequency leads were reduced down by brass couplings to 3 mm
(") copper connections.

Once the coil design had been established the experimental
work waes carried out on a 6 kVA, 450 kHz Radyne power source,
The power output from the Radyne unit was varied by a linear
rheostat., Because of the coupling of the coil the power factor
was only just in excess of 50% and the delivered power was only
3 kW. By moving the position of the rheostat the power to the
coil was increased. The power delivered was linear in relation
to the rheostat slide position but it was delivered at two rates
a8 can be seen in Figure 23, The initial movement delivered
power at a lower rate than that of the final stages of movement.
The power developed was indicated by a meter on the front of the

power unit.

3.2.2 Coil Design and Operating Procedure

The objective was to build a coil which would successfully
levitate iron for a period of several minutes. To this end,
several designs were investigated. The initial designs were
based on coils designed by other workers(gs’gg). However, these
designs, although giving good levitation, showed poor lateral
stability. With the charge solid in the coil it would maintain
a central position, but won melting, the charge invariably
contacted the wall of the glass tube. As a result the coil was
designed from theoretical considerations. It has been shown(97)
that the levitating force is proportional to G, the axial field

gradient, If, therefore, the value of G can be increased then
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there will be a corresponding increase in the levitating force.
From theoretical considerations, the contribution of each turn
to the total field strength along the axis of the coil was:
calculated.

By considering each turn of a levitation coil as a single
turn solenoid - - , the contribution of each turn to
the total field strength along the axis of the coil was
calculated. By the principle of super-position, the total field
intensity at any point on the &is of a coil could be calculated
by summing the contributions from the various turns at the
appropriate radius and distance along the coil axis. By conven-
tion, the upper turns make a negative contribution. Several
coil designs were examined by this method and the axisl field
gradient determined. From these considerations it was possible
to wind coils with greater magnetic field gradients and then
determine how the coils behaved in practice.

The levitation coils were a1l made from 3.175 mm (")
diameter bright annealed copper tubing. This size of copper
tubing is readily available and a small diameter tubing is
prefereble to provide more turns per unit length of coil., Prior
to winding the coils, the copper tubing was sheathed with a
close fitting insulated sheath of Vida-flex., The voltage at
the coil, from valve oscillator units, can be of the order of
several kV. If bare coils are used, water from the atmosphere
condenses on them, and flashover may occur. The insulating
braid used was of the order 0.8 mm (1/32") so that when coils
were wound tightly, the gap between the copper tubing was of

the order of 1.6 mm (1/16"). The coils were made by winding
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the sheathed copper tubing on suitably shaped metal formers.
The formers were machined from aluminium in the shape of a cone.
The centre of the cone wag drilled to fit round glass tubing
which formed the levitation chamber. The former was machined
to give a semi-angle of 30°, Plate 1, Figure 2,. The minimm
diameter of the coll wes decided by the available pyrex glass
tubing in the department. The coil was placed around the glass
tube and the metal charge was levitated inside the tube. In
this way an inert atmosphere could be used while the sample was
being levitated, Initially three sizes of glass tubing were
used: 14 mm O0.D., 17 mm O0.D, and 22 mm O.D.

The procedure adopted was as follows., With the coil empty,
the H.F. power was raised to & maximum, The specimen was
placed on top of a silica rod and then gently raised and levi-
tated in the coil. The length of time that the specimen
levitated in the coil was noted. A note was also made as to
whether the specimen melted or not. It was found that the mass
of the metal being levitated was important, and so this pare-
meter was also varied and investigated.

Because it was found difficult to levitate iron droplets
for several minutes, an alternative technique was developed.
This technique involved forming & molten droplet on the end of
a wire in the high frequency coil. For this experiment 2 mm
diameter mild steel rods were employed. It was found fhat if
the rod was suspended vertically in the coil, such that the
lower tip of the rod was at the same level as the lowest coil,

on increasing the power supply to the coil a molten droplet
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would form at the end of the rod. Under the action of surface
tension and levitation forces, the droplet would climb up the
rod to an equilibrium position where these forces were counter
balanced by the weight of the droplet. It was possible to hold
this position for severel minutes. On switching off the power
the molten droplet immediately fell from the end of the rod.

Figure 2/ shows the coil shape and the associated field
strength for the design that was finally adopted. Some of the
other designs investigated showed better characteristics for
levitation but these designs involved a large number of turns
which restricted the water flow to the coil. Of the designs
evaluated, the coil design chosen showed good laterial stability
and was capable of holding iron samples for the longest
period(97). With respect to the design, the experiments and
theoretical considerations indicate that the number of turns
and the position of the wpper reversed coil is important. The
coil creates a stable system for both solid and molten charges
which can then be levitated near the top turn of the lower coil.
The number of turns and spacing influence the value of the
axial magnetic field gradient. In genersl it was found that
the reverse turns must be symmetrical with and parallel to the
upper turn of the lower coil.

With all of the coil designs, it was found necessary to
operate at or near the maximum power level. There was a critical
sample size below which stable levitation could not be achieved.
This threshold value decreases with increasing power. For a

spherical charge the mass is proportionalto the cross sectional
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area which in turn determines the amount of magnetic flux
intersected. For an increase in power the same area will cross
more lines of magnetic force and stable levitation results.

The technique of forming a droplet at the end of & wire or
a rod and holding in the levitation coil was the technique
finelly adopted, Figure 29, Plates 2 and 3. The droplet
sizes were reasonebly consistent and, because the position of
the droplet in the coil was not totally dependent on the levi-
tation force, it was possible to adjust the temperature of the
droplet to a large extent by means of the power input. Because
the droplet was attached to the solid rod there would be a
temperature gradient within the droplet near this point.

Since the electromagnetic field imparted a stirring asction
to the liquid metal this temperature gradient would be very
steep and localised and its effect on the homogeneity of the

droplet therefore minimal.

3,2.3. Gas Purification System

Hydrogen and argon were employed throughout the experiments.
Both gases were obtained from BOC high purity cylinders and
were of grade: hydrogen 99.99% minimum, argon 99.998%.

The gases were fed via a pressure regulator to a gas puri-
ficetion train and from thence to the levitation chamber via
a variable area flowmeter. The gas train is shown diagram-
matically in Fig,25., It was fabricated fram Quckfit glass
components, The ground glass joints were held in place by

springs. The pipework was produced in 6 mm diameter copper
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tubing. Connections between the glass fittings and copper
. tubing were made in polyethylene tubing. The polyethylene
tubing was wired in position.

The first U-tube contained molecular sieve, 1/16" pellet,
Type 54, to remove any trace of oxygen from the gas. The
gecond U-tube contained Anslar grade magnesium perchlorate in
the first 1limb to remove any trace of water vepour. The second
limb was filled with silica gel. Again this acts as an absorbent
for moisture but its colour gave a clear indication of how the
ges train was operating. Any particulate matter was retained by
'plugs! of glass wool.

Both gases were fed into the train through a common Y-piece.
The pressures were regulated at the cylinder head and the flow
rate was adjusted by means of in-line valves, The gas flow rate
was measured by a rotameter graduated to 2.5 litres per minute
flow rate for argon. The same rotameter was also used for the
measurement of the hydrogen flow rate. Hydrogen was always used
at a flow rate of 1 litre per minute and the rotemeter was
initiaelly calibrated for this flow rate by means of an in-line
gapmeter, The gases, after passing over the droplet, were taken
away via copper tubing to an extraction system where they were

vented to atmosphere.

3.2.4  Temperature Measurement and Control

The pyrometer used to measure the temperature of the levi-
tated droplet was & Land total radlation pyrometer which employed

a silicon photovoltaic cell detector, Type 0QQ 14/120/48B. It

was fitted with a double lens system so that it focussed down

- 73 -



to 3 mm diameter at 25 cm focal length., This was engineered in
the following way. The water-cooled, flexible high frequency
leads from the generator were connected to a Tufnol Plate which,
in turn, was clamped to the experimental rig. Consequently, the
high frequency coil was always a fixed distance from the plate.
The pyrex tube which formed the levitation chamber was clamped
in the coil with its axls vertical. The iron or iron alldy wire
was then fed into the chamber down the axis of the tube. The
pyrometer itself was clamped to the rig, a distance of 25 cm
from the axis of the tube. The pyrometer was inclined at an
angle of 25° to the horizontal so that the pyrometer pointed
through the gap between the upper and lower coils of the levi-
tation furnace and focussed onto the axis in the plane of the
top turn of the lower coil. The pyrometer was equipped with a
viewing port at the rear of the barrel so that the pyrometer
could be lined up visually, if required.

The pyrometer was calibrated using a probe as shown in
Fig.26. The temperature probe consisted of an iron tip, 6 mm
diameter which had been machined with a tapered point and
drilled with a 2 mm diameter hole which terminated in the point.
The top section of the tip had its diameter reduced so that it
was an easy fit in a 23 cm long Vitreosil fused silica tube
(Thermal Syndicate Limited).

A platinum-platinum 13% rhodium thermocouple sheathed in
twin-bore alumina sleeves was inserted down the centre of the
fused silica sheathand into the hole in the iron tip. The tip
was then cemented into the silica tube using C60 refractory

cement and the recrystallised alumina sleeves around the thermo-

-7 -



couple where they emerged from the silica tube were also
cemented in position,

The probe was lowered into the levitation coil inside the
pyrex tube until the tapered tip was at the focal point of the
optical pyrometer., It was firmly clamped into this position.
The output from the thermocouple was taken to one of the inputs
of an Oxford 3000, two-pen potentiometric recorder with one side
of the thermocouple also being taken to earth. The output from
the Land total radiation pyrometer was taken to the second input
of the recorder. Since the pyrometer does not produce an output
until it receives visible light and also because of the reduced
emissivity of iron, the tﬁreshold velue was at about 1100°C.
Power was put into the levitation coil at six different levels.
At each level the output from the pyrometer and the thermocouple
were recorded, Both gave steady readings. The power was then
increased until steady outputs were achieved and the power
switched off, The two millivolt readings for the lower tempera~
ture from both instruments were again noted as the falling
temperature passed through that point. TUnder these conditions
of no power there would be no induced emfs to distort the true
reading. This was repeated for each temperature level up to the
melting point of iron.

A calibration chart for the total radiation pyrometer supplied
by the manufacturers was the basis for &ll temperature measure-
ments. The results of the calibration, for an emissivity value

of 1, are shown in Table 3. The results for the pyrometer out-

put with temperature for the iron probe are recorded in Table 4.

It is evident from the results that the emissivity of the system,
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i,e, the iron surface in the glass levitation column, approxi-
mates to a value of 0,36, The velues of pyrometer output from
both tables are plotted in Fig.27. The line drawn for an emiss-
ivity value of 0.36 is a good fit to the results obtained for the
iron temperature probe.

It was noted when droplet studies were undertaken that the
pyrex tube forming the levitation chamber was slightly darkened
due to evaporation from the molten droplet and deposition on the
glass. Under these circumstances the millivolt output of the
pyrometer was reduced although the power level was being maintained.
Account was taken of this evaporation since it obviously affected
the temperature recorded for the droplet by monitoring the tempera-
ture of a droplet under ideal conditions, i.e. with a clean glass
levitation column, This was repeated at different temperatures
and the readings noted. A piece of plain glass and a piece of
opaque glass were placed btween the column and the optical
pyrometer in each experiment and the new outputs of the pyrometer
recorded.

Where the reading for the temperature was reduced due to
darkening of the glass, the power to the coil‘was reduced and
brought back to the operating power., Under these conditions the
droplet was allowed to solidify for a few seconds and then
remelted. A4n inflexion appeared in the pyrometer output trace
at the melting point. This temperature being known, the final
temperature could be related back to the melting point and hence
determined.

Table 5 gives the results of the pyrometer output under the

conditions when an extra piece of glass was inserted between the
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levitation coil and the pyrometer to simulate darkening of the
glass. Basically, the results indicate that insertion of glass
lowers the emissivity value of the system, It was assumed that
darkening of the glass operated in the same way. As a consequence
the emissivity of the system was determined from the melting
point temperature of the droplet and from this the temperature

of the droplet could be deduced. The results are shown in

Figure 28,

3.2.5 Production of Droplets
The stages in the generation of a droplet from wire were as

follows and are indicated in Fig.29. The pyrex tubing was

17 mm 0.D. and was held vertical. The levitation coil was close
fitting on the glass tube and positioned as shown. The wire,
which had been degreased in acetone, was lowered into the coil
such that it protruded below the coil by approximately 5 mm,
Fig.29(i) and Plate 2. Any air was purged from the system by
passing argon through the tube in an wpwards direction at a rate
of 1.5 litres per minute for one minute. The power was switched
on and approximately 1 kw was delivered to the coil, Under

these conditions the temperature of the wire was raised to 1100°C
to 1200°C, The argon gas was then replaced by hydrogen gas. On
change-over the temperature of the wire dropped markedly due to
the much greater thermal conductivity and specific heat ceapacity
of hydrogen compered to those of argon, Table 6, It was necessary
to raise the power to between 1.5 to 2.0 kw to maintain the
temperature. This was maintained for 5 minutes to ensure any

surface oxide or contaminant had been removed.
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At the end of five minutes, the power was gradually raised.
This resulted in an increase in temperature of the wire and, at
the centre of the lower coil, melting of the wire took place.
Under the action of the levitating force and surface tension the
bottom section of the wire was drawn up into the coil so that a
molten droplet of metal was formed at the end of the wire in the
coil, stage (ii), Fig.29. The power was slowly raised further
so that the droplet was raised to just below the top turn of the
lower coil, stage (iii), Fig.29. The droplet was held in this
position for five minutes under hydrogen at a flowrate of 1 litre
per minute to ensure complete deoxidation of the metal.

At the end of this deoxidation period, the hydrogen flow
was changed to argon via the valve arrangement. The argon was
passed through the tube eround the droplet at a flowrate of 2.5
litres per minute to ensure that the hydrogen was completely
removed. The droplet position was adjusted so that it was in or
just above the plane of the top turn of the coil, Fig.29(iv) and
Plate 3. At the end of one minute the ergon flowrate was reduced
to 0.5 litres per minute, the temperature of the droplet was
adjusted by means of the power to the coil, then the power was
switched off., This wes sufficient to release the droplet from
the end of the wire as shown in Fig,29, stage (v).

Control over the mass of the droplet was exercised since the
wires were swaged to the same diameter and the position of the
wires in the coil wes fixed. Since the droplet was attached to
the wire the final position in the coil was also controlled. The

final adjustment to the temperature was via the power input.
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3,2.6 Mass Trensfer Column

The assembled apparatus for the mass transfer experiments
is shown in Fig.30 and Plate 4.

The levitation coil fitted tightly around the 17 mm 0.D,
pyrex tubing which formed the levitation chamber., The top of
the tube was attached to a second pyrex tube with reduced bore
entries in a Y-form as shown. Connection between the tubes was
made with tight-fitting heavy wall rubber tubing. The side arm
on the top section formed the exit for the gases. The iron wire
was fed axially into the chamber as shown via a tight-fitting
rubber bung. The lower end of the levitation chamber fitted
via & drilled bung into & 5 cm/2 cm reduction coupling with a
5 mm diameter side arm for gas entry into the levitation chamber.,
The temperature of the iron droplets was measured with the pre-
calibreted Land total rediation pyrometer. The reducing/inert
atmosphere of the levitation chamber was separated from the
oxidation chamber below by a diaphragm. The disphragm material
was polythene film which was held stretched in position using a
ground glass joint. The polythene film decomposed as the hot
droplet approached, leaving a neat hole in the diaphragm as the
droplet passed through. The oxidation chamber was made up of
5 em 0.D. pyrex tubes 35 cm long, joined together by using grouhd
glass joints. In this way the height of the reaction chamber
could be varied. The bottom tube ended above the surface of the
quenchant. The droplet, after reaction for a given distance,
was quenched in the quenching medium placed in a stainless steel
beaker at the bottom of the flight tube. The column was set up

and the polythene disphragm was put in place. A droplet was
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generated as described in section 3.2,5. After deoxidising the
droplet, the atmosphere in the levitation chamber was switched
back to argon and the desired droplet temperature obtained by
adjusting the power input to the coil. The droplet was released
by switching off the power and it was subsequently quenched into

the quench medium.

3.3 Chemical Analysis

3.3.1 Analysis for Alloying Elements

Sections of the fabricated iron wires were analysed for the
relevant alloying element, namely ménganese, chromium and silicon.

Manganese was determined by the Persulphste Oxidation
Volumetric method1%%), In this method following & zinc oxide
separation of iron from diluted sulphuric acid solution and a
fractional filtration, the manganese was oxidised in hot sulphuric-
phosphoric acid solution by ammonium persulphate, catalysed by
silver nitrate. The cold solution of permangesnic acid was
titreted with standard ferrous ammonium sulphate and potassium
dichromate, using diphenylemine sodium sulphonate as indieator.

Chromimm was determined by the Persulphate Oxidation nethod(IOA).
After solution of the sample in sulphurié-phosphoric acid and
oxidation with nitric acid, chromium and any manganese were oxidised
by ammonium persulphate in the presence of silver nitrate., Excess
persulphate was removed by boiling, any permenganic acid destroyed
by dilute hydochloric acid and the chromium was determined by
titration with standard ferrous ammonium sulphate and potassium

permanganate solutions,
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Silicon was determined by the Perchloric Acid method(103).
After decomposition of the sample in hydrochloric acid and
oxidation by nitric acid, the solution was evaporated to fumes
with perchloric acid. The fumed residue was extracted in
hydrochloric acid and the insoluble siliceous residue wes

collected by filtration, ignited and weighed as Sioz,

3.3.2 Analysis for Oxygen

The iron and iron alloy droplets were analysed for oxygen.
In all cases the droplet hadvbeen-quenched immedistely after
oxidation. Where oil had been the quenchant there was & need to
remove the oil from the specimen surface prior to analysis.

The oxidised droplet was removed from the oil with a pair
of tongs and immediately immersed in acetone to remove the oil.
On removal from the acetone the droplet was gently wiped on a
paper tissue to remove anyadhering oil., It was then transferred
to an ultra-sonic bath containing acetone and cleaned for two
minutes to remove the reaction film., The specimen was then
dried on & paper tissue and weighed. The specimen was finally
stored under vacuum in a desiccator containing silica gel., All
specimens were stored in this manner prior to analysis for
oxygen or examination in the Scanning Electron Microscops.

Oxygen analysis of the iron and iron alloy droplets was
carried out on a Strohlein Coulometric Oxygen Analyser. The
principle of the operation is as follows. The iron droplet is
introduced into & graphite crucible in the direct resistance
furnace through a sample port. In the furnace the crucible and

~sample are heated to a temperature of about 1900°C. The sample
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fuses in the crucible and the oxygen of the sample combines with
the carbon of the crucible to form carbon monoxide. Argon
carrier gas, flowing through the furnace, transfers the carbon
monoxide to an oxidation column filled with Schiitze reagen‘b+
where the carbon monoxide is converted to carbon dioxide. The
carbon dioxide then passes, together with the carrier gas, into
an absopftion vessel where it is absorbed in an alkaline barium
perchlorate solution, Absorption of the carbon dioxide reduces
the alkalinity of the solution; the solution is automatically
titrated back to the original pH value with alksli generated by
electrolysis, The quantity of electricity required to produce
the alksll is measured accurately, the quantity of carbon dioxide
is then determined, using Faraday's law, and from this, together
with the sample weight, the oxygen content of the sample in ppm
is determined. A counter indicates in digital form the quentity
 of electricity consumed to regenerate the QH™ ions. Each step
of the counter corresponds to 2 x 104 mg oxygen. With the
sample weights used in the experiments this gives a sensitivity
better than 1 ppm.

In practice the unit was purged with high purity argon gas
for 2/ hours prior to use. Two or three graphite crucibles would
be processed through the furnace as "blanks", this would give the
background reading on the instrument. A standard steel specimen,
of known <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>