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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 behaviour 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 roles of the alloying elements in relation to the 
characteristics 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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A interfacial area

^eff effective sectional area
Ap projected surface area
a^ activity of component A

ag activity of solute
b constant
Cp drag coefficient
C concentration
Cg concentration of surface active substance

Cp heat capacity
D diffusion coefficient
D0 temperature-independent factor in equation relating D to T

d diameter
d^ diameter of droplet
dy diameter of sphere of equal volume
E activation energy for reaction
Fp frictional or drag force
f activity coefficient
f° Henry’s law coefficient

f as subscript, relating to film temperature
G Gibbs free energy
oG^ Gibbs free energy of component A in standard state

G^ partial molar Gibbs free energy of component A

Gr Grashof number for heat transfer = gd^ )

Gr1 Grashof number for mass transfer = gd^ (p̂ r-p̂ )

p2
Vi 2T f



Gr"

S

1 C_mean Grashof number = Gr +
Pr

acceleration due to gravity

H enthalpy

h Henryian activity

h height

h heat transfer coefficient

J flux of material per unit area

K equilibrium constant

k thermal conductivity
k rate constant

kd rate constant (droplet)
M atomic or molecular mass
m mass
N dimensionless number

n a flux of species A
Nu Nusselt number, M  

k
P pressure

Pi partial pressure of component, i
. i

Pr Prantl number f V I
\ k I t

q heat transfer
R gas constant
Re Reynold1s number

V
r radius

rv equivalent radius

S Entropy

Sc Schmidt number, JL
pD

Sh Sherwood number
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effective temperature 

film temperature 
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velocity
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Velocity of flowing liquid 
volume
atomic diffusion volume

Weber number fL-H— E.
Y

distance
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as superscript, excess 

mass transfer coefficient
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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 of 

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 that ofcost. 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 for oxygen than 
iron required investigation. In 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.

-  2 -



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 a stream of molten metal is broken or dispersed into 

particles by a 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^. All particles have the same and uniform 
composition; macro segregation is eliminated which results 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

b u t  /*- rpf7'p̂ ' crotzk. ]o<Zĉ bi&r->.£.
purity metals with fewer nort-metallic inclusion^. Also associated
with atomised powders is higher compressibility with improved
properties and structures.

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 a good strength in

powder compacts^. For many other powders, which readily oxidise
in contact with water or steam, inert gas atomisation is 

(necessary'. Two other commercial atomisation techniques have 
been developed for the highly oxidation prone superalloys: the 
rotating electrode process and vacuum atomisation^.
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The production route has a profound effect on the important 
characteristics of metal powders, namely, particle size, particle 
shape and particle structure including density.

2.1.2 Particle Properties 
2.1.2(i) Particle Size

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 metal 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^.
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Rao and Tallmadge^ from photographs of atomisation 
processes suggest that quench atomisation can be described in terms 
of two sequential steps) namely the formation of droplets and the 
quenching of droplets. 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 size 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 are the surface tension force, internal 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 surface 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 
alloying elements on the surface tension properties of iron. 
Gummerson^ 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 18tS
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and 17:13 Ci>-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 
air 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 a high solubility for their own oxides 
e.g. nickel, and also those that have low melting point oxide 
films tend to remain spherical under oxidising conditions.

Nichiporenko et a l ^  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 particles will be more spherical.

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

Metal pouring temperature does not appreciably 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 sufficiently high then 
superheat remains after the atomisation process to allow surface 
tension forces to create spherical particles.
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It would appear 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^ •
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 pressures 
which give finsr 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 tenperatures, higher 
atomising pressures, higher flow rate and viscosity and by shorter 
particle flight paths.

G r a n t h a s  examined the dendrite arm spacing as a function 
of solidification rate for aluminium and copper alloys and two 
steels. Gas atomisation gives a solidification rate in the range 
10^ to lO^ °C second”^ and water and steam atomisation in the 

range 10^ to 10^ oc second” \  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*

h = heat transfer coefficient

Do = diameter of liquid droplet
Kg = thermal conductivity of gas
yl = gas velocity relative to metal droplet

Pg = density of the gas

Wg " kinematic 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 deviations from smooth spherical 
particles are common^. The welding of fine droplets onto coarser 
particles (satellite^ 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 reform gas pockets on exposure again to high 
temperatures.



J B See et al^) 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 metals 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^) (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
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oxidation or other detrimental effects^Therefore these 
metals lend themselves to high-volume, low cost atomising 
techniques.

In the case of special purpose steels, inert gas atomisation 
may be necessary to meet stringent oxygen specifications. The 
sensitivity and critical applications of tool steels and high 
temperature alloys for most purposes preclude the use of water 
and air and possibly nitrogen as an atomising or cooling medium. 
High temperature alloys are either vacuum melted or melted under 
argon and are argon atomised in a dry chamber. 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 subseuqent 
economical heat treatment^. Precautions are taken to prevent 
excessive exposure to oxygen 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 
atomisation and the flight path should be kept short for rapid 
quenching. 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 advantage and is cheaper than either 
nitrogen or argon.
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Petrov et al(9) examined a 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 inhibitor. In their 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 smaller ft he 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 experiments with various corrosion 
inhibitors. Several vessels were filled with liquids having 
varying 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 environment 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 eaqperiments the cooling rate of the powders 
was measured by structural 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 against cooling rate, using logarithmic co-ordinates, 
gave a straight line relationship. From this information it was 
then possible to determine the solidification time of a powder 
particle. From the relationships

,. . - , ae A9+ + ae'Cooling rate of a drop, ^  ^----

where A0+ represents the superheat of the drop
A0 represents the undercooling of the drop, and
t is the solidification time

For a typical atomisation process, it may be assumed that 
A0+ B 50°C, A0~ = 150°C and d0/dt * 2 x 10& oc,g-l 
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:

s = vt

where v is the flight velocity of the particle in the gaseous 
stream.

The flight velocity has been determined^^ resulting in a value 
of the order of 20 rns"̂ -. 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, a water atomisation unit is
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described by Dunkley and Chilton^) 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: stainless 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 8G-90?6 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 2OQ-.4OO ppm.

When an iron based VM.3OO mar aging steel^-^) vas 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 63O ppm.

Small and Bruce^3) 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 AS3M 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 a 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 Ansell^^+) looked at the production of siper- 
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 is 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 Ti02, AI2O3, Nb20  ̂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 techniqueAtomisation 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 
16CU250 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(i) 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^^).
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, bub in 
terms of mechanical properties the situation is more complex. The 
powder forging is more isotropic than the traditional drop forging 
which 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(l6) 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 a green preform.

(c) Heat preform in controlled atmosphere furnace.

(d) Remove preform direct from hot zone and transfer 
to press or forge. It is important that the 
transfer time is short since no atmosphere 
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 powders^?). While the 
particle interior of atomised powders is usually 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 a good strength in powder 
compacts. For many other powders which readily oxidise in contact 
with water or steam, inert gas atomisation is necessary^.

Brown^^ suggests that the two principal requirements are an 
ability to develop an appropriate hardenability to guarantee 
strength and the control of fatigue performance by reference to
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microstructural features and, in particular, the non-metallic 
inclusion count. The effect of non-metallic inclusion content 
on the fatigue performance of powder forged steels is shown in 
Figure 2. Again, from a conparison 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 a serious reduction of ductility or 
impact properties^!**).

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(^9). 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 fatigue and ductility 
p e r f o r m a n c e(16). 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 microstructure. In addition, a series of 
complex oxides are formed during the atomisation process itself. 
During atomising with high pressure water jets, the environment 
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^O) looked at the gas metal reactions 
during sintering and explain 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 CO2.
The degree of reduction of the oxides depends on the CO/CO2 

ratio which is given by the equilibrium constant of the 
Boudouard reaction C + CO2 58 2 CO. Above 700°C a CO/CO2 ra,ki0 is 
established which is reducing even to the lowest iron oxide, 
wustite (FeO), according to the reaction FeO + CO = Fe ♦ CO2.
As the reaction proceeds in the presence of excess carbon, the 
iron oxide is completely reduced to iron. At higher temperatures 
the CO/CO2 equilibrium shifts further towards CO making the 
atmosphere even more reducing. Because of this, at very high 
temperatures it is possible to reduce such difficult oxides as 
those of manganese or chromium if excess carbon is available.

At temperatures of ̂ 1100°C the reaction kinetics are so f a s t ^ ^ ^  
that the reduction of iron oxides is practically complete after about 
three minutes total heating time.

No accurate kinetic data exist for the reduction of other than 
iron oxides, although it appears that nickel and molybdenum oxides 
are reduced under similar conditions. The modified Ellingham 
diagram, Figure 4, 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 H20°C and 1160°C 
respectively, see Figure 6. Heating time is a 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 f a c t o r ^ ) .  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 
cost(16). The lower end is of the order of 0.25$ which gives some 

small degree of hardenability.
A minimum of 0.25$ molybdenum is necessary to affect 

hardenability^^. 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

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 a more detailed review 
of that work which is pertinent to this research will be 

considered here. More extensive reviews of the literature 
already exist^^,23),
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2.2,1 Fluidodynamic Code iderat ions
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, u-fc.

3 3djg _ d'Lg
7r —  Pd " * J L  Pf + FD 

6 6

where dd is the diameter of the droplet
and and p are the densities of the droplet and fluid
respectively.

.3
Hence: fd = 77 ddg (pd - pf) 2.1

6
The drag force acting on a freely falling droplet is 

quantified in terms of the dimensionless group, the drag 
coefficient, Cp:

CD = FP 2.2
Ap .. \ Pf

where Ap is the ‘projected1 surface area of the droplet, such that

Ap - 2.3
4

The drag coefficient is a function of the shape of the 
droplet and the Reynolds Number of the droplet

N = dd Ut Pf Re 2.4

Graphical correlations between Cp and Nĵ e are presented in the 
literature, Figure 7 ^ ^ .
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When the Reynolds number is less than unity, creeping flow 
conditions pertain. Creeping 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, causing it to effectively 
behave as a solid sphere. Under these conditions it is found 
that:

C = 24 2.5
° NpRe

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:

F = 3tt d, y _ u. 2.6D d f t

This equation is known as Stoke fs Law, in honour of Stokes 
who derived it analytically by integrating the Navier Stokes 
equations for the case of creeping flow^6).

The value of the terminal velocity of the droplet under 
creeping flow conditions may be obtained by combining equations
2.1 and 2.6

ut = ddg (pd~pf) 2.7
18 yf

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)y Figure 8, reducing the drag force below that 
predicted by Stokes1 Law,
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D ----- 2 < N < 10 2.5
0 6N * (intermediate region, Fig.7)RG

The terminal velocity of the droplet is consequently 
greater than that predicted by Stokes* Law^S)^ see Figure 9.

For even larger droplets, and hence even greater % e, 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 ib 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 terminal 
velocity of various degrees of internal circulation and droplet 
oscillation^’ 31) #

Hadamard(32) Rybczynski^33) have derived a limiting law 

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 Stokes1 
Law the resistance is smaller i.e. the ascending velocity is 
larger due to the non-zero velocity at the interface. Hadamard 
expressed the frictional force and drag coefficient by the 
equations:

Combining 2.10 and 2.12 (where ut = u o), the terminal 
velocity ufccan be expressed as

which is known as the Rybczynski-Hadamard equation. For droplets 
falling through a gaseous medium, the viscosity of the gas is very 
small compared to the viscosity of the droplet and can therefore 
be neglected: as a result Stokes' Law reapplies.

F.D 2.9

CD 2.10

C.D 2.11

Combining equations 2.1 and 2.2 gives
-4 g da (pa - pf)

2.12ut

ut 2.13
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The drag coefficient of non-spherical droplets depends not 
only on the Reynold1 s number but also on a dimensionless number 
known as the sphericity. This factor takes into account the 
deviations of the droplet from a sphere. Sphericity is defined 
as:

ip = 77 dv 2.14
A

where A is the droplet surface area 
and d̂, is the diameter calculated from the volume where

a = 2 = 3/ E Tv rv /  tr 2.15

Pettyjohn and Christiansen^0  ̂ suggest that the terminal velocity 
of an isometric body can be expressed by Stoke1s law for low 
Reynold's numbers provided a correction factor k (kappa) is 
introduced:

^  = K dy g (pa - Pf) 2.16
18 ]l

where k = 0.843 log ^ 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 fs law, this is sometimes not correct^4-). 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, (31) 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 
accumulate in the interface(̂ 9). 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 v 
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 an additional tangential 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:

N.Re
2 Wf + 3 Wd + 3Y 
Pf + yd + Y

2.18

ut = g ad (pd ~ Pf1
6

+ + Y 

2 yf  + 3 yd + 3y
2.19

The coefficient 1gamma* is the retardation coefficient. As y 

tends to zero, equations 2.18 ana 2.19 become the Rybczynski- 
Hadamard equations. With very large values of the retardation 

coefficient (y »  pf + yd)> 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 r*
yi =

2 k r
da

ar
2.20

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

v = 2 RT (r*)2 6 2.212 ------------
3 Dr C. o

For practically insoluble surface active agents the surface 
diffusion is rate determining, and for the retardation 
coefficient one can write:

^3 = 2 T*r RT 2.22
3 D

where D is the coefficient of the interface diffusion.
For higher Reynold’s numbers (NRg >1) the theoretical 

derivation of similar resistance laws is very difficult and only 
possible by making some simplified assumptions. A number of

- 28 -



derivations have been made but these are mainly associated with 
spherical bubbles rising through a liquid. B T Chao^^*^ has 
suggested an equation applicable to dropletss

CD = 2.23
N_ I

where b2 =
Re

3 yd/2 + /yf 2.24

i ,
■vc yfi

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

(37)Hamielec and Woo carried out a theoretical investigation 
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 velocity. Their main conclusion is that 
Stoke1s law can be in serious error for low Reynold1s number flows 
(n <l) when applied to estimate the terminal velocity of a sphereIR.O
falling in a fluid of low Prandtl number and of different tempera- 
ture. They suggest that, in particular, when N^r is greater
than 0.5, Stoke’s law is significantly in error and should only 
be used for rough estimations.

2.2.2. Heat and Mass Transfer Considerations
The reaction mechanism between a 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.
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The rate of any one or combination of these processes may ef̂ echvzLj 

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 
depeclence of heat and mass transfer coefficients may be expressed 
in terms of dimensionless groups. Thus for mass transfer:

Ci 6
NSh <r N^e . Ngc for forced convection

ct1 B1and cc N^r ^Sc ^or na^ural convection

Similarly, the heat transfer coefficient may be expressed:

% u  “ % e ^  * ̂ Pr ^or ^orce^ convection
V1 d1% u  “ % r  • ̂ Pr ^or ES-'kural convection

Radial diffusion always exists. In the limiting case of a 
spherical particle in a motionless fluid:

% e  = NGr = 0

it has been shown^^) that N^u = Ng^ = 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
CC 0forced mass convection: N0, = 2  + C L  N 0 where C is aSh Re Sc

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 general type. (25,38,39,4-0,42)

2.2.2(i) Heat and Mass Transfer in the Continuous Phase
Natural convection occurs when = 0. Mass transfer 

results from the flow of the surrounding medium promoted by 
differences in the fluid density brought about by concentration 
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(40*41) 
solved, numerically, the simultaneous heat and mass transfer 
equations for free convection. Steinberger and T r e y b a l ^ 2 )  derived 
two equations depending whether Nqp Nsc was greater or less than 10^.

Forced convection arises when Njfe > 0 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:(4-2)

Hgh ~ 2 + const. NRe^ NSc^ 2.25

For high Sherwood numbers where the radial diffusion flux can be 
ignored:

NSh = const. % e5’ 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:

NSh = coast* NRe^ NSc^ * const. Nj^ Nsc^ 2.27

where the second term describes transfer within the wake region of 
the droplet surface.

Rowe, Claxton and L e w i s (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:

Nsh = 2 + 0.69 NSc£ 2*28

The Reynold*s number exponent increases slowly from about 0.4 at 
= 1 to about 0.6 at Ngg = 104 but it can be assumed constant 

and equal to 0.5 in the range 20 < % e < 2000.
Hadamard(32) has suggested improvements to this approach and 

derived the equation:

h. h ( Vf V "+ const. Re NSc NSc
m yyd + yf j

by considering the surface velocity term in viscous systems. The 
constant lies between O.46 and 0.6l(4k) 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 circulating drop, Beek and Kramers^^ have used the 
penetration theory to derive the following equation:

% 5̂11_. = 2 + 0.80 N NSh Re Sc
pf + 1.5 Ud

2.30

Richardson(^) quotes the dimensionless equation of 
Steinberger and Treybal which relates the Sherwood number to 
other dimensionless groups:

n pc n e 0.62
N = 2 + O.5(Gr" N0 ) * + b(N N 5 ̂ 2.31Sh Sc Re Sc

The first term, as already noted, represents the contribu­
tion from radial 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 ^ is a mean value ofGr
Grashof number as defined by Mathers et a l ^ ^  instead of N^r 
where:

/n \0-5
NGr' NGr + ( )  NGr 2.32mass \Npr/ heat

This follows the suggestion of Baker et al^^^ 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 contact with metal which is 1500°C or hotter.

Richardson(^) notes that it is surprising that 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 al(50) investigated the average 
and local mass transfer coefficients for a rotating sphere in
an axial stream with rotational Reynolds number from 10^tl
to 5 x 10^ and four kinds of stream Reynolds number
0, 2000, 38OO 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 1W  wereDnav
measured for a stationary sphere in the stream (N^e = o) and
for a rotating sphere in a quiescent fluid (N^e = o). Theset
were correlated as:

»ShaT = 1 + 0.570 NRet* Nsei 2.33

K Shav = 1 + 0.453 NSci  2.34

The local mass transfer coefficients %h-j_ wi'kha.*1 the laminar 
boundary layer were found to increase gradually with increase of 
rotational speed.

(51)Levi and Mehrabian 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 proportional 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, t°, for 
the surface to reach the melting point, which was estimated from 

the analytical solution, increases with increasing superheat 
towards the Newtonian model prediction:

abt In (1 + 0o/Ste) 2.35
2 _r 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 than for rigid drops. In his work on heat 

transfer, Boussinesq^^ showed that the following dimensionless 

correlation should apply:

2 0.5 0.5N , = —  N N_ 2.36Sh ^  Re Sc

(An equation was derived by HigbieWJ>/ who considered transfer 
to take nlace by unsteady state diffusion from elements of liquid 

which are formed at the front stagnation point and pass in stream­
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lines over the surface until they reach the rear of the droplet. 
Compared with Steinberger and Treybals1 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 relationship!

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 a drop starting from zero bulk concentration is 
given by( 54-)

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 maximum internal rates of transfer. A 
model to describe such a situation has been proposed by Handlos and
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Baron(5f0. They assuned 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
—  2*39 a i +. ^
'■'c

where u is the velocity of the drop, and
H: and Ha are 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^^.
The model only considers a 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 D^, the 
diffusion coefficient, is replaced by 2.25 D̂ . 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 Phenomena
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. Garner(27) has shown that mass transfer

-  37 -



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 sites^^.

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^^) has shown that oxygen, along with a nunber 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 turbulence 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 metal 
phase. However, from data 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 nofcs that Cr, Mo, Mn and Ni in dilute solution in iron are

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.

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 isj

where rg is the excess quantity of solute s associated with unit

of the solute in the system. A plot of the surface tension of liquid

to the term in the bracket in equation 2.4-0 since the activity 
coefficient of oxygen is constant over the relevant concentration 
range. From such slopes the values of r shown in Fig. 12 have been 
obtained.

Equation 2.4-0 only gives the excess solute in the interfacial 
region. Ri c h a r d s  o n ^ 9 )  suggests that it is confined to one layer 
of atoms. If it is assumed that the limiting value of r represents 
complete coverage of the surface by the adsorbed species, the 
fraction of the surface covered at each concentration may be 
calculated^) as shown in Fig. 13 for oxygen in iron. If the 
adsorption reaction is represented as:

not surface active. R i c h ardson(59) notes that although some

The Gibbs adsorption equation has been app l i e d ( ^ S )  to data

2.40

area of interface, y is the surface tension and ag is the activity

iron vs In %0 is shown in Fig. 11. The slope . is equal3 In [%o]
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[°]b + D s - 2.41

where is a vacancy in the surface and subscripts b and s 
represent bulk and surface concentrations,

[o]b □, [°]b ( 1 - 0 >

where 0 is the fraction of surface covered.
Richardson notes that in the case of oxygen in iron,

*[°]b may be written instead of [o]̂  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.

R i c h a r d s  o n ^  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 a metal may also exert an impeding effect by 
forming relatively thick films on the surfaces of metal droplets.
It has been shown^l) that when silicon is present in liquid 
copper at a concentration of 2 ppm it produces over the entire 
surface of the drop, a 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 
evaporated about 1500°C 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 wet the 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(62,62), 

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 uptake during 
this stage was found to be dependent ip on oxygen pressure and 
gas/metal interfacial area, but essentially independent of 

temperature, volume and stirring conditions of the melt. This 
was 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.

2.2.4 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 al^4) 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 CO within the droplet (i.e. 
mass transport control within the dispersed phase). Baker and 
Ward^^ 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 al^6) conducted a series of ecperiments 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 before 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^^ 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 soap 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 up to 3 .0 mass % Zr were 
investigated. Photographic evidenc of a falling drop revealed 
that the droplet oscillated from q>herical 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 L x S ^  used 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 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 Wepner^^ 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 sizes; the result for a 
steel stream of 4 cm radius falling into a cylindrical space 8 cm 
radius with a starting velocity of 600 cm s"^ is shown in Fig. 19.

Baker^^ 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 and sulphur removal from car bon-containing and 
sulphur-containing alloys. The alloys were quenched in water and 
no account 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^^-* 63*72,62,73) have uSed a const ant-volume 

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 upon the 

physical nature of the oxide film which forms during 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

(70)than for molten nickel which forms a solid oxide' . The 

absorption of liquid iron containing up to 4 mass$ Si is similar 
to the oxidation 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.

(7a)Filippor and Zharov' using an emf method to investigate 
the kinetics of gaseous oxygen absorption by liquid iron 
identified three process stages. In the first stage a:fter contact 

of the oxidant with the liquid metal surface, self- or auto­

acceleration of the process takes place in a short space of time, 
with a rising rate up to a maximum value. 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 84. kJ mol*”̂ . Filippov 
and Zharov concluded that the oxidation of pure iron, even in the 
absence of dissolved oxygen was limited by the mass transfer of 

oxygen to the metal surface. This conclusion was also reached by 
Choh(75).
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Hosoda and his co-worker s ^ ^  looked at the role of 
silicon and manganese in liquid iron in relation to their 

deoxidation behaviour. Iron-oxygen alloys, of up to 0,153 mass$ 
oxygen, were mixed with ironr-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 allowed to solidify and a chemical 
profile was taken through each sample. In 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 SisMn 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 a l ^ ^  measured the rates of oxygen absorption of 
liquid Fe-18$ Cr, Fe-18^ Cr -855 Ni and Fe-25^ Cr-20£ Ni alloys 
from (^-Ar gas mixtures. They found that the initial rates of 
oxygen absorption were proportional to the partial pressure of 
oxygen and independent of the alloy mixture. The results were 
consistent with those for liquid i r o n ^ ) #

2.3.2 Diffusion of 0x7gen in Molten Iron

The diffusivity of oxygen in molten iron has been measured 
by a number of techniques but more recently by oxygen concentration 
cell technique(^>?9). Kawakami and Goto(78) used a Mo, MoO^/ 

Zr02.Ca0/Fe(0) cell and Povolotskiy and his co-work3rs^^ used a
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Mo, MoO^/ZrC^^Oy'FeCO) cell. The first group determined a value 

of diffusivity of (1.9 -0.7) x 10*4- cm2 g-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 sported the temperature dependence of the 

diffusion coefficient of oxygen in liquid iron as:

D„ ■ (-6.65 - i S p )

It was also found that the oxygen content in liquid iron 

influences only slightly its diffusion coefficient:

D0 = exp |-7.45 + 0,028 log aQ|

Ershov and Kasatkin^^ 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 DQ, the reason given is that 
they increase the viscosity of molten iron. The effect of these 
alloying elements on the value of DQ is given in Fig, 21,

2,3*3 Reduction of Oxide Phases in Iron Powders

Bulanov et al(^) 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% Kn they identified Fe20^, FeO, Si02, Cr^O^ 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, Grintsoy et a l ^ ^  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 dewpoint not exceeding 
-4.0°C) at an end reduction temperature of 500°G. The form of 
silica has an effect on the reducibility of iron oxide^^. xf 

the silica is present as crystalline particles it improves the 
reduction and fayalite (2 FeO. SiC^) does not form. If it is 
amorphous in form it undergoes reaction with wustite (FeO) to 
form fayalite which results in a deceleration in the reduction 

rate.

Ryzhonkcry^^ 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 
Fe20^ and mixtures is complicated by the formation of spinels
by the reduced wustite with C^O^. Chu and Rahmel^^) 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“*̂.
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Lindskog and Grek^^ 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 
80CU900oC was reached. With increasing temperature the rate of 
reaction increased reaching its highest value at 1120°C for a 
heating rate of U° C/min. and at 1200°C for 25° 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- Levitation Melting
2.4*1 Advantages and Disadvantages of Levitation Melting

One of the primary advantages of levitation melting is non^ 
contamination of the melt^^. Iron is a 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 metal systems and difficulties of inter­
pretation due to possible side reactions with crucible materials 
are eliminated.

Levitation melting offers rapid heating and melting. The 
rapid 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^^ noted that

» M
homogeneity is also retained in the ingot due to the rapidity of 
solidification. Comenetz and Salatka^^^ obtained greater 
homogeneity with levitation melting than was obtained by repeated 
arc melting.

Rapid attainment of equilibrium is achieved in gas- 
liquid metal systems and is another advantage of levitation melt­
ing. The rapid attainment 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. Peifer^^) 
has reported the increase in nitrogen content of molten pure 
iron from 2 ppm to the equilibrium solubility level of UU5 ppm 
in 50 seconds by levitation melting. Rapid deoxidation of iron 
in a hydrogen stream is possible by this technique; the time re­
quired to deoxidise a 1 g sample being of the order of two
minutes^) #

The main disadvantage of levitation melting is the diffi­
culty of temperature control. In the design of a levitation coil 
for a particular 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^88). 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 
disadvantage 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 ha3 been in the coil 
for a period of time^88). 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 a 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 importance in physico-chemical 
experiments requiring longer times. The weight of a molten 
charge can also be a 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 lifting 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 force forward 
of the axis. Such a field is obtained from two coaxial coils 
matched to a high frequency generator. Normally variable capaci­
tance is employed to provide the means of tuning the load to the 
generator 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, a point of minimum field strength, necessary for stable 
levitation, is obtained between 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 exactly counteract each 
other, producing a null point in the field. The field strength 
increases in all directions from this point. A conductor placed

- 52 -



in the magnetic field will experience a force tending to move 
it toward the null point. Weightless conductors would remain 
at this point. In practice, an equilibrium will be established 
between the magnetic field and gravitational forces and the final 

position of the conductor will lie a certain distance below the 
null point. Slater et al^^) investigated 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 
along the axis of a levitation coil was measured by Hulsey^^.

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 readily calculated.

The fundamental equations of levitation theory were first 
(93)stated by Okress et al . They considered the important

factors that determine the levitating force on a solid sphere
and arrived at a complex quantitative relationship. The fundâ -
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 suspended
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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magnetic field gradients. The relationship which they derived 
indicates that the levitation force is directly proportional to 
the square of the coil current and to a 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 lift or force function becomes 
a maximum 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 minimum 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 drop­
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.

(89)Comenetz and Salatka 7 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

-  5A -



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, electrical, 
viz. frequency and current and thirdly, geometricl, viz. 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^ 
have suggested that surface tension and the density of the liquid 
metals determine whether they will drip during levitation. 
H u l s e y ( 9 2 )  i a  i£S report, has derived a relationship for a con­
dition of static equilibrium involving surface tension, density 
and radii of curvature of the top and bottom of the melt. In his 
analysis, he neglected any electromagnetic or hydrodynamic 
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, gravitational and surface 
tensional forces while dynamic stability is concerned with the 
oscillations Bet up by these forces. It can be argued that if a 
melt has a 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 a 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^^. 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^^. 
Hence, the smallest diameter tubing is preferable to provide 
more turns/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 smallest 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^) in their 
coil design used 3 mm o.d. silver tubing to reduce the impedance 
of the coil.

Coils used for levitation melting have been of a variety of 
sizes and shapes. Slater et al^-t) arbitrarily determined the 
levitation force for various coil configurations. The coils 
were made by winding 3 nun diameter annealed copper tubing on 
wooden formers. Five conic.al coils were made so that the semi­
cone angle varied from 0° (solenoid) to 90°. In addition, a 
sixth 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 solenoid 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 a minimum. This occurred at a cone semi-angle of 
45°. They concluded that with a semi-angle of 20° to 30° 
optimum conditions of greatest metallic 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 J e n k i n s ^ 5 )  in their designs used . co-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^O) reported that cylindrical coils gave maximum 
levitating force but, for stability, required surmounted opposing 
coils or reverse turns.

The steady state temperature of a 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 a high density material also 
often results in higher than desired temperatures. It has been 
noted(90>95>96) that a separate way 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^^) f0und that the minimum temperature 
was obtained with a small charge.
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It has been shown^^’̂ S) 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 proportional to the axial 
field gradient, G, the choice of adding an additional turn to the 
coil 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 so 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.A.A Temperature Measurement and Control
Peifer^O) 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 upon the gas 
composition. Variation in gas pressure from one atmosphere 
down to half an atmosphere increases the temperature only
slightly^0* 95) #

Measurement of the temperature of levitated metal droplets 
presents difficulties. Thermocouples have been ruled out on 
several grounds^®). 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^^ 
examined the case of an unenclosed body and concluded that, 
without a prior knowledge of emissivity, it was impossible to 
measure the temperature cf such an object in the range 2 OOCX- 
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 al(l00) 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 metals. However, they 
assumed that there was no appreciable change in emissivity 
above the melting point. This difficulty of emissivity values 
has been 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(99). Shiraishi and W a r d ^ ^  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 the 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 media have been used to quench reacted iron 

droplets. Water was used by Desforges^^, B a k e r ^ ^ ,
Distin et al{66) and Vig and Lu(b8). Liquid nitrogen and 

silicone oil were also examined by Vig and Lu.
Water was found to be very axidising(68>3-02) # When 

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^^.

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 liquid nitrogen were found to contain more than 300 ppm
oxygen^8).

Silicone oil was tested with respect to its oxidising and 
reducing powers on iron-oxygen droplets^8). The oxygen content
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of deoxidised droplets quenched in 704. Dow Corning silicone 
oil was found to be less than 30 ppm. Specimens of Armco iron 
of known oxygen content (890 ppm) were levitated in an inert 
atmosphere and quenched into silicone oil. Droplet tempera­
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 PROCEDURE

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 initially 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 rotary and vapour diffusion pumps and a Carbolite Furnace 
with a maximum temperature of 14.00'OC. The furnace tube was a 
50 mm 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 0 .5 cm cube. 
The pieces were placed in an alumina boat and put in the cold 
furnace. The furnace was evacuated and the temperature raised 
to 1100°C where it was 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 furnace 
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- n&n. 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.
A 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 machines. 
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 radiographed 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. Hie 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 
were machined from 3 mm plate. The components were cleaned 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 1 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.

- 66 -



These were all carried out during the first few swaging steps. 
Annealing was carried out in the NGN Horizontal Tube furnace 
at 950°C under vacuum for 30 minutes, furnace cooling under 
vacuum.

The iron, iron-chromium and iron-manganese alloys were 
all swaged down to 1.5 nnn 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 Levitation 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 a 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 inductance. At the 
tufnol plate, the 13 mm (-£rt) water connections from the high
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frequency leads were reduced down by brass couplings to 3 mm 
(^n) copper connections.

Once the coil design had been established the experimental 
work was carried out on a 6 kVA, 4-50 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 
as 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 w o r k e r s ^ 5 > 9 9 )  # 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 upon 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 ari.s 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 axial 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 all made from 3,175 mm (iu) 
diameter bright annealed copper tubing. This size of copper 
tubing is readily available and a small diameter tubing is 
preferable 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 ( V 32-) so that when coils 
were wound tightly, the gap between the copper tubing was of 
the order of 1.6 mm (Vl6"). 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 was 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 24. The minimum 
diameter of the coil was 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 O.D., 17 mm O.D. and 22 mm O.D.

The procedure adopted was as follows. With the coil empty, 
the H.F. power was raised to a 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 inportant, and so this para­
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 a 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 that 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 several minutes. On switching off the power 
the molten droplet immediately fell from the end of the rod.

Figure 24 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^?). With respect to the design, the experiments and 
theoretical considerations indicate that the number of turns 
and the position of the upper 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 general 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 proport ion alto 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 a wire or 
a rod and holding in the levitation coil was the technique 
finally adopted, Figure 29, Plates 2 and 3. The droplet 
sizes were reasonably 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 inparted a stirring action 
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
fication 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 frcm 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, V l 6. pellet, 
Type 5A, to remove any trace of oxygen from the gas. The 
second U-tube contained Analar grade magnesium perchlorate in 
the first limb to remove any trace of water vapour. 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 
gas train was operating. Any particulate matter was retained by 
1 plugs* of glass wool.

Both gases were fed into the train through a common T-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 rotameter was 
initially 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 a Land total radiation pyrometer which employed 
a silicon photovoltaic cell detector, t̂ype 0Q0 14/120/4.8B. It 
was fitted with a double lens system so that it focussed down
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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 axis vertical. The iron or iron alloy 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-

- 74. -



coiple 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 threshold value 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. Under 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 all 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 values of pyrometer output from 
both tables are plotted in Fig.27. The line drawn for an emiss­
ivity value of O.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. An 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 O.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 upwards 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. TJnder 
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 capacity 
of hydrogen compared 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 around 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 argon 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 was sufficient to release the droplet ffcom 
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 was 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 Transfer 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 O.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 a drilled bung into a 5 cn/ 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
calibrated Land total rediation pyrometer. The reducing/inert 
atmosphere of the levitation chamber was separated from the 
oxidation chamber below by a diaphragm. The diaphragm 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 cm O.D, pyrex tubes 35 cm long, joined together by using ground 
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 diaphragm 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.I Analysis for Alloying Elements

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

Manganese was determined by the Persulphate Oxidation 
Volumetric m e t h o d ^ ^ . In this method following a 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 permanganic acid was 
titrated with standard ferrous ammonium sulphate and potassium 
dichrornate, using diphenylamine sodium sulphonate as indicator.

Chromium was determined by the Persulphate Oxidation method^^ 
After solution of the sample in sulphuric-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 permanganic 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^^. 
After decomposition of the sample in hydrochloric acid and 
oxidation by nitric acid, the solution was evaporated to funes 
with perchloric acid. The fumed residue was extracted in 
hydrochloric acid and the insoluble siliceous residue was 
collected by filtration, ignited and weighed as SiÔ .

3.3.2 Analysis for Oxygen
The iron and iron alloy droplets were analysed for oxygen. 

In all cases the droplet had been quenched immediately after 
oxidation. “Where oil had been the quenchant there was a 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 a 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 Microscope.

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 a 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 Schtltze reagent4 

where the carbon monoxide is converted to carbon dioxide. The 
carbon dioxide then passes, together with the carrier gas, into 
an absqprtion 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 alkali generated by 
electrolysis. The quantity of electricity required to produce 
the alkali 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 quantity 
of electricity consumed to regenerate the OH" ions. Each step 
of the counter corresponds to 2 x 10~4 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 24. 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 oxygen content, would then be charged into a crucible 
in the furnace. By this technique the calibration of the machine 
was checked. If the result proved satisfactory the iron samples 
were analysed. At the end of each run, normally about twelve or 
fifteen samples, another standard specimen would be used to 
confirm the calibration.

+ Trade name
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3»U Droplet-Quench Media Experiment
An experiment was devised to investigate the effect of the 

interaction between a molten oxidised iron droplet and quench 
media. Basically, the technique was to detect the amount of 
carbon dioxide given off when the droplet was quenched in a 
medium containing carbon. Any reduction of iron oxide from the 
molten droplet by the carbon based quenchant would result in 
the evolution of carbon monoxide and possibly some carbon 
dioxide.

The carbon monoxide was converted to carbon dioxide for 
detection.

The gases above the quenchant were bubbled through a carbon 
dioxide solvent which was then titrated to determine the GO2 

content. The absorber used was dimethylformamide which was then 
titrated with tetrabutylammonium hydroxide using thymolpthalein 
indicatior. The amount of carbon dioxide given off was likely 
to be small and since carbon dioxide is present in air the 
appartus was isolated from the surrounding atmosphere. The air 
column through which the iron droplet fell was filled with air 
which had been passed through soda asbestos (ascarite) to remove 
any carbon dioxide. To carry the gases through the absorber, 
high purity argon was used as carrier gas.

Hie experimental layout is shown in Fig.31 and Plate 3.
The procedure was as follows. Column A is the levitation chamber 
where the iron was heated to form a droplet at the end of the 
wire, under argon gas. It was then heated for five minutes in 
hydrogen to completely deoxidise it and then gas was changed 
back to argon. During this time the gases entered the chamber
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as shown and left via tap Tl. The heating chamber A and 
oxidation chmaber B were separated by a thin film of poly­
ethylene. The oxidation chamber was filled with carbon dioxide 
free air by admitting the air through column C which was filled 
with soda asbestos. The CO2 is absorbed by the reaction:

NaOH + C02 + NaHC03

With taps T2 and T4. open, taps T3, T5 and T6 closed, the 
carbon dioxide free air was swept through the arrangement for 
about ten minutes to ensure that only carbon dioxide free air 
existed in the system. Near the end of this period the 
absorption vessel F was partly filled with methylformamide.
This was the absorber used to dissolve the carbon dioxide carried 
over by the argon gas. The solution was made from formyldimethyl- 
araide, mon-ethanolamine and the indicator thymojpthalein in the 
volumetric ratio 150:5 s2.

The molten iron droplet was released as described in
Section 3*2.5. The argon flow rate had been adjusted to 500 ml
per minute prior to this. After falling through the air column 
the droplet was collected in the quenchant retained in a stainless 
steel beaker, Q.

Immediately that the power was switched off, taps Tl and T2
were closed. The argon gas was now diverted through the
polyethylene film and through the system via tap T4.. Since the 
base of the glass tubing of the air column was seated firmly 
against the bottom of the beaker holding the quenchant, any gases 
evolved due to reaction between the droplet and the quenchant 
were forced into the space in the oxidation column above the
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liquid surface. The gas in the system, at this point, was 
being both pushed1 by the pressure of the argon supply, and 
fulled* by a small air pump at the outlet of the system. This 
combination maintained a constant pressure within the system 
and prevented pressure build ups within the apparatus with the 
possible loss of quenchant and entrained gas. Before entering 
the reaction vessel F, the gas was passed through two columns,
D and E. Column D contained magnesium perchlorate to dry the 
gas. There is no true chemical reaction, the magnesium 
perchlorate just becomes hydrated, viz:

Hp0 H20
Mg(C10,)o i Mg(C10 ) 3H 0 * Mg(C10 ) 6H 0 42 4 2 2  4 2 2

Column E contained Schfltz reagent, this converts any carbon 
monoxide formed to carbon dioxide.

From column E the gas enters the reaction vessel F where it 
was bubbled through 20 ml dimethylformamide solution which 
absorbs the COg. The solution was titrated with tetrabutyl- 
ammonium hydroxide to the end point at five minute intervals.
This was repeated until a constant background level was reached 
i.e. the additions of titrant were approximately equal for each 
time interval. The burette was fitted with a two-way tap. As 
a result titrant could be delivered into the absorption cell and 
secondly the burette could be filled with the titrant without the 
admission of air. Also the tetrabutylammonium hydroxide solution 
was corrosive and using the tap it could be easily introduced to 
the burette using a reservoir and a hand pump. The air used to 
pressurise the reservoir was passed through a tube of soda
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asbestos prior to entering the reservoir chamber to remove 
carbon dioxide.

The absorption cell had two side arms. One arm was used 
for the addition of the dimethylformamide solution, the other 
arm was the outlet for the gas. The gas passed through colum 
G which was filled with activated charcoal. This filtered the 
gas before it passed through a flow meter and on to the small 
suction pump which 1 pulled* the gas through the system.

3.5 Thermogravimetric Studies 
3.5*1 Introduction

Oxidised droplets were reduced in hydrogen at 1150°C to 
simulate the conditions prevailing during annealing and sinter­
ing. The reduction of the droplets was carried out in a Stanton 
Massflow Thermobalance, model MF-H5. With this machine the 
change in weight of the specimen and the temperature are 
recorded simultaneously on the same chart. Consequently the 
temperature at which the onset of reduction of the oxides 
occurred could be noted. The balance would accept a sample up 
to several grammes mass and could be used to record a mass change 
of 0.10 gramme in ten steps of 30 milligramme. The furnace was 
capable of a maximum temperature of 1350°C and the heating rate 
could be varied, if desired, by a simple cam change. The 
balance was used to examine the effect of temperature up to 
1150°C on the reducibility of oxides in hydrogen and also to 
monitor oxide reducibility at 1150°C with time.
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3.5.2 Measurement of Droplet Mass Loss in Hydrogen
A section of the furnace arrangement of the Thermobalance 

is shown in Fig.32. The furnace itself could move in a vertical 
direction. With the furnace raised the Mullite furnace tube, 
with its gas tight rubber 10 1 ring was removed. The oxidised 
droplet was carefully weighed. Weights equivlanet to the gross 
weight of the droplet were removed from the Thermobalance tare- 
pot. The alumina support platform was centred and the droplet 
was placed centrally on the platform. Care was taken to ensure 
that the support system was central and cleared both thermo­
couple and gas inlet tube. The Mullite tube was lowered 
and clamped into position then the furnace itself was drawn down 
to gently rest on the springs. At room temperature, the system 
was purged with argon at a rate of 1 litre per minute for a 
period of one hour minimum. The gas flow was then changed to 
hydrogen, again at a flow rate of 1 litre per minute. Under these 
conditions the furnace was switched on and allowed to heat up. 
Heating conditions were identical in all cases, the heating rate 
being linear at 6°C per minute. It took just over three hours 
heating to reach 1150°C. Once this temperature had been reached 
it was maintained for 1 hour. At the end of the isothermal period 
the furnace was switched off and allowed to cool. When the 
furnace reached 500°C the hydrogen gas flow was changed to argon. 
When the furnace was cold the specimen was removed and reweighed.
A typical trace is shown in Fig. 33. The temperature is recorded 
by the right hand pen and the weight change by the left hand pen. 
Full chart width for the weight change represents 10 milligrammes.
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Wien the pen reaches the limit of the span the operation of the 
periodic timing device automatically triggers a weight adjust­
ment of 20 milligrammes. The other factor which has to be taken 
into account is the buoyancy effect. When the balance is used 
continuously over a wide range of temperature with a gas flow, 
it is necessary to consider buoyancy. This is indicated as a 
very steady drift as the temperature increases and must be allowed 
for in the interpretation bf the chart since the buoyancy effect 
can be greater than the weight loss of the oxidised droplet. 
Because of this it was essential that the gas flow rate was 
maintained at a constant rate and it was impossible to change 
from hydrogen to argon during the measuring period since the 
density of the gases are different. With careful analysis of 
the charts the effect of the buoyancy could be compensated for 
and the weight change with time and temperature determined.

The gases prior to entering the furnace were passed over a 
molecular sieve and magnesium perchlorate arrangement similar to 
that described in an earlier section (3*.2.3)

3.5.3 Measurement of Relative Humidity
The relative amounts of hydrogen and water vapour determine 

whether the atmosphere is oxidising or reducing. When the metal 
oxide is heated in a pure hydrogen atmosphere, the oxide and the 
hydrogen will react to form the metal and water vapour; the 
relative amount of water formed is dependent upon the temperature 
and pressure of the system and the relative stability of the 
metal oxide. The stability of the oxide can be described at
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any one temperature and pressure as the ratio of hydrogen to 
water vapour when the reaction is at equilibrium. The 
ratio can also be stated in terms of the dewpoint of the 
hydrogen atmosphere (Fig.34).

In practice, if oxidation is to be prevented (or oxide 
reduced) using hydrogen as a furnace atmosphere, the dewpoint 
of the atmosphere in contact with the metal has to be maintained 
lower than the equilibrium dewpoint. This requires sufficient 
flow to prevent local building up of water vapour owing to 
leakage of air into the furnace or oxide reduction. Metal oxides 
become less stable as the temperature is raised: the equilibrium 
V H 20 ratio gets smaller, equilibrium dewpoint larger.

The instrument used was an Alnor Dew Point Meter. This 
essentially is a portable 'fog chamber1 and is based on the 
principle that, at a constant temperature during the adiabatic 
expansion of gas, the pressure change to cause condensation is 
related to the water -vapour content of the gas. The dewpoint 
meter subjects the gas sample to varying adiabatic pressure 
changes. The pressure that just causes visible condensation 
in the fog chamber is recorded. To make a mist form, a condensa­
tion nucleus for each droplet must be present in the gas. Under 
some conditions these nuclei may not be present, so in this 
particular instrument they are provided by a source of a 
radiation (Americium 241) inside the chamber. The dewpoint is 
found by using a 'dewpoint* calculator and a series of curves 
(for different ambient temperatures) relating dewpoint to pressure 
change. The meter can measure a wide range of dewpoints, from
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below -73°C (-100°F) to ambient temperatures.
The meter was put 'on line' to the Stanton Massflow 

Thermobalance where oxidised iron droplets were reduced in 
hydrogen. Only a few specimens were investigated using this 
technique.

The experimental arrangement of the Stanton Massflow 
Thermobalance and Alnor Dewpoint Meter are shown in Plate 6.

3.6  Electron Microscopy and Surface Analysis
3.6.1 Scanning Electron Microscopy

In the examination of droplets, two instruments were used: 
the Cambridge Scanning Electron Microscope and the Philips 
Scanning Electron Microscope, most of the work being carried out 
on the second machine. The advantages of the SEM over optical 
microscopy are two-fold in this instance. The considerable depth 
of focus available to the SEM is particularly valuable in looking 
at the morphology of the curved surfaces of the droplets and 
secondly, since both machines were equipped with EDX facilities 
identification of a range of elements was available.

3.6 .2 Specimen Preparation for Scanning Electron Microscopy 
At least two samples from each alloy composition were

examined by Scanning Electron Microscopy. The samples were either 
the 50 cm fall in air and quenched and/or the 100 cm fall in air 
and quenched droplets and, hydrogen reduced samples which had 
undergone the same initial fall in air. Droplets were examined 
either mounted or unmounted. In the unmounted condition the drop­
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let surface could be examined in the as-quenched condition. The 
samples were ultrasonically cleaned in acetone for two minutes 
prior to insertion in the Microscope. All handling procedures 
were carried out with fine tweezers. The droplets were held in 
position in the Microscope on an alminium support by means of 
a conducting film of silver ’Dag1 compound. When examining the 
surface, the beam of electrons was incident at an angle of 30° 
and the scattered beam produced the image.

Droplets were also examined mounted in an electrical 
conducting bakelite. The mounted droplets were carefully ground 
on 24.0, JfiO s-ad 600 grit wet carborundum paper. Only sufficient 
material was removed such that, if the droplet could be viewed in 
section, only a chord was removed, see Fig.35. The mounted 
specimens were final polished on a Selvyt cloth impregnated with 
6 ym diamond paste. Specimens were examined in the ’as-polished1 

state.
When examining the mounted specimens the beam of electrons 

was incident at 0° and identification of major elements was 
carried out on the section.

3.6 .3  The YG Scientific Microlab
The VG Scientific Microlab Mark II offers several examination 

modes. The following options were used: Scanning Electron 
Microscopy (SEM); Scanning Auger Microscopy (SAM) and Secondary 
Ion Mass Spectrometry (SIMS). Provision of an energy dispersive 
X-ray analyser (EDX) allowed elemental analysis of the bulk to be 
performed concurrently with Auger Electron Spectroscopy (AES).
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With the muLtidetector option of Microlab Mkll the sensitivity 
of the machine is increased and it is possible to detect very 
low concentration elements which would otherwise be masked by 
background noise. Also the high sensitivity of the analyser 
permits the use of lower beam currents and correspondingly smaller 
spot sizes in the point analysis mode. With this machine, energy 
resolution and energy scale calibration are independent of 
specimen position so high resolution Auger spectra can be 
routinely obtained and peak positions can be accurately determined. 
In the AES mode it was therefore possible to identify the elements 
present in the surface layer.

The other mode used was the SIMS. This is one of the most 
sensitive techniques used in materials analysis. It detects 
certain elements at concentrations orders of magnitude lower than 
the detection limits for electron spectroscopy. The analyser in 
the machine is the MM12-125 quadrupole mass spectrometer which 
gives good sensitivity and resolution over its entire 1-800 a.m.u. 
mass range. Data was obtained in the Static SIMS mode. In Static 
SIMS a low flux of low energy (<5 keV) argon ions is used to 
probe the surface. Argon was used to prevent chemical inter­
actions with the sample surface. Using beam current densities 
below 5 nA. cnT̂ , analysis, each time, was obtained from a fraction 
of a monolayer. Under these static conditions it is necessary to 
avoid surface contamination during analysis so the work was 
carried out in ultra high vacuum. The Static SIMS provides 
information on elemental composition, but also chemical structure 
of the surface can be obtained by monitoring molecular cluster
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ions which generate a characteristic fragmentation pattern in 
the SIMS spectrum.

The Microlab was fitted with the VGS 1000 datasystem based 
on the Apple II Plus Microcomputer. The datasystem allows 
accurate and reproducible instrument control, data acquisition 
and processing. Depth profiling could be performed in SIMS under 
datasystem control. Profiling was by sequential etch/analyse 
steps and data was acquired by peak switching. Prom this, pro­
files were plotted in conventional signal versus etch time (depth) 
format.

3.6.4 Specimen Preparation for Surface Analysis
Samples were examined in the VG Scientifc Microlab Mark II 

described in the following subsection. A number were examined 
in the as-quenched condition. As before, the samples were ultra- 
sonically cleaned in acetone, for two minutes prior to insertion 
in the Specimen Stage of the Microlab.

Droplets were mounted in cold-setting resin. The samples 
were carefully ground on 240, /fiO and 600 grit wet carborundum 
paper. As with the other samples, only a chord of material was 
removed. The surface was again polished to a 6 pm diamond 
finish. Once the specimen had been prepared the resin mount was 
carefully cut with a saw and then prised away from the sectioned 
droplet. The prepared specimen was ultrasonically cleaned in 
acetone for two minutes and inserted into the Specimen Stage of 
the Microlab. Inside the Microlab the specimens were further 
cleaned by removing surface contaminents with the Argon-ion gun 
or Metal-ion gun. The specimens were now ready for examination.
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CHAPTER 4 EXPERIMENTAL RESULTS

Before the results of the droplet oxidation studies could 
be verified it was necessary to examine the extent of droplet 
interaction with the quench media. Once this had been estab­
lished, the oxidation kinetics of the iron and iron alloy drop­
lets was determined. The same alloy range of oxidised droplets 
were subsequently examined for reduction by hydrogen at 1150°C. 
In tandem with the oxidation and reduction studies, examination 
of the droplet morphologies by SEM was undertaken. This work 
was also complemented with EDX and SIMS analysis of selected 
oxide films.
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4.1 Assessment of Quench Media 
A. 1.1 Introduction

The purpose of the investigation was to simulate the 
oxidation conditions in the atomisation process of a molten 
metal droplet moving through air. To study the reaction process 
and the morphology of the droplet surface it was necessary to 
•freeze1 the process at the end of an oxidising fall in air.
The only possible way to do this was to quench the droplet at the 
end of its flight. Quenching in a copper mould was considered 
but dismissed since this method involves splashing which results 
in the disruption of the droplet surface.

A number of liquid quench media were investigated. These 
included distilled water, liquid nitrogen, silicone oil,
Invoil 30 and paraffin oil. However, before the effects of the 
quench media were investigated it was established that the drop­
lets were completely deoxidised in the hydrogen gas whilst in the 
levitation coil.

The wire was exposed to hydrogen for five minutes whilst at
a temperature of 1100 to 1200°C. The diffusion coefficient for
hydrogen in v-Fe has been determined^-*) # At U27°C the
diffusion coefficient has a value of 3*08 x 10"4 cm^ g-*l. Using
the theory of diffusion in a c y l i n d e r(106) and taking the radius
of the wire to be 0.75 mm the time to penetrate the wire by
hydrogen could be determined. For a cylinder, saturation is

£
complete at a value of (^V 2) equal to unity, where D is the 
diffusion coefficient (cm^ s~l), t is the time (s) and r is the 
radius of the wire (cm). For the values quoted above the time
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required to saturate the wire with hydrogen is 18.3 seconds.
This assumes that the boundary conditions are fulfilled and 
assumes that there is no serious violation of other assumptions 
involved in the diffusion theory.

Alternatively, the diffusion of oxygen out of the droplet 
can be calculated. The molten droplet was also held for five 
minutes in hydrogen. For liquid iron, the diffusion coefficient 
for oxygen has been established as 1.9 x 10“4 an̂  at

(n&\
1550°CV '. Assuming the droplet formed in the levitation coil
is spherical, the time for oxygen to completely diffuse out of 
the droplet can be determined. Considering diffusion in a

equal to 0.8. Substituting the values of D and r in this expression, 
the time required is 300 seconds. However, the droplet in the coil 
is subject to induced currents and there is continual stirring in 
the liquid phase. Consequently the time required for completion 
of the diffusion process will be much less.

A number of iron droplets were deoxidised in hydrogen by heat­
ing iron wire in the levitation coil to the temperature range 
1100-1200°C, holding for five minutes and then melting the wire 
into a droplet and holding in this state in hydrogen for five 
minutes. The droplets were allowed to cool under argon; they were 
separated from the wire from which they wsre formed and analysed 
for oxygen. The results are given in Table 7. The figures range 
from 0.002 to 0.006 ma.ss% oxygen.

4.1.2 Results of Initial Experiments
The results of the oxidation of iron droplets falling through

sphere(l06), complete penetration occurs at a value of (“ /.a)
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50 cm air and quenching in different media are recorded in 
Tables 8 to 13. The droplets were initially deoxidised as 
described in the previous section, allowed to fall through the 
air and were collected in a 500 ml stainless steel beaker con­
taining the quenchant to a depth of 12 cm.

The first medium considered was 704. silicone oil. Silicone 
oil was selected because of the work of Vig and Lu(68). On 
quenching into the silicone oil bubbles of gas appeared at the 
surface of the oil. On retrieving the droplet from the oil, the 
droplet was coated with a black reaction film. This film had 
not been reported in the work previously cited^^. The droplets 
were immersed in trichloroethane and acetone to remove the oil 
layer and the black film. Soaking the droplet in the solvent for 
two minutes removed the oil but not the black film. Some of the 
film could be removed by wiping on a tissue. It was found that 
the oil and most of the film could be removed by ultrasonically 
cleaning the droplets in acetone for two minutes and wiping with 
a paper tissue. The surface of the droplet under the deposit was 
grey in appearance suggesting oxidation had occurred. The results 
of the oxygen analysis of twenty samples are given in Table 8. It 
can be seen that the masses of the droplets varied from 0.73 g to
1.4.5 g and the oxygen levels varied from 0.026 mass% to 0.074- rnasŝ .

It was evident from the beginning that there was a wide 
disparity in the oxygen values recorded for the droplets and there 
was no direct relation between mass of droplet and oxygen level 
assuming all other conditions remained the same. The temperature 
of the droplet at fall was kept as close to 1600°C as possible in 
these initial e^Deriments. Because of the wide range of values
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recorded in oxygen level, a large number of droplets were gener­
ated so that a statisticalanalysis could be made of the oxygen 
levels. Initially twenty droplets, as identical as possible,

' were generated. The twenty samples generated, with silicone oil 
as quenchant, gave a mean value of 0.04.57 mass$ oxygen with a 
sample standard deviation of 0.014.0 mass$ oxygen.

Because of the reaction between the liquid metal and the 
silicone oil alternative quenchants were examined. Invoil 30 was 
chosen as a quenchant because it is a carbon based oil with good 
high temperature properties and has replaced the more expensive 
silicone oil in some applications. On quenching into the Invoil 
30, gas bubbles appeared at the surface of the oil. The droplets 
were bright in appearance on removal from the oil. The droplets 
were degreased in trichloroethane and dried on a tissue before 
analysis. The results of the twenty samples are presented in 
Table 9. The values range from 0.0073 masa$ to 0.052 mass$ 
oxygen giving a mean value of 0.0150 massjS with a sample standard 
deviation of 0.0121 mass^.

A second carbon based quenchant, namely paraffin oil was also 
examined. The results are given in Tables 10 and 11. The cold 
paraffin oil was very viscous. The droplets emerged bright and 
clean from the oil. A second series of tests were performed with 
the paraffin oil at 110°C. At this temperature the oil had a 
similar viscosity to the silicone oil and Invoil 30. With the 
cold paraffin oil the values ranged from 0.011 to O.O37 mass$ 
oxygen, with a mean value of 0.0182 mass$ oxygen and a sample 
standard deviation of 0.0065 mass$ oxygen. Ten droplets were
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interacted with the hot paraffin oil and oxygen values ranged 
from 0.008 to 0.020 mass$ oxygen. In this case the mean value 
was O.OI33 rnasŝ  with a sample standard deviation of O.O39 mass$.

The next quench me dim considered was water. The water used 
was distilled water and this was deaerated by gently bubbling 
argon gas through the water for 30 minutes prior to use. The 
results for the oxygen levels in these droplets are recorded in 
Table 12. It can be seen that the masses of the droplets varied 
between 0 .7 and 1 .1 g and the oxygen levels across all samples 
varied from 0.167 to 0.4-31 mass$. The samples quenched in water 
were grey in colour indicative of oxide formation. The twenty 
droplets generated a mean value of 0.3182 rnasŝ  oxygen with a 
sample standard deviation of 0.0811 mass% oxygen.

The final quenchant considered was liquid nitrogen. The 
liquid nitrogen was contained in the stainless steel beaker which 
had been insulated. The results for the quenched droplets are 
given in Table 13. It was found that on retrieving six droplets 
from the liquid nitrogen, the droplets had broken up into smaller 
droplets. The reaction between the molten metal and the liquid 
nitrogen seemed to be more violent than with other quench media. 
Twenty two droplets were investigated; they gave a mean oxygen 
value of 0.1032 masS/6 with a sample standard deviation of 0.0264- 
mass/6 oxygen.

The major problem was to establish which quenchant reacted 
or interfeiyed least with the oxide film established on the iron 
droplet surface during the fall through the mass transfer column. 
Vig and Lu(68) seated that 704. Silicone oil interferred least



with the droplet surface. However, they did not report the 
presence of a reaction film which was evident in these investi­
gations. The main question was to determine whether the 
reaction between the droplet and the oil altered the absolute 
value of the oxygen content of a droplet. From the foregoing 
results it is certain that water and liquid nitrogen raise the 
level of the oxygen in the droplet. It is well known that 
during the first stages of quenching in water a hot object is 
surrounded by a gas envelope as a result of localised boiling 
of the water. A steam atmosphere would be oxidising to iron 
under these conditions. The case of liquid nitrogen is more 
difficult to explain. Any reaction with liquid nitrogen would 
leave a nitrogen gas envelope around the droplet. However, the 
reaction was so violent it could be possible that a secondary 
reaction with air at the liquid nitrogen-air interface results. 
Certainly the oxygen levels recorded in the iron droplets when 
quenched in liquid nitrogen, although not as high as those 
quenched in water, are considerably higher than those quenched 
in any of the oils. Here the oxygen levels in the silicone oil 
quenched droplets were less than half the levels recorded in 
the liquid nitrogen quenched droplets on average. The carbon based 
oils gave the lowest levels of oxygen in the iron. The droplets 
were also clean and bright. Under the conditions of the tests it 
would be expected that the surfaces of the droplets would be 
dulled by the presence of an oxide film. Since these droplets
recorded lower oxygen levels than similar droplets quenched in the 
silicone oil it was necessary to determine whether carbon based
auenchants were reducing to iron oxides under the conditions of
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the experiment and whether silicone oil was reducing or oxidising 
to the oxidised iron droplets.

4.1.3 Reaction between Liquid Iron Droplets and Quench Oils
In this preliminary experiment fifteen iron droplets were 

quenched in three different oils (five per oil). The quench oils 
examined were Invoil 30, Paraffin oil and Silicon oil. The 
results of the titrations are given in Tables 14 to 23 and in 
Figs.36 to 50.

The titration with the tetrabutylammonium hydroxide was
carried out to the end point at five minute intervals. The
titration was repeated until a constant background level was
reached. This was necessary because the argon purge rate was
500 ml per minute and the volume of the system was of the order
of three litres. The argon flow rate was the maximum rate possible
without forcing gas round the liquid seal in the stainless steel
beaker at the bottom of the mass transfer column. To ensure that
all of the carbonaceous gases had been carried over to the
absorption vessel the gas was swept through for many minutes. As
a result, the titration was carried out several times. The solu-
tion itself aged with the result that the end point went out of
adjustment and it was necessary to take this into account in the
final analysis. In all of the titrations, Figs.36 to 50 it can
be seen that there is a gradient to the titration-time graph in
each case after the initial high titration value at 5 minutes. In
some cases the carrier gas was carried over for one hour to 
confirm the titration-time gradient after this period of time.
The gradients in each figure are constant within each separate
titration but vary slightly over the fifteen
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separate experiments. This deviation is probably attributable 
to slight variations in the concentrations of the absorbent or 
the titrant or could perhaps be a temperature factor. This 
ageing contribution had to be accommodated for the period of 
the first five minutes before the titration was carried out. To 
take this into account the graph was drawn and the best fit line 
was projected back to the volume of titrant axis i.e. at zero 
time and this value was the value attributed to the carbon 
dioxide in the absorbent dimethylformamide. It can be seen from 
the graphs drawn that this figure is usually very close to the 
value obtained at the first titration after five minutes.

The information from the graphs is put together in Table 29 
The volume of titrant required to neutralise the carbon dioxide 
generated (i.e. the zero time value) is recorded in column 4.
The volume of titrant can be readily converted to the mass of 
oxygen reduced from a knowledge of the molarity of the titrant. 
This figure can then be converted to mass per cent oxygen by 
reference to the mass of the droplet.

In relation to the Invoil 30 quenchant the volume of titrant 
varied from 1.66 to 3*3 nil. The residual oxygen in the droplets 
was measured by chemical analysis and the values recorded; these 
values ranged from 0. OO32 to 0.0053 mass^ oxygen. When corrected, 
by the addition of the oxygen collected from the reaction with 
the Invoil 30, the values range from 0.0625 to 0.0935 mass% 
oxygen.

The paraffin oil quenchant produced a closer range of values 
for titrant volume for 2.00 to 2.60 ml. However, the residual 
oxygen figures for these five samples were more wide ranging,
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varying from O.OO46 to 0.0124 mass£. When corrected, the values 
of oxygen level for the droplets varied from 0.0688 to 0,0806 
mass%.

The volume of titrant required to neutralise the carbon 
dioxide generated from the silicone oil quenched samples ranged 
from 0.25 to 0.90 ml. The residual oxygen values were much 
higher than the previous samples ranging from O.O336 to 0.0531 
mass$. The corrected values increased the oxygen levels to the 
range O.O4O to 0.0636 mass$.

It can be seen that the volumes of titrant required to 
neutralise the carbon dioxide generated by reaction of oxidised 
droplets with the carbon based quenchants, Invoil 30 and paraffin 
oil are similar and considerably higher than the volumes recorded 
against the silicone oil. Further the measured oxygen levels of 
the droplets after quenching in the oils vary widely. In compari­
son with the silicone oil quenched droplets the Invoil 30 and 
paraffin oil quenched droplets are very low in oxygen, in many 
cases by an order of magnitude.

It would seem that there is a definite reaction between the 
carbon based quenchants and the oxidised iron droplets. The 
residual oxygen values in many cases are comparable with the 
values recorded for deoxidised droplets, cf Table 7.

The position with the silicone oil quenched droplets is more 
difficult to determine. The volume of titrant required in each 
case is very much less than the carbon based quenchants and as 
a consequence the inpact on the final corrected figure is much 
less. Evidently, if there is a reaction between the oxidised 
droplet and the silicone oil it is very limited.
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Of the five quenching media examined, silicone oil inter- 
ferred least with the oxygen figures. On this basis silicone 
oil was used to quench the droplets in the main part of the 
programme.

4.2 Oxidation Studies
4.2.1 Treatment of Results

From the initial results it was evident that there was a 
large scatter in oxygen values obtained and that a statistical 
interpretation of the results would have to be made. Assuming 
the quench media did not appreciably alter the oxygen values the 
only other parameters to be considered were those of temperature 
and droplet size. As far as possible, all tests were carried 
out at 1600°C. There was difficulty in maintaining a constant 
1600°C and in ensuring that the droplet was at 1600°C when it 
fell from the coil. Most of the iron droplets were released from 
the coil at 1600°C i 20°C. The results are recorded in Table 30 

and presented in Figure 51* The results do not show any definable 
trend and the values are within the experimental error of the 
oxygen analysis.

The effect of the droplet size on oxygen pick-up was also
considered. Again the figures quoted are for pure iron. The
results are recorded in Table 31 and presented in Fig.52. It can 
be seen from the data that surface area is a factor to be considered 
in relation to oxygen pick-up. The data indicates that the smaller 
the mass of the droplet the higher the oxygen pick-up. The mass
per cent oxygen figure is directly related to the volume of the
droplet and the oxygen pick-up will be related to the surface area
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presented to the oxidising atmosphere. The smaller droplets 
have the greater surface area to volume ratio and should there­
fore record the higher oxygen figures when presented in mass per 
cent values. This is in fact so. To confirm this trend the 
exercise was repeated for the Fe-0.25$ Cr alloy droplets. The 
results are recorded in Table 32 and Fig.53* These results con­
firm the earlier findings with the iron droplets.

The results also confirmed that some form of standardisation 
of the results in relation to size was required as it was not 
possible to compare oxygen figures for different alloy systems 
if the droplet size values varied widely. A survey was made of 
the droplet sizes for each of the alloy systems considered. These 
are presented in Table 33 and Fig.54* The information is presented 
as a histogram with the number of droplets as ordinate and the mass 
of the droplets as abscissae. The masses of the droplets were 
grouped in half-gramme units and the values quoted on the histo­
gram are the figures shown * 0.25 gramme. It can be seen that the 
size distribution approaches a normal distribution centred on 
0.7 g mass. In view of this all the results were Normalised1 to 
a 0.7 g droplet. The normalising was carried out in the following 
manner. The radius of any particular droplet was determined from 
the mass of the droplet assuming a value of 7.08 g cnr3 for the 
density of liquid iron at 1600°C^^. The value of the radius, in 
cm, so obtained was then divided by 0.287 cm, the radius of a 0.7 g 
iron droplet at 1600°C, and the quotient was multiplied by the 
value of the mass$ oxygen figure for the droplet to give the 
normalised oxygen figure i.e. for a 0.7 g droplet. These values 
are the ones used in the presentation of the results for the pure 
iron and each of the alloy systems.
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The results are presented in two ways, viz, as mass$ oxygen 
against height of fall in air and as mass$ oxygen against time 
of fall in air. The height of fall was directly measured in the 
experimental arrangement. The time of fall in air was calculated 
for the prevailing experimental conditions. The droplets fell 
15 cm from the levitation coil in argon before entering the air 
column so it was already accelerating when it contacted the air.
A plot of height of fall in air versus time of fall in air for 
0.7 g droplet is shown in Fig.55.

4.2.2  Oxidation of Pure Iron Droplets
The oxidation of the iron droplets is recorded in Tables 34- 

to 39. Each table records the height and time of fall in air for 
the iron droplets. Against each droplet, its mass, temperature 
at fall and its oxygen analysis, are recorded. From the mass of 
the droplet the radius was determined and the oxygen value for a 
0.7 g equivalent droplet was determined and recorded. The number 
of droplets varied for each height of fall and the data for each 
group of droplets was analysed statistically. For each group of 
droplets the sample mean was determined and the sample standard 
deviation calculated. The standard deviation or standard error 
of the mean was calculated by dividing the sample standard 
deviation by the square root of the sample size. The 95 per cent 
confidence interval for the mean value was determined by reference 
to the t-distribution. The mean value was plotted on the graph 
by a circle and the limits of the 95 per cent confidence interval 
were recorded by a bar. It can be seen that using this technique 
the spread of the confidence interval tends to be inversely related
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to the number of samples taken. Graphs were drawn for oxygen 
pick-up in mass$ versus height of fall in air, Fig. 56, and for 
oxygen pick-up versus time of fall in air, Fig. 57. It can be 
seen that the confidence limits for the 59 cm and 100 cm fall 
in air are much closer to the mean than those for the 37 cm and 
90 cm fall in air values. The number of samples for the former 
were twenty and twenty-four respectively, whilst for the latter 
six and four respectively. The results from eighty-three droplets 
were used to compute the two graphs. A line of best fit was 
drawn through the oxygen pick-up versus height of fall in air 
points, originating at the zero of the graph. In the case of the 
oxygen pick-up versus time of fall in air graph the best fit 
through the points was a straight line. Extrapolating the line 
back to the zero time axis the line did not pass through the origin 
but intercepted the mass per cent oxygen axis at about 0.005 mass$ 
oxygen.

The rate of oxidation of iron at 1600°C over the measured 
interval suggests that the reaction is zero order. The rate 
constant, k, is then simply given by mass$ oxygen per unit time. 
Taken from the graph this gives 0.215 mass$ oxygen per second. If 
the rate is related to the mass of oxygen picked up per unit area 
per unit time this value becomes 7 .6 mg oxygen per cm^ of iron 
surface per second.

4.2.3 Oxidation of Iron-Manganese Alloy Droplets
Three iron-manganese alloys were investigated, Fe-0.5$ Mn, 

Fe-0.7$ Mn and Fe-1.0$ Mn. The 0.5$ Mn alloy was investigated 
over five different heights in air and the results are recorded
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in Tables 4-0 to 44-* These results are plotted in Figs.53 and 59.
It can be seen that when oxygen pick-up is plotted against height 
of fall in air the form of the graph is similar to that for pure 
iron. In fact the values for the 75 cm, 100 cm and 118 cm fall 
in air are almost identical to the values recorded for the iron 
droplets. The difference is with the 37 cm and 50 cm values
which are larger for the manganese alloy. When the results are 
plotted against time, the best fit is again a straight line through 
the points, again suggesting a zero order reaction over the time 
interval investigated. The rate constant for the alloy, k, is 
0.173 mass$ oxygen per second or 6.10 mg oxygen per cm^ of iron 
alloy surface per second.

It is evident that the initial rate, compared to that of iron, 
is higher. The first point on the graph is at 37 cm or 0.15 
second. If a line is drawn from the origin to this first point at 
0.15s, this would give the minimum value of the initial rate 
constant. In this case it is 0.30 mass* oxygen per second or 
10.6 mg oxygen per cm^ surface per second.

The second iron-manganese alloy, 0.7 mass$ Mn, was investi­
gated over six different fall heights in air. The results are 
recorded in Tables 45 to 50 and Figs.60 and 61. Compared to the 
Fe-0.5$ Mn alloy, the oxygen pick-up at each height interval for 
the Fe-0.7$ Mn alloy is marginally greater, except for the 113 cm 
fall. As in the previous cases, the best fit for the rate of 
oxidation is a straight line. The rate constant over the measured
distance is 0.15s mass* oxygen per second or 5.50 mg oxygen per 
cm^ iron alloy surface per second. Again the minimum initial 
rate constant from zero time
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to 0.15 s was calcualted by measuring the slope of the line 
connecting the two points: this gave a value of O.34 mass$ 
oxygen per second or 12.0 mg oxygen per cm2 surface per second.

The third iron-manganese alloy, 1.0 ma.88% Mn, was 
investigated over five different fall heights in air. The results 
are recorded in Tables 51 to 55 and Figs,62 and 63, The 37 cm 
and 50 cm oxygen values are very similar to the Fe-0.7$ Mn values 
and the two systems only really diverge above these levels. The 
curve of oxygen pick-up against height of fall in air is very 
similar to the previous curves and the three manganese curves are 
plotted together in Fig, 64. for comparison.

The best fit through the points of the Fe-1.0$ Mn rate of 
oxidation is again a straight line. The measured value of the 
rate constant over the distance investigated is 0,22 mass$ oxygen 
per second or 7.8 mg per cm2 per second, with a minimum initial 
rate constant of O.34. mass£ oxygen per second or 12.0 mg oxygen 
per cm2 0f surface per second. The oxidation rates for the three 
manganese alloys are presented in Fig. 65 These show only small 
differences over the range studied compared to iron.

4., 2.4. Oxidation of Iron-Chromium Alloy Droplets
Four iron-chromium alloys were investigated, Fe-0.17$ Or, 

Fe-0.25^ Or, Fe-0.8$ Cr and Fe-1.4.6jC Cr. The 0.17 mass* Cr alloy 
was investigated over six different heights in air and the results 
are recorded in Tables 56 to 61 and in Figs. 56 and 67. Fifty 
droplets were examined in this particular alloy programme. How­
ever, the scatter amongst the results was greater than for pure 
iron droplets and for the three iron-manganese alloys examined.
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This is exemplified by the wider confidence interval on each 
point and the poorer fit of the line through the point.
Deviation is particularly marked in the 100 cm and 118 cm points. 
For the rate of oxidation of the Fe-0.17$ Cr alloy the best fit 
through the first five points has been taken. Examination of the 
results for the 118 cm fall in air shows that the results are 
effectively in two groupsj the lower group of five results cluster­
ing around 0.10 mass$ oxygen and the top group of four clustering 
around 0.17 mass$ oxygen.

The value of the rate constant is 0,18 mass* oxygen per 
second or 6 .4 mg per cm2 per second. In comparison with the pure 
iron and ironr-manganese results the oxygen pick-up is much higher 
especially with the 37 cm fall in air droplet, the first height 
of fall measured in each of the series. The value of oxygen pick­
up for the 0.17$ chromium alloy is 0.072 - 0.024 mass$ compared 
with 0.051 ± 0.011 mass$ for the 1% manganese alloy. This 
suggests that the initial rate of oxygen pick-up is considerably 
higher in this alloy. Adopting the procedure outlined earlier, 
the minimum initial rate constant works out at O.4 8 mass* oxygen 
per second or 17.0 mg oxygen per cm2 surface per second.

The 0.25 mass$ chromium alloy results for six heights of fall 
in air are given in Tables 62 to 67, and in Figs. 63 and 69. As 
with the previous group, there was more degree of uncertainty 
about the results, apart from the 37 cm fall in air, which can be 
seen by the width of the bars around each point. Again there is 
an increase in oxygen pick-up as recorded by the first measured 
point: a value of 0 .10 mass$ oxygen is recorded for the 37 cm

- 110 -



fall in air. The rate constant over the measured range is
0.18 mass£ oxygen per second or 6 .4 nig per cm^ per second. The 
minimum initial rate constant for this alloy is 0.67 mass£ oxygen 
per second or 23*6 mg oxygen per cm^ surface per second.

The results for the Fe-0.8 mass^ Cr alloy are given in 
Tables 68 to 73 and Figs. 70 and 71. The results are very similar 
to the 0.25$ Cr alloy system being just marginally higher. A 
straight line fit seemed the best approach to the rate of oxides* 
tion points. The slope of the line gave a rate constant of 0.25
mass$ oxygen per second or 8 .8 mg oxygen per cm^ per second.
Since the 37 cm point was almost identical with the 0.25 rnasŝ  

chromium alloy 37 cm point, the minimum initial rate constant 
was the same at 0.67 mass$ oxygen per second or 23 .6 mg oxygen 
per cnr surface per second.

Whereas in the previous chromium alloys, increasing the 
level of chromium in the alloy increased the oxygen pick-up there
was a reversal at the 1.46$ Cr level. The results for this alloy
are given in Tables 74 to 79 and Figs.72 and 73. A total of 45 
droplets over six different heights of fall in air were examined. 
There is a scatter around each point but the trend is evident.
The level of oxygen pick-up is reduced at all points and the values 
are nearer the 0,17 mass^ chromium values than the rest. The 
rate constant over the range 0.15 to 0.35s is 0.17 mass$ oxygen 
per second or 6 .0 mg per cm^ per second and the minimum initial 
rate constant is O.4 4 mass^ oxygen per second or 15.6 mg per cm^ 
surface per second.

Figures 74 and 75 show the results for the four chromium 
alloys together. The oxygen pick-up for each level of chromium in 
the iron is clearly seen.
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4* 2*5 Oxidation of Iron-Silicon Alloy Droplets
Three iron-silicon alloys were investigated, Fe-0.3 mass$

Si, Fe-0.75 mass$ Si and Fe-1.33 rnasŝ  Si. The 0.3 mass^ silicon 
alloy was examined over five different heights of fall and the 
results are presented in Tables 80 to 84 and Figs. 76 and 77. It 
has been noted earlier that the silicon alloys were difficult to 
prepare into wire and as a result there was not much material 
suitable for melting as wire in the levitation coil. There were 
a minimum of five droplets at each height of fall in air but 
because of the small number of samples the scatter at each point 
is correspondingly high. The line of best fit has been drawn 
through the points and again it has been assumed a linear rate of 
oxygen pick-up. The slope of the oxygen pick-up versus time of 
fall in air has a value of 0.25 mass$ oxygen per second or 8 .8 mg 
oxygen per cm^ surface per second. Since the line extrapolates 
back to zero the minimum initial rate constant is also 0.25 mass/6 

oxygen per second or 8 .8 mg oxygen per cem^ per second.
The Fe-0.75 mass$ Si alloy was only investigated over three 

heights of fall, namely 50, 75 and 100 cm. The results are given 
in Tables 85 to 87 and Figs.78 and 79. In all three heights the 
results are very similar, and almost identical. Furthermore, the 
values of oxygen pick-up are very low and although only fifteen 
droplets were examined the scatter in the results is less than 
in many earlier runs. The only possible line through the points 
is a straight line, parallel to the time axis suggesting that 
after falling 50 cm in air there is no further oxygen pick-up
i.e. a rate constant of zero with a minimum initial rate of 
0.15 mss£ oxygen per second or 5*4 oxygen per cm^ surface per 
second.
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The Fe-1.33$ Si alloys were examined at five heights of
fall in air and the results are collected in Tables 88 to 92

and Figs. 80 and 81. A total of thirty four droplets were 
analysed for oxygen. The results are extremely consistent despite 
the small number in each sample. Again, as with the Fe-0.75^ Si 
alloys, the oxygen pick-up is low and beyond the 37 cm fall in 
air the figures remain static suggesting that once an initial 
oxygen level is reached there is no further oxidation. Hence the 
rate constant over the time the droplet fell in air would be zero
with a maximum initial rate of 0 .14 mass% oxygen per second or
5 .0  mg oxygen per cm2 surface per second.

The results for all the silicon alloys are compared in 
Figs. 82 and 83. These clearly show the marked reduction in oxygen 
pick-up with increasing silicon content in the alloy.

4 .3  Reduction Studies 
4*3«1 Introduction

In the reduction experiments it was assumed that the change 
in mass was attributable only to loss of oxygen and the loss of 
oxygen could be determined as mass per cent by reference to the 
mass of the sample. Hence the per cent oxygen loss with tempera­
ture could be determined. Further if the final oxygen analysis 
on the hydrogen reduced droplet was known it was then possible to 
work backwards from this final oxygen figure to determine the 
original oxygen figure and record how the level of oxygen in the 
sample had changed with temperature and time. Where these 
figures have been determined they are plotted with mass per cent
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oxygen as ordinate and temperature/time as abscissa. Since the 
heating rate was the same in all the reduction runs, i.e. 6°C 
per minute, the graphs were plotted such that the temperature 
intervals corresponded approximately to the time intervals so 
that, if required, the total heating time could be easily 
determined.

Of interest from the graphs are the final oxygen figures of 
the reduced droplet and the temperature at which onset of reduction 
occurs.

4*3.2 Reduction of Oxidised Iron Droplets
Oxidised iron droplets were reduced in hydrogen and the data 

is presented in Tables 93 and 94 and Figs.84 and 85. Sample 
number A.3O4 bad been oxidised by falling 100 cm through air prior 
to reduction in hydrogen. There was no change in mass till about 
500°C when there was a slight inflexion and no further change till 
690°C. Again this was a single inflexion and there was no further 
change till 870°C. From this point there was a continual 
reduction in oxygen level with increasing temperature to 1150°C.
The gpecimen now held isothermal at 1150°C continued to be 
reduced but at a reduced level until after 30 minutes no further 
reduction occurred. The final oxygen figure was O.O3S mass% (for 
0 .7 g droplet).

Sample number A. 307 was similarly oxidised by a 100 cm fall
in air. There was a minor inflexion before 800°G at about 570°C
but, as in the previous sample, the major reduction of the oxide 
commenced at 800°C and continued to 1150°C and for about 20 minutes
at 1150°C. The final oxygen figure was 0.O43 mass^ (for 0.7 g 
droplet).



A number of dewpoint measurements were taken during the 
heating 19 cycle of a sample similarly oxidised to the above two 
samples. Values ranging from -20°C(-4°F) to -25°C(-13°F) were 
recorded.

4.3 .3  Reduction of Oxidised Iron-Manganese Alloy Droplets
Six ironr-manganese alloy droplets, after oxidation in air, 

were reduced in hydrogen; four samples were Fe-0.5 mass^ Mn and 
two samples Fe-0.7 mass/6 Mn. The results are recorded in Tables 
95 to 100 and Figs. 86 to 91.

Sanple number D.77, Fe-0.5^ Mn, (Table 96, Fig.87) was 
oxidised by allowing it to fall through 50 cm of air before quench­
ing. The onset of reduction was around the 800°C temperature mark. 
Once reduction commenced it proceeded fairly rapidly and the 
specimen was still losing oxygen at 1150°C, the maximum temperature 
although the rate was beginning to slow down. However, some 
reduction occurred up to about 30 minutes at 1150°C.

A similar graph is given by speciment number D.53 (Table 95, 
Fig. 86). This droplet, of the same composition, was oxidised by 
falling through 100 cm air. The onset of reduction was about 800 
to 820°C. Again once reduction had started it proceeded fairly 
quickly and by 1150°C was slowing down. Some reduction occurred 
up to about 20 minutes at 1150°C. Taking the mass loss figures 
for these two samples and projecting back to an initial oxygen 
figure, in both cases, gives a level which is somewhat higher than 
the rest of the samples in the same group.

Two other samples of the same composition and similar oxygen 
level, D.92 (Table 97, Fig.88) and D.94 (Table 98, Fig.89) are
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presented. Although no final oxygen figure is available both 
show the onset of reduction near 800°C with the highest 
reduction rate at the commencement of the reduction process.

Samples D.ll (Table 99, Fig.90) and D .32 (Table 100, Fig.9l), 
both Fe-0.7$ Mn, with falls in air of 50 cm and 100 cm respectively, 
gave similar results. Sample D.ll was an * overshoot* situation 
and the sample reached a temperature of 1300°C before the furnace 
was switched off. Reduction of the oxide continued up to 1300°C, 
from the mass-loss figures, and ceased immediately the cooling 
process commenced. Reduction appeared to commence at about 840°C. 
Sample D .32 showed a threshold temperature of 820°C for reduction; 
the reduction rate was greatest immediately after the onset and 
this rate reduced as temperature increased. Some reduction at 
H50°C appeared to occur for a few minutes.

4.3*4 Reduction of Oxidised Iron-Chromium Alloy Droplets
Eleven iron-chromium alloy droplets were reduced in hydrogen. 

Three samples containing 0.17$ Cr were investigated and the 
results are given in Tables 101 and 102 and Fig.92. Sample C.109 
(Table 101, Fig.92) indicates that reduction commenced at about 
750°C. The reduction rate appeared fairly constant up to H 00°C 
when the rate decreased, however, there was a sharp decrease in 
oxygen level after 30 minutes at 1150°C which is ■unusual. Table 
102 gives the results of two samples reduced at the same time. 
Perhaps the only important feature here is the threshold tempera­
ture for reduction, 780°C. The oxygen mass loss recorded in the 
table is an average for the two samples since there was no means 
of establishing the rate of reduction of each sample.
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Four samples at the0.25$ chromium composition were reduced 
in hydrogen. Sample number C.54 was oxidised by falling through 
50 cm air prior to reduction, the other three samples were 
oxidised by falling through 100 cm air prior to reduction. The 
information can be found in Tables IO3 to 106 and Figs.93 to 96. 
All these samples, prior to reduction, would have relatively high 
oxygen content. Sample number C.54 (Table 103, Fig.93) showsd a 
rapid reduction in oxygen from a threshold at about 850°C; the 
final oxygen level being 0.069 mass$.

The three samples also showed thresholds at which reduction 
began at about 840°C and, as in the previous sample, the final 
oxygen levels all ended up at about 0.07 mass$. Two samples,
C.65 (Table 105, Fig.95) and C.91 (Table 106, Fig.96), showed 
considerable reduction at 1150°C during the isothermal period. It 
was estimated that the oxygen level in both of these samples was 
of the order of 0.09 mass$ at 1150°C.

Only one sample containing 0.8$ Cr was reduced in hydrogen. 
This was sample C.214 (Table 107, Fig.97) which had been oxidised 
by falling through 100 cm of air. The final oxygen was not known 
so that only the oxygen mass loss could be plotted.

The data suggests that reduction commences at about 800°C 
and that some reduction occurs during the isothermal period at 
1150°C.

Three samples containing 1.46 mass$ chromium and oxidised by 
falling through 100 cm of air prior to quenching were reduced in 
the thermobalance. The results are recorded in Tables 108 to 110 
and Figs. 98 to 100. The threshold temperature at which 
appreciable reduction of the oxide occurs in sample number C.168 
(Table 108, Fig.98) is difficult to determine. Again the thresh-
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hold temperatures vary from about 770°C through to 900°C.
Reduction of the oxides occurs, as in previous chromium alloys, 
during the isothermal period. The final oxygen figures for 
the three specimens are lower than for the other chromium alloys 
investigated, the samples being reduced to 0.028 mass$ oxygen.

4.3 .5 Reduction of Oxidised Iron-Silicon Alloy Droplets
Four iron-silicon alloys, all oxidised by falling 100 cm in 

air, were reduced in hydrogen. Two Fe-0.3$ Si alloy droplets 
were investigated. Both gave a threshold temperature for reduction 
of about 930°C, see Tables 111 and 112 and Figs. 101 and 102. Both 
samples had a final oxygen figure of about O.O38 mass$. Sample 
E.2 (Table 111, Fig.lOl), starting from an initial higher oxygen 
level continued the reduction process during the U50°C isothermal 
period until this figure was reached. Sample number E.3,
(Table 112, Fig.102), starting from a lower oxygen level was 
almost^ at the final oxygen figure at 1150°C with the result that 
very little reduction occurred during the isothermal period.

Table 113 and Fig.103 give the results for the reduction of 
sample number E.62, Fe-0.75$ Si alloy. The temperature at which 
reduction commenced was more difficult to determine because of 
the small overall mass change in the specimen. It was of the 
order of 900°C and the final oxygen figure was 0.017 mass$.

One sample, number E.4, with the highest silicon content,
1.33 mass$ was reduced in hydrogen; the results are recorded in 
Table IV, and Fig.104. The threshold temperature at whioh 
reduction commenced, as indicated by mass loss, was about 925°S. 
However, the sample continued to lose mass after 1150°C was
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reached and the massloss up to 4-0 minutes in the isothermal 
region was fairly constant. This specimen was reduced to the 
lowest oxygen figure of all the samples, viz. 0.009 mass$. When 
the mass loss was converted back to oxygen loss (assuming the 
mass loss was entirely oxygen) the starting level was calculated 
to be O.O49 mass$ oxygen which is considerably higher than other 
oxygen figures recorded for this alloy.

The results for all the reduction experiments are collected 
together in Table 115. The onset of reduction for iron- 
manganese alloys is in the range 78G-820°C, approximately the 
same as pure iron specimens. The 0.17 mass$ chromium alloy is 
also in this category. However, it appears that increasing the 
chromium level to 0.25 mass$ and above raises the onset of 
reduction temperature to the range 800 to 850°C. Iron-silicon 
alloys all have a higher threshold temperature at 900°C. plus.

4*4 Surface Morphology and Surface Analysis Studies 
4*4*1 Surface Morphology

Examination of the surfaces of iron droplets and iron-alloy 
droplets was carried out by means of scanning electron microscopy. 
Four or five droplets from each of the eleven alloy systems were 
examined. Both oxidised droplets and oxidised and reduced drop­
lets were examined. Characteristic features of each group were 
observed, noted and recorded on 35 mm film. The main features 
identified are presented in Plates 7 to 47.
Features of iron droplets being recorded in Plates 7 to 13.
Features of iron-manganese droplets being recorded in Plates 14 to 27. 
Features of iron-chromium droplets being recorded in Plates 28 to 37. 
Features of ironr-silicon droplets being recorded in Plates 38 to 47.
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4.4*2 Surface Analysis
4.4.2.1 Electron Microscope Studies

Seven droplets, mounted in bakelite and polished to a 
6 ym diamond finish, with a chord of material removed, were examined 
in the electron microscope. Progressive point scans were made 
from the oxidised surface into the body of the droplet to deter­
mine the extent of change in alloying element. Two manganese 
alloys, (the 0 .3 mass$ and 1 .0 mass$) two chromium alloys, (the 
0.25 mass$ and the I.46 mass$) and three silicon alloyB,(the 
0.3 mass$, 0.75 mass$ and 1.33 mass$) were examined in this manner.

Fe-0.3$ Mn
Two different sanples were analysed. In both cases there 

were exceptionally high silicon figures. The silicon was present 
from reaction of the droplet with the quench media. Any reaction 
with the oxygen and formation of oxide phases would have occurred 
prior to any reaction with the silicone oil. The value of the 
silicon was removed from the figures and the iron and manganese 
figures adjusted to 100$ total. In the first sample the manganese 
figures are higher than expected, Table 116.

The second sample gives background manganese figures which 
are low; the manganese could have been removed from the sample by 
volatilisation whilst it was held in the levitation coil. The 
manganese profile is shown in Figs.105 and 106.

Fe-1.0$ Mn
A small chord section was traversed from edge to edge. The 

results are recorded in Table 117 and the manganese profiles 
illustrated in Figs.107 and 108.
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Fe-Q.25% Cr
The results from two areas of the same specimen are 

recorded in Table 118 and Figs.109 and 110. A small chord 
section was traversed from edge to edge in the first area examined. 
In the second area random analyses were taken from the surface 
and from the centre of the polished region. In the latter zone 
EDX analysis was performed using a spot beam (highly localised) 
and also a square beam where analysis over quite a wide area is 
taken and averaged by computation.

Fe-1.A6% Cr
The results of a few spot analyses are recorded in Table 119 

and Fig.111.

Fe-0.3% Si
The results of three spot analyses are given in Table 120.

The extent to which the reaction with the silicone oil affect the 
figures is not easily seen. This factor obscures the results of 
all the silicon alloy analyses.

Fe-0.75$ Si
The results of three spot analyses are given in Table 121. 

Fe-1.33$ Si
The results of a traverse across a chord section from the edge 

to the centre are given in Table 122.
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4*4* 2.2 VG Microlab Studies
4.4.2.2.1 Surface Analysis

The surface of a chord section was analysed in the VG 
Microlab. The specimen was Fe-1.46$ Cr and the section traversed 
was from the edge of the specimen to a hole in the interior of 
the specimen. It is shown diagrammatically in Fig.112. Seven 
equidistant points were analysed after the polished surface had 
been cleaned by iron bombardment. The results of the Positive 
and Negative SIMS analysis are shown in Figs.113 to I34. Analysis 
of the peaks from the figures for iron, chromium and oxygen are 
presented in Table 123 and Figs.135 and 136.

4.4.2.2.2 Depth Profiles
Three samples, namely Fe-1.0$ Mn, Fe-1.46$ Cr and 

Fe-1.33$ Si were investigated by depth profiling the oxide 
surface in both the positive and negative SIMS mode. Successive 
layers of material were removed by etching the surface by gallium 
ion bombardment and then analysing each layer revealed.

Fe-1.0% Mn
Two areas of the oxide surface were profiled and reported 

as RJMN1 and RJMN2. Penetration of the oxide film was not 
complete. The results are shown in Figs.137 to 144 and Table 124.

Fe-1.46% Cr
One area of the oxide surface was profiled and reported as 

RJ1P. Penetration of the oxide film was not complete. The results 
are given in Figs. 145 to 149 and Table 125.
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Fe-1.33% Si
Two areas of the cocide surface were profiled, one in the 

positive SIMS mode and the other in the negative SIMS mode.
As before, penetration of the oxide film was not complete. The 
results are given in Figs. 150 to 154 and Table 12b.

Fe-0.3$ Mn
To obtain an oxygen profile through a surface oxide a 

specimen with 0 .3 mass$ manganese and oxidised by falling 
through 100 cm air and reduced in hydrogen at 1150°C was examined. 
This is reported as D.92.3.P* Figure 155 shows the oxygen profile 
through the surface oxide.
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CHAPTER 5 DISCUSSION

5 .1 Accuracy and Errors of the Experimental Method
5.1.1 Temperature Measurement

The temperature measurements given by the platinum-platinum 
rhodium thermocouple in the temperature prob ,e gave reproducible 
results as established in Section 3*2.4* The emissivity of the 
iron was determined at 0.36 up to the melting point. This is in 
good agreement with recorded data^0-*) # The biggest margin for 
error was in the situation where fume condensed on the glass of 
the levitation chamber. However, with the technique adopted of 
allowing the droplet to freeze and remelt and noting the inflexion 
on the millivolt output of the pyrometer the final temperature of 
the droplet could be determined to probably within i 10°C.

5.1.2 Oxygen Analysis
The instrument used for the oxygen analysis claimed to give 

a sensitivity better than 1 ppm. Over the course of the project 
several hundred analyses were undertaken. By reference to the 
values obtained for the standard samples used to calibrate the 
instrument a more realistic sensitivity would be 20 ppm or
0.002 mass$. This value is still well within the scatter obtained 
on all groups of samples for each alloy system investigated.

5.1.3 Statistical Interpretation of Results
The results of the 50 cm fall in air and silicone oil quench

medium are examined in Appendix I. The limits for a 95$
confidence interval are given for the 'raw1 results and the same
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results normalised to 0.7 g droplet equivalent mass. The number 
of samples observed was 20. It can be seen from the spread of 
the results that to obtain a 99$ confidence interval the number 
of observations required was 32 and 25 for the ^aw* and normalised 
respectively. For a 98$ confidence interval the respective 
numbers were 8 and 6.

These figures refer to single points. In the final analysis 
the points were not examined as separate entities but were 
correlated in graphical form (Figures 56 to 81). Consequently 
not as many observations would be required for each individual 
point on the graph. The figures obtained for the 50 cm fall in 
air, quoted above, suggest that the values would be covered by 
the 98$ confidence interval. However, the number of droplets 
examined at each height of fall in most instances was lower than 
twenty so the 95$ confidence interval was chosen.

5.2 The Oxidation of Molten Iron Droplets in Air
5.2.1 Theoretical Considerations
5.2.1.1 Temperature Profile of a Free-Falling Iron Droplet

The tenperature profile associated with a droplet as it falls 
through the mass transfer column is of interest. Vig arri Lir ; 
estimated that the temperature of the droplet fell by 10°C during 
its fall of 17.8 cm in the levitation chamber and about 15°C in the 
oxidation chamber of 84 cm.

The temperature change of a falling droplet with height of 
fall was determined theoretically. The temperature will be 
affected in two major ways, viz:
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(1) thermal losses by convection and radiation, and
(2) thermal effects due to the enthalpy of the oxidation

reaction.
In isolation the first effect will result in a fall in 

temperature of the droplet whereas the second effect will result 
in a rise in the temperature since all of the oxidation reactions 
are exothermic.

The theoretical considerations and calculations are set out 
in Appendix II.

The results of the computer programmes are plotted in 
Figure 156. It can be clearly seen that the iron droplet was 
molten throughout its flight. Even with no heat of reaction added 
the droplets were still aprroximately 40°C above the freezing point 
of iron for the 120 cm fall in air. When the heat of reaction was 
added the fall in temperature was sharply arrested and the fall 
was only of the order of 14°C for a 0.7 g droplet falling through 
120 cm air. These values apply to the heat of reaction when FeO 
is formed; the heat liberated in the case of manganese and 
chromium would be fifty per cent higher and in the case of silicon 
seventy five per cent higher for the same oxygen values.

5.2.1.2 Model for the Oxidation of Iron Droplets
Since the oxidation of the liquid iron droplet involves 

reaction between the oxygen in the air and the liquid metal the 
following reaction steps should occur:
(i) transfer of oxygen to the gas/metal interface from 

bulk gas,
(ii) chemical reaction at the interface, and
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(iii) transfer of the dissolved oxygen to the interior 
of the droplet

When the reaction commences, the deoxidised iron and oxygen 
are in direct contact at high temperature. The chemical reaction 
rate is probably so high under these conditions that the overall 
rate is controlled by one of the transport processes (i) or (iii). 
Of these two transport processes, (i) is most likely in the 
initial stages as (iii), the diffusion of ions through the oxide 
film, may be important in the later stages of reaction.

To test this hypothesis, a mathematical model was developed 
to calculate the rate of mass transfer by forced convection from 
the gaseous phase to accelerating droplets. Using this model, 
the rate of oxidation of liquid iron was calculated assuming that 
the equilibrium value of partial pressure of oxygen at the inter­
face is negligible compared with that of the bulk gas. The model 
is developed in Appendix III. A number of differential equations 
were generated and these were solved by computer programmes. The 
results of the mahematical model are drawn in Figs. 157 to 164*
The figures clearly show that droplet size is an important factor 
in oxygen pick-up i.e. the smaller the mass of the droplet the 
greater the oxygen pick-up at any particular oxidation time, 
indicating that the oxygen concentration in a droplet is directly 
related to the surface area to volume ratio.

In the experiments carried out on the oxidation of iron drop­
lets it was found that the temperature of the droplet did not 
have a pronounced effect. The temperature of the droplets were 
kept, as far as possible at 1600°C. Small variations in tempera­
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ture, mainly within the band i 20°C, occurred. Vig and L u ^ ^  
performed their oxidation studies over a greater range of tempera*- 
tures and noted that the oxidation rate increased with increasing 
temperatures, however, this increase was also only small.

The results from the mass transfer model indicate that the 
effect of temperature on the oxidation rate is not great.
Increasing the film temperature from 800°C to 1600°C only increases 
the oxygen level from 0.04*/$ to 0.052$, after 0 .3 seconds or 1 metre 
fall in air, according to the model. Although the value of film 
temperature is incorporated in the formula there are a number of 
temperature dependent factors such as diffusion coefficient, density 
and viscosity of air which tend to outweigh the temperature effect.

5.2.2 Kinetics of the Oxidation of Molten Iron Droplets
The mathematical model generates an almost linear oxidation 

rate for iron. For the six values generated in the experimental 
arrangement the best fit for the results is a straight line.

The oxidation of free falling iron droplets as carried out by 
Vig and L u ^ ^  for the 1580°C and 1638°C temperatures are reported 
in Table 127. Adopting the same basis of normalising (see Section 
4.2.1) the oxygen pick-up for a 0.7 g mass equivalent droplet was 
determined from Vig and Lu!s results. Their figures were the mean 
of as many as ten values obtained by analysing quenched specimens 
reacted under the same conditions. They did not indicate the 
range of values obtained for each result quoted. Their normalised 
values are plotted in Fig.165. It can be seen that there is good 
agreement between their normalised values and the ones determined 
in this experiment.
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The residence time in the air was only up to O.35 seconds.
It has been noted^) that when liquid iron is exposed to an 
oxidising atmosphere the absorption process occurs in two distinct 
stages. The first stage is one of rapid absorption where the 
volume absorbed is dependent on oxygen pressure and gas/metal 
interfacial area. This stage involves rapid exothermic chemical 
reaction between oxygen gas and the melt. This gives way to a 
second stage observed to consist of two competing processes, that 
is, growth of the oxide layer and simultaneous dissolution of 
oxygen in the melt at the oxide-metal interface. Choh and Inouye' 
confirmed that oxygen absorption from the gas phase is represented 
by a model where most of the gaseous oxygen dissolves into the 
liquid iron through the oxide free interface although some oxygen 
forms iron oxide at the interface and this in turn dissolves into 
the liquid iron.

For this work, it is evident that the results obtained from 
the oxidation of iron in air relate to the first stage of rapid 
absorption and are characterised by a linear rate. As the droplet 
falls through the air, the deoxidised metal surface at 1600°C will 
absorb oxygen from the air. Chemical reaction rate under these 
conditions would be expected to be very high and transfer of 
oxygen to the gas-metal interface from the bulk gas or transfer of 
the dissolved oxygen to the interior of the droplet could be rate 
controlling.

The mathematical model predicts the rate of mass transfer by 
forced convection from the gaseous phase to accelerating iron 
droplets. Figure 166 shows the experimental results and those
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predicted by the model at 1600°C for droplets of 0.7 g mass for 
oxidation in air. The calculated rate line is of the same form 
and slope as the experimental line but lies below it. The 
experimental line is a factor of approximately 1 .6 greater than 
the line predicted by the model. Such a line is drawn in and it 
can be seen that the lines are almost coincident, just starting 
to diverge at the 0.2b level. The divergence can be explained 
on the basis that, as the droplets accelerate, the turbulence in 
the gas surrounding the droplet increases and consequently mass 
transfer to the droplet increases.

The increased rate of oxidation of the experimental values 
compared to those predicted by the model can be explained in terms 
of circulation within the droplet. Internal circulation can 
promote oxidation in two ways. Firstly, it has been shown^^ 
that internal circulation in liquid drops raises the effective 
diffusivity to a value equal to 2.25 times the molecular 
diffusivity. It is difficult to estimate mass transfer coefficients 
for the interior of a droplet because there is no way of knowing 
precisely the degree of circulation set up within the drop either 
during levitation or in free fall. Secondly, it is known that 
oxygen is surface active in molten iron and lowers the surface 
tension strongly(-^>^9). It is therefore quite feasible that in 
these studies, eddies in the metal may bring about sufficiently 
large local changes in surface tension for interfacial turbulence 
to be set up and promote mass transfer in this way.

The morphology of the oxidised iron droplets is shown in 
Plates 10 and 11. At low magnification the surface shows a
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rippled effect. This effect is shown in more detail in Plate 11 
where it can be seen that most of the surface presents a rounded, 
smooth effect. There are slight hollows in this topography where 
a second surface feature presenting a rough, more uneven type of 
oxide can be seen.

5 .3  The Role of Alloying Elements on the Oxidation Rate of 
Molten Iron Droplets

5.3.1 Thermodynamic considerations
The Gibbs Free Energy of a chemical reaction is a measure of 

the spontaneity of the reaction or the driving force behind the 
reaction and is a useful criterion when considering oxidising and 
reducing operations. The standard Ellingham diagram gives the 
standard free energies of formation of oxides i.e. the free energy 
for the conversion of the reactants into products, all components 
being in the Raoultian standard state of pure condensed phases and 
gases at one atmosphere partial pressure.

The free energy change under non-standard conditions, Ag, is 
obtained from the standard free energy change, Ag °, by the 
Vant Hoff isotherm:

Each of the alloy systems were examined and modified Ellingham 
diagrams generated. These gave a clearer indication of the 
oxidising potential of the alloy elements dissolved in iron. The 
theoretical considerations and calculations are set out in 
Appendix IV. The results are presented in Figs. 167-170 for the

AG = AG° + RT In j ^a products
\ ^a reactants
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systems MnO, Si02 and for the three systems relative to FeO.
It can be readily seen that in solution the elements only have a 
free energy value marginally more negative than iron. There is 
very little difference between the manganese and chromium oxides; 
the oxide of silicon does lie below these.

5.3.2 The Effect of Manganese on Kinetics of Oxidation and 
and Droplet Morphology

The oxidation behaviour of the three iron-manganese alloys 
investigated showed a very similar pattern to that of pure iron.
The initial rate of oxidation was higher for the iron-manganese 
alloys and the level of oxygen picked up by the droplets increased 
with increasing manganese content.

The iron-manganese equilibrium diagram, Fig.171, shows complete 
solubility in both the solid and liquid phases, and manganese 
(m.pt 12/,7,°C) forms an almost ideal solution in liquid iron 
(m.pt 1535°C). Manganese oxide MnO is thermodynamically much more 
stable than wustite, Fe-j_xO, at all temperatures and at 1600°C 
there is a difference in standard £ree energy of approximately 
195 kJ. However, it has been shown (Appendix IV) that when 
dissolved in iron, at the composition levels encountered in these 
experiments, the manganese oxide is only marginally more stable 
than pure wustite when oxidised in air (P02 = 0.2). At 1600°C, 
for the 0.5$ Mn, 0.7$ Mn and 1.0$ Mn dissolved in iron the Gibbs 
free energy differences are approximately 30, 40 and 50 kJ.

The reaction product between manganese and oxygen dissolved 

in liquid iron can be either a solid or liquid oxide, depending 
on the composition of the liquid and the temperature. At 1600°C
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the product is liquid with up to about 0.2 mass/6 Mn and is a
solid at higher concentrations^-^) #

In the Fe-0 system there exists a composition range in which 
two immiscible liquids co-exist in equilibrium, Fig.172. Iron is 
the primary crystalline phase in this region and the wustite-iron 
eutectic is on the oxygen side of the two liquid region. The 
Mr>-0 system probably has a phase diagram with a two liquid region^^) 

The system iron oxide-manganese oxide in air is shown in Fig. 173.
A very flat minimum appears on the liquidus and solidus curves and 
extensive solid solution formation takes place among the various 
oxides which are stable at temperatures below the solidus.

At the onset of oxidation of these iron-manganese alloys,
i.e. with up to 1% manganese, the oxide will separate out as a 
liquid phase while a large proportion of the metal is liquid. The 
manganese content would have to be considerably higher before the 
oxide phase separated out as solid FeO-MnO crystals. Hence the 
situation is very similar to that of pure iron. Oxygen both reduces 
the surface tension and viscosity of iron and will assist in pro­
moting intefacial turbulence. Manganese has a negligible effect 
on surface tension^^*^. Compared to the iron droplets, the only 
major difference is the presence of manganese in the iron with a 
greater chemical potential for oxide formation.

EDX Analysis carried out on a small chord section of a 
Fe-0.3^ Mn and on a section of a Fe-1.0$ Mn sample showed a change 
in the manganese profile across the specimens, Figs. 105 and 107.
In the case of the 0.3 rnasŝ  Mn sample, the manganese level in the 
zone adjacent to the oxidised edge was increased. For the 1.0 mass$
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Mn sample, the manganese level in the iron, again in the zone 
adjacent to the oxidised edge, had been reduced. It was evident 
that some migration of manganese in these regions had occurred. 
This migration could occur in two ways. Firstly, by diffusion 
in the iron-manganese alloy. Secondly, depletion of the sub­
surface layers of the alloy could occur by evaporation of manga­
nese or a combination of both processes. It has been reported
that at low oxygen concentrations and high manganese contents,

(67)evaporation occurs . This condition was possible in this work 
when the droplets were held molten in the levitation coil under 
hydrogen gas. Further, the manganese level in the oxide film 
formed on the surface was considerably higher than the initial 
alloy composition (Table 124). It must be noted that the actual 
manganese and iron concentrations were considerably higher than 
the figures quoted in Table 124• The figures, taken from Figs.140 
and 142, were distorted by the presence of silicon (present due to 
interaction of the drcplet with the silicone oil quenchant). The 
important factor was the TFe/Mn ratio. For a 1% Mn alloy the 
original ratio was 99 8l, However, from SIMS analysis, the ratios 
in the oxide were between 2.1:1 and 0.4:l(Table 124). The highest 
ratio was 2.1:1 at the air-oxide interface. It is well known that 
between 700°C and 1200°C iron oxidises in air to give a sequence 
of three layers(^13)# ^he inner wustite (Fe-j_xO) occupies about 
0,95 of the thickness, intermediate magnetite (Fe^O^) with the 
spinel structure about 0.045, and outer hematite (Fe20 )̂ with the 
rhombohedral structure about 0,005. The ratio of 2 Fe(Fe20^) to 
1 Mn(MnO) is 2.02:1; the ratio of 2 Mn to 1 Fe is 0.50:1. This
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suggests a qjinel structure between (FejMn^O^ and (Fe,Mn)0 
occurs immediately behind the air/oxide interface. Beyond this 
region the Fe/Mn ratio is approximately 1:1 and is indicative of 
(Fe,Mn)0 oxide. The oxygen profile, Fig.144, only extended to 
one third of the depth analysed for Mn and Fe. After the initial 
surface contamination the oxygen profile was constant.

The oxide film on the surface of the Fe-0.5$ Mn droplet,
Plate 14, appeared two-phased. The dominant feature was the stria 
which appeared directional. However, amongst the stria were 
pockets of an oxide with a wavy texture. Plate 15, at higher mag­
nification, shows this in more detail. A mounted ar*3 sectioned 
sample shows a region of porosity behind the surface, Plate IB.

The duplex nature of the oxide on the surface of a Fe-0.7$ Mn 
droplet is shown in Plate 20. The striated surface is not evident 
now and is replaced by the *sif! pattern more resembling the pure 
iron specimen.

The 1.0$ Mn sample shows some of the stria similar to that of 
the 0.5$ Mn sample, Plate 24. At higher magnification the oxide 
appears to be duplex in nature, Plate 25.

The oxide formed on the surface of a molten metal must be 
amorphous in nature since a molten metal can only offer short range 
order. Further the melt is cooled very rapidly and it is unlikely 
that the constituent atoms have time to rearrange into a crystalline 
structure having long range order and no extensive network 
structure. Crystallisation of the oxide film will probably be 
related to the metal structure immediately beneath it on cooling.
In this type of oxide no large channels are likely to exist for 
anion transport and the cations would be only weakly bound. Hence
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cation transport is to be expected in this type of film. This 
is borne out by the SIMS analysis of the Fe-1,0$ Mn sample.

The formation of the oxide in all cases took only a fraction 
of a second and the addition of up to 1$ Mn to iron did not 
appreciably alter the morphology. The main effect of increasing 

additions of manganese was to reinforce the duplex nature of the 

oxide, namely wustite and spinel type oxides; it has been reported 
that manganese stablises wustite^^"^.

5.3*3 Effect of Chromium on kinetics of Oxidation and 
Droplet Morphology

The oxidation behaviour of the four iron-chromium alloys was 
markedly different from the behaviour of pure iron and the iron- 
manganese alloys and the behaviour was different within the group 

itself. In general the level of oxygen increased with increasing 
chromium content up to the 0.8$ Cr level. The initial rate of 

oxidation was also much higher again to the 0.8$ Cr level when 
compared to iron. At the 1.4-6$ Cr level there was a decrease in 

the initial rate, Fig.75.
The iron-chromium equilibrium diagram shows complete solubility 

in both the solid and liquid phases, Fig. 174, and chromium forms 
an almost ideal solution in liquid iron. Chromium oxide, C^O^, 
is thermodynamically more stable than wustite Fe-j_x0 at all tempera­
tures and at 1600°C there is a difference in standard free energy 
of approximately 160 kJ mol”^ oxygen. However, when dissolved in 
iron, at the compositions!*! these experiments, the chromium oxide 

is only marginally more stable than wustite when oxidised in air.

At 1600°C, for the 0.17$ Cr, 0.25$ Cr, 0.80$ Cr and 1.46$ Cr 

dissolved in iron the free energy differences are approximately 

35, 45, 65 and 75 kJ.
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The phase relations in the system iron-oxide-C^O^ in air 
are shown in Fig.175. The notable features of the diagram are 
the marked increase in liquidus and solidus temperatures with 

increasing C^O^ content, and the strong stabilising effect of 
on the corundum type structure of hematite relative to the 

spinel type structure of magnetite.
Oxygen reduces both the surface tension and viscosity of 

iron. Chromium has little effect on surface tension and it is 
not altered by to several per cent addition of Cr(-^2) # The 

viscosity of iron is lowered with additions of Cr up to^l$ Cr 
after which the viscosity starts to rise again^**^, Fig. 176.
It wasnoticed that the lowest Cr alloy, Fe 0.17$ Cr, generated 

spherical droplets, the 0.25$ Cr droplets generated prolate 
spheroids and the 0.8$ Cr and 1.4-6$ Cr droplets generated prolate 
spheroids with diameters greater than the 0.25$ Cr samples in 
general. This change of shape could have a two-fold effect. First 
of all, the oblate shape would give an increased surface area 
available for oxidation. Secondly the drag forces on the droplet 
would be increased and this would increase the residence time in 

the oxidising atmosphere. Both factors would contribute to an 
increase in the oxygen content of the droplet.

ESX Analysis of traverses across polished droplets showed an 

increase at the surface in both the Fe-0.25$ Cr and Fe-1.4-6$ Cr 
samples examined. In the case of the 0.25$ Cr (Table 118) samples 
examined, surface analyses came out at about 0.5$ Cr, and in the 
case of the 1.46$ Cr sample examined (Table 119) the surface 
analysis came out at about 2.1$ Cr.
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The SIMS analysis of the section of a 1*4-6$ Cr sample 

(Figs. 135, 136) from a surface to the edge of a hole in the drop­
let revealed some important details. The chromium levels 
increased, at the surface and at the edge of the hole. The actual 

surface values could not be determined accurately since the obtuse 
angle of the surface scattered the electrons and these were not 
picked up by the detector.

Immediately behind the surface the chromium and oxygen counts 

were increasing. However, the chromium and oxygen levels at the 
hole were also high indicating that the droplet had been oxidised 
internally. Oxidation could only occur at a surface of the 
droplet which, in turn, had been folded in towards the centre.
This could only occur by the droplet changing shape during its 
fall. D e s f o r g e s ^ ? )  noted a similar effect, although in Fe-3$ Si 

droplets whilst falling through 80 cm air.
SIMS analysis of the oxide surface on Fe-1*46$ Cr alloy 

(Table 125) showed an Fe:Cr ratio of 2.3 si immediately at the air- 
oxide interface and 0.4:1 and 0.5 si well into the oxide. The 

ratio of FesCr from atomic masses is 1.08sl suggesting the surface 
is 2 Fe atoms si Cr atom. The ratio of FeO to C^O^ gives a ratio 

of Fe/Cr of 0.53si.
Chromium dissolves in the alloy phase and in the spinel 

oxide but does not dissolve appreciably in wustite. Alloying 
elements that do not dissolve in wustite but do alloy with iron 
and dissolve in spinel, e.g. Cr, lower the thermodynamic activity 
of iron in the alloy and in the spinel relative to w u s t i t e . 
With sufficient chromium added, wustite can be avoided entirely, 

but lesser amounts of chromium reduce the stable range of concen-
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tration of wustite and reduce its growth rate correspondingly.
Examination of the morphology of the Fe-Cr alloys showed an 

interesting sequence, these are shown schematically in Fig. 177. 

Plate 28, which is the oxide on the Fe-0.17$ Cr alloy revealed 
a duplex structure. The structure appeared as rounded smooth 
islands of oxide, evently distributed, standing in a matrix of 
finer wavy oxide. Analysis revealed that the rounded areas were 
low in chromium, suggesting this was wustite, Fig.l77(i).

This £EM micrograph revealed the first stages in the 
simultaneous growth of the two immiscible oxides FeO and 
The chromium oxide is more stable than the wustite but the 
wustite grows faster.

The SEM micrograph of the Fe-0.25$ Cr, Plate 31, showed the 
same duplex structure as in the previous alloy. The rounded 
wustite phase stood even more proud from the surface. Figure 

177(ii).
There was a marked increase in oxygen level in this alloy 

compared to the 0.17$ Cr alloy which in turn showed a marked 
increase in oxidation rate over pure iron. Pure iron oxide is 

95$ wustite and a large volume of these Fe-Cr alloy oxides was 
wustite. The second phase was C^O^ spinel and, because Cr has 
a higher valency than iron, there would be an increased oxygen 
level associated with the spinel. Further the cation vacancy 
level in wustite is of the order of 10$; it is possible that 
there may be some doping of the wustite by Cr3+ but SEM analysis 

suggested that the chromium level in the wustite was low. If 
this process occurred it would yield a higher oxygen level. How­

ever, it is difficult to relate the large increase in oxygen in
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in these samples to the above mechanism. It is more probable 

that surface distortion and oscillation in flight brought about 

the increase in surface area to generate these oxygen levels.
The Fe-0.8$ Cr micrographs revealed a variety of spheroid 

sizes of wustite in a matrix of spinel. There are a number

of possibilities for the formation of this structure. It is 
probable that with the higher chromium level in the alloy, the 
spinel would cover a larger surface area and the wustite growth 
would be localised, Figs.l77(iii) and (iv).

It has been reported that fractures that extend through an 

oxide film, exposing fresh alloy directly to the air, are more 
frequent when spinel is the fastest growing phase than when wustite 
is the fastest growing phase^*^) After depletion of chromium 

from the metal adjacent to the spinel the surface composition may 
support wustite nucleation and growth. Such a sequence of events 
is shown in Figs.l77(v) to (vii).

In the Fe-1.46$ Cr alloy the structure was uniform, Plate 34? 
and the smooth rounded wustite phase was absent. From the SIMS 
analysis this suggested that the spinel covered the surface.
Surface irregularities had been removed and the surface oxide had 
formed a closely knit network which reflected the surface under­
neath. With the absence of the faster growing wustite phase the 
surface was now covered with a uniform thin covering of spinel,
FeO, 0^ 03. Under these conditions the level of oxygen associated 
with the oxide film was reduced.
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5.3*4 The Effect of Silicon on the Kinetics of Oxidation and 
Droplet Morphology

The oxidation behaviour of the three iron-silicon alloys 
investigated showed a very different pattern to the other systems 

considered. The behaviour of the Fe-0.3% Si alloy was similar to 
that of iron but with an enhanced oxidation rate. The higher 
silicon alloys, namely Fe-0.75$ Si and Fe-1.33$ Si showed a 
completely different behaviour; after an initial oxidation period 
the rate was reduced to zero and no further oxidation occurred.

The iron-silicon equilibrium diagram shows that' alloys have, 
complete liquid solubility at 1600°C, Fig.178, for the alloys 

investigated and silicon shows pronounced negative deviation from 
Raoults* law at this temperature. Silicon oxide SiC^ is thermo­
dynamically much more stable than wustite Fej-xO at all tempera­
tures and at 1600°C there is a difference in standard free energy 
of about 260 kJ. However, when dissolved in iron, the free energy 
difference is much reduced. At 1600°C, for air, for the 0.30$ Si,

0.75$ Si and 1.33$ Si dissolved in iron the free energy differences 

are 74, 91 and 100 kJ respectively.
The Fe-Si-0 system is complicated especially when considering 

the silicon dissolved in the iron. At the iron rich surface the 

condensed phases during oxidation would appear to be wustite and 
silica, Fig.178. Both have negligible solubility in each other.
At the air-rich surface there is a tendency for the higher oxides 

of iron to form as well as silica.
Silicon lowers the surface tension of iron at 1600°C^^“̂  

and silica lowers the surface tension of wustite(-^2)# Compared 

with the other systems considered, silicon is tetravalent, and 
silica is the most stable oxide.
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Silicon forms three dimensional random networks having five 

or six member rings. Within the silica structure cations should 

be tightly bound because the oxide bond strength is very high.
EDX Analysis of small chord sections for Fe-0.3$ Si,

Fe-0.75$ Si and Fe-1.33$ Si samples all showed an increase in 
silicon content of the surface compared to the interior. However, 

as the extent of contamination by quenching into silicone oil 
could not be determined no attempt has been made to evaluate this 
effect. SIMS analysis of the surface oxide on a Fe-l.33^ Si 
sample oxidised by falling through 1 m of air at 1600°C is given 

in Table 126. Most of the results gave a Fe/Si ratio of O.33.
This was a mass ratio, and when adjusted for relative atomic 
masses, this gave an atomic ratio of about 6 silicon atoms to each 
iron atom in the oxide film. The corresponding oxygen profile was 
constant through the oxide apart from the surface contamination,

Fig. 154*
Examination of the morphology of the oxide surfaces on the 

Fe-Si alloys showed surface features quite different to the 
previous alloys systems examined. Plates 38 and 39 show the 
details typical of the Fe-0.3$ Si droplets. The overall affect 
at low magnification was a smooth network of oxide over the 
surface. However, at high magnification, the oxide does stand 
out in relief over the sub-surface. It can clearly be seen that
the oxide was not continuous " It will have been a continuous liquid 
phase when originally formed on
the droplet. It is well known that the network formed by silica 

is broken down by the addition of a basic oxide. The basic oxide 

enters the network and separates the corners of two tetrahedra.
It has been suggested^^ that discrete SiO^” units for liquids
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more basic than the orthosilicate (2 FeO.SiC^) composition 

(i.e. when sufficient oxygen ions are available to satisfy all 

the charges on the Si4+ ions) are replaced by two dimensional 

chains and rings and so on up to the three dimensional network 
of pure silica.

Although the first alloy only contained 0.3$ Si the 
oxidation rate was continuous and linear over the oxidation period 
investigated. It would seem that the silica network is broken 
and there would be oxidation of both silicon and iron. At the 
orthosilicate composition all silica tetrahedra links would be 
broken and this would give an oxygen:silicon ratio of 4:1. The 
value of this ratio would fall to 2:1 at the silica composition.
It was concluded that at 0.3$ Si in iron, the network formed would 

again be broken and as such would have the capacity to take up oxygen, 

hence a .linear rate of oxidation in excess of that of pure iron 

would result, Fig.179. This is confirmed by the results, Figs. 57 

and 77.
The Fe-0.75$ Si alloy, Plate.41? showed similar morphology to 

the Fe-0.3$ Si alloy but this time the surface oxide was much 
finer. The broken " r  structure had disappeared and 
discontinuities in the oxide film were less and very small, 
suggesting almost 100$ coverage of the surface by oxide film. The 
morphology fitted in with the oxidation figures. After an initial 
oxidation period of the surface, the surface was covered by an 
impervious oxide film. Under these conditions the metal surface 

was isolated from the oxidising atmosphere. These droplets were 
intermediate between spherical and prolate spheroid.

The Fe-1.33$ Si alloy droplets, Plates 44 and 45, were almost 

identical to the previous alloy composition with total coverage of
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the droplet surface by a dense oxide 1matting’. Examination at 

higher magnification showed the dense nature of the oxide 
completely covering the droplet surface. The two lower silicon 
content alloys in flight formed prolate spheroids, whereas the 

Fe-1.33$ Si alloy droplets remained spherical.
The oxidation behaviour of these iron-silicon alloys at 

1600°C is in conflict with other authors. Emi and Pehlke^^), 

from their work, concluded that the formation and growth of an 
iron oxide layer on the surface of iron-silicon alloys were not 

significantly affected by the presence of silicon up to
i.e. enrichment of silica in the iron oxides formed was not 
marked when silicon concentrations in the melt were limited.

They noted that for higher silicon concentrations selective oxidâ - 
tion of silicon took place to form a silica enriched oxide layer 
on the melt surface. Oxygen pick-up, in their system, suddenly 

decreased for pure-oxygen-Fe-Si system at about 4$ Si. Robertson 
and Jenkins(US) observed a transition in reaction behaviour from 

burning to passive at about 3 .6 pet. Si for pure oxygen- Fe-Si 
systems at 1660°C. B a k e r d r o p p e d  different sized droplets 

of Fe-Si-C alloys through oxygen. The silicon removal curve 
suggests initiation of selective oxidation above 3$ Si. All the 
above experiments were carried out in pure oxygen atmosphere.
The fo r m e r (73? 118) used a stagnant pool of metal. Only Baker 

approached the conditions prevailing in this experiment. The 
different roles of pure oxygen and carbon in the droplet is 

difficult to assess. However, the results of 46 Fe-Si droplets 
in this work confirm that some degree of passivation occurs at 

about 0.75% Si- in iron. The droplets used in this experiment
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were much larger that those in Baker’s experiments. Further, 
there was vigorous stirring within the droplet at the point when 

it fell from the wire. It is clear that the level of silicon in 

the oxide is very much greater than in the original metal. The 
stirring would certainly enhance the diffusion rate and under 
these circuj^tances would have maintained a constant renewing of 
silicon in the metal at the metal/oxide interface. Desforge^?) 

in his work noted that Fe-Si droplets burned brightly when fall­
ing through oxygen. With a Fe-9$ Si alloy, he found it was not 
possible to oxidise alloy droplets under any conditions up to 100$ 
oxygen. The droplets had uniform bright surfaces and there was a 

marked increase of silicon content in surface, with the silicon 
content of the shell varying from 35-45$. It should be noted that 
Desforges^^ quenched into water which would alter the surface 

oxidation conditions appreciably. However, the effect of silicon 
from the silicone oil cannot be satisfactorily accounted for in 
this work.

5.4 The Role of Alloying Elements On the Reducibility of 
Oxidised Iron Alloy Droplets

5.4*1 Thermodynamic Considerations
In the industrial process, the reducibility of oxides, formed 

in the powder production stage, by hydrogen during the sintering 
process is of paramount importance in relation to the properties of 
the final product.

The reducibility of an oxide is related to the H ^ ^ O  ratio in 

equilibrium with the oxide and the metal:

MeO + H2 t Me + H20
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By consideration of the hydrogen/water vapour ratios at a 

particular temperature the extent of reduction (or oxidation) of 

a specific metal oxide (or metal) can be determined. These ratios 
were determined from dewpoint measurements and the analysis is 

given in Appendix IV. The Hg/HgO ratios were drawn on the free- 
energy temperature curve for the different alloy systems, Fig.180. 

The equilibrium gas composition versus temperature for the iron- 
hydrogen-oxygen system is reproduced in Fig. 181. The reduction 
of magnetite and wustite at temperatures below 650°C is shown to 
be thermodynamically possible.

5.4.2 Reduction of Oxidised Iron Droplets
The main objective was to determine the extent to which the 

oxides which had formed could be reduced and to determine the 

residual oxygen. In this work, reduction of a thin coherent oxide 

film on the surface of a droplet, generated whilst the droplet was 

molten, was the subject of examination. Hydrogen flow rate can 
have a profound effect on the rate of reduction of iron oxides^"^. 
Throughout all the tests the hydrogen flow rate was maintained at 
one litre per second. The rate of heating in hydrogen was main­
tained constant throughout these tests; the maximum temperature of 
1150°C (the industrial powder sintering temperature) was also 
maintained throughout the reduction investigations and the time 
at 1150°C was one hour in most cases.

When oxidised droplets of iron were reduced, the oxygen level 

was reduced from about 0.08 mass$ to give a final oxygen figure 

of about 0.04 mass$ (for 0.7 g droplets), Figs. 84 and 85. The 
temperature for the onset of reduction was probably of the order
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of 800°C, although one sample showed the possible onset as low 

as 680°C. Most of the reduction had occurred during the heating 

up period and very little reduction took place at 1150°C.

The SEM micrographs of the reduced iron droplets are shown, 

Plates 12 and 13. At low magnification it is possible to see the 
1 sif* type of topography even though the surface layers have been 

removed. A feature of these reduced surfaces was the formation 
of pits and the faceted nature of the reduced surface. Turkdogan 

and Vin t e r s ^ ^  during the hydrogen reduction of hematite ore 

observed faceted surfaces on the reduced iron; they considered 
the reduced iron required a sufficient level of oxygen in solid 
solution to give rise to faceting since the feature disappeared 

on longer anneals (l to 3 hours at 1200°C). Apart from the pits 
in evidence, it would appear that removal of the oxide film has 
been fairly uniform. If the oxide formed on the surface of the 

molten iron is compact, then the reducing hydrogen molecules can­
not penetrate the oxide layer to any appreciable extent and 

consequently reaction can initially occur only at the oxide surface. 
However, as the reduction progresses and oxygen atoms are being 
removed from the oxide lattice, an interstitial microporosity is 
created through which the hydrogen can diffuse and reach the 
oxide molecules beneath the surface layer. However, it cannot 

advance any further, because its diffusion, across the coherent 
oxide layer, can occur only by movement of atoms or ions, both of 
which are relatively slow processes.

Since wustite constitutes the major iron oxide formed then 

reduction of wustite should give a uniform rate of removal of the 

oxide film. Reduction of Fe^O^ would proceed at a similar rate to
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the wustite since both magnetite and wustite have fee structures,

the lattice change from Fe^O^ proceeds with no volume

change and no distortion to the oxide film. However, reduction
of FeJD. to Fe„0, involves different structures and leads to a 2 3 3 4-
25^ increase in volume(^^0) opens up the structure, albeit in
his case on single crystals.
Reduction of ^ron *s faster than magnetite and wustite
and this could give rise to the ^its1 in an otherwise uniform 
oxide field of wustite. A possible mechanism is schematically 
shown in Fig.182. The mechanism relies on an initial faster 

reduction of the Fe20^ phase and the production of an iron phase 
locally within the pit. This in turn generates a local oxygen 

diffusion gradient. Reduction is rapid at the Fe/FeO-hydrogen 

interface leading to a deepening of the pit. The mechanism is 
hypothetical but it does offer an explanation of the number of 
small isolated pits found in the reduced oxide surface.

5.4* 3 The Effect of Manganese on the Reduction of Oxidised
Alloy Droplets

Six iron-manganese droplets were reduced in hydrogen. The 
oxygen levels in the six samples were reduced, in each case, by 
about 0.05 mass^ (compared to 0.3-0,4 mass$ for iron). Two samples 
Figs. 87 and 90 were reduced to a final oxygen level of about 
0.03 masŝ o and two were reduced to a final figureof about 0.05 
mass% oxygen, Figs. 86 and 91. The original oxygen levels in the 
droplets were inceased by the addition of manganese to the iron, 

Figs.57 and 65. Onset of reduction in these alloys appeared to 

commence at about 800°C, aporoximately the same temperature for 

iron. However, the manganese alloys were characterised by a
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faster reduction rate over the heating range 800°C to 1150°C.

The main feature of the Fe-O.5% Mn samples, Plates 16 and 17, 
are the large number of pits which are in evidence. The pits are 
relatively close together and in places have joined up to form a 
surface crack. It has already been noted that FeO and MnO are 
miscible in all proportions in the liquid state; further, MnO 
also forms a continuous solid solution with wustite. Hence the 
oxidation and reduction characteristics would be expected to be 
not too disimilar to that of iron. SEM and SIMS analysis have 
indicated that there were concentration gradients of manganese 
within the metal and preferential consumption of manganese by the 

growing oxide. On reduction of the oxide there would be a 

manganese-rich layer at the surface. Manganese has a relatively 

high vapour pressure and under the conditions of low oxygen poten­
tial at 1150°C during the reduction process some removal of 

manganese via the vapour phase could occur. The pitting of the 
surface, as seen in the pure iron droplets, plus manganese 
removal could enahnce the formation of pits in the surface.

The Fe-O. 7$ Mn alloy at low magnification, Plate 22, revealed 
a two-phase structure, of smooth rounded areas set in a more uneven 
matrix, Plate 22. The phases were indicative of wustite and 
spinel-type structures. Both were in evidence in the as-oxidised 

samples. Removal of the oxide phase appeared to be more uniform 
in this alloy but higher magnification revealed the presence of 
small pits in the spinel-type structure. The detailed micrograph 

also revealed what appears to be the emergence of the metal phase 

(small, isolated white particles) from the oxide.
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Fe-1.0^ Mn alloy was characterised not only by a large 

number of pits in the oxide film but also by extensive cracking 
of the film which seems to follow grain boundaries, Plate 26.

Increasing the manganese level in iron to 1% markedly reduces the 

solubility of oxygen in iron^121\  Rejection of oxygen by the 

metal will reinforce the oxide film but it also suggests a dis­
continuity at the oxide-metal interface. The manganese droplets 
retained an almost spherical shape throughout the experiments; 

oxidation would provide a thin oxide shell around a metal core.
The oxide film, also fluid during its formation, would freeze 

along with the metal when quenched. If the oxide formed is 
assumed to be FeO or MnO the thickness of the oxide film can be 

readily calculated. For a one metre fall in air the oxide film 
thickness would be of the order of 3 microns. Such a thin film 

would form a coherent surface oxide on cooling. During heating, 
at the hydrogen reduction stage, the oxide film would be likely 
to crack due to the greater coefficient of expansion of the metal 
relative to the oxide (a metal/ot oxide = 1.25 for the Fe-FeO system^122)) #

5.-4*4 The Effect of Chromium on the Reduction of Oxidised 
Alloy Droplets

The final oxygen figures for the reduced droplets over the 
complete alloy range gave a discernable trend, viz: the higher the 
initial oxidation the higher the final oxygen value. Generally 

the onset of reduction was in the range 80O-850°C, somewhat higher 

than for the manganese alloys. The other point of note was that 

most of these alloys continued to be reduced at 1150°C whereas the 

pure iron and iron-manganese alloys had generally ceased to record
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a weight loss after 1150°C. The highest chromium alloy, Fe-1.4-6^ 
Cr, was not oxidised to the same extent as the lower chromium 
content alloys and the final reduced level was considerably lower.

Plate 29 revealed that the wustite areas of the Fe-0.17$ Cr 
oxide had been reduced and much of the chromium oxide had been 
reduced as well. There were a few pockets, reduced in size, of 
the sesquioxide and the formation of pits in the surface was in 

evidence. In H2/H2O mixtures 0^0^ can be reduced at 14.00 K if 
log (PH2/PH2O) = 3 * 2 9 ^ ^ ,  i#e* up to 500 ppm water vapour in the 
hydrogen, Plate 29 suggests that reduction of wustite and the 
spinel phase were concurrent with the mechanism shown schematically 

in Fig.183. Plate 29 suggests that the spinel resides in pockets 
in the wustite. Examination of the plate revealed a large number 

of hollows in different stages of advancement. In some the spinel 
had disappeared and a rounded gentle hollow resulted. Others 
showed hollows of varying depth with spinel in residence; these 
tended to confirm a mechanism similar to that suggested in Fig.182. 
However, this evidence was in conflict with the work of 
Gurevich et a l ^ ^ O  who reduced a mixture of iron and chromium 
oxides in hydrogen at temperatures up to 1500 K. They concluded 
that at 1100°C the reduction of the oxide mixture was:

Fe~0, — FeO —  Fe

(Fe-Cr)FeO

Cr_0,

They did admit that simultaneous reduction of iron and 

chromium oxides could occur at higher temperatures (not specified).
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Plate 32 showed the nature of the surface of the Fe-0.25$ Cr 
alloy after oxidation followed by reduction in hydrogen. This 

specimen had been oxidised by falling theough 50 cm air. The 
original oxide film would be relatively thin and the micrograph 

showed the surface in an ’advanced* reduced stage. The wustite/ 
spinel type of oxide had been completely removed. A few pits left 
in the surface and a number of grain boundaries were in evidence 
and a large number of ’rosettes’ could be seen. These are 
characteristic of iron formation from the reduced oxide(^9).

Plate 37 showed the structure of Fe-l.46^ Cr after it had
been oxidised in 100 cm fall through air at 1600°C followed by
reduction in hydrogen. The oxide was still evident with holes or

(123}depressions formed in it. Gulbrausen and Jansson concluded

that Cr(g) may exert its vapour pressure when Cr^s  ̂ or an alloy 

containing Cr is covered by an oxide layer of Thermo­

chemical data gives a value of log PCr to be ^ -7 at 1150°C.
Plate 36 showed the reduced structure of a droplet of Fe-l.4.6^ Cr 
which had been originally oxidised by a 50 cm fall through air at 
1600°C. The original oxide film would not be so thick and 
consequently the structure revealed was almost denuded of oxide.
A massive crack was evident in the surface. The crack may have 
been generated in the heating or cooling in the hydrogen furnace 
when it was possible that stresses would be set up in the brittle 
oxide layer. Adherence of the oxide to the alloy beneath may have 

been affected by composition change or by change in interfacial 

morphology. Chromium also has a volume oxide to volume metal ratio 

of 2.03:1 and increasing amounts of chromium in the alloy could 
generate stresses within the oxide from volume increase.
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5*4*5 The Effect of Silicon on the Reduction of Oxidised 
Alloy Droplets

Four iron-silicon alloy droplets were reduced in hydrogen.
The O.35S Si alloy was reduced to just below O.O4 mass^ oxygen 
whereas the higher silicon alloys, which had formed a passive film, 
were reduced to very low oxygen levels. The onset of reduction 
in the silicon alloy range was between 900°C and 930°C, these 
temperatures being higher than the other alloy systems considered 
and in accordance with the thermochemical data presented for the 

stability of the alloys (Section 4.2.5).
The Fe-0*3$ Si alloy reduced in hydrogen, is recorded in the 

SEM micrograph, Plate 40. The silica network was still evident 

and there was little change from the oxidised state in the morphs 
ology of the droplet. The appearance of a number of small pits 

was evident. The Fe-0.75$ Si droplet which had been oxidised 
and reduced is shown in Plates 42 and 43* The fine network of 
oxide had disappeared and a large number of holes perforating the 
reduced oxide film were in evidence. The surface, when shown in 
detail, exhibited a mottled effect which looked like sub-surface 

blisters. The oxide film appeared to be very thin in places.
When the Fe-1.33^ Si alloy droplet, after oxidation, was reduced, 
the fine oxide network had disappeared to give a very irregular 
surface. Enlargement of this area as revealed in Plate 47, showed 
stratified nature of the surface after exposure to hydrogen at 
1150°C. The surface had effectively been”thermally etched” with 

the removal of metal as well as the oxide film. Thermocheraical 

data suggests that hydrogen having a water vapour concentration 
of % 100 ppm and a dewpoint of -40°G, then the &L0(g) pressure at
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1150°C is of the order of 1CT^ atm. Hence transfer of silicon 
and oxygen would result at this tenperature under these condi­

tions. Further it is difficult to reduce SiC^g) to S i ^  at 
1150°C in hydrogen since the equilibrium gas mixture has a log 

-6 i.e a dewpoint between -60 and -70°C. Such gas 

mixtures are very difficult to maintain in practice. Hence, 

reduction of the silica has occurred by vaporisation of SiO(g) 
which has reduced the oxygen level to very low figures and left 
the surface in a highly active state.

5.5 Practical Implications
The oxidation and reduction processes revealed for the binary 

systems provide an insight into the differing behaviour of the 
different components in the systems. The oxidation kinetics are 
very dependent on the alloying element present in the iron.

When manganese is added to iron, in additions up to 1 rnasŝ , 
the oxygen pick-ip is directly related to the amount of manganese 
in the iron and to the residence time of the droplet in air. This 
would have the consequence of promoting highly oxidised powders in 
atomisation directly related to the manganese content. When 

considering the iron-chromium system, additions of chromium at 
modest levels i.e. ip to 0.8 mass^, results in a large increase in 
oxygen pick-up, hence resulting in severe oxidation of atomised 
powders in this range of composition. However, on further increasing 
the chromium to the I.4.6 mass% level, there is a reduction in the 
amount of oxygen picked up in air. This change coincides with a 
change in the nature of the oxide on the surface. Consequently, high 
chromium alloy powders would not present the same difficulties as 

those with a lower chromium content. It is evident that small
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amounts of silicon in iron increase the oxidation rate. Normally 
the levels of silicon in iron powders are low, silicon not being 

added as an alloying element but being present only from the 
original ore or being added as a deoxidation element in the 

refining process. This work has shown that increasing the silicon 

level to about 0.75 mass* results in a passive film being formed 
at the surface and further oxidation is stifled. Clearly there is 
scope for using high silicon alloy powders as a result of these 
findings, e.g. the fabrication of iron-silicon low hysteresis 
alloys by powder rolling route is a possibility.

It has been shown to be possible to reduce the oxygen level 

in the droplets to levels comparable with those in reduced iron 

droplets in the iron-manganese system. However it would appear 
that the final oxygen figure is related to the original oxygen 

figure, the higher the initial value the higher the final value. 
This may cause problems because of the volume changes occurring 
during the reduction of the compacts. As the reduction the oxide 
phases formed on the higher chromium alloys appears to be easier 
at 1150°C, when compared to lower chromium alloys, and lower 
oxygen values can be attained, use of higher chromium levels to 
promote hardenability in powder compacts could be beneficial £rom 
the point of view of surface oxide reduction provided the problem 
of inclusion content is not severe. With the appropriate dewpoint, 
reduction of oxides formed on iron-silicon alloys, with relatively 
high silicon contents, in hydrogen at 1150°C can be achieved 

leaving the surface in an active state. If levels of silicon of 

the order of 0.75 mass$ can be tolerated in an alloy without other 

deleterious effects, its presence may be beneficial to the sintering 

stage.
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The evidence presented suggests that all the binary iron 

alloys can be effectively reduced in hydrogen at 1150°C. It is 
important to note that the threshold temperatures for reduction 
vary for the differing alloying elements. Manganese and chromium 
oxides in iron have a threshold temperature about 800°C whereas 
silicon oxide in iron has a threshold temperature at about 900°C. 
This suggests that in the event of short term treatments, 
reduction of manganese and chromium oxides would be more attainable 
than reduction of silica. The temperature at which onset of 

reduction occurs is directly related to the free energy of forma­

tion of the oxide phase of the alloying element dissolved in iron. 

With a standard heating time in hydrogen the extent of removal of 
the oxygen is related to the initial oxygen level of the droplet.

The industrial process is clearly more complex since 
compaction of the powder particles will result in surface dis­

ruption and a reduction in the surface area presented to the 
reducing gas. Also the oxides formed in systems with more than 
one alloying element will be more coup lex. It is well known that 
considerable interaction can occur between elements in solution.

The findings of this work, for the binary iron systems, provide 
a useful basis of understanding. Consideration of ternary and more 
complex alloys by similar study is now possible based on the 
technique developed.
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CHAPTER 6 CONCLUSIONS

A method has been devised to generate liquid metal droplets 
in a levitation coil from wire. The combination of levitation 

force and surface tension between the droplet and the wire gives 
good lateral stability and tenperature control of the droplet.

Carbon based quenchants reduce the oxide film formed on 

molten oxidised iron droplets to low oxygen values. Water and 
liquid nitrogen quenchants increase the oxygen levels in iron 
droplets on quenching. Silicone oil has very little effect on 

the oxygen level of the iron droplets.
The oxidation of iron droplets falling through air approxi­

mates": to a linear rate m  to an oxidation time of 0.35 seconds.
The oxygen concentration in a droplet rises more rapidly for smaller 
droplets and is directly related to the surface area to volume 
ratio.

A mathematical model has been developed which simulates the 
mass transfer by forced convection of oxygen from air to an 

accelerating iron droplet. The model generates oxidation rates 
similar to the experimentally derived values. The experimental 
values are greater than the theoretical by a factor of 1.6. The 

model takes no account of circulation within the droplet and its 
effect is equivalent to increasing the diffusivity in the droplet. 
The model allows for an initial fall under non-oxidising condi­
tions during which the droplet is accelerating and Reynolds1 

number is increasing. The model indicates that increasing the 
temperature of the droplet only marginally increases the oxidation 

rate of the droplet.
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Increasing manganese levels in iron up to 1.0 mass# 
increases the oxygen pick-up in free falling droplets. The 

rates of oxidation are similar to the rates of oxidation of iron 
droplets but there is a higher initial rate with the manganese 

alloys. The mechanism is related to the higher thermodynamic 
stability of manganese compared to iron.

Increasing chromium levels in iron ip to 0.8 mass# increases 

the oxygen pick-up by free falling droplets. However, the 
addition of 1.4-6 mass# chromium reduces the oxidation rate to 

below that of the 0.17 mass# chromium alloy. These alloys are 
characterised by a rapid initial oxidation rate compared to iron. 
The higher oxidation rate is attributed to two processes; firstly, 
physical factors such as surface tension and viscosity which are 

altered by additions of oxygen and chromium so that the area 

presented to the oxidising atmosphere is increased, and secondly, 
chemical factors where the formation of oxygen-rich spinels are 
in competition with wustite.

Addition of 0.3 mass# silicon to iron enhances the oxidation 
rate of iron by 15#. However, additions of silicon in excess of
0.75 mass#, after a slight initial oxidation, reduce the oxidation 

rate to zero. The oxidation of the iron-silicon alloys cease 
when a network of silica covers the droplet surface.

The morphology of the oxidised droplet surface is related to 

the alloying element. Manganese has little effect on the surface 

characteristics of the oxide film. Chromium has a marked effect; 
competing oxides at low chromium levels have an influence on the 
oxygen level in the alloy, at higher chromium levels a single 

spinel covers the surface restricting oxygen pick-up. Silicon
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forms an oxide network over the surface and the extent of the 

network determines the level of oxidation of the alloy.
Reduction of iron, iron-manganese (up to 1 mass# Mn), iron- 

chromium (up to I.46 mass# Cr) and iron-silicon (up to 1.33 mass# 
Si) alloys occurs to differing extents after exposure to hydrogen 
at 1150°C for one hour. The onset of reduction is considerably 

higher, in excess of 900°C, for iron-silicon alloys, than for the 
other alloys which mainly occurs between 800 and 850°C. In most 
cases, the final oxygen level, in the reduced droplets, was 
related to the initial oxygen level.
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CHAPTER 7 SUGGESTIONS FOR FURTHER WORK

The work carried out in this project could be profitably
extended in three ways:

1. Extension of the iron-manganese alloy range to 2 or 3 
mass# to completely determine the oxidation character­

istics of the system.

Examination of the iron-chromium alloys intermediate 
between 0.8 mass# and I.46 mass# Cr to determine the 
inflexion point in the oxygen pick-up, and the precise 
nature of the oxide film on the surface, plus extension 

of the range to 2 or 3 mass# Cr.

Examination of iron-silicon alloys intermediate between

0.3 mass# and 0.75 mass# Si to determine the inflexion 
point in the oxygen pick-up. A survey of silicon 
levels below 0.3 mass# which are normally found in 
steel powders would be useful.

2. To investigate industrially significant iron-ternary 
systems to determine the oxidation behaviour of the 
different combinations, and then the reduction 
behaviour of the oxide films so formed.

3. The work in (2) to be followed by an examination of 

the oxidation potential of different environments, 

notably stean/air mixtures and water to give a complete
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picture of the role of these elements in the atomisa­

tion process of iron and iron alloy powders.
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TABLE 1 Effect of Cooling Medium on Oxidation of 
Khl8N15 Steel Powder Particles^ '

Heat No. 1 Heat No. 2 |

I Cooling medium o2%
mean oxide 
film
thickness

um

o2%
mean oxide| 
film | 
thickness | 

ym |

|Solution of corrosion 
| inhibitor No.l 0.79 3.00 0.24 1.07 |

|Solution of corrosion 
| inhibitor No.2 0.78 3.24 0.21 1.01 |

I Distilled water 0.78 2.71 0.20 1.00 |
|Ordinary water 0.77 3.00 0.21 1.07 |

TABLE 2 Composition of Japanese Electrolytic Iron

'Element Mass%

I Carbon 0.005 |
|Phosphorus 0.004 |
|Sulphur 0.005 |
|Silicon 0.005 I
|Manganese 0.005 |
|Copper 0.004 |
|Nickel <0.005 |
|Molybdenum <0.002 |
|Chromium 0.002-0.004 |
| Iron balance |



TABLE 3 Calibration for Land Total Radiation Pyrometer
Emissivity of radiating surface 8 1

Temperature|Output of pyrometer 
°C | mV ____

1100 | 0.245
1150 | 0.364
1200 | 0.528
1250 | 0.748
1300 | 1.039
1350 | 1.416
1400 | 1.897
1450 | 2.503
1500 | 3.254
1550 | 4.178
1600 | 5.296
1650 | 6.639
1700 | 8.235
1750 | 10.120

TABLE A Pyrometer Output with Temperature for 
Iron Temperature Probe

ITherraocuple 
I Output 
ImV

Temperature
°C

Pyrometer
Output
mV

Emissivity| 
Value '

| 13.92 1250 0.38 0.508 |

| 15.12 1335 0.47 0.360 |

| 15.61 1370 0.68 0.422 |

| 16.10 1405 0.75 0.383 I

| 16.60 1440 0.87 0.365 I

| 17.94 1535 1.41 0.361 |



TABLE 5 Pyrometer Output with Temperature for 
Different Emissivity Conditions

■Pyrometer Output
Tempggature■I Clean Glass 

I Levitation Column
Glass Inserted between 
Pyrometer and Coil

I 2.40 1.86 1655 |
I 1.41 1.10 1535 |
I 0.90 0.70 1450 |

I 1.90 1.06 1595 |
I 1.40 0.80 1535 |
I 0.95 0.50 1460 |

I 1.40 0.58 1535 |
I 2.38 0.98 1650 |

TABLE 6 Physical Properties of Hydrogen and Argon Gases
|Specific heat capacity|Thermal conductivity 
|J kg"1 K"1______________|W m"1 K"1____________
1

Hydrogen|
i

14 300
1
| 1 684

l
Argon | 

1
524

1
| 162 
1

TABLE 7 Analysis for oxygen - blank samples
Samples heated to 1100-1200°C for 5 minutes in 
hydrogen followed by heating in the molten state 
at 1600°C for 5 minutes in hydrogen

^Material Oxygen analysis| 
mass% |

| Fe 0.0060 I
0.0040 |
0.0020 |
0.0056 |

|Fe-1.5% Cr 0.0050 |
0.0050 |



TABLE 8 Effect of Quenchant on Oxygen Content
Height of fall in air: 50 cm
Quenchant: Silicone oil

I Droplet mass 
1 g

Oxygen content| 
% 1

| 0.811 0.038 |
| 0.783 0.032 |
| 0.974 0.039 |
I 0.753 0.074 I
| 0.867 0.040 |
| 0.787 0.050 |
i 0.938 0.036 |
I 0.937 0.026 |
| 0.738 0.032 |
| 0.831 0.059 |
| 0.782 0.040 |
I 1.254 0.064 |
| 0.956 0.050 |
| 0.967 0.046 |
| 0.831 0.056 |
| 1.457 0.066 |
| 0.922 0.065 |
| 0.846 0.030 |
| 0.871 0.038 |
| 0.811 0.033 |

TABLE 9 Effect of Quenchant on Oxygen Content

Height of fall in air: 50 cm
Quenchant: Invoil 30

|Droplet mass 
1 g

Oxygen content| 
% 1

| 1.164 0.044 |
| 1.300 0.052 |
| 1.156 0.020 |
| 1.109 0.011 I
| 1.060 0.015 |
| 1.177 0.0093 I
| 1.209 0.0080 |
| 1.079 0.0080 |
| 1.024 0.0080 |
| 1.062 0.0148 |
| 1.027 0.0073 j
| 1.069 0.0076 |
| 0.948 0.0153 |
| 0.939 0.0083 |
| 1.072 0.0076 |
| 0.981 0.0110 |
| 1.156 0.0090 |
| 0.908 0.0130 |
| 1.051 0.0093 |
| 1.204 0.023 |



TABLE 10 Effect of Quenchant on Oxygen Content
Height of fall in air: 50 cm
Quenchant: Paraffin oil (cold)

Droplet mass 
g -

0.959
1.121
0.654
1.021
1.438
1.315
0.944
1.025
1.005
0.816
1.079
1.120
1.096
0.889
0.762
1.068
0.762
0.816
0.805
1.031

Oxygen content 
%

0.029
0.024
0.025
0.020
0.017
0.037
0.0181
0.0167
0.0150
0.0134
0.011
0.011
0.014
0.017
0.021
0.019
0.016
0.014
0.014
0.011

TABLE 11 Effect of Quenchant on Oxygen Content
Height of fall in air: 50 cm
Quenchant: Paraffin oil (at 110°C)

Droplet mass 
g______

0.729
0.931
1.005
1.074
0.926
0.790
0.933
0.749
1.057
0.813

Oxygen content 
%

0.014
0.013
0.010 
0.010
0.008
0.016
0.014
0.020
0.018
0.010



TABLE 12 Effect of Quenchant on Oxygen Content
Height of fall in air: 50 cm
Quenchant: De-aerated distilled water

|Droplet mass 
1 £

Oxygen content| 
% |

| 0.907 0.264 |
I 0.876 0.431 |
| 0.709 0.396 |
| 0.777 0.277 |
| 1.045 0.217 |
I 0.758 0.324 |
| 0.708 0.220 !
| 0.681 0.200 |
| 0.799 0.167 |
| 0.786 0.377 |
| 1.126 0.431 |
| 0.903 0.340 |
| 1.097 0.367 |
| 0.777 0.396 |
| 1.010 0.363 |
| 0.944 0.373 |
| 0.984 0.394 |
| 1.041 0.299 |
| 1.036 0.300 |
I 1.091 0.228 |

TABLE 13 Effect of Quenchant on Oxygen Content

Height of fall in air: 50 cm
Quenchant: Liquid nitrogen

(Droplet mass 
1 £

Oxygen content| 
% 1

| 0.780 0.149 |
| 0.682 0.135 |
| 0.949 0.175* |
| 0.943 0.103 |
| 0.752 0.096* |
I 0.854 0.098 |
| 1.075 0.146* |
I 1.073 0.098 |
| 0.913 0.094* |
| 1.007 0.079 |
| 0.783 0.075 I
| 1.083 0.093* |
| 0.998 0.088 |
| 0.773 0.107 |
| 1.027 0.096* |
| 0.834 0.075 |
| 1.081 0.071 |
| 0.674 0.097 |
| 0.542 0.120 |
| 1.018 0.094 |
| 0.959 0.093 |
| 1.001 0.089 |

* Droplet broken up into a number of smaller droplets



TABLE 14 Determination of the extent of redaction
of oxidised iron droplets by the quench medium

Sample 1

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Di me t hy1f o rmami d e 
Tetrabutylammonium hydroxide 
Invoil 30 
0.8969 g 
0.0039 mass %

|Time
|min.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 0 0 0 I
| 5 2.15 2.15 2.15|
1 io 2.50 2.50 0.351
1 15 2.80 2.80 0.30|
| 20 3.05 3.05 0.25|
1 25 3.20 3.20 0.15|
| 30 3.40 3.40 0.20|

(Figure 36)

TABLE 15 Determination of the extent of reduction
of oxidised iron droplets by the quench medium

Sample 2

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Dimethylformamide 
Tetrabutylammonium hydroxide 
Invoil 30 
0.9182 g 
0.0046 mass %

|Time
|min.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 0.42 0 0 I
| 5 2.10 1.68 1.68|
1 io 2.42 2.00 0.32|
1 15 2.62 2.20 0.20|
| 20 2.74 2.32 0.12|
1 25 2.91 2.49 0.17|
I 30 3.04 2.62 0.13!

(Figure 37)



TABLE 16 Determination of the extent of reduction
of oxidised iron droplets by the quench medium

Sample 3

Absorber Dimethylformamide
Titrant Tetrabutylammonium hydroxide
Quench medium Invoil 30
Mass of sample 0 .9155
Oxygen content 0.0032

1 | Burette| Volume
! Time IReading| Titrant AV I
|min. 1 ml | ml ml |
1
1 o

1 1 
1 2.72 | 0 0 I

I 5 1 4.7 2 | 2.00 2.00|
1 io I 5.02 | 2.30 0.30|
1 15 1 5.25 | 2.53 0.23|
| 20 1 5.42 | 2.70 0.17|
1 25 1 5.62 | 2.90 0.20|
| 30 
1

1 5.85 | 
1 1

3.13 0.23|

(Figure 38)

TABLE 17 Determination of the extent of reduction
of oxidised iron droplets by the quench medium

Sample 4

Absorber Dimethylformamide
Titrant Tetrabutylammonium hydroxide
Quench medium Invoil 30
Mass of sample 1.1972
Oxygen content 0.0053

1 | Burette| Volume
I Time (Reading| Titrant AV |
|min. 1 ml | ml ml |
1
1 o

1 1 
1 1.18 | 0 0 I

I 5 1 4.28 | 3.10 3.10|
1 io 1 4.72 | 3.54 0.44|
1 15 1 4.95 1 3.77 0.23|
| 20 1 5.12 | 3.94 0.17|
1 25 | 5.30 | 4.12 0.18|
| 30 1 5.42 | 4.24 0.12|
I 55 
1

| 6.16 | 
1 1

4.98 0.74|

(Figure 39)



TABLE 18 Determination of the extent of reduction
of oxidised iron droplets by the quench medium

Sample 5

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Dimethylformamide 
Tetrabutylammonium hydroxide 
Invoil 30 
0.9783 g 
0.0043 mass %

|Time
|min.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 4.30 0 0 I
| 5 6.81 2.51 2.51|
1 io 7.26 2.96 0.45 |
1 15 7.60 3 .30 0 .34 |
| 20 7.94 3.64 0.34|
1 25 8.12 3 .82 0 .18 |
| 30 8.36 4.06 0 .24 |
1 50 9.36 5.06 1 . 0 0 1
| 60 10.10 5.80 0 .74 |

(Figure 40)

TABLE 19 Determination of the extent of reduction
of oxidised iron droplets by the quench medium

Sample 6

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Dimethylformamide 
Tetrabutylammonium hydroxide 
Paraffin oil 
1.0555 g 
0.0124 mass %

| Time 
|min.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 2.40 0 0 I
I 5 4.58 2.18 2.18|
1 io 5.10 2.70 0.52|
1 15 5.40 3.00 0.30|
| 20 5.60 3.20 0.20|
1 25 5.82 3.42 0.22|
| 30 6.04 3.64 0.22|
1 55 7.16 4.76 1.12|

(Figure 41)



TABLE 20 Determination of the extent of redaction
of oxidised iron droplets by the quench medium

Sample 7

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Dimethylformamide 
Tetrabutylammonium hydroxide 
Paraffin oil 
1.1518 g 
0.0046 mass %

|Time 
| min.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 3.94 0 0 1
| 5 6.66 2.72 2.72|
1 io 7.15 3.21 0.49|
1 15 7.41 3.47 0.26|
| 20 7.64 3.70 0.23|
1 25 7.92 3.98 0.28|
| 30 8.11 4.17 0.19|
| 40 8.73 4.79 0.62|

(Figure 42)

TABLE 21 Determination of the extent of reduction
of oxidised iron droplets by the quench medium

Sample 8

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Dime thylf o rmamide 
Tetrabutylammonium hydroxide 
Paraffin oil 
0.9851 g 
0.0064 mass %

| Time 
Irain.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 2.03 0 0 I
I 5 4.26 2.23 2.23|
1 io 4.81 2.78 0.55|
1 15 5.05 3.02 0.24|
| 20 5.40 3.37 0.35|
1 25 5.70 3.67 0.30|
| 30 5.95 3.92 0.25|
1 50 7.15 5.12 1.20|

(Figure 43)



TABLE 22 Determination of the extent of redaction
of oxidised iron droplets by the qaench medium

Sample 9

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Dimethylformamide 
Tetrabutylammonium hydroxide 
Paraffin oil 
0.8794 g 
0.0051 mass %

| Time 
|min.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 3.47 0 0 I
| 5 5.66 2.19 2.19|
1 io 6.26 2.79 0.60|1 15 6.50 3.03 0.24|| 20 6.90 3.43 0.40|1 25 7.16 3.69 0.26|| 30 7.52 4.05 0.36|1 45 8.34 4.87 0.82|| 90 10.87 7.40 2.53|
(Figure 44)

TABLE 23 Determination of the extent of reduction
of oxidised iron droplets by the quench medium

Sample 10

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Dimethylformamide 
Tetrabutylammonium hydroxide 
Paraffin oil 
1.1167 g 
0.0115 mass %

|Time
|min.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 4.66 0 0 I
I 5 6.80 2.14 2.14|
1 io 7.52 2.86 0.72|
1 15 7.95 3.29 0.43|
| 20 8.30 3.64 0.35!
1 25 8.70 4.04 0.40|
| 30 9.18 4.52 0.48|
1 65 11.80 7.14 2.62|

(Figure 45)



TABLE 24 Determination of the extent of redaction
of oxidised iron droplets by the quench medium

Sample 11

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Dimethylformamide 
Tetrabutylammonium hydroxide 
Silicone oil 
1.1034 g 
0.037 5 mass %

|Time
|min.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 3.56 0 0 1
| 5 4.40 0.84 0.84|
1 io 4.90 1.34 0.50)
1 15 5.06 1.50 0.16|
| 20 5.26 1.70 0.20|
1 25 5.44 1.88 0.18|
I 30 5.61 2.05 0.17|

(Figure 46)

TABLE 25 Determination of the extent of reduction
of oxidised iron droplets by the quench medium

Sample 10

Absorber Dimethylformamide
Titrant Tetrabutylammonium hydroxide
Quench medium Silicone oil
Mass of sample 1.1285 g
Oxygen content 0.0455 mass %

| Time 
|min.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 3.45 0 0 I
I 5 4.24 0.79 0.79|
1 io 4.85 1.40 0.61|
1 15 5.20 1.75 0.35|
| 20 5.60 2.15 0.40|
1 25 5.95 2.50 0.35|
| 30 6.32 2.87 0.37|

(Figure 47)



TABLE 26 Determination of the extent of redaction
of oxidised iron droplets by the quench medium

Sample 13

Absorber Dimethylformamide
Titrant Tetrabutylammonium hydroxide
Quench medium Silicone oil
Mass of sample 1.1515 g
Oxygen content 0.0336 mass %

|Time
|min.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml I

1 o 1.64 0 0 I
| 5 2.58 0.94 0.94|
1 io 2.86 1.22 0.28|
1 15 3.09 1.45 0.14|
| 20 3.32 1.68 0.12|
1 25 3.54 1.90 0.22|
| 30 3.73 2.09 0.19|

(Figure 48)

TABLE 27 Determination of the extent of redaction
of oxidised iron droplets by the quench medium

Sample 14

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Dimethylformamide 
Tetrabutylammonium hydroxide 
Silicone oil 
0.8607 g 
0.0531 mass %

[Time
imin.

Burette
Reading

ml

Volume
Titrant

ml
AV | 
ml |

1 o 2.14 0 0 1
| 5 2.94 0.80 0.80|
1 io 3.32 1.18 0.38|
1 15 3.48 1.34 0.16|
| 20 3.75 1.61 0.27|
1 25 4.06 1.92 0.31|
| 30 4.34 2.20 0.28|

(Figure 49)



TABLE 28 Determination of the extent of redaction
of oxidised iron droplets by the quench medium

Sample 15

Absorber 
Titrant 
Quench medium 
Mass of sample 
Oxygen content

Dime thyIf o rmamide 
Tetrabutylammonium hydroxide 
Silicone oil 
1.1480 g 
0.0330 mass %

| Time 
|min.

Burette
Reading

ml

Volume
Titrant

ml
AV 1 
ml |

1 o 2.06 0 0 1
I 5 2.50 0.44 0.44|
| 10 2.70 0.64 0.20J
1 15 2.91 0.85 0.21|
1 20 3.10 1.04 0.19|
1 25 3.32 1.26 0.22|
| 30 3.49 1.43 0.17|

(Figure 50)
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TABLE 30 Effect of Teaperatare on Oxygen Pick-up for
Pore Iron (0.7 g Droplet Equivalent)

|Height of Time of Mass% Oxygen for Different Temperatures '
|Fall in Air 
| cm

Fall in Air 
s < 1580°C 1581 - 1619°C > 1620°C 1

1 37 0.150 - 0.029 0.035 ± 0.0081

1 50 0.185 0.041 + 0.002 0.049 ± 0.014 0.044 ± 0.014|

1 75 0.250 0.092 0.069 + 0.013 0.068 ± 0.0081

| 90 0.285 0.064 + 0.006 0.058 0.080 |

| 100 0.305 0.076 + 0.023 0.072 ± 0.012 0.077 |

I 118 0.345 0.073 0.077 + 0.021 0.083 ± 0.0071

TABLE 31 Effect of Droplet Size on Oxygen Pick-ap for Pare Iron

Height of 
Fall in Air

cm

37

50

75

90

100

118

Time of 
Fall in Air 

s

0.150

0.185

0.250

0.285

0.305

0.345

Mass% Oxygen for Different Droplet Sizes

< 0.6 g

0.074

0.071

0.086 ± 0.019

0.6 - 0.8 g

0.032 ± 0.005 

0.043 ± 0.013 

0.065 + 0.014 

0.069 ± 0.016 

0.073 ± 0.013 

0.080 ± 0.014

> 0.8 g

0.039 ± 0.016 

0.043 ± 0.012

0.059 ± 0.005 

0.061 ± 0.017 

0.081 ± 0.013



TABLE 32 Effect of Droplet Size on Oxygen Pick-up for
Fe-0.25Z Cr

!
Height of Time of Mass% Oxygen for Different Droplet Sizes
Fall in Air 

cm
Fall in Air 

s <0 •4 g 0.5 -- 0.7 g >0.7 g

37 0.150 0.147 ± 0.016 0.109 ± 0.009 0.092 ± 0.006

50 0.185 0.185 ± 0.009 0.110 ± 0.025 0.061 ± 0.010

75 0.250 0 .206 0.132 + 0.001 0.125 ± 0.016

90 0.285 0.173 ± 0.020 0.146 ± 0.029 0.114 ± 0.018

10 D 0.305 0.185 ± 0.044 0.137 ± 0.040 0.092

113 0.344 - 0.139 ± 0.028 0.131
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TABLE 34 Oxidation Rate In Air

Material: Pure iron
Height of fall in air: 37 cm
Time of fall in air: 0.15 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent j 
Oxygen Pick-up| 

mass % I

I A 290 0.8390 0.304 1640 0.028 0.029 I
| A 291 0.7243 0.289 1600 0.029 0.029 |
| A 292 0.7041 0.287 N/A 0.038 0.038 1
| A 293 0.9526 0.317 1670 0.036 0.040 |
| A 294 0.8950 0.311 N/A 0.024 0.026 .1
I A 295 1.0055 0.323 N/A 0.057 0.064 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0377
Sample standard deviation, s = 0.0140 
Standard error = 0.0057
95% confidence interval = 0.0377 + 2.57 x 0.0057

= 0.0377 ± 0.0146

N/A Temperature not available



TABLE 35 Oxidation Rate in Air

Material: Pure iron
Height of fall in air: 50 cm
Time of fall in air: 0.185 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 10‘7 * DroPlet 1
P i c k - u p 'Equivalent
mass % 1 Oxygen Pick-up I 

| mass % 1

| A 52 0.8112 0.301 1580
1

0.038 | 0.040 1
I A 53 0.7825 0.297 1600 0.032 | 0.033 1
| A 54 0.9740 0.319 1580 0.039 | 0.043 1
1 A 55 0.3763 0.233 N/A 0.074 | 0.059 1
| A 56 0.8666 0.307 1590 0.040 | 0.043 1
| A 57 0.7869 0.298 1600 0.050 | 0.052 I
| A 58 0.9383 0.316 1580 0.036 I 0.040 1
I A 59 0.9371 0.315 N/A 0.026 | 0.029 1
1 A 60 0.7380 0.291 1590 0.032 | 0.033 1
I A 61 0.8310 0.303 1610 0.059 | 0.062 |
| A 62 0.7817 0.297 1600 0.040 | 0.041 I
| A 77 1.2541 0.348 N/A 0.044 | 0.053 |
| A 78 0.9557 0.317 1600 0.050 | 0.055 1
| A 79 0.9670 0.319 1610 0.046 | 0.051 I
| A 80 0.8307 0.303 1620 0.056 1 0.059 1
| A 81 0.7207 0.289 1600 0.066 | 0.067 |
| A 82 0.9221 0.313 1610 0.065 | 0.071 I
| A 83 0.8460 0.305 1620 0.030 | 0.032 |
| A 84 0.8705 0.308 1620 0.038 | 0.041 I
| A 85 0.8112 0.301 1600 0.033 | 

1
0.035 I

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 20
Sample mean, x = 0.0470
Sample standard deviation, s = 0.0124 
Standard error = 0.0028
95% confidence interval = 0.0470 + 2.09 x 0.0028

= 0.0470 ± 0.0058

N/A Temperature not available



TABLE 36 Oxidation Rate in Air

Material: Pure iron
Height of fall in air: 75 cm
Time of fall in air: 0.25 s

1 Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet |
Equivalent I 
Oxygen Pick-up| 

mass % 1

1 A 251 0.7052 0.287 N/A 0.035 0.035 1
I A 252 0.7312 0.290 N/A 0.070 0.071 |
| A 253 0.7511 0.293 1610 0.060 0.061 1
| A 254 0.7853 0.297 1580 0.089 0.092 |
| A 255 0.7317 0.290 1590 0.069 0.070 I
I A 256 0.6411 0.278 N/A 0.065 0.066 I
| A 264 0.7626 0.294 N/A 0.065 0.066 1
| A 265 0.6907 0.285 1650 0.079 0.079 I
| A 266 0.6827 0.284 1625 0.068 0.067 I
| A 267 0.7079 0.287 N/A 0.051 0.051 1
] A 268 0.6769 0.283 1625 0.059 0.058 1
| A 269 0.7388 0.291 1610 0.056 0.057 |
| A 270 0.7262 0.290 1620 0.062 0.063 I
| A 271 0.7002 0.287 N/A 0.053 0.053 |
| A 272 0.6864 0.284 1620 0.074 0.073 1
| A 296 0.6864 0.284 N/A 0.071 0.64 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 16 
Sample mean, x = 0.0654 
Sample standard deviation, s = 0.0138 
Standard error = 0.0035
95% confidence interval = 0.0654 + 2.13 x 0.0035

= 0.0654 ±* 0.0073



TABLE 37 Oxidation Rate in Air

Material: Pure iron
Height of fall in air: 90 cm
Time bf fall in air: 0.285 s

1 Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent | 
Oxygen Pick-up| 

mass % |

| A 63 0.8595 0.306 1610 0.055 0.058 I
| A 64 0.7655 0.295 1570 0.057 0.059 |
| A 65 0.9131 0.313 1580 0.062 0.068 |
| A 300 0.6944 0.285 1625 0.080 0.080 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 4
Sample mean, x = 0.0663
Sample standard deviation, s = 0.0102 
Standard error = 0.0051
95% confidence interval = 0.0663 + 3.18 x 0.0051

= 0.0463 ± 0.0162



TABLE 38 Oxidation Rate In Air

Material: Pure Iron
Height of fall in air: 100 cm
Time of fall in air: 0.305 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen |0‘7 * DroPlet 1
P i c k - u p 'Equivalent
mass % 'Oxyge0 Pick-up| 

| mass % I

1 A 237 0.7397 0.291 1590
1

0.069 | 0.070 |
1 A 238 0.8000 0.299 1615 0.073 | 0.076 |
1 A 239 0.7655 0.295 1590 0.067 | 0.069 I
1 A 240 0.6809 0.284 v 1580 0.103 | 0 . 1 0 1  |
1 A 241 0.6076 0.273 1590 0.091 | 0.086 I
1 A 242 0.6624 0.281 N/A 0.121 | 0.118 |
1 A 243 0.7291 0.290 1600 0.085 | 0.086 |
1 A 244 0.5424 0.263 N/A 0.088 | 0.081 |
1 A 245 0.6897 0.285 N/A 0.063 | 0.062 |
1 A 246 0.7186 0.289 N/A 0.075 | 0.076 |
1 A 27 3 0.7511 0.293 N/A 0.063 | 0.065 |
1 A 274 0.8070 0.300 1600 0.081 ! 0.085 |
1 A 275 0.6693 0.282 1590 0.090 | 0.088 |
1 A 276 0.5914 0.271 N/A 0.066 | 0.063 |
1 A 277 0.8116 0.301 1580 0.052 | 0.055 1
1 A 278 0.6550 0.280 1580 0.074 | 0.072 |
1 A 279 0.9831 0.320 N/A 0.050 | 0.056 |
1 A 280 0.6652 0.281 1600 0.067 | 0.066 |
1 A 281 0.7349 0.291 1615 0.067 | 0.068 |
1 A 283 0.7585 0.294 1605 0.049 | 0.050 |
1 A 297 0.6789 0.283 1605 0.062 | 0.061 |
1 A 298 0.1695 0.178 1605 0.103 | 0.064 |
1 A 299 0.7298 0.290 1620 0.076 | 0.077 |
1 A 304* 0.7666 0.295 1610 0.037 | 0.038/0.078 |
1 A 307* 0.5701 0.268 1620 0.046 | 

1
0.043/0.077 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 24
Sample mean, x = 0.0721
Sample standard deviation, s = 0.0121 
Standard error = 0.0025
95% confidence interval = 0.0721 + 2.07 x 0.0025

= 0.0721 ± 0.0051

N/A Temperature not available 
* Sample reduced in hydrogen



TABLE 39 Chelation Rate in Air

Material: Pure Iron
Height of fall in air: 118 cm
Time of fall in air: 0*344 s

Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up| 

mass % I

| A 257 0.8591 0.306 N/A 0.092 0.098 I
| A 258 0.8060 0.300 N/A 0.087 0.090 |
| A 259 0.7054 0.287 1590 0.063 0.063 1
I A 260 0.7511 0.293 1595 0.111 0.113 |
| A 261 0.7796 0.296 1585 0.070 0.072 I
| A 262 0.7703 0.295 1585 0.073 0.075 I
| A 263 0.8309 0.303 1575 0.069 0.073 1
| A 284 0.7296 0.290 1600 0.068 0.063 |
| A 285 0.7323 0.291 1640 0.078 0.079 1
| A 286 0.8560 0.306 1620 0.071 0.075 I
| A 287 0.8057 0.300 N/A 0.092 0.096 I
| A 288 0.7030 0.286 1620 0.084 0.092 |
| A 289 0.7695 0.295 1630 0.082 0.084 |

Statistical Data: (0*7 g Droplet Equivalent)

Sample size, n = 13
Sample mean, x = 0*0825
Sample standard deviation, s = 0*0147 
Standard error = 0*0041
95% confidence interval = 0*0825 + 2*18 x 0*0041

= 0.0825 ± 0.0089

N/A Temperature not available



TABLE 40 Oxidation Rate in Air

Material: Fe-0.50% Mn
Height of fall in air: 37 cm
Time of fall in air: 0.15 s

'Sample No
Mass of 1 
Droplet 1

g 1 * 1

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent | 
Oxygen Pick-up| 

mass % |

| D 81
1

0.6004| 0.273 N/A 0.047 0.045 |
| D 82 0.6556| 0.281 1580 0.048 0.047 |
| D 83 0.70321 0.287 1610 0.046 0.046 |
I D 84 0.68051 0.284 1620 0.040 0.039 |
| D 85 0.68641 0.285 1610 0.053 0.052 |
I D 86 0.66041 0.281 1625 0.053 0.052 |
| D 87 0.68321 0.285 1600 0.030 0.030 |
| D 88 0.69721

1
0.287 1590 0.051 0.051 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 8 
Sample mean x = 0.0453 
Sample standard deviation, s = 0.0076 
Standard error = 0.0027
95% confidence interval = 0.0453 + 2.36 x 0.0027

= 0.0453 ± 0.0062

N/A Temperature not available



TABLE 41 Oxidation Rate in Air

Material: Fe-0.50% Mn
Height of fall in air: 50 cm
Time of fall in air : 0.185 s

1 ‘Mass of^Radius of 
'Sample No I Droplet 1 Droplet 
1 1 a 1 cm 
1 1 8 1

'Temperature 
'of Droplet| oc

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent 1 
Oxygen Pick-upj 

mass % I
1
1 D 70

1 1 
| 0.80861 0.301 | 1670 0.046 0.048 |

1 D 71 | 0.81431 0.302 | 1630 0.031 0.032 |
1 o 72 | 0.68571 0.285 | 1600 0.041 0.041 |
1 D 73 I 0.79151 0.299 | 1630 0.054 0.056 |
1 D 74 I 0.7574| 0.295 | 1635 0.055 0.057 1
1 D 75 I 0.6927! 0.286 1 1620 0.042 0.042 1
1 D 76 1 0.60801 0.274 1 N/A 0.081 0.077 |
1 D 77 I 0.73471 0.292 | 1640 0.031 0.032/0.085* |
1 D 78 I 0.69851 0.287 I 1590 0.044 0.044 I
1 D 79 I 0.75971 0.295 I 1615 0.053 0.055 |
1 D 80 j 0.6808| 0.284 I 1605 0.056 0.056 |
1 D 
1

81 I 0.6004| 
1 1

0.273 1 N/A 0.052 0.050 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 12 
Sample mean x = 0.0536 
Sample standard deviation, s = 0.0149 
Standard error = 0.0043
95% confidence interval = 0.0536 + 2.20 x 0.0043

= 0.0536 ± 0.0094

N/A Temperature not available
* Sample reduced in hydrogen



TABLE 42 Oxidation Rate in Air

Material: Fe-0.50% Mn
Height of fall in air: 75 cm
Time of fall in air: 0.250 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent | 
Oxygen Pick-up| 

mass % I

1 D 62 0.5555 0.266 N/A 0.073 0.067 |
1 D 63 0.7277 0.291 1580 0.066 0.067 |
1 D 64 0.6857 0.285 1620 0.052 0.052 |
1 D 65 0.7436 0.293 1580 0.062 0.063 |
1 D 66 0.6940 0.286 1580 0.058 0.057 |
1 D 67 0.7595 0.295 1660 0.067 0.069 |
1 D 68 0.7710 0.296 1650 0.058 0.059 |
1 D 69 0.6555 0.281 N/A 0.087 0.085 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 8
Sample mean, x = 0.0649
Sample standard deviation, s = 0.0100 
Standard error = 0.0035
95% confidence interval = 0.0649 + 2.36 x 0.0035

= 0.0649 ± 0.0082

N/A Temperature not available



TABLE 43 Oxidation Rate in Air

Material: Fe-0.50% Mn
Height of fall in air: 100 cm
Time of fall in air: 0.305 s

i

* Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up| 

mass % |

1 D 51 0.8331 0.304 1600 0.056 0.060 |
1 D 52 0.7816 0.298 1620 0.065 0.067 |
1 D 53 0.7311 0.291 1630 0.051 0.051/0.102* |
1 D 54 (i) 0.3591 0.230 1590 0.098 0.079 |
| D 54(ii) 0.2352 0.200 1590 0.098 0.068 |
i D 55 0.7655 0.296 1600 0.071 0.073 |
1 D 56 0.7357 0.292 1610 0.067 0.068 I
1 D 57 0.5943 0.272 N/A 0.053 0.050 |
1 D 58 0.5621 0.267 N/A 0.093 0.086 |
1 D 59 0.6731 0.283 N/A 0.061 0.060 |
1 D 60 0.8586 0.307 1585 0.073 0.078 |
1 D 61 0.7540 0.294 1600 0.067 0.069 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 12
Sample mean, x = 0.0717
Sample standard deviation, s = 0.0135 
Standard error = 0.0039
95% confidence interval = 0.0717 + 2.20 x 0.0039

= 0.0717 ± 0.0085

N/A Temperature not available
* Sample reduced in hydrogen



TABLE 44 Oxidation Rate in Air

Material: Fe-0.50% Mn
Height of fall in air: 118 cm
Time of fall in air: 0.344 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up 1 

mass % 1

| D 45 0.7152 0.289 N/A 0.082 0.083 I
| D 46 0.8275 0.303 1655 0.093 0.098 |
| D 47 0.9452 0.317 1610 0.061 0.067 |
| D 48 0.8384 0.305 1605 0.069 0.073 I
| D 49 0.8415 0.305 1620 0.078 0.083 I
I D 50 0.8697 0.309 1650 0.070 0.075 I

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0798
Sample standard deviation, s = 0.0108 
Standard error = 0.0044
95% confidence interval = 0.0798 + 2.57 x 0.0044

= 0.0798 ± 0.0113

N/A Temperature not available



TABLE 45 Oxidation Rate in Air

Material: Fe-0.70% Mn
Height of fall in air: 37 cm
Time of fall in air: 0.150 s

Sample No
Mass of ̂ Radius of 
Droplet * Droplet

g cm

Temperature 
of Droplet 

°C

D 1
1 1 
I 0.72061

1
0.290 | 1630

1 1 
| 0.053 | 0.054

D 2 1 0.76671 0.296 | 1575 | 0.034 | 0.035
D 3 | 0.61081 0.274 | 1600 | 0.045 | 0.043
D 4 1 0.7785! 0.297 | 1585 I 0.046 | 0.048
D 5 I 0.90531 0.313 | 1590 I 0.058 | 0.063
D 6 I 0.75221 

1 1
0.294 | 

1
1590 | 0.049 ! 

1 1
0.051

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0490
Sample standard deviation, s = 0.0096 
Standard error = 0.0039
95% confidence interval = 0.0490 + 2.57 x 0.0039

= 0.0490 ± 0.0100



TABLE 46 Oxidation Rate in Air

Material: 1 Fe-0.70% Mn 
Height of fall in air: 50 cm
Time of fall in air: 0,185 s

'Sample No
Mass of^Radius of 
Droplet 1 Droplet 

g J cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet I 
Equivalent I 
Oxygen Pick-up| 

mass % |

1 D 7
1

0.85301 0.307 N/A 0.059 0.063 |
1 D 8 0.69111 0.286 1580 0.067 0.067 |
| D 9 0.82621 0.303 1650 0.062 0.065 I
i D 10 0.8266! 0.303 1630 0.053 0.055 |
1 D 11 0.74541 0.293 1600 0.028 0.028/0.081* !
1 D 12 0.70621 0.288 1600 0.048 0.048 |
1 D 13 0.7583! 0.295 1590 0.045 0.047 J
1 D 14 0.78041 0.298 1595 0.051 0.053 |
1 D 15 0.80511

1
0.301 1620 0.051 0.054 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 9
Sample mean, x = 0.0592
Sample standard deviation, s = 0.0108 
Standard error = 0.0036
95% confidence interval = 0.0592 + 2.30 x 0.0036

= 0.0592 ± 0.0083

N/A Temperature not available
* Sample reduced in hydrogen



TABLE 47 Oxidation Rate in Air

Material: Fe-0.7 0%Mn
Height of fall in air: 75 cm
Time of fall in air: 0.250 s

* Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent | 
Oxygen Pick-up| 

mass % I

| D 16 0.7366 0.292 1635 0.072 0.074 |
| D 17 0.7490 0.294 1600 0.055 0.057 |
| D 18 0.7099 0.288 1605 0.067 0.068 I
| D 19 0.6861 0.285 1625 0.069 0.069 |
| D 20 0.7126 0.289 1605 0.066 0.066 I
| D 21 0.8434 0.305 1590 0.061 0.065 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0665
Sample standard deviation, s = 0.0056 
Standard error = 0.0023
95% confidence interval = 0.0665 + 2.57 x 0.0023

= 0.0665 ± 0.0059



TABLE 48 Oxidation Rate in Air
\

Material: Fe-0.70%Mn
Height of fall in air: 90 cm
Time of fall in air: 0.285 s

'Mass of 
Sample No^Droplet 

! g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

D 22 10.7896 | 0.299 1 1620 1 0.074 | 0.077
D 23 10.6641 1 0.282 1 1605 1 0.074 | 0.073
D 24 10.8354 1 0.304 1 N/A I 0.059 1 0.062
D 25 10.8107 | 0.301 1 1570 1 0.065 1 0.068
D 26 10.7794 | 0.298 | 1600 I 0.066 | 0.069

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 5
Sample mean, x = 0.0698
Sample standard deviation, s = 0.0056 
Standard error = 0.0025
95% confidence interval = 0.0698 + 2.77 x 0.0025

= 0.0698 ± 0.0069

N/A Temperature not available



TABLE 49 Oxidation Rate in Air

Material: Fe-0.7 0% Mn
Height of fall in air: 100 cm
Time of fall in air: 0.305 s

1 Sample No
^Mass of 
1 Droplet
1 g1 5

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet 1 
Equivalent 1 
Oxygen Pick-up 1 

mass % 1

| D 27
1
10.6972 0.287 1650 0.075 0.075 I

! D 28 10.8081 0.301 1620 0.073 0.077 1
| D 29 10.8299 0.304 1600 0.079 0.084 1
| D 30 10.8833 0.310 1610 0.069 0.075 |
| D 31 10.6901 0.286 1600 0.066 0.066 I
| D 32 10.7434 0.293 1615 0.056 0.057/0.104* 1
| D 33 10.8285 0.304 1610 0.054 0.057 1
| D 34 10.8502 0.306 1575 0.087 0.093 |
| D 35 10.8029 0.300 1630 0.077 0.081 1
| D 36 10.7765 0.297 1605 0.070 0.072 1
| D37 10.6918

1
0.286 1600 0.064 0.064 1

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 11
Sample mean, x = 0.0771
Sample standard deviation, s = 0.0133 
Standard error = 0.0040
95% confidence interval = 0.0771 + 2.22 x 0.0040

= 0.0771 ± 0.0088

* Samples reduced in hydrogen



TABLE 50 Oxidation Rate in Air

Material: Fe-0.7 0% Mn
Height of fall in air: 118 cm
Time of fall in air: 0.344 s

i

jSample No
^Mass of 
 ̂Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent | 
Oxygen Pick-up! 

mass % |
1
| D 38 10.6536 0.281 1625 0.083 0.082 1
| D 39 0.7428 0.293 1590 0.061 0.063 !
| D 40 10.8731 0.309 1605 0.074 0.080 |
| D 41 0.8036 0.301 . 1605 0.073 0.077 |
| D 42 10.8268 0.303 1595 0.078 0.083 |
I D 43 0.7564 0.295 N/A 0.082 0.085 I
| D 44 
1

0.6820 0.285 1630 0.083 0.082 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 7
Sample mean, x = 0.0789
Sample standard deviation, s = 0.007 4 
Standard error = 0.0028
95% confidence interval = 0.0789 + 2.45 x 0.0028

= 0.0789 ± 0.0069

N/A Temperature not available



TABLE 51 Oxidation Rate in Air

Material: Fe - 1.0% Mn
Height of fall in air: 37 cm
Time of fall in air: 0.150 s

!

' 'Mass of 
'Sample No'Droplet
i ! g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent | 
Oxygen Pick-up| 

mass % I

| D 107
1
10.8634 0.308 1580 0.029 0.031 I

I D 108 10.8713 0.309 1650 0.040 0.043 |
| D 109 10.6865 0.285 1625 0.060 0.059 I
| D 110 10.7773 0.297 1610 0.058 0.060 |
| D 111 10.7808 0.298 1620 0.059 0.061 I
I D 112 10.7757 0.297 1625 0.059 0.061 |
| D 113 10.7424

1
1
1

0.293 1590 0.041 0.042 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 7
Sample mean, x = 0.0510
Sample standard deviation, s = 0.0122 
Standard error = 0.0046
95% confidence interval = 0.0510 + 2.45 x 0.0046

= 0.0510 ± 0.0113



TABLE 52 Oxidation Rate in Air

Material: Fe - 1.0% Mn
Height of fall in air: 50 cm
Time of fall in air: 0*185 s

1 t 'Mass of 
'Sample No'Droplet
i i g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up| 

mass % t

1 D 116

1
1
I 0.8627 0.308 N/A 0.056 0.060 |

1 D 117 | 0.8418 0.305 1610 0.049 0.052 |
1 D 118 | 0.8144 0.302 1590 0.047 0.049 I
1 D 119 | 0.7647 0.295 1630 0.056 0.058 1
1 D 120 | 0.6948 0.286 1590 0.063 0.063 |
1 D 121 | 0.8365 0.305 1620 0.061 0.065 I
1 D 95 | 0.7816 0.298 1620 0.056 0.058 |
1 D 96 | 0.7746 

1 
1

0.296 1620 0.032 0.033 * |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 7
Sample mean, x = 0.0579
Sample standard deviation, s = 0.0057 
Standard error = 0.0022
95% confidence interval = 0.0579 + 2.45 x 0.0022

= 0.0579 ± 0.0054

N/A Temperature not available
* Reduced in hydrogen



TA RT.E 53 Oxidation Rate in Air

Material: Fe - 1*0% Mn
Height of fall in air: 75 cm
Time of fall in air: 0.250 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent | 
Oxygen Pick-up| 

mass % I

| D 122 0.8182 0.302 1600 0.061 0.064 |
| D 123 0.8914 0.311 1600 0.079 0.085 |
| D 124 0.9350 0.316 N/A 0.059 0.065 1
| D 125 0.9194 0.314 1640 0.062 0.068 |
| D 126 0.8450 0.306 1595 0.071 0.076 I
I D 127 0.8325 0.304 N/A 0.084 0.089 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0745
Sample standard deviation, s = 0.0106 
Standard error = 0.0043
95% confidence interval = 0.0745 + 2.57 x 0.0043

= 0.0745 + 0.0110

N/A Temperature not available



TABLE 54 Oxidation Rate in Air

Material: Fe - 1.0% Mn
Height of fall in air: 100 cm
Time of fall in air: 0.305 s

•Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet |
Equivalent ! 
Oxygen Pick-up| 

mass % 1

1 D 89 0.6864 0.285 1590 0.069 0.069 1
1 D 90 0.7355 0.292 1605 0.074 0.075 I
1 D 97 0.7412 0.293 1615 0.071 0.073 1
1 o 98 0.7559 0.294 1615 0.043 0.044 * |
1 D 99 0.7616 0.295 1590 0.083 0.085 1
1 D 100 0.8655 0.308 1620 0.099 0.106 1
1 D 101 0.7908 0.299 1605 0.086 0.090 1
1 o 102 0.8345 0.304 1615 0.079 0.084 |
1 D 103 0.8888 0.311 1640 0.072 0.078 1
1 D 104 0.7971 0.300 1625 0.075 0.078 I
1 o 105 0.8098 0.301 1620 0.080 0.084 1
1 D 106 0.9184 0.314 1600 0.089 0.097 1

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 11
Sample mean, x = 0.0835
Sample standard deviation, s = 0.0109 
Standard error = 0.0033
95% confidence interval = 0.0835 + 2.22 x 0.0033

= 0.0835 ± 0.0073

* Reduced in hydrogen



TABLE 55 Oxidation Rate in Air

Material: Fe - 1,0% Mn
Height of fall in air: 118 cm
Time of fall in air: 0.344 s

' ‘Mass of 
'Sample No'Droplet
1 ! g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up| 

mass % I

I D 128
1
10.7339 0.292 1620 0.108 0.110 |

1 D 129 10.9063 0.313 1615 0.100 0.110 |
1 D 130 10.8047 0.301 1595 0.100 0.106 |
1 D 131 10.7559 0.294 1600 0.064 0.066 |
1 D 132 10.9726 0.320 1630 0.069 0.077 |
1 D 133 10.7822 0.298 1615 0.078 0.081 |
1 D 134 10.9335 0.316 1635 0.094 0.104 |
1 D 135 10.8441

1
1

0.305 1610 0.090 0.096 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 8
Sample mean, x = 0.0938
Sample standard deviation, s = 0.0169 
Standard error = 0.0060
95% confidence interval = 0.0938 + 2.36 x 0.0060

= 0.0938 ± 0.0142



TA.BLE 56 Oxidation Rate in A.ir

Material: Fe-0.17% Cr
Height of fall in air: 37 cm
Time of fall in air: 0.15 s

Sample No
Mass of^Radius of 
Droplet 1 Droplet

g cm

Temperature 
of Droplet 

°C

c 103
1 1 
| 0.70041

1
0.287 | 1590

1 1 
I 0.045 | 0.045

c 104 I 0.6124! 0.274 | 1590 I 0.053 1 0.051
c 105 ! 0.66091 0.281 | 1560 | 0.061 | 0.060
c 114 | 0.62841 0.277 | 1600 ! 0.090 | 0.086
c 115 | 0.60571 0.273 I 1570 I 0.109 | 0.104
c 116 I 0.65301 

1 i
0.280 | 

1
1600 1 0.086 1 

1 1
0.084

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0717
Sample standard deviation, s = 0.0231 
Standard error = 0.0094
95% confidence interval = 0.0717 + 2.57 x 0.0094

= 0.0717 ± 0.0241



TABLE 57 Oxidation Rate in Air

Material: Fe-0.17% Cr
Height of fall in air: 50 cm
Time of fall in air: 0.185 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up| 

mass % 1

| C 95 0.5975 0.272 1575 0.071 0.067 I
I C 96 0.6838 0.285 1590 0.106 0.105 I
| C 97 0.7205 0.290 1560 0.072 0.073 1
I C 98 0.7490 0.293 1570 0.072 0.074 |
| C 99 0.7385 0.292 1575 0.048 0.049* I
| C 100 0.5693 0.268 1620 0.131 0.122 |
| C 101 0.5324 0.262 N/A 0.064 0.058 |
| C 102 0.6530 0.280 1570 0.068 0.066 i
| C 136 0.7175 0.289 1570 0.071 0.071 I
| C 138 0.7087 0.288 1600 0.049 0.049* |
| C 211 0.7213 0.290 1590 0.068 0.069 1
| C 212 0.7286 0.291 1590 0.071 0.072 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 10
Sample mean, x = 0.0777
Sample standard deviation, s = 0.0198 
Standard error = 0.0063
95% confidence interval = 0.0777 + 2.26 x 0.0063

= 0.0777 ± 0.0142

* Droplets reduced in hydrogen 
Results not included in data

N/A Temperature not available



TABLE 58 Oxidation Rate in Air

Material: Fe-0.17% Cr
Height of fall in air: 7 5 cm
Time of fall in air: 0.250 s

Sample No
Mass of^Radius of 
Droplet 1 Droplet

g cm

Temperature 
of Droplet 

°C

c 123 1 1 | 0.65951 10.281 1 1575 1 1 1 0.074 1 0.073
c 124 | 0.69621 0.286 1 1625 1 0.072 1 0.072
c 125 I 0.63241 0.277 | 1600 1 0.110 | 0.106
c 126 I 0.63151 0.277 1 1630 1 0.110 1 0.106
c 127 | 0.63571 0.278 | 1575 1 0.108 1 0.104
c 209 1 0.69411 0.286 1 1595 1 0.075 1 0.075
c 210 | 0.82981 

1 1
0.304 | 

1
1600 I 0.087 1 

1 1
0.092

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 7
Sample mean, x = 0.0897
Sample standard deviation, s = 0.0161 
Standard error = 0.0061
95% confidence interval = 0.0897 + 2.45 x 0.0061

= 0.0897 ± 0.0149



TABLE 59 Oxidation Rate in Air

Material: Fe-0.17% Cr
Height of fall in air: 90 cm
Time of fall in air: 0.285 s

Sample No
Mass of^Radius of 
Droplet I Droplet

g cm

Temperature 
of Droplet 

°C

c 128 | 0.72011 0.290 1 1600 | 0.084 | 0.086
c 129 | 0.64861 0.280 | 1600 I 0.115 1 0.112
c 130 | 0.6423J 0.279 | 1570 1 0.092 | 0.090
c 131 | 0.6086! 0.274 | 1580 | 0.087 ! 0.084
c 132 I 0.62731 0.277 J 1590 J 0.119 I 0.116
c 207 | 0.6323! 0.277 1 1625 I 0.079 | 0.076
c 208 | 0.6264! 0.276 | 1590 I 0.093 | 0.089

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 7
Sample mean, x = 0.0933
Sample standard deviation, s = 0.0149 
Standard error = 0.0056
95% confidence interval = 0.0933 + 2.45 x 0.0056

= 0.0933 ± 0.0137



TABLE 60 Oxidation Rate in Ar

Material: Fe-0.17% Cr
Height of fall in air: 100 cm
Time of fall in air: 0.305 s

'Sample No
Mass of ̂ Radius of 
Droplet 1 Droplet 

g j cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet |
Equivalent I 
Oxygen Pick-upj 

mass % I

1 c 106 10.62321 0.276 1610 0.073 0.071 |
1 c 107 0.60881 0.274 1570 0.090 0.086 |
I c 108 0.55661 0.266 1580 0.135 0.125 !
1 c 109 0.62881 0.277 1590 0.043 0.042/0.097* !
1 c 110 0.68311 0.285 1580 0.131 0.130 |
1 c 111 0.56391 0.267 1575 0.131 0.122 |
1 c 112 0.60131 0.273 1595 0.117 0.111 1
! C 113 0.5990! 0.272 1605 0.135 0.128 |
1 c 133 0.69841 0.287 1560 0.050 0.050~ 1
1 c 134 0.61851 0.275 1590 0.079 0.076 |
1 c 135 0.26211 0.206 N/A 0.186 0.134 1
I c 205 0.6212! 0.275 1600 0.04 0.038- |
1 c 206 0.73871

1
0.292 1610 0.104 0.106 I

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 11
Sample mean, x = 0.1078
Sample standard deviation, s = 0.0225 
Standard error = 0.0068
95% confidence interval = 0.1078 + 2.23 x 0.0068

= 0.1078 ± 0.0151

Droplets reduced in hydrogen. Where the original oxygen level 
has been calculated, this figure is included in the data.

Figure not included in data.

N/A Temperature not available



TABLE 61 Oxidation Rate in Air

Material: Fe-0.17% Cr
Height of fall in air: 118 cm
Time of fall in air: 0.344 s

1 Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet |
Equivalent I 
Oxygen Pick-up| 

mass % I

| C 117 0.6005 0.273 1620 0.153 0.145 1
I C 118 0.2557 0.205 N/A 0.224 0.160 I
I C 119 0.5426 0.264 1650 0.191 0.176 I
! C 120 0.5198 0.259 1640 0.218 0.196 |
I C 121 0.6441 0.279 1590 0.118 0.115 I
| C 122s 0.7390 0.292 157 5 0.098 0.100 1
| C 203 0.6714 0.283 1580 0.088 0.087 I
| C 204 0.6373 0.278 1575 0.097 0.094 |
| C 202 0.6310 0.277 1600 0.099 0.096 I

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 9
Sample mean, x = 0.1299
Sample standard deviation, s = 0.0403 
Standard error = 0.0134
95% confidence interval = 0.1299 + 2.30 x 0.0134

= 0.1299 ± 0.0308

N/A Temperature not available



TABLE 62 Oxidation Rate in Air

Material: Fe-0.25% Cr
Height of fall in air: 37 cm
Time of fall in air: 0.150 s

1 Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up! 

mass % I

| C 56 0.3265 0.222 N/A 0.135 0.105 I
I C 57 0.5986 0.272 1620 0.119 0.113 |
| C 58 0.6581 0.281 1630 0.098 0.096 |
I C 59 0.1454 0.170 N/A 0.158 0.093 |
| C 60 0.6168 0.275 1610 0.111 0.107 |
| C 61 0.6100 0.274 1615 0.108 0.104 |
| C 62 0.6997 0.287 1620 0.096 0.096 I
| C 194 0.7233 0.290 1620 0.088 0.089 i

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 8
Sample mean, x = 0.1004
Sample standard deviation, s = 0.0081 
Standard error = 0.0029
95% confidence interval = 0.1004 + 2.36 x 0.0029

= 0.1004 ± 0.0068

N/A. Temperature not available



TABLE 63 Oxidation Rate in Air

Material: Fe-0.25% Cr
Height of fall in air: 50 cm
Time of fall in air: 0.185 s

•Sample No
Mass of * 
Droplet 1

g 1 8 1

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent ! 
Oxygen Pick-up! 

mass % |

1 c 50 10.64291 0.279 1640 0.130 0.126 I
I c 51 0.2587| 0.206 N/A 0.191 0.137 |
1 c 51 0.28571 0.213 N/A 0.179 0.133 |
1 c 52 0.6042! 0.273 1600 0.071 0.067/0.116* !
1 c 53 0.5872| 0.271 1580 0.120 0.113 |
1 c 54 0.59861 0.272 1580 0.069 0.065/0.135* |
1 c 55 0.66381 0.282 1680 0.117 0.115 |
I c 93 0.69581 0.286 N/A 0.067 0.067 |
1 c 94 0.71381 0.289 1610 0.043 0.043* 1
I c 195 0.6218! 0.276 1600 0.074 0.071 1
1 c 196 0.75651

1
0.295 1600 0.054 0.056 !

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 10
Sample mean, x = 0.1069
Sample standard deviation, s = 0.0305 
Standard error = 0.0096
95% confidence interval = 0.1069 + 2.26 x 0.0096

= 0.1069 ± 0.0217

N/A Temperature not available
* Sample reduced in hydrogen



TABLE 64 Oxidation Rate in Aire

Material: Fe-0.25% Cr
Height of fall in air: 7 5 cm
Time of fall in air: 0.250 s

Sample No
Mass oflRadius of 
Droplet I Droplet

cm

Temperature 
of Droplet 

°C

c 76
1 1 
| 0.70461

1
0.288 | 1600

1 1 
I 0.116 | 0.116

c 77 I 0.60521 0.273 ! 1620 I 0.131 | 0.125
c 78 I 0.15741 0.174 | N/A I 0.206 | 0.125
c 79 I 0.5678! 0.268 | 1630 I 0.133 1 0.124
c 80 I 0.74311 0.293 | 1640 I 0.116 | 0.118
c 81 | 0.71221 

1 1
0.289 | 

1
1580 I 0.143 | 

1 1
0.144

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.1253
Sample standard deviation, s = 0.0099 
Standard error = 0.0040
95% confidence interval = 0.1253 + 2.57 x 0.0040

= 0.1253 ± 0.0103

N/A. Temperature not available



TABLE 65 Oxidation Rate in Air
i

Material: Fe-0.25% Cr
Height of fall in air: 90 cm
Time of fall in air: 0.285 s

Sample No
Mass of^Radius of 
Droplet I Droplet

g cm

Temperature 
of Droplet 

°C

c 82 | 0.67391 0.283 1 1570 I 0.154 1 0.151
c 83 | 0.73691 0.292 | 1620 | 0.130 ! 0.132
c 85 | 0.59041 0.271 | 1660 | 0.174 | 0.164
c 86 | 0.8022| 0.300 1 1580 I 0.117 | 0.122
c 87 | 0.2087| 0.192* 1 N/A 1 0.187 | 0.125
c 88 I 0.6941J 0.286 J 1600 I 0.152 ! 0.151
c 89 | 0.66151 0.281 | 1560 I 0.104 | 0.102
c 90 | 0.2463! 0.203 | N/A I 0.159 1 0.113
c 197 | 0.7307| 0.291 | 1600 1 0.095 1 0.096

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 9
Sample mean, x = 0.1284
Sample standard deviation, s = 0.0233 
Standard error = 0.0078
95% confidence interval = 0.1284 + 2.30 x 0.0078

= 0.1284 ± 0.0179

N/A Temperature not available



TABLE 66 Oxidation Rate in Air

Material: Fe-0.25% Cr
Height of fall in air: 100 cm
Time of fall in air: 0.305 s

'Sample No
Mass of 1 
Droplet

g 1 8 1

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet I 
Equivalent I 
Oxygen Pick-up| 

mass % I

1 c 63
1

0.69791 0.287 1620 0.069 0.069/0.111* 1
1 c 64 0.5904| 0.271 1650 0.169 0.159 |
1 c 65 0.61131 0.274 1620 0.073 0.070/0.137* |
1 c 66 0.60491 0.273 1680 0.162 0.154 I
I c 67 0.40811 0.240 1640 0.207 0.173 I
I c 68 0.27621 0.210 N/A 0.135 0.099 I
I c 69 0.10541 0.153 N/A 0.214 0.114 I
1 c 70 0.6163! 0.275 1660 0.167 0.160 1
1 c 91 0.64071 0.279 1580 0.071 0.069/0.134* J
1 c 92 0.6991J 0.287 1600 0.092 0.092 |
I c 198 0.56191 0.267 1605 0.092 0.086 I
I c 199 0.6537!

1
0.281 1585 0.093 0.091 1

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 12
Sample mean, x = 0.1262
Sample standard deviation, s = 0.0313 
Standard error = 0.0090
95% confidence interval = 0.1262 + 2.20 x 0.0090

= 0.1262 ± 0.0197

N/A Temperature not available
* Sample reduced in hydrogen



TABLE 67 Oxidation Rate in Air

Material: Fe-0.25% Cr
Height of fall in air: 118 cm
Time of fall in air: 0.344 s

Sample No
Mass of'Radius of 
Droplet * Droplet

g cm

Temperature 
of Droplet 

°C

c 71
1 1 
| 0.70061

1
0.287 | 1630

1 1 
I 0.131 | 0.131

c 72 | 0.69411 0.286 | 1650 I 0.171 | 0.170
c 73 | 0.6457| 0.279 | 1620 I 0.167 | 0.162
c 74 | 0.68831 0.285 | 1600 I 0.111 | 0.111
c 75 | 0.66851 0.282 J 1620 I 0.118 I 0.116
c 200 | 0.68781 0.285 | 1590 I 0.118 | 0.117
c 201 | 0.68661 

1 1
0.285 1 

1
1570 1 0.126 | 

1 1
0.125

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 7
Sample mean, x = 0.1331
Sample standard deviation, s = 0.0235 
Standard error = 0.0089
95% confidence interval = 0.1331 + 2.45 x 0.0089

= 0.1331 ± 0.0218



TABLE 68 Oxidation Rate in Air

Material: Fe-0.80% Cr
Height of fall in air: 37 cm
Time of fall in air: 0.150 s

1  i

‘Sample No
Mass of 
Droplet

8*

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent | 
Oxygen Pick-up| 

mass % |

| C 13
1

0.62101 0.276 1625 0.105 0 . 1 0 1  |
I C 14 0.7195J 0.289 1725 0.110 0 . 1 1 1  |
| C 15 0.62191 0.276 1610 0 . 1 1 1 0.107 |
1 C 16 0.63051 0.277 1690 0.100 0.097 |
| C 187 0.60351

1
0.273 1620 0.084 0.081 !

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 5
Sample mean, x = 0.0994
Sample standard deviation, s = 0.0116 
Standard error = 0.0052
95% confidence interval = 0.0994 + 2.77 x 0.0052

= 0.0994 ± 0.0144



TABLE 69 Oxidation Rate In Air

Material: Fe-0.80% Cr
Height of fall in air: 50 cm
Time of fall in air: 0.185 s

* Sample No
Mass of 1 
Droplet 1

g 1 * 1

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet |
Equivalent J 
Oxygen Pick-upl 

mass % I

1 c 1
1

0.67951 0.284 1750 0.138 0.137 I
I c 2 0.65121 0.280 1650 0.177 0.173 |
1 c 18 0.69041 0.286 1770 0.126 0.125 I
1 c 19 0.6605! 0.281 1710 0.130 0.127 1
1 c 20 0.60541 0.273 1640 0.067 0.064* |
1 c 33 0.64741 0.279 N/A 0.076 0.074 |
I c 34 0.6784! 0.284 1650 0.110 0.109 1
I c 35 0.67081 0.283 N/A 0.105 0.104 I
1 c 36 0.66321 0.282 1630 0.122 0.120 I
I c 188 0.7015! 0.287 1600 0.067 0.067 |
1 c 189 0.64351

1
0.279 1585 0.075 0.073 !

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 10
Sample mean, x = 0.1109
Sample standard deviation, s = 0.0331 
Standard error = 0.0105
95% confidence interval = 0.1109 + 2.26 x 0.0105

= 0.1109 ± 0.0237 ,

N/A Temperature not available
* Reduced in hydrogen



TABLE 70 Oxidation Rate in Air

Material: Fe-0.80% Cr
Height of fall in air: 7 5 cm
Time of fall in air: 0.250 s

1 Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent 1 
Oxygen Pick-upj 

mass % |

I C 3 0.6778 0.284 1610 0.141 0.140 I
I C 4 0.6720 0.283 1620 0.131 0.130 |
| C 28 0.7272 0.291 1705 0.057 0.058* I
I C 29 0.6193 0.275 1620 0.130 0.125 |
I C 30 0.7207 0.290 1620 0.129 0.130 |
I C 31 0.7590 0.295 1660 0.129 0.133 |
| C 32 0.7598 0.295 1670 0.103 0.106 I
I C 37 0.6105 0.274 N/A 0.145 0.138 |
I C 38 0.7111 0.288 1680 0.130 0.130 |
I C 39 0.6400 0.278 1660 0.129 0.125 |
| C 40 0.6680 0.282 N/A 0.132 0.130 |

Statistical Data: (0.7 Droplet Equivalent)

Sample Size, n = 10
Sample mean, x = 0.1287
Sample standard deviation, s = 0.0093 
Standard error = 0.0029
95% confidence interval = 0.1287 - 2.26 x 0.0029

= 0.1287 ± 0.0066

N/A Temperature not available
* Sample reduced in hydrogen



TABLE 71 Oxidation Rate in Air

Material: Fe-0.80% Cr
Height of fall in air: 90 cm
Time of fall in air: 0.285 s

'Sample No
Mass of' 
Droplet'

g 1 K I

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet I 
Equivalent | 
Oxygen Pick-up! 

mass % I

| C 8
1

0.7196! 0.290 1630 0.140 0.141 I
I C 9 0.6680! 0.282 1640 0.130 0.128 1
| C 10 0.6139! 0.275 1570 0.134 0.128 !
| C 11 0.6904| 0.286 1680 0.156 0.156 |
| C 12 0.67091 0.283 1650 0.150 0.148 |
| C 41 0.7185J 0.289 1620 0.129 0.130 |
| C 42 0,8532| 0.306 1625 0.110 0.117 |
| C 190 0.7188!

1
0.289 1580 0.104 0.105 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 8
Sample mean, x = 0.1316
Sample standard deviation, s = 0.0165 
Standard error = 0.0058
95% confidence interval = 0.1316 + 2.36 x 0.0058

= 0.1316 ± 0.0137



TABLE 72 Oxidation Rate in Air

Material: Fe-0.80% Cr
Height of fall in air: 100 cm
Time of fall in air: 0.305 s

'Sample No
Mass of ̂ Radius of 
Droplet 1 Droplet 

g J cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent | 
Oxygen Pick-up| 

mass % I

1 c 01 10.71721 0.289 N/A 0.142 0.143 |
1 c 02 0.63741 0.278 N/A 0.158 0.153 |
1 c 03 0.60051 0.273 N/A 0.148 0.141 1
1 c 04 0.67961 0.284 N/A 0.114 0.113 |
1 c 23 0.66541 0.282 1595 0.048 0.047* |
1 c 25 0.71301 0.289 1620 0.050 0.050* |
1 c 27 0.70281 0.287 1620 0.066 0.066* |
1 c 43 0.60961 0.274 1640 0.165 0.158 |
1 c 45 0.63881 0.278 1640 0.140 0.136 |
1 c 47 0.72941 0.291 1640 0.165 0.167 |
I c 191 0.86591 0.307 1580 0.089 0.096 I
I c 192 0.66051

1
0.281 1600 0.086 0.084* |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 8
Sample mean, x = 0.1384
Sample standard deviation, s = 0.0236 
Standard error = 0.0083
95% confidence interval = 0.1384 + 2.36 x 0.0083

= 0.1384 ± 0.0196

N/A Temperature not available
* Reduced in hydrogen



TABLE 73 Oxidation Rate in Air

Material: Fe-0.8% Cr
Height of fall in air: 118 era
Time of fall in air: 0.344 s

Sample No
Mass of^Radius of 
Droplet I Droplet 

g j cm

Temperature 
of Droplet 

°C

c 5 1 1 | 0.66511 10.282 | 1550 1 1 I 0.137 | 0.135
c 6 I 0.61141 0.274 | 1690 I 0.165 | 0.158
c 7 | 0.63791 0.278 | 1700 I 0.168 | 0.163
c 48 I 0.72411 0.290 | 1570 I 0.159 | 0.161
c 49 | 0.65101 0.280 | 1590 I 0.161 | 0.157
c 193 I 0.6753J 

1 1
0.283 | 

1
1620 I 0.148 | 

1 1
0.146

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.1533
Sample standard deviation, s = 0.0107 
Standard error = 0.0044
95% confidence interval = 0.1533 + 2.57 x 0.0044

= 0.1533 ± 0.0113



TABLE 74 Oxidation Rate in Air

Material: Fe-1.46% Cr
Height of fall in air: 37 cm
Time of fall in air: 0.150 s

‘Sample No
Mass of* 
Droplet J

S 1

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up| 

mass % |

I C 139
1

0.71661 0.289 1600 0.051 0.052 |
I C 140 0.82561 0.303 1580 0.063 0.067 |
I C 141 0.60471 0.273 1640 0.113 0.107 |
I C 142 0.68651 0.284 1570 0.046 0.046 |
I C 143 0.66651 0.282 1650 0.067 0.066 I
| C 144 0.66681

1
0.282 1610 0.065 0.064 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0670
Sample standard deviation, s = 0.0213 
Standard error = 0.0087
95% confidence interval = 0.0670 + 2.57 x 0.0087

= 0.0670 ± 0.0223



TABT.F. 75 Oxidation Rate in Air

Material: Fe-1.46% Cr
Height of fall in air: 50 cm
Time of fall in air: 0.185 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet |
Equivalent I 
Oxygen Pick-up| 

mass % |

| C 145 0.6593 0.281 1580 0.097 0.095 |
| C 146 0.6351 0.278 1580 0.083 0.080 |
| C 147 0.6761 0.284 1575 0.070 0.070 |
| C 148 0.6428 0.279 1590 0.115 0.111 |
i C 149 0.6946 0.286 1595 0.058 0.058 |
j C 150 0.6151 0.275 1600 0.051 0.049 |
1 C 151 0.6461 0.279 1630 0.084 0.082 |
| C 152 0.8448 0.306 1680 0.102 0.108 |
| C 182 0.2969 0.216 N/A 0.117 0.087 |
| C 183 0.6649 0.282 1600 0.048 0.047 |
| C 184 0.7146 0.289 1600 0.028 0.028/0.112* |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 11
Sample mean, x = 0.0817
Sample standard deviation, s = 0.0237 
Standard error = 0.0071
95% confidence interval = 0.0817 + 2.23 x 0.0071

= 0.0817 ± 0.0158

N/A. Temperature not available
* Sample reduced in hydrogen



TABLE 76 Oxidation Rate in Air

Material: Fe-1.46% Cr
Height of fall in air: 7 5 cm
Time of fall in air: 0.250 s

'Sample No
Mass of 1 
Droplet' 

g 1

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent 1 
Oxygen Pick-up| 

mass % I

| C 153
1

0.7020! 0.287 1620 0.062 0.062 |
| C 154 0.68561 0.285 1650 0.096 0.096 |
| C 155 0.61861 0.275 1610 0.086 0.083 |
| C 156 0.6427| 0.279 1590 0.077 0.075 |
| C 157 0.60891 0.274 1625 0.086 0.083 |
| C 158 0.77921

1
0.297 1680 0.103 0.106 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0840
Sample standard deviation, s = 0.0155 
Standard error = 0.0063
95% confidence interval = 0.0840 + 2.57 x 0.0063

= 0.0840 ± 0.0162



TABLE 77 Oxidation Rate in Air

Material: Fe-1.46% Cr
Height of fall in air: 90 cm
Time of fall in air: 0.285 s

'Sample No
Mass of 
Droplet 

g

^Radius of 
1 Droplet 
1 cm 1

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

|0.7 g Droplet |
Equivalent I 
Oxygen Pick-upj 

mass % |

| C 159 0.6643 | 0.282 1600 0.086 0.085 I
! C 160 0.6993 0.286 1570 0.079 0.079 |
| C 161 0.6255 0.276 1630 0.117 0.113 |
| C 162 0.6249 0.276 1590 0.082 0.080 |
| C 163 0.6631 0.282 1570 0.089 0.088 |
| C 164 0.6909 0.286 1580 0.111 0.111 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mena, x = 0.0927
Sample standard deviation, s = 0.0153 
Standard error = 0.0062
95% confidence interval = 0.0927 + 2.57 x 0.0062

= 0.0927 ± 0.0159



TABLE 78 Oxidation Rate in Air

Material: Fe-1.46% Cr
Height of fall in air: 100 cm
Time of fall in air: 0.305 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up| 

mass % |

1 c 165 0.6927 0.286 1610 0.095 0.095 |
1 c 166 0.7274 0.291 1660 0.124 0.126 |
1 c 167 0.7108 0.289 1610 0.111 0.112 |
1 c 168 0.6780 0.284 1590 0.028 0.028/0.110* |
1 c 169 0.6730 0.283 1600 0.090 0.089 |
1 c 170 0.4667 0.251 1595 0.113 0.099 |
1 c 171 0.6785 0.284 1600 0.085 0.084 |
I c 172 0.6890 0.285 1580 0.086 0.085 |
1 c 173 0.6531 0.280 1580 0.096 0.093 |
I c 185 0.7191 0.290 1615 0.097 0.098 |
1 c 186 0.7245 0.290 1600 0.045 0.045/0.119* |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 11
Sample mean, x = 0.1009
Sample standard deviation, s = 0.0140 
Standard error = 0.0042
95% confidence interval = 0.1009 + 2.23 x 0.0042

= 0.1009 ± 0.0093

* Sample reduced in hydrogen



TABLE 79 Oxidation Rate in Air

Material: Fe-1.46% Cr
Height of fall in air: 118 cm
Time of fall in air: 0.344 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet |
Equivalent ! 
Oxygen Pick-up| 

mass % |

I C 174
1

0.60081 0.273 1625 0.101 0.097 |
I C 175 0.6697| 0.283 1600 0.094 0.093 |
| C 176 0.78431 0.298 1600 0.100 0.104 |
I C 177 0.65681 0.281 1620 0.092 0.091 !
| C 178 0.8137|

1
0.302 1625 0.098 0.103 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 5
Sample raena, x = 0.0976
Sample standard deviation, s = 0.0058 
Standard error = 0.0026
95% confidence interval = 0.0976 + 2.77 x 0.0026

= 0.0976 ± 0.0072



TABLE 80 Oxidation Rate in Air

Material: Fe - 0.30% Si
Height of fall in air: 37 cm
Time of fall in air: 0.150 s

* Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up| 

mass % |

| E 47 0.4333 0.244 N/A 0.055 0.047 |
I E 48 1.3646 0.358 1590 0.015 0.019 |
| E 49 0.5377 0.262 N/A 0.052 0.047 |
I E 50 1.3966 0.360 1615 0.034 0.043 |
| E 51 1.5462 0.373 1600 0.021 0.027 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 5
Sample mean, x = 0.0366
Sample standard deviation, s = 0.0128 
Standard error = 0.0057
95% confidence interval = 0.0366 + 2.77 x 0.0057

= 0.0366 ± 0.0157

N/A Temperature not available



TABLE 81 Oxidation Rate in Air

Material: Fe - 0*30% Si
Height of fall in air: 50 cm
Time of fall in air: 0.185 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent | 
Oxygen Pick-up| 

mass % |

| E 52 1.3051 0.352 1595 0.023 0.028 |
I E 53 1.3798 0.369 1650 0.023 0.029 |
I E 54 0.8774 0.309 1580 0.034 0.036 |
I E 55 0.6706 0.282 1670 0.047 0.046 |
I E 56 0.6420 0.278 N/A 0.050 0.048 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 5
Sample mean, x = 0.0374
Sample standard deviation, s = 0.0093 
Standard error = 0.0042
95% confidence interval = 0.0374 + 2.77 x 0.0042

= 0.0374 ± 0.0115

N/A Temperature not available



TABLE 82 Oxidation Rate in air

Material: Fe - 0.3% Si
Height of fall in air: 75 cm
Time of fall in air: 0.25 s

'Mass of 
Sample No^Droplet 

! g

Radius of 
Droplet 

cm
Temperature 
of Droplet 

°C

E 57 11.0768 0.330 1575 | 0.042 | 0.048
E 58 10.8088 0.300 1570 | 0.075 | 0.078
E 59 10.8987 0.311 1660 | 0.050 | 0.054
E 60 10.8276 0.303 1615 I 0.051 1 0.054
E 61 10.8718 0.308 1595 I 0.030 | 0.033

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 5
Sample mean, x = 0.0534
Sample standard deviation, s = 0.0162 
Standard error = 0.0072
95% confidence interval = 0.0534 + 2.77 x 0.0072

= 0.0534 ± 0.0200

N/A Temperature not available



TABLE 83 Oxidation Rate in Air

Material: Fe - 0.30% Si
Height of fall in air: 100 cm
Time of fall in air: 0.0305 s

Sample No
Mass of ̂ Radius of 
Droplet I Droplet 

g I cm

Temperature 
of Droplet 

°C

E 36 | 0.81021 0.300 | 1630 | 0.087 I 0.091
E 37 I 0.80451 0.300 | 1600 I 0.071 | 0.074
E 38 | 0.78811 0.298 | 1580 | 0.082 | 0.085
E 39 | 0.78211 0.297 | 1590 I 0.069 | 0.072
E 40 | 0.8101| 0.300 | 1580 | 0.091 I 0.095
E 1 | 0.85601 0.306 | 1625 I 0.037 | 0.039
E 2 | 0.84221 0.304 | 1595 | 0.040 10.042/0.090*
E 3 I 0.79461 0.299 | 1570 | 0.040 10.042/0.062*

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 8
Sample mean, x = 0.0760
Sample standard deviation, s = 0.0187 
Standard error = 0.0066
95% confidence interval = 0.0760 + 2.36 x 0.0066

= 0.0760 ± 0.0156

N/A Temperature not available
* Sample reduced in hydrogen



TABLE 84 Oxidation Rate in Air

Material: Fe - 0,30% Si
Height of fall in air: 118 cm
Time of fall in air: 0.344 s

Sample No
Mass of ̂ 
Droplet 1

g 1 S 1

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet |
Equivalent i 
Oxygen Pick-up| 

mass % |

| E 41
1

0.85291 0.306 N/A 0.085 0.091 |
| E 42 0.83881 0.304 1604 0.079 0.084 |
| E 43 0.81621 0.301 1575 0.091 0.096 |
I E 44 0.63151 0.277 1580 0.068 0.066 |
| E 45 0.17681 0.181 1580 0.167 0.105 |
| E 46 0.76181

1
1

0.294 1615 0.073 0.075 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0862
Sample standard deviation, s = 0.0142 
Standard error = 0.0058
95% confidence interval = 0.0862 + 2.57 x 0.0058

= 0.0862 ± 0.0149

N/A Temperature not available



TABLE 85 Oxidation Rate in Air

Material: Fe - 0.75% Si
Height of fall in air: 50 era
Time of fall in air: 0.185 s

Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet |
Equivalent | 
Oxygen Pick-up| 

mass % |

I E 68 1.7461 0.388 1650 0.018 0.024 |
I E 69 1.1388 0.337 1625 0.018 0.021 |
I E 70 1.1678 0.339 1585 0.025 0.030 |
I E 71 1.2977 0.352 1610 0.023 0.028 |
I E 72 0.9762 0.320 1600 0.034 0.038 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 5
Sample mean, x = 0.0282
Sample standard deviation, s = 0.0065 
Standard error = 0.0029
95% confidence interval = 0.0282 + 2.77 x 0.0029

= 0.0282 ± 0.0080



TABLE 86 Oxidation Rate in Air

Material: Fe - 0.75% Si
Height of fall in air: 75 cm
Time of fall in air: 0.25 s

'Sample No
Mass of^ 
Droplet 1

g 1 * 1

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up| 

mass % I

| E 73
1

0.76161 0.294 1610 0.015 0.015 I
I E 74 0.8097| 0.300 1610 0.025 0.026 I
I E 75 0.91441 0.313 1640 0.025 0.027 I
I E 76 0.94361

1
0.316 1590 0.028 0.031 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 4
Sample mean, x = 0.0248
Sample standard deviation, s = 0.0069 
Standard error = 0.0034
95% confidence interval = 0.0248 + 3.18 x 0.0034

= 0.0248 ± 0.0109



TABLE 87 Oxidation Rate in Air

Material: Fe - 0.75% Si
Height of fall in air: 100 cm
Time of fall in air: 0.305s

Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet |
Equivalent I 
Oxygen Pick-up| 

mass % |

| E 62 0.8618 0.307 1585 0.017 0.019/0.033* |
I E 63 0.8975 0.311 1580 0.025 0.027 |
| E 64 1.0159 0.324 1610 0.023 0.026 |
I E 65 0.8881 0.310 1630 0.025 0.027 |
| E 66 1.4264 0.363 1640 0.026 0.033 |
I E 67 1.5251 0.371 1590 0.018 0.023 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0282
Sample standard deviation, s = 0.0040 
Standard error = 0.0016
95% confidence interval = 0.0282 + 2.57 x 0.0016

= 0.0282 ± 0.0042

* Sample reduced in hydrogen



TABLE 88 Oxidation Rate in Air

Material: Fe - 1.33% Si
Height of fall in air: 37 cm
Time of fall in air: 0.150 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxyge n Pi ck-u p| 

mass % |

I E 30 0.8771 0.309 1605 0.020 0.022 I
1 E 31 0.8842 0.309 1615 0.017 0.018 |
I E 32 0.9241 0.314 1580 0.020 0.022 |
I E 33 0.9253 0.314 1640 0.023 0.025 |
| E 34 0.8946 0.311 1595 0.021 0.023 |
I E 35 0.8593 0.306 1630 0.017 0.018 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0213
Sample standard deviation, s = 0.0028 
Standard error = 0.0011
95% confidence interval = 0.0213 + 2.57 x 0.0011

= 0.0213 ± 0.0029



TABLE 89 Oxidation Rate in air

Material: Fe - 1.33% Si
Height of fall in air: 50 cm
Time of fall in air: 0.185 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent I 
Oxygen Pick-up| 

mass % |

| E 24 0.8191 0.302 1620 0.016 0.017 |
I E 25 0.8585 0.306 1605 0.021 0.023 |
I E 26 0.7944 0.299 1640 0.025 0.026 |
I E 27 0.9263 0.314 1590 0.018 0.020 |
| E 28 0.8559 0.306 1600 0.018 0.019 |
| E 29 0.8622 0.307 1605 0.021 0.023 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample mean, x = 0.0213
Sample standard deviation, s = 0.0033 
Standard error = 0.0013
95% confidence interval = 0.0213 + 2.57 x 0.0013

= 0.0213 ± 0.0033



TABLE 90 Oxidation Rate in Air

Material: Fe-1.33% Si
Height of fall in air: 75 cm
Time of fall in air: 0.25 S

'Mass of 
Sample No^Droplet 

! g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

E 18 10.9144 0.313 1600 I 0.020 | 0.022
E 19 10.8176 0.301 1620 I 0.021 | 0.022
E 20 10.7896 0.298 1605 I 0.021 | 0.022
E 21 10.8276 0.303 1595 I 0.022 ! 0,023
E 22 10.8660 0.307 1600 I 0.016 | 0.017
E 23 10.8944 0.311 1595 I 0.030 | 0.032

Oxygen 
Pick-up 
mass %

0.7 g Droplet 
Equivalent 
Oxygen Pick-up 

mass %

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample size, x = 0.0230
Sample standard deviation, s = 0.0049 
Standard error = 0.0020
95% confidence interval = 0.0230 + 2.57 x 0.0002

= 0.0230 ± 0.0051



TABLE 91 Oxidation Rate in Air

Material: Fe-1.33% Si
Height of fall in air: 100 cm
Time of fall in air: 0.305 s

1 ^Mass of 
1 Sample No 1 Droplet
1 1 S

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet I 
Equivalent 1 
Oxygen Pick-up| 

mass % 1

1 E 4
1
10.9926 0.322 1620 0.009 0.010/0.049* |

1 E 5 10.8704 0.308 1600 0.020 0.021 I
1 E 6 10.8426 0.304 1630 0.031 0.033 1
1 E 7 10.8389 0.304 1640 0.026 0.028 |
1 E 8 10.9027 0.311 1580 0.035 0.038 I
1 E 9 10.8812 0.309 1630 0.010 0.011 I
1 E 10 10.8947 0.311 1650 0.020 0.022 I
1 E 11 10.9339

1
0.315 1630 0.013 0.014 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 7
Sample size, x = 0.0239
Sample standard deviation, s = 0.0098 
Standard error = 0.0037
95% confidence interval = 0.0239 + 2.45 x 0.0037

= 0.0239 ± 0.0090

* Sample reduced in hydrogen. Value not included in data



TABLE 92 Oxidation Rate in Air

Material: Fe-1.33% Si
Height of fall in air: 118 cm
Time of fall in air: 0.344 s

'Sample No
Mass of 
Droplet 

g

Radius of 
Droplet 

cm

Temperature 
of Droplet 

°C

Oxygen 
Pick-up 
mass %

0.7 g Droplet | 
Equivalent 1 
Oxygen Pick-up| 

mass % I

| E 12 0.8179 0.301 1630 0.016 0.017 |
| E 13 0.8612 0.307 1615 0.023 0.025 |
| E 14 0.8014 0.299 1585 0.022 0.023 |
| E 15 0.9736 0.319 1615 0.015 0.017 |
| E 16 0.8754 0.308 1595 0.024 0.026 |
| E 17 0.9177 0.313 1605 0.029 0.032 |

Statistical Data: (0.7 g Droplet Equivalent)

Sample size, n = 6
Sample size, x = 0.0233
Sample standard deviation, s = 0.0058 
Standard error = 0.0023
95% confidence interval = 0.0233 + 2.57 x 0.0023

= 0.0233 ± 0.0060



TABLE 93 Redaction in Hydrogen

Sample No: A 304
Material: Pure Fe
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.037 mass %

'Temperature Mass loss 
mg

Oxygen loss 
mass %

Oxygen| 
mass % |

| 340 0 0 0.0761
| 440 0 0 0.076|
| 460 0 0 0.0761
I 540 0.02 0.003 0.073|
| 660 0.02 0.003 0.0731
| 690 0.05 0.007 0.069|
| 700 0.06 0.008 0.0701
| 740 0.05 0.007 0.069|
| 750 0.05 0.007 0.0691
I 800 0.05 0.007 0.069|
| 870 0.05 0.007 0.069!
| 920 0.09 0.012 0.064|
| 950 0.14 0.018 0.0581
I 1000 0.20 0.026 0.050|
| 1100 0.22 0.029 0.0471
I 1150 0.24 0.031 0.045|

|Time 20 min 0.28 0.037 0.039|
| 30 0.29 0.038 0.0381
| 40 0.30 0.039 0.037|
| 60 0.30 0.039 0.037!



TABLE 94 Reduction in Hydrogen

Sample No: A 307
Material: Pure Fe
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.046 mass %

Temperature|Mass los 
°C 1 mg

1 1 
| 400 | 0
1 570 | 0.02
| 660 | 0.02
1 700 | 0.03
1 750 | 0.02
| 800 | 0.02
| 820 | 0.04
1 870 | 0.05
| 940 | 0.10
I 980 I 0.12
| 1030 | 0.15
| 1050 | 0.14
1 1150 | 0.16
1 1150 |■ i 0.20
1 1 
jTirae 20 mini 0.26
1 40 | 0.27
1 60 | 0.28

|Oxygen loss 
| mass %

Oxygen| 
mass % 1

1 o 0.082|
1 0.002 0.080|
| 0.003 0.0791
| 0.004 0.0781
| 0.003 0.0791
| 0.003 0.0791
| 0.006 0.076|
| 0.007 0.0751
| 0.013 0.0691
| 0.016 0.0661
| 0.019 0.063|
1 0.018 0.064|
| 0.021 0.0611
| 0.026 0.056|

1 0.034 0.048|
| 0.035 0.0471
| 0.036 0.046|



TABLE 95 Reduction in Hydrogen

Sample No: D 53
Material: Fe-0.50% Mn
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.051 mass %

'Temperature Mass loss 
mg

Oxygen loss 
mass %

Oxygen| 
mass % |

| 300 0 0 0.102|
| 400 0 0 0.102|
| 500 0 0 0.102|
| 600 0 0 0.1021
| 700 0 0 0.102|
| 765 0 0 0.102|
| 800 0 0 0.102|
| 815 0.01 0.001 0.1011
| 850 0.01 0.001 0.1011
| 880 0.03 0.004 0.0981
I 915 0.09 0.012 0.090|
| 950 0.10 0.014 0.0881
| 980 0.18 0.025 0.077|
| 1010 0.22 0.030 0.072|
| 1035 0.24 0.033 0.069|
| 1060 0.30 0.041 0.0611
| 1090 0.30 0.041 0.061|
| 1120 0.30 0.041 0.0611
I 1150 0.32 0.044 0.058|

ITirae 10 min 0.35 0.048 0.054|
| 20 0.37 0.050 0.052|
| 30 0.37 0.050 0.052|
| 40 0.38 0.051 0.0511
1 50 0.38 0.051 0.051|
| 60 0.38 0.051 0.0511



TABLE 96 Reduction in Hydrogen

Sample No: D 77
Material: Fe-0.50% Mn
Height of fall in air: 50 cm
Time of fall in air: 0.185 s
Final oxygen figure: 0.031 mass %

'Temperature Mass loss 
mg

Oxygen loss 
mass %

Oxygen| 
mass % I

| 400 0 0 0.0851
| 500 0.02 0,003 0.082|
| 600 0 0 0.0851
| 700 0 0 0.0851
| 750 0 0 0.0851
| 780 0 0 0.0851
| 810 0.02 0.003 0.0821
I 835 0.04 0.005 0.080|
| 860 0.08 0.011 0.0741
| 900 0.11 0.015 0.070|
| 920 0.16 0.022 0.0631
| 950 0.20 0.027 0.0581
| 985 0.25 0.034 0.0511
I 1015 0.27 0.036 0.0491
| 1050 0.28 0.038 0.0471
| 1075 0.31 0.042 0.0431
| 1100 0.33 0.044 0.0411
I 1150 0.33 0.045 0.0401

|Tirae 10 min 0.33 0.045 0.040|
| 20 0.35 0.047 0.0381
I 30 0.38 0.051 0.0341
| 40 0.40 0.054 0.0311
I 50 0.40 0.054 0.031|
| 60 0.40 0.054 0.0311



TABLE 97 Reduction in Hydrogen

Sample No: D 92
Material: Fe-0.50% Mn
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: Unknown

I Temperature Mass loss I Oxygen loss|
| °C mg I mass % |
1
| 600 0

1 1 
1 1

| 700 0 1 1
| 800 0 1 1
| 830 0.03 | 0.004 |
| 860 0.06 I 0.008 |
| 880 0.09 | 0.012 |
| 920 0.12 | 0.016 |
| 950 0.15 | 0.020 |
| 970 0.17 I 0.022 |
| 1000 0.22 | 0.029 |
| 1030 0.26 | 0.034 |
| 1060 0.29 | 0.038 |
| 1090 0.30 | 0.039 |
| 1120 0.32 | 0.042 |
| 1150 0.34 | 0.044 | 

1 |1
|Tirae 10 rain 0.38

1 1 
| 0.049 |

| 20 0.40 | 0.052 |
| 30 
1

0.42 | 0.054 | 
1 1



TABLE 98 Reduction in Hydrogen

Sample No: D 94
Material: Fe-0.50% Mn
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: Unknown

|Temperature 
I °C

Mass loss 
mg

Oxygen loss| 
mass % I

| 500 0
| 550 0.02 0.002 |
| 600 0.02 0.002 |
| 650 0.02 0.002 |
| 720 0 0 I
| 750 0 0 I
| 780 0.04 0.005 |
| 810 0.04 0.005 |
| 840 0.03 0.004 |
| 870 0.06 0.008 |
| 900 0.08 0.010 |
| 930 0.11 0.014 |
| 970 0.13 0.017 |
| 1000 0.17 0.022 |
| 1030 0.19 0.025 I
| 1050 0.23 0.030 |
| 1080 0.25 0.032 |
| 1110 0.26 0.034 |
| 1150 0.31 0.040 |

|Time 10 rain 0.36 0.046 |



TABLE 99 Reduction in Hydrogen

Sample No: D 11
Material: Fe-0.7% Mn
Height of fall in air: 50 cm
Time of fall in air: 0.185 s
Final oxygen figure: 0.028 mass %

'Temperature Mass loss 
mg _ _

Oxygen loss 
mass %

Oxygen| 
mass % i

| 400 0 0 0.084|
| 500 0 0 0.0841
| 600 0 0 0.084|
| 700 0 0 0.0841
| 780 0 0 0.084|
| 810 0 0 0.0841
| 840 0.01 0.001 0.083|
| 870 0.04 0.005 0.0791
| 900 0.08 0.011 0.0731
| 935 0.12 0.016 0.0681
| 965 0.16 0.021, 0.063|
| 995 0.22 0.030 0.0541
| 1030 0.24 0.032 0.0521
| 1060 0.29 0.039 0.0451
| 1085 0.32 0.043 0.0411
| 1115 0.34 0.046 0.0381
| 1140 0.35 0.047 0.037|
| 1170 0.36 0.048 0.0361
1 1200 0.37 0.049 0.0351
| 1245 0.38 0.051 0.0331
| 1270 0.42 0.056 0.0281
| 1300 0.42 0.056 0.0281
| 1220 0.40 0.053 0.0311
| 1110 0.40 0.053 0.0311
| 1040 0.40 0.053 0.0311



TA.BLE 100 Redaction in Hydrogen

Sample No: D 32
Material: Fe-0.7% Mn
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.056 mass %

* Temperature Mass loss 
mg

Oxygen loss 
mass %

Oxygen| 
mass % |

| 300 0 0 0.1051
| 400 0 0 0.1051
| 500 0 0 0.1051
| 600 0 0 0.1051
| 700 0 0 0.1051
| 800 0 0 0.1051
| 820 0.02 0.003 0.1021
| 850 0.04 0.005 0.1001
| 885 0.08 0.010 0.0951
| 915 0.14 0.019 0.0861
| 950 0.15 0.020 0.0851
| 980 0.18 0.024 0.0811
| 1010 0.23 0.031 0.074|
| 1040 0.25 0.034 0.071|
| 1070 0.26 0.035 0.0701
| 1100 0.28 0.038 0.067 1
| 1125 0.28 0.038 0.0671
| 1150 0.30 0.040 0.0651

|Time 10 rain 0.35 0.047 0.0581
| 20 0.37 0.049 0.0561
| 30 0.37 0.049 0.0561
| 40 0.37 0.049 0.056[
1 50 0.37 0.049 0.0561
| 60 0.37 0.049 0.0561



Table 101 Reduction in Hydrogen
Sample No: C 109
Material: Fe-0.17% Cr
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.043 mass %

| Temperature 
| °C

Mass loss 
mg

Oxygen loss 
mass %

| Oxygen | 
| mass % 1 
1 1

| 200 0
1 1 
| 0.097 |

| 300 0 | 0.097 |
| 400 +0.09 I 0.106 |
| 500 +0.03 | 0.099 I
| 600 0.02 0.003 | 0.094 |
| 700 0 0 | 0.097 |
| 790 0.04 0.006 | 0.091 I
| 830 0.06 0.009 | 0.088 |
| 910 0.07 0.011 | 0.086 |
| 940 0.09 0.014 | 0.083 I
| 1000 0.12 0.019 | 0.078 |
| 1030 0.16 0.025 1 0.072 |
| 1060 0.19 0.030 | 0.064 |
| 1090 0.20 0.032 | 0.062 |
| 1150 0.20 0.032 | 0.062 | 

■ i
|Time 10 min 0.23 0.037

1 I 
| 0.059 |

| 20 0.26 0.041 | 0.056 |
| 30 0.34 0.054 | 0.043 | 

1 1 
1 1



Table 102 Reduction in Hydrogen

Sample Nos: C 133 & C 138
Material: Fe-0.17% Cr
Height of fall in air: 50 & 100 cm
Time of fall in air: 0.185 & 0.305 s
Final oxygen figure: 0.053 & 0.049 mass %

| Temperature 
| °C

Mass loss 
mg

Oxygen loss | 
mass % I

| 400 0 0 I
| 500 0 0 I
| 600 0 0 I
| 700 0 0 I
| 750 0 0 I
| 780 0.03 0.002 |
| 810 0.05 0.004 |
| 840 0.06 0.004 |
| 870 0.08 0.006 |
| 900 0.15 0.011 |
| 920 0.18 0.013 |
| 960 0.22 0.016 |
| 1010 0.35 0.025 |
| 1050 0.43 0.031 |
| 1090 0.47 0.033 |
| 1125 0.54 0.038 |
| 1150 0.56 0.040 |

| Time 10 min 0.58 0.041 |
| 20 0.62 0.044 |
| 30 0.63 0.045 |
| 40 0.62 0.044 |



TABLE 103 Reduction in Hydrogen

Sample No: C54
Material: Fe-0.25% Cr
Height of fall in air: 50 era
Time of fall in air: 0.185 s
Final oxygen figure: 0.069 mass%

1 Temperature 
| °C

Mass loss 
mg

Oxygen loss | 
mass % |

Oxygen | 
mass % I

| 300 0 0 I
1

0.139 |
| 400 0.01 0.002 | 0.137 |
| 500 0.02 0.003 | 0.136 |
| 600 0.02 0.003 | 0.136 |
| 700 0.01 0.002 | 0.137 |
| 800 0 0 I 0.139 I
| 850 0 0 ! 0.139 |
| 900 0.01 0.002 | 0.137 |
I 920 0.04 0.006 | 0.133 |
| 950 0.10 0.016 I 0.123 |
| 990 0.15 0.025 | 0.114 |
| 1020 0.24 0.040 | 0.099 |
| 1050 0.30 0.050 | 0.089 |
| 1075 0.34 0.057 | 0.082 |
| 1110 0.35 0.059 | 0.080 |
| 1140 0.38 0.064 | 0.075 |
| 1150 0.40 0.069 | 0.070 |

ITirae 10 min 0.40 0.069 |
1

0.070 |
| 20 0.41 0.069 | 0.070 |
| 30 0.42 0.070 | 0.069 |
| 40 0.42 0.070 | 0.069 |
1 50 0.40 0.069 | 0.070 |
| 60 0.42 0.070 | 0.069 | 

1



Table 104 Redaction in Hydrogen

Sample No: C 63
Material: Fe-0.25% Cr
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.069 mass %

| Temperature 
| °C

| Mass loss 
1 mg 
1

Oxygen loss 
mass %

| Oxygen | 
| mass % | 
1 1

| 300
1
| 0.02 0.003

1 1 
| 0.108 |

| 400 | 0.02 0.003 | 0.108 |
| 500 1 o 0 | 0.111 |
| 600 1 o 0 | 0.111 |
| 680 1 o 0 | 0.111 |
| 740 | -0.01 +0.001 | 0.112 |
| 770 | 0.02 0.003 | 0.108 |
| 800 1 o 0 | 0.111 |
| 850 1 o 0 | 0.111 |
| 920 | 0.01 0.001 | 0.110 |
| 950 | 0.09 0.013 | 0.098 |
| 980 | 0.12 0.017 | 0.094 |
| 1010 | 0.17 0.024 I 0.087 |
| 1040 | 0.20 0.029 | 0.082 |
I 1070 | 0.23 0.033 | 0.078 |
| 1100 ! 0.26 0.037 | 0.074 |
| 1130 | 0.28 0.040 | 0.071 |
| 1160 | 0.30 0.042 | 0.069 I
| 1190 | 0.30 

1 
1

0.042 | 0.069 | 
1 1 
1 1



Table 105 Reduction in Hydrogen

Sample No: C 65
Material: Fe-0.25% Cr
Height of fall in air: 100 era
Time of fall in air: 0.305 s
Final oxygen figure: 0.073 mass %

| Temperature 
| °C

Mass loss 
mg

Oxygen loss | 
mass % |

Oxygen | 
mass % | 

1
| 300 0 0 1

10.142 |
| 400 0 0 1 0.142 |
| 500 0 0 1 0.142 |
| 600 0 0 1 0.142 |
| 700 0 0 I 0.142 |
| 800 0 0 I 0.142 |
| 840 0 0 I 0.142 |
| 870 0.02 0.004 | 0.138 I
| 930 0.04 0.007 | 0.135 I
| 960 0.07 0.011 | 0.131 I
| 990 0.09 0.016 | 0.126 |
| 1020 0.16 0.026 | 0.116 |
| 1055 0.20 0.032 | 0.110 |
| 1080 0.23 0.038 | 0.104 |
| 1110 0.28 0.046 | 0.096 |
| 1130 0.30 0.048 | 0.094 |
| 1150 0.31 0.051 | 0.091 |

i
|Tirae 10 min 0.35 0.057 !

i
0.085 |

| 20 0.40 0.064 | 0.078 |
| 30 0.41 0.067 | 0.075 I
| 40 0.42 0.069 | 0.073 |
1 50 0.41 0.067 | 0.075 |
| 60 0.42 0.069 | 0.073 I 

1



Table 106 Reduction in Hydrogen
Sample No: C 91
Material: Fe-0.25% Cr
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.071 mass %

I Temperature 
| °C

Mass loss 
mg

Oxygen loss | 
mass % |

Oxygen | 
mass % | 

1

| 200 0 0 I
1

0.137 |
| 300 0.01 0.002 I 0.135 |
| 400 0.01 0.002 | 0.135 |
| 500 0 0 I 0.137 |
I 600 0 0 I 0.137 |
| 700 0 0 I 0.137 |
| 800 0 0 I 0.137 |
| 840 0.01 0.002 | 0.135 I
| 870 0.01 0.002 | 0.135 |
I 900 0.03 0.005 | 0.132 |
| 930 0.07 0.011 I 0.126 |
| 960 0.14 0.022 | 0.115 |
I 990 0.20 0.031 | 0.106 |
| 1025 0.24 0.037 | 0.100 |
| 1050 0.26 0.041 | 0.096 |
| 1080 0.25 0.040 | 0.097 |
| 1110 0.26 0.041 | 0.096 |
| 1150 0.28 0.044 | 0.093 |

|Time 10 rain 0.32 0.050 |
1

0.087 |
| 20 0.36 0.056 I 0.081 |
| 30 0.40 0.062 | 0.075 |
| 40 0.42 0.066 | 0.071 |
1 50 0.42 0.066 | 0.071 |
| 60 0.42 0.066 | 0.071 | 

1



TABLE 107 Reduction in Hydrogen

Sample No: C 214
Material: Fe-0.8% Cr
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: Unknown

'Temperature Mass loss 
mg

Oxygen lossl 
mass % |

| 500 0
| 600 0
| 700 0
| 730 0
| 760 0.03 0.004 |
| 790 0.03 0.004 |
| 820 0.05 0.007 |
| 850 0.05 0.007 |
| 880 0.05 0.007 |
| 910 0.08 0.012 I
| 940 0.11 0.017 |
| 970 0.15 0.023 |
| 1000 0.19 0.029 |
| 1030 0.23 0.035 |
| 1060 0.25 0.038 |
| 1085 0.27 0.041 |
| 1120 0.30 0.046 |
| 1150 0.30 0.046 |

|Time 10 rain 0.35 0.053 |
| 20 0.40 0.060 |
| 30 0.39 0.059 |
| 40 0.40 0.060 |
1 50 0.36 0.055 |
| 60 0.37 0.056 |



Table 108 Redaction in Hydrogen
Sample No: C 168
Material: Fe- 1.46% Cr
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.028 mass %

I Temperature 
| °C

Mass loss 
mg

Oxygen loss | 
mass % |

Oxygen | 
mass % |

| 300 -0.04 0.006 | 0.116 |
| 400 -0.08 0.012 | 0.122 |
I 500 -0.04 0.006 | 0.116 |
| 600 -0.02 0.003 | 0.113 |
| 650 -0.02 0.003 | 0.113 |
| 680 0 0 I 0.110 |
| 720 0 0 I 0.110 |
| 770 0.03 0.004 | 0.106 |
| 800 0.05 0.007 | 0.103 |
| 830 0.03 0.004 | 0.106 |
| 900 0.06 0.009 | 0.101 |
| 920 0.10 0.015 | 0.095 |
| 960 0.20 0.030 | 0.080 |
| 980 0.26 0.038 | 0.072 |
| 1010 0.29 0.043 | 0.067 |
| 1040 0.34 0.050 | 0.060 |
I 107 5 0.36 0.053 | 0.057 |
| 1110 0.39 0.058 | 0.052 |
I 1150 0.46 0.068 | 0.042 |

| Time 10 min 0.45 0.066 | 0.044 |
| 20 0.46 0.068 | 0.042 |
| 30 0.49 0.072 | 0.038 |
| 40 0.54 0.079 | 0.031 I
1 50 0.55 0.081 | 0.029 |
| 60 0.56 0.082 | 0.028 |



Table 109 Redaction in Hydrogen

Sample No: C 184
Material: Fe-1.46% Cr
Height of fall in air: 50 cm
Time of fall in air: 0.185 s
Final oxygen figure: 0.028 mass %

I Temperature 
| °C

Mass loss 
mg

Oxygen loss | 
mass % |

Oxygen | 
mass % | 

1

I 300 0 0 I
1

0 .1 12  |
| 400 - 0 . 0 4 0 .0 0 6  | 0 .1 06  |
I 500 - 0 . 0 4 0 .0 0 6  | 0 .1 06  |
| 600 0 .0 2 0 .0 0 3  | 0 .109  |
| 700 0 0 I 0 .1 12  |
| 800 0 0 I 0 .1 12  |
I 870 0 0 I 0 .1 1 2  |
| 910 0 0 I 0 .1 12  |
1 920 0 0 I 0 .1 1 2  |
I 960 0 .0 4 0 .0 0 6  | 0 .1 06  |
| 1000 0 .1 0 0 .0 1 4  | 0 .0 9 8  |
| 1025 0 .16 0 .0 2 2  | 0 .0 9 0  |
| 1050 0 .2 2 0 .0 3 1  | 0 .0 81  |
| 1080 0 .2 4 0 .0 3 4  | 0 .07 8  |
| 1110 0 .2 6 0 .0 3 6  | 0 .0 76  |
| 1150 0 .3 0 0 .0 4 2  | 0 .0 7 0  |

i

|Time 10 rain 0 .4 5 0 .0 6 3  |
I

0 .049  |
| 20 0 .5 2 0 .0 7 3  ! 0 .0 39  |
| 30 0 .5 5 0 .0 7 6  | 0 .0 36  !
| 40 0 .5 4 0 .0 7 5  | 0 .037 |
1 50 0 .6 0 0 .0 8 4  | 0 .0 2 8  |
| 60 0 .6 0 0 .0 8 4  | 0 .0 2 8  | 

1



Table 110 Reduction In Hydrogen
Sample No: C 186
Material: Fe-1.46% Cr
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.045 mass %

| Temperature | 
1 °C |

Mass loss 
mg

Oxygen loss | 
mass % |

Oxygen | 
mass % | 

1
| 300 | 0 0 I

1
0.119 |

| 400 | 0.01 0 I 0.118 |
1 500 | 0 0 I 0.119 I
| 600 | 0 0 I 0.119 1
1 700 | 0 0 I 0.119 |
| 800 | 0 0 I 0.119 I
1 850 | 0.06 0.008 | 0.111 |
| 880 | 0.08 0.011 | 0.108 |
1 950 | 0.18 0.025 | 0.094 |
| 1010 | 0.30 0.041 | 0.078 |
| 1070 | 0.36 0.050 | 0.069 I
| 1130 | 0.40 0.055 | 0.064 |
1 1150 | 0.47 0.065 | 0.054 | 

|
|Tirae 10 min | 0.48 0.066 | 0.053 |
1 20 | 0.52 0.072 1 0.047 |
1 30 | 0.55 0.075 | 0.044 |
1 40 | 0.56 0.077 | 0.042 |
1 50 ! 0.54 0.074 I 0.045 I
1 60 | 0.54 0.074 | 0.045 I 

1 
1



TABLE 111 Reduction in Hydrogen

Sample No: E 2
Material: Fe-0.3% Si
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.038 mass %

'Temperature Mass loss 
mg

Oxygen loss 
mass %

Oxygen| 
mass % |

| 500 0 0 0.085|
| 630 0 0 0.0851
| 690 0 0 0.085|
| 780 0 0 0.0851
| 810 0 0 0.085|
| 860 0 0 0.0851
| 890 0 0 0.085|
| 930 0.01 0.001 0.084|
I 960 0.02 0.002 0.083|
| 990 0.06 0.007 0.0781
I 1020 0.10 0.012 0.073|
| 1050 0.15 0.018 0.067|
| 1080 0.18 0.021 0.064|
| 1120 0.20 0.024 0.0611
I 1145 0.23 0.027 0.058|
| 1150 0.24 0.028 0.057|

|Time 10 min 0.30 0.035 0.0501
1 20 0.31 0.036 0.049|
| 30 0.35 0.041 0.044|
| 40 0.39 0.046 0.0391
1 50 0.40 0.047 0.038|
| 60 0.40 0.047 0.038|



TABLE 112 Reduction in Hydrogen

Sample No: E 3
Material: Fe-0.3% Si
Height of fall in air: 100 cm
Time of fall in air: 0,305 s
Final oxygen figure: 0.040 mass %

* Temperature Mass loss 
mg

Oxygen loss 
mass %

Oxygen| 
mass % |

| 500 0 0 0.059|
| 630 0.01 0.002 0.057|
I 690 0 0 0.059|
| 720 0 0 0.0591
| 800 0 0 0.059|
| 860 0 0 0.0591
| 890 0 0 0.0591
| 930 0 0 0.0591
| 960 0.01 0.001 0.058|
| 990 0.04 0.005 0.054|
| 1020 0.06 0.007 0.052|
| 1050 0.08 0.010 0.0491
| 1080 0.08 0.010 0.049|
| 1120 0.10 0.013 0.046|
| 1150 0.12 0.015 0.044|

ITirae 10 min 0.13 0.017 0.042|
| 20 0.13 0.017 0.042|
| 30 0.14 0.018 0.041|
| 40 0.14 0.018 0.041|
1 50 0.15 0.019 0.040|
| 60 0.16 0.020 0.0391



TABLE 113 Reduction in Hydrogen

Sample No: E 62
Material: Fe-0.7 5% Si
Height of fall in air: 100 cm
Time of fall in air: 0.305 s
Final oxygen figure: 0.021 mass %

Temperature|Mass los 
°C 1 mg

1 1 
I 600 | 0
1 700 | 0
| 800 | 0
1 850 I 0
! 880 | 0.01
| 920 I 0.01
1 950 I 0.15
| 1000 I 0.30
| 1020 | 0.04
| 1050 | 0.04
| 1080 | 0.05
| 1100 | 0.05
| 1120 I 0.08
| 1150 | 1 1 0.09
1 1 
|Time 10 mini 0.11
1 20 | 0.12
! 30 | 0.125
1 40 | 0.125
1 60 | 0.12

I Oxygen loss 
I mass %

Oxygen| 
mass % |

0.031|
0.031|
0.031|
0.031|

| 0.001 0.030|
I 0.001 0.030|
| 0.002 0.029|
| 0.003 0.028|
| 0.005 0.026|
| 0.005 0.026|
| 0.006 0.025|
| 0.006 0.025|
I 0.009 0.022|
| 0.010 0.021|

| 0.013 0.018|
| 0.014 0.017|
| 0.014 0.017|
| 0.014 0.017|
| 0.014 0.017|



TABLE 114 Reduction in Hydrogen

Sample No: E 4
Material: Fe-1.33% Si
Height of fall in air: 100 era
Time of fall in air: 0.305 s
Final oxygen figure: 0.009 mass %

1 Temperature Mass loss 
mg

Oxygen loss 
mass %

Oxygen| 
mass %j

I 500 0 0 0.0491
| 600 0.02 0.002 0.047|
I 700 0.02 0.002 0.047|
| 800 0 0 0.0491
I 870 0.01 0.001 0.048|
I 900 0 0 0.0491
I 925 0.01 0.001 0.048|
| 960 0.04 0.004 0.0451
| 1000 0.08 0.008 0.041|
| 1030 0.10 0.010 0.0391
| 1060 0.12 0.012 0.037|
| 1090 0.15 0.015 0.034|
| 1115 0.17 0.017 0.032|
| 1150 0.18 0.018 0.0311

|Time 10 min 0.23 0.023 0.0261
| 20 0.30 0.030 0.019|
| 30 0.34 0.034 0.0151
| 40 0.38 0.038 0.0111
1 50 0.40 0.040 0.0091
| 60 0.40 0.040 0.009|



TABLE 115 Redaction Data for Alloy Droplets

‘Alloy System Sample No Temperature-Onset 
of Reduction °C

Oxygen loss 
mass %

Oxygen Content 1 
Mass % * 

Initial * Final

|Pure Iron A 304 680/800 0.040 0.078 0.038 |

|Iron-Manganese

A 307 800 0.034 0.077 0.043 |

|Fe-0.5% Mn D 77 780/810 0.053 0.085 0.032 |
D 53 820 0.051 0.102 0.051 |
D 92 800 0.054
D 94 780 0.046

|Fe-0.7% Mn D 11 820/840 0.056 0.084 0.028 |

|Iron-chromium

D 32 820 0.047 0.104 0.057 |

|Fe-0.17% Cr C 109 750 0.054 0.097 0.043 I
C 133/ 
C 138

780 0.053/1 
0.049 |

|Fe-0.25% Cr C 54 850/900 0.070 0.139 0.069 |
C 63 840/900 0.039 0.108 0.069 |
C 65 840/850 0.069 0.142 0.073 |
C 91 820/840 0.066 0.137 0.071 |

|Fe-0.8% Cr C 214 780/800 0.056
IFe-1.46% Cr C 168 770/830 0.088 0.116 0.028 |

C 184 850/900 0.084 0.112 0.028 |

IIron-Silicon

C 186 800 0.074 0.119 0.045 |

|Fe-0.3% Si E 2 930 0.047 0.085 0.038 |
E 3 930 0.020 0.059 0.039 |

|Fe-0.75% Si E 62 900 0.014 0.031 0.017 |
|Fe-1.33% Si E 4 925 0.009 |



TABLE 116 SEM EEAX Analysis

Material: Fe-0.3% Mn
All values in mass %

Sample 1

1 1 Surface•60 frora I I | surface
|120 from| 
I surface | Centre

'Elements as analysed
IFe 196.169 | 96.720 
|Mn | 0.415 | 0.499 
I Si | 1.055 | 0.716

I 95.160 | 
I 0.453 | 
I 0.562 |

99.4101100.7851 
0.2961 0.386| 
0.764| 0.5401

98.0991
0.494|
1.0521

100.8801 
0.385| 
0 1

1 1 1 
I Total|97.639 | 97.935 
1 1 1

1 1 
I 96.175 | 
1 1

1 1 
100.4701101.711|

1 1

1
99.6451

1
101.2651

'Eleaents corrected to 100Z total with Si renoved froa figures >
IFe | 99.570| 99.487 
|Mn | 0.430| 0.513

I 99.526 | 
I 0.474 |

99.7031
0.297|

99.6181
0.3821

99.4991
0.5011

99.6201
0.3801

1 1 I 
|Total|100.0001100.000
1 1 1

1 1 
1100.000 | 
1 1

i i i i 
100.0001100.0001100.0001100.0001 

1 1 1 1
1 1 1 
IFe/Mn| 231| 194
1 1 1

1 1 
1 210 | 
1 1

1
3361

1

1
260|

1

1
1991

1
262|

Sample 2

' 'Surface 1 1 l'Surface 2̂  
1 1

Centre 1 Centre 2̂
1 1
IFe | 97.298 
|Mn | 0.308 
|Si | 1.331

1 1 
| 97.376 | 
| 0.134 | 
| 1.059 |

96.906
0.190
0.740

96.484 | 
0.227 | 
0.713 |

1 1
|Total I 98.938 
1 1

1 1 
| 98.569 | 
1 1

97.836 97.424 I

'Elements corrected to 100Z 
1reaoved from figures

total with Si 1

1 1
IFe | 99.684 
IMn | 0.316

1 1 
| 99.863 | 
| 0.137 |

99.804
0.196

99.765 | 
0.235 |

1 1
ITotal|100.000 
1 1

1 1 
1100.000 | 
1 1

100.000 100.000 |

1 1
IFe/Mn| 315 
1 1

1 1 
1 729 | 
1 1

509 425 |
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TABLE 118 SEM EDX Analysis

Material: Fe-0.25% Cr
All values in mass %

'Element 1 Distance 
1

from edge ym

io 65 105 155 27 5 355 Sfce 2 (515 ) 1

I Fe I 87.905
1

83.9611 96.565 99.853 99.282 96.474 96.861 90.6931
I Cr 0.391 0.3131 0.484 0.259 0.377 0.327 0.506 0.5321
I Si 4.703 7.4081 0.739 0.936 1.039 0.871 0.664 0.6631
1
I Total 
1

92.998
1

91.682|
1
97.788 101.047 100.698 97.671 98.030 91.8871

1 Corrected values (OZ silicon)
I Fe 99.560 99.6291 99.500 99.740 99.622 99.662 99.480 99.4171
I Cr 0.440 0.371| 0.500 0.260 0.378 0.338 0.520 0.5831
I
I Total 
1

100.000
i

100.0001100.000
1

100.000 100.000 100.000 100.000 100.0001

1
|Fe/Mn 
1

225
1

269 I 
1

200 386 263 295 191 171 I

'Element Surface Centre
1
1

Spot JSpot 1Spot Spot Square Square Spot Spot '
1
1 Fe

1
96.9291 97.8701 94.181 94.503 99.186 99.492 103.636 99.8931

I Cr | 0.474| 0.4451 0.455 0.459 0.321 0.330 0.362 0.4691
|Si 0.869| 0.5731 0.782 0.700 0.129 0.605 0.142 0.1591
I 1 
I Total | 
1 1

1
98.2721

1
98.8871 95.418 100.663 99.635 100.426 104.139 100.5221

'Corrected values (0.14Z Si)
1 Fe 99.3721 99.4081 99.379 99.400 99.548 99.530 99.488 99.3741
| Cr | 0.486| 0.4521 0.480 0.459 0.322 0.330 0.347 0.4661
1 Si 0.142| 0.140| 0.141 0.141 0.130 0.140 0.165 0.1591
1 1 
I Total | 
1 1

1
100.0001

1
100.0001 100.000 100.000 100.000 100.000 100.000 100.0001

1 1 
|Fe/Cr | 
1 1

1
205 | 

1
220 | 207 217 309 302 287 213 |



TABLE 119 SEM EDX Analysis

Material: Fe-1.46% Cr
All values in mass %

I | Surface 1 
| [within 10 
| |of edge

I Surface 2 
Iwithin 10 
I of edge

I Surface 3 
I 20
|from edge

1
Centre 1j 

1
Centre 2|

'Elements as analysed
IFe | 99.362 | 100.769 I 88.595 102.9791 104.4981
1 Cr | 2.156 I 1.961 I 1.177 1.337| 1.276|
1 Si | 0.757 | 1.142 I 0.141 0.3411 0.115!
1 1 
|Total| 
1 1

102.274
1
| 103.872 
1

1
I 89.913 
1

I
104.9131

1
105.8891

'Elements corrected to 100Z total
1 Fe | 97.152 | 97.013 I 98.534 98.3971 98.6861
I Cr | 2.108 I 1.888 I 1.309 1.2781 1.205|
1 Si | 1 1 0.740 | 1.099 I 0.157 0.3251 0.1091
1 1 
J Total I 
1 1

100.000
1
| 100.000 
1

1
I 100.000 
1

1
100.0001

1
100.0001

' Elements corrected to 100Z total with Si adjusted *
IFe | 97.778 I 97.993 I 98.583 98.6191 98.6861
| Cr | 2.122 I 1.907 I 1.310 1.281| 1.2051
|Si | 0.100 I 0.100 I 0.107 0.1001 0.1091
1 1 
|Total| 
1 1

100.000
1
| 100.000 
1

1
| 100.000 
1

1
100.000!

1
100.0001

1 1 
IFe/Cr|
1 1

46.1
1
I 51.4 
1

1
I 75.2 
1

1
77.0 | 

1
81.9 |



TABLE 120 SEM EDX Analysis

Material: Fe- 
All values in

0.3% Si 
mass %

' * Surface 
1 1 11 Surface 1

21 Centre' 
1 1

'Elements as analysed
|Fe | 90.469 
|Si 1 3.647

I 90.634 
| 3.524

|91.633| 
1 0.679|

1 1
I Total| 94.116 
1 1

1
I 94.158 
1

1 I 
|92.312| 
1 1

1 1 
IFe/Si| 24.8 
1 1

1
I 25.7 
1

1 1 
1 135 | 
1 1

TABLE 121 SEM EDX Analysis

Material: Fe- 
All values in

0.75% Si 
mass%

1 * Surface 1 1 1J Surface 2 j Centre *

'Elements as analysed
|Fe | 78.745 
I Si | 7.289

I 80.105 
I 5.138

|91.507| 
I 1.107|

1 1
|Total| 86.034 
1 1

1
I 85.243 
1

1 1 
|92.613|
1 1

1 1 
|Fe/Si J 11 
1 1

1
I 15.6 
1

1 1 
1 83 | 
1 1



TABLE 122 SEM EDX Analysis

Material: Fe-1.33% Si
All values in mass %

JElementJDistance from edge ym J

1 1 
1 1

0 1 60 1 1 1
120 1 1 200 1 1 240 1 1 300 1 Centre * 1 1

1Elements as analysed
1 Fe I 
ISi I

82.9271 84.8671
6.3981 5.358! 1 1

85.1731
5.2801

81.7441
6.505|

85.321|
5.435!

87.5641 99.0611 
4.474! 1.504!

1 1 
|Total | 
1 1

1 1 
89.3251 90.2251 

1 1

1
90.4531

1
1

88.249|
1

1
90.7561

1
1 1 

92.0381100.5651
1 1

1 1 
1Fe/Si | 
1 1

1 1 
13 | 15.8 |

1 1

1
16.1 | 

1
1

12.6 | 
1

1
15.7 | 

1
1 1 

19.6 | 66 | 
1 1



TABLE 123 SIMS Analysis of Area of 1.46Z Cr Alloy

(i) Positive SIMS Analysis

I
!Sample No

Height of peak 
mm No of Counts Fe/Cr1 

Ratio 1Cr I Fe Cr 1 Fe

| RJ 0 0.1 | 0.2 256
1
| 512 2.0 |

| RJ 1 3.25 I 9.90 802 12444 3.051
| RJ 2 3.10 | 14.10 132 | 600 4.55|
| RJ 3 4.40 | 14.10 136 I 437 3.21|
I RJ 4 2.75 | 14.10 401 12056 5.13|
| RJ 5 3.50 | 14.10 574 12312 4.03|
I RJ 6 2.35 | 14.10 798 14787 6.00|
| RJ 7 4.90 | 11.30 2185 14039

1
2.31|

(ii) Negative SIMS Analysis

I Sample No
Height of peak 

mm No of Counts‘
Oxygen Oxygen |

| RJ 1- 14.1 14362 I
| RJ 3- 6.6 813 |
| RJ 4- 14.1 1025 |
| RJ 5- 14.1 1337 |
| RJ 6- 14.1 837 |
| RJ 7- 14.1 7300 |
| RJ 7-R 14.1 2850 |
| RJ 7-R1 14.1 2000 |
| RJ 7-R2 14.1 1725 |



tart.f. 124 Oxide Film Analysis RJMN.l and RJMN.2

RJMN.l (Fe-1.0% Mn)

|Etch Time 
1 s

Concentration, mass% Fe/Mn| 
Ratio|Fe | Mn

1 o 14.1
1
| 6.75 2.1 |

| 925 13.5 1 7.7 1.8 |
| 1850 13.5 | 12.3 1-1 1
| 2770 .14.7 I 18.4 0.8 |
| 3700 14.7 | 30.0 0.5 |
| 4625 16.0 | 33.1 0.5 |
| 5550 25.8 | 25.8 1.0 |
! 6475 28.2 | 20.2 1-4 I
| 7400 20 - *'♦ [ 21.9 1-1 1
| 8325 26.4 | 28.2 0.9 |
I 9247 26.4 | 32.5 

1
0.8 |

RJMN.2 (Fe-1.0% Mn)

|Etch Time Concentration, mass% Fe/Mn|
1 s Fe Mn Ratio|
1
1 o 14.1 9.8 1.4 I
| 746 12.9 11.7 1.1 1
| 1492 14.7 14.7 1.0 |
| 2240 14.7 16.0 0.9 |
| 2984 14.7 17.8 0.8 |
| 3730 14.7 18.4 0.8 |
| 4480 14.1 19.6 0.7 |
| 5220 16.0 25.8 0.6 I
I 5970 15.3 28.8 0.5 |
| 6715 14.1 33.1 0.4 |
| 7462 
1

14.1 35.3 0.4 |



TABLE 125 Oxide Film Analysis RJ.1P

R J .IP (Fe-1.46% Cr)

|Etch Time 
1 s

Concentration, mass%|Fe/Cr|
Fe Cr IRatio|

1 o 9.8 4.3
1 1 
1 2.3 |

I 1260 7.4 12.3 1 0.6 |
! 2520 9.2 17.8 1 0.5 |
I 37 68 12.3 24.5 1 0.5 |
| 5024 13.5 29.4 1 0.5 |
I 6280 14.7 33.1 1 0.4 |
| 7540 16.0 36.2 I 0.4 |
| 8792 16.0 38.7 1 0.4 |
| 10050 16.6 39.3 1 0.4 |
| 11306 16.5 38.7 1 0.4 |
| 12562 18.4 37.4 1 0.5 I 

1 1

TABLE 126 Oxide Film Analysis RJ.S1.P

RJ.S1.P (Fe-1.33% Si)

|Etch Time|Concentration, mass%|Fe/Mn|
1 s | Fe Si IRatio|
1 1 
1 0 | 1.2 9.8

1 1 
1 0.1 |

1 773 | 9.2 22.1 1 0.4 |
I 1546 | 13.5 30.1 I 0.45|
! 2320 | 11.7 35.0 I 0.33|
! 3092 | 13.5 36.8 I 0.37|
I 3865 | 10.4 31.9 I 0.33|
| 4640 | 12.9 36.2 I 0.36|
1 5411 | 12.3 41.7 I 0.30|
| 6184 | 13.5 39* 3 i 0.34|
| 6957 | 15.3 39.3 I 0.39|
| 7732 | 
1 1

8.6 50.9 1 0.17| 
1 1



TABLE 127 Oxidation Data (Vig and Lu)<68)

(i) Rate of Oxidation at 1530°C for 1 g droplets of iron

1 Time of fall in air s
Oxygen Pickup, mass %
1 g droplet|0.7 g droplet (equiv)

0.075
1

0.025 | 0.028
0.115 0.034 | 0.038
0.194 0.045 ! 0.051
0.265 0.055 | 0.062
0.30 0.060 | 

1
0.0675

(ii) Rate of Oxidation at 1638°C for 1 g droplets of

 ̂Time of fall in air s
Oxygen Pickup, mass % |
1 g droplet|0.7 g droplet (equiv)|

0.075 0.023 | 0.026 |
0.115 0.032 | 0.036 |
0.194 0.045 | 0.051 |
0.265 0.055 | 0.062 |
0.296 0.060 | 

1
0.0675 |

(iii) Rate of Oxidation at 1638°C for Different Sized Droplets

T̂irae of fall 1 s
-j-l Oxygen Pickup, mass % (0.7 g (equiv)

| 0.87 g | 1.08 g I 1.22 g 1 1.45 g |

| 0.075
1 1 1 
10.023(0.025)10.022(0.025)|

1 1 
10.017(0.022) |

I 0.120 10.034(0.037)10.030(0.035)|0.027(0.033) 1 1
| 0.200 10.048(0.052)10.043(0.050)10.041(0.050) 10.038(0.049)|
1 0.268 10.060(0.065)10.056(0.06 5)! 10.048(0.062)1
| 0.300 10.069(0.075)10.061(0.071)10.058(0.070) 

1 I 1
10.053(0.068)1 
1 1
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Figs.119 & 120. SIMS Analysis of Fe-1.46% Cr
Sectioned Sample
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Fig.121. SIMS Analysis of Fe-1.46% Cr 
Sectioned Sample
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Figs.122 & 123. SIMS Analysis of Fe-1.46% Cr
Sectioned Sample
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Figs.124 & 125. SIMS Analysis of Fe-1.46% Cr
Sectioned Sample
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Figs.126 & 127. SIMS Analysis of Fe-1.46% Cr
Sectioned Sample
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Figs.128 & 129. SIMS Analysis of Fe-1.46% Cr
Sectioned Sample
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Figs.130 & 131. SIMS Analysis of Fe-1.46% Cr
Sectioned Sample
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Figs.132 & 133. SIMS Analysis of Fe-1.46% Cr
Sectioned Sample
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Fig.134. SIMS Analysis of Fe-1.46% Cr 
Sectioned Sample
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Figs.137 & 138. SIMS Analysis of Oxide Film
Depth Profile, Fe-1.0% Mn
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Figs.139 & 140. SIMS Analysis of Oxide Film
Depth Profile, Fe-1.0% Mn
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Figs.141 & 142. SIMS Analysis of Oxide Film
Depth Profile, Fe-1.0% Mn
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Figs.143 & 144. SIMS Analysis of Oxide Film
Depth Profile, Fe-1.0% Mn
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Figs.145 & 146. SIMS Analysis of Oxide Film
Depth Profile/ Fe-1.46% Cr
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Fig.147. SIMS Analysis of Oxide Film 
Depth Profile, Fe-1.46% Cr
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Fig.148 & 149. SIMS Analysis of Oxide Film
Depth Profile, Fe-1.46% Cr
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Figs.150 & 151. SIMS Analysis of Oxide Film
Depth Profile, Fe-1.33% Si



R J 5 I 1 ■ P

E T C H  T I M E .  5 E C 5

Fig.152. SIMS Analysis of Oxide Film 
Depth Profile, Fe-1.33% Si
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Figs.153 & 154. SIMS Analysis of Oxide Film
Depth Profile, Fe-1.33% Si
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Fig.155. SIMS Analysis of Oxide Film 
Depth Profile for Oxygen 
Fe-0.5% Mn, Oxidised in air 
followed by reduction in hydrogen
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Position of iron wire in the levitation coil.

Formation of a droplet at the end of the iron wire.







Plate 5 Experimental arrangement for the Droplet-Quench 
Media studies

\





Plate 6 Stanton Massflow Thermobalance and Alnor Dewpoint
Meter.





Plate 7 Specimen A43. Pure iron dropped through 50 cm air
at 1600°C and quenched in silicone oil.
SEM Micrograph 
Magnification 35x
General Topographical details of surface of droplet. 
Although approximately spherical, the distortion at 
the horizon is clearly seen, including point of 
probable ejection. Possible rippling of surface.

Plate 8 Specimen A76. Pure iron dropped through 50 cm air
at 1600°C and quenched in de-aerated water.

SEM Micrograph 
Magnification 75x
Showing massive nature of oxide formed. Section of 
oxide has broken away showing nature of surface 
beneath. Oxide clearly showing grain boundaries. 
Probable epitaxial growth.

Plate 9 Specimen A76. Pure iron dropped through 50 cm air
at 1600°C and quenched in de-aerated water.

SSM Micrograph 
Magnification 1175x
Showing detail of oxide formed.





Plate 10 Specimeg A283. Pure iron dropped through 100 cm air 
at 1600 C and quenched in silicone oil.
SEM Micrograph 
Magnification 320x
General nature of oxide film showing random wavy 
pattern, 1 sif* type topography. Pattern covers in 
excess of 905© of surface.

Plate 11 Specimen A233. Pure iron dropped through 100 cm air 
at 1600°C and quenched in silicone oil.
SEM Micrograph 
Magnification 1250x
Oxide film in detail. Surface is a mixture of rough 
and smooth areas. Large number of small depressions. 
Possibly some directionality to the surface pattern.





Plate 12 Specimen A282. Pure iron dropped through 100 cm air 
at lb00°C and quenched in silicone oil. Reduced in 
hydrogen at 1150°C for 1 hour.
SEM Micrograph 
Magnification 320x
Random wavy pattern of original oxide surface still 
evident. Surface detail has changed. Evidence of 
a number of pits in the surface.

Plate 13 Specimen A2S2. Pure iron dropped through 100 cm air 
at 1600°C and quenched in silicone oil. Reduced in 
hydrogen at 1150°G for 1 hour.
SEM Micrograph 
Magnification 125Ox
Many surface features now evident. Characteristic 
of an etched surface. Evidence of polycrystalline 
nature. Pits appear to be quite deep with a 
tapered section.





Plate 1L Speciemn D78. Fe-0.5% Mn dropped through 50 cm air
at 1600°C and quenched in silicone oil*
SEM Micrograph 
Magnification 500x
Oxide film appears two-phase. Dominated by stria 
which are directional. In amongst the stria are 
pockets of 'wavy1 oxide.

Plate 15 Specimen D91. Fe-0.5^ Mn dropped through 100 cm air
at 1600°C and quenched in silicone oil.
SSM Micrograph 
Magnification 2000x
Striated surface in detail. Shows fine mottled detail.
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Plate 16 Specimen D92. Fe-0.5^ Mn dropped through 100 cm air
at 1600°C and quenched in silicone oil. Reduced in 
hydrogen at 1150°C for 1 hour.

SSM Micrograph 
Magnification 500x
Striated surface no longer evident. Surface pitted 
suggesting removal of material. Evidence of pits 
joining together to form a surface crack. Suggestion 
of sub-grain boundaries or fine cracks.

Plate 17 Specimen D77. Fe-0.5^ Mn dropped through 50 cm air
at 1600°C and quenched in silicone oil. Reduced in 
hydrogen at 1150°C for 1 hour.

SEM Micrograph 
Magnification 2000x
Similar characteristics to previous specimen, shown 
in more detail. Original oxide film would not have 
been as thick as that of previous specimen. Many 
of the surface pits are round; some tend to elongate 
and join together. There appears to be some degree 
of directionality in this area. Pits found in 
valleys and along ridges. Some light marking of 
surface possibly characteristic of the metal sub­
surface.

\





Plate 18 Specimen D91 Fe-0.5$ Mn dropped through 100 cm air 
at 1600°C and quenched in silicone oil. Droplet 
mounted in bakelite and polished to 6 pm diamond 
finish.
SEM Micrograph 
Magnification 45Ox
Specimen shows region of porosity immediately behind 
the droplet surface. The amorphous nature of the 
oxide film is evident; no surface detail can be seen.

Plate 19 Specimen D92. Fe-0.5$ Mn dropped through 100 cm air
at 1600°C and quenched in silicone oil. Reduced in 
hydrogen at 1150°C for 1 hour. Droplet mounted in 
bakelite and polished to 6 ym diamond finish.

SEM Micrograph 
Magnification 900x
Again there is evidence of porosity within the droplet 
particularly just behind the droplet surface. There 
is more detail to the oxide film after treatment with 
hydrogen. Features stand out in relief.





Plate 20 Specimen D33. Fe-0.7$ Mn dropped through 100 cm air
at 1600°C and quenched in silicone oil,
SEM Micrograph 
Magnification 34-Ox
The striated surface of the 0.5$ Mn alloy is not as 
evident. The dominant surface feature appears to be 
the 'sif' pattern. There are ‘smooth1 islands in the 
’wavy1 field.

Plate 21 Specimen D33* Fe-0.7$ Mn dropped through 100 cm air
at 1600°C and quenched in silicone oil.
SIM Micrograph 
Magnification 1350x
Surface shown in more detail. General impression of 
a smooth textured oxide film; some degree of surface 
relief.





Plate 22 Specimen D32. Fe-0.7$ Mn dropped through 100 cm air
at 1600°C and quenched in silicone oil. Reduced in
hydrogen at 1150°C for 1 hour.
SEM Micrograph 
Magnification 34-Ox
Specimen exhibits two types of relief. Firstly, 
smooth rounded surface showing minute cracks. 
Secondly, wavy corrugated type of surface where there 
is only slight pitting evident.

Plate 23 Specimen D32. Fe-0.7$ Mn dropped through 100 cm air
at 1600°C and quenched in silicone oil. Reduced in 
hydrogen at 1150°C for 1 hour.

SEM Micrograph 
Magnification 135Ox
’Sif’ relief of small ridges and troughs evident. 
Appearance of small round pits in the surface. 
Network of fine ’grain boundaries’ or cracks.





Plate 2L Specimen D90. Fe-1,0^ 1-In dropped through 100 cm air
at 1600°C and quenched in silicone oil.
SBM Micrograph 
Magnification 500x
The oxide film on the surface of the droplet showing 
striated effect. Surface gently undulating. 
Striations directional. v

Plate 25 Specimen D95. Fe-1.0^ Mn dropped through 50 cm air
at 1600°C and quenched in silicone oil.

SEM Micrograph 
Magnification 4700x
Detail of surface oxide showing possible duplex 
nature.





Plate 26 Specimen D96. Fe-1.0^ Mn dropped through 50 cm air
at 1600°C and quenched in silicone oil. Reduced in 
hydrogen at 1150°C for 1 hour.
SSM Micrograph 
Magnification 550x
Surface contours appear to be smoothed out. Possible 
traces of striated topography. Some pits evident. 
Main feature is large network of fine cracks with 
one very large crack.

Plate 27 Specimen D9S. Fe-1,0% Mn dropped through 100 cm air 
at 1600°C and quenched in silicone oil. Reduced in 
hydrogen at 1150°C for 1 hour.

SEM Micrograph 
Magnification 2350x
Relatively smooth surface. Large number of very small 
pits. Network of cracks, similar to grain boundaries 
opening up. Edges of some cracks suggest they are 
V-shaped by reflection. Possible appearance of 
dendritic sub-structure in surface film.





Plate 28 Specimen CI34.. Fe-0,17/= Cr dropped through 100 cm
air at 1600°C and quenched in silicone oil.
SEM Micrograph 
Magnification 200x

Surface examination revelas duplex structure. 
Islands of smooth oxide, evenly distributed, stand­
ing in a sea of fine ’wavy1 oxide. Smooth rounded 
areas very low in chromium.

Plate 29 Specimen CI33. Fe-0.17$ Cr dropped through 100 cm
air at 1600°C and quenched in silicone oil.
Reduced in hydrogen at 1150°C for 1 hour
SEM Micrograph 
Magnification SOOx
Surface denuded by exposure to the hydrogen. 
Surface relief appears to be minimised, pockets 
still remaining containing second oxide. 
Depressions can be seen in the oxide film; also 
formation of pits or holes in oxide film.





Plate 30 Blank Specimen. Fe-0.25$ Cr. Reduced in hydrogen
and quenched, unoxidised, in silicone oil.
SEM Micrograph 
Magnification 54-0x
Fine detail of unoxidised surface revealed. 
Suggests duplex nature.

Plate 31 Specimen C92. Fe-0.2%  Cr dropped through 100 cm 
air at 1600°C and quenched in silicone oil.
SEM Micrograph 
Magnification 4-5Ox
Duplex structure similar to specimen 134-. One 
oxide appears as rounded smooth phase standing 
out in relief with second oxide phase filling in 
the ’valleys1.

Plate 32 Specimen 091. Fe-0.25$ Cr dropped through 50 cm
air at 1600°C and quenched in silicone oil.
Reduced in hydrogen at 1150°C for 1 hour.
SEM Micrograph 
Magnification 800x
Reveals nature of reduced surface. Rounded oxide 
now not evident. Fine boundaries in evidence.
Range of different size tapered pits to be seen both 
in valley bottoms and in areas of high relief.





Plate 33 Specimen C26. Fe-0.8$ Cr dropped through 100 cm
air at 1600°C and quenched in silicone oil.
SEM Micrograph 
Magnification 560x
The more massive rounded phase seen in lower 
chromium alloys is now evident as spheroids on 
surface. These spheroids contain no chromium. 
They are small and rounded and distributed evenly 
over the surface with only odd spheroids growing 
to any considerable size. The matrix is now the 
second oxide phase and this predominates.

Plate 3A Snecimen CI83. Fe-1.4.6$ Cr dropoed through 50 cm
air at 1600°C and quenched in silicone oil.
SEM Micrograph 
Magnification 4-50x
Surface oxide now completely the fine second oxide 
with only a trace of smooth oxide. The network 
covers most of the surface in a closely knit matter.

Plate 35 Specimen C185. Fe-1.4.6$ Cr dropped through 100 cm
air at 1600°C and quenched in silicone oil.
SEM Micrograph 
Magnification 450x
Shows similar characteristics to the previous 
specimen. Surface entirely covered with a fine 
matting of oxide.
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Specimen C184-. Fe-1.46$ Cr dropped through 50 cm
air at 1600°C and quenched in silicone oil.
Reduced in hydrogen at 1150°C for 1 hour.

SIM Micrograph 
Magnification 900x
Reduction at 1150°C appears to have almost denuded 
the surface of the oxide film. Traces of light 
second phase, probably iron, evident. Formation 
of pits can be seen and a large crack in the surface 
is in evidence.

Specimen C186. Fe-1.4.6$ Cr dropped through 100 cm
air at 1600°C and quenched in silicone oil. Reduced 
in hydrogen at 1150°C for 1 hour.
SEM Micrograph 
Magnification 1800x
This specimen with a thicker oxide film than the 
previous specimen shows the earlier stages in the 
reduction process. The oxide film can clearly be 
seen with the formation of depressions or holes in 
the film. The possibility of these holes joining up 
to form a continuous crack in the oxide is evident.





Plate 38 Specimen El. Fe-0.3$ Si dropped through 100 cm
air at lb00°C and quenched in silicone oil.
SEM Micrograph 
Magnification 54-Ox
General features of nature of oxide film formed 
on the surface. Very little relief. Oxide appears 
as a fairly dense network with possibly a few holes 
or spaces in that network.

Plate 39 Specimen El. Fe-0,3$ Si dropped through 100 cm air 
at 1600°C and quenched in silicone oil.
SEM Micrograph 
Magnification 2l60x
Oxide morphology in more detail. Oxide network does 
not completely cover surface.

Plate 4-0 Specimen E3. Fe-0.3$ Si dropped through 100 cm air
at 1600°C and quenched in silicone oil. Reduced in 
hydrogen at 1150°C for 1 hour.

SEM Micrograph 
Magnification 540x
The network of ’’matted” oxide appears to be 
breaking down. Small pits are forming in the oxide.
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Plate 41 Specimen E65. Fe-0.75% Si dropped through 100 cm
air at 1600°C and quenched in silicone oil.
SEM Micrograph 
Magnification HOOx
Surface shows similar features to Specimen El. 
However, the oxide network appears to be finer. 
The network is again dense and any holes or gaps 
in the network are much smaller.

Plate 42 Specimen E62. Fe-0.75% Si dropped through 100 cm
air at 1600°C and quenched in silicone oil.

SEM Micrograph 
Magnification 54-Ox
The fine network has disappeared and the reduced 
oxide is perforated by a large number of holes. 
The surface appears to have a mottled effect. 
Appearance of more surface relief.

Plate 4.3 Specimen E62. Fe-0.75% Si dropped through 100 cm
air at lb00°C and quenched in silicone oil.
Reduced in hydrogen at 1150°C for 1 hour.
SEM Micrograph 
Magnification 2160x

Central region magnified. Holes appear to be deep 
and to perforate oxide film. Mottled effect can 
be seen to be small "blisters" on the surface.
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Plate 44 Specimen E5. Fe-1.33$ Si dropped through 100 cm
air at l60p°C and quenched in silicone oil.
SEM Micrograph 
Magnification 540x
Surface again shows the oxide network; there 
appears to be fewer discontinuities in the oxide 
film. Perhaps an even finer network structure.

Plate 45 Specimen E5. Fe-1.33% Si dropped through 100 cm air
at 1600°C and quenched in silicone oil.
SEM Micrograph 
Magnification 2160x
Showing the coverage of the oxide network at higher 
magnification.





Plate 46 Specimen E5. Fe-l.33^ Si dropped through 100 cm
air at 1600°C and quenched in silicone oil. 
Reduced in hydrogen at 1150°C for 1 hour.
SEM Micrograph 
Magnification 540x
Surface almost completely removed of oxide film. 
Relatively featureless surface now showing much 
more relief. Surface also appears to be stepped.

Plate 47 Specimen E5. Fe-1.33A Si dropped through 100 cm
air at 1600°C and quenched in silicone oil.
Reduced in hydrogen at 1150°C for 1 hour.
SEM Micrograph 
Magnification 2160x
Enlargement of central region of previous plate. 
Shows stratified nature of surface after exposure 
to hydrogen at 1150°C. Evidence of removal of 
metal; thermal etching of surface. Pitting of 
surface not in evidence. Surface suggests removal 
of oxide evenly over the surface with local relief 
variations.





APPENDIX I

Interval Estimation and Number of Observations

When there is a range of values it is usually preferable to 
find an interval estimate. The estimate is constructed in such 
a way that we have a certain confidence that the interval does 
contain the unknown parameter. The interval estimate is then 
called a confidence interval.

Silicone oil quench media.
50 cm fall in air values.

95% C.I. for mean oxygen content.

X ± t19.975 /n

where x is the mean of the observations
s is the standard deviation of the sample

/ £i=l
(x± - x) 
rvT

n is the number of observations
x. is the value of the observation i

19.975 is the percentage point of the t distribution

For the results obtained: 
x = 0.0^57 
s = 0.0140 
n = 20

*19.975 = 2,053
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S i t 19.975 “ = °*0^57 1 2*°93 x 0.014Q19
/n /2 0

i.e. 0.0391, 0.0523

To obtain a confidence interval of width 2A we require 
N observations where:

A - 2_s 
N

N = 4 s2 

A2

For A = 0.005, N = 32
A = 0.01, N = 8

Above results normalised to 0.7 g equivalent droplet.

x = 0.0470
s = 0.0124

n = 20

x - ^ 9.975 ^ = 0.0470 ± 2.093 x
/n /2 0

i.e. 0.0412, 0.0528

A - 2_s 
/N

N s 4_s£ 
A 2

For A = 0.005, N = 25
A = 0.01, N = b
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Reference

C Chatfield Statistics for Technology, Chapman & Hall, 1979.
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APPENDIX II

Temperature Profile of a Free Falling Iron Droplet 
1. Thermal Losses by Radiation and Convection

The thermal losses by radiation per unit area per unit time 
are given by the Stefan-Boltzmann law of radiation:

where 6 is the Stefan-Boltzmann radiation constant 
and T_ is the surface temperature.D 1

The above formula is applicable to black body conditions
only and must be modified for non-black body conditions by the
introduction of the emissivity e of the surface, which is a
function of the material, surface properties and temperature.
Rate of heat lost by radiation, q = 6 A e ( T ^ - T ^ )  (2)s e
for radiation between a finite surface area and its total 
surroundings, i.e. F-ĵ  = 1,

where A is the surface area of the droplet, and

The thermal losses by convection per unit area per unit time 
are given by:

a)

T0 is the temperature of the environment

(3)

where h is the heat transfer coefficient

In general, the value of h depends on the geometry of the 
system, droplet velocity and the properties of the g a s ^ .



Since the properties of the gas are temperature dependent the 
heat transfer coefficient will also be a function of temperature 
In situations which involve the formation of a boundary layer, 
as in this case, the heat transfer coefficient varies with 
location along the heat transfer surface.

Under these conditions, where h is dependent on location 
along the heat transfer surface, it is convenient to define a 

mean value of the heat transfer coefficient over the entire 

surface as:

The local heat transfer coefficient for convective heat 
transfer between a spherical particle and a fluid in relative

Figure AIL-1 is a typical plot of the variation of local 
heat transfer coefficient with distance along the perimeter of 

a

From data to be presented later in this section it will be 

seen that the Reynolds’ number for a droplet in flight over a 

distance of 1.2 metres varies between 70 and 2̂ .0. In view of 
this, an average local Nusselt number of 4 would seem reasonable.

h = •fo h dA (A)

motion can be estimated from the Ranz-Marshall correlation'^.

(5)
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Hence: N.Nu = M  = u

where k is the thermal conductivity of the gas. At a mean air 
temperature of 800°C, the thermal conductivity of air has a 
value of 57.3 x 10”3 W m“l

Heat transfer coefficient, h = ^
= 4 * 57-3 x I0r3 „ x K-1

d
Figure AU-1
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For a 0.7 g iron droplet
The volume is given by mass ^ density. Assuming a spherical

(5)droplet and the density of molten iron as 7.10 g cm“3 the 

diameter of the droplet is determined as 0.00572 m. Substituting 
in the above equation,

h = Z.0.0 H m-2 K-l

Heat lost from 0.7 g droplet by convection;

q = hA(Ts - Te)

q = -40.0 4tt (0.00286)2 1873 - 293 W

= 6.50 W

Heat lost from 0.7 g droplet by radiation:

q = 6 A e ( T ^ - T ^ )  s e

Given that 6 = 5.670 x H P 8 W m“^ K“^ 
e = 0.37

q = 5.670 x 10“8 X 0.37 4 tt( 0.00286)2 1873^ - 293^
= 26.52 W

Determination of heat content of 0.7 g droplet at 1600°C 
Specific heat data^:

(a) Fe(a) Cp = 17.49 + 24.77 x 10-3 T J mol-1 IT1 (273-1033K)
(b) Fe(g) Cp = 37.656 J mol-1 K-1 (1033-1181)
(c) Fe(y) Cp = 7.70 + 19.50 x 10r3 T J mol-1 K-l (1131-1674)
(d) Fe(6) Cp = 43.93 J mol-1 IT1 (1674-1809)
(e) Fe(t) Cp = 41.34 J mol”1 IT1 (1809-1873)
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(f) Fe(a+B) Lt = 2.761 kJ mol"1 K-l 1033K

(g) Fe(B->r) I*t = °'921 kJ m°r l  K-1 1181K
(h) Fe(y-nS) Lt = 0.B79 kJ mol"1 IT1 1674K
(i) Fe(6-Hi) L.f = 15.481 kJ mol-1 IT1 I8O9K

A H = J Cp dT + Lt 
T,

1033 1181
AHFe = / (17.49+24.77*10-3 T)dt + 2761+ / 37.656 dT+921

293 1033
1674 1809

+ J (7.70+19.50x10-3 t) dT + 879 + / 43.93 dT + 1548I
1181 1674

1873
+ J 41.84 dT 
1809

17.49T+12.39xlO-3T2

7.70T-+9.75x10" 8T2

1033
+ 2761 +

J 293 •

1674 _
+879+ 43.93?J 1181 •

37.656T

1809

1674

1181

1033
+ 921

+ 15481

41.84T
11873 
1809

= 17.49(1033-293)+12.39xl0“3(10332-2932)+2761+37.656(II8I-IO33) 
+ 921+7.70(1674-1181) +9.75xlO~3(l6742-11812) +879+43.93 

(1809-1674)+15481+41.84(1873-1809)
= 12943 + 12158 + 2761 + 5573 + 921 + 3796 + 13723 + 879 
+ 5931 + 15481 + 2678 
= 76844 J mol"^
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Heat content, AH = 76.844 kJ

- 76.8A4 J mol”1 
55.85 g mol"1

= 1375.9 J g”1

For a 0.7 g iron droplet at 1600°C, the heat content of the 

droplet is given by:

AH = 1375.9 x 0.7 
AH = 963.13 J

Time to fall through one metre = 0*45 s.

Heat lost by droplet in falling through one metre is given by!

Heat lost by radiation = O.45 x 26.52
= 11.93 J

Heat lost by convection = 0.45 x 6.50

= 2.93 J
Total heat lost = 14.86 J

1 -j (6)For liquid iron, specific heat capacity, Cp = 41.84 J mol"-1* K“x
= 0.749 J g"1 K-1

Fall temperature of droplet from 1600°C is given by:

q = m Cp AT
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where m is the mass of the droplet
Cp is the specific heat capacity

q is the heat content
AT is the temperature change

m Cp

= 14.8 6
0.7 x 0.749

= 28.3°C

2. Thermal losses offset by heat of reaction
During the fall of the droplet in air, the basic oxidation 

reaction was considered as Fe + = ^eO. The case of the
0.7 gramme iron droplet was considered as data existed for this 
size of droplet. The amount of oxygen picked up during each 
10 cm increment of fall in air was established from Fig. 56.

Two assumptions were made. Firstly that the heat of reaction 
generated at each 10 cm interval offset the fall in temperature 
in that same interval and secondly the heat generated was evenly 
dissipated throughout the droplet.

This amount of heat generated was then offset against the 
thermal losses by radiation and convection in the same interval. 
The heat generated modified the droplet heat loss; the temperature 
of the droplet was calculated for each successive 10 cm fall in 
air.

a i i -7



3* Computer programme to calculate heat losses during fall
The heat losses by radiation and convection from different 

sized iron droplets falling through air were calculated using a 
computer programme. The programme calculated the sensible heat 
of the droplet. The time for the droplet to fall 10 cm intervals 
was calculated and the heat loss over this interval was 
determined. The sensible heat of the droplet was adjusted and 
the temperature at the end of the 10 cm fall obtained. The 
process was repeated for consecutive intervals up to a total 
distance of 2 metres for different sized iron droplets in the 
range 0 .6 to 1 .0 gramme mass.

The computer programme was modified to take account of the 
heat of reaction for a 0.7 g iron droplet. The programme and 
results are presented at the end of this appendix.
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TYPE RADLOSS FORTRAN

C PROGRAMME TO CALCULATE THE HEAT LOSS BY RADIATION 
C AND CONVECTION FROM DIFFERENT SIZED 
C IRON DROPLETS..
C M - MASS OP DROPLET <KG>
C R = RADIUS OF DROPLET(M)
C A = SURFACE AREA OF DR0P«-ET<M2>
C V = VOLUME OF DROPLET(M3)
C S = HEIGHT OF FALL OF DROPLET <M )
C TIM = TIME OF FALL OF DROPLET(S)
C DTIM = TIME INCREMENT BETUEEN 10 CM STEPS 
C T = TEMPERATURE OF DROPLET<K>
C SHT = SENSIBLE HEAT OF DROPLET(J)
C HTL - HEAT LOST BY DROPLET(J)
C TO CALCULATE THE VOLUME, AREA AND RADIUS 
C OF THE DROPLET.

REAi_ M
DIMENSION T (25),SHT<25),HTL(25),TIM<25),CON(25),DTIh<25) 
DIMENSION M< 250),R (250),A (250),V(250 > , S < 250)
DATA S(1>,S(2),S(3), S(4),S(5>/0.1,0.2,0.3,0.4,0.5/
DATA S<6>,S<7>,S(8>,S<9),S<10)/0.6,0.7,0.8,0.9,1.0/
DATA S(ll),S (12),S(13>,S(14),S<15>/1.1,1.2,1.3,1.4,1.5/
DATA S < 16),S<17),S<18),5(1?),S(20)/1.6,1.7,1.8,1.9,2.0/
DATA (M(J), J=l,6)/O.0005,0.0006,0.0007,0.0008,0.0009,0.0010/ 
DO 100 J=1,6,1 
PI~ 3.14159 
RH0=0.71E+04 
V<J)=M<J)/RHO
R(J)=(<3*V<J))/(4*PI))**<1./3.)
A < J)=4*PI*(R(J)**2.)
URITE<6,15)M(J),R(J>

15 FORMAT<///5X,’MASS OF DROPLET = *,F6.4,2X,»KG’/
13X,* RADIUS OF DROPLET = ’,F8.6,2X,’METRES’/
21X,fINITIAL TEMPERATURE = 1873K’//)
URITE < 6,20)

20 FORMAT<2X,’HT. OF FALL’,2X,’TIME OF FALL’,2X,
1’SENSIBLE HEAT’,2X,’HEAT LOSS’,2X,’TEMP. OF DROPLET’/
24X,’METRES’,7X,’SECONDS’,8X,’JOULES’,7X,’JOULES’,
37X,’DEGREES K’//>

C TO CALCULATE. THE TIME OF FALL FOR 10 CM INTERVALS.
DU 90 1=1,20,1 
0=9.SI 
T i. 1) = 1873 .
TIM(0>=0.
T IM < I > = ( 2 . * S < J ) / G ) * # < I . / 2 . )

C TO CALCULATE THE SENSIBLE HEAT AND HEAT LOSS 
C FOR THE IRON DROPLET .THE VAuUE 0'' 1327950 UAS 
C OBTAINED FROM CP DATA AND IS THE VALUE OF THE 
C FLAT CAPACITY PER Kb. OF IRON UP TO TrC MELTING 
L POINT INCLUDING ThE LATENT HEAT. 1 HE VALUE 
C nr 74 9 IS the; nr AT CAF'ACITY PER k g . OF MOLTEN 
C I RON BL'TUEEU : 809K AND i073K.
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EMISS=0.37
SIGhA=5.6697E-08
DTIM(I)=TIM(I)-TIM(I-1)
HT C=40.00
COM I) = <HTC*A<J)*<T<I)-2?3)*DTIM<I)>
SmT (1> =M(J)*(1327950,+749.*< T <I)-1809.))
SHT < H 1>=SHT <I)-HTL(I)
HTL(I) = (SIGhA*A(J)*EhlSS*< <T(I)**4.)-(293.**4.)>«DTIh<I>>+COMI) 
T(ln) = (( <SHT<1+1 )/M<J) )- 1327950. )/749. ) +1809 .
WRITE(6,25)S(I),TIh(I),SHT(I),HTL<I>,T(I+1)

25 FORMAT <6X,F4.2,7X,F6.5f7XrF9.4,6X,F6.4,7X,F8.3/)
90 CONTINUE 
100 CONTINUE 

ST OP 
END
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MASS OF DROPLET = 0.0007 KG 
RADIUS OF DROPLET = 0.002866 METRES 

INITIAL TEMPERATURE = 1B73K

HT. OF FALL TIME. OF FALL SENSIBLE HEAT HEAT LOSS TEMP. OF DRDPl.LT 
METRES SECONDS JOULES JOULES DEGREES K

0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
1.10
1.20
1.30
1.40
j .50
1 .60
1 .70
1 .80
j . 9 0

2.00

.14278 

.20193 

.24731 

.28557 

.31928 

.34975 

.37777 

.40386 

.42835 

.45152 

.47356 
^49462 
.51482 
.53425 
. 5 5 3 0 0  

. 57 1 1 4  

. 58571  

. 6 0 5 7  8 

. 6 2 2 3 8  

. 6 3 8 5 5

963.1201
958.8472
957.1035
955.7742
954.6584
I

953.6799
952.7979
951.9893
951.2397
950.5369
949.8740
949.2454
948.6462
948.0728
9 4 7 . 5 2 2 0

9 4 6 . 9 9 1 5

9 4 6 . 4 7 9 7

945.9P4«v
9 4 5 . 5 0 5 1

9 4 5 . 0 3 9 1

4.7336 
1.9315 
1.4730 
1.2360 
1.0847 
0.9772 
0.8959 
0.8315 
0.7789 
0.7348 
0.6973 
0.6648 
0.6362 
0.6110 
0 . 5 8 8 4  

0 . 5 6 8 0  

0 . 5 4  95 

0 . 5 3 2 6  

0 . 5 ) 7 1  

0 . 5 0 2 9

1864.852 
1861.526 
1858.990 
1856.862' 
1854.996 
1853.314 
1851.771 
1850.342 
1849.001 
1847.737 
1846.538 
1845.395 
1844.302 
1843.251 
184 2 . 2 3 9  

1 8 4 1 . 2 6 3  

1 8 4 0 . 3 1 9  

1 8 3 9 . 4 0 4  

1 8 3 8 . 5 ) 5

1 877. c.-5j
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type:, r a d l o s s Fo r t r a n
C PROGRAhhE TO CALCULATE THE HEAT LOSS BY RADIATION
c AND CONVECTION FROM DIFFERENT SIZED
c IRON DROPLETS WHEN HT. OF FORMAT I0 N OF FED ADDED
c M = MASS OF DROPLET (KG)
c R = RADIUS OF DROPLET(M)
c A = SURFACE AREA OF DROPLET(M2)
c V = VOLUME. OF DROPLET (M3)
c S = HEIGHT OF FALL OF DROPLET(M)
c TIM = TIME OF FALL OF DROPLET(S)
c DTIM = TIME INCREMENT BETWEEN 10 CM STEPS
c T = TEMPERATURE OF DROPLET(K)
c SHT = SENSIBLE HEAT OF DROPLET(J)
c HTL = HEAT LOST BY DROPLET(J)
c KOX = PERCENT OXYGEN PICKED UP BY DROPLET
c HTF OR = HEAT OF FORMATION OF FED (J/KMOL)
c. IPU = KMOL. OF OXYGEN PICKED UP AT EACH STAGE
c TO CALCULATE THE VOLUME, AREA AND RADIUS
c Or THE DROPLET.

REAL M
REAL IF’U < 25 )  , J X 0 ( 2 5 )  , K (  12)  , S( 12)
DIMENSION T < 2 5 ) , SHT( 2 5 ) , H T L ( ? 5 ) , T I M ( 2 5 ) , CON( 2 0 ) , D T I M ( 25  
DATA S ( 1 ) , S ( 2 > , S ( 3 ) , S ( 4 ) , S ( 5 ) , S ( 6 ) / 0 . 1 , 0 . 2 , 0 . 3 , 0 . 4 , 0 . 5 ,  
DATA S ( 7 ) , S ( 8 )  ,S<9> , S ( 1 0 )  ,S< 11)  , S ( 1 2 ) / 0 . 7 , 0 . 8 , 0 . 9 , 1 . 0 , ' i  
DATA K ( l ) , K ( 2 ) , K < 3 ) , K < 4 ) / 0 .03 4 , 0 . 0 1 2 , 0 . 0 1 0 , 0 . 0 0 8 /
DATA K ( 5 ) , K < 6 > , K ( 7 ) , K ( 8 ) / O . 0 0 6 , 0 . 0 0 6 , 0 . 0 0 5 , 0 . 0 0 5 /
DATA K < 9 ) , K ( 1 0 ) , K < 1 1 ) , K < 1 2 ) / O . 0 0 4 , 0 . 0 0 4 , 0 . 0 0 4 , 0 . 0 0 3 /
M = 0 . 0 0 0 7  
P I = 3 . 14159 
RH0=0 . 71E+04  
V=M/RHO
R=< ( 3 * V ) / ( 4 # P I ) ) # # ( 1 . / 3 .>
A = 4 * P I *  ( R * # 2 .  )
U R I T E < 6 , 1 5 ) M , R  

15 FORMAT < / / / 5 X , ’ MASS OF DROPLET = f , F 6 . 4 ,  2X , 9 KGT /
13X, »RADI US OF DROPLET = * , F 8 . 6 , 2 X , T METRESy/
2 1X , »  I N I T I A L  TEMPERATURE = 1 8 7 3 K V / )

WRITE < 6 , 2 0 )
20 FORMAT( 2 X , ” H T . OF F A L L ' , 2 X , » TIME OF FALL 1, 2 X ,

1»SENSIBLE HEAT * , 2 X , *  HEAT LOSS * , 2 X , ' TEMP. OF DROPLET’ /  
2 4X ,  r METRESr , 7 X ,  * SECONDS * , 8 X ,  ’ JGUi.F. S» , / X ,  ’ JOULES’ ,
3 7 X , ’ DEGREES K V / >

C TO CALCULATE THE TIME OF FALL FOR 10 CM iNTt 'RVAuS.
DO 90 1 = 1 , 1 2 , 1  
G= 9 . 81 
T ( 1 ) = 1 8 7 3 .
T I M ( 0  > = 0.
T I M < I ) = ( 2 . * S ( I ) / G ) * * ( 1 . / 2 . )

C TO CALCULATE THE SENSIBl E Hi AT AND He AT ...OSS 
C FOP THE IRON DROPLET. THE VAl.UF OF 1 3 2 79 50  LAS 
(., OB‘T A1.NE.D F ROM C.P DATA AND I S  "(n'F VAi.. uE Fn' 'h i,;;
C hEAT CAPACITY PER KG. OF IRON UP TO ThF MLLI TNG

)
0 .6/.1,1.2/
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C POINT INCLUDING THE LATENT HEAT. THE VALUE 
C OF 749 IS THE HEA1 CAPACITY PER KG. OF MOLTEN 
C IRON BEfUEEN 1B09K AND 1873K.

EMISS=0.37
SIGMA=5.6697E-08
HTF0R=2.6443E+08
DTIM(I)=TIM(I)-TIM(1-1>
IPU(I)=<K(I)/100.>*M/16.
HTC=40.00
JXO<I>=IPU(I)*HTFOR
CON(I)=(HTC*A#(1(I)-293)*DTIM(I))
SHT (I) = M*( 1327950.+749 .*(T(I)-lB09. ) )
HTL(I>=<SIGMA*A*EMISS«((T(I>**4.)-<293.«*4.>)*DTIM(I)>+CON(I) 
1-JXO(I)
SHT(I+1)=SHT(I)“HTL(I)
T(I-H ) = ( ((SHT(I+l)/M)-1327950.)/749.>+1809.
URITE(6,25)S(I),TIM(I),SHT(I),HTL(I)fT(I+l)

25 F0RMAT(6X,F4.2r7X,F6.5r7X,F9.4f6X,F6.4,7X,F8.3/>
90 CONTINUE 

STOP 
END
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MASS OF DROPLET = 0.0007 KG 
RADIUS OF DROF'l-E T = 0.002866 METRES 

INITIAL TEMPERATURE = 1B73K

OF FALL 
.TRES

TIME OF FALL 
SECONDS

SENSIBLE HEAT 
JOULES

HEAT LOSS 
JOULES

TEMP. OF DR 
DEGREES

0.10 .14278 963.1201 3.1140 1667.060
0.20 .20193 960.0051 0.5511 1866.007
0.30 .24731 959.4526 0.3284 3865.378
0.40 .28557 959.1230 0.3252 1864.756
0.50 .31928 958.7969 0.4065 1863.979
0.60 .34975 958.3894 0.2995 1863.404
0.70 .37777 958.0884 0.3343 1862.764
0.80 .40386 957.7524 0.2701 1862.246
0.90 .42835 957.4810 0.3335 1861.607
1.00 .45152 957.1462 0.2894 1861.053
1.10 .47356 956.8557 0.2519 1860.570
1.20 .49462 956.6023 0.3352 1859.92e

RECORD CLOSE
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APPENDIX III

Model for the Oxidation of Iron Droplets
1. Mass Transfer by Forced Convection 

With reference to the figure below:
The total flux of a diffusing species relative to a surface may 
be expressed a s ^  :

^A = k-d (^a, bulk “ ®A, surface^ ^

where is the molar flux between the bulk fluid and surface. 
For a sphere, is the diffusion flux in the radial direction

Figure A H-1

CA,bulk FLUID FLOW

| nA

▼ CA,surface' / s / / / s / S J / / / / / / / /
Surface

Mass T ra n s fe r to  a S u r fa c e ^

at the sphere surface in mol.cnT^ s-l# ^  ±s the mass transfer 
coefficient in cm.s” .̂ = concentration of species A in
the gas phase in mol.cnr3. surface = concentration of 
species A in the gas phase at the surface of the sohere or 
droplet in mol.cm*"̂ .

Using the film model for mass transfer and assuming that all 
resistance to mass transfer is confined to a stagnent layer of
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thickness 6 adjacent to the surface,

NA = kd X̂A, bulk “ XA,surface^ ^

where X^ is the mole fraction of species A in the gas phase 
at the edge of the concentration boundary layer, and X^ surfaiJe ^s 
the mole fraction of species A in the gas phase at the surface 
of the sphere.

K ' is a modified transfer coefficient in mol.cnr^ g-1 d 9
and is defined/1^

c ^A-B
kd' = dTx^Tm (3)

where c = molar density of fluid, moles cm“3
D^_B = binary diffusion coefficient of component A in B,

nm2 e-l cm s
6 = thickness of concentration boundary layer, cm 

(XB^lm = me&U- of initial and final mole fractions
of component B (Xg = 1 - X̂ )

c ^A-B X̂A, bulk ~ XA, surface^i.e. N» = -----  — 1— --- 1------A a (xB)lm

This can be expressed in terms of molar concentrations of 
A and B as follows:

c / \ / \
Na = g ( 0-q) ]_m ^  A, bulk “ Â, surface) (4)

where (Cg) is the logarithmic mean concentration of the non­

diffusing species B.
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Comparison of (4) with (l) shows that:

0 Da-bk'
1m

when, surface, C A, bulk <<: d#e• ^oW concentrations of
the diffusing species A, then:

c = ^ I m

and therefore:

. da-b
kd= 1 “

At low concentrations, X ^ «  1, Xg * 1, and - 1

0 da-bi.e. kd = s

Iand k, = c k,a a

Now the dimensionless group representing the mass transfer 
coefficient is the Sherwood number:

Ng. = kd L 
bA-B

where L is the characteristic length.
Hence, for a ^herical droplet:

N
Sh DA-B

where d^ = diameter of droplet in cm.
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kd ddi.e. N,
ShiWB c Da_b

HSh, „ 0 da-b
hence: k , =- ^-------d dd

Substituting for k ^ in equation (2) gives:

Ncu c D 

dd
Sh. B ,

bulk “ Â, surface^ (6)

Assuming chemical equilibrium at the gas metal interface it can 

be shown that is much greater than X ^  surface atld

^A,surface can Be ignoredj hence:

NSh, R c DA~B
NA = ^ -----  ^A,bulk (7)dd

Assuming the ideal gas equation,

0 = s f

where P is the total pressure of gas in atmospheres,
T is the gas temperature in degrees K,
R is the gas constant = 82.06 cm3. atm.mol“^

HSh. B da-b p
NA - — -----  Â, bulkd^ R T ’

Equation (8) is only strictly applicable to isothermal binary 
convection in the gas ohase.
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A steep temperature gradient will exist round the metal 
droplet. This introduces the problem of choosing an effective 
temperature to calculate the physical properties of the gas phase.

Hamielec et a l ^  evaluated gas properties at a film tempera­
ture defined by:

Tf = ̂ Tdroplet + TbullP

and c, the total molar concentration at the edge of the 
concentration boundary layer was evaluated at an effective 
temperature, Tg

In general, Tg <: T̂.

- Sh^-B, f iv-B, f „ . .
WA -------------  A, bulk (9)

dd R TE

All the terms on the right hand side of equation (9) can be 
determined from experimental conditions except ^Sh^ 3 £» 
must be either predicted theoretically or obtained from an 
experimental correlation for convection mass transfer.

Using the Ranz and Marshall formula^f0r mass transfer:

NSh = 2 * 0.60 Np/ * 5 NSo° - 33

f \°.5 / \0.33
i-e- HSh, „ - = 2 + °-60 (_UL!£| / (10)*A-B,f' ' Pf Pf DA-B/

where u = velocity of the droplet relative to the gas, cm
p£ = gas density at the film temperature, g c m ”  3

^1* = gas viscosity at the film temperature, g cm"-1- s“ -̂

Hence, from (10) Ng^ is dependent on relative velocity, u, between
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the droplet and gas. Therefore, for an accelerating droplet
(under free fall conditions) Noh will vary with time of fall.A-B

Considering only small droplets of about 1 g mass or less,
(dp - 0.6 cm) falling under gravity from rest over a short
distance, high Reynolds’ numbers will not be encountered.

A force balance on an accelerating droplet may be expressed
as:

Md §  = Md g - M f g - F D (11)

where u = velocity of the droplet relative to the gas, cm s” -̂ 

= mass of droplet, g
= mass of gas displaced by droplet, g

g = acceleration due to gravity, cm s~2
g = gravity force
g = buoyancy force
Fg = drag force
t = time of fall, s

Drag force, Fp = CD Ad ^  ̂  (12)

where Cp = dimensionless drag coefficient 
= density of the gas, g cm” 3

Using the relationship:

Cr, = + 4.
% e  NRe'3'

where NRe = . f u dd
P*
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for Reynolds’ numbers up to ^1000, then

Md a t = Md g -  Mf g -  fd

= Md g - Kf e - °d

4s = g - g _ £d ( n  da2 Pf u2dt Mrf ° Mfl 8

If Mf «  Md

du _ ^2 I it , 2. ;
dt g Md l s dd *

But Md = Td Pd

\ * dd3 ^

Then du
dt = g - 24 + ir dd2 pf u2

Re 8 1 Trdd3 PdN

= g - I M  + 4 3 Pf u'
11 T T
Re NRe^^ 4 d^ Pd d

= g - 4_ 4 f6 % e  + NRe\ 3 Pf u2
47ryr ddpd

Re

Now Nj^ = Pf ̂ U dd 
Vf

i.e. = _d
dt N.Re = p f ddNf

du
dt
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• a n = Pf *̂d
" d t  Re ~ w

S - 3 ^ S .
d Pd

6 * % el
% e V  3

= Pf *d 8 - 3 Pf2 u2 1 6 NRe^ + HRe
Pf f Pd % e V 3

= pf dd S - 3 Pf2 u3 16 Nse + Nr65/3
Pf f pd % e ‘

= Pf aa g _ 3 Pf2 v? I f2
Pf f p, \  ̂2 2 , 2 f Kd \ p f u d^

16 % e  + KRe5/3

d N.Re = Pf ud e 3
dt Vf

Vf
. 7 “"
dd Pd

'6 NRe + »Re5/3 (13)

Solution of equation (13) will give Reynolds1 number or droplet 
velocity as a function of fall time.

Now u = ~  dt (H)

where h is the height of fall in cm.

Since N^e = P f  U dd
Pf

u =
pf d'd

. dh _ 
“  dt ~

V.
P> d,

NRe
f d

(15)
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Simultaneous solution of (13) and (15) vill give both the 
droplet Reynolds1 number and height of fall as a function of time

How Na = KshA-B>f D^B,f P xAjbulk
*d R te

where is the molar flux in mol.cnr2 s~l

To determine the pick-up of oxygen by the iron droplet it is 
necessary to express in terms of mass$ oxygen.

N = gt (mass% °) Pd 7d 
Fe 100 M.W. Ad

where = volume of droplet
= surface area of droplet 

M.W. = molecular weight of oxygen [0]

K [0] =
100 16 K TT dd2

T
d/dt (mass£ 0) pd dd

9600

d , 9600NshA-B,fDA'-B’f P(mass% 0) = __________ __________—  (mass?; 0) =    X [o],bulk (16)
dd2 pd R TE

Using equation (10) to replace Ng^A—Bj f
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d_ (mass$ 0) s 9600 ^A-B,f ^ ^ [o] , bulk
dt dd2 pd R Te

Hence: jL (mass^ 0) =
dt 2 + h  NRe

0.5
(17)

P D
where: = 9600 A-B,f

•Pd R TE

and: = 0.60 0.33

To solve equations 13, 15 and 17 simultaneously for small 
increments of time to give Reynolds1 number, droplet fall height 
and oxygen content in the droplet as a function of time it was 
necessary to use numerical anlysis techniques involving the 
computer.

The values of the different parameters in the equations and 
their source of reference are given below.

(i) Density of air^

Density of air = 0.001293
(1 + 0.00367 0 )

where 0 is the temperature in °C.
At 800°C, the mean value of the film temperature, the 
value derived is, P&ir = 0.00032S5 g cnr3 which is 
in good agreement with other data^).
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(ii) Density of iron  ̂̂
The temperature of the iron is assumed constant at 1600°C 

and the value of 7.08 g cnr3 is taken.

f rt\
(iii) Viscosity of airv '

The data given shows that the viscosity of air over the 
temperature range 650 K to 1450 K follows a linear relationship. 
This is plotted in Fig.A III-2.

Figure A H I-2

0 .06

0.05

VISCOSITY 
OF AIR 

cP

0.04

0.03
1600140012008 0 0 1000600

TEMPERATURE K

The Viscosity of Air as a Function of 
Tem perature in the Range 6 0 0 - 1 5 0 0  K

The equation of the straight line yields the following:

V" •_ = 2.575 X 10-5 T + 0.01588 cP
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This gives a value of 0.0435 cP at B00°C which is in close agree­
ment with other data^.

Diffusion Coefficient
For accurate results with simple systems at low pressure and 

over moderate temperature ranges, Perry^ recommends the 
correlation of Fuller. This relation, an optimised Gilliland-type 
equation based on data for 153 binary gas pairs, can be expressed 
as:

D _ 0.0010 T1,75 I 1 1
P + (2^)i]2 \ M1 M2

where T is the absolute temperature,
M p  M2 are the molecular masses of the gas
Vf, v«2 are the atomic diffusion volumes for each of the gases

For oxygen and nitrogen at 800°C

32 28I

= 1.949 cm^ s”1

0.00100 (1073) 5DG =  ;
21 [(16.6)“ + (17.9)^

For most gas combinations a convenient reduction formula is 
given^) to reduce the diffusion coefficient to standard tempera­
ture and pressure:

D ■ D» ( i f  t
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For oxygen in air, the diffusion coefficient D0 is 0.178 cm^ s”^ 
at standard temperature and pressure.

At 800°C D = 0.178

= 1.953 c s"1

1.75
1

This is in good agreement with the Fuller equation^^. The second 
equation^) was entered into the computer programme because of its
easier manipulation.

2. Computer Programme to Solve Mass Transfer Model
The mass transfer model was solved by means of a computer 

programme based on the Runge-Kutta method for the solution of first 
order differential equations. The Runge-Kutta method is a step by 
step process in which an approximation to yn+]_ is obtained from yn 
in such a way that the power series expansion of the approximation 
would coincide with the actual Taylor series development of 
y(xn + h) in powers of h where h = x ^  - xn. No preliminary 
differentiation is needed and the method also has the advantage 
that no initial values are needed beyond the prescribed values.

The main uncertainty with the model is the magnitude of the 
temperature to ascribe to the film temperature. All of the main 
parameters which are influenced by temperature, notably the density 
and viscosity of the air and the diffusion of oxygen in air, are 
written as temperature dependent equations. The programme is so 

written that it is possible to ascribe any temperature to the film 
temperature and see its effect on oxygen level in the iron. A
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further refinement to the programme is that no oxygen is picked 
up in the first 15 cm fall as in the actual experimental 
technique the iron droplet fell 15 cm through argon before it 
passed through the ’cling* film and entered the air column.
During this time, however, the Reynolds’ number of the droplet 
would be increasing. The computer programme is designed to 
calculate the Reynolds’ number and height of fall from the moment 
the droplet falls out of the levitation coil, but the mass% 
oxygen picked up by the droplet is calculated from the moment the 
droplet enters the air column, 15 cm below the levitation coil.
In this way, the computer programme reproduces as ideally as 
possible the experimental conditions. The programme accommodates 
a variety of droplet sizes, ranging from 0.6 g to 1.0 g.

The programme and results are presented at the end of this 
appendix.
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FILEx MASS2 FORTRAN A

PROGRAM TO CALCULATE
(A) REYNOLDS NUMBER AS A FUNCTION OF FALL TIME
< B) HEIGHT AS A FUNCTION OF REYNOLDS NUMBER
<C> OXYGEN CONTENT AS A FUNCTION OF REYNOLDS NUMBER
USING FOURTH ORDER RLiNGE KUTTE TECHNIQUE
RHOA = DENSITY OF AIR, (G./CC.)
RHO-‘ = DENSITY OF DROPlET , (G./CC.)
UiSC = VISCOSITY OF AIR, (POISE)
DIFF = DIFFUSION COEFTIENT, < CM2/S)
G = ACCELERATION DUE TO GRAVITY, (CM./S2)
R = GAS CONSTANT, (CC. ATM./MOL.. K . )
TF = FILM TEMPERATURE, (C.)
D = DIAMETER OF DROPlET, (CM.)

XOB = MOLE FRACTION OF OXYGEN IN AIR.

DIMENSION Y(3),DERY(3),PRMT<5),AUX(B,3)
EXTERNAL FCT,OUTP,OUTQ 
COMMON A,B,C,S1,S2
DATA DENS,G,P,VISO,RHOP,DIFO,R,PO,XOB,PI,IANS/O.001293,981.,1.,0. 
iOl588,7.08,0.178,82.06,1.,0.21,3.1416,3HYES/

10 URITE<6,#>rTYPE IN THE VALUE OF THE FILM TEMPERATURE IN DEG.C.’ 
READ(5,*) TF 
TF=TF+273.0
DIFF=I»IFO#( (TF/273. )**1.75)*F'0 
VISC=(VIS0+TF*0.00002575>/100.
RHOA=DENS/(1.+0.00367*(TF-273.))
Z*0.0 

20 Z=Z+1.0
U=0.55+(Z*0.05>
D= (6« *U/< RHOP*PI) ) ** < 1. /3 . )
A=RHOA*D*G/VISC 
B=3.«VISC/((D**2.>*RHOP>
C=VISC/(RHOA*D)
51=9600.*P*DIFF*XOB/(RHOP*R*TF*(D«*2.))
S2=0.6#(VISC/(RHOA*DIFF))**<1./3. )
Y (2 >=0.0 
PRMT <1)=0.0 
PRMT(2)=10.
PRMT(3)=0.02 
PRMT(4)=0.010 
PRMT < 5)=0.0 
I*ERY<1 >■ 1.0 
.DERY < 2)=1.0 
DER'r < 3) * 1.0 
NDIM=3
Y ( L ) 0. 0
URITE(6,30) A,B,C,S1,S2,D ,U ,DIFF 

30 FORMAT (/.//’ A =• *,Fi2.6/» B = V,F 3 2.6/» C - »,Fi2.6/,p S3 = ’, F1 
12.6/» S2 rr »,F32.6/» D = *,F32.6/f U = ' ,F12.6/» DIF = »,Fl2.6/> 
URITE(6,40)

40 FORMAT ( 4X, M  IMF » ,6X, ?RE' YMJLDS MT* , 6X NETGhT », 5X ,» MASS Z 02 ’ , 5X , » I 
i H » / 3 X  , ’ SEi unTi;.* f 24>., v i.o * / >
CALL RKGS ( PRmT , Y , DERY , ND1 h , I Hi. F , F CT , iJi • I F', AUX )
Y ( 3 .) 0.0
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PRMT ( 5 ) = 0 . 0
CALL RKGS(PRMT,Y,DERY,NDIM,IHLF,FCT,OUTQ,AUX) 
jF(U.LT.l.O) GOTO 20
URITE(6,« > »I«0 YOU UANT TO RUN ANOTHER VALUE OF THE FILM TEMP.o» 
READ I 0,50) I REF'

50 FORMAT(A3)
IF(IREP.EG.IANS) GOTO 10
STOP
END
SUBROUTINE OUTP(X,Y ,HERY,IHLF,NDIM,PRMT)
DIMENSION Y (3 > ,DERY (3) ,F'RMT(5)
COMMON A,B,C,S1,S2
JF(Y(2>.GT.15.0) PRMT(5)=1.0
T=X
URITE(6,60) T,Y(1),Y(2),IHLF 

60 FORMAT < 2X,F6.3,7X,F8.3,7X,F7.2,18X,12 >
RETURN
END
SUBROUTINE OUTQ(X,Y,DERY,IHLF,NDIM,PRMT)
DIMENSION Y (3),DERY(3),PRMT<5)
COMMON A,B,C,S1,S2
IF(Y<2>.GT.150.0) PRMT(5)=1.0
T=X
URITE<6,70) T,Y(1),Y(2),Y(3),IHLF 

70 F0RMAT(2X,F6.3,7X,F8.3,7X,F7.2,5X,F8.4,5X,I2)
RETURN
END
SUBROUTINE FCT<X,Y,DERY)
DIMENSION Y (3),DERY(3)
COMMON A,B,C,S1,S2
DERY(1)=A-B* (6.*Y(l)+(Y(l>»#<5./3.)))
DERY < 2)=C#Y(1)
DERY(3)=S1*(2.+S2#(Y(l)**(l./2.)))
RETURN
END
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Compilation completed, <.ucces?t ally .
Loading your program ...
EXECUTION BE6INS...
TYPE IN THE UALUE OF THE F'ILh TEMPERATURE IN DEG.C.
n
800

A = 403.644043
B - 0.000621
C - 2.430358

SI = 0.023265
S2 = 0.527154
D = 0.544970
u - 0.600000

ItIF = 1.952920
TIME REYNOLDS NO HEIGHT MASS 2 02 l i

SECONDS _ CM
0 . 0 0 0 0 . 0 0 0 0.00 0
0.020 8.072 . 0.20 0
0.040 16.144 0.78 0
0.060 24.213 1.77 0
0.080 32.281 3.14 0
0.100 40.346 4.90 0
0.120 48.408 7.06 0
0.140 56.468 9.61 0
0.160 64.525 12.55 0
0.180 72.578 15.88 0
0 . 0 0 0 72.578 15.88 0 . 0 0 0 0 0
0.020 80.628 19.61 0.0028 0
0.040 88.675 23.72 0.0057 0
0.060 96.717 28.23 0.0087 0
0.080 104.755 33.12 0.0118 0
0.100 112.789 38.41 0.0150 0
0.120 120.819 44.09 0.0183 0
0.140 128.844 50.15 0.0217 0
0.160 136.864 56.61 0.0251 0
0.180 3 44.879 63 . 4 6 0.0286 0
0 . 2 0 0 3 5 2 . 8 8 8 70.70 0.0322 0
0.220 ? i> 0 .  8 9 3 7 8 . 2 7 0 . 0 3 5 8 0
0.240 1 6 3 . 8 9 ? 8 8 . 3  4 0 .  039*6 0
0.260 17«>.885 94 . 7 4 0 . 0 4 3 4 0
0.280 3 PU . 877 10 :: . 33 0.. 04 7 2 o
0.300 1 9 2 . 8 3 4 1.. 2 . 7 1 0 . 0 5 1 2 0
0.320 2 0 0 . 8 5 0 j . j . j  8 0 . 0 3 3 2 0
0.240 2 0 8 . 7  99 1 3 2 . 2 4 0 . 0 5 9 2 o
0.360 2; t>. y c«2 j 4 2 . jr. 0 .. 0 6 3 3 o
0.380 2 7 4 . 7 : ;  8 1 5 3 . 5 ' 0 .  Of.-75 0
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A = 424.926758
h - 0.000560
C = 2.308631

si =■ 0.03 9188
S2 = 0.527154
n = 0.573705
u = 0.700000

DIF« 1.952920
TIhE REYNOLDS NO HEIGHT hASS 2 02 IHLF

SECONDS Ch
0.000 0.000 0.00 0
0.020 8.498 0.20 0
0.040 16.995 0.78 0
0.060 25.490 1.77 0
0.080 33.983 3.14 0
0.100 42.475 4.90 0
0.120 50.963 7.06 0
0.140 59.449 9.61 0
0.160 67.932 12.55 0
0.180 76.411 i5.ee 0
0.000 76.411 15.88 0.0000 0
0.020 84.888 19.61 0.0026 0
0.040 93.360 23.72 0.0053 0
0.060 101.829 28.23 0.0080 0
0.080 110.294 33.13 0.0109 0
0.100 118.754 38.41 0.0138 0
0.120 127.210 44.09 0.0168 0
0.140 135.662 50.16 0.0199 0
0.160 144.109 56.62 0.0231 0
0.180 152.551 63.47 0.0263 0
0.200 160.988 70.71 0.0296 0
0.220 169.419 78.33 0.0330 0
0.240 177.846 86.35 0.0364 0
0.260 186.266 94.76 0.0399 0
0.280 3.9 4 . 6 8  j 103.55 0.0435 0
0.300 2 0 8 . 0 9 3 1 j  . • .*• 0 . 0 4 7 1 0

0.320 2 %1 . 4 9 4 j. J 2 « .■> j. 0.0308 0
0.340 :■ 3 9 . 89 2 3 2 . 2 7 0.0545 0
0.360 2 2 8 . 2 6 2 142.61 0.0583 0
0.380 2 3 o. '*c>6 153.35 0.0621 0
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Compilation completed successfully.
Loading your program ...
EXECUTION BEGINS...
TYPE IN THE VALUE OF THE FJLh TEMPERATURE IN HEG.C. ?
1000

A = 304.195801
B = 0.000694
c =■ 3.224895

SI = 0.024173
S2 * 0.524307
D = 0.544970
u * 0.600000

DIF* 2.633810
TIhE REYNOLDS NO HEIGHT MASS 2 02 IHLF

SECONDS CM
0.000 0.000 0.00 0
0.020 6.084 0.20 0
0.040 12.166 0.78 0
0.060 18.247 1.77 0
0.080 24.327 3.14 0
0.100 30.405 4.90 0
0.120 36.482 7.06 0
0.140 42 .'556 9.61 0
0.160 48.628 12.55 0
0.180 54.698 15.88 0
0.000 54.698 15.88 0.0000 0
0.020 . 60.765 19.61 0.0029 0
0.040 66.829 23.72 0.0059 0
0.060 72.891 28.23 0.0090 0
0.080 78.949 33.12 0.0121 0
0.100 85.005 38.41 0.0154 0
0.120 91.057 44.09 0.0188 0
0.140 97.106 50. 36 0.0222 0
0.1 6 0 1 0 3 . j 5 2 5 6 .  6 l 0 . 0 2 5 7 0
0 . 1 8 0 3 0 9 . 1 9 4 e > 3 . 4 6 0 . 0 2 9 3 0
0 . 2 0 0 1 1 5 . 2 3 2 7 0 . 7 0 0 . 0 3 2 9 0
0.220 1 2 1 . 2 6 7 7 8 . 3 3 0 . 0 3 6 6 0
0 . 2 4 0 1 2 7 . 2 9 7 8 6 . 3 4 0 . 0 4 0 4 0
0.260 3  3 3 . 3 2 4 9 4 . 7 5 0 . 0 4 4 3 0
0 . 2 8 0 3 3 9 . 3 4 6 a  0 3 . 5 4 0 . 0 4 B 2 0
0 . 3 0 0 3 4 3 . 3 6 4 1 3  2 . 7 2 0 . 0 5 2 2 0
0 . 3 2 0 1 5 1 . 3 7 8 1 2 2 . 2 9 0 . 0 5 6 3 0
0 . 3 4  0 15 7 .  3 8 7 1 3 7 . 2 5 0 . 0 6 0 4 o
0  - 3 f > 0 3 6 3 . 3 9 7 j 0 . 0 e > 4 6 0
0 . 3 C O 3 6 9 . 3 * 2 - S 3 , 3 3 , 0 . 0 6 8 6 0
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A = 320.235107
B = 0.000626
C = 3.063373

51 * 0.021812
52 = 0.524307
D * 0.573705
U = 0.700000

DIF“ 2.633810
TIhE REYNOLDS NO

SECONDS
0.000 0.000
0.020 6.404
0.040 12.808
0.060 19.210
0.080 25.611
0.100 32.010
0.120 38.407
0.140 44.802
0.160 51.195
0.180 57.586
0.000 57.586
0.020 63.975
0.040 70.360
0.060 76.743
0.080 83.123
0.100 89.500
0.120 95.874
0.140 102.245
0.160 108.612
0.180 i14.976
0.200 121.336
0.220 127.692
0.240 j34.045
0.260 140.394
0.280 .1.46.738
0.300 153.079
0.320 it 59.415
0.340 165.746
0.360 172.074
0.380 1“B.396

HEIGHT MASS X 02 IHLF
CM
0.00 0
0.20 0
0.78 0
1.77 0
3.14 0
4.90 0
7.06 0
9.61 0
12.55 0
15.88 0
15.88 0.0000 0
19.61 0.0027 0
23.72 0.0054 0
28.23 0.0082 0
33.13 0.0112 0
38.41 0.0142 0
44.09 0.0172 0
50.16 0.0204 0
56.62 0.0236 0
63.47 0.0269 0
70.71 0.0302 0
78.34 0.0337 0
86.36 0.0372 0
94.76 0.0407 . 0

103.56 0.0443 0
112.74 0.0480 0
122.32 0.0517 0
132.28 0.0555 0
142.63 0.0594 0
1 5>j . w>6 0 »06 _> 0
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APPENDIX IV

Thermodynamic Calculations
(a) The P~ure Iron System 

Data for the system:

2(1 - x) Fe + 02 = 2 Fe1-X 0

is taken from Richardson^. The only modification is for the 
pressure of oxygen in the system not being 1 atmosphere but 0.2 
atmosphere.

2
AG = A G° + RT In aFe(l-x). 0

aFe2^ ~ x  ̂ p02

For the iron and the oxide in their standard states this reduces 

to:
AG = AG0 - RT In Pq2

= AG° + 1.60? RT

= AG° + 13.38 T

For the above system,

(i) In the temperature range 298 - 1644 K

AG° = -525900 + 128.4-1 T
AG = -525900 + 141.79 T

(ii) In the temperature range lu44 - 1808 K

AG° = -4.648OO + 91.25 T

AG = -4648OO + 104.63 T
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(iii) In the temperature range 1808 - 2000 K

AG° = -494130 + 107.57 T 

AG = -494130 + 120.95 T

where T is in K and AG in joules

(b) The Iron-Manganese System

The solutions of manganese in liquid iron have been shown 
to be ideal from e.m.f, measurements in concentration cells^2’-̂  
As the solutions are ideal, the free energy of formation of a 
1 mass$ Mn solution in iron, i.e.

is derived from the activity, where
o

= Vui fMn MFe
100 M>ln

N o w f ^  = 1.0

Relative atomic mass, Fe = 55.85 g mol“^ 
Relative atomic mass, Mn = 54*9U g mol*”^

= 0.010166 mass£ Mn 

AG = AG° + RT In ___
^(Fe) P02

AG = AG° - RT In 0.2 (0.010166 mass£ Mn)2 
AG = AG° - RT In 2.06695 x 10-5(mass£ Mn)2

For the temperature range, 1500 K to 2051 K, for the reaction: 

2 |Mn] + { 02} = 2 <Mn0>



AG° = -798300 + 164.22 T joules^

The values of AG° and AG at three different temperatures, 

1500 K, 1750 K and 2000 K for the three alloy compositions are 

given in table 17-1.

Mass^ Mn Temperature
K

AGO
Joules

AG
Joules

0.50 1500 -551967 -400156
1750 -510915 -333802
2000 -469860 -267445

0.70 1500 -551967 -408548
1750 -510915 -3435932000 -469860 -278035

1.00 1500 -551967 -417444
1750 -510915 -353972
2000 -469860 -290496

Table 17-1 7alues of AG° and AG for the 
reaction:

2 Mn + °2 = 2 MnO 

for manganese dissolved in iron

(c) The Iron-Chromium System
The liquid iron-chromium alloys can be considered to be ideal 

solutions^). As before, the free energy of formation of a 

1 massjo Cr solution in iron is derived from the activity, where:

_ hCr fCr MFe
Cr

Now f°r = 1.00

Relative atomic mass, Fe = 55.85 g mol““̂

Relative atomic mass, Cr = 52.00 g mol"^
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aOr
mass$ Cr x 55.85 

100 x 52.00

0.01074- mass% Cr

For the reaction

4/ 3 Cr + 02 = 2/ 3 Cr203

For the temperature range 298 - 2100 K, for the reaction:

However, chromium is solid at the temperatures of interest and 
the free energy of formation of a solution of chromium in iron 
from solid chromium is obtained by adding to the above standard 
free energy of formation the free energy of fusion of chromium
i.e. for the reaction:

At the melting temperature the solid and liquid are in 

equilibrium and the free energy change for the reaction is zero,

V 3<Cr> + {02 } = 2/3 <Cr20,>

AG° = -74.6850 + 173.22 T joules

<Cr > Cr

i.e.
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a g£ = ah? - t as£ = o

hence AH^ = T AS^

The heat of fusion is 19250 J.raol“ -̂ at the melting tempera­
ture of 2123K ^ . Inserting these values into the above equation
gives:

AHfAS, = _ £  
I  T

19250
2123

= 9.07 J.mol- 1 K“1

Hence the free energy of fusion, per mol of chromium at all 
temperatures is given by:

AG° = 19250 - 9.07 T J moT^Cr)
For V 3 mol Cr, Ag£ - 25667 - 12.09 T

AG° = (-74.6850+256o7) + (173.22-12.09) T 
= -721183 + 161.13 T

The values of AG° and AG for this system at three different 
temperatures 1000K, 1500K and 200QK for the four alloy compositions 
are given in Table IV-2.
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Mass£ Cr Temperature
K

AG°
Joules

AG
Joules

0.17 1000 -560053 -47o771
1500 -4794-88 -354565
2000 -393923 -232359

0.25 1000 -560053 -481046
1500 -479488 -360978
2000 -398923 -240909

0.80 1000 -560053 -493940
1500 -479488 -380319
2000 -398923 -266697

1.4-6 1000 -560053 -500609
1500 -479488 -390322
2000 -398923 -280034

Table 17-2 Values of AG° and AG for the 
reaction:

ty3 Cr ♦ 02 = 2/3 Cr203

for chromium dissolved in iron.

(d) The Iron-Silicon System
The free energy of formation of a 1 mass$ Si solution in 

iron is derived from the activity, where:

aSi =
hSi *Si MFe 
100 MSi

Relative atomic mass of Fe = 55.85 g mol”^ 
Relative atomic mass of Si = 28.09 g mol“ -̂

a ^  = 0.019883 fg^ raasŝ  Si

/ &Si0PAG = AG + RT In ' ^
aSi(Fe) P0
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AG = AG° - RT In 0.003977 mass% Si f°

The value of the Henry1s law coefficient for Silicon in 
iron fg^ at 1600°C is not readily available but can be determined 
by plotting partial molar free energy values for silicon in iron. 
In a recent paper Schmid (5) has calculated the excess Gibbs 
energy of mixing for liquid solutions of iron and silicon from 
values determined by a number of investigators. The value given 
is:

& o F  = XFe Xsi f x Fe(-134530+16.517 T)+XSi(_10476+32.535 T)
+xFe XSi(-174246+73.273 T)]

The integral excess molar quantities are related in the 
following way:

GXS = GM - G1

XSwhere G = integral excess free energy of mixing
G = integral free energy of mixing
G = molar free energy of the ideal solution

GXS = G ^ G 1
GXS = - RT(XFe in XFe + Xsi in Xsi)

i - ^  = qXS + aT(xpe m  xFe + x s . m  x s .)

MThe partial molar free energy of mixing of silicon G ^  and
Mhence the activity of silicon (from the relation G = RT In a )Si SI

can be calculated by using the graphical method of drawing
Mtangents to the curve of G against X^.

AIV-7



V C  M  MThe values of G , G and G at 1600°C for the iron siliconSi
system are tabulated in Table IV-3.

XSi
„xsG
Joules mol”-*-

M(r
Joules mol*“̂

nM
GSi , Joules mol"-1- aSi

0.01 -150 000 6.6x10-5
0 .1 - 9085 -14147 -127 000 2.87x10-4
0 .2 -15610 -23402 - 81 000 5.51x10“3

0.3 -19621 -29133 - 55 500 0.028
0.4 -21256 -31736 - 39 800 0.078
0.5 -20740 -31534 - 25 100 0.200

0 .6 -18387 -28867 - 17 800 0.319
0.7 -14600 -24112 - 8 600 0.58
0 .8 - 9872 -17664 - 4 000 0.77
0.9
_____ 1

- 4782 - 9844 - 1 300 0.90

Table IV-3  Thermodynamic values determined for the
Iron-Silicon System

XS MThe values of G and G were calculated using the above
Mrelationships and the values of Gg^ were obtained from Fig. A IV-1.
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Figure A U-1
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As a result the values of the activity of silicon in iron
were derived and these are plotted in Fig. A 17-2.

From the graph the value of f° is of the order 2.87 x 1CT^Si
(the extrapolation through the X.^ - 0.1 to the X Q. = 1 axis).“Si
The activity coefficient f° for the infinitely dilute solution 
can be calculated by applying the relationship:

In fgi = In f ^  + e XSi

where e is the interaction coefficient.

Figure A FS£-2
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The Activity of Silicon in Solution in
Molten Iron at 1600*C.
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For £ 3  ̂ the value is 1 3 ^ ,  giving fj^ = 5.8 x 10“ 3 
Substituting for this value,

AG = AG° - RT In 21307x10"̂  maSS£ Si

The value of A0° is readily available^  ; the values of AG 
were calculated using the appropriate temperature and mass/o Si 
in the alloy. These values are tabulated below, Table IV-4.

Mass/S Si Temperature
K

AG°
Joules

AG
Joules

0.30 1773 -548370 -373234
1873 -527956 -342942
1973 -507542 -312650

0.75 1773 -54B370 -386741
1873 -527956 -357211
1973 -507542 -327681

1.33 1773 -548370 -395185
1873 -527956 -366131
1973 -507542 -337077

Table IV-4 Values of AG° and AG for the 
reaction Si + Op = SiO for 
silicon dissolved in iron.
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