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Preface

Metal castings are fundamental building blocks,
the three-dimensional integral shapes indispensable
to practically all other manufacturing industries.

Although the manufacturing path from the liquid
to the finished shape is the most direct, this directness
involves the greatest difficulty. This is because so
much needs to be controlled simultaneously,
including melting, alloying, moulding, pouring,
solidification, finishing, etc. Every one of these
aspects has to be correct since failure of only one
will probably cause the casting to fail. Other
processes such as forging or machining are merely
single parts of multi-step processes. It is clearly
easier to control each separate process in turn.

It is no wonder therefore that the manufacture
of castings is one of the most challenging of
technologies. It has defied proper understanding
and control for an impressive five thousand years
at least. However, there are signs that we might
now be starling to make progress.

Naturally, this claim appears to have been made
by all writers of textbooks on castings for the last
hundred years or so. Doubtless, it will continue to
be made in future generations. In a way, it is hoped
that it will always be true. This is what makes
casting so fascinating. The complexity of the subject
invites a continuous stream of new concepts and
new solutions.

The author trained as a physicist and physical
metallurgist, and is aware of the admirable and
powerful developments in science and technology
that have facilitated the progress enjoyed by these
branches of science. These successes have, quite
naturally, persuaded the Higher Educational
Institutes throughout the world to adopt physical
metallurgy as the natural materials discipline
required to be taught. Process metallurgy has been
increasingly regarded as a less rigorous subject,
not requiring the attentions of a university
curriculum. Perhaps, worse still, we now have

materials science, where breadth of knowledge has
to take precedence over depth of understanding.
This work makes the case for process metallurgy
as being a key complementary discipline. It can
explain the properties of metals, in some respects
outweighing the effects of alloying, working and
heat treatment that are the established province of
physical metallurgy. In particular, the study of
casting technology is a topic of daunting complexity,
far more encompassing than the separate studies,
for instance, of fluid flow or solidification (as
necessary, important and fascinating as such focused
studies clearly are). It is hoped therefore that in
time, casting technology will be rightly recognized
as a complex engineering discipline, worthy of
individual attention.

The author has always admired those who have
only published what was certain knowledge.
However, as this work was well under way, it became
clear to me that this was not my purpose. Knowledge
is hard to achieve, and often illusive, fragmentary
and ultimately uncertain. This book is offered as
an exercise in education, more to do with thinking
and understanding than learning. It is an exercise
in grappling with new concepts and making personal
evaluations of their worth, their cogency, and their
place amid the scattering of facts, some reliable,
others less so. It is about research, and about the
excitement of finding out for oneself.

Thus the opportunity has been taken in this
revised edition of Castings to bring the work up to
date particularly in the new and exciting areas of
surface turbulence and the recently discovered
compaction and unfurling of folded film defects
(the bifilms). Additional new concepts of alloy
theory relating to the common alloy eutectics Al-
Siand Fe-C will be outlined. At the time of writing
these new paradigms are not quite out of the realm
of speculation, but most areas are now well grounded
in about 200 person years of effort in the author’s
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laboratory over the last 12 years. Furthermore, many
have been rigorously tested and proved in foundries.

This aspect of quoting confirmation of scientific
concepts from industrial experience is a departure
that will be viewed with concern by those academics
who are accustomed to the apparent rigour of
laboratory experiments. However, for those who
persevere and grow to understand this work it will
become clear that laboratory experiments cannot
at this time achieve the control over liquid metal
quality that can now be routinely provided in some
industrial operations. Thus the evidence from
industry is vital at this time. Suitable laboratory
experiments can catch up later.

The author has allowed himself the luxury of
hypothesis, that a sceptic might brand speculation.
Broadly, it has been carried out in the spirit of the
words of John Maynard Keynes, ‘I would rather be
vaguely right than precisely wrong.” This book is
the first attempt to codify and present the New
Metallurgy. It cannot therefore claim to be
authoritative on all aspects at this time. It is an
introduction to the new thinking of the metallurgy
of cast alloys, and, by virtue of the survival of
many of the defects during plastic working, wrought
alloys too.

The primary aim remains to challenge the reader
to think through the concepts that will lead to a
better understanding of this most complex of forming
operations, the casting process. It is hoped thereby
to improve the professionalism and status of casting
technology, and with it the products, so that both
the industry and its customers will benefit.

It is intended to follow up this volume Castings
I — Principles with two further volumes. The next
in line is Castings Il — Practice listing my ten rules
for the manufacture of good castings with one
chapter per rule. It concentrates on an outline of
current knowledge of the theory and practice of
designing filling and feeding systems for castings.
It is intended as a more practical work. Finally, I
wish to write something on Castings Il — Processes
because, having personal experience of many of
the casting processes, it has become clear to me
that a good comparative text is much needed. 1
shall then take a rest.

Even so, as I mentioned in the Preface to
Castings, and bears repeat here, the rapidity of
casting developments makes it a privilege to live
in such exciting times. For this reason, however, it
will not be possible to keep this work up to date. It
is hoped that, as before, this new edition will serve
its purpose for a time, reaching out to an even
wider audience, and assisting foundry people to
overcome their everyday problems. Furthermore, 1
hope it will inspire students and casting engineers
alike to continue to keep themselves updated. The
regular reading of new developments in the casting
journals, and attendance at technical meetings of
local societies, will encourage the professionalism
to achieve even higher standards of castings in the
future.

JC
West Malvern, Worcestershire, UK
1 September 2002
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Introduction

I hope the reader will find inspiration from the
new concepts described in this work.

What is presented is a new approach to the
metallurgy of castings. Not everything in the book
can claim to be proved at this stage. Ultimately,
science proves itself by underpinning good
technology. Thus, not only must it be credible but,
in addition, it must really work. Perhaps we may
never be able to say for certain that it is really true,
but in the meantime it is proposed as a piece of
knowledge as reliable as can now be assembled
(Ziman 2001).

Even so, it is believed that for the first time, a
coherent framework for an understanding of cast
metals has been achieved.

The bifilm, the folded-in surface film, is the
fundamental starting point. It is often invisible,
having escaped detection for millennia. Because
the presence of bifilms has been unknown, the
initiation events for our commonly seen defects
such as porosity, cracks and tears have been
consistently overlooked.

It is not to be expected that all readers will be

comfortable with the familiar, cosy concepts of
‘gas’ and ‘shrinkage’ porosity relegated to being
mere consequences, simply growth forms derived
from the new bifilm defect, and at times relatively
unimportant compared to the pre-existing bifilm
itself. Many of us will have to relearn our metallurgy
of cast metals. Nevertheless, I hope that the reader
will overcome any doubts and prejudices, and
persevere bravely. The book was not written for
the faint-hearted.

As a final blow (the reader needs resilience!),
the book nowhere claims that good castings are
easily achieved. As was already mentioned in the
Preface, the casting process is among the most
complex of all engineering production systems. We
currently need all the possible assistance to our
understanding to solve the problems to achieve
adequate products.

For the future, we can be inspired to strive for,
and perhaps one day achieve, defect-free cast
products. At that moment of history, when the bifilm
is banished, we shall have automatically achieved
that elusive target — minimum costs.






Chapter 1

The melt

Some liquid metals may be really like liquid metals.
Such metals may include pure liquid gold, possibly
some carbon—manganese steels while in the melting
furnace at a late stage of melting. These, however,
are rare.

Many liquid metals are actually so full of sundry
solid phases floating about, that they begin to more
closely resemble slurries than liquids. In the absence
of information to the contrary, this condition of a
liquid metal should be assumed to apply. Thus many
of our models of liquid metals that are formulated
to explain the occurrence of defects neglect to
address this fact. The evidence for the real internal
structure of liquid metals being crammed with
defects has been growing over recent years as
techniques have improved. Some of this evidence
is described below. Most applies to aluminium and
its alloys where the greatest effort has been. Evidence
for other materials is presented elsewhere in this
book.

It is sobering to realize that many of the strength-
related properties of liquid metals can only be
explained by assuming that the melt is full of defects.
Classical physical metallurgy and solidification
science, which has considered metals as merely
pure metals, is currently unable to explain the
important properties of cast materials such as the
effect of dendrite arm spacing, and the existence
of pores and their area density. These key aspects
of cast metals will be seen to arise naturally from
the population of defects.

It is not easy to quantify the number of non-
metallic inclusions in liquid metals. McClain and
co-workers (2001) and Godlewski and Zindel (2001)
have drawn attention to the unreliability of results
taken from polished sections of castings. A technique
for liquid aluminium involves the collection of
inclusions by pressurizing up to 2 kg of melt, forcing
it through a fine filter, as in the PODFA and PREFIL
tests. Pressure is required because the filter is so

fine. The method overcomes the sampling problem
by concentrating the inclusions by a factor of about
10 000 times (Enright and Hughes 1996 and Simard
et al. 2001). The layer of inclusions remaining on
the filter can be studied on a polished section. The
total quantity of inclusions is assessed as the area
of the layer as seen under the microscope, divided
by the quantity of melt that has passed through the
filter. The unit is therefore the curious quantity
mm?.kg~". (It is to be hoped that at some future
date this unhelpful unit will, by universal agreement,
be converted into some more meaningful quantity
such as volume of inclusions per volume of melt.
In the meantime, the standard provision of the
diameter of the filter in reported results would at
least allow a reader the option to do this.)

To gain some idea of the range of inclusion
contents an impressively dirty melt might reach
10 mmz.kg", an alloy destined for a commercial
extrusion might be in the range 0.1 to 1, foil stock
might reach 0.001, and computer discs 0.0001
mm?.kg~". For a filter of 30 mm diameter these
figures approximately encompass the range
1073 (0.1 per cent) down to 1077 (0.1 part per million
by volume) volume fraction.

Other techniques for the monitoring of inclusions
in Al alloy melts include LIMCA (Smith 1998), in
which the melt is drawn through a narrow tube.
The voltage drop applied along the length of the
tube is measured. The entry of an inclusion of
different electrical conductivity into the tube causes
the voltage differential to rise by an amount that is
assumed to be proportional to the size of the
inclusion. The technique is generally thought to be
limited to inclusions approximately in the range
10 to 100 um or so. Although widely used for the
casting of wrought alloys, the author regrets that
that technique has to be viewed with great
reservation. Inclusions in light alloys are often up
to 10 mm diameter, as will become clear. Such
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inclusions do find their way into the LIMCA tube,
where they tend to hang, caught up at the mouth of
the tube, and rotate into spirals like a flag tied to
the mast by only one corner (Asbjornsonn 2001).
It is to be regretted that most workers using LIMCA
have been unaware of these serious problems.

Ultrasonic reflections have been used from time
to time to investigate the quality of melt. The early
work by Mountford and Calvert (1959-60) is
noteworthy, and has been followed up by
considerable development efforts in Al alloys
(Mansfield 1984), and Ni alloys and steels
(Mountford et al. 1992-93). Ultrasound is efficiently
reflected from oxide films (almost certainly because
the films are double, and the elastic wave cannot
cross the intermediate layer of air, and thus is
efficiently reflected). However, the reflections may
not give an accurate idea of the size of the defects
because of the irregular, crumpled form of such
defects and their tumbling action in the melt. The
tiny mirror-like facets of large defects reflect back
to the source only when they happen to rotate to
face the beam. The result is a general scintillation
effect, apparently from many minute and separate
particles. It is not easy to discern whether the images
correspond to many small or a few large defects.

Neither Limca nor the various ultrasonic probes
can distinguish any information on the types of
inclusions that they detect. In contrast, the inclusions
collected by pressurized filtration can be studied
in some detail. In aluminium alloys many different
inclusions can be found. Table 1.1 lists some of the
principal types.

Nearly all of these foreign materials will be
deleterious to products intended for such products
as foil or computer discs. However, for shaped
castings, those inclusions such as carbides and
borides may not be harmful at all. This is because
having been precipitated from the melt, they are
usually therefore in excellent atomic contact with
the alloy material. These well-bonded non-metallic

Table 1.1 Types of inclusions in Al alloys

Inclusion type Possible origin

Carbides AlCy Pot cells from Al smelters

Boro-carbides AlB4C Boron treatment

Titanium boride TiB, Grain refinement

Graphite C Fluxing tubes, rotor wear,
entrained film

Chlorides NaCl, KCI, Chlorine or fluxing

MgCl,, etc. treatment

Alpha alumina o-AL O, Entrainment after high-
temperature melting

Gamma alumina  y-Al,0, Entrainment during
pouring

Magnesium oxide MgO Higher Mg containing
alloys

Spinel MgOAIL,O; Medium Mg containing
alloys

phases are thereby unable to act as initiators of
other defects such as pores and cracks. Conversely,
they may act as grain refiners. Furthermore, their
continued good bonding with the solid matrix is
expected to confer on them a minor or negligible
influence on mechanical properties. (However, we
should not forget that it is possible that they may
have some influence on other physical or chemical
properties such as machinability or corrosion.)

Generally, therefore, this book concentrates on
those inclusions that have a major influence on
mechanical properties, and that can be the initiators
of other serious problems such as pores and cracks.
Thus the attention will centre on entrained surface
films, that exhibit unbonded interfaces with the melt,
and lead to a spectrum of problems. Usually, these
inclusions will be oxides. However, carbon films
are also common, and occasionally nitrides,
sulphides and other materials.

The pressurized filtration tests can find all of
these entrained solids, and the analysis of the
inclusions present on the filter can help to identify
the source of many inclusions in a melting and
casting operation. However, the only inclusions that
remain undetectable but are enormously important
are the newly entrained films that occur on a clean
melt as a result of surface turbulence. These are
the films commonly entrained during the pouring
of castings, and so, perhaps, not required for
detection in a melting and distribution operation.
They are typically only 20 nm thick, and so remain
invisible under an optical microscope, especially if
draped around a piece of refractory filter that when
sectioned will appear many thousands of times
thicker. The only detection technique for such
inclusions is the lowly reduced pressure test. This
test opens the films (because they are always double,
and contain air, as will be explained in detail in
Chapter 2) so that they can be seen. The radiography
of the cast test pieces reveals the size, shape and
numbers of such important inclusions, as has been
shown by Fox and Campbell (2000). The small
cylindrical test pieces can be sectioned to yield a
parallel form that gives optimum radiographic
results. Alternatively, it is more convenient to cast
the test pieces with parallel sides. The test will be
discussed in more detail later.

1.1 Reactions of the melt with its
environment

A liquid metal is a highly reactive chemical. It will
react both with the gases above it and the solid
material of the crucible that contains it. If there is
any kind of slag or flux floating on top of the melt,
it will probably react with that too. Many melts
also react with their containers such as crucibles
and furnace linings.



The driving force for these processes is the
striving of the melt to come into equilibrium with
its surroundings. Its success in achieving equilibrium
is, of course, limited by the rate at which reactions
can happen, and by the length of time available.

Thus reactions in the crucible or furnace during
the melting of the metal are clearly seen to be serious,
since there is usually plenty of time for extensive
changes. The pick-up of hydrogen from damp
refractories is common. Similar troubles are often
found with metals that are melted in furnaces heated
by the burning of hydrocarbon fuels such as gas or
oil.

We can denote the chemical composition of
hydrocarbons as C,H, and thus represent the straight
chain compounds such as methane CH,, ethane
C,Hg and so on, or aromatic ring compounds such
as benzene Cg¢Hg, etc. (Other more complicated
molecules may contain other constituents such as
oxygen, nitrogen and sulphur, not counting
impurities which may be present in fuel oils such
as arsenic and vanadium.)

For our purposes we will write the burning of
fuel taking methane as an example

CH4 + 202 = C02 + 2H20 (1.1)

Clearly the products of combustion of hydrocarbons
contain water, so the hot waste gases from such
furnaces are effectively wet.

Even electrically heated furnaces are not
necessarily free from the problem of wet
environment: an electric resistance furnace that has
been allowed to stand cold over a weekend will
have had the chance to absorb considerable
quantities of moisture in its lining materials. Most
furnace refractories are hygroscopic and will absorb
water up to 5 or 10 per cent of their weight. This
water is released into the body of the furnace over
the next few days of operation. It has to be assumed
that the usual clay/graphite crucible materials
commonly used for melting non-ferrous alloys are
quite permeable to water vapour and/or hydrogen,
since they are designed to be approximately 40 per
cent porous. Additionally, hydrogen permeates freely
through most materials, including steel, at normal
metallurgical operating temperatures of around
700°C and above.

This moisture from linings or atmosphere can
react in turn with the melt M:

M + H,0 = MO + H, (1.2)

Thus a little metal is sacrificed to form its oxide,
and the hydrogen is released to equilibrate itself
between the gas and metal phases. Whether it will,
on average, enter the metal or the gas above the
metal will depend on the relative partial pressure
of hydrogen already present in both of these phases.
The molecular hydrogen has to split into atomic
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hydrogen before it can be taken into solution, as is
described by

H, = 2[H] (1.3)

The equation predicting the partial pressure of
hydrogen in equilibrium with a given concentration
of hydrogen in solution in the melt is

[H]? = kPy, (1.4)

where the constant k has been the subject of many
experimental determinations for a variety of gas—
metal systems (Brandes 1983; Ransley and Neufeld
1948). 1t is found to be affected by alloy additions
(Sigworth and Engh 1982) and temperature. When
the partial pressure of hydrogen P = | atmosphere,
it is immediately clear from this equation that £ is
numerically equal to the solubility of hydrogen in
the metal at that temperature. Figure 1.1 shows
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Figure 1.1 Hydrogen solubility in aluminium and two of
its alloys, showing the abrupt fall in solubility on
solidification.

how the solubility of hydrogen in aluminium
increases with temperature.

It is vital to understand fully the concept of an
equilibrium gas pressure associated with the gas in
solution in a liquid. We shall digress to present a
few examples to illustrate the concept.

Consider a liquid containing a certain amount
of hydrogen atoms in solution. If we place this
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liquid in an evacuated enclosure then the liquid
will find itself out of equilibrium with respect to
the environment above the liquid. It is supersaturated
with respect to its environment. It will then gradually
lose its hydrogen atoms from solution, and these
will combine on its surface to form hydrogen
molecules, which will escape into the enclosure as
hydrogen gas. The gas pressure in the enclosure
will therefore gradually build up until the rate of
loss of hydrogen from the surface becomes equal
to the rate of gain of the liquid from hydrogen that
returns, reconverting to individual atoms on the
surface and re-entering solution in the liquid. The
liquid can then be said to have come into equilibrium
with its environment.

Similarly, if a liquid containing little or no gas
(and therefore having a low equilibrium gas pressure)
were placed in an environment of high gas pressure,
then the net transfer would, of course, be from gas
phase to liquid phase until the equilibrium partial
pressures were equal. Figure 1.2 illustrates the case
of three different initial concentrations of hydrogen
in a copper alloy melt, showing how initially high
concentrations fall, and initially low concentrations
rise, all finally reaching the same concentration
which is in equilibrium with the environment.

This equilibration with the external surroundings
is relatively straightforward to understand. What is
perhaps less easy to appreciate is that the equilibrium
gas pressure in the liquid is also effectively in
operation inside the liquid.

200
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150

gase content

o )e bo, L pe
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This concept can be grasped by considering
bubbles of gas which have been introduced into
the liquid by stirring or turbulence, or which are
adhering to fragments of surface films or other
inclusions that are floating about. Atoms of gas in
solution migrate across the free surface of the
bubbles and into their interior to establish an
equilibrium pressure inside.

On a microscopic scale, a similar behaviour will
be expected between the individual atoms of the
liquid. As they jostle randomly with their thermal
motion, small gaps open momentarily between the
atoms. These embryonic bubbles will also therefore
come into equilibrium with the surrounding liquid.

It is clear, therefore, that the equilibrium gas
pressure of a melt applies both to the external and
internal environments of the melt.

We have so far not touched on those processes
that control the rate at which reactions can occur.
The kinetics of the process can be vital.

Consider, for instance, the powerful reaction
between the oxygen in dry air and liquid aluminium:
no disastrous burning takes place; the reaction is
held in check by the surface oxide film which forms,
slowing the rate at which further oxidation can
occur. This is a beneficial interaction with the
environment. Other beneficial passivating (i.e.
inhibiting) reactions are seen in the melting of
magnesium under a dilute SF¢ (sulphur hexafluoride)
gas, as described, for instance, by Fruehling and
Hanawalt (1969). A further example is the beneficial

Figure 1.2 Hydrogen content of liquid aluminium
bronze held in a gas-fired furnace, showing how

1
100
Time {min)

150

the melt equilibrates with its surroundings. Data
from Ostrom et al. (1975).



effect of water vapour in strengthening the oxide
skin on the zinc alloy during hot-dip galvanizing
50 as to produce a smooth layer of solidified alloy
free from ‘spangle’. Without the water vapour, the
usual clean hydrogen—nitrogen atmosphere provides
an insufficient thickness of oxide, with the result
that the growth of surface crystals disrupts the
smoothness of the zinc coat (Hart er al. 1984).
Water vapour is also known to stabilize the protective
gamma alumina film on aluminium (Cochran et al.
1976 and Impey et al. 1993), reducing the rate of
oxidation in moist atmospheres. Theile (1962) also
saw this effect much earlier. His results are replotted
in Figures 5.33 and 5.34 (p. 148). Although his
curve for oxidation in moist air is seen to be generally
lower than the curves for air and oxygen (which
are closely similar), the most important feature is
the very low initial rate, the rate at very short times.
Entrainment events usually create new surface that
is folded in within milliseconds. Obtaining oxidation
data for such short times is a problem.

The kinetics of surface reactions can also be
strongly influenced on the atomic scale by surface-
active solutes that segregate preferentially to the
surface. Only a monolayer of atoms of sulphur will
slow the rate of transfer of nitrogen across the surface
of liquid iron. Interested readers are referred to the
important work by Hua and Parlee (1982).

1.1.1 Aluminium alloys

Considering first the reaction of liquid aluminium
with oxygen, the solubility of oxygen in aluminium
is extremela/ small; less than one atom in about
10*% or 10% atoms. This corresponds to less than
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one atom in the whole world supply of the metal
since extraction began. We can therefore safely
approximate its solubility to zero. Yet everyone
knows that aluminium and its alloys are full of
oxides. How is this possible? The oxides certainly
cannot have been precipitated by reaction with
oxygen in solution. Oxygen can only react with
the surface. Furthermore, the surface can only access
the interior of the metal if it is entrained, or folded
in. This is a mechanical, not a chemical process.

The presence of oxygen in aluminium is thereby
easily understood, and will be re-examined
frequently from many different viewpoints as we
progress through the book.

We turn now to the presence of hydrogen in
aluminium. This behaves quite differently.

Figure 1.3 is calculated from Equation 1.4
illustrating the case for hydrogen solubility in liquid
aluminium. It demonstrates that on a normal day
with 30 per cent relative humidity, the melt at 750°C
should approach about | mLkg™' (0.1 ml.100 g™")
of dissolved hydrogen. This is respectably low for
most commercial castings (although perhaps just
uncomfortably high for aerospace standards). Even
at 100 per cent humidity the hydrogen level will
continue to be tolerable for most applications. This
is the rationale for degassing aluminium alloys by
doing nothing other than waiting. If originally high
in gas, the melt will equilibrate by losing gas to its
environment (as is also illustrated by the copper-
based alloy in Figure 1.2).

Further consideration of Figure 1.3 indicates that
where the liquid aluminium is in contact with wet
refractories or wet gases, the environment will
effectively be close to one atmosphere pressure of
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water vapour, causing the concemrauon of gas in
solution to rise to nearer 10 ml.kg™!. This spells
disaster for most normal castings. Such metal has
been preferred, however, for the production of many
non-critical parts, where the precipitation of
hydrogen pores can compensate to some extent for
the shrinkage on freezing, and thus avoid the
problem and expense of the addition of feeders to
the casting. Traditional users of high levels of
hydrogen in this way are the permanent mould
casters of automobile inlet manifolds and rainwater
goods such as pipes and gutters. Both cost and the
practicalities of the great length to thickness ratio
of these parts prevent any effective feeding.

Raising the temperature of the melt will increase
the solubility of hydrogen in liquid aluminium. At
a temperature of 1000°C the solubility is over
40 ml.kg™'. However, of course, if there is no
hydrogen available in its environment the melt will
not be able to increase its gas content no matter
what its temperature is. This self-evident fact is
easy to overlook in practice because there is nearly
always some source of moisture or hydrogen, so
that, usually, high temperatures are best avoided if
gas levels are to be kept under good control. Most
aluminium alloy castings can be made successfully
at casting temperatures of 700-750°C. Rarely are
temperatures in the range 750-850°C actually
required, especially if the running system is good.

A low gas content is only attained under
conditions of a low partial pressure of hydrogen.
This is why some melting and holding furnaces
introduce only dry filtered air, or a dry gas such as
bottled nitrogen, into the furnace as a protective
blanket. Occasionally the ultimate solution of
treating the melt in vacuum is employed (Venturelli
1981). This dramatically expensive solution does
have the benefit that the other aspects of the
environment of the melt, such as the refractories,
are also properly dried. From Figure 1.3 it is clear
that gas levels in the melt of less than 0.1 ml/kg are
attainable. However, the rate of degassing is slow,
requiring 30-60 minutes, since hydrogen can only
escape from the surface of the melt, and takes time
to stir by convection, and finally diffuse out. The
time can be reduced to a few minutes if the melt is
simultaneously flushed with an inert gas such as
nitrogen.

For normal melting in air, the widespread practice
of flushing the melt with an inert gas from the
immersed end of a lance of internal diameter of
20 mm or more is only poorly effective. The useful
flushing action of the inert gas can be negated at
the free surface because the fresh surface of the
liquid continuously turned over by the breaking
bubbles represents ideal conditions for the melt to
equilibrate with the atmosphere above it. If the
weather is humid the rate of regassing can exceed
the rate of degassing.

Systems designed to provide numerous fine
bubbles are far more effective. The free surface at
the top of the melt is less disturbed by their arrival.
Also, there is a greatly increased surface area,
exposing the melt to a flushing gas of low partial
pressure of hydrogen. Thus the hydrogen in solution
in the melt equilibrates with the bubbles with
maximum speed. The bubbles are carried to the
surface and allowed to escape, taking the hydrogen
with them. Such systems have the potential to degas
at a rate that greatly exceeds the rate of uptake of
hydrogen.

Rotary degassing systems can act in this way.
However, their use demands some caution. On the
first use after a weekend, the rotary head and its
shaft will introduce considerable hydrogen from
their absorbed moisture. It is to be expected that
the melt will get worse before it gets better. Thus
degassing to a constant (short) time is a sure recipe
for disaster when the refractories of the rotor are
damp. In addition, there is the danger that the vortex
at the surface of the melt may carry down air into
the melt, thus degrading the melt by manufacturing
oxides faster than they can be floated out. This is a
common and disappointing mode of operation of a
technique that has good potential when used
properly. The simple provision of a baffle board to
prevent the rotation of the surface, and thus suppress
the vortex formation, is highly effective.

When dealing with the rate of attainment of
equilibrium in melting furnaces the times are
typically 30-60 minutes. This slow rate is a
consequence of the large volume to surface area
ratio. We shall call this ratio the modulus. Notice
that it has dimensions of length. For instance, a 10
tonne holding furndce would have a volume of
approximately 4 m?, and a surface area in contact
with the dtmosphere of perhaps 10 m?, giving a
modulus of 4/10 m = 0.4 m =400 mm. A crucible
furnace of 200 kg capacity would have a modulus
nearer 200 mm.

These values around 300 mm for large bodies
of metal contrast with those for the pouring stream
and the running system. If these streams are
considered to be cylinders of liquid metal
approximately 20 mm diameter, then their effective
modulus is close to 5 mm. Thus their reaction time
would be expected to be as much as 300/5 = 60
times faster, resulting in the approach towards
equilibrium within times of the order of one minute.
(This same reasoning explains the increase in rate
of vacuum degassing by the action of bubbling
nitrogen through the melt.) This is the order of
time in which many castings are cast and solidified.
We have to conclude, therefore, that reactions of
the melt with its environment continue to be
important at all stages of its progress from furnace
to mould.

There is much evidence to demonstrate that the



melt does interact rapidly with the chemical
environment within the mould. There are methods
available of protecting the liquid by an inert gas
during melting and pouring which are claimed to
reduce the inclusion and pore content of many alloys
that have been tested, including aluminium alloys,
and carbon and stainless steels (Anderson et al.
1989). Additional evidence is considered in section
4.5.2.

The aluminium-hydrogen system considered so
far is a classic model of simplicity. The only gas
that is soluble in aluminium in any significant
amounts is hydrogen. The magnesium-hydrogen
system is similar, but rather less important in the
sense that the hydrogen solubility is lower, so that
dissolved gas is in general less troublesome. Other
systems are in general more complicated as we
shall see.

1.1.2 Copper alloys

Copper-based alloys have a variety of dissolved
gases and thus a variety of reactions. In addition to
hydrogen, oxygen is also soluble. Reaction between
these solutes produces water vapour according to
(where square brackets indicate an element in
solution)

2[H] + [O] = H,0O (1.5)

Thus water vapour in the environment of molten
copper alloys will increase both hydrogen and
oxygen contents of the melt. Conversely, on rejection
of stoichiometric amounts of the two gases to form
porosity, the principal content of the pores will not
be hydrogen and oxygen but their reaction product,
water vapour. An excess of hydrogen in solution
will naturally result in an admixture of hydrogen
in the gas in equilibrium with the melt. An excess
of oxygen in solution will result in the precipitation
of copper oxide.

Much importance is often given to the so-called
steam reaction:

2[H] + Cu,0 = 2Cu + H,0 (1.6)

This is, of course, a nearly equivalent statement of
Equation 1.5. The generation of steam by this
reaction has been considered to be the most
significant contribution to the generation of porosity
in copper alloys that contain little or no deoxidizing
elements. This seems a curious conclusion since
the two atoms of hydrogen are seen to produce one
molecule of water. If there had been no oxygen
present the two hydrogen atoms would have
produced one molecule of hydrogen, as indicated
by Equation 1.3. Thus the same volume of gases is
produced in either case. It is clear therefore that
the real problem for the maximum potential of gas
porosity in copper is simply hydrogen.
(However, as we shall see in later sections, the
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presence of oxygen will be important in the
nucleation of pores in copper, but only if oxygen is
present in solution in the liquid copper, not just
present as oxide. The distribution of pores as
subsurface porosity in many situations is probably
good evidence that this is true. We shall return to
consideration of this phenomenon later.)

Proceeding now to yet more possibilities in
copper-based materials, if sulphur is present then a
further reaction is possible:

[S] + 2[O] = SO, (1.7)

and for copper alloys containing nickel, an important
impurity is carbon, giving rise to an additional
possibility:

[C] +[0] =CO (1.8)

Systematic work over the last decade at the
University of Michigan (see, for instance, Ostrom
et al. (1981)) on the composition of gases that are
evolved from copper alloys on solidification
confirms that pure copper with a trace of residual
deoxidizer evolves mainly hydrogen. Brasses (Cu-
Zn alloys) are similar, but because zinc is only a
weak deoxidant the residual activity of oxygen in
solution gives rise to some evolution of water vapour.
Interestingly, the main constituent of evolved gas
in brasses is zinc vapour, since these alloys have a
melting point above the boiling point of zinc (Figure
1.4). Pure copper and the tin bronzes evolve mainly
water vapour with some hydrogen. Copper—nickel
alloys with nickel above | per cent have an
increasing contribution from carbon monoxide as
a result of the promotion of carbon solubility by
nickel.

Thus when calculating the total gas pressure in
equilibrium with melts of copper-based alloys, for
instance inside an embryonic bubble, we need to
add all the separate contributions from each of the
contributing gases.

The brasses represent an interesting special case.
The continuous vaporization of zinc from the free
surface of a brass melt carries away other gases
from the immediate vicinity of the surface. This
continuous outflowing wind of metal vapour creates
a constantly renewed clean environment, sweeping
away gases which diffuse into it from the melt, and
preventing contamination of the local environment
of the metal surface with furnace gases or other
sources of pollution. For this reason cast brass is
usually found to be free from gas porosity.

The zinc vapour burns in the air with a brilliant
flame known as zinc flare. Flaring may be
suppressed by a covering of flux. However, the
beneficial degassing action cannot then occur, raising
the danger of porosity, mainly from hydrogen.

The boiling point of pure zinc is 907°C. But the
presence of zinc in copper alloys does not cause
boiling until higher temperatures because, of course,
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the zinc is diluted (strictly, its activity is reduced).
Figure 1.4 shows the effects of increasing dilution
on raising the temperature at which the vapour
pressure reaches one atmosphere, and boiling occurs.
The onset of vigorous flaring at that point is
sufficiently marked that in the years prior to the
wider use of thermocouples foundrymen used it as
an indication of casting temperature. The accuracy
of this piece of folklore can be appreciated from
Figure 1.4. The flaring temperatures increase in
step with the increasing copper contents (i.e. at
greater dilutions of zinc), and thus with the
increasing casting temperatures of the alloys.

Around 1 per cent of zinc is commonly lost by
flaring and may need to be replaced to keep within
the alloy composition specification. In addition,
workers in brass foundries have to be monitored
for the ingestion of zinc fumes.

Melting practice for the other copper alloys to
keep their gas content under proper control is not
straightforward. Below are some of the pitfalls.

One traditional method has been to melt under
oxidizing conditions, thereby raising the oxygen
in solution in the melt in an attempt to reduce
gradually the hydrogen level. Prior to casting, the
artificially raised oxygen in solution is removed by
the addition of a deoxidizer such as phosphorus,
lithium or aluminium. The problem with this
technique is that even under good conditions the
rate of attainment of equilibrium is slow because
of the limited surface areas across which the
elements have to diffuse. Thus little hydrogen may

Figure 1.4 Vupour pressure of zinc and some brasses.
Data from Hull (1950).

have been removed. Worse still, the original
oxidation has often been carried out in the presence
of furnace gases, so raising oxygen and (unwittingly)
hydrogen levels simultaneously (Equation 1.2) high
above the values to be expected if the two dissolved
gases were in equilibrium. The addition of deoxidizer
therefore still leaves hydrogen at near saturation.
The further problem with this approach is that
the deoxidizer precipitates out the oxygen as a
suspension of solid oxide particles in the melt, or
as surface oxide films. Either way, these by-products
are likely to give problems later as non-metallic
inclusions in the casting, and, worse still, as nuclei
to assist the precipitation of the remaining gases in
solution, thus promoting the very porosity that the
technique was intended to avoid. In conclusion, it
is clear there is little to commend this approach.
A second reported method is melting under
reducing conditions to decrease losses by oxidation.
Hydrogen removal is then attempted just before
casting by adding copper oxide or by blowing dry
air through the melt. Normal deoxidation is then
carried out. The problem with this technique is
that the hydrogen-removal step requires time and
the creation of free surfaces, such as bubbles, for
the elimination of the reaction product, water vapour.
Waiting for the products to emerge from the
quiescent surface of a melt sitting in a crucible
would probably take 30—60 minutes. Fumes from
the fuel-fired furnace would be ever present to help
to undo any useful degassing. Clearly therefore,
this technique cannot be recommended either!



The second technique described above would
almost certainly have used a cover of granulated
charcoal over the melt to provide the reducing
conditions. This is a genuinely useful way of
reducing the formation of drosses (dross is a mixture
of oxide and metal, so intimately mixed that it is
difficult to separate) as can be demonstrated from
the Ellingham diagram (Figure 1.5), the traditional
free energy/temperature graph. The oxides of the
major alloying elements copper, zinc and tin are
all reduced back to their metals by carbon. which
preferentially oxidizes to carbon monoxide (CO)
at this high temperature. (The temperature at which
the metal oxide is reduced, and carbon is oxidized
to CO, is that at which the free energies for the
formation of CO exceed that of the metal oxide,
i.e. CO becomes more stable. This is where the
lines cross on the Ellingham diagram.)

However, it is as well to remember that charcoal
contains more than just carbon. In fact, the major
impurity is moisture, even in well-dried material
that appears to be quite dry. An addition of charcoal
to the charge at an early stage in melting is therefore
relatively harmless because the release of moisture,
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and the contamination of the charge with hydrogen
and oxygen, will have time to be reversed. In
contrast, an addition of charcoal at a late stage of
melting will flood the melt with fresh supplies of
hydrogen and oxygen that will almost certainly
not have time to evaporate out before casting. Any
late additions of anything, even alloying additions,
introduce the risk of unwanted gases.

Reliable routes to melted metal with low gas
content include:

1. Electric melting in furnaces that are never allowed
o go cold.

. Controlled use of flaring for zinc-containing
alloys.

. Controlled dry environment of the melt. Additions
of charcoal are recommended if added at an
early stage, preferably before melting. (Late
additions of charcoal or other sources of moisture
are to be avoided.)

o

(8]

In summary, the gases which can be present in the
various copper-based alloys are:

CUQO
PbO

P,Os

FeO

Cr203

MnO
SiO,

TiO,
MgO

A|203
Li»O4

CaO

1
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Temperature (°C)

Figure 1.5 The Ellingham diagram,
illustrating the free energy of formation of
oxides as a function of temperature.

1800
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Pure copper
Brasses, gunmetals
Cupro-nickels

H,, H,0
H,, H,0, Zn, Pb
H,, H,0, CO, (N,?)

1.1.3 Iron alloys

Like copper-based alloys, iron-based alloys are also
complicated by the number of gases that can react
with the melt, and that can cause porosity by
subsequent evolution on solidification. Again, it
must be remembered that all the gases present can
add their separate contributions to the total pressure
in equilibrium with the melt.

Oxygen is soluble, and reacts with carbon, which
is one of the most important constituents of steels
and cast irons. Carbon monoxide is the product,
following Equation 1.8.

In steelmaking practice the CO reaction is used
to lower the high carbon levels in the pig iron
produced by the blast furnace. (The high carbon is
the result of the liquid iron percolating down through
the coke in the furnace stack. A similar situation
exists in the cupola furnace used in the melting of
cast iron used by iron foundries.) The oxygen to
initiate the CO reaction is added in various forms,
traditionally as shovelfuls of granular FeO thrown
onto the slag, but in modern steelmaking practice
by spectacular jets of supersonic oxygen. The stage
of the process in which the CO is evolved is so
vigorous that it is aptly called a ‘carbon boil’.

After the carbon is brought down into
specification, the excess oxygen that remains in
the steel is lowered by deoxidizing additions of
manganese, silicon or aluminium. In modern practice
a complex cocktail of deoxidizing elements is added
as an alternative or in addition. These often contain
small percentages of rare earths to control the shape
of the non-metallic inclusions in the steel. It seems
likely that this control of shape is the result of
reducing the melting point of the inclusions so that
they become at least partially liquid, adopting a
more rounded form that is less damaging to the
properties of the steel.

Hydrogen is soluble as in Equation 1.3, and exists
in equilibrium with the melt as indicated in Equation
1.4. However, a vigorous carbon boil will reduce
any hydrogen in solution to negligible levels by
flushing it from the melt.

In many steel foundries, however, steel is melted
from scrap steel (not made from pig iron, as in
steelmaking). Because the carbon is therefore
already low, there is no requirement for a carbon
boil. Thus hydrogen remains in the melt. In contrast
to oxygen in the melt that can quickly be reduced
by the use of a deoxidizer, there is no quick chemical
fix for hydrogen. Hydrogen can only be encouraged
to leave the metal by providing an extremely dry
and hydrogen-free environment. If a carbon boil
cannol be artificially induced, and if environmental

control is insufficiently good, or is too slow, then
the comparatively expensive last resort is vacuum
degassing. This option is common in the steelmaking
industry, but less so in steel melting for the making
of shaped castings.

A carbon boil can be induced in molten cast
iron, providing the silicon is low, simply by blowing
air onto the surface of the melt (Heine 1951). Thus
it is clear that oxygen can be taken into solution in
cast iron even though the iron already contains high
levels of carbon. The reaction releases CO gas at
(or actually slightly above) atmospheric pressure.
During solidification, in the region ahead of the
solidification front, carbon and oxygen are
concentrated still further. It is easy to envisage how,
therefore, from relatively low initial contents of
these elements, they can increase together so as to
exceed a critical product [C] - [O] to cause CO
bubbles to form in the casting. The equilibrium
equation, known as the solubility product, relating
to Equation 1.8 is

[C]-[O] = kPco (1.9)

We shall return to this important equation later. [t
is worth noting that the equation could be stated
more accurately as the product of the activities of
carbon and oxygen. However, for the moment we
shall leave it as the product of concentrations, as
being accurate enough to convey the concepts that
we wish to discuss.

Nitrogen is also soluble in liquid iron. The
reaction follows the normal law for a diatomic gas:

N, = 2[N] (1.10)

and the corresponding equation to relate the
concentration in the melt [N] with its equilibrium
pressure Py, is simply:

[N)? = kPn> (1.11)

As before, the equilibrium constant £ is a function
of temperature and composition. It is normally
determined by careful experiment.

The reactions of iron with its environment to
produce surface films of various kinds is dealt with
in section 5.5.

1.2 Transport of gases in melts

Gases in solution in liquids travel most quickly
when the liquid is moving, since, of course, they
are simply carried by the liquid.

However, in many situations of interest the liquid
is stationary, or nearly so. This is the case in the
boundary layer at the surface of the liquid. The
presence of a solid film on the surface will hold
the surface stationary, and because of the effect of
viscosity, this stationary zone will extend for some
distance into the bulk liquid. The thickness of the



boundary layer is reduced if the bulk of the liquid
is violently stirred. However, within the stagnant
liquid of the boundary layer the movement of solutes
can occur only by the slow process of diffusion,
i.e. the migration of populations of atoms by the
process of each atom carrying out one random
atomic jump at a time.

Another region where diffusion is important is
in the partially solidified zone of a solidifying
casting, where the bulk flow of the liquid is normally
a slow drift.

In the solid state, of course, diffusion is the only
mechanism by which solutes can spread.

There are two broad classes of diffusion
processes: one is interstitial diffusion, and the other
is substitutional diffusion. Interstitial diffusion is
the squeezing of small atoms through the interstices
between the larger matrix atoms. This is a relatively
easy process and thus interstitial diffusion is
relatively rapid. Substitutional diffusion is the
exchange, or substitution, of the solute atom for a
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similar-sized matrix atom. This process is more
difficult (i.e. has a higher activation energy) because
the solute atom has to wait for a gap of sufficient
size to be created before it can jostle its way among
the crowd of similar-sized individuals to reach the
newly created space.

Figures 1.6 1o 1.8 show the rates of diffusion of
various alloying elements in the pure elements,
aluminium, copper and iron. Clearly, hydrogen is
an element that can diffuse interstitially because of
its small size. In iron, the elements C, N and O all
behave interstitially, although significantly more
slowly than hydrogen.

The common alloying elements in aluminium,
Mg, Zn and Cu, clearly all behave as substitutional
solutes. Other substitutional elements form well-
defined groups in copper and iron.

However, there are a few elements that appear
to act in an intermediate fashion. Oxygen in copper
occupies an intermediate position. The elements
sulphur and phosphorus in iron occupy an interesting
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intermediate position; a curious behaviour that does
not appear to have been widely noticed.

Figure 1.8 also illustrates the other important
feature of diffusion in the various forms of iron:
the rate of diffusion in the open body-centred cubic
lattice (alpha and delta phases) is faster than in the
more closely packed face-centred cubic (gamma
phase) lattice. Furthermore, in the liquid phase
diffusion is fastest of all, and differences between
the rates of diffusion of elements that behave widely
differently in the solid become less marked.

These relative rates of diffusion will form a
recurrent theme throughout this book. The reader
will benefit from memorizing the general layout of
Figures 1.6, 1.7 and 1.8.

1.3 Surface film formation

When the hot metal interacts with its environment
many of the reactions result in products that dissolve
rapidly in the metal, and diffuse away into its interior.

800 900 1000

1200 1400 Figure 1.7 Diffusion coefficients
Jor elements in copper.

Some of these processes have already been
described. In this section we shall focus our attention
on the products of reactions that remain on the
surface. Such products are usually films.

Oxide films usually start as simple amorphous
(i.e. non-crystalline) layers, such as Al,O; on Al,
or MgO on Mg and Al-Mg alloys (Cochran e al.
1977). Their amorphous structure probably derives
necessarily from the amorphous melt on which they
nucleate and grow. However, they quickly convert
to crystalline products as they thicken, and later
often develop into a bewildering complexity of
different phases and structures. Many examples can
be seen in the studies reviewed by Drouzy and
Mascre (1969) and in the various conferences
devoted to oxidation (Microscopy of Oxidation
1993). Some films remain thin, some grow thick.
Some are strong, some are weak. Some grow slowly,
others quickly. Some are heterogeneous and complex
in the structure, being lumpy mixtures of different
phases.
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Daten (1976), 5(1); Al(s): Matrix; Cu: Peterson N. L., Rothman S. J. (1970). Phys. Rev., Bi, 3264; H: Outlaw R. A.,
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The nature of the film on a liquid metal in a environment, the breakdown of water molecules at
continuing equilibrium relationship with its the surface releases hydrogen that diffuses away
environment needs 10 be appreciated. In such a rapidly into the interior. The oxygen released in
situation the melt will always be covered with the the same reaction (Equation 1.5), and copper oxide,
film. For instance, if the film is skimmed off it will Cu,0, that may be formed as a temporary
immediately re-form. A standard foundry complaint intermediate product, are also soluble, at least up
about the surface film on certain casting alloys is to 0.14 per cent oxygen. The oxygen diffuses and
that ‘you can’t get rid of it!’ dissipates more slowly in the metal so long as the

Furthermore, it is worth bearing in mind that solubility limit in the melt is not exceeded. It is
the two most common film-forming reactions, the clear, however, that no permanent film is created
formation of oxide films from the decomposition under oxidizing conditions. Also, of course, no film
of moisture, and the formation of graphitic films forms under reducing conditions. Thus liquid copper
from the decomposition of hydrocarbons, both result is free from film problems in most circumstances.
in the increase of hydrogen in the metal. The (Unfortunately this may not be true for the case
comparative rates of diffusion of hydrogen and other where the solubility of the oxide is exceeded at the
elements in solution in various metals are shown surface, or in the presence of certain carbonaceous
in Figures 1.6 to 1.8. These reactions will be dealt atmospheres, as we shall see later. It is also untrue
with in detail later. for many copper alloys, where the alloying element

In the case of liquid copper in a moist, oxidizing provides a stable oxide.)
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Liquid silver is analogous to copper in that it
dissolves oxygen. In terms of the Ellingham diagram
(Figure 1.5) it is seen that its oxide, Ag,0, is just
stable at room temperature, causing silver to tarnish
(together with some help from the presence of
sulphur in the atmosphere to form sulphides), as
every jeweller will know! However, the free energy
of formation of the oxide is positive at higher
temperatures, appearing therefore above zero on
the figure. This means that the oxide is unstable at
higher temperatures. It would therefore not be
expected to exist except in cases of transient non-
equilibrium.

Liquid tin is also largely free from films.

The noble metals such as gold and platinum
are, for all practical purposes, totally film-free. These
are, of course, all metals that are high on the
Ellingham diagram, reflecting the relative instability
of their oxides, and thus the ease witht which they
are reduced back to the metal.

Cast iron is an interesting case, occupying an
intermediate position in the Ellingham diagram. It
therefore has a complicated behaviour, sometimes
having a film, whose changing composition converts
it from solid to liquid as the temperature falls. Its
behaviour is considered in detail in section 5.5
devoted to cast iron.

The light alloys, aluminium and magnesium have
casting alloys characterized by the stability of the
products of their surface reactions. Although part
of the reaction products, such as hydrogen, diffuse
away into the interior, the noticeable remaining
product is a surface oxide film. The oxides of these
light alloys are so stable that once formed, in normal
circumstances, they cannot be decomposed back
to the metal and oxygen. The oxides become
permanent features for good or ill, depending on
where they finally come to rest on or in the cast
product. This is, of course, one of our central themes.

An interesting detail is that magnesium alloys
are known to give off magnesium vapour at normal
casting temperatures, the oxide film growing by
oxidation of the vapour. This mechanism seems to
apply not only for magnesium-based alloys
(Sakamoto 1999) but also for Al alloys containing
as little as 0.4 weight per cent Mg (Mizuno er al.
1996).

A wide range of other important alloys exist
whose main constituents would not cause any
problem in themselves, but which form troublesome
films in practice because their composition includes
just enough of the above highly reactive metals.
These include the following.

Liquid lead exhibits a dull grey surface oxide
consisting of solid PbO. This interferes with the
wetting of soldered joints, giving the electrician
the feared ‘dry joint’, which leads to arcing,
overheating and eventual failure. This is the reason
for the provision of fluxes to exclude air and possibly

provide a reducing environment (resin-based
coverings are used; the choride-based fluxes to
dissolve the oxide are now less favoured because
of their residual corrosive effects). The use of pre-
tinning of the parts to be joined is also helpful
since tin stays free from oxide at low temperature.
The addition of 0.01 per cent Al to lead is used to
reduce oxidation losses during melting. However,
it would be expected to increase wettability
problems. From the Ellingham diagram it is clear
that lead can be kept clear of oxide at all temperatures
for which it is molten by a covering of charcoal:
the CO atmosphere will reduce any PbO formed
back to metallic lead. However, we should note
that lead solders are being phased out of use for
environmental and health reasons.

Zinc alloys: most zinc-based castings are made
from pressure die casting alloys that contain
approximately 4 per cent Al. This percentage of
aluminium is used to form a thin film of aluminium
oxide that protects the iron and steel parts of the
high pressure die casting machines and the die itself
from rapid attack by zinc. From the point of view
of the casting quality, the film-formation problem
does give some problems, assisting in the occlusion
of air and films during the extreme surface turbulence
of filling. Nevertheless, these problems generally
remain tolerable because the melting and casting
temperatures of zinc pressure die casting alloys
are low, thus probably restricting the development
of films to some extent.

Other zinc-based alloys that contain higher
quantities of aluminium, the ZA series containing
8, 12 and 27 per cent Al, become increasingly
problematical as film formation becomes
increasingly severe, and the alloy becomes
increasingly strong, and so more notch sensitive.

Al-Mg alloy family, where the magnesium level
can be up to 10 weight per cent, is widely known
as being especially difficult to cast. Along with
aluminium bronze, those aluminium alloys
containing 5-10 per cent Mg share the dubious
reputation of being the world’s most uncastable
casting alloys! This notoriety is, as we shall see,
ill-deserved. If well cast, these alloys have enviable
ductility and toughness, and take a bright anodized
finish much favoured by the food industry, and
those markets in which decorative finish is all
important.

Aluminium bronze itself contains up to
approximately 10 per cent Al, and the casting
temperature is of course much higher than that of
aluminium alloys. The high aluminium level and
high temperature combine to produce a thick and
tenacious film that makes aluminium bronze one
of the most difficult of all foundry alloys. Some
other high strength brasses and bronzes that contain
aluminium are similarly difficult.

Ductile irons (otherwise known as spheroidal



graphite or nodular irons) are markedly more
difficult to cast free from oxides and other defects
when compared to grey (otherwise known as flake
graphite) cast iron. This is the result of the minute
concentration of magnesium that is added to
spherodize the graphite, resulting in a solid
magnesium silicate surface film.

Vacuum cast nickel- and cobalt-based high
temperature alloys for turbine blades contain
aluminium and titanium as the principal hardening
elements. Because such castings are produced by
investment (lost wax) techniques, the running
systems have been traditionally poor. It is usual for
such castings to be top poured, introducing severe
surface turbulence, and creating high scrap levels.
In an effort to reduce the scrap, the alloys have
been cast in vacuum. It is quite clear, however, that
this is not a complete solution. A good industrial
vacuum is around 10~ torr. However, not even the
vacuum of 107"* torr that exists in the space of near
earth orbit is good enough to prevent the formation
of alumina. Theory predicts that a vacuum around
107 torr is required. The real solution is, of course,
not to attempt to prevent the formation of the oxide,
but to avoid its entrainment. Thus top pouring needs
to be avoided. A well-designed bottom-gated filling
system would be an improvement. However, a
counter-gravity system of filling would be the
ultimate answer.

As an interesting aside, it may be that the film
on high temperature Ni-based alloys might actually
be AIN. This nitride does not appear to form at the
melting temperatures used for Al alloys, despite its
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apparent great thermal stability, probably for kinetic
reasons. However, at the higher temperatures of
the Ni-based alloys it may form in preference to
alumina. The Ni-based superalloys are well known
for their susceptibility to react with nitrogen from
the air and so become permanently contaminated.
In any case the reaction to the nitride may be
tavoured even if the rates of formation of the oxide
and nitride are equal, simply because air is four-
fifths nitrogen.

Steels are another important, interesting and
complicated case, often containing small additions
of Al as a deoxidizer. Once again, AIN is a leading
suspect for film formation in air. Steels are also
dealt with in detail later.

Titanium alloys, particularly TiAl, may not be
troubled by a surface film at all. Certainly during
the hot isostatic pressing (hipping) of these alloys
any oxide seems to go into solution. Careful studies
have indicated that a cut (and, at room temperature,
presumably oxidized) surface can be diffusion
bonded to full strength across the joint, and with
no detectable discontinuity when observed by
transmission electron microscopy (Hu and Loretto
2000). It seems likely, however, that the liquid alloy
may exhibit a transient film, like the oxide on copper
and silver, and like the graphite film on cast iron in
some conditions. Transient films are to be expected
where the film-forming element is arriving from
the environment faster than it can diffuse away
into the bulk. This is expected to be a relatively
common phenomenon since the rates of arrival,
rates of surface reaction and rates of dissolution

Figure 1.9 Increase in the pressure of vapour of
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are hardly likely to be matched in most situations.

In conditions for the formation of a transient
film, if the surface happens to be entrained by folding
over, although the film is continuously dissolving,
it may survive sufficiently long to create a legacy
of permanent problems. These could include the
initiation of porosity, tearing or cracking, prior (o
its complete disappearance. In this case the culprit
responsible for the problem would have vanished
without trace.

In the course of this work we shall see how in a
few cases the chemistry of the surface film can be
altered to convert the film from a solid to a liquid,
thus reducing the dangers that follow from an
entrainment event. More usually, however, the film
can neither be liquefied nor eliminated. It simply
has to be lived with. A surface entrainment event
therefore ensures the creation of a defect.

Entrained films form the major defect in cast
materials. Our ultimate objective to avoid films in
cast products cannot be achieved by eliminating
the formation of films. The only practical solution
to the elimination of entrainment defects is the
elimination of entrainment. The simple
implementation of an improved filling system design
can completely eliminate the problems caused by
entrained films. This apparently obvious solution
is so self-evident that it has succeeded in escaping
the attention of most of the casting community for
the last several thousand years.

A discussion of the techniques to avoid
entrainment during the production of cast material
is an engineering problem too large to be covered
in this book. It has to await the arrival of a second
volume planned for this series Castings Il — Practice
listing my ten rules for good castings.



Chapter 2

Entrainment

If perfectly clean water is poured, or is subject to
a breaking wave, the newly created liquid surfaces
fall back together again, and so impinge and
mutually assimilate. The body of the liquid re-forms
seamlessly. We do not normally even think to
question such an apparently selt-evident process.

However, in practice, the same is not true for
many common liquids, the surface of which is a
solid, but invisible film. Aqueous liquids often
exhibit films of proteins or other large molecular
compounds.

Liquid metals are a special case. The surface of
most liquid metals comprises an oxide film. If the
surface happens to fold. by the action of a breaking
wave, or by droplets forming and falling back into
the melt, the surface oxide becomes entrained in
the bulk liquid (Figure 2.1).

The entrainment process is a folding action that
necessarily folds over the film dry side to dry side.

I

i

The submerged surface films are therefore
necessarily always double.

Also, of course, because of the negligible bonding
across the dry opposed interfaces, the defect now
necessarily resembles and acts as a crack. Turbulent
pouring of liquid metals can therefore quickly fill
the liquid with cracks. The cracks have a relatively
long life, and can survive long enough to be frozen
into the casting. We shall see how they have a key
role in the creation of other defects during the
process of freezing, and how they dcgrade the
properties of the final casting.

Entrainment does not necessarily occur only by
the dramatic action of a breaking wave as seen in
Figure 2.1. 1t can occur simply by the contraction
of a ‘free liquid’ surface. In the case of a liquid
surface that contracts in area, the area of oxide
itself is not able to contract. Thus the excess area
is forced to fold. Considerations of buoyancy (in

alloy

Figure 2.1 Sketch of a
surface entrainment
// event.
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all but the most rigid and thick films) confirm that
the fold will be inwards, and so entrained (Figure
2.2). Such loss of surface is common during rather
gentle undulations of the surface, the slopping and
surging that can occur during the filling of moulds.
Such gentle folding might be available to unfold
again during a subsequent expansion, so that the
entrained surface might almost immediately detrain
once again. This potential for reversible entrainment
may not be important, however; it seems likely
that much enfolded material will remain, possibly
because of entanglement with cores and moulds,
or because bulk turbulence may tear it away from
the surface and transport it elsewhere.

With regard to all film-forming alloys, accidental
entrainment of the surface during pouring is,
unfortunately, only to be expected. This normal
degradation phenomenon is fundamental to the
quality and reliability issues for cast metals, and,
because of their inheritance of these defects, they
survive, remaining as defects in wrought metals
too. It is amazing that such a simple mechanism
could have arrived at the twenty-first century having

point
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Film thickens
during growth

Film trapped
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wall by friction

escaped the notice of thousands of workers,
researchers and teachers.

Anyway, it is now clear that the entrained film
has the potential to become one of the most severely
damaging defects in cast products. It is essential,
therefore, to understand film formation and the way
in which films can become incorporated into a
casting so as to damage its properties. These are
vitally important issues. They are dealt with below.

It is worth repeating that a surface film is not
harmful while it continues to stay on the surface.
In fact, in the case of the oxide on liquid aluminium
in air, it is doing a valuable service in protecting
the melt from catastrophic oxidation. This is clear
when comparing with liquid magnesium in air,
where the oxide is not protective. Unless special
precautions are taken, the liquid magnesium burns
with its characteristic brilliant flame until the whole
melt is converted to the oxide. In the meantime so
much heat is evolved that the liquid melts its way
through the bottom of the crucible, through the
base of the furnace, and will continue down through
a concrete floor, taking oxygen from the concrete

@ Advancing front

Film tears under
L~ tension at thinnest

@ Retreating front

Film folds and entrains
| when compressed into a
smaller area

Film may roll off side wall,
and heap on surface of
liquid as dross, or may
hang up on wall.

Figure 2.2 Expansion of the surface
Sollowed by a contraction, leading to
entrainment.



to sustain the oxidation process until all the metal
is consumed. This is the incendiary bomb effect.
Oxidation reactions can be impressively energetic!

A solid film grows from the surface of the liquid,
atom by atom, as each metal atom combines with
newly arriving atoms or molecules of the
surrounding gas. Thus for an alumina film on the
surface of liquid aluminium the underside of the
film is in perfect atomic contact with the melt, and
can be considered to be well wetted by the liquid.
(Care is needed with the concept of wetting as used
in this instance. Here it refers merely to the
perfection of the atomic contact, which is evidently
automatic when the film is grown in this way. The
concept contrasts with the use of the term wetting
for the case where a sessile drop is placed on an
alumina substrate. The perfect atomic contact may
again exist where the liquid covers the substrate,
but at its edges the liquid will form a large contact
angle with the substrate, indicating, in effect, that
it does not wish to be in contact. Technically, the
creation of the liquid/solid interface raises the total
energy of the system. The werting in this case is
said to be poor.)

The problem with the surface film only occurs
when it becomes entrained and thus submerged in
the bulk liquid.

When considering submerged oxide films, it is
important to emphasize that the side of the film
which was originally in contact with the melt will
continue to be well wetted, i.e. it will be in perfect
atomic contact with the liquid. As such it will adhere
well, and be an unfavourable nucleation site for
volume defects such as cracks, gas bubbles or
shrinkage cavities. When the metal solidifies the
metal-oxide bond will be expected to continue to
be strong, as in the perfect example of the oxide on
the surface of all solid aluminium products,
especially noticeable in the case of anodized
aluminium.

The upper surfacc of the solid oxide as grown
on the liquid is of course dry. On a microscale it is
known to have some degree of roughness. In fact
some upper surfaces of oxide films are extremely
rough. Some, like MgO, being microscopically akin
to a concertina, others like a rucked carpet or
ploughed field, or others, like the spinel ALMgO,,
an irregular jumble of crystals.

The other key feature of surface films is the
great speed at which they can grow. Thus in the
fraction of a second that it takes to cause a splash
or to enfold the surface, the expanding surface,
newly creating liquid additional area of liquid, will
react with its environment to cover itself in new
film. The reaction is so fast as to be effectively
instantaneous for the formation of oxides.

Other types of surface films on liquid metals
are of interest to casters. Liquid oxides such as
silicates are sometimes beneficial because they can

Entrainment 19

detrain leaving no harmful residue in the casting.
Solid graphitic films seem to be common when
liquid metals are cast in hydrocarbon-rich
environments. In addition, there is some evidence
that other films such as sulphides and oxychlorides
are important in some conditions. Fredriksson (1996)
describes TiN films on alloys of Fe containing Ti,
Cr and C when melted in a nitrogen atmosphere.
Nitride films may be common in irons and steels.
In passing, in the usual case of an alloy with a
solid oxide film, it is of interest to examine whether
the presence of oxide in a melt necessarily implies
that the oxide is double. For instance, why cannot
a single piece of oxide be simply taken and immersed
in a melt to give a single (i.e. non-double) interface
with the melt? The reason is that as the piece of
oxide is pushed through the surface of the liquid,
the surface film on the liquid is automatically pulled
down either side of the introduced oxide, coating
both sides with a double film, as illustrated
schematically in Figure 2.3, Thus the entrainment
mechanism necessarily results in a submerged tilm
that is at least double. If the surface film is solid, it
therefore always has the nature of a crack.

Figure 2.3 Submerging of a piece of oxide (i.e. the
introduction of an exogenous inclusion).

Finally, it is worth warning about widespread
inaccurate and vague concepts that are heard from
time to time, and where clear thinking would be a
distinct advantage. Two of these are discussed below.

For instance, one often hears about ‘the breaking
of the surface tension’. What can this mean? Surface
tension is a physical force in the surface of the
liquid that arises as a result of the atoms of the
liquid pulling their neighbours in all directions.
On atoms deep in the liquid there is of course no
net force. However, for atoms at the surface. there
are no neighbours above the surface, these atoms
experience a net inward force from atoms below in
the bulk. This net inward force is the force we
know as surface tension. It is always present. It
cannot make any sense o consider it being ‘broken’.

Another closely related misconception describes
‘the breaking of the surface oxide” implying that
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this is some kind of problem. However, the surface
oxide, if a solid film, is a/lways being broken during
normal filling, but is being continuously reformed
as a new surface becomes available. As the melt
fills a mould, rising up between its walls, an observer
looking down at the metal will see its surface oxide
tear, dividing and sliding sideways across the
meniscus, eventually becoming the skin of the
casting. However, of course, the surface oxide is
immediately and continuously re-forming, as though
capable of infinite expansion. This is a natural and
protective mode of advancement of the liquid metal
front. It is to be encouraged by good design of
filling systems.

As a fine point of logic, it is to be noted that the
tearing and sliding process is driven by the friction
of the casting skin, pressed by the liquid against
the microscopically rough mould wall. Since this
part of the film is trapped and cannot move, and if
the melt is forced to rise, the film on the top surface
is forced to yield by tearing. This mode of advance

(b)

is the secret of success of many beneficial products
that enhance the surface finish of castings. For
instance, coal dust replacements in moulding sands
encourage the graphitic film on the surface of liquid
cast irons, as will be detailed later.

As we have cxplained above, the mechanism of
entrainment is the folding over of the surface to
create a submerged, doubled-over oxide defect. This
is the central problem. The folding action can be
macroscopically dramatic, as in the pouring of liquid
metals, or the overturning of a wave or the re-
entering of a droplet. Alternatively, it may be gentle
and hardly noticeable, like the contraction of the
surface.

2.1 Entrainment defects

The entrainment mechanism is a folding-in action.
Figure 2.4 illustrates how entrainment can result in
a variety of submerged defects. If the entrained

Figure 2.4 Entrainment defects: (a) a
new bifilm; (b) bubbles entrained as an
integral part of the bifilm; (c) liquid flux
trapped in a bifilm; (d) surface debris
entrained with the bifiln; (¢) sand
inclusions entrained in the bifilm; (f) an
entrained old film containing integral
debris.



surface is a solid film the resulting defect is a crack
(Figure 2.4a) that may be only a few nanometres
thick, and so be invisible to most inspection
techniques. The other defects are considered below.

In the case of the folding-in of a solid film on
the surface of the liquid the defect will be called a
bifilm. This convenient short-hand denotes the
double film defect. Its name emphasizes its double
nature, as in the word bicycle. The name is also
reminiscent of the type of marine shellfish, the
bivalve, whose two leaves of its shell are hinged,
allowing it to open and close. (The pronunciation
is suggested to be similar to bicycle and bivalve,
and not with a short ‘i’, that might suggest the
word was ‘biffilm’.)
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To emphasize the important characteristic crack-
like feature of the folded-in defect, the reader will
notice that it will be often referred to as a ‘bifilm
crack’, or ‘oxide crack’. A typical entrained film is
seen in Figure 2.5a, showing its convoluted nature.
This irregular form, repeatedly folding back on itself,
distinguishes it from a crack resulting from stress
in a solid. At high magnification in the scanning
electron microscope (Figure 2.5b) the gap between
the double film looks like a bottomless canyon.
This layer of air (or other mould gas) is always
present, trapped by the roughness of the film as it
folds over.

Figure 2.6 is an unusual polished section
photographed in an optical microscope in the

(a)

(b)

Figure 2.5 (a) Convoluted bifilm in Al-785i-0.4Mg alloy: (b) high magnification of the double film shown above,
revealing its canyon-like appearance (Green and Campbell 1994 ).
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Figure 2.6 Polished section of Al-
78i—0.4Mg alloy breaking into a
bifilm, showing the upper part of
the double film removed, revealing
the inside of the lower part
(Divandari 2000).



22 Castings

author’s laboratory by Divandari (2000). It shows
the double nature of the bifilm, since by chance,
the section happened to be at precisely the level to
take away part of the top film, revealing a second,
clearly unbonded, film underneath.

As we have mentioned, the surface can be
entrained simply by contracting. However, it more
severe disturbance of the surface is experienced, as
typically occurs during the pouring of liquid metals,
pockets of air can be accidentally trapped by chance
creases and folds at random locations in the double
film, since the surface turbulence event is usually
chaotic. (Waves in a storm rarely resemble sine
waves.) The resultant scattering of porosity in
caslings seems nearly always to originate from the
pockets of entrained air. This appears to be the
most common source of porosity in castings (so-
called ‘shrinkage’, and so-called ‘gas’ precipitating
from solution are only additive effects that may or
may not contribute additional growth). The creation
of this source of porosity has now been regularly
observed in the study of mould filling using X-ray
radiography. It explains how this rather random
distribution of porosity typical in many castings
has confounded the efforts of computers
programmed to simulate only solidification.

Once entrained, the film may sink or float
depending on its relative density. For films of dense
alloys such as copper-based and ferrous materials,
the entrained bifilms float. In very light materials
such as magnesium and lithium the films generally
sink. For aluminium oxide in liquid aluminium the
situation is rather balanced, with the oxide being
denser than the liquid, but its entrained air, entrapped
between the two halves of the film, often brings its
density close to neutral buoyancy. The behaviour
of oxides in aluminium is therefore more
complicated and worth considering in detail.

Initially, of course. enclosed air will aid buoyancy,
assisting the films to float to the top surface of the
melt. However, as will be discussed later, the
enclosed air will be slowly consumed by the
continuing slow oxidation of the surfaces of the
crack. Thus the buoyancy of the films will slowly
be lost. This behaviour of the bifilm explains a
commonly expericnced sampling problem, since
the consequential distribution of defects in
suspension at different depths in aluminium furnaces
makes it problematic to obtain good quality metal
out of a furnace.

The reason is that although most oxides sink to
the bottom of the furnace, a significant density of
defects collects just under the top surface. Naturally,
this makes sampling of the better quality material
in the centre rather difficult.

In fact, the centre of the melt would be expected
to have a transient population of oxides that, for a
time, were just neutrally buoyant. Thus these films
would [eave their position at the top, would circulate

for a time in the convection currents, finally taking
up residence on the bottom as they lost their
buoyancy. Furthermore, any disturbance of the top
would be expected to augment the central
population, producing a shower, perhaps a storm,
of defects that had become too heavy, easily
dislodged from the support of their neighbours,
and which would then tumble towards the bottom
of the melt. Thus in many furnaces, although the
mid-depth of the melt would probably be the best
material, it would not be expected to be completely
free from defects.

Small bubbles of air entrapped between films
(Figure 2.4b) are often the source of microporosity
observed in castings. Round micropores would be
expected to decorate a bifilm, the bifilm itself often
being not visible on a polished microsection. Samuel
and Samuel (1993) report reduced pressure test
samples of aluminium alloy in which bubbles in
the middle of the reduced pressure test casting are
clearly seen to be prevented from floating up by
the presence of oxide films.

Large bubbles are another matter, as illustrated
in Figure 2.7. The entrainment of larger bubbles is
envisaged as possible only if fairly severe surface
turbulence occurs. The conditions are dealt with in
detail in the next section.

The powerful buoyancy of those larger pockets
of entrained air, generally above S mm diameter,
will give them a life of their own. They may be
sufficiently energetic to drive their way through
the morass of other films as schematically shown
in Figure 2.7. They may even be sufficiently buoyant
to force a path through partially solidified regions
of the casting, powering their way through the
dendrite mesh, bending and breaking dendrites.
Large bubbles have sufficient buoyancy to
continuously break the oxide skin on their crowns,
powering an ascent, overcoming the drag of the
bubble trail in its wake. Bubble trails are an
especially important result of the entrainment
process, and are dealt with later. Large bubbles
that are entrained during the pouring of the casting
are rarely retained in the casting. This is because
they arrive quickly at the top surface of the casting
before any freezing has had time to occur. Because
their buoyancy is sufficient to split the oxide at its
crown, it is similarly sufficient to burst the oxide
skin of the casting that constitutes the last barrier
between them and the atmosphere, and so escape.
This detrainment of the bubble itself leaves the
legacy of the bubble trail.

So many bubbles are introduced to the mould
cavity by some poor filling system designs that
later arrivals are trapped in the tangled mesh of
trails left by earlier bubbles. Thus a mess of oxide
trails and bubbles is the result. I have called this
mixture bubble damage. In the author’s experience,
bubble damage is the most common defect in
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Figure 2.7 Schematic illustration of
bifilms with their trapped microbubbles,
and actively buoyant macrobubbles.

castings, accounting for perhaps 80 per cent of all
casting defects. It is no wonder that the current
computer simulations cannot predict the problems
in many castings. In fact, it seems that relatively
few important defects are attributable to the
commonly blamed ‘gas’ or ‘shrinkage’ origins as
expected by traditional thinking.

Pockets of air, as bubbles, are commonly an
integral feature of the bifilm, as we have seen.
However, because the bifilm was itself an
entrainment feature, there is a possibility that the
bifilm can form a leak path connecting to the outside
world, allowing the bubble to deflate if the pressure
in the surrounding melt rises. Such collapsed bubbles
are particularly noticeable in some particulate metal
matrix composites as shown in the work of Emamy
and Campbell (1997), and illustrated in Figures
2.8 and 2.9. The collapsed bubble then becomes an
integral part of the original bifilm, but is
characterized by a thicker oxide film from its longer
exposure to a plentiful supply of air, and a
characteristically convoluted shape within the ghost
outline of the original bubble.

Larger entrained bubbles are always somewhat
crumpled, like a prune. The reason is almost certainly
the result of the deformation of the bubble during
the period of intense turbulence while the mould is
filling. When spherical the bubble would have a
minimum surface arca. However, when deformed
its area necessarily increases, increasing the area
of oxide film on its surface. On attempting to regain
its original spherical shape the additional area of
film is now too large for the bubble, so that the
skin becomes wrinkled. Each deformation of the
bubble would be expected to add additional area.

(A further factor, perhaps less important, may be
the reduction in volume of the bubble as the system
cools, and as air is consumed by ongoing oxidation.
In this case the analogy with the smaller wrinkled
prune, originally a large shiny round plum, may
not be too inaccurate.)

The growth of the area of oxide as the surface
deforms seems a general feature of entrainment. It
is a one-way, irreversible process. The consequent
crinkling and folding of the surface is a necessary
characteristic of entrained films, and is the common
feature that assists to identify films on fracture
surfaces. Figure 2.10a is a good example of a thin,
probably young, film on an Al-7Si-0.4Mg alloy.
Figure 2.10b is a typical film on an Al-5Mg alloy.
The extreme thinness of the films can be seen on a
fracture surface of an Al-7Si-0.4Mg alloy (Figure
2.11) that reveals a multiply folded film that in its
thinnest part measures just 20 nm thick. Older films
(not shown) can become thick and granular
resembling slabs of rough concrete.

The irregular shape of bubbles has led to them
often being confused with shrinkage pores.
Furthermore, bubbles have been observed by video
X-ray radiography of solidifying castings to form
initiation sites for shrinkage porosity; bubbles appear
to expand by a ‘furry’ growth of interdendritic
porosity as residual liquid is drawn away from their
surface in a poorly fed region of a casting. Such
developments further obscure the key role of the
bubble as the originating source of the problem.

In addition to porosity, there are a number of
other, related defects that can be similarly entrained.

Flux inclusions containing chlorides or fluorides
are relatively commonly found on machined surfaces
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Figure 2.8 Collapsed bubbles in Al-TiB; MMC. (a) and (b) show polished microsections of the ghost outlines of
bubbles; (¢) the resulting bifilm intersecting a fracture surface (Emamy and Campbell 1997).

of cast components. Such fluxes are deliquescent,
so that when opened to the air in this way they
absorb moisture, leading to localized pockets of
corrosion on machined surfaces. During routine
examination of fracture surfaces, the elements
chlorine and fluorine are quite often found as

chlorides or fluorides on aluminium and magnesium
alloys. The most common flux inclusions to be
expected are NaCl and KCI.

However, chlorine and fluorine, and their
common compounds, the chlorides and fluorides,
are insoluble in aluminium, presenting the problem
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Figure 2.9 Schematic illustration of the stages in the collapse of a bubble, showing the residual double film and the

volume of dendrite-free eutectic liquid.

of how such elements came to be in such locations.
These phenomena can probably only be explained
by assuming that such materials were originally on
the surface of the melt, but have been mechanically
entrained, wrapped in an oxide film (Figure 2.4c).
Thus flux inclusions on a fracture surface indicate
the presence of a bifilm, probably of considerable
area, although the presence of its single remaining
half will probably be not easily seen on the fracture.

Also, because flux inclusions are commonly
liquid at the temperatures of liquid light alloys,
and perfectly immiscible, why do they not
spherodize and rapidly float out, becoming re-
assimilated at the surface of the melt? It seems that

rapid detrainment does not occur. Once folded in
the sandwich of entrained oxide of a bifilm, the
package is slow to settle because of its extended
area. The consequential long residence times allow
transport of these contaminants over long distances
in melt transfer and launder systems. In melting
systems using electromagnetic pumps, fluxes are
known to deposit in the working interiors of pumps,
eventually blocking them. It is likely that the
inclusions are forced out of suspension by the
combined centrifugal and electromagnetic body
forces in the pump. It is hardly conceivable that
fluxes themselves, as relatively low viscosity liquids,
could accomplish this. However, the accretion of a
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Figure 2.10 Fracture surfaces showing (a) a fairly new thin film on an Al-75i-0.4Mg alloy; (b) a film on
an Al-5Mg alloy (courtesy Divandari 2000).
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Figure 2.11 Multiply folded film on the fracture surface of an Al-7Si-0.4Mg alloy.

mixturc of solid oxide films bonded with a sticky
liquid flux would be expected to be highly effective
in choking the system.

When bifilms are created by folding into the
melt, the presence of a surface liquid flux would
be expected to have a powerful effect by effectively
causing the two halves of the film to adhere together
by viscous adhesion. This may be one of the key
mechanisms explaining why fluxes are so eftective
in reducing the porosity in aluminium alloy castings.
The bifilms may be glued shut. At room temperature
the bonding by solidified flux may aid strength
and ductility to some extent. On the other hand,
the observed benefits to strength and ductility in
flux-treated alloys may be the result of the reduction
in films by agglomeration (because of their sticky
nature in the presence of a liquid flux) and flotation.
These factors will require much research to
disentangle.

Whether fluxes are completely successful to
prevent oxidation of the surface of light alloys does
not seem to be clear. It may be that a solid oxide
film always underlies the simple chloride fluxes
and possibly some of the fluoride fluxes.

Even now, some foundrics do successfully melt
light alloys without fluxes. Whether such practice
is really more beneficial deserves to be thoroughly
investigated. What is certain is that the environment
would benefit from the reduced dumping of flux

residucs from this so-called cleansing treatment.

There are circumstances when the flux inclusions
may not be associated with a solid oxide film simply
because the oxide is soluble in the flux. Such fluxes
include cryolite (AlF; - 3NaF) as used to dissolve
alumina during the electrolytic production of
aluminium, and the tamily K,TiF,, KBF,, K;Ta;
and K,ZrF,. Thus the surface layer may be a uniform
liquid phase.

For irons and steels the liquid slag layer is
expected to be liquid throughout. Where a
completely liquid slag surface is entrained Figure
2.12 shows the expected detrainment of the slag
and the accidentally entrained gases and entrained
liquid metal. Such spherodization of fluid phases
is expected to occur in seconds as a result of the
high surface energy of liquid metals and their rather
low viscosity. A classical and spectacular break-up
of a film of liquid is scen in the case of the
granulation of liquid ferro-alloys (Figure 2.13). A
ladle of alloy is poured onto a ceramic plate sited
above the centre of a bath of water. On impact with
the plate the jet of metal spreads into a film that
thins with distance from the centre. The break-up
of the metal film is seen to occur by the nucleation
of holes in the film, followed by the thinning of
ligaments between holes, and finally by the break-
up of the ligaments into droplets.

In contrast, a film of liquid flux on aluminium
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Figure 2.12 Entrainment of a liquid
film, showing the subsequent
detrainment of metal, gases and most
of the entrained liquid.

alloys is not, in general, expected to have this simple
completely liquid structure. It seems certain that in
most instances a solid alumina film will underlie
the liquid flux. Thus the film will behave as a sticky
solid layer, and will be capable of permanently
entraining bubbles and liquid flux. Spherodization
of the liquid flux will not be able to occur.
However, successful spherodization of entrained
surface materials may not only occur for liquid
films. It seems possible that alumina is first entrained
into liquid steel as films. However, once entrained
the {ilms would be expected to spherodize. This is
because the films are extremely thin, and the
temperature will be sufficiently high to encourage
rapid spherodization driven by the high interfacial
cnergy that is typical of metallic systems. The
clusters and stringers of isolated alumina inclusions
in rolled steels might have formed by this process,

the rolling action being merely to further separate
and align them (Figure 2.14a). This suggestion is
supported by observations of Way (2001) that show
the blockage of nozzles of steels in continuous
casting plants to be the result of arrays of separate
granular alumina inclusions (Figure 2.14b). It seems
certain that such inclusions were originally alumina
films (separate inclusions seem hardly conceivable)
formed by the severe surface turbulence inside the
nozzle.

Figure 2.4d represents one of many different
kinds of exogenous inclusion, such as a piece of
refractory from the wall of a furnace or ladle.
Exogenous inclusions can only be entrained together
with the surface film. Attempts to introduce
inoculants of various kinds into aluminium alloys
have been made from time to time. All of these
attempts are seen to be prejudiced by the problem



Figure 2.13 Granulation of liquid ferromanganese into
water (courtesy Uddeholm Technology, Sweden 2001).

of penetrating the surface oxide; all particles are
necessarily introduced in their own paper bags of
oxide, so that the melt never contacts the introduced
particle. This behaviour explains the results of
Mohanty and Gruzleski (1995) who found that TiB,
particles added to liquid aluminium did not nucleate
grains, but were pushed by dendrites to the grain
boundaries. This is the behaviour expected of any
particles surrounded by a film of alumina that entraps
a layer of air.

Similarly, the vortex technique for the addition
of particles to make a particulate metal matrix
composite (MMC) is similarly troubled. It is to be
expected that the method would drag the oxide
film down into the vortex, together with the heaps
of particles supported on the film, so that the
clumping of particles, now nicely and individually
packaged, wrapped in film, is probably unavoidable.
The ‘clumping’ of particles observed in such MMCs
survives even long periods of vigorous stirring. Such
features are seen in the work by Nai and Gupta
(2002) in which the central particles in clumps of
stirred-in SiC particles are observed to have fallen
out during the preparation of the polished sample,
leaving small cave-like structures lined with SiC
particles that are somehow still held in place. In
addition, whether in clumps or not, during the
preparation of the mixture the particles are almost
certainly held in suspension by the network of
bifilms that will have been introduced, in the same
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way that networks of films have been observed to
hold gas bubbles in suspension (Samuel and Samucl
1993). It seems also likely that the oxide network
will reduce the fluidity of the material, and reduce
the achievable mechanical properties.

In a further example, the manutacturc of
aluminium alloy MMCs based on aluminium alloy
containing SiC particles introduced under high
vacuum were investigated by Emamy and Campbell
(1997). These authors found that under the
hydrostatic tension produced by poor feeding
conditions the SiC/matrix interface frequently
decohered. This contrasted with the behaviour of
an Al-TiB, MMC in which the TiB, particles were
created by a flux reaction and added to the matrix
alloy without ever having been in contact with the
air. These particles exhibited much better adhesion
at the particle/matrix interface when subjected to
tension.

Figure 2.4d illustrates the entrainment of a piece
of old oxide, probably from an carlier part of the
melting or holding process. Such oxide, if very
old, will have grown thick, and no longer justifies
a description as a film. It can be crusty or even
plate-like. It is simply just another exogenous
inclusion. A typical example is seen in Figure 2.10c.
If entrained during pouring, it will be wrapped in a
new thin film, separated from the old inclusion by
an air film, and will therefore act as a new film. If,
as more likely, the old oxide was entrained some
time previously during the melting or holding
process, its entrainment wrapping will have itself
become old, having lost the majority of its air layer
by continued oxidation and thickening the oxide.
In this case it will have become fairly ‘inert’ in the
sense that it cannot easily nucleate pores; all its
surfaces will have reacted with the melt and thus
have come into good atomic contact, and its air
layer will have become largely lost and welded
closed.

Sand inclusions in castings are a similar case
(Figure 2.4e), but whose mechanism of entrainment
is probably rather more complicated. It is not easy
to envisage how minute sand grains could penetrate
the surface of a liquid metal against the repulsive
action of surface tension, and the presence of an
oxide film acting as a mechanical barrier. The
penetration of the liquid surface would require the
grain to be fired at the surface at high velocity, like
a bullet. However, of course, such a dramatic
mechanism is unlikely to occur in reality. Although
the description below appears complicated at first
sight, a sand entrainment mechanism can occur
easily, involving little energy, as described below.

In a well-designed filling system the liquid metal
entirely fills the system, and its hydrostatic pressure
acts against the walls of the system to gently support
the mould, holding sand grains in place. Thus
although the mould surface will become hot, a resin
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Figure 2.14 (a) Alumina stringers in deep-eiched rolled steel: (b) alumina particles from a blocked tundish nozzle from

a steel continuous casting plant (Way 2001).

binder will often first soften, then harden and
strengthen as volatiles are lost. The sand grains in
contact with the metal will finally have their binder
degraded (pyrolysed) to the point at which only
carbon remains. The carbon film remaining on the
grains has a high refractoriness. It continues to
protect the grains since it in turn is protected {rom
oxidation because, at this late stage, most of the
local oxygen has been consumed to form carbon
monoxide. The carbon forms a non-wetted interface
with the metal, thus enhancing protection from
penetration and erosion.

The situation is different if the filling system
has been poorly designed, allowing a mix of air to
accompany the melt. This problem commonly

accompanies the use of filling systems that have
oversized cross-section areas, and thus remain
unfilled with metal. In such systems the melt can
ricochet backwards and forwards in the channel.
The mechanical impact, akin to the cavitation effect
on a ship’s propeller, is a factor that assists erosion.
However, other factors arc also important. The
contact of the melt with the wall of the mould
heats the sand surface. As the melt bounces back
from the wall air is drawn through the mould surface,
and on the return bounce, the air flow is reversed.
In this way air is forced backwards and forwards
through the heated sand, and so burns away the
binder. The burning action is intensified akin to the
air pumped by bellows in the blacksmith’s forge.



When the carbon is finally burned off the surface
of the grains, the sand is no longer bonded to the
mould. Furthermore, the oxide on the surface of
the melt can now react with the freshly exposed
silica surface of the grains, and thus adhere to them.
If the melt now leaves the sand surface once again,
the liquid surface is now covered with adhering
grains of sand. As the surface folds over the grains
are thereby enfolded into an envelope of oxide film.
Such films can practically always be seen enfolding
clusters of sand inclusions. Similarly, sand inclusions
are often found on the inner surfaces of bubbles.

Sand inclusions are therefore a sure sign that
the filling system design is poor, involving
significant surface turbulence. Conversely, sand
inclusions can nearly always be eliminated by
attention to the filling system, not the strength nor
the variety of the sand binder. The best solution
lies in the hands of the casting engineer, not the
binder chemist.

Finally, Figure 2.4f is intended to give a glimpse
of the complexity that is likely to be present in
many bifilms. Part of the film is new and thin,
forming an asymmetrical thick/thin double film.
(Reactions of the melt with the bifilm, as discussed
at many points later in this work, may lead to
asymmetrical precipitation of reactants if one side
of the bifilm is more favourable than the other.) It
would be expected (but not illustrated in the figure)
that other parts of the defect would be fairly
symmetrical thin double films. Elsewhere in the
figure both halves are old, thick and heavily cracked.
In addition, the old film contains debris that has
become incorporated, having fallen onto the surface
of the melt at various times in its progress through
the melting and distribution system.

Entrained material is probably always rather
messy.

2.2 Entrainment processes

2.2.1 Surface turbulence

As liquid metal rises up a vertical plate mould cavity,
with the meniscus constrained between the two
walls of the mould, an observer looking down from
above (suitably equipped with protective shield of
course!) will see that the liquid front advances by
splitting the surface film along its centre. The film
moves to each side, becoming the skin of the casting
walls. As this happens, of course, the surface film
is continuously renewed so that the process is
effectively continuous. (In some circumstances, this
vertical advance actually occurs by the action of a
horizontal transverse travelling wave. This
interesting phenomenon will be discussed in detail
later.)

The important feature of this form of advance
of the liquid front is that the surface film never
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becomes entrained in the bulk of the liquid. Thus
the casting remains polentially perfect.

A problem arises if the velocity of flow is
sufficiently high at some locality for the melt to
rise enough above the general level of the liquid
surface to subsequently fall back under gravity and
so entrap a portion of its own surface. This is the
action of a breaking wave. It is represented in Figure
2.15. This process has been modelled by computer
simulation by Lin and co-workers (1999).

Figure 2.15 Balance of forces in the surface of a liguid.

To gain some insight into the physics involved
we can carry out the following analysis. The pressure
tendmg to perturb the surface is the inertial pressure
pV2/2 where p is the density of the melt, and V is
the local flow velocity. The action of the tension in
the surface (the surface tension 7y) tends to counter
any perturbation by pulling the surface flat. The
maximum pressure that surface tension can provide
is achieved when the surface is deformed into a
hemisphere of radius r, giving a pressure 2y/r
resisting the inertial pressure attempting to deform
the surface. Thus in the limit that the velocity is
just sufficiently high to push the surface beyond
the hemisphere, and so just exceeding the maximum
restraint that the surface tension can provide, we
have pV?2 = 2y/r, so that the critical velocity at
which the surface will start to suffer surface
turbulence (my name for the phenomenon of
breaking waves and entrainment of the surface into
the bulk) is

Vi = 2(y/rp) "2 2.1

This is a surprisingly accurate result in view of its
rough derivation. The approach is unsatisfactory
in the sense that the radius r has to be assumed.
However, there is little wrong with the physics.
The derivation is reproduced here because of its
directness and simplicity.

Equation 2.1 is not an especially convenient
equation since the critical radius of curvature of
the front at which instability occurs is not known
independently. However, we can guess that it will
not be far from a natural radius of the front as
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defined, for instance, by a sessile drop. (The word
‘sessile’ means ‘sitting’, and is used in contrast to
the ‘glissile’, or ‘gliding’ drop.) The sessile drop
sitting on a non-wetted surface exhibits a specific
height 4 defined by the balance between the forces
of gravity, tending to flatten it, and surface tension,
tending to pull the drop together to make it spherical.
We can derive an approximate expression for h
considering a drop on a non-wetted substrate as
illustrated in Figure 2.16. The pressure to expand
the drop is the average pressure pgh/2 acting over
the central area hL, giving the net force pgh~L/2.
For a drop in equilibrium, this force is equal to the
net force due to surface tension acting over the
length L on the top and bottom surfaces of the
drop, 2yL. Hence

pgh’L/2 = 2yL
h=2(v/pg)"? (2.2)

Assuming that h = 2r approximately, and eliminating
r from Equation 2.1 we have

vcril = 2(Yg/P)l/4

giving

(2.3

Figure 2.16 Balance of forces in a sessile drop sitting on
a non-wetted substrate.

This is the more elegant way to derive the critical
velocity involving no assumptions and no adjustable
parameters. It is analogous to the concept illustrated
in Figure 2.17 in which liquid metal rises through
a vertical ingate to enter a mould.

T

V=0

V = high

V= Ve

Figure 2.17 Concept of liquid emerging into a mould at
zero, critical and high velocities.

Clearly, for case (a) when the velocity at the
entrance to the gate is zero the liquid is perfectly
safe. There is no danger of enfolding the liquid
surface. However, of course, the zero velocity filling
condition is not useful for the manufacture of
castings.

In contrast, case (¢) can be envisaged in which
the velocity is so high that the liquid forms a jet.
The liquid is then in great danger of enfolding its
surface during its subsequent fall. Regrettably, this
condition is common in castings.

The interesting intermediate case (b) illustrates
the situation where the melt travels at sufficient
velocity to rise to a level that is just supported by
its surface tension. This is the case of a sessile
drop. Any higher and the melt would subsequently
have to fall back, and would be in danger of
enfolding its surface. Thus the critical velocity
required is that which is only just sufficient to project
the liquid to the height h of the sessile drop. This
height is simply that derived from conservation of
energy, mV?/2 = mgh, giving h = V*/2g. Substituting
this value for the value for the height of the sessile
drop above (Equation 2.2) gives the same result
for the critical velocity (Equation 2.3).

From Equation 2.2 we can find the height from
which the metal can fall, accelerated by gravity,
before it reaches the critical velocity given by
Equation 2.3. When falling from greater heights
the surface of the liquid will be in danger of being
entrained in the bulk liquid. The critical fall heights
for entrainment of the surface are listed in Table
2.1. (Physical properties of the liquids have been
taken at their melting points (Brandes and Brook
1992), since the values change negligibly with
temperature, but are somewhat affected by alloying.)

At first sight it seems surprising that nearly all
liquids, including water, have critical velocities in
the region of 0.3 to 0.5 ms™'. This is a consequence

Table 2.1 The critical heights and velocities of some
liquids (densities and surface tensions adopted from
Brandes and Brook 1992)

Liquid Densiry Surface Critical Critical

tension height h  velocity
kgm™ Nm~ mm ms~!
Ti 4110 1.65 12.8 0.50
Al 2385 0914 12.5 0.50
Mg 1590 0.559 12.0 0.48
e 7015 1.872 10.4 0.45
Ni 7905 1.778 9.6 043
Cu 8000 1.285 8.1 0.40
Zn 6575 0.782 7.0 0.37
Pt 19 000 1.8 6.2 0.35
Au 17 360 1.14 5.2 0.32
Pb 10 678 0.468 4.2 0.29
Hg 13691 0.498 39 0.27
Water 1000 0.072 5.4 0.33




of the fact that the velocity is a function of the
ratio of surface tension and density, and, in general,
both these physical constants change in the same
direction from one liquid to another. Furthermore,
the effect of the one quarter power further suppresses
differences. Most of the important engineering
metals have critical velocities close to 0.5 ms™' so
that this figure is now widely assumed in the
calculation of filling systems for castings.

The value of 0.5 ms™' for liquid aluminium has
been confirmed experimentally by Runyoro et al.
(1992). He observed by video the emergence of
liquid aluminium at increasing speeds from an ingate
in a sand mould. An outline of some of the melt
profiles is given in Figure 2.18. At just over the
critical velocity, at 0.55 ms™', the metal falls back
only slightly, forming its first fold. At progressively
higher velocities the potential for damage during
the subsequent fall of the jets is evident.

In further work by Runyoro (1992) shown in
Figure 2.19 the dramatic rise in surface cracks
identified by dye penetrant testing, and the
precipitous fall in bend strength of castings filled
above 0.5 ms™' was such a shock at the time of its
discovery that these results completely changed the
direction of research work in the author’s laboratory
for the next ten years.

The critical velocity for Cu—-10Al alloy at 0.4
ms~! was subsequently confirmed by Helvaee and
Campbell (1996), and a similar value for ductile
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cast irons shown in Figure 2.20 was reported by
the author (Campbell 2000). The critical velocity
for aluminium has been explored by computer
simulation (Lai er al. 2002) in which area of the
melt surface was computed as a function of
increasing ingate velocity. Assuming the same values
for physical constants as used here, a value of
precisely 0.5 ms™' was found (Figure 2.21),
providing reassuring confirmation of the concept
of critical velocity by an independent technique.

2.2.1.1 Weber number

The concept of the critical velocity for the
entrainment of the surface by what the author has
called surface turbulence is enshrined in the Weber
number, We. This elegant dimensionless quantity
is defined as the ratio of the inertial pressure in the
melt, assessed as pV?/2, with the pressure due to
surface tension y(1/r; + 1/r;) where r| and r, are
the radii of curvature of the surface in two
perpendicular directions. If only curved in one plane
the pressure becomes y/r, or for a hemisphere where
the orthogonal radii are equal, 2y/r. Thus

We = pLV?/y (2.4)

Only the dimensioned quantities are included in
the ratio, the scalar numbers (the factors of 2) are
neglected, as is usual for a dimensionless number.
The radius term becomes the so-called ‘characteristic

Al
25
m/s T

Figure 2.18 Profile of melts of aluminium
and cast iron emerging from an ingate at
various speeds (Runyoro et al. 1992).
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length’ parameter, L. For flows in channels, L is
typically chosen to be the hydraulic radius, defined
as the ratio of the occupied area of the channel to
its wetted perimeter. For a filled cylindrical channel
this is half the radius of the channel (diameter/4).
For a filled very thin slot, it is approximately half
of the slot width. As will be appreciated, the
hydraulic radius is a concept closely allied to that
of ‘geometrical modulus’ as commonly used by
ourselves as casting engineers.

When We = 1 the inertial and surface forces are
roughly balanced. From the definition of We in
Equation 2.4, and assuming L = 12.5/2 mm we find
V=0.25ms™, a value only a factor of 2 different
from the critical velocity found earlier. When it is
recalled that the real value of dimensionless numbers

different ingate velocities; and (b) the
bend strengths of the same plate castings
(Runyoro et al. 1992).

2.5 3.0

lies in their use to define the nearest order of
magnitude (i.e. the nearest factor of ten), this is
impressively close agreement. The agreement is
only to be expected, of course, since the condition
that We < | defines those conditions where the
liquid surface is tranquil, and We = | defines the
conditions in which surface turbulence can start.
The We number has been little used in casting
research. This is a major omission on the part of
researchers. It is instructive to look at the values
that We can adopt in some casting processes.
Work on aluminium bronze casting has shown
empirically that these alloys retain their quality
when the metal enters the mould cavity through
vertical gates at speeds of up to 60mms™'. Assuming
that the radius of the free liquid surface is close to
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5 mm (corresponding to half of the height of the
sessile drop glven in Table 2.1), the density is close to
8000 kgm, and surface tension is approximately
1.3 Nm, then We in this case is seen to be
approximately 0.1.

In a mould of section thickness of 5 mm fitted
with a glass window, Nieswaag observed that a
rising front of liquid aluminium just starts to break
up into jets above a speed of approximately 0.37
ms . This is close to our predicted critical velocity
(Table 2.1). Assuming that the radius of the liquid
front is 2.5 mm, and taking 2400 kg m™ for the
density of liquid aluminium, the correspondmg
critical value of We at which the break-up of the
surface first occurs is therefore seen to be
approximately 0.9. The users of vertically injected
squeeze casting machines now commonly use 0.4

velocity (Lai et al. 2002).

ms~" as a safe filling speed (for instance, Suzuki

1989), corresponding to We close to 1.0.

UK work in the 1950s (IBF Technical
Subcommittee 1960) showed that cast iron issues
from a horn gate as a fountain when the sprue is
only about 125 mm high and the gate about 12 mm
in diameter (deduced from careful inspection of
the photograph of the work). We can calculate,
therefore, that We is approximately 80 for this well-
advanced condition of surface turbulence.

Going on to consider the case of a pressure die
casting of an aluminium alloy in a die of section
thickness 5 mm and for which the velocity V might
be 40 ms™, We becomes approximately 100 000. It
is known that the filling conditions in a pressure
die casting are. in fact, characterized by extreme
surface fragmentation, and possibly represent an
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upper limit which might be expected while making
a casting. Owen (1966) found from examination of
the surfaces of zinc alloy pressure die castings that
the metal advanced into the mould in a series of
filaments or jets. These advanced splashes were
subsequently overtaken by the bulk of the metal,
although they were never fully assimilated. These
observations are typical of much work carried out
on the filling of the die during the injection of
pressure die castings.

In summary, it seems that We numbers in the
range 0-1.0 define the range of flow conditions
that are free from surface turbulence. Around 1.0
appears to be transitional. By the time the Weber
number reaches 100, surface turbulence is certainly
a problem, with jumping and splashing to a height
of 100 mm or so. However, at values of 100 000
the concept of surface turbulence has probably given
way to modes of flow characterized by jets and
sprays, and eventually, atomization.

2.2.1.2 Froude number Fr

The Froude number is another useful dimensionless
quantity. It assesses the propensity of conditions in
the liquid for making gravity waves. Thus it
compares the inertial pressures pV%2 that are
perturbing the surface with the restraining action
of gravity, pgh, where g is the acceleration due to
gravity, and /% is the height of the wave. Thus the
Froude number is defined as

Fr=V*gh (2.5)
It is important to emphasize the regimes of
application of the We and Fr numbers. The Weber
number deals with small-scale surface effects such
as ripples, droplets and jets. This is in contrast to
the Froude number, which deals with larger-scale
gravity waves, including such effects as slopping
and surging in more open vessels. We shall see
later how Fr is useful to assess conditions for the
formation of the hydraulic jump, a troublesome
feature of the flow in large runners.

In the meantime, however, the Froude number
is useful to assess conditions where the undulation
of the surface may cause its surface area to contract,
forcing an entrainment condition. This concept has
been so far overlooked as a major potential role in
entrainment. The continued expansion of the
advancing front is a necessary and sufficient
condition for the avoidance of entrainment.
Conversely, the contraction of the front in the sense
of a loss of area of the ‘free surface’ of the liquid
is a necessary and sufficient condition for the
entrainment of bifilms.

Interestingly, the Weber number condition,
indicating the onset of surface turbulence in the
form of a potentially breaking wave, is a sufficient
but not necessary condition for entrainment of

bifilms. However, it is most probably a necessary
condition for the entrainment of bubbles and perhaps
some other surface materials. It is also likely that
the surface turbulence condition aids the permanent
entrainment of material entrained by surface
contraction that might otherwise detrain. Thus the
surface turbulence condition in the form of the
critical velocity condition remains a major influence
on casting quality.

2.2.1.3 Reynold’s number Re

Many texts deal with turbulence, especially in
running and gating systems, citing Reynold’s number
Re:

Re = pVL/u 2.6)
where Vis the velocity of the liquid, p is the density
of the liquid, L is a characteristic linear dimension
of the geometry of the flow path, and | is the
viscosity. The definition of Reynold’s number
follows from a comparison of inertial pressures
C,pV?/2 (where C, is the drag coefficient) and
viscous pressures uV/L. The reader can confirm
that the ratio of these two forces does give the
dimensionless number Re (neglecting, of course,
the presence of numerical factors 2C,). The
characteristic length L is, as before, usually defined
as the hydraulic radius.

Clearly, the inertial forces are a measure of those
effects that would cause the liquid to flow in
directions dictated by its momentum. These effects
are resisted by the effect of viscous drag from the
walls of the channel containing the flow. At values
of Re below about 2000, viscous forces prevail,
causing the flow to be smooth and laminar, i.e.
approximately parallel to the walls. At values of
Re higher than this, flow tends to become turbulent;
the walls are too far away to provide effective
constraint, so that momentum overcomes viscous
restraint, causing the flow to degenerate into a chaos
of unpredictable swirling patterns.

It is vital to understand, however, that all of this
flow behaviour takes place in the bulk of the liquid,
underneath the surface. During such turbulence in
the bulk liquid, therefore, the surface of the melt
may remain relatively tranquil. Turbulence as
predicted and measured by Re is therefore strictly
bulk turbulence. It does not apply to the problem
of assessing whether the surface film will be
incorporated into the melt. This can only be assessed
by the concept of surface turbulence associated
with We.

Flow in running systems is typically turbulent
as defined by Reynold’s number. Even for very
narrow running systems designed to keep surface
turbulence to a minimum, bulk turbulence would
still be expected. In this case for a siall aluminium



alloy casting where V = 2 ms™', in a runner only
4 mm high, hence L = 2 mm, Re is still close to
7000. For a fairly small steel casting weighing a
few kilograms where the melt is flowing at 2 ms™'
in a runner 25 mm high, giving approximately L =
10 mm, and assuming p = 5.5 x 10* Nsm™ and p
= 7000 kgm™, Re is approximately 20 000. For a
large casting a metre or more high and weighing
several tonnes it is quickly shown that Re is in the
region of 2 000 000. Thus bulk turbulence exists in
running systems of all types, and can be severe.

Only in the very narrow pores of ceramic foam
filters is flow expected to be laminar. For velocities
of 2 ms™ for liquid aluminium in a filter of pore
diameter | mm Re = 2000. For liquid steel, which
is somewhat more viscous, Re = 500. These values
show that the flow is not far from an unstable
turbulent condition. Thus only moderate increases
in speed of flow would promote turbulence even in
these very small channels.

A summary of flow regimes is presented in Figure
2.22. This is a map to guide our thinking and our
research about the very different flow behaviour
that liquids can adopt when subjected to different
conditions of speed and geometry.

2.2.2 Meit charge materials

Problems of the introduction of films from the
surfaces of charge materials are most commonly
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seen in the melting of aluminium and its alloys.
Whether or not the films on the surface of the solid
charge materials find their way into the liquid metal
depends on the type of furnace used for melting.

Furnaces such as tower or shaft designs are
designed to provide a classical counterflow heat
exchanger process; the charge is preheated during
its course down the tower. while furnace waste
gases flow upwards. The base of such a tower is
usually a gentle slope of refractory on which the
charge in the tower is supported. The slope is known
as a dry hearth. Such a design of melting unit is not
only thermally efficient, but has the advantage that
the oxide skins on the surface of the metallic charge
materials are mainly left in place on the dry hearth.
The liquid metal flows practically at its melting
point, out of the skin of the melting materials, down
the hearth, travelling through an extended oxide
tube, and into the bulk of the melt. Here it needs to
be brought up to a useful casting temperature. The
oxide tube forms as the liquid flows, and finally
collapses, more or less empty, when the tlow is
finished. The oxide content of melts from this variety
of furnace is low. (The melting losses and gas content
might be expected to be a little higher in this design
of melter, but because of the protective nature of
the oxide that forms in environments with very
high water content, the reaction between the melt
and the waste gases is surprisingly low.)

The additional advantage of a dry hearth furnace
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for aluminium alloys is that foundry returns that
contain iron or steel cast-in inserts (such as the iron
liners of cylinder blocks or valve scats in cylinder
heads) can be recycled. The inserts remain on the
hearth and can, from time to time, be raked clear,
together with all the dross of oxide skins from the
charge materials. (A dross consists of oxides with
entrapped liquid metal. Thus most dross contains
between 50 and 80 per cent metal, making the
recovery of aluminium from dross economically
valuable.)

The benefits of melting in a dry hearth furnace
are, of course, eliminated at a stroke by the
misguided enthusiasm of the operator, who, thinking
he is keeping the furnace clean and tidy, and that
the heap of remaining oxide debris sitting on the
hearth will all make good castings, shoves the heap
into the melt. Unfortunately, it is probably slightly
less effort to push the dross downhill, rather than
rake it out of the furnace through the dross door.
The message is clear, but requires restating
frequently. Good technology alone will not produce
good castings. Good training and vigilant
management remain essential.

Furnaces in which the solid charge materials
are added directly into a melting furnace or into a
liquid pool produce quite a different quality of metal.
The oxide originally on the charge material becomes
necessarily submerged, to become part of the melt
when the underlying solid melts. In the case of
charge materials such as ingots that have been chill
cast into metal moulds the surface oxide introduced
in this way is relatively thin. However, charges
that are made from sand castings that are to be
recycled represent a worst case. The oxide film on
sand castings has grown thick during the extended
cooling period of the casting in the aggressively
moist and oxidizing environment of the sand mould.
The author has found complete skins of cylinder
block castings floating around in the liquid metal.
The mclt can becomc so bad as to resemble a slurry
of old sacks. Unfortunately this is not unusual.

In a less severe case where normal melting was
carried out repeatedly on 99.5 per cent pure
aluminium, Panchanathan et al. (1965) found that
progressively poorer mechanical properties were
obtained. By the time the melt had been recycled
eight times, the elongation values had fallen from
approximately 30 to 20 per cent. This is easily
understood if the oxide content of the metal is
progressively increased by repeated casting.

2.2.3 Pouring

During the pouring of some alloys, the surface film
on the liquid grows so quickly that it forms a tube
around the falling stream. The author calls this an
oxide flow tube.

A patent dating from 1928 (Beck et al. 1928)

describes how liquid magnesium can be transferred
from a ladle into a mould by arranging for the
pouring lip of the ladle to be as close as possible to
the pouring cup of the mould, and to be in a relatively
fixed position so that the semi-rigid oxide pipe
which forms automatically around the jet is
maintained unbroken, and thus protects the metal
from contact with the air (Figure 2.23a).

A similar phenomenon is seen in the pouring of
aluminium alloys and other metals such as
aluminium bronze.

However, if the length of the falling stream is
increased, then the shear force of the falling liquid
against the inner wall of the tube increases. This
drag may become so great that after a second or so
the oxide tears, allowing the tube to detach from
the lip of the ladle. The tube then accompanies the
metal into the mould, only to be immediately
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Figure 2.23 Effect of increasing height on a falling
stream of liquid illustrating: (a) the oxide flow tube
remaining intact; (b) the oxide flow tubes being
successively detached and accumulating to form a dross
ring: and (c) the oxide film and air being entrained in the
bulk liquid.



replaced by a second tube, and so on. A typical
10 kg aluminium alloy casting poured in about
10 seconds can be observed to carry an area of
between 0.1 and 1.0 m? of oxide into the melt in
this way. This is an impressive area of oxide to be
dispersed in a casting of average dimensions only
100 x 200 x 500 mm, especially when it is clear
that this is only one source of oxides that threatens
the casting. The oxide in the original metal, together
with the oxides entrained by the surface turbulence
of the pour, will be expected to augment the total
significantly.

2.2.3.1 The critical fall height

When melts are transferred by pouring from heights
less than the critical heights predicted in Table 2.1
(the heights of the sessile drop) there is no danger
of the formation of entrainment defects. Surface
tension is dominant in such circumstances, and can
prevent the folding inwards of the surface, and thus
prevent entrainment defects (Figure 2.23a). It is
unfortunate that the critical fall height is such a
minute distance. Most falls that an engineer might
wish to design into a melt handling system, or
running system, are nearly always greater, if not
vastly greater. However, the critical fall height is
one of those extremely inconvenient facts that we
casting engineers have to learn to live with.

Why is the critical fall height the same as the
height of a sessile drop? It is because the critical
velocity V is that required to propel the metal from
an ingate to the height at which it is still just
supported by surface tension (Figure 2.17). This is
the same velocity V that the melt would have
acquired by falling from that height; a freely
travelling particle of melt starting from the ingate
would execute a parabola, with its upward starting
and downward finishing velocities identical.

However, even above this theoretical height, in
practice the melt may not be damaged by the pouring
action. The mechanical support of the liquid by the
surface film in the form of its surrounding oxide
tube can still provide tfreedom from entrainment,
although the extent of this additional beneficial
regime is perhaps not great. For instance, if the
surface tension is effectively increased by a factor
of 2 or 3 by the presence of the film, the critical
height may increase by a factor 3'* = 1.3. Thus
perhaps 30 per cent or so may be achievable, taking
the maximum fall from about 12 to 16 mm for
aluminium. This seems negligible for most practical
purposes.

At slightly higher speed of the falling stream,
the tubes of oxide concertina together to form a
dross ring (Figure 2.23b). Although this represents
an important loss of metal on transferring liquid
aluminium and other dross-forming alloys, it is not
clear whether defects are also dragged beneath the
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surface and thereby entrained.

At higher speeds still, the dross is definitely
carried under the surface of the liquid, together
with entrained air, as shown in Figure 2.23c. Turner
(1965) has reported that, above a pouring height of
90 mm, air begins to be taken into the melt with
the stream, to reappear as bubbles on the surface.
This is well above the critical fall heights predicted
above, and almost certainly is a consequence of
the some stabilization of the surface of the falling
jet by the presence of a film. The mechanical rigidity
of the tubular film holds the jet in place, and
effectively delays the onset of entrainment by the
plunging action greatly in excess of the predicted
30 per cent. Clearly, more work is required to clarify
the allowable fall heights of different alloys.

In a study of water models, Goklu and Lange
(1986) found that the quality of the pouring nozzle
affects the surface smoothness of the plunging jet,
which in turn influences the amount of air
entrainment. They found that the disturbance to
the surface of the falling jet is mainly controlled
by the turbulence ahead of and inside the nozzle
that forms the jet. In a practical instance of a jet
plunging at 10 ms™" into steel held in a 4 m diameter
ladle, Guthrie (1989) found that the Weber number
was 1.7 x 10° whereas the Froude number was only
2.5. Thus despite very little slopping and surging,
the surface forces were being overwhelmed by
inertial forces by nearly two million times, causing
the creation of a very dirty re-oxidized steel.

In the case of water, of course, the stabilizing
action of a film is probably not important, if present
at all. It is suggested here that the benefits noted in
Turner’s results quoted above may derive from the
action of the oxide tube rigidizing the surface,
damping surface perturbations, creating a smoother
falling stream that entrains less air and oxide.

During the pouring of a casting from the lip of
a ladle via a weir basin kept properly full of metal,
the above benefit will apply: the oxide will probably
not enter the casting if the pouring head is
sufficiently low, as is achievable during lip pouring.
However, in practice it seems that for fall distances
of more than perhaps 50 or 100 mm freedom from
damage cannot be relied upon.

In fact, the benefits of defect-free pouring are
easily lost if the pouring speed into the entry point
of the filling system is too high. This is often
observed when pouring castings from unnecessary
height. In aluminium foundries this is usually by
robot. In iron foundries it is commonly via automatic
pouring systems from fixed launders sited over the
line of moulds. In steel foundries it is common to
pour from bottom poured ladles that contain over a
metre depth of steel above the exit nozzle (the
situation for steel from bottom-teemed ladles is
further complicated by the depth of metal in the
ladle decreasing progressively). In all types of



40 Castings

foundries the surface oxide is automatically
entrained and carried into the casting if a simple
conical pouring bush is used to funnel the liquid
stream into the sprue. In this case, of course,
practically all of the oxide formed on the stream
will enter the casting. The current widespread use
of conical pouring basins has to be changed if casting
quality is to be improved.

2.2.4 The oxide lap defect I - surface flooding

The steady, progressive rise of the liquid metal in
a mould may be interrupted for a number of reasons.
There could be (i) an inadvertent break during
pouring, or (ii) an overflow of the melt (called
elsewhere in this work a ‘waterfall effect’) into a
deep cavity at some other location in the mould, or
(iii) the arrival of the front at a very much enlarged
area, thus slowing the rate of rise nearly to a stop. If
the melt stops its advance the thickness of the oxide
on the melt surface is no longer controlled by the
constant splitting and regrowing action. It now
simply thickens. If the delay to its advance is pro-
longed, the surface oxide may become a rigid crust.
When filling restarts (for instance, when pouring
resumes, or the overflow cavity is filled) the fresh
melt may be unable to break through the thickened
surface film. When it eventually builds up enough
pressure to force its way through at a weak point,
the new melt will flood over the old, thick film,
sealing it in place. Because the newly arriving melt
will roll over the surface, laying down its own new,
thin film, a double film defect will be created. The
double film will be highly asymmetrical, consisting
of a lower thick film and an upper thin film.
Asymmetric films are interesting, in that
precipitates sometimes prefer one film as a substrate
for formation and growth, but not the other. An
example is briefly described later in the section
concerning observations of an oxide flow tube.
The newly arriving melt will only have the
pressure of its own sessile drop height as it attempts
to run into the tapering gap left between the old
meniscus and the mould wall. Thus this gap is
imperfectly filled, lcaving a horizontal lap defect
clearly visible around the perimeter of the casting.
Notice that in this way (assuming oxidizing
conditions) we have created an oxide lap. If the
arrest of the advance of the melt had been further
delayed, or if the solidification of the melt had
been accelerated (as near a metal chill, or in a
metal mould) the meniscus could have lost so much
heat that it had become partially or completely solid.
In this case the lap would take on the form of a
cold lap (the name ‘cold shut’ is recommended to
be avoided as being an unhelpful description). The
distinction between oxide laps and cold laps is
sometimes useful, since whereas both may be
eliminated by avoiding any arrest of progress of

the liquid front, only the cold lap may be cured by
increasing the casting temperature, whereas the
oxide lap may become worse.

A further key aspect of the stopping of the front
is that the double film defect that is thereby created
is a single, huge planar defect, extending completely
through the product. Also, its orientation is perfectly
horizontal. (Notice it is quite different from the
creation of double film defects by surtace turbulence.
In this chaotic process the defects are random in
shape, size, orientation and location in the casting.)
Flooding over the surface in this way is relatively
common during the filling of castings, especially
during the slow filling of all film-forming alloys.

For horizontal surfaces, the unstable advance of
the front takes a dendritic form, with narrow streaimns
progressing freely ahead of the rest of the melt.
This is because while the molten metal advances
quickly in the mould the surface film is being
repeatedly burst and moved aside. The faster the
metal advances in one location, the thinner and
weaker the film, so that the rate of advance of the
front becomes less impeded. If another part of the
front slows, then the film has additional time to
strengthen, further retarding the local rate of
advance. Thus in film-forming conditions fast-rising
parts of the advancing front rise faster, and slow-
moving parts rise slower, causing the advance of
the liquid front to become unstable (Campbell 1988).
This is the classic type of instability condition that
gives rise to a finger-like dendritic form of an
advancing front, whether a liquid front, or a
solidifying front.

Figure 2.24 shows the filling pattern of a thin-
walled box casting such as an automotive sump or
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Figure 2.24 Filling of a thin-walled