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' ABSTRACT . . .

B

Inclusion content of a steel has been closely linked to the
Quality of its product. In evaluating s;eel Quality, emphasis ﬂas
been shifting recently towards using ?artitle size distributions
of inclusions and concentration of fnclusions above a critical
size rather than total inclusion contents as a measure of steel

cleanliness.

In the work presented, an instrument that detects and
coungl inclusions greater than about 20 microns in molten iron on
a one to one basis has been developed and tested. The method
depends on an electrical sensing zone principle (or the resistive
pulse techni&ue) to ptovidg both concentration, and particle size
distribution, of suspended\inclusions, through direct sampling of

the molten metal.
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P VSIS L O N - e r———— -

La proportion d'inclusions contenue dans un acier a été
corrélée de fagon précise & la qualité de son produit. Récemsent,
1'évaluation de la qualité d'un acier s'est tournée vers 1'étude
de la distribution de taille des particules et vers 1la
concentration des inclusions plutot que vers le contenu total en

® .
inclusions comme mesure de la propggté d'un acier.

Dang le présent travail, un instrument capable de détecter

et de compter les inclusions supérieures & 20 microns une par une

dans le fer liquide a é&té Qdéveloppé et testé. Cette néthode
utilise le principe d'une zone sensible au courant électrique
(technigue du pic de résistivité) et détermine &4 1la fois _la
concentration, la dimension et la répartition des inclusions, et

ce & 1'aide d'un échantillonage direct du métal en fusion.
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1. INTRODUCTION AND BACKGROUND
1.1, Classification of Second Phase Particles in Steel ’ y
Second phase particles are so much a part of a steel matrix

that because of their inevitable presence, steel 1is best

described as being a composite product. For the purposes of

TTTclassification however, second phase material has three entry

-5 g

points into the product matrix:

‘l. Primary Products: This refers to the formation or
entrainment .of second phase particles wh?n the steel is molten.
Many of the non-metallic 1inclusions are formed at this stage.
Schematically, 1inclusions form in situ as a result of
de-oxidation following the steelmaking .operations. When the
de-oxidiser is added to molten steel; it has a higher affinity
for oxyg;n than ljiquid iron, and congequently removes much of the
~dissolved oxygen by forming second. phase oxide precipitates. The
reéulting inclusions are then said to be indigeneous. \Exogeneous
or 'formed out of' products, -on the other hand, include entrained
particles from‘e;oded refractory or mixedfin-siag. Recently, the

entrainment of mold powders in molten steel during continuous

casting operations have been receiving particular attention (1),

y,
.

2. Secondary Precipitates: Solid iron dissdlves negligible
amounts of oxygen and sulphur. Thus, precibitates of these ariS§/
. because of solute enrichment during solidification, vhen the

A

balance of oxygen-and sulphur are converted into .non-metallic



§Heas g oo

I

EERC

oxide and sulphide particles.

3. Tertiary Precipitates: These can occur during the
transition of austenite to ferrite when, tﬁe.solid solution of
carbon and nitrogen in steel becomes supersaturated, and carbides
and nitrides or their combinations are nucleated and precipitated
as a‘second phase product. The formation of cementite by way of
eutectoid reaction cou;d'bé cited as an example in this class of
precipitating compounds. These can often be metallic in
character. Othéi precipitates such as aluminum, titanium,
vanadium and niobium carbonitrides are usuallf very fine and give

rise to improved mechanical properties as a result of their grain

‘refining action. Unlike primary inclusions, their presence is

desirable and their controlled precipitation is the subject of

much research (2,3). P

Hence, from the foregoing, an inclusion may be‘detin?d as
those second phase particles which are non-metallic in character,
and which usually have deleterious effect ' on the mechanical
properties of steel. An elucidation of ‘'this definition in
relation to other second phase particles. is éiven in Table 1.
Because of their importance, inclusions and ‘'steel cleanliness'
have  been the subjecf of a number of symposia and

conferences (4-11).



' Table 1
. Second Phase Particles in Steel and Definition of Inclusion

)

Primary Particles ]
Those that form in liquid steel inclusion
. . |
, _is a primary or secon-

Secondary Particles dary particle greater

vl than a critical size
Those that pPrecipitate from that have detrimental
supersaturated liquid during effect on properties
solidification as a result of
solute enrichment, J
Tertiary Particles
Those that precipitate from a
supersaturated solid solution
during austenite to ferrite . — » .

transition




R T g P ViTeR Y T oI W R T

[T

PR il ot

L3
[y

1.2. De-oxidation and De—sulphé}isation of Steel -
¢

Molten iron dissolves a significant amount of oxygen:
2100 ppm in equilibrium with ;ustite at a partial oxygen pressure
of 5x10-?* atmospheres. It also dissolves an unlimited amount of
sulphur, 1% of which would be equilibrium with a partial sulphur
pressure of'5x10“ atmospheres at the melting point of iron,
1535°C (12). In the absence of other solutes, all dissolved
oxygen and- sulphur converts to secondary precipitates of iron
oxides and iron sulphides during solidification. Wustite (FeO)
separates first, while sulphur remains until the stoichiometric
composition of FeS is reached in a final film of 1liguid around

the dendritic grains of iron. Both-precipitates then solidify, at

1370 and 1195°C, respectively (13).

Liguid steel containing dissolved oxygen and no deoxidiser
agents may therefore be considered 'clean’' until it starts to
solidify. Solute enrichment of oxygen, together with residual
carbon and other solute elements, then results in the formation
of pinholes, blowvholes and other secondary precipitates. The
purpose of de-oxidation and de-sulphurisation is to remove the
major part of any dissolved oxygen and sulphur by forming secongd
phase partjcles and then removing these from the molten steel by
flotation or entrapment to the refraciory lining walls of the

container (e.g. ladle).

e e v gy
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Continuous casting requires steel to be "killed" for the
operation to be succesful (i.e. break-outs). The ever increasing
use of continuous casting, even for sheet products which in the
past have traditionally been manufactured via semi-killed ingots
for ensuring good surface quality, means that almost all bulk
steels currently being manufactured are completely deoxidised.
This deoxidation is effected in the 1ladle, first by additions of
manganese and silicon which bring the dissolved oxygen content
down to about 50 ppm, and then %y additions of a stronger
deoxidiser such as aluminum reduce oxygen even further, to a few
ppm. The total oxygen content of a steel is however, rarely less
than about 10-20 ppm because of the presence of deoxidation
products that have not yet left the molten steel. If adequate
protection is not taken to prevent ingress of air around teeming
streams, emptying from ladles, atmospheric oxygen can dissolve in
molten iron and react with solute deoxidisers to create more

inclusions. '

Very little dissolved oxygen is left for secondary
precipitation once a steel has been fully deoxidised, so that
almost all oxide inclusions encountered in solid steel come from

primary sources.

As for desulphurisation, the trend in today's steelmaking
practice is to remove a large portion of sulphur prior to the
steelmaking step, thus sulphur is removed from molten iron in the
torpedo car, where 'low' temperatures (1350°C) and a reducing

environment (high carbon) are thermodynamically more favourable

Q
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for sulphide formation. Desulphurisation is often carried out
using powder injection of desulphurisers such as calcium carbide,
Ca0O-CaCO,, Mg etc. Wire injection of desulphuriser metals such

as magnesium is also being tried in North America, and recently

.in Japan, as opposed to powder injection (14).

If hot metal is not treated for sulphur prior to
steelmaking, some sulphur removal can still be effected in the
converter. Untreated steels in ladles then typically contain 300
ppm of sulphur. Most sulphides form as secondary precipitates
and, if some form of Todificaticn is effected by sufficient
additions of manganese to prevent formation of iron sulphides
(and, 'hot shortness') or by additions of rare earth metals to
produce globular sulphides for improving 'through-thickness notch
toughness'; much of their deleterious effect on properties can be
attenuated.

’

Although a moderate level of sulphur is permissible for

most purposes (e.g. 200 ppm), it is unsuitable for some steel

.grades such as cold weather pipeline steels, where /stringent

notch toughness reguirements for low ductile/brittle (transition
temperatures and high upper shelf energies are required. For

these steels, current sulphur levels are kept below 10 ppm.

Because of the possibility of sulphur pickup from
carry-over converter slag, this level of sulphur is not obtained
directly in the hot meéal, but the final lowering of sulphur is

obtained by secondary refining (e.g. via the T. N. Process).




™

Desulphurisation in the ladle‘is more difficult than deoxidation,

since elements having an affinity for sulphur have an . even
greater affinity for oxygen. Japanese and West German steel
companies were among the first to initiate powder injection fq;
the production of extra low sulphur pipeline grade steels. To
effect this, steel is first strongly deoxidised under a reducing
basic slag, after. which injection of strong desulphurising
powders, such as calcium silicide in the T. N, process is
performed with subsequent mixing by argon stirring for periods of
up to 30 minutes (15). Dissolved sulphur cah combine directly
with the desulphuriser or efchange places with oxygen in the

deoxidation products.

A sulphur probe 1like an oxygen probe to measure the
dissolved sulphur content would have been very useful in this
respect. However, a solid sulphide electrolyte, stable at
steelmaking temperatures and its environment, and selective to

dissolved sulphur atoms, is yet to be discovered (16).

The foregoing remarks imply that any extensive
desulphurisation results gn the presence of primary sulphide
inclusions. Any such sulphide particles remaining in the liquid
can affect a steel's performance for certain applications. As
such, their detection, along with oxide inclusions, is needed for

Quality control.

Sy



1.3. Inclusion Nucleation and Growth

When liquid steel 1is mixed with a deoxidiser, deoxidation
products nucleate either homogenous}y or heterogenously, the
matter having been of some debate. But large number of nucleation
gsites exist; direct measurements put the value to somewvhere
between 10? to 10° nuclei per cubic mm (17). As a result, growth
by diffusion can be very fast. Calculations (18) and
experimental evidence with an oxygen probe (17) give a time scaile o
of a few seconds, after which oxygen in the vicinity of a
deoxidiser is depleted to its thermodynamic equilibrium value so
that any deoxidation product could- only grow to about 1 or
2 microns. Mixing of the deoxidiser in solution in fact, takes

(ﬁ more time, depending of course on bath size and mixing
A conditions. Again, using an oxygen probe in a small unstirred
bath, thermodynamic equilibrium has been shown to be-attained in

a matter of few minutes (19). .

-7

Today, it is commonly suspected that further growth of
deoxidation products occurs through some form of coagulation. In
fact, oxide inclusions with higher interfacial energies such as
alumina grow faster and produce more macro-inclusions (greater
than 40 microns), than do wetting silicate oxide inclusions. As
this phenomenon cannot be explained by diffusional growth alone,

it tends to support the possibility of 'in-melt' coagulation,




The effect of inclusion growth is two-sided in the sense

that both the likelihood of inclusion removal and the likelihood
of encountering a macro-inclusion within the steel matrir‘
increases. Plant experience indicates that the disadvantage of
the latter usually dominates. In the production of bearing steels '
for instance, where oxide inclusion contents have a <critical
effect on properties, their production by way of aluminum
deoxidation, as opposed to solely Mn-Si deoxidatian, produces
steels of usuvally inferior quality and of unpredictable
cleanliness (20).
It would gave been desirable to avoid aluminum as a
deoxidising agent altogether but its grain refining action and
the removal of nitrogen from solid solution as a resuit of
tertiary nitride precipitates is necessary for imparting other
qualities to the sfeels. Consequently, efforts have been
concentrated on the removal of primary alumina inclusions, or

their fluxing by lime or calcium-silicon injection.

1.‘.(Ef§ect of 1Inclusions on Properties and Definition of Steel

Cleanliness

Much has been Qt&tten about the effects of inclusions on
the mechanical propettiésléf steel. The subject is éomplex and
depends on the size, shape, distribution, and constitution of
inclusions., Constitution, 1in this respect, is importaht as it
determines deformability, and hence, the final shape after hot

working, also matrix cohesion, internal stresses caused by
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differential thermal expansion and susceptibility to void

t

formation (21).

2

-~

Complexity arises because, although most inclusions are

deleterious to some extent, some can impart improved properties,

@

e.g. sulphide particles are used as aid for the machinability of
steels, or inclusions can be used to counteract the deleterious
effects of others, e.g. dampening the crack nucleation effect of
oxides in steels by the surrounding sulphides, resulting in
improved fatigue strength and buffered susceptibility to hydrogen

induced cracking in the heat affected zone of weldments (22).

An excellent review exists for the’quantitative effects of
inclusions (second phase precipitates) formed from impurity
elements in ligquid steels such as phosphorus, sulphur, nitrogen,
carbon and oxygen, on final properties such as ductility, notcﬁ
toughness, susceptibility to hydrogen induced cracking, stress
corrosion cracking and pitting corrosion, fatigue strength, hot
workability, deep dravability, wire drawing capability,

machinability and weldability, for various types of ' steel

designed for different end uses in reference (23),

Most primary inclusions in the ladle are of the oxide or
the oxysulphide type, and since their detection forms the basis
of the present work, a brief review of their effect on the
properties will be relevant. Oxide inclusions are non-deformable
at room temperature and have an important effect on the fatigue'

strength as crack nucleaters. Other deleterious effects
N




particular to oxide inclusions include susceptibility to. hot
] - _" r

working defects such as seams because of large oxide inclusions

near the surface of a billet (24), lack of polishability which is

-

important in some applications such as lens molds wused for

‘forming plastics KﬁS) and lack of surface quality and

susceptibility to pitting. corrosion in stainless steel

i

sheets (26,27).

Usually ipciusions,greater than a criticai size k?s‘larggly
responsible for impaired properties. The critical size varies
according to the property looked into and have only been vaguely
defined for most properties, but is likgly to be an important
parameter in the assessment of steel cleanness (28), Current

agreement to quantify steel cleanliness with regards to

-,
&

inclusions has been towards a statistical treatment: clean steel
is regarded as one where . the probability of finding”inclusions

larger than acritical size at a critigal site is small.

k]
‘

This statistical " approach was first useq by Nordberg to".
develop a model showing how the fatiguellimit could be bredicted
from an inclusion size distribution curve (29). In. an earlier °
study, Wojcik et al. use the size distribution curve to predict
gsusceptibility of steel billets .to surf;ce defects during hot
working operations (24). In this regard, size distribution curves

emerge as important tools in quantifying steel cleanliness.

i

10
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2. REVIEW OF INCLUSION DETERMINATION TECHNIQUES

2.1. Chemical and Physical Methods for Total Volume Frastion of
Inclusions ' .

As oxygen and sulphur are virtually insoluble in solid¢
iron,.totig oxygen and sulphur contents give the first indication
of the inclusion cantent of a steel. If the constituent oxides
and sulphides are known, the volume fractiog of inclusions can
then We calculated by use of equation (56) in Apperdix II. A
number of commercial instruments exist for fast and accurate
chemical determinations, whose principles depend on vacuum or
ineqt gas fusion followed by reduction of cqmbin@d oxygen to
carbon monoxide by a graphife crucible for total oxygen and
combustion to sulphur dioxide for total sulphur (30). A physical
method also-exists for total oxygen where neutron activation of
combined oxygen and subsequent analysis by a radioactivity
measurement is ;mployed. The sample size used in this method can
be considerably larger, a few kilograms compared to 1-5 grams
used in the chemical methods. . , .

-
1

A novel method has also been developed for spgcial alloys
where button samples (typical}y 680 grams or 1.5 1b) -are produced
in a water cooled copper meld by remelting a wé}ghed-sgmple drop
by drop under vacuum using the élechon beaﬁ“of an E., B,
furnace (31). Because of surface tension and gravity, inclusions
are amalgamated as a raft on top of the molten button. By

measuring the dimensions of the 'raft', the volume fraction of

. L T etet—— .- . .
W, . . . o

)
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"inclusions can be determined directly (31). The method appiies

to relatively clean steels (less than 100 ppm volume fraction of
inclusions) and is probably selective with respect to inclusion

type and size.
. s
Although these methods give a first measure of cleanliness,
all, with the exception of electron beam méthod, give no idea of

-«
the size, or number, of inclusions. As explained 1in Section 1.4

however, greater emphasis is presently being placed on this in

gquantifying?steel cleanliness.
2.2 Methods Based on Surface Examination

Among these, macroscopi¢ and microscopic techniques are
commonly used by industry. Macro-examination attempts to reveal
particularly large inclusions. As with all methods that depend on
sur face examination, the method suffers frop the limit;d sample
volume possible via this technigue. To overcome statistical
sampling problems, large surface areas have to be ‘examined.
Observation is aided by the relativeaease of sample preparationv
since machined and ground surfaces are qQuite sufficient to allow
{nclusions as small as 0.4 mm long to be detected. Highly
polished surfaces are therefore not necessary, as they are with
microstructural ,analysis. An alternative-approach to macroscopic
examination |is to1 view fresh fracture §urfaces. These are
éxamined in locations where inclusions are'expeated to be more
concentrated. The American Society for Testiné and Materials

describe four testing procedures for macro-examination of steel

. “13
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samples (32): - | .

1. Macroetch Test: Machined sections are etched with hot
hyarbchlo;ik acid and examined:.visually or at low magnification
for the presence of inclusions dgreater than about 0.4 mm.

2; Fracture Test: As thé name implies, a hardened sample is
fractured and the surface is examined for inclusions greater than

0:4 mm.

PO

A

3. Step*Down Method: A straight c¢ylindrical sample is
machined to‘sbecified' diameters below the .surface in a stepwise
fashion and is examined for inclusions 3.2 mm in, length or

“longer.

-

L
4. Magﬁetic Particle Method: This is used to increase the

'Seﬁsitivityvof the stepdown method for ferromagneti¢c steels. The

N

machined sémp}é is circularly magnetised by.passing a heavy D.C.

current and is -then treated with a magnetic powder.

b

Discontinuities as smnall' as 0.4 mm in 1length create magnetic

AJ il

‘leakage fields which then attract Fhé magnetic pbvder and outline

s

the ineclusions. . .

— 1
-

) / o . . | oy

The results of such'macro-examinations .can be expressed.in

» 2

terms of ‘frequency and severity which is the. weighted sum of

« frequency results wvwhere lé;ger inclusions have more weight. This

-

enables some sort of size distribution of macro-inclusions to be

i
'

consttqcbed. ' ~

~
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Microscopic examination requires a polished surface and
because of magnification (typically 100x), the scanned area ii(

small (0.5 mm2?), ,Hence, measurements have to be made on a number

"pf fields, 80 as to increase the sample size. The total area

covered typically varies between 160 to 1000 mm? (32,20). This,
of course, ma}es the method very laborious. To ease the burden of
these manual determinations, a number of standard charts have
been drawn, against which the microscope image is compared and a
cleanliness value is directly assigned. Some of these methods

consider only the size of inclusions (the Fox count), whereas

others also analyse for their type (JK ceunts). Unfortunately

results are operator dependent and this has been demonstrated to

have a large effect on the accuracy (repeatability) of

" results (33).

Diéect methods of inclusion assessment based on classical
quantitative metallography proves to be more accurate but
prohibitively labor ious even for research work. This led to the
development of Automatic Image Analysers, based on optical or
electron microscopy where sﬁch quantitative factors as area
fraction, shape factor and size distribution of inclusions can be
measured considerably faster (34,35). Since their first
commercial introduction in 1963, considerable development has

‘

taken place in these instruments, especially in ensuring the-

repeatability = of the results by overcoming the earlier

-

difficulties of threshold adjustment (36). Because 10f their
increased reliability, automatic image Qﬁalysers are now more

§

popular, and as practiced in Japan, surface areas as large as

“15
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10x10 cm can be examined overnight so as to ensure adeguate
sampling (37). However, the .instruments ‘are expensive and is

' prohibits their universal use,

~

S

The sample size of a surface examination depends on the
estimated thickness of the surface examined. This in turn depends
on the inclusion size. Hence, the sample size may be considered.
to increase linearly with inclusion size fok\a given area, But
inclusion ppphlation decreases much more rapidly than a linear

relation with increasing size; therefore, larger areas must be

covered for determining macro-inclusion distributions.

A very early study showed that the area fraction of a phase
is also the best estimate of its volume fraction (38). This fact
enables the estimation of volume fraction of inclusions from

"surface ‘area examinations,
2.3.'Non-Destructive Testing

Methods of N. D. T. depend on the through transmission
attenuation of X-rays using radiography measuremenés and recently
more so on ultrasonics using pulse-echo signals, lamb waves, and
in some cases through transmission attenuation measurements.
They are widely used for detecting relatively large flaws in
solids that may be caused by macro-inclusions, gas voids or other

foreign material,

16
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The methods are fast enough and have been Quccessfullj(
automated, so that ultrasonics can be used for the on-line
ingpection of all quality products (e.g. seamless or E-W pipes).
However, some difficulty still exists in the interpretation of
detected signals (39,40).

| A

The development of non-contact methods such as
Electro-Magnetic Acoustic Transducers (EMAT) . or pulsed lasers,
and laser interferometry, to generate and detect acoustic waves,
also hold promise for the inspection of hot b;ooms and slabs at
temperatures in excess of 1000°C (41).

The - low cost of computing 1is now making computer aided\vj
.- tomography possible: this refers to the reconstruction of 2-D
images of cross-sections through attenuation measurements (42).
Tomographic images are much more accurate with respect to
location, shape and size of flaws, than the classical

radiographic or ultrasonic images.
2.4. Chemical Extraction of Inclusions and Residue Analysis

Technique% for the extraction of acid insoluble inclusions‘

from steels has been known since the early 1930's-(43).

Subsequent improvements to the method now allow reliable

extraction of most second phase particles from iron matrix,

Halogens in organié solvents are considered the best means for

‘“} dissolving out the steel matrix to release the oxide ynclusions

(43). The residues can thah be analysed by various lytical

17
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techniques (e.g. X-ray diffraction, spectrochemical analysis and

optical microscopy).

One version of the method, most intefésting to the present
work, is the size distribution determination 6f such residues by
an aqueous Coulter Counter device. This technique has been
refined to include macro-inclusions, as well as micro-inclusions,
by Flinchbaugh (44,45). Its use has revealed important
information on the typical number of growing nuclei and typical
size distribution of inclusions in deoxidised steels (45-48). The
m®thod was popular as a research tool until the early 1970's;
automatic image analysers are currently more popular, as th?y are
capable of extracting similar infisgation as the residue analysis

with less labour (37).

2.5. On-Line Technigues for Molten Steel Currently being

Developed

There is a demand for on-line methods to detect flaws and
inclusions in steel so that corrective action can be taken as
early as possible. The detection of non-metallic inclusions in
liquid steel represents the ult{ﬁate in this respect. Some of the
above mentioned methods can be employed to this end, such as
U. S. Steel Corporation's automatic image analyser, coupled with
a scanning electron microscope to evaluate area fraction of
inclusions in solid steel samples. The method is slow however,
particularly as steels become more clean, an increasingly larger

area must be sampled for statistically significant results (50).

18



" As already mentioned, the development of non-contact
ultrasonic methods is quite interesting for on-line inspection of
the preliminary stages of ﬁrocessing, and a commercial EMAT
system has been reported to have already been operated in Nippon

. Steel for several years in a continuous casting process (41).
However, these methods are inherently limited to large flaws and

surface cracks.

The use of metal wave guide extensions and ceramic sleeve
contactors, also makes the ultrasonic detection of inclusions inr\\\
molten metals at elevated temperatures possible. The technique
itself was patented in the 1late 1940's. 1t was developed
considerably for aluminum by the Reynold's Aluminum Co. (51) and
further development for molten iron 1is currently taking place in
the University o} Toronto (52). But again, common to ultrasonic
testing, the large particle detection 1limit restrains the

usefulness of the method for inclusion detection.

wavelength ¥or detection, it is claimed for ultrasonic detection

In Tcne with all other instruments that depend on
that individual particles greater than 1/2 the signal wavelength
can Dbe detected by pulse-ecﬁo measurements (51). Signal
frequency cannot be increased presently to more than about 10 MHz
because of a rapid increase in signal attenuation by the metal
waveguides, while the wavélength of sound in molten steel would
be in the order of 500 microns for the typical sound velocities

encountered. Consequently, only particles greater than about

250'microns would be detected.
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Perhaps 2 more péeful approach would be to take through
transmission attenuation measurements where particles as small as
1/10th of the signal wavelength are claimed to contribq;e to
'sonic attenuation (51). This would be relatively fast and would,
in theory, give the overall volume fraction of macro;inclusions.
However, there seems té be much development work before an
instrument could be realised for guantitative measurements in
molten iron and more so in steel (52). Even then, a detection §

limit of only 50 microns would be possible provided a sufficient

concentration of inclusions above this size exists.'

Another recent innovation with regards to inclusipn
detection in molten metals has been the application of the
resistive pulse technique to construct a Coulter-Counter-like
device for aluminum, and also for other lower melting point
metals. The research was initiated at McGill in 1980 because of
the lack of a good analytical zool for the on-line detecion of
deleterios% particles in liquid aluminum. An instrument named
"LiMCA" (giguid Metal Cleanliness Analyser) has been developed
and fully tested in many casting centers of a major aluminum
producer (53). The instrument is capable of giving information on
aluminum cleanliness in the form of total number and size
distribution of particles in a given sample volume with a

detection limit at 20 microns. Its application to molten iron

forms the basis of the present thesis, as outlined in the

igiizijng chapters.
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Automatic image analysers, pulse-echo ultrasonic
techniques, and resisitive pplse counters may be considered as
senging zone instruments in the sense that they analyse
characteristic samples one at a time (54). Conceptually, a
classification for the above may be made as optical, sonic and
electrical sensing zone instruments respectively where similar
counting statistics and coincidence effects appf} in theit

operation as discussed in Chapter 7.

The great advantage of the resistive pulse counter over the
others is a combination of its speed and a good detection limit:
vith the instrument that will be described for instance, the
residence time of individual samples at the sensing zone is only
0.3 ms and, at a detection limit of 20 microns, 50 grams of steel

sample can be readily analysed in one minute.

21
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3. BACKGROUND TO THE SYSTEM

The resistive pulse counting technigue was originally
developed by Dr. Wallace Coulter (55,56) in the 1950's for
automatic counting and size analysis of blood cells. Since then,
ét has also been extended to the field of powder technology for
particle size distribution measurements of powders suspended in
aqueous media. With regards to measuring pon-metallic inclgsions
in steel, examples of its wuse include size distribution
measurements of inclusions in the extracted residues from steels
as discussed in Section 2.4. More recent studies of inclusion
behaviour in ladles and tundishes using water models have also

]
made use of thjs electrical sensing zone technique (57,58},
3.1. Principle of Operation in Molten. Metals

The resistive pulse counting technigue depends on forcing
the 1liquid metal into an electrically non-conductive sampling
tube (the sampling cell) through a small orifice (the sensing
zone), A current path is simbltaneously established through the
orifice by the use of suitably (immersed electrodes in- and
outside the tube. Each time an electrically non-conductive second
bhase particle enters the orifice, a slight increase in voltage
occurs across the electrodes because of the momentarily increased
orifice resistance. The amplitude of the voltage pulse is, to a
first approximation, proportional to the volume of the particle.
By measuring and counting each pulse via a suitably arranged

electronic apparatus, it 1is then possible to obtain a direct
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histogram of particle size versus particle frequency for a given

volume of liquid metal.

3.2, Relationship Between Particle Size and Magnitude of

Resistive Pulse . )

Consider the resistive pulse (AR=R,-R,), caused by the
presence of a spherical, non-conducting particle of %iamcter (a)
in the middle of a right circular cylinderical orifice of
diameter (D) and length (L), (Figure 1). Even for this simple
geometry there 1is no simple analytical solution valid for all
values of (d/D) ranging' from O to 1. This is due to the
distortion of electric field streamlines around the particle

resulting in a non-uniform radial distribution of current. Oha's

lav in its simple differential form:

6R = ; . 6x/A(x) : . (1)

is, as a result, not precise in predicting the nev resistance of

tép orifice. A complete solution to such problems requires

solving the Laplace's equation for eléctric field poten
\ .

which both sphere and cylinder boundaries

insulati

Simple solutions do exist h6vever! for the 1limiting cases
vheﬁ (d/D) tends either to 0 or 1. Since at the detection limit
dmiAL (d/D) is small, the former approximation is of particular
intefest. As shown by DeBlois and Bean (59), an expression for AR
can &e derived by making use of Maxwvell's approximation for the

\
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(B) WITH A SPHERICAL PARTICLE IN-THE MIDDLE.
RESISTANCE CHANGE' IS GIVEN BY EQUATION (3).

Figure 1 ‘Geometry of the orifice ysed in the derivation of
squation (2) for the change in resistance caused
by a symmetrically placed spherical part:.cle and
the correction factor in equation (4).
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i effective ;esistgviiy of a conducting fluid containing a dilute

A suspension of insulating spheres. The derivation is givén in
! . ~ } . ’ - (Y

Appendix’1, and the ‘result is:

L3 . »

AR ‘= ,— S ’ (2)

> .

_ This expression indicates .that the _ resistive pulse is
\propogtional to the volume of the particle and is indépendent of
ihe length of the orifice. Although eguation (2) holds for small
values 6f' (d/D), exact values of AR are onl§ greater by 2% at
@(D-0.3'gnq'5§ at é/D-Q;4 (60).

‘
. d

e PN

o . : " For large values of (d/D), a. correction factor needs to be
incorporated intocequation (2) such that: v
: 3 (2}
' . 4 » 4 :
- [ ]
&R = - e F(d/D) - (3)
¢ & f
v D .
Such'correction factors have' been calculated via numerical
VU solutions and have | been tabulated for the case of an insulating

J
* v

sphere placed in the middle of a long, right circular cylindrical

orifice using a hydrqdyném@c'analogy (60). They are also shown to

' *
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give an excellent fit to the following empirical equation (61):
N

L)

F(a/D) =1 / {1 - 0.8(d/D)} « (4)

~
with an error of lesg then 1% at (d4/D=0.8). ’

NS

To find a value for the voltage change, equation (3{ would
normally have beeq multiplied by the circuit's current. However,
a close examination of the Ohm's law reveals that the potential
drop across the electrodes over -which the _voltage pulses are
detected also has some significance. Réferring to Figure 2 and

applying Ohm's law to the circuit shown,

AV =1 (R +AR) - 1 R . . . (5)
pPulse 1 E [}
R +AR R L
. .3 E
Av =V e { - b, (6)
pulse T .
R +R +AR R +R
£ B E B
/JR e AR -
»
av ‘e vV e { - — } 16)

pulse T

(ﬁ +§ +AR) (R +R )
t 3 r B

where I, and 1, are currents with and without the partig‘e, vV is
e ] SR

the battery's electromotiv force, R the total electrede, and R ,
- | 4 B

the ‘ballast, resistances respectively. 7
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Figure 2

= Resistance A to B

= Resistance B to A

"

in clockwise direction
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Circuit diagram showing the generation of a°
resistive pulse.
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AV = I — AR - (8)

pulse "o B .

‘R +R +AR .
E ] 4

The effect was discovered fortuitously during water
' &

experiments when no resistive pulses were observed upon removing

.. -
-

the ballast resistor. It,adises because of the minute change of
current as tHe'ﬁérticle passes through the orifice. Therefore the
voltage 'pulse, AVpulse when written explicitly, using the

potential drop accross the electrodes (VE) and negiecéing AR in

the denomlinator, beconles:

av = - ' ‘ ' ’ (9)
v . Dp'{1-0.87a/D)} g

In Figure 3, tésistibe4pulse (aV) has been plotted as a
function of parﬁiclE size ;d) according to equatigq’(B) for
cylindrical orifices of wvarious diameters using the suggeséed
currents in Table ll*(B}: The plots were terminated at d/D-O.B;‘
As can be seen from the log—lgg plot,'the resistive puylse
response increaseg'in' proportion to the cubé of ‘the pa;ticle

diameter, up to almost d/D=0.4. The slopé then deviates towvards

'larger values. . For spherical particles with. d/Ds0.4 then,

resistive pulses may be considered to be - proportional to the

particle volume.
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Flgure 3 Resistive pulse as a functlon of partlcle size (d4) 1
and orifice diameter (D), using equation (8) and .
the suggested currents in Table 1l1-(B). .
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Gradually tapered orifice is found to be an optimqusyape
for resistive pulse anal}sers. Consequently, equation (9) shouid

be modified for the shape and also, to a lesser degree, for the

length of orifice if the length is short. Aithough there is a one

to one correspondence between (AV) and (d), such analytical
formulations are of limited value because of the fourth order
dependency of AV on D, consequently it is recommended in practice

to calibrate the orifice with standard spheres in aqueous media.

Further complications can also arise because of off-axis

trajectories and non-spherical particle shapes. These problems

‘have been investigated by a number of researchers, Smythe (62)

for instance, calculated significant increases in the value of AR

as the particle trajectory approaches orifice wall., Higher than
expected registive pulses are the result of a. non-uniform
electrical potential gradient distribution at the orifice
entrance and exit., For a sharp edged 1inlet, potential gradients
increase substantially near the rim and, as a result, off-axis
trajectories give rise to artefact peaks commonly named as
"castle peaks” beqause of their turreted appearence (63). These

peaks also have longer than average residence times, The effect

of off-axis trajectories can be seen during the calibration of

the instrument with standard spheres vhen the measured size -

@istribution by ESZ instrument suggests a wider size distribution
than those- “determined via microscopic analysis (64). The
discrepency can be quantified by a Mass Balance Ratio (MBR),
vhich is the ratio of tHe mass calculated by count to the mass

recorded by veight. MBR's as great as 1.3 systematically occur in

¢
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the standard Coulter equipment; the use of tapered orifices and

~ some form of hydrodynamic focusing have been reported to remedy

this, resulting in MBR's near unity (64,65)
d =

The effect of particle shape has been shown to be
insignificant at d/D<0.2 when the system responds to particle
volume (66). Consequently, the diameters of equivalent volume
spheres or "Equivalent Spherical Diameters”™ (ESD), "~ can be
determined by the use of equation (9). At larger values of (4/D)
however, shape factor becomes important. At (d/D=0.4) for

instance, error involved in the use of equation (9) is in the

region of 10% for spheroids of eccentriclty 2 (67,68).

3.3. Comparison of the Resistive Pulse Counting Technique for
Agueous Media and Molten Metals

Although equation (2) has been shown to apply in both
systems (53), the main obstacle in developing a system for metals
was the million times greater electrical conductivity of the
latter which would result {n the generation of mﬁch smaller
resistive pulses. The high conductivity of metals however, also
makes it possible to pass much higher currents, greater than 10
amperes, withogt causing excessive heating at the orifice and to
detect much smaller voltage pulses, of the order of 20 microvolts
for instance, against a qgnstant background noise of 5-10

microvolts when the wiring is prbperly shielded. i

- -
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A comparison is made in Table 2 in terms of the properties

of both media. When éo-purcd for a minimum particle size detected

 with a given size orifice, one finds:

d /d = 2.2 - Jad (10)

min,steel min,vater

showing that detection 1limits can bb,kebf within the same order

of magnitude.
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. Table 2 )
‘Comparison of Electrical Sensing Zone Instruments
in Agueous Media and in Metallic Systems

Water (56 Steel
L4 A - ‘
Electrical Resistivity 30 1.4 x 10 om
Typical Current - 50 x 10-‘ 10-40 Amperes
Detection Limit 200 20 wv
\ .
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4. DESCRIPTION OF EQUIPMENT

The apparatus used was essential%y the same as that of
previous work on aluminum (53) and is illustrated schematically
in Figure 4. The main components are now highliqhted including
some of the different design features from that of Doutre.
These had to se adopted to overcome the corrosive, high

temperature environment of molten steel.
4.1. Metal Sampling System

The sampling tube, into which the metal was drawn through
the orifice, was held by a "Viton" seal O-ring inside an
aluminum/brass metal coupling. It was foud that different metals
made the screw threads of the assembly easier to seperate after

each experimental run.

A gas port with a copper pipe extension was used to
evacuate and pressurise the tube for sampling and purging
respectively. ‘The vacuum source was regulated by a 15 1litre
vacuum resevoir that was held between 10-20 cm Hg (13~26 kPa-g)
and controlled with an éccuracy of 1 cm Hg. The amount of vacuum
necessary was usually controlied by the orifice éize, i.e. to
overcome the surface tension forces and enable the molten steel
to be aspirated into the tube. Argon gas was used before
insertion of the tube into steel so as to flush out any air and
provide an inert atmosphere inside 1it. Similarly, after sampling

was completed, to drain the tube under a moderate pressure
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Figure 4 Schematic illustration of the resistive .pulse counter
used in moten iron.*
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(20-40 kPa-g). The volume of gas passing through.the gas port was
observed on a sensitive flowmeter. In the event of a blockage,
positive pressure was increased up to 100 kPa~g and an alternate

vacuum and pressure was applied.

Since it was necessary to change the electrodes after each
experiﬁent, they were not permanently mounted but held by
compression fittingg with teflon ferrules: The viton and teflon
seals in the assembly were protected against thermal radiation by
a 5 cm thick ceramic fibre insulation inside and outside of the
sampling tube and the seals provided reasonable ga§° tightness
during the course of experiments.

N

4,2, Constant Current Power Supply and Electrical Connections

As in the earlier design (53) a 6-volt lead-acid type heavy
duty cart battery with apbropriate ballast resistance was used as
the power supply to provide ripple free current. The wiring
connections were made with gauge 6 copper cablﬁ: and, where
possible, shielded and twisted to guard againét noise pick-up.
Ballast consisted of 0.5 to 1.0 ohm, 100 watt resistors mounted
in parallel to maintain a current level in the proximity of 5,
10, 20 or 40 amperes. The exact value of the current was observed
on a 0-100 amp DC ammeter. All electrical connections vefﬁ

soldered except at the electrode ends vwhere lugs were used and

connections were made by compression.

KB




Since it had been found beneficial with afuminum, a system
for short circuiting &he ballast resistor with 6-V or 12-V

battery potentials was also incorporated: to produce a high

current density and localised heating at the orifice and was used |,

in trying to achieve a steady signal baseline. - "\

Y
v

4.3. Electronic System for Voltage Pulse Detection and

’
\

Measurement

) As - illustrated in Figure 4, to éet;ct and'-méasure the
Qoltage pulse9 generated by the passagé of a particle éhrough the.
orifi;e, potenéialg at thé ends of the .current carryinag.
electrodes were fed into an oscilloscope input along tefion
coated RG-59 equivaient coaxial cables r;comm?nded for high
tenperature‘applications. Tpe oscilloscbpe'useg was a Tecktronix
model 5223, a 10 MHz digitizing storage (memory) scppe'equipbed
vith a model 5A22N differential amplifier and a model ©5Bl10
. digital time base. The oscilloscope permits‘ogser%ation of the

stabilitf of the baseline and of the voltage bulées and is also

used as a pre-amplifiet with a gain set at 1000.

Tﬁe differeﬁtial pre-amplifer is operated ﬁn Fhe AC. coupled’
mode where each"input signal is first connected to a c;pacitor to
_eliminate the voltage drops due to resisFanes o;'the electrodes
and the stable component of the orifice potential.' The bandwvith
of the amplifier is also adjusted to the §requeﬁéy of interest by
Fhe use of low and hiéh ﬁass RC filt;rs, tﬁeréby removing much of

the high and low freguency noise. The filters were usually set.at
- [ 4 ! ! .

v
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v 0.1 .and 10 kHz respectivély.
“ ) ’ - : a o N ‘ ; ]

The preamplified signals vere then fed to a Traqer—Nortﬁern

+

‘model TN 1214 logarithmic amplifier'ihith converted the 3-cycle
linedr 10 mV to 10 V input into a logar¥thmic 0 to 10 V output.

" This ‘ﬁas the effect of expanding -the  resolution near, the

detection limit in the lower ranges of particle sizes.

°
- +

! 3 o N
. A "sample’and hold™ circuit with a switch selectable pulse

' nrisé time also enables the instrument to serve as a peak detéctor
: " . for the Multi-Channel Analyser by .holding the‘ .pulses of
}elagively long and approxima;ely yﬁqwh dhraFiQn for 3
b ) ‘ 'microseconds at their peakj and-sending-a,'squarévwavé Jof‘shorg
; : duration to the ¥CA. The pulse rise time -is at most 1,2 gf the

residence time of ‘the ,particle through the orifice which is

»

determined by the qrifice length and "metal velocity, which in

turn depends on 4the applied vacudm. For mo§t' of the present

¢

. . " .. N [ . 3
> ’ experimental . conditions, particle residence time- was 1in. the
’ region of 0.5 millisecpnds, so the pulse rise time was set at

0.2 ﬁiflisegonds. This feature of the logarithmic amplifier also

4

serves as ‘a2 filter, 1ignoring pﬁlseg of much longer or Qho;tér

L} >
N d ¢ M . . N ‘ . . ’ f
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¢

A Tracer-Ngztherh.model 1206 multi-cH;nngl analyser divided.

-4 ‘ " 0-8 volt -inpuéqinto 512 equal channels to store the resistive

pulse voltage peaks according to their magnitudes; thereby,
'(i . - providing a frequency distribution of particle number versus

'channel number. ‘A photograph of the electronic assembly is shown
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in Figqure 5.

»

Theréfore, a relationship between channel numbers and

particle diameters can be obtained as follows:

-

L

3

The original signal appearing accross the orifice (AVpulse)

L]

ié given by equation (9). This is amplified by the preamplifier
<

to:

AV = G e AV {11)
ﬁk pulse A

with a gain of G=1000, which is then fed to the logarithmic

¢

~amplifier, whose output is:

La [ PA

AV =+10/3 o {log (av )+2) (12)
1 [

and finally appears as a count in a channel number given by:

4
Ch. No. = 512/8 e AV ’ (13)

LA

Backprocessing these equations and then numerically solving
= ! o

equation (9), gives a particle diameterirange for "each channel.

Usually a detailed, 512 ' channel particle siiquistribution
was not warranted, so the data was recorded as integral'number of
particles greater than a certai% size in, steps of 5 or 0
microns. h Alternatively, the MCA display could be stored Pn

-~

magnetic tape for future retrieval. N
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Figure 5
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COLOURED PIGTURES
Images en couleur

Electronic assembly for pulse detection and
measurement. Instrument on top left is the
pre-amplifier/oscilloscope, on - bottom is the -

logarithmic amplifier / peak detector and on top r *ght
is the multi-channel analyser. ’



5. DEVELOPEMENT OF THE SYSTEM -

To build a system that- works for steel, ie. a system that
produces noise-free resistive pulse signals, substantial material
and design problems had "to be overcome. Developement ofs the
electrodes, the sampling cell and the sensing zone are described
“in the followving sections.

*‘

5.1. Development of Electrodes
;

Electrodes serve a dual purpose in the sense that they
carry both the heavy DC current and the resistive pulse signals.
Requirements for the electrodes were: .

‘i1, noise free electrical contacts for sufficiently long

duration, -

ii. low electrical resistance.

o
L

Low electrical ~resistance was necessary, not ‘only to be
able to pass high currents, but also to enable the detection of
small pulses: rid;ﬁg on a large DC component which is
mathematically‘ analogus to taking the difference betveeﬁ two
large numbers. From equation (9), the resistive voltage pulses
would be modified by a ratio equal to. one minus the fraction of
circuit potential appearing accross the signal detecting

electrodes. In order to minimise this effect and also in order

not to exceed the common mode rejection ratio ‘of the
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pre-amplifier, it was desirable to have as low a DC component as
possible, For a maximum total potential drop of one volt across
the electrodes for instance, with a 6-V battery as current
supply, the total electrode resistance should be less than 1/6th
of - the fotal circuit resistance which, for operation at 20
amperes, would be 50 milli-ohms. Alternatively, two extra
electrodes could have!been inserted for signal detection so a; to
by-pass the current carrying electrodes and serve as potential
measuring electrodes. However, it was felt this would make the

system too bulky and difficult to troubleshoot, should one of the

four electrodes fail.

Those materials that were tested as electrodes during the
course of the present investigation are shéwn in Table 3,
together with ’typical dimensions and average calculated
resistances. In the table, steel electrodes were used 1in cast
iron, as well as others both in cast iron and steel. Cermotherm
is'a mo{ybdenum, 40% zirconia cermet that has a high resistance
to dissolution by molten steel. The metal electrodes met the
requirement for low resistance; however, apart from their
expense, their perf&rmunce proved to be unpredictable. When
,ggténtial drops across the electrodes vere monitored with a strip
chart recorder aurinq experimental runs in cast iron, metal
electrodes sometimes showed unstable and erratic behaviour after
2-5 minutes of immersion. This was probably due to their
susceptibility to compound formation. In one particular

hd 4

experiment for instance, v%en 1§ sulphur was added to create MnS

inclusions in situ in cast iron, molybdenum electrodes failed to
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Table 3
Resistances of Electrode Materials (69,70)

' ’ Resistivity Dimensions Average

‘ ‘ 20°C 1500°C Dia. x L Resistance

\ MuQ.m - ] mo

Steel 0.10 1.2 4.8 x 300 11

Molybdenum 0.06 0.46 ¢.8 300 ) 4

) ' . 2.4 300 20

Cermothers 0.18 1.5 4.8 300 14

Tungsten 0.05 0.5 4.8 300 5

Graphite 10 10 ‘4.8 300 166

, 9.5 300 s2

12.5 300 24

F
Table ¢

Thermal Expangsion of Shielding Materials (71)

Thermal Expsngion, 20-1500°C

' Quartz 0.08 %
Mullite 0.8
Alumina 1.2
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\
conduct. Later, sulphur containing compounds were identified by
the scanning electron microscopy at the ¢tips of the failed
electrodes. These effects vere less ¢of a problem in molten steel.

Graphite electrodes in general performed well but were too
bulky for low resistances needed. A combination electrode was
therefore developed with graphite'ends and molybdenum extensions.
Good\ electrical contact at the threaded connection was
established by depositing a small amount of tin between the
threads. This arrangement also gave a lov cost electrode system
vhere only graphite ends had to be replaced after each

experiment.

The electrodes needed to be protected at their sides by a

refractory shielding material so as to prevent their dissolving

too fast in molten steel. Among the shielding refractories that

vere tested and are noted in Table 4, quartz had a tendency to
soften and chemically r;duce in steel. This led to the formation
of an insulating intermetallic/complex oxide film coating on the
electrode tip with analysed iron contents of 10-20%, Figure 6.
Mullite and alumina both proved to be satisfactory shields,
the mullite having more thermal shock resistance, but the alumina
being chemically more stable once inserted in the bath without
disentegration. Mullite was subsequentky preferred because
thermal shock resistance was considered to be more desirable. As

for chemical stability, Figure 7 shows a graphite electrode

inside a mullite sheath after 30 minutes in steel at 1600°C.
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Pigure 6
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COLOURED PICTURES
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Graphite electrode shielded with quartz, after a steel
experiment. The electrode came out intact with 4a
metal globule at the bottom, the area between the
concave tip of graphite and the metal globule was
smooth and polished and part of it near the edges was
covered with a thin film of silica. The outside of
silica shield and the metal globule was speckled with
intermetallic complex oxide compounds.
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Figure 7
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Graphite electrode shielded with mullite, after 30
minutes in steel. 1Initially graphite vas exposed 5 mm
out of the shield and after the experiment erosion was
20 mm into the shield. Erosion of refractory was high
at the slag/metal interface and part of it was
completely gone during the course of the experiment to
expose some graphite.
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Blectrode erosion was 20 mm intd the shield and the mullite

, insulation was only partially eroded at the slag/metal interface.

Electrode loss by dissolution did not follow a regular

" pattern as might be expressed by length of erosion versus time of

immersion, but rather depended on whether density driven natural

convection currents were Set up or not, within the protective

shields Those electrodes retaining their initially flat
interfaces dissolved much less than those acquiring a needle

shaped profile.

Electrodes were tested by inserting a pair in steel/cast
iron baths, passing a current, and observing the oscilloscope
trace of the pre-amplifier. Almost all electrodes initially
displayed noise 1in cast iron, presumably because of imperfect
;etting at the points of contact (see Figure 8). This could be
alleviated by passing a heavy current of 200 amps, or by raising
the bath temperature to above 1500°C, when a steady baseline

would appear on the oscilloscope.
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(A)

(B)

Pigure 8 Initial electrode noise in cast iron (A), return of a
steady baseline after conditioning (B). »
Time scale is 1 ms per major division
Vertical Displacement is 50 uV per major division




5.2. Development of Sampling Cell and Sensing Zone

The requirements envisaged for the sampling .cell or the

sampling tube were:

w
i. resistance to thermal shock,

ii. resistance to wear at slag/metal interface,
iii, electrical insulation.

It vas thought that the electrical sensing zone, or orifice

could either be drilled into an insert and the latter attached to

- tiilgampling tube or that the orifice might be 'directly drilled
| into the side of a sampling tube. Important requirements for the

sensing zone were:

n

i. dimensional stability of the aperture

)

ii; a smooth entrance for the passage of molten metal.

Quartz and mullite sampling tubes were initially tried
because they were readily available and relatively less
. expensive. The following is an account of some of the attempts

carried out to develop a working probe for steel:
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A countersunk orifice for smqoth entrance to molten metal

was drilled onto the side of a mullite sampling tube and for

.protection against wear, the orifice was plasma spra&ed with a

zirconia coat. When inserted into steel at 1600°C h¢vever} the
orifice expanded from 500 microns to 1 mm in one aspiration (see

Fiéure 9).

. Quartz sampling tubes with boron nitride inserts at one end
containing the orifice along the central axis of the tube were
tested in cast iron and other lover melting temperature steel
alloys at 1200-1400°C (Figure 10). At these temperatures, the
quartz maintained its form; however, difficdlty vas observed iﬁ
obtaining noise-free resistive pulse signals especially during
aspiration. Subsequent experiments with zinc~ sho&ed that the
location of the orifice along the central axis of the tube was
not helékul, possibly because of the turbulance created at the
electrode tip by the jetting stream of metal. .
When tested in sfeel, 1 mm thick quartz tubes were not

mechanically strong and collapsed above about 1500°C during

aspiration (Fidqure 11){

Figure 12, - the final arrangement for the resistive
pulse probe used fo ling steel melts. A 15 cm long BN tube
vith a quartz tube extension was used as the sampling cell with
the orifice drilled into a BN insert with 82° countersinks on

either side. An alumina base cement was used to fix the various

components and to provide gas tight seals.
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Figure 9
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40 mm OD mullite tube with a coﬁntcrunk and zirconia

coated orifice after a

steel experiment,

Orifice

expanded from 500 microns to 1 sm in one aspiration.

40.1

- PN P
- v s T

e 4 ———




Pigure 10
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40 mm op qua}tz sanplihg tu
carrying the orifice at the
electrodes inside mullite shiel

¥

be with a BN insert
bottom, and molybdenum
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Figure 11 Quartz tube in steel at 1580°C, tube collapsed dur
aspiration at a differential pressure of 10 cm Hg
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5.3. System "Troubleshooting"

When testing the system, from time to tf&e unsteady or
complete loss of current occurred. To' locate the problem, one of
the electrodes would be by-passed vith a graphite rod inserted
into the bath to see if the other was still conducting.

When testing the complete assembly only the outside
electrode could be directly checked in this way. 1If the thside
elpctrode was still conducting, then the problem ~cou1d be
attributed either to orifice blockage or failure of the inside
electrodel The inside electrode usually failed beca;se of
seperationm of the elec¢trode/molten iron interface during
aspiration. I1f repressurising the system did not induce the
current to flow again, then or@fice blockage would be suspected.
Such blockages vwere also indicated by a slight drop in the gas

flowrate.
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6. EXPERIMENTAL
6.1. Experiments with Silicon-Boron Steels

The first successful results were obtained in a 3% Si, 5% B
steel wvhose melting point was within 1100-1200°C. This is a high
magnetic permeability, low coercivity, commercial alloy used for
the transformer and electric motor laminations. This particular
alloy is éontinuously cast into thin sheets of 50 microns thick
and. cooled suddenly so as to  form a glassy, non-crytalline
structure vhich completely eliminates all domain boundaries,
hence giving its improved magnetic properties, Measuring the
number of inclusions greater than about 10 microns was of

interest in order to improve the processing of this material.
6.1.1. Initial Experiments

The alloys were made up uéing Armco iron, Fe-75%8i, low C
ferrosilicon, Qﬁd Fe-20%B fertoboroﬁ, under a protective argon
atmosphere in a 60 kg capacity induction furnace. A complete BN
tube with a 300 micron orifice located at the bottom, along its
central axis was used to sample the steel. An electric current of
50 amperes wvas passed betveen inner and outer moiybdenﬁﬁ

electrodes (Figure 13).

N
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Pigure 13 Complete Boron Nitride tube used in the first silicon
boron steel experiment, with a 300 micron orifice-
located at the bottom. The tube vas protected with a
<castable refractory but this was abandonned in later
experiments.
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During the course of these particle detection experiments,

t&f;bath temperature vas taken up to 1400°C after which inductive

- pover to the furnace wvould be turned off prior to sampling. The

60 kg steel would cool to 1200°C in a matter of 5-6 minutes, at

vhich time heating would be: resumed again.

In the first two experiments, even after much conditioning
with a high current, A a steady baseline could not be achieved
during aspiration; however, a t}ain of resistive pulses wvere
observed when the tube was being emptied. Figure 14 shows a
typical rgfistive pulse trace that belongs to a ca. 23 micron
particle. The thickness of the baseline on the oscilloscope trace
is a measure of the electronic noise in the system, which is well
below 10 microvolts. The associated 10 second counts of the multi
channel analyser which corresponds to an estimated 7.5 grams of
sSteel sample are shown in FPigure 15. The MCA image is brightly
illuminated from channel 60 onwards, approximately the first
major division along the horizontal axis of which corresponds to
the selected detection 1limit of 20 microvolts, or for the above
experimental conditions, an inclusion size of ca. 12 microns. The
top right corner of the display gives the integral number of

counts above this channel number.

The count rates from these experiments were high and
contained some 40 micron particles, unexpected for a steel
believed to be highly clean. When the probe was subsequently
examined, it wvas found that the area between the shield and the

electrode was not completel} leak proof and air was able to
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Figure 14

Pigure 15

A typical resistive Dpulse signal obtained while
aspirating silicon boron steel through a 300 micron
orifice and passing a current of 50 amperes
Time scale is 1 ms per major division
Vertical displacement is 50 uV per major division

The associated 10 second counts on the MCA
corresponding to a calculated 8 gram steel sample.
Channel 60 appears at the first major division on the
horizontal axis and corresponds to a 20 sV peak or a
calculated 12 micron inclusion size.
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penetrate Q}a a thin annular slit between the inside electrode
and its ceramic protective tube. This absorbtion of air into the
chamber ‘took place wvhen the system was on aspiration, The air
would then bubble into the steel around the tip of the inside
electrode, oxidising it and creating extra borosgilicate
inclusions. This al'so partly explains the reason for not having

observed a steady haseline during aspiration.

For later experiments, the inside electrode shield was cut
into two pieces somewhere below the compression fitting, so as to
prevent air reaching the tip.

» ' 3

In later experiments, with the current set at 20 amperes, a
steady baseline was generally observed vwith very few peaks to
mark the presence of inclusions. The total number for 10 second
coﬁnts varied between 0 and 5 particles as shown in Figure 16.
The Baseline was still somewhat unsteady during aspiration,
although not as much as in the earlier experiments. Later
experiments with zinc showed that location of the orifice at the
bottom, along the central axis of the tube needed improving. A
new design, similar to that shown in Figure 9 was therefore

adapted.

Figure 17 éhovs the microstructure of this particular steel
under 400x and 1000x magnification, where most inclusions are
indeed within 10 microns or less. Figure 18 shows the
microstructure after etching in 2% nital to bring up the matrix

phases. Inclusions are still visible in the background.
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Pigure 16

10 second counts on the MCA with the modified probe,
cslculated 8 gram.steel sample. Only 3 counts above
channel 60 corresponding to a calculated 17 nmicron
inclusion size are visible. \
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Pigure 17 Microstructure of the 3% Si, 5% B steel showing the

globular borosilicate inclusions.
Magnification: (A) 400x,

44.2

(B) 1000x
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Microstructure of the same steel after etching in 2%
nital. Glassy borosilicate inclusions are still
visible at the background as one in the middle and
anothe lowver left hand corner.

Magnification: 1000x
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6.1.2. Comparative Experiments in Clean and Contaminated Baths

In order to make a comparative study using the same steels
an attempt was made to disperse a known amount of barium oxide

with an average particle size of 50-100 microns as measured under

. the microscope. Barium oxide has a relatively high density,

5700 kg/m?, but difficulty was observed i 1ts dispersion because
of the slow wetting process by the steel. The mass of barium
oxide powder wrapped in an aluminum foil would rather coagulate
and float up than be dispersed, even vhen mixed with powdered

ferrosilicon in a ratio one to five., ‘

1§

s

It was than decided to create particles in situ by
additions of 2% Mn, and 1% S, so as to create MnS or complex
sulphide inclusions in a 14 kg bath. This type of inclusion ;as
preferred beéause of its tendency to remain liquid and hence less
likelihood of orifiq;-blockage during sampliné. However, after a
few minutes of . sulpher additfon,‘ outside molybdenum electrode
failed to conduct and the problem was identified to be the
sulpher containing: compounés at the tip o& the electrode, c.f.

LY

Section 3.2.

"‘,

A simpler vay of producing indigeneus oxide particles would

~ 4

be to further deoxidise the steel with aluminum. Experiments

. were therefore plagned to take, samples ‘hefore, and after,

additiéns of 0.2-0.02% aluminum. However, in the - first
experiment, ., after 0.2% aluminum addition, the current became

unsteady and eventually reduced to zero. This was both due to a

. 45




failed outside electrode and a blocked orifice. When the probe
vas taken out, it was found to have been covered with a’white
powder (Figure 19). The same powdery accumulation also appeared
around £he crucible walls after the metal was teemed out
(Pigure 20). Subsequent chemical analysis ghowed it to be pure
alumina. This experiment effectively demonstrated the tendency

-

of alumina to attach to free surfaces.
.

For the next experiment, a larger orifice of 400 microns
vas used, 80 as to avoid the problem of blockage, and the probe
vas inserted 10-15 minutes after a 0.1% Al addition, so as to
allow the excess alumina to seperate from the melt.f On
aspiration, and after a brief conditioning period using high
current, a steady baseline and a number of resistive pulse’peaks
vere visible. Figure 21 shows two peaks, one of which is unusual
and distorted possibly because of an off-axis particle
trajectory, particularly as 1ts residence time was longer than

-

the regular peak.

Associated 10 second counts, i.e. an estimated 13.2 grams
of steel sample, showed an average of 150 particles above a
detection limit of 24 microns; including some large inclusions og
70 microns, (Figure 22). The orifice aperture did not expand in
this particular experiment, it was still 40015 microns within the
accuracyp of measurements (Figure 23). The steel's microstructure
after the aluminum addition consisted of irregular, and
rilatively large, alumina inclusions, aloqg with some

borosilicates (Figure 24).
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and 20 Scale found around the probe, electrode and the
inner crucible wall after aluminum addition to the 3%
Si, 5% B steel. Chemical analysis of the scale showed

only the presence of alumina
s

k)
;
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Pigure 21
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Resistive pulse signals in silicon boron steel after
aluminum addition, sampling under®' 20 amperes with a

400 micron orifice.
Time scale is 1 ms per major division

Vertical displacement is 50 uV per major division
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Figure 22 Associated 10 second counts on
addition, calculated 13 gram
(first major division on the

the MCA after aluminum
steel sample. Channel 60
left) corresponds to a

calculated 26.5 micron inclusion size.
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Figure 22-A

2 3 & 5 & 7 839
PARTICLE DIAMETER, MICRONS k

Size distribution of inclusions in a silicon
boron steel after 0.1% Al addition. Calculation
is based on the MCA image in Figure 22 and con-
version from resistive pulses in microvolts to
particle size in microns is made via Fiqure 3-A.
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Figure 23
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Orifice stability after the silicon boron experiment
vith aluminum addition. The measured diameters before
and after the experiment were 4005 microns. The
diameter of the insert on which the orifice was placed
is 6.4 mm (1/4 inches).
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Figure 24 Microstructure of 3% Si, 5% B steel after 0.1% Al
addition
Magnification: (A) 400x, (B) 1000x
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6.2. Attempts to Identify the Difficulties with Molten Cast
Iron and low Carbon Steels
Although parallel experiments had been carried out in cast

iron and 1low carbon steels, attempts to obtain steady baseline

voltages on the oscilloscope for these proved to be very .

difficult. Usually upward spikes, or at best an oscillating
baseline such as those shown in Figure 25 were observed.
Unfortunately, the period of. these oscillations (approximately 1
millisecond) was very close to the particle residence time at the
orifice, hence making any eléctronic filtering action virtually
impossible, Experiments were then scheduled using mercury as the
fluid medium so as to investigate the effect of variables such as
flowrate, and orifice shape, on the onset of baseline

instability.

6.2.1. Effect of Flowrate and Orifice Shape on Baseline

Voltage Instability

These experiments demonstrated that baseline oscillations
would also be encountered in mercury once a critical metal
flowrate was reached., These oscillations occurred initially as
ripples, and then grew into larger oscillations of the type shown

in Figure 26, as the mercury flowrate was further increased.

-
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Figure 26 Baseline oscillati\o(\ in mercury associ”)atéd with high
flow rate. '
Time scale is\1 ms per major division
Vertical displacement is 50uV per major division i
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Two types of orifices were tested: i) BN orifices of
different diameters and 0.5 and 1 mm long, drilled into a BN

insert with 82° countersinks on either side, ii) the 300 micron

. Alcan orifice as wused in the LiMCA equipment for sampling

aluminum, a cross-section of which is shown in Figure 27.

The results of these experiments can be summarised as
follows:

1. Baseline instability started at a repeatable suction
pressure corresponding to a critical velocity.

-

2. Smaller orifices tolerated higher suction pressures,

3. Orifices with smooth entry tolerated much higher suction

é
pressures.

4. Oscillations disappeared once the current current wvas

turned off, yielding to a steady baseline voltage.

5. Similar transitions were also observed using an

eguivalent water-based probe.

Table 5 gives some quantitative data in which average metal
velocity and the Reynbld's numbers have been estimated from the
corresponding critical suction pressures. For the BN type
orifice, the existence of a critical Reynold's number suggests

that some form of inertia driven fluid movement, perhaps the
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Pigure 27 Cross-section of a 300 micron orifice, - flame drilled
and polished into the side of a Kimax culture tube as

used in LiMCA measurements in Alcan
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Table 5

Critical Suction Pressures and Corresponding Calculated
Average Metal Velocities At Which Baseline Oscillations
Start in Mecury.

Pl
Orifice Orifice
Type Diameter AP u Re
Cr Cr cr
_am cm Hg n's
(1) 250 16 1.24 2580
‘ - 350 8 0.88 2560
400 7 0.82 2735
(2) 300 >30 >1.71 >4500

(1) BN Orifice with 82° Countersunk Entry, Re. =2500
. Cr

(2) Alcan's Glass Orifice with a Fluted Entry, Re >4500

'Cr
\ \

e

o Table 6 .
Relative Susceptibility to High Reynold's Numbers (RSHR)
for Some Fluids of Interest

\ Hgq Ga Al Water Fe
M.P. (°C) -39 30 660 20 1538
Density (kg/m?) 13600 6090 . 2400 . 1000 7000 -
Viscosity (mPa.s) 1.56 2.04 1.3 1.0 7.0
R.S.H.R, 2.4 1.2 1.2 1 0.4
' 48.2 .
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formation of a vena-contracta (72) at the orifice entrance 1is
responsible for inducing baseline oscillations. The far superior
performance of the Alcan orifice 1lends suppert to this

t

hypothesis.

Assuming that for a given orificé shape, baseline
instability is caused by a critical Reynold's number, uU.D/v and
since U ¢ /AP/7), then a fluid . property indicating its

‘ -
Susceptibility to High Reynold's numbers may be defined as:

!

SHR = /3/u (14)

Table 6 shows SHR values for some fluids of interest, an a
scale vhere the value for water is taken as 1. From the table it
can be seen that mercury is the most susceptible fluid, steel is

the least and aluminium and gallium fall somewhere in between.

The above analysis suggests that for the suction pressures
being used, the geometry of the BN orifice should not have been a

problem in either cast irons or low carbon steels,

6.2.2. Potential Effects of Melt Composition in Promoting

Chemical Reactions in the Hot Zone of the Orifice

The major experimental problem with cast iron lay in the
fact” that it was not possible to pass a good "conditioning
current” through the orifice. At 20 amperes, the current would

tend to stay steady, but once the ballast resistor was shorted,
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the current would briefly climb to some 40-80 amps and then fall
back to zero. This would then be repeated at short intervals.
/
%

. A high current of 100-150 amps passing through a 300 micron
orifice is able to cause a rate of temperature rise of several
hundred degrees centigrade per millisecond at the orifice. It is
preséntly believed that this ‘'conditioning current' helps to

completely wet the orifice wall’ and remove any adhering

particles, therefore leading to steady baselines (53).

Since the basic difference between silicon-boron steels and
cast iron lay in the chemical composition, it was then decided to
examine the possibility of a chemical reaction leaéing to the

. formation of gaseous products and attendant baseline
instabilities. .
Formation of silici from dissolved oxygen and silicon in ~
~iron has a very large emtRalpy teré, so-that silica particles in
molten iron become increasingly unstable at high temperatures.
Figure 28 shows the free ehergy change‘ assoéiated with the
reaction:

<

Sio + 2C = Si + 2¢O (15)

2 (gas)

~

: versus temperature, extrapolated to above 1800°C, for the

compositions of cast iron and low carbon steel used in the

Y

( experiments.
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Figure 28, continued: -

Free energy change for the reaction (15) may be evaluated

using the data for the following reactions:

*'c + 0 = CO (16)
{gas)
AG® = ~-17,900-14.19 T J/g-mol (73)
116)
Si + 20 = Sio (17)
2
AG® = -594,000+230 T J/g-mol (74)
(17)

For reaction (15), using Hess' law:

Ssio + 2C = Si + 2¢O (15)

2 (gas)

-

AG® = 2 AG® - AG®
(18) (16) (17) »

= 558,200 - 312.38 T J/g-mol

where standard state for components dissolved in 1liquid iron is
at infinite gilution, on a weight percent scale. Hence the free

energy change for a given initial concentratio) is:

’

AG = AG®° + RT ln [~——————] (18)
(1s) (15) 2




Case 1: Steel initially at 1600°C
Composition: 0.1 C, 0.5 Si, 0.2 #n, 0.02 S, 0.02 P, ca. 0.0075 O

1. Calculation of the Activity of Silicon

h - f e % Si (19)
L B t 31

using the interaction coefficients in ref. (75): L-

Log f = 0.1[%Si]+0.2[?C]40.2[§Mn]°0.2[&0]+0.1[§P]+0.06[%S]

$i
) (20)
£ =1.25 and h = 0,63 are found.
si $1
2. Calculation of the Activity of Carbon
h = f e % C (21)

again using interaction coefficients (75):

Log £ = 0.2[%C]-0.008[%C]?40.1[%Si]-0.01[&Mn]+0.1[%9+%$]-0.3[%0]
c
(22)

f =1,18 and h = 0.118 are found.

c c
3. Free Energy Change for Reaction (15) with Temperature: assuming
p =1 and a2 = 1 in equation (18):

co $i012

8G = AG° + RT 1n (h /h’)
[ B} C
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- - 558,200 - 280.69 T Jsg-mol  (23)

“

This line is plotted in rigﬁre 28 for steel.

Casé 2: Cast Iron initially at 1350°C

Composition: 4.2 C, 3 Si, 3 Mn, 0.01 S, 0.03 P

R S
-

1. Calculation of the Activity of Silicon: Again using the inter-

" action coefficients of the previous example, f = 55 andh = 165

$1 [ Y
are found.

2. Calculation of the Activity of Carbon: Since interaction
coefficients are applicable only in dilute solutiogps, a differeﬁt

method proposed by Fuwa and Chipman (76) and presénted in ref.

LY
(77) may be used to evaluate activity coefficient Qf carbon in
concentrated solutions. The final expression in th% integrated
form is:
o]
£ iln(x )
c,final n c
Log —————ny = -1,21 [ [ —— ax ] (24) .
{a1 i . .
f X
c,binary ' i

wvhere Jdln(xc)/ixi is the change in carbon qolubility with
additions of solute (i) in mole ﬁractions: Usiﬁg the table in

ref. (78):
\

Log f = -1.21{-3.7[%8i)+0.5[%Mn]-5.2 tsl-i.si\ﬁq} R

-
o R4




' 2
0.2[%C)-0.008([8C} (25) -
- : \
f =8.7 and h = 36,5 are found. The last two terms in
c [ -
equation (25) give the value of Log (f ) ’
c,bimary
3. Free Energy Change for Reaction (15) with Temperature
>
) &G = 558,200 - 329.7¢ T J/g-mol (26)

N L 4
This line is plotted in Pigure 28 for cast iron. ‘ \
Assumptions: -

1. Bquilibrium constants are used outside their temperature

range: 1350-2200°C.

2. Acti‘vities h and h are fixed by conposition and assumed not
c:

si
to vary with «temperature.

3. Effect of transformations such as

Si0 = S§i0 at 1723°C
3 (s 3 (1)
are neglected. ] «
$0.5
T ' - T ograap .
' RTINS 74 -
‘%N Y qﬁrﬂ' A 3 ‘g:}:h‘- -e‘g,'p - . . \.'::gf;;f%



A LS SIS T D I L 8 i, oo~

N L L

" It is™ clear from PFigure 28 that ;hcre vill be an excess
froq/enefgy on the surface of a silica particle for the formation
of CO gas., It is not clear however how the reaction would take
place, in terms of nycleation and growth, in such a short span of
time. One possible mechanism would be the adhesion of
sub-microscopic silica particles to the orifice wall, suppiyang
oxygen for CO nucleation, hence 'cutting the conditioning current
prematurely bef;re it has ; chance to grow and remove all the

adhesed particles.

¢
L4

A similar phenomenon was also observed in the boron-silico
steels, although ,to a much }lessef degree. When the ballast
resistor vas shofted, the current would gradually build up to
40-80 amps in a stepwise fashion and would then suddenly grow to

150 amps, indicating a clear path through the orifice, The

"stability of borosilicate particles was perhaps the key factor in

the initial success of the "LiMCA" technique with thi particular
alfqy.

)

6.3. Experiments with Cast Iron

In the 1light ofo the preceeding soctién, the first

modification to the BN orifice inserts were made with respect to

their lengths. The original aspect ratio of 1 .mm "long to 0.3 mm

‘diameter orifice was considered to be high; as this might give

rise to Rayleigh instability and, during the conditioning stage,

to excessive heat at the orifice exit while leaving the area near

entry largely unconditioned. The orifice Jlength was therefore

51 !




reduced to 0.5 mm. .

To pfo-oto the formation of the noie stable manganese*
silicates, an addition of 3% Mn wvas also planned. When
experiments vere pcrtorned‘ih a 4.2% C} 2% Si, 3% Mn_ cast iron
vith a 300 micron diameter oritigg, it wvas possible toﬂpbtain a
steady baseline by first passing an injtial high current of
200 amperes and then sampling under 20 amperes. Only few
resistive pulse peaks as in Figure 29 were observed indicating a

clean (i.e. inclusion free) bath,. These peaks had shorter

residence times because of the shortened orifice length. The

expansion of the orifice aperture in these experiments was high,

of the order of 20 microns per aspiration. The effect of orifice

expansion on the particie size measurement is discussed in

Chapter 7.
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Pigure 29 A typical resistive pulse signal obtained while
; aspirating cast 'iron through a 300 micron orifice and

passing a current of 20 amperes. The 40 xV signal

belongs to a 23 micron particle.’
Time scale is 1 ms per major division

Vertical displacement is 50 xV per major division

»
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7. SELECTION OF MEASUREMENT CONDITIONS i

.
s

. Initially similar conditions as those for aluniﬁéy, i.e.

300 micron orifice diameter, 50 amperes of current, 12.5 cm Hg

vacuum pressure and 20 microvolts detection 1limit were wused..

These were then modified during the course of experiments. The
selection of optimum measurement conditions were made on the
h;sis of the physical principles and the experimental results
presented in Chapter 5.

: »

7.1. Selection of Orifice Diameter

It was desirable to select an orifice diameter that would
- give sufficient resolution to detect inclusions of interest yet

_not too small as to increase the likelihood of blockage. The

v
choice of orifice diameter depended then on the steel cleanliness

expected, As the micrographs of ghe silicon-boron steel in
Fiqure 16 shov, steel deoxidised with Si, Mn, B or their
combinations vill contain numerous but small - fnclusions. An
orifice as small as 200 microns could therefore be wused in this
case, with 1little risk of bf?ckage. Aluminum killed steels on
the other hand, tended ﬁg contain  coarser  inclusions
(agglomerates), which in conjynction with their tendency to
accumulate on _Aree surfaces made blockage of the orifice more
likely. For this type of steel therefore, 400-600 microns orifice

tended to be more suitable on the basis of present tests.

53
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7.2, Selection of Aspiration Pressure
) The minimum vacuum necessary to aspirate the steel by firltﬂ
overgoming surface tension forces at the orifice depends on the
orifice diameter. Por a completely non-vetting orifice, the gauge .

vacuum hecessary is given by: p. 4
AP = 4e¢/D e (27)

where ¢ is the surface tension of the ,stcei. Values of AP for

. . !
orifice diameters ranging from 200-600 microns are listed in
Table 7. If the orifice wvall is partially wet by steel, then

these values should be multiplied by a factor. [Cosé|, where 6 is

.the contact angle. In the actual experiments, after adjusting for

ferrostatic pressure, 14 cm Hg (18.7 KPa-g) vacuum was found
sufficient for- 300 micron orifice giving a contact angle of
approximately ’140" between boron nitride and steel, taking
¢=1.87 N/m (69). Approximately 85% of the values in Table 7 were
therefore taken as being a sufficient operating differential
pressure. 'rhe:e are presented in Table 9

N\
7.3. Relationship Between Aspiration Pre;ture and Sampling m;:e
, .

‘To estiute: the discharge coefficient (CD) of the orifice
and H?nce metal velocity at the‘ orifice and sample volume taken,
experiments were conducted vwith zinc, vhich has a similar density
to that of steel, by measuring the time taken to fill a ‘given

“ .
volume under varying differential pressures using a 300 micron

54
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Minimum Pressure Required to Porce Molten Iron
Through a Non-wetting Qrifice [¢=1.87 N/m] (69).

0
400
500-
600

R

Table 7

4

Required Pressure

Difference.
cm Hg kPa
28.1 37.5 .
18.7 24.9
14.0 . 18.7
11.2 15.0
9.4 12.5
¢

Pryy.
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diameter, .1 s lohg BN orifi'c‘c. "Results of these experimerits are
shown in Table 8,,together with cbnputed values of corresponding
Reynold's numbers (Re). As seen from inspection of Table 8, CD
decreased considerably with decreasing differential prgasure,
most likely because of the increasimj effect of wviscous

dissipation.

-

Since viscous dissipation in the laminar regime is a
function of Re alone (72), it is safe to assume that for a given
orifice, C‘D should be the same for different fluids at the same
Re. More accurate measurements wvith wvater with a similar orifice
confirmed the almost linear increﬁe in CD with increaking Re
over the range 300<Re<2460. At Re=2400-2600, a discontinuity was
observed in the water experiments, when the discharge coefficient
dropped sharply to a lower valué but then again increased,
suggesting a change in the flow .regime; either as a result of_a
tunsitionl to a turbulent jet at the orifice exit or ;2
formafion of 'a vena-contracta at the entry. .

.
I

To make an estintle for average metal wvelocity and ‘10
second sample voluymes in steel experiments, a linear relationship
between Re and CD wvas assumed in the range 400<Re<10Q0 applicable
to both zinc and \steel. Such linear \relationlhipa betwveen
Reynold's number and the entry or exit losses have, in fact, been
predicted theoretically andvohurved experimentally in laminar

pipe flow (79). A least square fit was then made to the values of

. CD, obtained from. the zinc experiments. The last column in

Table 8 showvs the accordingly adjus:tcd values of TD vwvhere

\ 55
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Table 8
Egtimation of Discharge Coefficient of the 0.3 mm diameter 1 mm
long BN orifice from zinc experiments. Last column gives the
linear least sguare fit values. of Re vs (D, correlation °*
coefficient r=0,98. -

Differential Metal
Pressure Velocity
ap T Re c - T\
- - _2n - D D \\
cm Hg mn/s N
6 1.08 . 525  0.67 0.66 N
B 1.20 . 600 0.66 0.68 -
10 . 1.42 - 710 0.0~ 0.70 < °
12 1.60 800 . 0.72 0.72
16 1.98 1990 0,77 0.76
20 2.2¢ 1120  0.78 0.79
‘ \
/ ¢ ; -
55.1 ' :
»
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’ Table 9
Egtimated Values of Discharge Coefficient, Reynold's Number,
Average Metal Velocity and 10 s Sample VOluae at the Propgsed
Ofcutxng Differential Pressure for Varying Orifice Diameters.
' ematic Viscosity of Iron, »v=0.9 /s (ref62).
',lkpa-()?s Hg N

/

Orifice Differentisl Ducb;rge 10 - second
Diameter Pressure, AP Coefficient. Re T Sample Volume
m cm Hg - ) n/; - grams
200 . 207 o.64 430 1.93 4.25
300 16 ., 0.66° 547 .1.664 - 8.1
. 400 12. 0.69 - 653 1.47 12.9
500 10 ' : 0;71‘ ‘ 77':; 1.39 19.1 '
600 . 8 . 0.73 a8 1.27 25.2

o
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correlation coefficient with Re 1is 0.98. Starting with an
initially guessed value for CD, the average metal velocity at the.

orifice and the 10 second: sample volume were then calculated for'
' [N

-molten iron as a function of orifice diameter and applied vacuum

(Table 9), -

p 4

Alternatively, a direct measurement of metal velocity at
the orifice could be made by measuring the residence time of a
particle from the oscilloscope ‘trace, except for the difficulty

of estimating the exact time of particle entry to and exit from

-

the orifsce.

7.4. Operating Current and Minimum Detectable Inclusion Size

*
<

For a given electrode and orifice- resistance (R ), the
. E
optimum current to deliver the maximum pulse could be found by

differentiéting equation (7) with respect to R , keeping R
] E

cdonstant, and equating the derivative to zero. This results in

R =R and V =3 volts with a 6 volt battery as the power source.
| ‘3 E

With graphite tipped electrodes, RE was of the order of 50 mQ.
Using a ballast resistor of similar resistance would yield a
circuit current of 60 amperes. Increasing the current beyond this
value by geducing}%he ballast resistance will reverse the effect
of current and make the voltage pulseg smaller. In fact, the

recommended maximum current would be one third of this wvalue

because: ‘ , .

A e - ki - e r————— .~ e ¢ [—
B ok, . s P
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i, it is desirable to have as low a DC component across

the electrodes as possible; preferably not more than 1 volt,

ii. because of diminishing returns, as can be seen in
Table 11-(B), there 1is no significant gain in detection 1limit
beyond an applied current of 20 amperes which coérresponds to
R =5R for R =50 mQ.
B e E
With metal electrodes, or with additional signal detecting
electrq@es inserted into the Sath, much higher currents could of
course be used before ballast resistance reaches the above limit

of 5xRE.

Another restriction to the current 1is the possibility of
/

excessive heating at the orifice. In view of the short residence
!

times, 10-40°C/ms was considered to be a moderate rate of

temperature rise and, cor#esponding currents were used for the
/ ,

orifice size at hand. Rate of temperature rise is given by:

aT/dt| = B /8C ‘ (28)
te8 ] P

where the numerator is the volumetr}c rate of heat evolved by

Ohm's law (pe=l.4x10-° Q.mm (69)) and the denominator is the
ofdey

volumetric heat” capacity of  steel, 5.6x10°* J/mm3.°C (80).

Calculated temperature rise at the orifice exit for different

orifices and currents are shown in Table 10 with tolerable levels

®

underlined. \ ,
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Table 10
Q\b//nates of Temperature Rise at Orifice for Given Applied Currents
Moderate Values are Underlined.

Current, amperes

Orifice
Diameter 5 10 20 40
-\ o - -
#m Rate of Temperature Rise, °*C/ms
200 6 25 100 400
300 5 20 80
; 400 6 25
‘ 500 10
‘ v
600 5
— .
, )
§7.1
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Table 11 i
Minimum Detectable Inclusion Sizes using Different
Electrode Arrangemets.

i

(A) Extra Signal Detec&ing Electfodes, R is Neglected /
‘ \\

Current, amperes

Orifice

Diameter 5 210 20 40
um Minimum Detectable Particle Diameter, um
200 ., P 15 12 10 -
300 21 17 13
400 ' 31 24 19
500 41 33 26 .
600 42 33

(B) Graphite Tipped Electrodes, R = 50 mQ
B

- kS N

Current, anggres<

Orifice
Diameter - A0 20 40
sm Minjnum petectable Particle 5ian?ter, A ’
200 16 12,6 ~ 10 .7
300 22 18 18
400 32 26.5 26
500 . 43 36 3s
600 55 46 45
57.2
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In the steel experiments, it has been possible to aqgain a
noise level as low as 5-10 microvolts by proper shielding and by
the °e1im;nation of magnetic and mechanical disturbances. This
enables the selection of 20 microvolts as the pulse detection
limit with a signal to noise’ ratio of 2., Minimum detectable

inclusion sizes can than be calculated by use of eqguation (9) at

_the recommended operating currents and are given in Table 11. On

the same table a comparison is also made to show the effect of
electrode resistance on the detection limit, which becémés
increasingly important at higher currents. In Table 11-(B), for
the purpose of calculating minimum detectable inclusion sizes,
the total resistance across the electrodes is obtained by adding

%
a calculated orifice resistance (0.5 mm long) to RE,

e

~

} . . U
7.5, Estimation of the Level of Required Conditioning Current

The net effect of tEe "conditioning current” is the
iﬁtgnse, localised generation of heat at the orifice. For a
300 micron orifice, 200 amperes was found sufficient for
aluminum (53), and 150 amperes for. steel, in helping to reach a
steady baseline. This, in turn, corresponds to heating rates of
approximately 800°C/ms and 1100°C/ms respectively. Assuming a
heating rate of 600-1200°C/ms as necessary for conditioning,
required currents for various orifice diameters have been

calculated using ‘equation (28) and are shown in Table 12.

et e e e - ——————— w Ty g et -



e VO

e s

Table 12 .
Required Conditioning Currents to Aid the
Attainment of a Steady Baseline in Steel

- Heating Rate
Orifice [
Diameter T _600 [ 1200 °C/ms
um Conditioning Current, amperes
200 s | 70
300 110 | 155
400 , 200 ' 275
500 300 430
600 440 \_ 620

LR e v st e g o+ W
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8. DISCUSSION I: ANALYSIS OF ERRORS ?

In the following sections, analysis of systematic (orifice
expansiyn) and random (sampling = and coincidence) errors
associated wvith the particle counts of the system so far
éescrib;d is discussed from a number of perspectives. To provide
a working basis for the error estimation, the first section is
devoted to the estimation of the likely size distribution of

. v
inclusions in steels of varying cleanliness.

8.1. Range of inclusion Size Distributions in Molten Steel

Extensive Tresearch has been carried out by Flinchbaugh
(44-46) and others (47-49) on the typical size distribution of
inclusions extracted from aluminum killed plain carbon steels. An
aqueous Coulter Couynter was used to size the extracted particle#.
Flinchbaugh's technigues apply to both micro-inclusions, within
the size range 3?40 microns, and macro-inclusions within
40-200 microns. His &esults showed that, on the basis of 250 g
samples taken from different batches of steel, all those

containing 50-70 ppm totai oxygen had similar size distributions

and when fitted into a power law relationship of the type

N = A d- (29)
4

4

wvhere NQ° is the number of inclusions greater than size 4 (per
gram) and d is the inclusion size (microns); similar constants

(A) and exponents (k) were found for the size region 40-200



microns. From his data an average value for the exponent (k) was

4.5¢0.5 and for the constant Log,,(A) was 8.5+0.9 within =2

standard deviations based on an analysis of five steel samples.
Closer examination of his data reveals a systematic

increase in (k) as defined by: o
k = -6 Log(N )/ 6 Log(d) (30)
a

with (d). A logarithmic plot of k vs. 4 shows a reasonably good
linear relationshipk suggesting a more general size distribution

relation of the type:

n
k =A d ’ 31

(. , (31)

Integration of equation (31) gives an exponential Qistribution of

the form

\ N =N exp(-Bd) (32)
] [}

vhere B=A,/n. Equation (29) is a special case of equation (32)

wvhen n=0. The exponent (n) is then a measure of deviation of the

gize di%}ribution curve from the pover lav. Exponent n=1 has also

been suggested in the literature (35).°

60
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To find a hypothetical distribution that is as close to
reality as possible, then: exponent (n) has been evaluated by a
least square fit from the logarithmic plot of k vs. 4. (B) and
(N,) are found by taking V,,=0.04xVf and N,,=20 vhere V,, .is the
volume fraction of inclusions greater than 43 microns and Vf is
the total volume fraction of oxides. ! The data used in this
analysis were taken from Flinchbaugh's report (45) and the
conversion of size distribution into volume fractions is
explained in Appendix II. The results are then extrapolated to
cover a size range of 10%2000 microns, ané the final distribution
is given in Table 13 and Figure 30. Figure -30 also provides the
original data points for which the analytical equation (32) was
made to fit. The 1lower end of the extrapolation gives éood
agreement with the measured values, a comparison being made in
Table I1.2. This then, is considered to be a likely distribution
of oxide inclusions for an aluminum killed steel containing 50-70
ppm total oxygen. It should be emphasized that this analysis is
not meant to replace the inclusion detiption technigques but
rather to give an order of magnitude analysis for the typical
number of inclusions ‘Ehat can be expected in real practice. Its
usefulness vill become apparent in the following sections, in

analysing the expected count errors associated with an electrical

sensing zone instrument to be used in liquid steel.

To estimate particle size distributions for cleaner steels,
the best ladle practices in Japan containing 10 ppm total oxygen
'is next considered as an example. A simple approach would be to

reduce the number of inclusions by a factor given by the ratio of
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Table 1

3.

Oxide Inclusion Size (Distribution of Steel
Containing S0 ppm Total Oxygen, Based on Equation (31):

Ny=14.3x10¢

Inclusion Number Greater than d per
Diameter, *
4, sm 9 kg ton 100 ton
10 2563
20 296 .
30 66
40 © 20
50 7327
60 3082
70 1397
80 687
90 358
100 196
120 66
150 16
200 2118
300 90
400 738
500 90
600 4
700 2.7
800 0.6
900 0.2
1000

61.1
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Figure 31 Plot of the oxide inclusion size distribution of
steel in Table 13, including the original data
points in ref. (45). )
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_ ‘Table 14
. Oxide Inclusion Size Distribution of Steel
Containing 10 ppm Total Oxygen, Based on Eguation (31):

o

n=0, 322
B=4.9

N,=14.3x10°¢

Inclusion umber Gr [
Diameter,
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e Table 15
Inclusion Size Distribution of a Steel
Containing 1 ppm O as A1203 and 1 ppm S as MnS Inclusions,
Based on Bquation (31):, .

i i N n-°o322 ' .
« ‘-5'6 -
N,=14.3x10¢ ~

.
.
-
- “

Inclusion Humber Greater than d per ‘ B o

Diameter, . . ‘ .
q, s 9 _kg ton 100 _ton vasvt

|*
-

10 114 , . 13.3 % -3.8 .
20 6 | 4.3 4.7 |
30~ 786 L 1.6 5.4 /
0 155 : 0.7 5.9
‘. 50 w0 0.3 - 6.3
60 12 .17 6.7
70 ' <09 7.
80 - : - 1582 .05 7.4
90 - " ' 652 . - 03 7.7
100 287 02, 7.9
120 65 Tt .007 8.4
150 . . . 9 .002 S.0
. 200 61 9.9
338 oo - 1 11.3
‘ j - -03 12.‘ :
500 - 13.3
600 ‘
700
800 : - Q | :
900 N . = n o
1000 . S R " L
(I
¢ R 1
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the total volume fraction of inclusions in both steels. This will
satisfy the mass balance requirement and effectively is egual to

the reduction of the constant (Ny) by that ;actor.( However, as

the steel becomes cleaner, the larger inclysions are remqw;d _

first. The net effect of  this is a general increase in the value
of (k). The value of (N,) 1is therefore assumed to remain
unchapged since the larger inclusions constitute a very small
fraétion of, theytotal number. Observations also support this,
when steel is mad; cleaner by electroslai remelting for instance,
similar or even increased ‘K1 values have been reported 1in the
refined product (20).

At some inclusion diameter (d') however, the number greater
{N@') will be reduced exactly by the volume fraction ratio of the
inc%usions. The new value of (B) is ’‘then calculated by taking
d'=10-microns. The exponent (n) is 1left unchanged as this only
gives ‘an  indication of the discrepancy from the power law
,diétfibuti;n. %he new size distribution is shown in Table 14 and
Figure 31.

\ .

Finally, an . aluminum killed "superclean steel", fi
suggested by Kiessling (28) to demonstrate the composite natur
of steel, containing 1 ppm oxygen as alumina’inclusions and 1 ppm

»

sulphur as MnS inclusions can be considered. This level of

cleanliness is quite impracticable to attain in bylk guantities
Al e

. by today's practices. The estimated likely inclusion distribution

is shown in Table 15.




PR

8.2. Effect of Sample Volume on the Accuracy of Results

If the inclusions are randomly distq@buted in the mglt,
then éoisson's distribution applies for the number of igclusions
in the samples taken. Accordingly th®n, the standard deviation of
the observed counts is given by the square roét of th; number
counted. As count rate.increases for: inclusions greater than a
ce;:ain size, the accuracy of the results also increases. A count
rate of 100 for instancé, gives ah estimate of the average number
in thes population to within 100220 with a 95% confidence limit,
Although in-‘the present experiments Sampfés of only 10 second
duration were taken, it is possible to add these so as to obtain

a larger sample volume which, in one aspiration, could equal the

volume taken by the sampling cell, 50 m¢ (350 g) with the present

probe. A recommended procedure might be to take 10 second samples

and add them if they contain no stray peaks, but only resistive

f

pulses. .

By taking a —360 g sample of éo ppm total oxyéen steel and
referring to Table 13, on averag;, 100 inclusions will be coﬁdted
of sizes greater than 90 microné giving a reasonably accurate
means for its assessment, and 10 inclusions greater than 150
microns‘and only 1 inclusion greater than 200 microns. For the
assesment of lgrger inclusions that might still exist in the
ladle, a much larger sample volume is needed. As ‘for the clean
steels and the §uper-clean steel it should, based on the
hypofhetical‘ distributions from Tables 14 and 15, still be

possible to detect inclusions as great ,as 110 and 70 microns



«

respectively. This alse illustrates, in an approximate way, the

measuring power of the instrument: no matter how clean the steel

is, there will still be a number of inclusions detected.

! A hd ’ s

Limitations of sample volume also apply to other me t hods of

inc}usioﬂ -measurement, particularly to those that débend on
surfacefexamination. The present instrument provides a 3';rder‘of
magnitude improvement in this respect. |

Using éhe hypothetical distributions from Tables 13, 14 and
;5, it is also possible to calculaéé the likelihood of corifice
blockaqe:for a given orifice diamet;r. For a 300 micron orifice
for instance, the chances of having)a particle greater than 300
microns in a 300 gram sample can be cal¢ulated as follows: Taking
th; case of 50 ppm total oxygen steel, from Table 13; the average
number 5f particles grgater than 300 microns ip a ‘300 gram steel
sample would be ¢=(300)x(90x10-¢)=0.027. The, probability of
finding jé) number of particles in a sample volume that contains
an avéragetof *(€) number of parpicles is given .by fhe Poisson's

distribution, which states that:

~ 3

. P(r) =¢ce /ot i : (33)

P

-

e -

Theréfore, the probability of not.finding the large particle is:

' .
0 R

P(k=0) = ¢ ¢ /O = e ' ' (34)

3

o, o e g e - .
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or of finding.it then:

]

1

P(r2l) =1 - e (35)

For the above example, this would be 2.7%.

s

The probability of blockage for other orifices and for the
three types of steel considered are given in Table 16. If an
ac¢eptable probability for blockage is taken as 1% and assuming//
that blockage occurs by the presence of a large single particlf/
rather than by the accumylation of small particles, then a 350
micron orifice is expected to perform well in an alum?hum
deoxidised steel, containing 50 ppm total residual oxygen. 1/

/

8.3. Systematic Errors Induced by Expansion of Orifice Apeﬁéure

A major source of error in particle size measurements was
the system;tic expansion of the BN orifice during sampling. Tﬁis
appears to be in the order of 20 microns for cast iron and
30 microns for a low carbon steel, be; aspiration. Only in one
experiment with a boron-silicon steellwas there no measurable

orifice expansion.

\

’

’

The effect of orifice expansion will be two fold on the
‘observed number of counts: the increased sample volume will tend

\ N 3 .
to increase the number of counts while the worsened detection

%
i

’ L4
dimit will tend to decrease it. An estimate of the error can be

made for a 400 micron orifice for example, that expands to

-
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Table 16
Probability of Blockage for Different Orifices
in Different Steels of Varying Cleanliness

N A e AT O A TN YA o £ g e

— .- Type of Steel

: Orifice
: Diameter Teble 13 , Table 14 Table 15
:f T ——— T S ——— e e R e Ramand
(-
. um probability of blockage, %
b ,
f 200 47 0.9 0.02
: 300 2.7 0.02 -
§
: ' 400 0.2 - -
: 500 - 0.03 - -
600 - - -
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430 microns at the end of sampling as follows: §

1. BError due to increased sample volume: the increase in
the observed counts from the true counts, i.e. the counts if the

orifice had remained at 400 microns, will be given by:

N = (430/400) N “36)

ob T

Nap!- NT + 0.15 Nr

2. Error due to not counting smaller particles: because the
detection limit of the instrument set for the smallest pa;i;ales
of interest will increase in proportion to (430/400)¢/?, there
will be less of the smaller particles counted at the Lower Level
of Detection.. Assuming that a power law relationship for the
size distributioa applies within a narrow range at £he average
L. L. D. of 20 microns, then from Tables 13-15, k=3.5-4.5. The

estimated decrease in the true counts will be given by:

-

; ’ 4’3 -k
N = {{430/400) } N ‘ (37)
ok’ T

N =N - (0.30 to 0.35) N

o ob T r
n . . s

Thus, the net effect of orifice expansion will be a 15-20%
decrease in the number éf total counts. Since the orifice expands

gradually, the actual net effect will be approximately one half.
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8.4. Random Errors

Random errors in the measuring system can arise from:

’ S

i, sampling errors
ii, coincidence effects \

iii, variations in metal flow rate other than that due to

orifice enlargement and variations in the current.

The first of these has already been dealt with in
Section 8.2. The second arises from the presence of two or ﬁore
particles in the sensing zone at the same time and has been
described in the literature in relation to the Coulter Counter
and other sensing zone instruments (81). So-called primary
coincidence occurs when two particles above the detection limit
enter the sensing zone at the same time, and are recorded as a
single larger particle, thus lowering the number of observed
counts. Secondary coincidence likewise occurs when two particles

below the detection limit giving rise to a detectable peak, thus

{

increasing the observed counts.
An estimate for the two effects can bé made using Poisson's

probability distribution and the size distribution in Table 13 as

follows:
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1. Prinar& Coincidence

Using a 0.4 mm diameter, 0.5 mm long orifice at a detection
limit of 20 microns for example, -.the effective volume of the
sensing zone may be calculated as ¢=0.063 mm? and the average
number of ~detectable particles in the sensing zone is then
¢=0.13. The probability of finding one or more particles in the
sensing zone is given by equation (35), and this is equal to the
probabilitf of having a resistive pulse at the orifice,
P(r21)=0.12. 1If particles appeared one by one, the probabiq;:}
of having a particle at the orifice would have be;n eqgual to (¢).
Since these probabilities are directly proportional to the
observed counts and the true counts respectively, the observed
counts will be reduced by:

A

N = [P(r21)/¢] N o (38)
- ob. T

‘N = N'- 0.06 N
ob T T
~N .

2. Sec{ndary Coincidence

Since voltage pulses are proport16n31 to the particle-
diameter ‘cubed, a particle with a diameter (1/2)1,3x20-16 microns
will pnéduce a pulse that is one half of the pulse produced by a
20 micron particle. Tﬁerefore, continuing with the same example,
vhen two particles within the size range 16-20 microns appear at
the same time at the orifice, secondary coincidence will occur.

?ﬁe average number of 16-20 micron particles at the orifice is

’
i
’
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¢'=0.15. The probability of having two or more particles within

that size range is then:

P'(r22) = 1 - P'(r=0) - P'(r=1) (39)
P'(r22) =1 -e - ce (40)
P'(r22) = 0.01 i |

A further refinement may be made by coniidering 3 or more
particles in the size range that give rise to 1/2 to 1/3 of the
minimum detected pulse (16 to 14 microns) and so on. The

yprobability of this second order effect can be calculated to be
P'(r23)-0.9005 and becomes insignificant at higher orders. The
sum of ‘' these probabilities give the probability for secondary
coincidence:

[N

/;)P(S.C.) = P'(r22) + P"(r23) + ... (41)
_The secondary coincidence effect on the observed counts is then:

N =N + [P(S.C.)/¢] N ' (42)
ob T T

N = N + 0,09 N
ob T T

\\\\\~§or the case considered therefore, the net effect of

primary and secondary coincidence will be a 3% increase in the
observed counts. The effect will diminish as a steel becones
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cloahe;. Por the 10 ppm total oxygen steel jn Table 14 for
instance, the net increase in counts because of coincidence would
be 18, and for the measured size distribution in Figure 22-A,
‘pproxinately 2%, assuming a moderate concentratiop of 40
inclusions per gram in the size range 21-26.5 microns.'

"In order to be able to estimate secogaary coincidence
effects, an estimate of inclugion concentration below the
detection limit is necessary. Size distributions in Tables 13 and

14 therefore provide a convenient starting point to give an order

of magnitude values for the distribution of alumina inclusions in

different steels.
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9. DISCUSSION I1: GENERAL CONSIDERATIONS

In this chapter, the major problems that have cbeen
encountered during particle detection experiments in steel baths
and the possible causes for these are discussed. Basically an
attempt is made to illustrate the related phenomena that are

interacting to possibly produce the observed difficulties.

5\ ’

9.1. Potential Vaporisation / Cavitation of Melt during Use of -

Conditioning Current

-

"Cavitation" as a term is primarily used to describe the
ejection~ of gas phase from a liquid as a result of, pfessure
reduction (82). ‘Reference has already been made in
Subs;ction é.2.2 to the possibility of cavitation in accounting
for the difficulties observed in cast iron. A close examination
of the sensing zone environment reveals a number of other'factprs

4

that can lead to this phenomena.

9.1.1, Effect of Velocity‘Distribution. on Heat Dissipation in

the Electrical Sensing Zone

Figure 33 shows the effect of 150 amperes of conditioning

currerit on a 300 micron diameter, 0.5 ﬁh‘ long orifiée, where

average residence times and temperatures of molten iron over a
cross-section at the entry, middle and exit of the orifice are
superimposed. Although the flow is laminar, it will not be fully

developed and a centerline velocity at the exit for L/D=1.67 can

"

]
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be calculated to be 1.25xU=2.0 m/s’ (83). There villlnévetheiess‘
be a radial ve}ocity gr;dient and this will be more pronounced
tovards the exit. As a result, because of the increased
resideace time, fluid near che orifice wall will be heated up
conside{?bly more than éhe, a@egage over a given cross-section‘

perpendicular to the centerline flow.

9.1.2, Effect of Electric Pield around Sharp Corners

L
[

The artefact peaks observed in ‘the Coulter fype counters
boéause of off-axis trajectories have prompted researcher;. to
investigate the ,vafiption in electric potential gradient at Qn
orifice mouth (B84,85). Botﬂ experimental and computational
results indiqate~a sharp increase in the potential gradient near
sharp corners which theoretically becomes infinite at the edge of
a 90° corner, The computational results of Wilson (85) for
b§ve11ed edges with 135° corners, which are geometically similar
to ‘the countersunk BN orifice used, predict two to three-fold
increase gn - the value of total‘ potential gradient near the

4 Y

corner. Since the volumetric heat generation is given by:

S=E/0 ~ (43)

'
+

)

this would reflect a-. 4 to 9 fold increase in the rate of

temperature rise near the'ppripheral_edges of the orifice entry

. and exit.

N
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9.1.3. Pinch Effect a,

-~
-

3 ) , -

'rh'e, "pinch effect™, is an electromagnetic phenomenon
observable at’ higl’i currernt dgnsities' vhen the 1loop component of
the_ magnetic field ,generagea .by»fhé curr;nt itself exerts a
‘radial compressive pressure to the current carrying medium. The
'pressuté inc;rqease.s i;lbng radial direction towards center and its
value at the gprface'ofka cylindrical conductor can be shown to

be: ’ N @

[ X}

2
P" = B /2 (44)
’ . .

S0
]

-

vhere,"B. is the magnetic flux density at the surface and u, is the

- permeability of the free space (85). Magnetic flux density is

r

related to the total current flowing through a cross section by

‘the integral result of Biot-Savart law: y

)

. B = ul/sD : L (45)

4
5

. for cylindrical conductors, vhere-x is the permeability of molten
-iron which is approximately the same as that of the free space:

p=4¥x10-’ H/m. Using equations (45) and (44) and Table 12, pinch

pressures can be caicul‘qted for the suggested conditioning

currents and are given in Table 17. The effect becomes more
. ¢ M—
pronounced at larger diameters because the suggested conditioning

currents increase in proport.ion to the. square of the orifice

diameter. B

4
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- Table 17 ,
Order of Magnitude of Pinch Pressures .
for the Suggested Conditioning Currents in Table 12

Heating Rate, °C/ms

Orifice ..
Diameter ) 600 . 1200
um Pinch Pressure, kPa
200 4 8 .
300 9 18
400 16 ;32
00 2 ' 50
el 5 5 l/ -
v ‘ 600 36 72
)
. -t i 3’
P' = 4{2x10 /%) 1 /4 Pa .

Vi
Becguse current densities used in equation (28) to g:iimate the
| rate of temperature ‘rise are proportional to 12/d%, pinch
; pressures increase in proportion to d2.

-
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The total pressure within the fluid at a point will then be
the sum of the hydroGtatic pressure and dyngmic pressures and the
pinch preésure, vhose net effect will be a state of compression.
Consequently, at t@e surfacea the fluid will tend to break away
from. the orifice wall and this will happen when the pincﬁ

pressure exceeds the hydrostatic pressure,.
9.1.4. Lowered Hydrostatic Pressure at Orifice Exit

Because of the laminar nature of the flow, the jet at the
orifice exit may recover some of its specific kinetic energy
before it finally dissipates into the surrounding fluid of
preséure P,. Therefore, the exit pressure of the orifice may be
lower than P,, but not less than (P,-pu’/291~or/apprgximately 2AP
gauge vacuum, assuming that all kinetic .;;ergy at the exit

recovers to pressure energy. The net total mechanical energy

loss of the fluid in going from 1 to 2 is Ef=(P,-P,)/»
9,1.5. Formation of Gaseous Reaction Products

Possible formation of CO from the reaction of solute carbon
and a silica particle has already been discussed in the
Subsection 6.2.2. A likely place for the nucleation of a gaseous
product would be the high temperature, low pressure region of the

5

orifice wall, particularly towards the exit.
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‘It has been suggested that thére ,are 10% * to 10 oxide
inclusidns in a, gram of steel (17), which give§ a mean particle
disésnce of 100 to 25 microns respectiéel& between inclusions.
}Qis' gives sufficient opportunity ‘for aasorption of
subm;croséopic inclusions to the orifice wall, provided that
surface conditions are favourable. . -- .

e \ ! \\\

If ééseous reaction products nucleate at the orifice\wall,
they may then grow into gas poqket§ at the éxit edge. Anyveruced
cross sectional area of the fluid would inbreése the [pinch
pressure to allow for further expansion ~of the gas pocket< Also,
becauge of the increased heat towards the final snap, one can

speculate that more iron and other solutes will evaporate to fill

the gas pocket. Once separation occurs, surface tension will try

to keep the new surfaces seperate.’

s -

9.2, Baseline Instabilgty

-

v " .

Baseline inspability proved to be a major difficulty in the

development of the instrument. It appeared as oscillations and at

vorst as spikes and random noise, Coe

~

9.2.1. Oscillations

.
!

~

Thege appeared sométimeéiin éaqt iron -and at a céitical
velocit} in.ﬁercury experiments./The vefi regular nature of these
oscjllgtidqs-suggeqts that, an explanation should be possible. If:
the criticaivfiovrate in mercury corresponds to the formation of

A ] N -
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a circulating eddy at the orifice entry, this will provide a
radial, cross-stream, up and down motion which cuts the loop
component of the magnetic field and hence will give rise to an
e.m.f, on either side of the orifice. Taking the metal velocity
as 1 m/s, the ‘periqd of the oscillations will be i ms. This
hypothesis correctly predicts\the frequency and direction of the
e.m.f.'s and explains why \he ‘oscillations dissappear when
current is turned off; however,‘it does not give a good value on.
their magni?ude: referring to Figure 34, if the metal velocity
within the eddy is 1-10 m/s, the maximum thickness of an eddy
would be approximate}y 100 microns, so that for 20 amperes
passing through a 300 micron orifice, Bmax is 0.03 wb/m?, then
the e.m.f. generated will be 10 microvolts maximum, assuming that
a mass concentration exists within the eddy in order not to be
~ self cancelling. The observed magnitude of the oscillations on
the other hand were hundreds of microvolts and a similar
transition aiso occurs in water where the self generated magnetic
field of the current would be negligible.

Another hypothesis that has been suggested‘is EPQ periodic
slip of the fluid at the orifice wall near entry because of a

recirculating eddy, yhereby momentarily reducing the orifice area

(87).
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Figure 34 Generation of e.m.f. by ar culating eddy
\\\\ at the orifice mouth.
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9.2,2. Spikes and Random‘Noise
Figures 22 and 35 show éxamples of "spikeg" and random
noise. Thé spikes occured in the positive direction and were
usually accompanied by an unsteady current. Their presence
indicated that something was seriously wrong at the orifice or at

the tips of the electrodes.

Random noise,‘ such as is shown in Figure 35-(A) could be
the result of a switching action in the electrical line.
Fortunately the high frequency goise of the type shown in
Figure 35-(A) does not activate the pulse detector so’that is fot
counted in the MCA. ' ‘ ‘

A complete loss of current, or vhen current drops to less
than about 10% of }ts nominal value, vill produce an oscilloscope

image of the type shown in Figure 35-(B).

9.3, Brosion of the Boron Nitride Orifice | , :

Since boron nitride is soft and susceptible to oxygen, its
deterioration could be the result of both mechanical and chemical.
erosion. However, the fact that at least in one experiment with
boron silicon steel containing some amount of aluminum there was
no measurable orifice expansion suggests that chemical erosion is

the more important mechanism. The dissociation of BN in molten

-
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Figure 35 Random . noise. (A) High freguency noise

possibly

generated by switching action in the_electrical line.

(B) Oscilloscope display when current
because of imperfect electrical contacts.
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A
iron will be largely determined by the folléwing reaction:

2BN +50=2B0 + 2N (46)
a s
Thus chemical’'erosion depends on *the dilsolved nitrogen and
oxygen contents of the steel., Carborundum's grade HP BN is stable
to >2775°C under neutral or reducing atmospheres. Hence,

dissociation by way of the reaction:

BN = B + N ' (47) Z

is less likely. Under oxidising conditions, the manufacturer's
recommended uppef temperature limit for use of use is 1200°C. Its
rate of dissociation most likely depends on the oxygen potential

and the temperature of the system.
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10. CONCLUSIONS AND CLAIMS TO ORIGINALITY

This is the first time inclusions have been detected and
counted directly in molten steel and cast iron on a one to one

basis. \

The detection method used is based on resistive pulse
counting of individual samples passing through an electrical,
sengsing zone, commonly known as the "Coulter Counter" in agqueous
nedia.' Potential.use of this method can provide an accurate and
rapid means for steel cleanliness to be measured in its final
stages of processing before solidification. This implies a

chance for corrective actions to be taken in production.

To date the instrument has been developed to perform
satisfactorily  ,for 1low temperature alloys of iron. Further
development of the sensing zone, particularly with regards to
orifice shape is expected to be important for the stable
operation of the instrument. Orifice enlargement seems to be the
major area that will need improvement, either by the use of

special refractories or by some sort of real time signal

p}ocessing to compensate for the effect of orifice expansion.




APPENDIX 1
RESISTIVE PULSES CAUSED BY PARTICLES WITHIN AN ELECTRICAL SENSING
ZONE

DeBlois and Bean (59) have shown that for small particles,
a8 relation first proposed by J. C. Maxwell (88) can be used to
derive an expression for AR. Maxwell showed that the effective
resistivity of a conducting fluid containing a dilute suspension
of insulating spheres can be expressed as

Y

» = p (1 + 372V + .,..) (48)
eft e 4

where Vf is the volume fraction of the spheres. For a cylindrical
sensing zone of length (L), and diameter (D), filled with a fluid

of resistivity (»), the resistance is:

R « o L/A = 4» L/aD" ' (49) 1_

When a spherical particle is introduced into the sensing zone,

its voluse fraction becomes:

V =V /v = (vd’/6)/(aD L/&)

14 sphere cylcngct

V = 2d/3DL | . (50)
H

Substituting (49) into (47) into (48) gives the resistance
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(,_ of the sensing zone with the particle in it.
3 3 3
R = (&/9)(p L/D )(14d /DL + ...) (51)

o1 .

Subtructing (48) from (50) gives the desired expression for

AR
3 4 I
AR = &p 4 /vD - (2)
o .
(’
-»
s
\ +
\
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APPENDIX 11

o

MATHEMATICAL DESCRIPTION OF INCLUSION SIZE DISTRIBUTION WITHIN
STEEL MATRIX )

I1.1, Definitions

In general, there are two ways to describe particle size
distributions: frequency distributions and cumulative ’

{ .

distributions.

A histogram or a bar chart is a fo:i of frequency
distribution where number of particles within given size
intervals are plotted against particle size in the form of
rectangles. whose lengths represent the frequencies and whose
widths represent the size interval. In the limiting case when the
interval becomes infinitely small, a continuous Eurve is obtained
and the vertical displacement on the frequency distribution at a
given particle size is then termed particle population density at
size (d). For inclusions in steel, this may conveniently have the

units of g-'.um"!, The value of the particle population density

"which refers to the frequency of particles at size (d), may

physically be interpreted as the number of particles, per gram,

‘in a size interval of 1 micron at size (d) had the freguency

remained constant in this interval.
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A cumulative distribution on the othér hand, refers to‘the
number, volume Ot.mass of particles less or greater than a given’
size in a givgn population. Since nuntbers greater than a certain
size is of particular interest, tge latter éonvehtisn is adapted

for 1nclu51ons in steel. Vertical axis in this case, may have the

‘un1ts of numbers per gram or parts per million by volume.

I oy

Figure 1.1 schematically shows and compares . the two
distribution curves. Frequency for a g1ven interval from d™to,
d+64 is equal to N(d)-N(d+6d) on the cumulatlve distribution
curve. D1v1dlng this by the jhterval 6d gibes the particle
bopulat:on dens1ty at size d, in the limi; when 64 goes to-zero.

Hence:

N = -(N - N )ssd
4 to desa " deéd a

- -(52)

The minus sign arises because number of inclusions greater than

L

size d is considered.

. A similar atgumgnt,applles also for the volume fraction
distribution of  inclusions. The noxatxon used for the size
distribution variables are included in ;he list of symbols. ND
and VD are therefore related to the density functions by the

folloving equations:

-

f'n ¢d: or ‘R = &N /64 ~ (53)
4 a . a a . ' )




rr

o

$ 4

B
L .

Hypothe't;icai size distribution curves illus-
trating the relationship between cumulative (A),
and, frequency (population density) (B) distri-
bution. )
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vV = J v sd or V= -6V /64 (54)

11.2. Conversion of Size Distribution into Volume Fraction
Distribution

AN
This is important ip performing a mass balance on a given

‘
a8

size distribution data. The binding relation is:

.
~

3 > . .
VvV = (wd /6) R ‘ : (55)
d a

which states that the volume fraction density at size d is equal
to the volume of 1inclusion times the number of inclusions at
size d. L

I1I'.3. Conversion of Chemical Analysis into Volume Fraction of
Coanituent’lnclusions

« v

Since oxygen and sulphur are virtdally {nsoluple' in steei
at room temperature, anyktota% amount éivep_uill represent the
amount bound by inclusi&ns. Frém a knéwleagej of consgituent
inclusion stoichiometry and its density, volqme fractions can be
obtained by:

V = (volume of inclusions)/(volume of steel) (56)
f

T
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for a unit mass of steel:

M.W. of inclusion

v = | o wt fraction of O or S} + »
incl incl

M.W, of bound 0 or §

for a unit weight fraction of oxygen and sulphur then:

Y M.W,

Fe inclusion

vV = . (57)

S

» M,W.
incl bound 0 or §
Table 11.1 gives a conversion of total oxygen or sulphur
values (ppm) into volume fractions of typical inclusion phases
encountered in steel.

"

I1.4. Calculation of the Conktants in Equation (32)

. ]
The size distribution used was:

N =N exp(-Bd) (32)
a [ ]

Value of n=0.322 was found from ‘a least fit of LJg(k) vs.
Log(d), using Flinchbaugh's data (45). Again wusing his data:
N, ¢=20 per gram, V,,=0.04xVf and V{=212.5 ppm for 50 ppm total
oxygen; values of B=4.1 ‘and Ny=14.3x10¢ are calculated.
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Table II.1
Conversion of Total Oxygen and Sulphur, ppm
Volume FPraction of Inclusions Vf, ppm

L]

1 ppm vithin constituent

of inclusion M.W, density

kg/m?3

0 Al,0, . 102 3900

$i10, . 60 2800

" MnSio0, 132 3500

Mn,SiO, 202 3500

Al,0,.5i0,, kyanite 162 3247

3(Al,0,).2(8i0,), mullite 213 3156

s " MnS £ 87 4000

MnS, 119 3460

85.2

vE

ppm

4.25
5.22
6.08
7.03
5.06
5.06

5.30
4.20



in Tables 13, 14 and 1?.

Conversion of size distribution into volume fraction distribution

is made in the following steps:

R = -6N/6d = nBd N (58)
, L} 4 d
’ 3 n-1}

V = (vd/6)  nBd N (59)

[] P a y
- 3 n n-1

V = (u/6) N I d exp(-Bd ) nBd  &d (60)

.| [ . |

\

\ 4 .
provided V, ,,, i8 negligible extrapolation to d=« does not cause

n n-1
a serious error, Substituting Y=Bd and §Y=nBd 6d:

3/n J 3/n .
) Y exp(=Y) 6Y (61)

V = (s/6)(N /B
// a ' Y
. “ _ . ,
& 3/n J 3/n J 3/n v
V = (e/6)(N /B )| Y exp(-Y) 6Y - ) ¥ exp(-Y) &6Y]

4 L] [

(62)

The' definite integral on the left has the value (3/n)! (89).

Therefore:

‘ . 3/n I' 3/n
V = (5/6)(N /B M {3/n)! - Y exp(-Y) 6Y] (63)
-] ¢ [ ] o

\

for 3>10 microns. The definite integral inside the brackets can

nov be numerically integrated. This equation is used to find a

value for (B) by trial and error and to find the volume fractions
N v

[
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I1.5., Comparison of the Lower-end of the thraﬁolation in

Bquation (32) with Measured Size Distribution Data k\

Figure II.2 shows frequency (p;pulation density)
distributions of oxide inclusions extracted from aluminum killed

steels (46). In these figures, population density is defined as
N' = &N /&Log(d) per gram (64)
a ]

Using relations (52-54), a frequency distribution is
calculated within lovnicron intervals and a total oxygen value is
evalua;ed fof each measured distribution. The results are
compared with the calculated values from equation (32) in
Tables 11.2 and II.3. 4

&

As can be seen from the tables, agreement with 50 ppm .
oxygen is gquite good. At 10 ppwm level however, the indication is
that' more of the 10-40 micron inclusions are removed and the

population density decline is not as steep.

t
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’ ( Comparison of the Freq

)

Table 11,2

uency Distribution of 1

nclusions

in Bxperimental Aluminum Killed Steels, Figure II.2
and Equation (32)

Total Oxygen
Size Range
am
40-30
30-20
20-10-

‘ 10-§

e s T, RUEYLe O S bt G b g I

P

s A e

5-3

R s

- e S PRI 35

Total Oxygen
Size Range
e
40-30
30-20
20-10

10-5

O | 5-3

(A)
100

8o

9680

11000
-2500

Commercial Al-Killed Steel

(B)
50

Experimental Aluminum Killed Steels

()
30

number of. inclusions

30
250
2420
9500
7300

Table 11.3
Comparison of the Frequency Distribution of inclusions
in a Commercial Al-Killed Steel, Steel (D) from Figure 1.2

24
142
2170
7500

13200

and equation (32)

15

per gram

Eguation (32)

10

50

46
230
2267
11830

pp®

< o

number of inclusions per gram

3

5

82
2250
16000

87.2

5
33
471

Equation (32)
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400 micron orifice. R

Associated 10 second counts on the MCA after aluminum
addition, ca. 13 gram steel sample.

22-A Size distributiop of inclusions 1in a silicon boron
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steel after 0.1% Al addition. Calculation is based on
the MCA image in Figure 22 and conversion from
resistive pulses in microvolts to particle sizes in
microns is made via Figure 3-A.

Orifice Stability after the silicon-boron steel
experiment with aluminum addition.

Microstructure of the 3% Si, 5% B steel after 0.1% Al
addition.

Unstable baseline, (A) upward spikes -usually
associated vwith unsteady current, (B) oscillatig
baseline. ‘

Baseline oscillations in mercury associated with high
flow rate.

Cross-section of a 300 micron orifice, flame drillLd
and polished into the side of a Kimax culture tube as
used in LiMCA measurements. -

Free energy change associated with tht reactién (15).

A typical resistive pulse signal obtained yhile
aspirating cast iron through a 300 micron orifice and
passing a cuurent of 20 amperes.

Skewed pulses “obtained with a sharp edged entry and
the effect of background noist during initial filling,
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I1.1

I11.2

Plot of oxide inclusion size distribution of steel in
Table 13

Plots of inclusion size distributions of steels in
Tables 14 and 1%

Heating effect of 150 ampere conditioning current on a
300 micron diameter, 0.5 mm long orifice.

G&ﬁ ration of e.,m.f. by a recirculating eddy at the
orifice mouth. )

Random noise (A), complete loss of contact (B)S

Hypothetical size distribution curves illustrating
the relationship between freguency (population
density) and cumulative distribution.

Measured frequency distribution of inclusions in
various steels. '
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