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Inclusion content of a steel ha. heen cloa.ly linked to th. 

quality of' its product. In evaluatinq steel Quality, ._phasis has 

been ahifting recently tovards usinq partièle size distributions 

of inclusions and concentration of inclusions a~ve a critical 

aize rather than total inclusion contents as a measure of steel 

cleanlineas. 

In the vork preBènted, an instrument that detects and 

counta inclusions gr •• ter than about 20 microns in molten iron on 

a one to one basis has been developed and tested • The method 

~.pend. on an electrical sensing zone principle (or the resistive 

pulse techni~ue) to provide both concentration, and particle size 

diatribution"of suspended inclusions, throuqh direct s.mplinq of 

th. aolten .. tal. 
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La proportion d'inclusions contenue dans un acier a 't' 

.. corrélée de façon précise à la qualité de son produit. R'c ...... nt, 

l'éval~ation de la qualité d'un acier s'est tournée vers l'étude 

de la distribution de taille des particules et ver. la 

concentration des inclusions plutot que vers le contenu total en • inclusions comme mesure de' la propreté d'un acier. 
" 

Dans le présent travail, un instrument capable de détecter 

et de compter les inclusions supérieures à 20 microns une par une. 

dans le fer liquide a été dévelOPpé et testé. Cette M.thode 

utilise le principe d'une zone sensible au courant électrique 

(techniwue du pic de résistivité) et détermine à la fois cla 

concentration, la dimension et la répartition des inclusions, et 

ce à l'aide d'un échantillonage direct du .étal en fusion. 
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1. INTRODUCTION AND BACKGROUMD 

1.1. Classification of Second Pha'se Particl~s ,in Steel 

Second phase particles are so much a part of 8 steel matrix 

that because of their inevitable presence, steel i s best 

described as being a composite product. For the purposes of 

~~~lassification however, second phase material bas three entry 

points into the product matrix: 

.... 

1. primary Products; This refers to the formation or 

entrainment,of second phase particles when the steel is molten. 

Many of the non-metsll ic inclusions are formed at this stage. 

Schematically, inclusions form in situ as a resul t of 

de-oxidaÙon following the steelmaking ,operations. When the 

de-oxidiser lS added to molt~ steel, it has a higher affinity 
/ , 

for oxygen than Ijquid iron, and consequently removes ~uch of the 

dissçlved oxygen by forming seçond phase oxide precipitates. The 

re~ulting i~clusions are then said to be indigeneous. Exogeneous 

or 'formed out of' products, ,on the other hand, include entrained 

particles from 'eroded refractory or mixed~in·slaq. R~cently, the 

entrainment of mold powders in molten steel during continuous 

casting operations have been receiving particular attention (l~. 

2. S~condary Precipitate$: Solid iron dissolves negligible 

,all\Ounts of, oxygen and sulphur. Thu5, prec ipi tetes of these ari ~ 
, ~ 

be,cause of solute enrichment during sO,lidification, when the 

balance of oxygen 'and sulph';lr are converted into ,non-metallic 
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oxide and sulphide particles. 

3. Tertiary Precipitates: These can occur during the 

transition of austenite to ferrite when, the 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 ceme.ntite by wey of 

eutectoid reaction could'be cited as an example in this cless of 

precipitating compounds. These can often be metallic in 

character. Other precipitates such as aluminum, titanium, 

vanadi um and n iobi um carboni tr ides are usually' very fine and gi ve 

rise to improved mechanical properties as a result of their grain 

.' refining action. Unlike primary in~lusions, their presence is 

desirable and their controiled precipitation is the subject of 

much research (2,3). 

J 
Hence, from the foregoing, an inclusion may De de~iQed as 

those second phase particles which are non-metallic in character, 

and vhich usually have deleterious effect<on the mechanical 
-. . 

propertles of steel. An el uc idat i on of 'thi s def ini t ion in 

relation to other second . '. phase particles~ IS glven in Table 1. 
, 

Because of their importance, inclusions and 'steel cleanliness' 

have been the sUbject of a number of SflDposia and 

conferenc~s (4-11). 
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Tapl-e 1 
S~con~ Pha.e Partiel •• in Steel and Definition of Inel~.ion 

Priaary Partiele. 

Tho •• that form in liquid st •• l 

S.c~ndar! Partiel •• 
\t--.. 

Tho •• that ~eeipitate from 
super.aturated liquid during 
solidification as a result of 
solute enriehaent. 

Tertiar! Partiel.s 

Thos. that preeipi~ate from a 
supersaturated solid solution 
durin9 aUltenite to fe~rit. 
transition 

f 

2.1 

inclusion 

is a primary or .econ­
darf partiele greater 
than a critical 1ize 
that have ~etri.ental 
effect on properties 

. ... 
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1.2. De-oxid.tipn and De-Iulphuriaation of ~t.el 

Molten iron dissolves a significant amount of oxygen: 

2100 ppm in equilibrium with vustite 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 5xlO- i atmosp~eres at the melting point of iron, 

1535°C (12). ,ln the absence of other solutes, aIl dissolved 

oxygen and, sulphur converts to secondary precipitates of iron 

oaides and iron sulphides during solidification. Wustite (FeO) 

separates first, while sulphur remains untii _ the stoichiometric 

composition of FeS is reached in a final film of liquid around 

the dendritic grains of irone Both-precipitates then sOlidify, at 

1310 and 1195°C, respectively (13) . 

Liquid steel containing dissolved oxygen and no deoxidiser 

agents mey therefore be considered 'clean' until it starts to 

sOlidify. Solute enrichment of oxygen, together with residaal 

carbon and other solute elements, then results in the formation 

of pinholes, blowholes and other secondary precipitates. The 

purpose of de-oxidation and de-sulphurisation is to remove the 

ma.jor part of any dissolved oxygen and sulphur by forming sec on" 

phase particles and,then removing these from the molte~ steel by ,. 
flotation or entrapment to the refractory lining walls of the 

container (e.g. ladle). 
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Continuous casting requires steel to be wkilled w for the 

operation to be sueeesful (i.e. break-outs). The ever increasing 

ule of continuous casting, even for sheet products vhich in the 

pest have traditionally been manufactured via semi-killed ingots 

for ensuring good surface quality, means that almost aIl bulk 

steels currently being manufactured are eomplet-ely deoxidised. 

This deoxidation i5 effected in the ladle, first by additions of 

manganese and silicon vhich bring the dissolved oxygen content 

dovn to about 50 ppm, 
) 

and then by additions of a stronger 

deoxidiser such as aluminum reduce oxygen even further, to a tev 

ppm. The total oxygen content of a steel is hovever, 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 ladIes, atmospheric oxygen can dissolve in 

molten iron and react vith 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 aIl oxide inclusions encountered in solid steel come from 

prilRary sources. 

As for desulphuri~ation, 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 mo1ten iron in the 

torpedo car, where 'lov' temperatures (1350·C) and a reducing 

environment (high carbon) are thermodynamically mo~e favourable 
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for 8ulphide for .. tion. Desulphurisation i5 often carried out 

uling povder injection of desul~hurisers such as calcium carbide, 

CaO-CaCO" Mg etc. Wire injection of desulphuriser metals such 
• 

as magnesium is a1so being tried in North America, and recently 

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

If hot metal is not treated for sulphur prior to 

steelmaking, some sulphur r.moval can still be effected in the 

tonverter. Untreated steels in ladIes then typically contain 300 

ppm of sulphur. Most sulphides form as secondary precipitates 

and, if some form of modification 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 

attenua ted. 

Althou9h a moderate level of sulphur is permissible for 

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

grades !Juch as 

notch toughness 

cold weather pipeline steels, where 

requirements for low ductile/brittle 

(stringent 

~r.anSi t ion 

temperatures and high upper shelf energies are required. For 

these steels, current sulphur levels are kept below lO~Ppm. 

Because of the possibility of sulphur pickup from 
, 

carry-over converter 5lag, this level of sulphur is not obtained 

directly in the hot metal, but the final lovering of sulphur ia 

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

5 
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Desulphur i sat i-on in the ladle i s more di ff icult than deoxidat ion, 

since elements having an affinity for sulphur have an - even 

greater affinity for oxygene Japanese and West German steel 

companies vere among the first to initiate povder injection for 

the production of extra lov sulphur pipeline grade steels. To 

effect this, steel is first strongly deoxidi~ed under a reducing 

basic slag, after' vhich injection of strong desulphurising 

povders, such as calcium silicide in the T. N. proce5s is 

performed vith subsequent mixing by argon stirring for periods of 

up to 30 minutes (15). Dissolved sulphur can combine directIy 

vith the desulphuriser or exchange places vith oxygen in the 
........... 

deoxidation products. 

A sulphur probe like an oxygen probe to measure the 

di$solved sulphur content vould have been very useful in this 

respect. Hovever, a solid sulphide electrolyte, stable et 

steelmaking temperatures and its envi ronment , and selective to 

dissolved sulphur atoms, 1s yet to be discovered (16). 

The foregoing remarks imply that Any extensive 

desulphurisation results in the presence of primary sulphide 

., inclusions. Any such sulphide particles remaining in the liguid 

can affect a steel's pe~formance for certain applications. As 

such, their detection, along vith oxide inclusions, is needed for 

quali ty control ~ 
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1.3. Inclusion Nucleation and Gro_th 

When liquid steel is mixed vith a deoxidiser, deoxidation 

products nucleate either homogenouB+Y or heterogenously, the 

matter having been of some debate. But large number of nucleation 

sites exist; direct measurements put the value to somewhere 

between 10' to 10' nuclei per cubic mm (17). As a result, growth 

by diffusion can be very fast. Calculations (18) and 

experimental evidence vith an oxygen probe (17) give a time scale 

of a few seconds, after which oXY9#n in the vicinity of a 

deoxidiser is depleted to its thermodynamic equilibrium value 50 

that any deoxidation product coul~ only grow to about 1 or 

2 microns. Mixing of the deoxidiser in solution in fact, takes 

more time, depending of course on bath size and mixing 

conditions. Again, using an oxygen probe in a small unstirred 

bath, thermodynamic equilibrium has been shown to be attained in 

a matter of fev minutes (19). 

Today, it is commonly suspected tbat further growth of 

deoxidation products occurs through jome form of coagulation. In 

fact, oxide inclusions vith higher interfacial energies such as 

alumina grow faster and produce more macro-inclusions (greater 

then 40 microns), than do vetting silicate oxide inclusions. As 

thia phenomenon cannot be explained by diffusional growth alone, 

it tends to support the pos.ibility of 'in-melt' coagulation. 
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The effect of inclusion growth is two-sided in the sense 

that bath the likeliho~ of inclusion re.ovel and the likelihood 

of encountering a macro-inclusion wi thin the steel matrix' 

increases. Plant experience indicates that the disadvantage of 

the latter usually dominates. In the production of bearing steels 

for instance, where oxide inclusion cont~nts have 8 critical 

effect on properties, their production by vay of aluminum 

deoxidation, as opposed to sole1y Mn-Si deoxidatiQn, produces 

steels of usually inferior qua li ty and of unpredictable 

cleanliness (20). 

It would have 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 result of 

t'ert iary ni tri4e pree ipi tates i s necessary for impart ing other 

qua li t ies to the steels. Consequently, eftorts have been 

concentrated on the removal of primary alumina inclusions, or 

their fluxing by lime or calcium-silicon injection. 

1.4. !f,ect of Inclusions on Properties and Definition of Steel 

Cleanliness 

, 
Much has been vritten about the etfects of inclusions on 

the mechanical propertiè&~of steel. ~he'subject is complex and 

depends on the size, shape, distribution, and constitution of 

inclusions. Constitution, in this respect, is important as it 

determines deformability, and hence, the final shape after hot 
c 

working, also matrix cohesion, internaI st~esses caused by 

B 
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differential ther .. l expansion and .usceptibility to void 

fonution (21). 

" 

Complexity arises beeause, although .ost 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.9. dampening the crack nucleation effect of 

oxides in steels by the surrounding sulphides, resulting in 

iaproved fatigue stren9th and buffered susceptibility to hydrogen 

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

An excellent review exists for the quantitative effects of 

inclusions (second phase precipitates> formed from impurity 

ele.ents in liquid steels such as phosphorus, sulphur, nitrogen, 

carbon and oxygen, on final properties such as ductility, notch 

toughness, susceptibility to hydrogen induced cracking, stress 

corrosion cracking and pitting corrosion, fatigue strength, hot 

vorkabi! i ty, deep dravabi li ty, vire draving capabi li ty, 

machinability and veldability, 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 

Itrength as crack nucleat~rs. Other deleteriouS eftects 
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particular to oxide lR~lu.ions include sUlceptibility to, hot 
• -1' 

working defects such al 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 used for 

'forming plastics ~25) and lack of surface quaI i ty and 

susceptibility to pitting. corrosion in stainle-ss steel 

sbeets (26,27). 

Usually i~clusions. greater then a critical size ~. larg,ly 

responsible for impaired' properties. The critical size' var-ies 

according to the property looked into ànd have only'been vaguely 

defined for most properties, but is likely to he an impor~ant 

parameter in the assessment of steel cl~anness (28). Current 

agreement to 
, .. quant if y steel 

inclusions has been tovards a 

cleanliness vith regards to 

statistical treatment: clean steel 

is regarded a'S one whel"e· the probability of finding' inclusions 

larger than a'critical size at a criti~al site is smalI. 

This statistical approach was first used br Nord~rg to 

develop a mode! showi~g hov the fatigue limit could he predicted 

from an inclusion size distribution c~rve (29). In, an earlïer 

study, Wojcik et al. use the size distribution curve to predict 

susceptibility of steel billets ,to surface defects during hot 

working operations (24). In this regard, s\ze distribution curves 

emerg. al importÀnt tools in quantifying steel- cl~anliness. 

---~---:---- ~.;,., .... 
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ln ·conèlu.ion, nu.erous , 
----./ 

inclu$ions form in liquid steel 

followinq 'deoxidat.ion and deaulphudsatio'n' operations. Their 
~ . ' 

""'. ~~ually delet:'eripus effec·tl on' properties depend on their type, 

. ,size ~nç1' concentra~ ion.' Consequent,ly, a great aeal of. effort has 

"/ been tocused .on cl~v~10p'in9 methods ~to quant if y inclusion content 

t . 

• l 

of, steel: in variouB s~ages of i ts processing. l A review of 

thèse atethods wi,l',l-.fe aea'lt,with in the next çhapter. 
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2. REVIEW OF INCLUSION DETERMINATION TECHNIQUES 

2.1. Chemic,l and Physical Methods for Total 

Inclusions 

Volume Fraction of 
<, 

As oxygen and sulphur are virtually in~oluble in solid(~ 

i ron, total oxygen and s·ulphur contents gi ve the fi rslt indicat i on 
, "'-

of the inclusi~n content Qf a steel. If the constituent oxides . 
and sulphides are known, the volume fracti~ of inclusions can 

then ~ calcu1ated by use of equation (56) in Appendix Il. A 

number of commercial instruments exist fOr fast and accurate 

chemica1 determinations, whose principles depend on vacuum or 
(' 

inert gas fusion followed by reduction of combinéd oxygen to 

carbon monoxide by a graphite crucible for total oxygen and 

combusti?n to sulphur dioxide for total sul~hur (30). A physical 

method al~,exists for total oxygen where neutron activation of 

combined oxygen and subsequent analysis by a radioactivity 

measorement is employed. The sample size used in this method can 

be considerably larger, a fev kilograms compared to 1-5 grams 

used in the chemical methods. 

A novel method has also been developed for special al10ys 

where button samples (typically 680 grams or 1.5 lb)·ar~ produced 

in a water cooled copper mold _by remelting a weighed·sample drop 
" by d~op under vacuum using the electron beaJil - of an E. B. 

furnace (31). Because of surface tension and gravit y, inclusions 
-

are amalgamated as a raft on top of the molten button. By 

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

12 
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inclusions can be determined directly (31). The method applies 

. to relatively cIea"n steels (Iess than 100 ppm volume fraction of 

inclusions) and is probab1y selective with respeçt to inclusion 
.:r 

type and size. 

$ 

Although these methods give a first measure of cleanliness, 

aIl, with the exception of electron beam method, give no idea of 
• 

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

however, greater elJlphasis is presently being placed on this in 

quantifyingtsteel cleanliness. 

2.2 Methods Based on Surface Exami nation 

Among these, mac roscopic and mic roscopic techn igues are 

comm<:>nly used by industry. Macro-examination attempts to reveal 

particularly large inclllsions. As with aIl methods that depend on 
..r 

surface examinati'on, the method suffers from the limited sample 

vol ume possible via thi s techn ique. To overcome sta t i st iéal 

sampI ing problems, large surface areas have to be' eXBmined. 

Observation is aided by the relative ease of sample preparation 

since machined and ground sur faces are qui te suf f ic ient to allow 

inc I usions as small as 0 .4 mm long to be detec ted. Highly 

pol ished surfaces are therefore not necessary, as they are wi th 

microstructuraloanalysis. An alternative'approach to macroscopic 

examination is to view fresh fracture surfaces. These are 

examined in locations where inclusions are' expected to be more 

concentra ted. The Amer ican Soc iety f or Test ing and Ma terials 

describe four testing procedures for macro-ex8mination of steel 

13 
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samples (32): 

1. Macroetch Test: ~chined seçtions are etched with bot 

hyarochlo~ i~c ac id and, examiiled, vi sually or at low Plagni f i·cat ion 

for the presence .. of inclusions 9.reater than about 0.4 mm. 

2. Fracture Test: As the name implies, a hBrdened sample is 
• 

fractured and the surface is examined for inclusions greater tha~ 

0.4 mm. 
, 1 

3~ Step100wn Methbd: A straJght èylindrical sample is 

maèhined to specified diameters bel~ the .surfaoe , in a stèpwi se 

fashion and- is examined for inclusions 3-.2 mm in ,l&ngth or 

longer. 

. , 
4. Ma~netlc particle Methoa: This is used to increase the 

-Sensitivity ·of the stepdown metbod for ferromagnetic ~teels. The 
. 

machined samp,le is circularly magnetised by passing a h~avy D.C. 

current and is ,then treated with a magnet i,e powder. 
.. 

Diseontinui ties sinall· 0.4 '. lenQgth crea'~te magnet ic as as mm ln 

. lealtage fields whieh 
'1 

then attract the magnetie powder and outline 

t~ inclusions. , 

--~~.,.-

The ·results ,O'f such·lIlacro-ex~minptions .• can be expr..es;;ed.in 
~ 

terms of 'frequency and sever~ty whîch is the· w~~ghted sum of .. 
frequency resu1 ts whe.re la:rger inc l'us,ions have more weight. Thï s 

" . 
-

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

consttuct.ed. " 
" 

" , . 
" ----, 
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Microscopie examination requires a polished surface and. 

because of magnification (typically lOOx), the scanned area i~ 

smell (0.5 mm Z ). rHence, measurements have to be made on a number 

of fields, so as to increase the sample size. The total area 

covered typically varies between 160 to 1000 mm 2 (32,20). This, 

of course, makes the method very Iaborious. 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 directIy assigned. Some of these methods 

con5ider only . the size of inclusions (the Fox count), whereas 

others also analyse for their type (JK c~unts). Unfortunately 

results are operator dependent and this has been demonstrated to 

have a large ef fect on the accuraey (repeatability) of 

results (33). 

Direct methods of inclusion asSessment based on classical 

quantitative metallography prGves to be more accurate but 
, 

", prohibi t i vely labor iOU5 even for research work. Thi s led to the 

development of Automatic Image Analysers, based on optical or 

electron microseopy where 5uch guantitati~e factors as aree 

fraction, shape factor and size distribution of inclusions ean be 

measured con$iderably faster (34,35). Since théir f irst 

commercial introduction in 1963, considerable development has 

taken place in these instruments, especially in ensuring the-

repeatability of the resul ts by overcoming the earl ier 

difficulties of threshold adjustment (36). Because .of their 
9 -

increasedrelia~i l i ty, automat ic image an'Jlysers are nov more 

popul~, and as practiced in Japan, surface areas as large as 

< 15 
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10xlO cm can be examined overnight so as to ,nsure 

sampling (37). However, the, instruments 'are expensive 

prohibits their universal use. 

The sample size of a surface examination depends on the 

estimated thickness of the surface examined. This in turn depends 

on the inclusion size. ~ence, the sample size may be considered 

to increase linearly vith inclusion size fo~ a given area. But 

inclusion P9pulation decreases much more rapidly than a linear 

relation vith 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 frattion (3B). This fact 

enables the estimation of volume fraction of inclusions from 

. surface ~re8 examinations. 

2.3.'Non-Destructive Testing 

Methods of N. D. T. depend on the through transmission 

attenuation of X-rays using radiography measurements and recently 

more 50 on ultrasonics using pulse-echo signals, lamb waves, and 

in seme cases through transmission attenuation measùrements. 

They are widely used for detecting relatively large flaws in 

solids that may be caused by macro-~nclusions, gas voids or other 

foreign material. 

, . . ' 
" 
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The methods are fast enough and have been ~uccessfully, 

àutomated, 50 that ultrasonics can be used for the on-line 

inspection of aIl quality products (e.g. seamless or E-W pipes). 

Hovever, some difficu1ty still exists in the interpretation of 

detected signaIs (39,40). 
~) 

The development of non-contact methods such as 

Electro-Magnet ic Acoust ic Transducers (tMAT) , Of pulsed lasers, 

and laser interferometry, to generate and detect acoustic vaves, 

also hold promise for the inspection of hot blooms and slabs at 

temperatures in excess of lOOO°C (41). 

Th~· low cost of computing is nov making computer aided 

tomography possible: this refers to the reconstruction of 2-D 

images of cross-sections through attenuation measurements (42). 

Tomographic images are much more accurate vith respect to 

c lasslcal location, shape and size of flaws, than the 

radiographic or ultrasonic images. 

2.4. Chemical Extraction of Inclusions and Residue Analysis 

TeChniques for the extraction of acid insoluble inclusions 

trom steels ha~ been known sinee the early 1930'5·(43). 

Subsequent improvement5 to the method now allow reliable 

extraction of most second phase particles from iron matrix. 

Halogens in organ ic soivents are considered the best meens for 

dissolving out the steel matrix to release the oxide tlusions 
(43). The' residue's can thah be analysed by various lytical 

.. 
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tecbniques (~.9. X-ray diffraction, spect-rochemical analysis and 

optical microscopy). 

One v~rsion of thê method, 
~ 

most interesting to the present 

work, is the size distribution determination ôf such residues by 

an aqueous Coulter Counter device. This techniqu~ has been 

refined te include macro-inclusions, as weIl 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 

mtthod vas popular as a research tool until the early 1970'5; 

automatic image analysers are currently more popular, as they are 

capable of extraeting similar inf~tion as the residue analysis 

wi th less labour {37}. 

2 • 5 • On - Lin e Techniques for Molten Steel Currently being 

Developed 

There i5 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 repre5ents the ultimate in this respect. Some of the 

above mentioned methods cen be employed to tHis end, suéh as 

U. S. Steel Corporation' 5 eutomat ie image analys'er, coupled vi th 

a scanning electron microscope to evaluate area fraction of 

inclusions in solid steel semples. The method is slow however, 

particularly as steels become more clean, an increa_$ingly larger 

area must be sampled for statistically si9nificant re~ults (50). 

18 
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As already mentioned, the development of non-contact 

ultrasonic methods is quite interesting for on-line inspection of 

the preliminary stages of processing, and a commercial KHAT 

system has been reported to have already been operated in Nippon 

Steel for several years in a continuous casting process (41). 

Hovever, these methods are inherently limited to large flavs and 

surface cracks. 

The use of metal wave guide extensions and ceramie sleeve 

contactors, a1so makes the ultrasonic detection of inclusions in ~ 
molten metais at elevated temperatures possible. The technique 

itse1f was patented in the late 1940'5. It was developed 

considerably for aluminum by the Reynold's Aluminum Co. (51) and 

further development for molten iron is eurrently taking place in 
, 

the Univer~ity of Toronto (52). But again, common to ultrasonic 

testing, the large particle detection limit restrains the 

usefulness of the method for inclusion detection. 

In lfne vith 

wavelength tor detection, it is 

aIl other instruments that depend on 

elaimed for ultrasonic detection 

that individual particles ~reater then 1/2 the signal wavelength 

can be detected by pulse-eeho measurements (51). Signal 

frequen~y cannot be increased presently to more than about 10 MHz 

because of a rapid increase in signal attenuation by the metal 

waveguides, while the wavelength 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 

l50 microns would be detected. 

19 
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Perhaps a more useful approach would be to take through 

trans.ission attenuation measurements vhere particles as small as 

l/lOth of the signal vavelenqth are claimed to contribute to 

sonic attenuation (51). This vould be relatively fast and vould, 

in theory, give the overall volume fraction of macro-inclusions. 

Hovever, there seems to be much development work before an 

instrument could be realised for quantitative measurements in 

molten iron and more so in steel (52). Even then, a detection J 
limit of only 50 microns would be possible provided a sufficient 

concentration of inclusions "bove this size exists.· 

detect:::
th
:: :::::: m.::::

va
:::

n 
~~:h t::g::::ica::onin:~us:~: 

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 tool for the on-line dèt~cion of 

del.teriou~ pa}ticles in liquid aluminum. An instrument named 
WLiMCA" (Li6uid ~etal ~leanliness ~nalyser) has been developed 

and fully tested in many casting centers of a major aluminum 

producer (53). The instrument is capabl~ of giving information on 

aluminum cleanliness in the form of total number and sizé 
A 

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, 8S outlined in the 

~ng chapters. 
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" Auto_tic image analysers, pulse-echo ultrasonic 

techniques, and resisitive pulse countera mey be considered as 

s.n.ing zone instruments in the sense that they analyse 

characteristic samples one at a time (St). Conceptually, a 

classification for the above may he made as optical, Bonic and 

electrical sensing zone instruments respectively where similar 

counting statistics and coincidence effects apply 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 he 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 minu~e. 

-
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3. BACKGROUND 'l'O - THE SrSTDt 

The resistive pulse counting technique vas originally 

deveioped by Dr. Wallace Coulter (55,56) in the 1950'8 for 

automatic counting and size analysis of blood ce}la. Since then, 

it has also been extended to the field of povder technology for 

particle size distribution measurements of povders suspended in 

aqueous media. With regards to measuring Qon-metallic inclusions 

in steel, examples of its use include si~e distribution 

m~rements of inclusions in the extracted residues from steels' 

as discussed in Section 2.4. More recent studies of inclusion 

behaviour in ladIes and tundishes using water models have also 
• 

made use of th)s electrical sensing zone technique (57,58), 

3.1. principle of Operation in Molten· Metals 

The resistive pulse counting technique depend5 on forcing 

the liquid metal into an electrically non-conductive samplîng 

tube (the 'sampling cell) through a small orifice (the sensing 

zone). A current path is simultaneously established through the 

orifice by the 'use of suitably immersed electrodes in- and 

outside the tube. Each time an electrically non-conductive second 

phase 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 i5, to a 

first approximation, proportional to the volume of the particle. 

By measuring and counting each pulse via a suitably arranged 

electronic apparatus, it is then possible to obtain a direct 
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hilt~gra. of partiele lize versus partiele frequeney for a given 

volu.. of liquid metal. 

3.2. Relationship Bet~een Partiele Size and Magnitude of 

Resistive Pulse \ 

Consiqer the resistive pulse (AR-R 1 -R.), eaused hy the , 
presence of a spherieal, non-eondueting partie~e of diameter (d) 

in the middle of a right circular cylinderical orifice of 

diameter (0) and length (L), (Figure 1). Even for this simple 

geometry there is no simple analyticAl solution valid for aIl 

values of (dlD) ranging from 0 to 1. This is due to the 

distortion of electric field streamlines around the" partiele 

resulting in a non-uniform radial distribution of curr~nt. Ohm's 

lav in its simple differential form: 

6R • , 6x/A(x) (1) 
• 

i , as a result, not precise in predicting the~ne~ resistance of 

tJe orifice. A complete solution to sueh prable.s requires 

solving the Laplace's equation for el,ctric fieid 
1 

wh~ch both sphere and ëylinder boundaries re insulati 

Si~ple solutions do exist hovever, for the limiting cases 
, 

whe~ (dJD) tends either to 0 or 1. Since at the deteetion liait 

dmin~ (d/D) is small, the former ,approximation is of particular 
\ 

inte~est. As snovn by DeBlois and Bean (59), an expression for 6R 

can ~ derived by making use of Malvell's app.roximation for the 

'\ 
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(A) RI6HT ·CYLINDRICAL Olt 1 FIeE WITHOUT PARTfcLÈ 

.. 

f 

(B) WITH A SPHERICAL P.ARTI~LE IN·THE "IDDUE. 

RESISTANCE CHANGE" 15 GIVEN BY EQUATION (3). 1 

Pi9ure 1 'Gea.etry of the orifice 'Jaed in t~ derivation of 
equation (2) tor the change in J:'e.i.tance cau.ad 
by a .~trieally placed .pherieal partiele and 
the correction t actor in equation (") •. 
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effec~ive ~e.i.t~vity of 
',' 

a conductin~ fluid containing a di~ute 

sùspenlioD of insul&ting spheres. The derivation is given in 
.... l" .. 

Appen~ix''.I, and, the 're~ult i~: .. 

, , , d 
•• 

AR '. - (2 ) 
'. 

b~ , .. , • .. 

This expression indicates " that the resistive pulse is 

,.propo~tional to the volume of the partiele and is independent of 

the length of the oroifice. Although e~uation (2) holds for small 

values of (d/D), exact values of ~ are only greater by 2% at 

~.O.3'and'5, at d/D-O.4 (60) • 

For large values of (d/D), a.' correction factor needs to be 

incorPOt:ate,d intocequation (2) suc~ ~hat: 

, J " 4 , d 
• 

~:'* - . F(d/l) , ( 3 ) 

• • D 

Such'correction factors have' been calculateô via numerical 
... , , 

solutions and have been tabulated for the case of an insulating 
: ' 

spbere placed in the mi~dl,e of' a 1'ong, right c ircular cyl indr ical 
. , 

-orifice using a hydr~dynam~c analogy (60). They are also shown to 

. , 
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give an ~xcellent fit to the followi~g empirieal equation (61): 
~ 

l 
F(d/D) .. 1 1 {l - O.8(d/D). } ( 4 ) 

~ 

with an èrror of lea--.then 1% at (d/D .. O.B) . 
• , ... 

........ ~ 

To find a value for the voltage change, e9uation (3) wou Id 

normally have been multiplied by the cir~uit's current. However, 

a close examination of the Ohm's law reveals that the potential 

drop across the electrodes over 'which the .v.oltage pulses are 

detected also has some significance. ~eferring to Figure 2 and 

applying Ohm's law to the circuit shown, 

AV - l (R +AR) - 1 R ( 5) 
pu 1. e 1 E • ! 

R +AR R V 
! E 

v 
AV .. V • { } ( 6) , 

pu le e T 

R +R +AR R +R 
I! Il ! JI 

IR • AR -JI 

fJ) AV ~ .. V • { l 
pu l.e T 

~ 

(R +R +AR) (R +:Q 
! JI B JI 

'~' . 
partic,e" where Il and 1. are currents wi th and wi thout the V is 

T 

tlJ,e' battery's electromotiv force, R the total 'elect~ode , and R, 
! JI 

the 'ballast, resistances respedt i vely. /' 

, 
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Figure 2 

. l o 

A. WITHOUT PART/CLE 

A 

B 

B 

REl RE2 

RO+6RAB 

B, WI TH PART'I CLE 

.. 

RE :: L Resistance A te B 

RB :: ~ Resistancil B te A 

.. 

Circuit diagram showing the generation of a 
resistive pulse. 
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The e ff e'c t: was discovered fortuitously dUrl ng water 
~ 

experiments when no resistive pulseS were observed upon removing 
, 

the ballast resist~r. It.a~iges because of the minute change of 

current as the particle passes through the orifice. Therefore the 

voltage 'pulse, llVpulse when written explicitly, using the 

potenti5ll drop accross the elect'rodes (VE) and neglecting llR in 

the denominator, beco~es: 

3 
4 V -v p d l 

T I!: II! ' 0 

llV = - ( 9) 
1 

pu l se 4 l 
V D {l-O.B~/D) } 

T 

In Figure 3, resi-stive pulse (~V) has been. plotted as a 
<. 

, 
function of pareicle size (d) acc:ording to equation (8l for 

cylindrical orifices of various diameters usiog the s~ggested 

currents in Table ll-(S): The plots were ,terminated at d/D-O.8. 
, 

As can be seen from the log-log plot, the resistive ,p~l~e 

respons~; increase~ in' proportion to 
• J 

the cube of the particle 

dia~eter, up to almost dID-O.4. The slo~ then dèviates tovards 

larger values. 'Jor' spherical particles vith, d/D~O.4 then, 

resistive pul.ses iIIay be considered 
" 

the to be 'proportional to 
" . 

particle v~lume., 

" , 
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PARTICLE OIAMETER. 

Resistive pulse as à function'of particle size (d) 
and orifice diameter (0), using equation (8) and 
the SUCJc}èsted currents in Table 11- (8-,) • 
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Gradually tapered orifice 

for resistive pulse analysers. 

ia found to he an optimUDI shape 
,,) , 

ConseQ~ently, equation (9) s~ould 

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

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

to one correspondence between (Avt and (d), such analytical 

formulations are of limited value because of the four th order 

dependency of AVon D, consequently it is recommended in practice 

to éalibrate the orifice with standard spheres in agueous media. 

Furt~er complications can also arise because of off-axis 

trajeetories and non-spherieal partiele shapes. These problems 

'have been investigated by a number of researehers, Smythe (62) 

for instance, ealculated signi f icant' increases in the value of ÂR, 

as the partiele traje~tory approaehes orifice wall. Higher than 

ex~cted resistivé pulses are the result of a, non-uniform 

electrical potential gradient distribution at the orif ice 

entrance and exit. For a sharp edged inlet, potential gradients 

increase substantially near the rim and, as a result, off-axis 

trajeetories give rise to artefact pea~s commonly named as 

·castie peaks· because of their turreted appearence (63), These 

peaks also have longer than average residence times. The effect 
. 

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

the instrument with standard spheres when the measured size 

distribution by ESZ instrument suggests a vider size distribution 

then those' determined via microscopic analysis (64). The 

discrepeney can he quantified by a Mass Balance Ratio (MBR), 

vhich is the ratio of t~e mess calculated by'eount to the .. sa 

recorded by veight. MBR's ~s great al 1.3 syatematically 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 unit y (64,65) 
,/ ___ ..a. 

The effect of particle shape has been shown to be 

insignificant at d/D~O.2 when the system responds to particle 

volume (66). Consequently, the diameters of equivalent volume 

spheres or BEquivalent Spherical Diameters" (ESD),' can be 

determined by the use of equation (9). At larger values of (d/D) 

however, shape factor becomes important. At (d/DsO.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 

Aqueous 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 in the generation of much smaller 

resistive pulses. The high conductivity of metals however, also 

makes it possible to pass much higher currents, greater than 10 

amperes, witho~t causing excessive heating et the orifice and to 

detect much smaller voltage pulses, o'f the order of 20 microvol ts 

for instance, against a cinstant background noise of 5-10 

microvolts when the wiring i5 prbperly shielded. 4 
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A co.parilon II .. de iA T.ble 2 in 'ter •• of the propertiea 

of both medi •• When co.pared for •• inhlUlll partiele aize detected 

vith. given lize orifice, one find.: 

d J d • 2.2 - ·11.4 (10) 
.in,,,.ter 

shoving that d~tection limita can be,kept vithin the .... order 

of _gnitude. 
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Table 2 
'Coapefison of Electrical Sensing lone Instru.ents 

in Aqueou. Media and in Metallic Systems 

Water (56) Steél 

- -, 
&lectrical Rèsisti vi ty 3Q 1.t x 10 01Il 

- , 
Typical Current 5,~ II 10 10-tO operes 

Detection timit 200 20 l'V 

...... 

• 

.. 

! . ; 
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t. DESCRIPTION OF EQUIPMENT 

The apparatus used vas essentially the same as that of 
• 

previous vork on aluminum (53) and is illustrated schematically 

in Figure 4. The main components are now highlighted inc1uding 

some of the different design features from that of Doutre. 

These had to be adopted to overcome the corrosive, high 

temperature environment of molten steel. 

4.1. Metal Sampling System 

The sampling tube, into vhich the metal was drawn through 

the orifice, vas held by a "Viton" seal O-ring inside an 

alumin~m/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 litre 

vacuum resevoir that was held between 10-20 cm Hg (13-26 kPa-g) 

and controlled with an accuracy of l cm Hg. The amount of vacuum 

necessary was usually controlled by the orifice size, 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 50 as to flush out Any air and 

provide an inert atmosphere inside it. Similarly, after sampling 

was completed, to drain the tube under a moderate pressure 

30 
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Figura 4 Sc~tic ill~.tratioD of the r •• i8tive.pul .. counter 
uaed in .otan iron.· 
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(20-40 kPa-g). The volume of gas paàsing through.the gas port was 

observed on a sensitive flowmeter. In the event of a ploc~age, 

positive pressure was increased up to 100 kPa-g .nd an alternate 

vacuum and pressure vas applied. 

Since it vas necessary to change the electr~des after each 
1 

experiment, they were not permanently mounted but held by 

c~mpression fittings vith 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 

during the course of experiments. 

~ 

If reasonable gas tightness 

4~2. Constant Current Power Supply and Electrical Connections 

As in the earlier design (53) a 6-volt lead-acid type heavy 

dut y cart battery with appropriate ballast resistance vas used as 

the power supply to providè ripple free current. The viring 

connections vere made vith gauge 6 copper cables and, vhere 
b,. 

possible, shielded and tvisted to guard against noise piCk-up. 

Ballast consistea of 0.5 to 1.0 ohm, 100 watt resistors mounted' 

in parallel t~ maintain a current level in the proximity of 5, 

10, 20 or 40 amperes. The exact value of the current vas observed 

on a 0-100 amp OC ammeter. AlI electrical connections vere 

soldered except et the electrode ends vhere lugs ver~ u~ed and 

connections were made by compression. 

11 
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Sinee it had heen found beneficial vith aluminum, a system 

for short circuiting the ballast resistor vitA 6-V or l2-V 

battery potentials was also incorporated- to produce a hi9h , 

cur~ent.density and localised heàtin9 at the orifice and wa$ used 

ln trying to achieve a steady si9nal baseline. 
" 

4.9. Electronic System for Voltage Pulse Detec~ion and 
, , 

Measurement 

. - . 
AS - illustratecS in Figure 4, to detect and measure the 

voltage pulse~, generated by the passagé of a partiele through the. 

orifice, potentials at the ends of the current carryi ngo. 

electrodes vere fed into an oscilloscope input along teflon 
~ 

coated RG-59 equ~valent coaxial cables recommended for high 

te.perature applications. The osc illosc'ope' used was a Tec,ktronix . . 
mode'l 5223, a 10 MHz digi t i z ing storage (memory) sC9pe 'equipped 

vith a model 5A22N differential amplifier and a model 5BlO 

., digital time base. The oscilloscope permits' observation of the 

5tab~lity of the baseline and of the volt~ge pulses 

use~ as a .pre-ampli'fiet vit~ a gain set et 1000. 

and is a150 
~ 

The differential pre-•• plifer Is operate,d in the AC. eoupled ' .. 
mode vhere each input signal is first connected to • capaeitor to 

eliainate the voltage ~rops due tO resistances of the electrodes 

and the stable component of the orifice pote~tial. The bandvith 

of . the a.pli fier i s, a1'so adjust,d to, the ~requen'èy of interest by 
, 

the use of lov and high pa •• RC filters, th.reby re.~ing ~uch of 

the hi9h and lov frequency noise. The filters ve·re usually set.at 
• 
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O.l"and la kH,z respective'ly. 

. " 

The preamplified signaIs wer~ tben 'fed to a Tracer-North'ern 

~ model TN 1214 ~ogarithmic ampU'fier-whi'ch cO,]lverteç3 the 3-cycle 

lineàr 10 mV to 10 V input ioto a 10~arVthmic 0 to 10 V output. 

This has ttle effecf o't e~pan'din'g,' the, resolution near the . . ... 
" 

detection limit in the lower ranges of partiéle,sizes. 

~ , 

A Il samp1'e 'an'd hol~"' c i r'c'ui~ wi th a slti tch seleë::tabl-e pulse . , 
, l" 

t. ri:;e time also enables the instrument to serve as a peak detector , 

for the MUlti-Cnannël, 
, 
Analyser b~ holdin9 the -pulses of 

relatively , ,long and approximately known d.uration f6r 3 

microseconds at their peak and, sending a. 'square wavé 'of shor~ 

duration to the MCA. The pulse 'ri'se time 'is at most 1/2 of the 

r'~sidence time of 'the- ,partic.1e tbrough the 
" 

orifice which is 

de'te~mi~ed by the Qrifice lengt'h and' metal velocity, which in . , 
turn depends on ~e app~ied vacuum. For most' of t?e present 

1 

experi'!'ental; condi,tions, particle, residence time' was in. the 

region of 0.5 milÏisec.onds, ~o th~ pulse rise 'tilQ~ was set a't 
, 

0.2 Ili 1'1 i seçonds. Thi s feature of the logar i thmic ampli fier also 

se~ves aS"a filter, ignoring pulses of much longer or shortér 
, , , 

- dura tian . .' : t • 
l' . . ... 

... 
A Tracer-N~thern ~odel 1~06 multi-chann~l analyser divided. 

, 0-8 volt· inpu( ~into 512 ,equal ch~nnels to store the resistive 

puls~ v~ltage pèaks according,to their magnitudes; thereby, 

providing' ~ f requency distr ibut ion of part ic le number versus 
, 
channel nwnber. 'A photog-raph of t'he. eleçtronic assembly is shown 

.' 
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in Figure 5. 

Theréfore, a relat ionship betweeO' channel numbers and 

particle diameters can be obtained as follows: 
,. 

The original signal appearing accross the orifice (~Vpulse) 

i5 given by equation (g)'. This i5 amplified by 'the preamplifi~r 

to: 

AV,-, 
/PA 

'" G • ~V (11 ) 
pulse 

with a gain of GEIOOO, which i5 then fed to the logarithmic 

amplifier, whose output is: 

AV EtlU/3. floç (AV )+2} ( li) 
LA 10 PA 

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

• 
Ch. No. = 512/8 • ~V (13 ) 

LA 

Backprocessing these equa~ions and then numerically solving 

equation (9), gives a particl,e diameter
l 
range for 'each channel. 1 

Usually a detailed, 512' channel particle sïze 'distribution 

was not warranted, 50 the data was recorded as integra1 number of 

particles greater than 'El certai\' size in st,eps ~f 5 or 10 

microns. Alternatively, the MCA display cou"ld be stored 't>n . 
magnetic tape for future retriev~ll. \: 
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COLOlJUD PI C1VIlES lM... en couleur 

Electronic assemply for pu l'se detect ion and 
measurement. Instrument on top left is' the 
prè-amplifier/oscilloscope, on - bottDIII is the 
logarithmic amplifier / peak detf'ctor and on top rtght 
is the multi-channel analyser. 
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5. DEVELOPEMENT OF THE SYSTEM, 

. . 
To build a system that- works for steel, ie. a system that 

produces noise-free resistive pulse SIgnaIs, substantial material 

and desi gn problems had' to be overcome. Developement of the 
J 

electrodes, the sampling cell and the sensing zone are described 

..r in the following sect ions. 

5.1. Development of Electrodes" 

Electrodes serve a dual purpose in the sense that they 

carry both the heavy OC current and the resistive pulse signaIs. 

'R~q,ui remet! ts for the eleçtrodes vere: , 
i. noise free electrical contacts for suffici.ntly long 

duration, 

i i. 10v electrical resistance. 
<, 

Lov electrical resistance vas necessary, not ~nly to be 

able to pess high cur~ents, but a180 to enable the'detection of 

small pulses a large oc èomponent vhich is 

mathematically analogus to taking the difference betveen tvo 

laI'ge 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 c OlIIIIIon mode rejection ratio 'of the 
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pr~-ampl {f i er, i t vas d~sirable to have as lov a OC component as 

possibl~. For a maximum total potential drop of one volt across 

th~ el~ctrode5 for instance, with a 6-V battery as current 

supply, the total elec;trode resistance should be less than 1/6th 

of . the .total circuit resistance vhich, for operation at 20 

amperes, would be 50 milli-ohms. Alt~rnativ~ly, two ext,ra 

~l~ct rodes could have been i nserted fo,r signal detect ion 50 as to 

by-pass the current carrying él~ctrodes and serve as potential 

measuring electrodes. However, it vas feH ~his would make th~ 

system too bulky and di f f icul t to t rouble shoot , should one of th~ 

four electrodes fail. 

Those mat~rials that ver~ test~d as ~lectrodes during th~ 

course of the present invest iga t ion ar~ shqvn in Table 3, 

together wi~h typical dimensions and avt!rage cl)lculat~d 
~ 

resi stances. In the table, st~el electrodes v~re us~d in cast 

iron, as weIl as oth~rs both in cast iron and ste~l. Cermotherm 

is a molybdenum, 40\ zirconia cermet that has a'high resistanc~ 
\ 

to dissolution by molten steel. The metal ~lectrod~s met the 

requirement for lov r~sistance; hovev~r, apart trom their 

..J eltpense, their perforDl4,nc~ proved to be unpredictable. When" 

, E,9t1!nt ial drops across th~ ~l,ctrodes vere moni tor~d vi th a strip 

chart recorder dUr'ïng experimental runs in cast iron, .~tal 

~l~ct rodes somet im~s show~d unstable and ~rrat ic behaviour after 

2-5 ininutes of iDlDl~rsion. This was probably due to thei r 

suscept ibi li ty to compound formation. In on~ part icular 
~ ~ 

~xper ill~nt for instanc~, when 1\ sulphur vas added to cr~ate MnS 
f ~ . 

inclusions in situ in cast iron, awlybdenum electrodes failed to 
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Table 3 
Resiltancel of Electrode Materials (69,~0) 

R.liltivity Diaenli,onl Average 
2'()·C 1500·C Dia. x L- Reaistance 

~O.m - mO 
~ 

Steel 0.10 1.2 4.8 x 300 11 

Molybdenu. 0.96 0.46 4.8 300 4 

, 2.4 300 20 

Ceraother. 0.18 1.5 4.8 300 14 
, 

TUQC}lten 0.05 0.5 4.8 300 5 

Graphite 10 10 4.8 300 166 

9.5 300 42 

12.5 300 24 

Table 4 
Tber .. l &apanlion ot Shielding Nateriall (71) 

Quartz 

Nullite 

Al_ina 

Tber..l laptn'ion; 20-1500·C 

36.1 

0.08 

0.8 

1.2 
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conduct. Later, sulphur containing compound's vere identified by 

the .canning e1ectron microscopy at the tips of the failed 

electrodes. These effects vere less of a problem in molten steel. 

Graphite electrodes in general, perfbrmed weIl but vere too 

bulky for low resistances needed. A combination electrode was 

therefore developed vith graphite' ends a~d molybdenum extensions. 

Good electrical contact at the threaded connection was 

established by depositing a small amount of tin betveen the 

threads. This arrangement also gave a lov cost electrode system 

vhere only graphite 

experiment. 

ends had to he replaced after each 

The electrodes needed to he protected at their sides by a 

refractory shielding material 50 as to prevent their oissolving 

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 reduce in steel. This led to the formation 

of an insulating intermetallic/complex oxide film coating on the 

electrode tip vith analysed iron contents of lO-20"4Figure 6. 

Mullite and alumina both proved to he satisfactory shields, 

the aullite having more thermal shock resistance, but the alumina 

being chemically more stable once inserted in the bath vithout 

disentegration. Nullite vas subsequentll preferred because 

thermal shock resistance .as 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 l600·C. 

37 



~ 

1 
1 

o 

\ 

rigure , 

b b 

Graphite electrode shielded vith quartz, after a steel 
eaperi .. nt. The electrode ca~ out intact vith â 
~tal globule at the botto., the area betveen the 
concave tip of graphite and tbe .. tal globule vas 
s.ooth and polisbed and pert of it near the edg.s vas 
covered vith a thin film of silica. The outside of 
silica shieid and the metal globule vas speckled vith 
interMtall ic coaplea oaide ca.pounds. 
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·IMI.. en couleur 

Graphite electrode shielded vith mullite, after 30 
ainutes in steel. Initially graphite vas exposed 5 .. 
out of the shield and after the experiment ,erosion vas 
20 mm into the shield. Erosion of refractory was high 
at the slag/metal interface and part of it vas 
coapletely gone during the courSe of the experi .. nt to 
expose' SOM graphite. 
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Slectrode erosion was 20 mm into the shield and the mullite 

inaulation was only partially eroded at the slag/metal interface. 

'Blectrode loss by dissolution did not follow a regular 

pattern as might he ~xpressed by tength of erosion versus time of 

i.aersion, but rather depended on whether density driven natural 

convection currents vere set up or not, within the protective 

shields Those electrodes retaining the i r in i t i a11 y flat 

interfaces dissolved much less then those acquiring a needle 

shaped profile. 

Electrodes vere tested by inserting a pair iny' steel/cast 

iron baths, passing a current, and observing the oscilloscope 

trace of the pre-amplifier. Almost aIl electrodes initially 

displayed noise in cast iron, presumably because of imperfect 

wetting at the points of contact (see Figure 8). This could be 

alleviated by passing a heavy current of 200 amps, or by ~~isin9 

the bath temperature to above 1500·C, when a steady baseline 

would appear on the oscilloscope . 
.. --1' , ' 

". 
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rigure 8 
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COLOUUD PICftlUS 
1 ..... en couleur 

Initial electrode noise in cast iron (A), return .. of a 
steadl' bas.line after conà~tionin9 (B). T 

Tiae aeale i5 1 ms per major division 
Vertical Diaplacement is 50 ~v per major division 
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5.2. Developeent of Saapling Cell and Sensing Zone 

The requirements envisaged for the samplin9 .cell or the 

sa.pling tube verez 

" i. resistance to thermal shock, 

ii. resistance to vear at slag/metal interface, 

iii. electrical insulation. 

It vas thought that the electrical sensi'ng zone, or orifice 

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

the sampling tube or that t'he orifice Ilight be 'directly drilled 

into the side of a sampling tube. Important requirements for the 

sensing zone vere: 

i. dimensional stability of the aperture 

ii. a •• ooth entlance for the passage of molten metal. 

Quartz and mullite sampling tubes vere initially tried 

because they vere readily ava i lable and relatively le •• 

ezpensive. The fOlloving is an account of some of the a~te.pt. 

carried out to d~velop 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 vas plasma sprayed with a 

z'irccSnie coat. When inserted into steel at 1600·C hÇi)wever, the 

orifice expended from 500 microns to 1 mm in one aspiration (see 

Figure 9). 

Quartz sampling tubes vith boron nitride inserts at one end 

containing the orifice along the central axis of the tube were 

tested in cast iron end other lover melting temperature steel 

alloys at 1200-1tOO·C (Figure 10). At these temperatures, the 

quartz maintained its form; however, difficulty was observed in 

obtaining noise-free resistive pulse signaIs especially during 

Subsequent experiments vith ~inc shoved that the 

• locatio~ of the orifice Along the central axis of the tube vas 
\ 

not help~ul, possibly bec. use of the turbulance created at the 

electrode tip by the jetting stream of metal. 

When teated in steel, l.. thick qua~tz tubes were not 

~~c.lly strong and, collap.ed abdye about 1500·C during 

alpiration (Pi 

Figure 12, 

pull. probe used 

.a- the final arrang ... nt for th. r.ailtive 

~-.. ~ling steel .. lts. A 15 ca long ~be 

vith. quartz tube extension was used as the saapling cell vith 

the orifice drilled into a SN insert vith 82° countersinks on 

eitber aide. An alumina base ce.ent was uaed to fis the varioui 

éoaponents and to provide gas'tight s.als. 
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CJJLCUUD PIC'IUUS 1_... eft couleu.-

, J 

'0 .. aD aullit. tube vith. count.rsank and airconLL 
eoated orifice after • .t •• l .aperi .. nt. Orifice 
eapanded fra. SOO aicron. to l ~ in one a.piration. 
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COLOUIID PlcnJaES 
1 ... e. en eoul-eur 

Pigure 10 40 .. OD quartz sa_pling tube with a 
carrying th~ oc if ice et the bottOIll", and 
electrode"s i'nsiQe aullit'e shields < 

'0.2 

BN insert 
molybdenum 
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COLOUl!D PlcruaES 
1 .. &e& en couleur 

Il 

1 

Figure Il Quartz tube in steel at 1580°C, tube collapsed dUr 4ng 
aspiration at a differential pressure of 10 cm Hg ~ 
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6LECTRO~ICS 
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6 V DC 
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Figure 12 Final Design for the resistive pulse probe 
for steel. 
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5.3-. System "Troubleshooting" 

When testing the system, trom time to t~ae un5teady or 

complete 1055 of current occurred. To locate the problem, one of 

the electrodes vould he by-passed vi th a graphi te rod inserted 

into the bath to see if the other vas still conducting. 

When testing the complete assembly only the outside 

electrode _could he direçtly checked in this vay. If the outside 

.e,l-ectrode vas st ill conduct ing, then the problem could be 

attributed either to orifice blockage or failure of the inside 

electrode. The inside electrode usually failed because of 

seperatioR of the electrode/molten i ron interface during 

aspiration. If repressurising the system did not induce the 

current to flov again, then orifice blockage vould be suspected. 

Such blockages vere also indicated by a slight drop in the gas 

f lovrate. 

"1 
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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 whose melting point was within 1l00-1200 DC. This is a hiqh 

magnet ic permeabi li ty, low C0erc i v i ty, commerc ial alloy used ~ or 

the transformer and electric motor laminations. This particular 

alloy is continuously cast into thin -sheets of 50 microns thick 

and. cooled sudd~nly 50 as to form a glassYt non-crytalline 

structure which completely eliminates all domain boundaries, 

hence giving its improved magnetic properties. Measuring the 

nwnber of inclusions greater than about 10 microns was of , 

interest in order to improve the processing of this material. 

6 . 1. 1. l nit i a l Ex pe rime n t s 

The alloys were made up using Armco'iron, Fe-15\Si, low C 

ferrosilicon, and Fe-20\B ferroboron, under a protective argon 

at.osphere in a 60 kg capacity induction furnace. A complete BN 

tube wi th a 300 Dlicron ori f ice located at the bot tOIt, a10ng i ts 

central axis was used to sample the steel. An electric ,current of 

50 a_peres was passed between inner and outer molybdenum 

electrodes (Figure 13). 
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Pigure 13 Co.plete Ioron Nitride tube uaed in the fir.t silicon 
boron steel •• peri .. nt, .ith a 300 .icron orific." 
located at th. bottoa. The tube .as prot.cted vith. 
~ •• table refractory but this .a. abandonned in later 
•• peri.nts. 
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During the courie of thele particle detection experiaents, 

th1~bath temperature vas taken up to l400·C after vhich inductive 

pover to the furnace voule be turned off prior to sampling. The 

, 60 kg steel vould cool to l200·C in a matter of 5-6 minutes, at 

vhich time heating vould be' resumed a9ain. 

In the first two experiments, even after much conditioning 

vi th a high current, . a steady baseline could not be achieved 

during aspiration; hovever, a train of resistive pulses vere 

observed when the tube vas being emptied. Fi9ure 14 shows a 

typical r~ i st i ve 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, vhich is vell 

below 10 microvolts. The associated 10 second counts of the multi 

channel analyser wnich corresponds to an estimated 7.5 grams of 

steel sample are shovn in Figure 15. The MCA image is brightly 

illuminated from channel 60 onwards, approximately the first 

major division along the horizontal axis of vhich corresponds to 

the selected detection limit of 20 microvolts, or for the above 

eaperi.ental conditions, an inclusion size of ca. 12 .icrons. The 

top right corner of the diaplay gives the integral nuaber of 

counts ~bove this channel number. 

The count rates from these experiMnts were high and 

conta ined 5 olle 40 micron particles, unexpected for a steel 

believed to be highly clean. When the probe vas sublequently 

eaaained, it val found that the area betveen the shield and the 

electrode .al not co.pletely leak proof and air was able to 
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Figure l' A typical reaiative pulse signal obtained while 
aspirating silicon boron steel through a 300 micron 
orifice and passing a current of 50 amperes 

Time scale is 1 ma per major division 
Vertical displace .. nt is 50 ~v per major division 

Figure 15 The associated 10 second counts Ofl the MCA 
correaponding to a calculated 8 gra. steel ~le. 
Channel 60 appears at the first major division on the 
horizontal azis and corresponds to a 20 ~v peak or a 
calculated 12 aicron inclusion size. 

'3.1 



penetrate via a thin annular slit between the inside electrode 

and itl ceraaic protective tube. This absorbtion of air into the 

chaaber ·took place when the system vas on aspiration. The air 

wouid then bubble into the steel around the tip of the inside 

electrode, oxidising it and creating extra borosilicate 

inclusions. This arso partly explains the reason for not having 

observed a steady ~.eline during asp~ration. 

Por Iater experi .. nts, the inside electrode shield vas cut 

into two pieces so"where below the co.pres.ion fitting, 80 as to 

preve~t air reaching the tip. 

In later experiments, vith the current set at 20 a.peres, a 

steady baseline was generally observed with very few peaks to 

mark the presence of inclusions. The total number for 10 second 

counts varied betveen 0 and 5 particles as shown in Figure 16. 
, 

The baselin. was still samewhat unstead, 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 Pigure 9 was therefore 

adapted. 

Pigure 17 shows the microstructure of this particular steel 

under .00x and 1000z magnificat ion, where Most inclusions are 

indeed within 10 Blicrons or less. Figure 18 shows the 

.icro.tructure after etching in 2' nital to bring up the .. tria 

phases. Inclusions are still visible in the background. 
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PlIUre 17 Nicroltructure of the 3' Si, 5'. ateel .bowing the 
g~obul.r boro.ilie.te i~lu.ion •• 

"'9nific.tion~ (A) fOOa, (1) lOOOa 
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6.1.2. Ca.parative Bxperiments in Clean and Contaminated Baths 

In order to .. ke a comparative study using the same stee]", 

an atte~t vas .. de to disperse a knovn amount of barium oxide 

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

the microscope. Barium oxide has a relatively high density, 

5100 kg/ml, but di ft i.culty vas observed fiil ts dispersion because 

of the slow wetting process by the sbeel~ The maS5 of barium 

oxide povder wrapped in in aluminum foil would rather coagulate 

and float up than be dispersed, even when mixed with powdered 

ferroli1icon in a ratio one to five. 

" It wal than decided to create ~rticles in situ by 

additions of 2\ Mn, and 1\ S,50 as to create MnS or complex 
~. 

• 
sulphide incl~sions in a 14 kg bath. This type of inclusion vas 

preterred because of its tendency to remain Iiquid and hence Iess 

Iikelihood of Grifi~e blockage during sampling. Hovever, after a 

fev minutes of . sulpher addition, l outside molybdenum electrode 

fai'led to conduct and the prot?lem vas ident i f ied to be the 

sulpher containing: compoul1ds a't the tip O't th~ electrode, c.f. 

Sec t ion 3. 2 • 
" 

'\, 
Il simpler ttày Qi' producing indigeneus oxide partieles vould 

be to further deoxidise the steel vith aluminum. Bxperiments 
-_ ... 't 

vere therefore pla~d to take. s •• ples before, and after, 

additions of 0.2-0.02' aluminum. However, in the - f irst 

experi_nt, , after 0.2\ aluminum addition, the c\lrrent bee •• e 

unlteady and eventually reducèd to zero. This was bath due to a 

_.' 45 
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failed outside electrode and a blocked orifice. When the probe 

was taken out, it was found to have been covered with a'whit~ 

povder (Figure 19). The same powdery accumulation also appeared 

around the crucible walls after the metal vas teemed out 

(Figure 20). Subsequent chemical analysis showed it to be pure 

alumina. This experiment effectively demonstra~ed the tendency 

of alumina to attach to free surfaces. 

For the next experiment, a larger orifice of 400 microns 

wa. used, so as to avoid the problem of blockage, and the probe 

was inserted 10-15 minutes after a 0.1\ Al addition, 50 as to 

allow the exceS5 alumina to seperate trom the melt. On 

aspiration, and after a brief conditioning period using high 

current, a steady baseline and a number ot resistive pulse peaks 

were visible. Flgure 21 shows tvo peaks, one of which is unu,ual 

and distorted possibly bec.use . of an off-axis partiele 

trajectory, particulacly as lta reaidence time was longer than 

the regular peak. 

Associated 10 second countl, i.e. an estimated 13.2 grams 

of steel ... ple, showed an average of 150 partieles above a 

detection limit of 24 microns; including some large inclusions of 

70 aicrons, (Figure 22). The orifice aperture did not expand in 

this particular experiment, it wal still 400%5 microns w~thin the 

accurac, of measurements (Figure 23). The steel's microstructure 

after the aluainum addition consi 5ted of i rregular, and 

relatively large, alUllina inclusions, along vith 50me ,. 
borolilicates ('i~ure 24). 
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COLOUlED" PlcnntES 
1_ ••• en couleur 

Pigures 19 and 20 Scale found around the probe, electrode and the 
inner crucible wall after aluainUli addi-tion to the 3\ 
Si, 5\ B st •• l. Cheaica1 an.lyais of the scale aho •• d 
ohly the pr ••• nce of aluain. 
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COLOURED PlcnJRES 
1_,es en couleur 

1 

Figure 21 Resistive pulse signals in silicon boron steel after 
aluminum addition, sampling under' 20 amperes with a 
400 micron orIfice. 

Ti .. Icale is 1 ms per major division 
Vertical displacement is 50 ~V ~r major-division 
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F~9ure 22 

COLOUllED fI croIES 1_... en coul~ur 

Associated 10 second counts on the ~CA after aluminum 
addition, calculated 13 gram steel sample. Channel 60 
(first major division on the left) corresponds to a 
calculated 26.5 micron inclusion size. 
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boron steel after 0.1% Al addition. Calculation 
is based on the KCA image in Figure 22 and con­
version from resistive pulses in rnicrovolts to 
particle size in microns is made via Fi~ure 3-A. 
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COLOOaED PICTUlES 1_,.. ft couleur 

figure 23 Orif ice stability after the silicon boron experiment 
with aluminum addition. The measured diameters before 
and after the experiment vere 400±S microns. The 
diameter of the inaert on which the orifice was placed 
is 6.4 mm (1/4 inches). 
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Pl9ure 24 Microstructure of 3% Si, 5% 
addition 
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B steel after 0.1' Al 

Magnification: (A) 400x, (8) lOOOx 
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6.2. Atteapts to Identify the Difficultiea vith Molten Cast 

Iron and lov carbon Steels 

Although parallel experimenta had been carried out in cast 

iron and lov carbon steela, attempts to obtain steady baaeline 

voltages on the oscilloscope for these proved to he very., 

difficult. Usually upvard spikes, or at best an oscillating 

baseline such as those shovn in Figure 25 vere observed. 

Unfortunately, the period of these oscillations (approximately l 

millisecond) vas very close to the particle residence time at the 

orifice, hence making Any electronic filtering action virtually 

impossible. Experiments were then scheduled using Mercury as the 

fluid medium 50 as to investigate the effect of variables such as 

flovrate, and or if ice shape, on the onset of baseline 

instability. 

6.2.1. Effect of Flovrate and Orifice Shape on Base1ine 

Voltage rnstability 

These experiments àemonstrated that baseline oscillations 

would also be encountered in Mercury once a critical metal 

flowrate was reached. These oscillations occurred initia11y 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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Uns table baselines, (A) upward 
associated with unsteady current, 
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ri9ure 26 Baseline oSCillat~~ in mercury associ~ted vith high 
flov rate. 

Time Bcale is" 1 ml per major division 
Vertical di.placeme~ is 50~V per major division 
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Tvo types of orifices vere tested: il BN orifices of 

different diametera and 0.5 and l mm long, dril1ed into a BN 

insert vith 82- countersinks on either aide, ii) the 300 micron 

Alcan ori f ice as used in the LiNO. equipment for sampling 

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

.. 
The results of these experiments can be summarised as 

follow& : 

1. Baseline instability started at a repeatable suction 

pressure corre.ponding to a critical velocity. 

2. Smaller orifices tolerated higher suction pressures. 

3. Orifices vith smooth entry tolerated much higher suction 
• pressures. , 

4. Oscillations disappeared once the current current waJ 

turned off, yielding to a steady baseline voltage. 

5. Sirnilar transitions ~ere also observed using an 

equivalent water-based probe. 

Table 5 gives sorne quantitative data in vhich average metal 
1 

velocity and th~ Reynold'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 sorne form of inertia driven fluid movement, perhaps the 
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Figure 27 Croas-•• ction of 8 300' micron or i f ice, . f lame dr illed 
and t>olished into the side of a Kimax culture tube as 
uaed in LiMCA measurements in Alcan 
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'l'able 5 
Critical Suction Pr ••• ur •• and Correlponding Calculated 
Average Metal V.loc~ti •• At Which "Ieline Osci11ations 

Stal"t in Mecury. 

( 1 ) 

(2 ) 

Orifice Orifice 
Type Dia_ter 

.1'1' 

(1) 250 

350 

400 

(2) 300 

. /JI 
Cr 

cm Hg 

16 

8 

7 

>30 

Ü 
c: r 

Dl/a 

1.24 

0.88 

0.82 

>1.71 

Re 
Cr 

2580 

2560 

2735 

>4500 

BN Orifice vith 82· Countersunk Bntry, Re· =2500 
Cr 

Alean's Glass Orifice vith a Fluted Bntry, Re >4500 
Cr 

"\ 
/' 

Table 6 
Relative SUlceptibility to High Reynold's NUmbers (RSHR) 

for Some Fluids of Interest 

-!!L .J!!.- Al Water -EL -

N.P. (OC) -39 30 660 20 1535' 

Densi ty (kg/m 3 ) 13600 6090 . 2400 1000 7000 ' 

Viscosi ty (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 

<' 
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formation of a vena-contracta (72) at the orifice ent,rance is 

responsible for inducing baseline oscillations. The far superior 
, 

perforlllance of the Alcan orijice lends suppc>rt to this 

hypothesis. 

for a given orifice shape, base 1. i ne 

instability is caused by a critical Reynold's number, ü.D/w and 

since TI ~ (4P71), then a f luid . property indicat lng its 
'\ 

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

SHR - 11/11- (14) 
r 

Table 6 shows SHR values for some fluids of interest, on a 

scale where the value for water is ta ken 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 sU9gests 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 
. -. 
Promotlng 

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 900d "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 vould briefly cliab to some '0-80 a_ps and then fall 

back to zero. This vould 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 

eompletely vet the or if ice vall' and remove any adhering 

particles, therefore leading to steady baselines (53). 

Since the basic di tference be,tveen 5 il icon-boron steels and 

cast iron lay in the chemical composition, it va;; then decided 'to 

examine the possibility of a chemical reaction leading to the 

formation of gaseous products and attendant baseli~e 

instabilities. 

-Form4tion of silicà from dissolved oxygen and silicon in 

~iron has a very large ~I'ftllalp~. term, s.o·that: silica partiele$. in 

molten iron become incrsesingly unstable at high temperatures. 

Figure 28 shows the free energy change assoeiqted vith the 

reaction: 

SiO + 2 C = Si + 2 CO (15 ) 
( 9 Il S ) 

versus temperature, extrapolated to above IBOO°C, for the 

compositions of cast iron and lov carbon steel used in the 

experiments. , . 
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Figure 28 Free energy change Associated with the reaction (15). 
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Figure 28, continued: ' 

Free energy change for the reaction (15) may be eva1uated 

using the data for the folloving reactions: 

\ C + 0 • co (16) 
( 9· • ) 

t.GO • -17,900-14.19 T J/g-mol (73) 
: 1 ~ ) 

Si + 2 0 -= SiO (17 ) 
2 

t.GO • -594,000+230 T J/g-mo1 (74) 
( 1 ., ) 

For reaction (15), using Hess' lav: 

SiO + 2 C 2 Si + 2 CO (15 ) 
2 ( 9· • ) 

t.G D = 2 t.G D 
- t.G D 

(11) (l~) (11) 

• 558,200 - 312.38 T J/g-mol 

where standard state for components dissolved in 1iquid iron i5 

at infinite ~lution, on a weight 

energy change for a given initial 

( 

percent scale. Hence the free 
J 

concentratio~ is: 

2 

h P 
51 CO 

:: t.GO + RT ln [--------- (18 ) 
( 1 5 ) ( l 5 ) 2 

h a 
C Si 02 

, , 

( 4 . , ... 
1 " , 
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Case 1: Steel initially at 1600·C 

Coapolition: 0.1 C, 0.5 Si, 0.2 Mn, 0.02 S, 0.02 P, ca. 0.0075 0 

1. Calculation of the Activity of Silicon 

h • f • 'Si ( 19) 
51 S 1 

using the interaction coefficients in ref. (75): 

Log f 
S i 

• O.1['Si]+0.2('CJ+0.2(~]-0.2(\O]+0.1['P]+O.06['S] 

(20 ) 

f • 1.25 and h • 0.63 are found. 
5 i 5 1 

2. Calcul.tion of the Acti vi ty of Carbon 

h • f • \ C ( 21) 
c c 

again using interaction coefficients (75): 

2 
Log f - 0.2 [,C ] -0.008 [,C] . +0.1 (,S i ]-0.01 [\Mn] +0.1 [,P.\S ] -0.3 ('0] 

c 
(22) 

f • 1.18 and h - 0.118 are found. 
c c 

3. Pree Bnergy Change for Reaction (15) vith Te.per.ture: aSluming 

p • 1 and a .• 1 in equation (18): 
co s 101 

2 
t.G • /Mio + RT ln (h /h ) 

Il C 

50.3 
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• . 558,200 - 280.69 T 

This line is plotted in Figure 28 for steel. 

Casè 2: Cast 1 ron ini tially at 1350·C 

Composition: 4.,2, C, 3 Si, 3 Mn, 0.01 S, 0.03 P 

(23 ) 

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

action coefficients of the previous example, f • 55 and h • 165 
5 1 1 i 

are found. 

.' 
2. Calcu}jation of the Activity of Carbon: Since interaction· 

coefficients are applicable only in dilute SOl\lti~, a different 

lIethod proposed by Fuva and Chipman (76) and pres ted in reL 

(77) may he used to evaluate activity coefficient o.f carbon ,in 
\ 

1 

concentrated solut ions. The final expression in th, integrated 

forll i S: 

D 

f Hn(x ) 
c:,tinal ft c: 

Log • -1.21 t AX (2. ) 
1·1 1 

f iX 
C:,binar, i 

vhere Hn(ac)/.xi is the change in carbon .olubility vith 
1 

additions of solute (i) in lIIole fractions: usi~g the table in 

ref. (78): 
" 

\ 
Log f • -1.2l{-3.7['Si]+O.5[~J-5.2 

c 

50.& 

... 

" 
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, 1 

O.2['C]-0.008[tC} (25) , 

\. 

f .• 8.7 and h • 36.5 are found. Tbe lait tva ter •• in 
c c 

equation (25) give the value of ·Log (f 
c.ltt •• rr 

3. Pree Bnergy Change for Reaction (15) vith T.~rature 

.. 
b.G. 558,200 - 329.7&" J/g-lROl (26) 

, 
This 1ine i. plotted in Figure 28 for cast irone 

Allu.ptions: " 

1. Bquilibriua conltants are uled outside their tellpera"ture 

range: 1350-2200·C. 

" 2. Activities h and h are fized by co.position aAd allualed not 
'\ 1 i c, 

ta vary vi th rte.per.ture. 

3. Sffeet of tranlfor .. tionl such •• 
. " 

SiOl. • Sio 
1 (Il 1 (11 

. . 
are neglected. 
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It il~ cl.ai fra. Figure 28 that tber. viII be an exce.~ 
, .' 

fr •• energy on the sorface of a lilica particle for the for .. tion 

of CO gal. It is not clear hovlver hov t~ reaction vould take 

place, in teras of nllcleation and grovth, in luch a Ihort lpan of 

ti •• One poisible .echanis. vould be the adhe.ion of 

sub-alic rOlcopic silica partieles to the orifice wall, supplying 
l, 

oxygen for CO nucleation, henee 'cutting the conditioning current 

preut,urely before i t has a chance to grov and remove aIl the 

adheled partieles. 

A limilar phenomenon was al.o observed in the boron-silico 

steels, although to a much lesser degree. When the ballaIt 

.# res).stor was shorted, the current vould gç-adually build up to 

40-80 amps in a stepvise fashion and would then suddenly grow to 

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

'stability of borosilicate partielee vas perhaps the k~y factor in 

the initial suecess pf the "LiMCA" techn~que vith th] particular 
1 

allçy. 

6.3. !zperi .. ntl vith cast Iron 

In the light of the prec •• ding s.ction, the firlt 
€> 

aodi(ieation to the IN orrfice inle~ts were made vith relpect to 

their lengths. The original aspect ratio of l mm 'long to 0.3 mm 

·dia .. ter orifice was considered to he high; as this might give 

rile.to Rayleigh instability and, during the conditioning stage, , 

to eacessive heet at the orifice exit while leaving the area near 

en~ry largely uncondi tioned. The orifice )ength was .. therefore 
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reduced to 0.5 _. 

'1'0 pr.ote the for_tion of the .ore .t.ble _ngan ••• " 

.ilicate., an addition of 3' Mn ••• a1.0 .p1.nned. Wh." 
eapèri .. nt •• ère perforaed iO a '.2\ C, 2\ Si, 3\ Mn ca.t iron 

wi th • 300 Ilicron. dia.ter or i f ice, i t was possible to obtain a 
0' 

.t.aay baseline by first passing an inytial high current of 

200 a.per.s and then . ~ 

S.~pll ng unde r 
f 

20 •• per.s. Only te. 

r.si.tive pulse peak •• s in Figure 29 were observed indicating a 
• 

cl.an (i.e. inclusion fr •• ) peth. These peaks had shorter 

re.id.nce tilles because of the shortened orifice length. The 

ezpansï'on of the or i f ice aperture ln these ezperiments was high, 

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

ezpansion on the particle size •••• ur.aent is discu.Bed in 

<Chapt.r 7. 

, 
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Pi,ure 29 

o 
.. 

. 
; 

. . 
• 

J 
--~ 

M' 

COI .... PtClUla 
I ... s _ coul ... 

o 

A tfPical r •• i.tive pul.. .ignal obtained while 
a.p rating ca.t iron through a 300 micron orifice and 
pa •• ing a current of 20 allpere.. Tbe'O "v .14nal 
belong. to a 23 micron partie le.' 

Time .cal. is l ml per .. jor division 
Vertical dilplac ... nt il 50 "V per .. jor division 
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7. SIL&C'1'ION or MBASORIIIIDI'I' COIIDI'f'IONS 

Initiallyaimilar condition. a. tho.e for aluai~", Le. 

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

.acutml pressure and 20 microvol ts" detect i on 1 illi t were used., 

The •• were then mod~fied during the course of experiments. The 

• election of optimum meaaurement conditions were made on the 

balia of the physical principles and the experillental resulu 

pr ••• nted in Çhapter 5. 

7.1. Select ion of Ori fice Diamete,r 

1 t wa. desi rable to select an ori f iCI dia.eter that would 

give sufficient resolution to detect inclusions of interest yet 

not too small as to increase the likelihood of blockage. The 
~ 

choice of orifice diameter depended then on the steel cleanliness 

expected. AS the micrographs of the silicon-boron steel in 

Pigure 16 show, steel deoxidised with Si, Mn, B or their 

combinat ions will conta in nwn~rou8 but small" inc lus ions. An 

orifice as small as 200 mler~ns could therefore he used in this 

ca.e, with little risk of blfckage. Aluminum killed steels on 

the other hand, ténded ~ contain coarser inclusions , 
<agglomerates), which in con j,un ct ion with their tendency to .. 
accumul8t~ on ~ee surfaces made blockage of the orifice lIore 

likely. ror this type of steel therefore, '00-600 microns orifice 

tended to he more suit.ble on the basi. of pre.ent t •• tl. 
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7.2. Selection of Aspir.ti9n,Pre,.ure 
\> 

The ainiaum vacuum nece ••• ry to a.pir.te th •• teel by fir.t~ 

o.erçoaing .urface tenlion forcel at the or i fice depend. on the 

orifice di .... ter. Por a completely non-wetting orifice, the gauge 

vacuUlll nece ••• ry i. given by: 

i' . \. (27 ) 

wber. ~ i. th •• urtace ten.l'on of the .teel. Valu,e. of 6P for '. orifice dia .. ter. ranging froa 200-600 microns are listed in 

Table 7. If the orifice wall il partiall}' vet by steel, then 

th"e values should he multipd.ied by a factor. ICOI'I, vhere • il 

,the contact angle. 1 n the actual exper iments, at ter adj Ult 1ng for 

ferr08tat ic pres.ure, 14 cm Mg (18.7 k"pa-g) vacuum vas f ound 

8ufficient for 300 micron orifice giving a contact angle of 

approximately 140· betv.en boron nitride and steel, taking 

~-l. 87 N/m (69). Approx imately 85' of the values in Table 7 vere 

therefore tak.en as being a sufficient operating differential 
'>" 

prellure. Thele are pre8ented in Table 9 

, 
7.3. Relationship Setveen Aspiration pres.ure ~nd '.aplin; Rate 

'To esti .. te' the clischarge coefficient (CD) of the orifice - .. 
ancl tittnce _t.l velocity at the orifiee ancl ... ple VOlUM taken, .. 
eaperi .. ntl vere boncluctecl vi th zinc, vhich hal a lilli lar clen.i ty 

to that of st.el, by _ •• uring the time taken to fill a given .. 
J 

vol ... under vary i n~ di f ferent ia1 prelsurel UI i ng a 300 micron 
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-r.ble 7 
. Mini .. Pr ••• ure -.qui ree! to Porc. Nol t.n 1 ron 
~r0U9h 1 Jlon-•• tting qrific. ( •• 1.87 M/a] (6') • 

/ 

-

.. . . 
Orifice' 
pi __ t't' 

\:: 
.00 

500 ... 

600 

, 

Required·Pre.,ure 
D!ffer!nce. 

ca Hg kPa 
<> 

2B.1 37.5 

IB.7 2'.9 

14.0 11.7 
" 

11.2 15.0 

9.' 12.5 

M.l 

.:' t' ,~ ~- ~~:~ j;-:--f~~~ 
w J 1:_ 

1 

~ ! 

i 

" 
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di_ter, l _ lohg .. orifice. 'Re.ulta of th •• "aperi_nt •• re 

.hown in ,..ble 8" toeJether witlt cOIIpUted value. of correaponding 

Ra,n0.1d'. nu.ber. (Re). As •• an fro. in.pection of Table 8, CD 

decr ••• ed conaider~bly vith decraa.ing differential pre •• ure, 

.o.t litely becau.e 

di.sipatio.n. 

of the increa.ing effect of vilcoua 

Sinee viseou. di •• ipation in the laainar reqi_ il a 
. 

function o.f Ra alone (72), it i •• afe to a.,umé that for a qiven 

orifice, CD .ho.uld be the .... for different fluid, at the .... 

Ra. MOre accurate .ea.urements vith vater vith a similar orifice 

confirmed the al.ost linear incre •• e in CD with increatJinq Re 

D'ver the range éOO<Re<2400. At Re-2tOO-2600, a discontinuity wa, 

ob.erved in the vater eaperiments, vhen the di,charge coefficient 

dropped sharply to a lover valuè but then aqain increased, 

sugg •• ting a change in the flov regime; either as a 

tran.ition to a turbulent jet at the orifice 

for_fion of a vena-,eontracta at the entry. 

-

r •• ult o~ 

eait or 

1 
To .. ke.n e.t i_te for average Mtal 'velocity .nd 10 

seco.nd. saçle vo14'le. in steel experi .. nt., a 1 inear relat ion.hip 

betv •• n Re and CD va. a •• œed in the range 'OO<Re<lOQO applic.ble 
\ 

to bath zinc and \steel. Such lin.ar relationahips betv.en 

Reynold'. nuaber and the entry or ex'i t lo •• es have, in fact, been 

pr.dicted theoretically and ob.erved experiaentally in laainar 

pipe flov (79). A le.at square fi t "a. then _de to the velue. o.f 

CD, obtained frOil . the zinc .xpe~i_nt.. Th. l •• t c:olumt in 

Table 8 ahov. the accorcSingly adjuated v.lue. cf m vher. 
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" ,..ble 8 
Sati .. tion of Di.charge Coefficient of'the 0.3 .. di ... ter l mm 
long .. orific. frOil zinc •• peri .. nt •• r...t c~luan gi'"e. th. 
lin •• r lu.t square fit v.lue •. of Re v. CD, correlation ~ 
coefficient r-0.98. 

\ 
j 

Differenti.l' Netal ~ \ ~r •• aur. Ve1oci~y 
AP if .. - Re C 'C \ Zn .... D D\ -

H9 Ia/. c • 
" ~ " 6 1. oS- 525 0.67 0.66 

~ 

8 '1.20 ' 600 0.66 0.68 

10 0 1 •• 2 "- 710 0.10 0.70 

12 1.60 800 0.72 0'-72" ' 

1~ 1.98 . 990 '. 0,. 77 0.7' . " ' , 
20 2.2. 112Q o. ie 0.79 

\ 

.. 
, ' 

/ 

." , 
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'l'able 9 

_,ti.ted Value. of Disèharge Coeffici.nt, Reynold t s Nuaber, 
Average Metal VeloÇity and 10. Saap1e VolUlle at the Prop\c)led 
Ope rat i ng Di fferen t la1 pre •• ure for Va ry i ng Or i f ice Dieme ter •• 

. Itine.tic Vi.co.ity of Iron, .,-0,9 ~/~ (ref62) • 
, , . l kP. - O~ 75 c~9 \-

1 

Orifice Di fferenti'.1 Diacbarge la' second 
Dia .. ter Pire •• ure , AP Coe f ~ i ç i en t , ....!!L ---L S •• ple Vol9!! - ca Hg a/s grells 

, 
200 2' . 0.64 '30 1.93 '.2~ 

300 16 . ~ 0.66' ~47 ,1.6' 8.1 

400 12. 0 .. 69 653 1.47 12.9 
, ' 

500 10 • O~ 71 713 1.39 19.1 

·600 8 0.73' a48', 1.21 25.2 
: 

'. 
~ 

, 1 

" 

" 
," 

Î . ' 
" 

,~, 

l " . , 
\ , 
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correlat ibn coef fic ient wi th Re is 0.98. Start ing wi th an 

initially guessed value for CD, the average metal velocity at the, 

or i fice and the 10 second- sample volume were tnen calculated for', 

. molten iran as a function of orifice diameter and applied vacuum 

(Table 9) •. 

( 

Alternatively, a direct measurement of rnetal veloci ty at 

the orifice could be m~de by measuring the residence, time of a 

pa-rt ic le from the osc illosc!ope 'trace, except for the di ff iculty 

of estimating the exact timè of pa'rticle entry to and exit from 

the orif"ice. 

7.4. Operating Current and Mi~imum Detectable InClusion Size 

• 
For a gi ven elect rode and ori f i'ce· res i stance (R ), th~ 

optimum current to deliver thae maximum pu'ls~ could be found by 

differentiàting 

éonstant, and 

equation (7) with respect to R 1 keeping R 
, B B 

equating the derivative to zero. This results in 

and v =3 volts vith a 6 volt ba~tery as the power source. 
B 'J B 

With graphite tipped electrodes, R was of the order of 50 mD. 
4. ! 

Using a ballast resistor ot similar resistance would yield a 

circuit current of 60 amperes. Increasing the current beyond this , 

value by .~educin<J.-I~he ballast resistance .will rev~rse the effect 
10' 

of current and make the voltage pulse~ smalle~. In fact, the 

recommended maximum current would be one third of this value 

b«ause: 

.. ,,I, \> 

" 

4 
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i. it is desirable to have as low a DC component across 

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

ii. because of diminishing returns, as can be seen in 

Table ll-(B), there is no significant gain in detection limit 

beyond an applied current of 20 amperes which corresponds to 

R E5R for R sSO mO. 
B 

With metal electrodes, or with additional signal detecting 

electrodes inserted into the bath, much h~gher currents could of 
J 

course be used before ballast resistance reaches the above limit 

of 5xRE. 

Another restriction to the current is the possibili ty of 
1 

excessive heating at the or/i f ice. In view of the short residence 
1 

t imes, lO-40 DC/ms vas cGnsidered to" be a moderate rate of 

temperature rise and, cor~esponding currents vere used for the 

orifice size at hand. Rat~ of temperature rise i~ given by: 

" 2 
dT/dt 1 ~ PL/PC (28) 

t •• e ,p 

where the numerator is the volumetric rate of heat evolved by 
" 

Ohm's lav (pe-l.4xl0- 3 o.mm (69)) and the denominator i8 the 

volumetrie heat< capaeity of steel, 

Caleulated temperature rise lU..- the orifice exit for different 

orifices and currents are shown in Table 10 wi th tolerable levels 

underlined. 
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( . Table 10 
~Rates of Temperature Rise at Orifice for Given Applied Currents 

Moderate Values are Underlined. 

Current, amperes 
Orifice 
Diameter 5 2.!L 20 40 -. \ 

~ Rate of Temperature RÎ'lle, 'C/ms ........, 
1 

200 6 25 100 400 

300 5 20 80 -r 
400 6 II 
500 10 

v 
600 5 

57.1 
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Table 11 
Minimum Deteetable Inclulion Sizes uling Different 

Electrode Arrangeaets. 

1 

(A) Extra Signal Deteeting Electrodes, R il Negleeted 
B 

Current , amperes 
Orif ice 
Dialleter .5 10 .2L 4.0 

-
l'Dl Minimum Oeteetable Partiele DiaDteter « l'DI 

200 15 12 10 

300 21 17 13 

tOO 31 2t 19 

50p 41 33 26 

600 42 33 

04 

(8) Graphite Tipped Electrode., R • 50 mg 
& 

, ( 

.. 
Current, ._perel "-

Orifice 
Dia .. ter 5 JL. 20 40 

----t-

#dl Minimum Detectable Partic;le Dia.ter, ~ 
\ ,. .. 

200 16 12.6 10 '~ 

, 

30.0 22 18 18 -
tOO 32 26.5 26 -, 

500 43 li 35 

600 55 46 45 -

1 -

/ 

\ 

, 
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In the steel experiments, it has been possible to attain a 
~ \~ 

noise ~evel as low as 5-10 microvolts by proper shielding and by 

the 'elimination of Magnetic and mechanical disturbances. This 

enables the selection of 20 microvolts as the pulse detection 

liait vith a signal to noise ratio of 2. Minimum detectable 

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

the recommended operating currents and are given in Table Il. On 

the sa me table a comparison is also made to shov the effect of 

electrode resistance on the detection limit, which becomes 

i-ncreasingly 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. 

l.(-.,. 

7.5. EBt~mation of the Level of Required Conditioning Current 

...... 
The net effect of the "conditioning current~ is the 

int~n.e, localised generation of heat at the orifice. For a 

300 micron orifice, 200 amperes was found sufficient for 

a~uminUm (53), and 150 ampet"es for. steel, in helping to reach a 

steady basel!ne. Thi8 p J.n furn, corresponds to heating rates of '. 

approximately 80eoe/ms and lIOO·C/ms respectively. Assuming a 

heating rate of 600-1200·C/ms as necessary for conditioning, 

reguired currents tor va~ious orifice diameters have heen 

calculated using 'eguat ion (28) and are shown in Table 12. 

( 
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'l'able 12 " , 
Requïred Con4itioning Curr.~t. to Aïd the 
Attain .. nt of a St.ady .... lin. in St •• l 

. H •• tinSi BIte 
Orifice 1 1 

1 

Dia.ter 600 1 120b ·C/ •• 

,.. Conditioning furrent. aaper •• 
1 

,200 50 70 , , 

300 110 
1 

155 
1 

600 200 
1 

275 

500 300 .30 

600 •• 0 ~ 620· 
1 

.-

/ 
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8. DISCUSSION 1: ANALYSIS OF ERRORS 

ln the following sections, analysis of systematic (orifice 

expansion) and random (sampling , and coincidence) errors 

•• sociated with the partic~e counts of the system so far 
-

described i5 discussed from a number of perspectives. To provide 

• working hasis for the error estimation, the first section is 

devoted to the estimation of the likely size distribution of 
~ ) 

inclusions in steels of varying cleanliness. 

8 .• 1. Range of inclusion Size Distributions in Molten Steel 

Bxtensive research has been carr1ed out by Flinchbaugh 

(4'-'6) and others (47-49) on the typical size distribution of 

inclwsions extraC~d from aluminum killed plain carbon steels. An 

aqueous Coul~er Co nter was used to size the extracted partieles. 

Flinchbaugh's techn ~ues apply to both micro-inclusions, within 

the Bize range ,3140 microns, and macro-inclusions within 

40-200 microns. His kesu1ts showed that, on the basis of 250 9 

•• mples ta ken from different batches of steel, aIl those 
< 

containing 50-70 ppm total oxygen had simi1ar size distributions 

and when fitted into a power law relationship of the type 

- k 

N • Ad' (29) 
cl 

wbere Nd' is the·number of inclusions greater than size d (~r 

gra.) and d is the inclusion size (microns); simi1ar constants 

CA) and exponents Ct) vere found for the size re9ion 40-200 

- '. , . " . '. , \ 1 • • ~ 
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aicrons. Prom his data an average value for the exponent (t) was 

.~5tO.5 and for the constant L091.(A) wa. 8.5±O.9 within ±2 

standard deviations based on an analysis of five steel samples. 

Cl08er examination of his data reveala a aystematie 

increaae in (k) as def ined by: ~ 

k - -6 Log(N )1 6 Log(d) 
d 

(30) 

with (d). A logarithmic plot of k vs. d shows a reaaonably good 

linear relationship, suggeating a mo~e general lize distribution ., 
relation of the type: 

n 
k - A d 

1 
(31 ) 

Integration of equation (31) givea an exponentiel distribution of 

the fOfm 

n 

\ N - N exp( -Bd ) (32) 
cS • 

"here a-"l/n. Equation (29) ia a spee ial case o~ equatlon (32) 

"hen n-O. The exponent (n) is then a measure of deviation of the 

*ize di~ribution curve from the power law. Exponènt n-1 has a1so 
~ 

been IU9gested in the li terature (35).' 
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~o find a hypothe~ical distribution that is as close to 
,/ 

r.ality as possible, then, exponent (n) has been evalùated by a 

! le.st s9uare fit from the log.rithmic plot of k vs. d. (B) and 
1..., 

Oi.) are found by taking V,,-O.O'xVf and N .. -20 where VfJ .is the 

volume fraction of inclusions greater than 43 microns and Vf is 

the total volume fraction of oxides. 1 The data used in this 

analysis vere taken from Flinchbaugh's report (45) and the 

conversion of size distribution into volume fract ions i. 

explained in Appendix II. The results are then extrapolated to 

coyer a size range of 10-1000 microns, and the final distribution 

is given in Table 13 anQ Figure 30. Figure -30 also provides~the 

original data points for which the analytical eguation (32) was 

made to fit. The lover end of the extrapolation gives good 

agreement vith the measured values, a comparison being made in 

Table 11.2. This then, is considered to be a likely distribution 

of oxide inclusions for an aluminum killed steel containing 50-70 

ppm total oxygene It should be emphasized that this analysis is 

not meant to replace the inclusion detection techniques but 

rather to give an order of magni tude analysis t'or the typical 

number of inclusions thet can be expected in real practice. Its 

ulefulness will beco~e apparent in the following sections, in 

analysing the expected count errors associated vith an electrical 

sensing zone instrument to be used in liquid steel. 

To estimate perticl~ size distributions for cleaner steela, 

the best ladle practices in Japan containing 10 ppm total olygen 

lis next considered as an example. A simple approach would be to 

reduc. the number of inclusions by a factor given by the ratio of 

61 



• 

• 

() .. 

ft -

. Table 13 . 
Oa1d. Inc1u.ion Sia.(Diatribution of Steel 

Containing 50 PPD Total OXYgen, .... 4 on Iquation (31). 

n-0.322 
1-4.1 

N.-l4.3alO' 

Q 

\/", .. 
Inc1uaion Nuabe-r Gr.ater than d Ii!![ 
Di_ter, .. 

de e ..i.. ...a. i2!1 100 ton VdlVf ..L 
10 2563 23.7 , 2.8 
20 296 1'.1 3.5 
30 66 8.7 4.0 
40 \ 20 5.6 4.3 

50 7327 3.7 4.7 
60 3052 2.S 4.9 
'70 1397 1.7 5.2 
80 687 1.2 5.4 

90 358 -0.88 5.6 
100 196 0.64 5.8 
120 66 0.35 6.2 
150 16 0.16 6.6 

,200 2.118 .048 7.3 
300 90 .007 8.3 
400 738 .001 9.1 
500 90 9.8 

600 l:' 10.' 
700 2.7 10.9 
800 O., 11.' 
900 0.2 11.8 

1000 12.3 
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Figure 31 Plot of the oxide inclusion .i.. distribution of 
st .. l in Tab1. 13, inc1udinq the oriqinal data 
pointa in ref. (45) • 
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the total volume fraction of' inclusions in b~th steels. This will 
• 

satisfy the mass balan~e requirement and effectiv~ly is equal to 

the reduction 
! . 

of the constant (N.) by that factor. However, as 
t ' 

the steel Decornes cleaner, the larger incl~sions are remo~~d ____ -

firet. The net effect of' this is a general increase in the value 

of (k). The value of (N.) is therefore assumed to remain 

unchaPged since the larger inclusions constitute a very small 

fraction of. the total number. Observations also support this, 
',1 

when steel is made cleaner by electrosla~remelting for instance, 

simila~ or even increased KI values have been reported in the 

refined product (20). 

.. 
At some inclusion qiameter (d') however, the number greater 

(Nd') will be reduced exactly by the volume fraction ratio of the 

inclusions. The new value of (~) is ~hen calculated by taking 
( 

d'.l~~icrons. The exponent (n) is left unchan9~d as this only 

gi~es an indication of the discrepancy from the power law 

,distribution. !he new size distribution is shown in Table 14 and 

Figure 31. 

.. 
Finally, an <, aluminum Idlle8 "superclean steel", fi 

5u9gested by Kiessling (28) to demonstrate the composite 

of steel, containing 1 Ppm oxygen as alumina incl~sions and 1 

sulphur as MnS inclusions can be consïdered. This level of 
" cleanliness is quite impracticable to attain in b~lk quantities 

by today's practices. The estimated likely inclusion distribution 

is shown in Table 15. 

.. "'. 
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8.2. Ef tect of Samp~e Vol ume on the Accuracy of Resul ts 

If the inclusions are randomly distributed in the melt, 

then Poisson's distribution applies for the number of inclusions 

in the samples taken. Accordingly tttên, the standard deviation of 
f 

th<e observed counts ~s given by the square root of the number 

counted. As count rate i nc reas~s .for' i nc l usions' greater than a 

" certain size, the accuracy of the~results also increases. A count 

rate 'of 100 fOr instance, gives an e-stimate of the average number 

~n the~population to within 100±20 with a 95% confidence limite 
-

~.. Although in· the present experiments samples 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, cÇ)uld equal the 

volume taken by the sampling cell, 50 m~ (350 g) with the prèse.nt 

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

and add them if the y conta in no stray peak s 1 but only resi st i ve 

pulses. 

By taking a ---31\0 9 .sample of 50 ppm total o.xygen tïteel and 
~ 

re fer ri ng to Table 13, on average, 100 inci us ions w i11 be counted 
\ 

of sizes greater than 90 microns 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 l!lrger inclusions that might still ex.ist in the 

ladle, a much larger sample vol ume i s needed. As 'for the c lean 

steels ànd the super-clean steel it should, based on the 

hypothetical distributions from Tables 14 and 15, still be 

possible to detect inclusions as great ras 110 and 70 microns 
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res~ctively. Thi~ alsa illustrates, in an approximate vey, the 

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

i5, there will still be a number of inclusions detected. 

Limi taUons of sample volume also apply to other methods of' 
, 

inclusion ~measurement, particula~ly to those that depend on 

surface~examination. The 'present instrument provides a 3 ~rder of 
; 

magnitude improvement in, t'his respect. 

Using the hypothetical ,distributions from Tables 13, 14 and 

15, it i~ also possible to calculatè the likelihood of orifice 

blockage. fol" a given orifice d~ameter. For a 300 micron orifice 

for instance, the chances of having a partic1e .greater than 300 

microns in a 300 gram sample can b,e calèu1ated a$ fo1lows: Taking 

the case' of 50 ppm total oxygen steel, f l'om Ta'ble' 13; the average 

number ;f particles greater than 300 microns i~ a \~OO gram steel 

samp1e wou1d be EJO:(300)x(90xl0-')-=O.027. The, probabi1ity of 

finding J r) number of partic1es in a semple. volume .that contains 
, 1 

an aveu<;le of . (E) number of particles lS given .by the Poisson's ., 
distribution, which states that: 

'1 

,Ir ; 

r - f 

P( r ) -= E e 1 r! 

-. 
Therefore, th,e probabi?- i ty of ,not" f indinq the larg,!! pa~t iG:le 

p(t .. O) 
" • - f 

JO: E e , . - r 

- e 

", 
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or of finding,it then: 

\,. . ( 
,P( r~l) • l - e (35) 

Por the aboye example, this would be 2.7'. 

The probability of blo~k&ge for other orifices and for the 

thtee types of steel considered are gi yen in Table 16. If an 

acë'eptable probability for blockage is talten as 1% and assuming / 
/ 

thàt b10cltage occurs by the presence of a large singl-e particlf 

rather than by the accuDI\~lation of small Particles, then a 10 
micron or if iee lS expected to perform weIl in an alumi,num 

deoxidised steel, containing 50 ppm total residual oxygene / 
1 

8.3. Systematic Errors Induced by Expansion of Orifice ApeJure 

A major source o.f error in particle size measurements was 

the systematic expansi,on of the BN orifice during sampling. This 

appears to be in the order of 20 microns for cast iron and 

~O microns for a low carbon steel, per aspiration. Only in one 
1 

experiment with a boron-silicon steel: was there no measurable 

orifice expansion. 

\ The effeet of orifice expansion will be two fold on the 

\ ' çbserveQ number of counts: the increased sample volUlDe dll tend 
\ . \ 

tQ lncrease the number of counts while the wor'sened detection 
\ 

.li~it will tend to decrease i t. An ~eS1imate of the error can be , " 

lIade for a 400 micron ori f ice for example, that expands to 

65 

------------';- "f'-



t 

----i 

d 
;. 

~ .... 

~ 
( , 

t , 
1 • t 
! 
\ . 
1 

.. 

Table 16 
Probability of Blockag. for Different Orifice. 

in Different St •• l. of Varying CI.anline •• 
~ 

Type of Ste.l 
Orifice 
Di ••• ter Table 13 . Tabl. 14 Table 15 

3 i 

probabi li ty of blackage , , 
200 41- 0.9 0.02 

300 2.7 0.02 

tOO 0.2 

500 0.03 , 

600 

" // 
/1 

65.1 
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430 microns at th, end of samp~ing as follows: ~ 

1. Error 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: 

2 
N - (430/fOO) N 

• 
'( 36) 

ob T 

N - N + 0.15 N 
ob! T T 

2. Error due to not counting smal1er particlesz because the 

detection limit of the instrument set tor the smallest par\jples 

of interest will increase in proportion to (430/400)4/', there 

will be les! of the smaller particles counted et the Lover Level 

of Detection •• Assuming that a pover lav relationship for the 

size di stribut10n applies vi thin a narrov range at the average 

L. L. D. of 20 microns, then from Tables 13-15, k-3.5-4.5. The 
• 1 

estimated decrease in the true counts wi11 be given by: 

- f/2 - k 
N -~ H430/400) } N (37) 
/~.- T 

, 

,/ N - N - (0.30 to 0.35) N 
ob T ,. 

~ , 

Thus, the net effect of orifice ezpansion vill be a 15-20' -

4ecr.ase in the number of total counts. Since the orifice ezpands 

gradually, the actual net effect vill be one half. 

• 
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8.6. "ndo. Errors 

Rando. errora in the aeasuring Iystem can arise froa: 

i. la.pling errors 

.' ii. coincidence effects \ 
iii. variations in metal flo. rate other than that due to 

orifice enI,rgement and variations in the current. 

The first of these has already been dealt vith in 

Section 8.2. The second arises from the presence ,of tvo or more 

particles in the sensing zone st the same time and has heen 

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 partiele, thus lowering the number of observed 

counts. Secondary coincidence likew~se occurs when two particles 
, 

below the deteetion 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: 

67 
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1. Primary Coincidence 

Using a O., mm diameter, 0.5 mm long orifice at a detection 

lillit of 20 microns for example, .the effective volume of the 

sensing zone l118y be calculated as s-O. 063 mm' and the average 

number of" detectable particles in the sensing zone is then 

,-0.13. The probability of finding one or more partiéles in the 

sensïng zone is given by eQuation (35), and this is equal to the 

probabi li ty 

P(r~1)·0.l2. 

of having a resistive pulse at 

If particles appeared one by one, 

the orifice, 

the prObabi~ 
of having a particle at the orifice would have heen equal to (,). 

Since theae probabilities are direct1y proportional to the 

observed counts and the true counts respective1y, tne observed 

counts will be reduced by: 

N • [P(r~l)/,) N (38) 
01>. T 

N • N 0 _ 0.06 N 
01> t' ,. 

"" 

2. sec~ndary Coïncidence 

Since' voltage pulses are proport ion .. l to the part icle . 
1/3 

diameter 'cubed, a particle with a diameter (1/2) x20-l6 microns 
1 

will pPOduce a pulse that is one half of the pulse produced by a 

20 micron particle. Therefore, continuing with the sam~ example, 

when' two particles within the Bize range 16-20 microns eppear et 

the same time at the orifice, secondary coïncidence will oceur. 

Tfe average number of 16-20 micron partieles at the orifice is 
1 

, of, 



( 

o 

(l 

'-

., 

• '-0.15. The probabi1ity of having tvo or more partiele. vithin 

that .ize range is then: 

P'(r~2) - 1 - P'(r-O) - P'(r-1)' (39) 

_ • t _ • f 

P'(r~2) • 1 - e - .'e ('0) 

P'(r~2) • 0.01 J 

A further refine .. nt '" be made by eon.idering 3 or more 

particle. in the sïze range that give rise to 1/2 to 1/3 of the 

minimum detected pulse (16 to l' microns) and so on. The 

probability of this second order effect can be calculated to be 

P"(r~3).O.0005 and becomes insignificant at higher orders. The 

sum, of °these probabilities give the probabi1ity for secondary 

coinc idence: 

,The seeondery coincidence effect on the ob.ervad eounts is then: 

l' • N + [P(S.C. )/1] N 
ob T T 

N • N + 0.09 N 
ob T '1' 

~or the case cons'dered therefore, the net effect of 

primary and secondary coincidence will be a 3' increase in the 

observed counts. The effect will dimini~h as a steel beco ... 
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. " cl.aner. ror the 10 ppa total ozygen steel in Table 1. for 

instance, the net increas. in counts because of coïncidence would 

be 1t, and for the measured size distribution in Figure 22-A, 

approxi .. tely 2\, assuming a moderate concentration of tO 
if 

inclusions per gram in the size range 21-26.5 microns. 

In order to bè able to estimate secondary coincidence 

effe,Cita, an estiraate of inclusion concentration below the 
'. 

detection limit is necessary. Size distributions in Tables 13 and 

l' therefore provide- a convenient starting point to give an order 

of ._gnitude values for the distribution of alumina inclusions in 

di fferent "teels. 
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9. DISCUSSION III GEMBRAL CONSIDIRATIONS 

In this chapter, the major problema that have heen 

encountered during particle detection experiaents in steel baths 

and the possible causes for these are discusaed. Basically, an 

attempt is made to illustrate the related phenomena that are 

interacting to possibly produce the observed difficulties. 

9.1. Potential Vaporisation / Cavitation of Melt during Us~ of . 

Conditioning Current 

"Cavi ta,t ion" as a term is primarily uaed to desc'ribe the 

ejection"" of gas phase from a liquid as a result of .. pressure 

reduction (82). 'Reference has already been made in 

Subsection 6.2.2 to the possibllity of cavitation in açcounting 

for the difficulties observed in cast irone A close examination 

of the sensing zone environment reveals a number of other factprs 

that can leed to this phenomene. 

9~1.l. affect of Velocity Distribution on Heat Dissipation in 

the !lectrical Sensing Zone 

Figure 33 shows the effect of 150 emperes of conditioning } 
1 

current on a 300 micron diameter, 0.5 mm long orifice, vhere 

average residence times and temperetures of molten iron over a 

cross-section at the entry, middle end exit of the orifice are 

superimposed. Although the flov 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 càlculated to be 1. 25zÙ-2. 0 IIIs: (83). Thete will n,évertheless 

be a radial veloc i ty gradient and thi. will" he lIore pronoun'èed 

to •• rds the ezit. As a 'result, because of the increased 

resid4Nlce ti.e, fluid n.ar the orj,fice "all -will he heated up­

considerably aore then the, ave~age over a given cross-section 

perpendicular to the centerHne flo" .. 

9.1.2. Effect of Electric Pieid around Shlrp Corners 
\ 

The artef.c~ peats observed in the Coulter type counters 

because of off-axis trajectories have prompt.d res.archers to 

inv •• tigate 'the variation in electric 
j '. .... 

potential gradient . ' 
at an 

orifice aouth (86,85). Both experimental and computational 

results indiçate a sharp increase in the potential gradient near 

sharp corners "hich theoretical~y becomes intin i te at the edg'e of 

a 90· cornet. The' 'cOIIlputational results of Wilson (85) for 

bevelled edges'"ith 135- corners, which are geometically similar 

to 'the countersunk BN orU ice used, predict two to three-fold 
• 

incr.a.e in· the value of total potential gradient near the 

corner~ Since the volumetrie heat generation is gjven by: 

2 

S • E /~ Cf3) 

thi. voule! reflect a~' to 9 fold increase in the rate of 

t •• pérature rise near the peripheral.edges of the orifièe entry 

and exit. 
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9 • 1. 3 •. Pi nç: h E f f ec t . , 

.. 
The, "pinc.h 

obseryable ,at' h~gh 

e f.t ec t "" i san electroDl4g"netic phenomenon 

current d,nsities when the loop component of 

the .. CJ1'Iet ic field generated .by-the 
, ' 

a i tsel f exerts current 

:.radial compressive pressure to the current carrying medium. The . -
pressurè inçr.,ease,s a10ng radiai direction towards center and i ts 

value at the surface' of a cylindrieal conductor can be shown to 

he: 

2 
pl, • B /2" (44 ) 

• ,r 

where's is the .. ~netic fl~x density at the surface and '". is the 

per,.eability of the free flux density is space ~ 85) . _ Magnet ic 
, . 

rèlated to the total curre.nt' floving through a cross section by 

-the iptegral result of Biot-Savart law, 

(45 ) 

for cylindrical conàuctors, w~ere'~ is the permeability of molten 

- iron which is approxi_~ely the s~lIle as that of the free space: 

".,.x10-" H/m. Using equations (45) and (4~) and Table 12, pinch 

pressures can be, calcul~ted for the suggested condi t ioning 

curren'ts and are gi ven -in' Table 17. The ef f ect ,becomes more --­pronounced at l~~ger ,diameters because the suggested condi t ioning 

currents increase in proport~ipn to the, square of the orifice 

dia.eter • 
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. Table 17 '\ 
Order of Magnitude of Pinch Pressures 

for the SU9gested Conditioning Currents in Table 12 
~ . 

Or! f ice 
Heat ~n9 Rate « oC/ms 

Di!meter -, 
600 llQ..Q. 

"m Pinch Pressure, kpa 

200 4 e 
300 9 18 

400 16 
> 

32 

~OO 25 
I.t 

50 

" 600 36 72 
,. 

-', 2 2 
P' • 12xlO Iw>, l Id Pa '. 

Bec~use ~urrent densi ties u5-ed in equation (28) to rat imate the 
raté of temperatuce "rise are proportional to I2/d t , pinch 
pressures increase in proportion to d 2 • 

• 

73.1, , 
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The total pressure within the fluid. at a point will then\ be 

the sum of the hydrostatie pressure and dynamie pressures and the 
, 

pinch pressure, whose net effeet will be a state of com~ression. 

Consequently, at the surface, the fluid will tend to break away 

from- the orifice wall and this will happen when the pinch 

pressure exceeds the hydrostatie pressure. 

9.1.4. Lowered Hydrostatic Pressure at Orifice Exit 

Because of the laminar nature of the flow, the jet at the 

ori f iee ex i t may recover 'sorne of i ts spe-c if ic kinet ie energy 

before i t f in.ally dissipates into the surrounding fluid of 

pressure Pl' Therefore, the exit pressure of the orifice may be 

lower than P2' but not less than (P 2 -pu l /2a) or approximately 2~P -- . 
gauge vacuum, assuming that aIl .Jtinetic energyat th.e eiit 

recovers to pressure energy. The net total mechanical energy 

loss of the fluid in going from l to 2 i5 Ef=(P 1 - P2)/P 

9.1.5. Formation of Gaseous Reaction Produets 

possible formatian of CO trom the reaetion of solute carpon 

and a silica partiele has already been discussed in the 

Subsection 6.2.2. A likely place for the nucleat~on of a gaseous 

produet would be the high temperature, low pressure region of the 

orifice wall, particular~y towards the exit. 
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'1 t has' been sugges.ted that there are 1011 , to 10 7 oxide 

inc lusiôns in a. gram of steel (17), which gives a mean part lC le . 
, . 

distance of 100 to 25 microns respect~vely between, inclusions. 
-
This' gives sufficient opportunity 'for adsorption of 

submkrosèopic inclusions' to the orifice wall, provide~ that 
CI 

surface'conditions ère favourable. 
~ 

\ 

If gaseous reac ti on produc t s n ucl ea te a t the ori f i c~ wa 11 '. 

they may then grow into gas pockets at the exit edge. An~ r~duced 
, 0 

cr.oss sectional area 01 the fluid would in'crease the tp~nch 
pres'sure to allo~ for further expansion of the gas POCky' Also, 

because of the increased heat towards the final snap, one can 

speculate that more iron and othér soltItes will evaporate to fi11 

the gas pocke,t. Once separation occurs, sUJ;face tension will try 

to keep the new surf·aces sepera\e: 

> 

9.2. Baseline Instâbility 

Baseline ins~abili t'y proved to be a major di f ficul ty in the 
1 

development of thè instrument. l t appea,red. as ose i llati.ont; and at 
., 

worst as spikes and random noise. 

9.2.1. Oscillations 

The~~ appeared sometimes i~ ca~t iron -and at a critical 

velocity in,mércury experiments. The very regular nature of these 

oscJll~ti.o~1 .su9geS;ts that. an exp1anat ion should be possible. Ife 

the critica..l flo"rate in mercury corresponds to the forma'tion of 

.. , 

,_._","---~---­
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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 lm/s, the .period of the oscillations will be 1 ms. This 

hypothesis correctly predicts \the f,requenc y and di rection 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 O~ 

their magnitude: referring to Figure 34, if the ~etal velocity 

vithin the eddy is 1-10 m/s, the maximum thickness of an eddy 

vould be approximatetY 100 microns, 50 that for 20 amperes 

passing through a 300 micron orifice, Bmax ls 0.03 Wb/m 2 , 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 vere hundreds of microvolts and a similar 

transition also occurs in water where the self generated m&gnetic 

field of the current would be negligible. 

Another hypothesis that has been sug~ested is the periodic 

slip of the fluid at the orifice wall near entry because of a 
. / 

recirculating «ddy, /,-hereby 1I\01l\entarily reducing the orifice area 

(87) • 
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9.2.2. Spikes and Random Noise 

. 
Figures 22 and 35 showexamples of ftspike,ft:and random 

.. 
noise. The spikes occu~ed in the positive direction and were 

usually accompanied by an unsteàdy current. Their pre,ence 

indicated that ~mething 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 not 

counted in the MCA. 

A complete 1015 of current, or when current drops to less 

then about 10' of its nominal value, will produce an oscillOSCOpe 
• 

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

9.3. Brosionof the 'B~ron 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 w~s 

no measurable orifice expansion suggestl that chemical erosion is 

the .ore important mechanism. The dissociation of BN in molten 
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iron vill be largely, determineà by the folloving r.action: 

2 IN + 5 0 = B 0 
2 1 

+ 2 !! 

Thus chemical'erosion depends on" the dil.olved nitrogen and 

oxygen contents of the steel. Carborundum's grade_HP IN is stable 

under neutral or reducing atmospheres. Hence, .. 
dis8ociation by vay of the reaction: 

\ 
(47) 

is less likely. Under oxidising conditions, the manufacturer's 

re~ommended upper temperature limit for use of use is 1200·C. Its 

rate of dissociation most likely depends on the oxygen potential 

and the tem,erature of the system. 

1 

\ 
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10. CONCLUSIONS AND CLAINS TO ORIGINALITY 

This is the ficst 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 sallples passing through an electrical" 

•• nsing zone, commonly known a. the "Cou1ter Counter" in aqueous 

media. 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 ections to he taken in production~ 

To date the instrument hal heen developed to perforll 

latisfactorily for lov temperature al10ys of irone Further 

development of the sensing zone, particularly vith regards to 

orifice shape is expected to be important for the stable 

operation of the instrument. Orifice enlargement seems to be the 

ma tor area that vi Il need improvement, e i ther by the use of 

lpecial refractories or by lome sort of real time signal 

procelsing to compensate for the effect of orifice expansion. 
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APPBNl)IX 1 

RBSISTIVB PULSES CAUSBD BY PARTICLES WITHIN AN BLBCTRICAL SBNSING 

JONI 

o.Blois and Bean (59) have shown that for small particles, 

a relation first propos_d by J. C. Maxwell (88) can be used to 

derive an expression for âR. Maxwell showed that the effective 

re.istivity of a conducting fluid containing a dilute suspension 

of insulating spheres can he expressed as 

• ~ (1 + 3/2 V + ••• ) (.8) 
• f f • 

where Vf is the volume fraction of ·the spheres. For a cylindrical 

•• nsing zone of length (L), and diameter (D), filled with a fluid 

of resistivity (,), the resistance is: 

R ., LIA 
• • 

2 

• 4, L/ .. D 
• 

(~9) 1 1 , 

When a spherical particle is introduced into the àensing zone, 

it. vol~ fraction becomes: 

v • V /v 

.'J a 
V.2d/3DL 

f 

J a 
• ( .. d 16)/( .. D.L/4) 

(50) 

Subltituting (49) into ('7) into (48) give. the re.ietance 
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of the sensing zone vith the partiele in it. 

III 
R • ('1.)(, L/D )(1+d ID L + ••• ) (51) 

l • 

Subtructing ('8) from (50) giv •• the de.ired expression for 

1 • 

AR • " d /_D 
• 

.. 

Il 

(2) 

---'~~~t ~ <f;7f! 
, ' '?'f -,~j):: 
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APP&NDII II 

~THEMATICAL DESCRIPTION or INCLUSION SI Zlt DISTRIBUTION WITHIN 

STEEL MATRII 

II.1. Deffnitions 

In general, there are two ways to desc~ibe particle Bize 

distributions: frequeney 

distribut ions. 

A histogram or a 

dfstributions 

bar chart is a 

and 

~ 
form of 

di.tribution .here number of particles within 

cumulative 

frequency 

given size 

interva1s are plotted against particle size in th~ 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 curve is obtained 

and the vertical displacement on the freguency distribution at a 

given particle size is then ter.ed partiele population de'nsity at 

size (d). For inclusions in steel, this may conveniently have the 

units of g-l.~-l. The value of the particle population density 

- which refers to the frequency of particles at size (d), 1118 Y 

physically be interpreted as the number of partieles, per gra., 

"in a Bize interval of l micron at size (d) bad the frequancl 

r ... lned con.tant in this interval. 
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A cumulâtive distributio~ on the other hand, refers to the 

number, volume or mass of perticles less or 9reater than a given 

size in a given population. Since numbers greater tha~ a certain 

size is of particular ~ntei~st, the latter convehtion is adapt~d 

for inclusions in steel. Vertical axis in t-his cas'e, ,may have the 

units Qf .numbers per -gram or parts ~r mi,llion by volume. 

Figure 1.1 scheaatically shows and compares 

" 

\ 
the two 

dî stribut ion curves. Frequency for a given interval f rom d"'to 
. - ' 

d+6d is equal to N(d)-N(d+6d) on the cumulative distr·ibution 

curve. D,ividing this by the interval 6d gi'ves the particle 

population density at size. d, in the 1imit when 6d goes to-zero. 

Hence: 

• -(N - N )/6d , (52) 
4 to d+,d 4+6d d 

The minus .sign arises because number 'of inclus~on~ gr .. ter tban 

Bize d is considered. 

A similar àr9~nt appl~es 'also for the volume fraction 

distribution of' inclusions. The na.tation useà for, the Bize . . 
di.tribut ion variables are included in ~he l i.st ot. symbols. ND 

and VD are therefore relatee!' ta the density. functions by the 

(ollowing equations: 

• ..... 

f·. fd 
1 

Il • Cl" 1 Ir • -6N' /~d (53) , .. Il Il 4 
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J V 6d 
d d 

or v = -6V /6d (54) 
d d 

II.2. Conversion of Si~ Distribution into Volume Fraction 

Distribution 

.. 
This ls important iQ performing a mass ba~ance on a given 

size distribution data. The binding relation is: 

,/" 3 

V .. (.d /6) R (55) 
d d 

. 
which states that the volume fraction deAsity at size d is equal 

to the volume of inclusion times the number of inclusions at 

si ze d. 

II'.3. Conversion of Chemical Analysis into Volume Fraction of 
\ 

conSfituent ',Inclusions 

Since oxygen and sulphur are virtually insoluble' in steel 
, 

at room temperat\:lre, any \tota~ amount give\'l w-Îll represent the 
l' 

amount bound by inclusions. Frpm a knowledge_ of cons~ituent 

inclusion stoichiometry and its density, volume fractions can be 

obtained by: 

, ... 

v ~ (volume of inclus10ns)/(volume of st~el) (56) 
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for a unit mass of steel: , 

M.W. of inclusion 

v II: (-----------. wt fraction of 0 or s1 + fi 
Incl Incl 

M.W. of bound 0 or S 

v = l/p 
po e po , 

for a unit weight fraction of oxygen and sulphur then: 

fi M.W. 
po , inclullon 

V II: • ( 57> 
, 

fi K.W. 
i n c l b 0 und 0 or S 

Table II.1 9i ves a convers ion of total oxygen or sulphur 

values (ppm) into volume fractions of typical inclusion phases 

encountered in steel. 

II.4. Ca1culation of the Conlstants in Equation (32) 

'" The size distribution used was: 

n 
N - N exp(-Bd (32) 

cS • 

Value of n-0.322 was found from /a least fit of LO"g(k) vs. 

Log(d}, using Flinchbaugh.'s data (45). "gain using his data: 

N •• -20 per gram, V. 3 -O. 04xVf and Vf·212. 5 ppm for 50 ppm total , 
oxygen; values of B-4.1 and N.-14.3x10' qare calculated. 
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'fable II.1 
Conversion of Total 011gen and Sulphu,r, ppIIl to 

Volume Fractio~ of Inclusions'Vf, ppm 

vi thin constituent 
inclusion N.W. densitI Vf 

• 

kg/a' ppm 

Al:a O, 
" 

102 3900 4.25 
SiO, 60 2800 5.22 

' MnSiO J 131 3500 6.08 
Mn:a SiO• 202 3500 7.03 

AI10,.Si01, ky.nite 162 3247 5.06 
3 <AlaO,) .2(SiO:a), au1lite 213 3156 5.06 

NoS 
, 

,J' 87 4000' 5.30 
MnS:a 119 3460 4.20 

" 

-... 
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Conversion of. size distribution into volUllle fraction distribution 

is made in the follo"ing steps: 

n - 1 
11 • -6N /6d • nBd N (58) 

cS Il CI 

" -'-

3 n - l 
V • (.dl6 ) • nBd N (59) 

cS CI 

• 

J 3 n n-l 
V • (./6) N d exp( -Bd ) nBd 6d (60) 

cS • cS 

1 

provided VI •• ' is negligible e~tr~lation to d-- does not cause 
ft n-l 

a serious error. Substituting Y-Bd and 6Y-nBd 6d: 

• 

v - _ 3/n 
(./6) (N lB ) J y 3

/
n 

exphY) 6Y (61) 

1 cS • , 

• 

v J y
3

/
n J'y3/ n ) 

exp(-Y) 6Y - e~p(-Y) 6Y] 
• • 

(62) 

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

Therefore: 

T 

• 3/n 
v • (./6) (N lB ~ [ ( 3/n ) ! J Y3/n 

exp(-Y) 6Y) (63) 
cS • • • 

for d>lO microns. The def ini te integral inside the braetets can 

no" be nuaaerically ïntegrated. This equation is uaed to find a 

value for (B) by trial and error and to f ind the vol~ fractions 

in Tables 13, 14 and 15. , 
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II.5. Coaparison of the Lover-end of the Extrapolation in 

- Iquation (32) vitb Measured Si_ Distribution Data 

Figure II.2 sho"s frequency (population density) 

distributions of oaide inclusions eatracted from aluminua killed 

steels (46). In tbese figures, population density is defined as 

R' • 6N /6Log( d) per gralll 
cS Il 

Qling relations (52-~4), a frequency distribution il 

calculated within la micron intervals and a total oxygen value is 
;> 

evaluated for each measured distribution. The results are 

coapered vith the caleulated values from equation (32) in 

Tables II. 2 and II.3. 

As can be seen fro. the tables, agreement "ith 50 PI8 

oxygen is quite good. At 10 pp. level hovever, the indication il 

that" aore of the 10-tO micron inclusions are reaoved and the 

population denlity decline is not as steep. 

" r , .' . . ~ , .. 
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Table 'II.2 
èo.p.rison of the Frequency Distribution of Inclulions 

in &zperi .. ntal Aluminum ~illed Steels, Figure II.2 
and Iquetion (32) 

Experimental Aluainum Killed St.el. !qUltton (32) 

(A) (B) (C) 

Total Oz!g.n 100 50 30 50 p~ 

Sia. Rang. 

".. n\aber of. inclusions per grall 

tO-30 80 30 2t '6 

30-20 970 250 1'2 230 

20-10 0 9680 2'20 2170 2267 

10-5 11000 9500 7500 11830 
• 

5-3 ·2500 7300 13200 

Table II.3 
Ca.parison of th. Frequ.ncy Di~ution of inclusions 

in a Ca..ercia1 AI-Ki11.d Steel, St •• l (D) fra. Figure II.2 
an4 equetion (32) 

'l'otal OZY9.n 

Sial Ran9' 
,... 

tO-30 

30-20 

20-10 

10-5 

5-3 

C~rcial AI-Killed Ste.l Icluation (32) 
6 

15 10 Ps-' 

n.t>er of inclusions per gra. 

3 5 

5 33 

82 t71 

2250 

16000 

87.2 
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P' i gure i 

LI ST OF FIGURES 
" 

" "-GeOlietry of the or i fice used in the der i vation of 
equat,io,n (2.) for' the change of resistance caused by a 
spherical particle plac'ed in the fiddle. 

P'ig'ure 2 Circuit tiiagram showing the generation of a resistive 
pulse. 

Figure 3 Resisti~e pulse versus partiele size using equation 
( 8 ) . 

Figure 3,-A Lover left quarter of Figure 3 used for eonverting 
resist ive pul se pea ks in to part ie le d iamete rs. 

Figure 4 Sehemat ie i 11 ustrat i on of the resi st ive pulse eounter 
used in molten iron. 

Figure 5 Electronic asse,mbly for pulse detect ion and 
~surelHnt. 

6 Graphite electrode, 
steel exper iment. 

shielded v i th quartz, at t.er 'l 

Figure 7 <fraphite electrode, shielded mullite, after 30 minutes 
ln steel. " 

Figure 
"" 

8 

Figure 9 

Figur~ lO 

Initial ebetrode noise in cast iron (A), return of a 
stea1y ~seline after conditioning .(B). 

4'0 nul. OD',mullïte tube vith a countersank and zirconia 
coated orifice af-ter a steel experiment. 

40 MI 00 quartz sampling tube vith SN insert carrying 
the'orifice et, the bottom and molybdenum eleetrodes 
protected' with mullite shields at the sides. 

P'igure 11 Quartz tube in steel at ISBO·C, tube eollapsed during 
aspiration at 10 cm Hg. 

• Figure 12 Final design for the resistive pulse probé for steel. 
. 

Figure· 13 Complete BN tube used in the first boron-silicon steel 
experiment, vith a 300 micron orifice loeated at the 
bottom. 

Figùre 14 

Fi,gure 15 

A typical. resistive pulse signal obtained vhile 
asp"irat: ing boron-si 1 ico. steel through a 300 micron 
orif ice and passing a current of 50 amperes. 

The assoeiated' 1'0 
corrésponding to ca. 
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second count s on. the MCA 
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Figure 16 10 second counts on the NCA with the modified probe, 
ca. 8 grams of steel sample. Only 3 counts above 
channel 60 corresponding to a ca. 17 micron inclusion 
size are visible. 

F igur-e 17 

Figure 18 

Microstructure of, the 3% Si, 5% 8 steel showing the 
globular borosilicate inclusions. 

Microstructure of th~ ~ame steel after etching 
nital. Glassy borosilicate inclusions are 
visible at the background. 

in 2% 
still 

"-Figures 19 and 20 Scale found around the probe, electrode and the 
inner crucible wall after 0.2% aluminum addition. 

Figure 21 Resistive pulse signaIs in silicon-boron steel after 
aluminum addition, ,samp1ing under 20 amperes, with a 
400 micron orifice. 

Figure 22 Associated la second counts on the MCA after aluminum 
addition, ca. 13 gram steel sample. 

Figure 22-A S ize di st ri but i og of inc 1 us i ons in a si 1 icon boron 
steel after 0.1% Al addition. Calculation is based on 
the MCA image in Figure 22 and conversion from 
resistive pulses in mierovolts to partiele sizes in 
microns is made via Figure 3-A. 

Figure 23 Orifice Stability after the silicon-boron steel 
experiment with aluminum addition. 

Figure 24 Microstructure of the 3% Si, 5% 8 steel after 0.1% Al 
addi t ion. 

Figure 25 Unstable 
associated 
basel ine . 

. 

baseline, (A) 
vith unsteady 

upward 
current, 

spi kes 'usually 
(8) oscillatig 

Figure 26 Baseline oscillations in mercury associated with high 
flow rate. 

Figure 27 Cross-section of a 300 micron orifice, flame drill'd 
and polished into the side of a Kimax culture tube as 
used in LiMCA measurements. 

Figure 28 Free energy change associated with th~ reacti6n (15). 

Figure 29 A ~ypi7al resistive pulse signal obtained ,hile 
asplratlng cast iron through a 300 micron orifice and 
passing a cuurent of 20 amperes. 

Figure 30 Skewed pulses ~obtained with a sharp edged entry and 
the e"ffect of background nois~ during initial filling. 

'. 
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Figure 31 Plot of oxide inclusion size distribution of steel in 
Table 13 

Figure 32 Plots of inclusion size distributions of st~el~ in 
Tables 14 and 15 

Figure 33 

Figure 34 

Figure 35 

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

t l 

G.b~ration of e.m.f. by a recirculating eddy et the 
ori fice mouth. 

Random noise (A), complete 105s of contact (B)~ 

Figure II.1 Hypothetical size distribution curves 
th~ relationship between frequency 
density) and cumulative distribution. 

illustrating 
(popula tian 

Figure II.2 Measured frequency di'stribution of inclusions in 
various steels • 
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Table l 

Table 2 

Table 3 

Table 4 

Table 5 

Table 6 

Table 7 

Table 8 

, 
Table 9 

Table 10 

Table Il 

Table 12 

Table 13 

Table 14 

Table 15 

Table 16 

) 

Table 17 

LI ST OF TABLES 

Second phase part ieles in steel and def in i t ion of 
inclusion. 

Comparison of eleetr ieal sensing zone instruments in 
aqueous media and in metallie systems. 

Resista'nce of eleetrode materials (69, 70). 

Thermal expans i on of shield ing ma teria 1 5 (71). 

Critical suction pressures and corresponding 
ealculated average metal velocities at which baseline 
oscillations start in mereury. 

Relative Susceptibility to High Rey'nold's numbers 
(RSHR) for some fluids of interest. 

Mi n imum pressure requ i red to force mol ten i ron through 
a non-vetting orifice. 

Estimation of discharge coefficient of the 0.3 mm 
diameter, 1 mm long BN orifice from zinc experiments. 

Estimated values of diseharge coeffiCIent, Reynold's 
number, average meta l veloc i ty and 10 second samp1e 
volume at the proposed operating differential pressure 
for varying orifice diameters. 

~ates of temperature rise at orifi-ee for given applied 
currents. 

Minimum detectable inclusion sizes using different 
electrode arrangements. 

Required condit ionin9 / currents to aid 
of a steady baseline in steel. 

the a t tai nment 

Oxide inclusion size distribution of ~eel containing 
50 ppm total ollygen, based on equat ion (32). , 

Oxide inclusion size distribution of steel containing 
10 ppm ~otal oxygen, based on equat ion (32). 

Inclusion size distribution of 
ppat 0 a s Al 20 3 and 1 ppm Sas 
on equat ion (32'). 

a steel containing 1 
MnS inclusions, based 

Probabi'lity of blockage for different orifices in 
di f ferent steel s of varying cleanl iness. 

Order of Mgn i tude of pineh pressures for the 
suggested eonditioning currents in Table 12. 
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Table II.1 Conversion of total ozygen and sulphur, ppm, into 
volu.e fraction of inclusions Vf, ppm. 

Table II.2 Coaparison of the frequency distribution of inclusions 
in ezperi .. ntal aluainum killed steela in Figure II.2 
(t6) and equation (32) •. 

Table II.3 -Coaparilon of the frequency distribution of inclusions 
in a ca..ercial aluminua killed steel, steel (D) in 
Figure II.2 and equation (32). 
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