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i. 

ABSTRACT 


The presence of inclusions in metals is often detrimental to 

product quality. Despite a widespread need for a rapid means of 

assessing metal cleanliness, most techniques currently ava-llable 

are either far too slow to be useful for process control or lack 

the sensitivity required to detect the relatively small inclusions 

which occur at very low concentrations in most molten metals. 

The first part of the present work describes the development 

of a rapid, quantitative and extremely sensitive means of evaluating 

metal cleanliness. The method provides both the concentration and 

the particle size distribution of susoended inclusions while sampling 

di rectly from the molten metal. 

In the second part of the study the method was used to investigate 

metal cleanliness at a number of production centers. The beneficial 

effects of settling and filtration on the concentration of suspended 

inclusions in a variety of aluminium alloys were examined and the 

results compared to those obtained us"jng an independent (metallographic) 

means of assessing metal cleanliness. 
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c RESUME 


La pr~sence d'inclusions non-metalliques est souvent prejudiciable 

a la qualite des produits manufactures. Malgre la demande generalisee 

pour une methode capable d'evaluer rapidement le niveau de proprete du 

metal, les techniques presentement disponibles sont ou trop lentes pour 

etre utiles en contrale de procede, ou trap peu sensible. pour detecter 

les inclusions de dimensions relativement faibles presentes en tres 

petites concentrations dans la plupart des metaux en fusion. 

La premiere partie du pr~sent travail deerit Ie developpement d'une 

technique rapide, quantitative et hautement sensible pour evaluer la 

proorete du metal~ Cette methode determine a la fois la concentration, 

la dimension et la repartition des inclusions, et ce pendant un echan­

tiTlonage direct du metal en fusion. 

En deuxieme partie, cette technique a ete appliquee a I I etude de 

la proprete du metal dans divers centres de oroduction. Les effets 

benifiques de la sedimentation et de la filtration sur les niveaux 

d' inclusions en suspension ont ete mesures pour une gamme d'alliages 

et les resultats obtenus sont eomoares a ceux derives d'une methode 

independante (metallographique) d'evaluation de la proprete du metal. 

o 
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o INTRODUCTION 

Metal quality is a major concern in the aluminium industry. One aspect 

of metal quality that is becoming increasingly important is metal clean­

liness, where cleanliness depends on the number and size of non-metallic 

inclusions suspended in the metal. One area in which metal cleanliness is 

of pa ramount importance is in the product i on of can body stock. Ameri can 

shipments of this product represented 1.3 x 109 kilograms in 1981, over 20% 

of all domestic American aluminium shipments. Over 50% of this metal was 

recycled scrap. This, owing to its large surface to volume ratio and its 

tendency to oxidize, represents a very "di rty" starting material for the 

secondary producers. With such large and increasing proportions of recycled 

metal and the trend towards the production of lighter gauge sections, it is 

becoming necessary to produce metal from increasingly dirty starting mate­

rial that is free from increasingly smaller inclusions. 

There is a wide variety of melt cleaning techniques that are currently 

being used by aluminium producers. These include fluxing the metal with 

active gases (principally containing chlorine), inert gases or mixtures of 

the two, fluxing with halide salts, decantation, filtration through packed 

beds or ceramic foam filters and specialized process units which combine gas 

fluxing and mechanical agitation. Examples of the latter systems include 

Consolidated Aluminium's MINT reactor, Union Carbide's SNIF and Alcoa's 622 

System. Fluxing aluminium with chlorine containing gas mixtures serves the 

dual purpose in that, in general, it lowers both the hydrogen concentration 

and the level of suspended inclusions. Regarding hydrogen, there exists 

today fast and reliable instrumentation for the measurement of dissolved 

o hydrogen in aluminium and well established production procedures that ensure 
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o satisfactorily low hydrogen levels in the metal prior to casting. The 

situation with respect to inclusions has not reached a comparable state of 

development due largely to the absence of a quantitative analytical tech­

nique for measuring the size and concentration of suspended inclusions. 

The initial goal of the present wort was to study the effectiveness of 

the inclusion removal techniques currently used in the alumi nfum industry. 

It was soon appreci ated that the exi sting methods of metal cleanl i ness 

evaluation were not capable of providing particle size distribution data and 

that furthermore most methods were semi -quantitative and extremely time 

consuming. It was therefore decided that a fresh attempt should first be 

made to develop a rapid, quantitative technique for the determination of the 

concentration and size distribution of inclusions in molten metals. This 

development is described in Part I of this report. Part II then describes 

some applications of the method developed including in-plant monitoring of 

molten metal cleanliness. 
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PART I 

THE DEVELOPMENT OF A RAPID QUANTITATIVE METHOD 


FOR THE MEASUREMENT OF THE CONCENTRATION AND SIZE DISTRIBUTION 


OF INCLUSIONS SUSPENDED IN MOLTEN METALS 




4. 


ABSTRACT 

A new method and apparatus for the measurement of the concentration and 

the size distribution of suspended inclusions in molten metals is described. 

The method is based upon measuring the change in resistance of a small fluid 

element as the particles pass through it displacing the conductive fluid. 

The amplitude of the resistance change is a measure of the particle size and 

by counting the frequency of such changes, the concentration of the 

particles can be deduced. The method is extremely rapid, providing results 

in. approximately one minute. 

o 
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1. INTRODUCTION 

The presence of non-metallic inclusions in liquid metals oft~n gives 

rise to undesirable consequences in the final products. In the case of 

aluminium these can include pin. holes in foil, razor-streaks in bright trim, 

perforations and tears in deep drawn forms such as beverage cans, surface 

defects in sheet products and increased breakage rates in wire drawing oper­

ations. Inclusions can also serve as nucleation sites for hydrogen gas thus 

~ausing blistering in annealed ingots. In extreme cases inclusions can 

increase the rates of tool and extrusion die wear and cause damage to 

roll ing surfaces. The origins, ·composition and effects of incl us; ons have 

been the subject of a recent review by Langerweger 1. 

• 
There is an extensive body of literature concerning the nature and 

effects of inclusions in steel where inclusions are known to ·affect the 

strength, corrosion resistance, "fatigue properties and formability of steel 

products. Steel cleanliness has been the subject of a recent conference 2. 

The size at which an inclusion is considered undesirable depends of 

course upon the application. In wrought aluminium alloys it is safe to say 

that any inclusion larger than 15 11m is potent.ially harmful. In plain 

carbon steels alumina inclusions as small as 10 11m have been reported to 

affect the polishability of lens moulds used for forming plastics 3. The 

most common inclusions present in aluminium and its alloys are listed in 

Table 1. 
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TABLE 1o 
COMPOSITION AND PROBABLE SOURCE(S) OF 


NON-METALLIC INCLUSIONS COMMONLY OCCURRING IN ALUMINIUM. 


Composition Source{s) 

A1 2 03 

MgO 
Exposure to Oz, 
Exposure to ° 2 , 

~O 
H2 O 

A1Mg~ Exposure to Oz, ~O 
A14 C3 Carried over from reduction cells 

Reaction with graphite tools 
1;B2 Grain refiner additions 

Recycled, grain-refined scrap 
(Ti -V)B Addition of boron to increase 

electrical conductivity 
Salts Salts fluxes 

Chlorine fluxing. 
Entrained refractories 

It can be seen that most sources of inclusions are, generally unavoid­

able. For instance, the metal is normally transferred down open launders 

and thus exposed to atmospheric oxygen and water vapour, boron additions are 

routinely made to electrical conductor grade aluminium to precipitate 

vanadium in the form of complex titanium-vanadium borides, titanium diboride 

is widely used as a grain refining agent, aluminium carbide is sometimes 

formed by the reaction of aluminium with graphite cathodes during the reduc­

tion process, etc. Indeed, most of the commonly occurring inclusions are 

too small to be detrimental in all but the most exacting applications. Even 

o 
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large inclusions can be tolerated if they are fragile enough to be broken 

down during forming operations. 

However a very low concentrati on of large hard incl usions can render 

the meta 1 un fH for some app 1 i cat; ons. A good example of such an app 1 ; ca­

t ion ; s ; n can body stock (A11 oy AA-3004) where the product i on and fi 11 i ng 

of the cans is highly automated and a defect rate of 1 can per 10,000 is 

usually considered to be unacceptably high. 

Despite the acknowledged need within the aluminium industry for a rapid 

method of monitoring metal cleanliness, limited progress towards that end 

has been achieved to date. The present paper descri bes the operat i ng 

principle and the development of such a device. 



8. 


2. 	 REVIEW OF PREVIOUS WORK 

In view of the importance of the level of inclusions on metal quality 

is not surprising that a variety of approaches for evaluating metal cleanli ­

ness have been developed. These can be divided into four main categories: 

1. Chemical Methods 

2. Optical Methods 

3. Operational Methods 

4. Physical Methods. 

This review emphasises techniques that have been used for the evalua­

tion of cleanliness in aluminium. A brief review of methods available for 

measuring the cleanliness of steel is included separately at the end of this 

section. 

2.1 	 Chemical Methods 

Gross chemical analysis is of little use in measuring the inclu­

sion content of aluminium. This is due to the fact that measuring the bulk 

concentration of an element or compound tells nothing about how it is dis­

tributed within the metal. For instance, it has been established that there 

is no correlation between the oxygen concentration and the inclusion level 

in aluminium. Typical oxygen levels in commercial aluminium range from five 

to fifty parts per million (ppm) with most of this oxygen present in the 

fonn 	 of very thin «2 J,lm) oxide films. If there were one 50 J,lm A1 2 03 

particle per ml the oxygen level due to this inclusion would be about .050 

ppm and would thus be indistinguishable above the background oxygen concen­

tration. 

Simil arly total carb; de 1eve 1s can be measured by reacti ng them 

with ~ 0 to form methane whi ch can be detected at very low level s by gas 

chromatography. However once again this approach provides no indication of 

pa rt i c1e size It • 
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o The gravimetric determination of the residue remaining after 

dissolving the metal matrix would also be of little use for reasons similar 

to those given above and in addition would be technically difficult. If, 

100 g of metal containing one 50 ~m A1 203 particle per ml were dissolved the 

residue would weigh approximately 11 ~g (assuming separation of the oxide 

films). Although analyses of this type are possible the chances of gross 

contamination arising from the reagents, glassware or imperfect separation 

from films would be very high and ~xtreme care would have to be taken during 

all steps. Of course the residue need not necessarily be determined 

gravimetrically. In the case of metal containing TiB2 or TiVB particles 

such a residue could be redissolved and measured by, for example,atomic 

absorption spectroscopy. However, such a procedure would be a) prone to 

error, b) time consuming and c) provide limited information about the size 

of the inclusions. 

Siemensen 5 has reported on the use of a resistive-pul se type 

particle size analyser for measuring the particle size distribution of 

extraction residues. Apart from uncertanties concerning the loss of inclu­

sions or the production of artifacts during extraction this procedure is 

slow and unsuitable as a candidate for a rapid method of quality control. 

2.2 Optical Methods 

Perhaps the most obvious method of assessing the inclusion con­

tent in aluminium is the direct examination of polished sections. However, 

at the concentrations typically encountered in reasonably clean aluminium 

(approximately 5 to 20 particles per ml 20 ~m or larger), preconcentration 

of the inclusions is necessary in order to observe a significant number of 

o particles within a reasonable area. One early method of preconcentration • 

was the IMFA (In Mould Filtration &paratus) test 6 This test involved 
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passing a fifty pound sample of metal through a glass filter cloth, allowing 

the metal to solidi fy while some metal sti 11 remai ned on the ,upstream si de 

of the filter, cutting out the filter and metal and finally sectioning and 

polishing the filter cake. Since the filter cloth was relatively coarse, 

thi s method depended upon the formati on of a cake of A12 ~ films whi ch then 

acted as the filter medium in retaining other forms of inclusions. Thus the 

cleanliness rating depended both upon the level of inclusions of interest 

and tJponthe .. level .o·-r:·oxide filll't'.- This tended to give erratic results 

particularly when relatively unoxidized metal was sampled. In addi·tion, the 

large quantity of'metal sampled, 'while good from the point of view of ob­

taining a large and thus presumably representative sample, made the test 

cumbersome and time consumi ng.· 

Attempts to refine the IMFA test led to the development of the 

PoDFA 6 (f.orous !lisk filtration &paratus) technique initially calling for a 

thirty pound sample and later. a five pound sample. The PoDFA technique 

essentially consists of forcing a measured mass of molten al uminium through 

a porous filter disc under pressure. The pressure is relieved while some 

metal still remains upon the filter, the overly.ing me.tal~is allowed to 

soli di fy and the fil ter cake is recovered and exami ned meta11 ographi ca11y. 

(The 1MFA and PoDFA techniques were developed by AlCAN during the 1950'5 and 

1960's and have evolved since). 

Other manufacturers have developed simi 1 ar methods of prE7-con­

centration. These include the Union Carbide particulate tester in which the 

sample is aspirated directly from a transfer launder using a porous graphite 

di sc 7 and the 01 in frH test in wh i ch a twenty pound sample is forced 

through a porous silica disc 8. Bates and Hutter of the Anaconda Aluminium 

Company have also described a vacuum-type metal sampler in which an eight 
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o pound sample was filtered through a porous ceramic disc 9. Undoubtedly the 

other major aluminium producers have developed their own versions of this 

type of test. 

These techniques requi re care duri ng samp1 i ng to avoi d foul i ng 

the filter surface with oxide films during initial contact with the metal 

and, at least for the PoDFA test, are very sensitive to the permeability of 

the filter and the metal flow rate. Erratic results may also occur, parti ­

cularly with fairly IIdirty" metal due to the formation of a filter cake with 

inclusion capture charactertstics different from those of the porous disc. 

Due to nature of these techni ques there is necessari ly a sub­

stantial (>1 hour) time delay between sampling and obtaining results and the 

tests are subjective in the sense that some interpretation on the part of 

the metallographer is required. Despite some twenty years of development 

the PoDFA technique remai ns "semi-quantitative ll On the positive side,• 

however, these techniques provide some indication of particle size and can . .. 
be used to deduce the composition of the inclusions, a fact that has been 

useful in tracing the source of inclusions in unsatisfactory metal. 

Another method of concentrating inclusions is the use of a hot 

metal centrifuge. Most inclusions being more dense than molten aluminium 

tend to settle, and centrifuging the melt accelerates the rate of sedimenta­

tion. Mollard et a1 10 and later Siemensen 5 reported on the use of liquid 

metal centrifuges in studies of metal cleanliness. 

Bauxman 11 has descri bed a di fferent approach based on the 

observati on that defects (i ncl usi ons) 1arger than twenty microns act as 

1ight scattering centers if the metal ;s heavily anodized. The reported 

procedure i nvo1 ved di amond mill i ng a 10 by 10 cm section, followed by 

anodizing and counting the number of light scattering centers visually. 
c 
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Apart from a minimum dimension (20 ~m) this technique provides no size 

distribution data and obviously none concerning composition. In addition 

the volume of metal examined is relatively small (10 cm x 10 cm times the 

depth of the anodized layer) and again there is a substantial time delay in 

obtaining results. 

The examination of the surface of fractured metal specimens was 

used by Hedjazi et al 12 during an evaluation of filter media but the 

report gives no indication of sample to sample variation (values were repor­

ted as the mean of thirty measurements). Levy et al 13 applied a penetrant 

dye to the fractured surfaces of 144 test bars and were able to detect only 

one inclusion, thi~ despite the fact that the metal had been intentionally 

"dirtied". 

2.3 Operational Methods 

In view of the lack of an entirely adequate method to evaluate 

meta1 qua11 ty, re1i ance has been placed upon the measured performance of 

production or product materials as a guide for the development of plant 

practices and melt treatment devices. This includes, for example, the rate 

of tool wear in machining, extrusion die longevity, quantity of wire drawn 

per break, pin holes per unit area of foil, surface defects per unit area of 

sheet, failure rates in beverage cans, etc. Although these types of "tests" 

are undeniably relevant in that they measure actual production or product 

performance, this approach inevitably leads to costly rejects and does not 

measure true cleanliness. While this approach does serve to develop empir­

ical production procedures that are satisfactory for specific individual 

applications, it does not permit any' possibility of on-line process 

control. c 
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o 2.4 Phys i ca1 Met hod s 

In contrast to the techniques discussed in the previous three 

sections physical methods have the advantage that, at least in principle, 

they can be carried out relatively rapidly and therefore allow some hope of 

implementation as process control techniques. 

Filtration Rate Tests: 

The rate of liquid metal filtration at constant differential 

pressure has been investi gated by Al can 6. However thi s approach was 

abandoned when it became evident that the rate was influenced by all parti ­

cles suspended in the metal, including any very small oxide films and grain 

refiner nuclei. This together with the relatively low concentrations of 

larger, detrimental inclusions resulted in the latter exerting little, or 

no, detectable effect on the filtration rate. The Union Carbide particulate 

tester (mentioned earlier in the optical methods section, 2.2) has also been 

used for filtration rate testing 7. In this case the sampler was equipped 

with a load cell and the measured weight-time curves fitted to an equation 

of the form: 

W= ATB 
where W is as weight of metal filtered, T the elapsed time, and A and B 

curve fitting constants which were claimed to depend upon the cleanliness of 

the metal. 

By interfacing a microprocessor to the load cell and mounting 

the sampler in a transfer trough this technique has been used lion-linen. 

However it gives no indication of particle size and the results are probably 

seriously affected by very small particles and oxide films. 

o 
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Levy et al 13 investigated the rate of the rise of the 

differential pressure developed across the porous frit of the Alcoa telegas 

probe and reported that the results were "encouraging ll However it is• 

virtually certain that this method would be subject to the same limitations 

noted for filtration rate testing at constant differential pressure. The 

fact that inclusions can act as nucleation sites for hydrogen gas bubble 

formation 1n the Straupe-Pfeiffer (vacuum-gas) solidification test led to 

the development of the test as a qualitative tool for estimating metal 

cleanliness lit. Despite obvious limitations in providing independent data 

concerning either the hydrogen level or inclusion content this approach has 

proved useful as a quick IIpass/fail" test of overall metal quality. 

Ul trasoni cs 

Ultrasonic technology for the nondestructive testing of solid 

materials .is well established. Indeed, the method is used routinely to 

inspect welds. extrusion ingots, etc. for macroscopic defects. In general, 

the size of the defects detected by routine ultrasonic inspection are 

relatively large, typically several millimeters, through resolutions of the 

order of 0.1 mm are reportedly possible 15. 

An attempt to correlate the ultrasonic attenuation of solid 

samples with their inclusion concentration was reported by Levy et al 13 who 

concl uded that the former was more a measure of the porosity of the sampl e 

than of its inclusion content. 

In 1968 Pitcher and Young 16 demonstrated that ultrasonic 

techniques could be applied in molten metals and at the present time there 

is considerable in.terest in the application of ultrasonic techniques to 

o measure the cleanliness of molten aluminium. Alcoa 6 and Reynolds 17 both 

have development programs underway and Alcan has been considering a major 
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expansion in its ultrasonics program. The promise of ultrasonics is that, 

with modern, high speed signal analysis capabilities, the reflected signals 

may provide information on particle si ze and shape as well as on particle 

concentration. 

T.M. Mansfield of the Reynolds Aluminium Company presented a paper 

at the 1982 AIME conference describing Reynold's developments in this field 

17 He described a system capable of making four types of measurements 

directly in molten aluminium: attenuation, discontinuity detection, 

velocity and spectrum analysis. Attenuation measurements were reportedly 

capable of indicating the overall level of suspended particles within the 

melt, with particles as small as one tenth the wavelength of the imposed 

ultrasonic oscillation contributing to the attenuation. Since the 

oscillator described was operated at 10 megahertz and the velocity of sound 

in molten aluminium is approximately 4700 mlsec 18 the detection limit for 

attenuati.on maasurements woul d be 4700/107 ·10 = 47 p.m. Oi scontinuity 

measurements can in theory detect individual particles no smaller than one 

half of the ultrasonic wavelength; 235 p'm in the system described by 

Mansfield. The velocity measurements refer to the determination of the 

velocity of sound in the melt and not to any measure of metal cleanliness. 

Finally the spectrum analysis measurements refer to a potential use of the 

technique to measure attenuation as a function of frequency which would 

apparently be subject to the same size of detection limitation as are 

discontinuity measurements (i.e. A/2 or 235 p'm in the case at hand). 

In view of the relatively large particle size detection limit it 

is difficult to understand the current level of interest in ultrasonic 

o devices for application in molten aluminium except to underscore -. 

http:attenuati.on
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o the fact that a rapid technique for determining melt cleanliness has been 

badly needed for some time. Since the particle detection limit of ultra­

sonic techniques is inversely proportional to the excitation frequencY,it is 

evident that the detection limit could in principle be made as small as 

desired by using a higher frequency source. This approach is apparently not 

feasible due to the necessity of using wave-guides (generally titanium) to 

conduct the vibrations from the source (generally an oscillating crystal) to 

the metal. The ultrasonic attenuation of the the wave guides rises rapidly 

with increasing frequency and thus there is a practical upper limit to the 

inspection frequency 19. 

Despite the relatively coarse limit of detection Mansfield 

was able to qualitatively demonstrate the detrimental effect on metal clean­

liness of disturbing a filter and the beneficial effect of allowing a 

settling period prior to casting metal from a furnace. In contrast to most 

alternatives, ultrasonic measurements of liquid samples have the distinct 

advantage of providing a rapid indication of melt cleanliness. Neverthe­

less, it would seem that considerably more development work remains to be 

done before the technique can provide quantitative measurements of metal 

cleanliness. 

2.5 The Measurement of Steel Cleanliness 

The American Society for Testing Materials has published a stan­

dard practice for the determination of the inclusion content of steel 20 in 
I 

which four testing procedures are specified. These are: 

1. 	 The Macroetch Test: in which the steel surface is etched 

with hot'hydroch10ricacid and examined visually or at low 

o 	 ,..magnification for the presence of inclusions. 



2. 	 The Fracture Test: in which, as the name implies, a metal o 
sample is fractured and the surface examined for inclusions 

at up to lOX magnification. 

3. 	 The Step Down Method: in which the specimen's surface is 

machined and subsequently examined for inclusions. 

4. 	 The Magnetic Particle Method: in which a machined surface 

is powdered with small magnetic particles to reveal the 

presence of non-metallic inclusions. 

The. resolutions of methods 1, 3 and 4 are reportedly 0.4 mm 

whereas the stepdown method (3) ;'s used to determine the presence of inclu­

sions larger than 3.2 mm (1/8 inch) in diameter. The limitations of these 

tests both in terms of resolving power and the time required are obvious. 

Lagneborg 21 has reported the application of an electron micro­

scope coupled with an im~ge analyser to the investigation of steel cleanli ­

ness, and there are automatic image analysis systems interfaced with optical 

microscopes commercially available. 

F1 i nchbaugh 22 has reported the use of a modi fi ed Coulter counter 

to size and count inclusions after chemical dissolution of the steel matrix. 

The firm Electro-Metals 23 reportedly makes use of an electron 

beam to melt.b.utt-on samples in which insoluble inclusions float to the 

surface where, in the presence of the beam they luminesce and can be distin­

guished from the metal. 

From this brief review it is evident that the measurement of 

inclusions in steel is no more advanced than it is in aluminium and that it 

is unlikely that there is any technique developed for use in steel that 

would provide a rapid means to measure the cleanliness of aluminium. ". 
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3. THEORY 

Despite a large amount of effort and expenditure on the part of many 

investigators, the previous section indicates that there has, to date, been 

no report of any technique capable of providing a rapid quantitative esti ­

mate of the cleanliness of molten metals. This section describes the 

operating principle and the theoretical basis of such a technique, which has 

been dubbed LiMCA for Liquid Metal fleanliness Analyzer (Analysis). 

3.1 Principle of Operation 

The LiMCA is based upon the resistive pulse principle of parti ­

cle size analysis. This technique was developed by Coulter 24 in the 1950's 

and has since been widely applied to aqueous and organic suspensions at or 

near room temperature. Examples of its application include heamatology 

measurements (heamotocrit, lymphocyte and platelet counts), particle size 

distribution measurements of powders, including alumina in Bayer process 

• plants and biological applications ranging from measuring the growth rates 

of nematodes to investigations of the prey size preferences of fish, insect 

larvae and a variety of aquatic and marine invertebrates. 

The principle of the resistive pulse technique. is shown in 

Fi gure 1. 

The particles to be analysed are suspended in an electrically 

conducting fluid and the latter is drawn through an orifice in an electric­

ally insulating vessel. At the same time a constant current is maintained 

through the orifice which completes the circuit between two terminals of a 

power supply. When a particle enters the orifice it displaces its volume of 

the conducting fluid causing a temporary rise in the electrical resistance 

o of the orifice. This resistance change, in the presence of the applied 

current, causes a voltage pulse, of a duration approximately equal to the 
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FIGURE 1: The Resistive Pulse Principle of Particle Size 

Measurement. During its passage, the particleo 	 changes the resistance of the orifice. In the 
presence of an applied current, a voltage change
is produced which can be related to the volume 
of the particle. 
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transit time of the particle, to appear across the orifice. Alternatively, 

a constant voltage source can be used in which case current pulses are 

observed. 

The amplitude of the voltage (or current) change is, as a first 

approximation, proportional to the volume of the particle. Thus by mea­

suring and counting each pulse, the particle size distribution and concen­

tration of the suspended particles can be deduced. 

3.2 Prediction of the Magnitude of the Resistive Pulse 

The central theoretical problem of the resistive pulse technique 

is the prediction of the magnitude of the change in electrical resistance 

(AR) caused by the introduction of a non-conducting particle of equivalent 

diameter (d) into a sensing volume (normally a right circular cylinder) of 

diameter (D) and length (ll. There is no simple analytical solution to this 

problem valid for all values of (d/D) ranging from 0 to 1. 

Deblois and Bean 25 have shown that for (d/D) < -0.4 a relation 

first proposed by J.e. Maxwell can be used to derive an explicit expression 

for AR. Maxwell showed that, for a dilute suspension of insulating spheres' 

the effective resistivity could be expressed as: 

(1 + ~ f + ... ) (1)p eff = p c. 

where (f) is the volume fraction occupied by the spheres. For a 

cyl i ndri cal sensi ng vol ume of 1 ength (L) and di ameter (D) fi 11 ed wi th a 

fluid of conductivity (p) the resistance is: 

R = pL = 4 pL (2) 
1 A ~ 

o 
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Whpn a sphere of diameter (d) is introduced~ the value of (f) 

becomes 

f = V sphere (3 ) 
V cylinder 

Substituting (3) into (l) into (2) gives the resistance of a 

cylinder with a small non-conducting sphere contained within it:· 

(4 ) 

Substracting (2) from (4) then gives the desired expression for 

f1 R: 

(5 ) 

This expression correctly predicts that the resistive pulse is 

independent of the length of the sensing volume and can be recast in terms 

of the particle volume (Vp): 

aR = K V (6)
P 

where the constant K is determined by the resistivity of the fluid and the 

diameter of the sensing volume: 

(7) 

o 
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o This is the basis for the contention that resistive pulse type 

particle size analyzers respond to particle volume. In theory, the factor K 

shoul d be cal cul ab1e from a knowl edge of p and D. However in pract i ca1 

analyzers the existence of entrance and exit effects, implicitly neglected 

in the use of equation (1) and the fourth order dependency upon D preclude 

thi s approach and cali brat i on with standard spheres ; s uni versa lly 

recommended. 
" 

Smythe 26,27 analyzed the problem of predicting AR using a 

numerical technique and has published correction factors (with a stated· 

accuracy of 1 part in 107 ) for equation (5) of the form: 

4 d 3 
AR = P f (diD) (8 ) 

IT D4 

Smythe1s values of f(d/D) are shown in Table 2. 

TABLE 2 

CORRECTION FACTORS (f{d/D}) FOR PARTICLE 

TO ORIFICE DIAMETER RATIOS (diD) FOR USE 

WITH EQUATION (8) AFTijR DEBLOIS ET AL 28 


diD F (diD) diD f(d/D) 

0.1 1.000798 0.6 1.208438 
0.2 1.006416 0.7 1.379503 
0.3 1.021988 0.8 1.710860 
0.4 1.053744 0.9 2.556723 
0.5 1.110694 0.95 3.861028 

o 
 .. 
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It can be seen th'at for (diD) =< 0.4 the error in the use of o equation (5) is in the order of 5% and decreases to insignificance when 

(diD) is less than 0.2. Deblois et al 28 showed that the correction factor 

fed/D) could be expressed as: 

f(d/D) • [1 _ 0.8 (d/D)3] -1 (9) 

with an error of 3 x 10-6 at (d/D) = 0.1 and 1ess than 1% at (d/D) = 0.8. 

Thus equation (8) can be written explicitly as: 

3 
6R 4p d- _-:---.:..i_~~__ (10)4

IT 0 [I-O.8(d/D)] 

valid for (d/D) ranging from 0 to 0.8 with an accuracy of 99%. 

The case where (diD) approaches one is of considerably less 

technological interest due to the practical problem of physical blockage of 

the orifice by such particles. However in this case a relatively simple 

analytical solution exists. Consider a sphere within a right circular 

cylindrical conductor: 

o = 2R 8 
x = 0 x = r 

Ohm's law in differential form is: 

o R = f :(x) (ll )p 



24. 

In thi s case A( x) r~.presents the area of each annul ar conductor 

element: 

222A( x) = n R - n( r - x ) (12a) 

(12b) 

Substituting (12b) into (11) gives: 

R=e.. x = +Rl ;==:::d:::X~,-_2 (13)
n X' -R jrR2 _ r2) + Xl 

Integrating gives: 

x = r 
R =~ _t.:;.;;a;.;.;.n_-1_(.;...X.;.../r.....\(...;..R;....2_---..;...,r~.-£:y~2-1/_2 (14a) 

(R2 _ r2) x ='-r 

x = r 
(14b) 

x =-r 

(1S) 

The resistance of the cylinder without the particle is: 

(16) 

Substracting (16) from (15) and factoring gives: 

o _!] 
-. 

6R ::: ..?L r. si"-l (r/R) (17) 

II R l /1 -(r/R ) 2 R 
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Or, in terms of diameters: 

(18) 

Equation (18) has been shown to predict AR accurately for (dID) 

> 0.8 29. Greig and Steidly 30 showed that equation (18) could be expressed 

as a power series as: 

3 
AR = 8p d [1 + 4 ~ 2 + 24 ~ 4 + •••J (19)

3rr 04 "5" u j5" u 

which as (dID) tends to zero co~verges to: 

3 
A R = 8p d (20)

43rr 0

which differs from equation (5) by a factor of 3/2. The reason for the 

discrepency arises from the behaviour of the electric field in the region of 

the discontinuity. Maxwell 31 verified that the voltage drops resulting 

from gradual changes in the cross-sectional area of a conductor (i .e. 

gradual changes in annular area in the case of a large sphere) could be 

treated by equation (11)(Ohms law). However in the case of a small sphere 

direction changes in the electric field are locally more marked and Ohms law 

in the form of equation (11) can no longer <be applied. 

In practice voltage rather than resistance changes are measured, 

the magnitude of which are predicted by multiplying equation (8) by the 

applied current (I): 

c 
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A V • IAR = 4 ~e :! f[~ I (21) 

Figure 2 is a plot of AV as a function of particle diameter 

under the following conditions: 

p = 25 X 10-8 Q.m (Molten Aluminium) 

I = 60 amperes. 

It can be seen that the amplitude of the signals caused by 

particles of a size likely to be encountered in molten aluminium (20 to 

100 J.1m) are quite small (tens of microvolts to millivolts) thus requiring 

good shielding from external noise and sensitive measurement equipment. 

(The choice of operati ng parameters for the LiMCA are di scussed more fully 

later). 

3.3 Effect of Particle Shape and Trajectory 

So far only the case of spherical particles has been considered; 

with non-spherical particles the situation becomes much more complicated. 

Smythe 27 addressed the question of the effect of particle shape on the 

magnitude of the resistive pulse and his results show that for oblate and 

prolate ellipsoids of eccentricity 2 and (d/D) less than 0.4 the error 

arising from determining d using equation (9) is approximately 10%. Smythe's 

work was actually concerned with fluid flow around spheres and spheroids in 

circular tubes. However as he pointed out, the governing equations are the 

same for the case of the current di stri buti on through acyl i nder in the 

presence of non-conducting particles. 

The effect of off-axis particle trajectories has also been 

investigated by Smythe 32 who calculated that significant changes in the .. 
value of AR occur as the gap between the off-axis particle and the cylinder 
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wall approaches zero. This question has also been addressed by Davies et 

al 33 who predicted and observed a variety of distorted peaks as function of 

the angle of entry and the axis of passage of spherical particles through 

cylindrical sensing volumes. Kahrun et al 34 showed that these effects 

could be minimized by the use of a smoothly tapered entrance to the sensing 

volume. The·se observations have resulted in the introduction of hydrody­

namic focusing in conventional resistive pulse analyzers in which the 

particles to be analysed are introduced into the system through a narrow 

capillary in-line with the central axis of the sensing volume 35. 

o 
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o 4. APPARATUS 

The apparatus is shown schematically in Figure 3. It consisted of an 

insulating sampling cell containing a small orifice through which the metal 

to be sampled was drawn under reduced pressure. The flow of current through 

the orifice was established with a constant current power supply and two 

electrodes 9 one inside the sampling tube and the other immersed in the metal 

outside. The voltage across the two electrodes was observed using an oscil ­

loscope and the peaks caused by the passage of particles through the orifice 

were amplified and recorded using a multichannel analyser which measured and 

recorded the amplitude of each peak and after each test provided a histogram 

display of the number of peaks observed as a function of their magnitude. 

Since the object of this project was to seek a technique capable of 

rapidly measuring molten metal cleanliness the apparatus per se was under a 

continuous state of development and many mod·ifications were made during the 

course of the investigation. 

For descriptive purposes it is useful to divide the apparatus into 

three major subsystems: 

1. A pneumatic metal sampling system (including the sampling 

ce11 ). 

2. A high amperage constant current DC power supply. 

3. A voltage pulse measurement system. 

4.1 Metal Sampling System 

The samp1 i ng system is shown in deta i 1 in Fi gure 4. The sam­

pling ·tube was held in a gas tight brass fixture with an "0" ring (Viton) 

seal. An inlet through the top of the fixture was connected via the valve 

assembly to the atmosphere, a low pressure argon gas supply, or to a c 
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Figure 3: A schematic diagram of the LiMCA aD~aratus. 

c 
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Figure 4: A cross sectional view of the sampling cell holder 
(1,1 1 

) and of the sheathed current carrying electrode (2). c 
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vacuum source. In order to avoid pulsatile flow, the vacuum source was a 

10 1 reservoir which was pumped down when necessary with a standard labora­

tory VilCUUm.. pump. The purpose of the argon was two-fold: 1) it allowed 

the tube to be emptied under moderate positive pressure {15 kPa} and re­

used without having to remove the sampling assembly from the bath and 2) 

positive argon pressure was applied during the introduction of the tube into 

the melt to avoid entrainment of the surface oxide film across the orifice. 

The outl et to the atmosphere was i ncl uded to permit neutral pressure to 

exist in the tube for safety during its removal. 

Initially 25 om diameter by 200 om Kimax brand borosilicate 

culture tubes were used with orifice diameters ranging from 0.18 to 0.4 mm. 

These combined the advantages of being coomercially ava'ilable at low cost in 

closed tube form, reasonable chemical and thermal resistance to molten alu­

minium at temperatures up to 725°C and the ease withbwhich the orifice could 

be produced in the wall of the tube. Vycor and Quartz tubes were tested but 

were difficult to fabricate, reacted more readily with the melt and were 

much more expensive than Kimax tubes. Pyrex brand borosil i cate tubes were 

also tested but were found to be less heat resistant than Kimax brand tubes, 

coll apsi n9 after approximately 5 mi nutes exposure at 720°C. 

4.2 Constant Current Power Supply 

The power supply consisted of a 6 volt lead-acid battery (heavy­

duty automative) with an appropriate ballast resistance. All connections 

were made with /14 gauge copper wiring (battery cables). The ballast con­

sisted of one to ten 0.5 ohm 100 watt resistors mounted in parallel. This 

allowed the current to be adjusted in approximately 12 ampere increments 

over the range 12 to 90 amperes {at hi gh currents the resi stances of the 

other circuit elements, principally the cables and the electrodes, limited 
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10 the current). Two switches were installed, one to open the circuit after a 

test to avoid draining the battery while emptying the sampling tube between 

measurements, while the other was mounted in parallel with the ballast 

resistors allowing the battery to be short-circuited through the sampling 

cell. The latter was used to provide an intense current, 200 to 300 

amperes, through the or; fi ce to ensure that the wa 11 s were wetted by the 

aluminium and to burn out any material partially blocking the orifice. This 

was generally necessary at the beginning of each run. 

The current could be controlled by changing the ballast resis­

tance and was monitored with a 0-100 A DC ammeter. This allowed the value 

of I f~r equation (21) to be measured and gave an indication as to when the 

batteri es needed rechargi ng. The batteri es were recharged when necessa ry 

with a 6 V heavy duty battery charger. All electrical cables were kept as 

short as possible and, when feasible, were twisted around one another to 

minimize noise pickup. 

4.3 Voltage Pulse Measurement System 

c 

Referring to Figure 3, each time a particle passed through the 

measurement vol ume a vol tage pul se was generated. The voltage di fference 

between the two feeder electrodes was carried to the oscilloscope input 

along RG-59 U co-axial cables. The shield of each cable was grounded at the 

oscilloscope input, the two cables were twisted around one another and fur­

ther shielded within a flexible braided wire sheath also grounded at the 

oscilloscope. The oscilloscope used was a Tektronix model 5223, 10 MHz 

digitizing storage scope equipped with a model 5A22N differential amplifier 

with switch selectable high and low pass RC filters and a model 5810 digital 

time base. The osci l1oscope was used both to observe the stab;l ity of the 

baseline and the voltage pulses and as a pre-amplifier. When used as a 
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pre-amplifier the oscilloscope provided a fixed output_ of 50 mV per screen 

division. Normally the instrument was used at a setting of 50 ~V per divi­

sion, in which case the pre-amplifier gain was 1000 (gains of up to 5000 

could have been used by increasing the input sensitivity). 

By using an AC coupled differential amplifier the voltage drops 

due to the resistances of the electrodes and the stable component of the 

orifice voltage were ignored and only the changes in voltage occurring 

wi thi n the frequency "wi ndow" between the high and low pass fi 1ters were 

amplified. The high and low pass filters were normally set at 0.1 and 10 

kHz respectively to eliminate both high and low frequency noise. 

The pre-amplified signals were then fed to a Tracor-Northern 

model TN 1214 logarithmic amplifier whose output response was: 

V = 3.33 10g10 (Vin ) + 6.67 (volts)out 

Using a logarithmic amplifier had the effect of increasing the 

resolution in the lower ranges of particle sizes. In addition to serving as 

a logarithmic amplifier this instrument also served as a peak detector which 

used a "sample and hold" circuit to generate short (2 \.Is) voltage pulses 

from the relatively long eca 500 jjs) peaks produced by the passage of the 

particles. These short duration pulses were required in order for a 

conventional multi-channel analyzer (MCA) to be able to process the signals. 

(Most MCAs are designed for use in applications such as X-ray fluorescence 

where the pulse duration is extrel11ely short). 

The multichannel analyzer used was a Tracor-Northern model 1206. 

This device had a 10 bit analogue to digital converter which divided a 0-8 

volt input range into 1024 equal channels and counted up to 106 - 1 events 

o per channel at overall count rates of >1 MHz. Alternatively the memory 
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could be partitioned into two 512 channel portions allowing two distribu­

tions to be obtained before having to record them. The MeA thus provided a 

512 channel histogram of particle number versus channel number. Each 

channel of the MCA corresponded to a unique particle size range depending 

upon the experimental conditions chosen. The correspondence between the 

particle diameters, d, and the channel numbers was calculated as follows: 

The original signal appearing across the orifice was 

_ 4p Id3 
6. V - 4 f( dID) (21) 

IT 0

This was amplified by the oscilloscope with a gain of G: 

(22) 

Then fed to the logarithmic amplifier whose output, 6.V11 , 

was 
11 1 

6.V = 3.33 log 10 (6.V ) + 6.67 (23) 

And finally appeared as a count in channel number, #: 

11 512
# = t::.V x- (24 ) 8 

Therefore, once the operating conditions for any particular 

experiment were determined (current, pre-amplifier gain, orifice diameter) 

the channel numbers corresponding to the particle diameters were fixed. 

Since 512 channels provided more precision than was justified or 

desired, normally the sums of counts between channels corresponding to fixed 

intervals were taken. For instance under conditions of I :: 60 amperes, G = 

c 1000 and 0 = 300 ~m the following correspondence between channel number and 

particle diameter exists (Table 3). 
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TABLE 3 

CORRESPONDENCE BETWEEN THE CHANNEL NUMBERS OF THE 

MULTICHANNEL ANALYZER AND THE PARTICLE DIAMETER 

(Equation (24) I = 60 A, G = 1000, D = 300 urn, fluid = aluminium) 

Channel Numbers Particle Diameters 
(urn) 

o - 60 16 to 20 

61 - 122 20 to 25 

123 - 172 25 to 30 

173 - 215 30 to 35 

216 - 252 35 to 40 

253 - 285 40 to 45 

286 - 314 45 to 50 

>315 >50 

All counts appearing within des'ired limits were added using 

the "Region of Interest" option of the MCA. Alternatively the entire memory 

contents could be stored on magnetic tape for later recall. 
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5. EXPERIMENTAL 

5.1 Preliminary Experiments in Gallium 

Once the theoretical feasibility of detecting particles in 

molten metals had been established~the first step carried out was to search 

for voltage peaks in a low temperature 1iquid metal system. Gall ium was 

chosen for these initial experiments for a number of reasons including: 

1. 	 Its low melting point (29.8°C). 

2. 	 Its abil ity to wet glass. 

3. 	 The relatively large quantity on hand (1 kg). 

4. 	 Its relatively low density (5900 kg/m3 ). 

5. 	 The fact that its electrical res; st i vity in the liquid 

state is virtually the same as that of molten aluminium 

(24.8 x 10-8 Qm and 25.0 x 10-8 Qm respectively). 

The advantages of points 1, 3 and 5 are obvious, point 2 (wets 

glass) suggested that it would be possible to disperse silica flour in the 

melt, while point 4 (low density) meant that there would be less tendency 

for the dispersed particles to float out than there would be in the case of, 

for example, mercury (p = 13500 kg/m3 ). 

The initial apparatus is shown in Figure 5. It consisted of a 

10 cc hypodermic syringe with the needle removed and the protective sheath 

sealed into place. A piece of glass capillary tubing 1.3 mm long with an 

i nterna 1 di ameter of 160 11m was cemented with cyanoacryl ate gl ue into a 

small hole passing through the base of the protective sheath. A current of 

four amperes was established using a six volt battery and two 3 Ohm resis­

tors mounted in parallel. Contact leads were made with 12 gauge copper 

wiring, one lead being submerged in the melt while the other passed through . 

a hole at the base of the syringe barrel. The voltage across the orifice 

was measured with the Tektronix 52~3 oscilloscope described earlier. 
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Figure 5: 	 A schematic diagram of the aoparatus used for preliminary 
experiments to demonstrate the feasibility of the technique 
in gallium. Voltage measurements were made between the 
points ·x· 	 and .y •. 

o 




Silica 	 particles were dispersed in the melt (Silico-Sil 200, 

-200 mesh) and the suspensi on forced through the ori fice by al ternately 

with-draw; ng and i nserti ng the syri nge pI unger. The peaks observed were 

stored 	in the oscilloscope's memory and photographed. Two of these peaks, 

typical of particles passing through an orifice, are shown in Figure 6. 

Having established the practicality of the idea, the next two 

years were dedicated to overcoming problems involved in applying the 

principle to making measurements in molten aluminium. 

5.2 	 Choice of Experimental Conditions for Aluminium 


Equation (21): 


/ 

= 4 pIa v = IaR 	 f (~)n 

predicts that the amplitude of the voltage pulses produced by the passage of 

non-conductive particles is: 	 .. 

- proportional to the applied current, 

inversely proportional to the fourth power of the orifice 

diameter, 

- proportional to the particle volume. 

The decision was made to aim for a particle detection limit of 

20!lm (equivalent spherical diameter) while maximizing in so far as possible 

the orifice diameter (to maximize the sampling rate and to reduce the chance 

of plugging). The conditions ultimately chosen thus represent a compromise 

J>etween the detection limit, the sampl ing rate and the size of the current 

supply system. Since the measurement of unusually small amplitude signals 

was involved, much effort went into eliminating electrical noise pickup in . 

the circuit. The final conditions chosen were: 
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• 
Figure 6 Transient voltage increases caused by silica particles dispersed 

in gallium passing through a 160 ~m orifice in the presence of a 
current of 4 amperes. The vertical scale is 50 ~ volts per major 
division; the horizontal scale is 1 ms per major division . 
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orifice diameter 300 11m 

current 60 amperes 

pre-amplifier gain 1000 

under these conditions a particle 20 11m in diameter produced a voltage pulse 

of 19 IlV compared to a typical background noise level of 5 IlV (peak to 

peak) • 

5.3 Development of the Sampling Cell 

As mentioned in the APPARATUS sections, KIMAX brand borosilicate 

culture tubes offered satisfactory thermal and chemical resistance to molten 

aluminium combined with ease of fabrication of the orifice. A number of 

methods for prodUCing small holes in glass tubes were attemped, including* 

1. 	 drilling relatively large holes (0.6 mm) with a carbide 

dental bur and heat shrinking the holes to the desired 

diameter; 

2. 	 dri 11 i ng the hol es usi ng di amond coated mi cro-dri 11 

bits; 

3. 	 cutting the hole with a micro-torch. 

Drilling the holes with a micro-drill was by far, the quickest 

method (ca. 30 seconds/tube), however the reproduci bi 1i ty of the ori fi ce 

diameters was poor. Method 1 (heat shrinking), while more time consuming 

(ca 5 minI tube), produced uniform orifices with smooth surfaces and tapered 

(trumpet shaped) entrances and exits. This shape of orifice has been shown 

to be useful in avoiding distorted peaks in conventional resistive pulse 

particle size analysers 34. Method 3 involved heating a small zone at the 

base of the tubes while applying pressure to the inside of the tube with a 

blow pipe. 

* A review of methods to produce small holes in glass and ceramic materials 
appeared in Rev. Sci. Inst. V. 48, p. 64. 
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This method produced orifices similar in form to those produced 

using method 1 but required more skill. 

The sampling tubes were routinely produced by the author using 

method 1 and later, by M. Bedard of the Societe d'Electrolyse et de Chimie 

Alcan using method 3. 

5.4 Development of the Electrodes 

In order to obtain the sensitivity required, large currents had 

to be carried into the aluminium bath. The final electrode design is shown 

in Figure 4. The glass sheath was used to ensure a constant area of contact 

in order to avoi d the noi se that was sometimes caused by changes in the 

metal level when the electrodes were not sheathed. (The resistance of the 

electrodes, though small, was not negligible, without the sheath the circuit 

resistance changed as the metal rose in the sampling cell.) 

In order to ensure good electrical contact between the elec­

trodes and the metal, oxidation of the electrode surfaces had to be avoided. 

With new electrodes this was done by applying a flux and coating the exposed 

surface areas with solder. This layer melted off during first use and in 

subsequent runs the layer of aluminium adhering to the electrodes protected 

the interface from oxidation. 

Towards the end of the project it was discovered that well wetted 

steel electrodes could be prepared by an initial immersion in aluminium at 

900°C. This procedure was carried out in a small table top furnace with the 

molten metal covered with approximately 20 mm of a molten salt flux (50/50 

(weight) NaCl/KC1). The electrodes were brushed to remove loose rust and 

held in the furnace for five to ten minutes at 900°C. Using these "well­

wetted II electrodes it was found that the glass sheathing was not always 

necessary. At the time of writing this question is still unresolved, 

although for most work the sheathing has been retained. 
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Other electrode materials tried included: 

- copper, which dissolved too rapidly to allow more than 

two or three samples to be taken before the electrodes 

had to be replaced; 

- titanium, whi ch performed sat; sfactorily but not better 

than steel electrodes; 

- copper rods tipped with steel or titanium and sheathed so 

that only the tip was exposed to the metal, however, upon 

repeated use the tips tended to loosen which resulted in 

a poor contact and consequently the generation of exces­

sive electrical noise; 

- stainless steel (304 and 316), which performed satisfac­

torily but, owing to their high resistivity, limited the 

current. 

Thus no material was found which had any clear advantage over 

steel as the electrode material. 

Although the steel electrodes were slowly attacked by molten 

a1urn; ni urn it was found that they coul d be used for peri ods of up to ten 

hours before replacement was necessary. 

c 
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6. 	 RESULTS AND DISCUSSION 

6.1 	 Observations in Molten Aluminium 

Typical voltage peaks observed while aspirating molten aluminium 

under the. following conditions are shown in Figure 7: 

Orifice diameter 0.30 mm 

Current 60 amperes 

Metal temperature 705°C 

Pre-amplifier gain 1000 

Low and high pass filters 0.1 and 10 kHz 

It can be seen that the signals are well defined with respect to 

the background noise level. These signals were obtained in remelted, com­

mercially pure (99.7%) aluminium. Supporting evidence for the contention 

that these signals are the result of particles suspended in the melt 

includes: 

1. 	 All si gna 1s were of the predicted polarity. 

2. All 	 signals were of the predicted duration. 

3. 	 If the current was switched off no signals were 

observed. 

4. 	 Stirring the melt or add; ng di rty meta 1 (e.g. scalper 

chips) increased the number of observed signals. 

5. 	 Increasing the amplifier gain and/or the applied cur­

rent increased both the size and numbers of the 

observed signals. 

6. 	 Si gna 1s of oppos i te pol arity we re observed when the 

metal was cooled to the melting point and stirred 

(solid aluminium is approximately 2 1/2 times more 

conductive at the melting point than liquid 

a1urn i ni urn ) • 
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• 
Figure 7 Typical signals observed while aspirating aluminium through a 

300 ~m orifice in the presence of an applied current of 60 
amperes. The vertical scale is 50 ~volts per major division; 
the horizontal scale is 0.5 ms per major division . 
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7. 	 Extensive testi ng, descri bed in Part II, both in the 

laboratory and in the plant showed that there was 

excellent agreement between LiMCA results and those 

obtained by a metallographic method of metal cleanli ­

ness assessment. 

8. 	 Changing the metal flow rate changed the duration of 

the signals. 

6.2 Orifice Stability 

Due to the fourth-order dependency of the signal ampli tude on 

the diameter of the orifice it was crucial that the sampling cell possess a 

dimensionally stable orifice. The dimensional stability of the orifices was 

verified by measurements before and after use. Tubes that had been used 

for periods of up to one hour in aluminium at 710°C were emptied, removed 

from the apparatus, wrapped in insulation and allowed to cool slowly to room 

temperature. Any adhering aluminum was dissolved with 301, W/V NaOH or 

6 N HCl before measurement. The results are shown in Table 4. 

Figure Sa shows a scanning electron micrograph of the area 

around the orifice in an unused KIMAX sampling tube. Figure 8b shows the 

same zone in a tube that had been used for 90 minutes in aluminium at 710°C. 

These figures and the results of Table 4 indicate that although some surface 

erosion had occured there were no major changes in either the shape or the 

dimensions of the orifices in the KIMAX sampling tubes. On the other hand 

Vycor brand (961, SiD2) and quartz (>991, Si02 ) tubes eroded rapidly 

presumably due to their high free silica content which led to their being 

chemically reduced by the aluminium. 

o 
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a) 

b) 

Figure 8 	 Scanning electron micrographs of the orifice in borosilicate 
(KlMAX) tubes a) Before use and b) after one hour of use in 

• 	
aluminium at 710 C . 



TABLE 4 

EVALUATION OF THE DIMENSIONAL STABILITY OF ORIFICES 

IN SAMPLING TUBES MADE OF KIMAX (BOROSILICATE) GLASS, VYCOR AND QUARTZ 

Material 	 IlIII1ersi on Time Cleaning Agent D before Dafter 
in Al, minutes IJm IJm 

KIMAX o (Control) NaOH 240 250 
II 0 (Control) HCl 300 300 
It 30 NaOH 280 270 
II 45 NaOH 290 270 
II . 30 NaOH 300 300 
.. 60 NaOH 290 295 
II 60 HCl 300 300 
II 60 HCl 290 300 
II 60 HCl 305 305 
II 60 	 HCl 300 300 

Vycor o (Control) NaOH 	 300 300 
II 10 NaOH 300 400 
II 10 	 NaOH 300 340 

Quartz o (Control) NaOH 320 320 
II 30 NaOH 315 380 
II 30 NaOH 300 360 

6.3 Sample Volume 

In,order to obtain quantitative inclusion concentration measure­

ments, some means was required of assuring that .the.same.:volume of meta] , 

analyzed duri ng each sampli ng cycle. To thi s end a two el ectrode on/off 

level detector was built and installed. 	 Its principle of 

c 
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operation was as follows. During sampling the metal rose within the o sampling tube and when the level reached the lower limit electrode the 

potential between it and the current carrying electrode fell to zero. This 

change in potential activated the mutichannel analyzer which then began to 

acquire data. After a pre-determined volume of metal had been sampled, the 

level reached the upper limit electrode, again causing a change in potential 

between it and the current carrying electrode which stopped the data 

acquisition. 

Unfortunately this system did not work reliably in molten alumi­

nium because the surface skim tended to stick to and hang from the 1 imit 

electrodes thus changing their effective lengths, and thus the sample 

volume. Because of this difficulty, this approach was abandoned and instead 

measurements were taken over a fixed period of time while maintaining a 

constant low pressure in the sampling cell by means of a vacuum reservoir. 

The contention that, at constant differential pressure, the 

amount of metal sampled over a fixed period of time was constant, is suppor­

ted by the results presented in Table 5. For these tests, water was 

aspi rated into a seri es of tubes of ori fi ce di ameter 300 ± 10 llm for a 

period of one minute. These results indicate that the error associated with 

the assumption of a constant sample volume was valid to better than +/- 10~ 

error, i.e. 2xS3 

--- x 100
v 

c 
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TABLE 5 

REPEATABILITY OF THE VOLUME OF WATER 

ASPIRATED IN ONE MINUTE BY 6 SAMPLING TUBES 

Dia. (mm) Vol urne (ml) Ave. ± S.D. (S2) 

0.30 
0.30 

0.31 
0.31 
0.29 

0.29 

23, 24, 24, 24, 23 
24.5, 25, 24.5, 25, 24.5 

26.5, 25.5, 23, 26, 26 
25.5, 25.5, 24.5, 25, 25 
23.5, 24, 24, 25, 24 

23, 22.5, 23, 23, 23.5 

23.6 ± 0.55 
24.7 ± 0.27 

25.4 ± 1.38 

25.1 ± 0.42 
24.1 ± 0.54 

24.3 ± 1.0 (S3) 

For quasi-steady flow through a submerged orifice Bernoull i I S 

equation for the discharge velocity (u, m/s) can be written in the form: 

(25) 

where ~p is the differential pressure applied by the vacuum reservoir (Pa), 

p is the fluid density (kg/m3), 9 is the acceleration due to gravity (m/s) 

and ~h the difference in the fluid levels outside and inside the tube. The 

latter term varies (decreases) as the fluid rises within the tube. Numeri­

cally however, the ~p term dominates and as an approximation, ~h has been 

taken as half the depth of submergence of the orifice and a constant filling 

rate assumed. 

Multiplying (25) by the area of the orifice and substituting the 

appropriate numerical values gives the theoretical volumetric flow rate: o ", 
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Q	 =Au=(150 x 10-6)2rr ~ x [16920 + 0.05 x 9.81 x 1000]1 (26)o 	 th [ 1000 J 
x 60 x 10-6 = 25.0 mL/min 

The 	 coefficient of discharge (CO) for these orifices was thus 

_ 	 Q actual = 24.3_ 0 97 (27)CD - Qtheoretical 25 • 

This allows an estimate of the volume of aluminium sampled per 

minute under similar conditions to be made: 

C A [2 (6 P + P 6 h) ] ~ 
Q	 = 0 PAl Al . x 60 x 10-6 =16 mL/min (28)A1 

6.4 The Resistor By-pass (conditioning) Effect 

The· most unexpected di scovery made duri ng the course of the 

deve1opment of the LiMCA was the benefi ci a 1 effect of bri efly short-ci r ­

cuiting the battery through the orifice. Under these conditions the current 

was limited only by the resistances of the battery t cables and steel elec­

trodes and was of the order of 200 to 300 amperes. When this was done the 

baseline voltage could be stabilized and any obstructions to metal flow 

through the orifice removed. It is hypothesized that these beneficial 

effects were due to intense localized heating of the metal in the orifice 

which ensured complete wetting of the orifice wall by: 

a) 	 removing any adsorbed gases, 

b) 	 accelerating the reaction between the aluminium and the 

silica in the glass making the surface more easily 

wettable, and 

c 
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c) 	 lowering the viscosity of the metal and lowering the 

contact angle, both of which promote the wetting and 

removal of any inclusions sticking to the orifice 

wall. 

This procedure was carried out routinely each time a new sam­

pling cell was first used and performed when necessary (as evidenced by 

decreased flow rates or baseline instability) thereafter. Figure 9 shows 

waveforms recorded before and after "conditioning" a new orifice. It is 

hypothesized that the damped oscillation observed in Figure 9a was the 

result of incomplete wetting of the wall of the orifice leading to the 

formation of a free jet of metal within the orifice; the passage of the 

particle through the orifice then disturbed the metal jet profile leading to 

the observed oscillation. The signal shown in 9b was recorded using the 

same sampling tube a short while later after having "conditioned" the 

orifice by the application of a brief, intense current. 

6.5 Other Metals 

The resistive pulse technique should, in principle, be appli ­

cable in all metals. Having successfully observed the predicted signals in 

gallium and aluminium, trial runs were performed in the laboratory using 

molten zinc and molten lead. Since the melting points (420·C and 327°C 

respectively) and the chemical "aggressivity" of both these metals are 

significantly lower than those of liquid aluminium no problems were encoun­

tered in using the sampling tubes previously described. 

In the case of zinc, tests were performed in a 2 1 crucible at 

460°C using an orifice diameter of 0.40 mm and a current of 60 A. Tests 

with lead were conducted at 400°C using an orifice diameter of 0.30 mm and a 

current of 60 A. Signals similar to those seen in aluminium were observed 
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• 

a) 

b) 

Figure 9 	 The "Conditioning" Effect. The waveform "a" was recorded 
using a new sampling cell. After passing 200-300 amperes 

• 	
through the orifice briefly the same sampling cell produced 
signals of 	the form "b". The vertical scale is 50 ~volts 
per major division; the hori~ontal scale is 1 ms per major 
division 



and in both cases no degradation of the sampling cell occurred. The count 

rates observed , the correspondi ng equi val ent spheri ca1 di ameters (Eq. 21 

and 24) and the estimated volumetric sampling rates for each metal are shown 

in Table 6. 

TABLE 6 

APPLICATION OF THE LiMCA APPARATUS IN MOLTEN LEAD AND ZINC 

Particle equivalent spherical diameters (d) were calculated 
using equations 24, 23, 22 and 21. Metal flow rates were 

estimated using equation 28. 

LEAD ZINC 
Channel 
Number d (pm) CPM d (pm) CPM 

61-122 13-15 131 27-34 97 
123-172 16-18 54 35-40 43 

173-215 19-21 17 41-46 11 

216-252 22-24 8 47-53 5 
253-285 25-27 3 54-59 3 
286-314 28-30 1 60-65 1 

>315 > 30 3 > 65 2 

I =60 Amps I =60 amps 
D = 300 pm D =400 pm 
Q = 9.2 ml/min Q = 13 ml/min 

Based upon these observations it appears that there are no major 

problems to be overcome in applying the technique to other, low melting 

point metals and alloys. 

c 



7. DISCUSSIONo The resistive pulse method of particle size analysis was initially 

developed by Coulter in the early 1950's. Since then, it has been widely 

used in aqueous and organic systems. While the LiMCA is based upon the same 

principle, a number of special problems were encountered in its application 

in molten metals. The most obvious difficulties lie in the hostile thermal 

and chemical environment encountered in most liquid metal systems which 

necessitated the development of a heat resistant sampl ing cell. A more 

fundamental problem arose from the resistivities of the fluids involved. As 

shown by Equation 21 the signal amplitude is proportional to the resistivity 

of the fluid. As Table 7 indicates, liquid metals are about one million 

times less resistive than the saline solutions commonly employed in conven­

tional devices so that, for a given current, the signals produced in liquid 

metals are a million times smaller. 

This disadvantage was partially overcome through the use of larger 

currents, 60 amperes versus milliamperes in conventional equipment. 

A basic difference between conventional instruments and the one 

descri bed herei n 1i es in the mechani sm of current conducti on. Thi sis 

electronic in liquid metals as opposed to ionic in saline solutions. As a 

result, problems of concentration polarization and noise due to gas 

evolution at electrode surfaces did not arise. In addition the orifice was 

submerged in a mass of molten metal which provided a nearly ideal Faraday's 

cage for minimizing noise pickup. The net effect of these differences was 

that background electrical noise proved to be substantially lower than that 

of conventional analyzers, allowing high gain amplifiers to be used for 

signal detection. For a signal to noise ratio of 2.0 the mininum detectable c 
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TABLE 7
o 
RESISTIVITIES OF MOLTEN METALS AND 

AQUEOUS ELECTROLYTES 36,37,38,39 

Resistivity Temperature
Fluid g·M ( ·C) 

Cu 2.2 x 10-7 1084 


Ga 2.48 x 10-7 30 


In 2.9 x 10-7 157 


Fe 13.9 x 10-7 MP .... 1540 


Pb 9.79 x 10-7 340 


10.1 x 10-7 400 


Mg 2.74 X 10-7 650 


Hg 9.84 x 10-7 50 


10.3 X 10-7 100 


Rb 2.3 x 10-7 122 


Zn 3.53 x 10-7 413 


K 1.36 x 10-7 64 


Sn 4.5 x 10-7 2~2 


Cd 3.4 x 10-7 400 


Bi 12.9 x 10-7 300 


Ca 3.3 x 10-7 839 


Al 2.5 x 10-7 700 


.9% NaCl 7.1 x 10--1 25 


(Physiological 

Saline) 


0.1 NKCl 8.3 x 10-1 25 


signal was 10 ~V corresponding under standard conditions (O = 300 ~m, I = 60 


A, G = 1000) to a particle of 14 ~m equivalent spherical diameter. This was 


4.7% of the orifice diameter, close to the value of 4% commonly quoted for 

conventional resistive pulse analyzers. c 
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For a fixed orifice diameter the sensitivity can be increased by 

increasing the current. Currents as high as 100 A in 300 ~m orifices were 

used without any noticeable problems. The major drawback with using higher 

currents lies in the shortened life of the batteries. 

At 60 amperes the current density in a 300 ~m orifice was 8.5 x lOS 

A/fill and the power density was 1.8 x lOll W/f43. This is roughly three 

orders of magnitude larger than the power densities developed in the core of 

a liquid metal fast breeder reactor. So long as the metal is flowing its 

residence time within the orifice, 0.5 m/sec, was short enough that the 

metal was heated by less than 1°C during is passage. 

Comparing this technique to a common standard method of assessing metal 

cleanliness, filtration and metallographic examination of the residue, it 

should be noted that the latter typically requires approximately one man­

hour of labour and provides a semi-quantitative result only after a substan­

tial time delay. Once installed, the labour requirements of the LiMCA 

technique are minimal, involving positioning the sampling assembly and 

occasionally changing the sampling tube and the electrodes. The samples can 

be taken on line and the results are available in the form of particle size 

distribution histogram at approximately two minute intervals. Thus the 

technique has the potential of allowing "real-time" process control. In 

contrast, when current metallographic techniques are used, by the time the 

results are available, the product has· been cast and is awaiting shipment in 

inventory. A further advantage of the LiMCA techn; que ; s that there is no 

human element involved in the assessment. so that problems of interpreta­

tion, boredom and fatigue are less likely to influence the results. 

c 



8. CONCLUSIONSo A resistive pulse method of particle size analysis has been developed 

for use in liquid metals. The technique is both more rapid and less expen­

sive than currently used methods of metal c1ean1 i ness assessment. It 

provides both the concentration and particle size distribution of suspended 

particulates larger than a pre-determined size with the results available at 

approximately two minutes intervals. 

A number of problems had to be overcome during the development of a 

workable apparatus these include the development of durable high temperature 

sampling cells, the production of small orifices in glassy materials and the 

measurement of small si gna 1s. The response of the devi ce has been studi ed 

both in the lab and in plant trials. These studies are described in Part II 

of the present work. 
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PART I I 


APPLICATIONS OF THE LiMCA 


(Liquid Metal £leanliness Analyzer) 
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ABSTRACT 

The object of the second part of this study was to evaluate and 

demonstrate the performance of the Liquid t1etal Cleanliness Analyser 

(LiMCA) in a variety of laboratory and production situations. Laboratory 

tests included measuring the effect of various additions on the inclusion 

content of aluminium and an off-line evaluation of two commercially avail ­

able melt treatment units. Plant trials included monitoring metal clean­

liness during the production of an inclusion-sensitive alloy (can body 

alloy AA3004B), electrical conductor 9rade aluminium and extrusion ingot 

alloy. The settling of inclusions was found to have a profound influence 

on melt cleanliness in all situations studied. The response of the LiMCA 

was compared to those obtained using a metallographic technique (the Alcan 

PoDFA test) and, despite the fundamental difference of the basis of the two 

techniques, both responded similarly to changes in metal cleanliness. 
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1. INTRODUCTION 

As stated in the introduction to this thesis, Part Two is concerned 

with the application of the liquid metal cleanliness analyser (LiMCA) 

whose development was described in Part One. Experience has shown that it 

is extremely difficult to manipulate aluminium on a small scale without 

producing large quantities of suspended oxide films It/hich are rarely en­

countered in metal prepared on a production scale. Thus, once basic pro­

blems of materials and electronic noise with the instrument had been over­

come in the lab, it was considered highly desirable to proceed directly to 

in-plant experiments in order to avoid the aualitative difference observed 

in laboratory metal and to study the actual inclusions present in industrial 

material that give rise to the problems mentioned in the introduction to 

Part One. 

1.1 Previous Work 

It has been widely recognized that progress in the field of metal 

cleaning has been hampered by the lack of a reliable, quantitative method 

of evaluating metal cleanliness. 

In a critical review of the literature concerning the flux'ing of 

aluminium with salts and gases Siemensen' stated (p 35) 11~·1ost of the work 

carried out so far in measuring the effect of fluxing gas or salt upon the 

inclusions content, is qualitative, incomplete and/or not systematic. The 

main reason is the lack of quantitative methods for analysing low concen­

trations of particles in huge quanti ti es of 1 i qui d me ta 1 . II 

Bauxman et a12 in a 1978 paper stated liThe lack of adequate 

methods to count and identify inclusions in cast products makes diffi cult 0 



67. 


the assessment of the efficiency of melt cleaning practices." 

Finally, Levy3 et al in a 1977 review of methods for evaluating 

metal cleanliness state: 

"The goal is a sensitive, accurate test, readily performed on 

the cast house floor, which might allow ingots to be segre­

gated according to their ultimate quality potential and to 

investigate process modifications such as in filtering or 

fluxing. As there is no ultimate reference standard, one is 

forced to determine such factors as i-reproducibility of the 

data from replicate samples, ii - reasonableness of the data ...... 

Thus, since the instrument described in Part One was specifically 

designed in order to provide a quantitative evaluation of the inclusion 

level of molten aluminium, there was virtually no prior body of knowledge 

directly relevant to the present work. 

Apart from the ucommon sense u approach mentioned by Levy et a1 

(above) the only 'yard stick' available for evaluating the LiMCA was the 

PoDFA technique that had been used and developed by Alcan personnel over 

the last 10-15 years. As mentioned previously the PoDFA technique in­

volves filtering a known mass of metal, typically 1-1.5 kg, through a 

porous disc and examining the residue captured on the surface of the disc 

under the optical microscope. The discs are selected, based upon their 

permeability so as to be selective for the capture of all particles larger 

than approximately 20 ~m. PoDFA results are expressed as a single number 

c 
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(mm2/kg) representing the area of inclusions observed in a section passing 

perpendicularly through the center of the face of the disc. Due to the 

limited quantity of the concentrate and the low concentrations of inclusions 

in suspension in most commercial aluminium alloys, there are not enough 

particles present on the polished surface to allow any estimation of the 

particle size distribution. PoDFA does allow the various inclusion types 

to be identified and thus may provide a clue as to their origin, however, 

at any given casting center the major types of inclusions likely to be 

present are generally known and what is now needed is a rapid quantitative 

estimate of their size and concentration. 

2. LABORATORY EXPERIMENTS 

2.1 Particle Addition to Aluminium 

Attempts to add particulate matter of known dimensions to molten 

aluminium for the purpose of instrument calibration were unsuccessful. 

Materials tried included silica powder, calcined alumina, glass micro­

spheres and titanium diboride. Addition methods attempted included stir ­

ring, adding the powders into the eye of a vortex, wrapping the particles 

in aluminium foil and holding them beneath the surface while the foil 

melted back and salt coating the particles (NaCl/KC1/~laF 45-45-10 v!/H). 

Attempts were also made to decrease the surface tension of the melt prior 

to adding the particles by overheating the melt (gOOoe) and by adding 

metallic copper (1-4% ~'l/H). In all cases metallographic examinations of 
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chill plates revealed no suspended particles although large quantities 

of oxide films were often present. 

The only method found that allowed "dirty" metal to be prepared 

in the laboratory was the addition of a boron-rich (5% B) aluminium 

alloy to commercial grade aluminium. The added boron reacted with dissolved 

titanium and vanadium, present in commercial-grade aluminium, to precipitate 

(Ti-V)B particles in sizes ranging up to 50 urn in diameter. Table 1 shows 

the effects of boron addition, settling and stirring on melt cleanliness and 

was obtained as follows: Commercial-grade aluminium (99.7% Al) was melted 

and held in a 100 kg resistance furnace for six hours (A). The melt was 

stirred (B), settled for two hours (C) and treated with a 20 ppm W/W 

addition of boron stirred into the melt (D). Following subsequent stages 

of settling and stirring (E through I) a second addition of boron was made 

(J) followed by a final period of settling and stirring (K-M). Throughout 

the exoeriment the instrumental settings of the LiMCA were as follows: 

Orifice Diameter 0.30mm 
Current 60 Amperes 
Pre-amplifier Gain 1000 
Di fferenti al Pressure 5" Hg (16.8 kPa) 
Region of Interest Channels 61 to 510 
(Detection Limit) (d >20 urn) 

All pulses corresponding in maqnitude to particles of at least 20 micro­

meters in equivalent spherical diameter (d) were recorded. ~1etallographic 

examination of chill plates taken after the boron additions subsequently 

confirmed the presence of (Ti-V)B particles in the predicted size range 

(20 to 50 urn). 

c 
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TABLE 1 


EFFECT OF BORON ADDITIONS, SETTLING AND STIRRING 

ON THE CLEANLINESS OF em'lMERCIAL GRADE ALumNIUr1 


PROCESS OPERATIONS 

A 	 Metal held at 7000 e for 6 hours 

B 	 r~eIt s ti rred 

C 	 A 2 h settling period allowed 

D A 20 ppm addition of boron stirred into 
melt 

E Following a 5-minute settling period 

F Mel t sti rred 

G Following a 50 minute settling period 

H Following a l-hour settling period 

I Following a further 1 hour, ten-minute 
period 

J An 85 ppm addition of boron stirred 
into melt 

K Following a la-minute settling period 

L 	 Following an overnight (~ 12 h) 
settling period 

~1 	 ~1e1t sti rred 

RESISTIVE PULSE READING 
(total counts per minute 

d > 20 llm) 

32 

305 

108 

2750 

347 

2767 

727 

310 

295 

8405 

3527 

79 

2748 

c 
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2.2 Book Molds 

A second approach used to obtain "dirty" metal in .the laboratory 

was to remelt samples taken during routine production runs. In order to 

ensure, insofar as possible, that the samples covered a wide range of 

cleanliness they were taken before and after two widely used melt treatment 

(cleaning) devices, the Alcoa 622 and the Union Carbide Spinning Nozzle 

Inert Flotation {StUF} units. The samples also represented two very dif­

ferent alloys, in the case of the "622" samples the alloy was CA-54311, 

a high magnesium anoy prone to oxidation and in the case of the IISNIF II 

samples the alloy was AA-1350 which contains no magnesium. 

The samples, rectangular blocks of aluminium (book molds) weighing 

approximately 2 kg were remelted in graphite bonded silicon carbide crucibles 

in a resistance furnace under an argon atmosphere. Hhen the metal temper­

ature had attained 7500 C the samples ,,,ere transferred one at a time, to a 

small cylindrical resistance furnace, stirred and four successive thirty-

second LH1CA readings were taken over a period of approximately ten minutes. 

The experimental conditions were as follows: 

Metal Temperature 700-720oC 
Orifice Diameter 0.30 mm 
Current 60 Amperes
Pre-amplifier gain 1000 
Region of Interest (detection limit) 50-510 (d >19 ~m) 

After sampling each crucible was returned to the melting furnace 

and reheated to 750°C following which the metal was filtered through a porous 

disc and the residue examined metallographically {the Alcan PoDFA test}. 

o 
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Figure 1 shows the relation observed between the LiMCA readings 

(expressed as the sum of the four, thirty second readings for each sample) 

and the PoDFA results. The LiMCA values represent all counts that appeared 

above channel number 50 (d > 19 urn equivalent spherical diameter under the 

conditions used). It can be seen that, in general the two techniques are 

in reasonable agreement. The metallographic results indicated that the 

samples represented by the outlying point was heavily oxidized which may 

have affected the PoDFA test. Table 2 shows the total counts appearing 

above channel number 50 (d > 19 ~m) for each thirty second sampling, as well 

as the alloy and the Dosition, relative to the melt treatment device, at 

which the original 2 kg samples were taken. 

Inspection of Table 2 shows that, as in the previous example, par­

ticle settling was occurring rapidly, since the fourth reading on each sample 

was typically two to four times smaller than the first. In addition oxide 

films and gas porosity were observed upon metallographic examination of the 

first six (high magnesium) samples indicating that, despite the argon 

flushing of the furnace some exposure of the samples to the atmosphere was 

occurring. For these reasons the results of Table 2 cannot be considered a 

definitive evaluation of the performances of the two melt treatment devices. 

However, the results do agree with what previous experience would have pre­

dicted: for instance, that alloys with high magnesium levels are generally 

IIdirtier" than low magnesium alloys and that the SNIF unit which in this 

instance was being used as a degassing (hydrogen removal) device, would have 

had little or no cleansing effect on the metal. 
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Figure 1: LiMCA {sum of four 30 second counts} as a function of PoDFA for eleven remelted 
samples taken before and after two melt treatment devices. 



()o 

TABLE 2 

Li~lCA AND PoDF/1. RESULTS OBTAINED UPON REMELTING SAt·1PLES TAKEN 
BEFORE AriD AFTER Tl~O MELT TREATMENT DEVICES. FOUR 30 SECOND 
Li MCA SAMPLES HERE TAKEN AT APPROXI~lATELY 3 MI NUTE INTERVALS 

Alloy Treatment Unit Position 
1 

Sample 

2 3 4 

Total 
l: 1 to 4 

PoDFA 
rml2/kg 

CA-54311 
II 

" 
II 

II 

II 

Alcoa 622 
II 

1/ 

II 

II 

II 

Before 
After 
Before 
After 
Before 
After 

310 
189 
378 
250 
228 
765 

175 
116 
285 
200 
177 
427 

191 
85 
85 

119 
183 
294 

157 
79 
79 
96 

100 
240 

833 
469 
658 
665 
688 

1726 

0.18 
0.11 
0.12 
0.066 
0.14 
0.018 

AA-1350 
II 

II 

II 

II 

II 

SNIF 
II 

II 

" 
II 

II 

Before 
After 
Before 
After 
Before 
After 

35 
63 
24 
45 
56 

211 

9 
43 
20 
53 
32 

138 

9 
24 
19 
46 
26 

. 125 

15 
15 
38 
90 
26 

110 

68 
145 
101 
234 
140 
584 

-
0.011 
0.029 
0.013 
0.015 
0.055 

........ 


.J::>. 
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2.3 Incremental Additions of Grain Refiner Rod 

A thi rd approach to the product; on of di rty metal in the 1 a­

boratory was the introduction of grain refiner rod (5% Ti, 1% B) into 

the melt. Previous work by Tanaka et a14 and Siemensen et a1 5 had sug­

gested that commercially available grain refining rod contains, in addi­

tion to small (1-3 jJlll) TiB2 nuclei, substantial quantites of significantly 

larger TiB2 clusters. Incremental additions of grain refiner rod (Kaweki 

5% Ti 1% B) were made to a 25 kg aluminium melt held at 7000 C in a resis­

tance furnace. In order to avoid the sett1ina phenomena observed in the 

experiments previously described the melt was continuously mixed with an 

air-driven impeller. LH1CA samples were taken under the following con­

ditions: 

Metal Temperature 690-7200 C 

Orifice Diameter 0.30 rrm 

Current 60 Amperes


511Differential Pressure Hg (16.8 kPa) 

Region of Interest 50-510 (d > 19 jJm)

Pre-Amplifier Gain 1000 

Sampling Time (Volume) 60 sec. (16 mL) 


Figure 2 shows the results obtained using LiMCA and PoDFA as a 

function of the titanium concentration as determined by emission spectro­

metry. It can be seen that while the LiMCA responds linearly with the 

quantity of grain refiner addition PoDFA results show no relation to either 

LiMCA or the level of titanium. The final PoDFA value ( 3.1 mm2/kg) 

was extremely elevated and presumably was the result of the grain refiner nu­

c1 ei bri dgi ng the gaps ; n the fi lter and thus acti n9 as "fi lter ai ds II caus i n9 

a large quantity of small «3 jJm)TiB2 particles to be captured. c 
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Fi gure 2: 	 LiMCA and PoDFA readings as a function of the quantity of grain refiner rod 
(5% Ti 1% B) added to an aluminium melt. 
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2.4 Discussion of Laboratory Results 

The laboratory results 'while promising, did not permit an un­

equivocal evaluation of the performance of the LiMCA. In the relatively 

small furnaces used the exposed surface area to metal volume was high 

leading to the generation of substantial quantities of large oxide films 

which are rarely observed in metal produced on a commercial scale. The 

lack of success attained in adding particles of known size and composi­

tion to the melt and the difficulties encountered in keeping existing 

inclusions in suspension made quantitative measurements of metal cleanli ­

ness difficult. With regard to the observations of particle settling it 

must be emphasized that the samJllling probe was ir.mersed to a depth of only 

50 to 80 mm with respect to the 'melt surface, thus the rapid decline in 

count rates observed in these~experiments would take significantly longer 

in industrial scale furnaces where the total metal depth is typically an 

order of magnitude larger. 

3. PLANT TESTS 

The laboratory experiments:~described "in the previous section clearly 

demonstrated the potential of-the apparatus and highlighted some of the 

difficulties experienced in ma~tpulating molten alu~inium on a small scale, 

in particular the production and maintenance of inclusion laden metal 

without the simultaneous generBtion of excessive quantities of oxide films. 

Thus it was felt that the relevance of the present \'Jork caul d be cons i de­

rably enhanced by conducting a series of experiments in a production envi­

ronment. c 
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The a:lvantages of working under production conditions also included 

a stable metal temperature, the option of taking large numbers of PoOFA 

samples in rapid succession and the fact that a variety of commercial 

wrought alloys could be used in the evaluation. This approach was not 

without its drawbacks which included no control over the alloy composition 

or batching process at any given time and the timing of the experiments. 

3.1 Apparatus and Procedure 

In order to facilitate transport and to protect the equipment the 

LiMCA device was modified as shown in Figures 3 and 4. The battery, ballast 

resistors, shunt, panel meters. vacuum pump reservoir and valve manifold 

were attached to a modified dolly. A large mechanics tool chest was mo­

dified to hold the electronic test equipment, the isolation transformer, 

spare batteries. tools, the gas cylinder and other miscellaneous equip­

ment. A support jig. clamped onto the metal transform launders and held 

the electrodes and the sampling cell holder assembly (Figure 5). Figure 6 

shows a close-up of the sampling cell holder assembly and Figure 7 

shows the sampling head in use sampling metal directly from a transfer 

1 aunder. 

The battery. as before was a 6 V heavy duty automotive lead-acid 

battery and the ballast resistor consisted of six parallel 0.5 Q lOOH \'lire 

wound power resistors. This assembly gave a stabilized current of 55 to 

60 amperes depending upon the state of the battery. The difference between 

the theoretical current, 72A of such an arrangement of circuit elements and 

o 
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Figures 3 General view of the LiMCA apparatus as modified for 
and 4: carrying out in-plant trials. 

• 
Figure 5: The metal sampling cell, cell holder assembly and 

support jig used to sample aluminium directly from 
metal transfer launders. 
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Figure 6: Closeup of the metal sampling cell and cell holder 
assembly after use . 

• Figure 7: The LiMCA aoparatus in use samDling directly from 
a transfer launder. 
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the observed current 60A (new battery, full charge) was due to the re­

sistance of the cables, contacts and the steel rods used as electrodes 

and to hold the resistor bank. 

Generally 2 hours of testing, approximately thirty 60-second 

samples, could be performed before the battery had to be charged. Battery 

replacement took approximately five minutes and was done when the current 

fell below 55A or when the short-circuiting current (see Part I sec. 6.4) 

was insufficient to stab-ilize the base line at a suitable noise level, ty­

pically ± 5 ~V P-P. 

Installation consisted of rolling the two pieces of equipment into 

position, connecting the necessary power leads and argon/vacuum hoses, 

clamping the jig onto the transfer trough and installing the glass-sheathed 

electrodes and samp ,-j n9 cell. The cell was lowered to about one inch above 

the surface of the metal and preheated for 2 to 3 mi nutes. The argon was 

then swi tched on, 'V 2 ps i (13.7 kPa ), and the ce 11 and counter electrode 

immersed in the molten metal. The vacuum reservoir was then adjusted to 

the desired pressure (generally 5" Hg, l6.8kPa) and the system was de­

pressurized. Once the metal had climbed to the level of the inner elec­

trode there was an abrupt change in the noise level on the oscilloscope dis­

play due to the establishment of contact between the leads to the two inputs 

of the differential amplifier, at that point the current was switched on and 

the baseline observed. If the baseline was stable sampling was commenced by 

depressing the start button on the multichannel analyser and counting for a 

o 
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fixed period of time (generally 60 or 30 seconds), if the baseline was 

not stable (.Jhen the current was applied then the resistor byoass switch was used 

to apply a large (200-300 A depending upon the condition of the battery) 

current to the circuit for 2 to 3 seconds. This generally solved any'noise ' 

problem, if it did not the I treatment I was repeated and if the second 

I treatment I did not work then all electrical contacts were examined and 

secured as necessary. In the ve~y rare event that this did not solve the 

problem the sampling cell was replaced and the electrodes inspected and 

replaced if necessary and the start-up procedure repeated. 

After each sample had been acquired the current was switched off, 

the system was pressurized with argon and the results were transcribed or 

recorded on magnetic tape. Since a 511 channel histogram was considered 

too unwieldy the counts were integrated using the region of interest option 

on the multichannel analyser. The areas integrated and the corresponding 

equivalent spherical diameters of the limits of integration under the con­

ditions normally used (pre-amplifier gain of 1000, current of 60 amperes 

and 0.30 mm diameter orifice) are shown below. 

Region 
d: Particle Equivalent

Spherical Diameter 
(flm) 

2-60 16 to 20 
61-122 20 to 25 

123-172 25 to 30 
173-215 30 to 35 
216-252 35 to 40 
253-285 40 to 45 
286- 314 35 to 50 

> 314 > 50 c 



Once the data had been acquired the sampling cell was normally 

-empti ed and.~rea.dy for reuse. 

4. 	 Plant Trials: Results 

The LiMCA apparatus was used at five of Alcan's casting centres, the 

Saguenay \~orks, the Lapo; nte !Jorks, the Oswego t'/orks and at cas ti ng centres 

numbers 45 and 32 of the Secal (Societe d'electrolyse et de chimie Alcan 

Limitee) Works. Unless otherwise noted the instrumental settings and con­

ditions were as follows: 

orifice diameter 0.30 mm 
current 60 amperes 

5 11differential pressure Hg (16 •.8 kPa ) 

pre-amplifier gain 1000 

sampling time (volume) 60 seconds (16 mL) 

detect; on 1i mit d >20 um· 


PoDFJ'. samples, \"Ihen taken, were analysed by the Metallography Department 

of the Alcan (.Arvida) Research Centre. 

4.1· 	Saguenay !lorks 

. The Saguenay \:lorks produces a 1 umi ni urn sheet by a twi n belt 

casting process. There are four tilting reverberatory furnaces which are 

charged with virgin molten metal from Secal's electrolysis plant and re­

cycled internal scran. Grain refiner additions are made at the furnace 

outlets and the metal is conveyed via a launder to one of the three belt 

casters. The plant layout is shown schematically in Figure 8. Due to 

the long distances between the furnaces and the casters only the initial 

http:and.~rea.dy
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Figure 8: Plant layout Saguenay Works (schematic).o 
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portion of the transfer launder is open, the rest being a heated, closed 

pipeline. Thus it was not possible to sample the metal downstream of 

either of the treatment units indicated in Figure 8. 

Casting is carried out continuously for periods of up to six 

hours wi th provi s ions to automa ti ca11 y change over from furnace to fur­

nace as they are emptied. 

LiMCA and PoDFA samples were taken at the entry to the closed 

section of the launder downstream of both a glass cloth filter and the 

point of addition of the grain refiner rod. The results obtained by these 

two techniques are shown as a function of time in Figures 9 and 10. In 

both cases the LiMCA results represent the summation of all peaks appearing 

above channel 61 of the multichannel analyser {i.e. > 20 ~m equivalent sphe­

rical diameter}, Figure 11 is identical to Fig. 10 except that in this case 

the summation of all counts appearing above the threshold (ca 16 ~mESD) 

are plotted. Figure 12 shows the particle size distribution as measured by 

the LiNCA for the three points indicated on Figure 9. 

Inspection of Figures 9, 10 and 11 clearly shows that the LiMCA and 

PoDFA results are in excellent qualitative agreement. After each furnace 

charge there occurred a large increase in the level of suspended inclusions 

which decayed throughout the cast and again rose sharply upon subsequent 

changeover. The PoDFA results indicated that the inclusions were predo­

minantly composed of titanium diboride, of which there were two sources; 
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the grain refining addition that was made continuously upstream of the 

sampling point and recycled grain refined scrap (edge trim, damaged coils). 

Since the grain refiner was added continuously it should, in principle, 

have contributed a constant level of suspended particulates to the metal. 

The scrap on the other hand, was charged to the furnaces where the boride 

particles have the opportunity to agglomerate and settle and this is be­

lieved to be the cause of the cyclical variation observed in the inclusion 

content of these melts. The possibility that the "bursts" are the result 

of entrained refractory particles washed off the fresh sections of launder 

exposed after furnace changeover appears unlikely due to the qualitative 

PoDFA results and the fact that stirring the metal in the transfer trough 

upstream of the sampling point has no measurable effect on the liMCA 

resul ts. 

Figure 11 is "included also to demonstrate one way of increasing the 

sensitivity of the LH1CA. As \Vas pointed out in Part One the initial goal 

was to detect and count particles larger than d = 20 ~m, however, by 

lowering the detection limit the number of counts observed rises dramati­

cally. This is further substantiated by Figure 12 which demonstrates the 

predominance of the smaller particles. Figure 12 also shows that the larger 

particles sediment faster than the smaller ones (not an unexpected result) 

and is included to demonstrate the ability of the LiMCA to provide particle 

size distributions. The quantitative relation between the LiHCA and PoDFA 

results will be discussed in a later section. 

o 
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Figure 9: 	 LiMCA and PoDFA results as a function of time into cast~ Saguenay Works, September 

21, 1982. Arrows indicate time at which furnace change took place. 
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Sagugnay Works. Sgpt. 28. 1982 
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Figure 10: 	 LiMCA and PoDFA results as a function of time into cast, Saguenay Works, September 

28, 1982. Arrow indicates time at which furnace change took place. 
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Saguenay Works. Sept. 28. 1982 
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Figure 11: 	 LiMCA and PoDFA results as a function of time into cast, Saguenay Works, September 

28, 1982. In this case all counts corresponding to particles larger than d =16 pm 
 co 

~have been included in the LiMCA results. Arrow indicates time at which furnace 
change took place. 



()o 

Saguenay Works. Sept. 21. 1982 
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Figure 12: 	 The oartic1e size distributions obtained using the LiMCA for times t = 40, 60 and 
160 minutes in Figure 9 (5, 25 and 125 minutes after the first furnace changeover). <..0 

The results are expressed in terms of particle number per kg based on a sample C> 

volume of 16 m1. 



4.2 Lapointe Works 

The Lapointe Works produces aluminium wire by the Properzi 

process. The ~lant layout is .shown schefflatically in Figure 13. There are 

four reverberatory furnaces, two of them stationary which are used for 

remelting scrap and accepting hot metal from a nearby electrolysis plant 

and two tilting furnaces used for casting. LH1CA and PoOFA samples were 

taken at the point indicated, which was upstream of the point of addition 

of the grain refiner rod. In contrast to the Saguenay Horks, the Lapointe 

Horks does not change furnaces continuously and thus the sampling period 

was limited to the time required to cast one furnace (typically two to-
three hours). During the time in which the tests were carried out elec­

tri ca1 conductor (E. C.) grade alum; ni lim wi re was bei ng produced. In 

order to meet the conductivity specification for E.C. grade wire the metal 

is treated with boron in order to ~recipitate vanldium in the form of ti­

tanium-vanadium boride ~articles (Ti-V)B which are reMoved by decantation 

before the start of casting. Figures 14 and 15 show typical Lir~CA and PoOFA 

values observed as a function of casting time. It can be seen that the 

PoOFA values and the LiMCA count rates are both considerably lower than 

those observed at the Saguenay Works. This is due to the fact that con­

si derably less process scrap is generated by the Properzi process 1 ead; n9 

to a lower recirculating scrap load. In addition, the concentration of 

grain refiner added was much lower than at the Saguenay Horks. The overall 

effect being, that at the Lapointe 1'1orks,the furnace charges typically 

contain less particle laden scrap,and the scrap they do contain is 'cleaner l 

than at the Saguenay Horks. Figure 16 was obtained on a cast in which, 
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Figure 13: Plant layout, Lapointe Works (schematic). 
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Figure 14: 	 LiMCA and PoDFA results as a function of time into cast, Lapointe Works 

October 7, 1982. 
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Figure 15: 	 LiMCA and PoDFA results as a function of time into cast, Lapointe Works, 

October 15, 1982. 
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Figure 16: 	 LiMCA and PoDFA results as a function of time into cast, Lapointe Works, 
October 5, 1982. In thi s case the metal in the furnace was well mi xed at the \0 

outset due to production difficulties. The upper solid line represents all 01 

counts corresponding to particles larger than 16~m in diameter. 



96. 


due to production difficulties, the metal was cast immediately after 

it has been transferred from one tilting furnace to the other. In this 

case both LiMCA and PoDFA indicated that particle settling during the 

cast was occurring. The rapid transfer of metal resuspended the sedi­

ment in the receiving furnace leading to a much larger than normal in­

clusion concentration which, after thirty minutes of casting, had fallen 

to one half of the initial value and was approaching 'typical I levels 

after two hours. 

Table 3 shows the particle size distribution three minutes, one 

hour and two hours after the end of the metal transfer operation. It is 

evident that the rate of disappearance (settling) increases with particle 

size. 

Figure 17 shows a cast in which the LiMCA results indicated that 

the metal was quite clean whereas the PoDFA results suggested the opposite. 

This discrepancy was caused by the presence of small particles, tentati ­

vely identified as borocarbides. Examination of the PoDFA concentrate using 

scanning electron microscopy revealed the presence of a network of very fine, 

acicular particles (0.25x2 micrometers) covering the surface of the PoDFA 

disc. This mat of particles likely acted as a filter aid increasing the 

capture efficiency of the PoDFA disc for small (d < 20 ~m) particles leading 

to the anomalously high PoDFA values. 

o 
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TABLE 3 

PARTICLE SIZE DISTRIBUTIONS OBTAINED FROM THE LIMCA 
DATA FOR TIMES t =3, 60 and 120 MINUTES IN METAL 

FROM AN INITIALY WELL-MIXED FURNAcE (SEE FIG. 16) 

Oi ameter Interva 1 llm (CPM) 

Time 16 20 25 30 35 40 45 
(mi n. ) to to to to to to to >50 

20 25 30 35 40 45 50 

0 1871 690 177 72 37 17 7 18 

60 582 151 31 12 9 9 1 3 

120 181 36 10 4 5 1 1 7 

c 
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Fi gure 17: LiMCA and PoDFA results as a function of time into cast, Lapointe Works, 
1982. {In thi s case the metal contai ned small IIborocarbi de II parti cles 

1..0which led to the anomolously high PoDFA results}. 	 00 
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4.3 DC 32 Seca1 Works 

The relevant layout of this casting center is shown schematically 

in Figure 18. There is a tilting reverberatory furnace in which all the 

batching operations are carried out. During the period of these tests the 

center was producing rolling ingots for the production of can bodies (alloy 

AA-3004B). Since this is an inclusion sensitive product a Banbury Bed Filter 

(BBF) was in use. (A Banbury Bed Filter is essentially a large heated box 

filled with small pieces of tabular alumina through which the metal to be 

filtered passes with a low superficial velocity.) Grain refiner addition 

(5% Ti~ 1% B) was made at the furnace outlet upstream of the BBF. Due to 

the limited space available at this location it was not possible to install 

the LiMCA, on-line upstream of the BBF. As there is not enough casting ca­

pacity at this center to cast the entire contents of the furnace in one go, 

two 'drops' are made from each furnaceful of metal. As there is a delay of 

approximately one hour between drops while the ingots are removed and the 

molds prepared~ metal for the second drop effectively received an addi­

tional period of settling prior to the start of casting. 

Figure 19 shows LiMCA and PoDFA results as a function of time 

into cast for two successive drops from one batch of metal. It can be 

seen that, during the first drop the inclusion concentration falls rapidly 

over the first thirty minutes and levels off thereafter. The second drop, 

in this case, was at any time approximately twice as clean as the first re­

flecting the beneficial effect of the increased settling period arising 

from the time interval between drops. Unfortunately it was not always 

o 
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Figure 18: Plant layout, Secal DC 32 (schematic). 
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Figure 19: 	 LiMCA and PoDFA results as a function of time into cast for two successive 
drops from the same original batch. ..... 
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possible to obtain samples during the first 15 minutes of casting due 

to the necessity of not impeding the casting crew's full access to the 

bed fi 1ter. 

Figure 20 shows the results obtained on a second drop in which 

samples during the initial period of casting were obtained. In this case 

both techniques showed that an initial 'surge' of inclusion laden metal 

occurred which decayed very rapidly. It is believed that this phenome­

non was caused by the initial rush of metal through the bed filter washing 

out particles previously captured and not as a result of particle settling 

within the furnace. 

Figure 21 shows the results obtained on two successive drops in 

which the metal, due to production delays, had been held in the furnace 

for three hours rather than the one hour settling period normally allowed. 

prior to the first drop. This demonstrates that the additional settling 

time virtually eliminated the settling during the first drop observed in 

Figuref9. Hence again according to the LH1CA results the second drop was 

cleaner than the first as a result of the additional settling time between 

drops. 

Figure 22 shows the response of the LiMCA and PoDFA results to 

an 'upset' that occurred during a drop. In this case the metal had been 

settled for approximately 90 minutes prior to the start of casting and 

was relatively clean at the start of the drop. Both techniques then picked 

up a large increase in the inclusion concentration starting at approximately c 
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Figure 20: 	 LiMCA and PoDFA results as a function of time into cast, note the initial 
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Figure 21: 	 LiMCA and PoDFA results as a function of time into cast. The first drop

(lA) had received an additional two hours of settling compared to the 


oexample in Figure 19. .j::::. 
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15 minutes into the drop. Although the cause of the upset was not k.nown 

it seems possible that it was caused by a transient surge of metal through 

the filter which liberated some of the inclusions previously captured. 

Figure 23 illustrates an off-line use of the apparatus to measure 

the performance of the bed filter at OC32. Metal samples weighing approxi­

mately 2 kg were taken from the transfer launder before and after the bed 

filter and held in pre-heated crucibles in an insulated bucket. The LiMCA 

probe was then lowered into the .crucible and two one minute readings were. 

taken for each sample. The results of three I before I and two lafterl samples 

(six and four readings respectively) were averaged for each particle size 

range to produce the histogram shown in Figure 23. The removal efficiency 

of the bed filter was approximately 70% and independent of particle dia­
oj. 

meter over the range 16 to 40 ~m. The apparent drop in removal efficiency 

for the three largest size ranges is likely the result of the large relative 

counting error inherent in· the technique at low count rates and not a de­

crease in filter performance (sources of error and counting statistics will 

be discussed in a later section). 

These results once again show that these two techniques of metal 

cleanliness assessment (LiMCA and PoOFA) provide much the same picture of 

the history of melt cleanliness. Whereas both techniques provide an over­

all measure of melt cleanliness, the LiMCA also provides immediate results 

and the particle size distribution while the PoOFA additionally provides 

information about the type(s) of inclusions present. 
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o 

4.4 DC45 S~ca1 Works 

The DC45 casting center produces extrusion ingot and rolling 

stock by the direct chill process. There are three tilting furnaces which 

may be charged with scrap, hot metal or a combination of both. The plant 

layout is shown schematically in Figure 24. Grain refiner additions are 

made at the furnace outlet upstream of the sampling point used. Although 

there is an Alcoa 622 melt treatment unit. it was not in use during the 

period of this study. Casting rates at this center are considerably higher 

than at either the Saguenay or Lapointe Works with a typical drop lasting 

50 to 60 minutes. PoDFA and LiMCA samples were taken at the point indicated 

in Figure 24. The results obtained on two casts are shown in Figures 25 

and 26. 

The effect of the rate of sampling was investigated during a third 

cast by taking readings while sampling at twice and three times the standard 

differential pressure (10 and 15 in. Hg, 24 and 51 kPa). These results are 

shown in Table 4. 

These results again demonstrate the beneficial effect of allowing 

the metal to settle for extended periods of time prior to casting. For the 

cast shown in Figure 25 there was a substantial delay prior to casting due 

to mechanical problems with the casting table, whereas in the second ex­

ample {Figure 26} the metal received only thirty minutes of settling and the 

LiMCA results were approximately four times higher than those shown in Fi­

gure 25. 

o 




109. 


A 


B C 

* * 

S 

* Grai n Ref; ner Addition. .S Sampllng POlnt 
Caster A, B, C: Tilting Reverberatory

Furnaces 

Figure 24: Plant layout: Secal DC 45 (schematic). 
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Figure 25: 	 LiMCA results as a function of time into cast, DC 45, Novenber 3, 1982. In 
this case there was a substantial delay prior to the start of casting. --' ..... 
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In order to investigate the homogeneity of the metal stream two 

of the samples in Figure 26 (t = 29 and t = 32 minutes) were taken while 

using a large 'spoon' to isolate the metal being sampled from the flowing 

stream. This had no apparent effect on the LiMCA readings and, although 

admitedly inconclusive, suggests that the metal in the transfer troughs 

is fairly homogenous with regard; to inclusions and that the relatively 

large scatter observed in duplicate PoDFA results arises from other factors 

such as the rate of metal flow through the disc and the exact nature of the 

discs themselves (porosity, capture efficiency, etc.). 

In order to assess the effect df the rate of aspi rati on on the 

LiMCA results two samples were taken at differential pressures other than 

the 5 inches of mercury normally used. One sample was taken at a differen­

tial pressure twice normal (i.e. 10" Hg, 34 kPa) and another at three times 

normal (15" Hg, 51 kPa). In the latter case the sampling period was reduced 

to 30 seconds to avoid overflowing the sampling tube. Apart from the fact 

that the observed peaks were of shorter than normal duration (due to the de­

creased residence time of the particles within the orifice) no other effects 

were apparent. Table 4 gives the count rates observed and the differential 

sampling pressure for these two samples as well as those taken immediately 

before and after using standard conditions. 

o 
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TABLE 4 

EFFECT OF DIFFERENTIAL SAMPLING PRESSURE 

(FLOH RATE) ON THE LiMCA RESULTS 


llP Count Rate ( CPt~) Corrected Count Rate 

5 

5 in. Hg 717 717 


10 II 1056 746 

II 766 766 


15 II 625 x 2 722 


5 " 722 722 


Hhen the observed count rates are normal i zed to the vol ume of metal 

sampled under standard conditions using the following equation 

the results are indistinguishable. Thus if desired the sampling rate could 

have been increased at least 73%~ by increasing the differential sampling 

pressure by a factor of three~ with no apparent effect on the performance 

of the device. 



114. 

4.5 Oswego Works 

Alcan operates a large remelt and rolling facility at Oswego, 

New York. LiMCA tests were carried out at two of the Oswego casting centers 

producing can body alloy rolling ingots. For this product the metal is 

fluxed with a nitrogen/chlorine mixture in a holding furnace, allowed to 

settle for a specified minimum period of time then passed through a Banbury 

Bed Filter (BBF) immediately prior to casting (Figure 27). 

LiMCA sampling was ~a~ried out lIon-linell upstream of the BBF at 

the holding furnace outlet and IIdownstream ll just prior to the casting pit. 

The results obtained are shown in Figures 28 to 30 and in Table 5. 

The results shown in Fig. 28 are typical of what was observed at 

this location. The upper line represents the caunt rate of particles larger 

than d = 20 ~m at the furnace outlet as a function of time into cast. It 

can be seen that the count rate decays steadily with time, due presumably 

to the settling (or floating) of suspended inclusions. The lower curve, 

representing metal sampled after filtration, also shows a decrease in the 

count rate with time and all the values are markedly lower than those of 

the unfiltered metal indicating that the BBF was removing approximately 95% 

of the incoming inclusions. 

Si~ce the apparatus had only one sampling head it was not possible 

to take IIbefore and after filterll samples simultaneously and the results 

shown in Figure 28 were obtained on two separate casts. Figure 29 shows 

the results obtained by alternately sampling metal before and after filtra­

tion during a single cast. Again it is evident that settling was occurring 
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Figure 28: 	 LiMCA results as a function of time into cast and position with respect to 
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Figure 29: 	 liMCA results as a function of time into cast and position with respect to 
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--..t 

"-.I 



o 	 0 


OSW~90 	March 9. 1983 
cpm >20 lIIicrone 20 to 25 25 to 30 ao to 35 	 >40 

3500rl------------------------------------------------------------------------~ 

3000 

2500 

1) ,I) 
0 
I)E 2000 	 :::J 
rt" 


.9 III 
0


Q. 

100 !D 

< 
 0u "t)::z .... 1500 
..J 	 eo 0 

,II 
0~.----.~'---.~.----.----.--------./." 

60 

N 

1000 	 "\. -, \. ~ 
\, "--­'/ \ -- '---

40 

',- "../ ---- "'-- ­500 	 ~ - /" ---- " /"" -------­""'-//-----	 20 

OLI______~______~_L____~_______~______~______~L_____~L_______L_______L_______L_______L_____~ 0 

0 10 20 30 40 50 60 


Tillie into ea.t (IIItn> 


Figure 30: 	 LiMCA results as a function of time into cast, Oswego, March 9, 1983. 
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and that the BBF was removing the majority of the incoming inclusions. 

As mentioned previously the LiMCA also provides particle size 

distribution data. Figure 30, in addition to giving the total count rate 

also shows the count rates according to particle size as a percentage of 

their initial values recorded at the t = 11 minutes. This indicates that 

the particles responsible for the observed counts are behaving as one would 

expect with the larger particles disappearing faster than the smaller ones. 

Table 5 lists the actual readings taken during this cast which were used to 

generate Figure 30. 

c 
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LiMCA <counts per minute) 


Time Total 20 ~m 25 lAm 30 ~m 35 lAm 40 lJm 45 lim >50 lAm 
to 25 to 30 to 35 to 40 to 45 to 50 

11 3423 2341 693 246 81 41 10 11 
14 2877 1949 590 228 62 31 6 11 
16 3160 2127 658 220 98 31 16 10 
22 . 3113 2113 666 221 82 18 8 5 
24 2964 2014 607 228 76 28 8 3 

27 2819 1989 556 200 50 16 4 4 
30 2500 1769 504 167 39 12 4 5 
33 2245 1657 428 111 33 12 1 3 
35 2342 1776 429 109 19 6 3 a 
38 1925 1494 325 69 23 5 5 4 

41 1991 1548 348 71 11 6 5 2 
43 1965 1494 362 75 20 9 2 3 
46 2228 1668 411 102 29 6 6 8 
49 2073 1543 376 111 24 10 6 3 
52 1966 1494 353 89 14 7 4 5 

54 1837 1385 324 64 31 14 7 12 
57 2069 1607 346 76 25 5 8 2 
59 1895 1436 340 79 26 6 2 6 
62 1550 1186 262 64 22 5 a 11 
71 1272 982 200 49 22 7 6 6 I 

' I73 1216 941 164 54 20 6 1 10 
77 1347 1022 228 69 12 9 4 3 I ,79 1390 1058 231 72 15 9 3 2 ! 

Table 5: 	 Count rates for the i ndi cated part; cle size ranges for each 
data point shown in Figure 30. 



121. 


5. DISCUSSION 

5.1 General Observations 

Perhaps the most striking observation. is the fact that molten 

aluminium contains a considerable number of suspended inclusions even after 

melt cleaning treatments such as settling, fluxing and filtration. Taking 

as an example the DC32 results where, by the time it had reached the sampling 

point, the metal had received all three of the above treatments, the LH1CA 

still registered 50 to 100 counts per minute. Based on a sample volume of 

16 mL this corresponds to 3 to 6 particles per mL. On a volume basis 

however, this concentration of inclusions is very low, 25 to 50 ppb (parts 

per billion) based on an average particle diameter of 25 ~m. In this respect 

the LiMCA is a very sensitive device. In the laboratory, even using pure 

metal and prolonged (days) settling periods; "zero " count rates were seldom 

observed. This is not particularly surprising considering that the detection 

limit of the device, based on detecting one 16 ~m particle in 16 mL of 

aluminium (the volume of metal sampled in one minute under "standard" con­

ditions) corresponds to 100 parts per trillion (1012) on a volume basis. 

5.2 Sources of Error 

Before further discussion of the results it would be useful to 

consider the major sources of error and the expected variability of the Lir~CA 

results. Contributing sources of error were variations in the current sup­

plied by the battery, the actual dimensions of the orifice, the vacuum re­

servoir pressure and the counting error inherent in instruments of this type . 

. Q 
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5.2.1 Counting Statistics 

Since the LiMCA apparatus effectively examines many samples of 

the melt each equal in volume to the volume of the aperture, the Poisson 

distribution applies6. Accordingly the standard deviation of the observed 

number of counts {No} is equal to the square root of the count nunber, that is: 

(N )! (1)= o 

A second source of error arises from variations in the exact 

amount of metal sampled. Since, for the purposes of these experiments, the 

measurements were taken over a fixed period of time (one minute) these va­

riations arise from the precision with which the pressure in the vacuum re­

servoir could be set and from tube to tube variations in both the overall 

form (and thus discharge coefficient) of the orifices and their exact mini­

mum diameters. A rigorous treatment of this second source of error would be 

impractical particularly in view of the unknowns regarding the form of the 

orifices. However, the results presented in Table 5 of Part One provide a 

means of estimating the standard deviation arising from these sources, since 

the measured volumes were effectively subject to variability arising from 

the above mentioned sources. From these results we have two estimates of 

the relative standard deviation arising from these sources, one representing 

variation in the volume sampled with repeated sampling using the same tube 

(52) and the other also including variations caused by tube to tube variations 

in the form and the diameter of the or; fi ce (~31 . V 
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For repeated measurements with different sampling tubes the 


95% confidence limits in the number of counts (per minute) considering 


only the variations in the sample volume are: 


N = No ± ( 2) 

where: No = the observed number of counts 

(Si)= the relative standard deviation of the sample volume. 

The confidence interval due to the "Poisson" error is 

1 ikewise: 

N=No±25 ( 3) 

The 95% confidence interval considering both sources of error 

is thus: 

N = No ± 2 ([ 5/INot + IVrlo)2) 1 (4 ) 

Table 6 shows the ~agnitude of the total error[ ( (5/ I Nof+ NOr 

and the independent contributions of each of the contributing errors 

( [ 5 as we 11 as the re 1ati ve magnitudes of the two error
l 
to and ffo) 

sources ((WO f 
It can be seen that, at low count rates (~ <200) the Poisson con­

tribution dominates and that the two sources of error contribute equally to o 
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the total error at N = 153 ,-2 = 590 cpm, above whi ch error ari si ng from 

vi 
variations in the sample volume becomes increasingly dominant. 

Similarly the confidence intervals from the situation of 

repeated sampling with the same tube can be calculated by substituting 

(~~t 
the place of 53) in equation 4. In this case the Poisson error again dominates 

V3 

at low 	 count rates and the two contributions are equal to No ~ 1765. 

This analysis indicates that, at low count rates (clean metal) 

the precision of the technique can be increased by simply taking larger 

samples. When the Poisson error dominates taking N small samples and summing 

the results is equivalent to taking one sample N times larger. Thus two 

avenues are available if it were deemed desirable to decrease the error when 

measuring clean metal. 

5.2.2 	 Coincidence Effects 

A further potential source of error is coincidence. that is the· 

presence of two or more particles in the sensing zone at the same time. 

Bader and Gordon6 distinguished two different coincidence effects 

occurring in resistive pulse and optical particle counters: 

Primary coincidence - which lowers the number of counts observed 

and occurs when two particles, which should have been counted individually, 

appear simultaneously in the sending volume and are recorded as a single 

larger 	particle and Secondary Coincidence - which raises the count rate c 
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" 
 TABLE 6 

EXPECTED TOTAL ERROR (STANDARD DEVIATION) FOR THE 
INDICATED NUMBER OF COUNTS ARISING FROM THE COUNTING 
(POISSON) ERROR J\ND THE VARIATION IN SAMPLE VOLUME, 
AS l.,ELL AS THEIR RELATIVE CONTRIBUTION 

ERROR (STANDARD DEVIATION) 

Total Poi sson * Volume Relative 
(P) (V) (P/V)2Count 

Number 2 
[ (NO)!](NO i )2] 1 (No)'[lSi NO) 2 + (Si NO) (S/ NO) 

5 2.2 2.2 0.2 118 

10 3.2 3.2 0.4 59 

20 4.6 4.5 0.8 30 

40 6.5 6.3 1.6 15 

75 9.2 8.7 3. 1 7.9 

100 11 10 4. 1 5.9 

200 16 14 8.2 3.0 

400 26 20 17 1.5 

500 30 33 21 1.2 

590 34 24 24 1.0 

750 41 27 31 0.8 

1,000 52 32 41 0.6 

2,000 94 45 82 0.3 

4,000 176 63 165 0.15 

o 10,000 423 100 411 0.06 

j 

* For small values of No the Poisson distribution is skewed and the 
confidence limits should be calculated or obtained from tables. However,
for No greater than 10, this approximation is satisfactory. 
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and occurs when two small (non-detectable) particles are present in the 

sensing zone simultaneously and together produce a detectable signal. 

5.2.2.1 Primary Coincidence 

The Poisson distribution gives the probability of finding ur" 

particles in a volume (v) when the average concentration of particles per 

unit volume is (n/V) as 

P{ r) = € 
r e -€ (5) 
r~ 

where €=(v)v (i.e. the average nunber of particles in the sensing volume). 

The probability of finding no particles ;s thus: 

a -€ - €P(O) : £ e = e (6) 
O~ 

The probability of finding one or more particles is then 

P(r~l) = 1 - P(O) : 1 - e-€ (7) 

Therefore the frequency witn which one and only one particle is detected is: 

(8)~­
P(Y'~T) -£1-e 

During this investigation the highest particle concentration measured was 

4500 cpm or 2.8 x 108/m 3 (based on a 16 ml sample volume) and the volume 

of the sampling zone (v) was approximately 1 x 10-10 m3. For this case 

equati on 8 gi ves 

PIll - 0.99 
~) 

o 
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(For smaller values of € equation 8 can be simplified by expanding the 


denominator in a Taylor series, neglecting terms higher than order 1 to 


gi ve: 


That is, 99% of the particles arrive in the sampling zone individually. 

The primary coincidence loss is given by one minus the orobabi1itv of finding 

one or more particles in the sensing volume divided by the average number (s). 

P~l = 1-1 -E: = 0.014 (9 ) 
s s 

Since the primary coincidence loss was less than 2% in this extreme case 

errors arising from this source were considered negligible. 

5.2.2.2 Secondary Coincidence 

In order to estimate the importance of secondary coincidence 

(two small, individually non-detectable particles appearing together as a 

detectable pulse) it is necessary to extrapolate the size distribution 

beyond the lower limit. In this work the threshold (detection limit) was 

arbitrarily set at channel number 61 of the multi-channel analyser 

(d = 20 vm) actually data were recorded down to d ~ 16 vm a fact which 

allows the effect of secondary coincidence to be calculated since two 

particles larger than 16 micrometers in diameter arriving together would 

appear as a single particle larger than 20 ~m. 

c 
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In general the region corresponding to particles of 

diameters ranging from 16 to 20 llm contained about twice the 

number of counts recorded for"d > 20 llm. Again taking the highest ob­

served count rate as 4500 cpm this correspo'nds to 2 x 4500 = 9000 cpm 

or 	 5.6 x lOB particles/M3• Substituting this value into equation 5 and 

dividing by the pro.bability of finding one or more particles in the size 

range of 	interest (Equation 7) gives: 

P2 (Equation 5" n == 5.6 x lOB/cm3) 
0.054 

P>l (Equation 7, n = 2.B x 10B/cm3) :: 

the fractional increase in count rate occurring in this situation due to 

secondary coincidence. Thus in this (the worst) case secondary coincidence 

would have increased the count rate by approximately 5%. At lower count 

rates the effect becomes increasingly insignificant. 

5.2.3. 	 Variations in Orifice Diameter 

The diameters of the orifices used during these experiments 

. was 300 ± 10 llnl. Variations in orifice diameter affect the count rate in 

two ways: 

1. 	 by changing the actual volume of metal samples 
during the fixed (1 minute) sampling period, 

and 

2. 	 by altering the particle size detection limit 
which was arbitrarily chosen as channel number 
61 of the multichannel analyser (d = 20 llm for 
D:: 300 11m and I = 60 A). 
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Fortunately these two effects act in opposition, for -instance, when 

using a 310 ~m orifice the sample volume was increased, on average, by 

. a factor of 310 2 = 1.07 (due to the fact that the volumetric flow rate 
300 


is proportional to the orifice area). At the same time channel number 61 


then corresponds to a particle of 21 ~m LS.D. (and particles of 20 \.1m 


E.S.D. appear in channel 47). Particles ranging from 20 to 25 ~m in dia­


meter normally accounted for one-half the two-thirds of the total count 


rate (d > 20 \.1m) thus the observed count rate for d > 21 \.1m would be 


roughly: 1 x 1 to 2 = 10 to 14% lower due to the "missing" parti ­
5" 2" 3" 


cl es. This roughly compensated for the increased sample volume. Experi­

mentally sequential results obtained with different tubes did not lead to 


any abrupt changes in the observed count rates, although it is possible to 


imagine particle size distributions in which this coincidental annulment 


of errors would not occur. 


5.2.4 Variations in Current 

Variations in the current can affect the results by altering 

the magnitude of the observed peaks thus changing both the apparent size 

and the concentration of particles counted. Typical current variations 

within a 90 minute sampling period were approximately two amperes between 

the first and last samples. 

At a current of 60 amperes a count due to a particle 20 \.1m in 

diameter appeared in channel number 61, at 58 amperes it would have appeared 

in channel number 59. The effect of neglecting one channel at the lower limit 
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of integration was estimated to be no larger than 1 to 2%, thus small 

long-term variations in current were considered to have had a negligible 

effect on the results. 

5.2.5 Random Noise 

On occasion very high count rates (> 10000 cpm) were recorded 

for an individual measurement. These anomalous readings arose from a 

number of sources including loose electrical contacts, heavily oxidized 

electrodes, orifice blockage and mechanical vibrations. Spuriously high 

counts were compared with those taken immediately prior and following 

and rejected. 

5.3 	 Comparison Between the Metallographic (PoDFA)
and Resistive Pulse LiMCA Results 

The PoDFA and LiMCA techniques were both developed to provide 

information about the concentration of suspended particles in aluminium 

and as such, a relation should, in principle exist between the results ob­

tained using each technique. Table 7 shows the slope, intercept and cor­

relation coefficients between the results of the two techniques obtained 

at the Saguenay Works (Figures 9 and 10) and at the Lapointe Works (Figures 

14, 15 and 16). The data from several casts at each location were combined 

in order to provide sufficient data points and a reasonable range over 

which to perform the linear regressions. Previous experience with the PoDFA 

technique suggested that the expected reproducibility of the results is of 

the order of ± 40%. In the case of the LiMCA results Table 6 was used to 

o 
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obtain an estimate of their variability. Thus for the regression analysis 

of the Saguenay Works data where the average LiMCA result was 1044 (i.e. 2s­

± 2 x 54 or 10%) the regression was performed minimizing the ordinate 

(PoDFA) deviation from the least-square regression line. 

For the Lapointe Works data the average LiMCA value was 400 

(i.e. ± 15%) and again the regression was performed minimizing the PoDFA 

deviations (the results of Figure 17 were omitted due to the systematic 

error in the PoOFA results mentioned earlier). 

The data points and the regression lines are plotted in Figures 

31 and 32. Further data analysis showed that the two regression lines did 

not significantly differ with respect to slope or intercept. 

TABLE 7 

SLOPES, INTERCEPTS AND CORRELATION COEFFICIENTS 
OBTAINED BY LINEAR REGRESSION ANALYSIS OF THE 
LiMCA AND PoOFA DATA FROM THE SAGUENAY AND THE 
LAeOINTE WORKS 

CorrelationLocation Slope Intercept Coeffi dent 

Saguenay 3155 150 0.89 

Lapointe 2860 -31 0.93 

o 
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Figure 31: 	 LH1CA results as a function of PoDF/\ results for 
the conti ned Sa!]uenay ~lorks data (Fi gures 9 and 
10). The line was calculated by a linear least­
squares re9ression. 
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Fiqure 32: 	 LiMCA results as a function of PoDFA results for 
the combined Laoointe Works data (Figures 14, 15 
and 16). The line was calculated by a linear 
least-squares regression. 
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In the PoDFA test a known mass (typically 1.5 kg) is filtered 

through a disc 12.7 mm in diameter. The volume of the concentrate is thus: 

IT 0 2 h 

where: 0 = the filter diameter 

h = the thickness of the filter cake. 

The disc is then sectioned at a right angle to its surface in the plane 

passing through its center and this surface is examined. The volume ex­

ami ned is thus: 

Dh 6 

where: 6 is the depth of field. 

The fraction of the concentrate examined (f) ;s thus 

Assuming that the depth of field 116" is 25 ~m f becomes: 

f 4 25xlO-6 ;: 2.5xlO- 3 
- -3 

'IT 12.7xlO 

Thus the volume of metal actually examined per kg of metal filtered is 

f 	_ 1000 9 ;: 1. 1 mL 
- 2300 g/mL 

Taking the slope of the regression line as 3000 cpm/(l.O mm2/kg) 

the expected number of particles of d ~ 20 ~m per mL is 3000/16 = 187.o 
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Assuming that they present an average cross-sectional diameter of 25 ~m 

in the PoOFA section the total area presented by 1.1 mL of metal would be: 

2TI02 x 187 xl. 1 0.10 mm
-4­

a factor of ten below the value expected from the LiMCA vs PoDFA regression. 

This discrepancy* is believed to be due to the capture of particles 

smaller than d = 20 ~m by the PoDFA disc. Although the discs are selective 

for particles larger than 20 ~m the capture efficiency for 15 ~m particles 

is estimated to be 70% and is still 40% for 10 ~m particles. The particle 

size distribution data shown in Table 3 suggests that these smaller par­

ticles are present in relatively large concentrations thus despite the 

lower capture efficiency and their smaller cross-sectional area they pro­

bably contribute significantly to the total inclusion area observed on the 

PoDFA discs. 

5.4 Particle Size Distributions 

In addition to providing a gross count (concentration) of parti ­

cles larger than a predetermined size, the LiMCA also provides a histogram 

of the particle size distribution. Thus a 511 channel histogram was avail ­

able for every data point on each graph shown in the Results section. In 

order to make the results more comprehensible the number of channels per 

histogram was reduced to eight with six of those corresponding to a 5 ~m 

o 

* The optimistic view is, of course, that there is "order of magnitude" 

agreement. 



136. 


diameter increment over the range 20 to 50 ~m. Examples of the particle 

size distributions obtained were given in the Results and Discussion 

section (Figures 12, 16 and 31, Table 5) and in each case clearly suggested 

that particle settling (floating) was occurring within the holding furnace 

with the larger particles, as expected, disappearing faster than the smaller 

ones. 

The general shape of the particle size distributions was always 

the same as it is evident that the peak (number) concentration of particles 

lies somewhere below d = 20 ~m. The rapid increase in the concentration of 

particles with decreasing size lends credence to the hypothesis stated in 

the previous section that attributed the ten-fold discrepancy between the 

observed and calculated relationship beween the L-iMCA and PoDFA results to 

the presence of large numbers of particles smaller than 20 ~m on the PoDFA 

discs*. 

* 	It should be noted that most of the particles were identified as TiB2 
clusters. When these are present as a filter cake it is not possible o 	 to distinguish (or measure) individual clusters by metallographic ex­
amination. 
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6. CONCLUSIONS 

From these experiments it was found that the apparatus developed could 

be used to obtain quantitative data about metal cleanliness in both the la­

boratory and a vari ety production envi ronments. The results obtained were 

both reproducible from sample to sample and Ifreasonable" in that they con­

firmed conclusions acquired through years of semi-empirical observations 

about the effects of settling times and bed filters on the cleanliness of 

aluminium. In addition a highly significant relation was found between the 

LiMCA results and those provided by an independent technique based upon a 

completely different measurement principle. 

o 
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Figure 10: 

Fi gure 11: 

Figure 12: 
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LiMCA (sum of four 30 second counts) as a function of 
PoDFA for eleven "remelted" samples taken before and 
after two melt treatment devices. 

, 
LiMCA and PoDFA readings as a function of the quantity 
of grain refiner rod (5% Ti 1% B) added to an aluminium 
melt. 

General view of the LiMCA anparatus as modified for carrying 
out in-plant trials. 

The metal sampling cell, cell holder assembly and support
jig used to sample aluminium directly from metal transfer 
1aunde rs . 

Closeup of the metal sampling cell and cell holder assembly 
after use. 

The LiMCA apparatus in use sampling directly from a transfer 
launder. 

Plant layout, Saguenay Works (schematic). 

LiMCA and PoDFA results as a function of time into cast, 
Saguenay Works, September 21, 1982. Arrows indicate time 
at which furnace change took place. 

LiMCA and PoDFA results as a function of time into cast, 
Saquenay Works, September 28, 1982. Arrows indi cate time 
at which furnace change took place. 

LiMCA and PoDFA results as a function of time into casts, 
Saguenay Works, September 28.1982. In this case all counts 
corresponding to particles larger than d = 16 ~m have been 
included in the LiMCA results. Arrow indicates time at which 
furnace :hange took place. 

The particle size distribution obtained using the LiMCA for 
times t = 40. 60 and 160 minutes in Figure 9 (0, 20 and 120 
minutes after the first furnace changeover). The results 
are expressed in terms of particle number per kg based on a 
sample volume of 16 mL. 
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Figure 13: 	 Plant layout, Lapointe Works, (schematic). 

Figure 14: 	 LiMCA and PoOFA results as a function of time into cast, 

Lapoi nte Works, October 7 , 1982. 


Figure 15: 	 LiMCA and PoOFA results as a function of time into cast, 

Lapointe Works, October 15 ,1982. 


Figure 16: 	 LiMCA and PoDFA results as a function of time into cast, 

Lapoi nte Works, October 5 ,1982. {In thi s case the 

metal in the furnace was well mixed at the outset due to 

production difficulties}. The upper solid line represents 

a:ll counts corresponding to particles larger than 16 jJm 

in di ameter. 


Figure 17: 	 LiMCA and PoOFA results as a function of time into cast, 
Lapointe Works 1982. (In this case the metal contained small 
"borocarbide II parti cl es whi ch led to the anomalously hi gh 
PoDFA results). 

Figure 18: 	 Plant layout, S~cal OC32 (schematic). 

Figure 19: 	 LiMCA and PoDFA results as a function of time into cast for 
two successive drops from the same original batch. 

Figure 20: 	 LiMCA and PoDFA results as a function of time into cast, note 
the initial surge of inclusion-laden metal released from the 
bed filter. 

Figure 21: 	 LiMCA and PoDFA results as a function of time into cast. The 
first drop (7A) had received an additional two hours of settling
compared to the example in Figure 20. 

Figure 22: 	 LiMCA and PoDFA results as a function of time into cast, in this 
example an "upset" occurred approximately 15 to 20 minutes into 
the cast. 

Figure 23: 	 Bed Filter Efficiency: Count rates recorded in metal samples
taken before and after ~ bed filter as a function of particle 
size. The figures in parentheses give the percentage removal. 

Figure 24: 	 Plant layout, S~cal OC45 (schematic). 

Figure 25: 	 LiMCA results as a function of time into cast, OC45, November 3, 
1982. In this case there was a substantial delay prior to the 
start of casting. 

c 
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Figure 27: 

Figure 28: 

Fi gure 29: 

Figure 30: 

Fi gure 31: 
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LiMCA and PoDFA results as a function of time into cast, 
OC45, November 5, 1982. The metal was settled approxi­
mately 30 minutes prior to casting. 

Plant layout, Oswego DC4 and DCS (schematic). 

LiMCA results as a function of time into cast and position

with respect to the bed filter, Oswego, March 10, 1983. 


LiMCA results as a function of time into cast, and position

with respect to the bed filter, Oswego, March 8, 1983. 


LiMCA results as a function of time into cast, Oswego, 

March 9, 1983. The lower curves give the relative count rates 

for the indicated particle size ranges as a percentage of the 

initial readings at t = 11 minutes. 

LiMCA results as a function of PoDFA results for the combined 
Saguenay Works data (Figures 9 and 10). The line was calculated 
by a linear least-squares regression. 

LiMCA results as a function of PoDFA results for the combined 
Lapointe Works data (Figure 14, 15 and 16). The line was 
calculated by a linear least-squares regression. 

o 
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o 

CONCLUSIONS TO THE THESIS 

The resistive pulse method of particle size analysis has been adapted 

for use in liquid metals. The apparatus developed is both selective (in 

terms of particle size) and sensitive (estimated detection limit = less 

than 1 part per billion V/V). The device can be used to take measurements 

"on-line" during routine I')roduction and orovides information about the 

overall concentration and the particle size distribution of suspended in­

clusions in one minute. The results were found to be as reproducible as 

could be expected given the inherent statistical variation characteristics 

of this type of device. The effects of settling (floating) and filtration 

were investigated and observed to have a profound influence on the over­

all level of suspended inclusions. Although most of this work was concerned 

with molten aluminium the technique was also demonstrated in gallium, zinc 

and lead and should be generally applicable to all molten metals. The 

method and apparatus descri bed are currently "patent pendi ng" in the Uni ted 

States and Alcan Limited has undertaken a development program to implement 

the technique for on-line process control at casting centres producing in­

clusion sensitive alloys. 

o 
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CLAIMS TO ORIGINALITY 

Aspects of this work constitute in the author's opinion new and 

distinct contributions to knowledge, these include: 

1. 	 While the resistive-pulse technique has been widely used 
for the measurement of concentrations and size distributions 
of particles suspended in low temperature aqueous and organic 
systems, this is the first time it has been successfully 
applied to the measurement of particles suspended in molten 
meta1s. 

2. 	 Furthermore, this is the first time that any method of rapidly 
measuring the concentration and/or size distribution of in­
clusions suspended in molten metals has been described. 

3. 	 Although it has been previously appreciated that quiescent set­
tling can affect the overall IIcleanliness" of liquid metals, 
this is the first time that the effect of settling on the con­
centration and size distribution of inclusions suspended in a 
liquid metal has been documented. 

4. 	 Although it has been previously appreciated that filtration can 
affect the overall cleanliness of liquid aluminium, this is the 
first time that a quantitative description of the effect of 
filtration has been given in terms of both concentration and 
particle size distribution. 

There are also several other innovations relating more specifically to 

the apparatus developed which are not as universal in application: 

5. 	 A novel liquid metal sampling vessel was developed which was able 
to withstand immersion and continued exposure for up to two hours 
in liquid aluminium. 

6. 	 An unexpected method of IIconditioning" the orifice of the sampling 
vessel in order to obtain usable signals was discovered. 

o 
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