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,~BSTRACT 

A method of mclusion measurement ln molten metals, known as the LiqUid Metal 

Çleanness Analysls or LiMCA, currently in use for aluminum, has been developed for 

hlgh temperature and reactlve mdustrial metals. 

lIMCA probe consists of an electrically inc;ulating sampling tube with two 

electrodes, Jn- and outside the tube. The sampling tube also mcorporates a small 

orifice through whlch molten m~tal is aspirated. As suspended Inclusions pass 

through the orifice, and in the presence of an electnc current, voltage pulses are 

generated. By measunng and countlng su ch pulses electronlcally, the size 

distribution of inclusions can be obtalned. The Orifice, therefor~, serves as an Electnc 

Sensing Zone (ESZ) for the probe 

This work presents an analysis of LiMCA's electric crrcuitry, and the deSign and 

operation of liMCA probes in steels, copper and magneslum alloys. 

RÉSUMÉ 

Une méthode de mesure des particules en suspension dans les métaux liquides est 

connue sous le nom de LiMCA (Liquid Metal Cleanness Analysis). C-ette méthode, 

déjà couramment utilisée pour l'aluminium, a été développé pour les métaux 

industriels réactifs et ceux à haute température. 

La sonde llMCA consiste en un tube d'échantillonnage et de derJx électrodes, une 

à l'intérieur du tube, la seconde à l'extérieur. le tube comporte également un 

minuscule orifice à travers lequel le métal est aspiré lorsque, en présence d'un 

courant électrique, les particules passent à travers l'orifice, un pulse de voltage est 

généré. La mesure et le comptage électronique de tels pulses permettent d'obtenir 

une distribution des tailles des particules. l'orifice agit alors comme une zone 

électrique sensible (Electri! Sensing Zone, ESZ) pour la sonde. 

Cet ouvrage présente une analyse des Circuits électriques, du deSign, ainsi que de 

l'opération de la sonde liMCA dans des alliages d'acier, de cuivre et de magnésium. 
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PART 1: INTRODUCTION AND BACKGROUND 

1. INTRODUCTION: INCLUSIONS IN METALS 

1.1 Definition of Inclusion and thelr Presence ln Metals 

An inclusion ln a metal may be deflned as a second phase parti cie that has 

detnmei1tal effect on metal propertles Slnce, very often, oXlde partlcles onglnatlng 

from deoxldatlon products or refractory eroslon are detrlmental to mechanlcal 

propertles, the use of the term "inclusion" has become synonymous wlth the 

presence of these partlcles Indeed, those deflnltlons for "inclusion" found by the 

author ln technlcal dlctlonanes and relevant Iiterature, follow slmdar concepts 

A partlcle of alien matenal retalned ln a solld metal Such inclusions are 
generally oXldes, sulfldes or silicates of one or the other of the component 
metals of the alloy, but may also be partlcles of refractory matenals plcked up 
from the furnaces or ladle Ilnlng. [1] 

An Impure partlcle, such as sand, tra pped 1 n molten metal du ring 
solidification [2] 

Non-metalllC Impuntles ln a metal ln wrought matenals the Inclusions 
become elongated durmg hot worklng and provlde permanent eVldence of ItS 
extent. [3] 

Partlcles of forelgn matenal ln a metalllC matnx. The partlcles are usually 
compounds, such as oXldes, sulfldes or silicates, but may be any substance 
forelgn and essentlally Insoluble ln the matnx [4] 

As normally produced, steel contams considerable quantltles of second 
phase partlcles which are generally referred to as inclUSions Wh rie second 
phase partlcles are formed by Intermetallic compounds, It IS generally non
metalllC partlcles whlch are mtended when inclUSions are mentloned [5] 

The amblgUity ln the above deflnltlons leads to a dlchotomy of vlews Current 

research efforts, for Instance, try to produce metal matnx composites ln whlch 

alumina powder IS Intermlxed wlth alumlnum or magneslum metal, for example, ln 

order to enhance these metals' propertles ln certain applications [6, 7] ln 1966, a 

whole conference was dedicated to oXlde disperSion strengthenlng of metals [8] 
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These alloys, when compared wlth the base metal, would have mfenor mechanlcal 

propertles at ordmary temperatures, but can dlsplay a supenor strength, and lower 

creep, at elevated temperatures This can make them useful candidates for selection 

ln certain appl,catlons such as ln the manufacture of turbine blades EVldently, It IS 

not JustifIable to classlfy oXlde partlcles as InclusIons ln every context Slmliarly, 

metaille partie/es or Intermetalilc eompounds of Iron, copper and nickel, ln 

magneslum dramatlcally Increase It5 corrOSion rate [9], whtle hard Intermetalilc 

partlcles such as tltanlum dlbondes ln alumlnum can cause fallures ln the production 

of beverage cans [10], and hence these may be consldered as Incl uSions 

Inclusions, or thelr component elements, enter metals dunng thelr processmg. 

Oxygen and sulfur, for Instance, dissolve m molten Iron and copper alloys, and If not 

removed, will form oXldes and sulfldes wlth the base metal, as the metal solidifies. 

DeOxldatlon and desulfunzatlon practlces attempt to remove ~ and 0 by lowenng 

thelr solubdlty m the malten metal ThiS IS achleved by mlxmg more reactlve 

elements mto the melts ta form deoxldatlon and desulfunzatlon products, and by 

physlcally separatmg these second phase partie/es from the molten metal Simt/arly, 

Iron IS removed from magneslum by treatmg the melt wlth MnCI2, to form FeMn 

Intermetalilcs, whlch are then separated from the melt by gravit y settlmg or 

filtration [11] Table 1 hlghllghts the presence of second phase partlcles m metals 

accordmg to thelr sources. Deslgnmg completely mcluslon- free processes for metals 

would be expenslve If not Impossible, and from a cost-beneflt point, would not be 

deslrable Instead, efforts have been coneentrated ln control/mg mcluslon numbers, 

Slze, shape and chemlstry, to mmlmlze thelr deletenous effects for a glven 

application, wlth a minimum cost [12) 

1.2 Detnmental Effeets of Inclusions 

Problems ongmatmg from mcluslons anse because of fallures dunng metal 

fabncatlon or fallures dunng serVice, FIg 1. ThiS tople IS hlghly researched and 

documented for steels, as references can be made to a number of revlew articles [13-

17], and to some degree for alummum [18-20], copper [21, 22] and magnesrum [23, 

24] al/oys 

Low meltmg point (m.p ) mcluslons m a hlgher meltmg pomt metal, such as 

sulfldes m steels, (an lead to break-outs durmg the SOlidifICation process ln a 



Table 1. Classification of second phase particles according to thelr sources 

Primary Particles: 

form in liquld metals They are termed indlgeneous If they nucleate and 
grow ln situ, as a result of alloylng wlth reactlve elements to remove 
impunties, by formmg msoluble compounds Exogeneous partlcles enter 
from outside sources, and may onglnate from refractory erOSlon, slag, oXlde 
film or flux entrain ment. Very often pnmary partlcles are inclusions, and 
their removal can be affected by physical separation, uSlng gravit y settlmg, 
flotation, stirring or filtration. Direct measurement of thelr amounts to 
mOnitor thelr level is the basls of this thesls. 

Secondary Partlcles: 

preclpitate from supersaturated liquid during solidification as a result of 
solute ennchment. When inclUSions form in this way, It IS too late to manage 
thelr separation from the metal. 

Tertiary Particles: 

preclpltate from supersaturated solid solution during coolmg. These 
particles are intermetallic in character, and thelr precipitation IS usually 
controlled by thermomechanlcal treatment or heat treatment, to improve 
mechanlcal properties. 

3 

continuous casting machine, and slmllarly, to hot shortness dunng thermo

mechanical treatment [25] Any large inclusions near the surface of contlnuously 

cast steel billets can cause streaks; therefore, It IS common for slabs, blooms, and 

billets to be cooled, Inspected, cleaned (scarfed), and then reheated, prlor to 

thermo-mechanlcal processmg. Elimination of surface defects m steel processlng IS 

one major goal towards achieving direct rollmg, I.e. utilizlng the sensible heat of the 

continuously cast billets [26-27]. 

Hard, non-deformable inclusions, such as oxides ln steels and TIB2'S ln alumlnum, 

can cause failures in the form of breakages and tear-offs Iri the manufacture of thln 

gauge products. Examples of thls would be steel cord wlres for automobile tires, 

drawn to 0.15-020 mm fine cord [28], and drawn and Ironed beverage (ans that can 

be as thln as 0.05 mm for aluminum and 0.1 mm for steels ln thelr mlddle section 

[29-30]. In general, a reductlon in hot and room temperature ductlllty Will make 

most formlng operations dl fflCult. New methods have been developed to study and 

quantify the damage caused by the presence of inclusions via vOid formation and 

coalescence that lead to a reduction ln ducttllty and toughness [31] 



A) 

B) 

Fig. 1: 

4 

Detrimental effects of inclusions. (A) Loss ln ductility caused by void 
formation and coalescence. This is the major cause of filure ln plastic 
forming operations. (B) Reduction in fatigue strength aided by crack 
nucleatlon at a preferred site. On the left micrograph, 3 fatigue cracks, 
separated by two ratchet markings, propagate in 3 different planes, and at 
the root of each crack an inclusion was found. From [89]. 
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The most noted effect of Inclusions on metals in service is a reductlon ln the 

fatigue strength, slnce inclusions can act as crack nucleatlon sites Agaln, thls IS weil 

documented for steels [32-34], and important ln ail metal / alloy systems selected for 

structural applications and subJect to cycllc loads, su ch as spnngs, beanngs, and parts 

used in mechan/Cal energy transmission. 

Other effects of inclUSions include an Increase ln ductile to bnttle transition 

temperatures ln steels and a reductlon ln the ductile Impact shelf energy ln the 

transverse direction. These propertles are Important ln pipeline grade steels, and 

degradation IS generally caused by sulfide inclUSions [35] Impalred surface quallty 

resultmg from the presence of inclUSions promotes corroSion ln low carbon steel 

sheets for car bodies and pittlng corrosion ln stainless steel sheets [36] Also, as 

mentloned before, more noble metallic particles contalning Iron, nickel, and copper 

cause hlgh rates of corrosion ln magneslum alloys by settlng up galvanlC mlCrocells. 

Attempts have been made to quantlfy the effects of inclUSions ln terms of thelr 

size, number denslty and chemlstry [12]. InclUSion chemlstry IS process dependent 

and expected Inclusion chemistnes are usually flxed for a glven process ln some 

instances, inclUSion chemistry can be controlled with a fair degree of success by 

maklng changes ln the metal's processing, as has been demonstrated wlth Improved 

morphology of sulfides by manganese additions, and changmg the morphology of 

alumina inclUSions by calcium slliclde injection, ln steels Inclu<ïlon size and number 

density, however, depends on the efficiency of physical separation of InclUSions and 

has been shown to be hlghly unpredictable [37]. To make matters worse, physlCal 

properties such as ductllity for ease of fabncatlon, surface quallty and fatigue 

strength are hlghly dependent on the number of inclUSions greater than a cntlCal 

size, and usually, the larger the Inclusions, the worse are the effects. USIN:J a 

statistical approach, for instance, a model has been developed by Nordberg, to 

predict the fatigue strength of steels from theer inclUSion slze distribution curves 

[38]. In another study, an mcluslon slze distribution curve was used to predlct the 

susceptibility of steel billets to surface defects dunng hot worklng operations [391 

Analytical methods and empincal data are becommg mcreasm91y avatlable to 

quantify the effect of a metal's inclUSion content on ItS propertles. 

Because of the vanability ln the number denslty and size of inclUSiOns, and thelr 

strong and quantifiable effect on the properties, It is becomm9 more and more 
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Important to monitor inclusion levels in metals. In the next chapter, methods of 

inclusion measurement are classified and briefly outlined according to their 

capabilltles and princlples, and in the followlng chapter, a method of Inclusion 

measurement ln molten metals, based on electnc sensing zone (E.S.Z.) princlple IS 

descrrbed The applicatIon of thls method to hlgh temperature and reactlve metals, 

namely Iron, copper and magnesium melts, forms the basis of thls thesis 
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2. MEASUREMENT OF INCLUSION CONTENT IN METAlS 

Usually, inclusion measuring methods will either give a result that IS Indicative of 

the total volume, or weight fraction, of inclusions, or yield data related to thelr 

frequency distribution. The former methods may be termed global, since a global 

value is obtained on the amount, but not on the size of inclUSions. The latter 

methods are termed sensing zone methods, as inclusions are counted Indivldually, as 

a metal sample is scanned for their presence. The smallest volume or area that IS 

examined during each scan constitutes the senslng zone, and the slze of the senslng 

zone determines the threshold size of detectlon and the coincidence in countmg. In 

the following, methods of inclusion evaluatlon are discussed in terms of thelr 

physical principles and capabllities. 

2.1 Global Methods 

2.1.1 Chemical analysis 

As the solid solubility of oxygen and sulfur are negliglble in most metals and 

alloys, chemical analysis for oxygen and sulfur give the first indication of the oxide 

and sulfide inclusion contents. For accu rate oxygen determmations, an 

approximately 1 9 solid sample is fused in a graphite crucible and IS heated up to a 

high enough temperature (2200 OC), until complete reduction of ail combined 

oxygen to carbon monoxide is affec~ed through contact with the graphite cruclble. 

For sulfur, the sample is fused in an alumina crucible and the combined sulfur 

combusted to sulfur dioxide under an oxidizing atmosphere. The gaseous products 

are then analyzed for the presence of CO or S02, as appropriate Spectral methods, 

although less accurate, can analyze for sulfur, and hlgh energy spectral methods, 

such as Auger emission, have also become available for oxygen [40] 

Corrosion in magnesium alloys is highly susceptible to the presence of metallic 

inclusions containing iron, nickel and copper, and their amounts are analysed by 

spectral means. Although chemical analyses yleld the welght fraction of component 

impurity elements, it is the volume fraction of inclUSions that IS of fundamental 

mterest. This can be calculated if the associated Inclusion chemistry IS known, 

according ta: 



P metal 
V =---

r.lnc p 
inclusion 

M 
inclusion 

M 
Imp. element 

8 

w r. Imp. element 
(1) 

where V, and W, are the volume and weight fractions, p is the density, M is the 

molecular weight. 

Table 2. Volume fraction of inclusions vs. weight fraction of the associated impurity 
l"lement, from Eqn. (1) 

Impurity 
element 

AssoClated Inclusion 

Chemical Fe analysed 
Formula M.W. Density 

kg/m3 (a) 7870(b) 

AI203 102 3900 
Si02 60 2800 
B203 70 1840 

MnSi03 131 3500 
0 Mn2Si04 202 3500 

A1203.Si02 162 3247 
(AI203h.(Si02h(c) 426 3156 

CU20 143 6000 
BeO 25 3020 
MgO 40 3700 

MnS 87 4000 
S MnS2 119 3460 

CU2S 159 6760 

CI NaCI 58 2170 

(a) density values are from [41,42) 
(b) values under each metal are their room temperature densities 
(c) mullite 

4.3 
5.3 
6.2 
6.1 
7.1 
4.9 
5.1 

5.3 
4.2 

Vf/Wf in 

Cu AI Mg 
8960 2700 17~0 

4.9 1.5 
6.0 

13.3 
4.6 

1.2 

6.6 

2.1 1.3 

Table 2 shows the ratios of the weight fraction of impurity elements to the 

volume fraction of associated inclusions. Surprisingly for iron, for different inclusion 

chemistries, this ratio does not fluctuate widely, and a factor of 5 will approximately 

give the volume fraction of inclusions from a given weight fraction of oxygen or 

sulfl.r. However, differences do exist, as for a given oxygen content, Mn2Si04 

inclusions in steels, for example, will occupy a proportionately larger volume than 
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alumina inclusions. This difference IS partlcularly pronounced ln copper, between 

CU20 versus BeO incl uSions. The table also Indlcates that the same level of oxygen, 

contamed for Instance as alumina mcluslons, will not mean the same inclusion 

content ln different metals. Therefore, ln addition to the uncertalnty about 

inclUSion Slzes, the actuallncluslon content IS also open to some interpretatIon uSlng 

chemlcal methods 

Similarly, It \.'111 be appreclated that any contammatmg surface oXlde films 

assoCiated wlth sample preparation procedures can have a profound Influence ln the 

measurement of oxides at the ppm levels. 

2.1.2 Mlcroscopy 

For the assessment of steel cleanness levels, methods of optlcal mlcroscopy based 

on comparison wlth standard charts, such as the Fox and the Jernkontoret (J K.) 

counts may be consldered as global, slnce they yleld a smgle mdex. As these 

methods are welghted towards larger Inclusions, an mdlCatlon of the latters' 

frequency can also be obtained [43]. However, the results of these companson 

methods are operator dependent, and this has been shown to have a large effect on 

the accuracy (repeatability) of the results [44] 

It has been shown in quantitative metallography that volume fraction, area 

fraction, line fraction or point fraction of a randomly dlstnbuted phase are 

equlvalent and therefore, the best estlmates of each other [45] Among these, the 

pOint fraction has been found to be particularly useful ln determmlng the mcluslon 

content of a metal, because of ItS relative ease 1 n cou ntl ng, and It5 h Ig h 

reproducibility between different operators [46]. 

2.1.3 Transmission Attenuation Measurements of UltrasonlC Signais 

Considerable research tlme has been mvested ln attemptmg to apply thls 

technique to measure inclUSion contents m alumlnum, steel and copper melts ln 

principle, inclUSions ln metallic melts scatter acoustlC waves; therefore, the amount 

of sonie attenuation measured is a functlon of the inclUSion content or thelr number 

density. To overcome the temperature problems ln molten metals, wave gUide 

extensions have been used to deliver and detect the ultrasound signais The 
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minimum Size of Inclusion that will cause scattenng depends on the wavelength of 

sound ln the melt Presently, because of a rapld ancrease m signai attenuatlor: by the 

metal wavegUides, signai frequencles cannot be mcreased to more than about 10 

MHz, and for a sound veloclty of 4700 mis ln molten alummum, thls corresponds to a 

minimum wavelength of approxlmately 500 ~m. It IS generally recognlzed that 

partlcles greater than about 10% of the signai wavelength will start to cause 

attenuatlon [47], however, recently thls figure has been debated and It IS dalmed 

that partlcles as small as 3% of the wavelength, too, will contnbute to sonlc 

attenuatlon [48] One practlcal problem wlth mstruments of thls klnd IS the necesslty 

to measure small differences between large quantitles. A great deal of attenuatlon 

already takes place at the gUide rods and wlthln the pure melt Itself, anclusions 

contnbutlng to only a small fraction of the total It has been possible to 

demonstrate, for Instance, changes an sound ~ttenuatlon as a melt becomes more 

contamanated wlth mcluslons However, It has not been possible to asslgn a 

cleanness value for a glven melt, from a sangle measurement. If calibration problems 

can be overcome, the method may yet prove to be useful to assess the total content 

of oXlde anclusions. 

2.1.4 Other Global Methods 

A method based on Electron Beam (E.B.) remeltlng of button samples has been 

developed for special alloys (49]. In this method, samples welghing approxlmately 

600 gare remelted in an E.B. furnace so as to produce a button shape, and inclusions, 

wlth the aid of gravit y and surface tension, are allowed to amalgamate as a raft on 

top of the molten button By measurmg the dimenSions of the raft, the volume 

fraction of inclUSions can be determined directly [50]. Smce a complete physical 

separation is not expected, the results would be selective wlth respect to inclUSion 

slze and shape. The method is partlcularly sUitable for clean alloys (containang, for 

example, less than 100 ppm volume fraction of inclUSions) where, wlthout thls 

preconcentratlon step, it would not be possible to observe a slgnlficant number of 

inclUSions within a reasonable area by standard microscoplC techniques 

Similarly for alumanum, a preconcentratlon step for inclusions is necessary before 

a metallographlC technique can be applied. To thls end, Alean, for Instance, has 

developed the Porous Disc Filtration Apparatus (PoDFA), a technique whlCh conslsts 

of forCing a measured mass of alumlnurn sample (2.25 kg) through a porous filter 
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dise u:'lder pressure [51 J. The pressure is relieved whlle some metal still remams upon 

the filter. This overlaytng metal IS allowed to solidify and the filter cake recovered 

and examined metallographlcally. The result IS usually expressed as the area of 

inclusions wlthin a central vertical plane of the fllter cake (dise), in mm2 per kg of 

metal sampled. 

2.2 Sensing Zone Methods 

These methods depend on Identifying and countmg of mdivldual inclusions, and 

can ultlmately yleld an inclUSion size dlstnbution. Sometimes a global and a senslng 

zone technique can bath be employed to denve information from a glven method, 

as the concentrated inclusions in the fllter cake of PoDFA and the raft of E B 

remelting, are usually examlned for the mdivldual larger inclUSions under a 

microscope. 

2.2.1 MacroscClplC and Microscoplc Techniques 

Macroscopic techniques attempt ta reveal particularly large tncluslons. Surfaces 

are examined visually, and the detectable Inclusion size IS determined by the 

resolution power of the human eye, which may be taken as 0.4 mm Usually, the 

frequency of inclUSions in different slze intervals are recorded ln order to obtatn a 

total severity value, this being the welghted sum of frequency results, wherem larger 

inclusions have more weight. For most metals such as steels, copper, alumlnum, and 

magnesium, it is also common practlce to examine the fresh fracture surfaces, where 

inclusions would be concentrated. Another way to increase sample Sli'e IS a step 

down method, where the sample surface IS successlvely machmed ln a stepwlse 

fashlun, and examined for the presence of macro-inclusions The macro-techniques 

have been standardized for most structural metals by the Amencan Society for 

Testing and Materials [52]. 

Steel tinplate products are p~rticularly inclUSion senSitive and for such thm steel 

sh~ets, magnetic partlcle inspection has been developed during the past ten years ta 

rapidly identify mclusions greater than 50 pm [53, 54]. In thls method, the steel 

sheet is magnetized parallel to its surface. When the magnetlC Imes of force are 

disrupted because of a non-ferromagnetlc matenal beneath the surface, some 

magnetlC flux leaks and causes a local attraction for magnetlC partlcles whlch are 
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suspended in a solution and washed over the surface. The results of the indications 

are expressed as a size distrrbution of Inclusions per m2 of steel plate; for a 280 }lm 

thick plate, this corresponds to sampling a 2.2 kg steel mass. This method IS only 

applicable to ferromagnetic metals. 

Microscopie techniques, by contrast, reqUire a polished surface. Because of the 

magnification factor (tYPlCally 100 x), the scanned area is small (-1 mm2). Hence, a 

large number of fields must be covered to obtain a representative sample, especlà\ly 

for the less frequent, larger inclusions. In one method, developed by Brush Weil man 

Inc. for copper~beryllium alloys, for example, a standard polished surface, 12 mm in 

diameter is scanned for the presence of oXlde inclusions greater than 10 pm [55]. 

~:zing and counting of inclusions manually, using classical quantitative 

metallographic techniques proves to be accurate but very laborious. The desire to 

retain this accuracy, but at higher speeds of counting, has led to the development of 

automatic Image analysers, based on optical or electron mlcroscopy [56-58]. Since 

thelr first commercial introduction in 1963, considerable development has taken 

place ln these Instruments, especlally in ensuring the repeatabilty of the results by 

overcomlng the earlier difflculties of threshold adjustment. Because of thelr 

increased reliability, automatic image analysers are now more popular, but still 

suffer from a considerable tlme delay between taking a sample and obtalnlng 

results. 

2.2.2 Radiographic and UltrasonlC Techniques 

X-ray radiography has been used to detect large flaws that may be caused by 

macro-inclusions, gas voids or cracks in critical sections of castings and seam welds. 

The flaws are identified and registered on a T.V. monitor by the changes they cause 

in signal attenuation of the X-rays passlng through thln sections. This non

destructive method is weil suited for the quality control of the finished sections in 

critical applications, and the procedures are weil documented in ASTM standards for 

different structural metals [59]. 

Ultrasonlc sensing zone techniques to identify inclusions and flaws in solid, and 

inclusions in liquid metals have been researched extensively. Non-contact methods 

such as Electro-Magnetic Acoustic Transducers (EMAT's) and pulsed lasers coupled 
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wlth laser mterferometry, to generate and detect acoustlc waves, have been 

developed to inspect hot blooms and slabs of steel at temperatures ln excess of 

1000°C [60] 

The ultrasonlC senslng zone probe for molten metals IS slmllar ln construction to 

the through transmiSSion attenuatlon probe dlscussed ln the prevlous section, but IS 

designed to detect backscattered pulse-echo signais comlng from Indlvldual 

inclusions This technique IS clalmed to have been developed successfully for 

alumlnum by the Reynold's Alumlnum Co [61] Attempts have been made to 

develop It for molten Iron and steel ln the University of Toronto [62-631 Its 

attractlveness Iles ln ItS ablllty to provlde on-Ilne information on the frequency of 

macrO-inclUSions ln the melt As ln other Instruments that depend on wavelength 

for detectlon, only the rartlcles greater than t the signai wavelength will cause 

backscatter, and will be detectable by the ultrasonlC method ThiS severely Itmlts the 

detectable InclUSion slze ln molten metals, to 250 pm ln molten alummum for 

Instance, wlth the presently attalnable ultrasound frequencles of la MHz 

2.2.3 Electnc Sensmg Zone Methods 

These methods depend on monitoring local changes m electncal resl~tance 

caused by inclUSions or other defects Eddy current techniques for detectlng defects 

near the surface of solld metals, for Instance, may be consldered as sensmg zone 

methods. In thls technique, a pnmary cod carrylng alternatlng current acts as the 

probe, and IS moved along the metal surface that IS to be Inspected The metal 

becomes the secondary COli and contalns Induced eddy currents DlscontlnUitles near 

a metal surface result ln a local Increase ln electncal reslstance, reduclng eddy 

currents. These currents, ln turn, change the magnetlC flux and the Inductance of 

the primary coll. By monitoring the Impedance of the pnmary, flaws, mcludlng 

inclUSiOns, can be sized and counted The method can detect inclUSions as small as 50 

llm and IS sUitable as a qualtty control devlce on the flnlshed products [641 

A method known as the Coulter Counter represents another electncal senslng 

zone method, ln whlch suspended partlcles ln an aqueous fluld are sized and 

counted. The Coulter Counter was Invented by Dr. Wallace (oulter ln 1953, to 

rapidly count blood cells in plasma [65,661. Smce than, It has been wldely applled ln 

• 
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powder technology to measure size and frequency of particles in aqueous 

suspensions. 

ln its principle of operation, the electrically conducting fluid is aspirated mto an 

electrically insulating sampling tube through a small orifice. As a non-conducting 

suspended particle passes through the orifice, the electrical resistance across the 

orifice increases, and ln the presence of an electric current (established by the 

suitably immersed electrodes m and outside of the sampling tube), a voltage pulse, 

of duration approximately equal to the transit time of the partlcle, is generated. The 

amplitude of the voltage change is, to a flrst approximation, proportional to the 

particle's volume. Thus, by electronically measuring and counting ea,h pulse, the 

frequency size distribution of suspended particles can be obtained. 

The Coulter Counter has been used to measure size distributions of extracted 

inclusions from steels and aluminum [67-69]. Chemical extraction IS cal'ried out by 

dissolving the metal matrix without affecting the inclusions. Extraction procedures 

and solvents have been develop(!'d for specifie metals and inclUSion types to increase 

the method's reliability For the extraction of oXlde inclUSions from steels, for 

example, halogens in organic solvents are currently being used [70]. Using chemlCal 

extraction and the Coulter Counter, valuable information has been obtatned on the 

typical number of growtng nuclei and the size distributions of micro and macro

inclusions in deoxidized steels [71-73]. However the extraction procedure is slow and 

laborJous, and requires great care to avoid artifacts or losses in the extracted residue. 

A method developed at McGili in 1980, deriving from the original Coulter 

Counter principle, overcame this shortcoming by takmg measurements directly in 

molten metals [74]. The method was developed for aluminum melts, in 

collaboration with Alcan i to obtain on-line information on the slze distribution of 

inclusions greater than 20 pm. The technique has been given the acronym LiMCA for 

LiqUid Metal Cleanness Analysis (see Fig. 2). In a later study, carried out by this 

author using liMCA, It has also been found possible to measure size distributions of 

borosilicate inclUSions in a boron - silicon steel [75]. The distinct features of LiMCA 

over other methods of inclusion measurements in metals can be summarized as 

follows: 
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Flg.2: Commercial LIMCA equlpment (by BOMEM Inc ) for Alcan's castmg centers 

1. Measurements are made avallable rapldly and can be used on-Ime, to monitor 

molten metal quallty while It IS berng processed 

2. Because of the sample volume analysed, the sample size IS a great deal larger 

than the typlcal sample sizes obtalnable by other methods based on surface 

examination. This allows statlstlcally adequate charactenzatlon of the macro

mclusions ln the melt. The detaded partlcle size mformatlon can be used to 

construct the nght hand slde of the inclUSion slze dlstnbutlon curve This 15 

particularly useful, Slnce Informatlof"1 on larger inclUSions are usually of 

Interest ln charactenzmg the effect of inclUSions on propertles 

3. LIMCA measurements do not provlde information on the chemlstry, shape or 

the physlcal state (whether partlcles are SOlld, Ilquld or gas) of inclUSions. 

However, as mentloned earller, inclUSion chemlstry IS process dependent and 
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tends to be falrly predlctable, whereas greater vanabliity ln inclusion size and 

number denslty occurs as a result of incomplete physlcal separation. 

Because of It5 advantages, It was deslrable to extend the range of appllcabllity of 

LIMCA to other metals of Industnal Importance, and thls was the objective of the 

work descrlbed ln thls thesls The next chapter descnbes the development of a 

LIMCA Instrument and ItS operation, whlle the followlng parts deal wlth Its 

application to hlgh temperature meltlng pornt and reactlve metals, such as steels, 

copper and magneslum alloys. 
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3. THEORETICAL CONSIDERATIONS AND EVOLUTION OF LiMCA 

LiMCA may be considered to be an innovation based on the (oulter Counter 

technique for counting and sizing of inclusions in molten metals, m situ. Both 

Coulter Counter and LiMCA consist of the following 3 parts: 

1. Probe: Sampling Tube and Electrodes 

2. Power Supply 

3. Data Acquisition and Display System 

These parts are IIlustrated schematically in Fig. 3. The prinCiple of its operation 

has already been descnbed in the final section of the previous chapter The samplmg 

tube contains the orifice at its lower end, whlch establishes the sensmg zone ln the 

presence of a D.C. electric current. The data acqUisition and dlsplay system measures 

and records the resistive voltage pulses caused by the passage of suspended partlcles 

during aspiration of liqUid metal into the samplmg tube. Fig 4 dlustrates the 

generatlon of a resistive voltage pulse at the orifice. 

3.1 Relationship between Partlcle Size and ReSistance Change across Orifice 

A simple expression for the resistance change caused by the introduction of a 

small, spherical particle mto a sensing zone was denved by DeBlols and Bean [76], 

using a relation first proposed by Maxwell. Maxwell showed that, for a dllute 

suspension of insulating spheres, the effective reslstlvlty could be expressed as: 

3 
p ~. = p (1 + - V

f
+ e,r 2 (2) 

where p is the electrical resistivity of the fluid and Vfis the volume fraction occupied 

by the spheres. Using Ohm's law, reslstance of a cylindncal sensmg zone of length L, 

diameter D, filled with a fluid of reslstivity p, is given by: 
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(3) 

When a particle of diameter d is mtroduced into the sensing zone, the fluid may be 

consldered a dilute suspension, and the partlcle's volume fraction IS: 

~Jl 
L'olumeofparncle 6 2; v- - ---

,. - l'olume ofsensmg zone - ~ 0 2 L 3 0 2 L 

4-

Substituting (3) into (1), into (2) glves: 

dJ L 
R =p(1+--+ .. )-

1 D 2 L n 2 -D 
4 

(4) 

(5) 

Subtracting (4) from (2) gives the change in resistance because of an insulating 

particle introduced into an orifice: 

(6) 

Equation (6) predicts the reslstance change to be independent of Orifice length 

and directly proportion al to the particle's volume. This approach is more accurate 

than the alternative of integratmg a shell equation based on Ohm's law, and 

assuming a unlform electric field around a spherical particle: 
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(7) 

where A(x) is the area of orifice occupied by the fluid at an axial distance x from the 

entry. For small, spherical particles, this will yield: 

8 p cf 
AR =-. 

3n D4 
(8) 

This equation predicts a smaller change in resistance than eqn. (6), by a factor 2/3. 

The discrepancy arises, because highly curved surfacps, e.g. small particles, will 

distort the electric field locally and will cause a greater change in resistance than 

that would be predicted by assuming a uniform field. 

Equation (6) applies for an infinitely small, spherical partide, and does not take 

into account the effect of orifice shape on electric field. Although a complete 

analytic solution for the problem covering ail sizes and geometries does not eXlst, 

eqn. (6) can be used as a correct starting point, and numerical solutions have been 

proposed to check the range of its validity Using a hydrodynamlC analogy, for 

instance, Smythe has shown that the exact values for Â,RAB are only greater by + 2% 

at dtD = 0.3 and + 5% at dtD = 0.4 [77]. For larger particles, a correction factor, F(d/D) 

may be included in the expression for âRAB. A table of calculated values, d/D vs. 

F(dtD), has been presented by Smythe. DeBlois, Bean and Wesley, however, have 

proposed the analytic expression [78]: 

(9) 

The correction factor is accu rate to within 1 % at dlD = 0.8, its accuracy increases as 

the value of dlD becomes smaller. 
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Although eqn. (6) was derived for spherical particles, Lloyd [79] has shown that 

particle shape and Orientation are insignificant for dlD~ 0.2, the system responding 

solely to partlcle volume d in thls Instance, would refer to the equlvalent spherical 

dlameter for non-sphencal objects. Simllarly, the more spheroldal-like are the 

partlcles, the less slgnlflcant are devlations from eqn. (6). 

Finally, partlcle traJectones have been shown to have a slgnlflcant effect on eqn. 

(6) m rlght cylindrical sensmg zones wlth sharp edges at their entry and eXit [80,81]. 

Because of a non-unlform distribution m the potentlal gradient across a cross

section, which greatly Increases near the edge, particles followmg off-aXIS 

traJectories cause a larger translent change in reslstance than that whlch would be 

predicted by eqns. (6) and (9). The avoldance of sharp edges by usmg a fluted onfice 

(such as that shown m Fig. 4), result', in a much more unlform potential gradient 

dlstnbutlon across any glven cross-section of a sensmg zone, and largely eliminates 

this problem [82]. A fluted sensing zone was also found to favour the establishment 

of a 10\'.1 nOise reference baseline, over whlch reslstlve voltage pulses were counted: 

it was therefore a preferred sensmg zone shape for LIMCA instruments. 

The reliabllity of eqns. (6) and (9) in predicting transient changes in resistance in 

an orifice was tested with respect to particle Slze, orifice diameter and applied 

current by usmg gallium (m.p. 30°C), and introducing insulated steel spheres into 

electrlc sensjng zone [83]. The equation predicting the magnitude of voltage pulses 

was found to be ln excellent quantitative agreement with those measured. 

3.2 Analysis of LiMCA's Electric Circuit 

Figure 5 shows a typical diagram of an electric Circuit for resistive pulse counting 

in liquid metals. A battery with an e.m. f. E drives a current l, while a ballast 

resistance RB regulates thls current. The passage of particles cause translent voltage 

pulses acro".s thp ::=:~ctrodes, dVAB, and also mterestingly, across the ballast reslstor, 

~V8, riding on steady potentlal differences VAS and Vs, respectlvely. As shown by 

the followlng derivatlon, the magnitudes of dVAB and LlVs are equal and Opposite 

m slgn, such that the potential across the battery remains constant at any glven 

moment: 
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V B = E- V \8 (9) 

aV aV 
~ V ( .. \B ) ilR d ~ Va = (_13 ') 

.\B = -;;n- .\8 an 
AB R aR \l1 

B HEl 

.1R \IJ (10) 

(11 ) 

RB V B 4plfl 
ûV = -ûV = 1 ilR = -. ---. 

AB B R + R AB E n 04 
AB B 

(12) 

This fact can be used to advantage by monitoring the transient potentials across the 

ballast resistance, rather than across the hot probe. 

When the ballast resistance RB is much greater than RAB, the effect of the division 

of electric potential between probe and the ballast reslstance m eqn (12) becomes 

negligible. However, for a glven e.m.f., makmg RAB too great, will make CircuIt 

current too low and reslstlve voltage pulses too small. Therefore, an optimum value 

of ballast reslstance eXlsts to obtain maximum pulse helghts, RAB bemg prescrlbed by 

the dimensions of the Orifice and the reslstlvlty of the flUld medium. This optimum 

can be found by differentiating ~VAB in eqn. (11) w r t. RB, keepmg RAB constant, 

and equating the derivative to zero: 
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(13) 

Hence, matching the ballast resistance with the resistance across a probe will 

maxirnize the pulse heights. This is particularly applicable to Coulter Counter type 

probes, operatmg in aqueous medium, where resistance across a probe is typically 

100 ka. In LiMCA, on the other hand, this reslstance is of the order of a few mO's, 

and having a matchmg ballast re~istance coupled to a 6 V battery will generate too 

great a current that will put excessive thermal load on the orifice. For LiMCA, 

therefore, the ratio of electric potentlal across the ballast resistor, and the battery 

e.m.f., is closer to unity. 

3.3 Data Acquisition and Display System 

For electronic processing of LiMCA signais, as shown in Fig. 3, the voltage pulses 

were first strongly amplified using an oscilloscope 1 differential pre-amplifier, with a 

gain G usually set at 1000. The oscilloscope trace allowed one to observe a steady 

D.C. baseline, referenced as zero and corresponding to the steady potential drop 

VAB, and the transient reslstive voltage pulses ~VAB which rode over this baseline. 

The high pass filter was set at an appropriate level, between 0.1-1 kHz, to 

automatically restore the baselme to ItS zero reference level, should a change in VAS 

(low frequency oscillations or sudden permanent changes) occur. The low pass filter 

was usually set at 10 kHz, to elimmate as much high frequency noise as possible. A 

loganthmic amplifier / peak detector with a variable pulse rise time amplified and 

conditioned the pre-amplifier output Signais whose magnitudes could vary in the 

range from 10 mV to 10 V, to 0 to 10 Volts, each cycle of magnitude being placed 

Imearly on a 3.3 V band,so as to condition signais for acquisition by a Multi Channel 

Analyser (M.C.A.). Since resistive pulse signais had fixed penods determined by the 

rate of metal flow through the orifice, appropriate setting of pulse rise time was 
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used to screen out any spurious peaks having much longer or shorter nse tlmes 

Finally, signais were recorded in a multlchannel analyser, m mdlvidual channels that 

corresponded to loganthmically spaced pulse helght intervals. The MCA therefore, 

effectively displayed a histogram of the number of peaks observed as a functlon of 

their magnitude. This pulse height information was then converted mto partlcle slze 

distribution through the use of eqn. (12). 

3.4 Comparison of Coulter Counter Technique and LIMCA 

LiMCA for molten metals was developed thlrty years after Coulter's Invention ln 

1953. The primary difficulty m developmg a similar E S.Z. devlce for molten metals, 

when (ompared with aqueous electrolytes, was thelr very low electncal reslstlvlty (

million times lower), which made the reslstance changes caused by partldes 

displacing liquid metal in the orifice (see eqn. (6», very much smuiler. To obtain 

measurable voltage pulses, the circuit current was made much higher, whlle the 

pulse height detection Iimit was greatly lowered by reducmg the mevltable 

background noise on the reference baseltne as far as pOSSible. This was 

accomplished through the use of sensitive electronics and by electromagnetlC 

shielding and approprtate groundmg of CIrCUit components. Rlpple free D C 

currents were generated by utilizing a 6 Volt heavy dut y lead-acid storage battery 

Hence, the slgnificant dlfference m the design of a Coulter Counter and a LIMCA IS 

the use of a very low Impedance Circuit which enables high D.C currents ta pass and, 

at the same time. helps to minimlze electromagnetic induction on ClrClllt 

components. Presently, for operations in most molten metals, background 

electronic noise can be reduced below 10 llV, allowtng reslstive voltage pulses above 

a threshold value of 20 pV to be counted. 

Table 1 compares the typlcal operatmg conditions of E.S.Z. devices usmg water 

and various molten metals as the measunng media. As can be seen, for a given slze 

orifice, the minimum particle sizes that can be currently detected in metals at McGl1I 

University are about tWlCe as those in water. 

3.5 Application of LiMCA to reactive and 1 or high meltmg point metals 

Referring to Fig. 3, therefore, a major innovation in conŒlving ltMCA was ln the 

design of the second component, the power supply. The Circuit was flrst tested in 
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Table 3. Comparison of E.S.Z. instruments in water and molten metals. 

TapWater Aluminum Magnesium Copper Silicon-Boron 
[84] [83} [85] [86] Steel [87] 

Temperature 
of Operation, 20 700 700 1100 1350 

oC 

Electrlc 
Reslstivity, 30 0.25 x 10-6 0.28 x 10-6 0.20 x 10-6 1.4 X 10-6 

!lm 

Electric 
Current, 50x10-6 60 60 60 20 
Amperes 

Orifice 300 300 300 300 300 Diameter, llm 

Pulse Height 
Detection 200 20 20 20 20 
Limlt, }lV 

Minimum 
Particle Size 9.5 20 20 22 16.6 

Detected, }lm 

d/D, % 3.2 6.7 6.7 7.3 5.5 

gallium, near room temperature, and after successful demonstration of the 

principle, was applied to aluminum. For measurements in aluminum, a liMCA probe 

consisting of a heat resistant borosilicate sampling tube and steel electrodes, was 

developed. A fluted orifice measuring 300 llm diameter was produced at the lower 

end of the sampling tube by the application of a micro oxyacetylene flame, and a 

method of conditioning this orifice using a high current was discovered. 

ln its application to high temperature melting point and reactive metals, such as 

iron, copper and magnesium alloys, the electrical circuit design was essentially the 

same, but new probes had to be developed for each metal. This was not a trivial 

task, however As in LIMCA's earlier development, much greater effort was 

expended in developing a working probe for aluminum than testing the new electric 

circuit design in gallium [29]. 
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ln designing a LiMCA probe for a given metal or alloy, the followmg 

considerations applied: 

1. Electrode designs capable of establishing a current path of high amperage 

(>20 Amps), with a low background noise «20 llV), for a sufflClently long 
time (>20 minutes). 

2. Sampling tubes resistant to thermal shock, resistant to chemical wear and 

electrically insulating. 

3. Sensing zones (orifice) remaining dimensionally stable and providlng a 

smooth entrance for molten metal. 

The following sections expand on these criteria and give details of the 

development and testing of probe components. 

3.5.1 Electrodes 

It was generally found necessary to use freely dissolving electrodes, or an 

electrode system that at least reacted with a dissolved component in the molten 

metal. To test for reliable performance, mdependent tests were carried out on the 

electrodes. As shown schematically m Fig. 5, electro~'! arrangements were mserted 

into the melt without a sampling tube, and D.C. currents, equal in magnitude to the 

operating current of LiMCA passed. Background electronic nOise was then 

monitored. Satisfactory performance indlcated that noise problems due to 

environmental induction, shielding and grounding of circuit components, as weil as 

any contacting problems between the electrode and molten metal had been 

overcome. Particularly, the electrode-melt interactions included wettlng 

phenomena, slagging, formation of intermetallic compounds, dissolution, gas 

bubble generation, oxidatlon and the like. 

3.5.2 Sampling Tube 

ln the construction of a sampling tube, it is easy to understand the need for 

thermal shock and chemical wear resistance. Electrical insulation can also be 

important, as most ceramic insulators become conducting at high temperatures. The 



( 

28 

E 

y+" -A 

t ••••••••••• 

RB 

-- 1-0 + 
VAS - 1-0 -

A B 

RAB 

Molten Metal 

Fig.5: Set-up for independent testing of electrodes. 

effect of uSlng a partially conducting sampling tube versus a completely insulating 

one, will be to lower the magnitudes of the reslstlve voltage pulses. Referring to Fig. 

6, the extent of this lowering can be deduced as follows: when the sampling tube 

has a fin.te resistance, RAB consists of two parallel reslstances: the wall resistance of 

the sampllng tube RST and the res.stance of the molten metal withln the Orifice Ro. 

.lR IS the transient change in RO caused by the passage of a particle through the 
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orifice, its magnitude given by eqn. (6). The translent resistance change across AB, 

tlRAB will be given by: 

l 1 1 
--=-+- -R.-\B RST Ra 

( 14) 
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ÂR _ ( RST )2. llR 
AB - R +R 

o ST 

(15) 

Also from eqn. (12): 

RB 
~V = 1· ~AB 

.4.B RB+R
AB 

(16) 

when the sampling tube is completely insulating, ~R = Ô.RAB. Hence, substituting 
(1S)into(16): 

R 2 
tl. V = tl. vins. tube. ( ST) - tl. Vins. tube. (a) 

AB AB Ro+RST - AB 

(17) 

where a = RoiRsT, and f(a) = [11(1 + a)]2. If no more th~n 10% reduction in pulse 

height can be tolerated, th en f(aJ>0.90 and a<O.OS. Assuming the wall thickness 

and the orifice length to be the same, 

(18) 

where AST is the area of sampling tube exposed to molten metal, and Ao is the 

orifice area. For a 300 pm diameter orifice in a 40 mm diameter sampling tube, 

inserted 40 mm deep into a steel bath, for instance: 
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n .) 
- -l0- -+- n (40) (40) 
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Stabllized zirconia ha5 good thermal shock re51stance and 15 reslstant to chemlcal 

wear ln molten 5teels. However, because of its low resl5tlvlty, 0.094 and 0 016 n.m at 

130QO( and 1600°(, respectlvely [88], It 15 clearly not sUltable as a sampllng tube 

matenal 

3.5.3 Senslng Zone 

The orifice that serves as the sensmg zone has been found to be the most cntlcal 

reglon ln LiMCA's operation. It IS reqUired to have dlmenslonal stabliity agamst 

chemical erosion or physlcal attachment of inclUSions to It5 watls, m the presence of 

rapid fluid flow and converging streamlmes. It can be generated on the side of a 

sampling tube, as has been the case with borosllicate or quartz tubmg, or can be 

produced as an msert, made of a supenor matenal such as BN, that 15 sub5equently 

attached to a 5amplmg tube of le5s expenslve ceramlc 

ln liMCA's operation, when an unstable baseline develops, It 15 Important to 

establish the source of electronlC nOise causing mterference. This can be diagnosed 

by by-passmg the inside electrode m the samplmg tube wlth another etectrode, mto 

the melt, hence removing the orifice from the current path. If a steady reference 

baselme returns, then the cause can be attnbuted to orifice detenoratlon, posslbly 

caused by inclusion attachment and loss of 5mooth surface at the orifICe wall. If 

electronlC noise persists, then, other sources such as Imperfect electncal contacts, or 

environmental noise, could be of suspect. 
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PART 2: APPLICATION OF LiMCA TO STEEL AND CAST IRON MELTS 

1. INTRODUCTION 

Next to aluminum, the potentlal application of LiMCA to steels was glven first 

pnonty ln view of the technologlcal benefits such an Instrument can bnng to thls 

important structural material. Worklng probes were therefore developed, desplte 

the difficultles Involved, for steel melts. L,MCA's operation ln steel was found to be 

strongly Influenced by the melt's chemlstry and the nature of its inclUSions. 

2. EXPERIMENTS WITH TRANSFORMER STEEL ALLOY, Fe, 5% B, 3% Si 

The first successfulliMCA measurements in iron-base melts were made in an iron 

melt contamlng boron and silicon. This particular mdustrial alloy IS used in the 

manufacture of magnetically soft sheets and stripS of iron for transformer cores, and 

is produced by Metglass Division of Allied Corp., N.J., U.S.A. It has a low melting 

pOint, ln the region of 1200°C, and planar flow casting techniques are used to 

produce thin sheet (50 pm thick) with a metallic glass structure. The elimination of 

magnetlC domain boundaries gives this steel its "super soft" magnetic properties. 

It was desirable to monitor and control the levels of borosilicate inclusions in this 

steel alloy. The following section gives a summary of the earlier work by the author 

to produce a working probe in this steel [1], and then descnbes further 

developments. 

2.1 Development of LiMCA Probe for the Transformer Steel Alloy 

First, independent electrode tests (see PART 1, Section 3.5.1) were carried out to 

find a sUltable electrode system. Among the many high temperature conductors, 

such as steel, molybdenum, tungsten, and graphite rods tested, a combination 

electrode, with a graphIte tlp and a molybdenum rod extension was found to be the 

best. The molybdenum rod was threaded into the graphite, and a small amount of 
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tin was used at the threaded connection to improve the electrical contacts. Both 

graphite and molybdenum were shielded at their side with refractory tubing of 
alumina or mullite to avoid rapid dissolution of graphite 10 molten steel, and 

atmospheric oxidation of molybdenum to volatile Mo03. Dissolution of graphite 

occured only at the tip of the electrode, and as the electrode receded lOto the 
refractory shield, expectedly, the rate of dissolution of graphite became slower. 

Since carbon rich steel was lighter than the bulk, the effect of natural convection 

was greatly reduced in transporting dissolved carbon, from the electrode tip, to the 
bulk of steel. 

Electrodes assembled in this way lasted an indefinite perlod in low m.p. steel 
alloys, indeed, \ittle dissolution occured in alloys containing a high level of SIlicon 

(>2% Si). Usually, a high electronic noise accompanied the mitial functlonmg of 

these electrodes, as shown in Fig. 1 A. Following prolonged contact, or condition mg 

procedures, the background noise could be reduced sharply, to a level acceptable for 
particle detection measurements, Fig. 1 B. This electrode arrangement also worked 

in a low carbon steel at 1550-1600°(; the rate of dissolution of graphite was 

measured to be 20-30 mm lOto the protective electrode shleld, within a 20 mm. 

period. 

Earlier construction of a sampling tube for these melts consisted of a 15 cm long 

BN tube with a quartz tube extension. An Orifice was drilled into a BN insert whlCh 

was attached to the side of the BN tube. An alumina base cement (Aremco 503) was 

used to fix the various components and to provide gas tight seals. The complete 

probe asembly is shown in Fig. 2. 

Fig. 3A shows one of the first resistive voltage pulses obtained m thls steel using a 

similar probe. The thickness of the baselme is an IOdication of the electronlC nOise, 

which was kept weil below 20 llV. One problem that remained wlth thls design was 

orifice enlargement. BN was sensitive to the oxygen content in steel, and as seen 111 

Table 2, unless dissolved oxygen was reduced to very low values, enlargement ln 

orifice diameter occured. Another problem was the occurence of baseline Jumps, 

one of which is seen in Fig. 3B. The jumps occured in either the positive or negatl'/e 

directions, and might have been caused by particles sticking, or becommg free, at 

the sensing zone. The positive jumps were counted as partides. The frequency of 

baseline jumps usually increased with continued measurement, and gave an 
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A) 

B) 

Fig. 1: Independent test of electrodes, oscilloscope traces showmg initiai 
electrode nOise (A), and the establishment of a pulse-free baseline (B). 
Vertical displacement: 50 !lV/div., tlme axis: 1 ms/div. 



Fig.2' 

QUARTZ TUB 
EXTENS lOt l 

UN TunE 

E 

[ 

c=' 
a~ 

-.. 

--

c:> 

ELECTRONICS 
PROCESSINC1 

Q 
".1-\. 

1 

1l 

H 

b b 
I~I~ 

~ 

4-

1---

o 

~ 

POWER SUPPLY 
G V DC 

100 - 500 mU 

MOLYBD ENUM IWD 
NSIO~ EXTE. 

MULLIT E 
SHIELD 

.. 1-
'---;: 

'" r,RAPHI TF 
ODE ELECTR 

2: 
~ ....... BN ORIFICE 

43 

~IMCA probe design for steel melts, Incorporatlng a SN sampllng tube wlth 
sensmg zone contamed in a BN insert, and refractory shielded graphIte 
electrodes wlth molybdenum extensions 
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A) 

B) 

Fig. 3: (A) Reslstlve pulse obtamed with the probe shawn ln Fig 2. (B) Basellne 
Jump. VertICal displacement: 50 llV/div., tlme axis: 1 ms/div. 
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Table 1. Typical rates of orifice enlargement for 300-400 pm dlameter boron mtnde 
orifices m steel and cast Iron melts [1]. 

Metal Rate of O"fiee Temperature Enlargement, Composition pm 1 aSpiratIOn Range, '( 

Fe, 5% B, 3% Si, - 1200-1400 
400 ppm AI 

Fe, 5% B, 3% Si 20 1200-1400 

Fe, 4% C, 10-30 1200-1400 
1%SI,1%Mn 

Fe,0.1%C, 40 1550-1600 
1%Si,1%Mn 

indication of orifice deterloratlon, whlch m the extreme case, led to random 

oscillations and a complete loss of reference basehne It was found possible to 

condition the orifice in this steel by passmg a hlgh current (150-200 Amps) 

momentarily, to "clean" the BN orifice and restore a steady basehne, for further 

measu rements. 

When a sudden shift ln the reference baseltne occurred, the hlgh pass ftlter of the 

differential preamplifier, operatlng in the AC mode, restored thls shlft to ItS onglnal 

zero value by "bleeding" the input capacitors to thelr ground state through 

resistors, so that new differentlal pulses could be acqUired. The rate of restoratlon 

depended on the filter setttng, whose tlme constant was glven by the product of R ( 

in Fig. 4. This filtering action also caused a predlctable loss ln the magnitude of the 

recorded resistive pulses, as weil as the negatlve backshoot followlng the onglnal 

pulse in Fig. 3A. 

Unexpectedly, sampling tubes made of fused stlica glass retatned thetr form up to 

1500"C, and were used in this steel, in a temperature range of 1200-1400°C, Fig. 5. A 

fluted orifice wlth a glazed surface was produced on the slde of a tube by flrst 

drilling a larger hole, and then heatmg thls area to locally soften the stllCa glass, 

thereby causlng It to flow, so as to mmlmize ItS surface energy by roundlng off the 

sharp edges. ThiS was continued unttl deslred shape and slze of orifice was obtamed 
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Fig.4: Schematic of a high pass filter set at R C = 1 ms [2]. 
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Orifices produced in this way had a particularly good performance. Orifice 

deterioration was reduced, baseline stability was maintained for a longer period, 

and the overall performance, as measured by the number of resistive pulses of 

correct shape and duratlon vs. other disturbances, on the baseline was comparable 

to that of the llMCA borosilicate probes in used aluminum melts, Le. >95% reslstlve 

pulses [2]. However, with some probes, double pulses of the type shown in Fig. 6, 

and asymmetric pulses, shown in Fig. 7 were obtatned with an associated rtse in high 

frequency background noise, and a decltne ln basellne stability. When ortfices were 

sectioned in a plane passing through thelr longItudinal axis, some were found to 

have a humped profile, Fig. SA. This was possibly because of material moved from 

the center of the orifice at the early stages of softening. The desirable fluted profile 

was then obtatned by drilling a larger hole and heat shrinking a greater area, Fig. SB. 

It was found possible ta heat shrink holes of up ta 600 pm ln diameter in a 1.5 mm 

thlCk sllica glass, holes greater than thls tended to expand. 

FIgure 9 shows a reslstive voltage pulse tYPlCal 10 thls steel, obtained with a weil 

functiontng orifIce in a quartz glass sampling tube. Dimensional stability of such 
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LiMCA probe design with silica glass sampling tube and senslng zone, used 
ln later experiments wlth boron - silicon steel melts. 

orifices were good, as no measurable expansion was observed ln orifice dlameters 

after an experiment (see Fig. 10). 

2.2 Comparative Inclusion Measurements ln the Transformer Steel Alloy 

2.2.1 Selection of Measurement Conditions 

20 kg of molten alloy was prepared ln an induction furnace and LIMCA 

measurements were made wlth the furnace power sWltched off, dunng coollng from 
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Fig. 6: Double pulse generated in a silica glass orifice. 

1400°C to 1200°C. A heavy coat of ceramic fiber blanket was laid next to the water

cooled copper tnductor and the bottom of the furnace, for insulation, to mmimize 

heat losses from the crucible. Sand was packed betwen the crucible and the 

insulation to provlde the necessary rigldity for the crucible, to prevent cracks 

developing dUfing melting. This insulation provided a 20 minute working time for 

LIMCA measurements. 

ln order to detect a significant number of borosllicate inclusions within a typical 

hquid sample ln this melt, and inclusion sizes bemg so small, It was found necessary 

to reduce the orifice diameter to 200 llm or less. No speCial problems were 

encountered ln asplrating this steel through such a fine openmg, an aspiration 

vacuum of 24 cm Hg (32 kPa), correspondmg to 85% of the theoret/Cal pressure 

dlfference, calculated for a completely non-wettmg orifICe (YFe = 1 87 N/m (3] ), was 

sufflclent for overcomlng surface tension effects and drawmg the steel mto the 

sampllng tube. 
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Asymmetrlc pulses generated ln a sdica glass orifICe As the sharp edge of 
the orifice rounded off, the apeces of the signais became less sharp and 
baselme stabdity Improved. 

Vertical displacement: 50 llV/dIV, tlme aXIs: 1 ms/div. 
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A) 

B) 

Flg.8. Orifices set ln slilca glass, sectloned ln a plane passmg through thelr central 
axes. A mlcroflame was apphed to thelr left side. (A) humped profile 
resulted from Inadequate heat shrinking, (B) fluted profile obtained by 
heat shrmklng a larger, initiai dlameter. 
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Reslstive voltage pulse obtamed ln a transformer steel melt uSJng a slilca 
glass sampllng tube wlth a weil functlonlng onflce (A), and the 
accompanymg pulse helght distnbutlon m an M.C.A., accumulated over a 
10 S data acquIsition penod (B). 
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Stability of a 260 p.m orifice set in sllica glass. No measurable expansion in 
orifice diameter was observed. 

Operating currents for measurements were evaluated on the basis that excessi >le 

thermal load should not be placed on the orifice. Rate of metal temperature m;e 

due to reslstance heating at the onflce (in the absence of heat losses), is glven by: 

dT (1) 
dt pC 

p 

where the numerator IS the volumetrie rate of heat evolved accordmg to Ohm's law, 

and the denommator IS the vo/umetrrc heat capaclty of the molten metal. Takmg a 

typical LiMCA operation in aluminum melts wlth a 300 p.m diameter orifice and a 60 

Ampere operatm9 current as an arbltrary standard, requlred currents were 

calculated for steel melts that Ylelded slmllar rates of temperature me. Table 2 

compares operatm9 currents for a 9,ven size onflce, alon9 wlth other computed 

values, for aluminum and steel melts. 
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Table 2. Operating currents for LiMCA in aluminum and steel melts. 

Melt D,llm 1, Amp. Pc ,2, pCp, dT/dt, 
W/mm3 J/mm3 oC oC/ms 

Aluminum 300 60 180 2.6,10-3 70 

Steel 200 20 570 5.6'10-3 100 

Steel 100 5 " " " 

For molten steel, Pe = 1 411Q m, P = 7000 kg/m 3 [31, and Cp = 0 8 J/g (4) 

Sample volumes were estimated from the known data acquisition periods durmg 

sampling and the applied vacuum, usmg the following relations: 

-V = u AAt; 
- 2AP 
U =c v--D . 

P 
(2-4) 

where V: sample volume, ü: mean metal velocity at the orifice, ât: data acquisition 

period, CD: discharge coefficient. Llnear relatlonship betwen the discharge 

coefficient and the Reynolds number [Re} in eqn. (4) was shown to hold for liqUid 

zinc, using a similar sampling tube and orifice [5] From the data obtained, the 

coefficients a, b, and the 95% confidence interval for Co, ± to 95, were deduced 

These results are summarized in Table 3. Such linear relationshlps between Reynolds 

number and the entry and exit losses have been predlcted theoretically and 

observed experimentally for laminar flow in pipes [6] Smce zmc and steel have 

similar denslties, the same coefficients were used to estimate the volumes of samples 

taken by LiMCA in steel melts. 

2.2.2 Comparative Measurements 

Figure 98 provides a typical hlstogram of the resistive pulses recorded by the 

Multi Channel Analyser (M.C.A.) for a 200 }lm orifice, and accumulated over a 10 s 

data acquisition period. For the inductively stirred melts, few large mclusions (> 10 

pm) were detected. A threshold voltage of 20 pV, above which particles were 

counted, corresponds to the bnghter points to the nght of the first major division. 

Such histograms were then converted into hatched size distribution charts of the 
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Table 3. Relationship between discharge coefficient and Reynold's number in a 
LiMCA orifice, using molten zinc. 

~P, ü, mis [Re] Co cm Hg 

6 1.05 525 0.67 

8 1.20 600 066 

10 1.42 700 0.70 

12 1 60 800 0.72 

16 1 98 990 0.77 

20 224 1120 0.78 

ëD = a + b{ReJ ± Co 95 , correlation coeff , ,= 0 98 

a = 0 2,10- 3, b = 055. co 95 = 62.10.6 {([ReJ-791)2 + 43 620 }t 

From Cf.a = ta/2,(n-2' Sx y {(x-x)2/Sx x + 1/n}t [71 

type shown ln Fig. 14. As the bar chart shows, no particles greater than 25 pm were 

detected wlthin the 4.7 9 portion of the melt sampled. 

Figure 1 lA shows a typical random area in the microstructure of this steel 

where many small inclusions (borosilicates) of about 1-3 pm are present. The very 

few larger inclusions were found after checking many fields of view: Fig. 118 shows 

one such large sphencal Inclusion, measuring 7pm m dlameter. 

A 0.1 % alummum addition was then made to thi5 inductlvely stirred melt, and 

ten minutes later the melt quality agaln recorded (see distribution B in Fig. 14). Since 

the 210 pm orifice of the 5ampling tube had blocked, the second sampling was 

camed out uSlng a back-up sampling tube contalnmg a 370 pm onfice. 

The correspondlng mlcrograph from a quenched sample, 15 shown ln Fig. 12A 

where addition of aluminum leads to larger, less sphencally shaped mclusions of 

alumlnum borosllicate, indicating a change ln thelr melting pOint. Larger inclusions 

were more frequent; one su ch Inclusion IS shown ln Fig. 128. It IS believed that 

dissolved alumlnum dIffuses into molten borosllicate inclUSiOns, changing thelr 

chemistry and caustng growth largely by way of coagulation. Figure 13 shows, on ItS 
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left, an electron microprobe image of a cluster of inclusions following an addition of 

aluminum, and on its right, ItS associated X-ray map for alumlnum. The latter shows 

aluminum clearly incorporated within the oXlde Inclusions. 

Each field of view in Figs. 11 and 12 represents 0 01 mm2 of surface area Such 

randomly selected fields from both samples were subJected to manual Image 

analysis (Mrs. G. Cheng). The resulting inclusion slze distributions are shown '" 

Figure 15. The difference in size dlstnbutlons obtained by the Image analysis and 

the LiMCA probe reflect the importance of sample slze in obtaining the nght hand 

tail of an inclusion size distribution curve. Figure 16 shows the sample sizes that can 

be obtained by LiMCA during a 10 s data acqUisition penod, ln terms of both welght 

of steel sampled and the equivalent surface area ta be examined mlcroscopically. 

The latter is calculated by assuming that the sample volume IS equal to the product 

of the sample area and the minimum detectable inclUSion slze. In Figure 14, 

although 57 inclUSions greater than 10.4 pm were counted ln a 4.7 9 steel sample; 

one can readily deduce that there would have to be, on average, only one such 

correspondlng Inclusion per 10 cm 2 of steel surface, far greater than the surface area 

actuallyanalysed . 

Interestingly, although the dissolved oxygen content, as measured by an 

oxygen analyzer (Electronite, Celox 2 probe) decreased from 3 ppm to practlCally 

zero following the 0.1 % aluminum addition, total oxygen contents, as measured 

from solid samples with a Leco oxygen analyser, remained the same, at about 80 

ppm. ThiS showed that there was no slgnificant change in the volume fraction of 

oxide inclusions between the two melts. 

A simple mass balance calculation indlCates that less than 1 % of thls oxygen IS 

contained within the inclusions measured, I.e. greater th an 10 llm ln dlameter The 

population density of smaller inclusions, say wlth a median size of 1-3 llm, would 

need to be in the arder of 2-3 million per gram of steel to make up the balance of 

oxygen. Indeed, the population density of such inclUSions ln the Figs 11 and 12 IS 

very high, and more accurate measurements made on a volume basls, utlllslO9 

inclUSion extraction techniques from solld steel samples. and Coulter Counter 

measurements ln aqueous electrolytes also conflrm large numbers of smalllOclusions 

[8]. 
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Figure 17 illustrates another test on boron steel, ln whlch the number density 

of borosilicate inclusions wlthm the melt following melt down m an mductively 

stirred furnace, was ralsed by passmg air through the melt for one minute, at a 

flowrate of 4 NI/mm. As seen, further oXldation of boron and silicon lead to an 

mcrease m the number of partie/es rn ail slze ranges, with a shift towards larger 

inclusions 

The smallest orifice slze used wlth the present E.S.Z. instrument for this alloy 

steel was 120 l1m. The melt was sampled under a current of 5 Amperes yleldmg a 

calculated detection limlt of 7.8 llm The rnclusion distribution measured is shown in 

Fig. 18. The orifice slze bemg smaller, the detection limlt was lowered, causmg the 

reslstlve pulses to become larger. As there are many more smaller mcluslons than 

the larger ones, inclusion population density also rose sharply, apparent from the 

oscilloscope Images shown m Fig. 19. For such settings, cOlncldence can be a 

problem The latter IS a measure of the IIkelihood of two or more particles entering 

the sensmg zone at the same tlme. Inclusion comcldence may cause an mcrease or a 

decrease m the true counts, depending on whether It is predominantly of a pnmary 

or of a secondary nature [1,9]. 
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A) 

B) , 
• 

Fig. 11: TYPlcal area (A), and a large spherlCal borosllicate inclusion (BL ln the 
microstructure of 5% 8,3% SI, Fe steel. 
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A) 

B) 

Fig. 12: Microstructure of the S% B, 3% Si, Fe steel after 0.1 % AI addition (A), and 
a larger inclusion ln thls microstructure (8). 
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Cluster of inclusions after 0 1 % AI addition (L.H S.) and their correspondlng 
X-ray alumlnum maps (R.H.S.). 
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followmg, a 0.1 % AI addition to the melt. 
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Fig. 15: Size distribution of incluSions obtamed by subjectmg random frames su ch 
as Figs.11 and 12 to a manuallmage analyser 
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Size distribution of inclusions Immediately after melt-down, and followlng 
a one min. air injection at a rate of 4 e/mln , ln a transformer steel melt 



( 

( 

TRANSFORMER STEEL ALLOY 
1110 Fe, 5 ï. B , 3 ï. S 1 

a: 
w 
Cl.. 

.-:1.:.. :: 
: .. 

.. . 
0 

~ 

· 
· 0 

U1 
W 
.-J'" 
U 
~ -t-

a: 
Œ 
Cl.. 

lJ... 
C 

a: 
w 
CIl 

;;; 

.. .. .. 

.. 
0 
~ :: .. 

.. 

.. 
0 ~-

:::> 
z ~ 

: 
· · 

a 
0 · -

4 

1 
1 

OETECTJGN Ll"lT 1 

120 "IC~GN a~IFJCE. 5 A"~S I<J 

ri 

1"'--

-
r--

1 
1 '-8 12 16 

MICRONS SIZE INTERVAL, 

64 

20 

Fig. 18: Size distribution of inclusions detected ln a transformer steel melt uSlng a 
very small orifice (120 llm diameter). 
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Fig. 19: Reslstlve voltage pulses recorded durmg LIMCA's operation wlth the 120 
pm diameter orifice. 

VertICal dlsplacement: 50 pV/dIV., tlme aXIs 1 ms/div 
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3. EXPERIMENTS WITH CAST IRON 

It was consldered that cast Iron represented another low temperature m.p. alloy 

where the probe desCrlbed for Fe-SI-B alloys could be applied Other than an 

academlC cunoslty, su ch a probe could also serve to monitor non-metallic inclusion 

levels ln incluSion sensitive cast Irons ln a newly developed Vacuum Assisted Casting 

(VAC) process for nodular cast Iron, for Instance, It has become possible to produce 

hlgh strength, thln wall, Iight weight castings wlth hlgh metal yleld and near net 

shape (Fig 20) However, parts requmng fatigue strength, such as the connectlng 

rods ln car engmes, became notch sensitive to inclusions when cast m thlnner cross

sectIons. It was suggested that these InclusIons had to be monltored, and when 

necessary, removed from the melt prlor to casting, m order to take fufl advantage of 

the VAC's capablilty for produclng thmner sections [la]. 

However, LIMCA probe expenments ln cast Iron met wlth dlffICultles. USlng a 

430 ~m onflce, It was not even possible ta pass a contlnuous current. FIgure 21A 

shows rapldly nSlng voltages because of penodic dlsruptlons ln the current path at 

the onfice Cavitation because of CO formation at the orifice eXIt was ruled out, 

because the same discontlnU/ties were observed when the sampllng tube was under 

pressure, as weil as under vacuum. Increasmg dlssolved silicon levels to 1 % made the 

matter worse, causlng a complete loss of current. Upon raislng the onflce above the 

melt, It was observed to be physically blocked, molten metal tnckling, rather than 

Jettlng out of the onfice, as would have been the case wlth a transformer steel melt. 

Larger onflces (D> 1000 ~m) did not black immedlately, but still suffered from an 

eventual detenorat,on, as evidenced by disturbances and oscillations of the 

reference baseline voltage traces on the differential oscilloscope. Attempts to 

conditIon the onfice with a hlgh current ln cast Iron dld not help, but rather 

hlndered, and resulted ln a rapldly blocked onfice and loss of current. 

Since boros,IIcate Inclusions ln the transformer steel melt were fluld, It was 

hypothesised that accumulatIon of sohd inclusIons at or around the onfice, were to 

blame. It was therefore declded ta Investlgate the effect of IIqU/fymg sllrca 

inclusIons by manganese additions, in arder to prevent the onflce detenoratlon. The 

results obtamed are summanzed m Table 4. 
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Flg.20: Vacuum Assisted Casting (VAC) process for nodular Iron, developed by 
G.M. Corp. A bonded sand mold IS lowered Into molten Iron and vacuum IS 
applied ta degas and ta draw metal Into the castmg cavlty, for a hlgh 
strength, thm wall, near net shape casting [101. 

After havmg a 1 % Si ln the melt, Increaslng the manganese levels returned a 

steady current but baselme stabliity was not obtamed (Fig 21 BI Increaslng 

manganese further, up ta 4%, resulted ln rapld orifICe enlargement because of the 

interaction between manganese and sllica glass to form lower meltlng pOint 

manganese sIlicates. The best operation for the s,lIca probe was establlshed at low 

silicon, hlgh manganese levels, when reslstlve pulses caused by InclUSions could be 
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Table 4. Summary of experiments in cast iron. 

No % SI % Mn Comments 

1 025 0015 meltdown: 4 1-46% C, 0.012% S, 0035% P 
Fig 21 A 

1 

2 1 0015 

3 1 0.5 

4 1 1.1 some current 

5 1 22 steady current, Fig. 21 B 

6 1 3.3 

7 1 4.4 rapld onflce enlargement, D> 1000 pm 

8 065 0.015 

9 065 070 slag on melt surface became molten 

la 065 1.4 best operation, Fig. 22 

11 1 3 1.4 baselme stablhty was lost. 

(hemlcal compositions were calculated from the ferroalloy additions made. assumlng 100% 
recovenes Spectral analysis for samples 6 and 7 were. 

No %SI %Mn 
6 066 32 
7 069 44 

N B Mn values (above 2%) were determlned byextrapolatlon 

observed, but baseline mstability was still too high for meaningful measurements, 

Fig. 22. 

Although some dissolved silicon was necessary to prevent the oxidation of 

carbon, h.gh s.licon levels led to rapid Orifice deteriorat.on and physlCal blockages 

The posslbillty of silicon carbide precip.tatlon causing apparent blockages according 

to: 

SIFe + (C) ;: (SiC) 

was checked for thermodynamlC poss.b.lity. Table 5 gives the thermodynamlC data 

avallable for computation of this reactlon's equllibrium constant. Taking 



r 
, 

69 

Table 5. Data used to compute the equllibrium constant K4 between graphite, SIFe 
and SiC in cast Iron [11]. -

; Reaction 

1 <Si> + <C> = <SiC> . 
2 <Si> = {Si} 

3 {Si} = SiFe 

4 SiFe + <C> = <SIC> 

(50Iid), {Iiquid}, pure component 5t 5tate, ~ == 1 wt% 5t. state 
aGo4 = -RTIn K4, K4 = l/hsI 

~Go" Jlmol 

-73050 + 7.66 T 

+ 50540 - 30.0 T 

-131 500 - 17 24 T 

+ 7910 + 54.9 T 

Table 6. Initial composition of cast iron and the interaction coefficients of 
silicon used in calculating the equillbrium silicon composition ln K4 [12]. 

C Si Mn S P 

% 4.1-46 0.25 0.015 0.012 0.035 

eSi 0.24 o 1 0.28 006 0.09 

also see Table 12 for references on interaction coefficients 

aSiC = aC = 1, and uSlng the interaction coeffICients for silicon in Table 6, the 

corresponding silicon compositions needed for SIC precipitation were calculated for 

1 200°C and 1400°C, respectively: 

Temp., oC 

1200 

1400 

-3.18 

-3.15 

1515 

1410 

% Si 

10.8 

10.6 

Owing to a large positive devlatlon from Henry's law, equllibnum silICon 

concentrations were much smaller than their correspond mg actlvity values The 

computations indicate that greater than 10% Si would be necessary to preClpltate 

SiC. The margin of error is expected to be hlgh for thls computation, smce apart 

from the uncertamties ln interaction coefficients, the solution was no longer dllute 
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ln C and Si. Nevertheless, these results mdicate that the formation of SiC would be 

unllkely. 

5mce silICon ralses the actlvity of carbon, It mlght also have caused carbon to 

exceed Its saturation limlt and preClpltate as graphite flakes from cast Iron. Figure 

23 compares eqUlllbnum dlagrams for Fe-C binary and the Fe-C pseudo binary ln the 

presence of 2% SI As seen, the stabliity of the mushy zone containing graphite is 

moved towards lower carbon contents and higher temperatures at higher Silicon 

levels 
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A) 

B) 

Fig. 21: (A) Discontlnuitles observed m the translent voltage across an onflce ~VAB 
in cast Iron When the orifice becomes Insulatmg, the potentlal drop 
across the orifice approaches 6 Volts (battery e m.t), hence the splkes 
CirCUit current dropped ta tew Amps from an expected value of 40 Amps 

Vertical dlsplacement: 5 mV/dlv , tlme aXIs: 10 ms/div 
(B) Osc.lliations on the reference basellne after SI and Mn additions mta 
cast Iron CirCUit current was malntalned at 40 Amps 

Vertical dlsplacement· 50 llV/dlv , tlme aXIs 1 ms/div 
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Flg.22: Reslstlve voltage pulses obtained in low Si, high Mn cast iron wlth 
accompanymg mstability. 

Vertical displacement: 50 llV/div., tlme aXIs: 1 ms/div. 
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Fig. 23: Equilibrium diagram for CA) iron-carbon bmary [13), and (B) iron-carbon 
pseudo-binary at 2% SI [14]. 
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4. EXPERIMENTS WITH EUTECTIC STEELS 

To avold complIcatIons wlth carbon m cast Iron, systematlc investIgations were 

made wlth Fe, 18% SI eutectlc steels, whlch also provlded another low m.p. system 

slmilar to the transformer steel melt. Fig 24 shows the equlltbnum dlagram for the 

Fe-SI bmary 

The results are summarized m Table. 7 ln thls steel too, wlth orifices measunng 

400-600 llm m diameter, baseline mstabllitles were a problem. Although mcreasmg 

manganese levels reduced su ch blockages, they dld not slgnlflCantly Improve 

baselme stabllity High manganese levels dld not lead to the dissolution of quartz 

glass, as was the case ln cast Iron, but started its devltnficatlon (Fig 25). 

Table 7 Summary of expenments m Fe, 18% SI eutectlc steel 

No. % Mn %B Comments 

1 0.2 - blockages and baselme jumps 

2 1 1 -
3 2.1 -

4 3.0 - reduced blockages 

5 40 -
6 - 1 

7 - 2 
-

8 - 4 better operation ., mcreasing baron 
- --

9 - 6 
~-

When boron additions were made to Fe, 18% Si steel, baseline stabllity Improved 

wlth increasmg boron, and measurements were possible wtth 6% B, usmg a 330 llm 

onflCe. Condition mg the onflce wlth hlgh current helped m recovermg a stable 

baseline m these steels. 

Fmal/y, the Fe-B bmary was considered, Fig. 27, and an expenment was made m 

Fe, 4% B eutectlc steel. Although no special problems were encountered ln 
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asplratmg this steel through a 200 llm diameter orifice, and retatnlng a stable 

reference baselme ln the latter stages of sampllng, the samplmg tube was attacked 
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Fig 25. Cross-section of a quartz glass samplmg tube wallm contact wlth Fe, 18% 
51,4% Mn steel, showlng devltnfled layers. 

by boron Figure 26 shows the deEp!:/ etched quartz glass sampling tube and the 

expanded orifice, after the expenment, and Fig. 28, the S102-B203 equllibnum 

dlagram Refernng to the dlagram, reactlon product on the sllica surface must have 

been molten, but It strongly adhered ta sllica Even on coollng to room 

temperature, the white opaque product layer chlpped off wlth a layer of 

transparent sdica attached, It was not possible to separate the two 
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Fig.26: Attack by !!Fe on the quartz glass samplmg tube Photograph on the nght 
shows the expanded Orifice (on the central aXIS, at equal distance from the 
sides and the bottom). 
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5. EXPERIMENTS WITH LOW CARBON STEElS 

From an economlc pomt of Vlew, operat.on of L.MCA would be most useful and 

would have the w.dest applIcatIon ln these steels Therefore, ln splte of the earller 

dlfflcultles wlth low temperature analogues, the design and construction of a hlgh 

temperature lIMCA ~robe was researched for use m low carbon steels 

5.1 ConstructIon of a Permanent Electrode 

Although graphite tlpped electrodes worked m a low carbon steel for a 

reasonable length of tlme (up ta 20 mmutes), a more permanent, steel tlpped 

electrode was constructed uSlng water coolmg, FIg 29 It was deslrable to extract 

heat from the tlp of the electrode only, therefore, the electrode arrangement was 

surrounded by an Insulatlng ceramlc refractory The obJect of thls was ta draw as 

little heat fram the steel bath as possIble, thereby, ta prevent an unwleldy solld shell 

formmg on the melt surface, around the electrode The cntlcal feature ln the desIgn 

was the length of the steel electrode If kept tao 1011g, the steel would melt Into the 

ceramlc shleld and contact would be lost, If too short, there would be excessive 

build-up of solld shell around the electrode. The length "e" of the steel rod could be 

estimated slmply by consldering unlaxlal flow of heat through the steel electrode, 

assummg ItS sldes ta be completely Insulated If the two ends of the steel rod are 

kept at 1535°( and 50°C, respectlvely, the rate of heat conductIon along the steel 

rod, Ost, IS balanced agalnst the rate of heat mput from the melt Into the steel rod, 

Ome/t. as shawn schematlcally in FIg 30: 

dQst dT 
-=k 

dt st dz 
n 2 -d 
4 

dQ 
~ = h!J.T ~i~ 

dt ml!lt meit 4 

(3) 

(4) 

where d: rad dlameter, kst: thermal conductivlty of steel at a glven temperature, 

hme/f heat transfer coefficIent ln the moiter, metal, ItS value varylng between 4000 
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W m- I K-l under natural convection and 8000 W m- l K-l in forced convection 

conditions [161. ~ T IS the temperature difference across the boundary layer ln the 

melt, and may be taken as 80CC maximum Equatmg Qstto amelt and solving for e: 
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Fig. 30: Heat balance forthe steel electrode wlth hypothetlcallsotherms, and the 
unknown dimension "e". 

f 
1535 

k~t dT 
e= _'_"0 __ _ (5) 

hmelt~T melt 

Table 8 glves the thermal conductivltles of a steel, and two slilca based Insulatlng 

refractones that could be used as shields For the case of forced convection ln the 

melt, e is computed to be 8.5 cm and the heat removed from the melt, uSlng a 22 mm 
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dlameter electrode (0 D of a t" standard pipe), Omelt = 80 W Fig 30 also shows the 

effect of radiai conduction. Consldenng the radial direction only, ln the lower and 

the hotter part, the electrode acts as a fin and the heat IS conducted m the + ve r

direction, out of the refractory Insulatlon, towards the water-cooled part, on the 

other hand, thls wou/d be reversed 

Table 8 Thermal conductlvltles (W m- 1 K-l) of low C steel [3] and two sllica 
based refractones [17]. 

T, oC Steel t Masrock n. t Fusil 50 ,toi t 

20 60 [1900 kg/m 3, [800 kg/m 3, 
100 58 

1 S% poroslty1 40% porOSlty1 200 53 
400 46 0.7 0.2 

600 37 0.9 
800 29 
1000 28 
1600 (30) 

t Fe, 0 08% C, 0 3% Mn 

t Trade names of Harblson-Walker refractones Thermal conductlvlty and refractonness of 
a glven ceramlc Insulatlon depends on Its bulk denslty 

A water-cooled electrode was then assembled using Masrock'" Insulation and a 6 

cm long steel rod, connected to a t" standard brass pipe, as shown ln Fig. 29, and 

tested in molten steel. The circuit was completed uSlng a consumable steel rod as 

the other electrode. The electrode performed satlsfactonly, as a low nOise, stable 

reference baselme was achleved Immediately after inSertion, and malntamed for an 

Indefinlte perrod. A 1 cm thick steel shell formed around the electrode, Indlcating 

that a longer steel tlp could have been used as predicted. 

5 2 Construction of a Sampllng Tube 

Slnce NakaJima reported unsatlsfactory performance by the SN onfice ln low 

carbon steel melts, and good operation for an orifice set ln sI/ICa glass [18], It was 

declded to try thls earller design for the samplmg tube, shown ln Fig. 31. /n thls 

design, a graphite chamber prevented softened sllica glass from collapsmg Inwards 

dunng aspiration, and also served as the Inslde electrode. Figure 31 shows two 
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Design of a silica glass samplmg tube wlth a graphite back-up for low 
carbon steel. 
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Fig 32: SlIica glassstability ln Armeo Iron: 
(A) Above 1550°(, initiai diameter: 550 llm, 
(S) Below 1550°(, initiai diameter: 500 llm. 
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modifications made to the earller design. The mechanically attached steel rod 

electrode extension was found to cause unacceptably high electronlC noise because 

of deteriorated electncal contact at hlgh temperatures, and was replaced wlth a 

molybdenum rod with a tinned and threaded connection Also, Instead of havlng a 

6 mm diameter hole at the back of the orifice, a better mechanlcal support was 

made by countersmking the graphite and shaping the slilca glass locally such that It 

followed the contours of the counterslnk. Followlng thlS, an onfice was dnlled and 

heat-shaped at the base ofthe contoured area. 

The system was tried ln Armco iron, de-oxldized wlth 0.2-0.4% SI, 0 5-1 % Mn, 

with or without 200-400 ppm AI additions. Dissolved oxygen contents measured 

with a (elox probe incorporating Cr/Cr203 reference cell, decreased to a range of 60-

S ppm, from an expected value of 600-800 pp m, depending on the amounts of 

deoxidizers used. 

The resllience of silica tubing agalnst mechanlcal deformatlon was found to be 

remarkable: ln the temperature range of 1535-1575°(, It was possible to apply 4-6 

cm Hg positive pressure in order to to exhaust the metal from the sampllng tube 

without noticeble deformation of the silica glass A similar negatlve pressure was 

used to asplrate the metal. This time, in combination with the ferrostatlc pressure 

acting ln the same direction, silica glass deformed towards tht:: graphite back-up and 

filled any existing gaps between the two. 

Orifices smaller than 400 pm invariably bloeked in thls steel, partlcularly 

following an aluminum addition. When foreed wlth greater vacuum, they deformed 

and expanded. Therefore, orifice diameters rangmg between 400-800 pm were 

used. Figure 32 shows the orifir.e stabliity ln Armeo Iron subJected to low aspiration 

vacuums: below about 1550°(, orifices retalned thelr geometry, whlle above thls 

temperature, they expanded and their shape was lost 

5.3 Results and Discussion 

ln spite of the meehanieal stability of the orifice, lIMCA's operation ln Armco Iron 

did not prove to be any better than that ln a eutectic silicon steel A high proportion 

of baseline mstabdltles prevented one from taking meanmgful measurements 

Nevertheless, Nakajlma made a claim for LiMCA measurements of InclUSions ln thls 
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steel, backed by inclusion counts via mlcroscopy ln solid samples obtamed in parallel 

wlth LiMCA [181. One such result is shown ln Fig. 33. Since microscopy gave the 

frequency of inclusIons per unit area NA, ,t was necessary ta convert this ta the 

frequency of inclusions per unit volume Nv ln order to compare the two results. This 

was done uSlng the Incorrect eq uatlon. 

The correct expression bei ng [19]: 

or more generally 
N 

N =.2: 
VI d 

VI 

(6) 

(7) 

where Nv IS the number of particles per unit volume, NA is the expected number of 

partlcles per unit area, and d v IS the average equlvalent spherical dlameter. 

Subscript 1 refers to the particles ln the Ith size class. To ald visualization, Fig. 34 

Illustrates thls relation schematically, where an inclusion is cut into two halves by the 

plane of observation. For volume distributions, the sample volume would be the 

product of observed area A tlmes the depth penetrated by Inclusion (-t of its 

dlameter). However, wh en the sample IS cut Into two parts, the observed plane 

below 15 IdentlCal to the matching plane on top, and by observlng one, the othei is 

also completely determined. Therefore, the true depth penetrated by an inclUSiOn, 

for the puposes of estimatlng a sample volume, is its full dlameter. More precisely, 

for sphencal particles, the distributions can be related via an integral equation, 

known as Abel's equation [19]: 

(8) 

where NA(r) IS the measured , and Nv(R) is the desired quantlty, and rand R refer to 

section and sphencal radi .. 
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Fig.33: Measured mcluslon slze distributions ln Armco Iron deoxldlzed wlth 1 r:J,o SI, 
0.4% Mn, and 0.1 % AI Open bars are from inclusion counts obtamed by 
examinmg 200 fields at 1000 x magnlflcatlon under mlcro~cope, bnnglng 
the total area exam:ned ta 2 07 mm2 Hatched bars are from a LIMCA 
measurement wlth a 400 pm Orifice, sampled under an electnc current of 
20 Amps, and a vacuum of 12 5 cm Hg, for 30 seconds, estlmated sample 
mass bemg 60 g, from [18]. 
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o 
d/2 t ----------

Sample Volume = A·d 

Fig. 34: Spherical inclusion inside a unit volume, and another, eut lOto ha If by a 
plane of observation. The observed area is A, and the volume, A-d. 

By grouping inclusions into diserete size intervals, d, Eqn. 8 can be solved 

numerically, and the resulting expression has the following form: 

1 [ k 1 N=-aN- aN 
VI ~ Il AI L IJ AJ 

J=I+l 

(9) 

The coefficients Qij have been tabulated by Saltykov (1958) and those relevant for 

integrating the microscopy eounts 10 Fig. 33 are shown in Table 10. For mtegration, 

among the total of k = 11 ,ize intervals, ; = 6-1 1 were considered, with 6. = 2.5 pm. 

Table 9 shows the data derived from Fig. 33, the estlmated aetual mlcroscopy counts 

in the 200 fields examined, and the most probable volume distribution of mclusion 

sizes in this steel using the Schwartz-Saltykov method. As seen, more than two 

orders of magnitude difference exists between the given and the corrected l!lclusion 

frequencies, indicating a poor agreement between microscopy counts and LIMCA 

measurements, signifying that meaningful LIMCA measuremen~s were not made. 

The same, of course, would apply for the three other IncluSion size dlstnbutlons 

reported in the same work, where excellent agreements between mlCroscopy and 

LiMCA were shawn. It is possible that the mueh lower than expected LiMCA counts 

were due to orifice expansion during these experiments. 
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rable 9. Inclusion size distributions in volume from Fig. 33, and the eorr~cted 
values usmg the derived data from Fig. 33 and Saltykov's method. 

Size Data derived from Distribution in Volume, 
Interval Fig. 33 no. per gram 

Total no. no. per from using using ; ;~,pm in 2.07 mm2 
Fig.33 Saltykov's Eqn.l0 mm2 method 

6 12.5-15 11 5.3 1 500 56400 76000 

7 15-'" .5 8 3.9 980 45200 47000 
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,,-
8 17.5-20 3 1.5 210 13390 15400 

9 20-22.5 2.3t 1.1 150 10900 10400 

10 22.5-25 1 0.5 42 4540 4000 

11 25-27.5 O.6t 0.3 18 3400 2200 

t Fractional counts probably resulted from an inclusIon not being completely covered by the 
random area. 

Table 10. Saltykov's table of coefficients, Q'l' for integrating microscopy eount). 

Size J 
Interval, 

1 6 7 8 9 10 11 

6 0.3015 0.1081 0.0346 0.0163 0.0091 0.0058 

7 0.2773 0.1016 0.0329 0.0155 0.0090 

8 0.2582 0.0961 0.0319 0.0151 

9 0.2425 0.0913 0.0310 

10 0.2294 0.0872 

11 0.2182 

A simplified but a less accurate treatment for converting an area based 

distribution to a volume based distribution can also be obtained by eO:1sidering the 

section diameters to be equal to the actual spherical diameters. Indeed, when a 

random plane cuts a sphere, the probability den5ity that it will eut exactly on the 

equator is infinity, and that it will pass tangentially is zero. More quantitatively, 



90 

87% of the time the section diameters will be greater than t the sphencal dlameter 

This IS IIlustrated ln Fig. 35, wlth the accompanymg derivations. 

y = R, r = 0 

y = YO, r = ro 

y = 0, r = R 

y 

-
-
-

t 
il 
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r= R 
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P(planeaty=y ) = -a R 

Yo ra 2 
P(y<y )=P(r<r)= - =Vl-(-) a aRR 

_ ôP(r>r ri ro/R 
P (planeatr=r ) = - = -==== a Or 

l/R 

1 

R 

R/2 

( Ply) 

y=R 

r=O 

Fig. 35 Probability density of a random plane cuttmg a sphen(al mcluslon of 
radius Rat a section radius of ro. 

When the frequency of s~(tlon diameters NAI IS consldered, some of these will 

belong to spheres with diametei's greater than dAI' But, equally, som(~ of the smaller 

section diameters will belong to spheres of diameter dAI, and the two trends will 

tend to cancel each other. For consistency wlth quantitative metallography, the 

expected area fraction of a phase IS equal to ItS volume fraction. For the size class " 



equatmg the section diameter dA, to spherlCal diameter dVI Will yleld: 
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(10) 

Using this relation, the size distribution rn the final column of Table iO was 

calculated from the data given in column 3. As seen, good agreement was obsHved 

betwen this, and Saltykov's method. This latter method was then used m estimating 

the equlvalent metallographic sample area of a LiMCA sample in Fig. 16, and also in 

convertmg metallographlc count; rnto volume counts for the copper alloys, in Part 3 
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6. DISCUSSION AND CONCLUSIONS 

6.1 Inclusion Frequency versus Inclusion Size 

One slgnlficant observation ln the rneasured slze distributions m Fe, 50/0 B, 30 0 SI 

steels, was the rapld decllne ln inclusion population wlth mcreasmg size mtervals A 

50% increase m size brought about a reductlon of 10-100 tlmes ln the number of 

inclusion counts. Also slgniflCant was the great degree of vanablhty ln inclUSIon 

numbers m dlfferent melts. In Flqures 14, 17 and 18, the number of inclusions 

greater than 10 \lm were: 

Fig. 14: 

Fig 17: 

Fig. 17: 

Fig. 18: 

atter melt-down 

after melt-down 

after éHr injection 

after melt down 

15000 kg-' 

60 kg-' 

750 kg-' 

850 kg" 

Apparently the macro-mcluslon content of the steel depended on ItS prevlous 

hlstory. For instance, the melt ln Fig. 14, once prepared as the alloy, had been 

remelted and used many tlmes ln different expenments ln splte of thls great 

variance, the mass and the number denslty of these macro-inclusions represented 

only a small fraction of the total inclUSion content of more than 1010 kg- 1 (based on 

the metallographlc counts ln Fig. 15). 

An upper Itmlt for partlcle size ln an electrolytlC sensmg zone (of the (oulter

Counter type) was glven as 40% of the orifice dlameter, a hlgh concentration of 

particles greater than this slze mcreasing the IIkellhood of blockages and baselme 

instability [20]. This is probably also true for LIMCA. Takmg thls value, and the 

minimum particle size detected, the dynamlc range of LIMCA may be sald to be 6· 

40% of the orifICe diameter in metaille melts. 

Because of the great vartabllity ln the number denslty of macrO-inclUSiOns, and 

the limited size range that can be analysed by LiMCA, onflce dlameters had to be 

fine-tuned ~or a glven application. It was necessary to select an OrifICe dlameter and 

sample volume such that, for the samplmg accuracy of inclUSion populatiOns to be at 

least better than ± 20%, the number of inclUSions counted (d>0.06 0) ln a typlCal 

LIMCA sample would have to be greater than 100 (from POlsson's distribution, the 
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standard devlation szVN, and the sampllng error for a count of 100 IS 

±E:09S=(196'V100) / 100 ::::: ±20%) At the same tlme, the population of larger 

inclusions (d>O 4 0) needed to be small 50 as to not Impair the LIMeA's operation. 

The rapld decllne ln inclusion populations wlth Increaslng size was therefore 

beneflclal to fulfllimg thls criteria Fer the transformer steel melt, for Instance, the 

optimum orifice dlameter was ln t"le rangp of 150-200 !lm. 

From the aforementloned, then, It follows that LIMeA's key appli.::atlon 15 in the 

charactenzatlon of the macro-inclusion content, (I.e the tall end (nght hand slde) of 

the mcluslon size dlstnbutlon), of molten metals. 

6.2 5tabliity of SdlCa Glass ln 5teelmaking Envlronments 

Slnce sllica glass provlded a sensmg zone that was supenor to boron nltnde (the 

other high temperature matenal tested for steel melts), ItS chemlcal and mechanlcal 

stabllity were also Important considerations. 

6.2.1 Chemlcal Stabllity 

Silica glass was attacked by boron in a eutectlc boron steel. Since boron was a 

stronger deoxldizer than silicon, this would be expected, therrnodynamlcally. 

However, no attack was observed by the transformer steel melt containing 5% B, 3% 

Si. InclUSions ln this steel were sphencal, indicatlng that they were molten 

boroslilcates rather than solid sllica Analysis of the top slag gave 34% B203, 44% 

5102 by welght, the balance bemg Iron. The equilibrium diagram between 5102 and 

B203 ln Fig. 29, on the other hand, Indlcates that molten borosllicate compounds 

would need to contain 80-90% 5102 ta be ln thermodynamlC equllibnum wlth solid 

sllica. Equllibnum between BFe, ~Fe and the borosllicate inclUSions could be 

expressed by the reactlon: 

Usm9 the thermodynamlc data ln Table 11, currently avallable interaction 

coeffiCients for dilute solutions of 1 ron at 1600°C ln Table 12, and the known 

compOSItion of the transformer steel melt, the compositional relatlonshlp between 

B203 and 5102, ln borostlicate Inclusions can be calculated: 
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Table 11. Data used to compute the equllibrium constant between BFe, 
SIFe and borosllicate Inclusions [111 -

1 Reaction ~Go'l J mol· 1 

1 2 <B> + 3/2 (02) = {B20J} . 1 228 840 + 21 0 T 

2 <B> = {B} +50210-218T 

3 {B} = !!Fe 
[-55 780 - 24.6 Tor 

-1 a 1 940 - 0 n~ 

4 1/2 (02) = OFe -117 050 - 2 89 T 

5 2 !!Fe + 3 OFe = {B203} NA. 

6 Si Fe + 2 OFe = {Si021 -582150 + 222 T 

7 2 !!Fe + 3/2 {SIOÛ = {B203} + 3/2 SIFe 
[+6825-215Tor 
+ 99 145 - 70 7 n 

< sol Id >, {llqUld}, (gas at 1 atm) == pure cornponent st state, 2S. == 1 wt% st state 
t Calculated from the data glven ln [1n, pp 5,81,381 

~G", 
( 1600"() 

·835510 

+ 9380 

-101 940 t 

-122560 

-282710 

-166240 

-33 350t 

* F,rst expression IS estlmated by assummg Fe·B solution to be regular Then partlallT'olar 
enthalpy of mlxlng of baron may be taken to be ha = j,Ho3 = RTln(yQ). and constant over a 
temperature range, hence ~Go3 = RTa In(y~) + RTln(MFe/100 Ma) where To = 1873"K, y' IS the 
activity coefficient of B at Infmlte dilution, w r t pUte component standard state ThiS glves a 
IImlting (maxlmlum) value for the entropy term (Ideal mlxlnç:) Takmg partial molar entropy of 
mlxlng of boron equal to zero glves the other IImltmg expression below ln general, 
temperature dependance of Q.Go3 will vary betVl.een these two extremes 
Bracketed expressions are estlmates 

and ut 1600"(; 

Assummg ideal solution behavlour, the mole fractions of silicates and borates would 

be xs10 2 
= 0.8, and XB20] = 0.2, or 78% Si02 and 22% 8'203 by welght, doser to the 



Table 12 Composition of the transformer steel alloy and assoClated 
interaction coefficients, for calculating the actlvltles of 
dlssolved boron and silicon 

B SI C Mn 5 

% 5 3 0.01 0.2 0.012 

e8 a 02 [1] 0.08 [2] 0.22 [2] N.A. 0.05 [14] 
0.06 (2] 0.13 [3] 0.24 [9] 
a 11 [3] 

P 

0.035 

es, 0.20 (2] 006 [3] o 20 [4) 0.28 (13] 0.06 (14] 0.16[15] 
a 35 [3] 009[4,5] 0.24 0.1' [16] 

o 11 [6,7] [10,11] 
0.12 [8] 0.29[12] 

0.1 
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h,IS the actlvlty, and f,ls the actlvlty coeffiCient of " W r t 1 wt% st state Interaction coefiCients ln 

bold are used ln the calculatlons 

References 

(1) H Schenk and E Stelnmetz, Arch. E'senhuttenw , 39,1968, pp 225, Clted ln [121 
(2) DL Bali, TMS-AIME,239, 1967, pp 31, clted ln [12) 
(3) C JI, R Yu, and S LIU, "Thermodynamlc actlvlty of silicon and boron ln Fe-SI-B ternary 

meltsat1450°C", Can Me ta Il 0 27,(1), 1988, pp 41-47 
(4) J Taylor, 1/51, 204, 1964, pp 420, clted ln [12J 
[5] A Kuba and H Sakao, Tetsu to Hagane. 54,1968. pp 314. clted ln [121. 
[6J F Wooley and J F Elliot, TMS-AIME, 239, 1967, pp 1872, Clted ln [12] 
[7J J Chlpman and R Baschwltz, TMS-AIME, 227, 1963, pp 473, clted ln [12] 
[81 E T Turkdogan et al , TMS-AIME, 227. 1963, pp '258, clted ln [12) 
[9J R Yu, S LIU, and C JI, "Actlv.t.es of carbon and boron ln Fe-C-B melt and coefficients of 

reactlons of dctlvlt.es at 1 500°C", Iron Steel (Chma), 22, (11), 1987, pp 8-10 
[101 1 S Kul.kov, "Act.vlty of components ln Fe-SI-C melts", Russ. Me ta Il. , (1), 1977, pp 78-80 
[1 11 H Schenk et al ,Arch Elsenhuttenw, 39,1968, pp 803, Clted ln [12] 
[12] 0 Schroder and J Chlpman, TMS-AIME, 230, 1964, pp 1492, Clted ln (12) 
[13] Y KOJima and K Sano, Tetsu to Hagane, 5', 1965, pp 1122, c.ted ln [12] 
[14] S Ban-ya and J Ch.pman, TMS-AIME. 245,1969, clted in (12J 
[15J V Cirillietal,ChlmetL'lnd.50,1968,pp 33,Cltedin[12J 
[16] H Schenk, E Stelnmetz and R Gohlke, Arcl E,senhtittenw, 39,1968, pp 109, clted ln [12J 

IIquldus curve The equllibrium constant used ln this calculatlon was reliable for 

1600°C. However, from the estimated expression for K7 ln Table 11, the temperature 

dependence of the eqUllibnum constant IS expected to be small. 

The stabillty of sllica glass towards manganese additions, however, was not the 

same. Manganese was added to cast Iron and to E»t!tectlc silicon steel, in an attempt 

to form steel systems contam mg molten inclusions. Figure 36 shows crttical 
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manganese contents for a given silicon level and temperature, needed to form 

molten manganese silicates. In cast iron, manganese contents above a CfItlCal level, 

liquefied sur'1ace slag and presumably sllica inclusions, but also lead to the 

dissolution of silica glass. With increaslng manganese ln SIlicon eutectlc steel, the 

silica glass was not dissolved, but was attacked in il dlHerent way that led to the 

formation of white-opaque (and probably devltnfied), layers. 

6.2.2 Thermomechanlcal Stabliity 

Although crystabollite, the crystalline form of slllca, melts at 1725°(, silJca glass 

softens at a lower temperature, the commercial grade used had a softenlng pOint of 

, 650°(. The Littleton softening point would be defmed as the temperature at whlch 

24 cm long, 0.7 mm diameter sllica glass rod would elongate at a rate of 1 mm/min, 

and this corresponds to a calculated viscoslty value of 6.6 Pa s. One area that would 

be particularly affected by softening would be the orifice, because of ItS hlghly 

curved surface. Small orifICes would tend to close, and large ones, expand 

However, orifice stability, for diameters greater than 400 Ilm, was observed to be 

good up to 15500
( Indeed, slllca glass tubing was able to support 8 kPa positive 

pressure just below the molten metal surface, wlthout VISible plastIC deformatlon 

The circumferentlal tenslle stress thls would cause on a 1 5 mm thlCk, 40 mm dia 

sllica glass tublOg would be: 

D 
a = l1P - = 107 kPa a,a 2t (4) 

or the equivalent stress at the top end of a 5 m 10l1g, freely hanging rod (p = 2200 kg 

m-3). In contrast, the tensile strength of the sllica glass at 9000 e was glven as 81 MPa 

and at room temperature, 50 MPa [23] 

ReSistance to deformation (viscoslty) of sillCa glass at hlgh temperatures IS most 

affected by impurities, partlcularly alkah and hydroxyl Ions, whlch help break SI-O 

bonds and lower viscoslty. The alkali content of the commercial grade was 2 ppm, 

and the hydroxyl ctlntent, 180 ppm, by welght. OptlCal (Infra-Red) grades of slilca 

glass having minimal hydroxyl contents « 5 ppm OH- by welght) are avatlable, and 
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Top: SI02-MnO phase diagram [21]. Below: cntlcal silICon and manganese 
contents of steel formmg solld / Ilquld oXlde inclusions for vanous 
temperatures [22] 
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these have slgnlficantly hlgher softenlng temperatures. as tllgh as 1740"(, above the 

meltmg pomt of crystaboliite [24] Although these grades are expenSlve, they can be 

used for smallmserts for orifices, to be flxed on the side of a samplmg tube made of 

a sUltable refractory, su ch as Masrock· ... 

63 Stabllity of Reference Baselme vs Melt Chemlstry 

Ultlmately, LIMeA's successful operation as a measurmg mstrument rests on 

establtshmg a stable reference basellne across the f~eder electrodes placed on elther 

slde of the sensmg zone (orifice) where, Ideally, electncal dlsturbances ln the form of 

reslstlve pulses wou Id only be caused by the passage of suspended partlcles ThiS was 

almost perfectly achleved for the boron . silicon steel, demonstratmg that LIMCA can 

work for steel melts However, LIMeA's operation ln Iron alloys was found to be 

strongly mfluenced by melt chemlstry. Under Identlcal conditions for mstance, other 

low meltlng pomt Iron alloys, namely cast Irons and eutectlc SIlicon steels, presented 

problems m attammg a stable reference basellne ln ail Instances, basellne 

Instabllities were shown to derlve from physlcal detenoratlon of the Orifice (see Part 

1, Section 3 5.3) ln the followmg, vanous hypotheses are tested to understand the 

cause for the loss of baselme stabillty wlth changlng melt chemlstry 

6.3.1 Role Played by the Physlcal State of InclUSions 

Boron additions were found to be beneflclal for LIMCA's operation ln steel melts 

Even when boron attacked the slilca glass (I.e the boron eutectlc steel), It was 

pOSSible to resume a stable reference baselme across the sensmg zone for mcluslon 

measu rements 

One result of a boron addition IS the creation of mdlgeneous. IqUld, boroslilcate 

inclUSions To see If the physlcal state of the inclUSions ln steels had an Importan i. 

beanng on LIMCA's operation, Iron alloys were tested follcwmg additions of ferro

silicon and ferro-manganese to the melt These were added m order to r->romote the 

formation of indigeneous, flUld, manganese silicates Although LIMCA's operation 

uSlng a sllica glass Orifice gradually 1 mproved wlth Increasmg manganese levels, It 

was still not comparable to ItS performance ln boron, silicon steels If IlqUid 

inclUSIOns were Important, a rapld change m LIMeA's operation above a cntlcal 

manganese content would have been expected 
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However, the Issue remalns clouded, as hlgh ,evels of manganese also attacked 

the slilca glass ln earller work [5], a BN onflce was tested at Increaslng manganese 

levels ln cast Iron, but agam, Improved operation, slmllar to that ln boron - silICon 

steels, was Ilot observed On the other hand, It was possiblp. to obtaln a stable 

baselme ln the boron - silICon steels, after an alumlnum addition, and to take LIMCA 

measurements of solld alummum boroslllCate inclUSiOns, and also, of solld BeO 

inclUSIOns ln a copper berylilum alloy at 1100°C, whlch represented another hlgh 

temperature metalilc melt system (see Part 3) EVldently, the above observations 

suggest that the physlcal state of the inclusions IS not the most slgnlflcant factor for 

LIMCA's smooth operation ln steel melts. 

63.2 Role Played by the Interfaclal Propertles of Senslng Zone Refractory, 

Molten Metal and the InclUSions 

Dunng expenments wlth the boron silICon steel melts, a hlgh contact angle had 

been observed for metal drops landmg on nearby refractory surfaces. It was deClded 

to Investlgate the wettabliity of molten steel and sllica glass, ln order to see If It was 

slgnlflCantly different for boron contalnlng steels, versus steels of other 

compositions Thus, It may be argued that If sensI1g zone detenoratlon is caused by 

the mteractlon of mcluslons wlth the onfice wall, then: 

1 inclusions will be more IIkely to stICk and cause detenoration If they wet the 

onflce matenal more then they wet molten steel, 

Il wh en the above condition IS true, the dnving force for deterioratlon will be 

greater, the greater the surface tension of inclUSions. 

Table 13 gl\/es contact angles between relevant metalllC melts and refractory 

matenals used ln formlng the sensmg zone (sdlca glass, boron nltnde) or between 

the melt and possible 'ncluslons Simllarly, Table 14 provldes data on the surface 

tensions of these matenals 5lnce Interfaclal data were not avallable for steels 

contalnlng boron and silicon, these were estlmated from the solldlfled sessile drops 

on a slllCa glass substrate, uSlng the proflle~ ln Fig. 37. The sessile drops were 

prepared ma hlgh frequency induction furnace, under an argon atmosphere. 
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Table 13 Contact angles between relevant metalilc melts (M) and senslng zone 
refractones (R) or Induslons (1) 

M R or I(state) Temp (OC) HM" 1 
Comments 

Fe, pure 5I02(gl) 1600 115 (., ) 
Fe, pure 5i02(gli 1550 110 (.1 ) 

Armco Iron 5102(91) 1535 113 Ar atm (b) 
Fe, 0.04% AI 510 2(91) 1535 117 Ar atm (b) 

Fe, 5% B, 3% SI 5I02(gl) 1200 146 Ar atm (b) 
Fe, 4% B 5102(9 1) 1200 154 Ar atm (b) 

Fe, 18% 51,6% B 5102(9 1) 1200 126 Ar atm (b) 
Fe, 18% SI 5102(91) 1200 140 Ar atm (b) 

Fe, pure AI20~(s) 1600 135, 144 (a) 
Fe,3 4% C AI203(s) 1600 112 (a) 
Fe, 8% SI Ab0 3(s) 1550 114 (c) 

Fe, 0.4% C Ab0 3(s) 1520 105 (a) 
Fe,O 4% C AI203(s) 1570 106 (c) 

Fe, pure BN(s) 1550 112 Aratm (d) 
--

Cu 5102(91) 1100 148-134 vac ·He (d) 
CIJ BN(s) 1100 146 vac (d) 
Cu BeO(s) 1100-1300 140-122 Ar atm (d) 
Cu AI203(s) 1200 140 Ar atm. (d) 
AI T1B2(s) 900-1100 98 (d) 
AI BN(s) 850-1000 142 (d) 

(a) clted ln [251. (b) calculated from profiles ln FIg 37, (c) from [26], (d) from (27) 

To compute interfaclal propertles from sessile profiles, the Laplace equatlon of 

capillanty, a relation denved from thermodyr:amlc considerations ln 1805 to glve the 

pressure difference across a curved surface, may be used. 

(11 ) 

where y is the surface tension, and R1 and R2 are the princlple radll of curvature of 

the surface at the pomt consldered. For a sessile drop then: 

( 
l l 2y 

Y -+-)=-+pgz 
RI R2 Rf) 

( 12) 



Table 14. Surface tensions and interfdcial tensions of selected materials. 

Material Temp. (oC) y, J/m2 Comme-nts 

Fe (1) 1600 1.890, 1.842 (a), (b) 
Fe(l) 1536 1.872 (b) 
Fe(s) 1400 2.150 (a) 

AI203(1) 2050 0.690 (c) 
AI20 3(s) 1600 
AI203(s) 1475 0.930 (a) 

Si02(1) 1800 0.307 (d) 
Si02(gl) 1600 0.301 (c) 
Si02(gl) 1500 0.298 (c) 
Si02(gl) 1470 0.296 (c) 

820 3(1) 1400 0.097 (c) 
820 3(1) 1300 0.094 (c) 
820 3(1) 1200 0.090 (c) 

Fe(l) 1 Si02(gl) 1550 0.94 (t) 
Fe(l) / AI203(s) 1550 2.38 
CU(l) / Si02(gl) 1100 1.4-1.2 
CU(I) 1 AI203(s) 1100 1.93 

(a) cited ln (25), (b) ln (3), (c) ln (26), (d) ln [28] 

(t) Interfacial tensions are calculated by Young-Dupré equation at a three phase boundry: 
Y',2 + Y',3 + Y2,3 = 0 On a fiat refractory substrate, neglecting the effect of gas phase, the 
equation becomes. YM,R = YR - YM Cos 9M.R,G 
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where z is the vertical height, measured from the top of the drop, Ro is the principal 

radius of curvature at the top, and Rl and R2 are both functions of z. Numerical 

solutions of Eqn. 12 have been developed to obtain surface tension and contact 

angle data from measured coordinates of points P(x,z) on the sessile profile. In one 

such method, developed at the University of Toronto, coordinates could be entered 

from an arbitrary origin, and for optimum results, properties were obtained from a 

least square fit profile [29,30]. This procedure was used ta obtain the related values 

in Table 13. A sample of the fitted profile for Fig. 37C (Fe, 5%8, 3%Si steel), with 

measured data points super-imposed, is shown in Fig. 38. Since the photographs of 

the profiles were taken at room temperature, the measurements did not account for 

the 10% volume change from the molten state, some of which presumably remained 

as porosity within the metal. 
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Profiles of sessile steel drops on a slllca glass substrate From left ta nght, 
and m deseendmg order: (A) Armeo Iron, (B) Armeo Iron wlth 400 ppm AI, 
(C) Fe, 5% B, 3% SI, (D) Fe, 4% B, (E) Fe, 18% SI, 6% B (F) Fe, 18% SI 
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4. 2. o. 2. 4. 

X(mm) 

Calculated profile and the measured data points for Fe, 5% B, 3% Si steel 
{Fig. 37C). 

From the tables, it is clear that boron additions made the steels less wetting with 

respect to silica. However, this is not unique, silicon additions also made the steel 

less wetting towards silica, and baseline deterioration was observed in the eutectic 

silicon steels. At this point, it was felt that more interfacial data between metal {Ml. 
orifice wall refractory (R), and inclusions {Il were necessary to make a cntlcal 

assessment of the effect of interface properties on the baseline stability of LiMCA 

and to test the hypothesls that inclUSion 1 onfice wall Interaction was the cause of 

baseline instability. An observation supporting the m€chanlsm of orifice 

detenoration to be an inclusion 1 orifice wall interaction, IS the fact that the boron

silicon transformer steel can be directly cast through thln (50 pm) slits Into stnps 

wlthout any clogging, whlle the presence of alumlnum ln this steel Impairs LiMCA's 

operation, owing to the formation, no doubt, of solid inclUSions, non-wettlng to the 

steel. 

Interfaclal data of thls nature must also be important ln explalnlng inclUSion 

removal mechanisms ln steel filtration, ladle nozzle 1 tundish metering valve 
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Fig. 39: CaO-A1203 phase dlagram [31 J. 

blockages, the physical removal of inclusions by refractorles, top slag, tundish welrs 

and dams, and the growth of inclusions by coagulation leading to macro-inclusions. 

6.4 Conclusions and Suggestions for Future Work 

It has been possible to operate LIMCA at hlgh temperatures, and to monitor 

macro-inclusion levels in boron containlng steel melts For other chemlstnes, the 

present work did not succeed in reduclng the "nolse" ln the observed basellne 

stabllities in order to allow meantngful measurements. This basehne Instabliity has 

been shown to derive from physical detenoratlon of the onflCe (see Part 1, Section 

3.5.3). It is therefore hypotheslzed that Interface propertles between InclusIons, 

steel melt and the orifice wall must be largely responslble ln bnnglng thls about, but 

It has not been possible to support thls because of InsuffiClent InterfaClal data 



"---

105 

As an addendum to this work, It IS noted that the steel melts were prepared 10 an 

induction furnace where, while taklng lIMCA measurements, the power had ta be 

turned off, causlOg the melt to undergo coolmg at a rate of 10-15 oC/min. Wlth 

decreaslng temperature, the solublllty products of oXldes 10 steels also decrease, and 

thls results 10 the nucleatlon and growth of new oXldes. If oXldes are non-wettlOg to 

the metal, then some of thls growth would take place at refractory surfaces, 

IOciudlOg the surfaces close to the senslOg zone. Therefore, taklng measurements 10 

a large reservolr of metal, such as a tundish, where temperatures remaln steady, 

WOl.o:J be expected to help LIMCA's operation. 

An Interesting case for future work would be to test the LIMCA probe, in calcium 

treated steels When calcium sllicide is successfully injected into steels, Inclusion 

morphology changes, and alumina Inclusions become molten calcium alumlOates 

(Fig. 39), and nozzle / metering valve blockages are greatly reduced. This, therefore, 

would be expected to favour LiMCA'soperation. 
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PART 3: APPLICATION OF LiMCA TO LlQUID COPPER AND ITS ALLOYS 

1. INTRODUCTION 

Copper and its alloys form another high temperature metallic melt system of 

industrial importance where application of LiMCA would be useful. Although 

information on the effects of inclusions are much less documented ln copper alloys, 

their presence would be expected to cause problems ln forming operations and 

structural applications, as ln steels. 

III the unalloyed state, the presence of oxygen in molten copper causes copper 

oxide (CU20) inclusions to form after solidification. With regards to inclusions in 

copper, it IS thls phenomenon that has received the greatest attention in ASTM 

specifications for copper metal. One way to remove oxygen from copper is via 

reductlon by hydrocarbons. Subsequent electrolysis to produce oxygen free copper 

provides a metal that has low dlssolved, and Insoluble particulate, residuals. 

Another way to remove oxygen IS to use deoxldants such as phosphorous, where the 

deoxidized copper Invanably contains the balance of the dissolved deoxldizer. In 

both cases, If the oxygen is not reduced sufflciently (theoreticallv to below 10 ppm) 

C1.lpraus oXlde forms, and its susceptibility ta further reduction within the structure, 

during annealing or welding, causes internai voids. This IS the major cause for 

hydrogen embrittlement. In bath types of copper, standard procedures have been 

established ta check for the presence of CU20 partlcles [1 J. Slnce this oxygen will be 

dissolved in molten copper, an oxygen probe would be suitable to check Iiquid metal 

quality priorto solidifICation. 

When the more reactlve metals are used, for the purposes of alloying or 

deoxidatlon, naturally some metal oxide particles remain as indigeneous inclusions 

in the melt because of incomplete physical separation. LiMCA would then be useful 

in detecting their number density. However, the presence of these particles would 

seem to be of a lesser concern slnce only one ASTM specification (for very thin foils) 

describes a procedure to check for inclusions other than CU20 [2]. 
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ln general, the deletenous effects of mcluslons on mechanlcal propertles IS 

magnlfied when the base metal becomes stronger, smce at hlgher loads, decoheslOn 

of inclusions from the metal matnx, leadmg to vOId formation become the major 

cause for weakr,ess. This IS probably why the effects of inclusions are mu(h less 

documented ln copper alloys than ln steels Nevertheless, the presence of inclusions 

do cause a reductlon m the mechanlcal propertles of hlgher strength copper alloys, 

su ch as those that are heat treatable via solution treatment and preCipitation 

hardening. Although ASTM speCifICations do not cali dlrectly for non-metalllC 

inclusion determinatlon, It IS necessary to control the macro-mcluslon contents ln 

order to be able to attaln the speCifled levels of ductdlty (determlned by tWist and 

bend tests), and fatigue strengths (opper alloy manufacturers, aware of the 

problem, have devised methods to quantlfy macro-inclusion levels ln thelr alloys 

One su ch method for copper - beryllium alloys has been referred to ln Chapter 3 

2. PRELIMINARY WORK 

To design a LiMCA probe for copper melts, It was deCided to use electrolytlc 

copper in the prelimmary work' Owing to ItS low oxygen anc.. low partlculate 

content, It was expected that thls would cause mmlmum mterference wlth the 

electrodes ~nd orifice. To find a sUltable electrode system, copper ln the form of 

sUitably cut cathode plates was melted m silICon carblde cruclbles, m an electr/C 

reslstance furnace under a charcoal atrnosphere, and deoxldlzed further wlth copper 

phosphorous (Cu, 15% P) shots for mdependent electrode tests (see Part 1, Section 

3.5.1). Since molten copper can dissolve a larg~ amount of oxygen, and thls oxygen 

IS hlghly active,(see Fig. 1), the control of dlssolved oxygen was important for the 

successful operation of the electrodes. Among the varlous electrode materlals tned, 

graphite, steel, and molybdenum gave erratlc performances wlth regards to 

"baseline stablllty", because of oXldatlon at pOints of electncal contact This 

oXldation resulted from changes ln the oxygen potentlal of the melt wlth tlme The 

more noble metal, nickel was found to operate rellably ovel an Indefmlte penod of 

tlme. Although nickel IS fully misCible wlth copper, formlng complete solld and 

Ilquid solutions (see Fig. 2), rapld dissolution of the nICkel rod electrode was avolded 

by placmg a refractory shleld around ItS side Whlle molten copper and nICkel have 

similar denslties, molten copper ln equllibnum wlth solld nickel IS probably sllghtly 

Iighter than pure copper. Table 1 glves thelr estlmated respective densitles at 1150')( 
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Fig. 1: (A) Cu-Q phase diagram [3], (8) temperature vs. oxygen potential for copper 
and other metals of interest . 
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Fig. 2: Cu-Ni phase diagram [6]. 

and 1200°C, assumtng the excess volumes of mixing to be zero. Hence, natural 

convection mside the protectlve refractory shield was IImlted, and the kmetlcs of 
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Table 1. Denslties (kg m- 3) of pure copper and molten copper nickel alloy ln contact 
wlth pure nickel (1). 

Temperature, Cu NI Molten Cu-Ni Alloy ln 
"C Contact wlth Ni (2) 

Il, kg m- 3 'C 1 -0803 -1 103 

[3, kg m·3 oc 2 067 x 10-3 081 x 10-3 

1083 8030 
1150 7980 8160(3) 8000, XNI = 0.11 
1200 7940 8080(3) 7970, XNI = 024 
1423 7770 

(1) Densltles of pure Cu and NI at thelr m p , and the temp coeff of denslty, G, are from (4) p is 
estimated from l/V (àVlànp==Const./T[4) cIS/dT =a + P(T- Tm) 

(2) Valloy = )CCu vCu + KN/ vNI + vE where vE is taken to be zero v E IS expected to be positive slnce 
vE = (iJgElàP)r,lf, and gE>O (yON/(/) = 222 [5]), and (àgElàP)r,IC,>O, since condensed phases become 
less Ideal wlth Increaslng pressure. 

(3) Supercooled liquld 

nickel transfer from the dissolving electrode tip was governed by diffusion through a 

stagnant liqUid layer of underlying copper melt. Protected in this way, extended 

electrode tips, at the end of an experiment at 1100-1200°C, were fou nd to have 

dissolved only slightly into their respective shields. Curiously, molten lead, whose 

dissolved oxygen is nearly as active as that of copper, did not present a special 

materrals problem with regards to electrodes, and the use of steel electrodes in lead 

was satisfactory. This is most likely because the solubllity of oxygen in molten lead at 

ItS melting point IS only 5 ppm [6]. Therefore, oxidation is limlted bec~use of a 

depleted oxygen layer, and a slow supply of oxygen to the electrode. 

Silica glass sampling tubes, similar to those used in low melting point iron alloys, 

were used for copper melts. Molten copper samples were aspirated usmg a gauge 

vacuum of 20-30 kPa, through LiMCA orifICes measuring 250-300 pm. Under a 

samplmg current of 60 amperes, a moderate concentration of reslstlve voltage 

pulses above a threshold value of 20 llV could be detected and counted. Signal to 

nOise ratio," these expenments was particularly good, background nOise was 

measured to be 3-511Vwlthin a 0.5-5 kHz frequency band. 
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Trace of a voltage pulse durmg the passage of a 42 llm partlcle entramed 
in .:opper, and passmg through a 280 llnl onflce set m sllica tube 

Vertical displacement: 50 llV/div , tlme scale: 1 ms/div. 

Oimensional stability of the orifice was found to be very good. As the SEM 

micrograph ln Fig 13A shows, there was no eVldence of chemlcal attack on the 

sensing zone. 

Figure 3 shows a typical oscilloscope trace of a resistive voltage pulse, whlle the 

bar charts m Fig. 4 show measured inclusion populations already eXlstmg ln the 

copper melt. A convenient way of ratmg metal quality by limca, is to quote the total 

number of inclusions grl?ater than a certam size. In this regard, N20 and N25 ln the 

bar charts correspond to the total number of partlcles greater than 20 and 25 

microns respectlvely, per kg metal. In a typlcal measurement, data were acqUired ln 

steps of 30 second penods of sampling, the sample volumes belng estlmated from 

measured discharge coeffiCients of such onflces ln molt~n ZinC (see PART 2, Section 

2.2.1). Fig. 4 indlcates a sharp decline m the population denslty of inclusions wlth 

increaslng slze. This was typlcal ln copper melts, inclUSion population densltles, 



Fig.4 

• 
>-. 
~ -(J') 

z 
UJ 
Cl 

'" z 
c -~ 
Cl: 
...J 
:JN 
0-
C 
0-

UJ 
...J 
U .... -~ 
a::: 
CI: 
Cl.. 

-

-

-

-

PURE CClPPER 
AEMELTED CRTHODE PLRTES 

D N20 

~ N25 
-

poo-

.--

~ ~ ~ 
r , 

5 la 15 
rIME. MINUTES 

118 

20 

Inclusion population densitles '" molten copper measured by Limca 
(thousands per kg) vs. melt holding tlme (minutes). N20 and N25 refer to the 
number of inclusions greater than 20 and 25 pm respectlvely. Therefore, the 
white area ln the bars are the population density of inclusions in the size 
range 20-25 pm. 
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monitored above a threshold detection level of 20 llV, were quite sensitive to the 
size of orifice used. 

3. EXPERIMENTS IN COPPER - BERYLLIUM AlLOYS 

3.1 Introduction 

Copper rich berylilum alloys are heat treatable, and have important industnal 

applications. In the precipitation hardened condition, they are the highest strength 

copper alloys. Figure 5 shows the copper - beryllium phase diagram, where up to 

2.7% Be is soluble in copper. Referring to Table 2, the strength of Alloy 3 IS 

comparable to high strength stainless, and maraging nickel steels. rhe combmatlon 

of good mechanical propertles (high tensile and fatigue strengths, retained at 

moderately elevated temperatures (85% at 3000 (», together wlth good corrosion 

and wear resistance and hlgh thermal and electrical conductlvlty, make these alloys 

particularly useful in those field applications where hlgh demands are placed on the 

materials of construction. These IOclude drill collars used ln 011 and geologlcal 

drilling, aircraft bearings, electrical current carrying springs and a number of other 

electrical fixtures [7]. 

ln most applications of these alloys, fatigue strength is an Important component 

of their combined set of properties. The inevitable presence of beryllia particles 

within the alloy matrix can reduce fatigue life. It can also give rise to surface def(~cts 

in thin sheet and strip products. A reduction in the number density and size of oXlde 

inclusions should therefore Improve fatigue performance as in other alloy systems. 

While no published information of a quantitative nature is avallable, the copper 

industry, aware of the issues, has devised quahty assessment procedures simllar to 

those performed by the steel industry. These procedures are based on a 

metallographic exam!nation of standard samples, to charactenze the inclUSion 

content of a given batch of melt produced. 

'3.2 LiMCA vs. Metallographic Measurements and Discussion 

Table 2 provides information in regard to the chemlCal compositions and relevant 

physical propertles of the copper alloys used in these LiMCA experiments. In view of 



f 

1l 

120 

~I % 8. 
·c a la èO JO 40 45 sa S4 58 6l 66 68 
1100 

_,08]° 

1 
L"ll/Id --.J --- - /1 9JJoC ",'" , --. --- -"\1 

800' ----~ 
1 
1 1 

lOO 

600 

1 

l 
i 

1 

1 
1 1 1 

400- - - , ----l------i-
1 , ! ! 

1 1 
JOO -

0 S 10 15 lO 
Wt%8. 

Be-Cu 

Fig. 5: Cu - Be phase diagram [6]. 

the higher resistivities of these alloys versus pure copper, the applied current was 

reduced ta 40 Amperes, ln arder ta avoid excessive heat generation wlthin the 

sensing zone. 

Initiai experiments with Alloy 25 showed that orifices smaller than 300 pm 

tended to block, while those greater than 400 pm did not register a slgnlficant 

number of peaks for the volumes sampled. The decision was made to use orifices 

measuring 300-320 pm in diameter for these alloy melt5. 

At the start of sampling, an unduly high electronlC nOise would be notlced ln 

these melts. It5 source was traced ta senslng zone detenoration, posslbly caused by 

partlcle entrainment around the orifice entry. Passing a high current pulse (-200 

Amps) by shortmg the ballast resistance was found ta be beneflClal in recovering the 

reference basehne trace ta the reqUired, and expected, low levels of electronlC nOise. 
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Table 2. Chemlcal composition and the physlcal propertles of the Cu-Be alloys used 
ln LIMCA expenments(1) 

Propertles Pure Alloy 3 Alloy 25 Master Pure 
Copper Alloy Beryllium 

Be 0.35 1 8 3.6 100 
Co - 022 0.01 

Chemlcal NI 1.6 008 0.03 
Composition, Fe NIA 0.11 008 

wt% SI NIA o 10 0.12 
AI NIA 006 0.03 

Mechanical YS. 50 550 1070 240 
Propertles, U.T.S 210 700 1200 310 

MPa F S.t 110tt 210 250 
% el. 50 10 7 10 

Meltlng POint 1083 1000-1070 870-980 (864-900) 1283 or Range, oC 

Denslty, 20°C 8960 (8830) 8360 (7830) 1848 
kg/m3 Llquid 8030 (8020) 8024 (7750) 1690 

Resistivity, 20°C 0017 0.069 0.101 o 140 0.033 
pnm 1100°C 0.212 0.43 0.45 (0.45) (0.45)* 

(1) Data for pure metals are from [61. for Cu-Be altoys, from (7). Figures ln parantheses refer to 
estlmated quantltles 

t Fatigue strength, 108 cycles ft 30% cold worked condition 
* At Its meltlng pOint 

Figure 6 shows the measured number densltie4i of BeO partlcles versus tlme. Each 

measurement corresponds to a data acquisition period of Sixt Y seconds and contains 

an estimated sample mass of 68 grams. The figure glves a clear Indication of the 

increase ln the number density of partlcles caused by disturbmg the metal surface 

with a graphite rad. Inclusion population densitles dropped after prolonged penods 

of rest, confirming the Importance of melt hydrodynamlcs and the avoldance of 

surface dlsturbances. 

To obtam corollary information to LIMCA measurements, samples for 

metallographlC analysls were obtained at the pOints Indicated ln Fig ure 6 The 

mICrostructures ln Fig. 7, taken from the stlrred and settled melts, respectlvely, 

conslst of pnmary grains, a IIght grey Interdendntlc area, and darker, angular or 

scriptlike partlcles. These partlcles are the complex cobalt-copper-nlckel berylllde 
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Fig.6: Variation of inclusion population densities in Cu-Be Alloy 25 versus time, 
before and after stlrring. N20 and N25 refer to the number of inclusIons 
greater than 20 and 25 llm respectlvely. 
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intermetallic constituent. In color, the Intermetallics appear bluish-grey and are 

therefore easy to distlnguish from oXlde particles (see Fig 8). Both sets of 

microstructures exhlbited the same essentlal features, but the stlrred melt had many 

small beryllides, whereas the settled melt had fewer but larger, mtermetalilc 

particles. This observation would point to a reduction in thelr rate of nucleatlon. At 

higher magnification, the stirred sample, seen in Fig. 9, contams a partlcle belleved 

to be an oXlde, measuring approximately 4pm across. As seen, this partlcle IS near a 

triangular intermetallic beryllide. Figures 10 and 11 show scannm9 electron 

micrographs of typical beryllide Intermetalilc partlCles and beryllium o)ude 

inclusions, together with their energy dispersive chemlcal analysis. Since EDAX can 

estimate concentrations of those elements whose atomlC numbers are greater than 

10, the absence of major constltuents (Be and 0), make the reactlve elements the 

only noticeble elements in the composition of oXlde inclusions. 

To obtain an oXlde cleanness ratmg, prepared surfaces of 730 mm2 were scanned 

at 100x magnification for oxide partlcles or clusters whlCh measured greater than 10 

pm across. When found, they were accurately slzed and examined at 400x 

magnification, and were accumulated in three slze mtervals: 10-25 l1m, 25-40 !lm 

and greater tt,an 40 pm. Both samptes, taken from the stlrred and rested melts were 

rated as class 1, which meant that they contained less than 3 partlcles in the size 

range 10-25 pm. In order to compare the LiMCA counts wlth the metallographlc 

results, the volume size distribution was converted Into an area distribution using 

the following relationship (see Part 2, Section 5.3): 

(4) 

d was taken to be the larger diameter in each size mterval, hence 9lVln9 an 

overestimate in LiMCA counts per 730 mm2. Even then, the results agreed wlth the 

metallographic counts, as shown in Table 3. Furthermore, LIMeA, oWlOg to its large 

sample volume size, was able to discrimmate between the two samples, whereas 

metallography gave the same rating_ Also, Table 4 shows the relative frequencles of 

beryllide vs. oxide particles in Alloy 25. The counts for beryllides were taken ln 

McGill, initially considering them to be the sought after inclusions. As seen, 3-4 
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MICrostructures of samples taken from (A) stlrred and (8) settled melts of 
Cu-Be Alloy 25, showmg the primary grains (doml nant 9 rey area), an 
Interdendritlc phase (light grey area) and the complex intermetalilc 
constituent (dark, angular partlcles). 
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Microstructure of the stirred sample ln colour, at a hlgher magnlflcatlon 

orders of magnitude difference eXlsts between the relative frequencles of beryllide 

vs. oxide partlcles. Although the large beryllides (termed the degenarate phase) are 

not partlcularly harmful to properties, It would be preferable to have them as fine 

precipitates within the matnx, contnbuttng to the strengthenmg mechanlsm The 

content of the much fewer oXldes, on the other hand, IS the subJect of a quallty 

control procedure. In the auther's OpiniOn, tnterfaclal propertles between a glven 

phase and the metal matnx play the major role ln determlntng why one phase 15 

particularly more harmful to mechanlcal propertles than another ln our example, 

for Instance, the fewer oXldes, crystallograph Ically bemg much less coherent than 

beryllides, will be the preferentlal sites for crack nucleatlon and decoheslon 
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Scanning electron micrograph of a sample drawn from Alloy 25 showing 
one inclUSion particle (irregularly shaped dark particle ln the upper 
portion) and one beryllide intermetallic (tnanyular particle below, appears 
bluish-grey ln color). 

LIMCA measurements similar to those in Alloy 25, were also made in master alloy, 

and Fig. 12 compares the two size distnbutlons obtained within a four minute 

mterval. 

3.3 Stability of Silica Glass in Cu-Be Alloys 

Beryllium has a strong affinlty for oxygen, the oxygen potential of ItS oXlde 

ranklng near to that of calcium. Although no thermodynamlc data for dissolved 

berylltum ln molten copper IS avatlable m the Iiterature, a strong negative devlatlon 

occurs ln ItS solld solutions; an actlvlty coefficient less than 5x 10-4 has been 

suggested for dllute solutions at 800°C [8] Acceptmg even thls low value, a few ppm 

Be dlssolved ln copper should be thermodynamlcally sufflClent to reduce the sllica 

glass to silICon, dlssolved ln the melt. The chemlcal stabliity of the slllCa m Alloy 25 

1 
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Table 3. Comparison of Llmca counts vs. metallographlc exammatlon for o)(lde 
inclusions(1). 

Stlrred Rested 

Limca Counts Llmca Counts 

Size 
Metallography Metallog raphy 

per6a per730 730 mm 2 perG8 per 730 730 mm2 
Ranges grams mm2 grams mm2 

20-25 646 1.00 <3 155 023 <3 pm 

25-40 227 0.55 21 0.05 - -pm 

> 40 6 0.01 - - - -pm 

(1) Metallographie exammatlon IS by the eourtesy of Brush Weil man Ine The flrst me range for 
the metallographlc counts IS 10-25 pm 

Table 4. Relative frequencies of beryllide vs oxide partlcles. 

Stirred Rested 

Beryllides Beryllides 
Oxides, per Oxides, per 

Size per24 per730 730 mm2 per24 per730 730 mm2 
Ranges mm2 mm2 mm2 mm2 

10-25 176 5353 <3 25 760 <3 pm 

25-40 15 456 57 1734 - -
pm --

> 40 11 335 48 1460 - -pm 

was, however, found to be excellent. Figure 13B shows an orifICe wlth an initiai 

diameter of 310 }lm, after an expertment. Its dlmenslonal stabtlity was not affected, 

although the surface appeared slightly etched On wlthdrawmg the tube from 
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molten metal, one could peel a metal-iike foil from the silica surface quite readily, 
while underneath, the silica did not appear to have been affected by its contact. 

Results with master alloy were similar, but Alloy 3, containing less beryllium, 

attacked the silica quite severely, and measurements were not possible. It is 

probable that a protectlve layer of BeO forms on silica above a critical Be 

concentration, while below thls concentration, the next stable compound, beryllium 

orthosilicate, 2BeO'Si02, may form and not provide the same level protection. The 

data in Table 5 can be used to estimate the stability of BeO, 2BeO'Si02 and Si02 in 

Cu-Be alloys. Fig. 14 gives the BeO-Si02 phase diagram, which shows the three 

components to be mutually insoluble at the temperatures of LiMCA measurements, 
1050-1150°C. Accordingly, when two adjacent oxides are in equlibrium, their 

activities will be unity. From the estimated equlibrium constants, K8 and Kg, critical 

Be activities at 11 oooe can be calculated to be: 

Si0
2 

isstable 

2BeO· Si02 isstable 

BeO is stable 

Since equilibrium constant K2 is a gross extrapolation at 11000 e, the above 

constants may be regarded as a matter of guidance for an order of magnitude 

analysis. Nevertheless, the analysis shows that: 

i. A little Be should be sufficient to reduce Si02 to Si (Be activity in contact with 

pure SI/Si02 can be calculated using vos. = 0.01 [5], hs, = 100/yOS; = 10 000, hence 

hse= 0.03). 

ii. Beryllium orthosilicate is stable over a limited hBe·hSi"f product range. 

Beryllium and silicon activities are not necessarily the bulk activities, but rather 

activities at the reaction site, which may be quite different. Referring to Fig. 15, 
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Table 5. Data used ta compare stability of beryllium oXlde, berylhum orthostllcate, 
and silica, on silica glass surface, m contact wlth Cu-Bit alloys(1) 

, Reaction Log K, 

1 <Be> + 1/2 (02) = <Bea> + 31 790 / T - 5 1 

2 < Be > = Be{cu} [3 540/T + 1 1S1 t 

3 Be{cu} + 1/2 (02) = < Bea> 28250/T-625 

4 <SI> + (02) = <Si02> +47413/T -9 2 

5 <SI> = SI{Cu} + 634/ T - 3 21 

6 Si{cu} + 1/2 (02) = <SI02 > + 46 780 / T - 12 4 

7 2 <Bea> + <Si02> = <2 BeO'Si02> + 570/ T - 9 2 

8 2 Be{cu} + 2 < SI02 > = SI{Cu} + < 2 BeO,SI02 > 10290/T-047 

9 2 Be{cu} + <2 BeO'SI02> = SI{Cu} + 4<BeO> + 9 1 50 / T - 0 27 

(1) < solid >, {liquid}, (gas at 1 atm) == pure compenent st states, ~ == 1 wt% st state KI te K 7, 

except Kz, are from [4]. 

t From 't ose = 5 X 10-4 at 800°C USlng regular solution apprOXimation, hse = RTln(y'Be) may be taken 
as constant Then, Log K2 = -To Log(y'8e)IT - Log(McJl 00 Mse) where To = 1073"K 

once the product layer forms on the surface of the sllIca, copper metal must 

physically penetrate or the solutes Be and Si must diffuse through the layer, to bnng 

Be to, and to remove SI from, the reactlon site If a thm, coherent film that IS 

Impermeable to elther Be or Si forms, the reactlon will cease If the oXIde film IS 

permeable, the reaction Will continue, and the film will break up penodlcally, to 

accomodate volume changes, thereby allowmg Cu alloy to penetrate further to the 

reaction site. 



130 

Fig. 10: Scannmg electron mlcrograph and c"emlcal compositions of beryllide 
mtermetallic partlcles, as determined by EDAX. The figures in the box 
represent wt. %, the composition of Be was deduced by balanc.e. 
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1( II. 
ELEMENT I.X./I.S111. II. .RAI ID CONCFN. ELEMENT I.X./I.STll. II..RATIO CONf:EN. 

FE 0.1147 0.0349 o.o:lt:n FE 0.1160 0.0:.\!l1 0.0:\\1>7 
CR 0.0006 0.0004 0.I)On:\4 CR 0.0004 0.0002 0.000:'0 
CO 0.3ROI 0.3801 0.J:lt"5 CO , 0.37311 0.371" O.~44R3 
SI O.O9;!0 0.1)1 08 O.OIf1t\ SI 1 0.0926 0.Ot09 0.0191.' 
AL 0.0001 0.0000 0.00(110 AL 1 0.0001 0.0000 0.00(1(1:, 
HO 0.0000 0.0000 0.00003 HO 0.0000 0.0000 0.00000 
AS 0.0005 0.0001 0.00043 AS 0.0000 0.0000 O.OOClOO 
9 0.0017 0.0005 0.00065 S 0.0022 0.1l007 0.000"4 
P 0.0006 0.0001 0.00014 P 0.0007 0.0001 0.00017 
TI 0.0000 0.0000 0.00000 TI 0.0000 0.0000 0.00000 
SN 0.0000 0.0000 o.ooaoo SN 0.0000 0.0000 0.00000 
CU 0.9921 0.3t47 0.1299:) CU 1.0173 O •. 1217 O. J.1IVO 
NI 0.1038 0.0780 0.074R" NI 0.10UI 0.076~ 0.07.n9 
ZH 0.0000 0.1l000 0.00000 ZN 0.0000 0.0000 0.00000 

TOTAL 0.81969 0.80759 TOTAL 1 0.81999 0.ROi'~9 

ITERATION 3 ITERATlON :3 

Micrograph 1 

K K 
ELEMENT I.X ./1 .STll. 1'. .RATIO COHC:FN. ELEHENT I.X./I.Slll. K.RATIO CONCf:N. 

FE 0.1150 0.0349 o .0:H.J7 FE 0.1064 0.OJ23 O.O'YOO 
CR 0.0005 0.0003 0.00019 CR 0.0001 0.0001 0.00004 
CO 0.3598 0.3599 0.32942 CO 0.3746 0.:174" 0.34;1'" 
SI 0.0837 0.0099 O. 016~l3 SI 0.0845 O.OtOO O.O'M,'i 
...;'- ".~"Ii" J. !JOI}J \).0(1\1011 AL 0.0001 O.OOOt 0.000" 

"" t'. (\1'(1<' ". ,'(' .. ',' t' oI'<'t' (1 t' HO 0.0000 0.1)000 O.OOnnn 
AS t.'l.,,"'!'" .......... "" \1. lllhltl ll.OOIHlO A9 0.0000 0.0000 0.000(10 
9 0.0019 0.000:5 0.000"., S 0.0019 0.0006 0.000/;> 
P 0.0016 0.0003 0.000:17 p 0.0003 0.0001 O.OO(IOR 
TI 0.0000 0.0000 0.00000 TI 0.0000 O.OnOO O.OOnOO SN O.OOGO 0.0000 0.00000 SN 0.0000 0.0000 O.noooO 
CU \.0640 0 ... 375 0.353:''' CU 1. 1157 O •. 1:539 O. '1/1)0.1 
NI 0.1010 0.0759 0.01''''' NI 0.0954 0.07Hf 0.06H"7 
lN o ,()004 0.0002 O.OOO:':ï IN 0.0000 0.0000 0.00000 

lOTAl 0.01943 0.1)04"2 TOTAL 0.84329 0.92906 
In:RATlnN 0 ITERATION 3 

MlCrograph 2 

Fig. 10, continued: Energy dispersive X-Ray analysis of four mtermetadlc partlcles. 
including the two shown in the mlCrographs of the prevlous page 
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Partlcle Co Cu Ni Fe SI Be 
No. 

1 35 33 7.5 3.1 1.8 19.2 
wt% 2 34 34 7.3 3.2 1.8 19.2 

3 33 35 7.3 3.1 1.7 19.5 

4 34 37 6.9 2.9 1.7 17 

1 17 15 3.6 1.6 1.8 61 

mol% 2 16.5 15.3 3.5 1.6 1.8 61 

3 15.9 15.7 3.5 1.6 1.7 61.6 

4 17.6 17.8 3.6 1.6 1.7 57.6 

Cos Cus Ni Be17 17.9 17.9 3.6 60.7 

Fig. la, continued: Summary of the chemlcal compositions of the four analysed 
particles, showing them to be complex cobalt-copper-nlckel-beryllides of 
the composition Cos eus Ni Be17. 
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Fig. 11: Scannmg electron mlcrograph and chemlcal compositions of berylilum 
oXlde partlcles, as determmed by EDAX. The figures ln the box represent 
wt.%. 
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Scanning electron mlcrograph of sllica orifices after Llmca expenments and 
after any adhering metal had been dlssolved ln aCld, (A) 260 ~m onfice ln 
copper, (B) 310 pm orifICe ln Cu-Be Alloy 25 
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Fig. 15: Reduction of Si02 by Be{cu}. 
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4, CONCLUSIONS 

Non-metallic inclusions in high strength copper alloys have been known to be 

detrimental to mechanical properties. A LiMCA probe was developed and used in 

Cu-Be alloys to measure the frequency distribution of beryllia particles, and the 

results compared favourably with the industry's standard metallographic count. In 

determining primary inclusions for quality control and process control applications, 

LiMCA would offer the advantages of increased precision (Iarger volume sample) 

and speed over the conventional metallographic methods. 

The stability of the silica glass sampling tube and the orifice was found to be 

good in alloys containing 1.8% or more Be. This was attributed to the formation of a 

protective oxide layer on the surface of silica glass. 
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PART 4: APPLICATION OF LiMCA TO lIQUID MAGNESIUM AND ITS 
ALLOYS 

1. INTRODUCTION 

ln structural applications, magneslum alloys are used ln movlng structures where 

Its strength to weight ratio is important. This accounts for some 16% of the total 

magnesium consumptlon (1987). Of the manufactured alloys, 70% IS used ln the 
• 

form of pressure die castings, and presently thls field has been growang at a rapld 

rate of 24% per year an North America (4 800 to 11 300 tpy dunng 1983-87) 

Advances that brought about hot-cham ber die castang, fluxless meltlng, and extra 

corrosion resistant alloys have made magneslum die castings more attractive, and ln 

some applications, such as parts for computer hardware, made them even 

competitive to plastics. Table l shows the trend in the structural uses of magneslum 

ln recent years. In splte of its greater present potentlal {greater product Integnty 

wlth reason~ble cost as a result of the new developments), the predlCted 

breakthrough ln the use of die-casting alloys has becn tempered by the slower 

growth ln Europe, partlCularly ln Germany, where the car manufacturer Volkswagen 

removed the Beetle, the greatest user of magneslum die cast parts, from the 

assembly 1 i nes early ln the decade [1] 

Table 1: Structural uses of magneslum ln recent years, ln 1000 tons [1]. 

1984 1985 1986 1987 1988 1992 

Die Casting 30.4 29.7 28.8 26.6 27 34 
Sravity Cast 1.3 1 2 1 6 1.8 2 2 
Wrought 6.6 48 54 84 10 8 

Total Structural: 383 357 35.8 368 39 44 

World Mg Metal 216 224.8 226.4 236 242 263 Consumptlon 
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Fig. 1: Corrosion rate vs. iron content in magnesium alloy AZ91 [6]. 

Inclusions typically encountered in magnesium al/oys are either non-metal/ic in 

character, such as those orlginating from salt fluxes [2], or are metallic, and origlnate 

through the precipitation of dissolved iron, nickel, or copper impurities [3-5]. The 

most documented effect of inclusions ln magnesium al/oys IS a reduction in corrosion 

resistance. WeI/ defined "tolerance limits" exist for the above metal Impurlty levels 

in magneslum alloys. When these limlts are exceeded, corrosion in chloride 

contammg test solutions greatly accelerates to unacceptable levels. Tolerance limlts 

were first shown by Hanawalt and co-workers ln 1942 [4], but for a long tlme were 

not Incorporated cntlcally lOtO alloy speCIfications. The results were re-evaluated 

and confirmed ln 1980's, whlch subsequently led to the development of corrosion 

resistant sand casting and die casting alloys [7,8]. From these latter evaluations, Fig. 

1 shows corrosion rate vs. Iron 1 manganese ratio ln both gravit y cast and die cast 

samples, Indicatlng a tolerance limlt for Iron. Table 2 provldes recommended 
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Table 2. Tolerance limits for iron, nickel, and copper (ppm), to prevent corrosion ln 
dlfferent magneslum metals [4,6, 7) 

Pure AZ91 AZ91 
Mg Die Cast Sand Cast 

Fe, max 170 50 or 50 or 
0.032 x Mn 0032 x Mn 

Ni, max 5 50 10 
Cu, max 1300 700 400 

Mn, min., % 0.15 o 15 

tolerance Ilmlts for Iron, nickel, and copper ln dlfferent magneslum metals The 

reason for thls behavlour IS not weil understood, but at least for Iron, It suggests that 

those metal preClpltates formlng ln hquld magneslum can become qUite harmful If 

trapped within the solid alloy. Alumlnum, for Instance, reduces the solubllity of Iron 

by forming Intermetallic preclpltates, and also reduces the observed tolerance Ilmlt 

for iron. Manganese, too, reduces the solubllity of Iron, but because of Its beneflclal 

effect on the Iron contalnlng Intermetallic partlCles, hlgher Iron contents can be 

tolerated with hlgher manganese. Therefore, the phenomenon IS rather more 

complex than can be explalned by a simple theory. It has been shown that the 

degree of dispersion of Iron partlcles (I.e. thelr number denslty) IS Important ln 

controlling corrosion rate [9]. Indeed, the scatter observed ln the corrOSion 

performance of magneslum alloys havmg slmllar Impunty levels, could weil be du(;> 

to the vanatlons ln the number denslty ef Impunty partlcles ln thls regard, LIMCA 

could provlde valuable information by measuring the number denslty of suspended 

particles in molten magnesium. In the next chapter, development of a worklng 

probe for magneslum IS outlined, and ln the followlng, LIMCA measurements made 

ln mdustnal alloys and thelr correlation to alloy propertles are presented 

2. PRELIMINARY WORK 

As Iron has a very limlted solublllty ln molten magneslUm (180 ppm at ItS meltlng 

point), it is commen practice to use equlpment made of steel to contam and 

manlpulate magneslum melts. Expectedly, steel would also be a good candidate as 
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electrode material. However, oWlng to magnesium's very low oxygen potential (see 

Fig.2), the second task of finding a chemically stable, electrlcally insulatlng, 

refractory material for the sampling tube proved dlfficult. 

1/2Fe)0. 

-600 

ë5 
E --. 
~ -BOO 
;; - 2/3820 ) 
C 
CI.I -0 
~ 

c -1000 CI.I 
C'I 
:>. 
)C 

0 

-1200~--~------~--------~------~r-----~ 

500 1000 1500 2000 

Temperature, oC 

Fig. 2: Oxygen potential vs. temperature, of MgO and other oxides of Interest. 

Approximately 6 kg of unalloyed magneslum was remelted ln a steel crucible, 

under a cover, with a protectlve gas atmosphere (C02, 0.6% SF6). During these 

LiMCA expenments, the melt temperature was matntatned at 700 ± , O°c. Once the 

cover was removed for probe insertion, a protectlve atmosphere could not be 

maintained, surface Ignition of the melt was then controlled by uStng a proprlety 

flux, M4 n. ,conslsttng of a mixture of halides. 
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2.1 Construction of the First LiMCA Probe for Magnesium 

Independent electrode tests (see Part 1, Section 3.5.1) showed that bare steel rods 

could be used as electrodes without any problem. For sampling tube construction, 

since molten magnesium dissolved ail borosilicate, aluminum silicate, and sllica glass 

tubes, boron nitride, a very stable material under reducmg atmosphere conditions, 

was chosen. The orifice was contained in an 8 mm BN insert, sUitably countersunk on 

both sides. This insert was screwed into the side of a sampling tube and cemented in 

place. Orifices as small as 220 }lm diameter were used. They exhlbited gCJod 

dimensional stability, as measured under a microscope before and after an 

experiment (± 10 pm). It was possible to aspirate molten metal samples in pure 

magnesium using a partial vacuum of only 4-6 cm Hg, and under an electric current 

of 40 Amperes. Fig. 3A shows the stabllity of the baseline tYPlCally achleved, 

together with an example of a resÎstive pulse obtained ln this metal. 

2.2 Effect of Electrically Conducti ng Partlcles 

As Intermetallic particles contained ln magneslum alloys have fiOlte electncal 

conductances, It would be anticipated that thelr resistlve voltage pulses would be 

lower than those predicted by eqn. 12, in Part 1, which strictly applles for an 

insulating partlcle. According to DeBlols and Bean [10], the followlng equation IS 

appropriate for conducting particles: 

~v = ~vtnS.partIC e. __ 1 
(
2-2k) 
2+k 

(1) 

where k is the ratio of the molten metal's resistivity to the particle's resistivlty. As an 

example, for iron particles at 650°C (PFe = 0.7 pa ml. in molten magnesium 

(PMg = 0.28 pa ml, k = 0.4, and pulse heights would be reduced by half However, 

the effect on calculatmg particle size from pulse helght information would be less, 

owing to the cube root relationship between the partlcle diameter and the signai 

voltage. In the above example, for instance, if iron partlcles were consldered as 

electrically Insulating, their size would be underestimated by only 20% of thelr 

actual size. 
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ln the following chapter, in convertrng pulse height information to particle 

diameters for the two dlfferent magnesium alloys, partlcles were treated as belng 

electncally msulatlng. This was necessary, not only because of a lack of information 

on the type of partie/es berng counted, but also because of the uncertalnty of 

whether the electnc field penetrates the mtermetalilc partlcles themselves ln 

LIMCA's flrst application to alummum, for mstance, TIB2'S, Indlgeneous partlcles 

formed ln molten alummum, were observed to behave ln the manner of msulated 

partie/es, although they were electncally more conductlng than alumlnum [11]. This 

IS not true for ail solld partlcles, however, alurTIinum crystals solldifyrng m molten 

alummum for example, glve negatlve peaks. 

2.3 Use of a Silka "mpling Tube in MagneSium 

Since samplin~ tubes made of BN were expenSlve, to reduce thelr cost, 40 mm 

dia., 300 mm long, 5 mm thick wa!l, Masrock n
• tubes were tried 10 the" place. Table 

3 glves the properties of Masrock TI, tubing. These were avallable ln t" thick walls. 

Table 3. Properties of Masrock TII tublng [17]. 

R.T. 100 400 800"( 

Chemical Si02 99.63 
Analysis, % AI203 0.25 

Po rosit y 11-25 

Denslt~, 
kg/m 

1840 

Coeff of linear thermal 0.4 x 10-6 
expansion, °(-1 

Thermal conductlvlty, 0.8 0.87 1.0 W/moC 

Heat cdpaclty, 1044 J/kg oC 

Thermal dlffuslvlty, 0.4 x 10-6 O.Sx 10-6 
m2/s 

To reduce the wall thickness to t", a water-cooled diamond core drill was rlgged to a 

lathe and the tubes were drilled to 30 mm ID. This was necessary, not only to have a 
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larger chamber volume, but also to keep the preheatmg tlme of the tubes ln the 

melt reasonably short. To prevent metal freezmg ln the tube, the flrst aSpIration was 

made after the inslde wall temperature of the tube reached the meltmg pomt of 

magneslum. Required preheat tlmes between Insertion of the probe and the start of 

sampling, were estlmated as follows. Slnce the Blot number for molten magneslum 

and a Masrock tube system 15 large (81 = hUk, h >4000 W/m 2 'e for molten 

magnesium under natural convection, L --~ 0.005 m, k = 1 W/m Je for Masrock "', 

hence, BI >20), the outslde wall may be consldered to have a constant wall 

temperature Considenng ,"side wall to be insulated, and solvmg for a si ab, for the 

typlcal superheats, with the ald of Helsler charts (8 vs. Fo): 

T - T LJ 650 -700 ± 10 
9= rnp = =007±OOI 

Tmelt-T-O 25-700±tO 

at 
Fo= - = l 2±O 1 

.) 
L~ 

Hence, the preheat times for different wall thicknesses were calculated ta be: 

Wall thlCkness 

Smm 
12mm 

Tlme 

1 mm. 
>5 min. 

During the preheating period, argon gas was bubbled through the onflCe ln 

order to prevent Its blockage, simllarly, prlor to probe insertion into molten metal, 

the tube's atmosphere was displaced wlth argon For argon dehvered at 5 pSI (35 

kPa), a 6 min. purge penod was sufficient to reduce the oxygen partial pressure to 

very low values. For a 200 llm orifICe, for instance, and assummg the worst possible 

case of complete backmixmg, partial pressure of oxygen remalnlng ln the tube (ould 

be calculated to be of the order of 10-6 atmospheres 

Although Masrock "' IS a glassy slllca Ilke fused sIIlca glass, It has an opaque, 

porous structure, and was not consumed by magneslum to any great extent oWlng 

to Its thlCk wall, and the budd up of MgO scale (Hound It The cost of a Masrock 'loi 
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sampling tube fitted wlth a BN insert for orifice was about COS 20 vs. S 500 for BN 

sampling tube fitted wlth a slilca glass extension 

3. EXPERIMENTS IN INDUSTRIAL ALLOYS 

The two casting alloys studied were ZE41 and AZ91, supplled by Haley Industries, 

Ontario. Thelr nommai compositions and melting (liquidus) pOints are glven in Table 

4. LiMCA readlngs and parallel solld samples were taken after puddling, degassmg 

and settllng operations, 10 order to correlate alloy propert.es to their population 

dens.ties of suspended part.cles. 

Table 4. Chemical composItions of the ZE41 and AZ91 ingots used, and the 
a.med composition in the castings of these alloys(1)' 

ZE41 AZ91 
Element, 

% 
Ingot Casting Ingot Casting 

AI - - 8.8 8.1-9.3 

Zn 4.3 3.5-5.0 0.7 0.4-1.0 

Zr 0.5 0.4-1.0 - -
R.E. 1.2 0.8-1.8 - -
Mn <0.03 <0.15 0.24 >0.10 

Fe <0.003 <0.01 <0.005 

Ni Ni+Cu: <0.001 <0.01 

Cu <0.01 <0.001 <0.1 

SI <0.01 <0.005 <0.3 

Ca <0.001 Ca + Pb + Sn: 

Pb +Sn <0.001 <0.1 

m.p., oC 640 600 

(1) Data supplted. courtesy of Haley Industries. Ontario 



1 

1 

149 

3.1 Alloy ZE41 

Nominally, this is a Mg, 4% Zn, , % R.E., 0.6% Zr alloy that has good creep 

resistance up to 250°C. It is widely used for castings exposed to elevated 

temperatures, su ch as aircraft engine components. The grain refining action of 

zirconium makes it possible to use zinc as a precipitation hardenmg agent, ZinC 

having a high solid solubllity (> 8% near eutectic temperature) in magneslum. Rare 

earth additions precipitate at grain boundaries as intermetallic compounds This 

prevents grain boundary sliding as a creep mechanism, thereby Impartlng ZE41's 

high temperature strength. Zirconium also scavenges H, Fe, and SI impuntles from 

molten magnesium by formlOg intermetallic compounds Removal of hydrogen 

from solution results in sounder castings as a result of reduced microporoslty The 

removal of iron and silicon from solution, and their eventual physical separation, 

also results in improved corrosion resistance. 

Suspended particles ln molten ZE41 alloy, therefore, conslst of mtermetalhc 

compounds of zirCOnium, and If solid flux is used, also flux particles of hahde 

compounds. The number denslty of these particles remaining in ZE41 would be 

expected to have a controlling effect on the corrosion reslstance of thls alloy, and 

also possibly to have sorne effect on its mechanlCal propertles. 

For LiMCA measurements, ZE41 alloy was remelted followlng a slmilar procedure 

to that given for pure magnesium melts. After melt-down, the recommended 

proprietary flux HE"', containii1g 36% CaCI2, 14% KCI, 22% NaCI and 28% MgF2, was 

used. 

During the first two experiments, the orifices, drilled into BN inserts, whlCh were 

then set in sampling tubes made of a machinable sllica ceramic (Masrock'lI, 

consistantly blocked. It was presumed that this was caused by IOsufficlent 

preheating of the sampling tube, in view of its thlck wall. ThiS was overcome and 

LiMCA measurements were eventually made with a 220 pm dlameter orifICe, the 

alloy havlng been remelted for a third time. LiMCA samples were taken 50 mm 

below the molten metal surface, while maintamtng a current of 40 Amperes. Data 

acquisitions were carried out for periods of 60 seconds, each of whlch corresponded 

to calculated 10 g metal samples. Fig. 3 shows oscilloscope traces of voltage pulses 

recorded in this alloy, while the bar chart in Fig. 5 gives the number density of 
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particles detected versus tlme. When the metal was at rest, withm the first 20 

minutes, conslstently low readings were taken during the 60 s measurements 

However, once when the metal was stlrred, the particle populatIon density increased 

by more than two orders of magnitude. This reading then settled to lower values 

over the next 45 minutes Fig. 4 shows the multlChannel analyser histograms of the 

partlcle populations dunng the setthng perrod, correspondrng to the bars after 

stlrrtng, ln Fig. 5. The settllng rate observed suggested an exponentlal decay of the 

form: 

N -."1. t 
t r ----'- = exp (- - ) 

Nt-Nf to 
(2) 

where Nt population density of partlcles at time t, kg-', N, and Nf initiai and final 

population densitles, to tlme constant, min. From the bar chart, the time constant 

for partlcles greater than 15 llm, and also for partlcles greater than 20 }lm were 

about the same, and in the reglon of 10 mm. 

The next step was to take solid samples for mechanical testing, corrosion testing 

and metallographlC analysls, ln conjunction with ltmca measurements. For thls 

purpose, an attempt was made to draw test bar samples by aspirating the alloy into 

a steel pipe. Because of the dlfficulty of removing a sohd sample from the sampling 

pipe, later m another experrment, pyrex tubing was used. However, sample bars 

obtamed by aspiration, contained excessive porosity and did not give useful 

mechanlcal test results. 

Figure 6 shows the Limca measurements, and attempts for taking test bar 

samples ln these experiments. Each time ZE41 was poured into an ingot at the end 

of an experrment, a thick si udge was formed at the bottom of the cruclble 

contalnrng the settled partie/es Because of this 1055, approxlmately 20-25% fresh 

alloy would be added ta the remelted ingot5. A chemlCal analysls was made on the 

solid samples acquired during the 5th remelt, this and the initiai composition of the 

alloy are shown ln Table 5. 

A slgnlficant loss of ZirCOnium and rare earths rndICate5 that precipitation of 

zirconium by Iron and hydrogen, and oXldatlon of rare earth metals must have 
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Oscilloscope traces of the peaks recorded ln pure magneslum (A) and ln 
ZE41 (B). 
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Flg.4: Pulse helght distributions recorded by the M.C.A. after stlrring (top), and 
during settlmg of ZE41. 
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Table 5. Initiai and final compositions of the ZE41 alloy durmg lab melts 

Zn Zr RE Mn Fe NI + Cu SI 

Inrtlal 43 a 5 1 2 <0 03 <0 003 <0 01 <001 
1 

Final 44 02 06 nrl 

occurred durrng the course of these expenments. Wlth the loss of Zirconium, the 

total number of inclusions m the stlrred melts decreased, as shown ln Fig 7 Most 

Llmca counts, therefore, must have belonged to these undeslrable Zirconium 

containrng intermetallic particles. 

It was, therefore, necessary to adjust the composition of remelted alloys for Zr 

and rare earth metals ln order to bnng the alloy to speCIfication, or to start wlth a 

fresh charge each tlme It was also necesary to take gravit y cast sample bars for 

mechanical testrng wlth suffiClently long rrsers and gates Takrng these samples each 

tlme, however, would requlre approxlmately 4 kg of metal, and was Impractlcal in a 

laboratory where small amounts were belng remelted 

Experiments were then scheduled ln a plant environ ment, uSlng agas flred 

furnace, equlpped wlth a steel cruClble to hold 200 kg of magneslum alloy 

However, in these experrments, both after puddling and after a 40 minute penod of 

settling, LiMCA orifices measurlng 250 and 300 llm blocked rapldly and 

measurements were not possible. It was concluded that thls was due to the hlgh 

particle population density in a freshly prepared alloy. These results were consistant 

with the earlier blockages that had occurred ln the lab remelts. Altr ')ugh the 

indlvldual partlcles themselves were much sm aller than 300 pm, thelr hlgh rate of 

corncldence at the orifice leads to accumulation at the orrflce walls, and to blocked 

orifices Gravit y cast test bars, nevertheless, were taken: the effect that settlrng has 

on the physlCal propertles of ZE41 alloy will be descrrbed m Section 3 3 

Fig. 9A shows the strrred alloy's mICrostructure, whlch conslsts of small equla)(ed 

grains and Mg, R.E., Zn eutectlC at the gram boundanes Fig. 9B shows a partlcle 

subjected to EDAX and was found to be rlch in Zr and Fe It IS hlghly IIkely that thls 
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partlcle was a solid mtermetalhc ln molten magneslum, as ZE41 exhiblts a highly 

cored structure for the distribution of zirconium. Dunng solidification, a ZirCOnium 

rlch core flrst preclpltates pentectlcally to provlde numerous, crystallographlcally 

coherent nucleatlon sites for magneslum, glVlng nse to the alloy's fine grain size. As 

the partlcle ln Fig 98 was lodged between the grains, It was not part of this conng. 

The microstructure of the settled melt was essentlally the same. This IS because 

the expected number denslty of partlcles in the molten magneslum was too low to 

make a dlfference on a Single frame of a magmfled section. At 250 x magnlflcatlon, 

for Instance, the area of a Single frame IS 0.16 mm2. If ail the Iron in thls alloy werf' 

present as FeZr2 partlcles (PFeZr2 = 8 000 vs. PMg = 1 600 kg/m 3), havmg an average 

dlameter of 4 Ilm, then there would be, on average, 1 particle per 2.5 frames ln the 

stlrred alloy (50 ppm Fe), and 1 partlcle per 4 frames ln the settled alloy (30 ppm Fe). 

Partlcles greater than 15 !lm were measured by LIMCA ta be 300 and 3.5 9-', and 

their correspond mg frequenCies of occurence ln the mlcrophotographs would be 1 

partlcle per 1 000 and 8 500 frames in the stlrred and settled allcys, respectlvely! 

3.2 Alloy AZ91 

The flrst class of structural magnesium alloys having reasonably fine grain size 

and the posslbllity for precipitation hardening were made up with aluminum, zinc 

and a small amount of manganese. Their economy of manufacture still makes them 

the workhorse alloy for most mass produced components, su ch as those used in the 

automotlve industry. Their corrosion reslstance depends strongly on their metallic 

(Fe, NI, Cu), and hallde flux Impunty level. NomlOally, AZ91 contains 9% AI, 1 % Zn 

and 0.1-0.3% Mn. The pnmary functlon of Mn is to remove iron or to make its 

cathodic action less effective when trapped 10 the alloy, by formIOg Mn-AI 

intermetallic particles that also incorporate Iron in solid solution. Therefore, slmllar 

ta 2E41, suspended particles m AZ91 would also conslst of intermetallic compounds 

and posslbly flux partlcles, whose number denslty should be Important in controllm9 

Its corrosion resistance. 

Because of the need to take gravit y cast samples, this alloy was tested wlth LIMCA 

ln a plant environ ment only FIgure 8 shows Llmca measurements after grain reflner 

addition and degassmg, and dunng a 40 minute settling penod. In comparison to 

2E41, partlcle concentrations ln the sttrred alloy ln thls melt was much less. Refernng 



l 

----------------------.......... .... 

Fig. 5: 

IDa MRGNESIUM RLLOY, ZE41 -
: 
-

0> -
.::;: -

"'a a: __ 
w 
a.. 
en 
w 
-1"0 
u_ .... - ;; 1-
a: 
CI: 
a.. 

a 20 

c 
w 
a: 
a: -~ 
11'1 

TI ME, 
40 60 
MINUTES 

155 

7T 

80 

Variations of the partlde population densltles measured by LIMeA, ln a 6 
kg batch of ZE41 alloy, versus melt holding tlme, before and after stlrnng 
N20 and N25 refer to the number of partlCles greater than 20 and 25 llm 
respectlvely. Hence, the white area ln the bars are the population denslty 
of partldes ln the slze range 20-2511m. 
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Subsequent re-melts of ZE41 alloy. Graph shows attempts for test bar 
samples, condition of melt and LIMCA measurements 



1 

Fig. 7: 

1 

• 
~ 

o • 

..... 0 
-(Tl 

en 
z 
UJ 
Cl 

Z 
o 
-0 
..... N 

a: 
..J 
.:::> 
(L 
o 
(L 

UJO 
..J
U -..... 
a: 
a: 
(L 

o 

-

157 

MAGNESIUM ALL(jY, ZE41 

D N20 

~ N25 

Il N30 

r---

~- ~ ~ 
3AO RE-MELT 4TH RE-MELT 5TH RE-MELT 

Partlcle population densltles ln the stlrred melts of ZE41, showlng the 
decline ln the total number of suspended partlcles, as the same angot was 
remelted for lab experaments 
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made 
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Microstructure of ZE41 (A) General structure fIne equlaxed pnmary 
grams and Mg, RE., Zn rtch eutectlc at the gram boundanes (B) Impurtty 
(Fe, SI) rtch zirconium mtermetallc partlcle 
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MICrostructure of AZ91 at two dlfferent magnlficatlons, showtng the 
prtmary Mg, AI rtch eutectlc and the round Mn-AI compounds that also 
tncorporate much of the Iron tn the alloy. At higher magnlficatlon, the 
grey compound phase wlthtn the eutectlC 15 Mg 17Al n. 
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to Fig. 11, to the large drop ln Fe Impunty content ln the settled alloy, most of these 

particles could be the Iron - manganese contalnlng Intermetallics. 

Figures 10A and B show the mICrostructure of thls alloy at 250 and 1000)( 

magnlficatlon. It consists of pnmary magneslum, an alumlnum nch eutectlc, and an 

elther flbrous or sphencal phase ennched m AI, Zn, Fe and Mn This mtermetalilc 

phase forms dunng solidifICation and contams most of the remammg Iron m molten 

magneslum 

3.3 Effect of PartiCle Settlmg from the Melt on the PhyslCal Propertles of 

Magnesium Alloys 

Table 6 shows the mechanlCal and corrOSion test results, and the Impurlty levels ln 

alloys ZE41 and AZ91 after stlrnng, and after settlmg for a penod of 40 minutes 

Mechanlcal tests were made accordlng to ASTM B557, usmg standard round test bars 

(0.5" dia., 2" gauge length). Corrosion (salt spray) tests were made accordlng to 

ASTM B 117, on the as cast and heat tr~ated, 1i" dia, dlsc samples Figure 11 dlsplays 

the test results X, and a 95% confidence mterval for the actual (population) mean 

value 11 ln the form of bars for vlsual companson As seen, no slgnlflcant dlfference 

can be observed ln the mechanlcal propertles of elther alloy after a settltng 

treatment. A reductlon m corrosion rate was notlCable only ln ZE41 alloy samples, a 

group companson test ln Table 7 shows that a signlflCant Improvement (>95% 

confidence) was observed ln the tempered ZE41 samples only m vlew of the Ilmlted 

amount of data obtamed, these fmdings must be regarded prellmmary. 

After settlmg, both alloys show reductlons ln those Impuntles contents that are 

known to be harmful for corrOSion, mdlCatmg that the settled partlcles must have 

been ri cher m these elements than the melt Itself ln splte of a slgnlflCant drop ln 

nICkel content, and a reduced partlcle population m the melt, cunously, no 

Improvement was observed ln the corrosion ratmg of AZ91 alloy The large drop ln 

Iron content, however, was not expected to reduce corrosion rate slgmflcantly, 

because the Fe/Mn ratio was already below the cntlCal 0 032 m thls alloy [6] 
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Table 6 Changes rn physlcal properties of the magneslum alloys after 
stlmng and settlrng 

ZE41 AZ91 
Physlcal Property( 1) 

1(2) 11(2) 1(2) 11(2) 

Ultlmate Tenslle Strength, 214.2 213.7 278.6 2690 
8.42 18.77 10.2 15.2 MPa (4) (4) (4) (4) 

Yield Strength, 162.9 156 1 141 5 141.8 
205 8.02 399 10.2 MPa (4) (4) (4) (4) 

Elongation, 2.83 3.35 491 444 
1 21 1.05 0.63 1.21 % (4) (4) (4) (4) 

Corrosion Rate, 6.58 4.52 201 1.35 
as cast(3), 2.36 0.33 0.51 

1 

0.61 
mm/year (3) (3) (3) (3) 

Corrosion Rate, 17.07 11.58 2 21 2.26 
heat-treated(4) , 2.90 1.14 1.52 0.76 

mm/year (3) (3) (3) (3) 

AI - - 8.5 8.5 
% Mn - - 0.25 026 

Chemlcal Zn 3.9 4.1 0.76 0.76 
Composition R.E. 1.4 1 4 - -

Zr 0.5 0.4 - -
Fe 30 21 54 23 

ppm Ni 25 22 27 20 
Cu 33 30 17 14 

(1) Data ln boxes refer to the mean value i, standard devlation s, and the number of 
tests (n). 

(2) Condition 1 IS after puddllng for ZE41, and after grain refrner additions and 
degasslng for AZ91, condition Il IS after settlrng for a perrod of 40 minutes for 
both alloys 

(3) 1t" dia dises cut from chili cast cyllndrreal blocks 

(4) Samples were heat treated (tempered) as follows: 
ZE41, TS' 2hoursat330°Cfollowedby 16hoursat 175°C, 
AZ91, T6. 18hoursat410°Cfoliowedby 16hoursat 170°C 
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Table 7. Comparison of corrosion rates of samples taken from stlrred and settled 
melts(1). 

Alloy XI SI ni t or t ' v ta oS,v % conf 
XII Sil n" value(3) , 

ta oS,v' v 

6.58 2.36 3 
1.50 

4 2.132 
4.52 0.33 3 2.08 2.846 

ZE41(2) 
17.07 2.90 3 

3.05 
4 2 132 

11.58 1.14 3 260 2.509 

2.01 0.51 3 
1.44 

4 2 132 
1.35 0.61 3 3.88 2.151 

AZ91(2) 
2.21 1.52 3 

-0.05 
4 2 132 

2.26 0.76 3 2.94 

(1) Ho: ~I:S ~IIIS tested agamst Ha: ~I > ~II Alternative hypothesis 15 accepted wlth a greater 
confidence than 95%, If computed value of t>to OS.V 

(4) 

967 

(2) ln each alloy, the flrst two rows of data refer to as cast, and the last two rows of data refer to 
heat treated, samples Subscnpts 1 and Il, refer to sttrred and settled melts 

(3) t values for group compartson t-test If 01 = 02 may be assumed, t and y values, If not, for a more 
conservatlve test, Behrens-Fisher t'and y' values are used [131 

(4) Actual % confidence ln acceptlng Ha, computed If confidence level >95% 

4 DISCUSSION OF RESULTS AND CONCLUSIONS 

No improvement was observed m the mechanlcal propertles of elther alloy 

studied that would be attnbuted to the settling out of partlcles ln the plant, the 

alloys were prepared by a fluxless procedure, using a C02, 0.6% SF6 protectlve 

atmosphere. Consequently, the settlmg partlcles were mostly mtermetalllcs, and 

because of their better mterfaCiai propertles, mtermetalllc partlcles would be 

expected to provide greater reslstance to VOid formation than, say, flux inclUSions 

Of ail mechanical propertles, fatigue strength is partlcularly senSitive to the nature, 

size, and population of particles, but this test was not avallable for the present work 

Therefore, for alloys produced under halide flux protection, LIMCA measurements 

may provide a significant correlation wlth mechanlcal propertles, espeClally wlth 

regards to fatigue strength, but thls requires further research. 

Corrosion ratmgs for both alloys were within the expected ranges. A figure of 12 

mm/year was reported for ZE41 by Clark [7]. For AZ91C alloy, ratings vary between 
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15-30 mm/year: thls has been reduced to less than 0.4 mm/year for the recently 

developed extra-pure alloy, AZ91 E-T6 [6,7] Normally, an Improvement would have 

been expected ln the heat-treated alloys, but thls was not observed ln our samples 

The relatlonshlp between Fe, NI, and Cu Impunties and the magneslum alloys, 

especlally for alloy AZ91, IS weil establlshed [4-6] LIMeA, betng a dlscnmtnattng 

devlce, only measures the partlcle populations greater than a cntlcal size Therefore, 

such measurements would be useful provlded larger partlcles have a much greater 

affect on corrosion rate than smaller partlcles ThIs appears to be the case for the 

ZE41 alloy, where small reductlons tn Impuntles tn the same alloy lead to a 

significantly better corrosion rattng. In the AZ91 alloy, settltng lead to fewer large 

partlcles (>'5 llm) tn the melt, but no Improvement tn corroSion rattng was 

observed tn thls alloy. ThIs suggests that both "small" and larger partlcles promote 

corrosion tn thls alloy However, It IS probable that the number of samples tested for 

corrosion were too few (only 3 per alloy) to draw statlstlcally slgnlflCant conclusions. 

More samples for corrosion testtng could provide greater certatnty ln establishtng 

any correlation between LIMCA measurements and the corrosion reslstance of 

magneslum alloys 
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Flg.11 Changes an the physlcal propert.es and Impunty levels of ZE41 and AZ91 alloys after stlmng and after a 40 
manute penod of settlang Bars show the mean values (x) and the spread of data (± 2s) 
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PART 5: CONCLUSIONS TO THE THESIS 

1. SUMMARY OF FIN OINGS 

The following sections slJmmarize the experience gained ln constructlng LIMCA 

probes, and taking UMCA measurements ln high temperature and reactlve metals 

1.1 Steel Melts 

1. Among a number of refractory conductors, graphite was found to be a 

reliable matertal for electrode construction. Freely dissolving electrodes dld not 

Interfere wlth the detection of microvolt signais, but chemical reactlons between 

electrodes and steel melts producing non-conductlng products dld Examples are 

molybdenum ln sulfur nch, and graphite ln oxygen rtch steel melts 

2. A water cooled steel electrode, for use as outslde electrode ln hlgh 

temperature steel melts, was designed. Its design criteria was to keep melt 1 

electrode contact at ail times without creating a massive solidlfied steel shell around 

the electrode. 

3. Sampling tubes: Boron nitride was found to be an acceptable, albelt 

expensive, sampling tube for steel melts of low oxygen potentlal (Iess than 15 ppm 

Q). Porous refractory sllica, such as Masrock'" (Harblson-Walker) could also serve as 

sampling tubes over a much wider range oxygen levels wlth acceptable 

machinability to place inserts. Silica glass sampling tubes can be used up to 1500°C 

without deformation and was surprisingly found to resist fluxlng by boron, silicon 

steels. Above this temperature they need to be supported bya refractory matenal 

against deformation. 

4. Orifice geometry: Experiments with boron, silicon steels showed that the most 

stable operations occurred with circular orifices with fluted inlets and outlets 

Intuitively, these would be expected to provlde the least obstacle to fluld and 

electric flows. However, as long as sharp corners were avoided, the effect of ortflCe 

geometry was found to be of secondary importance. 
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5 Expenments wlth other steel melts and cast irons showed orifice - molten 

metal - mclusion interactions to be very Important for the smooth operation of 

LIMCA. 

6 For a glven melt and set of conditions, orifice size needs to be adjusted to 

acquire a signlficant number of inclusions, but should not be too small to cause Its 

blockage. For boron, silicon steels, the optimum size of orifice was found to be 150 -

200 llm, and 400 - 500 llm followlng an aluminum addition 

1 2 Copper Melts 

1. The control of oxygen content in unalloyed copper was found to be of 

paramount Importance to prevent oXldation of electrodes. Among the electrode 

materials tested, nickel was selected as thls was the least susceptible to oxidation, 

and was avallable at a reasonable cost. 

2 Oxygen plck up from the atmosphere was best prevented by plactng a lumpy 

charcoal layer on the melt surface rather than graphite powder. It was found that 

graphite powder would creep down the cruClble wall, and accumulate at the bottom 

of the cruClble. Some graphite powder was also found to creep down outslde the 

sampling tube wall and interfere wlth the operation of the sensing zone. Interfacial 

turbulance, as weil as convective currents dllrmg heating and cooling c le of the 

furnace could be factors causmg this doY" . fard movement of (llgl1. Jraphlte 

powder down the cruClble / copper Inten ", the bottom. 

3 The same silica glass sampltng tube / sensing zone arrangement used for 

boron, silICon steels was also used for copper melts. 

4. LIMCA measurements m copper beryllium alloys with 2% Be produced 

agreeable results wlth an tndependent metallogr3phic count, whereas alloy 3, 

containtng lower berylltum, attacked the silica glass tubes. For measurements of 

BeO partlCulate content tn the higher Be alloys, a 300 - 400 pm orifice was found to 

be an optimum slze. 
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'.3 Magnesium Melts 

1. Samplmg Tubes: Although magneslum would be expected to attack silicates 

(and this was the case wlth sllica, boroslilcate and alumlnum silICate glass), 

penetration into porous, opaque silica (Masrock n,) wa~ minimal. Samplmg tubes 

wlth 5 mm wall thicknesses made from porous stllCa were used Thelr Immersion mto 

magneslum melts produced a scale around the sampltng tube wall, and reductlon ln 

wall thickness under the scale was less than 1.5 mm for two hours of Immersion 

2. Slnce magneslum attacked most oXldes, the onflŒ was formed m a boron 

nitride Insert to be fixed on a sampltn9 tube Dlmenslonal stabtllty of these Orifices 

wasgood. 

3. LIMCA measurements ln magnesium alloys ZE41 and AZ91 gave indICations of 

the partlculate content of these metals. However, correlations of LIMCA counts wlth 

alloy properties were poor. 
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2. GENERAL DISCUSSION AND RECOMMENDATIONS FOR FUTURE WORK 

LIMCA's operation as a measurmg devlce in hlgh temperature and reactive metals 

has been shawn ta be possible. The expenmental procedure outllned ln Sections 

3.5.1 and 3 52 of Part 1 helped ta identlfy the sources of electronlC nOise and 

baselme mstablllties durtng probe development ln ail cases, It was possible ta 

rectlfy elec.tronlC nOise problems caused by electrode / molten metal contacts, circuit 

components and envlronmental induction On the other hand, nOIse caused by 

Orifice detertoratlon was found to be of a more fundamental nature. 

Highly successful results wlth baron - silicon transformer steel versus poor results 

wlth steels of other composition Indicate that It was not the molten Iron per se that 

caused the dlfflcultles, but rather what It contalned Suspended particles 

(inclusions), molten metal and Orifice wall interaction were hypotheslzed ta be the 

cause of Orifice detenoratlon It IS belleved that Orifice deterloratlon IS caused by 

InclUSions accumulatlng at the senslng zone reglon by way of physlCal attachment, 

and thereby mterfenng wlth the electrlc and flUld flows Ideally, therefore, 

mcluslons should be wet by molten metal, or have low InterfaCial energy, and not 

"wet" the onflCe wall. Experimentai eVldence supporting this hypothesls IS the ease 

of LIMCA's operation ln aluminum and magneslum melts to count Intermetallic 

partlCles. Because of their structural simllanty, Intermetallic partlcle 1 metal contact 

angles would be expected to be low. From Table 13, Part 2, for Instance, molten 

aluminum ln contact wlth TiB2 has a contact angle of 98°. Simllarly, fram Table 14, 

Part 2, additIons of boron oxide will reduce the surface tension of sll1C2, and this 

must have heljjed the smooth operation of llMCA ln baron, silicon steels, ln 

countm9 borosillCate inclUSions. 

ln the Iight of the above discussion, recommendations for further resarch would 

be to acqUire InterfaClal data that will help ln the selection of matenals for LIMCA's 

sensmg zone reglon, and Into these selected matenals, form fluted, Clrcular Orifices 

wlth highly polished surfaces, for use as sensing zones ln glven molten metal 1 

inclUSion systems. 
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2. CLAIMS FOR ORIGINAL CONTRIBUTIONS 

1. LIMCA's electric circuit was analysed to show the effect of ballast reslstance on 

the magnitude of voltage pulses. It was shown that voltage pulses could also be 

detected across the ballast reslstance, and thelr magnitudes were shown to be equal 

in value, but opposite ln sign to those detected across the electrodes The value of 

ballast reslstance was optlmlzed for a glven e.m f and LIMCA probe, ln order to 

obtain maximum pulse helghts Its value was shown to be equal to the reslstance 

across the electrodes. The effect of a fmlte electnc conductance of a sampllng tube 

on the voltage pulses measured was determmed 

2. A novel LiMCA probe was developed for low meltlng pOint steels and cast 

Irons. This work represents the flYSt tlme meanlngful LIMCA measurements were 

ever made for molten steels (speclflcally an electnc grade steel contalnmg 5% B, 3% 

Si, used ln the manufacture of transformer cores). A sy~tematlC investIgation of cast 

Irons and sttlels showed that reliable operation of LIMCA ln Iron alloys was hlghly 

dependent on thelr chemlCal composition, whlCh ln turn determlnes the chemlstry 

and the nature of contamed mdlgeneous inclUSiOns, and the mterface propertles 

between inclUSiOn, melt, and the onflCe wall It was shown that unstéible operation 

of LIMCA ln other Iron alloys was caused by the OrifICe (senslng zone) detenoratlon 

3. A water cooled permanent electrode was deslgned for use as an outslde 

electrode ln steels and hlgher temperature m p. metals. It was shown to be reltable 

in keeping a low background electronic nOise while conductlng a hlgh D C. current 

into the melt. 

4. A novel LiMCA probe was deslgned for copper melts and was successfully used 

in the technologically important Cu-Be alloys to monitor the levels of BeO Induslons 

5. A novel LiMCA probe of reasonable cost, Incorporatlng a machmable ceramlc 

sampling tube was deslgned for magneslum melts and was used to monitor the 

particulate contents of ZE41 and AZ91 allays 


