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ABSTRACT

A method of inclusion measurement in molten metals, known as the Liquid Metal
Cleanness Analysis or LIMCA, currently in use for aluminum, has been developed for
high temperature and reactive industrial metais.

LIMCA probe consists of an electrically insulating sampling tube with two
electrodes, in- and outside the tube. The sampling tube also incorporates a small
orifice through which molten metal is aspirated. As suspended inclusions pass
through the orifice, and in the presence of an electric current, voltage pulses are
generated. By measuring and counting such pulses electronically, the size
distribution of inclusions can be obtained. The orifice, therefore, serves as an Electric
Sensing Zone (ESZ) for the probe

This work presents an analysis of LiIMCA's electric circuitry, and the design and
operation of LiIMCA probes in steels, copper and magnesium alloys.

RESUME

Une méthode de mesure des particules en suspension dans les métaux liquides est
connue sous le nom de LiMCA (Liquid Metal Cleanness Analysis). Cette méthode,
déja couramment utilisée pour I'aluminium, a été développé pour les métaux
industriels réactifs et ceux a haute température.

La sonde LiMCA consiste en un tube d'échantillonnage et de detix électrodes, une
a l'intérieur du tube, la seconde a I'extérieur. Le tube comporte également un
minuscule orifice a travers lequel le métal est aspiré Lorsque, en présence d'un
courant électrique, les particules passent a travers |'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 (Electric Sensing Zone, ESZ) pour la sonde.

Cet ouvrage présente une analyse des circuits électriques, du design, ainsi que de
I'opération de la sonde LiIMCA dans des alliages d'acier, de cuivre et de magnésium.
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PART 1. INTRODUCTION AND BACKGROUND

1.INTRODUCTION: INCLUSIONSIN METALS
1.1 Definition of Inclusion and their Presence in Metals

An inclusion 1in a metal may be defined as a second phase particle that has
detrimental effect on metal properties Since, very often, oxide particles oniginating
from deoxidation products or refractory erosion are detrimental to mechanical
properties, the use of the term "inclusion” has become synonymous with the
presence of these particles Indeed, those definitions for "inclusion” found by the
author in technical dictionaries and relevant hiterature, follow similar concepts

A particle of alien material retained in a solid metal Such inclusions are
generally oxides, sulfides or silicates of one or the other of the component
metals of the alloy, but may also be particles of refractory materials picked up
from the furnacesor ladle ining. [1]

An impure particle, such as sand, trapped in molten metal during
solidification [2]

Non-metallic impurities in @ metal In wrought materials the inclusions
become elongated during hot working and provide permanent evidence of its
extent. [3]

Particles of foreign material in a metallic matrix. The particles are usually
compounds, such as oxides, sulfides or silicates, but may be any substance
foreign and essentially insoluble in the matrix [4]

As normally produced, steel contains considerable quantities of second
phase particles which are generally referred to as inclusions While second
phase particies are formed by intermetallic compounds, it 1s generally non-
metallic particles which are iniended when inclusions are mentioned [5]

The ambiguity in the above definitions leacs to a dichotomy of views Current
research efforts, for instance, try to produce metal matrix composites in which
alumina powder 1s intermixed with aluminum or magnesium metal, for example, in
order to enhance these metals’ properties in certain applications (6, 7] In 1966, a
whole conference was dedicated to oxide dispersion strengthening of metals 8]



These alloys, when compared with the base metal, would have inferior mechanical
properties at ordinary temperatures, but can display a superior strength, and lower
creep, at elevated temperatures Thiscan make them useful candidates for selection
in certain applications such as in the manufacture of turbine blades Evidently, it s
not justifrable to classify oxide particles as inclusions in every context Similarly,
metallic particles or intermetallic compounds of iron, copper and nickel, In
magnesium dramatically increase i1ts corrosion rate [9], while hard intermetallic
particles such as titanium diborides in aluminum can cause failures in the production
of beverage cans [10], and hence these may be considered as inclusions

Inclusions, or their component elements, enter metals during their processing.
Oxygen and sulfur, for instance, dissolve in molten iron and copper alloys, and if not
removed, will form oxides and sulfides with the base metal, as the metal solidifies.
Deoxidation and desulfurization practices attempt to remove S and O by lowering
their solubility 1n the molten metal This is achieved by mixing more reactive
elements into the melts to form deoxidation and desulfurization products, and by
physically separating these second phase particles from the moiten metal Similarly,
iron i1s removed from magnesium by treating the melt with MnCl, to form FeMn
intermetallics, which are then separated from the melt by gravity settling or
filtration [11] Table 1 highlights the presence of second phase particles in metals
according to their sources. Designing completely inclusion- free processes for metals
would be expensive if not impossible, and from a cost-benefit point, would not be
desirable Instead, efforts have been concentrated in controlling inclusion numbers,
size, shape and chemistry, to minimize their deleterious effects for a given
application, with a minimum cost [12]

1.2  Detrimental Effects of Inclusions

Problems originating from inclusions arise because of failures during metal
fabrication or failures during service, Fig 1. This topic I1s highly researched and
documented for steels, as references can be made to a number of review articles [13-
17], and to some degree for aluminum [18-20], copper {21, 22] and magnesium [23,
24] alloys

Low melting point (m.p) inclusions in a higher melting point metal, such as
sulfides In steels, can lead to break-outs during the solidification process in a
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Table 1. Classification of second phase particles according to their sources

Primary Particles:

form in liquid metals They are termed indigeneous If they nucleate and
grow In situ, as a result of alloying with reactive elements to remove
impurities, by forming insoluble compounds Exogeneous particles enter
from outside sources, and may originate from refractory erosion, slag, oxide
film or flux entrainment. Very often primary particles are inclusions, and
their removal can be affected by physical separation, using gravity settling,

flotation, stirring or filtration. Direct measurement of their amounts to
monitor their level is th2 basis of this thesis.

Secondary Particles:

precipitate from supersaturated liquid during solidification as a result of
solute enrichment. When inclusions form in this way, 1t 1s too late to manage
their separation from the metal.

Tertiary Particles:

precipitate from supersaturated solid solution during cooling. These
particles are intermetallic in character, and their precipitation s usually
controlled by thermomechanical treatment or heat treatment, to improve
mechanical properties.

continuous casting machine, and stmilarly, to hot shortness during thermo-
mechanical treatment [25] Any large inclusions near the surface of continuously
cast steel billets can cause streaks; therefore, it 1Is common for slabs, blooms, and
billets to be cooled, inspected, cleaned (scarfed), and then reheated, prior to
thermo-mechanical processing. Elimination of surface defects in steel processing 1s
one major goal towards achieving direct rolling, 1.e. utilizing the sensible heat of the
continuously cast billets[26-27].

Hard, non-deformable inclusions, such as oxides in steels and TiB3's in aluminum,
can cause failures in the form of breakages and tear-offs i the manufacture of thin
gauge products. Examples of this would be steel cord wires for automobile tires,
drawn t0 0.15-0 20 mm fine cord [28], and drawn and ironed beverage cans that can
be as thin as 0.05 mm for aluminum and 0.1 mm for steels in their middie section
{29-30]. In general, a reduction in hot and room temperature ductihty will make
most forming operations d.fficult. 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 in ductility and toughness [31]
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A)

B)

Fig. 1:

Detrimental effects of inclusions. (A) Loss in ductility caused by void
formation and coalescence. This is the major cause of filure in plastic
forming operations. (B) Reduction in fatigue strength aided by crack
nucleation 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].




The most noted effect of inclusions on metals in service is a reduction in the
fatigue strength, since inclusions can act as crack nucleation sites Again, this is well
documented for steels [32-34], and important in all metal / alloy systems selected for

structural applications and subject to cyclicloads, such as springs, bearings, and parts
used in mechanical energy transmission.

Other effects of inclusions include an increase in ductile to brittle transition
temperatures in steels and a reduction in the ductile impact shelf energy in the
transverse direction. These properties are important in pipeline grade steels, and
degradation 1s generally caused by sulfide inclusions [35] Impaired surface quality
resulting from the presence of inclusions promotes corrosion in low carbon steel
sheets for car bodies and pitting corrosion in stainless steel sheets [36] Also, as
mentioned before, more noble metallic particles containing iron, nickel, and copper
cause high rates of corrosion in magnesium alloys by setting up galvanic microcells.

Attempts have been made to quantify the effects of inclusions in terms of their
size, number density and chemistry {12]. Inclusion chemistry i1s process dependent
and expected inclusion chemistries are usually fixed for a given process In some
instances, inclusion chemistry can be controlled with a fair degree of success by
making changes in the metal's processing, as has been demonstrated with improved
morphology of sulfides by manganese additions, and changing the morphology of
alumina inclusions by calaum silicide injection, in steels Inclusion size and number
density, however, depends on the efficiency of physical separation of inclusions and
has been shown to be highly unpredictable [37]. To make matters worse, physical
properties such as ductility for ease of fabrication, surface quality and fatigue
strength are highly dependent on the number of inclusions greater than a critical
size, and usually, the larger the inclusions, the worse are the effects. Usirg a
statistical approach, for instance, a model has been developed by Nordberg, to
predict the fatigue strength of steeis from their inclusion size distnbution curves
[38]. In another study, an inclusion size distribution curve was used to predict the
susceptibility of steel billets to surface defects during hot working operations [39]
Analytical methods and empirical data are becoming increasingly available to
quantify the effect of a metal’s inclusion content on its properties.

Because of the variability in the number density and size of inclusions, and their
strong and quantifiable effect on the properties, 1t is becoming more and more




important to monitor inclusion levels in metals. In the next chapter, methods of
inclusion measurement are classified and briefly outlined according to their
capabilities and princples, and in the following chapter, a method of inclusion
measurement 1n molten metals, based on electric sensing zone (E.S.Z.) principle 15
described The application of this method to high temperature and reactive metals,
namely iron, copper and magnesium melts, forms the basis of this thesis



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 their
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 individually, as
a metal sample is scanned for their presence. The smallest volume or area that s
examined during each scan constitutes the sensing zone, and the size of the sensing
zone determines the threshold size of detection and the coincidence in counting. In
the following, methods of inclusion evaluation are discussed in terms of their
physical principles and capabilities.

2.1 Global Methods

2.1.1 Chemical analysis

As the solid solubility of oxygen and sulfur are negligible in most metals and
alloys, chemical analysis for oxygen and sulfur give the first indication of the oxide
and sulfide inclusion contents. For accurate oxygen determinations, an
approximately 1 g solid sample is fused in a graphite crucible and 1s heated up to a
high enough temperature (2200 °C), until complete reduction of all combined
oxygen to carbon monoxide is affected through contact with the graphite crucible.
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 SO, as appropriate Spectral methods,
although less accurate, can analyze for sulfur, and high energy spectral methods,
such as Auger emission, have 2iso 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 yield the weight fraction of component
impurity elements, it is the volume fraction of inclusions that 1s of fundamental
interest. This can be calculated if the associated inclusion chemistry 1s known,
according to:
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where Vr and Wy 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
¢lement, from Eqn. (1)

_ Associated Inclusion V¢/Ws in
Inl'\punty
element
| Chemical Density Fe Cu Al Mg
analysed Formula M.W. | g/m3(@ | 787000 | 8960 | 2700 | 1740
Al,03 102 3900 43 4.9 1.5
SiO2 60 2800 5.3 6.0
B203 70 1840 6.2
MnSiO3 131 3500 6.1
(o) Mn3SiOq 202 3500 71
Al203.5i07 162 3247 49
(Al203)3.(5i03)2(c) 426 3156 5.1
Cu0 143 6000 13.3
BeO 25 3020 4.6
MgO 40 3700 1.2
Mn$S 87 4000 5.3
S MnS; 119 3460 4.2
Cuy$ 159 6760 6.6
cl Nacl 58 2170 2.1 1.3

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

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
sulfur. However, differences do exist, as for a given oxygen content, Mn3SiO4
inclusions in steels, for example, will occupy a proportionately larger volume than



alumina inclusions. This difference is particularly pronounced in copper, batween
Cu20 versus BeO inclusions. The table also indicates that the same level of oxygen,
contained for instance as alumina inclusions, will not mean the same inclusion
content in different metals. Therefore, in addition to the uncertainty about

inclusion sizes, the actual inclusion content is also open to some interpretation using
chemical methods

Similarly, 1t v.ill be appreciated that any contaminating surface oxide films

associated with sample preparation procedures can have a profound influence in the
measurement of oxides at the ppm levels.

2.1.2 Microscopy

For the assessment of steel cleanness levels, methods of optical microscopy based
on comparison with standard charts, such as the Fox and the Jernkontoret (J K.)
counts may be considered as global, since they yield a single index. As these
methods are weighted towards larger inclusions, an indication of the latters’
frequency can also be obtained [43]. However, the results of these comparison
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 distributed phase are
equivalent and therefore, the best estimates of each other [45] Amonag these, the
point fraction has been found to be particularly useful in determining the inclusion
content of a metal, because of its relative ease in counting, and ts high
reproducibility between different operators [46].

2.1.3 Transmission Attenuation Measurements of Ultrasonic Signals

Considerable research time has been invested in attempting to apply this
technique to measure inclusion contents in aluminum, steel and copper melts In
principle, inclusions in metallic melts scatter acoustic waves; therefore, the amount
of sonic attenuation measured is a function of the inclusion content or their number
density. To overcome the temperature problems in moiten metals, wave guide
extensions have been used to deliver and detect the ultrasound signals The
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minimum size of inclusion that will cause scattering depends on the wavelength of
sound in the melt Presently, because of a rapid increase in signal attenuatior: by the
metal waveguides, signal frequencies cannot be increased to more than about 10
MHz, and for a sound velocity of 4700 m/s in molten aluminum, this corresponds to a
minimum wavelength of approximately 500 um. It i1s generally recognized that
particles greater than about 10% of the signal wavelength will start to cause
attenuation [47], however, recently this figure has been debated and it i1s claimed
that particles as small as 3% of the wavelength, too, will contribute to sonic
attenuation [48] One practical problem with instruments of this kind is the necessity
to measure small differences between large quantities. A great deal of attenuation
already takes place at the guide rods and within the pure melt itself, inclusions
contributing to only a small fraction of the total It has been possible to
demonstrate, for instance, changes in sound attenuation as a melt becomes more
contaminated with inclusions However, 1t has not been possible to assign a
cleanness value for a given melt, from a single measurement. If calibration problems
can be overcome, the method may yet prove to be useful to assess the total content
of oxide inclusions.

2.1.4 Other Global Methods

A method based on Electron Beam (E.B.) remelting of button samples has been
developed for special alloys [49]. In this method, samples weighing approximately
600 g are remelted in an E.B. furnace so asto produce a button shape, and inclusions,
with the aid of gravity and surface tension, are allowed to amalgamate as a raft on
top of the molten button By measuring the dimensions of the raft, the volume
fraction of inclusions can be determined directly [50]. Since a complete physical
separation is not expected, the results would be selective with respect to inclusion
size and shape. The method is particularly suitable for clean alloys (containing, for
example, less than 100 ppm volume fraction of inclusions) where, without this
preconcentration step, it would not be possible to observe a significant number of
inclusrtons within a reasonable area by standard microscopic techniques

Similarly for aluminum, a preconcentration step for inclusions is necessary before
a metallographic technique can be applied. To this end, Alcan, for instance, has
developed the Porous Disc Filtration Apparatus (PoDFA), a technique which consists
of forcing a measured mass of aluminum sample (2.25 kg) through a porous filter
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disc under pressure [51]. The pressure is relieved while some metal still remains upon
the filter. This overlaying metal is allowed to solidify and the filter cake recovered
and examined metallographically. The result is usually expressed as the area of

inclusions within a central vertical plane of the filter cake (disc), in mm2 per kg of
metal sampled.

2.2 Sensing Zone Methods

These methods depend on identifying and counting of individual inclusions, and
can ultimately yield an inclusion size distribution. Sometimes a global and a sensing
zone technique can both be employed to derive information from a given method,
as the concentrated inclusions in the filter cake of PoDFA and the raft of EB

remelting, are usually examined for the individual larger inclusions under a
microscope.

2.2.1 Macroscopic and Microscopic Techniques

Macroscopic techniques attempt to reveal particularly large inclusions. Surfaces
are examined visually, and the detectable inclusion size 1s determined by the
resolution power of the human eye, which may be taken as 0.4 mm Usually, the
frequency of inclusions in different size intervals are recorded in order to obtain a
total severity value, this being the weighted sum of frequency results, wherein larger
inclusions have more weight. For most metals such as steels, copper, aluminum, and
magnesium, it is also common practice to examine the fresh fracture surfaces, where
inclusions would be concentrated. Another way to increase sample size i1s a step
down method, where the sample surface 1s successively machined in a stepwise
fashiun, and examined for the presence of macro-inclusions The macro-techniques
have been standardized for most structural metals by the American Society for
Testing and Materials [52].

Steel tinplate products are particularly inclusion sensitive and for such thin steel
sheets, magnetic particle inspection has been developed during the past ten years to
rapidly identify inclusions greater than 50 pm [53, 54]. In this method, the steel
sheet is magnetized parallel to its surface. When the magnetic lines of force are
disrupted because of a non-ferromagnetic material beneath the surface, some
magnetic flux leaks and causes a local attraction for magnetic particles which are
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suspended in a solution and washed over the surface. The results of the indications
are expressed as a size distribution of inclusions per m2 of steel plate; for a 280 pm
thick plate, this corresponds to sampling a 2.2 kg steel mass. This method is only
applicable to ferromagnetic metals.

Microscopic techniques, by contrast, require a polished surface. Because of the
magnification factor (typically 100 x), the scanned area is small (~1 mm2). Hence, a
large number of fields must be covered to obtain a representative sample, especiaily
for the less frequent, larger inclusions. In one method, developed by Brush Wellman
Inc. for copper-beryllium alloys, for example, a standard polished surface, 12 mm in
diameter is scanned for the presence of oxide inciusions 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 microscopy [56-58]. Since
their first commercial introduction in 1963, considerable development has taken
place in these instruments, especially in ensuring the repeatabilty of the results by
overcoming the earlier difficulties of threshold adjustment. Because of therr
increased reliability, automatic image analysers are now more popular, but still
suffer from a considerable time delay between taking a sample and obtaining
results.

2.2.2 Radiographic and Ultrasonic 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 passing through thin sections. This non-
destructive method is well suited for the quality control of the finished sections in
critical applications, and the procedures are well documented in ASTM standards for
different structural metals [S9].

Ultrasonic 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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with laser interferometry, to generate and detect acoustic waves, have been

developed to inspect hot blooms and slabs of steel at temperatures in excess of
1000°C [60]

The ultrasonic sensing zone probe for molten metals 1s similar in construction to
the through transmission attenuation probe discussed in the previous section, but s
designed to detect backscattered pulse-echo signals coming from individual
inclusions  This technique 1s claimed to have been developed successfully for
aluminum by the Reynold’s Aluminum Co [61] Attempts have been made to
develop i1t for molten ron and steel in the University of Toronto [62-63] Its
attractiveness lies in 1ts ability to provide on-line information on the frequency of
macro-inclusions in the melt As in other instruments that depend on wavelength
for detection, only the particles greater than { the signal wavelength will cause
backscatter, and will be detectable by the ultrasonic method This severely limits the
detectablie inclusion size 1n molten metals, to 250 um in molten aluminum for
instance, with the presently attainable ultrasound frequencies of 10 MHz

2.2.3 ElectricSensing Zone Methods

These methods depend on monitoring local changes in electrical resi$tance
caused by inclusions or other defects Eddy current techniques for detecting defects
near the surface of sol:d metals, for instance, may be considered as sensing zone
methods. In this technique, a primary coil carrying alternating current acts as the
probe, and 1s moved along the metal surface that 1s to be inspected The metal
becomes the secondary coil and contains induced eddy currents Discontinuities near
a metal surface result in a local increase in electrical resistance, reducing eddy
currents. These currents, in turn, change the magnetic flux and the inductance of
the primary coil. By monitoring the impedance of the primary, flaws, including
inclusions, can be sized and counted The method can detect inclustons as small as 50
um and 1s suitable as a quality control device on the finished products [64]

A method known as the Coulter Counter represents another electrical sensing
zone method, in which suspended particles in an aqueous fluid are sized and
counted. The Coulter Counter was invented by Dr. Wallace Coulter in 1953, to
rapidly count blood cells in plasma [65, 66]. Since than, it has been widely applied in
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powder technology to measure size and frequency of particles in aqueous
suspensions.

In its principle of operation, the electrically conducting fluid is aspirated into 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 in the presence of an electric current (established by the
suitably immersed electrodes in and outside of the sampling tube), a voitage pulse,
of duration approximately equal to the transit time of the particle, is generated. The
amplitude of the voltage change is, to a first approximation, proportional to the
particle’s volume. Thus, by electronically measuring and counting each 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 carried out by
dissolving the metal matrix without affecting the inclusions. Extraction procedures
and solvents have been developed for specific metals and inclusion types to increase
the method’s reliability For the extraction of oxide inclusions from steels, for
example, halogens in organic solvents are currently being used [70]. Using chemical
extraction and the Coulter Counter, valuable information has been obtained on the
typical number of growing nuclei and the size distributions of micro and macro-
inclusions in deoxidized steels [71-73]. However the extraction procedure is slow and
laborious, and requires great care to avoid artifacts or losses in the extracted residue.

A method developed at McGill in 1980, deriving from the original Coulter
Counter principle, overcame this shortcoming by taking measurements directly in
molten metals [74]. The method was developed for aluminum melts, in
collaboration with Alcan, to obtain on-line information on the size 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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Commercial LIMCA equipment (by BOMEM Inc ) for Alcan’s casting centers

Measurements are made available rapidly and can be used on-line, to monitor
molten metal quality while 1t 1s being processed

. Because of the sample volume analysed, the sample size 1s a great deal larger

than the typical sample sizes obtainable by other methods based on surface
examination. This allows statistically adequate characterization of the macro-
inclusions in the melt. The detailed particle size information can be used to
construct the right hand side of the inclusion size distribution curve This 1s
particularly useful, since informatior on larger inclusions arc usually of
interest in characterizing the effect of inclusions on properties

LIMCA measurements do not provide information on the chemistry, shape or
the physical state (whether particles are solid, liquid or gas) of inciusions.
However, as mentioned earlier, inciusion chemistry 1s process dependent and
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tends to be fairly predictable, whereas greater variability in inclusion size and
number density occurs as a result of incomplete physical separation.

Because of its advantages, 1t was desirable to extend the range of applicability of
LIMCA to other metals of industrial importance, and this was the objective of the
work described in this thesis The next chapter describes the development of a
LIMCA instrument and 1ts operation, while the following parts deal with 1ts
application to high temperature melting point and reactive metals, such as steels,
copper and magnesium alloys.
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3. THEORETICAL CONSIDERATIONS AND EVOLUTION OF LiMCA

LIMCA may be considered to be an innovation based on the Coulter Counter
technique for counting and sizing of inclusions in molten metals, in 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 1llustrated schematically in Fig. 3. The principle of its operation
has already been described in the final section of the previous chapter The sampling
tube contains the orifice at its lower end, which establishes the sensing zone in the
presence of a D.C. electric current. The data acquisition and display system measures
and records the resistive voltage pulses caused by the passage of suspended particles
during aspiration of liquid metal into the sampling tube. Fig 4 illustrates the
generation of a resistive voltage pulse at the orifice.

3.1 Relationship between Particle Size and Resistance Change across Orifice

A simple expression for the resistance change caused by the introduction of a
small, spherical particle into a sensing zone was derived by DeBlois and Bean [76],
using a relation first proposed by Maxwell. Maxwell showed that, for a dilute
suspension of insulating spheres, the effective resistivity could be expressed as:

3
peff=p(1+§Vf+ ) (2)

where p is the electrical resistivity of the fluid and V¢is the volume fraction occupied
by the spheres. Using Ohm’s law, resistance of a cylindrical sensing zone of length L,
diameter D, filled with a fluid of resistivity p, is given by:
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R =p— (3)

When a particle of diameter d is introduced into the sensing zone, the fluid may be
considered a dilute suspension, and the particle’s volume fraction is:

24

volumeofparticle 6 2 & (4)
[ : - . 2
volume of senstng zone u DL 3D*L
4
Substituting (3) into (1), into (2) gives:

d3 L

Ri=pl+——+.)— (5)
D° L gDz

Subtracting (4) from (2) gives the change in resistance because of an insulating
particle introduced into an orifice:

pd

. (6)

&
i
=R

Equation (6) predicts the resistance change to be independent of orifice length
and directly proportional to the particle’s volume. This approach is more accurate
than the alternative of integrating a sheil equation based on Ohm’s law, and
assuming a uniform electric field around a spherical particle:
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AR = IL[—I— | 7
4

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:

s o

ol (8)

This equation predicts a smaller change in resistance than eqn. (€), by a factor 2/3.
The discrepancy arises, because highly curved surfaces, 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 particle, and does not take
into account the effect of orifice shape on electric field. Although a complete
analytic solution for the problem covering all sizes and geometries does not exist,
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 hydrodynamic analogy, for
instance, Smythe has shown that the exact values for ARsp are only greater by +2%
atd/D=0.3and +5% atd/D=0.4{77]. Forlarger particles, a correction factor, F(d/D)
may be included in the expression for ARag. A table of calculated values, d/D vs.
F(d/D), has been presented by Smythe. DeBlois, Bean and Wesley, however, have
proposed the analytic expression [78]:

e —[1 08(1"‘_l
(D)—- -0. D) (9)

The correction factor is accurate to within 1% at d/D=0.8, its accuracy increases as
the value of d/D 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 d/D<0.2, the system responding
solely to particle volume d in this instance, would refer to the equivalent spherical
diameter for non-spherical objects. Similarly, the more spheroidal-like are the
particles, the less significant are deviations from eqn. (6).

Finally, particle trajectories have been shown to have a significant effect on eqn.
(6) in nght cylindrical sensing zones with sharp edges at their entry and exit [80, 81].
Because of a non-uniform distnbution in the potential gradient across a cross-
section, which greatly increases near the edge, particles following off-axis
trajectories cause a larger transient change in resistance than that which would be
predicted by eqgns. (6) and (9). The avoidance of sharp edges by using a fluted orifice
(such as that shown in Fig. 4), result. in @ much more uniform potential gradient
distribution across any given cross-section of a sensing zone, and largely eliminates
this problem [82]. A fluted sensing zone was also found to favour the establishment
of a low noise reference baseline, over which resistive voltage pulses were counted:
it was therefore a preferred sensing zone shape for LIMCA instruments.

The reliability of eqns. (6) and (9) in predicting transient changes in resistance in
an orifice was tested with respect to particle size, orifice diameter and applied
current by using gallium (m.p. 30°C), and introducing insulated steel spheres into
electric sensing zone [83]. The equation predicting the magnitude of voltage pulses
was found to be in excellent quantitative agreement with those measured.

3.2 Analysisof 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 I/, while a ballast
resistance Rg regulates this current. The passage of particles cause transient voltage
pulses acrocs the ziectrodes, AVag, and also interestingly, across the ballast resistor,
AVpg, riding on steady potential differences Vag and Vg, respectively. As shown by
the following derivation, the magnitudes of AVag and AVp are equal and opposite
in sign, such that the potential across the battery remains constant at any given
moment:
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V.. = Y. £ V. = E-V (9)
AB - < B~ "
R\B RB 8
av aVv
AB B
AV“B-(()R ) AR, and Asz(—aR ) AR, (10)
AB R \B R
B 18]
RB
AVAB=—'_\VB= mE ‘\R\B (11)
AB B)
E
since I =
RAB+RB
R v P 3y -1
4pl
AV = AV, = ——— AR, = —. -p—-4—~ [1-08(5” (12)
R, +R, E np D

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 Rg is much greater than Rag, the effect of the division
of electric potential between probe and the ballast resistance in egn (12) becomes
negligible. However, for a given e.m.f,, making Rag too great, will make circuit
current too low and resistive voltage pulses too small. Therefore, an optimum value
of ballast resistance exists to obtain maximum pulse heights, Rag being prescribed by
the dimensions of the orifice and the resistivity of the fluild medium. This optimum
can be found by differentiating AVag in egn. (11) w r t. Rg, keeping Rag constant,
and equating the derivative to zero:
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av (R, +R.)°>—-2(R, . +R.)R
( AB) __4AB" B A82 B BE' AR =0
(RAB+RB)

(13)

Hence, matching the ballast resistance with the resistance across a probe will
maximize the pulse heights. This is particularly applicable to Coulter Counter type
probes, operating in aqueous medium, where resistance across a probe is typically
100 kQ. In LIMCA, on the other hand, this resistance is of the order of a few mQ’s,
and having a matching ballast resistance 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 potential 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 LiIMCA signals, as shown in Fig. 3, the voltage pulses
were first strongly amplified using an oscilloscope / 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
Vas, and the transient resistive voltage pulses AVag which rode over this baseline.
The high pass filter was set at an appropriate level, between 0.1-1 kHz, to
automatically restore the baseline to i1ts zero reference level, should a change in Vag
(low frequency oscillations or sudden permanent changes) occur. The low pass filter
was usually set at 10 kHz, to eliminate as much high frequency noise as possible. A
logarithmic 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
linearly on a 3.3 V band,so as to condition signals for acquisition by a Multi Channel
Analyser (M.C.A.). Since resistive pulse signals had fixed periods 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 rise times
Finally, signals were recorded in a multichannel analyser, in individual channels that
corresponded to logarithmically spaced pulse height intervals. The MCA therefore,
effectively displayed a histogram of the number of peaks observed as a function of

their magnitude. This pulse height information was then converted into particle size
distribution through the use of eqn. (12).

3.4 Comparison of Coulter Counter Technique and LIMCA

LIMCA for molten metals was developed thirty years after Coulter's invention in
1953. The primary difficulty in developing a similar E $.2. device for molten metals,
when compared with aqueous electrolytes, was their very low electrical resistivity (~
million times lower), which made the resistance changes caused by particles
displacing liquid metal in the orifice (see eqn. (6)), very much smuiler. To obtain
measurable voltage pulses, the circuit current was made much higher, while the
pulse height detection Iimit was greatly lowered by reducing the inevitable
background noise on the reference baseline as far as possible. This was
accomplished through the use of sensitive electronics and by electromagnetic
shielding and appropriate grounding of circuit components. Ripple free D C
currents were generated by utilizing a 6 Volt heavy duty lead-acid storage battery
Hence, the significant difference in the design of a Coulter Counter and a LIMCA s
the use of a very low impedance circuit which enables high D.C currents to pass and,
at the same time, helps to minimize electromagnetic induction on circuit
components. Presently, for operations in most molten metals, background
electronic noise can be reduced below 10 pV, allowing resistive voltage puises above
a threshold value of 20 pV to be counted.

Table 1 compares the typical operating conditions of E.S.Z. devices using water
and various molten metals as the measuring media. As can be seen, for a given size
orifice, the minimum particle sizes that can be currently detected in metals at McGill
University are about twice as those in water.

3.5 Application of LiIMCA to reactive and / or high melting point metals

Referring to Fig. 3, therefore, a major innovation in conceiving LIMCA was in the
design of the second component, the power supply. The circuit was first tested in
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Table 3. Comparison of E.S.2. instruments in water and molten metals.

Tap Water | Aluminum | Magnesium Copper |Sihcon-Boron
(84] (83] [85] (86] Steel (87]
Temperature
of Operation, 20 700 700 1100 1350
°C
Electric
Resistivity, 30 0.25x%10-6 | 0.28x 106 | 0.20x 106 | 1.4x%10-6
Qm
Electric
Current, 50x10-6 60 60 60 20
Amperes
Orifice
Diameter, ym 300 300 300 300 300
Puise Height
Detection 200 20 20 20 20
Limit, pV
Minimum
Particle Size 9.5 20 20 22 16.6
Detected, um
d/D, % 3.2 6.7 6.7 7.3 55

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 ym 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.

In 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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In designing a LIMCA probe for a given metal or alloy, the following
considerations applied:

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

(>20 Amps), with a low background noise (<20 pV), for a sufficiently 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 providing 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, independent tests were carried out on the
electrodes. Asshown schematically in Fig. 5, electrode arrangements were inserted
into the melt without a sampling tube, and D.C. currents, equal in magnitude to the
operating current of LiIMCA passed. Background electronic noise was then
monitored. Satisfactory performance indicated that noise problems due to
environmental induction, shielding and grounding of circuit components, as well as
any contacting problems between the electrode and molten metal had been
overcome. Particularly, the electrode-melt interactions included wetting
phenomena, slagging, formation of intermetallic compounds, dissolution, gas
bubble generation, oxidation and the like.

3.5.2 Sampling Tube

In 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
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effect of using a partially conducting sampling tube versus a completely insuiating
one, will be to lower the magnitudes of the resistive voitage pulses. Referring to Fig.
6, the extent of this lowering can be deduced as follows: when the sampling tube
has a finite resistance, Rag consists of two parallel resistances: the wall resistance of
the sampling tube Rgr and the resistance of the molten metal within the orifice Ro.
AR 1s the transient change in Rg caused by the passage of a particle through the
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orifice, its magnitude given by eqn. (6). The transient resistance change across AB,
ARag will be given by:

RST RO

1 1 1
“R. R,
R.‘\B ST (4]

R

——Aﬂ) AR (14)
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= CLI (15)
AR g (RO+RST) AR
Also from eqn. (12):
R
AV, =——=— I AR, (16)
‘ RB+RAB

when the sampling tube is completely insulating, AR =ARag . Hence, substituting
(15) into (16):

2

R
ST >= AVins- tube - p(q) (17)

AV — Avms.tube_ (
AB AB
RO+RST

where a =Ro/Rst, and f(a)=[1/(1 +a)]2. If no more than 10% reduction in pulse
height can be tolerated, then f(a)>0.90 and ¢ <0.05. Assuming the wall thickness
and the orifice length to be the same,

/A A

p
0 M 0 ST
a= = A <0.05 or Pgr> 20-2—0—- Py (18)

st Psr!“sr

where Agr is the area of sampling tube exposed to molten metal, and Ap is the
orifice area. For a 300 pm diameter orifice in a 40 mm diameter sampling tube,
inserted 40 mm deep into asteel bath, for instance:



&)

¢ 3

31

2

407 +~ n (40)(40)

pyp > 20 (14 107" = 250m
n 9
~0.3
1

Stabilized zirconia has good thermal shock resistance and 1s resistant to chemical
wear in molten steels. However, because of its low resistivity, 0.094 and 0 016 Q.m at

1300°C and 1600°C, respectively [88], it is clearly not suitable as a sampling tube
material

3.5.3 Sensing Zone

The orifice that serves as the sensing zone has been found to be the most critical
region in LiIMCA's operation. It i1s required to have dimensional stability against
chemical erosion or physical attachment of inclusions to its walls, in the presence of
rapid fluid flow and converging streamlines. It can be generated on the side of a
sampling tube, as has been the case with borosilicate or quartz tubing, or can be
produced as an insert, made of a superior material such as BN, that is subsequently
attached to a sampling tube of less expensive ceramic

In LIMCA’s operation, when an unstable baseline devetops, i1t 1s important to
establish the source of electronic noise causing interference. This can be diagnosed
by by-passing the inside electrode in the sampling tube with another electrode, into
the melt, hence removing the orifice from the current path. If a steady reference
baseline returns, then the cause can be attributed to orifice deterioration, possibly
caused by inclusion attachment and loss of smooth surface at the onfice wall. If
electronic noise persists, then, other sources such as imperfect electrical 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 potential application of LIMCA to steels was given first
priority 1n view of the technological benefits such an instrument can bring to this
important structural material. Working probes were therefore developed, despite
the difficulties involved, for steel melts. LIMCA’s operation in steel was found to be
strongly influenced by the melt's chemistry and the nature of its inclusions.

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

The first successful LIMCA measurements in iron-base meits were made in an iron
meit containing boron and silicon. This particular industrial alloy i1s 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., US.A. It has a low melting
point, in the region of 1200°C, and planar flow casting techniques are used to
produce thin sheet (50 um thick) with a metallic glass structure. The elimination of
magnetic 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 describes 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 suitable electrode system. Among the many high temperature conductors,
such as steel, molybdenum, tungsten, and graphite rods tested, a combination
electrode, with a graphite tip 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 in molten steel, and
atmospheric oxidation of molybdenum to volatile MoO3. Dissolution of graphite
occured only at the tip of the electrode, and as the electrode receded into 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 period in low m.p. steel
alloys, indeed, littie dissolution occured in alloys containing a high level of silicon
(>2% Si). Usually, a high electronic noise accompanied the initial functioning of
these electrodes, as shown in Fig. 1A. Following prolonged contact, or conditioning
procedures, the background noise could be reduced sharply, to a level acceptable for
particle detection measurements, Fig. 1B. This electrode arrangement also worked
in a low carbon steel at 1550-1600°C; the rate of dissolution of graphite was

measured to be 20-30 mm into the protective electrode shield, within a 20 min.
period.

Earlier construction of a sampling tube for these melts consisted of a 15 cm long
BN tube with a quartz tube extension. An onfice was drilled into a BN insert which
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
prabe asembly is shown in Fig. 2.

Fig. 3A shows one of the first resistive voltage pulses obtained in this steel using a
similar probe. The thickness of the baseline is an indication of the electronic noise,
which was kept well below 20 uV. One problem that remained with this design was
orifice enlargement. BN was sensitive to the oxygen content in steel, and as seen in
Table 2, unless dissolved oxygen was reduced to very low values, enlargement in
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 negative
directions, and might have been caused by particles sticking, or becoming free, at
the sensing zone. The positive jumps were counted as partictes. The frequency of
baseline jumps usually increased with continued measurement, and gave an
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Independent test of electrodes, oscilloscope traces showing initial
electrode noise (A), and the establishment of a pulse-free baseline (B).
Vertical displacement: 50 uV/div., time axis: 1 ms/div.
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A)

1 ms/div.

B)

Fig.3:  (A) Resistive pulse obtained with the probe shown in Fig 2. (B) Baseline
jump. Vertical displacement: 50 uV/div., time axis: 1 ms/div.
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Table 1. Typical rates of orifice enlargement for 300-400 um diameter boron nitride
orifices in steel and cast iron melts [1].

Metal Rate of Orifice Temperature
Composition Enlargement, R c
P pm . aspiration ge,
Fe, 5% B, 3% Si, ) ]
400 ppm Al 1200-1400
Fe,5% B, 3% Si 20 1200-1400
Fe, 4% C, i ]
1% S1, 1%Mn 10-30 1200-1400
Fe,0.1% C, -
1% Si, 1%Mn 40 1550-1600

indication of orifice deterioration, which in the extreme case, led to random
oscillations and a complete loss of reference baseline It was found possible to
condition the orifice in this steel by passing a high current (150-200 Amps)
momentarily, to “clean” the BN orifice and restore a steady baseline, for further
measurements.

When a sudden shiftin the reference baseline occurred, the high pass filter of the
differential preamplifier, operating in the AC mode, restored this shift to its original
zero value by “bleeding” the input capacitors to their ground state through
resistors, so that new differential puises could be acquired. The rate of restoration
depended on the filter setting, whose time constant was given by the product of R C
in Fig. 4. This filtering action also caused a predictable loss in the magnitude of the
recorded resistive pulses, as well as the negative backshoot foillowtng the original
pulse in Fig. 3A.

Unexpectedly, sampling tubes made of fused silica glass retained their form up to
1500°C, and were used in this steel, in a temperature range of 1200-1400°C, Fig. 5. A
fluted orifice with a glazed surface was produced on the side of a tube by first
drilling a larger hoie, and then heating this area to locally soften the silica glass,
thereby causing 1t to flow, so as to minimize its surface energy by rounding off the
sharp edges. This was continued until desired shape and size of orifice was obtained



- T4

'y

46

C=1nf Preamplifier
I
+t o
||
Input from R=1k@
Feeder Electrodes C=1uf
|
';
|
R=1kQ

Ground @- _t_ \

Fig.4: Schematic of a high pass filtersetat R C=1ms [2].

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 duration vs. other disturbances, on the baseline was comparable
to that of the LIMCA borosilicate probes in used aluminum melts, i.e. >95% resistive
pulses [2]. However, with some probes, double puises of the type shown in Fig. 6,
and asymmetric pulses, shown in Fig. 7 were obtained with an associated rise in high
frequency background noise, and a decline in baseline stability. When orifices were
sectioned in a plane passing through their longitudinal axis, some were found to
have a humped profile, Fig. 8A. 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 obtained by drilling a larger hole and heat shrinking a greater area, Fig. 88B.
It was found possible to heat shrink holes of up to 600 um in diameterin a 1.5 mm
thick silica glass, holes greater than this tended to expand.

Figure 9 shows a resistive voltage pulse typical in this steel, obtained with a well
functioning orifice in a quartz glass sampling tube. Dimensional stability of such
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Fig.5:  LiMCA probe design with silica glass samplir,g tube and sensing zone, used
in later experiments with boron - silicon steel melts.

orifices were good, as no measurable expansion was observed in orifice diameters
after an experiment (see Fig. 10).

2.2 Comparative Inclusion Measurements in the Transformer Steei Alloy
2.2.1 Selection of Measurement Conditions

20 kg of molten alloy was prepared in an induction furnace and LiIMCA
measurements were made with the furnace power switched off, during cooling from
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Fig.6: Double pulse generated in asilica glass onifice.

1400°C to 1200°C. A heavy coat of ceramic fiber blanket was laid next to the water-
cooled copper inductor and the bottom of the furnace, for insulation, to minimize
heat losses from the crucible. Sand was packed betwen the crucible and the
insulation to provide the necessary rigidity for the crucible, to prevent cracks
developing during meiting. This insulation provided a 20 minute working time for
LIMCA measurements.

In order to detect a significant number of borosilicate inclusions within a typical
liquid sample 1n this melt, and inclusion sizes being so small, 1t was found necessary
to reduce the orifice diameter to 200 pym or less. No special problems were
encountered in aspirating this steel through such a fine opening, an aspiration
vacuum of 24 ¢cm Hg (32 kPa), corresponding to 85% of the theoretical pressure
difference, calculated for a completely non-wetting orifice (yre =187 N/m [3]), was
sufficcent for overcoming surface tension effects and drawing the steel into the
sampling tube.
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Orifices setin silica glass, sectioned in a plane passing through their central
axes. A microflame was applied to their left side. (A) humped profile

resulted from inadequate heat shrinking, (B) fluted profile obtained by
heatshrinking a larger, initial diameter.
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A)

B)

Fig.9: Resistive voltage pulse obtained In a transformer steel melt using a silica

‘ glass sampling tube with a well functioning orifice (A), and the

I accompanying puise height distribution in an M.C.A,, accumulated over a
10 s data acquisition period (B).
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Fig. 10: Stability of a 260 um orifice set in silica glass. No measurable expansion in
orifice diameter was observed.

Operating currents for measurements were evaluated on the basis that excessive
thermal load should not be placed on the orifice. Rate of metal temperature rise
due to resistance heating at the orifice (in the absence of heat losses), is given by:

2
ar _ P! (1)
¢ pCp

where the numerator is the volumetric rate of heat evolved according to Ohm's law,
and the denominator is the volumetric heat capacity of the molten metal. Taking a
typical LIMCA operation in aluminum melts with a 300 um diameter orifice and a 60
Ampere operating current as an arbitrary standard, required currents were
calculated for steel melts that yielded similar rates of temperature rise. Tabile 2
compares operating currents for a given size ornfice, along with other computed
values, for aluminum and steel meits.
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2, Cp, dT/dt,
Melt D.ym LAmp. | Wt | ymmicc | C/ms

Aluminum 300 60 180 2.6:10-3 70
Steel 200 20 570 5.6:10-3 100
Steel 100 5 C " "

For moltensteel, p,=1 4uQ m, p=7000 kg/m3 (3], and Cp= 0 8 J/g [4]

Sample volumes were estimated from the known data acquisition periods during
sampling and the applied vacuum, using the following relations:
2AP

V=uAA: u=C V—;
p

where V: sample volume, G: mean metal velocity at the orifice, At: data acquisition
period, Cp: discharge coefficient. Linear relationship 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 [S] From the data obtained, the
coefficients a, b, and the 95% confidence interval for Cp, *e¢go9s, were deduced
These results are summarized in Table 3. Such linear relationships between Reynolds
number and the entry and exit losses have been predicted theoretically and
observed experimentally for laminar flow in pipes [6] Since zinc and steel have
similar densities, the same coefficients were used to estimate the volumes of samples
taken by LIMCA in steel melts.

2.2.2 Comparative Measurements

Figure 9B provides a typical histogram of the resistive pulses recorded by the
Multi Channel Analyser (M.C.A) for a 200 um orifice, and accumulated over a 10s
data acquisition period. For the inductively stirred melts, few large inclusions (>10
um) were detected. A threshold voltage of 20 uV, above which particles were
counted, corresponds to the brighter points to the right of the first major division.
Such histograms were then converted into hatched size distribution charts of the

Co=a+ blRel + ¢ (2-4)
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Table 3. Relationship between discharge coefficient and Reynold’s numberin a
LiMCA orifice, using moiten zinc.

crg’;;g a, mis [Re] Co
6 1.05 525 0.67
8 1.20 600 066
10 1.42 700 0.70
12 160 800 0.72
16 198 990 0.77
20 224 1120 0.78

Cp=a +b[Re]*+eggs, correlation coeff,r=098
a=02103, b=055 ¢ggs=62-106{([Re]-791)2+43620 }+

from ¢y.q0=ta2,n-2)S5¢y {(x-%)28x x + Vn}t {71

type shown in Fig. 14. As the bar chart shows, no particles greater than 25 uym were
detected within the 4.7 g portion of the melt sampled.

Figure 11A shows a typical random area in the microstructure of this steel
where many small inclusions (borosilicates) of about 1-3 um are present. The very
few larger inclusions were found after checking many fields of view: Fig. 11B shows
one such large spherical inclusion, measuring 7 pm 1n diameter.

A 0.1% aluminum addition was then made to this inductively stirred melt, and
ten minutes later the melt quality again recorded (see distribution B in Fig. 14). Since
the 210 pm orifice of the sampling tube had blocked, the second sampling was
carried out using a back-up sampling tube containing a 370 um orifice.

The corresponding micrograph from a quenched sample, is shown in Fig. 12A
where addition of aluminum leads to larger, iess spherically shaped inclusions of
aluminum borosilicate, indicating a change in their melting point. Larger inclusions
were more frequent; one such inclusion i1s shown In Fig. 12B. It is believed that
dissolved aluminum diffuses into molten borosilicate inclusions, changing their
chemistry and causing growth largely by way of coagulation. Figure 13 shows, on its



§ 3

55

left, an electron microprobe image of a cluster of inclusions following an addition of
aluminum, and on its right, i1ts associated X-ray map for aluminum. The latter shows
aluminum clearly incorporated within the oxide 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 size distributions are shown In
Figure 15. The difference in size distributions obtained by the image analysis and
the LiMCA probe reflect the importance of sample size 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 period, in terms of both weight
of steel sampled and the equivalent surface area to be examined microscopically.
The latter is calculated by assuming that the sample volume is equal to the product
of the sample area and the minimum detectable inclusion size. In Figure 14,
although 57 inclusions greater than 10.4 um were counted i1n a 4.7 g steel sample;
one can readily deduce that there would have to be, on average, only one such

corresponding inclusion per 10 cm2 of steel surface, far greater than the surface area
actually analysed.

Interestingly, although the dissolved oxygen content, as measured by an
oxygen analyzer (Electronite, Celox 2 probe) decreased from 3 ppm to practically
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 significant change in the volume fraction of
oxide inclusions between the two meits.

A simple mass balance caiculation indicates that less than 1% of this oxygen s
contained within the inclusions measured, i1.e. greater than 10 pm in diameter The
population density of smaller inclusions, say with a median size of 1-3 pm, would
need to be in the order of 2-3 million per gram of steel to make up the balance of
oxygen. Indeed, the population density of such inclusions in the Figs 11 and 12 1s
very high, and more accurate measurements made on a volume basis, utiising
inclusion extraction techniques from solid steel samples and Coulter Counter
measurements in aqueous electrolytes also confirm large numbers of small inclusions

(8].
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Figure 17 illustrates another test on boron steel, in which the number density
of borosilicate inclusions within the melt following melt down in an inductively
stirred furnace, was raised by passing air through the melt for one minute, at a
flowrate of 4 NI/min. As seen, further oxidation of boron and silicon lead to an
increase In the number of particles in all size ranges, with a shift towards larger
inclusions

The smallest orifice size used with the present E.S.Z. instrument for this alloy
steel was 120 um. The melt was sampled under a current of 5 Amperes yielding a
calculated detection limit of 7.8 um The inclusion distribution measured is shown in
Fig. 18. The orifice size being smaller, the detection limit was lowered, causing the
resistive pulses to become larger. As there are many more smaller inclusions than
the larger ones, inclusion population density also rose sharply, apparent from the
osclloscope 1mages shown in Fig. 19. For such settings, coincidence can be a
problem The latter i1s a measure of the hkelihood of two or more particles entering
the sensing zone at the same time. Inclusion coinadence may cause an increase or a
decrease in the true counts, depending on whether 1t is predominantly of a primary
or of a secondary nature [1,9].
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B)

Fig. 11:
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Typical area (A), and a large spherical borosilicate inclusion (B), in the
microstructure of 5% B, 3% S, Fe steel.
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Microstructure of the 5% B, 3% Si, Fe steel after 0.1% Al addition (A), and
alarger inclusion in this microstructure (B).
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hd Fig. 13: Cluster of inclusions after 0 1% Al addition (L.H S.) and their corresponding
X-ray aluminum maps (R.H.S.).
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following, a 0.1% Al addition to the melt.
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Fig. 19: Resistive voltage pulses recorded during LIMCA’s operation with the 120
. pmdiameter onifice.
Vertical displacement: 50 uV/div., time axis 1 ms/div
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3. EXPERIMENTS WITH CAST IRON

It was considered that cast iron represented another low temperature m.p. alloy
where the probe described for Fe-Si-B alloys could be applied Other than an
academic curiosity, such a probe could also serve to monitor non-metallic inclusion
levels in inclusion sensitive cast irons In a newly developed Vacuum Assisted Casting
(VAC) process for nodular cast iron, for instance, it has become possible to produce
high strength, thin wall, hight weight castings with high metal yield and near net
shape (Fig 20) However, parts requiring fatigue strength, such as the connecting
rods in car engines, became notch sensitive to inclusions when cast 1n thinner cross-
sections. It was suggested that these inclusions had to be monitored, and when
necessary, removed from the melt prior to casting, in order to take full advantage of
the VAC’'s capability for producing thinner sections [10].

However, LIMCA probe experiments in cast iron met with difficulties. Using a
430 um onfice, it was not even possible to pass a continuous current. Figure 21A
shows rapidly rising voltages because of periodic disruptions in the current path at
the onfice Cavitation because of CO formation at the orifice exit was ruled out,
because the same discontinuities were observed when the sampling tube was under
pressure, as well as under vacuum. Increasing dissolved silicon levels to 1% made the
matter worse, causing a complete loss of current. Upon raising the orifice above the
melt, it was observed to be physically blocked, molten metal trickling, rather than
jetting out of the orifice, as would have been the case with a transformer steel melt.
Larger orifices (D>1000 um) did not block immediately, but still suffered from an
eventual deterioration, as evidenced by disturbances and oscillations of the
reference baseline voltage traces on the differential oscilloscope. Attempts to
condition the orifice with a high current in cast iron did not help, but rather
hindered, and resulted in a rapidly blocked onfice and loss of current.

Since borosilicate inclusions in the transformer steel melt were fluid, it was
hypothesised that accumulation of solid inclusions at or around the orifice, were to
blame. It was therefore decaded to investigate the effect of liquifying silica
inclusions by manganese additions, in order to prevent the orifice deterioration. The
results obtained are summarized in Table 4.
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VAC PROCESS
\

VACUUM
VACUUM CHAMBER
SHELL MOLD I / \
CORE —COPE
[ ’UH = WY—p =

-l‘ - - /’,:,-
EXHAUST \ N

MANIFOLD ~INGAT
CASTING — )i . GATES

MOLTEN METAL BA TH/ \DRAG

Fig.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 s
applied to degas and to draw metal into the casting cavity, for a high
strength, thin wall, near net shape casting [10].

After having a 1% Si In the melt, increasing the manganese levels returned a
steady current but baseline stability was not obtained (Fig 21B) Increasing
manganese further, up to 4%, resuited in rapid orifice enlargement because of the
interaction between manganese and silica glass to form lower melting point
manganese silicates. The best operation for the silica probe was established at low
silicon, high manganese levels, when resistive pulses caused by inclusions could be

LA
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Table 4. Summary of experimentsin castiron.

No % Si % Mn Comments
1 025 0015 Ir:rrgehzc:zwn: 41-46% C,0.012% S5,0035% P
2 1 0015
3 1 0.5
4 1 1.1 some current
5 1 22 steady current, Fig. 218
6 1 3.3
7 1 4.4 rapid orifice enlargement, D> 1000 pm
8 065 0.015
9 065 070 |slagon meltsurface became molten
10 065 1.4 best operation, Fig. 22
11 13 1.4 baseline stability was lost.

Chemical compositions were calculated from the ferroalloy additions made, assuming 100%
recoveries Spectral analysis for samples 6 and 7 were.

No %S %Mn
6 066 32
7 069 44

NB Mn values (above 2%) were determined by extrapolation

observed, but baseline instability was still too high for meaningful measurements,
Fig. 22.

Although some dissolved silicon was necessary to prevent the oxidation of
carbon, high silicon levels led to rapid orifice deterioration and physical biockages
The possibility of silicon carbide precipitation causing apparent blockages according
to:

re + (C) = (SiC)

was checked for thermodynamic possibility. Table 5 gives the thermodynamic data
available for computation of this reaction’s equilibrium constant. Taking
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Table 5. Data used to compute the equilibrium constant K4 between graphite, Sige
and SiCin castiron [11].

i Reaction AGS, J/mol

1 <Si> + <C> = <SiC> -73050+7.66 T

2 <Si> = {si} +50540-300T
3 {Si} = Sire -131500-17 24T
4 Sire + <C> = <SIC> +7910+549T

(solid), {liquid}, pure component st state, X =1 wt% st. state
AG%=-RTInKy, Kg=1/hs

Table 6. Initial composition of cast iron and the interaction coefficients of
silicon used in calculating the equilibrium silicon composition in K4 {12].

PRI T

%- 9

C Si Mn S P
% 4.1-46 0.25 0.015 0.012 0.035
es; 0.24 01 0.28 006 0.09

also see Table 12 for references on interaction coefficients

asic=ac=1, and using the interaction coefficients for silicon in Table 6, the

corresponding silicon compositions needed for SiC precipitation were calculated for
1200°C and 1400°C, respectively:

Temp., °C ‘ log K4 l hs, \ % Si
1200 -3.18 1515 10.8
1400 -3.15 1410 10.6

Owing to a large positive deviation from Henry’s law, equilibrium silicon
concentrations were much smaller than their corresponding activity values The
computations indicate that greater than 10% Si would be necessary to precipitate
SiC. The margin of error is expected to be high for this computation, since apart
from the uncertainties in interaction coefficients, the sclution was no longer dilute
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in C and Si. Nevertheless, these results indicate that the formation of SiC would be
unhkely.

Since sihcon raises the activity of carbon, it might also have caused carbon to
exceed i1ts saturation limit and precipitate as graphite flakes from cast iron. Figure
23 compares equilibrium diagrams for Fe-C binary and the Fe-C pseudo binary in the
presence of 2% Si As seen, the stability of the mushy zone containing graphite is
moved towards lower carbon contents and higher temperatures at higher silicon
levels



A)

B)

Fig. 21:

n

(A) Discontinuities observed in the transient voltage across an orifice AVag
in cast iron When the orifice becomes insulating, the potential drop
across the orifice approaches 6 Voits (battery e m.f), hence the spikes
Circuit current dropped to few Amps from an expected value of 40 Amps
Vertical displacement: 5 mV/div, time axis: 10 ms/div
(B) Oscillations on the reference baseline after St and Mn additions into
cast iron Circuit current was maintained at 40 Amps
Vertical displacement’ 50 pV/div, time axis 1 ms/div
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Fig.22: Resistive voltage pulses obtained in low Si, high Mn cast iron with
accompanying instability.
Vertical displacement: 50 uV/div., time axis: 1 ms/div.
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4. EXPERIMENTS WITH EUTECTIC STEELS

To avoid complications with carbon in cast iron, systematic investigations were
made with Fe, 18% Si eutectic steels, which also provided another fow m.p. system
similar to the transformer steel melt. Fig 24 shows the equilibrium diagram for the
Fe-Si binary

The results are summarized in Table. 7 In this steel too, with orifices measuring
400-600 um in diameter, baseline instabilities were a problem. Although increasing
manganese levels reduced such blockages, they did not significantly improve
baseline stability High manganese levels did not lead to the dissolution of quartz
glass, as was the case in cast iron, but started its devitrification (Fig 25).

Table7 Summary of experimentsin Fe, 18% Si eutectic steel

No. % Mn % B Comments
1 0.2 - blockages and baseline jumps
2 11 -
3 2.1 -
4 3.0 - reduced blockages
5 40 -
6 1
7 - 2
8 - 4 better operation " increasing boron
9 - 6

When boron additions were made to Fe, 18% Si steel, baseline stability improved
with increasing boron, and measurements were possible with 6% B, using a 330 um
orifice. Conditioning the orifice with high current helped in recovering a stable
baseline in these steels.

Finally, the Fe-B binary was considered, Fig. 27, and an experiment was made In
Fe, 4% B eutectic steel. Although no special problems were encountered in
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aspirating this steel through a 200 um diameter orifice, and retaining a stable
reference baseline in the latter stages of sampling, the sampling tube was attacked
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Fig 25. Cross-section of a quartz glass sampling tube wall in contact with Fe, 18%
Si, 4% Mn steel, showing devitrified layers.

by boron Figure 26 shows the deep!y etched quartz glass sampling tube and the
expanded orifice, after the experiment, and Fig. 28, the S102-B;03 equilibrium
diagram Referring to the diagram, reaction product on the silica surface must have
been molten, but 1t strongly adhered to silica Even on cooling to room
temperature, the white opaque product layer chipped off with a layer of
transparent silica attached, it was not possible to separate the two
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Attack by Bre on the quartz glass sampling tube Photograph on the right
shows the expanded orifice (on the central axis, at equal distance from the
sides and the bottom).
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S. EXPERIMENTS WITH LOW CARBON STEELS

From an economic point of view, operation of LIMCA would be most useful and
would have the widest application in these steels Therefore, in spite of the earlier
difficulties with low temperature analogues, the design and construction of a high
temperature LIMCA rrobe was researched for use in low carbon steels

5.1 Construction of a Permanent Electrode

Although graphite tipped electrodes worked in a low carbon steel for a
reasonable length of time (up to 20 minutes), a more permanent, steel tipped
electrode was constructed using water cooling, Fig 29 It was desirable to extract
heat from the tip of the electrode only, therefore, the electrode arrangement was
surrounded by an insulating ceramic refractory The object of this was to draw as
little heat from the steel bath as possible, thereby, to prevent an unwieldy solid shell
forming on the meltsurface, around the electrode The critical feature in the design
was the length of the steel electrode If kept too loiig, the steel would melt into the
ceramic shield and contact would be lost, if too short, there would be excessive
build-up of solid shell around the electrode. The length “€” of the steel rod could be
estimated simply by considering uniaxial flow of heat through the steel electrode,
assuming its sides to be completely insulated If the two ends of the steel rod are
kept at 1535°C and 50°C, respectively, the rate of heat conduction along the steel
rod, Qst, 1s balanced against the rate of heat input from the melt into the steel rod,
Qmelt, as shown schematically in Fig 30:

daq .
st _, 9T oo (3)
dt st d 4

dQ
mell _p AT 2 (4)
dt melt melt 4

where d: rod diameter, kg: thermal conductivity of steel at a given temperature,
hmelt: heat transfer coefficient in the molter. metal, its value varying between 4000
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| Baffle Separation

| Water Cooled Brass
Pipe Extension

| — Insulating Ceramic

___— Steel Electrode

1
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Equilibrium solid/liquid
Y Interface
Steel Bath

Fig.29: Water-cooled electrode design for molten steel.

W m-! K-! under natural convection and 8000 W m-! K- in forced convection
conditions [16]. AT is the temperature difference across the boundary layer in the
melt, and may be taken as 80°C maximum Equating Qs¢ to Qmest and solving for £:
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Fig.30: Heat balance for the steel electrode with hypothetical isotherms, and the
unknown dimension “€".

L T (5)

meltAT melt

Table 8 gives the thermal conductivities of a steel, and two silica based insulating
refractories that could be used as shields For the case of forced convection in the
melt, € is computed to be 8.5 cm and the heat removed from the melt, using a 22 mm
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diameter electrode (O D of a 1" standard pipe), Qmelit =80 W Fig 30 also shows the
effect of radial conduction. Considering the radial direction only, in the lower and
the hotter part, the electrode acts as a fin and the heat 1s conducted in the +ve r-
direction, out of the refractory insulation, towards the water-cooled part, on the
other hand, this would be reversed

Table 8 Thermal conductivities (W m-1 K-1) of low C steel [3] and two silica
based refractories [17].

T,°C Steelt Masrock ™t Fusil 50™#
20 60 [1900 kg/m3, (800 kg/m3,
100 58 15% 0
200 53 6 porosity] 40% porosity]
400 46 0.7 0.2
600 37 09
800 29

1000 28

1600 (30)

T Fe,008%C, 03%Mn

¥ Trade names of Harbison-Walker refractories Thermal conductinity and refractoriness of
a given ceramic insutation depends on its bulk density

A water-cooled electrode was then assembled using Masrock ™ insulation and a 6
c¢m long steel rod, connected to a 1" standard brass pipe, as shown in Fig. 29, and
tested in molten steel. The circuit was completed using a consumable steel rod as
the other electrode. The electrode performed satisfactorily, as a low noise, stable
reference baseline was achieved immediately after insertion, and maintained for an
indefinite period. A 1 c¢m thick steel sheil formed around the electrode, indicating
that a longer steel tip could have been used as predicted.

52 Construction of a Sampling Tube

Since Nakajima reported unsatisfactory performance by the BN onfice in low
carbon steel melts, and good operation for an orifice set in silica glass [18], 1t was
decded to try this earlier design for the sampling tube, shown in Fig. 31. In this
design, a graphite chamber prevented softened silica glass from collapsing inwards
during aspiration, and also served as the inside electrode. Figure 31 shows two
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Fig 32: Silica glass stability in Armco lron:
(A) Above 1550°C, initial diameter: 550 um,
(B) Below 1550°C, initial diameter: 500 um.
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modifications made to the earlier design. The mechanically attached steel rod
electrode extension was found to cause unacceptably high electronic noise because
of deteriorated electrical contact at high temperatures, and was replaced with a
molybdenum rod with a tinned and threaded connection Also, instead of having a
6 mm diameter hole at the back of the orfice, a better mechanical support was
made by countersinking the graphite and shaping the silica glass locally such that it
followed the contours of the countersink. Following this, an orifice was drilled and
heat-shaped at the base of the contoured area.

The system was tried in Armco iron, de-oxidized with 0.2-0.4% $Si, 05-1% Mn,
with or without 200-400 ppm Al additions. Dissolved oxygen contents measured
with a Celox probe incorporating Cr/Cr203 reference cell, decreased to a range of 60-

8 ppm, from an expected value of 600-800 ppm, depending on the amounts of
deoxidizers used.

The resilience of silica tubing against mechanical deformation was found to be
remarkable: In the temperature range of 1535-1575°C, 1t was possible to apply 4-6
cm Hg positive pressure in order to to exhaust the metal from the sampling tube
without noticeble deformation of the silica glass A similar negative pressure was
used to aspirate the metal. This time, in combination with the ferrostatic pressure
acting in the same direction, silica glass deformed towards the graphite back-up and
filled any existing gaps between the two.

Orifices smaller than 400 um invariably blocked in this steel, particularly
following an aluminum addition. When forced with greater vacuum, they deformed
and expanded. Therefore, orifice diameters ranging between 400-800 pym were
used. Figure 32 shows the orifice stability in Armco iron subjected to low aspiration
vacuums: below about 1550°C, orifices retained their geometry, while above this
temperature, they expanded and their shape was lost

5.3 Results and Discussion

In spite of the mechanical stability of the orifice, LIMCA's operation in Armco 1ron
did not prove to be any better than that in a eutectic silicon steel A high proportion
of baseline instabilities prevented one from taking meaningful measurements
Nevertheless, Nakajima made a claim for LIMCA measurements of inclusions in this
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steel, backed by inclusion counts via microscopy in solid samples obtained in paraliel
with LiIMCA [18]. One such result is shown in Fig. 33. Since microscopy gave the
frequency of inclusions per unit area Ny, 1t was necessary to convert this to the
frequency of inclusions per unit volume Ny in order to compare the two results. This
wasdone using the incorrect equation.

N, =NV (6)

The correct expression being [19}]:

=
-

I

~

v
N, = — ormoregenerally N, =
dy, !

(7)

QL

where Ny 1s the number of particies per unit volume, N4 is the expected number of
particles per unit area, and d i1s the average equivalent spherical diameter.
Subscript 1 refers to the particles in the sith size class. To aid visualization, Fig. 34
illustrates this 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 times the depth penetrated by inclusion (~% of its
diameter). However, when the sample 1s cut into two parts, the observed plane
below i1s 1dentical to the matching plane on top, and by observing one, the other is
also completely determined. Therefore, the true depth penetrated by an inclusion,
for the puposes of estimating a sample volume, is its full dlameter. More precisely,
for spherical particles, the distributions can be related via an integral equation,
known as Abel’s equation [19]:

N (ry=r dR (8)

R

r’ N,(R)

"V RE_?

where Na(r) 1s the measured , and Ny(R) is the desired quantity, and r and R refer to
section and spherical radit.
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Measured inclusion size distributions in Armco iron deoxidized with 124 Si,
0.4% Mn, and 0.1% Al Open bars are from inclusion counts obtained by
examining 200 fields at 1000 x magnification under microscope, bringing
the total area exam:ned to 207 mm2 Hatched bars are from a LIMCA
measurement with a 400 um orifice, sampied under an electric current of
20 Amps, and a vacuum of 12 5 cm Hg, for 30 seconds, estimated sample
mass being 60 g, from [18].
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Sample Volume = A-d

Fig. 34: Spherical inclusion inside a unit volume, and another, cutinto half by a
plane of observation. The observed area is A, and the volume, A-d.

By grouping inciusions into discrete size intervals, A, Eqn. 8 can be solved
numerically, and the resulting expression has the following form:

k

CIu NA: - Z au NAJ
J=1+l

(9)

The coefficients ajj have been tabulated by Saltykov (1958) and those relevant for
integrating the microscopy counts in Fig. 33 are shown in Table 10. For integration,
among the total of k = 11 size intervals, i=6-11 were considered, with A=2.5 pm.
Table 9 shows the data derived from Fig. 33, the estimated actual microscopy counts
in the 200 fields examined, and the most probable volume distrnibution of inclusion
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 inclusion
frequencies, indicating a poor agreement between microscopy counts and LIMCA
measurements, signifying that meaningful LIMCA measurements were not made.
The same, of course, would apply for the three other inclusion size distributions
reported in the same work, where excellent agreements between microscopy and
LiIMCA were shown. It is possible that the much 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 corrected
values using 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 usin
i ia,pm | in2.07 | mm2 Fiags | Saltykov's | = 190
mm2 g. method an.
6 12.5-15 1 5.3 1500 56 400 76000
7 15-17.5 8 39 980 45 200 47 000
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 4 540 4000
1 25-27.5 0.6t 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, a,, for integrating microscopy courits.

Size J
Interval,
! 6 7 8 9 10 1"
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 considering the
section diameters to be equal to the actual spherical diameters. Indeed, when a
random plane cuts a sphere, the probability density that it will cut exactly on the
equator is infinity, and that it will pass tangentially is zero. More quantitatively,



Yo

30

87% of the time the section diameters will be greater than } the spherical diameter
This s illustrated in Fig. 35, with the accompanying derivations.

y
y=R,f=0 -— ’
y=yo,r=rg / ro - ? :
7, P
y=0,r=R R -

l—)(planeaty=yo)=

yO r02
P(y<y,) =P(r<ry) = ris Vi-(—)

R
_ 8P(r>r0) ro/R 1
P(planeatrzro) = - o = - ;{-
Vi-(=)?
R

Fig. 35 Probability density of a random plane cutting a spherical inclusion of
radius R at a section radius of rg.

When the frequency of section diameters Ny, is considered, some of these will
belong to spheres with diameteis greater than da,. But, equally, some of the smaller
section diameters will belong to spheres of diameter da, and the two trends will
tend to cancel each other. For consistency with quantitative metallography, the
expected area fraction of a phase is equal to 1ts volume fraction. For the size class



91

equating the section diameter d 4, to spherical diameter dy, will yieid:

N, =N, =d
Y 41—1V1 6dt
NA;
V= (10)
-d
3

Using this relation, the size distribution in the final column of Table 10 was
calculated from the data given in column 3. Asseen, good agreement was observed
betwen this, and Saltykov’s method. This latter method was then used in estimating
the equivalent metallographic sample area of a LiMCA sample in Fig. 16, and also in
converting metallographic counts into 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 significant observation in the measured size distributions in Fe, 5% B, 3% S
steels, was the rapid decline in inclusion population with increasing size intervals A
50% increase 1n size brought about a reduction of 10-100 times in the number of
inclusion counts. Also significant was the great degree of varnability wn inclusion
numbers 1n different melts. In Figures 14, 17 and 18, the number of inclusions
greater than 10 um were:

Fig. 14: after melt-down 15000 kg-!
Fig 17: after melt-down 60 kg-!
Fig. 17: after airinjection 750 kg-!
Fig. 18. after meltdown 850 kg-!

Apparently the macro-inclusion content of the steel depended on its previous
history. For instance, the melt in Fig. 14, once prepared as the alloy, had been
remelted and used many times in different experiments In spite of this great
variance, the mass and the number density of these macro-inclusions represented
only a small fraction of the total inclusion content of more than 1010 kg-1 (based on
the metallographic countsin Fig. 15).

An upper limit for particle size in an electrolytic sensing zone {of the Coulter-
Counter type) was given as 40% of the orifice diameter, a high concentration of
particles greater than this size increasing the likelihood of blockages and baseline
instability [20]. This is probably also true for LIMCA. Taking this value, and the
minimum particle size detected, the dynamic range of LIMCA may be said to be 6-
40% of the orifice diameter in metallic melts.

Because of the great variability in the number density of macro-inclusions, and
the limited size range that can be analysed by LiMCA, orifice diameters had to be
fine-tuned ior a given application. It was necessary to select an orifice diameter and
sample volume such that, for the sampling accuracy of inclusion populations to be at
least better than £20%, the number of inclusions counted (d>0.06 D) in a typical
LIMCA sample would have to be greater than 100 (from Poisson’s distribution, the
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standard deviation s=VN, and the sampling error for a count of 100 s
teg95=(196-V100) / 100 = *+20%) At the same time, the population of larger
inclusions {(d>0 4 D) needed to be small so as to not impair the LMCA's operation.
The rapid decline in inclusiton populations with increasing size was therefore
bereficial to fulfilling this criteria Fer the transformer steel melt, for instance, the
optimum orifice dlameter was in the range of 150-200 pm.

From the aforementioned, then, it follows that LIMCA’s key application is in the
characterization of the macro-inclusion content, (1.e the tail end (right hand side) of
the inclusion size distribution), of molten metals.

6.2 Stability of Sthca Glass in Steelmaking Environments

Since sihica glass provided a sensing zone that was superior to boron nitride (the
other high temperature material tested for steel meits), 1its chemical and mechanical
stabiity were also important considerations.

6.2.1 Chemical Stabulity

Silica glass was attacked by boron in a eutectic boron steel. Since boron was a
stronger deoxidizer than silicon, this would be expected, thermodynamically.
However, no attack was observed by the transformer steel melt containing 5% B, 3%
Si. Inclusions In this steei were spherical, indicating that they were molten
borosilicates rather than solid silica Analysis of the top slag gave 34% B;03, 44%
S10; by weight, the balance being iron. The equilibrium diagram between $10; and
B203 in Fig. 29, on the other hand, indicates that molten borosilicate compounds
would need to contain 80-90% Si0; to be in thermodynamic equilibrium with solid
silica. Equilibrium between Bre, Sire and the borosilicate inclusions could be
expressed by the reaction:

2 Bre + 3/2 {5103} = {B203} + 3/2Sire

Using the thermodynamic data in Table 11, currently available interaction
coefficients for dilute solutions of iron at 1600°C in Table 12, and the known
composition of the transformer steel melt, the compositional relationship between
8203 and 9103, 1n borosilicate inclusions can be calculated:
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Table 11. Data used to compute the equilibrium constant between Bre,
Sire @and borosilicate inclusions [11]
/ Reaction AG°, J mol-! (13066;’0
1 2<B> + 3/2(03) = {B203} -1228840 +210T -835510
2 <B> = {B} +50210-218T +9380
_ (-55780-24.6 Tor
3 {B} = Bre 2101940 - 0 1] -101 940t
4 1/2(02) = Orfe -117050-289T -122 560
5 2Bre + 30re = {B203} NA. -282710
6 Sire + 20re = {SiO2} -582 150 + 222 T -166 240
7 | 2Bre + 32{5103} = {B203} + 3251k | | +8323 _2;057T,9|’ -33 350°

<solid>, {hiquid}, (gas at 1 atm ) = pure component st state, X =1wt% st state

t Calculated from the data given in {11], pp 5,81, 381

¥ First expressionis estimated by assuming Fe-B solution to be regular  Then partial molar
enthalpy of mixing of beron may be taken tobe hg = AH% = RTIn(y°), and constant over a
temperature range, hence AG°3 = RTyIn(y°) + RT In(Mge/100 M) where Ty = 1873°K, y’1s the
activity coefficent of B atinfinite dilution, wr t pure componentstandard state This gives a
limiting (maximium) value for the entropy term (ideal mixing) Taking partial molar entropy of
mixing of boron equal to zero gives the other limiting expression below In general,
temperature dependance of AG°; will vary between these two extremes
Bracketed expressions are estimates

AGY
InK, = —H' at 1600°C Log K, =092
32
hsl ’ aB O
- 3 _ _ v2 0°C
Log R =092 and aBle? =03 a&oz2 at 160
B S0, )

Assuming ideal solution behaviour, the mole fractions of silicates and borates would
be xs,0,=0.8, and xg,0,=0.2, or 78% S$iO2 and 22% B,03 by weight, closer to the
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Table 12 Composition of the transformer steel alloy and asseciated
interaction coefficients, for calculating the activities of
dissolved boron and silicon

B Si C Mn S P
% 5 3 0.01 0.2 0.012 0.025
eg 002('] | 0.08[2] | 0.22(2] N.A. 0.05("4]
0.06(2] | 0.13(3] | 0.249]
0 11(3]
es 0.20{2] | 006[3] | 020{4] | 0.28('3] | 0.06('4] | 0.16['5]
035(3] | 009([45] 0.24 0.11[16]
011(6.7] | [10.11]
0.12 [8] | 0.29[12]
0.1

h, 1s the activity, and f,is the activity coefficient of 1, w r t 1 wt% st state Interaction coeficientsin
bold are used in the calculations

References

{1] H Schenk and E Steinmetz, Arch. Eisenhuttenw , 39,1968, pp 225, cited in [12]
(2] D L Ball, TMS-AIME, 239, 1967, pp 31, cited in [12]
13} C i, R Yu,andS Liu, "Thermodynamic activity of silicon and boron in Fe-Si-B ternary
melts at 1450°C”, Can Metall Q 27,(1), 1988, pp 41-47
(4) J Taylor, JiSI, 204, 1964, pp 420, cited in [12]
[5] A Kubaand H Sakao, Tetsu to Hagane, 54, 1968, pp 314, cited in [12].
{6] F Wooley and J F Elliot, TMS-AIME, 239, 1967, pp 1872, cited in [12]
(7] } Chipman and R Baschwitz, TMS-AIME, 227, 1963, pp 473, cited in [12]
{8) ET Turkdoganetal , TMS-AIME, 227, 1963, pp 1258, cited 1n [12]
(9] R Yu,S Ly, and C Ji, "Activities of carbon and boron in Fe-C-B melt and coefficients of
reactions of activities at 1500°C", Iron Steel (China), 22,(11), 1987, pp 8-10
[10] 1S Kulikov, “Activity of components in Fe-Si-C melts”, Russ. Metall., (1), 1977, pp 78-80
[11] H Schenk et al , Arch Eisenhuttenw , 39,1968, pp 803, cited in [12]
{12) D Schroder and J Chipman, TMS-AIME, 230, 1964, pp 1492, cited in [12]
{13] Y Kojima and K Sano, Tetsu to Hagane, 51, 1965, pp 1122, caited in [12]
[14] S Ban-yaandJ Chipman, TMS-AIME, 245, 1969, cited in (12]
[15] V Cirilhetal ,ChimetL’Ind , 50,1968, pp 33, citedin{12]
[16] H Schenk, E Steinmetzand R Gohlke, Arc/ Erisenhuttenw , 39,1968, pp 109, cited in [12]

liquidus curve The equilibrium constant used in this calculation was reliable for
1600°C. However, from the estimated expression for K7 in Table 11, the temperature
dependence of the equtlibrium constant is expected to be smalil.

The stability of silica glass towards manganese additions, however, was not the
same. Manganese was added to cast iron and to eutectic silicon steel, in an attempt
to form steel systems containing molten inclusions. Figure 36 shows critical
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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 critical level,
liquefied surface slag and presumably silica inclusions, but also ifead to the
dissolution of silica glass. With increasing manganese in siicon eutectic steel, the
silica glass was not dissolved, but was attacked in a different way that led to the
formation of white-opaque (and probably devitrified), layers.

6.2.2 Thermomechanical Stability

Although crystaboliite, the crystalline form of silica, melts at 1725°C, silica glass
softens at a lower temperature, the commercial grade used had a softening point of
1650°C. The Littleton softening point would be defined as the temperature at which
24 cm long, 0.7 mm diameter silica glass rod would elongate at a rate of 1 mm/mun,
and this corresponds to a calculated viscosity value of 6.6 Pas. One area that would
be particularly affected by softening would be the orifice, because of its highly
curved surface. Small orifices would tend to close, and large ones, expand
However, orifice stability, for diameters greater than 400 pm, was observed to be
good up to 1550°C Indeed, silica glass tubing was able to support 8 kPa positive
pressure just below the molten metal surface, without visible plastic deformation
The circumferential tensile stress this would cause on a 1 5 mm thick, 40 mm dia
silica glass tubing would be:

D
%98 = AP 5; =107 kPa (4)

or the equivalent stress at the top end of a 5 m long, freely hanging rod (p = 2200 kg
m-3). In contrast, the tensile strength of the silica glass at 900°C was given as 81 MPa
and at room temperature, 50 MPa (23]

Resistance to deformation (viscosity) of silica glass at high temperatures i1s most
affected by impurities, particularly alkali and hydroxyl ions, which help break $i-O
bonds and lower viscosity. The alkali content of the commercial grade was 2 ppm,
and the hydroxyl content, 180 ppm, by weight. Optical (Infra-Red) grades of silica
glass having minimal hydroxyl contents (<5 ppm OH- by weight) are available, and
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these have significantly higher softening temperatures. as high as 1740°C, above the
melting point of crystabollite [24] Although these grades are expensive, they can be
used for small inserts for orifices, to be fixed on the side of a sampling tube made of
asuitable refractory, such as Masrock ™

63  Stability of Reference Baseline vs Melt Chemistry

Ultimately, LIMCA's successful operation as a measuring instrument rests on
establishing a stable reference baseline across the feeder electrodes placed on either
side of the sensing zone (orifice) where, ideally, electrical disturbances in the form of
resistive pulses would only be caused by the passage of suspended particies Thiswas
almost perfectly achieved for the boron - silicon steel, demonstrating that LIMCA can
work for steel melts However, LIMCA's operation in iron alloys was found to be
strongly influenced by melt chemistry. Under identical conditions for instance, other
low melting pointiron alloys, namely cast irons and eutectic silicon steels, presented
problems in attaining a stable reference baseline In all instances, baseline
Instabilities were shown to derive from physical deterioration of the orifice ( see Part
1, Section 3 5.3) In the following, various hypotheses are tested to understand the
cause for the loss of baseline stability with changing melt chemistry

6.3.1 Role Played by the Physical State of Inclusions

Boron additions were found to be beneficial for LIMCA's operation in steel melts
Even when boron attacked the silica glass (1.e the boron eutectic steel), i1t was

passible to resume a stable reference baseline across the sensing zone for inclusion
measurements

One result of a boron addition is the creation of indigeneous, iquid, borosilicate
inclusions To see If the physical state of the inclusions in steels had an importan:
bearing on LIMCA's operation, iron alloys were tested follcwing additions of ferro-
silicon and ferro-manganese to the melt These were added in order to promote the
formation of indigeneous, fluild, manganese silicates Aithough LIMCA's operation
using a silica giass onfice gradually improved with increasing manganese levels, it
was still not comparable to its performance in boron, silicon steels If liquid
inclusions were important, a rapid change in LIMCA's operation above a critical
manganese content would have been expected
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However, the 1ssue remains clouded, as high evels of manganese also attacked
the silica glass In earhier work [5], a BN onfice was tested at increasing manganese
levels in cast iron, but again, iImproved operation, similar to that in boron - silicon
steels, was not observed On the other hand, it was possibie to obtain a stable
baseline in the boron - silicon steels, after an aluminum addition, and to take LIMCA
measurements of solid aluminum borosilicate inclusions, and also, of solid BeO
inclustons in a copper beryllium alloy at 1100°C, which represented another high
temperature metallic melt system (see Part 3) Evidently, the above observations
suggest that the physical state of the inclusions 1s not the most significant factor for
LIMCA's smooth operation in steel meits.

63.2 Role Played by the Interfacial Properties of Sensing Zone Refractory,
Molten Metal and the Inclusions

During experiments with the boron silicon steel melts, a high contact angle had
been observed for metal drops landing on nearby refractory surfaces. It was decided
to investigate the wettability of molten steel and silica glass, in order to see if it was
significantly different for boron containing steels, versus steels of other
composttions Thus, 1t may be argued that if sensing zone deterioration is caused by
the interaction of inclusions with the orifice wall, then:

t inclusions will be more likely to stick and cause deterioration if they wet the
orifice matenal more then they wet molten steel,

n when the above condition is true, the driving force for deterioration will be
greater, the greater the surface tension of inclusions.

Table 13 gives contact angles between relevant metallic melts and refractory
materiais used in forming the sensing zone (silica glass, boron nitride) or between
the melt and possible inclusions Similarly, Table 14 provides data on the surface
tensions of these materials Since interfacial data were not availlable for steels
containing boron and silicon, these were estimated from the solidified sessile drops
on a sihica glass substrate, using the profiles in Fig. 37. The sessile drops were
prepared in a high frequency induction furnace, under an argon atmosphere.
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Table 13 Contact angles between relevant metallic melts (M) and sensing zone
refractories (R) orinclusions (l)

M R or l(state) Temp (°C) IV Comments

Fe, pure S102(gl) 1600 115 (9)

Fe, pure SiO2(gl) 1550 110 (9)
Armco fron S102(ql) 1535 113 Ar atm (b)
Fe,0.04% Al S102(gh) 1535 17 Ar atm (b)

Fe,5% B, 3% Si S102(gl) 1200 146 Ar atm (b)
Fe, 4% B $102(g)) 1200 154 Ar atm (b)
Fe, 18% Si1,6% B S102(q1) 1200 126 Ar atm (b)
Fe, 18% Si S102(q)) 1200 140 Ar atm (b)

Fe, pure Al203(s) 1600 135, 144 (a)
Fe,34% C A1203(s) 1600 112 (a)

Fe, 8% Si Al203(s) 1550 114 (9)
Fe,0.4% C Al203(s) 1520 105 (a)
Fe,04% C Al203(s) 1570 106 ()

Fe, pure BN(s) 1550 112 Ar atm (d)

Cu S102(q1) 1100 148-134 vac -He (d)
Cu BN(s) 1100 146 vac (d)
Cu BeOys) 1100-1300 140-122 Ar atm (d)
Cu Al1203(s) 1200 140 Ar atm. (d)
Al TiB2(s) 900-1100 98 (d)

Al BN(s) §50-1000 142 (d)

(2) cited in {25}, (P) calculated from profilesin Fig 37, () from [26], (¢) from [27]
To compute interfacial properties from sessile profiles, the Laplace equation of

capillanty, arelation derived from thermodyr:amic considerations in 1805 to give the
nressure difference across a curved surface, may be used.

vl (11

]

I3

where y is the surface tension, and R and R; are the princple radn of curvature of
the surface at the point considered. For a sessile drop then:

+pgz (12)
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Tabhle 14. Surface tensions and interfacial tensions of selected materials.

Material Temp. (°C) y, J/im2 Comments
Fe() 1600 1.890, 1.842 (a), (b)
Fe() 1536 1.872 (b)
Fe(s) 1400 2.150 (a)

Al203() 2050 0.690 ()

A1203(5) 1600

Al203() 1475 0.930 (3a)

SiO2(1) 1800 0.307 (d)

SiO2(gl) 1600 0.301 (<)

SiO2(gl) 1500 0.298 (9)

SiO2(gl) 1470 0.296 (<)

B203() 1400 0.097 (<)
B8203() 1300 0.094 ()
B203()) 1200 0.090 {©)
Fe() / SiO(gl) 1550 0.94 (t)
Fe() / Al203(s) 1550 2.38
Cu() / Si02(ql) 1100 1.4-1.2
Cu() / A1203(s) 1100 1.93

(3) cited in [25], (P)in [3], (<) 1n [26], (d) 1n [28]

(t) Interfacial tensions are calculated by Young-Dupré equation at a three phase boundry:
¥1.2+¥13+123=0 Ona flatrefractory substrate, neglecting the effect of gas phase, the
equation becomes. ypp = yr-Ym COSOpm.p G

where z is the vertical height, measured from the top of the drop, Rg is the principal
radius of curvature at the top, and Ry and R; 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 to obtain the related values
in Table 13. A sample of the fitted profile for Fig. 37C (Fe, 5%B, 3%Si steel), with
measured data points super-imposed, is shown in Fig. 38. Since tne 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 silica glass substrate From left to rnight,
and in descending order: (A) Armco Iron, (B) Armco Iron with 400 ppm Al,
(C)Fe, 5%8B, 3% Si, (D) Fe, 4% B, (E) Fe, 18% Si,6% B (F) Fe, 18% Si
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Z(mm)

Fig. 38: (Calculate;d 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 (M),
orifice wall refractory (R), and inclusions (I) were necessary to make a critical
assessment of the effect of interface properties on the baseline stability of LIMCA
and to test the hypothesis that inclusion / onfice wall interaction was the cause of
baseline instability. An observation supporting the mechanism of orifice
deterioration to be an inclusion / orifice wall interaction, i1s the fact that the boron-
silicon transformer steel can be directly cast through thin (50 um) slits into strips
without any clogging, while the presence of aluminum in this steel impairs LiMCA’s
operation, owing to the formation, no doubt, of solid inclusions, non-wetting to the
steel.

Interfacial data of this nature must also be important in explaining inclusion
removal mechanisms 1n steel filtration, ladle nozzle / tundish metering valve
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Fig. 39: CaO-Al;03 phase diagram {31].

blockages, the physical removal of inclusions by refractories, top slag, tundish weirs
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 high temperatures, and to monitor
macro-inclusion levels in boron containing steel meits For other chemistries, the
present work did not succeed in reducing the “notse” in the observed baseline
stabilities in order to allow meaningful measurements. This baseline instabihity has
been shown to derive from physical deteroration of the onfice (see Part 1, Section
3.5.3). It is therefore hypothesized that interface properties between inciusions,
steel melt and the orifice wall must be largely responsible in bringing this about, but
it has not been possible to support this because of insufficient interfacial data
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As an addendum to this work, 1t is noted that the steel melts were prepared in an
induction furnace where, while taking LiIMCA measurements, the power had to be
turned off, causing the melt to undergo cooling at a rate of 10-15 °C/min. With
decreasing temperature, the solubility products of oxides in steels also decrease, and
this results in the nucleation and growth of new oxides. if oxides are non-wetting to
the metal, then some of this growth would take place at refractory surfaces,
including the surfaces close to the sensing zone. Therefore, taking measurements in
a large reservoir of metal, such as a tundish, where temperatures rematn steady,
wou.Jd 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 silicide is successfully injected into steels, inclusion
morphology changes, and alumina inclusions become molten calcium aluminates
(Fig. 39), and nozzle / metering vaive blockages are greatly reduced. This, therefore,
would be expected to favour LiIMCA’s operation.
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PART 3: APPLICATION OF LiMCA TO LIQUID 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 in copper alloys,
their presence would be expected to cause problems in forming operations and
structural applications, as in steels.

In 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 1s this phenomenon that has received the greatest attention in ASTM
specifications for copper metal. One way to remove oxygen from copper is via
reduction by hydrocarbons. Subsequent electrolysis to produce oxygen free copper
provides a metal that has low dissolved, and insoluble particulate, residuals.
Another way to remove oxygen is to use deoxidants such as phosphorous, where the
deoxidized copper invariably contains the balance of the dissolved deoxidizer. In
both cases, if the oxygen is not reduced sufficiently (theoretically to below 10 ppm)
cuprous oxide forms, and its susceptibility to further reduction within the structure,
during annealing or welding, causes internal voids. This i1s the major cause for
hydrogen embrittlement. In both types of copper, standard procedures have been
established to check for the presence of Cu20 particles [1]. Since this oxygen will be
dissolved in molten copper, an oxygen probe would be suitable to check liquid metal
quality prior to solidification.

When the more reactive metals are used, for the purposes of alloying or
deoxidation, naturally some metal oxide particles remain as indigeneous inclusions
in the melt because of incomplete physical separation. LiIMCA would then be useful
in detecting their number density. However, the presence of these particles would
seem to be of a lesser concern since only one ASTM specification (for very thin foils)
describes a procedure to check for inclusions other than Cu0 [2].
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In general, the deleterious effects of inclusions on mechanical properties is
magnified when the base metal becomes stronger, since at higher loads, decohesion
of inclusions from the metal matnx, leading to void formation become the major
cause for weakress. This 1s probably why the effects of inclusions are much less
documented in copper alloys than in steels Nevertheless, the presence of inclusions
do cause a reduction in the mechanical properties of higher strength copper alloys,
such as those that are heat treatable via solution treatment and precipitation
hardening. Although ASTM specfications do not call directly for non-metalhic
inclusion determination, it 1s necessary to control the macro-inclusion contents in
order to be able to attain the specified levels of ductility (determined by twist and
bend tests), and fatigue strengths Copper alloy manufacturers, aware of the
problem, have devised methods to quantify macro-inclusion levels in their alloys
One such method for copper - beryllium alloys has been referred to in Chapter 3

2. PRELIMINARY WORK

To design a LIMCA probe for copper melts, it was decaded to use electrolytic
copper in the preliminary work: Owing to its low oxygen anu low particulate
content, 1t was expected that this would cause minimum interference with the
electrodes and orifice. To find a suitable electrode system, copper in the form of
suitably cut cathode plates was melted in silicon carbide crucibles, in an electric
resistance furnace under a charcoal atrnosphere, and deoxidized further with copper
phosphaorous (Cu, 15% P) shots for independent electrode tests (see Part 1, Section
3.5.1). Since moiten copper can dissolve a laro2 amount of oxygen, and this oxygen
1s highly active,(see Fig. 1), the control of dissolved oxygen was important for the
successful operation of the electrodes. Among the various electrode materials tried,
graphite, steel, and molybdenum gave erratic performances with regards to
“baseline stability”, because of oxidation at points of electrical contact  This
oxidation resulted from changes in the oxygen potential of the melt with time The
more noble metal, nickel was found to operate rehiably over an indefinite period of
time. Although nickel 1s fully miscible with copper, forming complete solid and
liquid solutions (see Fig. 2), rapid dissolution of the nickel rod eiectrode was avoided
by placing a refractory shield around its side  While molten copper and nickel have
similar densities, molten copper in equilibrium with solid nickel 1s probably slightly
lighter than pure copper. Table 1 gives their estimated respective densities at 1150°C
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and 1200°C, assuming the excess volumes of mixing to be zero. Hence, natural
convection inside the protective refractory shield was limited, and the kinetics of
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Table 1. Densities (kg m-3) of pure copper and molten copper nickel alloy in contact
with pure nickel ().
Temperature, Molten Cu-Ni Alloy in
°C Cu Ny Contact with Ni (2)
a, kgm-3°C" -0 803 -1103
B, kgm-3°C2 067 %103 0 81x10-3
1083 8030
1150 7980 816003) 8000, xn,=0.11
1200 7940 8080(3) 7970, xn =024
1423 7770

(1) Densities of pure Cu and Ni at their m p, and the temp coeff of density, a, are from (4] B is
estimated from 1/V (aV/iaNp=Const./T [4] do/dT =a +B(T-T,)

) vanoy = XcyVeu + X v + VE where vE is taken to be zero vE is expected to be positive since
vE = (0gE/aP)rx, and gE>0 (yOy) = 2 22 [5]), and (3gE/aP)r x>0, since condensed phases become
less ideal with increasing pressure.

(3) Supercooled liquid

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 found 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
materials problem with regards to electrodes, and the use of steel electrodes in lead
was satisfactory. This is most likely because the solubility of oxygen in moiten lead at
its meiting point i1s only S ppm [6]. Therefore, oxidation is limited because 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 using a gauge
vacuum of 20-30 kPa, through LiMCA onifices measuring 250-300 ym. Under a
sampling current of 60 amperes, a moderate concentration of resistive voitage
pulses above a threshold value of 20 pV could be detected and counted. Signal to
noise ratio in these experiments was particularly good, background noise was
measured to be 3-5 uV within a 0.5-5 kHz frequency band.
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Fig.3: Trace of a voltage pulse during the passage of a 42 uym particle entrained
in zopper, and passing through a 280 um ornifice setin silica tube
Vertical displacement: 50 pV/div , time scale: 1 ms/div.

Dimensional stability of the orifice was found to be very good. As the SEM
micrograph in Fig 13A shows, there was no evidence of chemucal attack on the
sensing zone.

Figure 3 shows a typical oscilloscope trace of a resistive voitage pulse, while the
bar charts in Fig. 4 show measured inclusion populations already existing in the
copper melt. A convenient way of rating metal quality by Limca, is to quote the total
number of inclusions greater than a certain size. In this regard, Nzg and Njs in the
bar charts correspond to the total number of particles greater than 20 and 25
microns respectively, per kg metal. In a typical measurement, data were acquired in
steps of 30 second periods of sampling, the sampie volumes being estimated from
measured discharge coefficients of such orifices in molten zinc (see PART 2, Section
2.2.1). Fig. 4 indicates a sharp decline in the population density of inclusions with
increasing size. This was typical in copper melts, inclusion population densities,
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Fig.4 Inclusion population densities in molten copper measured by Limca
(thousands per kg) vs. meit holding time (minutes). N2g and N3s refer to the
number of inclusions greater than 20 and 25 um respectively. Therefore, the
white area in the bars are the population density of inclusions in the size
range 20-25 um.
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monitored above a threshold detection level of 20 uV, were quite sensitive to the
size of orifice used.

3. EXPERIMENTS IN COPPER - BERYLLIUM ALLOYS

3.1 Introduction

Copner rich beryllium 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 Alioy 3 s
comparable to high strength stainless, and maraging nickel steels. The combination
of good mechanical properties (high tensile and fatigue strengths, retained at
moderately elevated temperatures (85% at 300°C)), together with good corrosion
and wear resistance and high thermal and electrical conductivity, make these alloys
particularly useful in those field applications where high demands are placed on the
materials of construction. These include dnll collars used in ol and geological

drilling, aircraft bearings, electrical current carrying springs and a number of other
electrical fixtures [7].

In 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 defects
in thin sheet and strip products. A reduction in the number density and size of oxide
inclusions should therefore improve fatigue performance as in other alloy systems.
While no published information of a quantitative nature is available, the copper
industry, aware of the issues, has devised quality assessment procedures similar to
those performed by the steel industry. These procedures are based on a
metallographic examination of standard samples, to characterize the inclusion
content of a given batch of melit produced.

3.2 LiMCA vs. Metallographic Measurements and Discussion

Table 2 provides information in regard to the chemical compositions and relevant
physical properties of the copper alloys used in these LiIMCA experiments. In view of
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the higher resistivities of these alloys versus pure copper, the applied current was
reduced to 40 Amperes, in order to avoid excessive heat generation within the
sensing zone.

Initial experiments with Alloy 25 showed that orifices smaller than 300 um
tended to block, while those greater than 400 pm did not register a significant
number of peaks for the volumes sampled. The decision was made to use orifices
measuring 300-320 um in diameter for these alloy melts.

At the start of sampling, an unduly high electronic noise would be noticed in
these melts. Its source was traced to sensing zone deterioration, possibly caused by
particle entrainment around the orifice entry. Passing a high current puise (~200
Amps) by shorting the bailast resistance was found to be beneficial in recovering the
reference baseline trace to the required, and expected, low levels of electronic noise.
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Table 2. Chemical composition and the physical properties of the Cu-Be alloys used
tn LIMCA experiments(1)

Pure Master Pure
Properties Copper Alloy 3 Alloy 25 Alloy Berylum
Be 0.35 18 3.6 100
Co - 022 0.01
Chemical Ni 1.6 008 0.03
Composition, Fe N/A 0.1 008
wt% Si N/A 010 0.12
Al N/A 006 0.03
Mechanical Y S. 50 550 1070 240
Properties, U.T.S 210 700 1200 310
MPa FS.t 1101t 210 250
% el. 50 10 7 10
Melting Point ) ) i
or Range, °C 1083 1000-1070 | 870-980 | (864-900) 1283
Density, 20°C 8960 (8830) 8360 (7830) 1848
kg/m3 Liquid 8030 (8020) 8024 (7750) 1690
Resistivity, 20°C 0017 0.069 0.101 0 140 0.033
pem 1100°C 0.212 0.43 0.45 (0.45) (0.45)%

(1} Data for pure metals are from [6], for Cu-Be alloys, from [7]. Figures in parantheses refer to
estimated quantities

T Fatigue strength, 108 cycles 'T 30% cold worked condition
At its melting point

Figure 6 shows the measured number densities of BeO particles versus time. Each
measurement corresponds to a data acquisition period of sixty seconds and contains
an estimated sample mass of 68 grams. The figure gives a clear indication of the
increase 1n the number density of particles caused by disturbing the metal surface
with a graphite rod. Inclusion population densities dropped after prolonged periods

of rest, confirming the importance of melt hydrodynamics and the avoidance of
surface disturbances.

To obtain corollary information to LiIMCA measurements, samples for
metallographic analysis were obtained at the points indicated in Figure 6 The
microstructures in Fig. 7, taken from the stirred and settied meits, respectively,
consist of primary grains, a light grey interdendritic area, and darker, angular or
scriptlike particles. These particles are the complex cobalt-copper-nickel beryllide
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intermetallic constituent. In color, the intermetallics appear bluish-grey and are
therefore easy to distinguish from oxide particles (see Fig 8). Both sets of
microstructures exhibited the same essential features, but the stirred melt had many
small beryllides, whereas the settled melt had fewer but larger, intermetallic
particles. This observation would point to a reduction in their rate of nucleation. At
higher magnification, the stirred sample, seen in Fig. 9, contains a particle believed
to be an oxide, measuring approximately 4 um across. As seen, this particle i1s near a
triangular intermetallic beryllide. Figures 10 and 11 show scanning electron
micrographs of typical beryllide intermetallic particles and beryllium oxide
inclusions, together with their energy dispersive chemical analysis. Since EDAX can
estimate concentrations of those elements whose atomic numbers are greater than
10, the absence of major constituents (Be and O), make the reactive elements the
only noticeble elements in the composition of oxide inclusions.

To obtain an oxide cleanness rating, prepared surfaces of 730 mm2 were scanned
at 100x magnification for oxide particles or clusters which measured greater than 10
pm across. When found, they were accurately sized and examined at 400x
magnification, and were accumulated in three size intervals: 10-25 um, 25-40 pym
and greater than 40 pm. Both samples, taken from the stirred and rested melts were
rated as class 1, which meant that they contained less than 3 particles in the size
range 10-25 pm. In order to compare the LiMCA counts with the metallographic
results, the volume size distribution was converted into an area distribution using
the following relationship (see Part 2, Section 5.3):

N, =N, %d (4)

d was taken to be the larger diameter in each size interval, hence giving an
overestimate in LIMCA counts per 730 mm2. Even then, the results agreed with the
metallographic counts, as shown in Table 3. Furthermore, LIMCA, owing to its large
sample volume size, was able to discriminate between the two samples, whereas
metallography gave the same rating. Also, Table 4 shows the relative frequencies of
beryllide vs. oxide particles in Alloy 25. The counts for beryllides were taken in
McGill, initially considering them to be the sought after inclusions. As seen, 3-4
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constituent (dark, angular particles).
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Fig.8:  Microstructure of the stirred sample in colour, at a higher magnification

orders of magnitude difference exists between the relative frequencies of beryllide
vs. oxide particles. Although the large beryllides (termed the degenarate phase) are
not particularly harmful to properties, it would be preferable to have them as fine
precipitates within the matrix, contributing to the strengthening mechanism The
content of the much fewer oxides, on the other hand, is the subject of a quality
control procedure. In the auther’s opinion, interfacial properties between a given
phase and the metal matrix play the major role in determining why one phase s
particularly more harmful to mechanical properties than another In our example,
for instance, the fewer oxides, crystallographically being much less coherent than
beryllides, will be the preferential sites for crack nucleation and decohesion
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Fig.9:  Scanning electron micrograph of a sample drawn from Alloy 25 showing
one inclusion particle (irregularly shaped dark particle in the upper
Eortion) and one beryllide intermetallic (triangular particle below, appears

luish-grey in color).

LIMCA measurements similar to those in Alloy 25, were also made in master alloy,
and Fig. 12 compares the two size distributions obtained within a four minute
interval.

3.3  Stability of Silica Glass in Cu-Be Alloys

Beryllium has a strong affinity for oxygen, the oxygen potential of its oxide
ranking near to that of calcium. Although no thermodynamic data for dissolved
berylhum in molten copper is available in the literature, a strong negative deviation
occurs 1n 1ts solid solutions; an activity coefficient less than 5x10-4 has been
suggested for dilute solutions at 800°C [8] Accepting even this low value, a few ppm
Be dissolved in copper should be thermodynamically suffictent to reduce the silica
glass to silicon, dissolved in the melt. The chemical stability of the silica in Alloy 25
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Table 3. Comparison of Limca counts vs. metallographic examination for oxide
inclusions(1).

Stirred Rested
Limca Counts Limca Counts
S Metallography Metallography
Ra;zees per68 |per730| 730mm2 per68 |per730| 730 mm2
9 grams | mma2 grams | mm?2
2?1';5 646 | 1.00 <3 155 | 023 <3
23':‘0 227 | 055 i 21 0.05
> 40
um 6 0.01 - - - -

(" Metallographic examination ts by the courtesy of Brush Wellman inc The first size range for
the metallographic countss 10-25 um

Table 4. Relative frequencies of beryllide vs oxide particles.

Stirred Rested
Beryllides Beryllides
ooy o
wanges | paze |pern per 2 [per 10
‘3‘%5 176 | 5353 <3 25 | 760 <3
23‘;0 15 | 456 : 57 | 1734 :
g 1| 335 48 | 1460 o

was, however, found to be excellent. Figure 13B shows an orifice with an imtial
diameter of 310 pym, after an experiment. Its dimensional stability was not affected,
although the surface appeared slightly etched On withdrawing 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 protective layer of BeO forms on silica above a critical Be
concentration, while below this concentration, the next stable compound, beryllium
orthosilicate, 2Be0-SiO3, may form and not provide the same level protection. The
data in Table 5 can be used to estimate the stability of BeO, 28e0-SiO; and SiO; in
Cu-Be alloys. Fig. 14 gives the BeO-5i0, 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, Kg and Ky, critical
Be activities at 1100°C can be calculated to be:

g — o
hg, <03X10 \/hS‘ 8i0, isstable
0.3x10“3\/hs <h, <0.34%x107°3Vh 2BeO- SiO,, isstable

1] Be Si 2
hy, >0.34X107V h BeO isstable
e Si

Since equilibrium constant K is a gross extrapolation at 1100°C, 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 SiO2 to Si (Be activity in contact with
pure 5:/5i0; can be calculated using y°s; =0.01 [5], hs; = 100/y°si = 10 000, hence
hge =0.03).

ii. Beryllium orthosilicate isstable over a limited hpg-hg;-# 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 to compare stability of beryllium oxide, beryllium orthosilicate,
and silica, on silica glass surface, in contact with Cu-8e alloys()

! Reaction Log K,

1 <Be> + 1/2(02) = <BeO> +31790/7-51
2 <Be> = Be{cu} [3540/T + 115]t
3 Be{cu} + 1/2(02) = <BeO> 28250/7-625
4 <Si> + (03) = <Si0O2> +47413/7-92
5 <S> = Si{cu} +634/T-3 21
6 Si{cuy + 1/2(02) = <S102> +46780/T-124
7 2 <BeQ> + <S5i02> = <2Be0-Si0> +570/T7-92
8 2Be{cu} + 2<5102> = S{cy} + <2BeO-SI02> 10290/7-047
9 2Be{cu) + <2Be0:5102> = Si{cy} + 4<BeO> +9150/T-027

1) <sotid>, {liquid}, (gas at 1 atm ) = pure component st states, X=1wt% st state K, toKjy,
except K, are from [4].

t From y’ge =5 x 10-4 at 800°C Using regular solution approximation, hge = RT In(y’ge) may be taken

as constant Then, Log K, = -Tp Log(y 'ge)/T - Log(Mc/ 100 Mge) where Ty = 1073°K

once the product layer forms on the surface of the silica, copper metal must
physically penetrate or the solutes Be and Si must diffuse through the layer, to bring
Be to, and to remove Si from, the reaction site If a thin, coherent film that is
impermeable to either Be or Si forms, the reaction will cease If the oxide film s
permeable, the reaction will continue, and the film will break up periodically, to

accomodate volume changes, thereby allowing Cu alloy to penetrate further to the
reaction site.



130

ColCuINi'FeISiIBe

Co | cu| Ni | Fe | si | Be

[Kalsl "M m"moyan
s EI.I uauu 31

Fig. 10:  Scanning electron micrograph and chemical compositions of beryllide
intermetallic particles, as determined by EDAX. The figures in the box
represent wt.%, the composition of Be was deduced by balance.
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K L
ELEMENT I,X./1.S1D. K.,RAIIO CONCFN. ELEMENT I.X./I.STD., K,RATIO CONCEN.
FE ¢ 0.1147 0.0348 0.031143 FE 3 0.1160 0.0152 0.03147
CR ¢ 0.0006 0.0004 0.00034 CR ! 0,0004 0.0002 0,00020
co ¢ 0.380% 0,3801 0.35145 to 0.3734 0.3714 0.344R3
SI ¢ 0.0920 0.0108 0.01811 81 ! 0.0924 0.0109 0.018243
AL ¢ 0.0001 0.0000 0.00010 AL ! 0.0001 0.0000 0.0000%
MG ¢ 0.,0000 0.0000 0.00003 HO @ 0.0000 0.0000 0,00000
AS ¢ 0.0005 0.,0002 0.00043 as ¢ 0.0000 0.0000 0.00000
3 3 0.0017 0.0005 0,0004% 8 ¢ 0.0022 0.0007 0.000H4
P 0.0006 0.0001 0.00014 Pt 0.0007 0.0001 0.00017
TI @ 0.0000 0.0000 0.00000 1L 0.0000 0.0000 0.00000
SN ¢ 0,0000 0.,0000 0.00000 SN ¢ 0.0000 0.0000 0.00000
cu ¢ 0.9921 0.3147 0.3299% cy ¢ 1.0173 0.4277 0.33820
NT ¢ 0,1038 0.0780 0.074R4 NI ¢ 0.1018 0.074% 0.07339
IN ¢ 0.0000 0.,0000 0.00000 IN ¢ 0.0000 0.0000 0.00000
TOTAL ¢ 0.81969 0.80759 TOTAL ! 0.81998 0.A07%9

ITERATION ¢ 3 1TERATION & 3

Micrograph 1

K K
ELEHENT I.X./1.STH, K.RATIO CONCFN. ELEMENT  1.X./1.8TD, K,RATIOD CONCEN,
FE ¢ 0.1150 0.0349 0.,03137 FE ¢ 0.1044 0.0323 0.02900
CR ¢ 0.0005 0.0003 0.000279 CR 0.0001 0.0001 0.00004
co ¢ 0,3598 0.3598 0.32942 co 0.3744 0.37464 0.34347
3 0.0837 0.0099 0.016%53 sy 3 0.0845 0.0100 0.0144Y
AL 3 G090y 0.0000 0.00000 aL ¢ 0.0007 0.0001 0.00021
MO 3 0L 0000 AR 0.00000 MO ¢ 0,0000 0.9000 0.00000
AS ! Q00N Q000 Q. 00000 AS ¢ 0.0000 0.0000 0.00000
8 3 0.0018 0.0003 0.00048 s 3 0.0019 0.0006 0.000/?
:I t 3’%333 %‘%%%z %'%ggz; Pt 0.0003 0.0001 0.0000R
; . ’ . TL ¢ 0.0000 0.0000 0.00000
SN 3 0.0900 0.,0000 0.00000 SN ¢ 0.0000 0.0000 0.00000
NI ¢ 0.1010 0.0759 0.07244 NI ¢ 0.0954 0.0714 0.06H47
ToTAL 3 0.01943 0,080442 TOTAL ¢ 0.84329 0.82904

ITERATION ¢ 0 ITERATION ¢ 3

Micrograph 2

Fig. 10, continued: Energy dispersive X-Ray analysis of four intermetarlic particles,
including the two shown in the micrographs of the previous page
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Particle| o Cu Ni Fe Sy 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

4l 34 37 6.9 2.9 1.7 17

1 17 15 3.6 16 1.8 61

mol % 2|l 165 15.3 3.5 1.6 1.8 61
3] 159 15.7 3.5 1.6 1.7 61.6
4] 176 17.8 3.6 1.6 1.7 57.6
CosCus NiBeq7 17.9 17.9 3.6 60.7

Fig. 10, continued: Summary of the chemical compositions of the four analysed
particles, showing them to be complex cobalt-copper-nickel-beryllides of
the composition Cos Cus Ni Beyy.



133

Fig. 11:  Scanning electron micrograph and chemical compositions of beryllium

. oxide particles, as determined by EDAX. The figures in the box represent
wt.%.
i

%;
|
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MARSTER ALLAY
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Fig. 12: Inclusion size distributions measured in Cu-Be master alloy.
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A)

B)

Fig. 13: Scanning electron micrograph of silica orifices after Limca experiments and
after any adhering metal had been dissolved in acd, (A) 260 pm orifice in
copper, (8) 310 um onfice in Cu-Be Alloy 25
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4. CONCLUSIONS

Non-metallic inclusions in high strength copper alloys have been known to be
detrimental to mechanical properties. A LiIMCA 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,
LiIMCA would offer the advantages of increased precision (larger 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

in structural applications, magnesium alloys are used in moving structures where
its strength to weight ratio is important. This accounts for some 16% of the total
magnesium consumption (1987). Of the manufactured alloys, 70% s used in the
form of pressure die castings, and presently this field has been growing at a rapid
rate of 24% per year in North America (4 800 to 11 300 tpy during 1983-87)
Advances that brought about hot-chamber die casting, fluxless melting, and extra
corrosion resistant alloys have made magnesium die castings more attractive, and in
some applications, such as parts for computer hardware, made them even
competitive to plastics. Table 1 shows the trend in the structural uses of magnesium
in recent years. In spite of its greater present potential (greater product integrity
with reasonable cost as a result of the new developments), the predicted
breakthrough in the use of die-casting alloys has been tempered by the slower
growth in Europe, particularly in Germany, where the car manufacturer Volkswagen

removed the Beetle, the greatest user of magnesium die cast parts, from the
assembly lines early in the decade [1]

Table 1: Structural uses of magnesium in recent years, in 1000 tons [1].

1984 1985 1986 1987 1988 1992
Die Casting 304 29.7 28.8 26.6 27 34
Sravity Cast 1.3 12 16 1.8 2 2
Wrought 6.6 48 54 84 10 8
Total Structural: 383 357 35.8 368 39 44
World Mg Metal
Consumption 216 2248 226.4 236 242 263




142

00 emem tmm e ——

CORROSION RATE, mpy

- I 4 e

FE/MN RATIO (wiswt)

Fig. 1. Corrosion rate vs. iron contentin magnesium alloy AZ91 [6].

Inclusions typically encountered in magnesium alloys are either non-metallic in
character, such as those originating from salt fluxes (2], or are metallic, and originate
through the precipitation of dissolved iron, nickel, or copper impurities [3-5]. The
most documented effect of inclusions in magnesium alloys is a reduction in corrosion
resistance. Well defined “tolerance limits” exist for the above metal impurity levels
in magnesium alloys. When these limits are exceeded, corrosion in chloride
containing test solutions greatly accelerates to unacceptable levels. Tolerance limits
were first shown by Hanawalt and co-workers in 1942 (4], but for a long time were
not incorporated critically into alloy specifications. The results were re-evaluated
and confirmed in 1980's, which 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 / manganese ratio in both gravity cast and die cast
samples, indicating a tolerance limit for iron. Table 2 provides recommended
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Table 2. Tolerance limits for iron, nickel, and copper (ppm), to prevent corrosion in
different magnesium metals (4, 6, 7]

Pure AZ291 AZ91
Mg Die Cast Sand Cast
Fe, max 170 50 or S0 or
0.032 xMn 0032 xMn
Ni, max 5 50 10
Cu, max 1300 700 400
Mn, min., % 0.15 015

tolerance limits for tron, nickel, and copper in different magnesium metals The
reason for this behaviour 1s not well understood, but at least for iron, 1t suggests that
those metal precipitates forming in hiquid magnesium can become quite harmful f
trapped within the solid alloy. Aluminum, forinstance, reduces the solubulity of iron
by forming intermetallic precipitates, and also reduces the observed tolerance limit
foriron. Manganese, too, reduces the solubility of iron, but because of its beneficial
effect on the iron containing intermetallic particles, higher iron contents can be
tolerated with higher manganese. Therefore, the phenomenon s rather more
complex than can be explained by a simple theory. It has been shown that the
degree of dispersion of iron particles (i.e. their number density) 1s important in
controlling corrosion rate [9]. Indeed, the scatter observed in the corrosion
performance of magnesium alloys having similar impurity levels, could well be due
to the vanations in the number density of impurity particles in this regard, LIMCA
could provide valuable information by measuring the number density of suspended
particles in molten magnesium. In the next chapter, development of a working
probe for magnesium 1s outlined, and in the following, LIMCA measurements made
tn industnial alloys and their correlation to alloy properties are presented

2. PRELIMINARY WORK

As iron has a very limited solubility in moiten magnesium (180 ppm at its melting
point), it is common practice to use equipment made of steel to contain and
manipulate magnesium melts. Expectedly, steel would also be a good candidate as
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electrode material. However, owing to magnesium’s very low oxygen potential (see
Fig.2), the second task of finding a chemically stable, electrically insulating,

refractory material for the sampling tube proved difficult.

——"
1/2Fe304
-400
s
E w?
= _poo —
3 —
£ 2/38)0_3'
]
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a.
& -1000 ]
1y /
»
o /
-1200
'k 0°C 500 1000 1500 2000

Temperature, °C

Fig.2: Oxygen potential vs. temperature, of MgO and other oxides of interest.

Approximately 6 kg of unalloyed magnesium was remelted in a steel crucible,
under a cover, with a protective gas atmosphere (CO, 0.6% SFg). During these
LIMCA experiments, the melt temperature was maintained at 700 £ 10°C. Once the
cover was removed for probe insertion, a protective atmasphere could not be
maintained, surface ignition of the melt was then controlled by using a propriety
flux, M4™ consisting 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 all borosilicate, aluminum silicate, and silica glass
tubes, boron nitride, a very stable material under reducing atmosphere conditions,
was chosen. The orifice was contained in an 8 mm BN insert, suitably countersunk on
both sides. Thisinsert wasscrewed into the side of a sampling tube and cemented in
place. Orifices as small as 220 um diameter were used. They exhibited guod
dimensional stability, as measured under a microscope before and after an
experiment (10 pm). It was possibie 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 stability of the baseline typically achieved,
together with an example of a resistive pulse obtained in this metal.

2.2 Effect of Electrically Conducting Particles

As intermetallic particles contained 1in magnesium alloys have finite electrical
conductances, it would be anticipated that their resistive voltage pulses would be
lower than those predicted by eqn. 12, in Part 1, which strictly applies for an
insulating particle. According to DeBlois and Bean [10], the following equation s
appropriate for conducting particles:

AV = Avme.parucle. (22"+2: ) (1)

where k is the ratio of the molten metal’s resistivity to the particle’s resistivity. As an
example, for iron particles at 650°C (pre=0.7 uQ2 m), in molten magnesium
(pmg =0.28 uQ m), k =0.4, and pulse heights would be reduced by half However,
the effect on calculating particle size from pulse height information would be less,
owing to the cube root relationship between the particle diameter and the signal
voltage. In the above example, for instance, if iron particles were considered as

electrically insulating, their size would be underestimated by only 20% of their
actual size.
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In the following chapter, in converting pulse height information to particle
diameters for the two different magnesium alloys, particles were treated as being
electrically insulating. This was necessary, not oniy because of a lack of information
on the type of particles being counted, but also because of the uncertainty of
whether the electric field penetrates the intermetallic particles themseives In
LIMCA’s first application to aluminum, for instance, TiB)'s, indigeneous particles
formed 1in molien aluminum, were observed to behave in the manner of insulated
particles, although they were electrically more conducting than aluminum (11]. This
1s not true for all sohd particles, however, aluminum crystals solidifying in molten
aluminum for example, give negative peaks.

2.3 UseofaSilica empling Tube in Magnesium
Since sampling tubes made of BN were expensive, to reduce their cost, 40 mm
dia., 300 mm long, 5 mm thick wall, Masrock™ tubes were tried in their place. Table

3 gives the properties of Masrock™ tubing. These were availlable in 1" thick walls.

Table 3. Properties of Masrock™ tubing [17].

R.T. 100 400 800°C
Chemical SiO2 99.63
Analysis, % Al;03 0.25
Porosity 11-25
Density,
kg ,mg 1840
Coeff of linear thermal 6
expansion, °C-1 0.4x10
Thermal conductivity,
W/m °C 0.8 0.87 1.0
Heat capacity,
kg °C 1044
Thermal diffusivity, -6 6
m2/s 0.4x10 0.5x10

To reduce the wall thickness to 4", a water-cooled diamond core drill was rigged 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 preheating time of the tubes in the
melt reasonably short. To prevent metal freezing in the tube, the first aspiration was
made after the inside wall temperature of the tube reached the melting point of
magnesium. Required preheat times between insertion of the probe and the start of
sampling, were estimated as follows. since the Biot number for molten magnesium
and a Masrock tube system s large (Bi=hl‘k, h>4000 W/m2 ’C for molten
magnesium under natural convection, L--0.005 m, k=1 W/m °C for Masrock™,
hence, B1>20), the outside wall may be considered to have a constant wall
temperature Considening inside wall to be insulated, and solving for a slab, for the
typical superheats, with the aid of Heisler charts (6 vs. Fo):

T -T
. 650-T700%10
g= —F = =007+001
-T_  25-700t10

melt

at
Fo==— =12%01

=]

b

Hence, the preheat times for different wall thicknesses were calculated to be:

Wall thickness Time
5mm 1 min.
12mm >5min.

During the preheating period, argon gas was bubbled through the onfice in
order to prevent its blockage, similarly, prior to probe insertion into molten metal,
the tube’s atmosphere was displaced with argon For argon delivered at 5 psi (35
kPa), a 6 min. purge period was sufficient to reduce the oxygen partial pressure to
very low values. For a 200 um orifice, for instance, and assuming the worst possible
case of complete backmixing, partial pressure of oxygen remaining in the tube could
be calculated to be of the order of 10-6 atmospheres

Although Masrock™ 1s a glassy silica like fused silica glass, 1t has an opaque,
porous structure, and was not consumed by magnesium to any great extent owing
to its thick wall, and the build up of MgO scale around it The cost of a Masrock ™
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sampling tube fitted with a BN insert for orifice was about CD$ 20 vs. $ 500 for BN
sampling tube fitted with a silica glass extension

3. EXPERIMENTS IN INDUSTRIAL ALLOYS

The two casting alloys studied were ZE41 and AZ91, supplied by Haley Industries,
Ontario. Their nominal compositions and melting (liquidus) points are given in Table
4. LIMCA readings and parallel solid samples were taken after puddiling, degassing
and setthing operations, in order to correlate alloy properties to their population
densities of suspended particles.

Table 4. Chemical compositions of the ZE41 and AZ91 ingots used, and the
aimed composition in the castings of these alloys(1).

Element, ZEA1 A291
" ingot Casting Ingot Casting
Al - - 8.8 8.1-9.3
Zn 43 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 +5Sn:
Pb +Sn <0.001 <0.1
m.p., °C 640 600

(1) Datasupplied, courtesy of Haley industries, Ontario
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3.1 Alloy ZE41

Nominally, this is a Mg, 4% Zn, 1% 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, such as aircraft engine components. The grain refining action of
zirconium makes it possible to use zinc as a precipitation hardening agent, zinc
having a high solid solubility (> 8% near eutectic temperature) in magnesium. Rare
earth additions precipitate at grain boundaries as intermetallic compounds This
prevents grain boundary sliding as a creep mechanism, thereby imparting ZE41's
high temperature strength. Zirconium also scavenges H, Fe, and Si impurities from
molten magnesium by forming intermetallic compounds Removal of hydrogen
from solution results in sounder castings as a result of reduced microporosity The
removal of iron and silicon from solution, and their eventual physical separation,
also results in improved corrosion resistance.

Suspended particles in molten ZE41 alloy, therefore, consist of intermetallic
compounds of zirconium, and if solid flux is used, also flux particles of halide
compounds. The number density of these particles remaining in ZE41 would be
expected to have a controlling effect on the corrosion resistance of this alloy, and
also possibly to have some effect on its mechanical properties.

For LIMCA measurements, 2E41 alloy was remelted following a similar procedure
to that given for pure magnesium melts. After melt-down, the recommended

proprietary flux HE™, containing 36% CaCl3, 14% KCl, 22% NaCl and 28% MgF2, was
used.

During the first two experiments, the orifices, drilled into BN inserts, which were
then set in sampling tubes made of a machinable silica ceramic (Masrock ™,
consistantly blocked. it was presumed that this was caused by insufficient
preheating of the sampling tube, in view of its thick wall. This was overcome and
LIMCA measurements were eventually made with a 220 ym diameter orifice, the
alloy having been remelted for a third time. LiMCA samples were taken 50 mm
below the molten metal surface, while maintaining a current of 40 Amperes. Data
acquisitions were carried out for periods of 60 seconds, each of which 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 time. When the metal was at rest, within the first 20
minutes, consistently low readings were taken during the 60 s measurements
However, ance when the metal was stirred, 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 multichannel analyser histograms of the
particle populations during the settling period, corresponding to the bars after
stirring, in Fig. 5. The settling rate observed suggested an exponential decay of the
form:

N-N. ;
=exp(——) (2)
f t

N —“V
13

where N¢ population density of particles at time ¢, kg-!, N, and Nf initial and final
population densities, tg time constant, min. From the bar chart, the time constant
for particles greater than 15 um, and also for particles greater than 20 uym were
about the same, and in the region of 10 min.

The next step was to take solid samples for mechanical testing, corrosion testing
and metallographic analysis, in conjunction with Limca measurements. For this
purpose, an attempt was made to draw test bar samples by aspirating the alloy into
a steel pipe. Because of the difficulty of removing a solid sample from the sampling
ptpe, later in another experiment, pyrex tubing was used. However, sample bars
obtained by aspiration, contained excessive porosity and did not give useful
mechanical test results.

Figure 6 shows the Limca measurements, and attempts for taking test bar
samples in these experiments. Each time ZE41 was poured into an ingot at the end
of an experiment, a thick sludge was formed at the bottom of the crucible
containing the settled particles Because of this loss, approximately 20-25% fresh
alloy would be added to the remelted ingots. A chemical analysis was made on the
solid samples acquired during the 5th remelt, this and the initial composition of the
alloy are shown 1n Table 5.

A significant loss of zirconium and rare earths indicates that precipitation of
zirconium by iron and hydrogen, and oxidation of rare earth metals must have
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Fig.3: Oscnllt()scope traces of the peaks recorded in pure magnesium (A) and in
ZE41 (B).
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Table 5. inttial and final compositions of the ZE41 alloy during lab melts

Zn Zr RE Mn Fe N1 + Cu S
Intttal 43 05 12 <003 <0003 <0 01 <00
Final 44 02 06 nil

occurred during the course of these experiments. With the loss of zirconium, the
total number of inclusions in the stirred melts decreased, as shown in Fig 7 Most

Limca counts, therefore, must have belonged to these undesirable zircontum
containing intermetallic particles.

It was, therefore, necessary to adjust the composition of remelted alloys for 2r
and rare earth metals in order to bring the alloy to specification, or to start with a
fresh charge each time It was also necesary to take gravity cast sample bars for
mechanical testing with sufficiently long risers and gates Taking these samples each
time, however, would require approximately 4 kg of metal, and was impractical in a
laboratory where small amounts were being remelted

Experiments were then scheduled in a plant environment, using a gas fired
furnace, equipped with a steel crucible to hold 200 kg of magnesium alloy
However, in these experiments, both after puddling and after a 40 minute penod of
settling, LIMCA orifices measuring 250 and 300 pym blocked rapidly and
measurements were not possible. It was concluded that this was due to the high
particle population density in a freshly prepared alloy. These results were consistant
with the earlier blockages that had occurred in the lab remelts. Although the
individual particles themselves were much smaller than 300 um, their high rate of
coinadence at the onfice leads to accumulation at the orifice walls, and to blocked
orifices Gravity cast test bars, nevertheless, were taken: the effect that settling has
on the physical properties of ZE41 alloy will be described in Section 3 3

Fig. 9A shows the stirred alloy’s microstructure, which consists of small equiaxed
grains and Mg, R.E., Zn eutectic at the grain boundanes Fig. 9B shows a particle
subjected to EDAX and was found to be rich in Zrand Fe Itis highly likely that this
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particle was a solid intermetallic iIn molten magnesium, as ZE41 exhibits a highly
cored structure for the distribution of zirconium. During solidification, a zirconium
rich core first precipitates peritectically to provide numerous, crystallographically
coherent nucleation sites for magnesium, giving nise to the alloy’s fine grain size. As
the particle in Fig 9B waslodged between the grains, it was not part of this coring.

The microstructure of the settied melt was essentially the same. This s because
the expected number density of particles in the moiten magnesium was too low to
make a difference on a single frame of a magnified section. At 250x magnification,
for instance, the area of a single frame 1s 0.16 mm2. If all the iron in this alloy were
present as FeZr particles (prezr, =8 000 vs. pmg =1 600 kg/m3), having an average
diameter of 4 um, then there would be, on average, 1 particle per 2.5 frames in the
stirred alloy (50 ppm Fe), and 1 particle per 4 frames in the settied alloy (30 ppm Fe).
Particles greater than 15 um were measured by LIMCA to be 300 and 3.5 g-1, and
their corresponding frequencies of occurence in the microphotographs would be 1
particle per 1 000 and 8 500 frames in the stirred and settled allcys, respectively!

32 Alloy A291

The first class of structural magnesium alloys having reasonably fine grain size
and the possibihity 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 compaonents, such as those used in the
automotive industry. Their corrosion resistance depends strongiy on their metallic
(Fe, N1, Cu), and halide flux impunty level. Nominally, AZ91 contains 9% Al, 1% Zn
and 0.1-0.3% Mn. The prnimary function of Mn is to remove iron or to make its
cathodic action less effective when trapped in the alloy, by forming Mn-Al
intermetallic particles that also incorporate iron in solid sotution. Therefore, similar
to ZE41, suspended particles in A291 would also consist of intermetallic compounds
and possibly flux particles, whose number density should be important in controlling
its corrosion resistance.

Because of the need to take gravity cast samples, this alloy was tested with LiMCA
in a plant environment only Figure 8 shows Limca measurements after grain refiner
addition and degassing, and during a 40 minute settling period. In comparison to
ZE41, particle concentrations in the stirred alloy 1n this melt was much less. Referring
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Fig. 7. Parucle population densities in the stirred melts of ZE41, showing the
decline in the total number of suspended particles, as the same ingot was
remelted for lab experiments
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MAGNESIUM ALLQAY, RZ91
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Microstructure of AZ91 at two different magnifications, showing the
primary Mg, Al rich eutectic and the round Mn-Al compounds that also
Incorporate much of the iron in the alloy. At higher magnification, the
grey compound phase within the eutecticis Mg17Al4 .
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to Fig. 11, to the large drop in Fe impunity content in the settled alloy, most of these
particles could be the Iron - manganese containing intermetaillics.

Figures 10A and B show the microstructure of this alloy at 250 and 1000x
magnification. It consists of primary magnesium, an aluminum rich eutectic, and an
erther fibrous or spherical phase enriched in Al, Zn, Fe and Mn This intermetallic

phase forms during sohidification and contains most of the remaining tron in molten
magnesium

3.3 Effect of Particle Settling from the Meit on the Physical Properties of
Magnesium Alloys

Table 6 shows the mechanical and corrosion test results, and the impurity levels in
alloys ZE41 and AZ91 after stirring, and after settiing for a period of 40 minutes
Machanical tests were made according to ASTM B557, using standard round test bars
(0.5" dia., 2" gauge length). Corrosion (salt spray) tests were made according to
ASTM B117, on the as cast and heat treated, 11" dia, disc samples Figure 11 displays
the test resuits X, and a 95% confidence interval for the actual (population) mean
value p 1n the form of bars for visual comparison As seen, no significant difference
can be observed in the mechanical properties of either alloy after a settling
treatment. A reduction in corrosion rate was noticable only in ZE41 alloy samples, a
group comparison test in Table 7 shows that a significant improvement (>95%
confidence) was observed in the tempered ZE41 samples only in view of the imited
amount of data obtained, these findings must be regarded preliminary.

After settling, both alloys show reductions in those impunities contents that are
known to be harmful for corrosion, indicating that the settied particles must have
been richer in these elements than the melt itself In spite of a significant drop In
nickel content, and a reduced particle population in the melt, curiously, no
improvement was observed in the corrosion rating of AZ91 alloy The large drop in
iron content, however, was not expected to reduce corrosion rate significantly,
because the Fe/Mn ratio was already below the critical 0 032 in this alloy [6]
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Table 6 Changesin physical properties of the magnesium alloys after

stirring and settling

2E41 AZ91
Physical Property(1)
1(2) 1(2) 1(2) [1(2)
214.2 213.7 278.6 269 0
Ultimate Te“;lw’s)lal‘e Strength, 842 1877 102 152
(4) (4) (4) (4)
. 162.9 156 1 1415 141.8
Y'e'd:;;f,”g‘h' 205 8.02 399 10.2
(4) (4) (4) (4)
2.83 3.35 491 444
E'°"9°/f"°”' 121 105 | 063 1.21
(4) (4) (4) (4)
Corrosion Rate, 6.58 452 201 1.35
as cast(3), 2.36 0.33 0.51 0.61
mm/year (3) (3) (3) (3)
Corrosion Rate, 17.07 11.58 221 2.26
heat-treated(4), 2.90 1.14 1.52 0.76
mm/year (3) (3) (3) (3)
Al - - 8.5 8.5
% Mn - - 0.25 026
Chemical Zn 39 4.1 0.76 0.76
Composition R.E. 14 14 - -
2r 0.5 0.4 - -
Fe 30 21 54 23
ppm Ni 25 22 27 20
Cu 33 30 17 14

M
tests (n).
(2)

both alloys

3 13" dia discs cut from chill cast cylindrical blocks

(4) Samples were heat treated (tempered) as follows:
ZE41, TS 2hours at 330°C followed by 16 hours at 175°C,
AZ91, T6. 18 hours at 410°C followed by 16 hours at 170°C

Data in boxes refer to the mean value x, standard dev:ation s, and the number of

Condition | is after puddling for ZE41, and after grain refiner additions and
degassing for AZ91, condition H is after setthing for a period of 40 minutes for
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Table 7. Comparison of corrosion rates of samples taken from stirred and settled

melts(1).
X| s nj tort' v to os, % conf
Alloy X Sil ny value(3) v’ to 05,\\,{' (4)
6.58 2.36 3 1.50 4 2.132
7E412) 452 0.33 3 . 2.08 2.846
17.07 2.90 3 4 2132
11.58 1.14 3 3.05 2 60 2.509 96 7
2.0; 0.51 3 1.44 4 2132
1.3 .61 : . .
AZ912) 0 3 3.88 2.151
2.21 1.52 3 4 2132
2.26 0.76 3 -0.05 2.94

() Hg: W <y 15 tested against H,: wy >y Alternative hypothesis is accepted with a greater
confidence than 95%, If computed value of t >tg g5

2) In each alloy, the first two rows of data refer to as cast, and the last two rows of data refer to
heat treated, samples Subscriptsiand Il, refer to stirred and settled melts

(3) tvalues for group comparison t-test If 0y = 0; may be assumed, t and v values, if not, for a more
conservative test, Behrens-Fisher t' and v’ values are used [13]

(%) Actual % confidence in accepting H,, computed if confidence level >95%

4 DISCUSSION OF RESULTS AND CONCLUSIONS

No improvement was observed in the mechanical properties of either alloy
studied that would be attributed to the settling out of particles In the plant, the
alloys were prepared by a fluxless procedure, using a CO2, 0.6% SFg protective
atmosphere. Consequently, the settiing particles were mostly intermetallics, and
because of their better interfacial properties, intermetalhc particles would be
expected to provide greater resistance to void formation than, say, flux indusions
Of all mechanical properties, fatigue strength is particularly sensitive to the nature,
size, and population of particles, but this test was not available for the present work
Therefore, for alloys produced under halide flux protection, LIMCA measurements
may provide a significant correlation with mechanical properties, especially with
regards to fatigue strength, but this requires further research.

Corrosion ratings 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: this has been reduced to less than 0.4 mm/year for the recently
developed extra-pure alloy, AZ91E-T6 [6,7] Normally, an improvement would have
been expected in the heat-treated alloys, but this was not observed 1n our sampies
The relationship between Fe, Ni, and Cu impurnities and the magnesium alloys,
especially for alloy AZ91, is well established [4-6] LIMCA, being a discriminating
device, only measures the particle populations greater than a critical size Therefore,
such measurements would be useful provided larger particles have a much greater
affect on corrosion rate than smaller particles This appears to be the case for the
ZE41 alloy, where small reductions in impurities in the same alloy lead to a
significantly better corrosion rating. In the AZ91 alloy, settling lead to fewer large
particles (>15 pm) In the melt, but no improvement in corrosion rating was
observed in this alloy. This suggests that both “small” and larger particles promote
corrosion in this alloy However, it s probable that the number of samples tested for
corrosion were too few (only 3 per alloy) to draw statistically significant conclusions.
More samples for corrosion testing could provide greater certainty in establishing
any correlation between LIMCA measurements and the corrosion resistance of
magnesium alloys
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PARTS: CONCLUSIONS TO THE THESIS

1. SUMMARY OF FINDINGS

The following sections summarize the experience gained in constructing LIMCA
probes, and taking LiIMCA measurements in high temperature and reactive metals

1.1 Steel Melts

1. Among a number of refractory conductors, graphite was found to be a
reliable material for electrode construction. Freely dissolving electrodes did not
interfere with the detection of microvolt signals, but chemical reactions between
electrodes and steel melts producing non-conducting products did Examples are
molybdenum in sulfur rich, and graphite in oxygen rich steel melts

2. A water cooled steel electrode, for use as outside electrode in high
temperature steel melts, was designed. Its design critenia was to keep melt /
electrode contact at all times without creating a massive solidified steel shell around
the electrode.

3. Sampling tubes: Boron nitride was found to be an acceptable, albeit
expensive, sampling tube for steel melts of low oxygen potential (less than 15 ppm
0). Porous refractory silica, such as Masrock™ (Harbison-Walker) could also serve as
sampling tubes over a much wider range oxygen levels with acceptable
machinability to place inserts. Silica glass sampling tubes can be used up to 1500°C
without deformation and was surprisingly found to resist fluxing by boron, silicon
steels. Above this temperature they need to be supported by a refractory maternal
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 provide the least obstacle to fluid and
electric flows. However, as long as sharp corners were avoided, the effect of onfice
geometry was found to be of secondary importance.
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5 Experiments with other steel melts and cast irons showed orifice - molten
metal - inclusion interactions to be very important for the smooth operation of
LIMCA.

6 For a given melt and set of conditions, orifice size needs to be adjusted to
acquire a significant 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 um, and 400 - 500 um following an aluminum addition

12 Copper Melts

1. The control of oxygen content in unalloyed copper was found to be of
paramount importance to prevent oxidation of electrodes. Among the electrode
materials tested, nickel was selected as this was the least susceptibie to oxidation,
and was available at a reasonable cost.

2 Oxygen pick up from the atmosphere was best prevented by placing a lumpy
charcoal layer on the melt surface rather than graphite powder. It was found that
graphite powder would creep down the crucible wall, and accumulate at the bottom
of the crucible. Some graphtte powder was also found to creep down outside the
samplina tube wall and interfere with the operation of the sensing zone. Interfacial
turbulance, as well as convective currents ditring heating and cooling ¢ le of the
furnace could be factors causing this dovw */ard movement of (ligh. jraphite
powder down the crucible / copper intern  »  the bottom.

3 The same silica glass sampling tube / sensing zone arrangement used for
boron, silicon steels was also used for copper melts.

4, LIMCA measurements in copper beryllium alloys with 2% Be produced
agreeable results with an independent metallographic count, whereas alloy 3,
containing lower beryllium, attacked the silica glass tubes. For measurements of
BeO particulate content in the higher Be alloys, a 300 - 400 um orifice was found to
be an optimum size.
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1.3 Magnesium Melts

1. Sampling Tubes: Although magnesium would be expected to attack silicates
(and this was the case with silica, borosilicate and aluminum silicate glass),
penetration into porous, opaque silica (Masrock™) was minimal. Sampling tubes
with 5 mm wall thicknesses made from porous silica were used Their immersion into
magnesium melts produced a scale around the sampling tube wall, and reduction in
wall thickness under the scale was less than 1.5 mm for two hours of immersion

2. Since magnesium attacked most oxides, the orifice was formed in a boron
nitride insert to be fixed on a sampling tube Dimensional stability of these orifices
was good.

3. LIMCA measurements in magnesium alloys ZE41 and AZ91 gave indications of
the particulate content of these metals. However, correlations of LIMCA counts with
alloy properties were poor.
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2. GENERAL DISCUSSION AND RECOMMENDATIONS FOR FUTURE WORK

LIMCA's operation as a measuring device in high temperature and reactive metals
has been shown to be possible. The experimental procedure outlined in Sections
3.5.1 and 352 of Part 1 helped to identify the sources of electronic noise and
baseline instabilities during probe development in all cases, 1t was possible to
rectify electronic noise probiems caused by electrode / molten metal contacts, circuit
components and environmental induction On the other hand, noise caused by
orifice deterioration was found to be of a more fundamental nature.

Highly successful results with boron - silicon transformer steel versus poor results
with steels of other composition indicate that it was not the molten iron per se that
caused the difficulties, but rather what 1t contained Suspended particles
(inclustons), molten metal and orifice wall interaction were hypothesized to be the
cause of orifice deterioration It is believed that orifice deterioration 1s caused by
inclusions accumulating at the sensing zone region by way of physical attachment,
and thereby interfering with the electric and fluid flows Ideally, therefore,
inclusions should be wet by molten metal, or have low interfacial energy, and not
“wet” the onfice wall. Experimental evidence supporting this hypothesis is the ease
of LIMCA's operation in aluminum and magnesium melts to count intermetallic
particles. Because of their structural similanty, intermetallic particle / metal contact
angles would be expected to be low. From Table 13, Part 2, for \nstance, molten
aluminum in contact with TiB; has a contact angle of 98°. Similarly, from Table 14,
Part 2, additions of boron oxide will reduce the surface tension of silice, and this
must have helped the smooth operation of LiIMCA n boron, silicon steels, In
counting borosilicate inclusions.

In the light of the above discussion, recommendations for further resarch would
be to acquire interfacial data that will help in the selection of materials for LIMCA's
sensing zone region, and into these selected matenals, form fluted, circular orifices
with highly polished surfaces, for use as sensing zones in given molten metal /
inclusion systems.
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2. CLAIMS FOR ORIGINAL CONTRIBUTIONS

1. LIMCA's electric circuit was analysed to show the effect of ballast resistance on
the magnitude of voltage pulses. It was shown that voltage pulses could also be
detected across the ballast resistance, and their magnitudes were shown to be equal
in value, but opposite in sign to those detected across the electrodes The value of
ballast resistance was optimized for a given e.m f and LIMCA probe, in order to
obtain maximum pulse heights Its value was shown to be equal to the resistance
across the electrodes. The effect of a finite electnic conductance of a sampling tube
on the voltage pulses measured was determined

2. A novel LIMCA probe was developed for low melting point steels and cast
irons. This work represents the first time meaningful LIMCA measurements were
ever made for molten steels (specifically an electric grade steel containing 5% B, 3%
Si, used in the manufacture of transformer cores). A systematic investigation of cast
irons and steels showed that reliable operation of LIMCA in iron alloys was highly
dependent on their chemical composition, which in turn determines the chemistry
and the nature of contained indigeneous inclusions, and the interface properties
between inclusion, melt, and the orifice wall 1t was shown that unstable operation
of LIMCA in other iron alloys was caused by the orifice (sensing zone) deterioration

3. A water cooled permanent electrode was designed for use as an outside
electrode in steels and higher temperature m p. metals. It was shown to be reliable

in keeping a low background electronic noise while conducting a high D C. current
into the melt.

4 A novel LIMCA probe was designed for copper melts and was successfully used
in the technologically important Cu-Be alloys to manitor the levels of BeO iniclusions

5. A novel LIMCA probe of reasonable cost, incorporating a machinable ceramic
sampling tube was designed for magnesium melts and was used to monitor the
particulate contents of ZE41 and AZ91 alloys



