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(57) Le détecteur deécnit (40), qua sert a detecter la
presence d’inclusions dans du metal en fusion, comprend
une sonde a usage unique jetable (41) qui est relice
amovible a un ¢lément de support (42). La sonde (41)
peut comprendre un tube (44) en matérnau
thermoresistant comportant une €lectrode interne (48)
montee sur sa parol intérieure et une ¢lectrode externe
(50) montée sur sa parol exterieure. Lors de I'immersion
de la sonde dans le métal en fusion, le méetal en fusion
penétre dans 'mtérieur du tube par un orifice (45)
menage dans sa parol jusqu’a franchir une piece
rapportée (49) de protection contre les jets, de sorte
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(57) A molten metal inclusion sensor (40) comprises a
single use disposable probe (41) which 1s detachably
connected to a support member (42). The probe (41)
may comprise a tube (44) of heat resistant materal
having an inner electrode (48) mounted on its interior
wall and an outer electrode (50) mounted on 1ts exterior
wall, the molten metal entering the tube interior through
an orifice (45) n 1ts wall past a jet-preventer insert
(49) upon 1ts immersion 1n the molten metal, whereupon
the flow of metal with entrained inclusions 1s monitored
by measuring the voltage between the -electrodes

(48, 50). Alternatively the tube (44) may be of
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qu’on peut controler le flux de métal avec les inclusions
entrainces en mesurant la tension entre les ¢lectrodes
(48, 50). Dans une variante, le tube (44) peut €tre en
matériau thermoresistant ¢lectroconducteur et peut
constituer 1’¢lectrode interne (48). Le flux peut étre
assiste par une pression réduite €tablie dans le tube ou
peut €tre ralenti par une pression positive destince a
maintenir le nombre de Reynolds du flux au-dessous de
2000. L 1interieur du tube est s€pare par un passage €troit
(52) en deux compartiments (40a, 40b), de sorte que le
metal entre dans un compartiment (40a) et gele dans le
passage (52), ne pouvant ainsi entrer dans le second
compartiment (40b), ce qui protege la source de vide
¢ventuel et fixe la quantit¢ de metal entrant dans la
sonde. L onfice (45) est fermée par une couverture fusible
(46) et la couverture est protégee par un €cran fusible
(47), ce qu permet a la sonde de passer a travers une
couche de scories sur-jacelte sans que les scories
puissent penctrer dans 1'intérieur de la sonde. Pour les
¢lectrodes et pour le corps de la sonde divers matériaux
approprics sont deécrits leur vie utile dans le bain devant
¢tre d’environ 2 minutes.
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clectrically-conductive  heat-resistant material and
constitute the mner electrode (48). The flow may be
assisted by a reduced pressure established within the
tube, or may be slowed by a positive pressure to maintain
the Reynolds number of the flow below 2000. The tube
interior 1s divided by a narrow bore (52) mto two
compartments (40a, 40b) so that metal enters one
compartment (40a) and freezes 1n the bore (52) so that 1t
cannot enter the second compartment (40b), protecting
the vacumm source 1f provided and establishing the
quantity of metal entering the probe. The orifice (45) 1s
closed by a meltable cover (46) and the cover 1s protected
by a meltable shield (47) to enable the probe to be passed
through an overlying slag layer without entry of slag to
the probe nterior. Various suitable matenals are
disclosed for the electrodes and for the body of the probe
which should have a useful life 1 the bath of about 2
minutes.
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(57) Abstract

A molten metal inclusion sensor (40) comprises a single use disposable probe (41) which is detachably connected {0 a sup-
port member (42). The probe (41) may comprise a tube (44) of heat resistant material having an inner electrode (48) mounted on
vs interior wall and an outer electrode (50) mounted on its extenior wall, the molten metal entering the tube interior through an |
orifice (45) in its wall past a jet-preventer insert (49) upon its immersion in the molten metal, whereupon the flow of metal with
entrained inclusions is monitored by measuring the voltage between the electrodes (48, 50). Alternatively the tube (44) may be of
electrically-conductive heat-resistant material and constitute the inner electrode (48). The flow may be assisted by a reduced pres- |
<ure established within the tube, or may be slowed by a positive pressure to maintain the Reynolds number of the flow below |
2000. The tube interior is divided by a narrow bore (52) into two compartments (40a, 40b) so that metal enters one compartment
(40a) and freezes in the bore (32) so that it cannot enter the second compartment (40b), protecting the vacumm source if provided
and establishing the quantity of metal entering the probe. The orifice (45) is closed by a meltable cover (46) and the cover is pro-
tected by a meltable shield (47) to enable the probe to be passed through an overlying slag layer without entry of slag to the probe
snterior. Various suitable materials are disclosed for the electrodes and for the body of-the probe which should have a useful life

in the bath of about 2 minutes.
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DESCRIPTICN
TITLE: Single-Use Disposable Molten Metal Inclusion Sensor

TECHNICAL FIELD

This invention relates to an apparatus for detecting

the content of inclusions in molten metal, such as precipitated

secondary phase particles, cdrors of slag, and/or air bubbles,

during refining thereof, all of which cause a discontinuity in
10 the flow of current in the sensing zoner and can therefore be

sensed by measurement of this discontinuity. Hereinbelow, for
convenience, all of these will be collectively referred to as
"inclusions".

in general all such inclusions have a more or less

15 deleterious effect upon the required technical properties of the
metal, and 1t has become more and more essential to have
accurate information as to their number and sizes, in order to
confirm that the metal is sufficiently "clean” for its intended

purpose, and also to show whether the processes employed are
20 producing sufficiently "clean" metal.

INDUSTRIAL APPLICABILITY

The range of molten metals to which the present
25 invention can be applied is broad and includes molten metals
subjected to refining in steel manufacture, aluminium refining,
copper refining, titanium refining, magnesium refining, alloys
of these metals, and the like. However, in the following

description, molten steel in steel manufacture will be used
30 primarily as an example.

BACKGROUND ART

One prior art invention which relates to the present
35 invention is described in U.S. Patent No. 4,555,662, issued
November, 1985, this patent disclosing a quantitative
measurement method for inclusions, the method now being

- generally referread to as Ligquic Metal Cieanliness Analysis
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(LIMCA for short). The LIMCA method and apparatus were originally developed
for detecting nonmetallic inclusions during aluminium refining, but its application
to 1ron and steel refining has also been investigated.

The LIMCA method 15 sometimes also referred to as the Electric Sensing
Zone method (ESZ for short), the principle of the method being that when such an
inclusion entrained 1n an electrically conductive fluid passes through an
electrica.lly-insulated orifice the electrical. resistance of the fluid which 1s flowing
through the orifice changes in proportion to the volume of the particle. The
instantaneous change 1n the resistance 1s detected as a pulse 1n electrical potential
between two electrodes on opposite sides of the orifice, and the number and size of
the particles can be directly measured 1n the following manner.

First, if the particles are assumed to be spherical and of diameter d and
the orifice 1s assumed to be cylindrical of diameter D, then the change R 1n the
electrical resistance when a particle passes through the orifice 1s given by the
following equation:-

AR =(4,d°)/(JID Y ..(1)
Where 4 is the electrical resistivity of the fluid.
In actual practice, Equation (1) must be corrected by a correction factor F
(d/D), which is given by the following equation:-
F(d/D) =[1 - 0.8(d/D)’] (2
Thus, AR 1s actually expressed by the following equation:-
AR = (4PdH(TDYH X [1-0.8d/D)]"... (3)
If the electric current through the orifice 1s I, then the pulse AV 1s the electric
potential when a particle of diameter d passes through the orifice and 1s given by

the following equation:-
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AV = T(AR) e.. (4)
A previously-disclosed inclusion sensor probe which
applies the above-described principles and for use with molten
> metal comprises a hollow inner first electrode made from an
electrically-conducting, heat-resistant material, this inner
electrode being supported inside a quartz tube and connected to
an electrode rod through a graphite reinforcing member. An
orifice is provided in a portion of the quartz tube near to its
10 lower end, while a cylindrical layer which protects against slag
1s disposed around a central portion of the outside surface of
the quartz tube. The tube is mounted on a water-cooled support
apparatus through a coupler which is equipped with an O-ring to
seal the joint between the tube and the coupler. The neccessary

15 outer second electrode consists of a rod separate from the probe
and extending close to the orifice.

When a measurement 1s to be performed the inside of the
hollow electrode, which serves as a chamber to receive the
molten metal, 1is evacuated and the molten metal is sucked inside

20  through the orifice. At this time, the change in electric
resistance between the inner and outer electrodes is measured
and amplified by conventional means, and the sizes and number of
inclusions are determined.

The above-described sensor probe and others are used to

25 perform continuous measurement by the LiMCA method in orader to
detect inclusions in molten aluminium and determine particle
size distributions. Molten aluminium has a relatively low
melting temperature of about 700°C, so there are a number of
different materials available from which the probe and the

30 electrodes can be made. However, the working temperatures of
molten metal baths of metals like iron and titanium are much
higher than for aluminium (above 1550°C), and at such
temperatures there are considerable problems with lack of
resistance of the probe and the electrodes to heat, so that it

35 is difficult to employ these known sensors.

The known probes for inclusion sensors as used hitherto
for high melting point metals are all of the continuous

measurement type, 1.e. once the probe is immersed in the molten
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metal measurements are performed for a period of at least 30 -
40 minutes while being cooled with water, and usually this is
the maximum useful life of such a probe. The known continuous
measurement probes for inclusion sensors have the advantage that
5 they can continuously monitor Changes in the level of inclusions
in molten metal, but have the following drawbacks:-
(1) When used in a bath of high melting point molten
metal, such as iron or steel, then in order to guarantee
sutfficient resistance to heat and reaction the body of probe

10 must be made of a high-quality material, such as quartz, as a
result of which the probe is expensive.

(2) When used with these high melting roint metals, in
spite of the fact that each probe is made of expensive

materials, the probe still has life span of only 30 - 40
15 minutes, despite the use of water cooling.,

(3) In order to provide sufficient heat resistance the
prope support mechanism must be equipped with a water cooling
mechanism. As a result, the probe and the probe support
mechanism end up being large and difficult to handle, and a

20 mechanism for raising and lowering the probe also must be large,
SO that equipment costs are high.

DISCLOSURE OF THE INVENTION

25 Accordingly, it is an object of the present invention
to provide an inclusion sensor suitable for use with high
melting point metals which has a less expensive probe and which
is easier to handle.

In accordance with the present invention there is

30 provided a molten metal inclusion sensor of the tyre which is
immersed in a molten metal and detects inclusions in the molten
metal by the electric sensing zone method, characterized in that
a probe which is immersed in the molten metal for detection of
the inclusions and a support mechanism for the probe are

35 detachably connected with one another, and the probe is a
single-use, disposable probe.

The probe may comprise a tube of

electrically-insulating material which has the orifice for the
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- inflow of molten metal formed in a portion thereof, and an
electrically-conducting inner tube and/or an
electrically-conducting outer tube, which respectively function
as an inner and outer electrode, are mounted respectively on the

5 1inside and/or the outside wall of the electrically-insulating
tube.

The.probemay be made from an electrically-insulating
tube which has the orifice for the inflow of molten metal sealed
by an orifice cover of material of lower melting point than the

10 metal, the electrically-insulating tube being sealed with
reduced pressure inside 1t, and the structure being such that
when the probe is immersed in the molten metal the orifice cover
melts, and the molten metal flows into the tube interior
assisted by the action of the reduced pressure.

15 The chamber inside the electrically-insulating tube may
comprise two compartments which are connected by a bore of
smaller cross-section area than the compartments, which bore
constitutes a cooling zone, the orifice opening into one of the
compartments whereby molten metal entering the first compartment

20 freezes in the cooling 2one to prevent its entry into the other
compartment.,

Thus, the present inventors performed investigations
with the aim of solving the above-described problems, in the
course of which they noted that the refining of metals such as

25 iron and steel, which have a high melting point of at least
1500°C, is basically a batch treatment (e.g. processing in
converter, RH treatment, etc.), and that during continuous
casting the level of inclusions in a single batch does not
greatly change. Namely, in the refining of steel for normal

30 uses it is generally not necessary to constantly monitor the
level of inclusions, even during continuous casting, and in many
cases it is sufficient to determine a representative value for
each batch. The present inventors then perceived of employing a
single-use, disposable probe. The inventors found that it is

35 effective to use a structure in which the probe is connected to
a probe support mechanism by a quick-release joint, the probe
comprising a molten metal inflow chamber having an orifice for

detecting inclusions formea at its entrance; preferably a
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Cooling region is provided in an exit portion of the chamber
which connects it to a second Chamber; also preferably the
orifice is sealed in advance with an orifice cover, and the
molten metal inflow chamber is first opened by melting of this
> cover when it contacts the molten metal. The structures in
accoraance with the invention therefore have among other
advantages, the following:-
(1) Decrease in Cost of Probe Body. The probe is a
single-use, disposable member, so it can be made of less

10  expensive material and can be decreased in weight. However, it
still can be made with a life span of at least 2 minutes, and
which may be as long as 10 minutes, and this is sufficient for
it to be used in situations when a single measurement is
sufficient,

15 (2) Increased Ease of Handling, Simplification of
Handling Mechanism. As a single-use, disposable probe is light,
it is easy to handle. Furthermore, as the probe also does not
require a water cooling mechanism, the handling mechanism for
the probe is simplified. It is also possible for an operator to

20  perform measurements while holding the probe support mechanism
in his hand.

In this manner a single representative measurement for
a batch is made using the apparatus of the present invention,

whereby decreases in the cost of the probe and in the handling
25 mechanism are realized.

DESCRIPTION OF THE DRAWINGS
—— o DAINLIVOO

The prior art ESZ method and apparatus will now be
30 described in more detail, and probes which are preferred
emboaiments of the invention will now be described, by way of
example, with reference to the accompanying drawings, wherein:-
Figure l(a) and 1(b) are illustrations which explain
the principles of inclusion detection by the ESZ method;
35 Figure 2 is a longitudinal cross-sectional view of a
continuous measurement prior art inclusion sensor probe which

utilizes the ESZ method, and employs a separate outer electrode:

Figure 3 is a similar view to Figure 2 of a single-use,
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disposable probe in accordance with the present invention, which probe 1s

connected to an external exhaust system;

Figure 4 1s a stmilar view to Figure 2 of a single-use, disposable probe in
accordance with the present invention, which probe has an internal vacuum cell and
therefore does not require an external exhaust system;

Figure 5 1s a stmilar view to Figure 2 of another single-use, disposable
probe in accordance with the present invention;

Figure 6 1s a cross-section taken on the line 6-6 1n Figure 5; and

Figures 7 and 8 are graphs showing the particle size distribution of
inclusions in the same molten steel as measured by an embodiment of the present

invention and by a comparative prior art probe.

DESCRIPTION OF PRIOR ART METHOD AND APPARATUS

Figure la illustrates an electrically-insulated orifice 10 of diameter D
formed n a wall through which tlows an electrically conductive fluid, namely
molten metal. Non-conductive inclusion particles 12 of diameter d that are
entrained in the fluid and flow through the orifice each give a respective resistance
change and consequent electric potential pulse, AV illustrated by Figure 1b.

Figure 2 1s a schematic cross-sectional view of a prior art inclusion sensor
intended for continuous measurement which applies the above-described principles.
The outer electrode is separate from the other parts of the sensor and 1s not shown,
but an mner hollow electrode 21 which 1s made from an electrically-conducting,
heat-resistant material is supported mside a quartz tube 20 and 1s connected to an
electrode rod 23 through a graphite reinforcing member 22. An orifice 24 1s
provided in a portion of the quartz tube 20 near to its lower end. A protecting layer
25 which protects against slag is disposed around the quartz tube 20. The quartz
tube 20 is held by a water-cooled support apparatus 28 through a coupler 27 which
1s equipped with an O-ring 26.
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BEST MODES OF CARRYING OUT THE INVENTION

Figure 3 illustrates the structure of a sensor 40 of
the invention which is employed with an external suction
system. In the illustrated example, a probe portion 41 and a
probe support'portion 42 are detachably connected by fitting
into one another, employing any suitable connection means which
need not be specifically illustrated. As the present invention
employs a single—-use, disposable probe 41 the pressure seal
between the probe and the support 42 need not be particularly
tight but good electrical connection is essential to avoid the
generation of spurious noise signals. The probe 41 includes a
hollow cylindrical body member 44 providing a molten metal
inflow chamber, which is divided into an outer chamber 40a and
an inner chamber 40b by a cooling region 52 constituted by a
bore of reduced cross-section area. The interior of the inflow
chamber is connected to an external suction system (not shown)
through the probe support mechanism 42 by any suitable means and
a reduced pressure (vacuum) is maintained therein. An orifice
cap 46 which is made of a material of lower melting point than

the steel, aluminium for example, is disposed in an orifice 45
which is formed in the end of the body member 44. 2

conical-shaped slag breaker cover 47, also of lower
melting-point material, is mounted on the end of the probe so as
to also cover the orifice and the orifice cover 46. A hollow
cylindrical electrode 48 of suitable electrically conductive
material is mounted in the outer chamber 40a closely against the
inner wall thereof and constitutes an inner electrode. A
cylindrical external electrode 50 is mounted on the outside of
the body memper 44 and is separated therefrom by an interposed
cylindrical electrically-insulating layer 51.

The slag breaker cover 47 and the orifice cap 46 both
clbse the orifice 45 and maintain the vacuum produced by the
suction inside the tube 44. Furthermore, they prevent slag from
penetrating into the tube 44 when the probe is thrust through
the layer of slag into the molten metal. Due to the action of

these two mempers slag is prevented from entering the probe and
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adhering to the inner surfaces of the inner electrode 48 or the
vacuum tube 44, which would give poor electrical conduction and
unstable signals. It is desirable that the melting points of
the slag breaker cover 47 and the orifice cap 46 be at least
10°C lower than the melting point of the molten metal which is
being measured. The thicknesses thereof are preferably in the
range 0.1~1.0 mm. A thickness of this magnitude guarantees
their strength prior to use and also guarantees that they will
De melted quickly and permit the molten metal to flow into the
probe interior during the available period of about 2 minutes.

In use the probe portion 41 is thrust at least one or
two metres beneath the surface of the metal bath and, owing to
the relatively high aensity of the slag layer and the steel,
there is a substantial hydrostatic head present at the orifice
45; this hydrostatic head may with some embodiments be
sufficient for the metal to flow into into the probe. The
passage of the metal is however facilitated by the presence of a
reduced pressure inside the probe.

The tube 44 which constitutes the molten metal inflow
chamber is a container for the purpose of introducing molten
metal into the probe; the molten metal is drawn into the probe
by the hydrostatic head and by the suction in the tube, and the
particle diameter and number of inclusions in the molten metal
are measured by the change in electrical resistance between the
electrodes 48 and 50 as the inclusions flow through the orifice
45. For this purpose the electrodes are connected to exterior
measuring apparatus by cables 56. The tube 44 is made from high
melting point metal or an electrically-conducting ceramic and
suitable materials are described in more detail below. The tube
interior is directly connected to the exhaust system as shown by
the arrow in the figure,

The transverse diameter of the body member 44 typically
1s about 2.5-10.0 cm, while its wall thickness is in the range
1-5 mm; the thickness of the electrode 48 typically is in the
same range as the wall 44; the length of the chamber 40a
typically is about 2.5-~10 cm, while the cooling zone 52 which
separates the outer chamber 40a and the inner chamber 40b has a
cross-sectional area corresponding to a circle with a diameter
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in the range of 0.1 - 5 mm, and the length maybe in the range
1-10 mm. The inner chamber 40b typically has the same
transverse dimensions as the outer chamber 40a and any required
changes in its volume are produced by changes in its length.
> The dimensions and flow rate are made such that molten metal

solidifies in the cooling zone 52 and is thus prevented from
entering the éhamber 40b and reaching the exhaust system.
Furthermore, only an amount of molten metal equal to the volume
Of the outer chamber 40a is sucked in, and since the volume of

10  this chamber is known, if the total number of pulses is counted,
the number of inclusions per unit volume of the molten metal can
be determined.

The layer 51 of insulating material typically has a
thickness in the range of 5-15 mm, while the outer cylindrical

15 electrode typically has a thickness in the range 2-6 mm. The
specific thicknesses will depend to some extent on the material
that is selected for these elements. The interior of the
chamber 40a is provided with a conical star-shaped deflector
member 49 disposed adjacent the orifice 46 with its conical end

20 pointing toward the orifice, the member being shown in plan in
Figure 6, A suitable material for this is for example thin 1%
carbon steel. The entering metal strikes this member and is
deflected along the inside wall of the chamber, so that a jet
cannot immediately reach the bore 52 and close it before the

2> chamber is filled, which might reduce the amount of metal that
can enter the chamber 40a within the available time.

A cylindrical layer or casing 55 of protective
refractory material protects the probe (i.e. the tube 44, the
cables 56, the exhaust connection, and the like) for the period

30 for which the probe 41 is immersed in molten metal and is
operative., It can be made of a refractory such as an MgO or
A1203 type, or it can even pe an inexpensive member made of
layers of paper. A single-use, disposable probe of the
invention is connected to the holder of a reusable probe support

35 mechanism 42 by any suitable type of quick-release joint. After
a measurement 1s performed the remains of the probe are removed
from the holder and discarded, and when the next measurement is

to be performea a new probe is mounted on the holder by the same
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operation.
The apparatus illustrated in Figure 4 has basically the same structure and

mode of operation as that of the apparatus of Figure 3, but the structure of the vacuum
S tube 44 1s different. Thus, the inner chamber 40b of the molten metal inflow chamber

44 1s previously evacuated and the probe 1s then sealed by the cap 45 after the mside

thereof 1s reduced to a pressure of about 1-90 KPa. Accordingly, the outer chamber

40a which 1s sealed by the cap and the slag breaker 47 1s also maintained under a

vacuum, and in this state the probe is immersed in a molten metal. In the figure the

10 method of connecting the probe to a probe support mechanism is not illustrated, but
except for the absence of means to connect the probe interior to a suction system, the
same holder as for the probe of Figure 3 can be employed. The disposition of the outer
eclectrode 50, the installation: of the protective electrically-insulating layer 55, and the
like can be the same as for the probe in Figure 3.

15 As soon as the slag breaker and cap are melted molten metal 1s sucked
into the outer chamber 40a of the tube 44; it solidifies in the cooling zone 52 and the
sucking then stops with the required predetermined volume of metal in the probe. The
ratio of the volumes of the outer chamber 40a and the inner chamber 40b determines the
suction force and also determines the desired initial suction, but generally, 1t 1s

20 desirable that the ratio of the volume of the outer chamber 40a to the volume of inner
chamber 40b be at most 1:1. The dimensions of the cooling zone 52 and of the outer
chamber 40a can be the same as for the probe of Figure 3.

As described above, with the high hydrostatic head that 1s available when
the probe is dipped deeply into the metal, it may not be necessary to provide a reduced

25 pressure in the probe interior, the metal as it enters the first compartment 40a displacing
the atmosphere in the compartment through the bore and compressing it into the second
compartment 40b, which is therefore of sufficient volume for this to take place.

The embodiment of Figure 5 also has basically the same structure and
mode of operation as those of Figures 3 and 4 and similar parts are given the same

30 reference whenever this 1s
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possible. It may be noted that all three of the embodiments are
1llustrated with their longest (longitudinal) dimension
horizontal, but in practice they will be inserted vertically
1nto the melt with the pointed slag breaker cover 47 entering

> first. The cylindrical body member 44 is made of steel so that
a separate inner conductive electrode 48 is not required: the
member is therefore given the reference 44(48). Good electrical
contact is expected since portions of the molten stee)l entering
the chamber 40a should "weld® to the steel interior wall. The

10 inner and outer electrodes are separated and insulated
electrically from one another circumferentially of the body
44(48) by the material of the refractory insulating layer 55,
while the cylindrical insulating layer 51 of the two previous
embodiments is reduced to a separate thin flat circular disc 53

15 having the orifice 45 at its centre. The outer electrode 50 can
also be of steel and it will be noted that the layer 51 is
extended as far as possible toward the nose of the device, so
that as much as possible of the electrodes remains intact during
the course of the usually available two minute immersion time.

20 The size of the orifice 45 that is required can vary
relatively widely, depending upon the metal whose cleanliness is
being investigated and the nature of the inclusions therein. A
minimum value is therefore likely to be 200 microns, but some
steels are found to have inclusions measuring as much as 250

25 microns, so that orifices as large as 1.2mm may be required.
Such large orifices may also dictate allowing the inflow to be
produced by the hydrostatic head without the assistance of
reduced pressure in the probe interior, or even with a positive
pressure as 1s described below.

30 Some of the inclusions found in steel, such as alumina
and aluminosilicates, are known to have a tendency to adhere to
refractory materials and it is important to prevent this
happening, since they may accumulate at the orifice and at least
partly block it. One way of at least reducing this effect is to

35 shape the orifice so that both the entrance and the exit are
smoothly rounded, thereby avoiding turbulence and recirculation
of the ingoing flow as much as possible: the choice of the
material for the disc 53 will be affected by the ease of
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economically producing such a contoured aperture. For example,
with a silica disc it is found possible to produce the orifice
py first drilling a hole using a watch-makers diamond drill and
then heating the edges of the hole with a micro~-torch

5> (oxy-acetylene) to partially fuse the silica and allow surface
enerqgy forces to shape it to the required contour. The initial
size of the hole is chosen to achieve the desired final size of
orifice. The use of a separate disc permits both entry and exit
to be shaped conveniently in this manner before its installation

10 1in the probe.

Another consideration in avoiding turbulence and
consequent potential for clogging is to keep the Reynolds number
of the flow to less than about 2000, since beyond this value the
flow tends to become turbulent even if the flow path is

15 "streamlined®™ by the contouring of the orifice. The Reynolds
number 1s given by the relation:-

R =p0d
H

20 where 0 = density of fluid
U = mean flow velocity
d = diameter of orifice, and
M = viscosity of the fluid
25 It will be seen that P and p are set by the process

being employed and only U and 4 can be determinded by
the design of the probe and are intimately related to
one another. The choice of d is somewhat restricted in
dependence upon the size of the inclusions to be

30 measured, while the value of U can be controlled by the
internal design of the probe, such as the ratio of the
volumes of the two chambers 40a and 40b, the size of
the bore 52 and the internal pressure in the chambers.

I1f a large orifice is needed it may be necessary to
35 '
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provide a positive pressure in the probe interior to
slow the flow to the regquired extent.

Materials-Electrodes

In order to establish good electrical contact

between the molten metal and the electrodes, without
which the LiMCA signals will be obscured in a
background of electrical noise, it is important that as

10 much wetting as possible be established along the
current path between the two electrodes and the
electric sensing zone in between. From the point of
view of choosing suitable electrodes, clearly they must
not react with the melt to form an electrically

15 insulating oxide, or other non-conducting layer. For
example, an iron electrode in a copper melt containing
dissolved oxygen will have its surface oxidized and
then be unable to pass electrical current smoothly into
the copper, and instead nickel should be used which

20 forms a solid-solution range with copper and dissolves
slightly. On the other hand, an electrode material
that is inert to the melt and is also non-wetting (e.q.
graphite in molten aluminium) is a poor candidate
because any film of surface oxide, or even a thin gas

25 boundary layer that inevitably forms when an object is
pushed below the free surface of a metal, again resists

the passage of electric current between the electrode

and the melt.
Graphite also presents problems if the metal
30 contains appreciable dissolved oxygen (e.g. above about

10 ppm) since there is a tendency to produce CO bubbles
which can produce spurious signals, or even block the
signal path completely. One helpful technique is to
employ a brief heavy "“conditioning®™ current prior to

35 the application of the test current, as is employed in
the LiMCA technique, which is believed to help
"burn-out" local areas of oxides or gas films that

otherwlse produce increased electrical resistance
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between the electrode and the melt. It 1s useful also to choose an electrode material
that 1s slightly reactive in a chemical sense to the molten metal. For aluminium
mild steel electrodes can be employed, which form intermetallics such as FeAl ; but
simultaneously establish a good electrical and thermal path at the electrode/melt
interface. In the case of molten steel, particularly aluminium killed steel with
consequent low oxygen levels, graphite 1s a good choice 1n that it 1s a reasonably
good conductor of electricity and dissolves in steel.  Further, in low carbon melts,
graphite has a contact angle with steel that is a little less than 90°, 1.e., 1t 1s shightly
wetting which is again helpful. The net effect of choosing graphite 1s an electrode
which practically instantaneously establishes good contact. Further, as graphite
does not melt at typical steel-making temperatures (1500-1650°C), 1t 1s very useful
in that it can also be used to provide a mechanical support to the probe body when
this is of an electrically insulating material such' as silica, the tube 44 being
contained within the concentric inner and outer graphite electrodes in the
embodiments of Figures 3 and 4. Silica melts at about 1740°C and 1s certainly
somewhat softened at steel bath operating temperatures, and therefore needs such
support.

As described 1n connection with the embodiment of Figure 5, an
alternative to graphite can be steel or other high melting point metals such as
tungsten or molybdenum. Such electrodes again have the advantage that they are
"wet" by liquid steel and the molybdenum and tungsten have a finite solubility
toward the molten steel which creates a perfect electrical contact once dissolution
and removal of any oxide contaminants has taken place. In the case of steel an
outer electrode of approximately pure iron will melt at 1540°C rather than dissolve,

which is resisted by the protective insulation layer 55, this dictating the choice of
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insulating refractories of appropriate thickness and
properties for this purpose. Another suitable choice

for electrode material is zirconium diboride (ZrBz)
but this is again an expensive material.

Materials -~ Qrifice Supports

A preferred electrical and thermal insulating

material for the portion of the probe containing the
10 orifice 45 is fused silica, whether as a tube or disc,
despite its softening, because of its reagy
availability, lower cost and the relative ease of
forming a contoured orifice. Moreover, silica is
Chemically attacked by iron and steel and it appears
15 that the orifice is cleaned (reamed) by the flow of
metal through it, so that good signals are obtained.
The use of a high initial conditioning current is also
useful, and it is found that maximising the time of
contact between the silica and the steel also appears
20 to improve performance, again indicating against too
rapid a flow rate.
Other suitable materials are boron nitride (BN)
which has been employed, and alumina (A1203).
Orifices are readily made in boron nitride but
contouring of the edges is more difficult: melts with

high oxygen content (e.g. greater than 1,000 ppm)
should also be avoided since

30 otherwise the boron nitride is quickly corroded.
The invention will now be explained in greater
detail by means of the following examples.
The concentration of inclusions in molten steel
was measured using the probe of Figure 4. The slag
35 breaker 47 and the orifice cap 46 were made of
aluminium, the vacuum tube 44 was made of stainless
steel, the outer and inner electrodes were made of
graphite, and the refactory insulator 51, in which the
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orifice was formed, was made of gquartz. The orifice diameter
was 300 micrometers, the outer chamber 40a had a volume of 50
cm®, the inner chamber 40b had a volume of 100 cm°, and the
initial pressure within the tube was 75 kPa.

The probe was immersed 1n molten steel at 1565°C 1in a
tundish for continuous casting using a hand-held holder. The
concentration and particle size distribution of nonmetallic
inclusions in the molten steel were measured. Table 1 shows the
composition of the molten steel.

Table 1

Molten steel composition (Weight %)

The particle size distribution of inclusions as measured
when the probe was inmersed in molten steel for 90
seconds and a steady state was reached 1s shown 1n Figure
7. FPor comparison, the concentration and particle size
distribution of nonmetallic inclusions in the same molten
steel were measured by the ESZ or LiMCA method using the
apparatus of Figure 2. The results are shown 1in
Figure 8. It can be seen that nearly the same results were
obtained as those shown in Figure 7.

The probe of Figure 2 had a probe support mechanism
made of aluminium, a coupler 27 made of brass, a
water-cooled holder 28 made of aluminium, an inner
electrode rod 23 made of steel, an inner electrode 21 made
of graphite, a quartz tube 20, a radiation shield made from
ceramic fibers, a slag protection layer 25 made of high

alumina cement, and an O-ring made of heat-resistant rubber.
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Table 2 below shows a comparison of the weights, costs
per probe, and total equipment costs for the probes in
accordance with the present invention which are illustrated in
Figures 3 and 4 and also for the comparative example of Figure

> 2. The weight of the comparative example was 5 Kg, while the
weight of the probes of the invention was 1 Kg; the cost per

probe was reduced by approximately 10%, and the total eguipment
costs were reduced by 10 - 15%.

10
Probe Total
Type Equipment
15 of Suction of Molten Cost(Index)
Jresen
Inventio
(Fig., 4)
20
Present 2 1 11 85
Inventio
(Fig. 5)
2> | Comparative At least 30 min. 5 100 100
Example (1ncludes water (no reusable (needs raising
(Fig. 2) cooling head) head) and lowering
device)
30

Note: Each index for the comparative example
was given a value of 100.

It will be seen that, as described above, a
35 probe in accordance with the present invention is
relatively inexpensive as compared with the comparative
example, but has a measuring accuracy which is fully
agequate compared to that of a conventional probe for
35 continuous measurement, and it is moreover easy to

handle. Therefore, it has considerable advantages.
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21
22
23
24
25
26
27
28
40

40a
40b

41

42
44

19

Index of Reference Signs

Prior art sensor -quartz tube

Prior art sensor -hollow inner electrode
Prior art sensor -graphite reinforcing member
Prior art sensor -electrode rod

Prior art sensor -sensing orifice

Prior art sensor -slag protective layer
Prior art sensor - (-ring

Prior art sensor - coupler

Prior art sensor - water-cooled support
Sensor of the invention

Outer inflow chamber

Inner inflow chamber

Probe portion of sensor

Probe support portion

Cylindrical body member

44(48) The body member as inner electrode

45
46
47
48
49
50
51
32
53
35
36

Sensing orifice

orifice cap

slag breaker cover
Cylindrical inner electrode
Deflector member
Cylindrical external electrode
Cylindrical insulating layer
cooling zone bore

Refractory disc with onfice
Protective refractory layer

Cables connecting electrodes to sensing circuit

PCT/CA90/00140
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We Claimm

1. A molten metal inclusion sensor of the type which 1s immersed in
molten metal and detects inclusions therein by the electric sensing zone method upon
flow of molten metal into its interior, the sensor comprising;

a body providing a chamber having an orifice in a wall thereof through which
molten metal is drawn into the interior of the chamber, the body also having two
electrically conductive electrodes on opposite sides of the orifice, and means for
connecting the two elecirodes to means for measuring changes of potential between
the electrodes produced by passage through the orifice of particles entrained 1n the
molten metal;

the sensor also comprising means for detachable attachment of the body to a
support by which the sensor can be immersed in the molten metal;

wherein the sensor is for single use and disposable and the chamber comprises
two compartments into one of which the orifice opens, the chambers being connected
by a bore of smaller cross-sectional area than the compartments and constituting a
cooling zone such that molten metal entering said one compartment through the

orifice freezes in the cooling zone to inhibit its entry into the other compartment.

2. A sensor as claimed in claim 1, wherein the orifice 1s sealed by an
orifice cover of material of lower melting point than that of the molten metal and the
interior of the chamber is at a reduced pressure, whereby when the sensor 1s
immersed in molten metal the orifice cover melts and molten metal flows into the

chamber through the orifice with the assistance of the reduced pressure.
3. A sensor as claimed in claim 2, wherein the interior of the chamber is
at a reduced pressure which has been produced therein prior to the sealing of the

orifice by the orifice cover.

4. A sensor as claimed in claim 2, wherein the interior of the chamber 1s
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at a reduced pressure provided by an external vacuum source.

5. A sensor as claimed 1n any one of claims 1 to 4, wherein the sensor
body comprises a tube of electrically insulating material providing the chamber;
wherein electrically conducting inner and outer tubes are mounted
respectively on the inside and the outside walls of the tube and serve respectively as
inner and outer electrodes;
and wherein the outer electrode extends adjacent to the orifice from the

lower end of the sensor body only partly along the length thereof.

6. A sensor as claimed in any one of claims 1 to 5, wherein the orifice 1s
of such size, and means for causing the flow of metal through the orifice into the
chamber produce such a pressure differential, that the rate of flow of the molten

metal into the chamber through the orifice takes place with a Reynolds number less
than 2,000.

7. A sensor as claimed in any one of claims 1 to 6, wherein the sensor 1s
provided with an external shield member that covers the onfice and 1s of material of
lower melting point than the molten metal, the external shield member permitting the
sensor to be passed through a layer of slag on the surface of the molten metal without

entry of slag into the chamber.

8. A sensor as claimed in any one of claims 1 to 7, wherein the exterior of

the sensor body is provided with a layer of heat resistant matenal to extend 1ts useful

life while immersed in the molten metal to a period of at least two minutes.

9. A sensor as claimed m any one of claims 1 to 8, wherein the interior of
the said one compartment is provided adjacent the orifice with a deflector member
intercepting the metal entering the compartment and deflecting it to flow along the

inner wall of the compartment.
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10. A sensor as claimed in any one of claims 1 to 9, wherein the orifice has a

contoured profile with both entrance and exit smoothly rounded to reduce turbulence
of flow therethrough.

11. A sensor as claimed m claim 10, wherein the orifice is produced by
first mechanically drilling a hole in the material of the chamber wall, and thereafter
heating the edges of the hole to at least partly fuse the material and permit surface

energy forces to smoothly round the entrance and exit to the orifice.

12. A sensor as claimed 1n any one of claims 1 to 11, wherein the material
of the chamber 1s selected from steel, molybdenum, tungsten, silica, boron nitride

and alumina.

13. A sensor as claimed 1n any one of claims 1 to 12, wherein the material
of at least one of the electrodes 1s selected from graphite, steel, molybdenum,

tungsten, and zircontum diboride.
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