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’&he present'study was divided into two parts. In the first
paré, 3.2mm diamete; magnesium wireé, insulated with powdered
glass and encqued in metallic sheaths, were immersed 1n molten
metal baths at 1400°C and 1600°C. When the magnesium wires
were 1mmersed, violent and periodic eruptions were encountered.
The study revealed that the primary cause of the eruptions was .
the 1nability of the glass powder to remain 1n3act as the wires
were immersed. In the second part,’magnse51um wlres were
1nsulateq by wrapping them with glass tape. Relationships
between ﬂ‘Fetration depths and 1insulation thicknesses for
magnesium and aluminum cores were obtained for two types of
glass tape. It was found that the penetration depth increased
with 1ncreasing insulation thickness while the degree of
pyrothenic display decreased. The study alsc showed that, with
the appropriate i1nsulation thickness and 1mmersion speed, the
eruptions could be totally eliminated.

A simple mathematical model simulating the radial heat flow
to a composite cored wire was developed. It was used to predict
the melting times of magnesium wires with various insulation
thicknesses. The results of the experimental investigations were
found to be 1n good agreement with those predicted by the model.

| Furthermore, magnesium tests showed that recoveries of over

65 percent were consistently obtained with thicknesses greater

than 2.65 mm, gkgz:ded that the bath was stirred.
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L'étude a- été ’effectuée en deux étapes. Dans la
premiére étape, des fils de magnésium d'un diamétre de
3.2 mn(( isolés avec du verre en poudre et enveloppés dans
une gaine métallique ont été immergés dans des bains o
métalliques en fusion & des tpmpératures de 1400° C et
1600°C. Lors de 1'immersion de ces fils, des éruptions
périodiques et violentes ont été observées. L'étude a
montré gque 1'incapacité du verre en poucire de demeurer
intact lors de l'immersion, était la cause principale des
éruptions. .Dans la deuxiéme étape, les fils de magnésium
ont été isolés en les enveloppant avec du ruban de verre.
Des relations entre la prof‘onldeur de pé,nétration et 1'épaisseur
de l'isolation pour des fils de magnésium et aluminium ont
été développées pour deux types de ruban de verre. Les
résultats ont montré que la profondeur'de pénétration du fil
augmente avec une augmentation de l'épaisseur de 'l'isolationt,
alors que la sévérité des éruptions diminue. L'étude a
également démontré qu'avec une épaisseur d'isolation et
vitesse d'immersion adégquates, les éruptions peuvent étre \
complétement éliminées.

Un modéle mathématique simple a été déveléppé afin de
simuler le transfert rladial de chaleur dans un fil composite.
Les temps de fusion des fils de magnésium en fonctipn des

épaisseurs d'isolation ont été calculés a partir du modéle.
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Les résultats expérimentaux de l'é’tude concordent avec les
résultats du modéle mathématique. Finalement, les essais
avec le magnési:lm ont montré qu'une récupération de plus
de 65 pourcent du magnésium est possible avec une épaisseur

d'isolation d'au moins 2.65 mm et lorsque le bain est agité.
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CHAPTER 1
INTRODUCTION

l.1 Preliminary Remarks

In the steel industry, the quality of a steel product is
improved by eliminating or minimizing the concentration of
harmful impuri;ies such as sulphur. The trend in recent years
has been towards more stringent sulphur specifications.
Nowadays, steels must be produced to sulphur levels of 0.02% or
lower, and for very demanding applications, such as seamless
tubes for o0il drilling, the required sulphur levels.can be as
low as 0.005-0.008%.

Much of the sulphur can be removed in the blast furnace
oﬁeration. The blast furnace operates under high temperature and
highly reducing conditions. Under these conditions the blast
. furnace slag is an effective desulphurizer. However, the blast
furnace operation becomes increasingly expensive if required to
produce very low sulphur contents in the pig iron. Moreover,
obtaining pig iron with éulphur/contents low;r than 0.01% is
generally considered impossible. Furthermore, in recent years
many countries have experienced a deterioration in the quality
of raw materials, particularly in the content of sulphur and
alkalis in the coke. Lowering the sulphur content of pig iron
under these constraints has led many steel producers to
desulphlirize the hot metal externally (i.e. outside the blast
furnace) in order to meet the stringent requirements.

Another factor which led to the increased importance of
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external desulphurization was the replacement of the open hearth
process by the basic oxygen furnace(B.0.F.) process which“
oc¢urred in the same time frame as the trend toward
progressively more stringent sulphur specifications. The B.O.F,
removed much of the flexibility in hot metal/scrap ratios that
existed under the open hearth practice.‘Iﬂ addition, the large
reduction in heating time and the more-highly oxidized slags
made the B.O.F. process more sensitive to hot metal sulphurs,.

“ The external desulphurization of pig irom is not a recent
development. It had been used for many years, but Qn}y
selectively for reducing the hot metal sulphur content to
0.02-0,03%. The cheapest and most readily available reagents
such as sodium carbonate and lime were used. The methods of
adding the reagents into the metal were primative(i.e. manually
adding the reagents to the iron runners and/or the ladle), the
degree of utilization was low, and the specific consumption was
very high. But as the importance of external desulphurization
has increased, the search for new reagents and the development
of new and more efficient methods of introducing them int; ﬂ%t
metal has become of major interest to many sceel producers.

1.2 Extednal Desulphurization

1.2.1 Advantages of External Desulphurization

Although many steel producers have adopted external
desulphurization because of raw material constraints and
restrictive steel sulphur specifications, external

desulphurization can also result in substantial econmomic and



operational benefits.

By relieving the blast furnace of a portion of its sulphur
removal task, extenfal desulphurization allows the)blast furnace
to operate at a lower slag basicity. It has been known for many
years that burdening for a less basic slag increases
productivity and a leaner flux rate results in an increased
solubility of bosh alkalis(mainly KZO and Na20). A furnace
operating at a high slag basicity tends to accumulate solid
sodium and potassium compounds in the cooler section of the
furnace which results in a restriction of gas flow through }he
burden and an erratic descent of the charge53. In other words,
lower basicity slags result in a more permeable burden and a
smoother operating furnace.

In 1974, Dofasco conducted a fundamental investigation to

Mrwdetérmine‘the effects og operating a blast furnace with a less
basic slag coupled wit; external desulphurization54. This
investigation was conducted over a two week period. The slag
basicity was lowered to 1.#2 from the usual 1.17. The major
furnace paramgters such as silicon,manganese,and carbon were
held coflstant at 1.02%, 1.42%, and 4.75%, respectively. The
thermal condition of the furnace was controlled by adjusting the
pellet consumption and the silicon content was kept constant by
adjusting the hot blast humidity.'The manganese content was
maintained by controlling the consumption of Wabush pellets.
The lower slag basicity was achjeved by reducing the flui

- rate which resulted in an increased solubility of bosh alkali.

Eighty‘percent of the alkgli(RZO) was removed with the slag

I



-4-

compared to 58% during normal furnace operation. To eliminate
the accumulation of alkalis in the furnace, over 60% of the
alkalis should be removed in the slag.

Other operating pg?ameters that were affected are as

follows:
»
1.) The blast pressure decreased, thus increasing
gas permeab1ility,
2.) The blast consumption increased by 7%.
3.) The blast furnace productivity increased by 13%.
4.) The consumption of coke decreased by 8.8 %.
5.) The slag volume decreased as a result of a 27%
decrease in flux consumption. |
° 6.) The temperature of the pig 1ron dropped from

e 1510°C to 1490°C.

The 13% increase 1n fugqace productivity was attributed to
the increased blast consumption‘ene the reduced coke rate.
Furthermore,the 1nvestigation indicated that operat1ng with a
1ower slag bas1c1ty may make it poss1b1e to use Cheaper raw
materials that contain previously unacceptable sulphur and
alkali contents. Finally, the investigation concluded that the
cost othesulphurization amounted to 69% of the savings to the
blas% furnace. Investigations conducted @t other steel plant
installations have shown similar resultsz.

]
“1.2.2 Prerequisites for External Desulphurization

When a steelmaker decides to desulphurize externally, there
are eeveral factors which must be considered. These factors
include the choice of reagents and the methods of 1i1ntroducing
the reagents, the cost of the various methods, the enviromental
problems the methods may create, and the material handling

procedures that may be required.
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The ideal reagent should be soluble in molten iron or steel
and have a strong affinity for sulphur. It should be low in
cost, however, the cost of the addition practice, slag‘pandling
‘practice, and fume collection system should be kept in mind.
Furthermore, the reagent should react in a non-yiolent manner
and should noé\;lekg any objectionable fumes, dust, and vapors.

In order to‘ogﬁain high desulphurization efficiencies and
more impotantly reproducible results, certain criteria must be
fulfilled for any particular desulphurization method. These are

outlined below.

-

-A
l.) There must be a rapid rate of reaction between
the desulphurizing reagent and the sulphur bearing
iron or steel. This may requjre the use of
appropriate stirring techniques.

2.) The oxygen potential of the slag/metal system
must be as low as possible. In the case of blast
furnace hot metal, this is not a problem as the
hot metal is saturated with respect to carbon.
However, in the case of steel, strong deoxidizers
often have to be used.

3.) The desulphurizer reaction slag should be
fluid, highly basic, low in volume, and of low
iron oxide content.

4.) When desulphurized hot metal is transferred to
the steelmaking vessel, it is essential that a
minimum amount of sulphur containing slag be
transferred along with the hot metal. Otherwise,
the oxidizing conditions generated during
steelmaking will cause the s®lphur to revert to
the metal phase.

To date, none of the existing desulphurizing methods offer a
good solution to all the production, metallurgical, and economic
factors raised by the iron-sulphur problem. As a result, there
is no uniformity in desulphurization technology "amongst the

steel producers around the world.
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1.3 Commercially used External Desulphurization Techniques

The most commonly used reagents for external
desulphurization of hot metal are calcium and magnesium based
reagents. However, for many years soda ash(Na2C03) was used
because of its easy accesibility and low cost. Although there

?

are many problems associated with the use of soda ash, it is
still being used to some degree in such countries as the UnitedQ
States, France, Belgium, and Japan. ‘

In the following sections, the various desulphurizing
reagents and methods of introducing them into the hot metal will

be presented.

1.3.1 Desulphurization with Soda Ash

For many years iron was desulphurized b} the addition of
soda ash in thé& blast furnace runners or in the hot metal stream
during tapping from the torpedo cars into the hot metal charging
ladle. Now, lance injection methods are used. |

At high temperatures, sodium carbonate decomposes as folows:

Na,.Co

2773 lig
The sodium oxide that is generated has a high chemical

-> Nazoliq + CO2 gas (1)

affinity for sulphur and the gases produced contribute to the
mixing of the hot metal with the slag. Desulphurization of the
hot metal is essentially finished when dense smoke begins to
form. This indicates a significant chemical reduction of the
. sodium oxide. The desulphurizing effectiveness of sgoda ash
decreases with increasing temperature. Consequently, it is
preferred that the temperature be kept low, and at the same

#

time, it must be ensured that the temperature is not too low\for

subsequent processing.
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Although sodium carbonate(soda ash) is gquite cheap, the
trend in the past decade towards lower sulphur requirements ;n
steels and the deteriorating quality of raw materials has caused
soda ash to loose popularity to calcium and magnesium based
reagents for the following reasons. First, sulphur removal with
soda ash is more sensitive to temperature than any other method;
making desulphurization efficiencies unpredictable. Second, the
alkaline slags émanating from the use of soda ash are extremely
corrosive with respect to most types of refractories. Third, the
consumption of soda ash increases dramatically with decreasing
sulphur levels. This increasing specific consumption is a
shogtcoming of all reagents. Howeger with soda ash,the
consumptiqn can increase to unacceptable levels. For example, to
lower the sulphur content of molten metal to 0.01l%S,
approximately 2.5-3.0 kg of calcium carbide per 0.0l1% drop in
sulphur may be required whereas with soda ash more than 6 kg;may
be required. The high consumption results in the production of a
large quantity of slag. This is undesirable because the higher
the slag volume the higher the hot metal losses. Moreover,it
a}so creates slag handling problem;. Fourth, the fine particles
of Nazo that are released into the surrounding area during the
treatment process can cause considerable irritation to the skin,
especially during hot humid days. Finally, the large volume of
carbon monoxide gas that is produced during the soda ash
treatment can burn within the dust collection system, causing

considerable damage. The waste gases often- have to be cooled

before entéring the bag filters, and, as a precautionary
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measure, restrictions are imposed on the amount of soda ash that
can be used per treatment.
In Japan, soda ash is still extensively used for hot metal

%reqtment. A major concern of Japanese steelmakers is their
dep;ndéhcéfon relatively high phosphorous iron ores. The recent
stringent restrictions on bqth sulphur and phosphorous contents,
in steel has forced the Jap;nesé to develop processes to treat
both sulphur and phosphorous. With the present state of
technology, it app?ars that sodium carbonate is the only reagent
that is known to be- effective in the simultaneous
dephosphorization and desulphukization of hot metal.

The Japanese stéel producers inject powdered soda ash into
the hot metal through a submérééd lance. Prior to the soda agi
treatmené, the hot metal is desiliconized. Studies have shown
that the dggfee.bf dbphospho:ization increases as the initial

: 55

dissolved silicon ccﬁtgdt decreases””. The reaction of soda

ash with dissolved silicon and silica takes precedence when the

: <

dissolved silicon is high. The silicon in the hot metal reduces
the available ébdium carbonate for dephosphorization as follows:
Co_ N
Nazco3 liq + 5& -> Na20 5102 + C (2)

The dissolved silicon cah be reduced by the injection of
oxygen or'powdeéed-i;oh oxide.

Other adVan?égeg of desiliconization include decreased slag
volumes, increased 'iron yields, reduced converter lining damage
from silica Fich slag%& and increased converter productivity due

to reduced slopping. Hence, soda ash treatment becomes more

attractive when preceded by desiliconization. However, since
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North American steel producers do not have a phosphorous
problem, they have opted for alternative desulphurizing reagents
rather than desiliconizing prior to using soda ash., Nonetheless,

it should be noted that the desiliconization of hot metal is now
being given serious/consideration by North American producers
for the alternative advantages outlined above.

1.3.2 Desulphurization with Calcium Based Reagents

1.3.2.a powder Injection -

Lime Injection

Lime has long been used for the desulphurization of iron due
to its unlimited supply and relatively low cost just as sodium
carbonate. However, because of its slow reaction rate, it is
seldomly used alone as a désulphurizer.

The removal of sulphur in hot metal by lime(Ca0) is
considered to take place according to either of the two
following reactioné: ’

3/2(Ca0) + 1/28i + § --> (CaS) + 1/2(Ca0*Sio,) (3)
(Ca0) + C + 8§ --> (CaS) + CoO ’ (4)

At temperatures greater than 1500°C, carbon is a stronger
reducer than silicon, whereas at temperatures lower than
i4oo°c, silicon is the stronger reducer in iro;. Therefore,
reaction (3) is considered to make a greater contribution to the
desulphurization of the molten iron.

The slow reaction rate is considered to be attributable, on
the one hand, to the solid-liquid phase reaction involvéé, and,
on the other, to the fact that the sulphur removal reaction

releases oxygen, which is fixed by silicon in the hot metal as
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" gilica. This silica may lead to the formation of a layer of
caicium sif}cate on the lime particles which adversely affects
the diffusion of sulphur into the lime 'particles.

It is evident that in order to use lime as a desulphurizer,
measures ﬂéve ﬁ& be taken to enhance the kinetics for its
effective u:Yf}zation. The obvious first step would be to ensure
-that the lime is finely crushed and uniformly dispersed in the
molten iron bath. The lime can be uniformly dispersed by blowing
powdered lime through a submerged lance with a carrier gas. The

n, reason the lime should be finely crushed is that since the ]
desulphurization reaction is a liquid~solid diffusion process,
one would want to increase the reaction interface area. However ,

Ly
the lime should not be ground excessively fine. The reason for

this is twofold; firstly, some of the smalier lime particles
tend+to be swallowed up by the dust collection system, thereby
reducing the effective amount of reagent added, and secondly, a
portion of the.finest particles tend to agglomerate prior to

injection, thus reducing the specific reaction area.

Other measures that have been taken to impt;ve the
efficiency of lime utilization include adding other compounds or s
elements with the lime that would either destroy or prevent the

formation of the calcium silicate layer. One process developed '

by the Hoesch Company (FGR) involves the injection of powdered
lime along with a hydrocarbon gas, usually methanez. The
oxygen released during the desulphurization process is thought

to be reduced by the decomposition product(i.e carbon) of the
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hydrocarbon gas. Along the same lines, the Nippon Steel
Corporation began using a 1img-f]uorspar-carbonk90% Ca0, 5%
Can, and 5% coke) reagent 1n 1976 at their Hirohata ‘
worksll. The desulphurization’process was carried out 1n an '
impeller-stirred 100 ton 'KR' reactor as shown in Figure 1.1.

The reagent was.gdded by-means of a chute located above the

reactor, and the sulphur removal reaction’was accelerated by

impeller stirring. The role of the carbon, which was addéd in

the form of coke breeze or 01) coke, was to provide a reducing
atmosphere at the reaction interface, while the funct1oq of the
flourspar was to increase the transport rate of the reaction
products. A low purity flourspar was used because it was

believed that the presence of 5102 and A]z(]3 lowers the

melting poinf and viscosity of the reaction products, thus
accelerating the separation rate of the reaction products and

the reaction interface.

Prior to shifting to the lime-flourspar-carbon reagent, the
Hirohata Works used calcium carbide as the reagent. It was found
that the cost of desulphurization with 1ime was less than half
that of calcium carbide, but, the consumption of reagent more
than doubled.

Yet another approach taken to 1mprove the utilization of
lime involves the addition of a deoxidizing agent that 1s
stronger than silicon(such as Al,Mg,Ti,etc..) to the bath to
prevent the formation of calcium silicate. This has led to the

development of the 1ime-Al process. The lime-Al process 1s being

used at the Aliquippa Works oflthe J&L Steel Corporation and the
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Pigure 1,1. Schematic of KR Reactor ( 1. hot metal ladle,
2. impeller, 3. dust collecting hood, 4. chute for
desulphurizing agent, 5. dust catcher.)
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Solmer plant in France. In the lime-Al process, aluminum is
added gither before the injection of lime or simultaﬁeously with
the injection of lime. At the Solmer plant , aluminum is added
at the casthouse during filling of the torpedo cars. At the
Solmer plant,the hot metal can.be "desulphurized from 0.05%S to
about 0.005%S with 6 kg/t of lime. Prior to using the
lime-aluminum process the Solmer plant used calcium carbide. It
was found that, all other factors being equal, the same sulphur
removal ratio was obtained by replacing calcium carbide with the
equivalent amount of lime(after adding aluminum to the hot
metal). Thus using the lime-aluminum process is advantageous in
terms of reagent cost. However, it was also found at the Solmer
plant that the lime-aluminum process also contributes to a
higher degree of skulling of the torpedo ladle pouring mouths.
Therefore, the Solmer plant:. alternated between lime-Al angd
calcium carbide to minimize the degree of skulling anq“at the
same time minimize costsss. i

Calcium Carbide

The use of calcium carbide for desulphurization of pig iron

has been well established ip; t;he foundry inéustry since the
1950's. By the 1970's, the ﬁemand for low sulphur steel
increas:ed significantly. Since reproducible and reliable
techniques for calcium carbide treatment had been already
developed by the foundry industry, man "steel producer‘s adopted
these technigques, Today, calcium carbii {s still one of the
most widely used desulphurizing reagents. The earliest

applicacions of calcium carbide were lance injection techniques.
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Cé]cium carbide has a high chemical affinity for sulphur and
it reacts-with sulphur 1n hot metal as followg;

CaC + § --> (Ca$s + 2C (5)

2 solid solid

Although the thermodynamic conditions for sulphur removal
are favorable, the kinetics are not. Since calcium carbide is
solid at molten iron temperatures(i.e 1350°C), the reaction
with sulphur can only take place on the surface of the calcium
carbide particles. Moreover, the diffusion of sulphur into a
calcium carbide particle is slow. In order to obtain efficient
use of calcium carbide, the particles should be ground to a fine
powder, not unlike l1ime, and they should be dispersed uniformly
throughout the molten bath.

The effectiveness can be further enhanced if a mixture of
calcium carbide and a gas generating compound such as calcium
carbonate(CaC03) is injected into the molten iron. The release
of gas should result in a gentle localized stirring within the
bath., Studies have shown that the consumption of calcium carbide
can be significantly reduced using this methodlz. )

Another method is to mechanically mi; the calcium carbide
with the molten iron. One such method is the 'KR' process
developed by the Nippon Steel(Corporation. In the 'KR' process,
the calcium carbide is added to the surface of the molten iron
in the transfer ladle after 'the slag is skimmed, then the
calcium carbide is mixed with the iron with the aid of a -
refractory coated mixer-impeller. Studies hqve shown that the
'KR' process achieves a higher degree of reagent utilization

than the injection of calcium carbide, with or without the
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addition of calcium carbonate. The KR process would require
about 2.75 kg/t of calcium carbide to decrease the sulphur level
from 0.05% to 0.01%S, whereas the injection of carbide alone,
and the injection of carbide with CaCO3 would require about

7.5 kg/t and 4.0 kg/t respectively. Despite this fact, the KR
process has not been adopted by other concerns. The reason for
this is twofold; first, the KR process can only be carried out
in the absence of blast furnace slag,and secondly, the impellers
wear out quickly and cool the bath to a greater degree than the
other methods. \

An alternative method to the KR process is the 'Porous Plug'
method. This method promotes desulphurization by rapidly
changing the slag/metal interface. In this method} calcium
carbide is added to the melt in a similar fashion to that of the
KR methdd. However , instead of using an impellet to promote
stirring, an inert gas such as nitrogen is injected through a
porous heat resistant plug built into the bottom of the transfer
ladle. This method appears to be more effective than the KR
process ,but, it also has not received wide acceptance.

Although calcium carbide has been extensively used as a
desulphurizing reagent, it does have its shortcomings; First,
when calcium carbide comes in contact with water or humidity it
generates acetylene gas, which is highly explosive.
Consequently, extreme care must be exercised when storing or
handling it in order to aJZid inadvertent exposure to moisture.
Second, the carbide reaction slag must be skimmed after

desulphurization since the slag often contains unreacted calcium
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carbide. This can pose a major problem at;‘ the wet dekishing
gstation. Third, the treatment with calcium carbide generates a
large volume of glag with correspondingly high metal losses. And
finally, the carbide particles that are emitted into the air
during the loading of dispensers, or the desulphurization
treatment itself, are particularily annoying. Not only does it
have a putrid smell, it can also irritate the skin especially
during periods of high atmospheric humidity.

1.3.2.b Wire Feeding

At present, calcium based wire feeding techniques for the
desulphurization of molten iron are non-existent mainly because
the available calcium based reagents are not suitable for wire
feeding. First, the solubility of metallic calcium is less than

29,making it a poor desulphurizer. Second,

1 ppm at 1773 K
reagents Such as lime and calcium carbide, which are effective
desulphurizers, require that the reaction surface area be
maximized and that they be uniformly distributed throughoutgthe
bath. This can only be effectively accomplished by powder
injection methods. Third, wires,K containing reagents such as
calcium silicide(CaSi) are generally very expensive and cannot
compete with existing powder injection techniques.

The main interest in the calcium wire feeding techniques has
been in their excellent ability to modify non-metallic

20’21’57. Powder injection methods, such as

inclusions in steel
the TN process, are still the preferred methods when very low
sulphur steels and high volume steel desulphurization is

required.
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Since calcium is a volatile metal (normal boiling point is
1492°C) having a low solubility and a density one-fifth that
of steel, it is not possible to feed a pure calcium wire into a
steel bath without it vaporizing and oxidizing close to the bath
surface producing fumes of Ca0 particles., Consequently, the
various .calcium based wire feeding techniques in use at the -
present time use calcium wires that are covered by a thin steel
sheath. This allows calcium to penetrate to such a depth that
the pressure of the liquid steel suppresses the vaporization of
the calcium, and, any vapor that does form will have sufficient
time to react fully as it rises through the steel bath.

The advantages of using cored wires versus powder injection

methods for steel treatment are as follows:> *61s20

1l.) Flexibility: Additions can be made at any
location of the steel plant.as only a relatively
compact feeder is required. The wires can be fed
into tundishes,ingot moulds, and ladles. Whereas,
powder injection techniques.can only be readily
implemented when the ladles are large enough.

2.) Less agitation: This minimizes the possibilty
of contamination by hydrogen, nitrogen, and oxygen
§rom the atmosphere.

3.) Better injection efficiency: In powder
injection some of the particles become entrapped
in gas bubbles, and rise to the surface without
coming into contact with the liquid steel. This
results in higher reagent consumption,

4.) Lower heat loss: Since no inert gases are used
to homogenize the bath, the temperature losses are
lower. Even if it is required, the inert gas flow
rate would be independent of the quantity of
reagent, and therefore, it would generally be
lower for wire feeding.
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S.)Lower investment cost: The investment for a
coil loader and wire feeder is considerably lower
than that for powder injection equipment and the
problem of storing the powder is eliminated.

6.) Lower operating cost: The wire feeding
equipment requires only one operator. Maintenance
cost is lower as no costly injection lances are

/ required and wear of ladle lining is lower.

The most commonly used calcium based wires are the AFFIVAL
wire which waskdeveloped at the Saint Saulve steel works in
Saint Saulve, France, the Pfizer Pferrocal wire which was d
'developed by Pfizer Calcium Metal Products, and the Ferrokal
wire which was developed in Japan.

Ferrokal is a composite wire consisting of a monolithic
calcium or calcium-aluminum core. The sheath thickness(is 0. 2mm
and the standard core diameters are 4.8 and 7.0mm. The Pfizer
Pferrocal wire can consist of metallic calcium, CaSi , or Ca-Al

[

cores with diameters of 5.4 and 8.0mm. The sheath thickness is
0.2mm for the 5.4mm diameter wire and 0.25 for the 8.0mm
diameter wire. The AFFIVAL wires are rectangular in shape and
come in various sizes. The sheath thicknesses range from 0.2mm
to 0.4imm. The core material is usually CaSi, however, cores of
other alloy additions are also produced. The reason the AFFIVAL
wires are rectangular is that the time required to melt the wire
is determined by its smallest dimension , this being its
thickness. In other words, if a wire had a width that is twice
that of another and had the same thickness, the time to melt

them would be the same, provided that the width is larger than

the thickness. ?heoretically, one can feed twice as much reagent'

’

/



to an equivalent depth simply by doubling thé width while
keeping all other parameters constant. In practice one would A
probably not double the feed rate by doubling the width because
of the increased turbulence, nonetheless, one can ;ncrease the
feed rate by increasing the width of the wire.

One problem with cored wires is that it is difficult to
predict the actual behavior of the wire, especially the depth to
which the wire penetrates the bath. When a wire is fed into a
steel melt it is subjected to f{iction and buoyancy forces which
tend to deflect it from the vertical. Consequently, knowing the
time it takes the wire to melt, which in itself is difficult to
determine, and the speed at which the wire is fed is not

sufficient to determine the depth of penetration.

1.3.3 Magnesium Based Reagents

Magnesium has a strong affinity for both sulphur and oxygen
and has been known to be an excellent éesulphurizer for many
years., From a thermodynamic point of view, magnesium has a
higher desulphurizing ability than calcium oxide, but, slightly
lower than that of calcium carbide in the temperature range of

2. However, since lime and calcium carbide are

1200-1550°C
solid at molten iron temperatures, the desulphurization kinetics
are relatively slow as compared to that of magnesium. This makes
magnesium a more attractive desulphurizer.

Although the solubility of magnesium is reiatively low, it

is significantly higher than that of calcium. It is estimated

that the maximum solubility of magnesigm in carbon saturated
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iron at 1773 K is about 0.26 wt%. This is based on the

29'28'63. Magnesium is

solubility data from Trojan and Flinn
also characterized by a low boiling point(1107°C) and a low
density(1.74 g/cm3). Because of this, magnesium tends to
vaporize when immersed in molten iron causing violent agitation
of the melt as the vapor bubbles rise through the melt. At
times,the violent agitation can result in ejection of hot metal

1
from the vessel.

Magnesium is never added to the melt in pure form because of
its volatile behavior. The violence of the reaction is often
controlled by either diluting the magnesium with other agents or
by applying a protective coating to the magnesium, which allows
the magnesium to penetrate deep into the molten iron bath before
any reaction can occur. |

There is no common consensus as to what Fhe éredominant
mechanism of magnesium desulphurization is. However, it is
believed that it occurs in two modes. One is the homogeneous
reaction of dissolved magnesium in the hot metal with dissolved
sulphur (Eq.6) and the other mode is the interaction of
magnesium vapor with sulphur at the bubble interfaces as the
bubbles rise through the melt (Eq.7).

Mg + 2 -=> MIS551i4
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l1.3.3a Bulk Additions

Mag-coke

The mag-coke process was”developed'bf the American Cast iron
lempany to be used in the foundry industry in the production of
nodular cast iron. By the 1970's, the mag-coke process became
the most widely used process for desulgpurizing pig iron in the,
steel industry.
In the mag-coke process, a cylindrical can containing coke
impregnated with 45% magnesium-is loaded into a bell-shaped
plunger assembly as shown in Figure 1.2. The plunger assembly is
then fed into'liquid iron, usually contained in a torpedo car,
and kept there until all the magnesium is consumed.
The vaporizatfon of magnesium provides good mixing of the
metal and improves the desulphurization process. However, the
vigorous agitation of the melt proceeds for only a few minutes
and then it retards to a steady boil of the metalz.
The widespread use of mag-coke in .the 1970's can be
attributed to several attractive features of the process:
l.) The low specific consumption of magnesium,
which was considgrably lower than lime, CaCz,
and NaC03, contributed to much lower slag

~ volumes.

2.) Very little capital expenditure was required.

3.) Mag-coke was supplied in packages convenient
for application.

In spite of these attractive features, mag-coke had several
. shortcomings which eventually led to the abandonment of the

process. Fitst, the high cost of mag-coke outweighed the cost
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savings.due to the lower consumption. Second, because of the
relatively low“durabilit'y of the plunger bell assembly(about

>
17-20 plunges), maintenance costs were quite high. Third, since
a constant quantity of mag-coke was charged into the bell,.it
was. not always possible to consume the calculated amount of
mag-coke required for a particular to.rpedo car. This often led
to an excess consumption of mag-coke. Finally, as the demand for
desulphurized iron increased, it became apparent that its use
‘for volume production was limited on account of it being a batch
process. Since the hot metal treatment was carried out in
torpedo cars, the dimensions of the bell assembly were dependent
on the small diameter of the tor.pedo) car's neck. In many
instances the torpedo car could ‘not be desulphurized to the
desired level with one ‘'dunk®'. At times as many as five 'dunks'
were required which resulted in treatment times in excess of two
hours.

Numerous other bulk addition reagents had been tried, but
none of them were effective or received wideséread use. The most
notable reagents were magnesium-dolomite brigquettes and pure
magnesium ingots coated with a heat resistant material?s2/64,

Another bulk addition reagent\c_alled MAGFAX has been |
recently developed by Foseco. MAGFAX is applied in the form~of a
magnesium impregnated non-consumable refractory slleeve which
slides over a dummy stopper rod. MAGFAX has been used for.the
treatment of Steel to reduce the number of i}xélusions and to

28 -

alter thei}:. distribution®”.
P4 Y



1.3.3.b Dispersed Injection

Magnesium Powder

The Soviet Union-began experimenting with magnesium powder
injection in 1965. In these experiments, powdered magnesium was
introdqced into liquid iron by a stream of compressed air blown
through an immersed lance. Initial tests indicated that nozzle
clogging was a major problemz. It was found that the problem
was eliﬁinated when lime was injected along with the magnesium
in a ratio of 2:1. The purpose of the lime was to shield the
puwdered magnesium from the thermal radiation of the ligquid iron
and to clean out the lance outlet if any magnesium accumulated

v

there. The magnesium~1ime.mixture was premixed in a mixer bin.
Compressed air was blown through the bottom‘of the bin to mix .
the magnesium and lime thoroughly. The mixture was then
pneumatically charged into the feed bins. With this type of

system it was difficult to maintain a homogeneous mixture, and,

it was found that the homogeneity of the mixture strongly

affected the success of the hot metal treatment. Inhomogeneous

mixtures led to lance vibration, nozzle clogging, and suxrges of

metal splashing.
A variation of the magnesium-lime injection techn}ques i;
the Lime-Mag process, which was developed'by Jonés and Laughlin
Steel. The process differs from the Soviet method in that thé
lime and magnesium are fed separately from the feed bins to the .
transport line. This allows for better control of the
lime-magnesium mixture., The magnesium content of the

lime-magnesium mixture is about 30%.
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According to Voronova2

, the sulphur removal reaction can
be described as follows:
Ca0O + S + Mg --> Cas + MgoO (8)

—

Mg + S --> MgS (9)

Both lime and magnesium act as desulphurizers, with
magnesium playing a dual role of desulphurizer and deoxidizer.
Since magnesium is a stronger deoxidizer than silicon, it
prevents the lime from being consumed to form calciu& silicate.
Furthermore, the lime particles contribute to the efficiency of
the process by breaking down the magnesium bubbles in the melt,
allowing them to dissolve much faster. The main disadvantage of
the lime-mag prbcess is that it produces a large ;glume of slag.
Along with the large slag volume is a high loss of metal in the
slag. This is common to all calcium based reagent processes.

Prior to the lime-mag process, Jones and Laughlin had‘used
the magnesium-aluminum system. The reagent consisted of 75% Mg
and 25% Al. The purpose for the aluminum was to reduce nozzle
clogging, however, the aluminum significantly increased the cost
of the contained magnesium. Although its variability in chemical
efficiency was less than with other injection techniques, its
reaction violence was\more vigorous than any process in use. As
a result, the mouEhs of the torpedo cars had to be protected
with an inexpensive gunning refractory which prevented the hot
metal splashes from contacting the steel shell of the torpedo
car. Moreover, the injection lances had to be replaced
sfrequently due to breakage caused by the vigorous action of the

vaporizing magnesium.10
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Another magnesium powder injection method is the USIRMAG 2
process which is used at the Usinor Dunkirk works. The
desulphurizer for this process consists of magnesium powder
mixed with a granulated basic slag, with mignesium forming 90
percent of the mixture. This granulated bdsic slag has been
patented by Usinor-Sofrem. The USIRMAG 2 process utilizes the
IRSID 'double flow' lance shown in Figure 1.3. The inner
circuit, which consists of the powdered desulphurizer and 30
percent of the injected gas, flows at a low speed through a
central tube while the outer circuit,consisting of the remaining
70 percent of the injec@ed gas, acts as a thermal shield for the
powdér injected through the central tube. The gas speed of the
outer circuit ranges from 100-200 m/s. The two circuits are
combined just before they enter the hot metal. At the point of
merger, the gas is squeezed. This prevents the magnesium powder
from contacting the hot nozzle walls, thus avoiding nozzle
clogging.

The USIRMAG 2 process has allowed the Usinor Dunkirk plant
to obtain highly predictable end sulphurs with relatively low
reagent consumption. For instance, to lower th; sulphur content
of the hot metal from 0.025% to 0.005%S requires 0.46 kg/t of
magnesium.

Given the fact that the desulphurizing powder contains 90%
magnesium, the amount of slag produced during a treatment
process is minimal compared to that produced by the lime-mag
process. However this process has not spread to other plants
probably because of the cost and availabilty of the premixed

reagent and the fact that a modified lance has to be used.
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Salt Coated Magnesium Granules

Salt coated magnesium granules have become one of the ﬁore
popular magneéium based reagents over the past few years. They
are produced by the Dow\Chemical Company and are marketed by
Foseco International Ltq. They are also produced in the Soviet

Union.?"16

Salt coated magnesium granules were originally produced in
electolytic cells during the refining of magnesium, which made
them cleaper than pure magnesium. The granules have a magnesium
content of approximately 90% and the coating is a mixture of
sodium, calcium, potassium, and magnesium chlogides. The salt
coating kéeps the granules separated, preventing lance blockage
from partial melting or magnesium nitridé formation. In
a@dition, these granules can be heated in air t6 above their
melting point(650°C) without spontaneous ignition, making them
relatively safe with respect to fire and explosion hazards.

Salt coated magnesium granules can be injected, with
nitrogen as the carries gas, into torpedo cars or transfer
ladles. For most applications, approximately 0.5 kg per tonne~of
hot metal is required to lower the sulphur content from 0.04% to

9,5

0.01%S, with injection rates of about 6.5 kg/min. For

calcium based reagents such as calcium carbide, the consumption
can be as much as ten times higher. The low consumption rate of
salt coated magnesium granules can provide significant economic

and operational benefits. Some of these benefits are:
l.) Lower reagent cost: Even if the cost per
kilogram 1s more for salt coated magnesium
granules, its lower consumption results in lower
overall costs. -




-29-

_2.) Lovwer treatment times: Treatment times of
"about eight minutes are considered normal.

3.) Minimal slag generation: The lower slag volume
minimizes metal losses 1n the slag and makes
deslagging easier, Slag handling and disposal
costs are significantly reduced.

4.) Lower gas costs: Shorter treatmepnt times
result n Tower gas consumption. :

Like all the other reagents, salt coated magnesium granules
also have their disadvantage;. First, the desulphurization
efficiency is dependent on the hot metal temperature. Th{s s -~
due to the fact that the magnesium vapor pressure increases and
the solubility decreases with increasing hot metal temperatire.
Secondly and more importantly, the desulphurization efficiency
and reaction violence is greatly dependent on lance immersion
depth. For shallow torpedo cars, as most torpedo cars are, the
reaction violence can be quite severe causing skulling problems
and considgfzble damage to the refractories.

The Algoma steel Cirporation experienced skulling problems
when they used salt coated magnesium granules. They eliminated
the skulling problem by developing a ceramicfsp1ash plug. The
ceramic plug fitted into the ladle mouth as shown in Figure 1.4.
The ceramic plug suppressed hot metal splashing completely.9
Furthermore, the plug allowed the injection rate to be increased
frop 6.8 to 13.6 kg/min. The service life of the plug was about
25 injections. This added substantially to the cost df the
process.

Armco Inc. had a similar problem which they overc%me by

develbping an injection .sytem that utilized a lance that was
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angled at 15 to 25 degrees from the vertical and positioned
about one foot from the bottom of the torpedo car. This
permitted an injection rate of approximately 13.6 kg/min without
a significant amount of hot metal being ejected from the torpedo
cars when filled to 95% capacity.5 Prior to using salt coated
magnesium granules, Armco used the lime-mag process. with the
lime-mag process, they experienced severe skulling problems
because of the large volume of slag generated durinq’the’
treatment process. The switch over to magnesium granules
resulted in a dramatic decrease in skulling and the torpedo car
capacity increased from an average of 136 tonnes/car to 164
tonnes/car.

Other steel plants have used T-shaped lances, as shown in
Figure 1.5, to inject magnesium granules in torpedo cars. This
design resulted in better digtribution of the reagent to the
extremities of the torpedo car, thus, reducing the reaction
violence.

1.3.3.c. Wire Feeding

A

In recent years, there has been considera?}e’intetest and
research in the area of wire feeding of treating agents to the
hot metal and steel. At present, numerous plants are using
various forms of calcium wire feeding techniques for the
treatment of steel and wire feeding of aluminum has been widely
accepted. However, commercial magnesium wire feeding tehniques
for the treatment of hot metal and steel are non-existent,
although a search of the patent literature will show that

numerous patents on magnesium wire feeding have been issued. The

majority of these methods were developed for use in the foundry
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Figure 1.5 T-shaped lance that was developed
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industry for the production of nodular iron, however, very few
of them have actually been used. }

One typical technique, which'was developed by Dr. Ashton et
al., involves the injection of a 3.2mm diameter magnesium wire
through an orifice in a removable plug at the base of a

14,15 In order to prevent molten

specially constructed ladle.
iron from running back into the orifice, a high nitrogen gas
pressure is applied at the mouth of the orifice. A schematic

of the ladle and the orif{Ee is shown in Figure 1.6. The plug
consists of a 4.8mm inner diameter mullite tube set in rammed
magnesite of 50.8mm thickness., The nitrogen gas enters at a
T-junction in the copper tubing near the plug. The pressure
tightness of the system is ensured by passing the wire through
Teflon seals at the T-junction. ’

This method was originally intended for the productioy of
nodular iron, however, laboratory scale desulphurization
experiments were performed with this method and the results were
compared to similar experiments conducted using mag-coke. It was
found that the efficiency of the wire injection method was
comparable to that of mag-coke.

The disadvantage of thié wire feeding technique is that the
use of a gas stream can prodhce excessive agitation of the
molten iron which contributes to excessive heat losses. In the
laboratory scale tests, the temperature drops were approximately
150°c per run for a bath size of 250 kg and treatment times of

.

one minute. Furthermore, this method requires the utilization of

a specially constructed vessel.
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Figure 1.6. Schematic of ladle and orifice.
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Another method, which was'developed by the -International
Harvester Company ( U.S. patent 4205981), utilizes a protective
steel-sheathed magnesium wire that is fed at a high speed into
the molten metal from the upper surface of the iron. The purpose
of the steel sheath is to provide enough protection to allow the
magnesium to penetrate deep into the bath where it will
volatilize at a controlled rate. A schematic diagram of the wire
feeding process is shown in Figure 1.7.

In the development stage of the wire feeding process various
magnesium wire diameters and sheathing thicknesses were tested
to determine the optimum combination for maximum magnesium
recovery. The magnesium wire diameters used were 3.2, 4.8, and
6.4mm and the sheathing thicknesses were 0.6, 0.8, 1.0, and
l.4mm. It was found that magnesium recoveries increased with
increasing sheathing thickness and decreasing wire diameter,
with 3.2mm diameter magnesium wire sheathed with 1.0mm of steel
being the optimum combination. Furthermore it was reported that
the feed rate appeared to have little influence on magnesium
recovery.22

When the optimum combination of magnesium wire and sheathing
thickness was employed, there was a complete absence of violence
with minimal fumes. Yet this .process has not been used
commercially.

1.4 Present Work

With the rapid increase in the demand for low sulphur

I

steels, it has become necessary for many steel producers to

install external hot metal desulphurization stations. Although
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”very Tow sulphur can be attained with hot metal
desulphurization, the restrictions for certain applications have
become so stringent that further desulphurizatiop of the steel
is required. Steel is desulphurized for two basic reasons: 1) to
reduce the sulphur level in the steel,vand 2) to modify the
shape of the sulphide inclusions.

At the present time, the most popular desulphurizers and
inclusion shape modifiers are calcium silicide(CaS1), calcium
metal(Ca), rare earth metals(REM) and rare earth
silicides(ReS51). 0f these, the most commonly utilized reagent is
CaSi. The most widely used method of adding these reagents has
been powder 1njection through submerged lances. The drawback of
powder injection techn1qu€; for steel treatment is that {he
capital cost can be quite high, an&i the operating}and
maintenance costs are significantly higher than that for hot
metal treatment. As a result, steel is treated only when it is
absolutely necessary,

Ip recent years, the?e has been comsiderable interest in
Qire feeding techniques of volatile and non-volatile reagents,
mainly because of their Tow capital cost and flexibility. To
date, wire feeding methods for the desulphurization and
treatment of steel consist mainly of steel clad calcium based
wires. Its widespread acceptance has been curtailed by the cost
of the wire,“relative1y low desulphurization efficiency, and the
fact that fgr high volume desulphurization of steel, lance
injection Eechniques are stila more practicall Nevertheless,

calcium wire feeding methods are becoming increasingly popular




for inclusion modifiqation in ladles and tundishes.

Magnesium has been known for many years to be an qffectfve
desulphurizer of molten iron. Consequently, there have 5een
numerous desulphurization processes developed that use magnesium
as a reagent, despite its volatile nature at molten iron
temperature, The situation is quite different for the treatment
of steel with magnesium. The reason for this is quite simply
‘that it is known that the solubility of magnesium decreases with
increasing temperature and that its vapor pressure is quite high
at steelmaking temperatures. This has led to a reluctance on the
part of steel producers and researchers to experiment with
magnesium at steelmaking temperatures. As a result, little
direct data of magnesium solubility has been reported. However,
indirect estimates reveglvthat the solubility of magnesium,
alEhough low, is not low enough to preclude some dissolution
during treatment. The solubility of magnesium may be greater
than that of calcium, and therefofe, due to its great affinity
for sulphur and oxygen, one might expect it also to act as an
inclusion modifier in steel. In fact, independent work by S.K.
Saxena27 and W. Moore28 has shown that magnesium does modify
and reduce the number of non-metallic inclusions in steel. The
reason for ;he intirest in magnesium is that magnesium is much
cheaper than calcium, and on a theoretical basis, less magnesium
is required to remove the equivalent amount of sulphur removed

by calcium since the molecular weight of calcium is almost twice

that of magnesium.
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What is required at this point is an inexpensive, safe, and
reliable method for introducing magnesium into a molten 1ron or
steel bath. It 1s felt by the author that because of the low
capital, maintenance, and operating costs of wire feeding
methods, the greatest potential for developing a
desulphurization technique that utilizes magnesium is in the
wire feeding field.

One thing that must be kept 1n mind when developing a wire
feeding technique-for magnesium is that magnesium vaporizes at
typical hot metal temperatures(i.e. magnesium boi1ls at
1107°C). and therefore, 1n order to utivlize magnesium
effectively it must be fed deep 1into the bath before the
magnesium begins to vaporize. This can be achieved by applying a
'therésl res}stance' on the surface of the magnesium wire, The
thermal resistance will allow the magnesium to penetrate deeply
into the bath. The depth of penetration can be varied by
cnanging the thickness of the thermal resistance, the wire
velocity or a coﬂBination of both.

The present research work was undertaken in an efzort to
find an appropriate 'thermal resistance' and a viable method of
applying 1t to the magnesium surface. Moreover, various process
parameters such as 1mmersion speed and insulation thickness were
analysed with respect to volatilaty, pyrotechnic display, and
depth of penetration,

The first part of the present study dealt with the testing
of glass powder 1nsulators of various chemical compositions and

viscosities, while the second part dealt with the testing of
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glass woven tape as an insulator. THe magnesium composite
samples used in the experiments con;isted of 3.2mm diameter
magnesium wire nsulated with various tﬁicknesses of glass
powders or glass tape. Furthermore, dynamic systems for
monitoring internal temperatures, pyrotechnic displays, and the
volatility of the magnesium immersions were implemented with the
aid of a process control HP microcomputer. Desulphurizafion and
recovery data was a]so‘obtained concurrently with some of the

temperature, pyrotechnic and volatility experiments.
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CHAPTER 2
PREVTOUS WORK

Pr;or to ghe present study, work had been conducted at
McGill University on desulphurization by magnesium wire feeding.
The work consisted mainly of investigating the effectiveness of
various insulating materials. The materials used were paper
tape, polyethylene tubing, Pyrex tubing, and soda-1lime powder.

The findings of the previous work areQEriefly outlined in
gfis chapter.

2.1 Paper Tape Insulation

Initial tests were conducted usin%,adhesive paper tape {(i.e
masking tape) as an insulator, The papef tape was wrapped around
the magnesium wire until a thickness of about 2mm or greater was
attained. The idga here was that as the magnesium wire was fed
into the moiten metal bath the tape would decompose and
vaporize. The vapor produced by the tape would provide a thermal
barrier between the molten metal and the magnes%um thus allowing
the magnesium to penetrate deep below the bath surface. All the
preliminary tests were conducted n pi1g 1ron at 1400°¢C. (

The paper tape, however, proved to be ineffective. Several
factors prevented the attainment of any degree of
desulphurization of the melt. First, the paper tapé was
primarily composed of cel1ulose,(£6H1005)n. As the wire
was injected into a pig iron bath, the cellulose decomposed to
produce CO gas. A thermodynamic analysis of the system showed
that magnesium vapor would preferentially react with carbon

monox ide to form magnesium oxide rather than'react with the
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dissolved sulphur. Hence, even if the wire was made to penet

rate

deep into the bath, its desulphurization efficiency would still

be strongly influenced by the relative amount of CO gas within

the melt.

Another prob]em with paper tape was that for siow speeds
(i.e. 1 cm/s -~ 2 cm/s), the paper tended to burn prior to
entering the bath. Even when the magnesium wire was made to
penetrate the bath by using a larger thickness of tape, the
amount of gas produced by the combination of magnesium and
was so excessive that=a large quantity of metal! was ejected
the crucible.

2.2 Polyethylene Tubing Insulation

Since paper could not be used because of the contained

tape

from

oxygen, it was decided that a hydrocarbon such as polyethylene,

(CH,) ,» would be more effective. Polyethylene was obtained
in the form of tubing with a wall thickness of 1.5mm. The 3.
diameter wire was inserted into the polyethylene tubing.
Even though polyethylene contains no oxygen, no

desulphurization was achieved when the polyethy]ene coated
magnesium wire was fed into the bath. It was found that the
polyethylene never actually penetrated the melt surface.
Therefore, the magnesium wire was, in effect, bare as it
contacted the melt surface. Consequently, no sulphur removal

achieved.

S
LN
=

2mm

was
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©
2.3 Pyrex Tubing Insulation

After the unsuccessful attempts of using paper tape and

~

polyethylene tubing it was decided that it would be best to
abandon the idea of using an insulating material which

decomposed into a gaseous phase and instead use a material that

has the following properties:

1.) a very low thermal conductivity.

2.) does not produce a gaseous phase.

3.) will protect the magnesium wire for a
sufficient 1length of time to enable it to
penetrate deep into the melt.

4.) is molten or at leagt ‘soft' at the boiling
point of magnesium(1107°C), and

S.) does not react with magnesium.

It was found that 'glass',in general, met these
requirements. Because of its availability, the initial test with
glass focussed on the use of Pyrex tubing. Pyrex glass (Corning
Glass-7740) contains about 81% SiOY, 13% B,0,, 4% Na,oO,
and 2% Al.O

273°
glasses., Glass does not exhibit a unique melting point but

It belongs to the borosilicate family of

softens as it is heated. For this reason, the viscosity of glass
is of vital importance when describing the state ~f the glass.

6.6

By definition, the 'softening point' of glass is 10 Pa-s.

The softening point of Pyrex glass occurs at 821%. 1re ’
'working point' of glass is associateﬁ‘with a viscosity of 103
Pa-s. For Pyrex the working point occurs at 1252°C. Further

details of the composition, structure and properties of glasses

are presented in Chapter 3.

' In the majority of tests, two layers of Pyrex tubing having
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a total thickness of 1.7mm were fitted over the 3.2mm diameter
magnesium wire. The experimental results indicated that there
was a substantial degree of desulphurization especially when the
initial sulphur content was relatively high(1.e 0.07%5).3% At
times the desu]phuriéation efficiencies were as high as 60%, but
normally they were in the 20-40% range. Dursing these
wxperiments, it was evident from the absence of ﬁyrotechnics
that the magnesium wires were penetrating deep 1nto the meit. In
fact, subsequent tests showed, with the aid of a microphone
attached to the furnace structure, that the magneéium wires were

actually striking the bottom of the crucible.

2.4 Soda-lime Insulation

The Pyrex tubing experiments showed that glass was,a viable
insulator, however, it was obvious that for large scale
desulpﬁurization where long lengths of wire would be required,
the use of glass tubing would be impractical. After considering
numerous possibilities, it was decided that a more feasible and
practical method of applying the insulation would be to center
the magnesium wire in glass powder and encase the ;wo in a
metallic sheath. This would make the composite magnesium wire
more flexible, and in turn, it caould be made 1n co1l form. In
the preliminary tests, rigid metallic tubes were used as the
sheathing material. The reason for this was that 1t facilitated

the manual construction of the sémp]es. Furthermore, since the

working point of Pyrex was sﬁbstantially nigher than the boiling



45~

point of magnesium, it was decided that a lower melting point
glass would be more beneficial. Oné such glass was 'soda-lime'
glass. This glass contains 73% sioz, 17% Nazo, 5% Ca0, 4%

Mg0, and 1% Alzo It has a softening point of 696°C and a

3*
working point of 1005°c.

Numerous tests were conducted with the above described
sample configuration in molten pig iron and it appeared that a
significant degree of sulphur removal was attained. However,

some problems were encountered during the experiments. One of

the more significant problems encountered was that when a

magnesium composite sample was fed into the molten pig iron, the
sample exhibited periodic eruptions which at times resulted in
some metal being ejected from the crucible.

The core of a typical magnesium composite sample consgisted
of a 3.2mm diameter magnesium wire 36cm in length. The glass
insulation thickness varied from 1.5mm to 7.0mm, depending on
the feeding velocity. The gpth depth was normally 22cm. Figure
2.1 illustrates conceptually how the 'sgda-lime' insulated
magnesium wire system was expected to work. As the composite
magnesium wire is fed into the bath, the glass at the vicinity
of the leading end of the sample begins to be consumed until
such time that the magnesium, most likely in the liquid state,
is exposed to the liquid iron. At this point, the magnesium
vaporizes and rises through the bath as it dissolves. Ideally,

it is preferable that the magnesium be released as socn as it
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becomes liquid in order to attain a controlled and consistent
release of magnesium.

However , it was thought that it was conceivable, due to the
relatively high viscosity of the glass and the small diameter of
the magnesium used in the experiments, that the leading end of
the composite sample 'clogged up'. As a result, a liquid column
oi magnesium accumulated untjil such time that the leading end
of the composite sample either struck the bottom of the crucible
or the molten magnesium that was contained within the glass
framework blew a hole through a weak portion of the glass, thus
releasing a packet of magnesium. The sudden release of a packet
of magnesium resulted in an eruption. '&\\v///

Since the viscosity of glass is greatly dependent on
temperature ( see Figure 2.2), it was decided that increasing the
bath temperature would probably reducé the violence of the
eruptions or eliminate them altogether. Tests were conducted
using pig iron at steelmaking tem;eratures( i.e. about 1600°C)
and it was found that the eruptions were almost completely
eliminated. Hence, it was logical to assume that soda-lime glass
was too viscous at a temperature of 1400°C. Therefore the
present study was undertaken to find a glaés material with a .

suitable viscosity.
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CHAPTER 3
T GLASS
Glass materials play a major role in this study, and

therefore, it is important at this point to present a chapter on
glasseé to provide a basic understanding of its molecular
structure, properties, and the effects of various components. In
addition, a description of glass applications and the physical
forms in which they can be obtained will give a better insight
as to the reason glass was chosen as a suitable insulating
material .in the present investigative work.

3.1 Structure

<

Traditionally, glasses are defined as supercooled liquids.
This is due to the fact that glasses do not behave like metals,
ceramics, or plastics on cooling from the molten state. When
ceramics and metals undergo a transformation from molten state
to the crystalline state, heat is released (i.e. heat of
solidification) and an inflection point can be observed in th;\
temperature of the material. Similarily, volume changes on
crystallization can be detected. However, glasses do not display
any of these indicators of structural changes on cooling from
the molten state, thus it is often considered simply to be a
very viscous liquid when it is in a solid form. The most widely
accepted definition for glass is that proposed by the

A.S.T.M,: 48

'Glass is an inorganic product of fusion which has

cooled to a rigid condition without crystallizing.'
-

-~
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In order to understand the reason glass 'is often considered
to be a Jery viscous liquid at room temperature, it is essential
at this point to consider the relationship between the solid and
liquid states. From X-ray di ffraction measurements, it is .
observed that a certain degree of regularity exists in a liquid
since the diffraction patterns consist of 6ne or more diffuse
halos. This implies that a liquid is not structureless like a
gas but it has some type of grouping or arrangement of molecules
that is related to that which exists in the solid. The units of
structure are the same in a liquid as in a crystalline solid
except that these units are not arranged in a reqular manner.
Consequently the liquid possesses short-range order but not
long-range order whereas a crystalline solid possesses both long
and short-range order which leads to complete regularity
throughout the solid. .

The basic ingredient for mgst glasses is silicon

dioxide{silica), although, there are other oxides capable of
forming glasses such as 8203,P205,Ge02, and Aszos.
The molecular building block of silicate glasses is.SiO4 in a
tetrahedral configuration. In a crystal, the 5104 tetrahedra
are built up to give a regular lattice whereas in the glassy
state there is enough distortion of the bond angles to permit
the structural units to be arranged in a non-periodic fashion
giving a random network. The difference between the regular

crystalline lattice and the random network of silicate glasses
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is illustrated in Figures 3.la and b. Hence to recap, the

figures show that glass possesses short-ranged orc}er since the
oxyden molecules are arranged in a fairly regular polyhedra but
long-range order is absent.

Oxides which form glasses when melted and cooled are often
called network fo;ming oxides because of their ability to build\
up continuous three-~dimensional random networks, When
considering glass structures, it is also necessary to
distinguish two other types of oxides in terms of their
functions in the glass structure. There are network modifying

oxides and intermediate oxides. A 'modifying oxide is one that is

incapable of forming a continuous network and the effect of such

an oxide is usually to weaken the glass network. An intermediate

oxide is one which is normally incapable of forming a glass by
itself but can take part in the glass network. Aluminum oxide is
a good exa:tnple of an intermediate oxide. In crystals, the
aluminum ion can be co-ordinated with four or six oxyyen iohs,
this gives rise to tetrahedral AlO4 61.: octahedral 41\106
configurations. The Al(‘)‘4 tetrahedral groups can replace SiO4

tetrahedra in silicate lattices to impart the configuration’

il'lustrated in Figure 3.2. Since each aluminum ion has a charge”

of +3 ag compared to a charge of +4 for each silicon ion, an
additional unit positive charge must be present to ensure
electroneutrality. This requirement can be satisfied by the

presence of an alkali metal ion per Alo4 tetrahedron. The

4
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Figure 3.1. Two-dimesional representation of a metal oxide in
a.) the crystalline form b.) the glassy form.,
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Figure 3.2. Aluminum in a silicate network.(The structure is
shown in a simplified form; the true structure is

three-dimensional.)

®
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alkali metal ion can be accowmodated 1n the 1ntersticies between
tetrahedral groups. This type of structural conf1guratidn 18
found for many alumino-s1l1cates such as feldspar where the
crystals are buillt up of linked S\'O4 and Al()4 groups.

) A good exahple of a modifying oxide 1s sodium oxide. When
sodium oxide 1s added to 5i1ti1ca glass to form sodium silicate
glasses, certain structural/changes occur as 11lustrated 1n
Figure 3.3. Prior to the addition of Nazo, there 1s one oxygen
ion bridging the two S104 teLraHedr&. After the additiorn of
Nazo there are two non-bridging oxygens, one of which has been
contripbuted by the sodium oxide. Thus the introduction of Na20
produces a gap in the continuous network structure. The sodium
10ns are accommodated by the 1nterspaces in the random network
structure as shown 1n Figure 3.4.48 These structural changes
result in property changes such as reduc;won of viscosaty and
increase 1n thermal expansion coefficient.

Other alkaly metal ox3ides, such as lithium or potassium
oxi1de, behave 1in the same fashion as sodium oxi1de when added to
silicate glasses. The alkaline earth ox1des such as Mg0, CaO,
and Ba0 aiso act as modifying oxides. Fluorides such as NaF and
CaFZ(fluorspar) can also be used as modifying agents. Since
the 1on1c radi1i of oxygen and fluorine are quite swymilar(1.e.
1.32A° for oxygen as compared to 1.33A° for fluorine) thear
mutual substitution 1s possible at high temperatures., The effect

of adding CaF, is shown in Figure 3.5. The Si-0-S1 1s broken

2
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+ NO,O

+ 2Na*

®  Sihcon 10n
O Bexdging oxygen 1on
) Non-brdgng oxygen o

Figure 3.3. Reaction between sodium oxide and silica
tetrahedra. (For simplicity, a two-dimensional
representation of the SiO4 groups is given.)

Q Sodium wn
© G Brogng oaygen 1on
O Non-btridgqug orycen on

Figure 3.4. Two-dimensional representation of the structure of
soda-silica glass.
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Figure 3.5. The effect of adding CaE‘2 to silicate glass.
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and the oxygen bridging ion is replaced by two fluorine ions.
The Caz+ ions occupy the interstitial positions, CaF2 is
often used to lower the viscosity of glasses or slags.

3.2 Broad Classification of Glass.Types

Glasses can be classified in ?everal ways. For example,
classif&cations can be based on chemical composition, physical
form and applicati;n. The most widely used c¢lassification is
chemical composition. '

3.2.1 Chemical Composition

The majority of glasses can be classified in three main
groups: soda-lime glass, fead glass, and borosilicate gaass.
These glasses account for at least 95% of all glass types. The
remaining 5% are special glasses manufactured in small
guantities. Thousands of special glass types have been
developed, and many of them have 5special applications.

As previously mentioned, most glasses are silicate based
glasses, the chief component of which is silicon dioxide
(sio,) .
Soda-Lime Glass

- BY far the largest number of industrially produced glasses
- »
belong to the 'soda-lime' family. As the name indicates,
soda(NaZO) and lime play a major role along with the main

component silica.
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The wide use of soda-lime glass is attributed to its
chemical and physical properties. Among the most impotftant
properties is its light transmission which makes it suitable for
use as flatglass in windows. Furthermore, the relatively high
alkali content of the glass imparts a lower melting point as
compared to pure SiO2 glass, and also causes an increase in
the thermal expansion coefficient. Due to its high thermal
expansion, the resistance of soda-lime glass to sudden
temperature changes is comparatively poor.

Lead Glass *

As the name indicates, lead plays a major role in thi; type
of glass. Lead glasses are composed of 54-65% Sioz,

18-38% lead oxide(Pb0O), 13-15% soda or potash(KZO{;5Varying
amounts of barium oxide, zinc oxide, and potassium oxide can be
added to the composition to partially reblace some of the lead
oxide. Glasses containing lead exhibit a high refractive index

and are especially suited for decorating by grinding.

Borosilicate Glass

This glass has a higher percentage of silica(i.e. 70-80%)
than soda-lime and lead glass. In addition to the Sioz,
borosilicate glass contains 7-13% boric oxide(8203),4-8%
Nazo and Kzo,‘and 2-7% A1203.

Borosilicate glasses possess a high resistance to chemical

corrosion and temperature change. For this reason, they are used

in process plantd in the chemical industry and in
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\
VYaboratories. This glass also has domestic applications for such

jtems as baking and casserole dishes and other heat-resistant
cookware.

The ‘chemical compositions of some of the more common
commercial glasses are shown in Tabtle 3.1.

3.2.2 Physical forms

Glasses come 1n forms too numercgus to mention, however, the
majority of glasses can be categorized 1n one of the following
groups: flat glass, holloware and tube glass, fibers, foam, and
powders.

A detailed discussion of all fhe various forms of glass is
beyond the scope of this study, therefo;e, a brief description

of the some forms will be presented with emphas1s\p1aced on the

)
t

forms pertinent to the present work.

3.2.2a Flat Glass

The term 'flat glass' pertains to all glasses ‘produced gn a
flat form, regardless of the method of manufacture. By far the
greatest amount of flat glass consists of soda-1lime g]aés. Al
manufacturers use basically the same formula.

3.2.2b Holloware and Glass Tubing

The most widely distributed glass products bedong to the
holloware family. These products are mainly consumer good§ such
as bottles, drinking glasses, or glass lamps. Most holloware is
made of soda lime glass.

Glass tubing is usually made of soda-lime glass or



TYPE

Fused silica
96% silica
(vycor)

Pyrex
Soda-~lime
Pibers

Lead glass
(Tableware)
Optical flint

‘TABLE 3.1
CHEMICAL COMPOSITIONS OF COMMON COMMERCIAL GLASSES
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SiO2
99
96

81l
74
54

67
50

Al,O

Cao

Na,O

B,0

2

3

PbO Others

17
19

K.0-10
B£0-13
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borosilicate glass. Soda-lime is suitable for fluorescent light
tubing, whereas, borosilicate glass is used for glass tubing in
the chemical industry.

3.2.ic Glass Foam

Glass foam is a porous glassy material which is suitable for
¢

thermal and acoustic insulation in the construc¢tion of
buildings. Foam glass has a high compFessive strength and
d;mensional stability with a density of 0.13-0.3 g/cm3. The
cellular structure of the foam glass imparts a thermal
conductivity that is about 10 times less than that of a compact
glass. Due to its low densiyy and water impermeability, it is

also used in flotation devices.

3.2.2d Glass Fibers

'Glass fiber' is a collective term for glass processed into

fibers which have diameters between 0.lmm and a few thousandths

"

Ir ~
of a millimeter. Glass fibers can be subdivided into three

groups; insulating fiberglass, textile fiberglass, and
lightguide fibers or optical fibers. Optical fibers are a recent-
development and are not pertinent to the present study.

.

Insul%ting Fiberglass %

Insulating fiberglass is often referred to as glass wool.
These fibers are normally made of soda-lime glass by the
centrifugal process using a rotating disk. The fibers cool in
air and are hardened. The individual fibers immediately mat

together. This is sometimes called glass wadding. The actual

)

’
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weight of loosely piled insulating glass fibers is between 30
and 200Q kg/m3. Thus glass wool is well suited for building

insulation, since it does not add a significant load to the
\

|

structure.

Fiberglass Textiles

Fiberglass textiles are made from continuous filaments
produced from molten glass. The filaments are uniform, usually
have a circular cross section, and can be further processed into
threads. Continuous filament{s are produced by mechanically
dr;wing, at high speed, a stream of molten glass vertically
doﬁhwards from a special furnace to a suitable package for
subsequent processing into yarn, cords, mat, or fabrics. The
diameters of continuo&s filaments range.from 3-16 micrometers.

Continuous filaments in the form of chopped strands are
widely used for plastic reinforcement. The high tensile strength

2 and low expansion are the properties

of up to 103 N/mm
which render fiberglass fuitable for improving the mechanical
qualities of plastics.

Glass fibers in the form of woven tape and fabric are almost
exclusively used for electrical and thermal insulation.
Fiberglass cloth is also .used as welding curtains and fire
blankets.

Over 95% of all continuous glass fibers produced are of the:

so-called 'E-glass' composition. They are essentially free of

alkalis(i.e. sodium and potassium tontent is less than 0.8%) and

-

\
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are characterized by water resistance and high softening and

J
s

melting points(i.e. softens at 732-800°C and melts at
1120-1182°C). E-glass is an alumino-borosilicate glass by
composition. 0

Until recently, significant quantities of fibers were made
from soda-lime glass(A-glass) since patents covering E-glass
prevented producers from using it, or, because a local source
;f cheap sheet-glass was available.“For certain applications,
A-glass can adequately replace E-glass and it can be cheaper to
produce. One particular disadvantage of E-glass is that it is
susceptible to attack by dilutewacids. For applications where
chemical resistance to acids is required, C-glass is used.
C-glass is a soda-lime based glass. D-glass is used if good
dielectric qualities are important. There are other fiber glass
textiles which are used in conjunction with thermosetting
adhesives or resins that harden in sun or u-v light. Two such
glass textiles are made of G-glass and B-glass compositions ané
can resist tempertures of 121° and 130°C'respectively. .

Another glass worthy of mention is the high strength glass
fiber known as S-glass, which was developed for use in such
specialized applications as rocket motor cases. This glass is
difficult and expensive to make and has a very limited
-application. The typical‘composition of some the glass fibers

mentioned are presented in Table 3.2. ' \
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V ' TABLE 3.2
! CHEMICAL COMPOSITION OF GLASS FIBERS
! Constituent .  E-glass C-glass A-glass S-glass
o si0, 55.2 6.5 72.0 65.0
~ Al04 | 14.8 4.0 . 2.5 gs.Of
N . h 8203 ) 703 5.0 005 -
MgO ' 3.3 3.0 0.9 10.0
Cao 18.7 4.0 9.0 -
Nazo ] 0".3 8.5 12 -,5 -
KZO B 002 - 1-5- . -
F3293 003 005 0-5 . “'
Q £ - - -
EZ K . 0.3
- -
N I3 §
vt . ;
‘5 : ' ’
1: T |
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3.2.2e Glass Powders

The major group of comﬁegcially used glass powders are-
continuous casting moldcfluxés or mold‘powders. These powders
are primarily used to cover the liquid steel meniscus in
continuous casting molds to prgtect the liquid metal surface
from reoxidation and excessive heat loss. Moreover, éhey are
used to elﬁminate'gntrapped scum and provide lubrication to
facilitate withdrawal of the steel strand from the mold.

| Mo1ld fléx compositions are generally based on the
‘Sioz-Cao-Ale3 system with alkali oxides (e.q. Na20) and

fluorides(e.g. CaF,) added as fluidizers. Threg¢ to six percent
- -
graphite is usually added to.effect the melting characteristics

of the flux and to improve the thermal insulating properties of

. ~

the fluxes. The properties of a flux which can be controlled are
“melting temperature, melting rate, viscosity, surface tension, -
and chemical activity. These properties can be controiled by
flux chemistry, the physicai form of the flux(i.e. a raw
material blend or a prefused homogenéous’material) and by the
éddition of free carbon in the form of coke or graphite.

The silica content and viscosity of mold fluxes is generally
much lower tﬁan that of conventional soda-lime glass. Some
typical compositigns and viscosities éfe exhibited in Tabile 3:3.
The vigcosity-temperature-composition relationships for glasses
will be discuSsed in greater detail in the following section.

9
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TABLE 3.3 '

COMPOSITION AND VISCOSITIES OF TYPICAL MOLD POWDERS
'POWDERS ~ Si0, Na,0 Ca0  Mgo Al,0, Fe F _ Viscosity
- 2 +K50 (1573 K),
(dPa-s)
soda-lime 73 | 17 5 o 4 1 \ 300
‘A 31 3.1 28 6.5 0.5 3.7 10
B 29.6 4 29 10.7 0.8 2.7 16
C N 31.3 5'6 ‘ 24-2 14.7 4.0 3-2 17
D 23.5 13.7 18.4 9.3 1.4 6.8 1.0
E' 25-8 1404 22 N 7-7 008 6'2 loo
~F 22.1 11.2 30.4 8.8 0.6 4.0 1.2
G- 22.3 8.6 27.0 5.6 3.5 6.2 0.7
&

4

. .
1 dPa-s = 1 poise = 1 dyne—second/cm2

~J



3.3 Viscosjty

All fluids possess a definite resistance to change of form.

This property, a sort-:of internal friction, is called viscosity

2

and is expressed in dyne-s/cm”® or Pa-s.

The viscosity of a glass depends on both temperature and
compostion. For a given glass composition, the change in
viscosity with temperature can be described as a first

g
apprqQximation by the equation:37 (

n=A exp(-E/é&) (10)

viscosity in dyne—s/cm2

activation energy for viscous flow
temperature in K

gas constant

where

n
E
T
R

Figu;e 3.6 shows typical viscosity-temperature curves for
soda-lime glass and some commercial mold fluxes. Note that the
vigscosity range for the mold powders is significantly lower than
that of soda-lime. )

Since the viscosity of glasses is dependent not only on
temperature but on composition as well, a more useful expression
for viscosity would be one that includes the effect of
composition. The development of such quantitative relations
requires data obtained on systematically arranged experimental
compositions. Relatively few data of this type are found in the
literature. Large glass manufacturers maintain research

laboratories in which viscosity-compositign-temperature

r:lations are developed, however, these relations are often held

-«
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to be proprietary. For continuous casting mold fluxes, these
relationships appear to be more readily available mainly because
viscosity is one of the most important properties of mold
fluxes. One such empirical relationship was developed by Ribaud

et al. for mold powder compositions belonging to the

35,36

Ca0-Sio -NaZO-CaFZ-A1203. The relationship is

2
expressed as follows:

n = ATexp(B/T) Ty,
where T =temperature in K
n =viscosity in Pa-s

' lnA =-19.81 - 35.75XA1203 +‘1’72xCaO

+ 7.02X “&
2 Na20 |

.

- 23896XCao

+ 5.82XCaF

B = 31140 +‘68833XA1203

39519X
Can Nazo

X = mole fraction

~-46351X

Equation (1l1l) is wvalid for fluxes in the following composition
range:

33 < §i0, < 56%
12 < cao? < 5%

0 < A1203 < 11%

0 < Na20> < 20% |

0 < Ca§2 < 20% ,

The effect of composition on viscosity can be understood
qualitatively by taking into account the following facts., First,
viscosity is determined by the degree of gglwnetization of
silico-alumino oxygen ions, and second, the degree of
polymerization deéreases with increasing amounts of oxides and

fluorides such as Cao0, Nazo, Mg0O, and Can as was mentioned
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in section 3.1 of this Chapter. Therefore, it is expected that
equation (11) exhibits an increase in viscosity with increasing
quantities of Sio2 and A1203 and a decrease in viscosity
with increasing amounts of CaO, Nazo, and Can.

3.4 Thermal Properties

3.4.1 Thermal Conductivity

The thermal conductivity coefficient of a material relates
the amount of heat,in joules/s, that is conducteg through a
centimeter cube of the substance for a temperature difference of
1°C between two of its opposite faces. The thermal
conductivity of silicate glagfes at room temperature ranges from

4 J/s—cm—oc. This coefficient increases

4.7x10~% to 7.2x10"
with temperature and is dependent on glass compdsition. The
thermal conductivities of glasses are difficult to determine
experimentally, and their quantitative relationship with
composition is not well known. There has been little systematic
study of the thermal conductivity of glasses and its dependence
on composition. ' .

3.4.2 Heat Capacity

Heat capacity(i.e. specific heat) represents the heat energy
required to raise the temperature of a wnit mass of a material
by one degree. It is\ usually expressed in joules. The specific
heat at constant pressure,cp, applies to a single temperature,
while the mean specific heat,cm, is the average specific heat

‘"taken over a temperature interval, such as 0° to s500°C.
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! ] The mean specific heat is usually determined by the method of
mixtures, which involves measuring the difference in heat
cantent between some elevated temperature and that of a
calorimeter. Mean specific heat is more convenient to use when
performing a rough heat transfer analysis of a material, since
only one specific heat value is required for a given temperature
range.

As with viscosity and thermal conductivity, the specific

) heat is affected by both temperature and composition. Sharp and

Ginther (1951) developed the folléwing empirical equation to

represent the mean specific heat for a multicomponent glass.so‘

Cp = aT + c°/0.00146T +1 (12)

where a and Coodle constants given in Table 3.4, and
T is in""C.

For a multicomponent system, the a and c_ is determined by

)
- adding all the a's and co's of the individual components on a

weighted basis.,
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TABLE 3.4
OXIDE FACTORS FOR CALCULATION OF MEAN SPECIFIC HEAT

OXIDE a c

Q
$i0 0.000468 0.1657
al 53 0.000453 0.1765
cad 0.000410 0.1709
MgO 0.000514 0.2142
K0 0.000335 » 0.2019
N&.0 0.000829 0.2229
B 53 0.000635 . 0.198
. g6 0.00083 0.189

PbO , 0.000013 v 0.049



CHAPTER 4
E XPERTMENTAL

4.1 Apparatus

4.1.1 Induction Furnace

. A Tocco Meltmaster oinduction furnace was used to melt and
hold the pig 1ron baths for both the aluminum hand-dippigg and
Mg wire feeding experiments. The furnace operated at 3000 Hz and
had a maximum power input of 150 kVA at 400 volts. The internal
diameter of the co1ll was 38cm and had 10 turns 1in a 30cm length,
Photographs of the induction furnace and the control panel are
shown in Figures 4.1 a and b.

The molten pi1g iron baths were held in alumina crucibles
“l4cm n 1nternal diameter and 28cm in height. Alumina crucibles
measuring 20cm 1in nternal diameter and §6cm in height were used
foxr some experiments.

4.1.2 Wire Feeder

The composite magnesium and Al samples were fed into pig
iron baths with the aid of a ‘batch type' wire feeder. A
.photograph and a schematic diagram of the wire fee%;r are shown
in Figures 4.2a and 4.2b respectively. The feedi1ng mechanism was
driven by a 1/3 HP variable speed DC motor which was controlled
by a remote unit. The desired 1mmersion speed was attained by
adjusting the electrical resistance of the potentlometer, wh;ch
éontro]]ed the rotational speed of thé motor. The ﬁmmers{on

#
velocities varied between 0.5 to 2.5cm/s, with 1.0cm/s being the

most commonly used speed,

<
>
~
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furnace controls,
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b.) induction






, =76-

Photocell

-

e '

;lugnnsiun l .
Wire Chain
" Guide
Posts
|
N\ — \\‘\Q
it —H==
Alumina [ [T I
Crucible \&A %
Coppor__;\o‘ %
Cotl 0 %1
—Aruemy
Y
Accelsromester -b[j
/3 HE)

Figure 4.2b Schematic drawing of wire feeder.
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4.1.3 Data Acquisitﬁon System and Transducers

An HP 3497 data acqu1sition unit and »n HP 85 microcomputer
were used to record the readfﬁgs produced by the transducers
utilizeg for the experiments. The transducers or sensors
included thermocouples, an accelerometer, and a photocell.
Thermocouples were used to evaluate the thermal characteristics
of the composite wires while the accelerometer and photocell
were used to evaluate the volatility and pyrotechnic behav102 of
the Mg samples.

An accelerometer is an electromechanical transducer that
generates an electrical output when subjected to mechanical
shock or vibration. The electrical output is directly
proportional to the acceleration of the vibration applied at its
base. The active element of the accelerometer consists of a
number of piezoelectric discs that produce an emf when subjected
to compressive forces on which rests a relatively heavy mass.
The mass is preloaded by a stiff spring and the whole assembly
"1s sealed 'n a metal housing with a thick base as shown in
Figure 4.3. When the accelerometer 1s subjected to vibration,
the mass exerts a variable force on the discs which 1n turn
develops a variable charge that is proprtional to the force and
therefore the acceleration of the mass.

For the volatility and pyrotechnic tests of the'present
study, the accelerometer was mounted on the housing of the
induction furnace to detect any movement of the pig 1ron bath

—

N
caused by the volatilization of the immersed magnesium. The
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photocell was mounted onto the fume hood, directly above the
melt, and focused on the mouth of the crucible.

The composite sample$ that were used to assess the thermal
behavior of the insulation had thermocouples implanted at
‘'various locations along the core wire/inl'sulation interface.
Those wires used for volatility and pyrotechnic testing did not
contain thermocouples. o

4,2 Materials

4,2,1 Core Wires

Magnesium was the only volatile reagent.tested. The
magnesium was produced by Chromasco Inc..and came in the form of °
extruded wires measuring 3.2mm in diameter and had a purity of

99.9%. In addition to the magnesium cores, 'aluminum cores were

also used for some thermal tests. ince magnesium and aluminum
o

have similar thermal diffusfvities and mel:tihg’points, aluminum

cores were us:e,d to determine the effect of Mg .volatilization on

.

the thermal behavior of the insulation. The aluminum wires were

supplied by‘ Alcan in the form of extruded rods( 40“43 graée)

3.2mm in diameter and 1lm in length. Both the magnesium a‘nd'
aluminum wires were cut into 30 or 36cm lengths .in order to make ~
the composite samples.

4.2.2 Insulating M&terials

The insulating materials used in the first part of the
- 5

present study were made of powdered glass of erious

compositions and viscosities. The powdered glasses were of the

~

R

following three types: *
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1.)Soda-lime glass powder: This powder was
produced by crushing and grinding soda-lime window
glass and soda-lime glass tubes obtained from
Fisher.

2.)Modified glass powders: These powders were made
by meiting mixtures of soda-lime powders and
various amounts of othéx_compounds such as Cao0,

CaF,, and Na,C0,. The glasses produced were
theg regrouna té a fine powder with the aid of a

minjature ball mil11. The powders were subsequently
analyzed for their approximate compositions.

3.)Continuous casting mold fluxes: These powders
were acquired from the Mobay Chemical Company.
They are marketed under the 'Pemco' trade name and
are used specifically for 1lubrication in the
continuous casting of steel. The powders are
prefused fluxes of homogeneous composition and are
considerably less viscous than soda-1ime glass
powder. .

The powders used in this présent study are listed 1n Table

4.1 along with their approximate compositions and viscosities.

]

-

The compositions of some of the Pemco powders are not available

because t

In the second part of the present study, glass woven tape

was used

K

were purc

t

hey are proprietary.

as the insulating material., Supplies of the glass tape .

nased from Mudge, Watson Canada Inc. and Ajax

Magnethermic. Both tapes were 0.25mm in tnickness. The

‘Mudge,Wa
of 33m in
was suppl
flexible,
Mudge,Wat

softens a

tson' tape was 3.8cm n width and was supplied 1n rolls

length while the 'Ajax' tape was 5.lcm 11n width and

ied 1n 45m rolls, Tﬁq glass tapes are exceptionally
\
non-flammable and quite strong and durable. The
son tape retains 75% of 1ts strength at 343°C,

t 732-800°C, and melts at 1121-1182°C. Its thermal



TABLE 4.1
COMPOSITION AND‘ VISCOSITIES OF EXPERIMENTAL POWDERS

POWDERS SiO2 Na20 Cao0 Mgo A1203f Can Other Viscosity \

(1573 K),
(dPa-s)
Soda-lime .
(1) 73 17 5 4 1 0 0 300
2 40.5 8.7 39.1 1.91 1.0 8.2 1.9
3 51.2 4.5 28.2 2.5 l.1 11.9 8.0
4 52.7 6.8 34.2 2.7 0.8 2.0 9.4
S 57.3 6.1 23.3 2.5 1.2 9.0 21.8
FM408 33 13 30 2 tr F-12
FM914 48 15 12 K,0-5
: 260-1
B,0,-17
/ F223
FM907 proprietary
FM938 : proprietary ‘

1693 proprietary

*
1l dpa-s = 1 dyne-second/cm2
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conductivity is 0.87 W/m-oc. The specifications for the Ajax
tape are not available. Both glass tapes are from the
'E~glass' family of tapes and their chemical compositions are
shown in Table 4.2. A photograph of‘a roli of tape is shown in
Figure 4.4.

4.2.3 Metal Sheathing o

In the first part of this study, copper and steel tubes were
used to contain the powdered glass insulation. The dimensions of
the tubes used are shown in Table 4.3, The steel tubes were
cold-rolled electrically welded tubes of SAE 1010/1015 grade.
The copper tubes consisted of the standard plumbing pipes.

4.2.4 Thermocouples

In order to assess the thermal behavior 6f the composite
samples used in the study, chromel-alumel thermocouples were
in;planted at various locations along the core wire/insulation
interface. The thermocouples were flexible and very
inexpensive (i.e. about $0.‘60 per foot) and-were insulated by a
coating of braided glass. The ;:hermocouples were approximately
oval in cross-section(0.9mmx1l.4mm) and were s‘upplied' by
Thermo-Kinetics (Montreal) in ém rolls. The thermocouples were
cut to the desired length and the chromel-alumel wires were
fused together at. one end. ;

For the hand-dipping experiments, the thermocouples were

placed 3.0cm from the leading end of the core wires, whereas for

‘the samples that were fed into the bath by the wire feeder, one

~



s
TABLE 4.2

2

CHEMICAL COMPOSITIONS OF TAPES

o

Component

Na,0

§z§

MgoO

Si0
3;_623
bnd 3
P.O
ct.3,
zfo0°>
Tio2 ‘

Mudge ,Watson

4

%
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Ajax

0.67

0.25 -

21.87
0.57

53.44

14.61
5.0
0.4
0.04
0.064
0.1
0.01
0.01
0.58
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o TABLE 4.3
- "SHEATHING DIMENSIONS
Tube 0.D. (mm) Wall Thickness (mm)’
copper 9.5 1.0
" 12.7 1.0
" 22.0 ’ 1.0 ° \""
steel © 15.9 ‘ 1.5
" 19.1. 0.9
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thermocouple was placed l0cm /from the leading end while another

was placed 20cm from the leading end.

4,2.5 Molten Baths

Molten"baths of pig iron were used for all experiments in
this present study. The pig iron baths were prepared from ingots
of 'Sorel' pig iron which was produced and supplied by Quebec
Fer et Titane Inc.(Q.I1.T.). The carbon and suiphur content of
the pig iron was 3.9% and 0.624% res;:ectively. In the case of
the desulphurization experiments, additional ;sulphur was
introduced into each melt with a graphite bell p‘lunger
containing pyrite (FeSZ) powder wrapped in aluminum foil. The
sul phur céntebnt was normally fncrea‘sed to about 0.10%S.

4.2.6 'Dummy' Bars

In order to determine the 'zero time'’ of‘ each test, i'dummy'
bars were used. Zero time refers to the instant the leading end
of ?he composite wire made contact with the melt sufféce. This
time was determined by measuring the electrical resistance
between the dummy bar and the actual test sample as they were
simultaneously fed into the molten bath. As the dummy bar and
the test sample  made contact with the bath surface the
electrical resista.nce decreased thus pin-pointing the zero time.
The dummy bar was a 3.2mm diameter aluminum rod.

For the samples Lt:hat were hand-dipped into the molten bath,

the same principle was used to determine the zero time, however,

instead of using ah aluminum rod, an open ended thermocouple of

v
R )
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the type described in section 4.2.4 was attached to the outer

surface of the composite wire. In this case the resistance

between the two thermocouple leads was measured.

313} o
\

4.3.1 Preparation of Glass Powder Insulated Samples

4.3 Procedure

The glass powder insulated /gamples comprised of an inner
core of magnesium or aluminum,/packed in glass powder and
contained within a steel or copper tube. Basically, the purpose
for the metal tube was to contain the glass powder long enough
to allow the ogter sur face of the powder to fuse. This fused
portion wouldw support the remaining unfused glass. A descr iptiion
of the construction of the sample will be outlined below.

A piece ofwcore wire measuring 3.2mm in diameter was cut to
length, pointed at one end and threaded on the other. The
threadedﬂ end was then screwed into a 6.35mm threaded- steel
\handleimeasurzing 35.5cm in length. The handle was screwed into

.an aluminum cap which was subsequently fitted into one end of
the metal tube (see Figure 4.5). Glass powder was then funnelled
into the tube/wire assembly and compacted with a vibrator. A
centering device was inserted into the metal tube during
compacting to ensure‘ that the magne$ium wire remained centered
as the tube was being filled. This centering device consisted of
a pai{ Qf concentric glass tubes held together with a Teflon

seal as shown in Figure 4.6. After the tube was filled with the

powdered glass the open end was sealed with an aluminum cap. For

¢
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sthe case where 'thermocouples were used, the tips of the
thermocoupies were tied to thé corezw{fes with thin metal wires
Mhif%;the trailing ends of the thermocouples were passed through
1.5mm holes bored through the aluminum cap at tpe handie end of
the sample so that they could be connected to the data
acquisition unit. A photograph of a typical sample is shown in
Figure 4.7.

- The steel handles, core wires, metal tubes and Al caps were
given a thorough washing in acetone'(to remove any grease and
dirt that may have accumulated during their preparation) prior
to assembly. l - . . |

4.3.1.a Preparation of Glass Powders

As was pointed out in section 4.2.2., three groups of glass
powders were utilized in this study: 1) soda-lime glass powder,
2) modified soda-lime glass powders, and 3) .continuous casting

mold fluxes. The continuous casting mold fluxes were acquired

A,

‘e

from the Mobay Chemical Company, while the other two groups were
prepared at McGill Unive;sity by the author. The soda-lime was
prgduced by crushing and grinding soda-lime glass windows and/or
soda-lime glgss tubes in a miniature ball mill. The glass was
ground to 100% -32 mesh.

It was believed in the early stages of this present study
that the soda-lime powder was too viscous when immersed into the
metal, consequently it was decided to test less viscous glass

powders. This was accomplished by acquiring continuous casting

»

%



Figure 4.7. Photograph of a typical glass powder insulated
sample,

@
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mold fluxes and lowéring the viscosit:y ‘of the soda-lin;e glass by
addir:g various ;m;mnts of.,lime -and fluorspar to it. Mixtures of
_s8oda-lime powder, CaO, and Ca\E‘2 were melted .in a graphite
crucible by induction heating. Wh,sn the glass was completely
molten it was poureé into a metal container to cool. Afterwards,
the glass was crushed and ground in a ball mill to 100% -32 -

> mesh, Four different powdéfs were obtained 2n this fashion,

The, compositions of the powders that were produced were

5 gented in section 4.2.2. of this chapter.

1

4.3.2%eparation of Glass Tape Insulated Samples

The core wires and steel handles were prepared in a similar
fashion to those of the glass powder insulated samples. In the
case where thermocouples were required, they were tied onté the
core wires at the degired locations. T:he samples were then
wrapped with the glass tape until the desired insulation
thickness was attained. It is i;;vportant to note that
approximately 25cm of the steel handles‘ were also wrapped to
allow the lasti portion of magnesium to be fed deep into the

- molten bath. A photograph of typical glass tape insulated

samples is shown in Fiqure 4.8. .

4.3.3. ﬁand-Dipping Experiments

Two types of ‘dipping experiments were conducted in this
study. The first type was qualitative in nature whereas the

“ other was conducted to assess the heat transfer characteristics

“

of the insulating materials.

g
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4.3.3.a. Qualitative Tests

The initial tests of thig study were qualitative in nature
and were conducted to develop an aééregiation for the manner in
which tge various glass powders fused or were consumed. The
composite samples were approximately 15cm in length and the
steel sheathing measured l.9cm in diameter. The core consisted
of a 3.2mm Al core.‘The tests were conducted in a 22 kg molten
pig iron bath. The bath temperature was raised to about 1400°%
and the power was turned off prior to the manual immersion of
the samples. The samples-were then held in position for
apprdximately‘is seconds. After the samples were withdrawn from
the bath, they were left to cool. Photographs of the samples
were then taken. Some samples were broken apart to assess the

%
'‘integrity' of the Al core. .

4.3.3.b: Heat Transfer Tests

Heat tra&sfe:.experiments were conducted on two types of
composite sample configurathhs. The first configuration
consisted of an aluminum core surrounded by glass powder. These
samples had thermocouples embedded at various locations along
the core wire/glass powder .interface. The second configuration
éﬁnsisted of an aluminum core insulated with glass tape. The '
samples measured 15cm or 30cm in\length and the aluminum core
diameter was 3.2mm. The insulation thickness varied from 1.5 to
5.5mm. All tests were conducted in 22kg molten pig iron baths

at 1400°.

&

.

%
, x
‘g
- j
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N A data acquisftion program was used to monitor the
temperatures at various locations along the core wire. One
channel of the data acquisition unit was used to measure the
resistance between the two leads of an open-ended thermocouple
while one or two other channels, depending on the number of
thermocouples, were used to monitor internal temperaturesl When
a composite sample made contact with the bath surface, the
chromel alumel circuit was closed thus changing the resistance
of the circuit. This change in resistance triggered the internal

o

clock to start measuring, the immersion time.

At the start of each test, the program was brovided with the
desired immeréioa time. At this point the program went into a
éelay mode. The bath temperatu;e was measured to ensure that it
was maintained at IAOOOC, the induction furnace power was
turned off, and the program was reactivated. At this point, the
program began scanning all the channels. When the sample was
immersed, the change in resistance activated the internal clock.
Once the clock was activated, only the channels monitoring ‘
temperatures were scanned. As the desired immersion time was
reached the terminal 'beeper' was sounded three times. All the
pertinent data was then stored on cassette. The temperatures .
were stored as ﬁ?llivoltage readings. Another software package
was used to retrieve the stored data and convert the voltage

readings to temperatures. The results were then plotted on a

Hewlett Packard plotter. All programs were written in BASIC.
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4.3.4 TemperatureVProfiles and Pyrotechnic Tests

Two composite sample configurations were tested in these
experiments. The two configurations were similar to those
described in section 4.3.3.b. except that the aluminum cores
were}replaced by magnesium cores; and the samples were 30cm in
length.

A éyrotechnic evaluation for each sample was based on the
readings obt;ined from a photocell which was located above the
bath surface. If magnesium was exposed at ,the bath surface it
rapidly oxidized producing a bright flash.

" A data acgquisition program was used to monitor temperatures,
pyrotechnic displays, and immersion times. One channel was used
to find the zero time. The zero time was determined in a
slightly different manner as described in section 4.3.3.b.,
however the same principle was used. Inssead of measuring the
resistance between the chromel and alumel wires, g%e resistance
between the magnesium wire and a 3.2mm diameter aluminum dummy
rod that was suspended beside the composite sample was measured.
One lead from the channel measuring resistance was attached to
the handle of the magnesium wire while the other was attached to
the handle of the aluminum rod.

At the start of each test, the feeding mechanism was set to
the desired feed rate by adjuséing the resistance of the

potentiometer on the remote control unit, the bath temperature

was measured, and the program was provided with the desired
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immersion time.“At this point the program went into a delay :
mode. The wire feeder was éhen pushed up against the induction
furnace and feed}ng of the sample was commgnced. The program was
reactivated when the sample made contact with the bath. After
thg'sample was fully immersed, it was held in position for a few
séconds-to ensure that the magnesium was completely consumed
before it was pulled out., The data was recorded and stored in:
the sam;~fashion as described in section 4.3.3.b. The flash
intensities in these experiments were also stored as voltage
readings: 8 |

In order to contain any metal that was splashed out of the
crucible, a ring of/high temperature cement was placed around
the mouth of the crpcible.

~

4.3.5 Pyrotechdic and Volatility Experiments

These experiments- were conducted in the same fashion as the

temperature and pyrotechnic experiments except that the
volatility of the immersed magnesium was measured instead of the
temperature. The volatility was measured by medns of an

accelerometer attached to the frame of the furnace. Its function

&
was to detect the extent of bubbling and explosions that

-

occurred within the melt during the feeding. Hence for these
experiments, three channels of the data acquigition unit were
used to measure the contact resistance, volatility, and flash

intensity. "
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" 4.3.6 Desulphurization and Recovery Experiments

The desulphurization and recovery experiments were conducted
using the glass tape insulated samples only. For the recovery
exberi@ents the’ sulphur content of the big;iron was about
p.024%, wLile for the desulphurization experiments the sulphur
level was raised to apprqximafely 0.1% by plunging pyrite powder
into the melt., Temperature, pyrotechnic, and vol;tility
inforgatidn was obtained from some of these experiments. In .
these experiments“a slag cover was used to prevent the sulphur
from Feverting back into the bath or to prevent the diégolvgd
magnesium from being oxidized. .

Prior to the commencement of an experiment, steps were taken

to énsdre that the desired bath temperature and a fluid slag’f:¥wmwwmA
were attained: Furthermore, the feeding apparatus was set to the
desired féed rate (usually 1.0cm/s) . Before the immersion of
each‘sample, a pin sample ok the bath was taken with a glass
vacuum tube fQ{ subsequent sulphur and magnesium analysis. The
induction furnéce power was then turnedloff and the magnesium
éample was fed into the bath. Whén the magnesium was fully
immersed, it was held in position to ensure that the magnesium
was fotally consumed. Then the sample was pulled out and the
-furnace power was'turned back on for about 30 seconds to induce
étirring within the bath. This ensured a homogeneous bath
composition. At this point, another bath sample was taken. After
the experiments, the sample£~were analysed with a Leco analyzer.

The magnesium contents were analyzed by atomic absorption

techniques.

1.
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CHAPTER 5 .
RESULTS AND DISCUSSION

Tge results section 1s divided into two parts. The first
part deals with the expenﬁments conducted with glass powder
insulated samples, and the second part deals with tﬂe ]
experiments conducted with glass tape insulated'samp1es.

5.1 PART 1- Glass Powder Insulation

.

5.1.1 Dipping Experiments

»

The initial dipping experiments were qualitative in nature.
In these experiments seven glass powders were tested. Five of
these wer@fproduced at McGil) University, while the other two
were obtaingg from the ﬁobay Chemical Company. The five powders
produced at MéGi]l"were<powders 1 through 5, and the other two
powders were FM408 and FM914. Their respective compositions and
viscosities were presented in Table 4.1.
The dipping samples measured approximate{y lgcm‘in length. i
The steel sheathing was 8.6mm 0.D. and the core measured 3.2mm
in diameter. The thickness of the glass powder insulation was
apprbximate]y 6.5mm. The core ﬁater1a1 was dn aluminum rod.
A1um16um was used because 1t has approximately the same melting
point‘and thermal diffusivity as magnesium. Furthermore, since
the samples were dipped by hénd, 1t was safer to use aluminum.
_fypical dipping samples are shown in Figure 5.1.
Fourteen samples, two of each powder, were manually immersed
into a pig i}on bath at 1400°§. The immersion times varied

between 25 "and 40 seconds. Figure 5.2 shows a photograph of two



R

‘Figure 5.1.

a
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Typical dipping samples used for qualitative

experments.
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samples that contained soda-lime glass. Sample 1A was immersed
for a period of 30 seconds at an initial temperature of 1350°C§
whi%e sample 1B was immersed for 40 seconds at 1400°C. fThere
are two points worth noting about the two samples. First, the
dissolution of the steel tubé was relatively slow at 1350°C,
and second, since the soda-lime remained quite viscous, it was
not buoyed to the melt surface. As the aluminum core melted, the
composite sample lost its rigidity causing it to bend upwards
towards the melt surface with the molten aluminum still
contained within the glass framework as shown in Figure 5.3.

Now consider the two samples shown in Figure 5.4. These
samples ;ere prepared with the no.3 insulating powder that was
produced at McGill. This powder was considerably less viscous
than soda-lime. Sample 3A was immersed for a period of 30
'seconds at 1400°C while sample 3B was immersed fors 25 seconds
‘at the same bath temperature. Note the integrity of the aluminum
core of sample 3B. Eigu;e 5.5 shows sample 3A after the glass
shell had been broken off. This picture shows that the thickness
of the glass insulation had decreased substantially, however,
the aluminum core was still relatively 'cool and rigid'. This is
siénificantly different from the soda-lime sample shown in
Figure 5.3 where the aluminum was completely molten but still
contained within a significant amount of glass insulation.

The two Pemco powders, FM914 and FM408, furnished by the
Mobay Chemical Company were tested in the same manner, however,

these powders seemed too fluid for the present application.

Figure 5.6 and 5.7 show pictures of samples containing powders



Figure 5.2.
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Soda~lime powder samples. Sample 1A was immersed
for a period of 30 seconds at a temperature of

1350°C while sagple 1B was immersed for 40
seconds at 1400°C.
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Figure 5.3 - Photograph of a soda-lime powder sample showing
that the molten aluminum had been contained within
the glass framework.
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Photograph of samples containing no.3 insulating
powder. Sample gA was immersed for a period of 30
seconds at 1400 °C while sample 3B was immersed
for 25 seconds.
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Figure 5.5. This photograph shows sample 3A after the glass
shell was broken off,



Figure 5.6,
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Photograph of samples containing powder FM408

=afte5 they were immersed for 25-30 seconds at
1400°C. ’
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Figure 5.7. Photograph of samples containing powder FM914
after they were immersed for 25-30 seconds at ‘
)
.. 1400°C. ,
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DFM408 and FM914 after they were immersed for approximately 25 to
30 secondis at 1400°C. As can be seen, the glass powders and
thg aluminum cores were completely consumed, thus indicating
that the powders would not provide sufficient protect'ion,
Powders 2, 4, and 5 showed similar results as powder 3, however
powder 2 was consumed at a slightly quicker rate than 3 while §
was consumed at a slightly slower rate as shown in Figure 5.8.

In summary, it was gathered from thesgsexperiments that the
core wire can be effectively insulated so that it remains figid,
and that the wire can be made to be <exposed to the bath as it
begins to melt (or shqrtly thereafter), provided that the
appropriate powder is used.

5.1.2 Heat Transfer Tests

From the qualitative experiments, it was decided that powder
3 was the most suitable powder. The Mobay Chemical COmpany was
contacted to ascertain whether powders that exhibited
characteristics similar to those of powders 2, 3, and 4 were
commercially available, Pemco powders FM938 and 1693 were
subsequently obtained. The compositions of these powders were
not available as they are proprietary.

/Rather than carrying out qualitative evaluations of the
powders, as was done in the initial set of tests, it was decided
that it would be better to evaluate their relative performance
by assessing their heat transfer characteristics. This was
achieved by embedding a thermocouple in each sample. The main

objective of the initial thermocouple experiments was to

R



“

.‘Figﬁre 5.8.

-109-

Photograph of a sample containing powder
after it was immersed for 30 seconds at 1]

no.
4003C.
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determine whether the thermocouples would be adequdte for the
present application.

For the initial test, soda-lime and Pemco powders FM408 and
FM907 were used. The steel sheathing was replaced by a 2.1lcm
0.D. copper sheathing. As was noted in the qualitative tests,

" the dissolution of the steel was quite slow at l35w0°C. In
order to show that the protection was provided solely by the
glass insulation, copper sheathing was used because the melting
point of the copper is less than the hot metal temperature. The
thermocouple was embedded at the glass powder/magnesium
interface approximately 3cm from the leading end of the
composite sample.

Nine samples, three of each powder, were immersed for
approximately 60 seconds in a pig iron bath at l:?SOOC. Two
typical temperature traces are shown in Figures 5.9 and 5.10.
The thermocouples proved to be adequate for the present
application. However, one observation made from the temperature
trages was that for a given powder, the temperature traces did
not always exhibit the same trend. Consider the trace shown in
Figure 5.11. Contrast this with the one shown in Figure 5.9.
Both these traces are from samples containiﬂg the same glass
powder, FM907. However, as can be seen, after 30 seconds of
immersion, the temperature of sample FM9073 leveled off whereas
that of sample FM9071 rose dramaticallly. One possible
:xplanation for this that as the aluminum core softened or
me‘lted the composite sample bent upwards. Depending on the

location of the thermocouple and the way the composite sample
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bent, the thermocouple ;nas either exposed to the bath or covered
up by more glass insulation. It was thought that this set up
could hinder the evaluation of the various powders.
Consequently, the aluminum core was replaced by a steel core for
subsequent tests. The steel core did not bend thus énsuring that
the temperature responseé were strictly attributable to the
glass insulation.

In the next series of tests, soda-lime powder and Pemco
powders FM938 an 1693 were tested. As mentioned previously,
powders FM938 and 1693 supposedly exhibited the same
characteristics as powders 2, 3, and 4. Figure 5.12 shows the
remains of a typical sample containing soda-lime insulation.
This sample was immersed for 60 seconds in a pig iron bath at

1350°C. It was evident that essentially none of the insulation

/had been conslimed during this period. Two typical thermocouple

traces for the soda-lime insulation are shown in Figure 5.13.
These traces show that the core was at approximately 700°C

when the sample was pulled out. If the core material was
magnesium it would be just melting a;t this point. Considering
that almost none o.f the soda-lime insulation was consumed, it is
conceivabl;a that a large column of liquid may have been
entrapped within the glass framework. This was totally

-

undesirable.
A typical sample containing FM938 powder, after it had been

immersed for 60 seconds, is shown in /Figure 5.14. From the

photograph, it is apparent that the insula;:ion was removed

gradually. The extent to which it was removed can be assesed
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Figure 5.12. This photograph shows the remains of a typical
sample containing soda-lime powder.
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Figure 5.14.

Photograph of a typical sample containing powder
FM938 after it was immersed for 60 seconds.

—
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from the temperature traces presented in Figure 5.15, ’i‘he traces
show that the powder provided good insulation initially (i.e.
the first 25-30 seconds), then the temperature quickly rose to
above 650°C( the core melting point) after which the
temperature incr_eased at a significantly reduced rate. If
magnesium had been used as the core, it was conceivable that a
large length of magnesium within the glass framework would be
liquid, as in the case with soda-lime glass. This portion of the
sample would tend to bend upwards towards the bath surface, and
release a large portion of the liquid magnesium close to the
ba\éh sur face thus causing ‘a violent eruption. Obviously this
should be avoided.

Figure 5.16 is a photograph of the remains of a composite
sample containing the Pemco 1693 powder. This sample was also
immersed for 60 seconds at 1350°§:. It is evident from the
photograph that almost all th‘e insulation was removed,
nonetheless, enough remained to provide some insulation. A
typical temperature trace of such a sample is shown in E‘igi:re
5.17. It is worth noting that tr;is particular powder was just as
good an insulator as was soda-lime in the i’nitial stage. After
about 30 seconds the temperature began to rise quickly. Then,
once a temperature of 650°C was attained, the remaining
insulation was rapidly consumed since the temperature reached
the bath temperature shortly afterwards. From these results, one
can postulate that if magnesium was used as the core material,
the probability of entrapping liquid magnesium within the

insulation or redirecting the liguid magnesium back to the melt

surface would be minimal.
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Figure 5.16.

-

Photograph of theé remains of a composite sample

containing powder 1693.
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}he effect of a § sécond immersion on a sample containing
powder 1693 is shown in Figure S.lB.dThis figure shows that the
outer surface of the powder fused together as the copper sheath
melted. In order for this technique to work the powder must
fuse. Otherwise, the powder will be di;bersed in the molten pig
iron bath as the copéer sheathing melts, thus leaving the core
material unprotected.

Another point worth mentioning is that most of the
temperature traces shown in this section exhibited a kink or a
plateau at about 100°C. This was an indication of an
endothermic process occurring at this temperature. It was felt
that the powders picked up moisture from the air as the sqmples
were being made. In order to verify this hypothesis, additional
tests were conducted whereby half the powders tested were dried
°in a drying furnace for about 18 hours prior to being packed in
the metal sheathing. Typical temperature traces from this .
experiment are shown in Figures 5.19a and 5.19b. Both set of
traces were for powder 1693. The traces shown in Figure 5.19b
were obtained with é;ied powder whereas the others were not.
Note that two thermbcouples per sample were used. Both.
thermocouples were placed about 3cm from the leading end. As can
. bée seen from the traces, there was no difference between the
dried and undried samples. The cause of the temperature arrest
is still unknown, although moisture pickup after fabrication is

suspect. , -

», 5.1.3 Temperature and Pyrotechnic Tests

After it was decided that a suitable powder was found

(namely Pemco 1693), tests were conducted on samples containing \K\

\



Figure 5.18.

The effect of a 5 second immersion on a sample
containing powder 1693.

-



1300j1llll'll'frlllllllrll‘flrll‘rlrjll
1200

1100
1000

J
L

]
B

TEMP. (O)
(@)
a8

LlllllLJ_lLljllLJlJl

~
8
TI_rll[lllII']l—l[lIller'l

IR I NI AU IR S AR I U AR TR A a N

. . =10 0 10 20 30 40 50 80
TIME(s) D16931

—

Figure 5.19a Typical temperature traces for a sample cbntaining powder .
1693. The powder was dried in a drying furnace prior to being
packed in the metal sheathing.

N

-vzi-



TEMP. (©)

1300llTr"lT[l'lllu;rll‘lﬁl"rllllrrllll]'lﬂ
1200

1100
1000
800

800
700

l'lrl

S00
400
300
200
100

1l

) S s o s S mat— — gy - | 1IJL|AlllllJllLlillll

0 10 20 - 30 40 50 60
TIME(s) W16932

19

Shl]lrlllllrl]l'TI'l'Tr

-SZ1~

Figure s 19b Typical temperature traces for a sample containing powder 1693.

The powder was not dried prior to being packed in the metal
sheathing.
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magnesium cores. The main powder tested was Pemco 1693 powder,
how;ver, other powders such as Pemco's FM907, FM408, and FM914
powders were also tested.

The magnesium compusite samples were fed into a pig iron
bath at 1400°C using a 'plunger' type wire feeder. The
composite samples were 45cm in length and the bath dep}p was
25cm. The magnesium wires measured 3.2mm in diameter and weighed
about 4.2g. Two thermocouples were attached to the magnesium
core at distances of 10cm and 22cm from the leading end. 1n
addition to using thermocouples, a photocell was also utilized.
The photocell was placed about 1lm above the crucible so that any
flashes or flares that were emitted during an eruption were
recorded.

It was found that the samples still exhibited violent and
periodic eruptions. The eruptions were indicated by peaks in the
photocell readings. Photographs of typical eruptions are shown
in Figures 5.20a and 5.20b. As was stated in Chapter 2, it was
" believed that the violent and periodic explosions in earlier’
experiments in which soda-lime glass was used, were caused by
the sudden release of liquid magnesium that had accumulated
within the glass framéwork. However, this was not the case in
these experiments. Consider the temperature and photocell traces
shown in Figure 5:21. These traces were for a sample (MGl693)
that contained 6.5mm of Pemco 1693 powder insulation encased by
copper sheathing. The sample was fed at a velocity of 1l.0cm/s.
The traces were typical of the tests conducted. There are three

points worth noting. First, the initial eruption occurred about

°



Figure 5.20.
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Photographs of typical eruptions.
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12 seconds after the sample made contact with the surface.
Considering that the sample was fed at a velocity of 1.0cm/s,
the maximum depth that the sample could have penetrated at the
time of the eruption was 1l2cm. Hence, the sample did not hit the
bottom of the crucible. Second, before the eruptions occurred
the temperature of the magnesium was essentially at room
temperature. Then it immediately rose to bath temperature, thus
indicating that the insulation somehow broke off and exposed the
'cold; magnesium wire to the bath. Third, the thermocouple
experiments with Pemco powder 1693 indicated that it would take
about 30 seconds for an aluminum core to reach a temperature of
650°C. Since the leading end of the composite(sample had been
immersed for 12 seconds when the first eruption occurred, it was
highly unlikely that there was a build up of liquid or gaseous
magnesium below the first thermocouple.

As for other examples, consider the traces shown in Figure
5.22-24. Figure 5.22 shows the traces for a sample (1MF3/8) which
had a copper sheathing and a glass insulation thickness of about
2.0cm, while Figure 5.23 shows the traces of a sample(M81963)
that was the same as sample MG1l693, except that it was fed at a
velocity of 0.75cm/s. Figure 5.24 shows the gémperature traces
of sample 1AF3/8. This sample was the same as sample 1MF3>8 with
the exception that the magnesium was replaced by aluminum. The
temperature traces of sample 1AF3/8 show that there was no
sudden increase in temperature, thus indicating that the glass
insulation remained intact. This suggests that ferrostatic or

buoyancy forces were not the cause for the glass breaking or



TEMP. -LIGHT INT.

1

1200

1300 lfllrllier“—'l'lll’llIl)

I{Ilfllllri

1100 [ .
1000 N
900 [ -
800 - -
700 - -
600 |- -
500 |- -
o -
400 - ~
300 ) -~
200 |- “ .
100 + ]
91 10 20 30 40 50 80
TIME(s) 1MF3/8
Figure 5..22. Temperature and photocell traces for sample 1MF3/8.

~

-0ET-



TEMP. ~LIGHT INT.

—

§;§§$§

-

8
T

ﬁ/\—/.\*_

o

A N W S A AR N N SR

-10

Figure 5.23.

0 10 20 30 40
TIME(s) M81693

Temperature and photocell traces for sample M81963.

-TeT-



TEMP. (O)

-

1200
1100
1000
800
800
700
600
500
400
300
200
100

rll'l'lllll]l[Tll[Tl]lYll

A NS S S RS s —rt7T 1 ¢+ 2 4 3

s lalalefata o be bt ot lata

Q

10 20 30
TIME(s) - 1AF3/8

Figure 5.24. Temperature traces for sample 1AF3/8.

o
o

-ZE€1-



~-133-

peeling off ghen the magnesium composite samples were immersed.
Furthermore, Figures 5.22 and 5.23 show that both magnesium
samples exhibited periodic eruptions that occurred 12 to i3
seconds apart. Given that the samples were fed at\different
sggeds and had diffe¥ent insulation thicknesses, it is apparent
that the eruptions were not related to immersion velecity,’
insulation thickness, or penetration depth. The difference
between the magnesium and aluminum samples was that magnesium
was volatile. Thus it was postulated that once the magnesium
started being released at the leading end, it created enough
turbulence to destroy the entire length of glass powder that was
submerged. As a result, a large length of magnesium would be
exposed to the melt causing an eruption with flares and flashes
and the possible ejection of hot metal from the crucible, I

.Referring back to Figure 5.23, it is worth noting that the
first eruption did not break the first thermocouple as was the .
césg for the other samples. The reason for this was simply that

)

since the sample was fed at a slower speed, the thermocouple had
not entered into the bath when the explosion occurred. This {
alilowed tﬁe thermocouple to penetrate the bath for another 12
seconds before the next eruption Qas initiated.

In Chapter 2, it wés mentioned that previous work conducted
with soda-lime glass showed that the occurrence of flares and .
eruptions was almost completely eliminated when the bath
temperature was raised to 1600°cC. Consequently, it was

believed that the problems with explosions were related to the

viscosity of the glass. However, the work just presented showed
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'that‘néducing the viscosity of the glass did not eliminate the

F

" eruptions. In order to attain a fuller understanding of why the

process seemed to work at.a temperature of 1600°C, an attempt
Qas made to duplicate the previous tests conducted at°1600°C
with the éxééption that this time thermocouples were used. It
must be stressed at this point that thermocouples were not used
in the previousﬂ&ork. The aéguisition of very inexpensive
thermocouples made it possible to use them ex;ensively in the
present work. -

Consider the temperature and photocell traces shown in
Figune 5.25. These traces are for sample 34MS2. Sample 34MS2
consisted of ' 6.5mm of soda-lime insulation encased by a 1l.9cm
O0.D. steel sheath. The sample was fed at a speed of 1.0cm/§ into
a pig iron bath at 1600°C. 1t is apparent from the ;emperaturew
traces that the temperature of the core rose from essentially
noom temperature to bath“Femperature alnost inssantaneously.
However, visually the immersion appeared quite calm except for a

couple of flares that occurred around ‘the 14 second mark. The

' large peak in the photocell reading around the 50 second mark

occurred as the sample was being pulled out of the bath.
*‘Anbther example is shown in Figure 5.26. This sample was the
same 'as sample 34MS2. Visually, this test appeared quite calm .,
except for ngcouple of flashes around the 16 and 42 second
marks. Althoqgh these tests‘appeared much calmer than those
conducted at 1400°C, the temperature traces still indicate

that the glass insulation may have been breaking off. The reason

that the tests seemed calmer may be that at the higher

“
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temperature, the glass insulation fused at a faster rate. This
probably provided the glass frameworﬁ‘w1th increased strength.
Thus the turbulence at the leading end was probably not strong
enough to destroy all the glass that was submerged 1n the bath
and only broke a small portion of the‘glass. The smaller portion
of exposed magnesium was probably not large enough to cause an
eruption, Nevertheless, the traces 1ndicated that the glass was
still being oroken off, This was tonsidered undesirable, even
though the 1mmersion of the magnesium samples at 1600°C seemed
relatively calm. It was felt at this point that the strength of
the insulation had to somehow be Increased. Several options were
considered. Une option was to 1i1ncrease the strength of the
powder Dy mixing the glass with a high temperature binder. Thais
opt1o; was rejected because 1t would complicate an already
fairly complicated sample configuration. Gther options
considered included using otner forms of glass such as glass
wool, foam glass, or glass tape. It was decided that glass tape‘
would be the most appropriate 1nsu1at1qn because 1t can be
easily applied to the magnésium simply Q;\wrapplng 1t oh, and,
1t would obviously provide greater strength than thé glass

vowder . Its use would also eliminate the need for a metallic

sheath. pa -
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5.2 PART 2- Glass Tape Insulation

Two brands of glass tape were used for the second part of
this study. The glass .tapes were acquired from Mudge, Watson
Inc. and Ajax Magnethermic Inc., A description of the tapes was
presented in section 4.2.2. -

5.2.1 Heat Transfer Tests

5.2.1.a Aluminum Core

Composite wires containing aluminum corfds were tested with
'‘Ajax' tape at bath temperatures of 1400°C and 1600°C, while
theb'Mudge Watson' tape was tested at 1400° only. Although
the Ajax tape was tested at 1600°C, the amount of data
obtained was insufficient to make any correlations. Typical
temperature traces are shown in Figures 5.27a and b. The .
.vertical displacements of the thermocouples were 10em and 20cm
from the: leading end while the feeding velocity was l.0cm/s.

Zero time refers to the instant the leading end contacted the
bath surface. A photograph of typical samples is shown in Figure
5.28. Samples with insulation thicknesses ranging from 1.0mm to
5.0mm were tested. From the temperature traces obtained, the
'net time' required to increase the temperature of the
thermocouple tip to 6'50°C(i.e. the approximate melting point

of both magnesium and aluminum) was computed. These values are
plotted as a function of insulation thickness in Figure 5.29 for
both the Ajax and Mudge,Watson tape. It is evident from these

N

lesults that as the thickness of the tape was increased, the
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A photograph of typical glass tape insulated
samples.
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average heat flux into the aluminum decreased. Furthermore, it
appears that the Mudge,Watsonﬁtape was a more effective
insulator than the Ajax tape, especially at the larger
thicknesses. It was found that the relationship between the
aluminum melting time and insulation thickness for both the Ajax
and Mudge,Watson tapes can be described as follows:

4 (Ajax) (13)
5 (Mudge ,Watson) {14)

T=2.16X""
T=2.24x1"
where T= time required to melt aluminum (s)

X= thickness of insﬁlati;n (mm )

The type of curve that would best fit the data was
.determined by considering a one-dimensional heat transfer model °*
simulating the radial heat flow to a composite cored wire. It
should be noted that the model did not take into account the
\thinning of the glass sheath as it was he;ted. A description and
listing of the program are presented in Appendix A. Heat
transfer simulations for typical magnesium samples are also
presented. Typical theoretical curves for ba th temperatures of
1400°C and 1600°C are shown in Figure 5.30. It was found
that from these results that the relationship between melting

Y
time and insulation thickness can best be represented by an

equation of the form:

Teax® (15)

where a and b are constants.

- .
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The reason the <melting time' versus 'insulation thitckness*
relationship is important is that it can be quite helpful in
determining the depth of penetration of ‘the composite wire in
the molten metal bath. It ﬁust be stressed at this point,
however, that if one knows the melting time, insulation
thickness, and immersion speed of a partieular sample, 1t is not
necessarily true that one will be able to calculate the depth of
penetration accurately. The reason for this is that a composite
sample tends to bend upwards towards the bath surface at the
point at which it begins to melt. Good examples of ghis are
shown in Figures 5,31 a and b. These figures show p&otogpaphs of
,two typical aluminum composite samples fed at a velocity of
1l.0cm/s. Notice that large portions of the sampies are bent
upwards towards the bath surface. For example, Figure 5.26a
shows that the sample penetrated l3cm below the bath surface,
but, an additional 9cm of the sample had bent upwards. Hence,
22cm of the sample had been immersed in the bath, but, the
effective depth of penetration was 4cm(i.e. 13-9cm). It should
be théd that the 'bending' problem was more pronounced for
larger insulation thicknesses., The insulation thicknesses of the
samples shown in Figures 5.31la and 5.31b were 4.5mm and 5.2mm,
respectively. It was found that for samples with insulation
thicknesses of less than 2.5mm, a small fraction of the sample
bent upwards. Hence, the depth of penetration was more easily

determined fcr samples with small insulation thicknesses.

°
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These photographs show two typical aluminum
composite samples that bent upwards when they
immersed in a pig iron bath.

were
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5.2.1.b Magnesium Core )

Composite samples with magnesium cores were tested with both
the Ajax and Mudge,Watson tapes at 1400°C. .The Ajax tape was
also tested at 1600°C. A summary of the melting times
obtained at 1400°C is shown in Figure 5.32. The results for.
both the Mudge,Watson and Ajax tapes were c0mbinéd on this
graph. This graph clearly illustrates the superior thefmal
insulation characteristics of the Mudge,Watson tape, especially
at the larger insulation thicknesses. For example, 4mm qf
Mudge ,Watson insulation would delay the mglting of the magnesium
core by about 18 seconds whereas the same thickness of Ajax tape®
would delay'the melting by only 12 seconds. The 'melt&ng times'
of magnésium and aluminum are compared in Figures 5.33 and 5.34
for both the Mudge,Watson and Ajax tapes. Note thidt it took a
longer tiﬁe on average to melt the aluminum core than the
magnesium. It was stated earlier that aluminum was used as a
substitute core because it has a melting point and thermal
d;ffusivity that is similar to that of magne;ium. However, their
densities and heat capacities are quite different. In fact; it
is the product of the density and heat capacity of the core that
determines the quantity of energy required to heat the core to
the melting point. Therefore aluminum requires about 35% more
energy to bring it to its melting point. Hence the difference in
melting times between magnesiuﬁ and aluminum can be totally

attributed to the difference in their densities and heat

capacities.

Composite magnesium samplés were also tested at 1600°¢C

.
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uswng‘AJax tape only. The 1nsulation thicknesses for these
experiments ranged from 3.6mm to 5.4mm. A summary of the melting
time results 1s shown 1n Figure 5.35. Because of the higher melt
temperature, there was a noticeable reduction 1n the effective
1nsulating potential of the tape. For example a 4mm layer of
Ajax tape at 1400°C woulc delay the melting of tre magnesium
core by 12 seconds wherees at 1600°C 1t would be delayed by
about 9 seconds. Also note that the 'melting time' versus
"insulation thickness' was found to be essentially linear.
However, this relationship 1s misleading because & narrow range
of thicknesses were“tested. In order to obtain a more realistic
relationship, smaller thicknesses shoud have béen tested. Due to
the reduced 1nsulating effectiveness of the tapé at 1600°C,
there was a reluctance to test'tne smaller thicknesses since the
immersion speed would have to be 1i1ncreased substantially 1n
order to obtain a reasonable depth of penetration. Since an
increased 1mmersion speed would also result 1n an 1ncrease 1n
mass flowrate, the turbulence 1n the .bath would propably also
increase substantially. Nonetheless these tests should pe
conducted 1n the future using Mudge,Watson *ape since 1t 1s a

more effective nsulator than the Ajax tape.
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5.2.2 Tenperature Profile and Pyrotechnic Tests

It would be valuable at "this point to examine several
typical temperature and photocell traces, c°3;féZ;\Ehe traces
shown in Figures 5.36-5.39., These are tygical traces of tests
conducted -at 1400°C with varjous tﬁicknesses of Ajax tape.
Similar trends were observed with the Mudge,Watson tape. The
insulation thicknesses were 1.5, 2.5, 3.5, and 4.5mm,
respectively. The immersion speed was l.0cm/s for all tests.
Each sample had two thermocouples. One was placed 1l0cm from the
leading end of the sample while the other was placed 20cm away.
There are several points worth noting. First, pyrotechnic
displays decreased with increasing insulation thickness., The
reason for "this was simply that the samples with the thicker
insulation penetrated deeper into the bath thus allowing
sufficient time for the bubbles of magnesium vapor to dissolve
as they rose through the me};? For the smallgr thicknesses, the
magnesium vapor did not have sufficient time to dissol;e. As a
result, some of the vapor resurfaced and quickly oxidized,
producing bright flashes. Second, the thermocouple traces for

* the two tests appear to be almost identical except that the
second thermocouple trace was shifted to the right by 10
seconds. Since the thermocouples were positioned 1l0cm apart and
the immersion velocity was 1.0cm/s, this indicated that steady
State was attained. Hence, if one assumes steady state is
attained in a given test, the immersion velocity can be

-

calculated from the temperature traces. Third, some traces

w
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showed that the température of the fiaét thermocouple stabilized
at a temperature of about 1100°C. This value is approximately
the boiling point of magnesium(i.e. 1107°C at 1 atm.) From

this, 1t can be postulated that the magnesium was released from
the glass sheathing as a vapor. Some of the vapor filled the
leading end of the vacated sheatn and thus the temberature
remained constant. It must be stressed that this event was not
always evident and 1t appeared to be prominent for samples with
larger insulation thicknesses. .

Consider the traces shown in Figure 5.40. These are typical
traces of a magnesium composite sample tested at 1600°C with
5.4mm of Ajax tape 1nsulation. Contrast this with the traces of
a typical aluminum sample shown in Figure S.ﬁl. Note that the

photocell readings for both tests are essentially the same

. except for a few small peaks in the traces for the magnesium

sample. Hence this 1ndicates that a relatively quiet immersion

can also be obtained 1n steel, provided that the appropriate

~

insulation and 1mmersion speeds are used.

| In section 5.2.1a it was stated that samples with large
insulation thicknesses tended to bend upwards towards the Dbath
surface. In doing so, a composite sample containing magnesium
would ;e1ease the magnesium close to the bath surface. An
example of this is represented by the temperature and photocell

traces shown 1n Figure 5.42. This particular sample consisted of

4,.2mm of Mudge,Watson tape insulation and was fed at a speed of
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v

1. Ocm/s. The length of the magne51um wire was 30cm. In this

test, the feeder was stopped after the last portion of magnesium’

Pra

—

crossed the bath surface(i.e. 30 second mapk). S1nce”the last .
poréion of magnesium did not penétrate deep- into thé‘bath, the
portion of the composite sample that bent released magnesium
~cl;se to the bath surface, resulting in the emission of bright
flashes. This event waé prevengga in sﬁbsequent te§ts by

stopping the feeder after ébout 10cm of the steel handle

|

‘penetrated'the bath. This allowed the mégnesium'at the trailing
end of the composite sample to penetrate deeper into the bakh.

¥

The stéél handle was also insulated by glass tape. @

L
c o The results presented up to this point showed that the depth
of penetration can be increased by increasing the insulation

thickness. It would be instructive at this point to examine the

‘effects of maintaining a constant depth of penetration while

varying the immersion speed and insulation thickness. Figures \
5.43-5.45 show three typical temperature ané photocell traces of '
samples that were insulated with various thicknesses of Mudge,

Watson tape. éample,091108 had 4.2mm of insu;ation and was fed

at a speed of l.0cm/s while sample 091109 had 3.5mm of -~

fnsul{tionaand was immersed at a speed of 1.3cm/s._S§mple 091112
%Ps’fed at a speed of 2.37cm/s and had an insulation thickness
 of 2.0mm. The depthsfof penet;ation of all three samples, which
4were estimated from the computed melting times, ;anged.from 15

to 17cm. Note that the photocell traces for 4ll three samples
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. velocity was 1.0cm/s.
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Figure 5.44. Temperature and photocell traces of a 3.2mm magnesium sample
- : ) insulated with 3.5mm of Mudge, Watson tape. The immersion
velocity was 1.3cm/s.
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?emperature and -photocell traces of a 3.2mm magnesium sample
1nsu1§ted with 2.0mm of Mudge, Watson tape. The immersion
velocity was 2.37cm/s.
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were essentially flat, indicating that very lkttle magnesium
resurfaced. Also note that the velocity was increased up to
about two and one half times the usual immersion speeé and still
achieved relatively the same degree of calmness. Putting this
into perspective, an immersion velocity of 2.37cm/s would
generate 1.6 1/s of  magnesium vapor (assuming that all the
magnesium vaporizes and none of it dissolves-see appendix B for
calculations) in a bath volume of 3.7 litres for a duration of
approximately 13 seconds. Since a relatively calm immersion was
attained, the magnesium had to dissolve quite quickly. This
indicates that increasing khe velocity of the immersion does not
necessarily increase the turbulence within the bath. The
turbulence is largely dependent on the depth of penetration and
the size of the magnesium vapor bubbles.

5.2.3 Pyrotechnic and Volatility Tests D.

For the pyrotechnic and volatility tests, an accelerometer
was used to evaluate the wvolatility of various ﬁagnesium samples
while pyrctechnic evaluations were based on readings obtained
from a photocell. |

As was revealed in Chapter 2, one major problem that was
encountered in the previous work was that violent and periodic
explosions occurred as the samples insulated with gkass powder
were fed into the molten metal bath. A typical accelerometer and
photocell trace of one such sample is shown in Figure 5.46. The
line oscillating about the center of the graph repfesents the

\éqgelerometer trace while the line near the bottom of the graph

{



e

SIGNAL

-L91~

420 - * 12103
TIME(s)

Figure 5.46 . A typical accelerometer and photocell trace showing violent
and periodic explosions. These traces were obtained from t
) work conducted previously.
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was produced by the photocell. This particular test was
conducted with a magnesium wire measuring 36cm in length and was
sur;ounded by 8mm of glass powder. The glgss powder was encased
by éopper gheathing. The sample was fed at a speed of 0.35cm/s.
The two large vertical ticks on the left hand side of the graph

denote thre instant the leading end of the wire contacted the

" melt while the two vertical ticks on the right side denote when

the tailing end of the maénesium wire entered the bath. On an
accelerometer trace, the bubbling of magnesium vaporjor an
eruption is)indicated by an increase in the amplitude\gf the
accelerometer reading. One can clearly see from Figure 5.43 that
there were a total of five 'explosions' during the test.
Furthermore, one can also see that there was no magnesium
released between each pair of explosions. An interesting point
worth"noting»is that after each eruption the photocell trace
decayed at a very slow rate to the base line. The violence of
each eruption caused a significant amount of the hot metal to be
ejectea from the crucible onto the top of the furnace housing.
The ejected metai was contained by the ring of cement that was
positioned around the crucible mouth. Because of the newly
created radiating surface, the photcocell was pickinq up Tore
light., However, the hot metal on the surface of the furn;ce
housing cooled quipkly,;and as a result the intensity of the

emitted light decayed. Hence, a photocell trace not only shows

when bright flashes occurred, it also indicates whether metal

was ejected from the crucible,

b
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At the time of the above described test, the,causes 6eh1nd
the periodic eruptions were not evident. However, subsequent
testing with .embedded thermocouples, which were carried out in
the first part of the present study, did provide some important
clues. Based on this evidence, it was concluded that the
turbulence created when the leading end of the magnesium wire
Began vaporizing was strong enough to destroy the whole length .
of glass 1nsulation th;t was submerged, thus expos1ng“%
relatively cold magnesium wire. The explosions would consume the
magnesium and then {he process would repeat 1tself.

The periodic explosions were eliminated when the magnesium
was insulated with glass tape instead of glass powder. An
example of a typical acceleromecter and photocell trace of a
;amp1e insulated with glass tape 1s shpwn in Figure 5.47. This
sa;ple consisted of 4.6mm of Mudge,Watson 1insulation and was

-
immersed in the pi1g iron melt at a velocity of 1.0cm/s. It can (/

be seen from the tr‘i:z*fﬁgz‘lhere was no evidence of
pyrotechnic displays ing the 1ni1tial stages of penetration.

The magnesium eventually started to melt and vaporize. The
traces show that once the magnesium began to vaporize, 1t-was
re]easéh in the bath in a fairly uniform manner except for an
eruption towards the end which resulted w1n the emission of
flares and flashes. The last burst of flashes was the result of

the severing of the steel handle used to feed the magnesium -

> wire, thus causing the submerged magnesium to rise to the

surface. The steel handle broke as a result of it being pushed
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Figure 5.47. Typical accelerometer and photocell traces for a sample
insulated with 4.6mm of Mudge, Watson tape.
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too deep into’ the bath, thus, exposing to tne bath a portion of
the steel handle that was not insulated with glass tape:\The
portion of the §teel‘hand1e that broke off was iater foung
floating on the bath surface. \\
As another example consider the traces shown 1n Figure 5.48.

This graph was produced for the case when two composite samples

were simultaneously fed into the bath. Both samples had 4.6mm of

<&
¢

‘insulation and were fed at a velocity of 1.0cm/s. The samples
were separatéd by a distance of 7cm. Notice that the photocell
trace shows that there were virtually no flashes or flares. |
Furthermore, contrast this graph with the one shown 1n Figlre
5.45. If the last burst wn Figure 5.45 1s,exc1uded, the two
graphs are esesentially the same, thus indicating that the molten
metal bath possibly can accommodate much more magnesium tha& was
originally used. This a%so suggests that instead of 1increasing
the immersion speed to 1ncrease the mass flowrate, the mass
flowratg can be 11ncreased by increasing the number of wires
being 1mmersed. The advantage of using more than one wire 1s
thét it allaws for better distribution of the magnes1uh. At
present wire feeders ‘that feed more than one wire do exist.

At this poind 1t 15 worthwh1\g to consider what happens when
a ba}e magnesium wire is fed into a pig 1ron melt. Figure 5.49
shows typical traces gf a bare 3.2mm diameter magnesium wire fed
at a velocity of 0.35cm/s. Note that the accelerometer did not
pick up any bubbling of magnesium vapor while the photocell
“indicated that there was continual burning of magnesium on the

bl
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] ' Figure 5.48. Traces for,ﬁhe case when two compoiite samples were
Lo simultaneously fed into a pig iron’/bath.
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magnesium wire.
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bath surface. This shows /that an uninsulated magnesium wire will
not penetrate the surface to any great extent and will as a

result burn in the immediate‘'vicinity of the surface.

Consider the trace exhibited in PFigure 5.50. This graph

‘shows that the traces for a magnesium sample that was fed at

1.0cm/s and that had a minimal amount'of insulation (1.2
1.45mm) . Note that after a brief delay in the initial stage, the
magnesium began reacting, as evidenced by the increase in
aﬁplitude of the accelerometer reading. At the same time there
was‘persistenE burning of magnesium on the bath surface. This
indicated that the mégnesium did penetrate the bath surface,
but, the depth of penetration was not sufficient to allow the
mag;esium enough time to dissolve completely.

In summary, the photocell an? accelerometer traces were
useful in determining whether a magnesium wire penetrated the
bath .surface. Wheh it 'did, one could estimate to what extent it
penetrated by the delay time between the cSmmencement of
magnesium bubbling énd the bath surface‘qpntact time,
Furthermore, the accelerometer traces indicated the manner in
which the magnesium was released belgw the bath surface. In
other words, they showed whether the magnesium was released
uniformly or sporadically.

- -

5.2.4 Desulphurization and Recovery Tests

5.2.4a Desulphurization

The desulphurization tests were conducted in pig iron,

however, the bath temperature was raised to 1600°C. The reason
LY

for raising the bath temperature to steelmaking temperatures

!
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was to'provide'a large superheat. The large superheat was
needed, firstly, to o%fset temﬁerature losses during the
inmersion of the samples since the furnace power was turned off'
during each test, and secondly, to facilitate melting the slag.
tover. Tt was found that at 1400°C it wasi’diffjcult to obta-in
a fluid desulphurizing slag. The furnace power was {Léﬁed off
during the immersions to prevent electrical interference with
tpe accelerometer signals.

The weight of the molten metal was approximatel} 50 Eg,_
About }00 grams of pyrite were added to thé‘bath to raise the

sulphur coatent to about b 1%. The /Slag usedy1n these testyawas
made Arom a m1xture 35% soda~-1ime powder g]ass 55% lime, and
10% fluorspar The slag basicity was about 2.2. The composite
samples consisted of 3.2mm diameter magnesium wire weighing
about 3.61 grams-and 1nsulated with 4.5mm of Ajax tape.. Bath
samples for subsequent sulphur analysis were taken before and ., 7
after the immersion of each composite magnesium wiré sample. The o
desulphurization results are sho®n in Table 5.1. Cod

A total of six composite wires were uti1lized. The | - e

desulphurization effwcxency(DE) of each test was calculated

-]

-

using the following express1on

DE = Aszxufmwa <
WTog X A mg (16)
where AS% = change in sulphur content (%)
HMW = hot metal weight (g) . . .
AW _ = atomic weight of Mg (g) ) ) - LN
wTh - weight of Mg utilized (g)
Aﬂg = atomic weight of sulphur (g) il



Addition no.

AU i 0=

-177-

/
o
4
-
/
TABLE 5.1
DESULPHURIZATION RESULTS

Mg wt. > %S Efficiency

(9) before after (%)
3.61 0.0953 0.0831 125.0
3.61 0.0831 0.0844 -
3.61 0.0844 0.0930 -
3.61 0.0930 0.0890 T -
3.61 0.0850 0.0845 -
3.61 0.0842 0.0842 -

9



~178-

Table 5.1 shows that an efficiency of 125% was achieved with
the first immeision. Obviously this value cannot be correct. One
reason that may explain this apparently high efficiency is that
the slag, by itself, may ha;e contributed significantly to
sulphur removal. However what was.surbrising about the results
was that essentially no desulphurization was achieved for
suﬁsequent tests. The reason for this was simply that the slag
was saturatsd with ;ulphur and could not absorb any more. The
maximum amount of sulphur that can be accommodated by the slag
is largely dependent on the basicity and quantity of slag,
although there are other factors that may affect the absorption

of gsulphur. Knowing the slag basicity, the amount of slag, and

the initial sulphur content, the lowest final sulphur content

can be determined from the following relationship:51
3
[S] = [S]oexp(-nY) (17)
where [S] . = initial sulphur content
[S? = :final sulphur content X
n = sulphur partition coefficient :
Y = relative slag amount(slag/metal)

For this particular case approximately 340g of slag was
used. This would give a 'Y' value of 0.007. From Figure 5.51,
the sulphur partition coefficient for a'slag basicity of 2.2 is

52 Hence, according to equation (17) the final

about 20.
sulphur content should have been 0.082%. The measured final

sulphur content was in fact 0.083%. Therefore, it was obvious
thaf after the first immersion the slag became saturated with

sulphur, hence, further sulphur removal from the hot metal was

not possible unless the slag was replaced by new Flag.
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Figure~”5.51. Dependence of the sulphur partition coefficient on
the slag basicity.
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In order to obtain very low sulphur contents for suSsequent
tests, it was obvious that a larger amouné of slag with a8 higher
basicity was required. Due to the problems ehcountere@ with khe
slag in these experiments, it was felt this approach would be
impracticali\?herefore it was decided that it would be
worthwhile to concentrate our efforts in obtaining magnesium
recovery results instead of desulphurization efficiencies.

5.2.4.b Magnesium Recovery Tests

The recovery tests were conducted in molten pig iron at
1400°C. The bath weights for thé tests ranged between 23 and
26 kg and the initial sulphur?contents ranged between 0.02 and
0.024%. In order to prevent the dissolbed magnesium from being
exposed to the atmosphere, a slag cover was used. The slag
consisted mainly of the continuous casting mold powder, Pemco
1693. The reason Pemco 1693 was used was that it was easy to
melt and it provided a fluid slag surface.

The magnesium samples used in these tests weighed about 3.6g
and all samples were insulated with Mudge,Watson tape. The
insulation thicknesses ranged from 1.4 to 4.6mm. The samples
were all immersed at a velocity of 1.0cm/s. Bath samples were
taken, for subsequent sulphur and magnesium analysis, K before and
after each immersion. Before the immersion of the’samples the
furnace power was turned offf After each immersion the furnaée
power was turned on loﬁ power for about 30 seconds. The reason
for this was to provide gentle stirring of the bath in order to

obtain an homogeneous bath composition. The results are shown in

Tables 5.2 and 5.3.

3
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" TABLE 5.2 -
RECOVERY RESULTS OBTAINED WITHOUT STIRRING

Insulation sample S tMg Recovery
Thickness - before after before after (%) .
(mm) . 5

1.5 051505 0.024 0.026 0.0011 0.0059 * 32.04
1.5 051509 0.023 0.022 0.001 0.0202 133.0°
1.5 051013 0.008 0.008 0.0291 0.0195 -

2.5 051506 0.020 0.018 0.0174 0.0205 ;31.9
2.5 051510 0.025 0.023 0.0221 0.0041 -
2.5 051514 0.007 0.006 0.0195 0.024 11.0
3.5 051507 0.020 0.021 0.0195 0.0352 105.0
3.5 051511 0.009 0.011 0.0036 0.028 162.0 .
3.5 051515 0.006 0.007 0.0204 0.0159 ° -
4.5 051512 0.011 0.010 0.028 0.0224 -
4.5 . 051508 0.009 0.009 0.0023 0.0052 19.0
4.5 ° 051516 0.006 0.006 0.90116 0.0164 32.0
0 .
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. ) - TABLE 5.3

RECOVERY RESULTS OBTAINED WITH STIRRING
Insulation sample S $Mg Recovery
Thickness ° i before after before after (%)
(mm )
0 053001 0.021 0.022 0.007 0.0039 22.8
2:0\\\ 053003 0.018 0.017 0.0126 0.009 4.4
- 2.65 053007 0.017 0.01l6 0.0018 0.0038 19.8
2.80 053008 0.022° (¢.021 0.0027 0.0151 94.0
3.7 053009 0.022 0.021 0.0083 0.0184 77 .6
3.6 053010 0.013 0.013 0.0019 0.0125 7547
3.55 053011 0.014 0.014 0.H11 0.0202 65.0
3.6 053012 0.016 0.016 0.0038 0.0142 74.3
4.6 053013 0.015 0.016: 0.0141 0.0147 4.3
4.5 053016 0.020 0.020 0.0104 0.0203 70.3
4.6 D1415 0.012 0.011 00,0089 0.0133 18.46
///
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Recovery for these experiments was defined as the percentage

*
of the immersed magnesium that remained dissolved in the bath
- N

)
"

plus th? percentage of the immersed magnesium that was consumed
to lower the sulphur content of the bath.

The results shown in Table 5.2 were obtained without any
induced stirring(i.e. the furnace power was not turned on’
immediately after each sample was immersed). The recovery
results for thesekbests ranged from no recovery at all to
recoveries well above 100%. Since there was no induced stirring, .
it was possible that pockets of either magnesium rich or
magnesium defficient iron were sampled. For example: consider
samples 051513, 051510, 051515, and 051512. The magnesfum
contents of the bath after the samples were‘immersed were
consigerably lower than the magnesium contents before they were
tmmersed, while the sulphur contents 4id not change
significantly. Yet for other samples such 051509 énd‘bSlSIl, the
increases in the magnesium contents after they were immersed

were considerably higher than the theoretical maximum increase.

These examples tend to support the notion that magnesium rich or

f24

‘

magnesium defficient pockets of molten iron were sampled. In
order to verifi Fhis hypothesis, subsequent tests were conducted
with induced stikring. '
Table 5.3 shows thg recovery results obtained with induced
stirring. It is evident that these results were much more )

consistent than those obtained without any stirring. For samples

insulated with more than 2.65mm of glass tape, the recoveries



I -184-

were guite high(i.e higher than 60%), with the '3.6'mm samples
exhibiting the most consistent recoveries. The sampleg.with less
than 2.65mm insulation exhibited very low recoveries. h

Consider sample 053013. This sample was insulated with 4.6mm
of Mudge,Watson tape and it exhibited a very low recovery(i.e
4.3%). ‘It was observed that when the s‘gmple was fully immersed,
the sample bent upwards an‘d a portion of it pierced the bath
surface. Thus a signifi?ant amount of magnesium vapor was
exposed to the atmosphere resulting in a display of bright
flashes and flares due to the oxidation of the magnesium vapor.
Such resurfacing, by way of wire bendiont';, was responsible éor
some of the low magnesium recoveries when relatively large
insulation thicknesses were used. )

Test D1415 also exhibited a very low recovery.:Test D1415
consigsted of two composite samples Ehat'wer_e simultaneously fed
into the bath. Both samples we;:e insulated with 4.6mm of
Mudge,Watson tape and were fed at 1.0cm/s. 'During the immersion
of the samples, it was observed that there waé vigorous movement
of the bath, however, hot metal was not ejected from ~the
crucible;“a'nd there was no evidence of flashes or flares.
Therefor:é, the reason for the low recovery is not known at this
point, although wire bending may have been responsible.

Despite the fact that a couplc: of the samples with thick

insulation showed poor recoveries, the recovery results were

encouraging. At present, the most popular magnesium reagent used

-
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in the foundry industry is fer:osilicon (with 4% magnesium).
Typiéal recoveries obtained with this reagent are in the 30-40%
Jrange. Morebver, since the ferrosilicon alloy contains only 4%
magnesium, a large quantity of reagent must be used. The tests
conducted with induced stirring showed that magnesium recoveries
of over 70% can be obtained. Hence, due to the fact that the

+ magnesium wire is in pure form and that the magnesium recoveries

can be significantly increased, using the present wire feeding

technique can result in substantial savings in reagent cost,

>

5
#
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CHAPTER 6
&’ SUMMARY AND CONCLUSIONS

-

In an attempt to develop a novel magnesium wire feedind%
technique that can Beaused for both molten iron and steel
treatments, the present work was undertaken to find an
appropriate insulating material and a viable method of applying
it to the magnesium wire surface.

Two types of insulating materials were tested. The first
type was powdered glass‘and the second was glass tape. The glass
powders tested were of various chemical compositions and
yiscositie§}“?@e_glass tapes were obtained from two suppliers,
Ajax Magnethermic }nc. and Mudge{ Watson Inc.

From previous work condqpﬁgd on, magnesium wires that were
insulated with powdené& élass, it wa;“found that the magnesium
composite samples exhibited violent and periodic eruptions when
immersed in molten iron. ft_yas originally believed that the
cause of the eruptions was related to the viscosity of th; glass
powder. However, the acquisition of very inexpensive
thermocouples, along with the use of sensors such as an
accelerometer and photocell, made it possible to d€§elop a
better und?rstanding of the cause of the vialent and periodic
eruptions. This led to the development of the glassvtape
insulated magnesium wire.

The above mentioned sensors also made it possible to

1

determine the effect of parameters such as immersion speed and
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blinsulation thickness on volatility, pyrotechnic display, and

depth of penetration.

From the present research work, the following conclusions

can be drawn:

1) Although 1t was previously believed that the
cause of the periodic eruptions was related to the
viscosity of the glass powder, the 1internal
temperature responses of the powdered glass
insulated samples i1ndicated that the primary cause
was the inabi1lity of the glass powder to remain
intact as the samples were 1mmersed 1n the bath.

2)" A more effective method of 1asulating a

magnesium wire 1S to wrap glass tape around 1t.

¥ The advantages of using glass tape are: 1) 1t

prévides greater strength than glass powder, 2} it

can be easily applied to the wire, and 3) the
insulation thickness can be easily varied by

changing the number of wraps of glass tape.
Furthermore, 1t overcomes the problem of centering

the magnesium core and 1t eliminates the need for

a metallic sheath, -

3) Mudge, Watson tape was a more effective
insulator than Ajax tape.

4) Ajax tape effectively insulated magnesium wires
that were fed 1n a molten 1ron bath at 1400°C.
However, the i1nsulation thicknesses had to be
significantly increased to attain the equivalent
penetration depths as the wires fed 1nto a molten
bath at 1600°C.

5) The relationship between the melting time of a
core material and its insulation thickness for a

core material measuring 3.2mm n diameter can be

represented by an equation of the form:

T=aXb

where a and b are experimentally determined
Lonstants and X 1s the nsulation thickness 1n )mm.

6) The meiting time results were used to estimate

the penetration depth of magnesium samples. The
penetration depth increased with increasing

insulation thickness. For small insulation

thicknesses (1. less than 2.5mm), it can be

assumed that the penetration depths were estimated .
fairly accurately. However for larger thicknesses,
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this me#hod was not reliable. The reason for this
was that as the insulation thickness increased,
the tendency for the magnesium samples to bend
upwards also increased. Hence, the calculated
depth of penetration may have been significantly
different from the effective depth of penetration.

7) As the depth of penetration increased, the
degree of pyrotechnic display decreased.

8). The degree of pyrotechnic display decreased as
the 1mmersion speed was increased from l.0cm/s to
2.37cm/s. The 1nsulation thicknesses varied from
4.2mm to 2.0mm, respectively.

9) Photocell and accelerometer traces were useful
in determining whether a magnesium wire penetrated
the bath surface. The penetration depth can be
estimated by the delay time between the start of
magnesium bubbling and the bath surface contact
time. Furthermore, accelerometer traces indicated
the manner in which magnesium was released below
the bath surface (i.e. uniformily or
gsporadically).

10) In order to obtain good magnesium recovery
results, 1t was necessary to gently stir the
molten pig iron bath after each composite sample
was immersed. This provided the bath with a
homogeneous bath composition. Magnesium recoveries
of over 65% were consistently obtained for
insulation thicknesses greater than 2.65mm when
the bath was stirred.

11) The present wire feeding technique need not-be
limited to the introduction of magnesium for the
treatment of molten 1ron or steel melts. This
technique can be used for the introduction of
other volatile desulphurizing reagents such as
calcium and calcium based reagents. Furthermore,
it probably can be used for adding alloying
elements such as lead, strontium, and tellurium,
or a combination of alloying elements and .
compounds. These areas are yet to be investigated.

e
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APPENDIX A \ l
. The ngogram listed below is. a one-dimensional heait transfer
model simulating the radial heat flow to a composite cored wire.
The composite cored wire can consist of two sections of .
different materials. Informati,on&such as the thickness of each
section, number of nodes in each section, the ambient and
starting temperatures, melting points, and sthermal properties .
A are all input variables. The thermal properties do not vary with
temperature, however, different thermal properties can be
\ red for different states. The program can handle thxee
® di%‘ferent states. These include the solid, liquid, and mushy
states. The mushy state is a transition phase between the sol\d
and liquid states. The mushy state is included to take into
account the heat of fusion for a given section. It is assumed
that the transition from solid to liquid occurs -over a one
degree celsius range. Hence, tl'(i;a mushy state 'starts at the
'meltq'\gg point of a given section and ends one degrée celsius
above the melting point. Sincé& the transit'ion Lis assumed to take \
place over a one degree range, the heat capacity of the state is
simply the heat of fusion divided by one degree celsius. The °
density and thermal conductivity of the mushy state is assumed
to be the same as that of the solid state.
Figure A.l shows the melting time results for 3.2mm diameter-
composite samples obtained with the heat transfer model. The

5

results were obtained for bath temperatures of 1400°C and
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were calculated using a heat transfer model. The diameter of
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1600°c.

Figure A.2 shows the melting time results for 15.9mm
diameter magnesium composite samples. These results are of
particular interest becausé’a joint research project with Stelco
was carried out;gperb; 15.9mm insulated magnesium rods were
immersed in a 3 tonne pig iron bath. The research work conducted
in conjunction with Stelco is beyo.d the scope of this thesis.
One point worth noting is that if the 'melting time' curve is
extsapolated to the 'zero' insulation mark, one will find that
it wiil take approximately 10 seconds to melt the magnesium rod.
Because of the size of the magnesium rod, a noticeable
temperature gradient exists within the rod. As a result, ié
would take the center of the magnésium considerably longer to
reach the melting point than it would take the surface of the
magnesium. Morepver, the melying time versus insulation

“

thickness relationship can no longer be expressed in the form:

T=axb

The melting time versus insulation thickness would be better

expressed in the following form:'

bx

T=ae g (18)

The heat ;;gnéfer model clearly illustrates the difference
between 3.2mm and 15.9mm magnesium rods. Consider Figure A.3 and

A.4. Figure A,3 is a plot of the temperature profile of half a

|
|
{

composite sample consisting of a 3.2mm diameter magnesium wire
insulated with 3mm of glass tape., Figure A.4 is a similar plot
of a 15.9mm diameter magnesium rod with the same thickness of

insulation.
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Plot of magnesium melting times versus insulation thickness .
for a 15.9mm diameter magnesium rod. .
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Figure A.3. Schematic of composité sample with temperature
profiles. The composite sample consisted of ald.2mm
diameter Mg wire insulated with 3.0mm of glass
tape.
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Schematic of composite sample with temperature
proiiles. The composite sample consisted of a
15.9mm diameter Mg rod insulated with 3.0mm of
glass tape.
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Note that‘the temperature profile within the 3.2mm magnesium
wire is essentially uniform whereas a slight temperaturé
Jgrédiensﬁexists within the 15.9mm rod. Also note that the
surface™of the 15.9mm rod reached its melting point about 10
sec;nds prior to that of the center of the magnesium rod.

In the experiments conducted in the present study, it was
assumed that the magnesium wire meélted when the thermocouple on
the surface of the magnesium rod reached a temperature of
650°C. This was a reasonable assumption since the heat
transfer model showed that the tempezaturewkf the 3.2mm diameter
wire was essentially uniform'. However, if 15.9mm magnesium rods
were to be us;d, the melting times would have to be dtermined by
implanting thermocouples in the center of the magnesium rod.

Magnesium rods, 15.9mm in diameter, were not tested in the
présent study, however,l15.9mm diareter aluminum rods were. In
these tests, one thermocouple was placed on the surface of the
aluminum while another thermocouple was implanted in the center
of the aluminum rod. Consider the temperature traces shown in
Figure A.5. Tgese traces were obtained for a composite sample
comprising of a 15.9mm diameter aluminum rod insulated with 3mm
of Mudge, Watson tape. Note that the center of the aluminum rod
took approximately 15 seconds longer to reach its melting point
than d4¥d the surface of the aluminum rod. It is expected that a
magnesium rod would exhibit the same trend, however, the delay

time would probably be less since it takes 35% more energy to

raise the aluminum to its melting point.
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Kk kk kR AhdededeRhdddededededddesedoddddddhdidididididddkikkkdkiikk

* - *
* “ PROGRAM TEMP *
* . *

**********************************************************

v
/SYS REG=120

/LOAD WATFIV
COMMON AREA(10,2),VOL(10,2),DXN(10,2),TEMP(10,2),DTS,DT
COMMON XTEMP(10,2) ,NODES(2),THICK(2) ,ROW(2,3) ,K(2, 3),AS
COMMON CP(2,3) ,COND(10,2) ,MPT(2,2),TA,H,XX1,TIME
INTEGER I1,J,L,M,COND

REAL K,MPT
o]
c 22 R EEL ARSI XEISEREEEEE R &KX
c * INPUT VARIABLES *
C I I Z X 2SR XEEEZE SR SEZTE R R X8 4
c
WRITE(6,10)
10 FORMAT(' ','ENTER THE THICKNESS OF EACH SECTION AND THE',
&' NO. OF NODES IN EACH SECTION.')
DO 20 J=1,2 .
WRITE(6,25) J -
25 FORMAT(' ','SECTION',I2)
20 READ(9,*) THICK(J) ,NODES(J)
c
WRITE(6,30)
30 FORMAT(' ','ENTER THE HEAT TRANSFER COEFFICIENT.')
READ(9,*) H
c

WRITE (6,40)
40 FORMAT(' ','ENTER THE AMBIENT TEMPERATURE.')
READ(9,*) TA | ,

C .
WRITE(6,50)
50 FORMAT(' ',' HOW MANY DENSITY, HEAT CAPACITY, AND THERMAL'
&'CONDUCTIVITY TERMS DO YOU WANT TO ENTER?')
READ(9,*) M
e A
WRITE(6,51)
51 FORMAT(' ','ENTER THE SECTION NO., STATE, DENSITY, HEAT '
&'CAPACITY, AND THERMAL CONDUCTIVITY.')
DO 52 L=1,M }
52 READ(9,*) I,J,ROW(I,J),CP(I1,J),K(I,J)
C .
WRITE(6,60)
60 FORMAT(' ','ENETR THE SOLIDUS AND LIQUIDUS TEMP. FOR BOTH'

&' SECTIONS.')
DO 65 J=1,2
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WRITE(6,63) J

63 FORMAT(' ','SECTION ',13)
65 READ(9,*) MPT(J,l),MPT(J,2)
C

WRITE(6,70)
70 FORMAT(' ','ENETR THE STARTING TEMP. & STATE FOR BOTH',
&'SECTIONS.') :

READ(9,*) STEMP, STATE
DO 80 J=1,2
N1=NODES (J)
DO 90 I=1,Nl
TEMP (1,J) =STEMP

90 COND(1,J)=STATE
80 CONTINUE i
C

CALL AVNS

CALL STABIL

c !
WRITE(6,100}. DTS }

100 FORMAT(' ','TIME INCREMENT MUST BE LESS THAN',F14.7)
WRITE(6,110)

110 FORMAT(' ','ENTER THE DESIRED TIME INCREMENT.')
READ(9,*) DT
WRITE(6,120)

120 FORMAT(' ',' ENTER THE INTERVAL BETWEEN PRINTOUTS.')
READ(9,*) TBPO

CALL CTEMP(TBPO) »

STOP ;
END

Tk Rk kR Ak AR R AR R AR AR RAA RN RRRRRRRRARRRRRIRERRA IR RN R R AR
* *
* SUBROUTINE AVNS CALCULATES THE AREAS AND VOLUMES FOR *

* EACH NODE OF EACH SECTION. *
* *
hhhkhhhkhhhhhkohhhkkhhhhkhdkhhhhdkhhhhehkbhhhhkr Ak rhhhkrrhhdrd

oNeNoNeNeNeNeXe!

SUBROUTINE AVNS \

COMMON AREA(10,2),VOL(10,2),DXN(10,2),TEMP(10,2) ,DTS,DT
s COMMON XTEMP(10,2) ,NODES(2),THICK(Z2) ,ROW(2,3),K(2,3),AS

COMMON CP(2,3) ,COND(10,2) ,MPT(2,2),TA,H,XX1,TIME ’

DIMMENSION ORAD(2) ,XIRAD(2),P(10,2),XR(10,2)

REAL K,MPT

INTEGER COND

ORAD(1)= THICK(l) + THICK(2)
ORAD(2)= THICK(2)
AS=6.28*ORAD(1) :
DO 10 J=1,2
A=THICK(J)/(NODES(J)-1)
N1l= NODES(J) - 1
DO 20 I=1,N1
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DXN(I,J) = A
N4=NODES (1)
N5=NODES (2)
DXN(N4,1)= 0.0
DXN(N5,2)= 0.0

XIRAD(J)= ORAD(J) - THICK(J)
P(1,J) = ORAD(J)

XR(1l,J) = ORAD(J) - A/2.0
VOL(1l,J)= 3.14* (ORAD(J)*ORAD(J) - XR(1,J)*XR(1,3))

N2 = NODES(J) .

DO 30 I=2,N2

XR(I,J) = XR(I-1,J)-A

IF(I.EQ.N2) XR(I,J) = XIRAD(J)

P(I,J) = P(I-1,J) - A

AREX(I-1,J)= 6.28*XR(I-1,J) ‘

VOL(I,J)=3.14* (XR(I-1,J)*XR(I-1,J) - XR(I,J)*
&XR(I,J)) ; .

CONTINUE

AREA (N2,J)=6.28*XIRAD (J)

. WRITE(6,40)

FORMAT (6X,'NODE',6X,'RADIUS',5X, 'DELTA' ,5X,' VOLUME'/
*5X,' POSITION,5X,'OF',7X,'R'/
*15X,‘SPACING‘)

N3=NODES (J).
DO 50 I=1,N3
WRITE(6,60) P(I,J),XR(I,J),DXN(I,J),AREA(I,J),VOL(I,J)
FORMAT(F9.2,2X,F9.2,2X,F9.2,2X,F9.2,2X,F9.2)
CONTINUE
CONTINUE
RETURN
END

(X222 RR22RRRRRRRRRRRRRRRRASRRRRRRRRRRRERRREREERRE AR RERE]

* *
* SUBROUTINE STABIL ENSURES THAT THE STABILITY CRITERIA *
* ARE MET. IT TELLS YOU THE MAXIMUM POSSIBLE INCREMENTAL *
* TIME. THEN YOU CHOOSE A TIME INCREMENT THAT SATISFIES *
* THE CONSTRAINT. *
* *
* *

dedede A e dede dede o ddeodk ok de s de s ok ok ok oo de ek de o o e ok e e ok e b e o s o ok R e e o e o b ok o o e ok

SUBROUTINE STABIL

COMMON AREA(10,2),VOL(10,2),DXN(10,2),TEMP(10,2),DTS, DT
COMMON XTEMP(10,2) ,NODES(2),THICK(2) ,ROW(2,3) ,K(2,3), AS
COMMON CP(2,3) ,COND (10, 2),MPT(2 2),TA,H,XX1,TIME '
INTEGER I,J,L,COND

REAL K, MPT
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X1=ROW(1l,1)*CP(1l,1)*A
X2=ROW(1,2)*CP(1,2)*A
X3=ROW(1,3)*CP(1,3)*A

DT1=X1/(H*AS*DXN(1,1)+K(1,1) *AREA(1,1))
DT2=X2/(H*AS*DXN(1,1)+K(1,2)*ABEA(1,1))
DT3=X3/(H*AS*DXN(1 1) +K(1,3)*AREA(1,]1))

6;S=DT1

IF(DT2.LT.DTS) DTS=DT2

IF(DT3.LT.DTS) DTS=DT3

po 10 J=1,2
N2=NODES(J) -

I

DO 20 I=2,N2

DO 30 .L=1I3

Do 31 L1=1,3

DO 32 L2=1,3

X4=ROW(J,L)*CP(J,L)*VOL(I,J)
XS5=DXN(I-1,J)*DXN(I,J)
X6=K(J,L2)*AREA(I-1,J)*DXN(I,J)+K(J,L1l) *AREA(I,J)

&*DXN(I-1,J)

DT4=X4*X5/X6
IF(DT4.LT.DTS) DTS=DT4
CONTINUE

CONTINUE

CONTINUE

CONTINUE

CONTINUE

Nl=

NODES (1) . i L

po 41 Ll1=1,3

&*VOL(1,2)

N3=

RET
END

po 40 L=1,3
X7=ROW(1,L)*CP(1,L)*VOL(N1l,1)+ROW(2,L1)*CP(2,L1)

X8=DXN(N1-1,1) *DXN(1,2)
X9=K(1, L)*AREA(Nl 1, 1)*DXN(l 2) +K(2, Ll)*AREA(l 2)

&*DXN(N1-1,1)

DT5=X7*X8/X9
IF(DT5.LT.DTS) DTS=DTS
CONTINUE

CONTINUE

NODES ( 2)

DO 50 L=1,3
X10=ROW(2,L)*CP(2,L) *VOL (N3-1,2) *DXN(N3~-1,2}
X11=K(2,L) *AREA (N3-1,2)

DT6=X10/X11

IF (DT6 .LT.DTS) DTS=DT6

CONTINUE :

URN

v
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* SUBROUTINE CTEMP CALCULATES THE NODAL TEMPERATURES *
* *

22 R XS 222X X2ZRR2XRS 2222 R R RS RSZR R R RS RSRXES R RS R R R B J

sXeXoNeNoNe Ko

SUBROUTINE CTEMP (TBPO) ‘
COMMON AREA(10,2),VOL(10,2) ,DXN(10, 2),TEMP(10 2) ,DTS,DT
COMMON XTEMP(10,2) ,NODES(2) ,THICK(2),ROW(2,3),K(2,3),AS
COMMON CP(2,3),COND(10,2),MPT(2,2),TA,H,XXl,T{ME
INTEGER I,J,L,N1,COND
REAL K,MPT

I EZEXEZS X EXEZEEEEEEZSSREIE A RS R EEE R R X

* SURFACE NODE *
de e e dede de e de e e de de de o gk de ok etk e ok ok o e ek o ok ok e ok ok

XX1=0.0
TIME=0.0
800 XX=H*AS*DT/(ROW(1,COND(1,1))*CP(1,COND(1,1))*VOL(1,1))
Z2Z=K(1,COND(1,1))*AREA(1,1)*DT/(ROW(1,COND(1,1))*
&CP(1,COND(1,1))*VOL(1l,1)*DXN(1,1))
XTEMP(1,1)=TEMP(1,1) * (1-XX~ZZ) +XX*TA+ZZ*TEMP (2,1)
AR IR RN R R AR R AR R AR AR AR R

* INTERNAL NODES *
AkAkhhhhhhhhhhhhhkhhhhhhhhkhkhhkhhkhhh

anon

EoNeNe!

J=l
600 N1=NODES(J) .
DO 300 I=2,N1'
IF(I.EQ.N1.AND.J.EQ. 1) GOTO 500
IF(I.EQ.N1.AND.J.EQ.2) GOTO 700
X=K(J,COND(I-1,J))*AREA(I-1,J)*DT/(ROW(J,COND(I,J))
&*CP(J,COND(I,J))*VOL(I,J)*DXN(I-1,J))
Y=K(2,COND(I+1,J))*AREA(I,J)*DT/(ROW(J, COND(I J))*
&CP(J,COND(I,J))*VOL(I,J)*DXN(I,J))
XTEMP(I,J)=TEMP(I,J)* (1-X-Y)+X*TEMP (I-1 J)+Y*
&TEMP(I+1,J)
300 CONTINUE

C LA SRR RS SRS ERERERRERREE AkRAAkhkkkkx

C * INTERFACIAL NOWES *

C L2 AR XEXXEEAEEEEEEEEREREE R R RS

500 W=ROW(1,COND(N1,1))*CP(1,COND(N1,1))*VOL(N1l,1)+ROW(2,
&COND(1,2)) *CP(2,COND(1,2))*VOL(1,2)
X=K(1,COND(N1-1,1))*AREA(N1-1,1)*DT/ (DXN(N1-1,1)*W)
Y=K(2,COND(1,2)) *AREA(1,2) *DT/ (DXN (1,2) *W)
XTEMP(N1,1)=TEMP(N1,1)* (1-X-Y) +X*TEMP(N1-1,1) +Y*TEMP (2, 2)
XTEMP(1,2) =XTEMP (N1,1)
J=2
GOTO 600

H
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AR AR R RN R AR R A A A RRARRR KRN AR AT AR T RN

* LAST NODE *
(22 X222 22222 2R ARRRR R XX 22 R 22 X R X
W=ROW (2,COND (N1,2))*CP (2,COND(N1,2)) *VOL (N1,2) *DXN(N1-1,2)
X=K(2,COND(N1-1,2))*AREA(N1-1,2)*DT/W

XTEMP=(N1,2) =TEMP(N1,2)* (1-X) +X*TEMP (N1-1,2) “

CALL STATE

TIME=TIME + DT
IF(TEMP(N1,2) .GE.MPT(2,2)) GOTO 900
IF({TIME-XX1+1.0E~-5) .GE.TBPO) CALL PRTOUT

GOTO 800

CALL PRTOUT

RETURN

END

L R R Y Y P R T T TR TR R T P T T T
* *
* SUBROUTINE PRTOUT PRINTS OUT THE NODAL TEMPERATURES *
* FOR THE DESIRED TIME INCREMENTS. *
* *

hkhkhhhhhkhhhkhhhhhhhkhkhhhkhhhhhhkhhhkhkhkhhhhhhkhhkhkhkhhkhkkhkkkkkrhkhkhk

&

SUBROUTINE PRTOUT

COMMON AREA(10,2),VOL(10,2),DXN(10,2),TEMP(10,2) ,DTS,DT
COMMON XTEMP(10,2) ,NODES(2) ,THICK(2) ,ROW(2,3),K(2,3) ,AS
COMMON CP(2,3) ,COND(10,2) ,MPT(2,2) ,TA,H,XX1,TIME

REAL K,MPT )

INTEGER COND

WRITE(6,10) TIME
FORMAT(' ','TIME= ',F9.3)
DO 20 J=1,2
WRITE(6,30) J
FORMAT(' ','SECTION',I3)
N1=NODES(J)
WRITE(6,40) (TEMP(I,J),I=1,Nl)
FORMAT (1X,20(F8.2,1X))
CONTINUE
XX1=TIME
RETURN
END

.3

.
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AR AR AR RR KRR AR KRR KRR IR RRRARR R AR R kA Ak kAR ARk Rk Rk k
* *
* THIS SUBROUTINE DETERMINES THE STATE OF EACH NODE, AND *
* THEN ADJUSTS THE TEMPERATURES ACCORDINGLY BY PERFORMING*

* A ENERGY BALANCE. *

* s *

t**t*******************************************i;*********
/

, SUBROUTINE STATE

COMMON AREA(10,2) ,VOL(10,2),DXN(10,2),TEMP(10,2) ,DTS,DT
COMMON XTEMP(10,2) ,NODES(2),THICK(2) ,ROW(2,3),K(2,3), AS
COMMON CpP(2,3) ,COND(10,2) ,4PT(2,2),TA,H,XX1,TIME

REAL K,MPT

INTEGER COND

DO 10 J=112
N1=NODES (J)
DO 20 I=1,Nl : {
IF(XTEMP(I,J) .GT .MPT(J,1) .AND.COND(I,J) .EQ.1)
& GOTO 30
IF(XTEMP(I,J) .GT.MPT(J,2) .AND.COND(I,J) .EQ.2)
& GOTO 40
GOTO 20
STARTMELT
A=ROW(J,l) *CP(J,1)*(MPT(J,1)-TEM(I,J)) »
B=RCW(J,1l)*CP(J,1)*(XTEMP(I,J)-TEM(I,J))
C=ROW(J,2) *CP(J,2)
XTEMP(I,J)=(B~A)/C + MPT (J,1)
COND(I,J)=2 . CC
GOTO 53
ENDMELT
A=ROW(J,2)*CP(J,2)*(XTEMP(1,J)-TEMP(I,J))
B=ROW(J,2) *CP(J,2)* (MPT(J,2)-TEMP(I,J))
C=ROW(J,3) *CP(J,3)
XTEMP(I1,J)=(A-B) /C + MPT(J,2)
COND(I,J)=3
CONTINUE
CONTINUE

bo 50 J=1,2 ; "
N1=NODES(J)
DO 60 I=11Nl
TEMP(I1,J)=XTEMP(I,J)
CONTINUE
RETURN
END
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| ' APPENDIX B
. Wk | | ) )
CALCULATION, OF VQLUMETRIC FLOYRATE OF MAGNESIUM VAPOR
L—
- DATA -
- o
WEIGHT OF MG WIRE (W) $3.69g
IMMERSION SPEED (S;) © ¢ 2.4cm/s
VOLUME OF BATH (V) Tz 3.7 litres
LENGTH OF MG WIRE (L) : 30 cm
MOLECULAR WEIGTH OF MG (MW, ): 24.305g ,
. e
,  -IMMERSION TIME(T ) CALCULATION ‘ S :
\ ) . o |
T, = L,/S; -=>T; = 12.5.s . | - )

-FLOWRATE(V') CALCULATION

V'= n'RT/P ~ where n'= molar flowrate . o ‘

\

x1673K/latm  ~ o

t »
. .
? (j\

Hence assuming that all the magnesium vaporizes and none of.

_ SRS | -1
'-(Ww/Mng/Ti)x0.0QZOSI-atm-K“ -mole

V'= 1.6 1/s . : , ;

v

it dissolves, 1.6 1/s c}f magnesium would be generated.

3
N . R -
[ ., . . i

. ¢
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