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ABSTRACT 

1 • 
'The present study was divided into two .parts. In the fast 

part, 3.2~ diameter Magnesium wires, insulated with powdered 

glass and enclosed ln metallic sheaths, were Immersed ln mol ten 

metal baths at 1400 0 C and 1600 0 C. When the Magnesium Wlres 

were Immersed, v iolent and per lod ic erupt lons were enco untered. 

~he study revealed tha t the pr Imary cause of the erupt 1 ons was '. 

the Inabili ty of the glass powder to remaln Intactps the wires 
, l' 

were immersed. In the second part, mdgnseslum Wlres were 

Insula ted by wrappi ng them Wl th glass tape. Rela t'10nsh 1 ps 
• 

between ~etration depths and Insulatlon thlcknesses for 

magnesiurn and aluminum cores were obtained for two types of 

glass tape. It was found that the penetratIon depth Increased 

with lncreasing insulation thickness white the degree of 

pyrothenlC d lsplay decreased. The st udy al so showed tha t, wi th 

the appropr i ate I nsulat ion th ickness and Immers i on speed, the 

eruptions could be totally ell.minated. 

A simple mathematical model simulatlng the radial heat flow 

to a compos I te co red WI re was developed. l t was used to pred ict 

the meltlng times of Magnesium waes wlth varlOUS insulation 

thicknesses. The resul ts of the exper Imen tal investiga t 10ns were 

found to be ln good agreement with those predlcted by the model. 

Furthermore, magneslum tests showed that recoverles of over 

65 percent were cons isten tly obtained Wl th thicknesses 9 rea ter 

than 2.6? mm, ~ded that the bath was stirred • 

• 
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RESUME 

ii 

L' étudé a· été effectuée en deux étapes. Dans la 

première étape, des fils de magnésium d'un diamètre de 

3. 2 ~r isolés avec du verre en poudre et enveloppés dans 

une gaine métallique ont été imme7"gés dans des bains 

métÀlll.ques en fusion à des ttpératures de 1400 0 C et 

l600°C. Lors de l' immers10n de ces fils, des éruptions 

périodiques et violentes ont été observées. L'étude a 

m'Çntré que l' incapacité du verre en poudre de demeurer 

intac't lors de l'immersion, était la cause principale des 

ér~ptions. ,Dans la deuxième étape, les fils de magnésium 

ont été isolés en les enveloppant avec du ruban de verre. 

• 

Des relations entre la protondeur de pénétration et l'épaisseur 

'" de l'isolation pour des fils de ma<,1nésium 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'isolation \, 

alors q~e la sévérité des éruptions diminue. L' étude a , 

également démontré qu'avec une épaisseur d' isolation et 

vitesse d' immersion adéquates, les éruptions peuvent être 

complèteJ;llent éliminées. 

Un modè le mathématique simple a été développé af in de 

simuler le transfert radial de chaleur dans un fil composite. 

Les temps de fusion des fils de magnésium en fonctipn des 

épaisseurs d'isolation ont été calculés à partir du modèle. 
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Le's résul1;ats expérimentaux de l' é~ude concordent avec les 

r~sultats du modèle mathématique. Finalement, les essais 
o 

avec le magnésium 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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1.1 PreLiminary Remarks 

CHAPTER 1 
INTRODUCTION 

-1-

In the steel industry, the quality of a steel product is 

improved by eliminating or minimizing the concentration of 
• 

harmful impurities 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 oil drilling, the required sulphur levels can be as 

10w as 0.005-0.008%. 

Much of the su1phur can be removed in the blast furnace 

operation. The blast furnace operates under high temperature and 

highly reducing conditions. Under these conditions the blast 

furnace 8lag is an effective desulphurizer. However, the blast 

furnace operation becomes increasingly expensive if required to 

produce very low sulphur contents in the pig irone Moreover, , 
obtaining pig iron with sulphur_contents lower than 0.01% i8 

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 

a1kalis in the coke. Lowering the sulphur content of pig iron 

under these constraints has led Many steel producers to 

de8ulphtrize the hot metal externa1ly (i.e. outside the,blast 

furnace) in arder ta meet'the stringent requirements. 

Another factor which led to the increased importance of 

o 



-2-

external q~sulphurization was the replacement of the open hea~th 

proces8 by the basic oxygen furnace(B.O.F.) process whic~ 

océurred in the same time frame as the trend toward 

proqressively more stringent sulphur specifications. The B.O.F. 

removed much of the flexibility in hot metai/scrap ratios that 

existed under the open hearth practice. ,rA addition, the large 

reduction in heating time" and the moreohighly oxidized slags 

made the B.O.F. process more sensitive to hot metai sulphurs. 

The external desulphurization of pig iron is not a recent 

development. It had been used for many years, but Qnly 

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 reaqents inlo the metal were primative(i.e. manually 

adding the reagents to the iron runners and/or the ladle), the 

deqr~e of utilization was low, and the specifie consumption was 

very high. But as the importance of external desulphurizat~on 

has increased, the search for new reagents and the development 

of new and more efficient methods of introducing them int~ {ot 

metal has become of major interest to many ~ceel producers. 

1.2 Exte~al Desulphurization 

1.2.1 Advantages of External Desulphurization 

Although many steel producers have adopted externai 

desulphurization because of raw material constraints and 

restrictive steel sulphur specifications, external 

desulphurization can also result in substantial econmomic and 
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operational benefits. 

By relieving the blast furnace of a portion of its sulphur 

removal task, exterral desu1phurization al10ws the b1ast furnace 

to operate at a lower slag basicity. It has been known for Many 

years that burdening for a 1ess basic slag increases 

productivity and a leaner flux rate resu1ts in an increased 

solubi1ity of bosh alkal i5 (mainly K20 and Na 20). A furnace 

operating at a high s1ag basicity tends to accumu1ate solid 

sodium and potassium compounds in the coo1er section of the 

furnace which results in a restriction of gas f10w through the 
• 

bu rd en and an errat~c descent of the charge S3 . In other words, 

lower basicity slags result in a more permeable burden and a 

smoother operating furnace. 

In 1974, Dofasco conducted ~ fundamenta1 investigat ion to 

~.~termine the effects of operating a blast furnace with a less 
...... ,r ') 

basic slag coupled with external desulphurization 54 • This 

investigation was conducted over a two week periode The slag 

basici~y was lowered to 1.#2 from the usual 1.17. The major 

furnace para~ters such as silicon,manganese,and carbon were 

held co~stant at 1.02\, 1.42%, and 4.75\, respectively. The 

thermal condition of the furnace was contro11ed 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 sla~ basicity was ach!eved by reducing the flux 

~ rate which resu1ted in an increased solubi1ity of bosh a1ka1i. 
û 

Eighty, percent of the alk~li,(K20) was removed with the slag 

, 
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compared to 58% during normal furna'ce operation. To eliminate 

the accumulation of alkalis in the furnace, over 60% of the 

a 1 k a 1 i s s hou 1 d ber e m 0 v e d i n t h.e s 1 a 9 . 

Other opera'ting p';rameters that were affect'ed are as 

fol1ows: .. 
1.) 

2. ) 

The 
gas 
The 

blast pressure decreased,thus increasing 
permeabl1ity. 
blast consumptlon increased by 7 r. • 

" 

3. ) The blast furnace productivity increased by 13%. 

.. 
~ 

4. ) The consumption of coke decreased by 8.8 '.L 
5. ) The slag vol ume decreased as a result of a 2a 

decrease in flux consumptlon. 
6. ) The temperature of the pig 1ron dropped from 

1510 0 C to 1490 0 C. 

The 13% increase ln furnace productivlty was attributed to "'-
the increased blast consumption and the reduced coke rate. 

FurVhermore,the lnvestigation indicated that operating with a 
, '\... . 

lower slag basicity may make it possible ta use cheaper raw 

materials that contain previously una~ceptable sulphur and 

alkali contents. Finally, the investigation concluded that the 

cast of&desulphurization amounted to 69"!. of the sav1ngs to the 

" blas't furnace. Investigations conducted lat other steel plant 

installatlons have shown slml1~r results 2 . 
• .. 

1.2.2 Prerequisites for External Desulphurlzation 

When a steelmaker d~cides to desulphurize externally. there 

are several factors which must be considered. These factors 

include the choice of reagents and the methods of lntroducing 

the reagents. the cast 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 m~lten iron or steel 

and have a strong affinity for sulphur. It should be low in 

cost, however, the cost of the addition practice, slag handling 
"­

practice, and fume collection system should be kept in mind. 

Furthermor~_ the reagent should react in a non-yiolent manner 

and should not~e~? any objectionable fumes, dust, and vapors. 
Il • 

In order to obtain high desulphurization efficiencies and 

more impotantly reproducible results, certain criteria must be 

fulfilled for any particular desulphurization method. ~hese are 

outlined below • 

.. 
1.) There must be a rapid rate of reaction between 
the desulphurizing reagent and the sulphur bearing 
Iron or steel. This may require the use of 
app'ropriate stirring techniques. 

2.t 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 ia essential that a 
minimum amount of sulphur contain1ng slag be 
transferred along with the hot metal. Otherwise, 
the oxidizing conditions generated during 
steelmaking will cause the selphur 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 Oesulphurization Techniques 

The Most commonly used reaqents for external 

desulphurization of hot metal are calcium and magnesium based 

reagents. However, for many years soda aSh(Na 2C0
3

) 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 sorne degree in such countries as the United 

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 by the addition of 

soda ash in the blast furnace runners or in the hot Metal stream 

during tapping from the torpedo cars into the hot Metal charging 

lad1e. Now, lance injection methods are used. 

At high temperatures, sodium carbonate decomposes as folows: 

Na 2C03 liq --) Na 201iq + CO 2 gas (1) 

The sodium oxide that is generated has a high chemical 

affinity for sulphur and the gases produced contribute to the 

mixing of the hot metal with the s1ag. Desulphurization of the 

hot Metal is essentially finished when dense smoke begins to 

forro. This indicates a significant chemical reduction of the 

.' sodium oxide. The desulphurizing effectiveness of soda ash 

decreases with increasing temperature. Consequently, it is 

preferred that the temperature be kept low, and at the sa me 
~ 

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

subsequent processing. 

1 
1 

\ 
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Although sodium carbonate(soda ash) i5 quite cheap, the 

trend in the past decade towards lower sulphur requirements in 

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 i5 more sensitive ta temperature than any other method, \ 

making desulphurization efficie~cies unpredictable. Second, the 

alkaline slags emanating 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 d'ecreasing 

sulphur levels. This increasing specifie consumption is a 

shortcoming of aIl reagents. However with soda ash,the 
" 

consumption can increase to unacceptable levels. For example, to 

lower the sulphur content of molten metal to O.Ol%S, 

approximately 2.5-3.0 kg of calcium carbide per 0.01% drop in 
l 

sulphur may be required whereas with soda ash more than 6 kq may 

be required. The high consumption results in the production of a 

large quantity of s1ag. This i5 undesirable because the higher 

the slag volume the 'higher the hot metal lasses. Moreover,it 

also creates s1ag handling problems. Fourth, the fine partic1es 

of Na 20 that are re1eased into the surrounding area during the 

1:reatment process can cause cons ider able irritation ta the skin, 

especially during hot humid days. Finally, the large volume of 

carbon monox ide gas that is produced during the soda ash 

treatment can burn within the dust collection system, causing 

considerable damage. The waste gases often. have ta be cooled 
( 

befpre entering the bag filters, and, as a precautionary 

-
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measure, restrictions ar~ imposed on the amount of soda ash that 

can be used per treatment. 

In Japan, soda ash is still extensively used for hot metal 
" 
tre4tment. A major conoern of Japanese steelmakers is their 

" . depende'nce'.'on relatively .1'!igh. phosphorous iron ores. The recent 

stringent' restrictions on both sulphur and phosphorous contents, 

in steel has forced the Japanese to develop processes to treat 

both" s'ulphuJ:" and, phosphorous. Wi th the present state of 

technology, it appears that sodium carbonate is the only reagent 

that 1s known to be~effective in the simultaneous 

dephosphorization and desulphurization of hot metal. 

- .. 
The jap'anese st~el producers Inject powdered soda ash into 

f the hot metal, through a submèr9~d lance. Prior to the soda ~h 
, 

tréatment, t'he hot metal.is desiliconized. Studies have shown 
of • ~ 

that the degree.'o>! d~phosphorization increases as the initial 
, , ~ 

:. 1" 

dissolved sillcon co~tlrit decreases 55 • 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 .sbdium cal"bonate for dephosphorization as follows: 

+ c ( 2) 

The dissolved s~.li'con cati be reduced- by the injection of 

oxygen or powdered iroh oxide. 

, Other advantàges 9f desiliconization include decreased slag 

volumes, i ncreased 'i ron yields, reduced converter lini ng damage 

from silica rich 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 ~lternative desulphurizing reagents 

rather than desiliconizing prior to using soda ash. Nonetheless, 

it should be noted that the desiliconization of hot Metal is now 
, 

beiog 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 
Q 

to its unlimited supply and relatively low cost just as sodium 

carbonate. However, because of its slow reaction rate, it is 

seldornly used alone as a desulphurizer. 

The removal of sulphur in hot metal by lime(CaO) is 

considered to take place according to either of the two 

following reactions: 

3/2(CaO) + 1/2Si + ~ --) (CaS) + l/2(CaO*Si02 ) (3) 

(CaO) + f + S --> (CaS) + CO, (4) 

At temperatures greater than lS000 C, carbon is a stronger 

reducer than silicon, whereas at temperatures lower than . 
14000 C, silicon is the stronger reducer in irone Therefore, 

reaction (3) is considered to make a gre~ter contribution to the 

desulphurization of the molten irone 

The slow reaction rate is considered to be attributable, on , . 
~ . 

the one hand, to the solid-liquid phase reaction involved, and, 

on the other, to the fact that the sulphur removal reaction 

releases oxygen, which is fixed by silicon in the hot metal as 

r 
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si1ica. This silica May lead to the formation of a layer of 

• 
calcium silicate on the lime particles which adverse1y/affects 

the diffusion of su1phur into the lime"partic1es. 

1 t is e,vi~nt tha t in order to use lime as a desulphur i zer , 

measures ~ve ~~ be t~Ken to enhance the kinetics for its 
........ h,a 

effective utTï i zatior •• The obvious first step would be to ensure 

·that the lime is finely ~rushed and uniformly dispersed in the 

molten iron bath. The lime can be uniformly dispersed by b10wing 

powdered lime through a submerged lance with a carrier gas. The 

reason the lime shou1d be finely crushed ls that since the 

desulphurization reaction is a liquid-solid diffusion process, 
. . 

one would want to increase the reaction inter face-' area. However, 
<f 

th~ lime should not be ground excessively fine. The reason for' 
, 

this is twofold; firstly, some of the smaller lime particles 

tend....to be swal10wed up by the dust co1Jection system, thereby 

reduéing the effective amount of reagent added, and secondly, a 

portion of thec finest particles tend to agglomerate prior to 

injection, thus reducing the specifie reaction area. 

Other measures that have been taken to improve the 

efficiency of lime utili,zation include adding other compounds or 

e1ements with the lime that would either destroy or prevent the 

formation of the calcium silicate layer. One proeess deve-l-oped 

by the Hoesch Company (FGR) involves the injection of powdered 

lime along with a hydrocarbon gas, usua11y methane 2 • The 

oxygen released durinq the desulphurization prpcess is thought 

to be reduced by the deeomposition product(i.e carbon) of the 
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hydrocarbon gas. Alông the same l ines, the Nippon Steel 

Corporation began using a lime-fluorspar-carbon(90% CaO, 5% 

CaF 2 , and 5% coke) reagent ln 1976 at their Hirohata 

Works ll . The desulphurization1process was carned out ln an 

impeller-stirred 100 ton 'KR' reactor as shown in Figure 1.l. 

The reagent was ~dded by-means of a chute located above the 

reactor, and the sul phur rernoval reaction was accelerated by 

impel1er stirring. The role of the catbon, which was added in 

the form of coke breeze or 011 coke, was to provide a reducing 
( 

atmosphere at the react10n interface, while the funct101 of. the 

f1 ourspar was to increase the ttansport rate of the reaction 

products. A 10w purity flourspar was used because it was 

believed that the presence of Si0 2 and A1 203 lowers the 

me l tin 9 po in tan d v 1 sc 0 s it y a f the r e a c t i 0(1 pro duc t s. th u s 

acc.e1erating the separation rate of the reaction products and 

the reaction interface. 

Pr10r to shift1ng to the 1ime-flourspar-carbon reagent. the 

Hirahata Works used calcium carbide as the reagent. It was found 

that the cO,st of desulphurization with lime was l·ess than half 

that of calcium carbide, but, the consumption of reagent more 

than doubled. 

Yet another approach taken to 1mprove the util1zation of 

lime involves the addit10n of d deaxldizing agent that lS 

s,tronger than sil1Con(such as Al,Mg,Ti,etc .. ) ta the bath to 

prevent the formation of calcium silicate. This has led to the 

development of the lime-Al process. The lime-Al process. lS being 

used at the Al iquippa Works of the J&L Steel Corporation and the 
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'" 

Schematic of KR Reactor ( 1. hot meta1 ladle, 
2. impe11er, 3. oust collecting hood, 4. chute for 
desulphurizin9 agènt, 5. dust catcher.) 
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Bolmer plant in France. In the lime-Al process, al uminum is 

added ~ither before the injection of lime or simulta~eously with 

the injection of lime. At the Solmer plant , a1umi num is added 

at the cas'chouse during filling of the torpedo cars. At the 

80lmer plant,the hot metal can be "desulphurized from 0.05%$ ta 

about 0.005%8 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 ra tio was obta ined by replacing calci um carbide wi th the 

equi valent amount of 1 ime (after add i ng aluminum to the hot 

metaI). Thus using the lime-aluminum process is advantageous in 

terms of reagent cost. However, i t was also found at the Solmer 

plant that the lime-aluminum procese also contributes ta a 

higher degree of skulling of the torpedo ladle pouring mauths. 

Therefore, the Solmer plant alternated between lime-Al and 

cale i um carbide to minimize the degree of skuII i n9 and at the 

same time mi nimi ze costs 56 • 
,-. 

Calcium Carbide 

The use of calcium carbide for desulphurization of pig iron 

has been weIl established if the foundry industry since the 

1950· s. By the 1970'5, the (demand for low sulphur steel 

increased significantly. 8ince reproducible and reliable 

techniques for calo i um carbide trea tment had been already 
. , 

developed by the foundry lndustry, man~ s~eel producers adopted 

these techniques. Today, calcium carbid~ lS still one of the 

most w j'nely used desulphuri zing reagents. The ear liest 

applieCl dons of cale ium carbide were lance in je ct ion techniques. 
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Calcium carbide has a high chemical affinity for sulphur and 

it reacts'with sulphur ln hot metal as follows: 
.,; 

CaC 2 l'd + S --) CaS l'd + 2C so l - 50 l 
( 5 ) 

Although the thermodynamic cond1tions for sulphur removal 

are favorable, the kinetics are not. Since calcium carbide is 

sol id at mol ten iron temperatures (i.e 1350°C), the reaction 

with sulp~ur can only take place on the surface of the calcium 

carbide particles. Moreover, the diffusion of sulphur into a 

calcium carbide particle ;s slow. In order to obtain efflCient 

use of calc1um càrbide, the partlcles should be ground to a fine 

powder, not unlike lime, and they should be dispersed uniformly 

throughout the molten bath. 

The effectiveness can be further enhanced if a mixture of 

calcium carbide and agas generating compound such as calcium 

carbonate(CaC0 3 ) is inJected into the molten iron. The release 

of gas should result ;n a gentle local i zed stirring within the 

bath. Studies have shown that the consumption of calcium carbide 

can be significantly reduced using this method 12 . 
L 

Another method is to mechanically mix the calcium carbide 

with the molten iron. One such method ;s 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 carblde is mixed with the iron with the aid of a 

refractory coated mixer-impel1er. Stud;es have 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 c~lcium carbonate. The KR process would require 

about 2.75 kg/t of calcium carbide to decrease tlfe sulphur level 

from 0.05% to o.ons, whereas the injection of carbide a10ne, 

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 b1ast 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 'po~ous Plug' 

Methode 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 te that of the 

KR method. However, instead of using an impellei: te promote 

stirring, an inert gas such as nitrogen is injected through a 

porous heat resistant plug bui 1 t into the bottom of the transfer 

ladle. This method appears to be more effective than the KR 

process ,but, ital so has not received wiJe acceptance. 

Al though calcium carbide has been extensi vely used as a 

desulphurizing reagent, it does have its shortcomings. First, 

when calcium carbide comes in contact wi th water or hum id i ty i t 

generates acety1ene gas, which is highly explosive. 

Consequently, extreme care must be exercised when stor i ng or 
Q 

handling i t in order to avoid inadver tent 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 

station. Third, the treatment wi th calcium carbide generates a 

large volume of slag with correspondingly high metal losses. And 

finally, the carbide particles that are emitted into the air 

dur ing the load ing of dispensers, or tlie desulphur i zati 00 

treatment i tsel f, are par t icular i ly annoying. Not only does i t 

have a putrid smell, it can also irritate the skin especially 

during periods of high atmospheric humidityw 

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 ava i lable calci um based reagents are not sui table for wire 

feeding. First, the solubility of metallic calcium is less than 

1 ppm a t 1773 K29 ,mak ing i t a poor dj!sulphur i zer. Second, 

reagents such as lime and calcium carbide, which are effective 

desulphurizers, require that thë reaction surface area be 

maximized and that they be uniformly distributed throughout,the 

bath. This can only be effectively accomplished by powder 

injection methods. Third, wires. 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 

inclusions in stee1 20 ,21,57. powder injection methods, such as 

the TN process, are still the preferred methods when very low 

sulphur steel sand h igh vo 1 ume sfeel desulphur i zat ion i s 

\ . required. 

/ 



-l7-

Since calcium is a volatile metai (normal boiling point is 

1492oC) having a low solubility and a density one-fifth that 

of steel, i t is not poss ible to feed a pure calc i um wi re i nto a 

steel bath without it vaporizing and oxidizing close to the bath 

surface producing fumes of CaO particles. Consequently, the 

various ,calcium based wfre feeding techniques in use at the 

present time use calcium wires that are covered by a th in steel 

sheath. This allows calcium to penetrate to su ch a depth that 

the pressure of the l iqu id steel suppresses the vapor i za t ion of 

-the calcium, and, any vapor that does form will have sufficient 

t ime to react fully as i t r ises through the steel bath. 

The advantages of using cored wires versus powder injection 

methods for steel treatment are as follows: 57 ,61,20 

, , , .. 
.. ""1 

1.) 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 tund i shes, i ngot moulds, and ladIes. Wherea5, 
powder injection techniques .can only be readily 
implemented when the ladIes are large enough. 

2.) Less agitation: This minimizes the possibilty 
of contamination by hydrogen, nitrogen, and oxygen 
from the a tmosphere • . 
3.) Better injection efficiency: In powder 
injection SOrne of the particles become entrapped 
in gas bubbles, and rise to the surface without 
coming into contact with the liquid steel. This 
resul ts in higher reagent consumpt ion. 

4.) Lower heat 105s: Since no inert gases are used 
to homogenize the bath, the tempeJ::ature losses are 
lower. Even if i t is required, the inert gas f low 
rate would be independent of the quantity of 
reagent, and therefore, i t would generall y be 
lower for wire feeding. 
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s.) Lowell i nvestment cost: The investment for a 
coil loader and wire feeder is considerab1y lower 
than that for powder injection equiPment and the 
problem of stor i ng the powder is el imina ted. 

6.)Lower operating cost: The wire feeding 
equipment requires only one operator. Maint'enance 
cost is lower as no costly injection lances are 
required and wear of 1adle 1inin9 is lower. 

The most cornmonly used calcium based wires are the AFFIVPlL 

wire which was developed at the Saint Saulve steel works in 
\ 

Saint Saulve,' France, the Pfizer Pferrocal wire which was 

deve10ped by Pfizer Calcium Metal Products, and the Ferrokal 

wire which was developed in Japan. 

Ferrokal i"s a composite wire consisting of a monolithic 

calcium or ca1cium-aluminum core. The sheath thickness is O.2mm 

and the standard core diameters are 4.8 and 7.0mm. The Pfizer 

Pferroca1 wire can consist of metallic calcium, CaSi , or Ca-Al 

cores wi th diameters of 5.4 and 8 • Omm • The sheath thickness is 

O.2mm for the 5.4nun diameter wire and 0.25 for the a.Omm 

diameter wire. The AFFIVAL wires are rectangular in shape and 

come in various si zes. The sheath thicknesses range from o. 2mm 

ta O. 4nun. The core ma teria1 is usually CaSi, however, cores of 

other al10y additions are also produced. The reasan the AFFIVAL 

'Ri res are rectangular is that the time requ i red ta mel t the wi re 

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 wou1d be the same, provided that the width is larger than 

the thickness. Theoretical1y, one can feed twice as ,much reagen t 
• 

/ 
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to an equ i valent d'Pth simply by doubl i ng the width while 

keeping all other parameters constant. In practice one would 

probably not double the feed rate by doubling the widtb because 

of the increased turbulence, nonetheless, one can increase the 

feed rate by increasing the wjdth of the wire. 

One problem with cored \lires 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 friction and buoyancy forces which 
" 

tend to deflect it from ~he 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 ~epth 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 desulphurizer for many 

years. From a thermodynamic point of v iew, magnesi um has a 

higher desulphur i zing abil i,ty than calc i um ox ide, but, sl ightly 

lower than that of calcium carbide in the temperature range of 

l200-l550 o C2 • However, since lime and calcium carbide are 

sol id at molten i ron tempera tures, the desulphur i za t ion k i netics 

are relatively slow as compared to that of magnes~um. This makes 

magnesium a more attractive desulphurizer. 

Although the solubility of magnesium is relatively low, it 

is significantly higher than that of calcium. It is estimated 

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

s01ubi1ity data from Trojan and F1inn 29 ,28,63. Magnesium is 

a1so character i zed by a 10w bo i 1 ing po int (ll07 oC) and a low 

density(1.74 9/cm3). Because of this, magnesium tends to 

vaporize when immersed in molten iron causing violent agitation 

of the mel t as the vapor bubbles rise through the mel t. At 

times,the violent agitation can result in ejection of hot metal 

from the vessel. 

Magnesium is ne ver added to the mel t in pure form because of 
, 

i ts volatile behav ior. The violence of the reaction is often 

control1ed by either diluting the magnesium with other agen~s or 

by applying a protective coating to the magnesium, which allows 

the magnesium to penetrate deep into the mol ten iron bath before 

any reaction can occur. 

There is no common consensus às to what the predominant 

mechanism of magnesium desulphurization is. However, it is 

believed that it occurs in two modes. One is the homogeneous 

reaction of disso1ved magnesium in the hot metal with dissolved 

su1phur (Eq.6) and the other mode is the interaction of 

Magnesium vapor wi th sulphur at the bubbl'e interfaces as the 

bubbles rise through the melt (Eq.7). 

~+ s --) MgSsol id 

Mgvapor + S --) M9 Sso1 id 

.( 6) 

(7) 

" 
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1.3.3a Bu1k Additions 

Mag-coke 
, 

The mag-coke process was"'developed. by the Amer ican Cast Iron 

Company to be used in the foundry industry in the production of 

nodular cast irone By the 1970' s, the mag-coke process became 

the most wide1y used .. process for desu1phuri zing pig iron in the. 
\: 

steel industry. 

In the mag-coke process, a cylindrical can containing coke 

'impregnated with 45% Magnesium ois loaded into a be1l-shaped 

pl unger assemb1y as shown in Figure 1.2. The plunger assembly is 

then fed into 1iquid iron, usua11y contained in a torpedo car, 

and kept there unti 1 aU the magnesium is consumed. 

The vaporization ,of magnesium provides good mixing of the 

metal and improves the desulphur i zati on process. However, the 

vigorouS' agitation of the melt proceeds for only a few minutes 

and then it retards to a st~ady boil of the metal 2 • 

The widespread use of mag-coke in .the 1970's can be 

attributed to severa1 attractive features of the process: 

1.) The low specifie 'consumption of Magnesium, 
which was cons iderably lower than 1 ime, CaC 2 , 
and NaC03 , contr i buted to much lower slag 
volumes. 

2.) Very little capital expenc1iture was required. 

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

In spite of these attractive features, mag-coke had severa1 

,shortcomings which eventua1ly led to the abandonment of the 

process. FUst, the high cost of mag-coke outweighed the cost 
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PLUNGER BELL ASSEM8LY 
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Figure 1.2. Schema tic of pl unger beH assembly. 
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savings due to the lower consumption. Second, because of the 
• 

relatively low" durabi 1 ity of the plunger bell assembly (about 

17-20 plunges), maintenance costs were qui te 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 part icular torpedo car. This often led 

to an excess consumption o~ mag-coke. Finally, as t l demand for 

desulphur i zed i ron increased, i t became apparent tha t i ts 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 assemb)y were dependent 

on the small diameter of the torpedo 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 tesulted in treatment times in excess of two 

hours. 

Numerous other bulk addition reagents had been tried, but 

none of them were effective or received widespread use. The m~st 

notable reagents were magnesium-dOlomite briquettes and pure 

magnesium ingots coated with a heat resistant material 9 ,2,64. 

Another bulk addition reagent,-called MAGFAX has been 

recen tly developed by Foseco. MAGFAX ig -appl ied in the form· of a 
'. 

magnesi'um impr'egnated non-consumable refractory sleeve which 

slides over a dummy stopper rod. MAG FAX has been used for" the • 

treatment of âteel to' reduce the number of iDCI usions and to 

alter thei~. distribution 28 • 
y6 

... , 

: ' 
" . 
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The Soviet Union<began experim~nting with magnesium powder 

injection in 1965. In the se experiments, powdered magnesium was 

introduced into liquid iron by a stream of compressed air blown 

through an immersed lance. lni tial tests indicated that nozzle 

c10gging was a major problem 2 • It was found that the problem 

was eliminated when lime was ~injected along with the Magnesium 

in a ratio of 2:1. The purpose of the lime was to shield the 

pvwdered Magnesium from the thermal radiation of the liquid iron 

and to clean oùt the lance out let if any magnesium accumulated 

there. The magnesium-lime mixture was premixed in a mIxer bine 

Compressed air was blown through the bottom of the bin to mix 

the Magnesium and lime thoroughly. The mixture was then 

pneumatically charged into t~ feed bins. With this type of 

system it was difficult to maintain a homogeneou~ 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 su~ges of 

metal splashing. 

A variation of the magnesium-lime injection techniques is 
1 

the Lime-Mag process, which was developed by Jones and Laughlin 

Steel. The process differs from the Soviet method in that the 
~ 

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 voronova 2 , the sulphur removal reaction can 

be de8cribed as follows: 

CaO + S + ~ --> CaS + ~gO 

~ + S --> MgS 

Both lime and magnésium act as desulphurizers, with 

(8 ) 

(9) 

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 calcium 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 process is that it produces a large ~ume of slag. 

A.long with ,the large slag volume is a high 108s of metai in the 

slag. This is common to all calcium based reagent processes. 

Prior to the lime-mag process, JonaB and Laughlin had used 

the magnesi~m-aluminum system. The reagent consisted of 75% Mg 

and 25% Al. The purpose for the aluminum was to reduce nozzle 

cl099in9, 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 mouths of the torpedo cars had to be protected 

with an ine~pensive 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 

~frequently due to breakage caused by the vigorous action of the 

vaporizing magnesium. lO 

.. 

• 
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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 granu1ated basic sla9, with m~sium forming 90 

percent of the mixture. This granu1ated bisic s1ag has been 

patented by U~inor-Sofrem. The USIRMAG 2 process utilizes the 

IR5ID 'double flow' lance shown in Figure 1.3. The inner 

circuit, which consists of the powdered desulphurize~ antl 30 

percent of the i njected gas, f lows a t a low speed through a 

central tube while the outer circuit,consistin9 of the remainin9 

70 percent of the injec~ed gas, acts as a thermal shield for the 

powder injected through the central tube. The 9as speed of the 

outer circuit ranges from 100-200 mis. 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 

c10gg i ng. 

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 the sulphur content 

of the hot metal from 0.025% to 0.005%5 requires 0.46 kg/t of 

Magnesium. 

Given the fact that the aesulphurizing powder contains 90% 

Magnesium, the amount of sla9 produced during ~ 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 more 

popu1ar magnesium based reagents over the past few years. They 

are produced by the Dow Chemical Company and are marketed by 

Foseco International Ltd. They are also produced in the Soviet 

Union. 2 ,16 

Salt coated magnesium granules were originally produced in 

e1ectolytic cells during the refining of magnesium, which made 

them cHeaper than pure magnesium. Tha granules have a magnesium 

content of approximately 90% and the coating is a mixture of 

sodium, calcium, potassium, and magnesium chlorides. The salt 
\ 

coating keeps the granules separated, preventing lance blockage 

from partial melting or rnagnesium nitride formation. In 

addition, these granules can be heated in air ta above their 

melting point(650oC) without spontaneous ignition, making them 

relatively safe with respect to fire and explosion hazards. 

Salt coated rnagnesium granules can be injected, with 

nitrogen as the carrie. gas, into torpedo cars or transfer 

ladIes. For most applica~ions, approximately 0.5 kg per tonne of 

hot metal ls réquired to lower the sulphur content from 0.04% to 

O.~l'S, with injection rates of about 6.5 ~g/min.9,5 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. Sorne of these benefits are: 

1.) Lower reagent cost: Even if the cast per 
kilogram Is more for salt coated magnesium 
granules, its Iower consumption results in lower 
overall costs. 
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2.) Lower treatment Umes: Treatment times of 
'. about eight mlnutes are considered normal. 

3.J Minimal slag generation: The lower slag volume 
minimizes metal losses in the slag and makes 
deslagging easier. Slag handling and disposaI 
costs are signiflcantly reduced. 

4.) Lower ~as costs: Shorter treatment times 
result in ower gas consumption. ~ 

Like all the other reagents. salt ~oated magneslum granules 

a 1 s 0 h a v eth e i r dis a d van t age s. F i r st. the des u 1 pll uri z a t i 0 1) 

efficiency is dependent on the hot metdl temperature. Thi; is 

due to the fact that t~e magnesium vapor pressure increas~~ and 

the solubillty decreases with increasing hot metal temperatJre. 

Secondly and more importantly. the desulphurization efflciency 

and reaction violence is greatly dependent on lance immerslon 

depth. For shallow torpedo cars, as most torpedo cars are, the 

reaction violence can be Quite severe causing skulling problems 

and consid:~ble damage to the refractories. 

The Algoma steel C lrporation experienced skulling problems 

when they used salt coated magnesium granules. They eliminated 

'" the skulllng problem by developing a ceramic(splash plug. The 

ceramlc plug fitted into the ladle mouth as shown in Flgure 1.4. 

The ceramic plug suppressed hot meta1 splashing completely.9 

Fur the rm 0 r e, the plu gallo w e d the i n J e c t 1 0 n rat e t 0 b e i n cre a s e d 

from 6.8 to 13.6 kg/min. The service lite of the plug was about 
• 

25 injections. This added substantially to the cost of the 

process. 

Armco lnc: had a simi lar problem which they overcame by 

developing an injection .sytem that utilized a lance that was 
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angled at lS 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.~ kg/min without 

a significant amount of hot metal being ejected from the torpedo 

cars when filled to 95% eapacity.5 prior to using salt coated 

magnesium granules, Armeo used the lime-mag process. ~ith the 

lime-mag process, they experienced severe skulling problems 

because of the large volume of 5lag generated during' the 

treatment process. The switeh over to magnesium granules 

resulted in a dramatic decrease in skulling and the torpedo car 

eapacity 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 in je ct magnesium granules in torpedo cars. This 

design resulted in better di tribution of the reagent to the 

extremities of the torpedo car, thus, reducing the reaction 

violence. 

1.3.3.c. Wire Feeding 

In reeent years, there has been eonsiderabte-{nterest and , r· ,"" 
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 th~ 

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 seareh 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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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 

specially constructed ladle. 14 ,IS In order to prevent molten 

iron from running back into the orifice, a high nitrogen gas 

pressure is applied at the mouth of the orifice. A schematic 
'1 , 

of the ladle and the orifice is shown in Figure 1.6. The plug 

consists of a 4.8mm inner diameter mullite tube set in rammed 

magnesite of SO.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 

Tefloq seals at the T-junction. 

This method was originally intended for the production of 
f 

nodular iron, however, laboratory scale desulphurization 

experiments were performed ~ith 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-crisadvantage of this wire feeding technique is that the 

use of a gas stream can produce excessive agitation of the 

molten iron which contributes to excessive heat losses. In the 

laboratory scale tests, the temperature drops were approximately 

ISOoC 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 metnod, 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 irone 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 

1.4mm. It was found that magnesium recoveries increased with 

increasing sheathing thickness and decreasing wire diameter, 

with 3.2mm diameter Magnesium wire sheathed with 1.Omm 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 combinat ion 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 

steels, it has become necessary for Many steel producers to 

install external hot metal desulphurization stations. Although 



-36-

c ro pin h 11 s 

spoo1-... 
La 

4-- guide ra tube 

\ 1 1 

1 1 . 
. l .---J L- ,.J 

wire , 

control unit 
u 

'. 

-ingot mould 

() \.) 
" 

, , 

Figure 1.7. Scnematic of wire feeding process. 

l ' 

, 
/ 

• 



) 
very low sulphur can be attained with hot metal 
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desulphurization, the restrictions for certain applications hav~ 

become so strlngent that further desulphurizatioo of the steel 

is requl,red. Stee,l is desulphurized for two basjc reasons: 1) to 
v 

reduce the sulphur level in the steel, and 2) ta modify the 

shape of the sulphlde inclusions. 

At the present time. the most popula"r desu1phurizers and 

inclusion shape modifiers are calcium silicide(CaSl), calcium 

meta l (Ca), rare earth meta l s (REM) and rare earth 

silicides(ReSl). Of these, the most commonly utilized reagent is 

CaSi. The most wlde1y used method of adding these reagents has 

been powder lnJectlon through submerged lances. The drawback of 
d , 

powder inJectlon technlques for steel treatment is that the 

cap i t a 1 COS t c a n b e qui t e h i 9 h. a n ~. the 0 p e rat i n 9 and 

maintenance costs are significantly higher than that for hot 

meta1 treatment. As a result. steel is treàted on1y when it is 
absolutely necessary. 

In recent years. the,r"e has \been co;'siderable interest in 

wire feeding techniques of volatile and non-volatile reagents, 

mainly because of their low capital cost and flexibility. To 

date, wire feeding methods for the desulphurization and 

treatment of steel consist mainly of steel c1ad calcium based 

Wlres: Its widespread acceptance has been curtai1ed by the cost 

of the wire.~relatively 10w desulphurization efficlency. and the 

fact that f"r high volume desulphuriziltion of steel, lance 

inJection techniques are still more practical. Ne~e~he1ess. -calcium wire feeding methods, are becoming increasingly popular 

• 
-

~. 

,. 
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for inclusion modification in ladles and tundishes. 

Magnesium has been kno~n for Many years to be an ~ffectrve 

desulphurizer of molten irone Consequently, there have been 

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 

Qirect data of magnesium solubility has been reported. However, 

indirect estimates reveal that the solubility of Magnesium, . " , 
although low, is not lowenough to preclude sorne 'dissolution 

during treatment. The solubility of Magnesium may be greater 

than that of calcium, and therefore, 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. 

saxena 27 and W. Moore 28 has shown that magnesium does modify 

and reduce the number of non-metallic inclusions in steel. The 

reason for the interest in magnesium is that magnesium is much , . 
cheaper th an calcium, and on a theoretical basis, less Magnesium 

is required to remove the equivalent amount of sulphur removed 

by calci'um 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 Hon or 

steel bath. n 15 felt by the author that because of the low 

capital, maintenance, and operating costs of Wlre feed1ng 

methods, the greate5t potentld l for develop1ng a 

desulphurlZation technique that utl1izes magnesium is in the 

wire feeding field. 

One thing that must be kept ln mind when developing a wire 

feeding technique for magnesium is that magnes1um vapor1zes at 

typical hot metal temperatures(i.e. magnesium b01ls at 

l107°C). and therefore, ln arder to utll1Ze magnesium 

effectively it must be fed deep 1nto the bath before the 

magnesium begins tu vaporize. ThlS can be dchleved by applying a 

-'therlflal resistance' on the surface of the magnesium wire. The 

thermal reslstance will allow the magneslum to penetrate deeply 

into the bath. The depth of penetration can be varied by 

changing the thickness of the thermal resistance, the wire 

v e 1 0 ci t y 0 r a c omt ; na t ion 0 f bot h . 

The present research work was undertaken in an effort to 
.., 

find an appropriate 'thermal resistance' and a viable method of 

applying lt to the magnes i um sur face. Moreo v er. var 10US proces s 

parameters such as 1mmersion speed and insulatlon thlCkness were 

analysed wlth respect to volatillty, pyrotechnlC display, and 

depth of penetration. 

The flrst part of the present study dealt wlth the testing 

of glass powder lnsulators of varlOUS chemical composltions and 

viscositie'i, while the second part dealt wlth the testing of 

., 
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g1 a,ss woven tape as an ;nsulator. The magnes; urn composite 

sam p les use d ; n the exp e r ; men t seo n s ; ste d 0 f 3. 2 mm dia met e r 

magnesium Wlre lnsulated with various thicknesses of glass 

powders or glass tape. Furthermore. dynamic systems for 

monitoring internal ternperatures, pyrotechnie displays, and the 

vol a t i 1 i t Y 0 f the ma 9 ne s i u m i mm ers ion s w e r e i rn p 1 e men te d w i th the 

a;d of a process control HP mirrocomputer. Desulphurization and 

recovery data was also obtained concurrently with sorne of the 

temperature; pyrotechnie and vo1atility experiments. 

/\ 
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Prior to ~he present study, work had been conducted at 

McGill University on desulphurization by magnesium wire feeding. 

The 1'.'0 r k con s ; ste d mai n 1 y 0 fin v est i 9 a tin 9 the e f f e ct ive ne S S 0 f 

various insulating materials. The materials used were paper 

tape, polyethylene tubing. Pyrex tubing, and soda-l ime powder. 

The findings of the previous work are~riefly outlined in 

~is chapter. 

2.1 Paper Tape Insulation 

Initial tests were conducted us;n~ adhesive paper tape (i.e . 
masklng tape) as an insulator. The paper tape was wrapped around 

the magneslum wire until a thlckness of about 2mm or greater was 

attained. The idJ!a here was that as the magnesium wire was fed 

ioto the molten metal bath the tape would decompose and 

vaporize. The vapor produced by the tape would provide a thermal 

barr;er between the mol ten metal and the magnesium thus allowing 

the magneslum to penetra te deep below the bath surface. All the 

prel iminary tests were conducted ln plg lron at 1400 oC. 

The paper tape. however. proved to be ineffective. Several 

factors prevented' the attainment of any degree of 

desulphurlzatl0n of the melt. First. the paper tape was 

primarily composed of cellulose.(C 6 H100S)n' As the wire 

was inJected into a pig iron bath, the cell ulose decomposed to 

produce CO gas. A thermodynamic analysis of the system showed 

that magnesium vapor would preferentially react with carbon 

monoxide to form magnesium oxide rather than'react with the 

( 
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dissolved sulphur. Hence, even if the wire was made ta penetrate 

deep into the bath, its desulphurization efficiency would still 

be strongly influenced by the relative amount of CO gas within 

the melt. 

Another problem with paper tape was that for slow speeds 

(i.e. 1 cm/s - 2 cm/s). the paper tended to burn prior to 

entering the bath. Even when the magnesium WHe was made to 

penetrate the bath by using a larger thlckness of tape, the 

amount of gas produced by the combinatlon of magnesium and tape 

w a S s 0 ex ces s ive t h a t "'d 1 a r Cl e qua n t it Y 0 f met a 1 W d S e j e ete d f r om 

the crucible. 

2.2 Polyethylene Tubing Insulation 

Since paper could not be used because of the contained 

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

(CHl)n' would be more effective. Polyethylene was obtained 

in the form of tubing with a wall thickness of 1.5mm. The 3.2mm 

diameter wire was inserted into the polyethylene tubing. 

Even though polyethylene contains no oxygen, no 

desulphurization was achieved when the polyethylene 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 was 

achieved. 

'.' . , 

• 
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", 
2.3 Pyrex Tubing Insulation 

After the unsuccessful attempts of using paper tape and 

polyethylene tubi ng i t was d~c ided that i t 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 length of time to enable it to 
penetrate deep into the melt. 
4.) is molten or at least 'soft' at the boiling 
point of magnesium(II07 C) 1 and 
5.) does not react w i th magnes i um. . 

It w~s found that 'glass', in general, met the se 

requirements. Because of its availability, the initial test with 

glass focussed on the use of Pyrex tubing. Pyrex glass (Corning 

Glass-7? 40) conta ins about 81\ SiO~, 13\ B20 3 , 4 % Na 20' 

and 2\ A1 20 3 • It belongs to the borosil icate family of 

glasses. Glass does not exhibit a unique melting point but 

softens as it is heated. For this reason, the viscosity of glass 

is of vital importance when describing the state ~f the glass. 

By definition, the 'softening point' of glass is 106 • 6 Pa-s. 

The softening point of Pyrex glass occurs at 821 0 C., 'l'ce 

'working point' of glass is associat~--with a viscosity of 10 3 

Pa-s. For pyrex the working point occurs at l252oC. Further 

deta ils of the compos i t ion, structure and proper ties 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 titted over the 3.2mm diameter 

magnesium wire. The experimental re<:.ults indic'ated that there 

wa sas u b st a n t la 1 de gr e e 0 f des u 1 phu riz a t ion es pee i aIl Y wh en the 

initial sulphur content was relatively high(1.e o.oaS) .34 At 

times the desulphurization efficieneies were as high as 60%, but 

normally they were in the 20-40% range. Dur-ing these 

~xperiments, it was eVldent from the absence of pyrotechnies 

that the magneslum wires were penetrating deep lnto the melt. ln 

fa et, s u b s e que nt tes t s s ho w e d, w i th the a id 0 f ami e r 0 p h 0 n e, 

attached to the furnace structure, that the magnesium wires were 

a c tua 1 1 Y st r i k i n g the bot tom a f the cru c i b le. 

2.4 Soda-llme Insulatlon 

The Pyrex tubing experiments showed that glass was,a viable 

insulator, however, it was obvious that for large scale 

desulphurization where long le'ngths of Wlre would be required, 

the use of glass tubing would be impractica1. After eonsldering 

numerous possibilitles, it was decided that a more feasible and 

praetical method of applylng the insulation would be ta center 

the ma 9 ne si u m w 1 r e in 9 1 Il S S po w der d n den cas eth e t wo i n a 

metallic sheath. This would make the compq,-site magneslum wire 

more flexible, and in turn, it could be made ln cOll farm. In 

the preliminary tests, rigid metallic tubes were used as the 

sheathing material. The reason for this was that lt facilitated 

the manual construction of the samples. Furthermore, since the 

w 0 r k ; n 9 Il 0 i n t 0 f P Y r e x w a.5 s ~ b s tan ti a 1 1 Y h i 9 h e r t h d n the b 0 i 1 i n 9 
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point of magnesium, i t was dec ided that a lower melting point 

glass wouid be more beneficial. Onè such glass was 'soqa-lime' 

glass. This glass contains 7~% Si02 , 17% Na 20, 5% CaO, 4% 

MgO, and 1% A1 20
3

• It has a softening point of 696°C and a 

working point of lOOSoC. 

Numerous tests were conducted wi th the above descr i bed 

sample conf ig urat i on in molten pig i ron and i t appeared that a 

significant degree of sulphur removal was attained. However, 

some prob1ems 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 

samp1e exhibited periodic eruptions which at times resulted in 

sorne metai being ejected from the crucible. 

The core of a typica1 magnesium composite sample consisted 

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 veloc i ty. The ~} th depth was normal1y 22cm. Figure 

2.1 illustrates conceptually how the 'soda-lime' insulated 
'{ 

Magnesium wire system was expected ta work. As the composite 

Magnesium wire is fed into the bath, the glass at the vicinity 

of the leading end of the sample begins ta be con$umed until 

such time tha t the magnesium, Most l ikely in the liqu id sta te, 

ia exposed to the liquid iron. At this point, the magnesium 

vaporizes and rises through the bath as it dissolves. Ideaily, 

i t is preferable that the magnesi um be released as socn as i t 

f 
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becomes liqui~ in order to attain a controlled and consistent 

release of magnesium. 

However, it was thought that it was conceivable, due to the 

relati vely h igh viscos i ty of the g1a ss and the small d iameter of 

the Magnesium used in the experiments, that the leading end of 

the composite sample 'clogged Up'e As a result, a liquid co1umn 

oi: Magnesium accumulated unti1 such t ime tha t the lead i ng end 

of the cOmpos i te sample e i ther struck the bot tom of the crue i ble 

or the molten Magnesium that was contained within the glass 

framework blew a hole through a weak portion of the glass, thus 

releas i n9 a packet of magnes i um. The sudden release of a packet 

of Magnesium reaul ted in an eruption. 

Since the viscosity of glass is great1y dependent on 

temperature ( see Figure 2.2), i t was decided that increasing the 

bath temperature wouid probably reduce the violence of the 

eruptions or elimi nate them al together. Tests were conducted 

*" using pig i r on at steelmak ing temper a tures ( i.e. about l600 0 C) 

and i t was found that the ~ruptions were almost completely 

eliminated. Hence, it was logical to assume that soda-lime glass 

was too viscous at a temperature of l400oC. Therefore the 

present study was undertaken to f ind a glass ma ter ial wi th a 

sui table v iscosi ty. 

• 

~-- -----------~._.-
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Glass materials play a major role in this study, and 

therefore, it ia important at this point to present a chapter on 

glasses t,o prov ide a bas ic understand i n9 of i ts molecular 

structure, properties, and the effects of var ious components. In 

addition, a description of glass applications and the physical 

forms in which they can be ob'tained will give a better insight 

as ta the reason glass was chosen as a suitable insulating 

material .in the present investigative work. 

3; 1 Structure 

Trad i tiona lly, glasses are defined as supercooled 1 iquids • 

This is due to the fact that glasses do not behave like metaIs, 

ceramics, or plastics on cooling from the mol ten state. When 

cera~,ics 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 the 

temperature of the material. Similarily, volume changes on 

crystallization can be detected. However, glasses do not display 

àny of these indicators of structural changes on cooling from 

the malten state, thus it is often considered simply to be a 

very viscous 1 iquid when i t is in a sol id forme The most widely 

accepted defini tion for glass is that proposed by the 

A.S.T.M.: 48 

1 Glass is an inarganic product of fusion which has 
cooled ta a rigid condition without crystallizing. ' 

....... 

. -
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In order to understand the reason glass ïs often considered 

to be a very vi saous 1 iquid at room temperature, i t' i 5 essential 

at this point to consider the relationship between the sol id and 

liquid states. From X-ray di ffraction mea5urements, it is 

observed that a certa i n degree of regula ri ty ex ists in a 1 iquid 

since the diffraction patterns consist of one or more diffuse 

halos. This implies that a liquid i5 not 5tructureless like a 

gas but it has some type of grouping or arrangement of molecules 

that is related to that which exists in the solide The units of 

structure are the sarne in a l iquid as in a crystal! i ne sol id 

except tha t these uni ts are not ar ranged in a regular manner. 

Consequently the liquid possesses short-range order but not 

long-range order whereas a crystall ine soUd possesses both long 

and short-range order which leads to complete regula r i ty 

throughout the solid. 

The basic ingred ient for most glasses is silicon 

dioxide(silica}, although, there are other oxides capable of 

forming glasse-s such aS 8203,P20S,Ge02, and AS 20S ' 

The molecular building black of siLicate glasse5 i5. 5i04 in a 

tetrahedral configuration. In a crystal, the :':1°4 tetrahedra 

are built up to give a regular lattice whereas in the glassy 

state there i5 enough distortion of the pond angles to permit 

the structural units to be arranged in a non-period'ic fashion 

giving a random network. The difference between the regular 

cr~stalline lattice and the rfndom network of silicate glasses 

'f 
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is illustrated in Figures 3.1a and b. Hence to recap, the 

figures show that glass possesses short-ranged order sinee the 

oxygen molecules are arranged in a fairly regular polyhedra but 

long-range order ls absent. 

Oxides whieh form glasses when meloted' and cooled are oftel1 

called network forming oxides because of their ability to build 

up cQnt i nuous three-dirnens ional randem networks. When 

considering glass structures, it is aIse necessary to 

distingu i sh two other types of ox ides in terms of thei r 

functions in the glass structure. There are network rnod i fying 
'. 

oxides and interrnediate oxides. A'rnodifying oxide is one that is 

incapable of forming a continuous network and the effect of such 

an exide 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. Aluminurn oxide is 

a good example of an intermediate ox ide. In crystals, the 

a1uminum ion can be co-ordinated with four or six oxygen iohs, 

this gives rise to tetrahedral Al04 0:: octahedral AI06 

~onfigura tions. The Al~4 tetrahedral groups can replace 5i04 

tetrahedra in silicate lattices to irnpart the configuration: 

,itl ustrated in Figu~e 3.2. 5ince each al uminum ion has a charge-· 
• 

of +3 as cornpared ta a charge of +4 for each silicon ion, an 
" 

add i tional uni t posi t i ve charge must be present to ensure 

electroneutral i ty. Th is requirernent can be sa t isfied by the 

presence of an alkali metai ion per AI04 tetrahedron. The 

f • 
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(a) 

(b) 

Figure 3.1. Two-dimesiona1 representation of a metal oxide in 
a.) the crystalline forro b.) the glassy form. 
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Aluminum in a silicate netwerk.(The structure i5 
shown in a !Jimpl\ified ferm; the true structure i5 
three-dimensional.) 
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alkali metal ion can be accor,lmodated ln the lnt~rstlCles between 

tetrahedral groups. ThlS type of structural conf1guration 1S 

fou n d for man y a 1 u m 1 n 0 - s 1 1 , c a tes suc h d S f e 1 d spa r wh e " eth e 

crystals tire QUllt up of llnked S;04 and A104 groups. 

A good example of a mod.fylng ox~de lS sÔdium oXlde. When 

sodlum oXlde lS added to ~lllca glass to form sodlum slllcate 

9 1 as ses, c e r ta 1 n 5 t r u c t u r a 1,,)( han g es 0 ecu ras 1 1 1 US t rat ed 1 n 

Figure 3.3. Prlor to the ac1dltlon of Na20. there lS one oxygen 

ion b r 1 d 9 1 n 9 the t w 0 S 1 0 4 t e t r a h e d r a. . A ft e r the a d d 1 t 1 0 r. 0 f 

NaZO there are two non·br1dg1ng oxyg~ns. one of WhlCh has been 

contrlOuted by the sod1um oXlde. Thus the introductl0n of Na
2

0 

produces a ga~ in the cont1nuous network structure. The sodium 

10ns are accommodated by the lnterspaces ln the random network 

structure as shown ln F1gure 3.4. 48 These stru~tural changes 

result in property changes such as reductlon of V1SCOSlty and 

lncrease ln thermal expansion coefflclent. 

Other alkall metal oXldes, such as llthium or potassium 

oXlde, behave ln the same fashl0n as sodium oX1de when added ta 

sille a te 9 ra s ses. The a 1 ka 1 1 ne e art h 0 X 1 des 5 u cha s Mg 0, CaO, 

and BaO also act as modlfylng oXldes. Fluorldes such as NaF and 

CaF Z ( f 1 u 0 r spa r) ca n aIs 0 b eus e d as m od 1 f Y 1 n gag en t s. S 1 n ce 

the lOnle radli of oxygen and fluorlne are qU1te slmllar(1.e. 

1.32Ao for oxygen as compared ta 1.33Ao for fluorlne) theH 

mutual Substltution lS posslble at hlgh temperatures. Tne effect 

of ddd1ng CaF'2 is shawn ln F1gu're 3.5. The 5i·0-S1 lS broken 
, 
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Reaction between sodium oxide and silica 
tetrahedra. (F.or simplicity, a two-dimensional 
representation of the Si04 groups is given.) 
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o Non-bt'odq"'g o'v<:en '011 

Two-dimensional representation of the structure of 
soda-silica glass. 
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O-jl-o-r-O+C8F2 

o 0 

'. 

o 0 
1 · O-Si-F + F-Si--O+Ca2

+ 
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Figure 3.5. The effect of adding CaF 2 to silicate glass. 
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and the oxygen bridging ion is replaced by two fluorine ions. 

The Ca 2+ 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 several ways. For example, 

classifications can be based on chemical composition, physical 

form and application. The most widely used classification i8 

chemical composition. 

3.2.l·Chemical Composition 
( 

The majority of g1asses can be classified in three main 
\ , 

groups: soda-lime glass, lead glass, and borosilicate glass. 

These glasses account for at least 95\ ~f all glass types. The 

remaining 5\ are special glasses manufactured in ~mall 

quantities. Thousands of special glass types have been 

developed, and many of them have ,special applications. 

As previously mentioned, most glasses are silicate based 

glasses, the chief component of which is silicon dioxide 

(5i0
2

) • 

Soda-Lime Glass 

By far the largest number of industrially produced glasses 
.pt 

belong to the 'soda-lime' family. As the name indicates, 

soda (Na2~) 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 

chemica1 and physica1 properties. Among the most impottant 

prop~rties is its 1ight transmission which makes it suitable for 

use as flatglass in windows. Furthermore, the re1atively high 

a1ka1i content of the glass imparts a 10wer me1ting point as 

compared to pure 5i02 glass, and a1~o 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 comparative1y poor. 

Lead Glass 

As the name indicates, 1ead p1ays a major role in this type 

of glass. Lead glasses are composed of 54-65\ Si02 , 

18-38% lead oxide(PbO), 13-15% soda or potash(K20). Varying 
~ 

amounts of barium oxide, zinc oxide, and potassium oxide can be 

added to the co~position to partial1y replace sorne of the lead 

oxide. G1asses containing 1ead exhibit a high refractive index 

and are especially suited for deeorating by grinding. 

Borosi1icate Glass 
" '\ 

This glass has a higher percentage of si1ica(i.e. 70-S0%) 

than soda-lime and lead glass. In addition to the Si02 , 

boqosilieate glass contains 7-13% borie oxide(B20
3
),4-S\ 

Na 20 and K20,' and 2-7% A1 203• 

Borosi1icate glasses possess a high resistance to chemica1 

corrosion and t~mperature change. For this reason, 

in proeess plant~ in the chemica1 industry and in 

they are used 
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\ 

Vaboratories. This glass also has domestic appllcations for such 

items as baklng and casserole dishes and other heat-resistant 

cookware. 

The 'chemlcal composltlons of some of the more common 

commercial glasses are shown in Table 3.1. 

3.2.2 Physical forms 

Glasses come ln forms too numerous to mention, however, the 

majority of glasses can be categorized ln one of the foll~wing 

groups: flat glass, holloware and tube glass. flbers, foam, and 

powders. 

A detailed discussion of all the varlOUS forms of glass is 

beyond the scope of this study. 'therefore. a brlef descrlptlon 

of the some forms will be presented wlth emphasls \placed on the' 

forms pertinent to the presertt work. 

3.2.2a Flat Glass 

The term 1 flat glass' pert,ains to all 9 li~sses 'iJroduced in a 

flat form, regardless of the method of manufacture. By far the 

greatest amount of flat glass consists of soda-llme glass. All 

manufacturers use bas'tcally the same formula. 

3.2.2b Holloware and Glass Tublng • 

The m 0 s t \11 de 1 y d l 5 tri 0 u te d y las s pro duc t s b e ~l 0 n 9 t 0 the 
\ 

holloware famlly. These products are malnly consumer goods such 

a s bot t les. d r 1 n k 1 n 9 9 1 a s ses. 0 r 9 las s 1 cIm p s. Mo s t ho 1 1 0 w are i s 

made of soda llme glass. 

Glass tubing is usually made of soda-l im~ g~ass or 
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.'. 'TABLE 3.1 
CHEMICAL COMPOSITIONS OF COMMON COMMERCIAL GLASSES 

""'-
TYPE Si0

2 A1 2O) CaO Na 20 8 20) MgO PbO Others 

Fused sil ica 99 
96\ sil ica 96 4 
(vycor) 
Pyrex 81 2 4 12 
Soda-lime 74 1 5 15 4 
Pibers 54 14 16 10 4 
Lead glass 
( Tableware) 67 6 17 K 0-10 
Optical flint 50 1 19 8iO-1) 
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borosilicate glass. Soda-lime is suitable for fluorescent 1ight 

tubing, whereas, borosilicate glass is used for glass tubing in 

the chemical industry. 

3.2.2c Glass Foam 

Glass foam i5 a porous glassy material which lS suitable for 

thermal and acoustic insulation in the construction of 

buildings. Foam glass has a high compressive strength and , 
~ 

dimensional stability with a density of 0.13-0.3 g/cm 3 • 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 density and water impermeability, it is 

also used in flotation devices. 

3.2.2d Glass Fibers 

'Glass fiber' is a collective ~erm for glass processed into 

fibers which have diameters between O.lmm and a few thousandths 
,r~ 

of a millimeter. Glass fibers can be subdivided )nto three 

groups; insulating fiberg1ass, textile fiberglass, and 

lightguide fibers or optical fibers. Optical fibers are a recent" 

development and are not pertinent to the present study. 

Insu1ating Fiberglass 

Insu1ating fiberglass is often referred to as glass wool. 

These fibers are norma11y made of soda-lime glass by the 

centrifugaI process using a rotating disk. The fibers cool in 

air and are hardened. The individual fibers immediately mat 

together. This is sometirnes called glass wadding. The actual 
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weight of loosely piled insùlating glass fibers is between 30 

and 200 kg/m 3 • 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 filamen~s are produced by mechanically 
• 

drawing, at high speed, a stream of mo~ten glass vertically 

downwards fram a special furnace to a suitable package for 

subsequent processing into yarn, cords, mat, or fabrics. The 
o 

diameters of continuous filaments range from 3-16 micrometers. 

Continuous filaments in the foim of chopped strands are 

widely used for plastic reinforcement. The high tensile strength 

of up to 10 3 N!mm2 and low expansion are the properties 
--

which render fiberglass suitable 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 ~sed 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 content is less than 0.8%) and 
1 
/ 
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are characterized by water resistance and high softening and 

melting points(i.e. softens at 732-800oC and melts at 

l120-llB2oC). E-glass is an alumino-borosilicate glass by 

composition. 

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 

of cheap sheet-g1ass 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 ~s 

~ 
susceptible to attack by dilute acids. For applications where 

chemical resistance to acids is required, C-g1ass is used. 

C-glass is a soda-lime based glass. D-glass is used if good 

die1ectric qualities are important. There are other fiber glass 

textiles which are used in conjunct~on with thermosetting 

adhesives or resins that haYden in sun or u-v light. Two such 

glass textiles are made of G-glass and B-glass compositions and 

can resist tempertures of 1210 C and 130 0 C' respectively. 

Another glass worthy of mention ls the high strength glass 
, , 

fiber known as S-g1ass, 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 sorne the glass fibers 

mentioned are presented in Table 3.2. 

: 
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3.2.2e Glass Powders 

The major group of commeEoially used glass powders are' 

continuous casting molde fluxes or mold powders. Thes~ powders 

are primarily used to caver the liquid steel meniscus in 

continuous casting molds to protect the liquid Metal surface 
" 

from reoxidation and excessive heat loss. Moreover, they are 

used ta eliminate entrapped scum and provide lubrication to .. 
facilitate withdrawal of the steel strand from the mold. 

Mold flqx compositions ~re generally based on the 

Sio2-Cao-AI 20 3 system with alkali oxides (e.g. Na 20) and 

fluorides(e.g. CaF2 ) added as fluidizers. Thre~ to six percent 
.., -

graphite is usually added to·effect themeLting characteristics 

of the flux and to improve the thermal insulating properties of 

the fl'uxes.: The properties of a flux which can be controlled are 

~melting temperature, melting rate, viscosity, surface tensio~, • 

and'chemic~l activity. These properties can be controlled by 

f~ux chemistry, the physical form of the flux(i.e. a raw 

material blend or a prefused homogeneous'material) and by the 

addition of free carb~n'in the form of coke or graphite. 

The silica content and viscosity of mold fluxes is gen~rally 

much lower than that of conventional soda-lime glass. Sorne 

typical compositions and viscosities are exhibited in Table 3.3. 

The vi,cosity-temp~rature~composition relationships fvr glasses 

will be discussed in greater detaii in the following section. 

, 
" -

..., 
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TABLE 3.3 • 
COMPOSITION AND VISCOSITl'ES OF TYPICAL MOLD POWDERS 

'POWOERS Si0
2 Na

2
0 CaO MgO A1 20 3 Fe F Viscosi ty 

+K
2

O (1573 K) * 
(dPa-s') 

0 

soda-lime 73 1'7 5 "" 4 1 300 

., 
<> , 

li 31 3.1 28 6.S 0.5 3.7 10 
B 29.6 4 29 10.7 0.8 2.7 16 
C 3~.3 5.6 24.2 14.7 4.0 3.2 17 
O' 23.5 13.7 18.4 9.3 1.4 6.8 1.0 
t' 25~8 14.4 22 7.7 0..8 6.2 1.0 

'-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 

il 
~ 

* dyne-second/cm2 1 dPa-s = 1 po j. se = 1 

, 1 

./ 
'. 
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" 3. 3 Visco_s~ ty 

AU fluids possess a definite resistance to change of form. 

This property, a sort "of internaI friction, lS called viscosity 

and is expreSsed in dyne-s/cm'2 or Pa-s. . 
The viscosity of a gla'Ss depend,s on both temperature and 

compostion. For a given glass composition, the change in 

viscosity with temperature can be described as a first . 
~ 

apprq.ximation by the equation: 37 

where 

"-
n = A exp(-E/RT) (10) 

n = viscosity in dyne-s/cm 2 

E • activation energy for viscous flow 
T - temperature in K 
R • gas constant 

FigUfe 3.6 shows typical viscos i ty- tempera ture curves for 

soda-lime glass and sorne commercial mold fluxes. Note that the 

viscosity range for the mold powders is significantly lower than 
, 

that of soda-lime. 

Since the viscosi ty of glasses is dependent not only on 

temperature but on composi t ion as weU, a more useful expression 

for viscosi ty would be one that includes the effect of 

composition. The development of such quantitative relations 

requires data obtained on systematically arranged experimental 

composi t ions. Relati vely few data of th is type are found in the 

li terature. Large glass manufacturers ma inta i n research 

laborator ies in which viscos i ty-compos i t ipn- tempera ture 

r' .. dations are developed, however, these relations are oft~n held .. 

. \ 
, '-
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Typical v iscosi ty-temperature curves for soda-l ime 
glass and some comnÎercial mold1fluxes. 
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1;0 be proprietary. For continuous casting mold fluxes, the se 

relat ionships appear to be more read ily available mai nly because 

viscosi'ty is one of the most important properties of mold 

fluxes. One such empir ical relationship was developed by Ribaud 

et al. for mold powder compositions belonging to the 

caO-Sio2-Na2o-ca~2-Al203.35,36 The relationship is 

expressed as follows: 

n = ATexp (BIT) 

where T -temperature in K 
n .viscosity in Pa-s 

lnA =--19.81 - 35.75XA1 ° + ,1.72XCaO 
. 2 3 

+ S.82X
caF2 

+ 7.02X
Na2o 

B • 31140 +, 68833XA1203 -
.ft' 
~ 

23896XCaO 

-46351X
caF2 

- 395l9X
Na2o 

X :;0 mole fraction 

(11) ~ 

Equation (11) is valid for fluxes in 
range: 

the following composition 

33 < Si02 12 < CaO 
< 56% 
< 45% 

11% 
20% 
20% 

o < A1
2

0 3 < 
o < Na 2 0 < 
o < CaF 2 < , 

The effect of composition on viscosit:y can be understood 

qualitatively by taking into account the following facts. First, 

viscosity is determined by' the degree of ~olymerization of 

silico-alumino oxygen ions, and second, the degree of 

polyrneri zat ion decreases wi th increas i ng amounts of ox ides and 

fluor ides such as CaO, Na 20, MgO, and CaF
2 

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 viseosity with inereasing 

quantities of 5i02 and Al 20 3 and a decrease in viscosity 

with inereasing amounts of CaO, Na 20, and CaF2• 

3.4 Thermal Properties 

3.4.1 Thermal Conductivity 

The thermal conductivity coefficient of a materia1 relates 
.. 

the amount of heat,in joules/s, that is conducted through a 

centimeter cube ~f the substance for a temperature difference of 

10C between two of its opposite faces. The thermal 

eonduetivity of silicate glasses at room ternperature ranges from .., 
. -4 -4 0 

4.7xlO to 7.2xlO J/s-cm- C. This coefficient increases 

with ternperature and is dependent on glass complsition. The 

thermal conductivities of glasses are diffi9ult to determine 

experimentally, and their quantitative relati~nship with 

composition is not weIl known. There has been little systematic 

study of the thermal conductivity of glasses and its dependence 

on composition. 

3.4.2 Heat Capacitl 

Heat capacity(i.e. specific heat) represents the heat energy 

required to raise t~e temperature of a .wn'it mass 

by one degree. It i~SUally expressed in joules. 

heat at constant pressure,cp ' applies to a single 

of a material 

The specific 

temperature, 

while the mean specifie heat,em, is the average specifie heat 

'taken over a temperature interval, such as 0° to 500°C. 

\ 
\ 

\' 

J 
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-' The mean specifie heat is usually determined by the method of 

mixt~res, whieh involves measuring the difference in heat 

content between some e1evated temperature and that of a 

ealorim~ter. Mean specifie heat is more convenient to use when 

performing a rough heat transfer ana1ysis of a material, since 

ooly one specific.heat value is required for a given ternperature 

range. 

As with viscosity and thermal conductivity, the specifie 

heat is affeeted by both temperature and composition. Sharp and 

., Ginther (1951) deve10ped the fo110wing empirica1 equation to 

represent the mean specif,ic heat for a rnulticomponent glass. 50 

(12) 

where a and Co are constants given in Table 3.4, and 
T ia in oC. 

For a mu~tieomponent system, the a and Co ia determined by 

adding aIl the a's and COIS of the individual components on a 

weighted basis. 

. , 

,.. 

.~ 
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TABLE 3.4 
OXIDE FACTORS FOR CALCULATION OF MEAN SPECIFIe HEAT 

, ' , 

a 

o .000468 
0.000453 
0.000410 
o • 000'51~ 
0.000335 
0.000829 
0.000635 
o. 00083 
o • 000013 

.. 
" 

CQ. 

0.1657 
0.1765 
0.1709 
0.2142 
0.2019 
0.2229 
0.198 
0.189 
.0.049 



4.1 Apparatus 

4.1.1 lnductlon Furnace 
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A Tocco M'eltmaster olnductlon furnace was used to melt and 

hold the plg 1ron baths for both the alumlnum hand-dipping and 
1. 

Mg W1re feedlng experlments. The furnace operated at 3900 Hz and 

had a maximum power input of 150 kI/A at 400 volts. The 1nternal 

dlameter of the cOll was 38cm and had 10 turns ln a 30cm length. 

Photographs of the inductlOn furnace and the control panel are 

shown ln Flgures 4.1 a and b. 

The molten plg iron baths were held in alumina crl.lcibles 

'14cm ln lnternal d1ameter and 28cm in height. Alumlna cruClbles 

measur1ng 20cm ln 1nternal diameter and 36cm ln height were used 

fô,=_ some experiments. 

4.1.2 Wire Feeder 

The eompo~ite magnesium and Al samples were fed into pig .. 
iron baths w1th the aid of a 'batch type' wue feeder. A 

photograph and a schematlC dldgram of the 'Hue feed/r are shown 

ln Figures 4.2a and 4.2b respectlVely. The feedlng mechanlsm was 

dnven by a 1/3 HP varlable speed OC motor WhlCh was controlled 

bya remote unlt. The desued lmmerSl0n speed was attalned by 

adJustlng the electneal reslstance of the potentlometer, WhlCh 

controlled the r,otational speed of the motor. The 'immerslon 
... 

veloclties vaned between 0.5 to 2.Sem/s, wlth 1.0cm/s be1ng the 

m 0 ste 0 mm ° n 1 y use d 5 pee d . 

\ 
\ 
\ 



Figure 4.1. 

-74-

Photographs of a.) furnace controls, b.) induction 
furnace. 
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Figure 4.2a Photograph of wire feeder. 
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4.1.3 Oata Acquisition System and Transdueers 

An HP 3497 data ac~u1sition unit and ;>:) HP 85 mlCroeomputer 

were used to record the readl'ngs produced by the transducers 

utnlzed for the experlments. The transducers or sensors 

included thermocouples, an accelerometer, and a photocell. 

Thermocouples were used to evaluate the thermal characteristics 

of the composlte w;res whlle the accelerometer and photocell 

were used to evaluate the volatil1ty and pyrotechnie behavl0r of .. 
the Mg sam pl es. 

, 
An accelerom.eter is an electromechanlCal transducer that 

generates an electrical ,output when subjected to mechanical 

shock or vlbrat1on. The eleetrical output is directly 

proportional to the acceleration of the vibration applled at its 

base. The actlve element of the accelerometer consists of a 

number of piezoelectric dises that produce an emf when subJected 

to compres,sl'Ve forces on which rests a r'elatively heavy mass. 

The mdSS is preloacte-d by a stiff spring and the whole assembly 

'15 sealed ln a metal housing,with a th1ck base as shown in 

Figure 4.3. When the accelerometer lS subJected to vibration, 

the mass exerts a varlable force on the dises which ln turn 

develops a varlable charge that i s proprtional to the force and 

therefore the aceeleration of the mass. 

For the volatil1ty and pyrotechnie tests of the present 

st~dy. the aceelerometer was mounted on the housing of the 

induction furnace ta detect any move~t of "the pig Hon bàth 
-\ 

caused by the volati l ization of the immersed magnesi um. The 
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photocell was mounted onto the fume hood, directly above the 

mel t, and focused on the mouth of the crucible. 

. Th~ composi te samples that were used t,o assess the thermal 

behavior of the insulat:ion had thermocouples implanted at 

'var ious locations along the core wireji nsulation interface. 

'l'hase wires used for vo1atility and pyrotechni~ testing did not 

conta in thermocouples. o 

4.2 Materials 

4.2.1 Core Wires 

Magnes i um was the on1y volati le reagent ~tested. The 

magnesium was produced by Chromasco Inc. J and carne in the form of . 

extruded wires measuring 3.2nun in diameter and had a purity of 

99.9'%. In addition to the magnesium cores, 'alum~num cores were 

a1so used for sorne thermal tests. ince magnesium and a1uminum 
> 0 

have simi lar thermal di ffu and mel,ting' poi nts, al uminum 

cores' were used to determ ne the ett~ct of Mg _ volat i l i zat i on on o . 

the thermal behavior of the insulation. The aluminum wires were 
, 

supplied by Alean in the form of ex truded rod s ( 40-43 grade) 

3.2mm in d iameter and lm in length. Both the magnes i urn and , 
a1uminum wires were cut into 30 or 36cm lengths ,in .. or~er to ~ake ,/ 

the compos i te samples. 

4.2.2 Insulating Méfterials 

The insulating materials used in the fi'rst part of the 

present study were made of powdered glass of v~riou~ , 

compositions and viscosities. The powde~ed glasses were of the 

following three types: • 

• 
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1.)Soda-1ime glass powder: This powder was 
produced 5y crushing and grinding so<;ta-lime window 
glass and soda-lime glass tubes obtained from 
Fisher. 

2.)Modified Q1ass powders: These powders were made 
by melting mlxtures of soda-lime powders and 
varlOUS amounts of oth~eompounds sueh as CaO, 
CaF, and Na CO . The glasses produced were 
theh regroun~ tà a flne powder with the ald of a 
miniature ba 11 mlll. The powders were subsequently 
analyzed for their approximate eomposltions. 

3.)Continuous castin~ mo1<1 fluxes: These powders 
w e r e a e q u ire d f rom t e Mo b a y Che m ; cal Co m pan y . 
They are marketed under the 'Pemco' trade name aRd 
are used specl fical1y for lubrieation in the 
contlnuous castlng of stee1. The powders are 
prefused fluxes of homogeneous eompositlon and are 
conslderably 1ess V1SCOUS than soda-l ime glass 
powder. 

. \ 
The powders used in thlS present study are 1isted ln Table 

, 
4 . 1 a 1 0 n g w i t h the; r a p _p r 0 x 1 mat e c ° m p 0 s l t ion san d Vl s cos it les . 

The compositions of sorne of tht Pemco powders are not avallable 

because they are proprietary. 

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

was used as the insulatlng materla1. Supplies of the glass tape 

were purcnased from Mudge, Watson Canada Inc. and Ajax 

Mag net he r m i c. Bot h ta p e s we r e O. 2 5 mm ; n t n l c k n e s s. The 

• 

'Mudge,Watson' tape was 3.8em ln width and was supplled ln rolls 

of 33m in length whl1e the 'Ajax' tape was S.lem ln width and 

was supp1ied ln 45m rolls. Tt'i~, glass tapes are exceptlonally , 
flexible, non-f1ammable and qu~te strong and durable. The 

Mudge.Watson tape retains 75% of lts strength at 343°C. 

softens at 732-800 oC, and melts at 1121-1182 0 C. Its thermal 

• 
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COMPOSITION 
TABLE 4.1 

ANDtlVISCOS 1 TI ES OF EXPERIMENTAL POWOERS 

POWDERS Si0
2 Na 20 CaO MgO A1 20 3 ' CaF2 . Other Vlscosi ty 

( 1573 K). 
(dPa-s) 

Soda-l ime .. 
( 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 1.1 11.9 8.0 
4 52.7 6.8 34.2 2.7 0.8 2.0 9.4 
5 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~O-5 

Z 0-1 
82°3'-17 
F-2 

FM907 propl: ietal: y 
FM938 propl: ietal:Y 
1693 proprietary 

• 1 dyne-second/cm 2 l dPa-s = 

• 

.. 
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conductivity is 0.87 w/m_oC. The specifications for the Ajax 

tape are not ava i 1able. Both glass tapes are from the 

'E-glass' fami ly o~ tapes and the i r chem ica1 compos i t ions are 

shown in Table 4.2. A photog raph of 'a roll of tape i s shawn in 

Figure 4.4. 

4.2.3 Metal Sheatt~ing 

\ 
In the first part of this study, copper and steel tubes were . 

used ta contain the powdered glass insulation. The dimensions of 

the tubes used are shown in Table 4.3. The steel tubes were 
, 

cold-rolled e1ectrically welded tubes of SAE 1010/1015 grade. 

The copper tubes consisted of the standard plumbing pip~s. 

4.2.4 Thermocol2ples 

In order ta assess the thermal behav ior of the composi te 

samples useà in the study, chromel-alumel thermocouples were 

implanted a t var ious locations a10ng the core w ire/i nsula t i oh 

inter face. The thermocouples were flex ible and very 

inexpensive(Le. about $0.60 per foot) and'were ins,ulated by a 

coating of braided glass. The thermocouples ,!,ere approximately 
. 

oval in cross-section(0.9mmxl.4mm) and were supplied by . 
Thermo-Kinet ics (Montrea 1) in 6m roll s. The thermocouples were 

cut to the desi red leng th and the- chromel-alumel wi res were 

fûsed together at" one end. 

For the hand-d ippi ng eltper iments, the thermocou·ples. 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 

• 
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CHEMICAL 
.. 

Component 

:a3o 
cio 
MgO 
SiC 
:1363 
F~683 
Mn 
P 0 

~~3a3 
Z~05 
Ti02 

,-

TABLE 4.2 
COMPOS ITI'oNS OF TAPES 

, 
Mudge,Watson 

0.61 
0.19 

21.7 
1.0 

55.4 
15.6 
4.2 
0.56 
0.03 
0.06 
0.1 
0.01 
0.01 
0.63 

, , 

\ 
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,,~, 

,.-

Ajax i ,,,.., 
1 

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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Fi9~pe 4.4. Photograph of a roll of Mudge, Wa~son tape • 
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'SREATHING DIMENSIONS 
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12.7 

22.0 

15.9 
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Th ickne ss (mml " 

1.0 

1.0 

1.0 ' ,t 

1.S .. 
0.9 

L 
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.' 
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thermocouple was placed IOem "irom the leading end while another 

was placed 20cm from the Ieading end. 

4.2.5 Molten Baths 

Mol ten ba ths of pig i ron were used for a Il exper imen ts 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.I.T.). The carbon and sulphur content ot 
the pig iron was 3.9% and 0.024% respectiveIy. In t~e case of 

the desulphurization experiments, additional sulphur was 
i 

introduced into each meit with a graphite bell plunger 

containing pyrite (FeS 2) powder wraEped in aluminum foÙ. The 

* sulphur content was normally increa'sed to about 0.10 %S. 

4 • 2 • 6 ' o umm y' Ba r s 

In arder' to determ ine the 'zero time' of each test, 'dummy' 

bars were used. Ze.ra time refers to the instant the leading end 
, 

of the compas i te wire made contact wi th the mel t sur face. This 
\ 

tim,e was determined by measuring the electricai 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 wi th the ba th sur face the 

elec tr ical res i stance decreased th us pi n-poin t i n9 the zero time. 

The dummy bar was a 3. 2mm diameter aluminum rod. 

For tl)e samples that were: hand-dipped into the mclten bath, 
~ 

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

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

" 

-. 
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. 1 
the type described in section 4.2.4 was attached to the outer 

surface of the composite wire. In this case the resistance 

betweel'l the two thermocouple leads was measured. 
,.!." 

4.3 Procedure 

4.3.1 preparation of Glass pO,wder Insulated Samples 

The gl ass powder insOla ted tamPles compri sed of an inner 
1 

core of magnesium or aluminum, paeked in glass powder and 

contained within a steel or copper tube. Basically, the purpose 

~or the metal tube was to contain the glass powder long enough 
~ 

to allow the oûter surface of the powder to fuse. This fused 

portion would support the rernaining unfused glass. A description 
" 

of the construct ion of the sample will be out 1 i ned below. 

A piece of core wi re measuring 3. 2mm in d iameter was eut to 
, . 

length, pointed at one end and threaded on the other. The 

threaded end was then screwed into a 6.3 Smm threaded" steel 

handle mea sur i ng 35. SC!!' in length. The handle was screwed into 

van aluminum cap which was subsequently fi tted into one end of 

the rnetal tube (see Figure 4.5). Glass powder was then funnell'ad 

into the tubejwi re assembly and compacted wi th a v ibrator. A 

centering device was inserted into the metal tube during 

compacti ng to ensure that the magne~ium wi re rema i ne<i cen tered 

as the tube was being filled. This centering device consisted,cf 

a pa i r ,~.f. concen tr ic glass tubes helà together wi th a Tef Ion 

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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" 

Fi,gure 4~ Schematic of the centering device. 
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,..the case where'athermocouples were used, the tips of the 

.. 
thermocouples were tied ta the core,wires with thin metal wires 

' . 
.whir~ the trailing ends of the thermocouples were passed through· 

> • 

1. Smm hales bored through the aluminum cap at the handle end af 

the samp 1 e 50 t ha t they co u ld be connec ted to' the da ta 

acquisition unit. A photograph of a typical sample is shown in 

Fi gure 4.7. 

The steel handles, core wires, meta 1 tubes and Al caps were 

given a thorough washing in acetone (to remove any grease and 

dirt that may have accumulated during their prepar~tion) prior 

to asse~bly. 

4.3.+-.a' Preparation of Glass Powders 

As was poin ted out in section 4.2.2., three groups of glas~ 

p'owde;s were uti lized in this study: 1) soda-lime glass powdet, 

2) modified soda-lime glass powders, and 3) .continuous casting 

mold fluxes. The conti nuous cast i ng mold fluxes were acqu i red 

from the Mobay Chemical Company, while the other two groups were 

prepared at McGill University by the author. The soda-lime was 

prad uced by crush i ng and gr i nd ing soda-l ime glass wi ndows and/or 

soda-lime glass tubes in a miniature baIl mille 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 i t was decided to test less viscous glass 

powders. This was accomplished by acquiring continuous casting 

( 
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Figure 4.7. Photograph of a typical glass powder insulated 
sample. 
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mold fluxes and lowering the viscosi ty 'of the soda-lime glass by . 
• 

adding va~ious amounts of lime ,and fluorspar to i t. Mixtures of 

.soda-l ime powder, CaO, and CaF 2 were mel ted in a graph i te 

crucible by i nduct i on ,hea tîng. When the glass was compl etely 
, ~ . 

molten it was poured into a metal container to cool. A.fterwards, 
. 

the glass was crushed and ground in a ball mi 11 to 100% -32 ~ 

mesh, Four different powders were obtained fn this fashion. 

\ Thel ~omposi t ions of the powders that were produced were 

U~ented in section 4.2.2. of this chapter. 

4. 3.2 Preparat ion of Glass Tape l nsulated Samples 
iII;:::, 

The core wires and steel handles were prepared in a similar 

fashion to those of the glass ~powder insulated samples. In th~ 
case where thermocouples were required, they were tied onté the , 

core wi,..res at the desired locations. The samples were tll.en 
1 

wrapped wi th the glass tape unt il the desired insu lat ion 

thickness was attained. It is important to note that 

approxirnately 25cm of the steel handles were alsQ wrapped to 
; 

allow the last port ion of magnes i um to be fed deep into the 

molten bath. A photograph of typical glass tape insulated 

samples i s shown in Figure 4.8. .. 
, 

4.3.3. Hand-Dipping Experiments 

Two types of dipping expeIÏments were conducted in this 

study. The first type was qualitative in nature whereas the 

other was conducted to asseSS\he h~.at 

of the insulating materials. \ 

'\ 
\ 

transfer character istics 
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Fig.ure 4.8.
0 

Photograph of typical glass tape insulated samples. 
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4~3.3.a. Qualitative Tests 

The initial tests of thii study were qualitative in nature 

'" 
and were conducted to develop an appreQiation for the manner in 

wh1ch the various glass powders fused or were consumed. The 

composite samples were approximately lScm 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 14000 C 

and the power was turned off prior to the manual immersion of 

the samples. The samples'were then held in position for 

apprOximately ~S seconds. After the samples were withdrawn from 

the bath, they were left to cool. Photographs of the samples 

we~e then taken. Sorne samples were broken apart to assess the 

'integrity' of the Al core. 

4.3.3.b. Heat Transfer Tests 

Heat transfer experiments were conducted on two types of 

composite sample configuratfobs. The first configuration 

consisted of an aluminum core surrounded by glass powder. These 

samples had thermocQuples embedded at var ious locati,ons along 

the core wire/glass powder ,interface. The second configuration 

consisted of an aluminum core insulated with glass tape. The 

samples measured l5cm or 30cm in length and the aluminum core 

diameter was 3.2mm. The insul~tion thickness varied from 1.5 to 

5.Smm. All tests were conducted in 22kg molten pig iron baths 

at 1400oC. 

\ . 
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A data acquisition program was used to monitor the 

t~mperatures 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 internaI temperatures. When 

a composite sample made contact with the bath surface, the 

chromei alumei circuit was closed thus changing the resistance 

of the circuit. This change in resistance triggered the internal 

clock to start measuring~the immersion time. 

At the st~rt of e.ach test, the program was provided wi th the 

desired i~ersion time. At this point the program went into a 

delay mode. The bath temperature was measured to ensure that it 

was maintained at l~OOoC, the ind~ction furnace power was 

turned off, and the pragram was reactivated. At this point, the 

program began scanning aIl the channels. When the sample was 

~immersed, the change in resistance activated the internaI 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. AlI the 

pertinent data was then stored on cassette. The temperatures 

were stored as ~llivoltage readfngs. 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 pIotter. AlI programs were wri~ten in BASIC. 



o 

-96-

4.3.4 Temperature'profiles and Pyrotechnie 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 pyrotechnie evaluation for each sample was based on the 

readings obtained from a photocell which was located above the 

bath surface. If magnesium was exposed at ~he bath,surfac, it 

rapidly ox id i zed 'produci ng a br ight flash. 

, A data acquisition program was used to monitor temperatures, 

pyrotechnie 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. Instead of me~suring the 
1,-

'\ 
resistance between the chromel and alumel wires, the resistance 

between, the magnesium wire and a 3.2mm d~ameter 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 magnesiu~ wire while the other was attached to 

the handle of the aluminum rode 

At the start of each test, the feeding mechanism was set to 

the desired feed rate gy adjusting 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 t ime .'·"At th is po 1 nt the prograrn went into a delay ., , , 

mode. The wire feeder was then pushed up against the induction. 

furnace and feedfng of the sample was commenced. The program was 
/ 

reactivated when the'sample made contact with the bath. After 

the sample was fully immersed, it was held in position for a few 

seconds to ensure tha t the magnes i um was comp.letely consurned 

before it was pulled out. The data was recorded and stored in 

the same·fashion as described in section 4.3.3.b. The flash 

intensities in these experiments were a1so stored as voltage 

read ings ~ 

In order 

crucible, a ring 

the mou th 0 f the 

ain any metal that was splashed out of the 

high temperature cement was placed around 

cible. 

4.3.5 pyrQtec~ic and Volatility Experiments 

These experiment~ were conducted in the same fashion as the 

temperature and pyrotechnié experiments exc~pt that the 

volatility of the immersed rnagnesium was measur~ instead of the 

temperature. The volatility ~as measured by me~ns 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 acqui~ition unit were 

used to measure the conta~t resistance, vOlatility, and flash 

intensity. 
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4.3:6 Oesulphurizabion and Recov~ry Experiments 

The desulphurization and recovery experirnents were conducted 

using the glass tape insulated sa~ples only. For the recovery 

experiments the'sulphur content of the pi~ Iron was about 
. i', 

0.024\, while for the desulphurization experiments the sulphur 
~ 

level was raised to apprQximately 0.1% by plunging pyrite powder 

into the melt. Temperature, pyrotechnie, and volatility 

informatiôn was obtained from sorne of these experiments. In 
~ 

these experiments a slag coyer was used to prevent the sulphur 
>, 

from reverting back in~o the bath or to prevent the dissolved 

magnesium fram being oxidized. 

P~ior to the commencement of an experiment, steps were taken 

to Ëmsure that the desired bath tempe-rat~ure and a fluid slag - _~_., .... _ .. _~­

were attained. Furthermore, the feeding apparatus was set to the 

desired fé~d rate (usually 1.Oern/s). Before the immersion of 

each sample, a pin sample of the bath was taken with a glass 
l 

vacuum tube f~r subsequent sulphur and magnesium analysis. The 

induction furnace power was then turned off and the magnesium . . 
sample was fed into the bath. When the magnesium was fully 

immersed, it was held in position to ensure that the magnesium 

was totally consumed. Then the sample was pulled out and the 

• 
. furnace~ower was turned back on for about 30 seconds to induce 

stirring w~thin the bath. This ensured a homogeneous bath 

composition. At this point, another bath sample was taken. After 

'" the experiments, the samples were analysed with a Leco analyzer. 

The magnesium contents were analyzed by atomic absorption 

techniques. 

,. 
o 
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CHAPTER 5 
RESULTS AND DISCUSSION 
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T4e results sect10n lS d1Vlded into two parts', The first 

part deals wlth the exper.:,lments conducted with glass powder 

insulated samples,' and the second part d.ea-ls wlth the 

experiments conducted wlth glass tape insulated samples. 

5.1 PART 1- Glass Powder Insulat10n 

5.1.1 Dipplng Expenments 

The initial dipping experiments were Qualitative in nalure. 

In these experiments seven glass powderS were tested. Five of 

the se wer'e:- produced at McGill University, wh;l~ the other two .. 

were obtain~d from the Mobay Chemical Company. The five powders 

prod:uced at McGi1l "YJere,powders 1 through 5, and the other two 

powderS were FM408 and FM914. Their respective ~ompositions and 

V;Scos;t1es were presented in Table 4.1. 

The dipping samples measured approximately lDem in length. ~' 

~ 

The steel sheath1ng was 8.6mm 0.0. dnd the core measured 3.2mm 

in dldmeter. The thlckness of the glass powder insulation was 
, 

approximately 6.5mm. The core n'laterldl was cfn aluminum rod. 

Aluminum was used because lt has approx1mately the same '!1eltln~ . ( 
po i nt and the r mal d 1 f f.u s i v 1 t Y as ma 9 n es 1 u m. Fur the r m 0 r e, s 1 ne e 

the samples were dipped by hand, 1t was safer to use alumlnum . 

• Typical dipping samples are shown ln Figure 5.1. 

Fourteen samples, two of each powder, were manually immersed 

ioto a pig iron bath at 1400 0 C. The immerslon times varied 

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

.. 
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Ty?ica1 dipping samp1es used for qualitative 
experments. 
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samp1es that contained soda-liMe glass. Sample lA was immersed 

for a period of 30 seconds at an initial temperature of 13500 c 

while sample lB was immersed for 40 seconds at l400 oC. There • 
are two points worth noting about the two samples. First, the 

1 - 0 
dissolution of the steel tube was relatively slow at 1350 C, 

arid 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 were prepared with the no.3 insulating powder that was 

produced at HcGill. This powder was considerably less viscous 

than soda-lime. Sample 3A was immersed for a period of 30 

seconds at 14000 C while sample 3B was irnmersed fo~ ~5 seconds 

at the same bath temperature. Note the integrity of the aluminum 

core of sample 38. Figure 5.5 shows sample JA 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 rigide. This is 

significantly different from the soda-lime sample shown in 

Figure 5.3 where the aluminum was cornpletely molten but still 

contained within a significant arnount of glass insulation. 

The two Pemco powders, FH9l4 and FM408, furnished by the 

Hobay Chemical Company were tested in the sarne m~nner, 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 samp1es. Sample lA was immersed 
for g period of 30 seconds at a temperature of 
1350 C while sa~ple lB was immersed for 40 
seconds at 1400 C. 



Figure 5.3 
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Photograph of a soda-lime powder sample showing 
that the molten aluminurn had been contained within 
the glass framework. 

1 



Figure 5.4. 
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" 

Photograph of sampI es containing no.3 insulating 
powder. Sample aA was immersed for a period of 30 
seconds at 1400 C whi1e sample 38 was immersed 
for 2S seconds. 

• 
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This photograph shows sample 3A after the glass 
shell was broken off. 
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Figure 5.6. Photograph of samp1es containing powder FM408 
: afteô they were irnmersed for 25-30 seconds at 

1400 c. 

, r 

• 
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Figure 5.7. 

" 

" 

Photograph of samples containing powder FM914 
after they were immersed for 25-30 seconds at 
14 OOoC. 
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FM408 and FM914 after they were immersed for apprGoximately 25 to 

30 secon!s at 1400oC. As céln be seen; the glass powders and 

the a1uminum cores were cornp1etely cansumed, thus ind icating 

that the powders wouid nct prov ide suffie ient protection. 

Powders 2, 4, and 5 showed sim ilar resui ts as powder 3, however 

. powder 2 was consumed at a 51 ightIy quicker rate than 3 whi1e 5 

was eonsurned at a slightly slower rate as shown in Figure 5.8. 

In summary, i t was gathered from thes~exper iments that the 

core wire can be effectively insulated sa that it remains rigid, 
1 

and that the wire ean be made ta be .axposed to the ba th as i t 

begins ta mel t (or short1y thereafter), provided that the , 

appropriate powder is used. 

5.1.2 Heat Transfer Tests 

From the quali ta ti ve .exper iments, i t was dec ided that powder 

3 was the rnost suitabfe powder. The Mobay Chemiea1 Company was 

contacted ta ascertain whether powders that exhibi ted 

characteristics sim ilar to those of powders 2, 3, and 4 were 

commereially available. pemeo powders FM938 and 1693 were 

subsequently obtained. The compositions of these powders were 

not ava i lable as they are propr i etary. 

" Rather th an carrying out qualitative evaluations of the 

powders, as was done in the ini t ial set of tests, i t was decided 

that it would be better to evaillate theïr relative performance 

by assessing their heat transfer characteristics. This was 

achieved by embedding a thermocouple in each sample. The main 

obj ecti ve of the in i t ial thermocouple experiments was to 
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Photograph of a sample containing powder no_a 
after i t was immersed for 30 seconds at 1400 C. 
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determine whether the thermocouples would be adequate for the 

present application. 

For the initial test, soda-lime and Pemco powders FM40a and 

FH907 were used. The steel sheathi ng was rep1aced by a 2.lcm 

0.0. copper sheathing. As was noted in the qualitative tests, 

the dissolution of the steel was quite slow at 1350 o C. In 

order to show that the protection was provided solely by the 

glass insulation, copper sheathing was used because the mel ting 

point of the copper is 1ess than the hot metai temperature. The 

thermocouple was embedded at the glass powder/magnesium 

interface approximately 3cm from the leading end of the 

compo si te sample. 

Nine samples, three of each powder, were immersed for 

r. approximately 60 seconds in a pig iron bath at 1~50oC. Two 

typical temperature traces are shown in Figures 5.9 and 5.10. 

The thermocouples proved to be adequate for the present 

appl ication. However, one observat i on made from the tempera ture 

traces was that for a 9 iven powder, the tempera ture traces did 

not always exhibit the same trend. Consider the trace shown in 

Figure 5.11. Contrast this with the one shown in Fig.ure 5.9. 

Both these traces are from samples containing the sarne 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 dramatiC'!all\Y. One possible 

Jxplanation for this that as the aluminum core softened or 

mel ted the composi te sample bent upwards. Depend ing on the 

location of the thermocouple and the way the composi te samp1e 

r 2 
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bent, the thermocouple was ei ther exposed to the· bath or covered 

up by more glass insulation. It was thought that this set up 

could hinder the evalua t ion of the various powders. 

Consequently, the aluminum core was replaced by a steel core for 

subsequent tests. The steel core did not bend thus ensuring that 

the temperature responses 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, 

powder s, FM93 8 and 1693 supposedly exhibi ted the same 

characterist ics as powders 2, 3, and 4. Figure 5.12 shows the 

remains of a typical sarnple containing soda-lime insulation. 

This sample was immersed for 60 seconds in a pig iron bath at 

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

had been consumed 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 0 C 

;;: when the sample was pulled out. If the core ma ter ial was 

magoesium it would be just melt'ing at this point. Considering 

that almost none of the soda-lime insulation was consumed, it is 
\ 

concei vab1e that a large column of liquid may have beefl 

entrapped within the glass framework. This was totally 

undes i rable. 

A typical sample containing FM938 powder, after it had been 
1 

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

photograph, it is apparent that the insulation was removed 

gradu,ally. The extent ta which it was removed cao be assesed 

1 

\ 
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This photograph shows the remains of a typical 
sample conta i ni ng soda-l ~me powder. 
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Figure 5.14. Pho'tograph of a typical sample conta ining powder 
FM938 after i t was immer sed for 60 seconds. 
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from the temperature traces presented in Figure 5.15. The traces 

show that the powder provided good insulation initially (Le. 

the first 25-30 seconds), then the temperature quickly rose to 

above 650oC( the core melting point) after which the 

temperature increased at a significantly reduced rate. If 

magnesi um had been used as the core, i t was conce i vable 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 por t i on of the l iquid magnes i um close to the 
! 

ba,fh surface thus causing 'a violent eruption. Obviously this 

snpuld be avo ided. 

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 13S0 o C. It is evident from the 
" 

photograph tha t almost aIl the i nsula t ion was removed, 

nonethel ess, enough remai ned to prov ide some insula tion. A 

typical temperature trace of such a sample is shown in Figure 

5.17. It is worth noting that this particular powder was just as 

good an i nsula tor as was soda-l ime in the i ~lÏ tial stage. After 

about 30 second s the temperature began to ri se qu ickly. Ther., 

once a temperature of 650 0 C was attained, the remaining 

insulation was rapidly consumed' since the temperature reached 

the bath temperature shortly afterwards. From these results, one 

can postula1:e that if magnesium was used as the core material, 

the probabi 1 i ty of entrappi og 1 ~ quid magnes i um wi th i n the 

insulation or redirecting the liquid magnesium back to the melt 

surface would be minimal. 

.. 
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remai ns of a composi te 
1693. 

samp1e 

" 
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Figure 5.17 Typical temperature trace for a sample containing -powder 
1693. 
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The effect of a 5 second immersion on a s~mple containing 

powder 1693 is shown in Figure 5.18. This figure shows that the .. 
outer surface of the powder fu:Sltd together as, the copper sheath 

melted. In order for this technique to work the powder must 
... 

fuse. Otherwise, the powder wi 11 be d ispersed in the mol te,n pig 

iron bath as the copper 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 

eAdothermic process occurring at this temperature. It was felt 

that the powders picked up moisture from the air as the samples 

were being made. ln order to verify this hypothesis, additional 

tests were conducted whereby half the powders tested were dried 

in a drying furnace for about 18 hours" pr ior to being packed in 

the metai sheathing. Typical temperature traces from this 

experiment are shown in Figures 5.19a and 5.l9b. Both set of 

traces were for powder 1693. The traces shown in Figure 5.l9b 
, 

were obtained with dried powder whereas the others were note 

Note that two thermocouples per sample were used. Both. 

thermocouples were placed about 3cm from the Ieading end. As can 

bEl sean ,from the traces, there was no di f ference between the' 

dried and undried samples. The cause of the temperature arrest 

is still unknown, aithough moisture pickup after fabrication is 

suspect. 

, 5.1.3 Temperature and Pyrotechnic Tests 

After it was decided that a suitable powder was found 
.j 

(namely Pemco 1693), tests were conducted on ~~mples containing 

\ 
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Figure 5.18. The effect of a 5 second immersion on a sample 
containing po~der 1693 •. 
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magnesium cores. The main powder tested was pemco 1693 powder, 

however, other powders such as pemco's FM907, FM408, and FM914 

powders were also tested. 

The magnesium comp~site samples were fed into a pig iron 

bath at 1400 0 C using a 'plunger' type wire feeder. The 

composite sample~ were 45cm in length and the bath depth was 
......... '''1 

25em. The magneslum wires measured 3.2mm in diameter and weighed 

about 4.2g. Two thermocouples were attached to the magnesium 

core at distances of lOcm and 22em from the leading end. ln 

addition to using thermocouples, a photocell was also utilized. 

The photoeell was placed about lm above the erucible so that any 

flashes or flares that were emitted during an eruption were 

recorded. 

It was found that the samples still exhibited violent and 

periodie eruptions. The eruptions were indicated by peaks in the 

photocell readings. Photographs of typieal 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 aecumulated 

within the glass framêwork. 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 sam~le (MG1693) 

that contained 6.5mm of pemco 1693 powder insulation encased by 

copper sheathing. The sample was fed at a velocity of 1.Oem/s. 

The traces were typical of the tests conducted. Thete are three 

points worth noting. Fi'rst, the initial eruption ocaurred about 

• 
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Figure 5.20. Photographs of typical eruptions. 
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12 seconds after the samp1e made contact with the surface. 

Considering that the sample was fe'd at a velocity of l.Ocm/s, 

the maximum depth that the sample could have penetrated at the 

time of the eruption was l2cm. Hence, the sample did not hit the 

bot tom 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, th us 

indicating that the insulation samehow broke off and exposed the 

'cold' magnesium wire ta 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 

650o C. Since the leading end of the composite sample had been 

immersed for 12 seconds when the first eruption occurred, it was 

highly unlike1y that there was a build up of liquid or gaseous 

magnesium below the first thermocouple. 

As for other examples, consider the traces shawn in Figure 

5.22-24. Figure 5.22 shows the traces for a sample(lMF3/8) which 

had a copper sheathing and a glass insulation thickness of about 

2.0cm, while Figure 5.23 shows the traces of a sample(M8l963) 

that was the same as sample MG1693, ~xcept that it was fed at a 

velocity of 0.75cm/s. Figure 5.24 shows the ~emperature traces 
1 

of sample lAF3/8. This sample was the same as sample IMF3/8 with 

the exception that the magnesium was replaced by aluminum. The 

temperature traces of sample lAF3/8 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 
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peeling off ~hen 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 13 

seconds apart. Given that the samples were fed at different 

speeds and had diffe~ent insulation thicknesses, it is apparent 

that the eruptions were not related to immersion velocity,' 

insulation thickness, or penetration depth. The difference 

between the magnesiurn and aluminum sa~ples was that magnesium 

was volatile. Thus it was postulated that once the magnesiu~ 

started being released at the leading end, it ereated enough 
p 

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 fram the crucible. 

Referring baek to Figure 5.23, it is worth noting that the 

first eruption did not break the first thermocouple as was the 

case for the other samples. The reason for this was simply that 

sinee the sample was fed at a slower speed, the thermocouple, had 

not entered into the bath when the explosion oeeurred. This 

al~owed the thermocouple to penetrate the bath for another 12 

seconds before the next eruption was initiated. 

In Chapter 2, it was mentioned that previous work conducted 

with soda-lime glass showed that the occurrence of flares and 

eru'ptions was almost completely elimin'ated when the ,bath 

temperature was raised to 1600oC. Consequently; it was 

believed that the problems with explosions were related to the 

viseosity of the glass. However, the wôrk just presented showed 

.. 

( 



',' 

'. 

-134-
.' 

'that J::educing the viscosi~ of'the g1~.ss did not eliminate the, 

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

proceis seemed to work at Ja tempera~ure of 1600oC, an a~tempt 

was made ta duplicate the previous tests conducted at016000 C 

with the ~xception that this time thermocouples were used. It 

must be stressed at this point that thermocoupies were not used 

in the previous.~ork. ~he acguièit~on of very inexpensive 

thermocouples made it possible to use them extensively in the 
, 

present work. 

Consider the temperature and photocell traces shown in 

Figure 5.25. These traces are for samp1e 34MS2. Sample 34MS2 

consisted of'6.5mm of soda-lime insulation encased by a 1.9cm 

0.0. steel sheath. The sample was fed at a speed of l.oem/s into 

a pig iron bath at 1600oC. It is apparent ~rom the ~emperature 

traces that the temperature of the core rose from essentially 

room température ta bathOtemperature almost instantaneously. 
1 _... f.,. 

However, visually the immersion appeared quite calm except for a 

couple of flares that occurred a~ound ·the 14 second mark. T~he 

large peak in the photocell reading around the 50 second mark 

occurred as the sample was being pulled out of the bath • 
. ' 

Another exa.mple is shown in Figure 5.26. This sample was the 

same ',as samplè 34MS2. Visually, thi s test appeared qui te calm , 
~ . 

except for a couple of flashes around the 16 and 42 seçon~ 

marks. Althou~h these tests appeared mu~h calmer than 'those 

conducted at l400 oC, the temperature traces still indicate 

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

that the tests seemed calmer ~ay be that at the higher 

• 
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temperature. the glass insulation fuc;ed at a faster rate. This 

probably provided the glass frameworl< wlth increased strength. 
\ 

Thus the turbulence at the l'eading end was probably not strong 

enough to destroy all the glass that was submerged ln the bath 

and on1y broke a sma11 portlOn of the glass. The smaller portion 

of exposed maynesium WdS probably not larye enouY,h to cause an 

eruptlon. Nevertheless. the traces lnd1Cated that the glass was 

still belng Droken off. This was consldered undeslrable, even 

though the lmmersion of the magneslum samp1es at 1600 0 C seemed 

relatively calm. lt was felt at this point that the strength of 

the lnsulatlon had to somehow be lncreased. Severa1 op,tions were 

considered. une optlon was to lncrease the strength of the 

powder Dy mixing the glass with a hlgh temperature blnder. ThlS 

optlon was rejected because lt would compllcate an already 

fairly comp1lCated sample configuratlon. Other optlons 

considered included uSlng otner forms of glass such as glass 

wool, foam glass, or glass tape. It was decided that glass tape 

would be the most appropriate lnsulatl~n because lt can be 

easl1y applied to the magnesium slmply ~wrapPlng lt on. and. 

lt wou1d ObVlously provide greater strength than the glass 

powder. Its use would a1so eliminate the need for a metallic 

sheath. 

• 
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5,.2 PART 2- Glass Tape Insulation 

Two brands of glass tape were used for the second part of 

th i s study. The glass ,tapes were acqui red from Mudge, Wa tson 
\ 

Inc. and Ajax Magnethermic Inc. A descr iption of the tapes was 

presented in sect ion 4.2.2. 

5.2.1 Heat Transfer Tests 

5.2. l • a Al um i num Core 

Composite wires containing aluminum cor\,s were tested with 

'Ajax' tape at bath ternperatures of 1400 0 C and l600 oC, while 

• 0 the 'Mudge Watson' tape was tested at 1400 C only. Al though 

the Ajax tape was tested at 1600o C, the amoun t of da ta 

obta ined was i nsuffic ient to rnake any correla t ions. Typica 1 

temperature traces are shawn in Figures 5. 27a and b. The 

.vertica~ displacerllents of the thermocouples were lOcrn and 20cm 

from the' lead i ng end while the feed ing veloc i ty was 1. Ocm/s. 

Zero time refers to the instant the lead ing end contacted the 

bath surf ace. A photog raph of typ i cal samples is shown in Figure 

5.28. Samples with insulation thicknesses ranging from l.Omm to 

5. Omm were tested. From the temper a ture traces obta ined, the 

'net time' required to increase the temperature of ~he . 
thermocouple tip to 6500 C(i .e. the approximate rnelting point 

of both magnesium and aluminurn) was computed. These values are 

p'lotted as a function of insulation thickness in Figure 5.29 for 

both the Ajax and Mudge,Watson tape. It is evident from these 

'tesu 1 ts tha t as the th ickness of the tape was increased, the 

.. 



b 

, -

~ '". 

1;,:/ 
, 

;t; 1,. 

-------~-, 

... 

~ 
~ 

" U 
\,J 

• a... 
~ 
lLJ 
t-

1 
/ 

1200 

1000 

600 

400 

200 

Q.l0 

. , 

o 

~ 

10 20 

TIME (s) 

30 

8WTAl 
40 

... 

50. 

" 

FIgure 5.27a. Typical temperature traces for a composite alurninurn samgle 
insulated with Ajax tape. The bath temperature was 1600 C. 

< 
1 )~ 
u .. ~." . ~ 

1 

1 .... 
W 
\D 
1 



,.... 
u 
~ 

• a... 
~ 
w 
t-

• 

~ .... 

1300 

1200 
1100 
1000 

900 
800 

700 
600 

500 

400 
300 

200~ \ 
100 

ot i i i ,---r:t 1 i .---r=. . i • 1 1 . j l ' 1 1 

-10 0 10 20 30 40 50 

TIME (s) 070510 

Figure 5.27b. Typical temperature traces for a composite aluminum sample 
insulated with Mudge, Watson tape. The bath temperature was 
1400oC. 

10. 

1 .... .. 
0 
1 



( 

-141-

., 

Figure 5.28. A photograph of typical glass tape insulated 
samples. 
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average hea t fI ux in to the a1um i num decreased. Fur thermore, i t 

appears that the Mudge,Watson tape was a more effective 

insulator than the Ajax tape, especially at the larger 

thicknesses. It was found that the relationship between the. 

al um inum mel t i ng time and i nsula t ion th ickness for both the Aj ax 

and Mudge,Watson tapes can be' described as follo~/s: 

T=2. 16X 1. 4 

T=2.24X 1 • 5 

(Ajax) 

(Mudge ,Watson) 

where Ta time required to melt aluminum (s) 
\ 

x= thickness of insulation (mm) 

(13) 

(14 ) 

The type of curve that would best fit the data was 

odetermined by considering a one-d imens ional heat transfer model \ 

simulating the radial heat flow to a composite cored wire. It 

shou1d be noted that the model did not take into account the 

thinning of the glass sheath as it was heated. A description and 

listing of the program are presented in Appendix A. Heat 

transfer simulations for typical magnesium samples are also 

presented. 'l'ypical theoret ical curves for ba tih temperatures of 

14000 C and 1600 0 C are shawn in Figure 5.30. It was found 

tha t from these resul ts that the rela t ionsh ip between mel ting 
, 

time and insu1ation thickness can best be represented by an 

equation of the form: 

(15) 

where a and b are constants. 

J 
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The reason the oLmel t i ng time 1 versus 1 i nsulat i on th iékness l, 

• 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 must be stressed at this point, 

however, that if one knows the melting time, insulation 

thickness, and immersion speed of a particular sample, It is not 

necessarily true that one will be able to calculate the depth of 

penetration accurately. The reason for this is that a composite • 
sarnple tends to bend upwards towards the bath surface at t-he 

\ 

po i nt at which i t beg ins to mel t. Good ex,amples of 'h i sare 

shown in Figures 5.31 a and b. These figures show photog.raPhs of 

two typical al urninurn compos i te sarnp,les fed at a veloci ty of 

l.Ocm/s. Notice that large portions of the sarnpies are bent 

upwards towards the bath surface. For example, Figure 5.26a 

shows that the sample penetrated 13cm below the bath surface, 

but, an additional 9cm of the sample had bent upwards. Hence, 
1 

22cm of the sample had been immersed in the bath, but, the 

effective depth of penetration was 4cm(i.e. 13-9cm). It should 
i • 

be noted that the 1 bending 1 prob1em was more pronounced for 

larger insulation thicknesses. The insu lat ion thicknesses of the 

sarnples shown in Figures 5.31a and 5.31b were 4.5mm and 5.2mm, 

respect i vely. 1 t was found that for samples wi th i nsula tian 

thicknesses of less than 2.5mm, a small fraction of the sample 

bent upwards. Hence, the depth of penetration was more easily 

determined fer samples wi th sma 11 insul a t ion th icknesses • 

• 



-146-

[Ov/TA 1 

Figure 5.31. "hese photographs show two typica1 aluminum 
composi te samples that bent upwards when they were 
immersed in a pig iron bath. 
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S'.2.l.b Magnesium Core 

Composi te samples wi th magnesi!lm cores were tested wi th both 

the Ajax and .Mudge,Watson tapes at 1400o C •. The Ajax tape was 

also tested at 1600 oC. A summary. of the melting times 

obtained at 1400 0 C is shown in Figure 5.32. The results for~ 
. 1 

both the Mudge,Watson and Ajax tapes 'were combined on this 

graph. This graph clearly il1ustrates the superior thermal 

insulation characteristics of the Mudge,Watson tape, especially 

at the larger insulation thickne~ses. For example, 4mm qf 

Mudge,Watson insulation would delay the melting of the magnesium 

core by about 18 seconds whereas the same thiC'kness of Ajax tape" 

wOuld delay the melting by only 12 seconds. The 'mel ting times' 

of magnesium and aluminum are compared in Figures 5.33 and 5.34 

for both the Mudge ,Wa tson and Ajax tapes. Note thât i t took a 

longer time on average to mel t the alumi num core than the 

magnesium,. It was st'ated earlier that aluminum was used as a 

subst i tute core because i t has a me1 ting point and thermal 

diffusivity that is similar to that of magnesium. However, their 

densities and heat capacities are quite different. In fact; it ~ 

is the product of the densi ty and heat capaci ty of the core that 

determines the quantity of" energy required to heat the core to 

the mel ting poi nt. Therefore alumi num requi res about 35% more 

energy to bring it to its melting point. Hence the difference in 

melting times between magnesium and a1uminum can be totaily 

attributed to the difference in their densities and heat 

capac i ties. 

Composite magnesium samp.lés were also tested at 1600 0 C 

-. 
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uSlng Ajax tape on1y. The lnsu1atlon thlcknesses for these 

exper1ments ranyed from 3.6mm to 5.4mm. A summary of lh~ meltlng 

time results lS shown ln F1gure 5.35. Because of -the higher melt 

temperature, there was a notleeable reduet10n ln the effeetlve 

lnsulatlng potent1al of the tape. For example a 4mm layer Qf 

Ajax tdpe dt 1400 0c \Ioule delay the meltlng of tre magnes1um 

core oy 12 seconds whereèS at 1600 0C lt would be delayed by 

about 9 seconds. Also note that the 'meltlng t1me' versus , 

'insulatlon thlCkness' was found to oe essentlally 11near. 

However, th1S r~latlonsh1p 1S m1s1eadlng beeause a narrow range 

of thlCknesses were ..... te5ted. ln arder ta obta1n a more reallstic 

relat10nsh1p, smaller th1cknesses shoud have been tested. Due to 

the reduced 1~sulat1ng effect1vene5s of the tap; at 1600 0 C, 

there was a reluctance ta test tne smaller th1cknesse5 Slnce the 

l mm ers 1 ans pee d wou l d h a v e t ° bel n e r e a se d s u b st a n t 1 a 1 1 Y l n 

arder ta obtaln a reasonable depth of penetrat1oo. Slnee an 

; n cre a s e d 1 mm e r 5 l ons pee d wou l d al sor e 5 u l t 1 n an 1 n cre a sel n 

mass flowrate, the turbulence ln the .bath would proDably aho 

lncrease substantlally. NanethelE::ss the se tests should De 

conducted ln the future US1ng Mudge,Watson :ape S1nce 1t 15 a 

more effectlVe lnsulator th an the Ajax tape. 

> ,. 
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5.2.2 T~perature Profile and PYrot~chnic Tests 

It would be vaiuable at 'this point to examine seyeral 

typical temperature and photocell traces. co~e traces 

shown in Figures 5.36-5.39. These are ty~al traces of tests 

conducted ~a t 14000 C ,w i th var j. ous th icknesses of Aja x 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 1.Ocm/s for aIl tests. 

Each sample had two thermocouples. One was placed IOcm from the 

leading end of the sample while the other was placed 20cm away. 

Tnere ar,e seve'ral points worth noting. First, pyrotechnie 

displays decreased with increasing insulation thickness. The 

reason for -this' was simply that the samples wi th the thicker 

insulation penetrated deeper into the bath thus allowing 

sufficient time for the bubbles oC magnesium vapor to dissolve 

as they rose through the melt? For the smaller thicknesses, the 
.' 1 • lC1j 

magnesium vapor did oot have sufficient time to dissolve. As a 

resuIt, sorne of the vapor resurfaced and quickly oxidized, 

producing bright flashes. Second, the thermocouple traces for 

. the two tests appear to be airnost identical except that the 

second thermocouple trace was shifted to the rlght by 10 

seconds. Since the thermocouples were positioned IDem apart and 

the immersion ve),.,ocity was l.Ocm/s, this indic~~ tl'lat steady 

state ~as attained. Hence, if one assumes steady state is 

attained in a given test, the immerslon velocity can be 

calculated 'from the temperature traces. Third, sorne traces 
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, 
showed that the temperature of the fir.st thermocouple stabjlized 

at a tempefature of about 1100 oC. This value is approxlmately 

the boil1ng point of magnesium(i.e. 1l07 oC at 1 atm.) From 

t h i s, 1 t c an b e po s t u 1 a te d t ha t the ma 9 n e s 1 U m wa s rel e d s e d f r om 

the glass sheathing as a vapor. Some of the vapor filled the 

leading end of the vacated sheath and thus the temperature 

remained constant. It must be stressed that lhlS event was not 

always eVldent and lt appeared to be prominent for samples with 

l.arger insulatlon thicknesses. 

Conslder the traces shown in Flgure 5.40. These are typica1 

traces of a magnesium composlte sample tested at 1600 0 C wlth 
" 5.4mm of Ajax tape lnsulation. Contrast this with the traces of 

_ a t y P 1 c,a 1 al u min u m sam pl e s h 0 w n in Fig ure 5. 41. Not eth a t the , 
photocell readlngs for both tests are essentially the same 

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

sample. Hence this lndlcates that a relatlvely Quiet immerslon 

can a1so be obtalned ln steel, provlded that the appropriate 
,"'-
i~sulation and lmmerston speeds are'used. 

ln section 5.2.1a it was stated that samples w;t~ large 

lnsulation thlcknesses tended to bend upwards towards the bath 

surface. In doîng so, a composlte sample containing magneslum 

\ would release the magneslum close to the bath surface. An 

example of thlS 1S represented by the temperature and ~hotocell 

traces shown ln Flgure 5.42. ThlS particular sample conslsted of 

4.2mm of Mudge,Watson tape insulatlon and was fed at a speed of 
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l.Oem/s. The length of the maghesium wire was 30cm: In this 

~_ test, the feeder was stopped after the last port ion of magnesium' 
" -

crossed the bath surface(i.e. 30 se~nd mark). Since the la st 

portion of Magnesium did not pen~trate dee~'into th~~bath, the 

portion of the composite samp1e that bent released magnesium 

close to tt~e bath surface, resulting in the emission of bright 

flashes. This event was preventeà in .subsequent tests by .. 
stopping the feeder after about lOcm of the steel handle 

penetrated 'the bath. This. allowed the m'agnesium at the trail ing 

end of the co~posite sample t~ penetrate deeper in~Q the ba~h. 
~' 

The steel handle was also insulated by glass tape. 

• 
The results presented up to this poin~ showed that tbe depth 

of penetration can be increased by increasing the insulation 
" 

~ckness. It would be instructive at this point -ta examine the 

. -ejfe~t. of mSintai~i~9 a constant depth of penetration white 

varyl,'ng th~ immersion speed and insulation thickf)ess. Figures 

.' 

" 

5.43-5.45 show three typical temperature and photoeell traces of 
, . 

samples that were insplated with various thicknesses of Mudge, 
~ 

Wats,on tape. 5ample_ 091108 had 4. 2mm of insulat ion and was fed 
\ 

at a speed of 1.Ocm/s while sample 093109 had 3.5mm of 

ïnsulation and was immersed at a speed of 1.3cm/s. S~mple 091112 

wfs fed at a speed of 2.37cm/s and had an insulation thickness 

of 2.0mm. The depthsUof penetration of aIL three sarnples. which 

were estimated from the computed mel ting times, ranged from' 15 

to 17cm. Note that the photocell traces for ~ll three samples 
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velocity was 1.3cmjs. 
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Figure 5.45. Temperature andJphotocell traces of a 3.2mm magnesium sample 
insulated with 2.0mm of Mudge. Watson tape. The immersion 
velocity was 2.37cm/s. 
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were essentially fIat, indicating, that 'fert little magnesium 

resurfaced. Also note that the veloci ty was increased up to 

about two and one half times the usual immersion speed and still 

ach ieved rela t i vely the same degree 0 f calmness. Putti ng thi s 

into perspective, an immersion velocity of 2.37cm/s would 

generate 1.6 lis oC magnesium vapor (assuming that a11 the 

magnesi um vapor i zes and none of i t di ssolves-see append i x B for 

ealculations) in a bath volume of 3.7 litres for a duration oi 

approximately 13 seconds. Since a relatively calm immersion was 

attained, the magnesium had to dissolve quite quiekly. This 
1 

indicates that increasing the velotity of the immersion does not 

necessarily increase the turbulence within the bath. The 

turbulence is largely dependent on the depth of penetratiol1 and 

the size of the magnesium vapor bubbles. 

5.2.3 Pyrotechnie and Volatility Tests 

For the pyrotechn ie and vola t i 1 i ty tests, an aecelerometer 

was used to evaluate the volatility of various magnesium samples 

while pyrotechnie 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 per iodic 

explosions occurred as the samples insulated with g~ss powder 

\liere fed into the molten metal bath. A typical accelerometer and 

photocell trace of one such sample is shown in Figure 5.46. The 

li ne ose i lIa t i ng about the center of the graph represents the 

'~elerometer trace while the line near the bottom of the graph 
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Figure 5.46 • A typical accelerometer and photocell trace showing violent 
and periodic explosions. These traces were obtained trom 
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 
, 

surrounded by 8mm of glass powder. The glass powder was encased 
c 

by copper shea thing. The sample was fed at a speed of O. 35cm/s • 

The two large vertical ticks on the left hand side of the graph 

denote the instant the lead ing end of the wire con tacted the 

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

the tailing end of the magnesium wire entered the bath. On an 

accelerometer trace, the bubbling of magnesium vapor or an 
/ 

eruptiOln is ind ica ted by an increase in t!lhe ampli tUde",o f the 

accelerometer reading. One can olearly see from Figure 5.43 that 

there were a total of five 'explosions' during the test. 

Furthe~ore, 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 signi{icant amount of the hot metal to be 

ejected from the crucible onto the top of the furnace housing. 

The ejected metal was contained by the ring of cement that was 

positioned around the crucible mouth. Because of the newly 

created radiating surface, the photocell was picking up more 
" 

light. However, the hot metai on the surface of the furnace 

housing cooled qui~kly, and as d result the intensity of the 

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

when br ight 'flashes occurred, ital sa i ndica tes whether metal 

was ejected fr.om the crucible. 

\ . 
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At the time of the above descrlbed test, the" causes behind 

the periodic eruptl0ns were not evident. However, subsequent 

testiny wlth .embedded thermocouples, which were carried out in 

the flrst part of the present study, did provide some important 

clues. Based on this evidence, it was con~luded that the 
, 

turbulence created when the leading end of the magnesium Wlre 

b e 9 a n va p or II i n 9 wa s st r 0 n 9 en 0 u 9 h t 0 des t r \) y the wh ole 1 e n 9 t h ~ 

of glass lnsulation th:t was submerged, thus eXPoslng~a 

relatively cold magnesium wire. The exploslons would consume the 
..-

magneslum and then the proces~ would repeat llself. 

The periodic explosions were elim;(\ated when the magnesium 

was insulated with glass tape instead of glass powder. An 

example of a typHal accelerometer and photoce Il t.race of a 

sample insulated wlth glass tape lS shown in F1gure 5.47. This 

sample conslsted of 4.6mm of Mudge,Watson lnsuldtion and was 

immersed in the plg ,lron mel t at a veloc1ty of l.Ocm/s. It can 

hat here wa!> n~ evidence of 

~yrotechnic dlsplays ing the ln1tlal "tayes of ~enetrdtl0n. 

The magneslum eventually startel! to melt dnd vapor1ze. The 

traces shor- that once the magnesium began to vaporize, lf-was 

release'd in the bath ln a faHly unlform manner except for dn 

eruption towards the end Wh'lCh resulted ln the emlSSlon of 

fi ares and flashes. The last, burst of flashes was the result of 

the severing of the steel handle used to feed the lll~gnesium " 

'Ù W 1rE' 1 th use au s 1 n 9 the su bm erg e d ma 9 ne S 1 U m t 0 ris e t 0 the 

sur fa ce. The ste e 1 han dIe br 0 k e a s are sul t 0 fit b e i n 9 pus h eu 
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t 0 0 d e e pin t 0° the bat h. t h us, ,e x p 0 sin 9 t 0 t n e bat h a po r t ion 0 f 

"'-the steel handle that was not insulated with glass tape. The 

portlon of th~ steel, handle that broke off was later found , 

floating on the bath surface. \ 
A':> another example cons lder the traces shown ln Figure 5.48. 

This graph was produced for the case when ~wo composlte samples 

were simultaneously fed lnto the bath. (joth samples had 4.6mm of 

'insulat1on and were fed at a veloclty of l.Ocrn/s. The samples 

were separated by a distance of 7cm. Notlce that the photocell 

trace shows that there were virtually no flashes or flares. 

Furthermore. contrast tins graph with the one shawn ln F1glire 
-

5.45. If the last burst ln Figure 5.45 lS excluded. the two 

CI 
• 

9 r a phs are· e S'S e n t i aIl Y the sam e. t h u sin d 1 C a t 1 n 9 t h a t the mol t e n 

met a 1 bat h po s S 1 b 1 Y c a n a c c a mm 0 d a t e m u C h m 0 rem a 9 n e s i u m t han wa s 
1 

or1g1na,.lly used. ThlS also suggests that instead of 1ncreaslng 

the i mm ers 1 0 n s pee d ta 1 n cre as eth e mas s f 1 0 w rat e. the mas s 

flowrate can be lncreased by lncreasing the number of Wlres 

be1ng lmmersed. The advantage of uSlng more than one wire 1S 

that il allows for better dlstrlbutlon of the magnes1um. At 

present wHe feeders that feed more than one Wlre do eX1 st. 

At th1S pOln-J. ,t lS worthwhl\e to conSlder what happens when 

a bare magneslum wire is fed into a pig Hon melt. Figure 5.49 

shows typHal traces of a bare 3.2mm dlameter magneslum W1re fed 

at a velocity of O.35cm'/s. Note that the accelerometer did not 

picl< up any bubbl1ng of magneslum v.apor whlle the photocell 

1ndlCated that 'there was contlnual burning of magnesium on the 

• 
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Figure 5.48. Traces for. the case when two compo~te samples w~re 
simulta~eously fed into a pig iron bath. 
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bath s\lrface. This shows f,that an uninsulated magnesiwn 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 exhibi ted in Figure 5.50. This graph 

'shows that the traces for a magnesium sarnple that was fed at 

1.0crnls and that had a minimal amount of iristi'l~tion (i.e. 

1,.45mm). Note that after a brief delay in the initial stage, the 

magnes i um beg an react ing, as ev idenced by the increase in 

ampli tude of the accelerometer read i ng. At the sarne time there 
. 

was" persistent burning of m~gn~sium on the bath surface. This 

indicated that the magnesiurn did penetrate the bath surface, 

but, the depth of 'penetration was not sufficient to al10w the 

magnes i um enough time to d isso1 ve completely. 

In surnmary, the photocell and accelerometer traces were 

useful in determining wh~ther a rnagnesium wire penetrated the 
, 

bath.surface. When it 'did, one could estirnate to what extent it 

penetrated by the delay tirne between the cOffiinencement of 

magnesi urn bubbling and the bath surface '~ontact time. 

Furthermore, the accelerometer traces i ncl ica ted the manner in 

which the magnesium was released below the bath surface. In 

other words, they showed wnether the magnes i um was released 

uniform1y or sporadically. 

5.2.4 Desulphurization and Recovery Tests 

5.2.4a De~ulphurization 

The desulphur i zat ion tests were conducted in pig i r on, 

however, the bath ternperature was raised to 16000 C. The reason 
~ 

for raising the bath temperature to steelrnaking temperatures 

( 
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was to'provide' a large superheat. ,The large supetheat was 

needed, firstly, to offset temperature lo"sses during the 

immersion of the samples ~ince the furnace, power wa'S turned off 

during each test, and secoondly, to facil itate melting the slag. 

c{)ver. lt was found that at 140aoC it was difficult to obta-in 
~ . 

a fluid desulphurizing slag. The furnace power was turned off 
J 

during the immersions ta prevent electricài interference w;th 

the accelerometer signaIs. 

The weight of the molten-metal was approximately 50 kg" 

Ab 0 u t 1 0 0 9 r a m s 0 f P Y rit ~ w"e r e the bath to raise the 
, ' 

" 
sulphll-r content to about 0.1%. The slag used)n these test9"J was 

made ~rom a m1xtur,e 35~ soda-lime powder gl!";S. 55% lime, and 
~ 

10% fluorspar. The slag basicity was about 2.2. The compoS,ite 

sam p 1 e s con sis t e d 0 f 3. 2 mm d; a met e r m a 9 n es; u m w; r e wei 9 h i n 9 

a b 0 Û t 3. 6 1 9 r am s 0 d n d l n sul a t e d w it h 4. 5 mm 0 f A J d X ta p e, • Bat h 
. , 

samples for s'ubseQuent sulphur analysls were taken before an'd 

after the immersion of each composlte magne..s,um wire sample. The 

des u 1 phu r; z a t 1 0 n r es u 1 t s are s h oi) n i n Ta b 1 e 5. 1 • 

A total of six composite wires were utllized. The 

desulphurization efficiency(OE) of each test was calculated 

using ,the following expresslon: 

where 

DE 

"\ 
l' 
l' 

= 

.6S% 
HMW 

AWmg WT
Wg A S 

,65% x H~.~ AWm 
e ~ 

WTmg x AW
s 

9 (16) 

= change in sul~hur content ( % J 
= hot metal weight ( g ) 
= a tomi c wei gh t of Mg (g) 
= weigh t of Mg utilized (g) 
= a tom i c weight of sulphur ( 9 ) 
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TABLE 5.1 
DESULPHURIZATION RESULTS 

Add i tion no. Mg wt. 
"). 

%S Efficiency 
( g) before after (%) 

1 3.61 0.0953 0.0831 1,25.0 
2 3.61 0 .. 0831 0.0844 
a 3.61 0.0844 0.0930 
4 3 :61 o .0930 0.0890 
5 3.61 0.0850 0.0845 
6 3.61 0.0842 0.0842 

i 
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Table 5.1 \shows that an efficiency of 125% was achieved with 

the fi rst immers ion. Obv ious ly this value cannot be correct. One 

reason that may ex-pla in this apparen tly h igh e ffic iency is that 
, 

the slag, ~y itse1f, May have contributed significant1y to 
. 

sulphur removal. However what was.surprising about the results 

was that essentia11y no desu1phurization was achieved for 

subsequent tests. The reason for th i s was simply that the 51 ag 

was satura ted wi th sulphur and could not absorb any more. The 

maximum amount of sulph ur tha t can be accommoda ted by the s lag 

is largely dependent on the basicity and quantity of slag, 

al though there are other factors tha t May affect the absorpt ion 

of su1phur. Knowing the slag basicity, the amount of slag, and 

the initial sulphur content, the J,.owest final sulphur content 

can be determined from the fo1lowing rela t ionship: 51 

where 

[S] = [S]oexp(-nY) 

[S] = initial sulphur content 
[sY = ·final sulphur content 

~ 

(17) 

n = sulphur par t i tion coef f icient 
y = relative slag amount(slagjmetal) 

For this particular case approximately 340g of slag was 

used. This would give a 'yi value of 0.007. From Figure 5.51, 

the sulphur partition coefficient for a' slag basicity of 2.2 i5 

about 20. 52 Hence, accord ing to equa t ion (17) the fina 1 

sulphur content should have been 0.082%. The measured final 

sulphur content was in fact 0.083%. Theref ore, i t was obvious 

that a fter the fi r st immers ion the s 1ag b-ecame sa tu ra ted wi th 

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

not possible unless the slag was replaced by new ,slag. 
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In order to obtain very low su1phur contents for subsequent 

tests, i t was obv ious that 'a larger amount of slag wi th à h igher 

basicity was required. Due to the problems ehcountered with the 

slag in these experiments, it was felt this approach would be .,. 

impract~herefore it was decided that it"would be 

worthwhile to concentra te 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 

1400oC. The bath weights for the tests ranged between 23 and 

26 kg and the initial su1phur contents ranged between 0.02 and 

0.024%. In order to prevent the dissolved Magnesium from being 

exposed to the atmosphere, a slag cover was used. The slag 

cons i s ted ma inly of the cont i nuous cast i ng mold powder, PeIRco 

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 aIl samples were insulated wi th Mudge ,Wa tson tape. The 

insulation thicknesses ranged from 1.4 to 4.6mm. The samples 

were a1l immersed at a veloc i ty of 1. Oem/s. Bath samples were 

taken, for subsequent su1phur and magnes~um ana1ysis"before and 

after each immersion. Before the immersi,on of the" samples the 

furnace power was turned off. After each immersion the furnace 

power was turned on low 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. 

J 
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RECOVERY 

Insu1ation sample 
Thickness 

(nun) 

1.5 051505 
1.5 051509 
1.5 051013 

2.5 051506 
2.5 051510 
2.5 051514 

3.5 051507 
3.5 0~1511 
3.5 051515 

4.5 051512 
4.5 051508 
4.5 . 051516 

\ 

l " o 

a 

TABLE 5.2 " 
RESULTS OBTAINED WITHOUT 

%S 'Mg 
before after before 

0.024 0.026 0.0011 
0.023 0.022 0.001 
0.008 0.008 0.0291 

0.020 0.018 0.0174 
0.025 0.023 ,,0.0221 
0.007 0.006 0.0195 

0.020 0.021 0.0195 
0.009 0.011 0.0036 
0.006 o .007 0.0204 

0.011 0.010 0.028 
0.009 0.009 0.0023 
0.006 0.006 0 • ..0116 

. . 
. ., 

\ 

• 
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STIRRING 

Recovery 
after (%) 

!I 

0.0059 " 32.0-{ 
0.0202 133.0' 
0.0195 

• 0.0205 
0.0041 

.jl31.9 

0.024 11.0 

0.0352 105.0 
0.028 162.0 
0.0159 . 
0.0224 
0.0052 19.0 
0.0164 32.0 

, 

\ 

\ 



-182-

0J • 

• TABLE 5.3 
RECOVERY RESULTS OBTAINED WITH STI RRING 

Insu.1ation sample %S 'Mg Recovery 
Thickness , before after before after (%) 

(mm) 

,J~ 
053001 0.021 Q.022 0.007 o .0039 22.8 
053003 0.018 0.017 O. 0126 0.009 4.4 

053007 0.017 0.016 0.0018 o .0038 19.8 
2.80 053008 o .022 . 0'.021 O. 0027 o • 0151 94.0 

3.7 053009 0.022 0.021 0.0083 o .0184 77.6 
3.6 053010 0.013 0.013 0.0019 a .0125 75.7 
3.55 053011 0.014 0.014 0.,9 Il o .0202 65.0 l. 

3.(i 053012 0.016 0.016 0.0038 o .0142 74.3 

4.6 053013 0.015 0.016' 0.0,141 o .014 7 4.3 
4.5 053016 0.020 0.020 0.0-104 o .0203 70.3 
4 •. 6 01415 0.012 0.011 0.0083 0.0133 18.46 

,1 

/ 
/ 
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Recovery for these experiments was defined as the percentage 
• 

,'" 
" 

of the immersed magnesium that remained diss01ved .in. the bath 

plus the percentage of the immersed magnesium that was consumed 

to 10wer the su Iphur conten t of the ba th. 

The resul ts shown in Table 5.2 were obtai ned wi thout any 

induced stirring(Le. the iurnace power was not turned on 

immediate1y after each samp1e was immersed). T~e recovery 

results for these tests ranged from no recovery at aIl to 

recoveries weIl above 100%. Since there was no induced stirring, 

i t was. possible tha t pockets of ei ther magnes i um ri ch or 

magnesi um deff i c ient i ron w-ere samp1ed. For example ~ cons ider 

samples 051513, 051510,051515, and 051512. The magnesium 

contents of the bath after the samp1es were immersed were 

cons"'erably lower than the magnesium contents before they were 

!mmersed, whi le the sulphur conten ts d id not change 
. 

sigriifica'1t1y. Yet for other samples such 051509 and ,051511, 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 r ich or 

magnesium deff ic1ent pockets of mol ten iran were .sampled. In 

order to veri fy this hypothesis, subsequent tests were condu,cted 

with induced stirring. 

Table 5.3 shows the recovery resu1 ts obta i ned wi th ind uced 

stirr~ng. 11: i5 evident that these results \tIere much more 
". 

consistent than those obtained without any stirring. For samples 

insu lated wi th more than 2.6 5mm of glass tape, the reçover ies 

• 
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were quite high(i.e higher than 60\), with the '3.6'mm samp1es 

exhibi t i ng the most C,ons i stent recover ies. The sample~_, ,wi,th less 

than 2.65mm insulation exhibited very low recoveries. 

Consider sample 053013. This samp1e was insu1ated with 4.6mm 

of Mudge,Watson tape and it exhibited a very low recovery(Le 

4.3%). It was observed that when the s~mple was fully irmnersed, 

the sample bent upwards and a portion of i t pierced the bath 

surface. Thus a significant 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 bendi.,ng, was responsib1e for 

sorne of the 10w magnesium recoveries when rel:atively large 

insulation thicknesses were used. 

Test 01415 also exhibited a very low recovery. "Test 01415 

cons.isted of two composite samples that,wer~ simultaneous1y fed 
~ 

i nto the bath. Both samples were insulated wi th 4., 6mm 0 f 

Mudge,Watson tape and were fe? at l.Ocrn/s. 'During the immersiori 

of the samp1es, it was observed that there was vigorous movement 

of the bath, however, hot metal was not ejected from the 

crucible and there was no evidence of flashes or flares. 
~~ ~ 

'1 

Therefore, the reason for the low recovery is not; known at this 

point, a1though wire bending may have been respansib1e. 
~ 

Oespite the fact that a couple of the samples with thick 

i nsula t ion show~d poor recovèr i es, the recove,ry resul ts were 

encouraging,. At present, the most popular magnesium' r~agent used 

.. 
"' 
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in the foundry industry is ferrosilicon (with 4% magnesium). 

Typical recoveries obtained with this reagent are in the 30-'40% 

range. Morebver, sinee 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 obtai ned. Hençe, due to the fact tha t the 

magnesium wire is in pure form and that the magoesium recoveries 

can be significa~tly inereased, using the present wire feeding 

technique ean result in substantial savings in reagent cost. 

1 
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SUMMARY AND CONCLUSIONS 
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J,. In an attempt to develop a nov el magnesium wire feedin<l' 

" .. , .. 

technique that can ~e used for both molten iron and steel 

treatments, the present work was undertaken to find an 

appropr ia te i nsulating ma ter i al and a v i able method 0 f appl ying 

it to the magnesium Wlre surface. 

Two types of insulating materials were tested. The first 

type ~as powdered glass and the second was glass
p 

tape. The glass 

powders tested were of var ious chemical compos i tions and 

vi scosi ties-., 'rhe _ glass tapes were ob tained fram two suppli er s, 
J ~r \ ~ _ .... ~ 

1 
1 

Ajax Magnethermic Inc. and Mudge, Watson Inc. 

From previous worik condu_ct.ed on. magnesium wires that were 

insulated with powder.tid glass, it was faund that the mpgnesium 

composite samples exhibited vi;ient and periodlc eruptions when 

immersed in molten irone ft was originally believed that the 

cause of the eruptions was re.lated to the viscosity of the glass 

powder. However, the acquisition af very inexpensive 

thermocouples, along wi th the use 0 f sensors such as an 

'" accelerometer and photocell, made i t poss i ble to d~velop a 

better understand lng af the cause ef the violent and period ic 
Cr 

eruptlons. This led to the development af the glass tape 

insulated Magnesium wire. 

The above mentioned sensars also made it passiblQ to 

determi ne the ef fect of 'parame ters such as immer sion speed and 

• 

, 
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[. insulation thickness on volatil Hy, pyrotechnlc display, and 

depth of penetration. 

From the present research work, the following concluslons 

can be drawn: 
. 

1) Although lt was previously belleved that the 
cause of the perlodlc eruptlons was related ta the 
V1SCOSlty of the glass powder, the lnterna.l 
temperature responses of the powdered glq,ss 
lnsulated samples lndicated that the primary cause 
was the inabllity of the glass powder to remaln 
lntact as the samples were 1mmersed ln the bath. 

'2)' A more effectlVe method of lnsulat1ng a 
magneslum Wlre lS to wrap glass tape around lt. 
The advantages of uSlng glass tape are: 1) lt 
prr.hldes greater strength than glass powder, 2} it 
can be easlly applied to the WHe, and 3) the 
insulatlon thlckness can be easlly varled by 
changlng the number of wraps of glass tape. 
Furthermore, lt overcomes the problem of centering 
the magneslum core and lt eliminates the need for 
a metallic sheath. 

3) Mudge, Watson tape was a more effectlve 
lnsulator than Ajax tape. 1 

4) Ajax tape effectlVe\,y lnsulated magneslum wires 
that were fed ln a molten 1ron bath at 1400 oC. 
However, the lnsulatlon th1cknesses had to be 
slgniflcantly lncreased to attain the equlYalent 
penetratlon depths as the wires fed lnto a molten 
bath at 1600 0 C. 

5) The relatlonship between the meltlng tlme of a 
core material and its insulation thlCkness for a 
core mater la l meaSUrl n 9 3. 2mm ln d ldmeter can be 
represented by an equation of the form: 

T==a X b 

where a and b are expenmentally determlned 
.c 0 n s tan t san d X l S the ln sul a t l 0 n th lC k ne S s 1 n )n~. 

6) The meltlng tlme results were used ta estimate 
the penetratlon depth of magneslum samples. The 
penetration depth lncreased with increasing 
insulation thic~ness. For small lnsulatlon 
t hic k n e s ses (1 /e. les s t han 2. 5 mm), i t c a n b e ' 
assumed that the penetratlon depths w~re estlmated 
fairly accurately. However for larger thicknesses, 

p 
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this me.t:'bod was not reliable. The reason for this 
was that as the insulation thickness increased, 
the tenqency for the magnes i um samples to bend 
upwards also lncreased. Hence, the calculated 
depth of penetr ation may have been sig ni fican tly 
different from the effectlve depth of penetration. 

7) As the depth of penetra t ion i ncreased, the 
degree of pyrotechn1c display decreased. 

a). The degree of pyrotechnlc display decreased as 
the lInmerSlon speed was increased from l.Ocm/s ta 
2.37cm/s. The 1nsulation thlcknesses varied from 
4.2rnm to 2 .. 0mm, respectl'llely. 

9) Phatoce 11 and acce lerome ter tr aces were useful 
in determlning wheth~r 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 
t ime. Fur thermore, acceler ometer traces ind 1 cated 
the manner in which magnesi um was released below 
the bath surface (Le. unl.formily or 
sporadically) • 

10) In order to obtain good magnesium recovery 
resul ts, l t was necessary to gently st i r the 
mol ten pig iron bath after l&ach composi te sample 
was immersed. This provided the bath with a 
homogeneous bath composltlon. Magnesium recoveries 
of over 65% were consistently obtained for 
insulat l on th l cknesses grea ter than 2.6 5mm when 
the ba th was st irred • 

Il) The present Wlre feedlng 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 introductlon of 
other volatile desulphurizing reagents such as 
calcium and calcium based reagents. Furthermore, 
it probably can be used for addlng alloying 
elements such as lead, strontium, and tellurium, 
or a comblnat1on of alloying elements and . 
compounds. These are as are yet to be i nvestigated. 

/ 
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APPENDIX ~ 

i The program listed below is a one-dimensional heat transfer 

model simulating the radial heat flow ta a composite cored wire. 

The compos,i te cored wire can consist of, two sections of 
b 

different ma ter i aIs. Informa t ton such as the th ickness ,of each 

section, number of nodes in' each section, the ambient and 

star t i ng tempera tures, melting poi nts, and -thermal properties 

are aIl input var iables. The thermal properties do not vary with 

t-emperature, however, different thermal properi!ies can be 

~red for different states. The program can handle th1i\ee 

di'}ferent states. These include the salid, liquid, and mushy 

stat,es. The mushy state i5 a transition phase betweet:l the sol).d 

and 1 iquid states. The mushy state is included to take into 

account the heat of fusion for a given section. It is assumed 

that the tra'nsition fropt solid ta liquid occurs'over a one 

" degree celsius range. Hence, thJ;! mushy state'starts at tte 

melt~ng point of a given section and ends one degree celsius 
-:::: 

above the mel ting point. Sindl the transition is assumed to take 

place over a one degree range, the heat capacity of the state i8 

simply the heat of fusion divided by one degree celsius. The' 

densi ty and thermal conducti v i ty o~ the mushy sta te is assumed 

ta be the same as tha t a f the sol id state. 

Figure A.l shows the mel ti ng time resul ts for 3. 2mm d iameter-

composite samples obtained with the heat transfer model. The 

results were obtained for bath temperatures of 14000C and 

\ 
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Figure A.2 shows the melting time results for lS.9mm 

diameter magnesium composite samples. These results a~e of 

particular interest because a joint research project with Stelco 

• 
was ~arried out wherby l5.9mm insulated magnesium rods were 

immersed in a 3 tonne pig iron bath. The research work conducted 

in conjunction with Stelco i~ beyol.::] the scope of this thesis. 

One point worth noting is that if the 'melting time' curve is 

extrapolated to the 'zero' insulation mark, one will find"that ... 
it will take approximately 10 seconds to melt the Magnesium rode 

Because of the size of the Magnesium rod, a not1ceable 

temperatute gradient exists within the rode As a result, it 

would take the center of the Magnesium considerably longer to 

reach the melting point than it would take the surface of the 

Magnesium. Mor~ver, the rr.el~ing time versus insulation 

thickness relationship can no longer be expressed in the form: 

T=ax b 

The melting time versus insulation thickness would be better 

expressed in the following form: 

T=aebx 
J (18) 

Çi -
The heat t"r_~nsfer model -clearly illustrates the difference 

between 3.2mm and lS'.'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 consistïng of a 3.2mm diameter 'ma9nesium wire 

insulated with 3mm of glass tape. Figure A.4 is a similar plot 

of a IS.9mm diameter Magnesium rod with the same thickness of 

insulation. 

'. 

'\ 

\. 
J 

\ 



60 

~ 
\ 

50~ \ -

\ 

40 
(' ,..... 

CD 
'-' 

1-
UJ qo 
~ 
t--t 

t-
20 

, ~ t 
......-

la. 

1-

\00 

Figure A.2. 

~ 
ri 

~, 
~ 

-.-::'- .., 

CALClLATED 

BATH TEMP •• 1400(C) 
/ -1 

Y·ll.3IeE)(P(Q.. .. )O R·2-... 

.,..,....., --- -

''--... 

"-

'-~ 
i 

1 2 3 v'4, ./ 5 
~../ 

TH 1 CKNESS (mm) 

Plot of Magnesium melting times versus insulation thickness 
for a lS.9mm diameter magnesium rod. 

... 

'1 

~ ... 

... 

1 
...... 
\0 
tIJ , 



t .. 

1800 

1400 

,.. 
0 1200 0 
'J 

.w 
a::: 
j 
t-
~ 1000 
a::: 
w 
Q. 

:i 
w 
t- 800 

600 

400 

200 

-6 

Figure A.3. 

1 
1 
1 , 

-193-
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Note that the ternperature profile within the 3.2mm Magnesium . 
wire is essentially uniform whereas a slight temperature 

g radient exists within the 15.9mm 
: ~ 

surface\~f the 15.9mm rod reached 
1 

rod. Also note that the 

its melting point about 10 

seconds prior to that of the center of the Magnesium rode 

In the experiments conducted in the present study, it was 

assumed that the magnesium wire melted when the thermocouple on 

the surface of the Magnesium rad reached a ~emperature of 

650oC. This was a reasonable assurnption since the heat 

transfer model showed that the temperature.~f the 3.2mm diameter 

wire was essentially uniform'. However, if lS.9mm Magnesium rads 

were ta be used, the melting times would have to be dtermined by 

implanting thermocouples in the center of the Magnesium rode 

Magnesium rods, l5.9mm in diameter, were not tested in the 

prèsent study, however, 15.9mm dia~eter aluminum rods were. In 

the se tests, one thermocouple was p1aced on the surface of the 

aluminum while another thermocouple was implanted in the center 

of the aluminum rode Consider the temperature traces shown in 

Figure A.5. These traces were obtained for a composite sample 

comprising of a l5.9mm diameter aluminurn rod insu1ated with 3mrn 

of Mudge, Watson tape. Note that the center of the aluminum rod 

took approximately 15 seconds longer to reach its melting point 

than did the surface of the aluminum rode It is expected that a 

Magnesium rod would exhibit the same trend; however, the delay 

time wou1d probably be less since it takes 35% more energy to 

raise the aluminum to its melting point. 
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********************************************************** 
* 
* 
* 

.. PROGRAM TEMP 
* 
* 
* 

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

/SYS REG-120 
/LOAD WATFIV 

C 
C 
C 
C 
C 

'10 

2S 
20 
C 

30 

C 

40 

C 

50 

C 

51 

52 
C 

60 

COMMON AREA~10,2) ,VOL(lO,2) ,OXN(10,2) ,TEMP(10,2) ,DTS,DT 
COMMON XTEMP(lO,2),NOOES(2) ,THICK(2) ,ROW(2,3) ,K(2,3) ,AS 
COMMON CP(2,3) ,COND(lO,2) ,MPT(2,2) ,TA,H,XX1,TIME 
INTEGER I,J,L,M,COND 
REAL K,MPT 

************************* 
* INPUT VARIABLES * 
************************* 

WR 1 TE ( 6 , 10 ) 
FORMAT(' ','ENTER THE THICKNESS OF EACH SECTION AND THE', 

&' NO. OF NODES IN EACH SECTION.') 
DO 20 J=l,2 
WR 1 TE ( 6 , 25) J 
FORMAT(' ','SECTION',I2) 
READ(9,*) THICK(J) ,NODES(J) 

WRITE (6,30) 
FORMAT(' ','ENTER THE HEAT TRANSFER COEFFICIENT.') 
REAO(9,*) H 

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

WRITE(6,SO) 
FORMAT(' ',' HOW MANY DENSITY, HEAT CAPACITY, AND THERMAL' 

&'CONDUCTIVITY TERMS DO Y~U WANT TO ENTER?') 
READ(9,*) M 

WRITE(6o ,Sl) 
FORMAT(' ','ENTER THE SECTION NO., STATE, DENSITY, HEAT ' 

&'CAPACITY, AND THERMAL CONDUCTIVITY.') 
DO 52 L=l,M 
READ ( 9 1 * ) l, J , ROW l. 1 , J) , CP ( l 1 J) 1 K ( l , J ) 

WRITE(6,60) 
FORMAT(' ','ENETR THE SOLIDUS AND LIQUIOUS TEMP. FOR BOTH' 

&' SECTIONS.') 
DO 65 J=1,2 



.. 

1 , 63 
6S 
C 

70 

90 
80 
C 

C 

WRITE(6,6'3) J 
FORMAT (,' ',' SECTION " I3) 
READ(9,*) MPT(.1,l) ,MPT(J,2) 

WRITE (6,70) 
FORMAT (' ',' ENETR THE S:!I'ARTING 

&' SECTIONS.') 
. READ(9,*) STEMP, STATE 

DO 80 .1=1,2 
NI: NODES (.1) 
DO!M I:l,Nl 
TEMP(I,J)=S'l'EMP 
CONO (l, .1) =STATE 
CONTINUE 

CALL AVNS 
CALL STABt:J:, 

WRITE (6,1001, DTS 

n 
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TEMP. & STATE FOR BOTH' , 

100 FORMAT(' ',"IME INCREMENT MUST BE LESS THAN',FI4.7) 
WRITE(6,110) 

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

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

C • 

. C 

C' 
C 
C 
C 
C 
C 
C 
C 

C 

CALL CTEMP(TBPO) 

STOP 
END 

,J 

• ********************************************************** 
* * 
* SUBROUTINE AVNS CALCULATES THE.AREAS AND VOLUMES FOR * 
* EACH NODE OF EACH SECTION. * 
* * 
********************************************************** 

SUBROUTINE AVNS 
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) ,CaNO (10,2) ,MPT( 2,2) ,TA, H ,XXI ,TIME ~ 
OIMMENSION ORAD(2) ,XIRAD(2) ,P(10,2) ,XR(10,2) 
REAL K,MPT 
INTEGER CaNO 

ORAD(I)= THICK(I) + THICK(2) 
ORAD(2)= THICK(2) 
AS=6. 28* ORAD (1) 

DO 10 J=1,2 
A=THICK(J)j(NODES(J)-l) 
Nl= NODES(J} -' 1 

DO 20 I=I,Nl 

" 



20 

C 

C 

C 

30 
C 

DXN(I,J) = A 
N4-NODES (1) 
NS- NODES (2) 
OXN(N4,1) .. 0.0 
OXN(NS,2)a 0.0 

XIRAD(J)= ORAD(J) - THICK(J) 
P(I,J) = ORAD(J) 
XR(I,J) = ORAO(J) - A/2.0 
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VOL(I,J)= 3.14*(ORAD(J)*ORAD(J) - XR(l,J)*XR(l,J» 

N2 = NODES(J) 

DO 30 I=2,N2 
XR(I,J) = XR(I-l,J)-A 
IF(I.EQ.N2) X~(I,J) :z XIRAD(J) . 
P(I,J) .. P(I-I,J) - A 
AREA(I-1,J)- 6.28*XR(I-1,J) 
VOL(I,J)"3.14*(XR(I-1,J)*XR(I-l,J) 

&XR(I,J) ) 
CONTINUE 

AREA(N2,J)-6.28*XIRAD(J) 
, WR 1 TE ( 6 , 40) . 

XR(I,J)* 

40 FORMAT(6X,'NODE',6X,'RADIUS',5X,'DELTA' ,5X,'VOLUME'1 
*SX,'POSITION,5X,'OF',7X,'R'1 
*L5x,' SPACING') 

c 
N3-NODES (J), 

DO 50 1-1,N3 

" 

WRITE(6,60) P(I,J) ,XR(I,J),DXN(I,J) ,AREA(I,J) ,VOL(I,J) 
60 FORMAT(F9.2,2X,F9.2,2X,F9.2,2X,F9.2,2X,F9.2) 
50 CONTINUE 
10 CONTINUE 

c 

RETURN 
END 

c ********************************************************** 
C * * 
C * SUBROUTINE STABIL ENSURES THAT THE STABILITY CRITERIA * 

. C * ARE MET. IT TELLS Y~U THE MAXIMUM POSSIBLE INCREMENTAL * 
C * TIME. THEN Y~U CHOOSE A TIME INCREMENT THAT SAT~SFIES * 
C * THE CONSTRAINT. * 
C * * 
C ***************************.****************************** 
C 

SUBROUTINE STABIL 
COMMON AREA(lO,2) ,VOL(lO,2) ,DXN(10,2) ,TEMP(lO,2) ,DTS,DT 
COMMON XTEMP(10,2) ,NODES(2) ,THICK(2) ,ROW(2,3) ,K(2,3) ,AS 
COMMON CP(2,3) ,COND(lO,2) ,MPT(2,2),TA,H,XXl,TIME : 
INTEGER I,J,L,COND 
REAL K,MPT 

\ , 
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J 

C 

C 

C 

32 
31 
39 
20 
10 
C 

40 
41 
C 

AsVOL(l,l)*DXN(l,l) 
Xl~ROW(l,l)*CP(l,l)*A 
X2=ROW(1,2)*CP(1,2)*A 
X3~ROW(1,3)*CP(1,3)*A 

DTl=Xl/(H*AS*OXN(1,1)+K(1,1)*AREA(1,1» 
DT2-X2/(H*AS*DXN(l,1)+K(l,2)*A~EA(1,1» 
DT3pX3/CH*AS*DXN(1,1)+K(1,3)*AREA(I,1» 
/ ,,1 

tfJT'~~ DT 1 . 
IF(DT2.LT.DTS) DTS=DT2 
1F(DT3.LT.DTS) DTS=DT3 

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

DO 20 I=2,N2 
DO 30 L=I,3 
DO 31 Ll-l,3 
DO 32 L2-l,3 
X4-ROW(J,L)*CP(J,L)*VOL(I,J) 
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1 
XS=DXN(I-l,J)*DXN(1,J) 
X6=K(J,L2)*AREA(I-l,J)*DXN(I,J)+K(J,Ll)*AREA(I,J) 

&*DXN ( 1-1 ,J) 
DT4-X4*XS/X6 
IF(DT4.LT.DTS) DTS=DT4 
CONTINUE 
CONTINUE 
CONTINUE 
CONTINUE 

CONTINUE 

N1sNODES (1) 
DO 41 Llsl,3 

DO 40 L=1,3 
X7=ROW(1,L)*CP(1,L)*VOL(Nl,1)+ROW(2,Ll)*CP(2,L1) 

&*VOL(l,2) 
X8=DXN(Nl-1,1)*DXN(1,2) 
X9=K(I,L)*AREA(Nl-l,I)*DXN(I,2)+K(2,Ll)*AREA(I,~) 

&*DXN(Nl-l,l) 
DTS=X7*X8/X9 
IF(DTS.LT.DTS) DTS=DTS 
CONTINUE 

CONTINUE 

N3= NODES ( 2) 
DO 50 L=1,3 
XlO=ROW(2,L)*CP(2,L)*VOL(N3-1,2)*DXN(N3-1,2} 
Xll=K(2,L)*AREA(N3-1,2) 
DT6=XI0/Xll 
IF(DT6.LT.DTS) DTS=DT6 

50 CONTINUE 
RETURN 
END 

1 
/ 

/ 

/ 
/ 
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********************************************************** 
* * 
* SUBROUTINE CTEMP CALCULATES THE NODAL TEMPERATURES * 
* * 
********************************************************** 

SUBROUTINE CTEMP(TBPO) 
COMMON AREA(10,2) ,VOL(10,2) ,DXN(lO,2) ,TEMP(lO,2) ,DTS,DT 
COMMON XTEMP(10,2) ,NODES(2) ,THICK(2) ,ROW(2,3) ,K(2,3) ,AS 
CQMMON CP(2,3) ,COND(10,2) ,MPT(2,2) ,TA,H,XXl,T-IME 
INTEGER I,J,L,Nl,COND 
REAL K,MPT 

********************************* 
* SURFACE NODE * 
********************************* . 

XXl=O.O 
TIME=O.O 
XXaH*AS*DTj(ROW(l,COND(l,l»*CP(l,COND(l,l»*VOL(l,l» 
ZZaK(l,COND(l,l»*AREA(l,l)*DTj(ROW(l,COND(l,lJ)* 

&CP(l,COND(l,l»*VOL(l,l)*DXN(l,l» 
XTEMP(1,1)=TEMP(1,1)*(1~XX-ZZ)+XX*TA+ZZ*TEMP(2,1) 

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

Jal 

* INTERNAL NODES * 
********************************* 

NI-NODES (J) • 
DO 300 I=2,Nl' 
IF(I.EQ.Nl.AND.J.EQ.l) GOTO 500 
IF(I.EQ.Nl.AND.J.EQ.2) GOTO 700 
X=K(J,COND(I-l,J»*AREA(I-l,J)*DTj(ROW(J,COND(I,J» 

&*CP(J,COND{I,J»*VOL(I,J)*DXN(I-l,J» 
Y=K(2,COND(I+l,J»*AREA(I,J)*DTj(ROW(J,COND(I,J»* 

&CP(J,COND(I,J»*VOL(I,J)*DXN(I,J» 
XTEMP(I,J)=TEMP(I,J)*(l-X-Y)+X*TEMP(I-l,J)+Y* 

&TEMP(I+l,J) 
CONTINUE 

**********************If********* 
* INTERFACIAL Ndtl'ES * 
********************************* 

W=ROW(1,COND(Nl,1»*CP(1,COND(Nl,1»*VOL(Nl,1)+ROW(2, 
&COND(1,2»*CP(2,COND(1,2»*VOL(1,2) 

X=K(l,COND(Nl-l,l»*AREA(Nl-l,l)*DTj(DXN(Nl-l,l)*W) 
Y=K(2,COND(1~2»*AREA(1,2)*DT/(DXN(1,2)*W) 
XTEMP(Nl,1)=TEMP(Nl,1)*(1-X-Y)+X*TEMP(Nl-l,1)+Y*TEMP(2,2) 
XTEMP(1,2)=XTEMP(Nl,1) 
J=2 
GOTO 600 



• ... 

C 
C 
C 
700 

C 

C 

900 

C 
C 
C 
C 
C 
C 
C 
C 

C 

10 

3.0 

40 
20 
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********************-************* 
* LAST NODE * 
********************************** 

W=ROW(2,COND(Nl,2)}*CP(2,COND(Nl,2»*VOL(Nl,2)*DXN(N1-1,2) 
~zK(2,CONO(N1-1,2»*AREA(Nl-l,2)*OT/W 
XTEMP3(Nl,2)=TEMP(Nl,2)*(1-X)+X*TEMP(Nl-l,2) 

CALL STATE 

TIME"TIME + DT 
IF(TEMP(Nl,2) .GE.MPT(2,2» GOTO 900 
IF«TIME-XXl+l.0E-5} .GE.TBPO) CA4L PRTOUT 
GOTO 800 
CALL PRTOUT 
RETURN 
END 

********************************************************** 
* * 
* SUBROUTINE PRTOUT PRINTS OUT THE NODAL TEMPERATURES * 
* FOR THE OESIRED TIME INCREMENTS. * 
* * 
********************************************************** 

SUBROUTINE PRTOUT 
COMMON AREA(10,2) ,VOL(10,2) ,DXN(10,2) ,TEMP(10,2) ,DTS,DT 
COMMON XTEMP(lO,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 CONO 

WRITE(6,lO) TIME 
FORMAT(' ',1 TIME= ',F9.3) 

DO 20 J=1,2 
WRITE(6,30) J 
FORMAT ( , 1,1 SECTION' ,13) 
Nl=NOOES (J) 
WRITE(6,40) (TEMP,(I,J) ,I=l,Nl) 
FORMAT(lX,20(F8.2,1X» 
CONTINUE 

XX1=TIME 
RETURN 
END 

J 

" 
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C 
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C 
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53 

C 
30 

C 
40 

20 
10 
C' 

" -203-

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

* * 
~ THIS SUBROUTINE DETERMINES THE STATE OF EACH NODE, AND * 
* THEN ADJUSTS THE TEMPERATURES ACCORDINGLY BY PERFORMING* 
* A ENERGY BALANCE. * 
* -, * 
************************************************!*~******* 

/ 
.SUBROUTINE STATE 

COMMON AREA(10,2) ;VOL(10,2),OXN(10,2) ,TEMP(10,2) ,DTS,DT 
COMMON 'XTEMP(lO,2) ,N.oDES(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 CONO 

DO 10 J=1,2 
N1= NODES (J) 

DO 20 I=l,Nl 
IF(XTEMP(I,J) .GT.MPT(J,l).AND.COND(I,J) .EQ.1) 

& GOTO 30 

& GOTO 40 

\ 

IF (XTEMP ( 1 , J) • GT .MPT (J, 2) • AND .CONO (l, J) • EQ. 2) 

GOTO 20 
STARTHELT 
AaROW(J,l)*CP(J,l)*!HPT(J,l)-TEM(I,J» 
B-ROW(J,l)*CP(J,l)*(XTEMP(I,J)-TEM(I,J» 
C=ROW(J,2)*CP(J,2) 
XTEMP( I,J) = (B-A) jC + MPT (J ,1) 
CONO ( 1 , J) = 2 
GOTO 53 
ENOMELT 
A=ROW(J,2)*CP(J,2)*(XTEMP(I,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(I,J)=(A-B)jC + MPT(J,2) 
COND(I,J)=3 
CONTINUE 

CONTINUE 

DO 50 J=1, 2 
Nl=NODES (J) 

DO 60 I=l,Nl 
60 TEMP(I,J)=XTEMP(I,J) 
50 CONTINUE 

RETURN 
END 

\' 1 
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• ./ 
APPENDIX B 

CALCULATIO FLO~RâTE OF MAGNESIUM VAPOR 
~~~~~~~~~~~~~~ 

1 DATA 

~ 
WEIGHT OF MG WIRE (W

W
) 

IMMERSION SPEED (Si) 

VOLUME OF BATH (V
b

) 

LENGTH OF MG WI RE (LW) 

: 3.6 9 

': 2. 4cm/s 

: 3.7 litres 

: 30 cm 

MOLECULAR WEIGTH OF MG (MW ): 24.305 9 mg 

-IMMERSION TIME(T
1

) CALCULATION 

" 
12.5 _ s 

"" 

-F~OWRATE ('V') CALCULATION 

V';: ri' RT/P where n';: m?,;tar flowrate , 

, , "-

V';: (Ww/MW /T
l
,) xO • 0820Sl':'atm:"K-l-mole,""1xl67 3K/l'atm ~.--- '" 

mg . ' -
V';: 1.6 l/s 

Hence assuming that aIl the magnesium vaporizes -and none of, 

it dissolves, 1.6 l/s ~f magnesium would be generated. 

" 

, . 

, .~ 



-205-
" 

REFERENCES 

1. The Making, ShaE?ing and Treating of Steel, ed. McGannon, H.E., 
- Pittsburg: united States Steel Corp., 1971 

~, , 

2. Voronova, N.A., oesulphurization of Hot Metal By Magnesium, 
Warrendale: The Iron and Steel society of the A.I .M. E., 1983 

3. Agarwal, J.C.,"Economic Benifits of Hot Metal Desulphurization 
wi th Magnesium n, Iron and S'teelmaker, May 1984, pp. 40-44 

4. Agarwal, J.C.,"Economic Benefits of Hof MetaJ. Desulphurization 
to the Steelmaking Processes", rronmaking Conference Proceedings, 
I.S.S.-A.I.M.E., Vol.40, 1981, pp.U6-l70 

5. Kendrick, V.C., Smillie, A.M., Deeter~ R.E., Brown, W.H., 
"Angular Injection of Magnesium Granules for External 
Desulphurization of Hot Metal at Armco Inc. n, Developments in Hot 
Metal Preparation for Oxygen Steelmaking, ed. LU.W.-K.

1
, McMaster 

Symposium no.l1, May 1983, pp.13-27 

6. Goedert, J., Liesch, J.-F., "Experience with the ALT-Process 
on DeJOlphurization of Hot Metal at ARBED-BELVAL Steelplant", 
Dev&(opments in Hot Metal Preparation for Oxygen Steelmaking, ed. 
Lu.W.-K • ., McMaster Symposium no. Il, May 1983, pp.119-123 

7. Chaussy, J.P., Lecigne, R., Denier, G., Reboul, J.P., 
"Industrial Experience of Magnesium Injection into Iron: The 
USIRMAG 2 Desulpurization Process", Developments in Hot Metal 
Preparation for Oxygen Steelmaki ng, ed. Lu. W. -1<., McMaster 
Symposium no.11, May 1983, pp.148-160 

8. Lecigne, Roe, Senaneuch, D., Sauvage, F., Vachiery, R., 
"'Injection Treatment at Usinor Dunkirk Works", Scan in je ct 
1 1 I-Part 1, 3r International Conference on Refini ng of 1 ron 
and Steel by Powder Inject ion, Lulea, Sweden, June 15-17, 1983, 
pp. 14: 1-14: 22 ' 

9. McGowan, A., Arcangeletti, F., Cheng, A., "Operational 
Experience at Algoma Steel Using Various Methods of 
Desu1phurizing Iron in the Torpedo Ladle", Oevelopments in Hot 
Metal Preparat ion for Oxygen Steelmaki ng, ed. Lu.W. -K., McMaster 
Symposium no.l1, May 1983, pp.163-195 

10. Koros, P.J., Petrushka, R.G., Kerlin, R.G., "The Lime-Mag 
PrOGess for Desulphur i zat i on of Hot Metal", 1 ron and 
Steelmaker,Vol.4, no.6, 1977, p.34 

Il. Tatsuo,Ohya, et al., "Desulphurization of Hot Metal with 
Burnt Lime", Steelmaking Proceedings, Vol.60, 1977, p.345 

) 



-206-

\. 

12. Wilson, W.G., Mclean, A., Desulphurization of Iron and Steel 
and Sulphide Shape Cdntrol, The Iron and Steel society of the 
A.l.M.E., Warrendaie, 1980 

r 

13. Moore, J.J;, "The Case for Rare Earth Desulphurization of 
Acid Steel in Steel Casting Production", Transactions of the 
AmeIican E"oundrymen's Society, Vol.168, 1981, pp.809-82'8 

14. Ashton, M.C., Buhr, R.K., Maguy, J.-G., Davis, K.G., "Use of 
Magnesiwn Wire Injection for the Desulphurization of Pig Iron", 
Ironmaking and Steelmaking, Vol. no.2, 1975, pp.l1l-114 

15. Ashton, M.C., Buhr, R.K., Maguy, J.-G., Davis, R.G., "Use of 
Magnesium Wire Injection for the Ploduction of NOdular Iron", 
Transactions of the American Foundrymen's' Society, VoL7, 1975, 
pp.Sl-54 ' . 

16. Smith, J.J., "Pelema.g silve,s Sorne Magnesium Problems", Iron 
and Steel International, August)1982, pp.209-211 

17. Seppo Haimi, "Observation, About Pig Iron Desu1phurization 
wi th Granulated Magnesium ~t!t~e Raake Stee1works of Rautaruukki 
Oy", Scan in je ct II I-Part 1, 3 International Conference on 
Refining of ,Iron and Steel by Powder Injection, Lulea, Sweden, 
June 15-17, 1983, pp.26:1-26:7 

18. Ram'on, J.S., "Australian Iron and Steel Pt Y Ltd. Experience 
with Lad1e Injection", Australasian Institute of Mining and 
Metallurgy, August 1983, pp.23-29 

19. Okamoto, T., Huang, X., Kàgawa, A., "Graphite Nodulization 
and Graphi tiza tion of Magnesium Treated Cast Irons Solid ified 
Under Argon Atmosphere Pressure upto 145 Atm. n , Metal Science, 
Vol.l8r.fJ-' April 1~84, pp.l69-l76 

20. Brown, D.C.,"High-Quality, Strand-Cast Steel- is Herel", Metal 
producing, Sept. 1982, pp.62-66 

21. Ototani, T., "Recent Development of Metallic Calcium ~ore 
wire in the Steel Production", Scaninjeét III-Part II, 3 r 

International Conference on Refining of Iron and Steel by Powder 
Injection, Lulea, Sweden, June 15-17, 1983, pp.36:l-36:18 

22. Heiber, A.F., Watmough,T., "An In-Ladle Treatment Process for 
producing [Ductile Iron with Element'al Magnesium", Transactions of 
the American Foundrymen's Society, Vol.46, 1980, pp.289-300 

23. Caruso,' v. ,Coperchini, A., Giaconne, A., Dixmier, J .M., 
Henry, J.H., Hargot,J.L., "Recent Applications Sf Cored Wire in 
Continuous Casting", Scaninject 1 II-Part II, 3 r International 
Conference dn Refining of Iron and Steel by Powder Injection, 
Lu1ea, Sweden, June 15-17, 1983, pp.34:1-34:27 

'-

\ 

.. 



... 
-207-

24. McManus, G., " Ladle Metallurgy Moves to a More Active 
State", Iron Age, March 19,.1984, pp.30-38 

25. Haastert, H.P." "Lad1e Meta11urgy Processes in Steelmaking. 
Part 2: Treatmet\t: of Steel Hea ts", Metallurg ical Plant and 
Techn01ogy, VoJ.:2; i984, pp.48-61 

26. Brooks, W.B., Doumas, A.C., Rornefelt, B.W., "Treat Steel with 
Magnes i urn to Ease Sulphur Problem", The Iron Age, February Il, 
1960, pp.148-1.49 

27. Saxena, S.J{., "Refining Reactions of Magnesium in Steel At 
Steelm'aking Temperatures", International Symposium of the 
J;'hysical Chemistry of Iron and Steel Making, Conference of 
Metallurgists, August 29-Sernptember 2, 1982, Toronto, The 
Metalll1rgical Society of C.LM., pp.VII:17-VII:22 

28. Moore, W., Il The Ro1e of Magnesium in Steel Treatment", 36 th 

'Annua1 World Conference on Magnesium, Oslo, Norway, June 24-28, 
1979, pp.35-43 

29. Kumar, R.V., Kay, D.A.R., "The Role of Calcium, Magnesium and 
Rare Earth Md itions in Ferrous Lad1e Metall UIgy", unpubli shed 
work 

30. Ng, K.L., "Magnesium Wire Desulphurization of Hot Metal n, 
McGill university, Unpublished work 

31. Holappa, L.E.K., "Ladle Injection Metallurgy", International 
Metals Reviews, Vol.27, no.2, 1982, pp.53-76 

32. Palurnbo, E., Wong, E., "Desu1phurization by Magnesium Wire 
Feeding Technique", McGill Universi ty, unpubl ished work 

33. Mucciardi, F.A., "A Wire Feeding Method For Treating Liquid 
Iron Alloys with Buoy~nt Volatile Additives", McGill University, 
unpubl i shed work 

34. Mucciardi, F.A., Guthrie, R.I.L., "The Deve10pment of a Novel, 
Magnesi urn wire for the Desulphur i zation of Hot Metal and Steel", 
McGill University, unpub1ished work 

35. Riboud, P.V., Larrecq, M., "Lubrication and Heat Transfer, in 
a Continuous Casting Mold", Steelmaking Proceedings, A.I.M.E., 
Detroit, Vo1.62, 1979, pp.78-92 

36.Riboud, P.V., Olette, M., Leclerc, J., Pollak, W., "Continuoi\~-­
Casting 51ags: Theoretical Ana~ysis of their· Behavior and 
Ind ustr i al per forrnance8", Stee~making proceed ing8, A .. I. M. E. , 
Chicago, ~o1.62., 1978, PP.411r417 _ 



1 

-208-

37. Esaulov, V.S., Konovalov, G.!'., popel,e S • r ., Sokôlov, V.I., 
"Viscosity of Slag Melts Used in Continuous Casting of Steel", 
Steel in the U.S.S.R., Vol.6, 1976, pp.3ll-313 

38. Fuwa, T., Mizoguchi, S., Harashima, K., "Fundamental Aspects 
of Hot Metal Treatments", Steelmaking Proceedings, Chicago, 
Vol.67, 1984, pp.257-268 

39.!'ruehan, R.J., Niedringhaus, J.C., Chan, A.H., "Thermodynamic 
and Kinetic Considerations in Hot Metal Treatments", Steelmaking 
proceedings, Vol.67, Chicago, 1984, pp.269-285 

40. Sommerville, 1.0., Maeda, M., Weppler, K., "The Effect of 
Oxygen in Hot Metal on External Desulphurization", Steelmaking 
proceedings, vo1.67., 1984, pp.285-290 

41. Reboul, J.P., Leclerq, F., Grasjean, J.C., Gatellier, C., 
"Hot Metal Pretreatment with Soda Ash and Lime Based Mixtures", 
Steelmaking Proceedings, Vo1.67, Chicago, 1984, pp.293-300 

42. Koros, P. J ., Kossler, H. T., "The Effect of Oxygen and 
Aluminum Contents of Hot Metal on Desulphur i zation by Lime", 
Steelmaking Proceedings, Vol. 67 , Chicago, 1984, pp.341-346 

43. Sasaki, K., ~akashima, H., Nose, M., Takasaki, Y., Okumura, 
H., "A Newly Developed Hot Metal Treatment Has Changed the Idea 
of Mass Production of Pure Steel", Steelmaking Proceedings, 
Vol.66, Atlanta, 1983, pp.285-292 

'44. Budinski, !., En~ineering Materials-Properties and 
selection",2n editlon, Reston Publishing Company, Inc., 
Reston, Vir,ginia, 1983 

45. Indentification of Textile Materials, 7 th edition, The 
Textile Institute, Manchester, 1975 

46. Morey, G.W., Properties of Glass, 2nd edtion, Reinhold 
Publishing Corporation, 1954 

47. Shand, E.B., Glass Engineering Handbook, Corning Glass Works, 
Corning, New York, 1955 

\ 

48.' McMillian, P.W., Glass-Ceramics, Acedemic Press, New York, 
1964 

49. Schott Guide to Glass, Van Nos'trand Reinhold Company, Inc. r 
1983 

50. Babcock, C., Si 1 ieate Glass Technology Methods, John Wiley 
and Sons Inc.,. New York, 1977 

• ... 



1 

-209-

51. Patankar, S.V., Numerical Heat Transfer and Fluid Flow, 
Hemisphere Publishing Corporation, New York, 1980 

"-, 

~2. Holman, J.P., Heat Transfer, 4th edition, McGraw Hill Book 
Company, New York, 1976. 

53. Davenport, W.G., peacey, J.G., The Iron Blast Furnace-Theory 
" and Pract l'ce, pergamon Press, New York, 1979 

54. Potocic, R.F., Leewis,K.G., "Desulphurization: Sulphur 
Control Plus More Production", Symposium on Externa'l 
Desulphurization of Hot Metal,McMaster University, Hamilton, 
Canada, 1975, pp.2:l-2:23 Q 

57. Gueussier,'A.L., Vachiery, F.V., Tranchant, J.-L., 
Szezesny. R., Il In-LadleTrea tment using a New Cored Wi re 
Technique", Iron and Steel Engineer, Oct. 1984, pp.35-41 

58. Robison, J .W., "Lad1e Treatment wi th §teel-Clad Metal1ic 
Calcium Wire", Scani nject III-Par t 1 l, 3r Interna tional 
Conference on Refining of Iron and Steel by powder Injection, 
Lu1ea, Sweden, June 15-17, 1983, pp.35:1-35:23 

59. "Spheroidizing Treatment for Ductile Iron", Ductile Iron, 
Number Three of a Series, Modern Casting, June 1983, pp.32-33 

60. Kurzinski, E.F., "Desulphurization of Iron-Status and 
Evaluation", Iron and Steel Engineer, April 1976, pp.S9-71 

61. Oelsch1agel, D., Yamagi, K., Abe, H., "Treating S'teel with 
Ferrokal Wire", Iron and Steel International, Dec. 1981, 
pp.323-330 

62. Leclercq, F., Reboul, J.P., Gatellier, C., Chevaillier, A., 
Gugliermina, P., Defour, A., "Hot Metal Desur8hurization by 
Injection of Lime", Scanin;ect III-Part l, 3 International 
Conference on Refining of Iron and Steel by Powder Injection, 
Lulea, Sweden, June 15-17, 1983, pp.28:1-28c18 

63. Brazzoduro, L.' , Borgianni, C., Ferretti, A., "Investigation 
on Mg Behavior Injected as DesulpQari zer in Largp. Pig Iron 
Ladies", Scan i nj~ct III-Part l, 3 Internat i onal Conference on 
Refining of Ir0h and Steel by Powder Injection, Lulea, Sweden, 
June 15-17, 1983, pp.27:1-27:19 

64. Shestopalov, 1. I., et al. "Use of pig Iron Desu1phur i zation 
Outside Blast Furnaces at Kr ivor zhstal' -Works ", Steel in the 
U.S.S.R., Vol.13, June 1983~ pp.227-229 

6 . ff d "b 5 th d" h' 1 5. Moncrle , R.W., Man-Ma e Fl res, e Itlon, Jo n Wl ey 
and Sons, Inc., New York, 1970 

\. 

, , 


