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Abstract 

ABSTRACT 

Softening represents one of the stages in the pyrometallurgical refining of lead, in which 

oxygen is top-blown into a bath of impure bull ion through a group of lances in order to 

preferentially oxidize arsenic, antimony and tin dissolved in the melt. The oxides of these 

species float to the melt surface, where they are removed as dross. 

It has been observed at Teck Cominco Lead Operations in Trail, BC that there is an 

"ignition temperature" in the range of 600 oC, below which the softening reactions are 

reported to occur very slowly, if at aU. Currently, disproportionately large efforts are made 

to initiate and sustain the softening process. This research was motivated by Teck 

Cominco' s wish to have a c1earer understanding of the ignition temperature phenomena, 

and a more robust and reliable process control. 

Experimental trials were performed using a homemade thermogravimetric analyzer with a 

data acquisition system. The unit was constructed in such a way as to allow for 

simultaneous video recording of the sample surface, for future examination and reference. 

Lead or alloyed lead samp]es, weighing 6.25 g, were brought to temperature (500, 550, or 

600 OC) under an argon atmosphere. The sample surface was exposed to oxygen at 100 

cm3/min for a period of sixt Y (60) minutes, during which time the mass gain was recorded. 

The results of twenty-four trials are discussed. The framework for investigation was a 

complete factorial design, to determine which of the following parameters were significant 

in lead softening reactions: 

A = initial nominal wt% As 

B = initial nominal wt% Sb 

C = initial nominal wt% Sn 
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D = melt temperature (OC) 

It was determined by linear regression analysis that temperature had the most significant 

effect on mass transfer and chemical reaction kinetics. Arsenic (\\1%) was also significant 

in increasing mass gain over the sixty (60) minute test. The effect of tin on the rates of 

mass gain was significant, even when present in only very small amounts. The observed 

decrease in mass gain was attributed to the rapid formation of a passive layer of tin oxide 

which thereafter acted as a barrier to mass transfer. 

Observed behaviours in sorne of the alloy systems tested were unexpected, specifically the 

presence of (i) complex liquid oxides (ii) "elastic" oxide films, and (iü) unskimmable films. 

In sorne of the Pb-As and Pb-Sb alloy systems, a "self-cleaning" complex liquid oxide was 

observed and the oxide initially present at the melt surface was "consumed," thereby 

exposing a clean surface for oxygen introduction. This behaviour was found to increase the 

kinetics of mass transfer across the gas-melt interface upon oxygen introduction, as 

compared to trials where coherent oxide phases present at the surface could not be 

removed. 
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Résumé 

RÉSUMÉ 

Le ramollissement représente rune des étapes dans le raffinement pyro-métallurgique du 

plomb, lorsque l'oxygène est soufflé de la surface dans un bain de lingots a travers un 

groupe de lances afin d'oxyder l'arsenic, l'antimoine et l'étain dissous dans la fusion de 

façon préférentielle. Les oxydes de ces espèces flottent à la surface de la fusion d'où ils 

sont enlevés en forme de scories. 

Dans les installations de Teck Cominco Lead Operations à Trail en Colombie Britannique, 

l'on a noté qu'il existe une "température d'ignition" aux environs de 600 oC, au-dessous de 

laquelle les réactions de ramollissement, s'il y en a, ont lieu très lentement. Actuellement, 

des efforts tout à fait disproportionnés sont entrepris pour initier et soutenir le processus de 

ramollissement. Ces recherches résultent du désir de Teck Cominco de mieux comprendre 

le phénomène de la température d'ignition tout en obtenant un contrôle plus sûr et sérieux 

sur le processus. 

Des essais expérimentaux ont été entrepris avec un appareil d'analyse thermogravimétrique 

fait à la main, muni d'un système d'acquisition de données. L'appareil fut construit de 

façon à permettre l'enregistrement vidéo simultané de la surface échantillon pour pouvoir 

l'examiner et s'y référer par la suite. Des échantillons de plomb ou d'alliages de plomb, 

pesant 6.25 g, furent chauffés à 500, 550, ou 600 oC dans une atmosphère d'argon. La 

surface échantillon fut exposée à l'oxygène à 100 cm3/min. pendant soixante (60) minutes 

durant lesquelles le gain de masse fut enregistré. 

Les résultats de vingt-quatre essais sont examinés. La structure de l'investigation était un 

design entièrement factoriel, pour déterminer lequel des paramètres suivants était important 

dans les réactions de ramollissement du plomb: 
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Résumé 

A = % Poids initial nominal de As 

B = % Poids initial nominal de Sb 

C = % Poids initial nominal de Sn 

D = température de la fusion CC) 

A l'aide d'une analyse de régression linéaire, l'on a pu établir que la température avait 

l'effet le plus important sur le transfert de la masse et la cinétique de réactions chimiques. 

Le % de poids d'arsenic joue aussi un rôle important dans l'augmentation du gain de la 

masse au cours de l'essai de soixante (60) minutes. L'effet de l'étain sur le taux du gain de 

la masse est considérable, même lorsqu'il n'y avait que de minimes pourcentages. La 

diminution notée dans le gain de la masse fut attribuée à la formation rapide d'une couche 

passive d'oxyde d'étain qui agit comme une barrière contre le transfert de masse par la 

suite. 

Les comportements notés dans certains des systèmes d'alliages employés dans les essais 

furent entièrement inattendus, particulièrement la présence des: (i) oxydes liquides 

complexes, (ii) films d'oxyde "élastiques", et (iii) films impossibles d'''écumer''. Dans 

quelques-uns des systèmes d'alliages Pb-As et Pb-Sb, un oxyde liquide complexe "auto­

nettoyant" fùt noté et l'oxyde présent au début sur la surface de la fusion fut "consommé," 

exposant ainsi une surface propre pour l'introduction de l'oxygène. Il a été déterminé que 

ce comportement augmente la cinétique du transfert de masse à travers l'interface de la 

fusion-gaz lors de l'introduction de l'oxygène, en comparaison avec les essais où des 

phases d'oxyde cohérentes présentes à la surface ne pouvaient être enlevées. 
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Chapter 1: Introduction 

CHAPTER 1: INTRODUCTION 

1.1 Lead History, Properties, Production & Economics 

1.1.1 History 

Lead is a very corrosion-resistant, dense, ductile and malleable blue-grey metal that has 

been in use for at least 5000 years. Although it has probably been known to humanity for 

more than 6000 years, its softness made it of little value for weapons, tools or omaments l
. 

The ease of working with lead, specifically its ductility and its corrosion resistance likely 

lead to its first applications in building materials, and pipes for transpOliing water. The 

bright yellow colour oflitharge (PbO) found use as pigment for glazing ceramics. 

With the dawn of the age of electricity and communications, and later the demands of 

World War I, lead found greater applications as for example, in bearing metals, solder and 

cable covering. The invention and production of public and private motorized vehicles 

found lead as the ideal material for starting-lighting-ignition (SU) lead-acid storage 

batteries2
• Lead was also used in the form of tetraethyl lead (TEL) as a performance­

enhancing, anti-knock agent in gasoline, in concentrations of roughly 3.0 grams per gallon 

offuel3
. 

By the mid-1980's, there was a shift in use of lead, influenced primarily by the 

identification of lead as a neuro-toxin 1 and sorne lead compounds as being carcinogenic 4. 

This resulted in reducing or eliminating the use of lead in nonbattery products, including 

gasoline, paints, solders, and water systems2
• However, lead had found further applications 

in SU-type battery and non-SU battery applications such as traction batteries as sources of 

power for industrial forklifts, mining equipment, as weIl as stationary sources of power in 

uninterruptible electric power systems for hospitals, and telecommunications networksL 
2. 

A breakdown of lead's commercial applications in the U.S. is shown in Figure 1. In the 

U.S. (2001), lead-acid batteries, including starting-lighting-ignition (SU) and industrial 

1 
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types continued to be the dominant use of lead, accounting for roughly 90% of reported 

lead consumption5
. 

.. ".- ---"- -----

I!l'lStorage batteries (90.5%) 

'IiAmmunition (3.5%) 

IOOxides (paints, glasses, pigments, etc.) (2.9%) 
l ' 

ID Casting metals (motor vehicles, nuclear 
1 radiation, etc.) (1.7%) 

:IIIIISheet lead (construction, medical radiation 
1 shielding) (1.4%) 

iEJIOther (3.5%) 

Figure 1. U.S. Consumption of Lead in 2001, by Product (after Smith, 1991, ref.6). 

1.1.2 Properties 

When freshly cast, lead has a bright appearance, but exposure to air soon causes the surface 

of the lead to oxidize, and become grey or grey-white. In a similar manner, exposure of 

lead to aqueous solutions of sulfates or carbonates will cause the formation of protective 

sulfate or carbonate layers, which have low solubilities in aqueous solutions with a wide 

range of pH values (with the exception of acetate, chlorate and nitrate solutions). This 

property makes lead an ideal construction material for the manufacturing and storage of 

sulfuric, phosphoric and chromic acids l
. 

1.1.3 

1.1.3.1 

Production 

Primary Lead 

The most commonly mined lead-bearing ores are galena (PbS), cerussite (PbC03), and 

angle site (PbS04) 
1
• World production of refmed lead, roughly 1 % of world iron 

production6
, decreased to 6.47 million tonnes (mt) in 2001 from 6.55 mt in 20005

. Year 

2001 mine production figures for the highest lead-producing countries are presented in 

Figure 2. Of the 43 countries in which lead was mined, the top five were responsible for 

71% of the world's production. Those countries were Australia (23%), China (19%), the 

United States (15%), Peru (9%) and Canada (5%i. 
2 
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Figure 2. Leading countries in world mine production oflead in concentrates 2001 
(after Smith, 2002, ref. 7) 

1.1.3.2 Secondary lead 

Secondary Iead is derived mainly from scrapped lead-acid batteries and accounted for 79% 

of refined lead production in the United States5
. Laws are now in place in 42 states that 

prohibit the disposaI of spent lead-acid batteries and mandate the collection of these 

batteries through a "customer retum policy" when a replacement battery is purchased5
. 
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Figure 3. Leading countries in world Jead refinery production 2001 (after Smith, 2001, ref.5.) 

1.1.3.3 Refining 

Of the total world production of 6.47 mt of lead refined in 2001, roughly 43% came from 

secondary sources. Year 2001 production figures for the highest producing countries are 

presented in Figure 3. 

The average 2001 London Metal Exchange (LME) priee was 0.446 $US per pound, up 

0.010 $US per pound from the 2000 average price. 

1.1.4 

1.1.4.1 

Economics 

Reasons for decline 2002 

The U.S. Government agencies issued certain rules which had a direct impact on the lead 

industry: These rules included lower threshold requirements for reporting lead and lead 

compounds released to the environment; new definitions for classification of solid waste 

4 
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disposaI facilities; and the approval of new, non-toxic forms of ammunition for hunting 

water fow1 5
• The new rules identify lead and lead compounds as persistent 

bioaccumulative toxic (PBT) chemicals. 

1.1.4.2 Substitutes 

Substitution of plastics has reduced the use of lead in building construction, electrical cable 

covering, cans, and containers. Other metals such as aluminum, tin, iron as weIl as plastics 

are in competition with lead in the domains of packaging and protective coatings. Tin­

antimony and tin-sil ver alloys have an but replaced lead in solder for new or replacement 

potable water systems in the United States 7• 

1.1.4.3 Current Research 

New research is centred on valve-regulated lead-acid (VRLA) battery performance in 

hybrid-electric vehic1es (HEV). Although these battery systems have been successfully 

used in Iarger HEV's, such as hybrid-electric buses, they have yet to be tested in smaller 

commercially available HEV' s, such as the Honda Insight or the Toyota Prius5
. Other 

work involves development of the first 36/42 (36-volt battery, 42-volt altemator) lead-acid 

systems for automotive use. 

It is the opinion of the U .S. Geological Survey MineraIs Yearbook (2001) that lead-acid 

batteries will continue to dominate the demand for lead for the foreseeable futures. 

1.2 Lead Refining 

Primary lead is produced by one of two pyrometallurgical routes: (i) conventional 

roasting/sintering followed by reduction in smelting furnace (e.g. a blast furnace) (Figure 

4), or (ii) by direct-to-lead smelting technologies such as the Kivcet flash smelter. In the 

latter, concentrate, coke and reductant are fed to the flash smelter, and an impure lead 

bullion is produced directly. 

Lead produced by these processes exits the smelting vessel in the range of 900°C -

1180°CL8
, temperatures at which molten lead acts as a solvent for many impurity elements, 

5 
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such as Cu, Fe, Ni, Co, Zn, In, As, Sb, Sn, Ag, Au, Bi, S, Se, Te and 0 9
. The refining of 

lead involves the stepwise removal of these impurities, and proceeds by pyrometallurgical 

or electrolytic processing, or a combination of these two routes. Most smelters worldwide 

employ the pyrometallurgical refining route lO
, the general flowsheet for which is found in 

Figure 5. In each successive step, one or more impurity is removed to trace levels. 

Ore in situ 

M+ng ~ Country rock 

Ore 
~ Gangue, and 

Milling ~ other metal 
1 concentrates 

Lead concentrate 
{-

Roasting ~ 
Sulfur, 
cadmium 

1 

Sinter 

sm~lting ~ Slag 

Crudelead 
~ 

Refining ~ 
By-product 
metals 

~ 
Market lead 

99.99+ % Pure 

Figure 4. Lead production flowsheet (after Davey, 1980, ref. 9) 
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Crude lead 

Copper Drossing Dross [CU] 

~ 
Softening 1------II>-Do Slag [Sb, As, Sn] 

'----------.-~ -----" 

Desilverising Crust [Zn, Ag] 

Dezincing Metallic zinc 

[ Debismuthising Do Dross [Bi] 

~ 
Final Refining Do Caustic dross 

~ 
Market lead 

99.99+ % Pure 

Figure 5. Lead refining flowsheet (after Davey, 1980, ref. 9). 

The first refining step involves cooling of the lead bullion to about 400°C, as this has the 

effect of precipitating the copper since copper solubility in lead decreases with decreasing 

temperature. Apart from a smaH amount of oxides, the copper dross is composed mainly of 

sulfides, arsenides or antimonides, hence the term "copper drossing" 1 
1. The lead is further 

cooled to just above its freezing point (310-327°C, depending on impurity content\ and 

coupled with the addition of sulfur, the copper level can be reduced to 0.02 0.002 wt% 

CUl. The decopperized lead is then flowed to the softening vessel, wherein the less noble 

dissolved species (i.e., As, Sb, and Sn) are preferentially oxidized and removed from the 

7 
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melt surface as dross. This stage is of particular interest to the CUITent research, and will be 

discussed in greater detail below. 

As the remaining irnpurities at this stage are aH more noble than lead, they are removed by 

precipitation as intermetallic compounds after special reagent additions9
. Zinc is added to 

rernove silver as a silver-zinc crust (after which residual zinc must be removed.) Calcium 

and magne sium are added through the Kroll-Betterton process to remove bismuth. A final 

refining of the lead is achieved by addition of caustic dross and an oxidizing element, 

followed by skirnming of the resultant caustic dross9
. 

In plants that employ a combination pyrometallurgical-electrolytic route, the lead is 

generally decopperized, softened, and cast into ingots. These ingots (foHowing re-melting 

and re-casting into anodes if necessary) are then refined electrolytically, leaving behind a 

complex "impurity" slime on the anode. "Impurities" include gold, silver, and bismuth. 

Electrolytic refining employs the Betts Process l and is particularly beneficial if a low 

bismuth content final product is required. Electrical cost is usually a significant factor in 

such a plant design when considering this added bene fit. As of 1991, electrolytic refining 

of commercial lead accounted for 20% of total lead-refining capacityI2; plants are operated 

at Teck Cominco in Trail, B.e., La Oroya in Peru, Shenyang Smelter in China and 

Kamioka in J apan 1, 10, I3 . 

1.3 Lead Softening 

"Softening" refers to the refining operation which removes those elements which "harden" 

lead in its solid state, namely As, Sb and Sn. These elements can be preferentially oxidized 

to lead, since their standard change in Gibbs free energy are more negative for the 

oxidation reactions than is the case for lead. 

In practice, several variants of softening are employed, the selection of which is plant­

specific. These are discussed in detail in the following sections. 

8 
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1.3.1 Harris Process 

The kettle process of softening is a low-temperature (~450°C) operation in which NaOH is 

added to the melt to remove As, Sb and Sn as sodium plumbate, arsenate, antimonate and 

stannate. An oxidizing agent such as nitre may be added to speed up the operation!. The 

oxidation reaction for arsenic, for example, would be the following: 

(1) 

NaOH serves a double purpose in this operation, in that it not only chemically reacts with 

the oxides, but it also acts as a suspension medium for the latter, facilitating their separation 

from the lead. NaOH can hold about 20% of either As or Sb in suspension, or 30% of Sb, 

before becoming too thick to flow9
. Once the products are separated, the caustic soda is 

regenerated. 

The Harris Process may involve a specially designed reaction vessel, which offers more 

intensive mixing of the lead with reagents 1, and a molten salt column for suspension of the 

products. Although this process oxidizes very little lead and can be operated selectively for 

arsenic and tin with respect to antimonylO, its main disadvantage is its high capital cost and 
. !4 operatmg cost . 

1.3.2 Modified Harris Process 

This variation of the Harris process is carried out at 450-500°C in open kettles, using the 

same oxidants, NaOH and NaN03. In this operation, there is no molten salt column, and 

thus the product of reaction is a dry dross with high lead entrapment. Since the drosses are 

generally recycled in the smelter circuit, significant costs are associated with high levels of 

As, Sb, or Sn, from the point ofview ofrecirculating loads and reagent consumption l4
. 

1.3.3 Fumace Softening 

Conventional softening is operated in the range of 600-760°C, depending on the initial 

impurity level in the le ad (i.e., a function oftypical smelter feed), requisite levels to be met, 
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and the discretion of the particular refining operation. The operation may be run batchwise 

or continuously; a batch operation offers the advantage of more easily handling lead with 

irregular impurity content, but has the inherent disadvantage of needing to be maintained ai 

elevated temperatures for long periods of time. The softening vessel may be a 

reverberatory furnace or a kettle (or series ofkettles.) In all cases, air or oxygen is injected 

into the melt to pro duce a liquid slag composed mainly of lead oxide but also containing 

arsenic and antimony oxides1
• The basic reactions are generally presumed to be the 

following, which imply that aH reactions occur between dissolved species in the melt: 

Yz O2 (g) H 0 (bull ion) 
(2) 

Pb (1) + 0 (buBion) H PbO (slag) 
(3) 

2 Sb (buBion) + 3 0 (buBion) H Sb20 3 (slag) 
(4) 

2 As (bullion) + 3 0 (bullion) H As203 (slag) 
(5) 

Sn + 2 0 (bullion) H Sn02 (slag) 
(6) 

Where operated in a fumace, this process' disadvantages include high refractory wear and 

the necessity to maintain two fumaces for continuous operationsl4
. 

1.4 Lead Softening at Teck Cominco 

In practice, Teck Cominco currently carries out only partial softening, since it is known that 

the presence of arsenic and antimony help to stabilize the anode slimes in the subsequent 

electrolytic refining stagesl5
; when the impurity level is too low the slimes may faU away 

and contaminate the electrolyte and the cathode deposit. In other commercial lead refining 

operations (where impurity elements are lacking), up to 0.5 wt% antimony may be added to 

the bullion to give better slime coherence1
. 
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1.4.1 Flowsheet 1 (1986) 

Until 1986, arsenic and antimony from the sil ver recycle stream were used to supplement 

the bullion feed, to achieve the As and Sb levels necessary for anode slime stability. Since 

that time, higher impurity contents in the Sullivan concentrates and other smelter feed 

materials necessitated construction of a partial softening process to maintain impurities at 

levels which could be handled by Teck Cominco's Betis process downstreaml5
. 

1 

/1 

jl 

Figure 6. Original Cominco softening vessel (After deGroot, 1989, ref.I5) 
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The original process used a blast furnace settler as a container. It was lined with chrome 

magnesite brick, could hold 20 tmmes of lead at a depth of 0.8 m, used four to six lances to 

inject 98 % oxygen into the melt, and it had natural gas burners to keep the slag fluid at 700 

°C J5
• This vesse! is shown in Figure 6. Oxygen efficiency was claimed to be 90 %; this 

was confirmed visually by virtue of seeing a few bubbles breaking the surface 15. 

The softening circuit, Figure 7, consisted of the softening vessel and two holding pots, 

which were arranged in such a way as to allow mixing of crude bullion from the Copper 

Drossing Fumace (CDF) with partially softened lead from the softener lO
• 

The softener was kept in a temperature cycle between 617 and 628 oC by interlocking the 

feed pump with melt temperature. Since metal oxidation was exothermic, the melt 

temperature in the softener increased when oxygen was injected. When the temperature 

was high, unsoftened, cooler, 450 oC, lead was introduced into the vessel, thus lowering the 

temperature, and raising the impurity level. At this point, the cycle would then begin again. 

This same pumping action cycles (4-6 timeslhr) had the effect of displacing softened lead 

as an underflow to the original holding pot, and displacing slag as an overflow to a slag 

potl5
. The slag was kept fluid at about 700 oC by a natural gas bumer. 

The advantage of the setup consisted in the following: diverting a small portion of a charge 

of lead bullion to a small softening fumace meant that the major portion of the lead bullion 

did not have to be heated to the high temperature required for softening l6
. The small 

portion was softened and then an equally small portion was retumed to the main charge or 

fed to a separate vessel. 

1.4.2 Flowsheet 2 (1991) 

In the summer of 1991, modifications were made to increase the softening capacity and 

increase control of the product softened lead composition lO
• The modified layout is shown 

in Figure 8. 
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Crl.lde lead 

Continuo us 

: Copper Drossing i 

t 

Oust 
Cu-malle 

Softener Anode casting 

Oxygen Slag 

Figure 7. Softener circuit (after Kapusta, 1995, 
ref. JO) 

Cwdelead 

Oxygen 81ag 

Anooe casting 

Oust 
Cu-malte 

Figure 8. Modified softener circuit (after 
Kapusta, 1995, ref. 10) 

In 1992, the softening vessel was replaced with a larger, lOO-tonne hemispherical vessel 

with eight vertical lances in a circular arrangement centred over the pot. In operation, the 

lances were submerged about one metre into the lead bath. Bath temperature was 

maintained between 615 oC and 630 oC, and a cycling mode was preserved sirnilar to that 

described above 10,17, 
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1.4.3 Flowsheet: (current) 

Figure 9. CUITent Teck Cominco lead refining f10wsheet (courtesy of Teck Cominco, Trail, BC) 
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The CUITent softening circuit was originally modified in the late 1990's as part of the 

modemization of Teck Cominco's lead circuit and start up of the Kivcet direct-to-Iead 

processl8
. The CUITent pyrorefining refining flowsheet is shown in Figure 9. 

In the CUITent set-up, the Kivcet Furnace is operated batch-wise. Freshly smelted lead 

bullion is then flowed to the Continuous Drossing Furnace (CDF), where the lead is cooled 

to just over 400 oC, and liquid sulfur is added, to reduce the copper content to roughly 0.05 

- 0.06 wt % Cu. Lead is then directed to the #1 Pot and from there to the #2 Pot. 

Depending on the thallium content in the feed, the #2 Pot may be in circuit with the 

Thallium Reactor, wherein zinc chloride is added to pro duce thallium chloride salt, and 

from which the lead is flowed back to the #2 Pot. Lead from the #2 Pot flows to the 

Continuous Sulfur Drossing (CSD), wherein the lead is cooled to just above its melting 

point (~ 330 OC) for the purpose of lowering the copper content down to < 0.005 wt% Cu. 

The CSD consists of the following components: CSD Feed Pump, Mix Pot, Stir Pot, and 

Dross Pot. In the Mix Pot, solid suiphur prills are screw-fed into the pot (where the rate of 

rotation controlled, depending on copper level). There is a mixer in this vessel which 

creates a vortex (when the impellers are clean), into which the sulphur prills are added for 

optimal mixing. From the Mix Pot, the lead flows to the Stir Pot, and then to the Dross Pot. 

The Dross Pot is equipped with automatic drossing, which comprises a rake of sorts which 

skims the surface. 

Lead from the Dross Pot flows to the Softener, which may or may not be operating 

(explained below), and from there to the #3 Pot. From the #3 Pot, lead flows to the #4 Pot, 

and then onto the Button Casters. 

When all the pots have been freshly filled by flow of lead from the Kivcet fumace, the 

Kivcet tap is shut. At this point, two aimost independent recycle circuits operate. The first 

consists of the CDF, #1 Pot and Button Melter, and the second consists of the #2 Pot, CSD, 

Softener, and #3 Pot. 
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In addition to the circuits mentioned above, there is a piece of equipment caUed the Burton 

Melter, which is a vessel in which addition from lead refining may be made, depending on 

the required finallead composition. For example, bismuth may be added if a bismuth-Iead 

alloy is required. 

1.4.3.1 Softener Operation 

The softener is operated semi-con1Înuously as required. The 3-m high, 200-tonne vessel 

(Figure 10) contains an inner cylinder open at the bortom, into which oxygen is injected 

into the melt at a depth of 1 m. In this way, the reaction zone is maintained within the inner 

"ring", and the outer "ring" of Iead remains unsoftened and serves as an "insulator". As 

the oxidation of Sb, As, Sn and Pb are exothermic, more than enough heat is generated 

from these reactions - such that cooling is a more important issue. Oxygen flow is 

controlled between 50 and 130 Nm3!hr (total for the 3-4 lances) to control the temperature 

to roughly 620 °CI9
. The temperature is monitored by a thermocouple encased in a steel 

rod, positioned in the centre of the ümer ring. 

The outer vessel is water-cooled in the upper section and a series of naturai gas burners 

maintain the slag fluid at the melt surface and along the tapping launders. 
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1 Oxygen Lances l, 
< 

Softened 1+--Œ~~~ 
bullion 

tap 

Lead bullion 
feed 

3m 

Figure 10. Current softening vessel (after Barclay, Omediran, 2003, fefs. 19,20) 

Feed bullion from the Continuous Sulfur Drossing (CSD) is introduced intermittently at a 

rate of 40 tph into the inner ring of the softener from the top of the vessel through a tube 

extending below the layer of slag. Sixt Y (60) tonnes of new lead are introduced every three 

(3) hours on average, and the lead is recirculated in the second circuit (#2 Pot, CSD, 

Softener, and #3 Pot, as described above) until aU the lead is at the lower end of the 1.0 -

1.4 wt % Sb specification 19. It is at the same time desirable to keep the arsenic 

concentration below <0.6 wt%. Only when the softener output levels reach the upper limit 

of the antimony specification is softening initiated. The end point of the softener operation 

is determined by 3 hourly lead assays of the product assay, input assay and Kivcet bullion 

assay. In practice, when the Sb content in the Kivcet is very high, the softener would be 

kept running for a longer period, so that the bullion coming off the Kivcet could be diluted 

by the hyper-softened lead. 

The lances used in the softener are composed of two sections: the lower part, roughly l m 

long is made of 316 stainless steel, while the upper part, also roughly 1 m long, is made of 
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black iron. Softening consists of lowering the lances only partly into the melt, and 

injecting oxygen until the uppermost "layer" of lead is reacting. Only then are the lances 

lowered slightly deeper, and the underlying level is "ignited". This proceeds stepwise to a 

depth of ~ 1 m, until the entire inner cylinder is "ignited". As the process initiation is 

difficult and unpredictable, softener staff try to keep the softener running for as long as 

possible, in order to avoid the need to 're-initiate' the softening reaction process. Softened 

lead is tapped from the bottom of the fumace, and is flowed up a riser and exits at the top. 

Slag flows off continuously from the top of the vessel (~1 0 tonnes/24 hours operation), and 

flows down launders to a slag granulator2o
. When the input bullion Sb levels are low 

enough that softening is not required, the lances remain idle, and lead is flowed through the 

vessel in the same manner. On average, the softener is operated for 20-40% of the week19
. 

Typical assays for the input bullion, softened bullion, and softener slag are presented in 

Table 1. 

Table 1. Typical assays of input bullion, softened bullion and softener sJag (year 2002 averages). 
Rem * indicates that the balance represents lead together with small amounts of other 
minor elements. 

Stream Sb (wt%) As (wt%) Sn (wt%) Pb (wt%) 

Input bullion 1.42 0.47 0.026 rem* 

Softened bullion 1.125 0.263 0.0054 rem* 

Softener slag 13.27 7.98 1.54 60.86 

1.5 Research Objectives 

The softening operation continues to be a challenge to the staff at Teck Cominco. This 

research was motivated by Teck Cominco's wish to have a clearer understanding of the 

ignition temperature phenomena, and a more robust and reliable process controL 

A well-known expert in the field oflead extractive metallurgy, Davey9 stated in 1980 that: 
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"The physical chemistry of softening has not been fully examined, 
largely because there is small possibility of significant improvement by 
optimizing operations. The thermodynarnic data on the metal oxides 
are uncertain, and sound activity data on the oxide systems do not 
exist." 

Despite this evaluation, the research group at Teck Cominco believed it worthwhile to 

further investigate the nature of oxygen-injection high-temperature lead softening. 

A series of thermogravimetric oxidation trials was designed to study the effect of 

temperature and the presence of impurity elements on lead softening. The goal was to 

determine the significance of the following pararneters: 

A = initial nominal wt% As 

B = initial nominal wt% Sb 

C = initial nominal wt% Sn 

D = melt temperature (OC) 

During experimental trials, temperature-time history was to be recorded. Mass gains were 

also to be recorded using data acquisition software and trials were to be simultaneously 

filmed in order to correlate observable sarnple surface phenomena with thermogravimetric 

data. 
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CHAPTER 2: LITERA TURE REVIEW 

In an effort to predict the products of reaction when molten lead containing impurity 

elements 1S exposed to oxygen, the system under study will first be considered from the 

perspective of thermodynamics, then from the point of view of kinetics, and finaUy on the 

basis of industrial observations. 

2.1 Thermodynamic Considerations 

In the operation of the continuous lead softening process, a two-phase system of a bullion, 

low in arsenic and antimony, and an oxide slag relatively high in those components exists 

in equilibrium21
• Unlike sorne of the other refining stages which are govemed by kinetics, 

Dave/ considers lead softening to be govemed by equilibrium considerations. 

The Pb-O, Pb-As-O, Pb-Sb-O and Pb-Sn-O systems are discussed below. Note: 

Appendix l contains additional activity and interaction coefficient data on the lead system 

compiled by the present researcher, which may be of use to future students. 

2.1.1 Pb-O System 

QUICK F ACTS: 

Pb: MP 327.5 oC, BP 1749 oC. 

PbO: MP 888° C 

Vapour pressure ofliquid Pb: 6.96 x 10-7 atm at 600 oC (Maier22
) 

Vapour pressure of solid PbO: 1.10 x 10-9 atm at 600 oC (Maier22
) 

The simplest system to con si der is the lead-oxygen system. According to phase diagrams23 

in the literature (Figure 11 - Figure 13), the only expected equilibrium phases are Pb(l), 

PbO(solid) and oxygen, when oxygen is introduced into a bath of pure lead at softening 

temperatures (e.g., 600 OC). 
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Figure Il. Pb-O Phase Diagram (after Levin et al., 1964, ref23) 

For the PbO oxidation product, the chemical reaction at 600°C would be written as follows: 

2 Pb (Iiquid) + O2 (gas) = PbO (solid) ~G0600C = -263.54 kJ/mol (7) 

Assuming a Ph and a l'hO to both be unit y , the equilibrium O2 partial pressure for this 

reaction is 1.71 x 10-16 atm. The implication is that lead will oxidize readily in the presence 

ofoxygen. 

(Note: unless otherwise stated, thennodynamic values are taken from F ACTSageTM 24) 

There is good agreement in the literature for the oxygen dissolution reaction into molten 

lead, as weIl as the lead oxidation reaction, Table 2. 
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Table 2. Gibbs Free Energy values for lead-oxygen reactions 

Reaction 

h 02 (1 atm) = 0 (1 at.pet) 

h 02 = Orb (1 al. pet) 

Pb(l) + Yz 02( g) = PbO(ycllow) 

Pb(l) + lh 02(g) = PbO(yellow, s) 

Pb (1) + 12 O2 (g) = PbO (s) 

Gibbs Free Energy Equation 

From Otsuka et a1.25
: 

~Go (in Pb) = -117170 + 12.90T (± 500) J .. mor1 

From Jacobs and Jeffes29
: 

~GO = -28 283 + 2.902 T, cal, valid from 500 to 
1 100°C 

From Alcock & Belford28
: 

~GO (720-10700 K) = -52.43 + 0.02412T 
(± 0.31kcal) 

From Jacobs & Jeffes29
: 

~GO = -52 217 + 23.635 T (± 50), cal, 475-
857°C 

~G0600C = -131.8 kJ mor1 

Reaction 
Number 

(8) 

(9) 

(10) 

(11) 

(12) 

The activity of Pb in the lead-oxygen solutions may be assumed to obey Raoult's law since 

the solubility of oxygen in lead is very small. Since the mole fraction of lead, N pb, 1S 

unlikely to be much less than 0.999, the Raoultian activity of lead, apb, equals Npb, and, it 

may be regarded as unit y within the limits of experimental error28
. 

Kharif et a1.26 found that at experimental temperatures up to 1143 K, the solubility of PbO 

in liquid lead is less than 3 mol%, while the solubility of lead in PbO was less than 0.01 
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at% but no there was no mention in the article of the solubility of Odissolved. These workers 

stated that it could therefore be assumed that the activities of liquid lead and solid PbO in 

the coexisting phases are close to unity. 
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Figure 12. Pb-PbO Phase Diagram (after 
Massalski, 1990, ref 31) 
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Figure 13. Pb-PbO system (after Roth et al., 1996, ref. 
39) 

According to the experimentally-determined solubility diagram27 presented below (Figure 

14), the solubility of 0 in Pb at 600°C is approximately 0.001 mol%. Alcock and Belford28 

report that, at 595 oC, the dissolved oxygen content is equal to 0.03] 8 at% 0 (0.00246 w1% 

0). At 700 oC, results indicate that Sievert's law is obeyed to the saturation limit, which is 

0.143 at% 0 (from Jacobs & Jeffes29
). Taken together, these results indicate that a very 

small amount of oxygen will dissolve into the lead. 
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Figure 14. Pb-PbO-O System( after McHale, 1991, ref27) 

2.1.2 Pb-As-O System 

QUICKFACTS: 

As: Sublimation Point 614 oC at 1 atm, MP 817 oC at 35.8 atm 

AS(gas phase) contains Asx (X =1, 2, 3, 4) with AS4 as the predominant species up to 

approximate1y 1127 oC 30. 

Examining the As-Pb binary phase diagram (Figure 15 and Figure 16), it can be seen to be 

a eutectic type3L 
32 with no stable intermeta1lic compounds and exhibiting complete mutuaI 

miscibiIity in the liquid state. 
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As 

Figure 15. As-Pb Phase Diagram (after Massalski, 1990, ref. 31) 

Ph 

Figure 16. As-Pb Phase Diagram from 85 to 100 at% Pb (after Gokcen, 1990, ref32) 
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Much research has been done to determine the activity of the components of the Pb-As 

system, at different temperatures. Results from these studies are presented briefly below. 

Itagaki et al33 found that the activity of arsenic exhibited a slight positive deviation from 

Raoultian behaviour when NAs was Jess than 0.15 (Figure 17 and Figure 18). Onderka's 

work34 also indicated a positive deviation (Figure 19). 

NA' Se> ~ 0.43 0.500.57 0.64 

Atomic fraction, N" 

Figure 17. Raoultian activity of arsenic in the 
liquid Pb-As alloy 

--O--737K --x--776.5K --f..--816K 
--s-- 855K (after Itagaki, 1978, ref33) 

o O.t 

Figure 18. Raoultian activity of lead in the Iiquid 
Pb-As alloy (after Itagaki, 1978, fef 
33) 

Figure 19. Raoultian activity coefficients for Pb, As in Pb-As system at 800K. Axes are ln y vs. 
at % As/Pb (after Onderka, 1990, ref. 34) 
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From optimized parameters, Sundstrom and Taskinen35 calculated temperature dependent 

functions of the activity coefficients of the components in infinite dilution in liquid lead, 

Figure 20: 

At 600 oC, ln yO[As] = 1.70 

, 
1!-7 f 
0.6 { 

t 
~,AlI1 0.5 ~ 

• • 
oA ..r: 
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ln yo As = -0.577 + 966.5/T (13) 
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Figure 20. Activities for arsenic and lead at 400 oC, 600 oC, and 800 oC, standard states AS(l) and 
Pb(l). (after Sundstr6m and Taskinen, 1989, ref. 35) 

Rannikko et a1.36 found that at infinite dilutions of lead, 

ln yO As = -0.325 +444. 17/T (K) (14) 

ln yOpb = -1.168 -2.65/T (K) (15) 

At 600°C, ln yO As = 1.20. 

They found that arsenic showed a negative deviation from the Raoultian solution at 

concentrations above 10 at% As, Figure 21. 
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Figure 21. Assessed arsenic and lead activities in As-Ph at 673 and 1073K 
(after Rannikkû et al., J 993, fef. 36) 

For the general arsenic oxidatiûn reaction, 

~G0600 = -296.56 kJ mûr' 02 (16) 

Taking the arsenic and arsenic oxide activities both as unit y , the equilibrium O2 partial 

pressure forthis reaction would be 1.81 x 10-18 atm. 

The reaction can also be written as: 

2 As (1) + 3 PbO (s) = AS203 (1) + 3 Pb (1) ~G0600 = -99.06 kJ mOrI (17) 

Using XAs = 0.027 (0.9 wt%), Y As = 1.5 (average of values from Sundstrom35 and 

Rannikko36
), y As,û, = 2.24 (average of values from ltagaki33 and FACTSage™), and 

XAS203 = 0.25 (Zunkel37 distribution), 

~G 600 = ~Go600 + RT InQ = -56.8 kJ mor', i.e., the reaction is spontaneous. 

Zunkel's37 results at 650 oC support the above conclusion with the following reaction 

expression and corresponding ~GO value: 
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2 As (1 wt"110 in Pb (1)) + 3 PbO (1) = AS203 (1) + 3 Pb {Il .é1GO 650 = -40.99 kJ mor! (18) 

The thermodynamic software consulted (FACTSage™) makes no mention of specifie 

complex As-Pb-O phases which may form, with the exception of a liquid slag (Liq-slag) 

solution phase. The following are the results for a lead bullion containing arsenic 

contacting oxygen: 

0.01 As + 0.99 Pb + 0.502 
(600,1,liq,#1) (600,1,liq,#1) (600,1,g,#1) 

0.50064E-02 mol (0.99936 Pb 

As + 0.29807E-07 

+ 0.64397E-03 0 

(600.00 C, 1 atm, Pb-liq) 

+ 0.99000 mol (0.99495 PbO 

+ 0.50505E-02 AS203 

(600.00 C, 1 atm, Slag-liquid) 

DELTA G = -1.269E+02 KJ 

where r Ph = 1.0 

where rAs = 1.332 

where r 0 = 4.705E-5 

where r l'hO = 1. 0 

where r As,Oo = 0.133 
.' 

Data on 1 product species identified with "T" have been extrapolated 

) 

T) 

This FACTSage™ output indicates that the bullion containing 0.01 at% As would come to 

be in equilibrium with a PbO-As203 slag with a 200: l molar ratio. 

Consultation of the various available pseudobinary phase diagrams based on the Pb-As-O 

temary system indicates that a number of complex phases may exist, specifically in the 

tempe rature range below the melting point of PbO (880 OC), the arsenic oxide phase may 

act as a fluxing agent towards the PbO, and produce a complex oxide phase. 

Kasenov et a1. 38 constructed a phase equilibrium diagram for the PbO-As205 systems 

(Figure 22), which has been redrawn in Figure 23. 
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Figure 22. AS2Û5-Pbû pseudobinary phase diagram (after Kasenov et al, 1991, ref38). 

Liquid (1), 1 + Pbû (II), 1 + Pb8As2û13 (HI), 1 + Pb3(AsÛ4)2 (IV), 1 + Pb2As2Û7 
(V), 1 + Pb(AsÛ3)Û2 (VI), 1 + As2ûs (VII), AS2Û5 + Pb(AsÛ3)2 (VIII), 
Pb(AsÛ3)2 + P~AS2Û7 (IX), P~AS2Û7 + Pb(AsÛ4)2 (X), Pb3(AsÛ4)2 + 
Pb8As2ûJ3 (XI), Pb3(AsÛ4)2 + Pb4As2Û9 (XII), Pb4As2Û9 + PbsAs2ûJ3 (XIII), 
PbgAS2Û13 + As2ûs (XIV) 

Figure 24 appears to be based on the same diagram, but the phase notation suggests39 that 

the complex phases are composed ofbound PbO-As205 molecules, an assertion rejected by 

the original researchers who insist that Pb8As20 13, Pb4As20 9 and Pb2As20 7, Pb3(As04)2 are 

"individual compounds, not bound complexes consisting of lead and arsenic oxides,,40. 
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Figure 23. PbO-As20 S pseudobinm)' phase diagram (after Roth et al., 1996, ref. 39) 
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Figure 24. System PbO-2PbO·As20 s (after Roth et al., 1996, ref. 39) 
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Zunkel and Larson37 studied the PbO-As20 3 system extensively. Their findings (Figure 

25) are interpreted in the foBowing manner: (i) at low AS20 3 contents of the slag, the 

equilibrium As content of the metal phase increases with increasing AS203 content in the 

slag indicating a single-phase solid-solution slag, (ii) for As203 contents greater than the 

solid-solution slag region, the As equilibrium content in the metal phase remains constant 

indicating a two-phase slag region; and (üi) for AS203 contents grater than the two-phase 

slag region, the As equilibrium content in the metal phase continues to increase with 

increasing AS203 concentration in the slag indicating a single-phase liquid slag region. 
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Figure 25. Equilibrium arsenic contents of Pb-As alJoys in contact with PbO-As10 3 slags 
(after Zunkel et al., 1967, ref. 37) 
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The overall equilibrium can be described by the following equation: 

2 As (1 wt% in Pb, 1) + 3 PbO (1) +-+ AS203 (1) + 3 Pb(l) llG0650C = - 40.99 kJ mOrI (19) 

From their data, a partial PbO-As20 3 pseudobinary phase diagram was generated (Figure 

26), and is redrawn with the fields labelled in Figure 27. It indicates that a liquid oxide 

phase exists under the following conditions: 

-
<li ... 
:;J .., 
«l .. 
\li 
C. 

~ 
E-< 

@ at soooe where X' As> 0.36 (where X' As is the molar ratio of As/(As+Pb) in 
the oxide phase) 

@ at 6000 e where X'As > 0.33 (where X'As is the molar ratio of As/(As+Pb) in 
the oxide phase) 

'" ' ...... 
..... ,A, 

\, 

\ 
700 ;... 't i +c( , 

650 i-

600 

500 
0 5 10 

',:, 

B 

15 20 25 

900 

! r 
1 

aoor 

~I 
roof-

1 
i-

l 
5ùO\ 

1) 

l'V,) 

iiM'S$ 

J 
L 

Figure 26. Phase diagram for the Pb-rich end of the 
PbO-As20 3 system (after ZunkeJ et al., 
1967, ref. 37) 

Figure 27. System PbO-As20 3 (after Roth et 
al., 1996, ref. 39) 

In other related research on the topic, Maier22 found by vapour-density determinations that 

arsenic trioxide gas has the composition AS40 6. 
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McClincy and Larson41 determined the vapour pressures of AS4 above dilute As-Pb alloys 

at 703°C, where: 

0.52 wt% As XAs= 0.0143 

1.00 wt% As XAs= 0.0279 P4S. = 0.0147 mm Hg aAs=0.0306 

Lastly, Itagaki33 generated a family of curves (Figure 28) correlating wt% As with activity 

of As20 3 for the following equilibrium: 

3 PbO (1) + 2 As (1) = 3 Pb (1) + As20 3 (1) 

J ·_·1 

,f' 
';' 
.... _~ -'? 

.~ -

(20) 

Figure 28. Correlation between the arsenic content in the crude lead and the activities oflead oxide 
and arsenic oxide in liquid oxide mixtures coexisting with the crude lead (after Itagaki, 
1978, ref33) 

2.1.3 Pb-Sb-O System 

QUICK FACTS: 

Sb: MP 630.7 oC, BP 1587 oC 

The Pb-Sb system displays simple eutectic behaviour, as seen in the binary phase diagram, 

Figure 29. 
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Figure 29. Pb-Sb binary phase diagram (after Massalski, 1990, ref31) 

As with the Pb-As system, much experimental work has been devoted to determining the 

activity of the components of the Pb-Sb system, at different temperatures. 

Hultgren 42 found activity values for Pb and Sb in Pb-Sb liquid anoys at 905 K: 

Where XSb = 0, aSb = 0, YSb = 0.779. XPb = 1.0, apb = 1.0, YPb = 1.00 

XSb = 0.1, aSb = 0.082, YSb = 0.817 XPb = 0.9, apb = 0.898, YPb = 0.998 

Moser et a1.43 determined equations for activity coefficients oflead and antimony (T in OC) 

which are in good agreement with the above values: 

(
101 )( )1.83 InYPb =- -,=-+0.063 1-XPb 

(21) 
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YPb = 1.00 at 600°C, where XPb = 0.967 (:::::;98 \\11%). 

(
101 îr( )1.83 ( )0.83 ] InYsb =- T+0.063}1-XPb -2.2051-Xpb +1.205 

(22) 

YSb = 0.78 at 600 oC, where XSb = 0.033 (:::::;2 \\11%). 

Taskinen and Teppo44, and Seltz and DeWitt45 generated activity curves for the Pb-Sb 

system at 748 K and saw that the negative deviations of the activities from Raoultian 

behaviour are small. 

Figure 30. Antimony and lead activities in molten lead­
antimony alloys at 673-1 073K (after Taskinen 
and Teppo, 1992, ref. 44) 

F or the general antimony oxidation reaction, 

Male frnr'lloo d "lItlnmny. 

Figure 31. Activity curves for Pb and Sb 
(after Seltz, 1939, ref.45) 

(23) 

Taking the antimony and antirnony oxide activities both as unity, the equilibrium O2 partial 

pressure for this reaction would be 9.52 x lO-20 atm. 

The reaction can also be written as: 

2 Sb (1) + 3 PbO (s) = Sb20 3 (Il + 3 Pb (1) (24) 

36 



Chapter 2: Literature Review 

However, using XSb = 0.033, using y Sb = 0.78 (Moser et a1.43), y SbzÜ3 = 0.324 (average of 

values from McClincy et al. 52 and Zunkel et al. 53), andX Sb 0 = 0.37 (Zunkel53), 
2 3 

~G 600 = ~Go600 + RI InQ = -125.35 kJ mor\ i.e., the reaction is spontaneous .. 

Zunkel's53 results at 650 oC support the above conclusion with the following reaction 

expression and eonesponding ~Go value: 

2 Sb (l \~t% in Pb (1) ) + 3 PbO (1) = Sb20 3 (1) + 3 Pb (1) ~Go650C = -30.37 kJ (25) 

F ACTSageTM makes no mention of specifie complex Sb-Pb-O phases which may form, and 

when the slag is limited to an ideal solution, the foUowing is obtained for a lead bullion 

containing antimony when contacted with oxygen: 

0.02 Sb + 0.98 Pb + 0.5 02 = 
(600,1,liq,#1) (600,1,liq,#1) (600,1,g,#I) 

O.l0013E-Ol mol (0.99930 

+ 0.58125E-04 

+ 0.64440E-03 

Pb 

Sb 

o 
(600.00 C, 1 atm, Pb-liq) 

+ 0.97999 mol (0.98980 

+ 0.10204E-Ol 

(600.00 C, 1 atm, Ideal#l) 

DELTA G = -1.272E+05 J 

where YPh = 1.0 

where y Sb = 7.254 

where y 0 = 4.751E-5 

where YPbO = 1.0 

where YSb,03 = 1.0 

) 

) 

This FACTSage™ output indicates that the bullion containing 0.02 at% Sb will come to 

equilibrium with a PbO-Sb20 3 ideal solution slag with a PbO to Sb20 3 ratio of roughly 

95:1. 

ln other studies of the Pb-Sb-PbO-Sb20 3 system, Hoh et al46 found that both oxides exhibit 

slight negative deviation from Raoult's law. At 1173K (900°C): 

Npb = 0.9796; NSb = 0.0204; No = 0.00; XSb = 0.0204. 

metal phase 

37 



Chapter 2: Literature Review 

N'Pb = 0.3703; N'Sb = 0.1049; N' 0 = 0.5248; X'Sb = 0.2207. 

where N and N' denote mole fraction, XSb = NSb/(Npb+Nsb) molar ratio in metal, X'Sb = 

N' sJ(N' Pb+N' Sb) molar ratio in oxide 

This trend can be seen clearly in the activity-molfraction plots below (Figure 32 and Figure 

33). 
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Figure 32. Activities ofPbO and SbOu at 1223 K 
(after Itoh, 2001, ref. 46) 

Figure 33. Activities ofPbO and Sb20 3 at 1023 K 
(after Hoh, 2001, ref. 46) 

Consultation of the various available pseudobinary and Pb-Sb-O temary phase diagrams 

indicates that a number of complex Pb-Sb-O phases may exist, in the temperature range 

below the melting point ofPbO (888 OC). 

Milyan et al. 47 generated a temary phase diagram from their work (Figure 34), which 

differs significantly from the Pb-Sb-O diagram found in the Phase Diagrams for Ceramists 

(Figure 35, reproduced from the work of Hennig and Kohlmneyer48
) 
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Figure 34. Pb-Sb-O temary phase diagram (after 
Milyan et al., 1999, ref.47) 
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Figure 36. Equilibrium diagram of the PbO­
Sb20 3 system in the presence of 
atmospheric oxygen (after Bush et al., 
1978, ref 49) 
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Figure 35. System Pb-Sb-O (aftef Roth et al., 
1996, fef. 39) 
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Figure 37. System PbO-Sb20 3-Sb20 s (after Roth 
et al., 1996, fef. 39) 
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Bush and Venevtsev49 found that intennediate compounds are formed in the PbO-Sb20 3 

system, namely PbSb20 6, Pb3+xSb208+x (with a homogeneity range of 23 - 30 mol% 

Sb203), Pb4Sb20 9, and Pb6Sb60\\. This pseudobinary phase diagram is presented in Figure 

36 (and reproduced in Figure 37). 

As can be seen, there are four intermediate compounds with ratios of the initial oxides, 

PbO:Sb20 3 of l:l, 3: 1, 4:1, and 6: 1. It was assumed that Sb3+ is oxidized to Sb5+ during the 

formation of the compounds in the presence of atmospheric oxygen. 

Maier22 mentions several reactions involving complex species or higher order antimony 

oxides, for examp]e: 

2PbO·Sb20 3 (s) = Sb40 6 (g) + 2PbO (s) L'.GO 970K = -6.7 kJ (26) 

2Sb203 (cubic) + O2 (g) = 2 Sb20 4 (s) (27) 

L'.Go for this latter reaction indicates that Sb20 4 is more stable than Sb203. Maier22 found 

that when mixtures of 69.5 wt% PbO and 30.5 wt% Sb203 were heated to this melting point 

(575 OC), minute particles ofliquid lead were formed. Bush et al. 49 found that the oxidation 

ofSb20 3 (valentinite) to Sb204 (cervantite) takes place in the range from 480 to 780 oC. 

Maier and Hincke50 performed the original work on the Pb-Sb-O system (Figure 38), and 

found a rapid oxidation of both Sb20 3 to higher oxides, and of lead antimonites 

(PbO"Sb203) to lead antimonates (PbO·Sb20 S) upon heating in air. 
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Figure 38. Melting point curve for PbO-Sb20 3 system. Curve MP is the melting point diagram. 
Curve L is the vapour pressure ofliquid mixtures at 697°C. Curve S is the vapor pressure 
of solid mixtures at 539°C. (after Maier and Hincke, 1932, ref 50) 

They summarized possible oxidation reactions as follows: 

1 Bullion 

2 Slag 

(a) Sb by elementary oxygen 

(b) Pb by elementary oxygen 

(c) Sb by higher oxides of Sb or Pb 

(d) Pb by higher oxides of Sb or Pb 

1 (a) 
(b) 

lower to higher oxides of Sb by elementary oxygen 

lower to higher oxides of Sb by lead oxide 

It was found that compositions above 70 wt% PbO showed an oxidation of Sb203 to higher 

oxide, with the formation of metaUic lead, and a vitreous slag phase. Moreover, it was 

found that antimony trioxide is volatilized rapidly only at compositions with lead content 

below that of the compound PbO·Sb20 3. 

TaloiS1 mathematically modeled metal-slag equilibrium in the Pb-Sb-PbO-Sb20 3 system at 

700°C, producing the foHowing antimony distributions, 
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Table 3. Values for metal-slag equilibrium in Pb-Sb-PbO-Sb20 3 system at 700 oC (after 
Taloi, 1992, ref. 51.) 

X Sb20 3 % Sb in Pb 

0.186 0.127 

0.212 0.290 

0.260 0.707 

0.292 1.04 

0.375 1.89 

0.398 2.14 

McClincy and Larson52 found that the activity of PbO in slags containing more than 63 

mol% PbO deviated positively from ideality while a negative deviation was found for slags 

containing less PbO. 

It was determined that activities in a 2-phase slag in PbO-Sb203 system at 650 oC were as 

follows (it is assumed that PbO activity in the 2-phase slag region does not vary 

significantly with temperature, and was estimated at 0.964): 

y Sb
2
0

3 
= 0.342; 

XSb 0 (slag) = 0.176; PSb ° = 0.0160 mm Hg; 
2 3 4 6 

y Sb
2
0

3 
= 0.209; 

McClincy et a152 determined the activities of PbO and Sb20 3 in the PbO-Sb20 3 system at 

700 oC, Figure 39, from which it can be seen that Sb20 3 deviates negatively from ideal 

Raoultian behaviour, while PbO activity deviates positively from ideality, first positively, 

and then negatively over the same range. 

a 
In their work, Zunkel and Larson53 established that S:203 is a constant independent of 

a pbO 

temperaturc in the two-phase slag region in the PbO-rich end of the PbO-Sb203 system. 
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Their plot of equilibrium antimony contents of Pb-Sb alloys in contact with PbO-Sb203 

slags at 650°C is shown in Figure 40. 

The results of Zunkel and Larson53 on the PbO-Sb20 3 system can be interpreted in the 

following manner: (i) at Iow Sb203 contents of the slag, the activity of Sb increases and the 

activity of PbO decreases with increasing Sb203 concentration in the slag indicating a 

single-phase soIid-solution slag, (ii) for Sb203 contents greater than the solid-solution slag 

region, the activities of both Sb20 3 and PbO remain constant indicating a two-phase slag 

region; and (iii) for Sb20 3 contents grater than the two-phase slag region, the activity of 

Sb20 3 continues to increase, and the activity of PbO continues to decrease with increasing 

Sb203 concentration in the slag indicating a single-phase liquid slag region. 

They assumed that Henry's Iaw was obeyed over a sufficiently wide range of both 

temperature and concentration for antimony dissolved in lead, that L\Cp for the reaction is 

zero, and that the activity of lead is unity. 

2 Sb (l \\1% in Pb, 1) + 3 PbO (1) ~ Sb203 (1) + 3 Pb(l) L\G0650C = -21.7 kJ (28) 

(29) 

The PbO-rich end of the PbO-Sb20 3 pseudobinary phase diagrarn generated by Zunkel et 

aI53 is presented in Figure 41 and Figure 42. It can be observed that a two-liquid zone 

exists for Sb20 3 molfractions slightly greater than the eutectic composition (21.6 %.) 
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Figure 39. Activities ofPbO and Sb20 3 in the PbO­
Sb20 3 system at 700°C (after McClincy et 
al., 1968, ref. 52) 
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Figure 40. Equilibrium antimony contents of 
Pb-Sb alloys in contact with PbO­
Sb20 3 sIags at 6500 (M, 700°(0) and 
750°C (0) (after Zunkel et al., 
1967, ref. 53) 
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Figure 41. Phase diagram for the PbO-rich end 
of the PbO-Sb20 3 system (after 
Zunkel et al., 1967, ref. 53) 

Figure 42. System PbO-Sb20 3 showing PbO-rich end 
(after Roth et al, 1996, ref. 39) 
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Other pseudobinary phase diagrams from the literature for the PbO-Sb20 3, PbO-Sb20 4, and 

PbO-Sb20 S systems are presented below (Figure 43 - Figure 47). 
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Figure 43. PbO-Sb20 3 (after Roth et al., 1996, ref. 39) 
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Figure 44. PbO-Sb20 3 (after Roth et al., 1996, ref. 
39) 

Figure 45. PbO-Sb20 4 (after Roth et al., 1996, 
ref. 39) 
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Figure 46. PbO-PbO·Sb20 S (after Roth et al., Figure 47. PbO-Sb20 S (after Roth et al., 1996, fef. 
1996, fef. 39) 39) 
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2.1.4Pb-Sn-O System 

QUICK F ACTS: 

Sn MP 232 oC, BP 2602 oC, 

The Pb-Sn binary phase diagram is a simple eutectic, Figure 48. 
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Sn 

Figure 48. Pb-Sn binary phase diagram (after Massalski, 1990, ref31) 

Hultgren 42 detemlined activity values for Sn and Pb in Pb-Sn liquid alloys at 1050 K, 

finding a positive deviation from ideality in both cases, where: 

XSn = 0; aSn = 0; YSn = 6.816; XPb = 1.0; YPb = 1.00. 

XSn = 0.1; aSn 0.346; YSn = 3.458; XPb = 0.9; apb=0.931; YPb= 1.035. 
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In their studies, Das and Ghosh54 found that in the range from 857 to 1100 K, activities of 

both tin and lead exhibited only moderate positive deviations from the respective Raoult's 

law lines and that their findings do not agree with the values reported in the literature, 

Figure 49. 
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Figure 49. Das & Ghosh. Activity vs. composition relationships at 1050 K (after Das et al., 1972, 
ref.54) 

Sivaramakrishnan and Kapoor55 determined sorne thermodynamic properties of the Pb-Sn 

system at 500 oC, among which were the following: 

N Sn = 0.1, Y Sn = 1.827, N Pb = 0.9. Y Pb = 1.009 

Kurzina et a1.56 studied phase compositions of the lead-tin oxide system (Figure 50), and 

found that lead ortho- and metastannates, written as Pb2Sn04 and PbSn03, respectively, 

formed in the system at higher PbO content. The samples with 40 to 80 wt% PbO were 

found to contain small amounts of lead metastannate. The peaks corresponding to lead 

orthostannate were observed in the diffraction patterns of aB the mixed Pb-Sn-O systems; 

the exothermic peaks at 415 to 480°C were attributed to the formation of lead meta- and 
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orthostannates. Lastly, it was observed that increasing lead oxide content in the samples 

increased Pb2SnÜ4 content. 

Lastly, these workers claimed that over the entire range of the component ratios, bulk and 

surface properties of the samples were altered by the interaction of tin and lead oxides with 

the formation of multiphase systems. 

o 
Pb 

I-soo"c! 

Figure 50. System Pb-Sn-O (after Kurzina et al., 2002, ref. 56) 

FACTSage™ makes no mention of specifie complex Sn-Pb-O phases which may form, and 

when the slag is limited to an ideal solution, the following is obtained for a lead bullion 

containing tin is contacted with oxygen: 

0.0026 Sn + 0.9974 Pb + 0.5 O2 

(600,1,liq,#1) (600,1,liq,#1) (600,1,g,#1) 

0.260 14E-02 mol (0.99973 

+ 0.72882E-l1 

Pb 

Sn 

+ 0.27040E-03 0 

(600.00 C, 1 atm, Pb-liq) 

where YPb = 1.0 

where Ys" = 2.591 

where Yo = 4. 751E-5 ) 
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+ 0.9974 mol (0.99739 

+ 0.26068E-02 

DELTA G = -1.324E+05 J 

PbO(sLlitharge (red) 

Sn02(S L cussitite 

where rl'hO = 1.0 

where rSn02 = 1.0 ) 

This FACTSage™ output indicates that the bullion containing 0.0026 at% Sn will come to 

be in equilibrium with an ideal slag solution with a PbO to Sn02 ratio ofroughly 380:1 

2.1.5 Ellingham Plot Predictions 

In this section, curves are plotted for Gibbs free energy for the oxidation reactions of Pb, 

As, Sb and Sn. Standard Gibbs free energy (i1GO) values are used in the first plot, Figure 

51, while in the second plot, Figure 52, the i1G equation (30) curves take into account the 

activities of the metals. In the final plot, Figure 53, the i1G curves take into account the 

activities of both the metal and oxide phases. Activity values used for the metallic and 

oxide phases are given in Table 4. 

a 
i1G = i1GO + RT ln products (30) 

a reactants 

It can be observed in the second plot that the positions of the curves change relative to one 

another, but in comparing the first and last plots, there is little difference in positions, 

confirming that the preferential order of oxidation would be Sn, then Sb, then As, and 

finaUy Pb. 
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Figure 51. Ellingham plot - standard states 
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Figure 52. Ellingham plot - using metal activities 

Table 4. Activity coefficient and mass fraction values used in Ellingham plots 

Activity Mole fraction, Activity Mole fraction, 

Phase Coefficient, X Phase Coefficient, X 

y Y 

Pb (bull ion) 1.00 0.963 PbO (slag) 1.00 0.698 

As (bullion) 1.50 0.013 AS20 3 (slaŒ) 2.24 0.112 

Sb (bulhon) 0.78 0.024 Sb~03 (slag) 0.37 0.169 

Sn (bullion) 6.00 4.45 x 10-4 Sn02 (slag) 1.00 0.021 
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Figure 53. Ellingham plot - using metal and oxide activities 

The thennodynamic software, FACTSage™, gave the following results for a bullion 

containing As, Sb and Sn contacted with oxygen: 

0.009 As + 0.9684 Pb + 0.5 07 + 0.02 Sb + 0.0026 Sn 
(600,1,liq,#1) (600,1,Iiq,#1) (600,1,g,#1) (600,1,liq,#1) (600,1,liq,#1) 
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0.17091E-Ol mol (0.99758 

+ 0.77028E-ll 

+ 0.17111E-03 

+ 0.19769E-02 

Pb 

Sn 

Sb 

As 

+ 0.26733E-03 0 

(600.00 C, 1 atm, Pb-liq) 

where y l'h = 1. 0 

where YSn = 2.606 

where Ys!> = 0.729 

where Y As = 1.320 

where Yu = 4. 750E-5 ) 

+ 0.96843 mol (0.98236 PbO(sLlitharge (red) 

+ 0.46292E-02 As20}(sLclaudetite 

+ 0.1 0324E-Ol Sb20 3(s2L valen.ite 

+ 0.26848E-02 Sn02(sLcussitite 

where Y l'hO = 1. 0 

where Y A,,(), = 1. 0 

where YSb,O) = 1.0 

where Ysno2 
= 1.0 ) 

(600.00 C, 1 atm, Ideal#l) 

Data on 1 product species identified with t'T" have been extrapolated 

DELTA G = -1.342E+05 J 

This F AC TSage ™ output indicates that an impure bull ion would come to be in equilibrium 

with an AS203-Sn02-Sb20}-PbO ideal solution slag, the latter composed mostly ofPbO. 

2.2 Kinetic Considerations: Effect of As, Sb, Sn and temperature 

on lead oxidation rates in stationary meUs 

2.2.1 Pure Lead 

Much work has been done on the kinetics of oxidation of molten lead in still air employing 

different methods. The results are not aB in agreement. Collected data is presented, Table 

5. 

Archbold and Grace5
? examined the interference colours of very thin oxide layers to 

calculate the oxidation of pure Iead at temperatures from 453 oC to 643 oC in 10-minute 

experiments. It was found that a parabolic rate law was applicable. For a 2-minute 

experiment at 600 oC, an oxide thickness growth rate of 0.076 mm/min was obtained. 
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Bircumshaw58 established that at 500 oC, 600 oC, and 700 oC, the early part of the 

oxidation process was consistent with the "parabolic" law though in several cases, this law 

ceases to be obeyed. 

Workers at Metallgesellschaft59 showed that 99.9999 wt% pure lead oxidizes at a rate of 

between 22.7 and 139 rnrnImin at 500 oc. 

In gravimetric experiments conducted on electrolytic lead, Gruhl60 found oxidation rates to 

be parabolic, at temperatures of 300 oC up to 525 oC. At temperatures above 600 oC (100 

hour test), the rate of oxidation was found to be linear61
. It was stated that at this 

temperature and above, Iead oxidizes linearly with time because of "spitting" of the scale62
. 

At 550 oC, a mass gain rate of approximately 0.129 mg/cm2 hl' was found after 100 hours, 

while at 600 oC, a mass gain rate of approximately 0.389 mg/cm2 br was found after 40 

hours. 

In a study using evaporated films of lead, Anderson and Taré3 deterrnined that the rates of 

oxidation at 548 oC and 503 oC were independent of oxide layer thickness (linear law) and 

proportional to the first power of oxygen partial pressure. 

Table 5. Kinetics data for oxidation studies on pure lead. 

Reported Oxidation 
Rate 

Researcher 
Experimental Experimental Temperature, Graphical ~2.~_ 

Time, secs Time, hours oC Data 

Metallgesellschaft 99.9999 500 0.14 500 Y 65 
Archbold & Grace "pure" 120 0.03 600 Y 0.076 
Hoffman & Malich pure 7200 2 520 Y 1.392 
Gruhl pure 144000 40 600 Y 0.389 
Weyand 99.9999 10800 3 580 n 0.201 
Krysko Bi 518400 144 480 Y 0.199 
Krysko "commercial" 518400 144 480 Y 0.190 
Gruhl pure 360000 100 550 Y 0.129 
Krysko B2 518400 144 480 Y 0.125 
Krysko 99.9999 518400 144 480 Y 0.100 
Gruhl pure 288000 80 500 Y 0.060 
Gruhl pure 360000 100 400 Y 0.056 
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Converted Rate (0% Converted Rate 
porosity) (50% porosity) 

Researcher Pb 
Experimental Temperature, 

J.lmfmin mg/cm2hr !lm/min mg/cm2hr 
Time, hours oC 

Metallgesellschaft 99.9999 0.14 500 65 3646.500 65 1823.250 
Archbold & Grace "pure" 0.03 600 0.076 4.264 0.076 2.132 
Hoffman & Malich pure 2 520 0.02478 1.392 0.04956 1.392 
Gruhl pure 40 600 0.00692 0.389 0.01385 0.389 
Weyand 99.9999 3 580 0.00358 0.201 0.00716 0.201 
Krysko 81 144 480 0.00354 0.199 0.00708 0.199 
Krysko "commercial" 144 480 0.00338 0.190 0.00676 0.190 
Gruhl pure 100 550 0.00230 0.129 0.00459 0.129 
Krysko 82 144 480 000223 0.125 0.00445 0.125 
Krysko 99.9999 144 480 0.00178 0.100 0.00356 0.100 
Gruhl pure 80 500 0.00107 0.060 0.00214 0.060 
Gruhl pure 100 400 0.00100 0.056 0.00199 0.056 

Weber and Baldwin62 found an averaged mass gain rate of approximately 0.333 mg/cm2hr 

at 600 oC, using 99.9936 wt% pure Pb in a 90-hour test. Specifically, it was established 

that liquid lead scales according to three successive parabolic relationships: the first 

parabola has a low constant, the second parabola has a much higher constant, while the 

third parabola has a constant only slightly smaller than the second. 

For his doctoral thesis, Weyand61 used a thelmobalance to determine that molten lead 

(99.9999 wt% Pb) followed a cubic rate of oxidation between 350 oC and 400 oC, while a 

parabolic rate was found at temperatures above 400 oC. At a temperature of 580 oC, a 

mass gain of 0.201 mg/cm2 hr was reported for a 3-hour test. At 550 oC, only PbO 

(orthorhombic) was found. In aU cases, the oxide was preferentially oriented, with the 

(002) basal plane parallel to the melt surface. No significant pressure efiècts were found 

over a range of 730 mm to 1 mm Hg of oxygen. 

2.2.2 Impurities 

The effects of impurities on the oxidation kinetics in lead have been studied systematically 

by several workers59,60,6L64.65,6M7.68. More data exists on the influence of individual 

impurities (e.g. As, Sb, Sn) than on compound influences of several impurities. Data is 

presented in tabular form (Table 6) at the end ofthis section. 
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2.2.2.1 Lead Containing Arsenic 

In his work, Krysk066 used five types of commerciallead purchased on the open market, 

and tested them against high purity 99.9999 wi% Pb in oxidation experiments. AIl 

investigated samples when tested at 480 ± 20 oC for 144 hours had a higher rate of 

oxidation than the high purity lead, varying by up to a factor of 2, from approximately 0.10 

mg/cm2hr to 0.19 mg/cm2 hr. This demonstrated that the trace elements had a significant 

influence on the rate of oxidation. In another experiment on a commerciallead sample, an 

average mass gain of 0.199 mg/cm2 hr was obtained. Following oxidation, the sample was 

cleaned and subjected to a re-oxidation; it yielded an average mass gain of about 0.125 

mg/cm2 hr. It was hypothesized that certain elements must have preferentially oxidized 

during the primary oxidation. 

The workers at MetaIlgesellschaft59 studied the growth of oxide layer on 99.994 wt% Pb 

with different additives. In a plot of oxide layer thickness (mm) vs. time (s), oxidation rates 

for 0.01 wi% As at 400 oC were roughly 3.5 times that of pure lead after 100 s at a rate of 

166 mm/minute (extrapolated). At 500 oC for 10 seconds, the rate was found to be roughly 

16.2 times that of pure lead, namely 2251 mm/minute (extrapolated). The most marked 

acceleration was found with lead containing 10 ppm As for blue-film formation (generally 

1-10s). 

These same workers59 showed the effect of As content (0 to 500 ppm) on the oxidation rate 

of a stationary melt in pure oxygen atmosphere at 420 oC, in 6-hour tests. On a plot of 

mass gain (mg) versus initial alloy content, a maximum value was found (0.86 mg/cm2 hr) 

at very low content decreasing exponentially until about 0.116 mg/cm2 hr at 150 ppm As. 

No change was seen thereafter for higher As contents. It was also concluded that when the 

initial As content in the lead is greater than or equal to 20 g/l (0.07 wt%), formation of a 

lead-arsenic-oxygen compound was expected in the oxide film. 

2.2.2.2 Lead Containing Antimony 

Hoffman and Malich67
,68 used gravimetry to obtain results on the effects of alloying 

additions on the oxidation rate of liquid lead in a 2-hour test at 520 oc. Results were 
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obtained for a range of antimony-alloyed lead (0.005 to 8.0 wt% Sb), but no clear pattern 

emerged from their studies: certain concentrations enhanced oxidation kinetics, while 

others suppressed the kinetics. 

The workers at Metal1gesellschaft59 studied the oxide layer growth on 99.994 wt% Pb with 

Sb additives. On a plot of oxide layer thickness (mm) versus time (s), an extrapolated 

value of 208 mm/min was found for lead containing 0.01 W1% Sb ai 400 oC following 100 

s exposure; this was roughly 4.4 times that of pure lead. At 500 oC following an exposure 

time of lOs, an extrapolated rate of 2875 mm/min was found, corresponding to 

approximately 20.6 tÏmes that of pure Pb. The most marked blue-film formation (1-10 s) 

was found at 0.002 - 0.005 wt% Sb. At higher temps (600 to 750 oC, 2.5 to 10 minutes) a 

maximum was found at 0.01 wt% Sb. 

In gravimetric experiments conducted on electrolytic lead containing varying amounts of 

antimony at 400 oC, Gruh160 found that antimony slightly lowered the oxidation rate, 

ranging in an inconsistent way from 0.021 mg/cm2hr from 0.1 wt% Sb to 0.043 mg/cn1hr 

for 0.01 wt% Sb, as compared to 0.056 mg/cm2hr for pure Pb (100 hour test). 

Experiments conducted at 500 oC showed the reverse trend, wherein small amounts of 

antimony increased (with increasing wt% Sb) the oxide growth rate from 0.153 mg/cm2hr 

from 0.01 wt% Sb to 0.235 mg/cm2hr for 0.1 W1% Sb, as compared to 0.060 mg/cm2hr for 

pure Pb (100 hour test). 

In his test on 1000 g lead baths, Green75 found that there existed a specific antimony range 

(0.01 to 0.03 wt%) which corresponded to the maximum lead oxidation rate (Figure 55). 

As will be discussed further in Section 2.3.3, Port Pirie's continuous softener takes 

advantage of this range for optimal oxidation rates. 

Researchers at Metallgesellschaft59 asserted that the effect of Sb may be explained by an 

increase in the "vacant places" in the solid oxide structure, and that a decline in oxidation 

rate beyond the maximum in the 350 to 500 oC range would appear to be due to the 

occurrence of lead antimonite or antimony oxide in the oxide film. No uniform description 
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of oxidation pattern can be given for extended periods - it depended largely on operating 

conditions. 

2.2.2.3 Lead Containing Tin 

The workers at Metallgesellschaft59 found that small concentrations of tin in pure lead 

reduced the oxidation rate, as a dense Sn02 film was formed when w1% Sn was greater 

than 0.1 %. At higher concentrations and with longer times, Sn concentrations greater than 

100 ppm resulted in a further reduction in the oxidation rate, due to this same pure Sn02 

surface layer. Even very small tin additions « 10 ppm) retarded the growth rate of the 

oxide film. 

The effect of Sn content (0 to 500 ppm) on oxidation rate of stationary melts in pure 

oxygen atmosphere was studied at 420 oC in 6-hour tests. A plot of mass gain (mg) versus 

initial alloy content shows a maximum value (0.83 mg/cm2 hr) at very low Sn content 

decreasing to about 0.046 mg/cm2hr at 150 ppm Sn. There was no detectable change 

beyond this concentration with increasing Sn contenë9. 

Table 6. Kinetics data for oxidation studies on lead containing impurities 
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Impurity Content, wto/. 

Researcher Pb As 

M 
M 0.01 
M 
M 0.01 

H&M 
H&M 
H&M 
H&M 
H&M 
H&M 
H&M 
H&M 
H&M 

M 1 ppm? 
M 

H&M 
H&M 
H&M 
W&B 99,9927 0.33ppm 
H&M 
H&M 
H&M 

G 
G 
G 
G 
G 
M 150 ppm 
M 
G 
G 
G 
G 
G 
G 
G 
G 

M = Metallgesellschaft 
H & M = Hoffman & Malich 
W & B = Weber & Baldwin 
G = Gruhl 

Sb Sn 

0.01 

0.01 

1 
0.01 

0.01 
6 

0.05 
0.5 

0.005 
8 

0.1 

1 ppm? 
0.002 

0.5 
0.5 

0,33ppm 0.33ppm 
0.5 

1 
0.1 

1 
0,5 
0,1 

0,05 
0.01 

150 ppm 
0,01 

1 
0.5 

0,05 
0.1 

0,01 
0.05 

0.1 - 1.0 

Expt" 
Time, 
hours 
0.003 
0.003 
0.028 
0.028 

2 
2 
2 
2 
2 
2 
2 
2 
2 
6 
6 
2 
2 
2 

90 
2 
2 
2 

70 
80 
80 
80 
80 
6 
6 

100 
100 
100 
100 
100 
100 
100 
100 

Reported Oxidation Converted Rate Converted Rate ( 
Rate (0% porosity) porosity) 

Temp, oc flm/min mg/cm2hr flmlmin mg/cm2hr flm/min mg/cm2hr 

500 2875 2875 161288 2875 80644 
500 2251 2251 126281 2251 63141 
400 208 208 11669 208 5834 
400 166 166 9313 166 4656 
520 1.618 0.02880 1.618 0.05760 1.618 
520 1.618 0.02880 1.618 0.05760 1.618 
520 1.510 0.02688 1.510 0.05376 1.510 
520 1.471 0.02618 1.471 0.05237 1.471 
520 1.176 0.02093 1.176 0.04187 1.176 
500 1.167 0.02077 1.167 0.04155 1.167 
520 0.980 0.01744 0.980 0.03489 0.980 
520 0.931 0.01657 0.931 0.03314 0.931 
520 0.931 0.01657 0.931 0.03314 0.931 
420 0.860 0.01531 0.860 0.03062 0.860 
420 0.830 0.01477 0.830 0.02955 0.830 
520 0.814 0.01449 0.814 0.02898 0.814 
450 0.517 0.00920 0.517 0.01841 0.517 
400 0.417 0.00742 0.417 0.01485 0.417 
600 0.333 0.00593 0,333 0,01185 0.333 
520 0.294 0.00523 0.294 0,01047 0.294 
520 0.294 0.00523 0.294 0.01047 0.294 
520 0,275 0.00490 0.275 0,00979 0.275 
500 0.235 0.00418 0.235 0.00837 0.235 
500 0.208 0,00370 0.208 0.00740 0.208 
500 0.190 0.00338 0.190 0,00676 0.190 
500 0.172 0.00306 0.172 0.00612 0,172 
500 0.153 0.00272 0.153 0,00545 0,153 
420 0.116 0,00206 0.116 0,00413 0,116 
420 0.046 0,00082 0,046 0.00164 0,046 
400 0.043 0,00077 0,043 0,00153 0.043 
400 0.030 0,00053 0,030 0,00107 0.030 
400 0.028 0,00050 0,028 0.00100 0,028 
400 0.023 0,00041 0.023 0.00082 0.023 
400 0,021 0.00037 0.021 0.00075 0.021 
400 0.019 0.00034 0.019 0.00068 0.019 
400 0.006 0.00011 0.006 0.00021 0,006 
400 0.004 0.00007 0.004 0.00014 0.004 

Hoffman and Malich67
, 68 studied the effects of alloying additions on the oxidation rate of 

liquid lead in a 2-hour gravimetry test at 520 oC. Results were obtained for several tin-lead 

alloys (0.01 to 1.0 wt% Sb), but again no clear pattern emerged from their studies: one 

concentration increased oxidation kinetics, while two others slowed the kinetics. 

Konetski et a1.65 used a Pb-2.9 at% Sn alloy to determine that an oxide that forms on this 

alloy was highly enriched in tin compared to the bulk alloy because tin oxide was more 

stable than lead oxide. The amount of tin in the oxide increased with depth into the oxide, 

while the lead content decreased. Tin rnay also have been oxidized internally in these 

aUoys in the solid state, rnost likely at grain boundaries. 
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In gravimetric experiments conducted on electrolytic le ad containing varying amounts of 

tin at 400 oC, Gruh160 found tin to lower the oxidation rate: lead containing 0.01 wt% Sn 

resulted in a rate reduction from pure lead from about 0.056 mg/cm2hr to 0.019 mg/cm2hr. 

At 0.1 to 1 wt% Sn, the rate of oxidation was more significantly reduced, from about 0.056 

mg/cm2hr to 0.004 mg/cm2hr. 

2.3 Industrial Softening Observations 

Since the behaviour of high-temperature chemical systems is often controlled by mass 

transfer kinetics rather than by the thermodynamic behaviour for that particular system, it is 

also worthwhile to investigate data from industrial practice as the latter gives an indication 

ofthe actual system behaviour. 

2.3.1 Practice 

In commerciallead softening, air, oxygen-enriched air, or oxygen is injected into an impure 

lead melt through a series of lances. The rapid exothermic oxidation reactions caused by 

the violent agitation normally pro duce enough heat during operation to maintain the 

reaction temperature without use of gas-fired burners69
. 

At Noranda Inc., Brunswick Smelting in the early 1970's, air and oxygen-enriched air was 

originally introduced at 550°C to achieve fast process kinetics l4
, but process changes over 

the years have necessitated higher softening temperatures (600 to 650 oC) in order to also 

maintain a sufficiently fluid, easily-tapped slag. Blanderer writes that 650 oC is the critical 

temperature for kettle softening70
, below which the reaction process is too slow, and above 

which the iron kettle corrodes. At Teck Cominco and elsewhere, the issue of temperature 

stems from several practical constraints: experience has shown that due to slow reaction 

kinetics below 610 to 620 oC, there is a risk of "losing" the reaction. The temperature must 

also be sufficiently high (> 590 OC) to keep the slag fluid. At the same time, excessive 

temperatures (> 650 oC) cause the oxygen lances to deteriorate rapidly and/or fail l6
. 

In one of Noranda's softening patents7l
, it was claimed that in a continuous high 

temperature softening fumace with a well-mixed bath containing low amounts of sulphur, 
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arsenic, antimony and tin, it is very improbable that these elements will react directly with 

introduced oxygen. As such, the postulated reactions are the following 71
: 

Pb (bull ion) + Vz O2 ~ PbO (slag) 

2 PbO (slag) + S (bull ion) ~ 2 Pb (bull ion) + S02 (gas) 

3 PbO (slag) + 2 As (bullion) ~ 3 Pb (bull ion} + As203 (slag) 

3 PbO (sJag) + 2 Sb (bull ion) ~ 3 Pb (bullioll) + Sb20 3 (sJag) 

2 PbO (slag) + CU2S (matte) ~ 2 Cu (bullioll) + 2 Pb (bull ion) + S02 (gas) 

2 PbO (slag) + PbS (matte) ~ 3 Pb (bullioll) + S02 (gas) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

The consequence of such a reaction scheme is that aIl reactions would occur between 

species dissolved in the lead and the solid PbO at solid / liquid interfaces at the slag / melt 

boundary. 

2.3.2 Slagging & Slag Composition 

Davey states that at temperatures over 600 oC, the order of formation of the oxides is Sn02, 

As20 3, Sb20 3, Pb09
. Elsewhere72 it is written that the selective oxidation of As, Sb and Sn 

is accompanied by the "unavoidable" oxidation of lead, such that the product of softening 

is a mixture ofPbO, Sb203, As20 3, and Sn02. 

Betterton 73 wTote in 1934 that "plumbite and/or plumbate of lead (Pb (II) and Pb (IV) 

respectively) are formed, which are very active in scorifYing antimony, arsenic and tin". lt 

1S claimed that the bullion may be softened by the addition to the softening fumace of 

litharge or a high lead oxide containing slag71
• 

Values for typical assays of the softener slags at Port Pirie's continuous softening unit have 

the following contents: 12.8 wt% Sb, 4.5 wt% As, 73 wt% Pb in equilibrium with a bullion 

containing 0.04 wt% Sb, 0.003 wt% AS74
. Assays of Brunswick's slag in Perez's article l4 

were 6 to 7 wt% Sb, 13 to 15 wt% As and 65 wt% pb. 
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It has been deterrnined experimentally that metal having the composition of softened 

bullion is in equilibrium with a liquid oxide slag containing about 9 wt% Sb21 . 

A plot summarizing work of several researchers shows the antimony content in the lead­

antimony-oxide slag as a function of the antimony content in equilibrium with it (Figure 

54). 

%Sb IN METAL 

Figure 54. Distribution of antimony between slag and metal phases (after Davey, 1980, ref. 9) 

In most publications, the slag is considered to be composed of PbO and Sb203 (and minor 

amounts of AS203); however, at Port Pirie, this assumption does not account for the entire 

weight of the slag, based on elemental analysis for Pb, Sb, As, and Sn. Davey 9 writes that 

at Port Pirie, the composition analysis cornes close to 100 % if the antimony oxide is 

considered to be S~04. 

It is very interesting to note that in the original Teck Cominco design, wt% Sb in the slag 

correlated better with wt% As in the feed than it did with wt% Sb in the feed, according to 

the following relations 1 
5: 

wt% As slag = 2.6 + 16.7 (wt% As feed) 

wt% Sb slag = 27.7 - 25.9 (wt% As feed) 

wt% Pb slag = 56.7 + 9.2 (wt% As feed) 

62 



Chapter 2: Literature Review 

As an example, a feed with 0.5 wt% As produced a slag containing II.0 wt% As, 15.0 wt% 

Sb, and 61.3 wt% Pb. 

2.3.3 Softening Strategy 

Williams21 wrote that in the continuous process, the lead bath is maintained at a 

composition corresponding to a very high oxidation rate. As a result, the oxidation of the 

bath, which corresponds with the softening of the bullion, proceeds at a rate many times 

greater than was thought possible for bath softening. As seen in Figure 55 below, this 

corresponds to roughly 0.02 wt% Sb . 

. ::t 
fl~:-
t: 
.2 

i~--~~----~--~------
S 

Figure 55. Oxidation rate versus antimony content (After Williams (1936), Ref. 21) 

Thus, the addition of oxygen is controlled such that the arsenic and antimony in incoming 

bullion are oxidized with some lead in such proportions that more slag of the composition 

already existing in equilibrium with the bull ion bath is forrned21
. In practice, the antimony 

content of the softened bullion is held in the range 0.02 to 0.05 wt% Sb, and the 

temperature maintained at 700 to 730 oC 74. At the Broken Hill Associated Smelters 

(BHAS) at Port Pirie, Australia, the softener is run continuously by taking advantage of 

increased oxidation rates associated with this specific antimony concentration range, Figure 

56. 
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Figure 56. Oxidation rate as a function of antimony content (based on a standard test of 1000g bath) 
(after Green, 1950, ref75) 

In fact, Green 75 stated that only a continuous process can take full advantage of this 

observed phenomenon since batch softening only approaches this "zone" at the end point of 

its operation. It is 1ater stated that antimony is the controlling element on oxidation rate, 

even when both antimony and arsenic are present in the bullion. In the author' s reply to a 

question by Dr. F.D. Richardson regarding this phenomenon, Green stated that they "are 

unable to explain why this critical range in antimony composition should occur, and it was 

only discovered after an exhaustive analysis of various phenomena taking place in the 

course of development of the continuous process" 75. 

In the related article, Green75 reported on studies that were do ne to investigate the variables 

influencing oxidization during softening. He outlined them as follows: 

(i) direct action of injected air on the metal bath 

(ii) action of the fumace atmosphere on melt thrown up by the blowers 

(üi) action of the slag as a "conveyor" of oxygen to the metal by the altemate 
oxidation and reduction of antimony and arsenic, as in the following reactions: 
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Two tests were performed at 900 oC in scorifiers in a muffle fumace to measure the rate of 

oxygen transfer to the melt when it was covered by a fluid oxide slag. One test was 

performed with pure litharge, and the other with litharge containing added percentages of 

arsenic and antimony trioxides. It was found that the presence of the Sb- and As- trioxides 

accelerated the rate of lead oxidation, presumably by the aforementioned mechanism75
. 

2.4 Hypothesis 

The most important variables contributing to the rate of oxidation of lead in the complex 

lead-impurity system were identified by the review of the relevant literature on the subject 

of the thermodynamics and kinetics of lead softening reactions. The four parameters 

selected for study are the temperature of the melt, and the initial weight percents of arsenic, 

antimony, and tin in lead bullion containing these impurity elements. 

The working hypothesis, based largely on industrial observations, is that an "ignition 

temperature" exists, and that melt composition plays a significant role in the softening 

reactions and mass gain kinetics. 
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CHAPT ER 3: EXPERIMENTAL METHODOLOGY 

3.1 Experimental apparatus ("Hot Box") 

For the purpose of investigating the behaviour of the lead alloys and reaction products 

during softening, a fumace hereafter refened to as the 'Hot Box', with a quartz glass 

viewing and illumination window was constructed. The collection of visual observations 

would provide information about the physical behaviour of the system that was intended to 

give insight into the chemical reactions occurring at or near the sample surface (i.e. the gas­

liquid interface), the mass transfer mechanisms, and the role of the alloying clements 

(impurities) in the oxidation/softening reaction/process. 

With this apparatus, the author was able to safely observe the high temperature activity 

occuning at the surfàce of 6.25 g lead (or alloyed lead) samples when oxygen was 

introduced to the fumace. The samples were brought to temperature under an almost inert 

gas atmosphere, and skimmed if necessary to expose a normally dross- or slag-free surface. 

The experiments were filmed for future examination and reference. An initial series of five 

(5) tests were performed in the Hot Box with varying amounts of arsenic, namely 0 wt%, 

0.2 wt%, 0.4 wt%, 0.6 wt%, 0.8 wt%, to observe and record differences in oxidation 

behaviour. 

Thereafter it was decided to gather two sets of data concunently: one set of 

thermogravimetric (TGA) data, and the second, the visual data. 

To this end, the Hot Box was modified into a homemade thermogravimetric apparatus by 

appending auxiliary components, e.g. analytical balance, scrubbing system and temperature 

controller. The retro-fitting took several months, and the result was a furnace that 

thermogravimetrically analyzed, under a controlled gas environment, a sarnple to which the 

researcher had skimming access, should skimming be required. In addition, the experiment 

could be visually recorded at the same time. 
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The modified Hot Box is presented in Figure 57, and its components are described below. 

1 Temperature controller 

Quartz light 
window 

1 K-type thermocouple 

Cam for raising 
fumace 

Stainless steel 
threaded hanging rod 

Analytical 

Carbon steel 
1 Sample holder fumace housing 

PC for data 
acquisition 

Cylindrical glass 
draft shield 

- - - -1- Digital camera 

- - - - - -1 Off-gas 

radiant heater 

Quartz viewing 
window 

l' Gas delivery 

Figure 57. Experimental apparatus 

A Mettler A T200 analytical balance was selected, which provided 165 readings per 

minute to 0.1 mg precision. TI1is balance had '"weigh-through" capacity, which meant that 

a ho ok on the underside of the weighing platfonn aUowed samples to be suspended and 

weighed from the bottom. In practice (not illustrated in Figure 57), the balance was 

positioned for support on a 52 cm x 29 cm x 3 cm granite slab, which was placed on a steel 

shelf bolted to the laboratory wall. A 1.3 cm diameter hole was drilled through the granite 

slab and the shelf to allow the sample rod to hang through. 

An Omega 425 Watt semi-cylindrical vacuum-formed ceramic fibre radiant heater 

was selected as the heating source (Figure 58). The heater had the foUowing dimensions: 

A = 1.5 cm, B = 1.3 cm, C = 0.75 cm. A typing heating curve for the heater can be found 

in Appendix I. 
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Figure 58. Schematic of cylindrical radiant 
ceramic heater. Dimensions A = 

1.5 cm, B = ].3 cm, C = 0.75 cm. 

The steel box that housed the heater was constructed of 0.16 cm eh6") welded carbon steel 

plate, and had dimensions of roughly 2.2 cm (1) x 1.65 cm (w) by 15 cm (h). The coyer 

was removable, and was connected to the fumace by sixteen (16) shortened 0.6 cm (d) x 

1.9 cm (1), 51 threads per cm (20 threads per inch) ("~-20") machine bolts. Ceramic 

fibreboard (Fibre Cast) provided the seal between the coyer and the fumace. The fumace 

was lined with roughly 2.5 cm ofSiOr Ah03 fibre board insulation (Thermal Ceramics). 

A 30 cm high x 7.5 cm OD blown-glass cylinder with a flat botlom served as a draft shield 

for the sample rod in the space between the balance and the fumace. The cylinder had a 

0.65 cm diameter hole at the centre of the base. The seals between the cylinder and (i) the 

metal shelf and (ii) the Hot Box were manufactured from ceramic fibreboard 

An adjustable three-component hanging u.nit was constructed to suspend the sample from 

the balance. This consisted of an upper latching mechanism, threaded onto a 32.5 cm 

section of 0.25 cm (d), 8 threads per cm (32 threads per inch) ("8-32") stainless steel 

threaded rod, to which a machined carbon-steel, C-shaped, sample holder was connected. 

Qu.artz plates (Chemglass, USA) of dimensions (5 cm x 5 cm x 0.16 cm), (2.5 cm x 2.5 

cm x 0.16 cm) were used for the viewing and light ports, respectively. 
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An off-gas port, fabricated into the fumace co ver, directed any off-gases to a scrubbing 

unit, which consisted of six water-filled, l-litre Erlenmeyer flasks connected in series. The 

off-gas from the last flask was directed gas into a fume hood. 

Two (2) Mini-Maglite™ 2-cell AA flashlights provided the necessary illumination of the 

sample surface. 

A temperature-controUing unit was fabricated in-house usmg a Watlow 935A 

temperature controller, a 120/240 VAC solid-state relay, and a k-type thermocouple. 

Following several calibration trials, the thermocouple lead was placed directly beside the 

sample hoMer for the most reliable readings (as the thermocouple could not be placed in 

the melt without affecting the mass readings.) Calibration curves are presented in 

Appendix L 

A stainless steel skimming tool was positioned at the same height as the suspended 

sample, so that the sample surface could be skimmed in cases where a solid oxide formed. 

A carbon steel cam was constructed to support the fumace and to allow for easier assembly 

and disassembly of the unit. 

A JVC GRDVL310 Digital video camera was used to record the experiments, which 

captured 30 frames/sec. The camera was equipped with a variable-speed shutter 

(11500,11250, 1/100, 1/60 sec.), and could deliver 110,000-pixe12.5" high resolution. 

Agas delivery system was set up because the control of the gas environment in TGA trials 

was very important for controlling melt oxygen exposure time. Gas was delivered to the 

system at two points (Figure 59). In aIl cases, the gas was delivered from the cylinder to 

the gas train via an Air Products dual stage regulator, W' ID reinforced PVC pipe, with 

Swagelok™ compression connectors. 
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Figure 59. Gas delivery system 

3.2 Experimental Procedures 

3.2.1 Test Sample Preparation and Experimental Set-Up 

/ 
/ 

/ 

/ 

lnitially, master aUoys were prepared by the following method: small pieces of 99.99% 

pure lead ingot were cut, and holes bored in them. A measured amount of the alloying 

elcment, e.g. pure As powder was placed in the hole. Additional pieces of lead were added 

as required to achieve the 350 g target mas s, and the lot were put in a Leco mounting press, 

and made into 2.5 cm high x 4 cm diameter pucks. These pucks were placed in a closed 

steel crucible in a silicon carbide resistance fumace and the crucible and contents were 

heated to a prescribed temperature (e.g. 350 oC for Pb~Sn alloys), under argon by injecting 

the argon under the lid on the steel crucible. Determination of the alloying temperature was 

based on the constituent metals, their melting points, and the binary phase diagram, using a 
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temperature roughly 20 oc greater than the higher melting point metal. Also, argon was 

injected into the melt for 10 minutes to increase sample homogeneity. The furnace was 

tumed off and the sample was allowed to cool naturally under argon. For arsenic anoys, 

good results were obtained, but concentration gradients were found across the frozen 

sample thickness with Sb- and Sn-Pb anoys when driHings from different parts of the 

master alloy button were tested by lCP and AA. For this reason, it was decided to use 

commercially produced anoys. 

Appropriate quantities to achieve the desired nominal starting assays were freshly drilled 

from the commercial anoys (Table 7) in order to create 6.25 g of a test sample. An 

ex ample calculation of sample preparation is presented in Appendix 1. These driUings were 

packed into high-alurnina rectangular dishes (Keratec Advanced Materials S.A., Spain), 

which measured 2.5 cm x 1.5 cm x 0.5 cm extemal dimensions, with a wall truckness of 

~0.15 cm. The crucible was then placed in the hanging sample holder and the whole TGA­

furnace apparatus was carefully assembled. 

Table 7. Commercial alloy compositions. Full compositions are given in Appendix L 

Supplier Description wt%As wt%Sb wt%Sn wt%Pb 

Teck Cominco Alloy425 1.700 6.200 <1 ppm 92.05 

Teck Cominco Alloy414 12.00 180 ppm <1 ppm 87.98 

Teck Cominco Alloy 422 0.4300 2.050 3 ppm 97.50 

Teck Cominco Alloy423 0.6300 3.140 3 ppm 96.20 

ESPI Metals Pb5.0Sb 0 5.000 1 ppm 95.00 

Arbellinc HiFlo Solder <10 ppm 40ppm 63.43 36.54 

Teck Cominco Refined lead <1 ppm 10 ppm <1 ppm 99.99 

The gas delivery to the TGA-fumace apparatus was constructed in the following manner 

(Figure 59): 

(i) Argon "1" (99.998% purity) purged the acrylic chamber wruch housed the balance. 

This gas flowrate was controlled by a medium flow rate (0 - 10 Ipm) rotameter. 

The argon flow maintained a positive pressure in the glass cylinder to suppress 

rising heat, as weB as any volatiles produced in the course of the test. 

71 



Cltapter 3: Experimental M etltodology 

(ii) Oxygen (99.96 % purity) and argon "2" (99.998 % purity) flowrates were 

controlled by Iow flow (0.05 - 0.5 Ipm) rotameters. The gas was directed to a 

three-way valve positioned outside the fumace. This flow fed a T-connection 

which split the flow to two 0.65 cm (W') copper pipes, which connected to the side 

walls of the furnace. From these junctions, gas flowed through stainless steel 

conduits, which ran alongside the sample holder, roughly 1 cm above and 1 cm to 

the side. Six-1.5 mm holes were drilled in each tube, and the tubes were sealed at 

the ends. 

To begin aIl tests, initial (sample + dish) mass was recorded and the system was purged 

with gas from argon cylinders l and 2 at roughly 10 and 0.1 Ipm, respectively for 35 

minutes via a medium flow rate (0 - 10 lpm) rotameter. The temperature controUer was set 

to the desired set point, and once the set point was reached and was stable, the argon flow 

rates were lowered to at 1.0 and 0.15 Ipm, respectively. Thereafter, the argon flowrate 

from cylinder 1 was kept constant. 

When the sample had been brought to the desired temperature, it was skimmed if necessary 

and when possible the dross was shaken off the skimming tool, onto a thin ceramic blanket 

placed on the surface of the ceramic heater. This was necessary since the drosses that came 

into contact with the heater ceramic tended to chemically attack it. 

Mass data acquisition was then initiated using Microsoft HyperTerminal®, and oxygen was 

introduced into the fumace through the two gas dispensers placed about 1 cm above and to 

the si de of the melt at 100 cm3/min via the three-way valve, and was maintained for the 

desired time period. F ollowing exposure, argon cylinder 2 flow was resumed at 150 

cm3/min. 

The appearance of the sample surface was visually recorded at intervals during the heating 

period, and continuously once the sample reached elevated temperatures, and during the 

initial period following oxygen introduction. 
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3.2.2 Stage 1: ExpIoratory testing 

The first series of experiments served to explore the effects of varying al10y components 

and contents and temperature, while perfecting the experimental method. The conditions 

for these tests are presented in Table 8. 

Table 8. Stage 1 Experimental Design 

Initial Alloy Impurity Content, wt% 

T Date As Sb Sn 
Temperature, 

oC 

DVTGA1 7-0ct-02 600 ± 20 
DVTGA3 23-0ct-02 0.35 600 ± 20 
DVTGA4 30-0ct-02 0.78 600 ± 20 
DVTGA5 7-Nov-02 0.60 600 ± 20 
DVTGA6 8-Nov-02 1.05 600 ± 20 
DVTGA7 9-Dec-02 1.60 600 ± 20 
DVTGA8 10-Dec-02 1.60 600 
DVTGA9 17-Dec-02 0.30 600 

DVTGA10 18-Dec-02 1.50 600 
DVTGA11 19-Dec-02 1.80 500 
DVTGA12 20-Dec-02 0.75 500 
DVTGA13 20-Dec-02 0.53 0.53 600 
DVTGA15 22-Dec-02 0.80 0.30 600 
DVTGA16 

Droplet Flow 7-Feb-03 0.80 600 
Test 

3.2.3 Stage II: Factorial Design 

A 24 experimental factorial design (with two replicates) was chosen to evaluate the 

following four parameters: weight percentage arsenic (wt% As), weight percentage 

antimony (wt% Sb), weight percentage tin (wt% Sn), and temperature (T, OC). The levels 

for the impurity elements chosen were based on the maximum levels found in the Teck 

Cominco lead softener feed bullion year-to-date 2002 values that were available at the time 

of planning. 

The levels for temperature were selected to adequately highlight differences in reaction 

kinetics, i.e., 600 oC, as compared with 500 oc. Data is surnrnarized in Table 9. 
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Table 9. High 1 Jow values used in factorial design. 

Parameter Name High Value (+} lowValue H 
A Initial nominal wt% As 0.90 0 
B Initial nominal wt% Sb 2.00 0 
C Initial nominal wt% Sn 0.26 0 
0 Temperature, oC 600 500 

Although a triple interaction effect was not expected, it was decided to employa complete 

factorial design, which would consist of sixteen (16) experiments, Table 10. 

Table 10. 24 experimental factoriaJ design with two replicates. "0" refers to values intermediate 
between the High and Low values. 

Experiment 
Design 

A B C D AB AC AD BC BD CD ABC ABD ACD BCD ABCD 
(ED) 

Number 

+ + + + + + + 

2 + + + + + + + 

3 + + + + + + + 

4 + + + + + + + 

5 + + + + + + + 

6 + + + + + -'- + 

7 + + + + + + 

8 + + + + + + + 

9 + + + + + + + 

JO + + + + + + + 

11 + + + + + + + 

12 + + + + + + 

13 + + + + + + + 

14 + + + + + + + 

15 + + + + + + + 

16 + + + + + + + + + + + + + + + 

17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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The experimental arder was chosen randomly by drawing numbers from a hat. Table Il 

summarizes the experimental conditions for the tests. 

Table Il. Stage II Experimental Details (ED = "experimental design"). Note: Experiments 3 and 
13 had to be re-done due to experimental mishaps. They were re-done as 3b andJ3b, 
respectively 

Initial Alloy Impl.lrity Content, wt% 

Test 
Description Date As Sb Sn 

Temperature, 
Number oC 

DVTGA17 ED1 13-Feb-03 0.00 0.00 0.00 500 
DVTGA18 ED2 17-Feb-03 0.90 0.00 0.26 600 
DVTGA20 ED3b 18-Feb-03 0.45 1.00 0.13 550 
DVTGA21 ED4 19-Feb-03 0.90 2.00 0.00 600 
DVTGA22 ED5 19-Feb-03 0.45 1.00 0.13 550 
DVTGA23 ED6 20-Feb-03 0.90 2.00 0.26 500 
DVTGA24 ED7 20-Feb-03 0.00 2.00 0.26 500 
DVTGA25 ED8 21-Feb-03 0.90 0.00 0.00 500 
DVTGA26 ED9 22-Feb-03 0.00 0.00 0.26 600 
DVTGA27 ED10 22-Feb-03 0.00 2.00 0.00 600 
DVTGA31 ED11 03-Mar-03 0.00 2.00 0.26 600 
DVTGA32 ED12 04-Mar-03 0.00 2.00 0.00 500 
DVTGA35 ED13b 15-Mar-03 0.00 0.00 0.26 500 
DVTGA36 ED14 15-Mar-03 0.90 0.00 0.26 500 
DVTGA37 ED15 15-Mar-03 0.90 2.00 0.00 500 
DVTGA38 ED16 16-Mar-03 0.00 0.00 0.00 600 
DVTGA39 ED17 16-Mar-03 0.90 2.00 0.26 600 
DVTGA40 ED18 16-Mar-03 0.90 0.00 0.00 600 

3.2.4 Stage III: Industrial feed 

A third series of tests were fUll concurrently with tests of Stage II. They served to evaluate 

actual Teck Cominco Softener feed and equivalent homemade alloys. Experimental 

conditions for Stage HI tests are presented in Table] 2. 
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Table J 2. Stage HI Experimental Details 
Initial Alloy Impurity Content, wt% 

Description Date As Sb Sn 

DVTGA28 Teek Comineo Softener Feed 01-Mar-03 0.22 1.12 0.10 
DVTGA29 Teek Gomineo Softener Feed 02-Mar-03 0.22 1.12 0.10 
DVTGA30 Teek Gomineo Softener Feed 02-Mar-03 0.22 1.12 0.10 
DVTGA33 Red Droplet Hunt 07-Mar-03 0.90 0.00 0.00 
DVTGA41 Simulated Softener Feed 17-Mar-03 0.22 1.12 0.10 
DVTGA42 Simulated Softener Feed 17-Mar-03 0.22 1.12 0.10 
DVTGA43 Simulated Softener Feed 17-Mar-03 0.22 1.12 0.10 
DVTGA44 Surface Temperature 24-Apr-03 0.90 000 0.00 

Teck Cominco Softener Feed impurity compositions determined by atomic absorption (AA), 
and reproduced in trials 41-43. 

3.2.5 Stage IV: Characterization of Reaction Products 

Temperature, 
oC 

600 
500 
550 
600 
550 
500 
600 
600 

To identify the products of oxidation, samples were analyzed by X-Ray Diffraction (XRD) 

using the Rigaku Rotaflex Rotating Anode System, with a copper K alpha lamp. 

As the samples were only 6.25 g and with uneven surface topography (when the oxide did 

not grow homogeneously with respect to increasing thickness), it was not possible to 

perform XRD directly on the solid oxide surface, nor was it possible to separate enough of 

the oxide product from the metallic phase for XRD analysis. It was therefore decided to 

flatten the specimens in a mounting press in preparation for XRD analysis. 

In addition to XRD, samples were also analyzed by Energy Dispersive X-Ray Analysis 

(EDX) using the JEOL JSME 840A Scanning Electron Microscope. The selected 

accelerating voltage for analysis of the surface oxide was 5 ke V. 
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CHAPTER4: RESULTS 

4.1 Introduction 

Each of the systems investigated, namely: Pb-~, Pb-As-O, Pb-Sb-O, Pb-Sn-O, Pb-As-Sb-

0, Pb-As-Sn-O, Pb-Sb-Sn-O, Pb-As-Sb-Sn-O, Teck Cominco Lead Softener Feed, and 

Simulated Lead Softener Feed are discussed in turn, in a simple and concise manner. 

For each system, thermogravimetric (TGA) curves are presented, using the same sc ale for 

aU plots to facilitate visual comparison, and comments are made on the salient points. 

Observations made during the trials are reported to elucidate the softening reactions and 

pertinent photos are included to illustrate transition points. Lastly, the products of reaction, 

identified by X-Ray Diffraction (XRD) and Energy Dispersive X-Ray Analysis (EDX) are 

reported. Sample XRD and EDX spectra are included in Appendix 1. 

In total, results from twenty-four (24) experimental trials are presented. Results from the 

Experimental Design ("ED") tests were analyzed by linear regression against the four 

experimental parameters in order to identifY significant relationships, while the Softener 

Feed and Simulated Softener Feed served as a basis for comparison of experimental alloys 

with actual industrial feed material. 

4.2 Pb-O System 

4.2.1 Thermogravimetric Curve & Experimental Data for the Pure Pb Tests 

Thermogravimetric curves are presented for the trials run on nominally pure Pb at 500 oC 

and 600 oC, Figure 60. Experimental conditions and results are given in Table 13. 
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Figure 60. Pure Pb TGA curves for tests DVTGA 17 (500 oC) and DVTGA 38 (600 oC). 

Table n, Experimental conditions and results for DVTGA 17 (500 oC) and DVTGA 38 (600 OC). 

Trial DVTGA 17 DVTGA38 
Composition Pure Pb Pure Pb 
Temperature (OC) 500 600 
Time (minutes) until 02 introduction 21 31 

0.0063 0.0128 
7.49 10.31 Average Rate Mass Gain (mg/cm2hr) prior to O2 introduction 

Mass Gain (g) prior to 02 introduction 

Mass Gain (g) first 300 s 0.0027 0.0046 
Mass Gain (g), 60 minute test 0.0088 0.0207 
Total Mass Gain (g) (Heating PLUS 60 minutes) 0.0151 0.0335 
Percentage ofMass Gained during Heating 41.7 38.2 
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4.2.2 

4.2.2.1 

Captured Images for Pure Pb Tests 

DVTGA 17(500 OC) and DVTGA 38 (600 OC) 

The images selected (below) serve to illustrate that the conditions of the melt at t =0 were 

such that a clean metal surface was not exposed in either trial since a reaction product that 

could not be removed was always present and acted as a barrier to mass transfer. 

Figure 61. DVTGA 17 (500 oC) att = O. Figure 62. DVTGA 38 (600 oC) at t = O. 

4.2.3 Experimental Observations for the Pure Pb Tests 

DVTGA 17 (500 oC): it was not possible to skim the sample surface, and it was therefore 

left to oxidize in an unskimmed state. 

DVTGA 38 (600 OC): aIl the metal drillings oxidized, and it was not possible (even with 

mechanical agitation) to get a single, coherent bead of lead. It too was left to oxidize in an 

unskimmed state. 

4.2.4 Oxide products Identified in the Pure Pb Tests 

The elements identified by EDX for both samples were Pb and O. 

4.2.5 Comments on the Pure Pb Tests 

The main observable difference between the two tests was that the sample run at 600 oC 

gained more mass, indicating that temperature was a significant parameter. 
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4.3 Pb-As-O System 

4.3.1 Thermogravimetric Curve & Experimental Data for the Ph-As Tests 

Thennogravimetric curves are presented for the trials mn on binary Pb-As alloys at 500 oC 

and 600 oC in Figure 63. Experimental conditions and results are given in Table 14. 
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Figure 63. PbO.90As TGA curves for tests DVTGA 25 (500 oC) and DVTGA 40 (600 oC). 

Table 14. Experimental conditions and results for DVTGA 25 (500 oC) and DVTGA 40 (600 oC). 

Trial DVTGA25 DVTGA40 
Composition PbO.90As PbO.90As 
Temperature (OC) 500 600 
Time (minutes) until 02 introduction 22.9 30 

0.0106 0.0051 
Il.56 4.25 

Mass Gain (g) prior to 02 introduction 
Average Rate Mass Gain (mg/cm2hr) prior to 02 introduction 
Mass Gain (g) first 300 s 0.0186 0.0157 
Mass Gain (g), 60 minute test 0.0281 0.0593 
Total Mass Gain (g) (Heating PLUS 60 minutes) 0.0387 0.0644 
Percentage ofMass Gained during Heating 27.4 7.9 
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4.3.2 

4.3.2.1 

Captured Images for the Pb-As Tests 

DVTGA 25 (500 OC) 

The images selected for DVTGA 25 (500 OC), Figure 64 to Figure 69, illustrate the manner 

in which the oxide product on the melt surface was consumed, reduced, and/or volatilized 

during the heating period, thereby exposing a clean metaHic surface. This phenomenon is 

referred to hereafter as "self-cleaning", and is addressed in the Discussion (Chapter 5:. As 

oxygen was introduced, there was more and more visible activity on the melt surface, and 

the TGA curve, Figure 63, indicated that mass gain was rapid. The inflection point in the 

curve corresponded to roughly t = 75 s, and thus the images leading up to Figure 69 show 

the surface gradually becoming covered by an oxide product by 75 sand which, by 120 s, 

had apparently changed in col our and morphology. 

Figure 64. DVTGA25 (500 oC) Figure 65. DVTGA25 (500 Figure 66. DVTGA25 (500 oC) 
at t = 240 s prior to oC) at t = 60 s prior at t = 30 s. 
O2 introduction. to O2 introduction. 

Figure 67. DVTGA25 (500 oC) Figure 68. DVTGA25 (500 
at t = 60 s. oC) aU = 75 s. 

Figure 69. DVTGA25 (500 oC) 
att = 120 s. 
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4.3.2.2 DVTGA 40 (600 OC) 

The selected images for DVTGA 40 (600 OC), Figure 70 to Figure 77, show that the melt 

was also able to "self-clean" at 600 oC as weIl. Oxide product accretions se en in Figure 74 

(t = 370 s) can be se en to grow in thickness and appear to play a role in the surface 

becoming covered by an oxide product, Figure 76. Figure 77 corresponds to the inflection 

point in the TGA curve (Figure 63) at roughly 500 s. 

Figure 70. DVTGA40 (600 oC) Figure 71. DVTGA40 (600 
att = 180 s prior to 

oC) att= O. 
O2 introduction. 

Figure 73. DVTGA40 (600 oC) Figure 74. DVTGA40 (600 
att = 180 s. oC) att = 370 s. 

Figure 72. DVTGA40 (600 oC) 
at t = 60 s. 

Figure 75. DVTGA40 (600 oC) 
att = 400 s. 
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Figure 76. DVTGA40 (600 oC) at t = 500 s. Figure 77. DVTGA40 (600 oC) at t = 580 s. 

4.3.3 Experimental Observations for the Pb-As AHoys 

DVTGA25 (500 OC): the melt was seen to "self-c1ean". Reddish drop lets that were thought 

to be a complex Pb-As-O phase were observed to radiate outward from the centre of the 

melt and accumulated around the melt at the wall of the alumina dish. At a given moment, 

roughly t = 370 s, the surface began to slowly coyer over, and finally, after 500 s, it was 

covered completely. 

DVTGA40 (600 oC): reddish droplets similar to DVTGA 25 (500 OC) were observed to be 

radiating outward from the centre of the melt after the sample had 'self-c1eaned'. Fuming 

was also observed at the sample surface and the fuming phase appeared to interact with the 

droplets, i.e., the source of the fume appeared to be the surface where the reddish droplets 

weremovmg. 

4.3.4 Oxide products Identified in the Pb-As Tests 

The oxide products identified by XRD for DVTGA25 (500 OC) were Pb8As20 13 

(dominant), Pb3As208 (sub-dominant), and Pb4As209 (sub-dominant), while the products 

identified for DVTGA40 (600 OC) were Pb8As2013 (dominant) and Pb4As20 9 (sub­

dominant). 

4.3.5 Comments on the Pb-As Tests 

The two samples were observed to show similar behaviours, though the surface of DVTGA 

25 (500 OC) became covered in oxide product sooner in the course of the experiment. 

83 



Chapter 4: Results 

DVTGA40 (600°C) appeared to gain significantly more mass over the course ofthe test. It 

is interesting that the products of oxidation are basically the same, with the exception of 

one species which was found only on the 500 oC sample. 

4.4 Pb-Sb-O System 

4.4.1 Thermogravimetric Curve & Experimental Data for the Pb-Sb Tests 

Thermogravimetric curves are presented for the trials run on binary Pb-Sb alloys at 500 oC 

and 600 oC, Figure 78. Experimental conditions and results are given in Table 15. 
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Figure 78. Pb2.00Sb TGA curves for tests DVTGA 32 (500 oC) and DVTGA 27 (600 OC). 

84 



Chapter 4: Results 

Table 15. Experimental conditions and results for DYTGA 32 (500 oC) and DYTGA 27 (600 oC). 

Trial 
Composition 
Temperature (OC) 
Time (minutes) until O2 introduction 
Mass Gain (g) prior to 02 introduction 
Average Rate Mass Gain (mg/cm2hr) prior to 02 introduction 
Mass Gain (g) first 300 s 
Mass Gain (g), 60 minute test 
Total Mass Gain (g) (Heating PLUS 60 minutes) 
Percentage of Mass Gained during Heating 

4.4.2 

4.4.2.1 

Captured Images for the Pb-Sb Tests 

DVTGA 32 (500 OC) 

DVTGA32 
Pb2.00Sb 

500 
26.5 

0.0081 
7.63 

0.0023 
0.0074 
0.0155 

52.3 

DVTGA27 
Pb2.00Sb 

600 
26.5 

0.0030 
2.83 

0.0125 
0.0571 
0.0601 

5.0 

The selected image of the sample surface for DVTGA32 (500 OC), Figure 79, is shown to 

contrast with DVTGA 27 (600 OC), Figure 80, at t = O. The sample can be seen to be 

covered in oxide and the melt shape is seen to be uneven. 

Figure 79. DYTGA32 (500 oC) at t= O. 

4.4.2.2 DVTGA 27 (600 OC) 

The images selected for DVTGA27 (600 oC), Figure 80 to Figure 84, show the surface at 

t = 0 to be c1ean and free of oride. With the introduction of oxygen, an oxide was observed 

to slowly accumulate at the edge of the melt on the crucible wall. By t = 500 s (Figure 83), 

the sample surface was fully covered by an oxide layer that continued to evolve, with 

commensurate mass gain, until the end of the test. Time t = 500 s corresponded to the 
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infleetion point se en on the TGA eurve, Figure 78, after whieh point a parabolie growih 

rate was observed. 

Figure 80. DVTGA27 (600 oC) Figure 81. DVTA27 (600 oC) at Figure 82. DVTGA27 (600 oC) 
at t = O. t = 180 s. at t = 365 s. 

Figure 83. DVTGA27 (600 oC) at t = 500 s. Figure 84. DVTGA27 (600 OC) at t = 600 s. 

4.4.3 Experimental Observations for the Pb-Sb Tests 

DVTGA32 (500 OC): a flaky oxide crust that had fonned during melting was easily 

skimmed, however a second crust on the surface of the sample was difficult to skim. A 

white deposit was observed to colleet on the viewing window glass. 

DVTGA27 (600 oC): a liquid oxide phase formed on the sample surface. Fuming was also 

seen. The oxide phase was seen to wet the alumina erucible, as evidenced by the aeeretions 

which formed on the walls of the erucible, Figure 82 to Figure 84. A white deposit fonned 

on the viewing window glass. 

86 



Chapter 4: Results 

4.4.4 Oxide Products Identified in the Pb-Sb Tests 

EDX revealed the presence of Pb, Sb and 0 on both samples. 

4.4.5 Comments on the Pb-Sb Tests 

Assuming an other experimental parameters to have been the same, it is interesting to note 

the effect of temperature on oxidation behaviour. The higher temperatures appeared to 

facilitate reduction or perhaps volatilization of the surface oxide phase, exposing a clean 

surface, and thereby contributing in a significant way to the difference in sample mass 

gains, as compared to samples where the surface is not completely exposed at t = O. 

However, mass loss due to volatilization adds complexity to the analysis ofthe TGA data. 

4.5 Pb-Sn-O System 

4.5.1 Thermogravimetric Curve & Experimental Data for the Pb-Sn Tests 

Thermogravimetric curves are presented for the trials run on binary Pb-Sn alloys at 500 oC 

and 600 oC in Figure 85. Experimental conditions and results are given in Table 16. 
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Figure 85. PbO.26Sn TGA curves for tests DVTGA 35 (500 oC) and DVTGA 26 (600 oC). 

Table 16. Experimental conditions and results for DVTGA 35 (500 oC) and DVTGA 26 (600 oC). 

Trial 
Composition 
Temperature (OC) 
Time (minutes) until O2 introduction 
Mass Gain Cg) prior to O2 introduction 
Average Rate Mass Gain (mglcm2hr) prior to O2 introduction 
Mass Gain (g) first 300 s 
Mass Gain (g), 60 minute test 
Total Mass Gain (g) (Heating PLUS 60 minutes) 
Percentage of Mass Gained during Heating 

4.5.2 

4.5.2.1 

Captured Images for the Pb-Sn Tests 

DVTGA 35(500 OC) and DV TGA 26 

DVTGA35 DVTGA26 
PbO.26Sn PbO.26Sn 

500 600 
25 29 

0.0082 0.0164 
8.19 14.12 

0.0014 0.0056 
0.0118 0.0255 
0.0200 0.0419 

41.0 39.1 

Both images, Figure 86 and Figure 87, were selected to show the shiny silver skin that 

remained following skimming of the sample surfaces just prior to oxygen introduction. 
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Although the crust that had forrned on the sample surface during melting was very easily 

skimmed, it was not possible to skim the shiny sil ver skin. 

Figure 86. DVTGA35 (500 oC) at t = O. Figure 87. DVTGA26 (600 oC) at t = O. 

4.5.3 Experimental Observations for Pb-Sn Tests 

DVTGA35 (500 OC): some crusty oxide pieces that had formed during melting were 

skimmed prior to oxygen introduction. The shiny silver skin that formed could not be 

skimmed and remained on the sample surface. 

DVTGA26 (600 OC): some crusty oxide pieces that had formed during melting were 

skimmed prior to oxygen introduction. The shiny silver skin that could not be skimmed 

remained on the sample surface. AIso, a black layer forrned on the sample surface 

following oxygen introduction. 

4.5.4 Oxide Products Identified in the Pb-Sn Tests 

Analysis by XRD revealed PbO (massicot) as the dominant phase on the DVTGA 35 (500 

OC) sample. EDX analysis of the different coloured DVTGA 26 (600 ~C) oxide products 

showed Pb+O and Pb+Sn+O phases to be present. 

4.5.5 Comments on the Pb-Sn Tests 

Although there was difficulty in skimming both samples, and an unskimmable skin 

remained on both samples, it can be seen clearly in the different shapes of the TGA curves 

(Figure 85) that increasing temperature increased the rate and extent of mass transfer. 
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4.6 Pb-As-Sb-O System 

4.6.1 Thermogravimetric Curve & Experimental Data for the Pb-As-Sb Tests 

Thennogravimetric curves are presented for the trials run on temary Pb-As-Sb alloys in 

Figure 88. Experimental conditions and results are given in Table 17. 
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Figure 88. PbO.90As2.00Sb TGA curves for tests DVTGA 37 (500 OC) and DVTGA 21 (600 oC). 

Table 17. Experimental conditions and results for DVTGA 37 (500 OC) and DVTGA 21 (600 OC). 

Trial DVTGA37 DVTGA21 
PbO.90As PbO.90As 

2.00Sb 2.00Sb 
Composition 

Temperature (OC) 500 600 
Time (minutes) until O2 introduction 23 31.5 

0.0045 0.0011 
4.89 0.87 

Mass Gain (g) prior to 02 introduction 
Average Rate Mass Gain (mg/cm2hr) priorto O2 introduction 
Mass Gain (g) first 300 s 0.0013 0.0086 
Mass Gain (g), 60 minute test 0.0270 0.0766 
Total Mass Gain (g) (Heating PLUS 60 minutes) 0.0315 0.0777 
Percentage of Mass Gained during Heating 14.3 1.4 
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4.6.2 

4.6.2.1 

Captured Images for the Pb-As-Sb Tests 

DVTGA 37(500 oC) 

The images selected for DVTGA37 (500 oC), Figure 89 to Figure 91, show that the melt 

was able to almost completely "self-clean" during heating and melting, such that it was 

clear at time t = O. Further, even after 60 minutes exposure to pure oxygen, the sample 

surface did not become completely covered by an oxide layer. 

Figure 89. DVTGA37 (500 oC) Figure 90. DVTGA37 (500 oC) Figure 91. DVTGA37 (500 OC) 
at t = 300 s prior to at t = O. att = 3600 s. 
O2 introduction. 

4.6.2.2 DVTGA 21 (600 OC) 

The images selected for DVTGA 21 (600 OC), Figure 92 to Figure 94, illustrate that again 

the melt surface has "self-cleaned" by time t = O. Following oxygen introduction, an oxide 

product was observed to accumulate at the edge of the sample by the crucible wall. By 

t = 1050 seconds (Figure 94) the sample surface was completely covered by an oxide layer. 

This corresponds well with the inflection point on the TGA curve, Figure 88. 
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Figure 92. DVTGA21 (600 oC) at Figure 93. DVTGA21 (600 
t = O. OC) att = 500 s. 

Figure 94. DVTGA21 (600 oC) 
at t = 1050 s. 

4.6.3 Experimental Observations for the Pb-As-Sb Tests 

DVTGA37 (500 OC): the sample surface 'self-cleaned'. The oxidation was very slow, and 

roughly 40% of the sample surface appeared to remain 'clean' throughout the experiment. 

DVTGA21 (600 OC): the sample surface 'self-cleaned'. Reddish droplets were observed, 

as was a c10udiness on the viewing window glass. 

4.6.4 Oxide Products Identified in the Pb-As-Sb Tests 

Using EDX, Pb, As and 0 were detected on DVTGA 37, while on DVTGA21 (600 OC) Pb, 

As, Sb and 0 were detected. 

4.6.5 Comments on the Pb-As-Sb Tests 

The effect of temperature on mass gain was c1ear from the mass gain curves, Figure 88. 

This is further supported by the fact that in the 500 oC sample, the kinetics were 

sufficiently slow that the surface never became completely covered by an oxide layer. 

4.7 Pb-As-Sn-O System 

4.7.1 Thermogravimetric Curve & Experimental Data for the Pb-As-Sn Tests 

Thermogravimetric curves are presented for the trials fUll on ternary Pb-As-Sn alloys at 500 

oC and 600 oC in Figure 95. Experimental conditions and results are given in Table 18. 
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Figure 95. PbO.90As0.26Sn TGA curves for tests DVTGA 36 (500 oC) and DVTGA ] 8 (600 oC). 

Table 18. Experimental conditions and results for DVTGA 36 (500 oC) and DVTGA 18 (600 oC). 

Trial 

Composition 

Temperature (OC) 
Time (minutes) until 02 introduction 
Mass Gain (g) prior to 02 introduction 
Average Rate Mass Gain (mg/cm2hr) prior to O2 introduction 
Mass Gain (g) first 300 s 
Mass Gain (g), 60 minute test 
Total Mass Gain (g) (Heating PLUS 60 minutes) 
Percentage of Mass Gained during Heating 

DVTGA36 
PbO.90As 

0.26Sn 
500 
23.5 

0.0054 
5.74 

0.0007 
0.0035 
0.0089 

60.7 

DVTGA 18 
PbO.90As 

0.26Sn 
600 
30 

0.0080 
6.66 

0.0028 
0.0619 
0.0699 

11.4 
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4.7.2 

4.7.2.1 

Captured Images for the Pb-As-Sn Tests 

DVTGA 36 (500 OC) 

This image, Figure 96, was selected to show the condition of the sample surface at time t = 

O. An oxide can be seen at the edge of the sample, and the sample does not appear to fin 

the alumina crucible. 

Figure 96. DYTGA36 (500 OC) at t = O. 

4.7.2.2 DVTGA 18 (600 OC) 

Whereas the DVTGA 18 (600 OC) sample surface strongly resembled that of DVTGA 36 

(500 OC) at time t = 0, it can be seen in the images, Figure 97 to Figure 99, that the 

oxidation behaviour over the course of the experiment was not the same. In fact, at roughly 

t = 735 s (Figure 98), an underlying phase thought to be arsenic oxide was seen to penetrate 

or "break through" the surface oxide phase. It was thought that this underlying phase 

chemically reacted with the initial phase. The time at which the break-through was seen to 

occur corresponded with the inflection point on the mass gain curve, Figure 95. 
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Figure 97. DVTGA18 (600 oC) Figure 98. DVTGA18 (600 oC) Figure 99. DVTGA18 (600 oC) 
att=O. att=735s. att=1070s. 

4.7.3 Experimental Observations for the Pb-As-Sn Tests 

DVTGA 36 (500 oC): The sample was difficult to skim since it was possible to skim a 

mass of reaction product away but there remained a skin on the surface, that quickly 

became brown and black following oxygen exposure. 

DVTGA 18 (600 OC): As in DVTGA 36 (500 0), the sample surface was difficult to skim, 

and soon turned a brownishlblackish colour following exposure to oxygen. At 

approximately 840 s, reddish droplets could clearly be seen breaking through the existing 

oxide layer from below, and forming a new oxide phase. 

4.7.4 Oxide Products Identified in the Pb-As-Sn Tests 

XRD analysis of the DVTGA 36 (500 OC) sample identified only Pb metal, while analysis 

by EDX showed Pb, As, Sn and 0 to be present. XRD analysis of D VTGA 18 (600 OC) 

identified Pb3As20 g as the dominant oxide product. 

4.7.5 Comments on the Pb-As-Sn Tests 

Once again, the higher temperature caused the formation of a complex liquid Pb-As-O 

phase which broke through from beneath the existing, presurnably tin-bearing, oxide layer. 

The consequence of this phenomenon was a greatly enhanced mass transfer, as evidenced 

by the section of the mass gain curve between t = 735 sand t = 1000 s, Figure 95. 
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4.8 Pb-Sb-Sn-O System 

4.8.1 Thermogravimetric Curve & Experimental Data for the Pb-Sb-Sn Tests 

Thennogravimetric curves are presented for the trials fUll on ternary Pb-Sb-Sn alloys at 500 

oC and 600 oC in Figure 100. Experimental conditions and results are given in Table 19. 
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Figure 100. Pb2.00Sb0.26Sn TGA curves for tests DVTGA 24 (500 oC) and DVTGA 31 (600 oC). 
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Table 19. Experimental conditions and results for DVTGA 24 (500 oC) and DVTGA 31 (600 OC). 

Trial 

Composition 

Temperature CC) 
Time (minutes) until 02 introduction 
Mass Gain (g) prior to 02 introduction 
Average Rate Mass Gain (mg/cm2hr) pnor to 02 
introduction 
Mass Gain (g) first 300 s 
Mass Gain (g), 60 minute test 
Total Mass Gain (g) (Heating PL US 60 minutes) 
Percentage of Mass Gained during Heating 

4.8.2 

4.8.2.1 

Captured Images for the Pb-Sb-Sn Tests 

DVTGA 24 (500 OC) 

DVTGA24 
Pb2.00Sb 

0.26Sn 
500 
23.5 

0.0058 

6.16 

0.0005 
0.0023 
0.0081 

71.6 

DVTGA31 
Pb2.00Sb 

0.26Sn 
600 
31 

0.0087 

7.01 

0.0068 
0.0591 
0.0678 

12.8 

The image selected, Figure 101, shows the condition of the sample surface at time t = O. 

The shiny silver skin, characteristic of the tin-bearing Iead alloys in the present work, can 

be seen. It can be seen in Figure 101 that the melt is intermixed with oxide. 

Figure 101. DVTGA24 (500 oC) at t = O. 

4.8.2.2 DVTGA 31 

The images selected, Figure 102 and Figure 103, show the effect of temperature on the 

surface conditions at t = 0 by which time the sample surface had almost completely "self-
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cIeaned" and the melt had completely filled the alumina crucible. ln the upper left comer 

of the images, a white deposit on the viewing glass window can be seen. 

Figure 102. DVTGA31 at t = O. Figure 103. DVTGA31 at t = 340 s. 

4.8.3 Experimental Observations for the Pb-Sb-Sn Tests 

DVTGA 24 (500 OC): It was possible to skim a crusty layer that formed during heating and 

melting, but a shiny skin remained on the sample surface. 

DVTGA 31 (600 OC): It was possible to skim most of the sample surface. The viewing 

glass window became clouded by a white product. Significant mass gain was observed. 

4.8.4 Oxide Products Identified in the Pb-Sb-Sn Tests 

XRD analysis of the DVTGA 24 (500 OC) sample identified only Pb metal, while analysis 

by EDX showed Pb, Sn and 0 to be present. EDX analysis of DVTGA 31 (600 OC) sample 

surface identified Pb, Sb and O. 

4.8.5 Comments on the Pb-Sb-Sn Tests 

The effect of temperature can be observed here in its contribution to the rate and extent of 

mass gain, Figme 100. The sample surface "self-cIeaned" at 600 oC, whereas at 500 oC 

there was no evidence ofthis behaviour. 
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4.9 Pb-As-Sb-Sn-O System 

4.9.1 Thermogravimetric Curve & Experimental Data for the Pb-As-Sb-Sn 

Tests 

Thennogravimetric curves are presented for trials run on two types of quatemary Pb-As­

Sb-Sn alloys (Figure 104 and Figure ] 05), with both alloys tested at 500 oC and 600 oC. 

Experimental conditions and results are given in Table 20. 
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Figure 104. PbO.90As2.00SbO.26Sn TGA curves for DVTGA 39 (500 oC) and DVTGA 23 (600 oC) 
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Figure 105. Pb0.45Asl.OOSbO.13Sn TGA curves for DVTGA 20 (550 oC) and DVTGA 22 (550 oC) 
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Table 20. Experimental conditions and results for DYTGA 23 (500 oC), DVTGA 39 (600 OC), 
DVTGA 20 (550 oC) and DVTGA 22 (550 OC). 

Trial DYTGA23 DVTGA39 DVTGA20 DYTGA22 

Composition 
PbO.90As PbO.90As PbO.45As PbO.45As 

2.00SbO.26Sn 2.00SbO.26Sn 1.00SbO.13Sn 1.00SbO.13Sn 
Temperature CC) 500 600 550 550 
Time (minutes) until 02 

32 36 28 26.5 
introduction 
Mass Gain (g) prior to O2 0.0077 0.0063 0.0070 0.0053 
introduction 
Average Rate Mass Gain 
(mg/cm2hr) prior to O2 6.01 4.37 6.24 4.99 
introduction 
Mass Gain (g) first 300 s 0.0003 0.0009 0.0010 0.0016 
Mass Gain (g), 60 minute 

0.0019 0.0376 0.0140 0.0139 
test 
Total Mass Gain (g) 
(Heating PLUS 60 0.0096 0.0439 0.0210 0.0192 
minutes) 
Percentage ofMass 

80.2 14.4 33.3 27.6 
Gained during Heating 

4.9.2 Captured Images for the Pb-As-Sb-Sn Tests 

4.9.2.1 DVTGA 23 (500 OC) 

The image selected, Figure 106, shows the condition of the sample surface at time t = O. 

The shiny silver skin characteristic of tin-bearing lead alloys can be seen, which, at T = 500 

OC, proved by the somewhat limited mass gain, to be an effective barrier to mass transfer, 

Figure 104. 

Figure 106. DVTGA23 (500 OC) at t = O. 
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4.9.2.2 DVTGA 39 (600 OC) 

Although DVTGA 39 (600 OC) resembles DVTGA 23 (500 OC) at time t = 0, unexpected 

"break-through" behaviour was observed at roughly t = 1220 sand resulted in significant 

mass gain thereafter. For this reason, the two images, Figure 107 and Figure 108, were 

selected to show the "break-through" of a second oxide phase through the initial one. 

Figure 107. DVTGA39 (600 oC) att = O. Figure 108. DYTGA39 (600 OC) at t = 1220 s. 

4.9.2.3 DVTGA 20 (550 OC) and DVTGA 22 (550 OC) 

These two tests were performed as replicates as described in the factorial design table 

(Table 10). It can be seen that the mass gain curves were coïncident for the most part 

indicating that there was a high degree of reproducibility for the tests. Their overall mass 

gains proved to be intennediate between DVTGA 23 (500 OC) and DVTGA 39 (600 OC), 

though the concentration of impurity elements was exactly half. The surface morphology 

was also very similar to that DVTGA 39 (500 OC), Figure 106. The images, Figure 109 

and Figure 110, were selected to show the condition of the samp1e surface irnmediately 

prior to oxygen introduction and to give more meaning to the mass gain curves, Figure 105. 

A sirnilar type of shiny silver skin can be seen; similar to that described in tests on other 

tin-bearing alloys, e.g. DVTGA 25 (500 OC) and DVTGA 36 (600 OC). 
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Figure 109. DVTGA20 (550 oC) att = O. Figure 110. DVTGA22 (550 oC) at t = O. 

4.9.3 Experimental Observations for the Pb-As-Sb-Sn Tests 

DVTGA23 (500 oC): a crust that fonned during heating and melting was readily skimmed, 

but a skin remained on the sample surface. White deposits were observed on the viewing 

window glass. 

DVTGA 39 (600 oC): a crust that fonned during heating and melting was readily skimmed, 

but a skin remained on the sample surface. At t = 30 minutes, red droplets were observed 

to be "breaking through" the existing oxide layer from below. 

DVTGA 20 (550 oC): a crust that formed during heating and melting was readily skimmed, 

blit a skin remained on the sample surface. White deposits were observed on the viewing 

window glass. 

DVTGA 22 (550 OC): a crust that fonned during melting and heating was readily skimmed, 

but a skin remained on the sample surface. White deposits were observed on the viewing 

window glass. 

4.9.4 Oxide Products Identified in the Pb-As-Sb-Sn Tests 

XRD analysis ofthe DVTGA 23 (500 OC) sample identified only Pb (metal), while analysis 

by EDX showed Pb, As, Sn and 0 to be present. 

XRD analysis identified complex oxide phases m the three remammg samples. On 

DVTGA 39 (600 OC), PbsSb40 ll (dominant), Pb4Sb06 (sub-dominant) and Pb3As20 8 (sub-
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dominant) were identified. On DVTGA 20 (550 OC), Pb3As20 g was identified as the 

dominant phase. Finally, on DVTGA 22 (550 oC), Pb3As208 was identified as the 

dominant phase, and Pb4Sb06 was identified as sub-dominant. 

4.9.5 Comments on th.e Pb-As-Sb-Sn Tests 

It was interesting to find that in samples which showed very little mass gain, that a number 

of complex oxide phases were identified by XRD, especially Pb3As208 and Pb4Sb06, 

which were identified in both the 550 ° and 600 OC samples. A difference can be seen in 

the mass gains between the samples fUll at 550 oC, Figure 105, as compared to DVTGA 39 

(600 oC) in Figure 104. 

The most noteworthy observation regarding DVTGA 39 (600 OC) was the effect of 

temperature causing the formation of a complex liquid Pb-As-O phase wbich broke through 

from beneath the existing, presumably tin-bearing, oxide layer. The consequence of tbis 

phenomenon, as with DVTGA 18 (600 OC), was a mass transfer conduit, as evidenced by 

the mass gain curve, Figure 104. 

4.10 

4.10.1 

Teck Cominco Lead Softener Feed 

Thermogravimetric Curve & Experimental Data for the Teck Cominco 

Lead Softener Feed Tests 

Thermogravimetric curves are presented for the trials mn on Teck Cominco Lead Softener 

Feed at 500 oC, 550 ° C and 600 oC in Figure Ill. 
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Figure 111. Teck Cominco Lead Softener Feed TGA curves for DVTGA 
29 (500 OC), DVTGA 30 (550 oC) and DVTGA 28 (600 oC). 

Captured Images for the Teck Cominco Lead Softener Feed Tests 

DVTGA 29 (500 OC) 

The images selected, Figure 112 and Figure 113, were chosen to show that the surface of 

the sample was roughly 50% clean at time t = 0 and that the oxide layer that formed 

fol1owing oxygen introduction visibly grew from the outside in, eventually covering the 

whole sample surface at roughly t = 600 s. This full coverage corresponded to the 

inflection point in the mass gain curve, Figure 111. The image in Figure 113 shows the 

surface just before it was completely covered. This type of behaviour was not observed as 

clearly in other tests. 
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Figure 112. DVTGA29 (500 oC) at t = O. Figure 113. DVTGA29 (500 oC) at t = 600 s. 

4.10.2.2 DVTGA 30 (550 OC) 

The images se1ected, Figure 114 to Figure 117, show a phenomenon similar to that 

described for DVTGA 29 (500 OC). The sample surface was almost completely "self­

cleaned" by time t = O. The oxide layer that formed following oxygen introduction grew 

from the outside in and eventually covered the whole sample surface at roughly t = 600 s 

and corresponded to the inflection point in the mass gain curve, Figure 111. 

Figure 114. DVTGA30 (550 oC) at t = 120 s 
prior to O2 introduction. 

Figure 116. DVTGA30(550°C)att=210s. 

Figure 115. DVTGA30 (550 OC) at t = O. 

Figure 117. DVTGA30 (550 oC) at t = 595 s. 
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4.10.2.3 DVTGA 28 (600 OC) 

The images selected, Figure 118 to Figure 121, show a phenomenon similar to that 

described for DVTGA 30 (550 OC). The sample surface was almost completely "self­

c1eaned" by time t = O. The oxide layer that formed following oxygen introduction in this 

test very suddenly covered the whole sample surface at about time t = 450 s. Such rapid 

coverage was in contrast to DVTGA (550 OC), which was covered more gradually. The 

sudden covering corresponded to the inflection point in the mass gain curve, Figure 111. 

Figure 118. DVTGA28 (600 OC) at t = 420 s prior 
to O2 introduction. 

Figure 120. DVTGA28 (600 oC) at t = 210 s. 

Figure 119. DVTGA28 (600 oC) att = o. 

Figure 121. DVTGA28 (600 oC) at t = 450 s. 

4.10.3 Experimental Observations for the Teck Cominco Lead Softener Feed 

Tests 

DVTGA29 (500 OC): It was not possible to skim the surface completely; 50% of the 

surface remained covered by a resilient, seemingly "elastic" oxide. The oxide appeared to 

be composed of fragmented pieces of thin solid oxide, connected by an underlying skin. 
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The "ho le" in the surface oxide layer, the latter which fonned from the outside in, closed up 

very slowly over 15 minutes. Oxidation kinetics were very slow at 500 oC through or 

perhaps under this "elastic" layer. 

DVTGA 30 (550 OC) Skinuning was successful in removing most of the surface oxide at 

the end of heating and melting. A dark-coloured liquid oxide was observed following 

oxygen introduction. The "hole" in the surface oxide layer, the latter which grew from the 

outside in, closed up gradually. This phenomenon had not been seen previously. It was 

wondered if there were other agents at work in this melt, e.g., Bi and Cu, that are known to 

be present in the conunercial material. 

DVTGA 28 (600 OC) The surface appeared to 'self-clean' at around 550 oc. No skimming 

was necessary. The surface covered over suddenly with a gold-red oxide layer after about 

7.5 minutes following oxygen introduction. 

4.10.4 Oxide Products Identified in the Teck Cominco Lead Softener Feed 

Tests 

EDX analysis of the sample surfaces identified Pb, As and 0 on DVTGA 29 (500 OC), Pb, 

As, Sb and 0 on DVTGA 30 (550 oC), and Pb, As, Sb and 0 on DVTGA 28 (600 OC). 

4.10.5 Comments on the Teck Cominco Lead Softener Feed Tests 

The most striking feature in this series of three tests was the effect of temperature, 

specifically between 550 oC and 600 oC, as evidenced by the mass gain curves for the latter 

temperatures, Figure 111. The oxidation behaviour in these tests had not been seen in 

previous synthetic alloy tests, and it was thought that the other impurity elements, e.g., Bi 

and Cu, in the bullion may have played a role in this behaviour. It was encouraging to the 

author to observe mass gain histories for the industrial material that strong]y resembled that 

behaviour which was previously observed in prepared quatemary alloys. lt is most 

interesting to compare the shape of mass gain curves for DVTGA21 (600 OC), Figure 88, 

with that for DVTGA28 (600 OC), Figure 111, since the curve shapes are similar, including 

the inflections points. 
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4.11 

4.11.1 

Simulated Lead Softener Feed 

The:rmogravimetric Curve & Experimental Data for the Simulated Lead 

Softene:r Feed Tests 

Thennogravimetric curves are presented for the trials run on Simulated Lead Softener Feed 

at 500, 550 and 600 oC in Figure 122. 
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Figure 122. Simulated Lead Softener Feed (Pb0.22Asl.12SbO.l OSn) TGA 
curves for DVTGA 42 (500 oC), DVTGA 41 (550 oC) and 
DVTGA 43 (600 oC). 

Captured Images fo:r the Simulated Lead Softener Feed Tests 

DVTGA 42 (500 OC) and DVTGA 41 (550 OC) 

Both images, Figure 123 and Figure 124, were selected to show the shiny sil ver skin that 

remained following skimming of the sample surfaces, characteristic of tin-bearing lead 

alloys. Although a CIUSt that had fonned on the sample surface was skimmed, it was not 

possible to skim the thin skin which lay below and remained. 
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Figure 123. DVTGA42 (500 oC) al t = O. Figure 124. DVTGA41 (550 oC) at t = O. 

4.11.2.2 DVTGA 43 (600 OC) 

The images selected, Figure 125 to Figure 127, show the condition of the sample surface at 

time t = 0, as weB as well as the progression that was observed in the oxidation at the 

surface. The sample became nearly completely covered by around t = 350 s. Figure 127 

shows the sample surface just before complete coverage. Careful study of the video 

recording revealed a series of irregularly shaped holes in the oxide layer which closed up 

one by one. 

Figure 125. DVTGA43 (600 
OC) at t = O. 

Figure 126. DVTGA43 (600 
oC) att = 75 s. 

Figure 127. DVTGA43 (600 
oC) at t = 225 s. 

4.11.3 Experimental Observations for the Simulated Lead Softener Feed Tests 

DVTGA 42 (500 OC): it was possible to skim a dry crust and a heterogeneous, viscous 

phase that formed during melting and heating, but a shiny skin remained on the sample 
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surface. Soon after oxygen introduction, the film present on the surface became black in 

colour. 

DVTGA 41 (550 OC): it was possible to skim a crust that formed during melting and 

heating, but a shiny skin remained on the sample surface. Soon after oxygen introduction, 

the film present on the surface became black in colour. 

DVTGA 43 (600 OC): it was not possible to completely skim the sample surface. After 2.5 

minutes, small red pools formed on the surface of the already-existing solid goldish oxide 

layer. This phenomenon had not been observed before and was only seen in this test. 

4.11.4 Oxide Products Identified in the Simulated Lead Softener Feed Tests 

XRD analysis ofthe oxide phase from DVTGA 42 (500 OC) identified only Pb metal, while 

analysis by EDX showed Pb, As, and ° to be present. 

XRD analysis of the remaining two samples identified PbsSb4ÛII (dominant) and PbO 

(sub-dominant) in DVTGA 41 (550 OC), and PbsSb2Ûs as the dominant phase, while PbO, 

PbSb2ûs and Pb4Sbû6 were identified as sub-dominant phases on DVTGA 43 (600 OC). 

4.11.5 Comments on the Simulated Lead Softener Feed Tests 

It was puzzling that the mass gain curves for the Simulated Softener Feed, Figure 122, were 

so different from those for the Teck Cominco Softener Feed, Figure 111. This may have 

been the influence of the impurity elements present in the industrial feed. There is also a 

smal1 possibility that chemical analysis of Teck Cominco Softener Feed was somehow 

incorrect or otherwise corrupted, which would mean that the prepared Simulated Softener 

Feed was not as close to the chemical composition of the Teck Cominco Lead Softener 

F eed as believed. 

4.12 General Curve Comparison 

Collections of TGA curves were plotted together to present more clearly the variation of 

the mass gain data as a function of sample components and composition. The first 
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collection (Figure 128) plots six curves for tests run at 500 oC, while the second (Figure 

129) presents six curves for TGA tests run at 600 oc. 
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Figure 128. TGA curves for trials conducted at 500 oc. 
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Figure 129. TGA curves for trials conducted at 600 oc. 

4.13 Statistical An.alysis on. TGA tests 

Linear regression analyses were perfonned to evaluate the effect of the four parameters, 

namely, 

A = initial nominal wt% As 

B = initial nominal wt% Sb 

C = initial nominal wt% Sn 

D = melt temperature (OC) 

on the responses obtained for a selection of dependent variables. The responses evaluated 

were: 
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1. Mass Gain evaluated at time = 300 seconds from oxygen introduction 

2. Mass Gain for 60 minutes oxygen exposure 

3. Average Rate of Mass Gain prior to oxygen introduction 

4. Total Mass Gain 

5. Percentage ofMass Gained prior to oxygen introduction 

As described in the previous chapter, the four (4) parameters were tested in a complete 24 

factorial experimental design. The parameters and the summary of responses are given 

below, Table 21. 
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Table 21. Summary of responses used in Jinear regression analysis 

Time until D, Mass Gain prior 
Avg Rate Mass Mass Mass Mass 

Mass Gain 
Temperature, Gain (pre·O, Gain Gain Gain 

Trial Composition oC introduction, to D, 
introduction ), Firsll0 First 20 First 30 

First 40 
mins introduction, 9 

mg/cm'hr 
secs, 9 

secs, 9 secs, 9 secs, 9 

DVTGA 17 Pure Pb 500'C 21 0.0063 7.49 0.0000 0.0001 0.0002 0.0003 
DVTGA 38 Pure Pb 600'C 31 0.0128 10.31 0.0001 0.0003 0.0005 0.0005 
DVTGA 35 PbO 26Sn 500'C 25 0.0082 8.19 0.0001 0.0002 0.0002 0.0002 
DVTGA26 PbO.26Sn 6DOQ C 29 0.0164 14.12 0.0001 0.0001 0.0003 00005 
DVTGA 32 Pb2.00Sb 500'C 26.5 0.0081 7.63 0.0002 0.0002 0.0004 0.0003 
DVTGA27 Pb2.00Sb 600'C 26.5 0.003 2.83 0.0001 0.0004 0.0006 0.0008 
DVTGA 24 Pb2.00SbO.26Sn 500'C 23.5 0.0058 6.16 0.0000 0.0000 0.0000 0.0000 
DVTGA 31 Pb2.00$bD.26Sn 600'C 31 0.0087 7.01 0.0001 0.0001 0.0002 0.0000 
DVTGA25 PbO.90As 500'C 22.9 0.0106 11.56 0.0006 0.0020 0.0046 0.0085 
DVTGA40 PbO.90As 600'C 30 0.0051 4.25 0.0002 0.0005 0.0007 0.0011 
DVTGA36 PbO.90AsO.26$n 5DO'C 23.5 0.0054 5.74 0.0000 -0.0002 ·0.0002 -0.0001 
DVTGA 18 PbO.90AsO.26Sn 600'C 30 0.008 6.66 0.0000 0.0000 0.0001 0.0002 
DVTGA37 PbO.90As2.00Sb 50QOC 23 0.0045 4.89 -0.0001 0.0000 -0.0002 -0.0001 
DVTGA 21 PbO.90As2.00Sb 600'C 31.5 0.0011 0.87 0.0000 0.0001 0.0000 0.0000 
DVTGA 23 PbO.90As2.00SbO.26Sn 500'C 32 0.0077 6.01 0.0000 0.0000 0.0000 0.0000 
DVTGA39 PbQ.90As2.00SbO.26Sn 60Q"C 36 0.0063 4.37 0.0000 0.0000 0.0000 0.0000 
DVTGA 20 PbOA5As1.00SbO.13Sn 550'C 28 0.007 6.24 0.0000 0.0000 0.0000 -0.0001 
DVTGA22 PbOA5As1.00$bO.13Sn 550'C 26.5 0.0053 4.99 0.0001 0.0002 0.0002 0.0002 

Total 
Percentage 

Mass Mass Mass 
Temperature, Mass Gain First Mass Gain First Mass Gain First Gain Gain, 60 Gain 

of Mass 
Trial Composition Gained oC 50 secs, 9 60 secs, 9 120 secs, 9 First 300 mins (Heat·up 

during Heat· 
secs,g test, 9 PLUS 60 

minsl,g 
up 

DVTGA 17 Pure Pb 500"C 0.0004 0.0005 0.0013 0.0027 0.0088 0.0151 41.7 
DVTGA 38 Pure Pb 600'C 0.0007 0.0009 0.0022 0.0046 0.0207 0.0335 38.2 
DVTGA35 PbO.26Sn 500'C 0.0002 0.0003 0.0006 0.0014 0.0118 0.0200 41.0 
DVTGA26 PbO.26Sn 600'C 0.0006 0.0008 0.0018 0.0056 0.0255 0.0419 39.1 
DVTGA32 Pb2.00Sb SOO°C 0.0004 0.0004 0.0008 0.0023 0.0074 0.0155 52.3 
DVTGA 27 Pb2.00Sb 60D ee 0.0011 0.0014 0.0034 0.0125 0.0571 0.0601 5.0 
DVTGA 24 Pb2.00SbO.26Sn 500'C 0.0000 0.0001 0.0002 0.0005 0.0023 0.0081 71.6 
DVTGA 31 Pb2.00SbO.26Sn 6DO'C 0.0001 0.0002 0.0014 0.0068 0.0591 0.0678 12.8 
DVTGA 25 PbO.90As 5DO'C 0.0112 0.0150 0.0181 0.0186 0.0281 0.0387 27.4 
DVTGA40 PbO 90As 600'C 0.0014 0.0018 0.0045 0.0157 0.0593 0.0644 7.9 
DVTGA 36 PbO.90AsD.26Sn sooGe -0.0001 0.0000 0.0002 0.0007 0.0035 0.0089 60.7 
DVTGA 18 PbO.90As026Sn 600~C 0.0001 0.0002 0.0008 0.0028 0.0619 0.0699 11.4 
DVTGA37 PbO.90As200Sb sooue 0.0000 0.0000 0.0002 0.0013 0.0270 0.0315 14.3 
DVTGA 21 PbO.90As2.00Sb 600'C 0.0001 0.0002 0.0015 0.0086 0.0766 0.0777 1.4 
DVTGA 23 PbO.90As2.00SbO.26Sn 500'C 0.0000 -0.0001 0.0001 0.0003 0.0019 0.0096 80.2 
DVTGA 39 PbO.90As2.00SbO.26Sn 600"C 0.0001 0.0002 0.0003 0.0009 0.0376 0.0439 14.4 
DVTGA20 PbO.45As1.DOSbO.13Sn 550"C -00001 0.0000 0.0003 0.0010 0.0140 0.0210 33.3 
DVTGA22 PbO.45Asl.00SbO.13Sn 550'C 0.0002 0.0003 0.0006 0.0016 0.0139 0.0192 27.6 

Results are presented by dependent variable evaluated, giving the overall regression fit, and 

parameter significance details (i.e., t-score and corresponding probability value). 

4.13.1 Analysis 1: Mass Gain Evaluated at t = 300 s from Purposeful Oxygen 

Injection 

It can be stated with 99% confidence that the tin content, parameter C (t = -3.52, 

P = 4.2E-03), reduced average mass gain over the first 300 seconds of oxygen exposure. 

OveraU fit for the analysis, F = 3.lE-03. 
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4.13.2 Analysis 2: Mass Gain, 60 minutes Oxygen Exposure 

Looking at the mass gain over the sixty (60) minute test, it can be stated with 99.99% 

confidence that temperature, parameter D (t = 5.46, P = 8.5E-05), was significant. With a 

confidence Ïllterval of 91 %, it can be stated that arsenic content, parameter A (t = 1.83, 

P = 8.8E-02), was also significant. Overall fit for the analysis, F = 4.0E-04. 

4.13.3 Analysis 3: Average Rate of Mass Gain Prior to Oxygen Introduction 

It can be stated that antimony content at 99.9% confidence, parameter B (t = -4.81, 

P = 7.0E-04), and arsenic content at 99% confidence, parameter A (t = -3.27, P = 8.4E-03), 

reduced the average rate of mass gain in the heating period prior to oxygen exposure at 

which time it has been estÏmated that there was oxygen present in the order of 200 ppm. 

Also significant at 99% confidence was the synergistic effect between tin and temperature, 

parameter CD (t = 3.27, P = 8.5E-03). This suggests that the effect of the tin content 

depends on temperature, that is, the tin content appears to be more significant at higher 

temperatures and less significant at lower temperatures. Further investigation would be 

required to expound this interactive effect. OveraU fit for the analysis, F = 1.IE-03. 

4.13.4 Analysis 4: Total Mass Gain 

Temperature, parameter D (t = 6.47, P = 2.lE-05), was found to be the only significant 

parameter for the total mass gain for the heating period plus the 60 minute test, and was 

indisputably significant at 99.99% confidence. With higher temperatures, there was greater 

mass gam. Overall fit for the analysis. F = 2.0E-04. 

4.13.5 Analysis 5: Percentage of Mass Gained prior to Oxygen Introduction 

Looking at the percentage of mass gained in the test prior to purposeful oxygen 

introduction, as compared to the mass gained during the 60 minutes exposure time, and as 

opposed to Analysis 3, it can be stated with 99.999% confidence that higher temperatures, 

parameter D (t = -17.0, P = 2.7E-06) reduced the fraction ofmass gained prior to oxygen 

introduction. In other words, at higher temperatures, proportionally more mass gain 
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occurred after purposeful oxygen introduction. It also meant that at lower temperatures, 

this percentage of mass gained was statistically higher. 

It can also be stated with 99.99% confidence that a higher tin content, parameter C (t = 

9.38, P = 8.4E-05) resulted in most of a sample's mass being gained during the heating 

period. 

There were also two interactive effects that were significant at the 99.9% confidence 

interval and that were detected, but which would require further investigation to describe in 

greater detail. Specifically, the effect of antimony content depended on tempe rature, 

parameter BD (t = -7.26, P = 3.0E-04), i.e., a high antimony content at higher temperatures, 

may reduce the fraction of mass gained prior to oxygen introduction, while a low antimony 

content at lower temperatures may increase the fraction of mass gained prior to oxygen 

addition. 

In a corresponding way, the effect of tin content also depended on temperature, parameter 

CD (t = -6.07, P = 9.0E-04), i.e., a high tin content at higher temperatures decreases the 

fraction of mass gained prior to oxygen introduction, while a low tin content at lower 

temperatures will increase the fraction of mass gained prior to oxygen introduction. 

Overall fit for the analysis, F = 3.8E-05. 

4.14 Discussion of Errors 

There are several identifiable sources of error which may have contributed to the range of 

results obtained, for example, the range of 0.0019 g (DVTGA23 (600 OC)) to 0.0766 g 

(DVTGA 21 (500 OC)) in mass gain for sixty minutes' oxygen exposure 

Ideally, aU metals and alloys used in the experimental trials should have been 

homogeneous and free of oxide. Also it may have been helpful to transfer samples into the 

furnace cham ber under an inert gas atmosphere, and more importantly that fuis atmosphere 

be maintained during the heating period. However, there were practical cost and logistics 

limitations, which could not be avoided. 
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A large source of error derives from the imperfect seals on the TGA setup, which resulted 

in oxygen contamination of the gas phase and heat oxidation of the charge during the 

heating period. The effects were compounded in the following way: when the sample 

drillings of say, pure Pb, were exposed to oxygen from the ambient atmosphere before 

being introduced into the chamber, a very thin PbO layer formed on the surface. The 

drillings were heated and melted in an environment that contained unfortunately 200 ppm 

02, causing further oxidation of the drillings*. Once meIted and even superheated, the 

drillings would be distinct, and mechanical mixing was not sufficient to separate the melt 

from the oxide to allow the oxide to be skimmed, if possible. Another problem was that the 

melt did not always fully fill the crucible, which meant that the melt surface area exposed 

to oxidation was not consistent from test to test and that the calculations for rate of mass 

gain per unit surface area are inaccurate, however, the maximum error associated with this 

issue was thought to be 20 % based on the actual melt surface area, and rates of mass gain 

which are given in mg cm-2 hr-1 
. 

Another source of error was the gas phase products of reaction, which were not recorded by 

the digital balance. For example, Pb2.00Sb sample DVTGA 27 (600 oC) showed evidence 

of fuming and the viewing window glass became doudy from the white deposits. This 

means that there was mass loss from this sample to the gas phase and thus the values for 

mass gain were incorrect. This was an unfortunate consequence, but since no absolute 

values have been stated in this study on the kinetics of oxidation, this error was not taken 

into account. 

The mass gain data acquired on the PC were averaged over time; specifically, the digital 

balance sent mass readouts without corresponding time values. Therefore, it was necessary 

to calculate the average delay between readings to construct the mass gain vs. time curves. 

Since the number of readouts sent over a sixty minute period was not consistent from test 

to test, the calculated delay between readings differed slightly from trial to trial. The 

* This value of 200 ppm was obtained as an average of the total mass gained on all the samples during the heating period, 
taking into account the varying durations ofheating required for the ditferent sampi es. 
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maximum error associated with this issue was 5 %, which would be seen only in the shape 

(compression) of the mass gain curves, and the final value for mass gained. 

As mentioned in the Experimental Methodology (Section 3.2.5), it was decided to flatten 

the specimens in a mounting press - a technique which often proved to be adequate in 

obtaining a flat surface without burying the oxide beneath the metallic phase, but 

sometimes this burying did occur, and no oxide phases could be identified. Another issue 

in this regard is that the compound database of the XRD apparatus used was outdated and 

incomplete. It was utilized because, in comparison to the alternative system, a) the oxide 

phase did not need to be separated from the metallic phase; b) there was no minimum mass 

of oxide required (i.e., the total sample mass exceeded the instrument' s minimum mass 

requirement); and c) metallic phases could be analyzed, in addition to oxide phases. 

Sometimes the spectrum that was produced could not be matched with a spectrum in the 

database. As the investment of time on the identification of oxide phases could not be 

justified by the author based on the scope of the project as conceptualized, no further 

investigation was done. The purchase of a new, updated database was not entertained as an 

option. 

Another challenge was that the Pb (metal) signal in the XRD characterization was 

sometimes overwhelming, and hence Pb was the only identifiable phase. Finally, phases 

that account for Jess than 5 wt% are not detected in XRD analysis. This was problematic 

specifically in the case of tin, which had an initial maximum concentration of 0.26 wt% in 

the alloy. 
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CHAPTER 5: DISCUSSION 

5.1 Pure Pb 

In order to establish a baseline for comparison, the Pb-O system (Figure 60) is first 

considered. It can be seen that oxidation followed parabolic rate laws, which, along with 

linear and logarithmic rate laws, are among the most commonly encountered in the high 

temperature oxidation of metals 76. In such instances, a compact, dense oxide film or scale 

is formed on a metal surface, and the oxide acts to physically separate the reactants from 

one another and reaction progression depends on solid-state diffusion of the reactants 

through the oxide 76. 

Rates of diffusion are commonly expressed in terms of a diffusion coefficient, D, which is 

defined by Fick's first law77
, 

J = _O(8C) 
8x t (37) 

where J is the instantaneous flow rate per unit area of the diffusing species across a plane, c 

is the concentration of the diffusing species at the plane, and 8c/8x 1S the concentration 

gradient of the diffusing species normal to the plane. Therefore D is the flow rate per unit 

area at unit concentration gradient at the plane, and is given in units of length2/time, 

commonly, cm2/sec. Diffusion across the oxide film takes place due to the statistical effect 

of lattice jumps - the effect is manifested as activity. 

In the present study, it was found that it was not possible to skim the oxide film from the 

pure lead samples at 500 oC or 600 oC since as quickly as the film was removed it formed 

again under the conditions of the experiment. In addition, roughly 40% of the total mass 

gained by those samples was gained during 'Heating' (i.e., before purposeful oxygen 

introduction). As lead reacts quite readily with oxygen (Po" equilibrium = 1.71 X 10-16 atm at 

600 OC), it is understandable that with at least 200 ppm O2 present in the fumace chamber 
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during heating, a good part of the oxide layer was formed prior to purposeful oxygen 

introduction, and further growth was limited by the rate of mass transfer through the oxide 

layer. 

The effects on the oxidation mechanism and kinetics of each of the four parameters 

investigated, namely: (A) initial nominal wt% As, (B) initial nominal wt% Sb, (C) initial 

nominal wt% Sn, and (D) melt temperature are discussed in the following sections. 

5.2 Parameter A: Arsenic 

5.2.1 Statistical Analysis of the Effect of Arsenic 

Regression analysis indicated that increases in the arsenic content reduced the average rate 

of mass gain in the heating period prior to purposeful oxygen exposure when there was 

oxygen present at roughly 200 ppm. This effect is likely related to the Pb-As-O defect 

structure, but a deeper explanation would require more complex thermodynarnic data, such 

as an Sb-Pb-O-As-Sn solid-liquid-gas phase diagram. With a confidence interval of 92%, 

it was also found that increased arsenic content was significant in increasing mass gain 

during the sixty (60) minute test. 

5.2.2 Discussion of Other Arsenic-Related Behaviour 

When lead samples containing 0.9 wt% As were studied, behaviour quite distinct from that 

for pure lead was observed. Droplets of a reddish liquid oxide phase were observed in the 

trials at 500 oC and 600 oC, both before and after oxygen introduction. 

Also, the sample was observed to "self-clean" - that is, a clean metallic surface was 

exposed during the heating period as a result of the oxide on the surface being consumed. 

It was postulated that the mechanism involved AS203 fluxing sol id PbO on the surface, and 

perhaps the action of the complex oxide product as a "conveyor" of oxygen to the metal by 

the alternate oxidation and reduction of arsenic as it alternated between the +3 and +5 

states. In this way, it appeared that arsenic, to the extent that it could remove oxygen at the 

metal interface through this fluxing reaction, continually refreshed the gas-metal 

interface78
, i.e., it removed the oxide layer which acted as a resistance to mass transfer. 
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Since the separate As and Pb oxidation reactions and the fluxing reactions happen very 

quickly at these temperatures (as compared to what can be perceived by the human eye or 

even by a digital video recorder which captures 30 frames per second), it is not possible to 

comment on the thermodynamic prediction that As oxidizes preferentially to lead oxidation 

was supported. 

It should be noted that one experimental trial was devoted to determining the increase in 

the surface temperature when the reddish droplets were present and flowing outwards from 

the sample centre. In DVTGA44, it was found that at the moment of greatest surface 

droplet activity, roughly 4.5 minutes after oxygen was purposefully introduced, the surface 

temperature had risen to 632 oC, 27 oC above the set point temperature, that was 

determined experimentally to have been 605 oc. Two minutes later, the temperature had 

retumed to its previous range. 

The observed presence of complex liquid phase oxides such as the reddish droplets 

described above, suggests that mass transfer across the gas-liquid interface would be 

greatly facilitated, since diffusion rates in liquid oxides are rapid compared to those in solid 

oxides (although no diffusion data are available for this system), and liquid oxides would 

not be as effective as diffusion barri ers in oxidation of metals76
. This was observed as 

shown in Figure 63, wherein the rate of oxidation is greater than in the case of pure Pb, 

Figure 60. Furthermore, the temperature rise described in the previous paragraph 

suggested that one or more exothermic chemical reaction(s) took place, and that for that 

period of time in which the exothermic reaction(s) dominated, the increased temperature 

further increased both the mass transfer and chemical kinetics at the interface. 

It may also be true that the presence of arsenic and presumably sorne oxygen in liquid 

solution with lead had an effect on the melt surface tension. In related work (on the topic 

ofliquid binary-metallic solvents), Belton and Tankins79 wrote that the large depression of 

the surface tension of liquid iron is related to the presence of trace amounts of 

e1ectronegative solutes such as oxygen, sulfur, and selenium. They suggest that, by 

anal ogy wÎth aqueous systems, this phenomenon "points to the possible existence of polar 
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molecules in the liquid metal", adding that "the effect ofthese solutes on surface tension is 

at least three orders of magnitude greater than other metal solutes,,79. As surface tension is 

a physical phenomenon, the effect of a reduced surface tension on a melt's reactivity would 

be indirect - that is, a ]ower surface tension would result in the melt spreading and filling 

the crucible, and in this way providing greater surface area for reaction. 

In addition, Marangoni convection is caused by a gradient in the surface tension r along a 

free liquid vapour interface.8o This driving force must overcome the resistance of the fluid 

to flow, characterized by the viscosity, 7]. The dimensionless Marangoni number, Ma, 

expresses this competition. It is defmed as 

(38) 

where Ls is a characteristic length, p is the density, cp is the specific heat, Sr is the 

difference in surface tension along Ls, and IL is the thermal conductivity. Marangoni 

convection may be contributing to enhancement of mass transfer rates 

In work on both copper81 and steel82 melts, it has also been found that the surface tension 

value of the melt is sensitive to temperature and surface-active solute concentration, and as 

such, thermal and/or concentration gradients on the melt surface are the two major factors 

that create Marangoni flow. 

Examining the mass gain curve for DVTGA40 (PbO.90As, 600 OC), Figure 63, it can be 

seen that the curve appeared to have several oxidation stages, induding a linear section 

(370 < t < 580 s), and a stage where the rate ofmass gain was increasing (1580 < t < 2450 

s). By comparison, the DVTGA 25 (PbO.90As, 500 OC) sample, Figure 63, gains more 

than 50 % of its total mass in the first 70 seconds, and followed a mainly parabolic growth 

rate thereafter. The interesting feature was that both the 500 and 600 oC tests produced a 

"dean" surface onto which pure oxygen was purposefully introduced, and yet the 500 oC 

sample gained mass at a higher rate. This was an unexpected effect from the point of view 

oftemperature's impact on oxidation mass gain kinetics. 
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F or the lead-arsenic tests, the final oxide products were found to be PbsAs20 13 (dominant), 

Pb3As20s (sub-dominant), and Pb~S209 (sub-dominant) for the 500 oC, and PbsAs20 J3 

(dominant) and Pb4As209 (sub-dominant) for the 600 oC sample. Consultation of the PbO­

AS20 5 pseudobinary phase diagram, Figure 23, indicates that these phases cannot be 

formed under equilibrium conditions below temperatures of the order of 800 oC. 

Regrettably, in the absence of a complete Pb-As-O temary phase diagram, it is difficult to 

comment further on this issue. As mentioned in an earlier section, another PbO-As203 

pseudobinary, Figure 27, indicated that a liquid oxide phase exists under sorne conditions, 

such as at 600 oC where X'As > 0.33 (where X'As is the molar ratio of As/(As+Pb) in the 

oxide phase). 

When arsenic was added to Pb-Sb al1oys, e.g. PbO.90As2.00Sb (DVTGA 37 (500 OC) and 

DVTGA 21 (600 0C)), it had the effect of decreasing the initial rate of mass gain, 

regardless of temperature, though it increased the overall magnitude of mass gained in both 

cases. 

When arsenic was added to Pb-Sn alloys, e.g. PbO.90As0.26Sn (DVTGA 35 (500 OC) and 

DVTGA 26 (600 oC)) the presence of As had the effect of depressing oxidation in the 500 

oC sample. For the 600 oC sample, it appeared to only slightly lower the initial rate of 

mass gain (e.g. first 150 seconds), but it dramatically increased the overall mass gain. 

Complex lead-arsenic oxides (Pb3As20S) were observed to penetrate through the layer of 

tin oxide, perhaps facilitating mass transfer to the melt surface. This same phenomenon 

was also observed in the PbO.9As2.00Sb0.26Sn (DVTGA 39, 600 OC) sample, and the 

same Pb-As-O species was detected by XRD as an oxide product in both 

Pb0.45AsLOOSbO.13Sn (DVTGA 20 and DVTGA 22 (550 OC)) trials. 

The effect of impurity elements on the rate of oxidation of lead has been explained by 

others59 in terms of the valence mode!. The explanation rests on the daim that solid PbO is 

an n-type semiconductor and that during diffusion in crystalline solids, atoms or defects 

jump between sites within the crystal structure. Additions of higher valence elements such 
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as antimony, arsenic, and tin act to dope the PbO to create more site for "jumps" to occur; 

thereby increasing the diffusion and oxidation rates through the oxide. 

In examining the contribution of fuming/volatilization in the As-Pb-O system, we find in 

the literature that other possible arsenic oxidation reaction pathways are the following: 

4 As (1 \vt% in Pb (1) ) = AS4 Cg) L1G0650 = 87.8 kJ morl (37) (39) 

L1Go 600 = -888.9 kJ mOrl O2 (40) 

Which yield an overall reaction of 

4 As (1 wt%in Pb (1) ) + 3 O2 (g) = 2 AS203 (1) (41) 

Using L1G 650 = L1G0650 + RT InQ, PAS, can be determined with (Equation (39)) using the 

same activity coefficient and mol fraction as in section 2.1.2. An AS4 partial pressure of 

2.89E-ll atm is obtained, which would suggest that oxidation of arsenic in the gaseous 

phase would not be expected to be significant. 

It is of interest to mention here that volatilization of oxides has also been shown to play a 

key roie in As-Sb-O systems. Whereas at 600 oC, the vapour pressure of Sb406 (g) ab ove 

Sb203 (s) is about 2.8 x 10-3 atm, at the same temperature, the vapour pressure of AS406 (g) 

above AS203 (s) is about 39.7 atm. In their study &3, Li and Hager found that arsenic oxide 

gas, AS406 (g) enhanced the volatilization of antimony trio xi de, Sb20 3 (s) through the 

following series of vapour complex formation reactions: 

(42) 

(43) 

(44) 
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However, the study of the gaseous phases was beyond the scope of the original project 

design, and is therefore addressed here in only a general way for the Pb-As-O and Pb-Sb-O 

alloys. 

5.3 Parameter B: Antimony 

5.3.1 Statistical Analysis of the Effed of Antimony 

In tenns of the regression analysis, it was found that the presence of antimony significantly 

reduced the average rate of mass gain in the heating period, during which there was oxygen 

present in the order of 200 ppm. This effect is likely related to the Pb-Sb-O defect 

structure, but as mentioned in the section dealing with arsenic, a more sophisticated 

analysis would require more complex thennodynamic data, such as an Sb-Pb-O-As-Sn 

solid-liquid-gas phase diagrarn. One significant interaction effect was also detected: for the 

response of mass fraction gained prior to oxygen introduction, the effect of antimony 

content depended on temperature. For exarnple, a high antimony content at higher 

temperatures reduced the fraction of mass gained prior to the purposeful oxygen 

introduction. 

5.3.2 Discussion of Other Antimony-Related Behaviour 

Cornparing the Pb2.00Sb mass gain curves (DVTGA 32 (500 oC) and DVTGA 27 

(600 OC), Figure 78) with those of pure lead (DVTGA 17 (500 OC) and DVTGA 38 (600 

OC), Figure 60), it can be observed that temperature is a key contributor; the 600 oC curve 

has a much higher initial rate of mass gain and the overall mass gain is almost three (3) 

times greater. Although a srnall amount of a liquid phase thought to be a Pb-Sb oxide was 

observed during the experirnent, no such phase was identified by XRD. 

When antimony was added to Pb-As alloys, i.e., PbO.90As2.00Sb (DVTGA 37 (500 OC) 

and DVTGA 21 (600 OC), a phenornenon denoted as "compound behaviour" was 

observed: it appeared that a Pb-As phase was oxidizing distinctly from a Pb-Sb phase, 

which was also oxidizing. In the early stage of the trial run at 600 oC, reddish drop lets 

were observed at the same time as a white fume phase. The 500 oC sample never appeared 

to bec orne fully covered by a solid oxide layer, and thus the mass gain kinetics were 
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roughly linear with time over the 60 minute exposure period. llle mass gain for these tests 

curves were visibly different from either the simply binary Pb-As or the Pb-Sb curves. 

Still, if is difficult to say that antimony actually oxidized preferentially to arsenic, as 

predicted by the Ellingham diagram (Figure 53), though it appeared that it did not. 

When antimony was added to Pb-Sn alloys, e.g. Pb2.00Sb0.26Sn (DVTGA 24 (500 OC) 

and DVTGA 31 (600 oC», a small increase in the initial rate of mass gain was observed for 

the 600 oC sample, and a significant increase in overall mass gain was recorded. This was 

likely due to the morphology of Pb-Sb-O oxide layers, as compared to Pb-Sn-O, the latter 

seemingly more limiting to mass transfer. ln terms of the 500 oC sample, flattening of the 

mass gain curve was observed - the average rate of mass gain trom t = 0 is roughly 4% of 

the rate of mass gain of the 600 oC sample. 

In the trials performed on quatemary PbO.90As2.00Sb0.26Sn alloys (DVTGA 39 (600 OC) 

and DVTGA 23 (500 0C)), very little difference can be seen between the 500 oC sample 

(DVTGA 23 (500 OC) as compared to the PbO.90AsO.26Sn sample, DVTGA 36 (500 OC). 

However, a dampening effect was observed in the 600 oC sample curve (DVTGA 39 (600 

OC), wherein the initial slope was less steep, and the overall mass gain was smaller as 

compared to the PbO.90As0.26Sn sample (DVTGA 18 (600 OC»). In these quatemary Pb­

As-Sb-Sn samples, complex reaction products were formed, including PbsSb40 11 and 

Pb4Sb06. It was interesting that a complex Pb-Sb-O phase (i.e., Pb4Sb06) was also 

observed on the Pb0.45Asl.OOSb0.13Sn sample (DVTGA 22), which was run at only 550 

oC, since it indicates that formation of a complex, identifiable Pb-Sb-O phase was not 

necessarily accompanied by "self-c1eaning" behaviour or significant mass gain. 

Very much to the surprise of the author, pseudobinary and temary phase diagrams 

identified through an exhaustive search of the literature and presented in Chapter 2 revealed 

no matches with the complex Pb-Sb-O oxides identified by XRD here. 
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5.4 Parameter C: Tin 

5.4.1 Statistical Analysis of the Effect of Tin 

Regression analysis of the trials fUll according to the factorial design produced a number of 

conclusions relating to tin content. Firstly, tin content reduced the average mass gain over 

the first 300 s of oxygen exposure. It was also found that a synergistic effect between tin 

and temperature existed, suggesting that the effect of tin was more significant at higher 

temperatures than at lower temperatures. It was shown that a higher tin content resulted in 

most of a sample's mass being gained during the heating period, suggesting the formation 

of a passive, protective tin oxide layer after ta across which mass was transfer was impeded. 

Finally, regression analysis showed that the effect of tin content also depended on 

temperature; for example, a high tin content at higher temperatures decreased the fraction 

of mass gained prior to oxygen introduction, while a low tin content at lower temperatures 

increased the fraction of mass gained prior to oxygen introduction. 

5.4.2 Discussion of Other Tin-Related Behaviour 

Because tin was present in small amounts, mass transfer limitations might have prevented 

tin at the interface from oxidizing preferentially. However, during trials on samples 

containing tin, a unique oxide layer was consistently observed from the start of the reaction, 

indicating that this did not occur. 

Comparing the PbO.26Sn (DVTGA 35 (500 OC) and DVTGA 26 (600 oC)) curves, Figure 

85, with the pure Pb curves, Figure 60, no remarkable difference was observed. During the 

tests, it was not possible to skim the samples, as both had a residual "skin" which could not 

be removed. 

When tin was added to the Pb-As alloys, i.e., PbO.90As0.26Sn (DVTGA 36 (500 OC) and 

DVTGA 18 (600 OC)), Figure 95, it appeared to slow oxidation in the 500 oC sample and it 

affected the shape of the 600 oc sample curve. It was thought that the presence of tin gave 

rise to a surface film which delayed the access of oxygen to the underlying melt, and thus 

to the arsenic in solution. 
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When tin was added to the Pb-Sb anoys, i.e., Pb2.00Sb0.26Sn (DVTGA 24 (500 OC) and 

DVTGA 31 (600 OC)), it had virtually no effect on the overall mass gain, though it did 

affect the rate of oxidation in the 600 oc sample over the first 1500 seconds. 

Finally, when tin was added to the Pb-As-Sb anoys, Le., PbO.90As2.00Sb0.26Sn (DVTGA 

23 (500 oC) and DVTGA 39 (600 OC)) it had the effect oflowering the rate of mass gain 

significantly, resulting also in a lower total mass gain, for both the 500 and 600 oC samples. 

As in the case of the Pb-As samples, it was hypothesized that the decrease can be 

accounted for by the presence of a thin surface oxide layer. 

No tin oxide phase was detected in any of the XRD analyses of the samples (Pb0.26Sn 600 

oC). As tin constituted at most 0.26 wt%, and the detection limit for XRD is roughly 5 

wt%, this was as expected. However, tin was detected by EDX on the Pb0.26Sn (600°C), 

PbO.90As0.26Sn (500 OC), Pb2.00Sb0.26Sn (500 oC), and PbO.90As2.00SbO.26Sn (500 

OC) tests. The three latter trials were the three tests in which the samples gained most of 

their mass during the heating period (Table 21). The small amounts oftin in solution must 

have been preferentially oxidized early in the test; it is remarkable that a lead-tin oxide 

layer could be so impervious to mass transfer, yet be so thin as to be undetectable by XRD. 

Researchers59 have found that small concentrations of tin produce a marked reduction in 

the lead oxidation rate in tests fUll at 420 oC, in particular because a dense Sn02 film is 

produced with Sn contents 2': 0.1 wt%. In other work84
, it has been found that oxidized 

sanlples ofPb-2.9 at% Sn at 90 oC develop an "oxide inversion layer", wherein the amount 

of preferentially oxidized tin increases with depth into the sample, reaches a maximum, and 

then decreases to its bulk value. This phenomenon occurs in solid alloys in which the 

solvent is more noble than the solute84
. 

5.5 Parameter D: Temperature 

5.5.1 Statistical Analysis orthe Effed of Temperature 

In relation to temperature as a statistical parameter, regression analysis yielded the 

following: for the mass gain over the sixty (60) minute test, it can be stated with 99.99% 
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confidence that temperature was a significant parameter. For total mass gain (over the 

heating period plus the 60 minute test), temperature was found to be the only significant 

parameter, and was indisputably significant (99.99% confidence). Finally, temperature was 

fOlmd to be significant in the ratio of mass gained in the period prior to oxygen introduction 

to total mass gained during the heating period PLUS the 60 minutes exposure time. 

Several interaction effects were also found, name1y (i) between tin and temperature for 

average rate of mass gain (mg/cm2hr) prior to oxygen introduction, (ii) between antimony 

and temperature on the fraction of mass gained prior to oxygen introduction, and (iii) 

between tin and temperature on the fraction of mass gained prior to oxygen introduction. 

5.5.2 Discussion of Other Temperature-Related Behaviour 

The effect of temperature is perhaps most easily appreciated, as its effect on the chemical 

kinetics of reaction is well-known and expressed by the Arrhenius equation: 

k = A * exp(~:;"-) (45) 

where k is the rate coefficient (S·I), A is a proportionality constant (S·I), Ea (J morl) is the 

activation energy, R is the universal gas constant, and T is the temperature (Kelvin). Using 

typical values85 for reaction controlled systems (A = 2.1 x 10.9 S·I, EA = 500 kJ mor l
), we 

find that k increases from 3.42 x 10.25 S·I at 773 K (500 OC) to 2.54 X 10.21 sec·] at 873 K 

(600 OC), a factor of roughly seven thousand. 

The importance of Ea should not be underestimated. At higher temperatures, the 

translational velocity of atoms is higher; therefore, there is a higher probability that in a 

given medium of constant density two molecules will collide. A higher collision rate at 

higher velocities has the effect that more collisions are likely to have the activation energy 

required for the reaction86
. From experimental observation, temperature seemed to 

"activate" more sluggish species such as the Pb-Sb-O liquid oxides. Whereas arsenic 
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"fluxing" was observed at 500 oc, antimony needed the additional energy to display 

accelerated oxidation behaviour. 

In fact, temperature was the key suspect in the minds of the staff at Teck Cominco, who 

wondered what lay at the root of the observed "ignition point". Results have shown 

(especially where dean surfaces were exposed) that the chemical kinetics of this system in 

the 500 oC to 600 oC range are very sensitive to temperature and results from this study 

point to the existence of a softening reaction threshold temperature ("SRTT"). For Teck 

Cominco, thermodynamic predictions are therefore of limited use. 

In addition to the effect of surface tension discussed in Section 5.2.2, several additional 

temperature-dependent factors may contribute to the "ignition point" phenomena observed 

in industry. Viscosity ofliquid metals decreases with increasing temperature87 and in this 

way viscosity could have an indirect effect on reaction kinetics during industrial 02 gas 

injection into the lead bullion, because of resulting variations in bubble shape, rising 

velocity and residence time. As low-temperature systems are generally reaction rate 

controlled, the effects of viscosity are not expected to be significant in the temperature 

range considered in this study or in industrial application. At temperatures sufficiently 

above the reaction threshold temperature, the system will be mass transfer controlled, and 

the impact of viscosity would have to be considered. 

The final factor considered is the exothermicity of oxidation reactions, since this would 

have the effect of locally increasing of temperature at the gas-liquid interface, the location 

of the chemical reaction (DVTGA44). The implication of this increase is that while the 

bulk temperature in industrial melts must reach 600 oC before the reaction is ignited, the 

effective ignition temperature at the local site of reaction activation might actually be 

significantly higher. 

5.6 Teck Cominco Lead Softener Feed & Simulated Feed Samples 

In examining the TGA curves for the Teck Cominco softener feed ((DVTGA 29 (500 OC), 

DVTGA 30 (550 OC) and DVTGA 28 (600 OC), Figure 111) the strong resemblance to 
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curves presented earlier for the Pb-As-Sb-O system (DVTGA 37 (500 OC) and DVTGA 21 

(600 OC), Figure 88) is immediately noticeable. Moreover, similar 'surface cleaning' 

behaviour was observed on the 500, 550 and 600 oc samples, though the rate of mass gain 

on the 500 oC was remarkably low. This lends support to the idea that although a liquid 

phase complex oxide is an important factor in increasing the kinetics of mass transfer 

across the gas-liquid interface, temperature is the most significant factor. 

Examining the Simulated Softener Feed captured images and TGA curves, Figure 122 and 

for example, Figure 127, differences can easily be seen between these and the actual 

industrial feed material. It is known that other impurities (e.g. Bi, Cu) are present in the 

industrial feed, and there is no way to predict the influence that these elements may have on 

oxidation behaviour and kinetics because as yet, since a model for the behaviour of arsenic, 

antimony and tin in lead solution has not yet been developed. 

Parenthetically, a number of complex Pb-Sb-O oxide phases were detected on the 

Simulated 550 and 600 oC samples which were not detected on any other samples. 

5.7 Overall Kinetics 

Since the experimental procedure employed lacked the precision and rigour of studies 

designed to examine kinetics, relatively little space is devoted here to commenting on the 

overall kinetics of oxidation of the alloys investigated. In comparison to the values 

presented for previous work on oxidation rates of lead alloyed with known amounts of 

impurity elements (Table 6), almost aU the trials presented herein had approximate 

oxidation rates in the order of l to 100 mg/cm2hr, which would place them towards the 

upper end of the reported range. Values for rates at 300 seconds are presented below in 

Table 22. 

5.8 Summary 

A sizeable body of experimental data was collected in this study on the effect of the various 

parameters in lead softening, namely wt% As, wt% Sb, wt% Sn, and temperature. It has 

been shown that, with varying degrees of significance, each of the se parameters contributes 
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to softening reaction mechanisms and mass gain kinetics. Tin, for example, though present 

in only small amounts (0.13 - 0.26 wt%) - and the values used in this study were 

comparatively high - appeared to be preferentially oxidized in aB the trials, forming an 

impervious oxide layer, which was not possible to skim. 

Arsenic appeared to be the most "'active" of the impurity elements, able to react with lead 

and oxygen to form a complex liquid phase oxide, even at 500 oC, and yielding the highest 

initial oxidation rates of ail the trials. This liquid oxide was able to "break through" the tin 

oxide layer mentioned above, creating an oxygen corridor to the liquid interface. 

Table 22. Average oxidation rates at 300 seconds, mglcm2hr. 

Average Rate 

Trial ED# Date Composition 
Temp, Mass Gain 

oC (300 secs), 

mg/cm2hr 

DVTGA 17 ED1 13-Feb-03 Pure Pb 500e e 13.5 
DVTGA38 ED16 16-Mar-03 Pure Pb 600e e 23.0 
DVTGA35 ED13b 15-Mar-03 PbO.26Sn 500e e 7.0 
DVTGA26 ED9 22-Feb-03 PbO.26Sn 6000 e 28.0 
DVTGA32 ED12 04-Mar-03 Pb2.00Sb 500ee 11.5 
DVTGA27 ED10 22-Feb-03 Pb2.00Sb 600 0 e 62.4 
DVTGA24 ED7 20-Feb-03 Pb2.00SbO.26Sn 5000 e 2.5 
DVTGA31 ED11 03-Mar-03 Pb2.00SbO.26Sn 600 0 e 34.0 
DVTGA25 ED8 21-Feb-03 PbO.90As 500 0 e 92.9 
DVTGA40 ED18 16-Mar-03 PbO.90As 600 0 e 78.4 
DVTGA36 ED14 15-Mar-03 PbO.90AsO.26Sn 500e e 3.5 
DVTGA 18 ED2 17-Feb-03 PbO.90AsO.26Sn 6000 e 14.0 
DVTGA37 ED15 15-Mar-03 PbO.90As2.00Sb 500 0 e 6.5 
DVTGA 21 ED4 19-Feb-03 PbO.90As2.00Sb 600 0 e 43.0 
DVTGA23 ED6 20-Feb-03 PbO .90As2.00SbO.26Sn 500 0 e 1.5 
DVTGA39 ED17 16-Mar-03 PbO.90As2.00SbO.26Sn 600'e 4.5 
DVTGA20 ED3b 18-Feb-03 PbO.45As1.00SbO.13Sn 550 0 e 5.0 
DVTGA22 ED5 19-Feb-03 PbO .45As 1. 00SbO.13Sn 550 0 e 8.0 

Antimony, though apparently more sensitive to temperature than arsenic, had the greatest 

effect on oxidation through the full trial duration. Over the course of the sixty minute test, 

the overall mass gains with antimony samples were the greatest. The antimony-Iead oxide 

appeared to wet the alumina crucible while the soUd oxide grew laterally. This 

configuration was seen to promote mass transfer to the liquid interface. 
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Temperature was consistent in its effect on mass gains, when trials conducted at 500 oC 

were compared to those mn at 600 oc. A significant increase in mass gain was 

demonstrated at the higher temperature. In the 600 oC tests, temperature had the effect of 

increasing kinetic energy, and increasing to a noticeable degree the activity of the impurity 

elements described above. 
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CHAPTER 6: CONCLUSIONS 

1. Temperature was the most significant parameter of those evaluated, demonstrated 

by its effect on mass transfer and chemical reaction kinetics. The response of mass 

gain to temperature (parameter D) for the sixty minute test was shown to be 

significant with a t value of 5.46, and a P value of 8.5E-05 with an overall fit ofF = 

0.0004. 

2. Arsenic appeared to be the most active of the impurity elements, and was the only 

one of the three to be statistically significant in increasing mass gain over the sixt Y 

(60) minute test; for initial wt% As (parameter A), t = 1.83, P = 8.8E-02 with an 

overall fit ofF = 4.0E-04. 

3. The effect oftin on the rate ofmass gain was significant, even when present in very 

small amounts. This was attributed to the rapid formation of a passive layer of tin 

oxide that thereafter acted as a barrier to mass transfer. For example, a higher tin 

content, parameter C (t = 9.38, P = 8.4E-05), resulted in the majority of mass gain 

taking place during the heating period, with an overall fit ofF = 3.8E-05. 

4. The presence of antimony reduced the average rate of mass gain in the heating 

period, prior to purposeful oxygen exposure. During the heating period oxygen was 

present on the order of 200 ppm. The statistical significance of this observation for 

initial wt% Sb (parameter B) is demonstrated by a t value of -4.81 and a P value of 

7.0E-04, with an overall fit F = 1.1E-3. 

5. "Self-cleaning" liquid phase complex oxides were significant in increasing the 

kinetics of mass transfer across the gas-melt interface, as compared to the solid 

oxide phases which formed at the surface. These liquid phases were found in Pb­

As and Pb-Sb alloy systems. 
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6. Sorne solid phase complex Pb-As-O and Pb-Sb-O oxide species appear to have 

crystal and defect structures that were 1ess impeding of mass transfer than those of 

PbO. This feature is attributed to a "vacant place" mechanism in the oxide crystal 

structure or to the action of the slag as a "conveyor" of oxygen to the metal by the 

altemate oxidation and reduction of antimony and/or arsenic. 

7. Observed behaviours in the As- and Sb- bearing Pb alloys were unanticipated, 

specifically (i) complex liquid oxides, e.g., the reddish droplets, (ii) elastic oxide 

films, e.g. PbO and (iii) unskimmable films, e.g. in Sn-bearing Pb alloys. 

8. Sorne conclusions can be drawn regarding the industrial softening process, based on 

the experimental results presented herein: chemical kinetics are very sensitive to 

temperature in the 500 to 600 oC range, and results suggest the existence of a 

softening reaction threshold temperature (SRTT). It do es not appear possible that 

efficient oxidation of impurities will take place at lower temperatures than those 

currently used at Teck Cominco. 
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CHAPTER 7: RECOMMENDATIONS FOR FUTURE 

WORK 

It would be of interest to understand more fully the nature of the liquid oxide phases 

observed in the present study. In particular, it would be useful to design experiments to 

address the question of whether the temperature-dependent liquid oxide phases are in fact 

responsible for the improved mass transfer that is manifested as the apparent "ignition 

point" seen in the industrial softening operation. 

A further question that remains is whether, in light of the findings of the present study, 

there is a way to improve the lead softening process. One possible area of investigation is 

the design of an optimal softener feed composition. For example, it has also been observed 

that in continuous processing, maintaining the lead bath at an antimony content near 0.02 

wt% results in a very high oxidation rate. 
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Figure A 1. Sample EDX spectrum for DVTG36 
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Heater Calibration Trial 5 
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Nominal Compositions 

Description Sam pie Date lot/Time wt%Ag wt%AI wt%As wt%Au wt%B wt%Bi 
A110:i 425 20020601 9427 1.700 440 ppm 
Allo~ 414 20011003 9405 5 ppm 12.00 26 ppm 
Alloy 422 20021204 9444 0.4300 110 ppm 
Alloy 423 20020501 9421 0.6300 290 ppm 
Pb5.0Sb Q6641 0.96 ppm 0 0.025 ppm 0.24 ppm 

HiFlo Solder 20000824 00323742 10 ppm < 10 ppm < 10 ppm 10 ppm 30ppm 
Refined lead 20030123 0101 2 ppm < 1 ppm 0.0086 

Description Sample Date lot/Time wt%Ca wt%Cd wt%Cu wt%Fe wt%ln wt%Mg 
Allo~ 425 20020601 9427 5 ppm 20ppm 1 ppm 
Alloy 414 20011003 9405 2 ppm < 1 ppm 
Alloy 422 20021204 9444 50 ppm 
Alloy 423 20020501 9421 2 ppm 20 ppm < 1 ppm 
Pb5.0Sb Q6641 0.11 ppm 0.025 ppm 1 ppm 0.24 ppm 0.30 ppm 

HiFlo Solder 20000824 00323742 10ppm 40 ppm 10 ppm 30 ppm 
Refined lead 20030123 0101 < 1 ppm < 1 ppm < 1 ppm 

Description Sample Date lot/Time wt%Na wt%Ni wt%P wt%Pb wt%S wt%Sb 
Alloy 425 20020601 9427 3 ppm 92.1 5 ppm 6.2 
All0:i 414 20011003 9405 88 23 ppm 180 ppm 
Alloy 422 20021204 9444 97.52 < 3 ppm 2.05 
Alloy 423 20020501 9421 2 ppm 96.23 < 3 ppm 3.14 
Pb5.0Sb Q6641 0.05 ppm 0.05 ppm 95 5 

HiFlo Solder 20000824 00323742 < 10 ppm 80 ppm 100 < 10 ppm 40 ppm 
Refined lead 20030123 0101 < 1 ppm 99.9914 10 ppm 

Description Sam pie Date lot/Ti me wt%Si wt%Sn wt%TI wt%Zn 
All0:i 425 20020601 9427 < 1 ppm < 1 ppm 
Alloy 414 20011003 9405 < 1 ppm < 1 ppm 
Alloy 422 20021204 9444 3 ppm 
All0:i 423 20020501 9421 3 ppm < 1 ppm 
Pb5.0Sb Q6641 0.05 ppm 0.95 ppm 1.9 ppm 0.01 ppm 

HiFlo Solder 20000824 00323742 63.43 < 10 ppm 
Refined lead 20030123 0101 < 1 ppm < 1 ppm 

Figure A4. Nominal compositions of commercial alloys used in study 
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Alloy Calculation 
Pure Pb Alloy 414 Pb5.0Sb HiFlo Solder 

Element Wt% Element Wt% Element Wt% Element Wt% 
Pb 99.9895 Pb 87.9764 Pb 94.9994 Pb 36.5390 
Sb 0.0010 Sb 0.0180 Sb 5.0000 Sb 0.0040 
As 0.0001 As 12.0000 As 0.0000 As 0.0010 
Sn 0.0001 Sn 0.0001 Sn 0.0001 Sn 63.4300 

Reguired Alloy 1 Alloy 2 Alloy3 AIIoy 4 Spec 
Element Wt% Pb 1.000 0.880 0.950 0.365 -0.968 

Pb 96.84 Sb 0.000 0.000 0.050 0.000 -0.020 
Sb 2.00 As 0.000 0.120 0.000 0.000 -0.009 
As 0.90 Sn 0.000 0.000 0.000 0.634 -0.003 
Sn 0.26 Spec 0 0 0 0 1 

1.0003 -19.0056 -7.3051 -0.5749 0.5213 
0.0000 0.0002 8.3334 -0.0001 0.0750 

-0.0002 20.0038 -0.0285 -0.0011 0.3996 
0.0000 0.0000 0.0000 1.5765 0.0041 

0 0 0 0 1 

Amount Required 
Pure Pb 3.258 9 

Alloy 414 0.469 9 
Pb5.0Sb 2.498 9 

HiFlo Solder 0.026 9 
Total 6.25 9 

Figure AS. Sample alloy caJculation using commercial alloys 

Total 
o 
o 
o 
o 

6.25 
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MisceUaneous thermodynamics information: 

Yz O2 (1 atm) ~ 0 (1 aLpet) Il'b ~G0600C = -105.9 kJ mori (46) 

from Otsuka et a1.88
: 

~GO = -117170 + 12.90T (± 500) Jemofi 

Yz 02 (1 atm) ~ 0 (l aLpet) 1 Ph AGO - 1057kJ 1-1 (ref.89) 
Ll (in Pb5wt%Sb) - - . • mo (47) 

Wang et al. 90: The activity coefficients of the infinitely diluted oxygen in lead and 

antimony are ln Y~(Pb} = -6.20 and ln Y~(Sb} = -7.66 and the self-interaction parameter of 

are ëg(Pb) = -7.8 and Eg(Sb) = -164.0. The interaction parameters were found as Pb ë~b= -4.8 

d Sb Pb_ 06 an Co - - •. 

Taskinen91
: in lead and dilute lead-based alloys, the temperature dependence of the first 

order interaction coefficient ë~b can be expressed by equation ë~b = 15.30 - 22.16 x 103 
/ 

T. The temperature dependence of the activity coefficient of oxygen at infinite dilution in 

lead can be expressed as ln fg = 6.133 -14.04 x 103
/ T, and the self-interaction coefficient 

a ~ 

of oxygen as ë o = 51.99 -70.90 x 10-' / T. 

Otsuka et a1.89
: Interaction parameter of antimony on oxygen in lead ë~Sb)= -4.80 at 1103 

K. Temp dependence expressed as E~Sb) = 15.30-22.16 X 103 
/ T 

Taskinen and Jylha92 determined first order interaction coefficients of arsenic, antimony 

and tin on oxygen at 900°C: 
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E~S = 1.228 - 2224.4 / T -7 so at 900°C, E~s = -0.668. From other studies: E~b = -3.6, 

From Agrawal et a193 : free energy (E:), enthalpy (r:) and entropy (cr:) of self-interaction 

ofbinary lead-bearing substitutional solution component i in its dilute solution. For Pb-Sn 

alloy at 1050 K : E~~= 8.5 kJ, E~~ = -51.5kJ, p~~= -8 kJ, p~~ = -14 kJ, CJ~~= -0.004 kJ, 

cr~~= 0.0552 kJ 

Taskinen94
: temperature dependence of the first arder interaction coefficient E~n can be 

expressed by equation E~n = 75.5 - 129.13 x 103
/ T. 

wt. % Sn in PI> 
o 2 .. /; 3 
Or-~~r-~~~, .~~~ 

, fsn 
.0 {) 

-1.5 

ot 858"C 

-20 l.-. __ I-..... __ '--_----' 

o 5 10 15 

ot % Sn ln Pb 

Figure A6. Effect of tin on the activity coefficient of oxygen in lead at 858°C (after Taskinen, 
1981 , ref. 94) 

Prabhakar et a1.95
: thenno of oxygen in liquid lead - tin alloys 

E~n = -74.2 at 973K. Temp dependence: E~n =139 - 206160/T 
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