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ABSTRACT

A comprehensive characterization of silver and bismuth refining crusts produced during the

pyrometallurgical refming of lead was undertaken. Parameters such as intermetallic crystal size

and composition. and degree of metal entrainment were determined. Silver crust was found to

be composed mostiy of the e-phase (AgZn]) with an average particle size of 50 IIm. Liquid

lead entrainment of 80 volume percent was measured. 1be intermetallic phase in bismuth crust

was comP'Jsed entirely of CaMgzBiz crystals with an average diameter of 50 IIm. Lead

entrainment in bismuth crust was approximately 90 volume percent The high degree of metal

entrainment observed in both silver and bismuth crusts was not adequately explained through

a capillary model of liquid metal entrainment in a static bed of solid particles. The models used

to predict swelling in colloidal particle systems (such as clay soils) were found to better

approximate the high degree of liquid entrainmenL

Experiments were performed in which particle beds of y-phase (Ag~Zn8) intermetallic

compound were infùtrated with liquid lead under controlled conditions and examined under the

optical microscope. hnage analysis revealed pronounced swelling of fine particle beds relative

to coarse. The effect was most noticeable for average particle diameters less than 100 IIm

where the solids volume fraction decreased from 50 to 30 vol.%. Data showed samples to

exhibit a constant increase in inter-particle spacing of approximately 50 1Iffi. The increase in

spacing explained the degree of swelling at low particle diameters and was also used to develop

an expression to predict height of capilIary rise.

Based on an osmotic pressure analogy in colloidal particle systems. a swelling pressure term

was deflOed ta explain the increase in inter-particle spacing. The swelling pressure was deflOed

as equal and opposite to the capillary pressure tending to force particles to random packing.

It was concluded that swelling was related to mass transfer at the solid-liquid interface of the

intermetallic crystaIs giving a reduced static pressure due ta a localized minimization of Gibbs

energy. The static pressure change (swelling pressure) was attributed to overlap of mass

transfer boundary layers where mid-point static liquid metal pressure is less than the pressure

ili
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in the bulk liquid. For the system studied, the mass transfer boundary layer was estimated to

be approximately 100 J.lm in thickness.

Further experiments. using the sessile drop technique, were used to support the study fmdings

by showing rapid spreading of Iiquid lead on Ag-Zn intermetallic substrates. The rapid

spreading was imributed to mass transfer at the solid-Iiquid interface giving a reduced

interfacial energy, yd' due to a localized reduction in Gibbs energy.

The analysis of experimental results led to the development of two new industrial processes in

the lead industry aimed at reducing lead loss to silver and bismuth crusts. Tests employing

continuous agitation during bismuth removal from lead promoted the growth of large CaMg2Bi2

crystals. The larger crystaIs minimized the effect of mass transfer bOl!ndary layer overlap and

reduced lead entrainment from 90 to 80 volume percent. The addition of a low melting point

KCI-ZneI2 salt during silver crust formation was found to remove up to 90% of entrained lead

by the salt preferentially wetting Ag-Zn intermetallic particles. This was found to eliminate

surface forces which retained Iiquid in the system of solid particles.

iv
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RÉSUMÉ

Une caractérisation détaillée des croOtes d'afftnage d'argent et de bismuth produites durant

raffinage pyrométallurgiqe du plomb a été entreprise. Les paramètres tels que la grosseur et la

composition des cristaux intermétalliques et le degré d'entraînement de métal ont été déterminés.

La croOte d'argent était principalement de composée de la phase 3 (AgZn)) avec une grosseur

de particules moyenne de 50 !lm. On a mesuré une part de volume de 80 % de plomb liquide

entraîné dans la croOte. La phase intermélallique de la croOte de bismuth était entièrement

composée de cristaux de CaMg2Bi2 ayant un diamètre moyen je 50 !lm. L'entraînement du

plomb dans la croOte de bismuth était de 90 % environ du volume. Le niveau d'entraînement de

métal élevé observé dans les croOtes d'argent et de bismuth n'a pas pu être sufftsamment expliqué

à l'aide d'un modèle capillaire d'entraînement de métal liquide dans un lit statique de particules

solides. Les modèles utilisés pour prédire le gonflement dans les systèmes de particules

colloïdales (comme les sols argileux) ont donné une meilleure approximation du niveau élevé

d'entraînement de liquide.

Des essais ont été réalisés avec des lits de particules de composé intermélallique de phase y

(AgsZna) qui ont été infùtrés avec du plomb liquide en conditions contrôlées et examinés sous

un microscope optique. Une analyse d'image a révélé un gonflement plus prononcé des lits de

particules ftnes que des lits de grosses particules. Cet effet était particulièrement 6vident dans

les particules moyennes de moins de 100 l1ffi ob la fraction volumique des solides a diminué de

50 à 30 %. Les données ont révélé une augmentation constante de 50 !lm environ dans

l'espacement interstitiel. Cette augmentation de l'espacement, qui explique le degré de

gonflement du lit de particules de petit diamètre, a également été utilisée pour élaborer une

équation visant à prédire la hauteur de l'ascension capillaire.

D'après une analogie de la pression osmotique dans les systèmes de particules colloïdales. un

terme de pression de gonflement a été défmi pour expliquer l'augmentation dans l'espacement

interstitiel La pression de gonflement a été défmie comme étant égale et opposée à la pression

v
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capillaire tendant à forcer les particules dans une disposition de tassement désordonnée. On a

conclu que Je gonflement était lié au transfert de masse à l'interface solide-liquide des cristaux

intennétal1iques, entraînant une pression statique réduite due à une diminution locale de l'énergie

de Gibbs. La variation de pression statique (pression de gonflement) a été attribuée à un

chevauchllment des couches limites de transfert de masse oil la pression statique entre deux

particules dans le métal liquide est inférieure à la pression du liquide dans le bain. Dans le

système étudié, l'épaisseur de la couche limite de transfert de masse a été estimée à 100 /lm

environ.

D'dutres essais, utilisant la méthode de la goutte sessile, ont été réalisés pour corroborer les

résultats en montrant la diffusion rapide du plomb liquide sur les substrats interméta1liques Ag

Zn. Cette diffusion rapide a été attribuée au transfert de masse à l'interface solide-liquide,

réduisant l'énergie interfaciale y~ en raison d'une réduction locale de l'énergie de Gibbs.

L'analyse des résultats des essais a mené au développement, dans l'industrie du plomb, de deux

nouveaux procédés industriels visant à réduire la perte de plomb dans les croOtes d'argent et de

bismuth. L'agitation continue lors de l'extraction du bismuth dans le plomb a favorisé la

croissance de gros cristaux de CaMg2Bi2• Ces cristaux plus gros ont minimisé l'effet de

chevauchement des couches limites de transfert de masse et réduit l'entraînement de plomb de

90 à 80 du powœntage volumique. L'ajout d'un sel de KCI-ZnCI2 à bas point de fusion pendant

la formation de la croOte d'argent a permis de retirer jusqu'à 90 % du plomb, par le mouillage

préférentiel des particules intermétalliques d'ag-Zn par le sel, ce qui a éliminé les forces à la

surface qui retenaient le liquide dans le système de particules solides.
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• NOMENCLATURE

T = temperature ("C)

K,p = solubility product

dH = change in enthalpy (J-mol"l)

dG = Gibbs energy change (J-mol"l)

X = mole fraction

R = universal gas constant (8.314 J-mol"'-degK"I)

Y~ = solid-liquid interfacial energy (ergs-cm"2 or J-cm"2)

YIt = liquid vapeur interfacial energy (ergs-cm"2 or J-cm"2)

Y.. = solid-vapour interfacial energy (ergs-cm"2 or J-cm"2)

r = radius (cm)

VM = molar volume (cm3-mol"l)

!/J = molar heat of solution (J-mol"l)

0 = supersaturation

1 = rate ofnuclei formation (nuc\ei-cm"3-sec"l)

• frequency ofattaehment ofsingle molecules to a unit area of nucleiz =

n = number of nuclei per unit volume

p = density (g-cm"3)

1') = viscosity (g-cm"l-sec"l)

v = fluid velocity (cm-sec"l)

u = linear growth rate (cm-sec"l)

1,L = crystallength (cm)

D = diffusivity (cm2_seC"I)

Re = Reynolds number

ô = momentum transfer boundary layer thickness (cm)

ôc = mass transfer boundary layer thickness (cm)

x = distance (cm)

1 = molar flux in x direction (mol-cm"2-sec"l)

• xxi



• c = molar concentration (mol-cm,3 or mol-l'I)

ko Boltzmann's constant (1.38 x 10'23 J-deg'l)=
kM = mass transfer coefficient (cm-sec'I)

Sc = Schmidt number

A = area (cm2)

p = pressure (J-cm'3)

g = acceleration ofgravity (9.81 m-sec'2)

6. = solid-Iiquid contact angle (degrees)

Il = chemical potential

M = molecular weight (g-mol'I)

N = Avogadro's number (6.023 x 1023 atoms-mol'I)

a = chemical activity

W = work (J-sec'I)

h = height (cm)

cjl = volume fraction of solids
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• 1. INTRODUCTION

1

•

The metallurgical iudustry has dealt with metal dross for thousands of ycars. Dross is defined

as solid particles which may float or sink in a molten-metal system. The examples of the types

and occurrence ofdross are many and varied. However, in each case this material represcnts Il

burden to industry by requiring special handling, impacting on metal quality, or simply by

entraining the valuable metal product. It is this latter effect. the loss of metal entangled in the

dross phase, which is the principal subject matter of this investigation.

Despite the prevalencc of drosses in the metallurgical industry. there is a surprising lack of

fundamentalliterature which describes the mechanisms by which liquid metal can be held in a

system of solid particles. Most of the work conducted in the area of metalloss to dross has

focused on practical methods of reducing entraimnent for specific systems. For example. a great

deal of work has recently been conducted in the aluminum industry devising new processes to

recover metallost in oxide-dross skimmings(l). Although this type of work has bcen largely

succcssful, our fundamental understanding of the underlying physical phenomena involved is less

than complete.

Sorne of the most intriguing dross systems involve the separation of insoluble intermelailic

compounds from liquid metal baths. These systems are unique in their ability to entrain

tremendous quantities of the molten metaI, sometimes carrying as much as 90-95 volume percent

liquid metal. Often intermetallic compound drosses are unfortunate byproducts of industrial

practices. Hot-dip galvanizing of steel sheet is such an example, where dissolved impurities in

the zinc bath eventually build-up to the point where insoluble intermeta1lic compounds of iron.

zinc, and aluminum precipitate from solution and forro a troublesome dross layer. This layer

interferes with the coating process as weil as capluring a large quantity of the valuable zinc

metaI. Another example involves the re-meJting of impure aluminum scrap. Impurities such as

iron, zinc, and magnesium, cao readily forro unwanted intennetallic crysta1s. In scrap with a high

impurity Joading, lhis can Jead to a tremendous Joss of valuabJe metal.
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•

The pyrometallurgical refining oflead produces many dross phases. Unlike the above examples

however, most of these drosses are formed deliberately to allow impurity removal. In terms of

the quantity of metallost to entrainment, drosses produced during silver and bismuth recovery

from lead are the most problematic. In each, intermetallic compounds containing the impurity

element :lJ'e formed and skimmed from the moiter. lead bath. The degree of metalloss during

these sldmming operations presents a Iùgh cost burden because of the loss of valuable metal and

the added difficulty of recovering the silver and bismuth values. Industrial practices have been

developed which can lessen the degree of lead entrainment in silver and bismuth skimmings, but

the loss is still a significant cost and burden. At a single smelter such as Noranda's Brunswick

Mining and Smelting lead operation in Belledune, New Brunswick, the cost of lead loss during

silver and bismuth refining is over $2 million per year.

In order to deveJop new processes capable ofreducing metalloss in dross phases, it is important

to understand the basic mechanism involved. In this work the example of bismuth and silver

refming dross bas been used to investigate these fundamentaJs. It is hoped that a better

understanding of these systems will shed light on the general area of metal entrainment in dross,

particularly systems involving intermetallic compounds.

The thesis investigations have taken the following form;

1) Cbaracledza1jop - ofsilver and bismuth refining crusts produced in industrial operations.

2) l.aboratoQ' Ipyestil:atipQS - of the surface interactions between silver-zinc intermetallic
compounds and liquid lead followed by simulation of silver crust under controlled
conditions to determine the variables affecting the degree of metal entrainmenl

3) Prac1ica' ApplÎC/!'jop - oflaboratory results to design new processes capable of reducing
lead entrainment in silver and bismuth crusts. TIûs work involved full-scale plant tests
and laboratory process developmenl
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1. LEAD REFINING AND CRYSTAL GROWTH

1.1 Lead Reflnlng

1.1.1 General Refinlng

Commerciallead is produced in a variety of ways. Ml)~t of the world's primary lead is produced

through the classic sinter plant - blast fumace process while an increasing amount is being

smelted in direct, high intensity operations such as the Kivcet, QSL, and Isasmelt processes(2,3.4-'l.

Secondary, or recycled lead, is maiIùy re-melted in rotary kilns or simple shaft furnaces.

Increasingly, the western world demand for lead is being met by secondary producers(6). TetaI

Western World production is estimated at 4.4 million tonnes per year where the majority of this

material is used in lead-acid batte~es.

Typical applications for lead, such as in the baltery industry, demand very high purity filetaI. It

is common that impurity levels must totaIless than 1000 parts per million (99.9% pure Pb) and

often Jess than 100 ppm (99.993& Pb). Unfonunately, moIten lead is an efficient solvent for many

impurily elements typicallo nonferrous extractive metallurgy. Less noble metals such as arsenic,

antimony, cadmium, lin, and sulphur are common. Similarly, elemenlS more noble than lead such

as copper, tellurium, bismuth, thallium, silver, and gold are also found in impure lead bullion.

Lead also bas a limited solubility for oxygen. From the Pb-O binary phase diagram one cao

predict approximaw!y 10 parts per million dissolved oxygen at 450·ç<7>.

•

Metallic lead can be refined through a number of processes. In earliesl limes most lead was

relined through crude fractional crystallization teebnkJues known as the Paltinson process(IJ. The

application offractional crystal6zation to lead refming bas been recently revived by the research

work ofEodaile et al.(8,9), although the technique is not commercially practiced. Cominco Lld.

in Trail, British Columbia, partially refmes crude lead bullion from ilS blasl fumace

pyrometallurgically, then casts anodes and completes the refming electrolytically in the BelIS



•

•

:::Lt::.:a4::...:R::::t",ifi::.:n=in:ag..,a::.:nd::::..::C::.ry~s::ta=I..::G::.ro::.;w::.:th::.:....________________ 4

Process(·Ol. However, the majority of crude lead produced both from primary and secondary

sources, is refmed using classical pyrometallurgical techniques.

An exceUent overview of the physical chemistry of pyrometaIlurgicallead refming is provided

by Davey(l·,I2l. In essence impurity elements are removed through the application of three basic

principles of thermochemistry;

i) selective oxidation,
ü) strong reduction of liquid phase solubility with temperature, and
ili) formation of insoluble intermetallic compounds via additions of

reaclive metaIs.

Figure 2.1 gives a schematic diagram of a typical lead refming process. In most industria1

operations the retining steps are canied out in a series of open kettles fabricated from mild steel.

The kettles have an average capacity of 100-300 tonnes of liquid metaI. Heating is provided by

extemal burners placed undemeath the kettle. Figure 2.2 is a photograph of Brunswick Mining

and Smelting Corp. Ud,'s Iead relinery operation, capable of processing 70,000-100,000 tonnes

per year refmed lead.
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LEAD REFINING

LEAD
(FROM BLAST FURNACE)
(Cu,Sb,A••Sn,Ag.A,u,BI.)

(Fe.zn.S.NI.O)

~COPPERDROSS
~ ORMATTE

(Sb.AI,Sn,Ag,Au,BI,)

1 SOFT~NING ~ ANnMONIAL SLAG

(Ag,Au,BI.)
(Sb)

s

ZlNC·SlLVER CRUST

(Zn.BI.)
(Sb)

DEZl1CING ~ METALLIC ZINC

(BI,)
(Zn.Sb)

BISMUTH DROSS

CAusnc DROSS

•

MARKETLEAD
99.99+% Pb

Figure 2.1 SChematic Diagram of a Pyrometallurgical Lead Refining Circuit(lI).

The flI'st refming operation involves the removal of copper from the crude lead. Copper is

completely soluble in lead bullion al typical smelting temperatures of l200oc<l3l. However, as

the temperature of the bath approaches the freezing point of lead (327"C), the solubility of

copper is dramatically reduced to approximately 0.06 wt.%(13). This is the result of solution

chemistry with a large positive deviation from ideality. At lower temperatures, the decreased

soiubi!ity ofcopper raises ils 8CtiYÏty allowing ready reaction with other dissolved impurities such

as sulphur and arsenic according to the following reactions;



• Lead Refining and Crysùll Growth

(2.1)

6

The solid products of reaction forrn as small particles .....hich float to the surface of the liquid

(2.2)

•

mctal to form a so-calIed copper dross. The copper dross entrains more than 50% metallic lead

and is termed a "dry dross" due to its relatively low lead content and dust-\ike appearance.

Copper dross is easily skimrned and treated to recover the copper. These skimmings are the fICs!

of many 10 produce drosses arising from pyrometallurgicallead refining.

Figure 2.2 Pholograph of the Lead Refmery al Brunswick Mining and Smelting Corp. Ltd.
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The second step of lead refining involves the preferential oxidation of impurities which are less

noble !han Iead; most notably arsenic, antimony. and tin. It is commonly referrcd to as softening

since &fier these impurities are removed. solidified lead exhibits its typical softness and ductility

that is not apparent in Iead prior to this purification. Oxidation of impurities is accomplished with

either oxygen enriched air. or chemical oxidants such as sodium hydroxide and sodium nitrate.

In the case ofgaseous oxygen softening. oxides of arsenic. antimony, and lead combine to forro

a low melting point (600OC) slag phase which is tapped from the refmïng kettle. In chemical

softening. the oxide products of reaction, along with sodium oxides, form a solid dross which,

once again entrains metall..lc lead. LiIœ copper dross, these skimming are considered to he "dry"

since they appear dusty with only 55-65% lead content. Both softening slag and dross are

typically smelted to recover lead and antimony. usually as an alloy of the two elements.

The next stage of Iead re6ning does not henefit from natura! \ack of solubility or simple oxidation

ofimpurities. For precious metals such as silver. gold. platinum. palladium, rhodium. and noble

impurities such as tellurium. removal from solution relies on more intriguing techniques. The

Parkes process for the recovery of silver and other precious metals from lead. makes use of the

temperature dependence of the strong thermodynamic attraction hetween metallic zinc added to

the bullion and silver dissolved in the bullion. The reactions are helped by high zinc activities in

solution due to a strong liquid immiscibility (ie. positive deviation) in the lead-zinc binary

system(l4,15,16). In the Parkes process the temperature of the liquid lead solution is reduced and

the dissolved zinc and silver react to form insoluble intermetallic compounds. These crystals

eventually float to the surface of the lead bath where they can he skimmed in the form of an

"intermetallic dross". Unlike drosses produced by sulphide or oxide compounds, silver

skimmings entrain a great deal of metallic lead such that the dross mass appears to he a viscous

fluid. These drosses are described as "wet" crusts. The so called "silver crusts" are treated to

recover silver and other precious metals while retuming lead and zinc to the process.
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After silver recovery, the second last stage oflead refining involves the removal of bismuth from

solution. Simi\ar to silver and the precious metals, bismuth is more noble than lead and hence

difficult to remove from solution. Fortunately, the development of the Betterton-Kroll process

in the 1920s allows the removaI ofbismuth to very low levels (less than 10 ppm) by the addition

of alkali metals such as calcium and magnesium(II.I1l• These reagents react with dissolved

bismuth to fonn an intermetallic compound with the form CaMgzBiz. The solubility of the

intermetallic compound is temperature dependent such that cooling of lead to just above its

freezing point will pennit eflicient bismuth removal with practical additions of reagent metals(lI).

As with silver crusts, the intermetallic particles containing bismuth fioat to the top of lead

relining kettles where theyare skinuned for eventual recovery of bismuth metal. Once again, the

degree of liquid lead entrainment is considerable, often as high as 98 wt'h.

The final stage of Iead relining, termed "clean-up", involves the fmal oxidation of any remaining

reactive impurities with sodium nitrate and sodium hydroxide. As with chernical softening, the

oxide products of reaction form a relativel)' dry dross which is easily skimrned.

2.1.2 The Parites Process

2.1.2.1 Physlcal Chemlstry

•

The Partes process for the recovery of silver and other precious rnetals from lead was a

breakthrough in its lime. Up to that point the recovery of silver involved labour intensive, and

inefficient fractional crystallization teehniquesll.II). The ability to cheaply, and easily rernove

silver provided the workl with high purity Iead while giving producers a second source of incorne

in the frorn of silver.
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Since ils discovery, the Parlees process has been the subject of a great deal of research(II,I2,I4,I6l.

Most of the work has focused on the thennochemistry of the system. Davey et al. have helped

define the equilibria in the system Pb-Zn-Ag which bas pennitted lead refmîng operations to

optimize their recovery processes to minimize zinc consumption while ensuring near complete

removal ofsilverl
6). Recent thennodynamic mode11ing by Wang et al. has been directed towards

the development of lower cost silver crust treatment processes(IB,19).

The main principle of the Parkes process can be iIIustrated by the simple temary Pb-Zn-Ag

diagram in Fagure 2.3(a)(l). Here a strong thennodynamic attraction of reagent zinc for silver is

offset by the immiscibility ofzinc in lead. The result is the fonnation of intennetallic compounds

of zinc and silver which exhibit Iimited solubility in molten lead bullion. In Figure 2.3 there is

a c1ear miscibility gap between molten lead and solid intennetal1ic partic1es at nonnal refining

temperatures; 37D-47O"C. Equation (2.3) gives the simplified reaction of zinc with silver to fonn

insoluble intennetal1ic phases;

de • ,ZJJ. .. ÂgZ", (2.3)

•

From the temary phase diagram presented in Figure 2.3(b) it is clear that different bullion

temperatures will result in varying orientations for the tie lines through the miscibility gap.

Figure 2.3(b) shows the intennetallic phases of zinc and silver which can be fonned at various

solution concentrations and temperatures. The binary zinc-silver phase diagram shown in Figure

2.3(a), illustrates the point more clearly where various intennetallic phases are easily identified.

Unlike rnany intennetallic compounds, those of silver and zinc, show variable stoichiolTlctry for

a given phase. Variable composition is often the case for intennetal1ic compounds where

re1atively weak metallic bonding predominates, compared to the strong ionic bonding found for

many intennetallic compounds of fIXed stoichiometry such li.~ aIkaIi bismuthides(20).
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Figure 2.3 Binary and Temary Phase Diagrams for the Pb-Zn-Ag System(7).

The Gitlœ energies offormation for phases in the Ag-Zn system are shown in Figure 2.4(20). For

an three intermediare phases <P, y, and ephase) the minimum Gibbs energy does notexistat the

stoichiomebic ratio. This is reported to be typical behaviour for intermetallic compounds wllere

metal1ic bonding predominates. Furthermore, the low value of the Gibbs energy of formation
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for Ag-Zn compounds compared to other intermetallic compounds (approximately 2 kcal·mol·\

vs. 15-30 kcal-mol"l for ionically bonded intermetallic compounds) reflects the weaker metal1ic

bonding(l3).
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Figure 2.4 Gibbs Energy Changes on Formation of the (l-terminal solid solution and the
P. Y. and e-electron compounds in the Ag-Zn system(20).

In industrial practice two intermetallic phases are formed. At higher temperatures. 420-470·C.

and with high silver concentrations the e phase is formed having the basic stoichiometry AgZn].

As the bath coo~ and silver concentrations are reduced. " phase (Zn) parûcles are formed. The

ratio of zinc to silver in each phase is variable. tending to increase in zinc concentration as the

bath cools. or at lower silver concentrations. The phase of the zinc-silver inlermetallic

compound. while variable in composition. is defmed by the crystal structure. The

crystal10graphic information relative to the currentstudy is included in Table 2.\(21,22,2])•

•
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Table 2.1 Crysta110graphic Data for the Ag-Zn System.

PIIASE B C v e TI

COMPOsmON C'Jl>ZnI 26-46.2 30.9-38.6 48.7-52.6 58-83 92-100

APPROX. FORM AIÜJJ AIiZn AD.2n. AIiZn. Zn

STRUC'IURE cubic bexalloua1 cubic bexalloua1 bexalloua1

TYPE CsCI Cscl CbcI>I vbnw M. CbcI>I M.lhcnl

a CAl 3.156 7.635 9.341 2.823 2.665

cCAI - 2.820 - 4.427 4.947

DENSITY IlI!cm'l 9.169 9.095 8.660 8.263 7.14

Since the 1950s, Davey, bas conducted a great deal of research to determine the equilibria

involved during the cooling of lead bullion during desilverising. The result is a series of temary

phase diagrams for the lead-zinc-silver system showing the lie lines at the temperatures of

înteresL Figures 2.5 (a) through (c) give a summary of Davey's work. Of practical interest, he

has included typica1 cooling curves to show the dynamics of silver crust formation, which he

c1aims are always in equilibrium due to the slow rate of cooling which occur in most industrial

practice.
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Figure 2.5 Equilibrium Phase Diagrams for the System Pb-Zn-Ag(ll).

2.1.2.2 Plant Practice

•

The relations determined by Davey have been used 10 develop Iwo-stage, countercurrenl

desilverising procedures. The aim bas been 10 produce the highesl grade of silver crusl possible,

while minimizing the consumption of zinc. Essentially, Iwo keltles are used, where high silver

bullion enters the first (termed the primary keltle) al high temperature (450-470"<:) and tends to

form low zinc 10 silver ratio E phase intermetallic compounds. These high grade crusts are

skimmed, and treated 10 recover the silver, zinc, and lead. The lead bullion, still containing

silver, is moved 10 the secondary keltle which is maintained al lower temperalures. 7lnc

additions are made 10 this keltle al approximately 420"<:. and high zinc 10 silver ratio '1 phase
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crystals are fonned as the bath cools. These low grade crusts are continuously skimmed and

retumed to the primary kettIe. where the 11 phase crystals dissolve in the hot lead. and

re-precipitate as E phase. The low grade crusts serve as the soit source of reagent zinc to the

primary IœttIe. The secondary kettIe is cooled to the lowest practic'Ù temperature and assayed

for silver content If the silver level does not match specification (usually 10 ppm Ag). then

further zinc additions are made.

As discussed above. the aim ofmodern desilverising practice is to produce a crust high in silver.

while consuming as IittIe zinc as possible. For many South American operations this is

particularly easy since crode lead bullion may contain as much as 1wt% silver. Most refineries

are pleased to produce a silver crust with 5-6 wt% Ag. and a ratio of Zn:Ag of 3(16). However.

despite efforts to manipulate the thennochemistry of lead desilverising to increase the silver

cl".,::ent ofcrusts. the rnajority of the crust weight remains entrained liquid lead.

2.l.2.3 Metal Entrainment ln Parkes Process Crust

•

Liquid lead entrainment in silver crusts bas long been recognized as a limitation in the cost

effectiveness of desilverising by the Parkes process. However. IittIe practical or teehnical

progress bas been reported in reducing the amount of lead reporting to the skimmings. Most of

the efforts have been directed in two ways; (i) mechanical treatmenl, and (H) high temperature

liquation.

Mechanical treatmenl, or squeezing. of silver crusts was practiced in industry for many years.

A device. known as the Howard Press. was used to apply pressure to the still hot crusts (over

the lead melting point of327"C) over a steel mesh sereen. A small fraction of the lead could be

separated from the intennetallic particles in this manner. However. the poor recovery oflead•
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and the difficulty in maintaining high temperatures, forced most operations to abandon this

procedure in the 1950s.

The Broken Hill Ply. Ltd.'s Port Pirie Refmery in Australia employed a high temperature

centrifuge to treat silver skimmings(24). The principal was much the same as the Howard Press,

where a pressure was applied to the mixture of lead and intermeta11ic l'lIflÏcles to force a

separation. Relatively paor separation efficiency, and difficulty of operation resulted in the

abandonment of this process as weIl.

A much more successful process bas been the high temperature liquation ofsilver crust under

a molten salt blanket. Figure 2.6 illustrates the process which is carried out in large cast iron

kettles. Developed by Lefferer in the 1950's, the process uses high temperature to melt the

intermetallic particles of silver and zinc(25). The temperature is maintained in order to preserve

a sizable miscibility gap between a lead bul1ion phase (containing sorne silver and zinc) and a

silver-zinc alloy, known as Triple AIloy. The lead-silver-zinc temary diagram (Figure 2.3)

illustrates the large liquid phase miscibility possible. As the intermeta11ic particles melt into

droplets ofTriple Alloy, they coalesce to from a separate metallic phasewhich floats on the lead

surface. A typical composition of the triple a110y layer would be 30% silver, 60% zinc, and 10%

lead(16l• Usua11y a cac12-NaCI eutectic salt is employed white sorne operations now employ

molten sodium borate (BORAX) layers to avoid the bandling of chlorides. Virtua1ly no

theoretical work bas been conducted to determine the role of the molten salt or slag, however

it is presumed that they provide a barrier to rapid oxygen transfer and oxidation of the molten

zinc a11oy. The Triple a110y is further processed to recover silver and zinc, while the lead bullion

is retumed to the desilverising kettle.
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Figure 2.6 Liquation of Silver Crust in Cast Iron Kettles(16
l.

In liquation, the ability ofsolid intenneta1lic partic1es to entrain liquid metal is circurnvented by

removing the solid phase. However, the cost of liquation offsets many of the benefits derived

from the liberation oflead.

The Brunswick Mining and Sme1ting Corp. Ltd. (BMS) Lead Sme1ter in Belledune New

Brunswick has developed a simple and relatively effective method of treating silver skimmings

to remove some of the entraîned lead. Crusts are skimmed ta a lead kettle containing bullion at

relalively high silver levels at 450OC. Three charges of crust, 20-25 tonnes, are allowed to

accummulate in this kettle. Some re-crystallization of silver-zinc intennetallic is said ta occur

due to the higher levels ofsilver. Mter sufficient crust is collected, the kettle is agitated at high

speed for 5-10 minutes. This agitation changes the appearance of the crust from a metallic.

"wet" dross, to a black, less meta1lic "dry" dross. The silver assay typically increases from 5 ta

10-12 wt.% Ag. It is interesting to note that too much agitation causes excessive zinc oxidation,
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and Joss of silver to the bullion phase. For this reason, operator skill is crilical component of this

process. At this point, there has been no technical evaluation of the process to determine the

mechanism of crust upgrading.

Il is interesling to note that the Iiterature does not contain any rcferences which describe the

mechanism by which Iiquid metaIs are entrained to such a degree by the intermetaIlic particles

ofsilver and zinc. An understanding of the mechanism could help design new processes to free

lead from the crusts at lower cosl

2.1.3 The KroU·Betterton Process

2.1.3.1 Physlca1 Chemistry

•

The removal of bismuth from lead bullion presents many of the same obstacles as for silver

removal in the sense that il cannot be preferentiaI1y oxidized by oxygen or chlorine. The obstacle

was overcome in the 1930s by ASARCO Loo. in the United StateS(II,26). Kroll, working for

ASARCO at the lime, found that aIkaIi metaIs such as calcium or magnesium could reacl with

bismuth in lead 10 form intermetallic compounds such as Mg3Bizand Ca3Biz. The equilibria near

the freeling point can be represented by the following equations where the soluble species are
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considered to be infinitely dilute with the solid intennetallic compound at unit activitylll,27). The

equilibrium solubility product (Kopl can be defmed as;

(2.4)

(2.5)

where; 1](J represents weight %X in lead and.
T is in kelvin

However, early practice found that it was difficult to achieve complete debismuthisation with

either reagent metal. Bellerton and Lebedeff found more complete removal of bismuth could

he achieved with bath reagents. This process is generally referred to as the Kroll-Betterton

process and is practised by most lead refmeries in the world. The reaction can he written as;

(2.6)

where the relation between calcium, magnesium, and lead in solution near the freezing point can

be given bylll);

(2.7)

•
The crystal fonn ofcaMgJJi:z bas been reported in the literature as hexagonal close packed with

the lanthanum oxide structure (Laz03 structure D5J and a melting point of 1150"(;<20). Atomic

spacings ofa" = 4.730À, and Co =7.680À. give a theoretical density of 5.653 glcm3 based on 5

atoms per unit cell.
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Unlike the Ag-Zn system, alkali metal bismutlùdes exhibit mainly ionic bonding resuiting in high

enthalpies offonnation and flXed stoichiomeUic ratios. This is atUibuted to large differences in

electronegativity between the constituent elements. Indeed, where ionic bonding predominates,

Pauling's (or others) scale ofelectronegativity can be used to calculate the heat of formation for

an intermetallic compound according to the equation(20);

AH~ • -1.J.01Z(}(.. - XJI (U)

where; Z is the number of valence links,
XA and X. are the electronegativities of the component elements, and
23.07 is an experimentally determined constant

•
In Table 2.2, caIcuiated enthalpies energies of formation for calcium and magnesium bismuthides

are compared to experimentally derived values. The technique is used to estimate the enthalpy
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of formation of CaMg2Bi2 since no experimental value exists in the literature. The agreement

between cak:ulated values and experimental is very good, confmning the nature of the bonding.

The hif.h heat of formation for CaMg2Bi2 follows observations on the plant seale, where rapid

cooling of saturated lead bullion is very difficuIt due to continued formation of intermetallic

compounds and the subsequent release of heat

Table 2.2 Heats of Formation for AIkaIi-Metal Bismuthides.

COMPOUND AH. exo. lkcallmol) AH. cal. lkcallmoD

Ca.Bi. -21.4 :1: 1.0<13) -22.6

M2.Bi. -7.4 :1: 0.2(13) -1.8

CaM2.Bi. - -8.7

The relationship in Equation (2.7) was used by Davey tG construct the lead corner of the Pb-Ca

Mg-Bi quaternary diagram as shown in Figure 2.8. It is clear from the phase diagram that to

achieve near complete removal of bismuth from lead, a great deal of reagent metal must remain

in solution. Equations (2.4) and (2.5) ilIustrate the temperature dependence of the solubility of

intermeta1lic compounds in lead.



• ::Le::::ad::..:R:::e~1i:::IR:::in::.cgi..:a=nd=....:C=ry,z,~~ta::I~G~"'~oJII.::;th:::... 21

4r---r----r---,--,-.,......,.,,......-........--........--r-........"""T""---.

L+Mg~Pb 1

2

1.0

l 0.8

~ 0.6

~
0.4

0.2

- - - - ..( L+CI.)Mg4 Pb.

....
.... ...._ DASHED PHASE BDUNDARIES

.. .... UNCERTAIN

.... ....
.... '".... '"Y'

0.10 '---~=-':::O"-!:---_!_-~_!_-::':".....-_!:--~-__!:_...L!:-::'::::--'
0.001 2 4 6 8 0.01 2 4 8 8 0.10

C.(WT%)

Figure 2.8 Lead Corner of the Pb-Ca-Mg-Bi Quaternary Phase Diagram(ll).

Recent experimental work by Hancock and Harris has described the dilute solution equilibria in

tenns of temperature('lll). The experimental data are shown in FJgUre 2.8 along with an expression

for K., obtained by linear regression;

(2.9)

•
This type ofequation is useful in predicting the equilibrium saturation of lead bullion during the

debismuthising process. However, operating plant data from BMS suggests that bismuth crusts

do not form onder equilibrium conditions. This is illustrated in Figure 2.9 where bullion assays

during debismuthising were used to plot the actual solubility product as a function of
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temperature. An average supercooling of 20"C was measured. indicating that the bullion is

actuaUy supersaturated. Nevertheless. the type of expression outlined in Equation (2.9) is

needed if further understanding of these processes is to he gained.
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Figure 2.9 Operating Plant Daia Showing Supersaturation of Lead During Debismuthising.

Debismuthisation of lead using the Kroll·Betterton process differs from the Parkes process in

that the intermetaUic compound is of ftxed stoichiometry. It is therefore impossible to minimize

reagent consumption through crust recycle or countercurrent processes. However sorne crust

recycle is reported in industrial practice since crusts fonned ncar the freezing point of lead tend

to contain more entangled lead that thase fonned at higher temperatures.

•



• =u:::ad::.:R:::tot;1i:::n:::in:ll8,",a:::nd:::..:C:::.r.y.cs::ta::l...::G::."'.::.lIw~t:::h:....- 23

2.1.3.2 Metal Entralnment ln Bismuth Crosts

•

In conunercial debismuthising reagent rnetals are stirred into lead at 450-500"C. ACter complete

dissolution of the appropriate amount of reagent, the lead is allowed to cool to just above the

freezing point of the PIrCa-Mg-Bi eutectic. The bismuth crusts which are formed are skimmed

from the Jead surface during the cooling period and treated to recover bismuth metal. Bismuth

crusts are particulary susœptible to Iiquid rnetal entrainment It is normal to produce crusts with

ooly 4-5 wt% Bi and 95 wt%Pb. This is partIy the result of a low intermetallic density (5.65

glcm3) compared to Iiquid lead (10.5 glcm3), but mostly due to entrainment

Few operations attempt to increase the grade of the crus! by removing entrained lead. ASARCO

practised for sorne lime in the 1980's a hot vacuum filtration process where bismuth crusts were

skimmed and placed on a fine steel mesh screen(26). Burners maintained the crust temperature

above the freezing point of Jead. A partial vacuum of 90 mm Hg could he maintained under the

screen. In this waycrusts averaging ooly 5 wt %Bi, could he upgraded to 12 wt.% Bi through

the removal ofentrained metallic lead. Nevertheless, even aCter upgrading approximately 75%

of the volume remained liquid lead.

Asûnilar performance was reported by the Broken Hill Pty. Lld's Port Pirie Refineryl24). Here

crus! produced in their continuous debismuthising kettle was treated in a hot centrifuge. Some

lead was removed from the crust, yet a great deal of liquid lead remained with the intermetallic

particles. The low grade of most bismuth crusts which were treated for bismuth recovery

resulted in high cests since il was necessary to separate so much lead from the metal of interest

It was aise costly from the point of view that partIy refined lead was removed along with the

crust, thereby reducing overall refmed lead recovery.

Very little work bas been published on the treatment of Kroll-Betterton proces!l skimmings.

Perhaps more importantly, little theory bas been advanced to explain the degree of metal
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entrainment experienced. Through a better understanding of the mechanism of liquid metal

entraiJUnent, il may be possible to develop improved processes ta treat the crust, or procedures

to minimize metalloss.

2.2 CRYSTAL GROWTH FROM SOLUTION

For silver and bismuth removal from lead, intermetallic crystals are nucleated and grown from

a saturated liquid solution of the metals. The processes are somewhat unique in that the crystal

growth involves ooly the solute elements, while excIuding the solvent; lead. It is critical to

understand the mechanisms ofcrystal growth in order to properly understand the processes, and

hopefully manipulate conditions to improve metal recovery and overall metal separations.

Crystal growth from solution is dealt with in the literature from two perspectives, (i)

precipitation ofsalts from aqueous solution, and (ii) the growth of high purity single crystals for

electrical applicationl29,JO.3I.32.D.34.II,35l. For the latter, some metals, notably tin, lead, and bismuth

have been used as convenient low melting point solvents(29). As the importance of semi

conductor materials increase, the science of crystal growth has been developed to the point

where nucleation and growth mechanisms are weil undefstood. Nevertheless, each system

requires extensive experimentation, and empiricism, to evaluate the specific variables and rate

controlling steps(JO).

2,2.1 Nucleadon Theory

The first stage ofany crystallization is the formation ofnuclei of the crystal phase. It is generally

accepted that supercooling CT,) ofa Iiquid below some equilibrium Iiquidus value T., will result

in an increase in the rate ofnucIeation. The exact degree of supercooling, defmed as T.-T., will
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depend on factors such as the purity of the melt and the presence of partic1es which could serve

as preferred sites of nucleation. Oreater supercooling will increase the rate of nucleation until

a maximum is reached. Further supercooling eventua1ly reduces the nucleation rate due to

reduced solute mobility at lower temperature; (Figure 2.10). 1lùs theory can be applied to

primary solidification of the liquid as well as temperature dependent precipitation of dissolved

impurities in the form of intermeta11ic compounds.

NucLEAnON RATE

o UNDERCOOLING

TM TN Ta

Figure 2.10 Temperature Dependence of Nucleation Ratel"l.

For crystal growlh from solution, nucleation is norma1ly presumed to occur heterogeneously; on

imp!!Jity particles or container surfaces. However, most theory bas been developed to describe

homogeneous nucleation throughoul the solution(3I). In simple form, alOmic movemenl in the

supersall1l'llted solution cause clusters of molecules known as "embryos" lO form. The stabilily

of the embryo depends on the overall change in Gibbs energy for the system given thal the

embryo has a radius, "r". This can be expressed by Equation (2.10);

• (2.10)
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where; y" is the interfacial surface energy of the precipitate (J-cm'2),

4Gv the difference in the Gibbs energy per unit volume between
the solid and liquid phases (J-cm'3), and
4 GE and 4 Ge representing Cree energy of strain and entropy
respectively.

The latter two terms 4GB and 4Ge are usually neglected since in most cases their contribution

is neg1igible. As radius "r" increases from zero, the Gibbs energy change increases until a critical

value r' is reached, after which it will decrease [':Jch that r' represents the critical radius for a

stable nucleus. The value r' can be determined by setting the differential of Equation (2.10)

(with respect to r) equal to zero;

" . (2.11)

The critical radius can be related ta the degree ofsupercooling for a given solubility limit by the

expression;

(2.12)

and;

(2.13)

•

where; VMis the molar volume ofsolute (cm3-mol'l),
R the gas constant (8.314 J-mol'\·oK'I)
t/> the molar heat of solution (J-mol'I), and
CI the relative supersaturation, defined by Equation (2.13).

The relative supersaturation,C1, given in Equation (2.13) is valid for small values of 4T. The

dimensionless number is often refered to by Elwell and Scheel as a percentage value such that
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0=0.1 would be considered 10% supercooling(3S). This is a convenient way of expressing the

driving force for nucleation.

Substitution of Equation (2.i2) into Equations (2.10) and (2.11) gives the expression;

" . (2.!4)

It is clear from Equation (2.14) that an increase in supersatumtion, 0, will result in a dcerease

in the critical radius. Il is also clear \hat a dilute solution with a low molar volume of solute. VM'

will have the same effect on the crititical nucleous mdius.

Substitution of Equation (2.14) into Equation (2.10), and rewriting in terms of rate of nuclei

formation, allowed the following expression to be derived by Volmer and Weber in 1926(30);

1· (2IS)

•

where; 1 is the number of critical nuclei generated per unit volume per second,
z· the frequency of atlachment of single molecules to a unit area of nuclei, and
n the number of molecules per unit volume.

The nucleation mte l, will increase mpidly with supersatumtion driven mainly by the exponential

term. Figure 2.11 illustmtes this effcet for potassium sulphate nucleation and growth from

aqueous solution. Below relative supersatumtions of 10% (o=O.l). nucleation is relatively slow

compared to growth. yet above 10% there is a dmmatic increase in nucleation mte. Equation



• =Le:.:ad::.:R.:.:e...,!Ii:::n=ln"'g..::a:::nd=....::C::.ryc:S:::kI::.l..:::G::.;ro~w~th:!- 28

(2.15) bas correlated weil with experimental data up to supersaturations of 10% but beyond this.

1is observed to vary according the rough power law; cr",
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Figure 2.11 Nucleation and Growth Rates for Potassium Sulphate(15).

2.2.2 Crystal Growth 'Ibeory

•

There is no one donùnant rate limiting step during crystal growth from solution(1O). In the most

simplistic tenns. once a crystal bas nucleated in a solution. the growth process involves the

transport of solute elements from the bulk of the solution to sorne point on the crystal surface

where they may become part oftbat surface. Inherent within this simple description are Iwo rate

controlling steps; (i) m.ss l1"'..nsport in the bulk ofsolution. and (ü) surface reaction at the crystal

interface. The rate ofcrysta1 growth from solution has been weil reviewed by Elwell and Scheel
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and the present review only attempts to give sorne of the basic concepts relevant to intennetallic

growth in process metallurgyl35l.

The frrst crystal growth from solution is usually in the range of high supersaturation since this

is needed to provide the driving force for initial nucleation. This saturation is usually much

higher than that at which the bulk of the subsequent growth occurs. As a result, the frrst crystals

fonned tend to be highly dendritic in nature, i.e., fast growth occurring along preferred growth

directions. The initial fast growth reduces supersaturation and subsequent growth occurs more

slowly However dendrite a;ms still exist in regions of high saturation and tend to capture

solvent between these anns as they close. This early growth is considered unstable. yet

generally gives way to fiat crystal faces as super saturation recedes.

If a crystal is considered to have a stepped interface (Figure 2.12) in contact with a

supersaturated solution, growth may proceed by the following stages(JO);

(i) transport of solute to crystal surface boundary layer.

(ü) düfusion of solute through a solute concentration boundary layer.

(m) adsorption on the crystal surface.

(iv) diffusion over the surface.

(v) attachment to a step.

(vi) diffusion along the step.

(vii) integration into the bulk crystal.

The above mechanism is illustrated in Figure 2.13. The growth of a crystal may not follow all

seven steps; for example, solute particles may diffuse directIy to a step. or kink, site by surface

migration and hence bypass steps (v) and (vi). From a practical point of view. it is necessary to

detennine wlùch step will be rate controlüng.
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The first step ofcrystal growth, transport of soIut\~ to the boundary layer, can he modified by the

cnergy input to the solvent given as agitation. For clysîai growth from solution, it is general1y

considered that growth rates in unstirred melts are limited by mass transport in the liquid

phase(3S). When there is sufficient stirring to eliminate transport in the bulk liquid as a rate

controlling step. one is left with the limitation ofsurface reaction.

LïJ
kink ad atom

vacancy
.4l!fJV

Figure 2.12 IdeaIized Model of a Flat Crystal lnterface(l5).

rf
-'--'--.._-- ",Q;( (III)

(Iv) \(JIIJ

•
Figure 2.13 Stages in Crystal Growth From Solution(l5)•
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In the absence of heat transfer there are two boundary layers present at the crystai-Uquid

interface; a solute düfusion boundary layer and a momentum transfer boundary layer

(hydrodynamic). If the rate ofsolute reaction (ie. crystal formation) at lhe crystal is assumed to

he very fast lhe diffusion boundary layer thickness, ô.' has been given as;

1 vp 1
6 • {O.463( )i3( ""prl

• P 'Il

where; POlI is ·the solution density (g-cm'3),

Tllhe solution viscosity (g-cm·l-sec·I ),
v lhe fluid velocity (cm-sec·I ),
Ilhe crystallenglh (cm),
D lhe solute diffusivity (cm2·sec·I

), and
0.463 is a constant of integration.

(2.16)

It is readily evident from Equation (2.16) that an increase in fluid velocity will decrease ô. and

hence, increase crystal growlh rate. This effect is illustrated in Figure 2.14 where growth rate

remains constant with increasing liquid velocities until conttolled by interface kinetics.

o

Figure 2.14

Solution Veloclty, v-

Variations in Linear Growlh Rate With Solution Velocityl'5l.

•
There is also a temperature gradient through a boundary layer. If the crystal and solution

temperatures can he maintained, then increased stining will result in a decrease in the thermal
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boundary layer lhickness, ÔT, along wilh ô.. A steeper temperature gradient enhances the

stability of lhe growing crystal face. The effect is iIIustrated in Figure 2.15. The solid Une TL

reprcsents constitutional supercooling as solute depletion lowers lhe effective liquidus

temperature at lhe interface. The dashed Une (i) shows an applied temperature gradient which

lies below the curve and results in rapid protuberance growlh into the liquid (dendrite formation).

Steepening the applied temperature gradient in Une (ü) will result in a ~cable growlh interface.

Equation (2.17) gives an expression for instability for multicomponent crystal solidification;

(2.17)

where; l' is lhe Iinear growlh rate (cm,:;::c'I ),
D. is lhe diffusion coefficient of lhe solvent (cm2·sec·I

),

lI1t is lhe slope of the liquidus curve,
lit lhe impurity concentration (mol-cm'3), and
D.lhe diffusivity, ail for each constituent "1" (cm2·sec·1

).

The value t. is defmed as lhe partition coefficient where;

•

(2.l8}
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Figure 2.15 Interface Instability Caused by Temperature Gradient Change(311.

The values of nc
l and n.,.l are the concentration of "1" in the crystal and solution. It can he

argued. however. that higher fluid velocities may not result in steeper temperature gradients

where maintenance of a constant interface temperature is not possible. Improved convection

could serve to increase the interface temperature closer to the bulk value. In this case higher

fluid velocities will increase crystal growth instability.

2.3 Boundary Layer Considerations ln Crystal Growth

As discussed in Section 2.2.2. the growth of intermeta1lic crystals from metal solutions involves

boundary iayers. These boundary iayers can be momentum, heat transfer. and mass transfer. For

metal refining processes. the mo1ten metal bath is usually slow cooled. and rarely involves steep

or extensive thermal gradients between growing crystals and the bulk solvent (metal). Therefore.

one can focus on the effects of momentum and mass transfer through a boundary layer adjacent

to a growing crystal.

•
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2.3.1 Momentum Transfer Boundary Layer

In the simplest consideration of momentum transfer in liquid metal, one can consider the fluid

as exhibiting Newtonian behaviour. That is the shear stress in the liquid is proportional to the

velocity gradient according ta the simple relationship(36·37);

iv
ll

~ • -'1., ..
where; ..... is the shear stress in the fluid,

u. the liquid velocity in the x direction, and
11 the liquid viscosity, a constant of proportionality.

(2.19)

Figure 2.16(36) illustrates the relationship between shear stress and liquid velocity for a Newtonian

fluid.

.v

•• v v

.-",(.1')

v

r = 0 Lower plate
set in motion Sm.1I1

Velocily buildup
in unsle.dy
flow

Large 1
Fin.1 velocilY
distribution in
sle.dy flow

•

Figure 2.16 Laminar Flow of Fluid Between POOlel Plates(36).

When considering intermetallic compound formation during the pyrometallurgical refmïng of

lead. the liquid rnetal veIocity is usually Iow or verging on negligible. One can then consider flow
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over the growing crystal interface to be laminar. For flow over a flat plate (approximation of a

growing interface), this is generally expressed in tenus of the Reynolds Number, a dimensionless

parameter defmed byl37);

(2.20)

where; Re is the Reynolds number,
V. the fluid velocity in the bulk liquid,
L the crystallength, and
p the liquid density.

Usually a Reynolds number for pipe flow below 2000 describes laminar flow. However. this limit

cao change greatly depending on geometry and solid surface roughness. In the case of crystal

growth from lead, if one assumes the typical viscosity of molten lead to be 2.0x10.2 poise

(g/cm/sec)(36), a maximum velocity of 1.0 cm/sec, a liquid density of 10.5 g/cm3
, and a crystal

length of 100 Ilm, the above expression gives a Reynolds number of 5; weil below the critical

threshold for laminar flow.

----

y

_=_ ~='l"~-
:l~""'-....----... ~__ u

- X

•
Figure 2.17 Velocity Profile and Momentum Boundary Layer for Larninar

Flow Over a Flat Plate(36)•
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1be equations ofcontinuity for the conservation of mass in many fluid flow configurations have

been rigorously devcloped elsewhere(36·37). For application to crystal growth from a melt and if

one considers the case of Iaminar flow over a fiat plate, then a boundary layer can be defmed

between the bulle Iiquid at V... and the crystal interface. This boundary layer (as shown in Figure

2.17) is defined as(36);

6 • s.o~ !)X
pY.

where; 6 is the momentum transfer boundary layer thickness, and
x the distance along the fiat plate (crystal interface).

(2.21)

Il is clear from Equation (2.21) that as the bulk fluid velocity decreases, the boundary layer

thickness increases. For molten metal refming where intermetallic particles tend ta form stable

crusts, the Iiquid metal velocity decreases, and the momentum boundary layer is relatively large.

2.3.2 Mass Tl"llmrer Boundary Layer

Il is evident from the nature of crystal growth from solution, that a boundary layer must exist

between the bulk of the supersaturated liquid metal and the growing interface. Higher

concentrations ofsolute in the bulk will provide the driving force such that solute elements will

diffuse through the boundary layer to a lower concentration at the interface. The driving force

for diffusion can be expressed by<36l;

•

• D. ( acA )
lM· - Al, ~

where; JoU is the molar flux ofsolute A in the x direction (mol-cm·2-sec··),
CA the molar concentration of A (mol-cm·3), and
DA the diffusivity of A in l'o')lution (cm2-sec··).

(2.22)
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Equation (2.22) is often referred to as FlCk's law of diffusion. Greater concentration differences

through a boundaly layer. or higher diffusivities (greater atomic mobility) will result in a higher

flux.

For pure crystal growth from the melt, solid diffusion is not a relevant parameter. However

liquid diffiJsivities are critica1 In general, one cao consider self-diffusion for a solvent, and inter

diffusion for the solute species. Unlilœ solids, the mechanism for diffusion in liquid metals is not

weB understood. perhaps I:ecause of our lack of bask~nderstanding of the structure of liquids

in general(36I. The simplest theory of liquid diffusion was proposed by Einstein where he

considers diffusing atoms as non-reacting spheres moving through a medium with a given

viscosity at a given velocity. This hydrodynamic approach is known as the Stokes-Einstein

equation and has been modified by Sutherland to have the form;

(2.13)

•

where; k. Boltzmann's constant (1.38 x 10'23 I-deg"). and
r the radius of a sphere (ionic radius). Â.

A1though the use ofStokes'law does not seem appropriate since it neglects inter-atomic forces.

the above model shows surprising agreement with experirnental vaiues for liquid metals(36). Most

metallic elements have simiIar ionic radii. From Equation (2.23) it is not surprising that

diffiJsivities for most metais fall within the sarne order of magnitude; 10" - 10" cm2-sec·'. There

are other more detailed theories of liquid diffusivity. One such exp1anation known as the

Fluctuation theory proposed by Cohen and Turnbull. postulates the extra volume of a liquid
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(relative to the solid) allows sorne fluctuations to occur in atomic spacing. These fluctuations

periodicaIIy allow an atom to move from one "Ioose" Iattice site to anothefl6l. Reynik quantifies

the theory according to;

where; Z is the number of nearest neighbours (À),
X. maximum diffusive displacement due to vibrations(À), and
K a force constant.

X .ii-2r•

where; d is the average interatomic distance in the Iiquid, and
r is the ionic radius. both in À.

(2.24)

(2.25)

•

Calculation of ionic radü based on Equations (2.23) and (2.24), give values very close ta

Pauling's neutral atom radü which suggeslS that liquid metal atoms carry their valence electrons

with the diffusing ion core. Interestingly, the two models for liquid metal diffusion show a linear

dependence of diffusivity with temperature. This is at odds with the reporting of most data,

where D follows an Arrehius relationship suggesting a thermally activated mechanism. Geiger

and Poirier suggest that Pauling's. and other model data, often follow experimental values

because the value of the activation energy is smalL Figure 2.18 gives sorne relevant experimental

data for solute diffusivities in liquid metal.
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Figure 2.18 Interdiffusion Coefficient Data in Liquid Nonferrous AlIoys(36l•

SÙDple diffusion models are adequate in the absence of fluid motion. However. one must

consider both momentum and mass transfer together for mass transfer in a Iiquid metal system

(crystal growth for example). Then it is convenient to define a mass transfer coefficient kM'

Derivations of mass transfer coefficients are available in the üterature(J6·37). For mass and

momentum transfer along a fiat plate (as discussed in Section 2.3.3. \) the mass transfer

coefficient is given by;

(2.26)

•

where the dimensionless parameter describing mass transfer in a üquid phase are given by the

Schmidt number (Sc). Note that Equation (2.26) bas the same form as Equation (2.16).

Genera11y the Reynolds number is thought ofas the ratio of momentum forces ta viscous forces.

The SChmidt number on the other band cao be described as the ratio of boundary layer thickness

between mass and momentum transfer•
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Sc • ..!L
pD (2.2'7)

One may consider the mass transfer coefficient as a product of the Schmidt and Reynolds

numbers.

Since the mass transfer coeflicient is a ratio of the IWo quantities. then a mass transfer boundary

layer can also be defined in much the same terms with a ratio oi ihe two boundary layers (mass,

ôc•and momentum, ô) defmed by the expression(36);

(2.28)

where; Ôc is the mass transfer (concentration) boundary layer thickness.

Applying the above equations for liquid metals, one can use typical order of magnitude values

for viscosity, ditIusivity, and density to show that ôc«ô. For liquid lead and intermetal1ic crysta1s

grown from solution, one can estimate typical momentum and mass transfer boundary layer

thicknesses for varying Iiquid metal velocities. For a temperature of 400·C typical constants for

lead metal are;

•

viscosity (400OC)(36);
diffusivity Bi in Pb (4000C)(36);
Density Pb (400°C)

T1Pb = 0.022 g-cm·l-sec·1

Dili = 4.0x10" cm2-sec'l

PPb = 10.5 g_cm·3
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Table 2.3 Momentum and Mass Transfer Boundary Layers for Liquid Lead al400OC.

Liauid Ve10civ (cm-sec·l
) 6 ) 6-E

CrYstal Size: lenl!th/2 =25 um

V. =0.01 cm-sec·1 1144 298

V. =0.1 cm-sec'! 362 94.6

V. =1.0 cm-sec' I 114 29.6

CrYstal Size; len2th12 =500 um

V. =0.01 cm-sec' I 5120 1334

V =0.1 cm-sec'( 1620 422

V. =1.0 cm-sec·1 512 134

From Table 2.3 il is clear that when üquid metal ve10cities are low, both the momentum, and

mass transfer boundary layer thickness increases significantly. For lead refming where slatic beds

ofintennetallic partic1es of about 50 J.IIIl are formed and assuming liquid ve10cities in the range

0.1 cm-sec'!, one would expect a large mass transfer boundary layer thickness in the order of 100

pm.
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The nature of rnetal refining with growth ofcrystals from solution, or indeed any solid particles

in liquid rnetal, brings into question the role of surface chemistry. Indeed the concept of surface

energy bas already been applied in the discussion ofnucleation theory presented in Section 2.2.1.

From common industria1 practice, where sorne drosses are termed "dry", while others "wet", one

cao envision the importance ofsurface chemistry for a three phase, solid, liquid, vapour system.

3.1 CapU1ary Forces

Interfaces such as gas-solid, gas-liquid, and liquid-solid have a Gibbs energy associated with their

existence(3&). Il is reasonable that the Gibbs energy should have a positive value since a negative

value would suggest the continuai expansion of the surface. This is of course the case with gases

or miscible liquids where the system tends 10 solution rather than identifiable surfaces. The

energyassociated with a surface is given the symbol y and genera1ly termed the surface tension

or surface free energy. Surface Gibbs energy is a more realistic term when describing the

phenomenon since tension denotes an aclual "skin" or covering. As an energy term, one cao

define surface energy as(38);

y.(aG)
a4 p,T

where; Gis the Gibbs energy, and
A the surface area at constant temperature and pressure.

(3.1)

•

Laplace and Young defmed the basic expression for capillarity in 180S by considering a small

section of arbitrarily curved surface. The IWO radü of curvature RI and Ra are considered as



• ~su=rfl:.L:ac=e..::C:::h=em=is=try.L- 43

shown in Figure 3.1. The surface is displaced a distance oulwards such thal the change in area

will he;

A.4 • (Je • tht)(y • tly) - xy • xtly • ylx

The amount of work: done in fonuing the new surface is given as;

Work • y{1uly • ytht)

(3.2)

(3.3)

A pressure difference, âP, across the surface with area xy and through a distance dz can he

given as;

Work • U'zytk (3.4)

On equating the two work terrns and, and substituting proper geometrical tenus for dx and dy,

one obtains the final expression;

l lU· y(-.-)
RI R2

(3.5)

•

This is the basic equation of capillarity. If the two radti are lqual, as in a sphere, then the

equation reduces to âP=2ylr. Similarly for a plane surface, the two radü are infmite and the

change in pressure must he equal to zero.

The Young-Laplace equation can he used to desctihe capillary tise. If liquid wets the wall of a

capillary il must lie parallel to the two narrow planes. This forces the surface to take a concave

shape to remain continuous and the pressure difference across the surface must he given by

Equation (3.5). For a circular capillary of narrow diameter, the curvalure can said 10 he
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hemisphericaL In this case the two radii of curvature are equal and Equation (3.5) becomes the

limiting expression;

(3.6)

where; r is the radius of the capillary.

If a height, h, gives the distance of a meniscus above a fiat liquid surface for which the ÂP is

zero, then the ÂP in the above equation must be equai to a hydrostatic pressure of Iiquid in the

capillary. Equation (3.6) then becomes;

(3.7)

•

where; h is the height of liquid in the capillary
Â p the difference in density between gas and Iiquid
g the gravitational acceleration.

Figure 3.2 gives a schematic representation ofcapillary cise in a simple circular tube.

Figure 3.1 Conditions for Mechanical Equilibrium for an Arbitrarily Curved Surface(3&).
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T
•

6P.O

/ / /

Figure 3.2 Schematic Diagrarn of Capillary Rise in a Narrow Tube; much magnified in
relation to dish(38).

In the case where the liquid does not completely wet the capillary surface such that the angle of

contact, a, is zero, then the radius ofcurvature RI (Equation 3.5) becomes r/cosa. Since RI and

R2 are equal, one can write the general fonn of the equation;

I:J. pgi • :lycœ8
r

(3.8)

•

For most pnv..lical examples ofcapillary tise where the surface energy of the liquid is high, and

the capi11ary radius Iow, then Equation (3.8) becomes an excellent approximation of reality. The

technique of capi1lary tise is often used to determine the surface energy of liquids particularly

when the liquid perfecUy wets the capillary walls; aequal to zero.
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3.2 Wetting of SoIllls by LfqlÙds

The welting ofsolids by Iiquids generally involves a three phase system, solid, Iiquid, vapour al

thennodynamic equilibrium. The earliest expression of this relation was attempted qualitatively

by Young in bis classic treatise of 1805(39). Young's mechanistic approach was descrihed

algebraically by Dupré in 1869 and is generally termed Young's equation as shown heloW<.a);

YII - y... y",cœ8 (3.9)

where y is the interfacial tension hetween the solid-vapour (sv), solid-liquid (si), and liquid

vapour phase. The angle eis considered the contact angle hetween liquid and solid phase as

defined in Figure 3.3. It should he noted lhat the Young-Dupré relationship refers to interfacial,

or surface, tension rather than energy. This derives from early speculation that surface actually

formed "skins" which could he represented as forces.

~sv

GAS

SOLID

~sl

L1aUID

•

Figure 3.3 Schematic Diagram of a Sessile Drop on a SoUd Substrate
Showing Surface Energies as Vector Quantities(38).



•

•

"'S=:urfl...a=:c::=t....;:C""h::=t""m"'is"'try...... 47

The first exact treatment ofsolid wetting was perfonned by Gibbs who derived Young's equation

considering surface energy (while neglecting gravity). Many, such as Bickennan, strenuously

object to the interchangeable use of the tenns surface tension and surface energy because of the

rigorous derivation of the en.ergy balance compared with the qualitative approach taken by

Young wOOn deriving the expression for so-called surface tension(41). However, in the modern

literature the two terms are considered to have the same meaning, and are often used

interchangeably.

Gibb's work was followed by Johnson in 1959 who again derived Young's equation this time

considering gravity(41l . He concluded that Young's equation was valid under most physical

conditions including complete wetting where the contact angle is zero. Johnson's work

iIlustrated the importance of gravityin detennining the nature of wetting including the shape of

a sessile drop.

The essential feature of Young's work through to the derivations of Johnson, is the assumption

of thennodynamic equilibrium between aIl three phases. This rarely occurs when considering

high temperature metaIlurgical applications, or indeed crystal growth from saturated solutions.

When chemical equilibrium has not heen established, one must consider the raie of mass

transport through the phase boundaries, and its effect upon the overall energy balance.

3.2.1 Wetting Under Chemlca1 Equllibrlum

When describing the system shown in Figure 3.3, and neglecting gravitational effects, the total

change in Gibbs energy for the system at constant temperature and pressure can he written as(42';
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dG • 1>: tin,' • E p: tin,' • E p; tin,v • Y.z dA.z • y.. dA..

, { (~.~) • '( aG.~) ~ (aG.~) .~}• Y,. d.4,. • E E -- tin, • E -- tin, • E -- tin,
.~ ,an· 'an ~ 'an·~, , ,

(3.10)

where; Cl, P, l, v, s are distinct phases.
Cl, pare the interfacial phases.
JlI is the chemical potential of component i in the designated phase.
lit is the total number of moles of component i (by concentration or adsorption). and
G is the total Gibbs energy of the designated phase.

The inclusion of the chemical potential. or activity •ofcomponents of the solution in the above

expression bas a great impact on wetting considerations in later examples. It is crucial for true

welling that the chemical potentials of components have achieved real thermodynamic

equilibrium.

If we consider total thermodynamic equilibrium, then dG=O. and the variations of mass are

independent of the variations of area, Equation (3.10) can be split such that(42);

(3.11)

and;

•

(3.12)
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In the abovc expression, Equation (3.11) describes the conditions for mechanical equilibrium

while Equation (3.12) gives the condiù",1S for chemical equilibrium.

If the liquict droplet is assumed to he small enough such that its equilibrium configuration is

spherical, then such a droplet placed on a fiat, rigid, solid surface will form a solid-liquid

interface jf<42l ;

(3.13)

This Gibbs energy decrease shown abovc results in the deformation of the liquid drop. The

solid-liquid interfacial area increases, and the deformation will continue until a minimum Gibbs

energy state, as described by Equation (3.11), is reached. Therefore, in a system where the bulk

volumes are non-reactive (no m..\Il transport), the Gibbs energy changes for the system are only

the result ofchanges in the interfacial areas(42l.

Figure 3.4 shows a progression of contact angles for a liquid on a rigid solid surface. The area

of the liquid-vapour interface decreases as the contact angle decreases from 180-90·. As the

contact angle further decreases from 90-0· the surface area of the liquid-vapour interface again

increases. This is in contrast to the solid-liquid interfacial area which increases steadily with a

decreasing contact angle. Since we can say that dA,.= -dA.. Equation (3.13) hecomes;

(3.14)

•
Equation (3.14) can he used analytica1Iyto predict the contact angle based on the relative values

of the surface energies. Table 3.1 gives a summary of the possible configurations(42)•



• ~Slll'/i::.cac~t~C~'ht~m~is::try:.L. 50

(b)
(a)

SOLID

VAPOR

: .0°

lr,.:....
B By

..~::'J
Bv B>:::~

By B

SOLID

LIQUIDe

......
: 0

0°..'
i!: .

B By

~IY

Figure 3.4 Equilibrium of Forces on the Periphery of a Sessile Drop; (a)
acute contact angle, and (b) obtuse contact angle(42).

Table 3.1 Possible Contact Angle Configurations.

•

y relationshio (Y. - Y. ) term Y•. term

0= 180 - 90·

y_ < Y. > Y.. (+) (-)

Y. < Y. < Y. (+) (-)

Y. > Y. > Y.. (-) (-)

Y_ > Y. < Y.. (-) (-)

0=90-0·

Y. < Y. > Y.. (+) (+)

Y. < Y. < Y.. (+) (+)

Y. > Y. > Y.. (-) (+)

Y_ > Y. < Y.. (-) (+)
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From Table 3.1, the important parameter of a system at equilibrium which determines wetting

is the value y~ - yIV' A negative value would result in wetting.

According to Aksay et al., the formation of an interface can he considered to he analogous to

the formation ofa solution and correspond to an adjustment of surface structures to form some

intermediate interfacial structure whose interfacial tension, y~. is hetween yIV and y" (see Table

3.1)(42). The actual magnitude of y~ is dependent on the degree of chemica1 bonding at the

interface between Iiquid and soUd. Bonding such as Van der Waals forces or the attraction of

polar molecules are examples of chemical bonding under chemical equilibrium conditions. When

the liquid surface energy is less !han the solid, a reduction of the interfacial energy approaching

the value of y" would result in complete wetting, or a zero degree contact angle.

When Uquid-solid interfacial energy is less than either solid or Iiquid surface energies, then a

transient condition is said to exist This will result in the altering of interfacial structures by

chemical reaction (mass transport) until y~ is once again intermediate to yIV and y".

3.2.2 Wetting Under Non·EqulUbrium Conditions

The conditions of chemica1 equilibrium at constant temperature and pressure are given by

Equation (3.12). When these conditions are not satisfied the system (soUd, Iiquid, vapour) will

react until the interfaces achieve a state ofchemical equilibrium. The attainment ofequilibrium

is a dynamic process and as such the interfacial energies, and hence contact angle, will change

continuously until the equilibrium configuration is reached. It is al ::'lis point that terminology

becomes important Essentially, wetling should he considered an equilibrium phenomenon, while

the dynamic changes in the interface during the attainment of equilibrium are best termed

"spreading".
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Mass transfer across interfaces can he regarded as absorption from one phase ta the other. This

is substantially different from adsorption where no mass transfer occurs (as when there is only

interaction at the interface such as in the formation of Van der Waals bonds), and is much more

significant since volume and composition changes are often very large.

Mass transfer across the interface results in a net decrease in the Gibbs energy of the system;

otherwise there would he no driving force for reaction. At the fmt instant of reaction however,

onIy the immediate boundary region hetween the two phases is involved in the reaction. With

concentration gradien~ now present, it can he argued that the entire Gibbs energy decrease due

to reaction is concentrated in the boundary region. The magnitude of the decrease in interfacial

Gibbs energy is equal to (.1G'P/A). The interfacial energy is therefore reduced by the amount<42);

(3.15)

•

where; ri is the Gibbs absorption isotherm, and
gaP is the Gibbs energy change per unit area.

This is iIIustrated schematically in Figure 3.5. In the diagram, yD,p is the initial interfacial energy

and the fmal value is given by y,p. The Iiterature reports, in cases of strong reaction such as a

large negative Gibbs energy change (with boundary layer thickness of only 20 Â), a decrease

in inlerfacial energy as much as 1000 ergjcm2. This results in spontaneous spreading or

emulsification phenomena(42).
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Figure 3.5 Variation of Dynamic Interfacial Energy With Time During a Chemical
Reaction Between Two Phases(42).

Fmm FJgUre 3.5 it cao be s:l<:n that the interfacial energy increases towards its equilibrium value

after attaining a minimum value. This is due to continued reaction in the bulk phases as diffusion

proceeds (reflected in the terms L~oG"P/è)JIt")dn." and L.(oG"P/on.P)dn.'). In other words, as

concentration gradients in the phases lessen, the impact of a localized drop in free energy is

minimized.

There are rnany different types of chemical reaction which can be considered for a solid-liquid

vapour system. The combinations lire lessened ifone assumes that the solid-vapour and liquid

vapour phases are at equilibrium. With Ibis simplification, possible cases are;

i} solid is not saturated with components of the liquid phase.

ü} the liquid is not saturated with components of the solid phase.

ili} bath phases are unsaturated with respect to each other.
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iv) a reaction product fonns at the interface.

The fust type of reaction is illustrated scilematically in Figure 3.6. Initially at lime t. a quasi

equilibrium state invoIVing no interfacial reaction exists and Young's equation can be expressed

for the initial. dynamic surface energies rt. As the liquid begins to saturate the liquid-solid

boundary layer. a Gibbs energy change will occur by an amount tot due to the free energy of

solution.
(a)

la

" ""/
(b)

(i':v·l.tllgd) l,v VAPOR

,{ ft UQUID

];uD 1'110:":':"8'11
•

l l,
(c) (c1

'2

'" /
(d)

'3

•
Figure 3.6 SChematic Representation of the Various Dynamic Stages of a Sessile Drop;

when the solid is not initial1y saturated with components of the liquid(42).
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If the rate of mass transfer in the solid does not exceed the speed at which the liquid interface

can move, then the reaction will follow the path (a-b-e-dl in Figure 3.6. The original Y.. will

remain constant since the solid exposed at the three phase boundary is unchanged. Spreading

will occur due to a decrease in the solid-liquid interfacial energy and the contact angle will

decrease to a new pseudo-equilibrium value at tl • However at this point reaction in the salid

proœeds until a new Y.. value is obtained which has decreased by an amount IJ.gA. The driving

force for wetting is now decreased and the contact angle increases to a new equilibrium value.

During this "pull-back" stage the drop may break into many smaller drops ü the original drop

thickness was very small during the spreading process(42).

On the other band, where rates of düfusion of liquid components in the solid are fast relative to

the speed at which the liquid can spread the drop would follow path (a-b'oc'Md) in Figure 3.6.

Now y.~ and Y·.. are decreased simultaneously by an amount IJ.gA. The liquid periphery would

remain in contact with the reacted solid; the driving force for wetting is not drastically altered

and the contact angle would remain relatively constant as the system moves towards its new

equilibrium configuration. Either scenario modifies the basic Young-Dupré equation such

that(43,44);

(3.16)

•

where; WAD is the work of adherence

Reaction type (ü) involving saturation of the liquid with some solid components cao he

represented schematically in Figure 3.6. The pseudo-equilibrium can initially he represented by

Young's equation. ACter initial dissolution of solid in the liquid phase, the liquid at the three

phase contact will assume its equi1ibrium energy, This means that y.~ and y." will he altered by

reaction such that each is decreased by the amount IJ.g•• Therefore, during this initial reaction,

a sudden drop in the contact angle would he expected. or in other words immediate spreading.
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This would be followed by contraction of the dropJet as the bulk of the liquid attains equilibrium.

When there is rapid mass transport and a viscous liquid, one would not expect a great deal of

spreading due to the rapid altainment ofglobal chemical equilibrium. For solid dissolution in a

Iiquid phase, the Dupré equation becomes;

(3.17)

The effeet ofa type (iii) reaction (both solid and liquid phases unsaturated with respect to each

other) on sessile drop behaviour could he the same as that outlined for either reaction (i) or (n).

Since there is simultaneous mass transport in both liquid and solid the nature of dynamic wetting

will he dictated by the fastest reaction. Generally mass transport is faster in liquid phases and

one would expect type (ii) behaviour to predominate in such cases.

Ty;'le (iv) reactions, where a distinct reaction product forms, are more difficult to teeat in a

simple energy balance, although sessile drop hehaviour ,vill probably follow that for reaction

(ij(42). The anaiysis is made difficult by the prospect of a reaction product layer which could

isoiaœ the Iiquid from the original solid surface. A general form of the Young-Dupré would he;

(3.18)

•

where; yc is the interfacial energy
BB the equi'jbrium contact angle..
A the interfacial area of \he reaction layer, and
!:lF: the Gibbs energy of formation of the reaction product.

Il should he noted at this point that the type of interfacial reaction which one would expect in

the precipitation of intermetallic compounds (in the presence of a vapour phase) during metal

refining is !lest described by reaction type (fi). The practiCai example is somewhat different l'rom

lhat presented. in that the solution at the crystal interface is depleted in solute, rather than
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concentrated relative to the bulk solution. Therefore. Equation (2.16) or Equation (2.28).

describes the boundary layer thickness for solute diffusion. One could also consider this

boundary layer as a chemical potential gradient since solution at the outer edge bas a gret!ter

driving force for crystal growth than solution at the reaction (crystal growth) interface. Il is

presumed thal maintenance of such a mass transport boundary layer will constitute a continuaI

driving force for wetting of the solid crystal interface. One can readily imagine where strong

reaction gives a drarnatic decrease :,1 î J (see Figure 3.3) that a situation might arise where Y.. 

Y~ > y~. Based on Aksay's model. dynamic spreading will accur such that solid surfaces may

be isolated from the vapour phase with zero degree contact angles.

3.3 PracticaJ Surface Energies

Agreat deal bas been said about surface energies ofso\ids and Iiquids relative to a vapeur phase.

Generally these values are expressed as erg/cm2 or dyn/cm (gIsec2). Most of the values have

been determined experimentally using such techniques as the sessile drop or capillary rise

experiment Surface energies for so\ids are much less tangible and impossible to measure in the

same way as liquid surface energies. Indeed Bikerman makes a strong argument that solid

surface energies cannot be the same as liquid surface energies due to the discontinuous nature

of a solid crystalline interface(40).

3.3.1 L1qufd Surface Energies

The surface energy ofa Iiquid usually means the energy of the interface between a liquid and ilS

vapeur in equllibrium. In practice. the attainment of true equilibrium often takes a great deal of

time. and dynamic surface energies (although close to equilibriwn) are actually measured

experimentallY4O). For liquid metais or glasses. the surface energies are usually determined in a
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gas which is believed to be inert with respect to !he Iiquid. In the case of metals, this gas is often

hydrogen, which serves !he dual purpose of supplying an inert aunosphere while a1so displacing

oxygen which destroys a truly meta1lic surface by producing an oxide reaction product layer with

many metaIs. Vacuums are aIso used in practice yet it is difficult to completely remove oxygen

in this manner.

Table 3.2 gives sorne typical surface energies for Iiquids which are of importance to this study.

It is interesting to note the difference between the surface energy of metals compared to water

or molten saIts(40). In general, an order of magnitude difference is measured between the two

types of Iiquids; one ionic in nature, the other experiencing weak meta1lic bonding.

Table 3.2 Surface Energies of Selected Liquids(40).

LIQUID TEMPERATIJRE (OC) SURFACE ENERGY

(dvnlcm)

Water 20 72.58-72.91

Ethanol 20 22.32

Conner 1120 1269

Silver 1100 909

Zlnc 550 778

Lead 400 446

Sodium 98 202

Lia 1000 110

KCI 1000 83

The Yvalues listed inTable 3.2 are a1ways quoted with a reference temjlerature. It is interesting

to suppose that healing a Iiquid in equilibrium with its own vapour will eventually reach its

critical point (assuming il does not decompose). At a critical point !here is no difference between

Iiquid and vapour. and hence no surface tension can exist<40). This detennines the general trend
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in heating a Iiquid, where surface tension decreases with increasing temperature. Therefore. the

further a liquid temperature is from its critical point the higher the surface tension. This

relationship, does not hold tnJe for liquids whose basic molecular composition changes during

heating. Lead silicates are an example of this exception. In general though. the relationship of

surface tension and temperature follows;

Yli • • (T. - T -TJ (3.19)

•

where; T. is the critical temperature.
T the temperature of interest,
T. = 6"C to cope with barely measured surface tensions near the critical point, and
a. the characteristic parameter for each liquid.

The basic form of the relationship is illustrated for water in Figure 3.7(4Jl1•

75~-----------,

';', 74
u
el

~ 73c
o••c.s 72fl
~
:;
tJ)71

70 5 " 12 ' 16 ' 20 ' 24 ' 28 "35

Temperature, 'c

Figure 3.7 Effect of Temperarure on the Surface Energy ofWatef4Jl).
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Due to the linear nature of Equation (3.19), expressions which relate surface tension to

temperature can take many forms. One such equation for Iiquid lead (under H2(g» bas the

form(4Sl;

yPb 0 444.S - 0.100(/' - TlIlp ) (/'dsrrC) (3.20)

where T.." is the melting point of lead (327"C). This gives a Iiquid surface tension for lead

which ranges from approximately 445 dynlcm at the freezing point, to 422.7 dynlcm at 550·C.

Il is clear!hat over large temperature differences such as 200+·C, there is Iittle change in surface

tension. 11Ie Iiterature contains other expressions to calculate surface energy based on extensive

properties of the substance. One of the more intriguing was proposed by Stefan who draws a

Iink between the latent heat of vaporization and the total surface energy<40l ;

MA
o-

N
(3.21)

•

where; Ais the latent heat of vaporization on a gram basis,
M the molecular weight, and
N, Avodagro's number.

11Ie model is interesting since it relates the tendancy for atoms to leave a defmed surface to the

overall energy associated with that surface. In this way the model attempts to deal with the

fundamental nature ofa Iiquid surface. The factor 2, in Equation (3.21) varies for many Iiquids,

proving !hat there is not a precise relation between energies of vaporization and energy required

to transfer a molecule to the surface layer.

3.3.2 Surface Energies of Metal SolutiolL'i

The present discussion of Iiquid surface energy bas so far considered only pure Iiquids. For

Iiquid solutions, the determinallon of Iiquid surface tension is more difficult Simple models for
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binary solutions such as that proposed by Defay and Priogine have assumed weak chemical

interactions of species and hence 3 regular solution model(46l• However, mosl solutions show

SUllle intera::tion of the elements which cao be described by thermodynarnic parameters such as

aclJvily coefficients. For exarnple, the lead-zinc binary system shows strong positive deviation

from ideality (large miscibility gap) in terms of solution and nol surprisingly, the binary surface

tensions vary in much the same way as the thermodynarnic properties. Figure 3.8 ilIustrates the

powerful effect of lead additions to zinc on the overall surface energy of the binary alloY41l . This

compares ta a similar plot of lead activity versus surface energy; Figure 3.9l47l.
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Figure 3.8 Ef'fect of Lead Additions on the Surface Energy of Zinc-Lead Alloys(47l.
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Butler has lIroposed a model ofbinary liquid surface energies whieh takes înlo accounl differing

aelivilies of solute al the free liquid surface versus the bulk liquid. This is expressed by the

equation(46);

RT .'A RT .'..Y • YA + -",- • y.. + -",-
SA.A S.._..

(3.12)

where; y. y". y. are the liquid surface energies of the binary solution, eomponenl A. and
eomponenl B, respeelively,
a". and a. are the bulk liquid ehemieal aclivities ofeomponents A and B,
a'", and a'. are the ehemieal activities on the liquid surface, and
Sil. and S. are the surface monolayer areas of the eomponents.

The surface energies and bulk solution activilies ean be measured directly for a ~ven system,

while the surface ehemieal activities and surface monolayer areas are ealeulated.
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Flgure 3.9 Effeel of Lead Aetivity on the Surface Energy of Zine-Lead A1loys(47)•
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Yeum et aI. have used this equation to describe experimental results for a number of binary Metal

systems exhibiting both strong positive and negative deviation from idealityl46l• For their

calculations, the surface activities are determined by assuming similar solution thermodynamics

at the surface (compared with the bulk solution) but with activity coefficients altering according

to the coordination number of the atoms at the surface. In other words, the activity coefficents

at the surface will change based on a ratio of coordination numbers between bulk and surface

atoms. With constant composition, the surface activities will be affected by the same ratio.

A simpler, model was proposed by Thresh et al. where they assumed that differences between

the bulk and surface equilibria to be neg1iglble in ManY cases. The variance in surface energy for

a binary solution is thus a function of the bulk solution thermodynamics only and is expressed

by the equation(47);

(3.23)

•

However, the calculated values of surface energy are often higher than those derived

experimentally, although the relationship has the correct form since it matches weil the shape of

experimental curves.

Equation (3.23) suggests that the effect of small concentrations of a solute will he proportional

to the difference between its surface energy and that of the solvent, and that its effects will also

be conditioned by the magnitude of its activity in the solution. Therefore, solutes with smaller

surface tensions than the solvent, and large positive deviation from ideality (large activities), may

signilicantly depress surface energles when dissolved in small quantities. Similarly, solutes with

higher surface energies than the solvent, and negative deviation from ideallty. will have IiUie

effect upon the overallllquid surface energy in smaIl amounts. The lead-zinc system (Figure 3.8)

is an example where small amounts of lead (low surface energy and high activity) can
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signilicantIy reduce the Iiquid surface energy from that of pure zinc. Small additions of zinc to

Iead on the other hand. give litt1e change in the overallliquid surface energy of the system.

3.3.3 SoUd Surface Energies

Surface energies of soliOs are much more difficult to measure than those of Iiquids, and hence

are less common in the literature. Indeed. from a theoretical perspective. solid surfaces are much

more complex !han liquids since one cannat postulate the perfectIy fiat, homogeneous. interface

idealized in Iiquids. Solid surfaces. crysta11ine in nature. will have surface discontinuities.

defects, and contours which. due to the atomic nature of crysta11ine substances. have differing

energies. Nevertheless, one can derme a solid surface energy as the reversible work in creating

a unit area ofnew surface at constant temperature, volume. and numtJer of moles such thatl4l,49);

(3.24)

•

where; dw is the amount of work associated with the increment dA.

Calculations ofsolid surface energies are difficult since one is generally considering the bonding

energy ofa crysta1Iine solid, and the energy neceSSllry to break certain bonds in exposing a planar

surface. It is also worthy to note that solid surfaces are mobile in the sense that in equilibrium

with a vapour phase, bulk and surface diffusion can allow regeneration of solid surfaces within

a reasonably short tùne. This implies continuous movement ofsurface atoms between the bulk

solid. surface layer, and vapour phase.

One of the more practical methods of solid surface energy determination is the cleavage

technique which malœs use of Equation (3.24)(41). whereby the amount of work is directIy

measured upon the creation of a new surface by crystal cleavage. However, resuits can be
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influenced by gas adsorption, and a subsequent recovery of the surface after initial cleavage.

Another method, particularly applicable to cubic meta\s, is the zero creep test where the material

is fashioned into a thin wire(48). The measurements are usually carried out at high temperature

where the atoms are quite mobile. The experiment consists of finding the applied stress that will

prevent either shrinkage or elongation of the wire when grain boundaries form a type of

"bamboo-lilœ" structure along the wire surface. This technique has been used in Figure 3.10 to

determine solid surface energies for copper as a function of temperature. The data is also

compared to liquid surface energies for the same element The 25% increase in surface energy

at the freezing point agrees wen with other data where the soUd value is 1.\-1.3 times the Uquid

value at TID' Indeed, meta1lic solid surface energies are often extrapolated from liquid data on

this basis. It is interesting to note that the crystaRographic orientation of the surface will effect

the value of the solid surface energy. The close paclœd plane will have a value 10% lower than

other crystal planes and in some iÎ1stances of crystal growth, the morphology of the crystal

(polyhedral for exarnple) will be due to a minimization of high surface energy plane areas.

1
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Figure 3.10 Test Specimen Used to Measure Solid Surface TenSion in !'. Te:l~ile Tesr4l)•
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When considering the nature of drosses or crusts fonned in metallurgical operations, it seems

natural to consider the interaction of solid and liquid surfaces and hence the role of capiIIary

forces. It is known that drosses. which can entangle various amounts of Iiquid metal, are fonned

of many tiny particles, the spaces between which one can consider as "bundles" of capillary

tubes. It is net common practice in the meta1lurgi:alliterature to consider dross in this light, yet

there are many similar physical phenomena which have been successfully modelled in this way.

Soils are probably the best known example. Other examples, perhaps more pertinent wOOn

considering metallurgical applications, are the modelling of fJltration and thickening during

minerai beneficiation, and the infiltration of sintered metallic or ceramic pre-fonns (skeletons)

with Iiquid metal in the fabrication ofcomposite materials.

Other commonly modelled partïcle-Iiquid systems are suspensions where the solids concentration

effects the fluid properties of the mixture. Particle-liquid suspensions often exhibit non

newtonian behavïour, for example a change in viscosity with applied shear stress. 5uch mixtures

are referred to as Pileul1011lastic, or "shear thinning"(~'SI).
,

4.1 MeclIanisms of Water Retention ln Solls

Saction 3.1 gave the equations for capillary rise in a single tube with flXed geometry. The most

important parameter in Equation (3.8) was the value of the liquid-solid contact angle, e. It is

cl.ear that a contact angle greater than 90° will give no capi1Iary rise. The other parameter of

importance is r, the effective capil1ary radius. As the radius i1ecreases, capillary forces increase.

Yong bas successfuIIy applied these fundamental relationships to water retention in soils. where

the bed ofparticles is assumed to create a networlt ofcapillary tubes due te the spaces between

adjacent particles, and water is assumed to wet the particles (contact angle less than 90°)(52)•
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4.1.1 Water Retention ln Non-Clay SOUIl

Simple capillary-rise modeIs of water retention in sciIs often do not agree precisely with

measured values since spaces between particles are not really bundles of capi!laries. but more like

cellular pores inlerCOnnected through openings of various sizes(52l• Nevertheless, the basic form

of the relationship holds true for many types of soiIs including sands, defmed as non-reactive

particles usua1ly greater than IIlJl1 in diameter.

The basic equation of capillary pressure was used by Buckingham(52) to develop the "potential

energy" concept of soi! water retention. In Buckingham's model, the capi\lary potentia1 is

delined as the worlc required per unit weight of water to pull water away from the mass of soi!.

The potentia1 decreases as the water content increases. This concept is illustrated in Figure 4.1

which schematically describes one of Buckingham's experiments where a column of dry soi! is

pIaced into a pan ofwater and aDowed to reach an equilibrium saturation with the water. Water

maves upwards into the dry soil in response to a gradient ofcapillary potential while constanlly

being drawn downwards by gravitational forces. It is interesting to note that the soi! is œver

completely saturated (pores fi1led) with water since the networlc is of varying size thrOUghl'UL

Figure 4.1 Buckinght..n's Experimental Apparatus Used to Determine a Soi!'s Water
Potential(52l.
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Il is interesting 10 note thal Buckïngham's experiments are nol reversible in the sense !hat upon

draining from complete saturation with water, a column will have a different water retention

profile than in the case of wetting a dry soil. More water will be retained during draining

because complete drainage cannot be attained until the pressure drop exceeds the capillary

pressure due 10 the smallest pore. This hysteresis of wetting is illustrated in Figure 4.2, where

waler tise is curtailed due to varying pore diameter and similarly water draining is prevented due

to unavoidable restrictions in pore diameter during the random packing of particles.

(a) Drying
P'P2

(b) We1ting
P'P2

(c) WeIlmg
P'P1<P2

•

Figure 4.2 Schematic Diagram lliustrating the Hysteresis of Wetting; liquid infiltrating
will encounter a large pom diameter while drainage will see a constriction(52).

While pore diameters may change due to varying particle size and the random packing of

particles in nature, it is clear that capillary forces in packed beds will tend towards maximum

particle packing. Bikerman returns to the basic defmition of capillary tise in a solid-liquid

vapour system where the surface wetting forces of a liquid (responsible for the meniscus) will

tend to draw the walls of a capillary tube together in the presence of a meniscus. This is

illustrated in Figure 4.3 where capillary forces drive particle B from its initial position (the

discontinuous line) towards particle A The effec! of capillary attraction on the volume of moist
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powders is again illustrated in Figure 4.4. The contractile force of meniscus M. may collapse

the vault above C and thus reduce the volume of the system AB.

L... J

Figure 4.3 Effect of Capillary Attraction on the Volume of Moist Powders; particle B is
driven from ilS initial position (the discontinuol!s line)(40l.

M---"

t--M

c

• Figure 4.4 Effect of Capillary Forces on the Volume of Moist Powdet40l
•
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4.1.2 Water Retention ln Clay SoUs

Models of water retention in clay soils differ from the simple models dcscribed by Yong for

comparatively large grained, sandy soils(52). Clays arc generally described as consisting of

particles with diameters of 1 Iffil or less. Table 4.1 gives approximate particle size and surface

arcas for typical clays.

Table 4.1 Typical Size and Surface Area for Clays.

Mineral Thickness CÀ) Surface Area Cm2/~)

Montmorillonite 20 800

lllite 200 80

Kaolinite 1000 15

Clays differ from sandy soils in their ability to swell in the presence of moisture. For fine clay

particles, the clay bed may swell in volume weil beyond the theoretical random packing of the

particles. The process in reversible in the sense that drying of particles gives a corrcsponding

reduction in volume until a minimum is reached, at which point particles arc assumed to be

arranged in their most dense packing. The volume changes of clay soils during wetting and

drying present civil engineers with unique problems, since the swe1ling pressure of fine clays can

often exceed severa! tonnes per square foot(52).

The mechanism ofclay sweDing is based on a force ofrepulsion betwcen adjacent particles. This

bas becn attributed in the literature ta two basic forces; (i) the hydration of the particle surface

and any exchangeable cations on that surface, and (ü) the osmotic pressure deveillped through

the diffuse ion layer existing between the particle surface and the free pore water52
). The

hydration force gives extrcme swelling pressures in the order of tonneslft2 over very small

volume gair.s (short range repulsion), while osmotic swelling of clays occurs over larger
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interparticle spacing and decreases as the distance between particles incleases (as swelling

proceeds).

4.1.2.1 Hydration of Clays and Exchangeable Cations

•

Clay particles in soils are always hydrated, sUITounded by layers of adsorbed water molecules.

The forces bonding water molecules to the particIe surface are responsible for many of the pore

water properties of clays, particularly a~ low moisture levels. Yong discusses the hydration of

clay as the result of the interaction of polar water molecules and the charged surface of a typical

clay particle('Z).

A typical clay particle may have substitution of one cation for another in the crystallattice or

imperfections, particularly along edges (known as broken-bond charges) and may give a net

negative charge for the clay surface. Water will be attracted to the charged surface since it is

a polar molecuIe, and the first molecular layer of water can be held at the interface by hydrogen

bonding with oxygen atoms in the clay crystallattice. Successive layers of water molecules are

held Jess strongly by hydrogen bonding, and with each layer the bonding quickly approaches that

of Cree water. However, the initial adsorbed layers of water can have boundary layer densities

as high as 1.4 g-cm'3 and ion dilfusivities 100 limes greater than free water"Z). The thickness of

the hydration layer is disputed, but an average' value of 15À has been reported in the Iiterature.

The negatively charged surface ofclay also has the effect of attracting cations in solution. They

are termed exchangeable since one cation can Ile readily replaced by another of equal valence,

or two of one-half the original valence. For example a clay with predominantly sodium as the

exchangeabIe cations cao be washed with a calcium chloride solution where each calcium ion wiU

replace two sodium ions. The process, known as cation exchange can Ile written as;

(4.1)
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In terms of ease of replacement, a higher ion valence (or greater ion radius) will give greater

r.:placing power. For exampJe calcium will easily replace sodium (2+ versus 1+), and calcium will

also replace magnesium due to its greater ionic radius (atomic number of 20, versus 12 for

magnesium).

The exchangeabJe cations are not held tightly in a layer against the solid surface, but rather some

distance away depending on the !'alance of coulombic (attractive) and düfusive forces.

D'.ffusion forces are those described by Fick's law (Equation (2.22» where ions will diffuse to

areas of lower ionic concentration. The balance of coulornbic attraction and düfusion results in

a diffuse layer ofcations with its concentration highest near the particle surface and decreasing

towards the bulk solution. This layer is known as the diffuse ion layer, and its interaction with

an adjacent layer on another particle. is chiefly responsible for extended swelling pressures in

clays. Figure 4.5 illustrates the concept of the adsorbed water (often referred to as the Stem

layer<J8l) and the diffuse ion layer.

~.
lnnet Helmholtz plan. (IHp)

CM., Helmholtz piani (OHP)

~ __Diffuse lIyer

_...J.........J...... ,

Figure 4.5 Schematic Diagram of the Diffuse Ion Layer in Aqueous-Particle Systems()8l.



• :..P,::arl~U:::::·,"'t..:o Ug::;·:r,.:"::.::id=S""ys::.:tt::.::tnS=- 73

The thcoretical distribution ofcations al a negatively charged surface was derived by Gouy and

later by Chapman(38I,

(4.2)

where; n. is the number of cations per unit volume at any distance x from the surface.
n. the number of cations per unit volume in the pore water away from the surface.
z the valence of cations.
c;, the concentration of cations (molarity) in the pore water. and
x the distance from the surface (À).

Using the Gouy-Chapman equation. one can calcuIate the concentration of cations at any

distance from the particle surface. The thickness of the diffuse ion layer will increase with

decreasing z (charge) and pore water ion concentration as iIlustrated in Figure 4.6.

20

15

~
"-
~ 10

5

•

1~---f:---=::::~==------:=:::-o 50 100 150
Distance, XI (A)

Figure 4.6 Effect ofCharge Valence and Ion Concentration on the 1lùckness of the Diffuse
Ion LayerS2l•
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4.1.2.2 Interaction of Diffuse Ion Layers

Extended swelling ofclay particles (beyond that of interaeting hydration layers) can be attributed

to the forces of repulsion caused by the interaction of overlapping diffuse ion layers. The

repulsion can be visualized as being due to water attracted between the particles forcing them

apart The water movement is the result of osmotic activity in which the system attempts to

reduce the concentratior. gradient existing between the bulk pore water aud the solution

contained in the overlapping diffuse ion layers(52).

'The nature of the repulsive force between two overlapping diffuse ion layers can be illustrated

in Figure 4.7. Here the electric potential of the solution 111 is plotted as a function of x for two

parallel surfaces. Langmuir argued that the total force acting on the planes can be regarded as

the sum of an osmotic pressure force since the ion concentration midway between the two

particles differs from that of the adjacent bulk solution(38). Langmuir's derivation of the equation

for interparticle concentrations has been simplified by Yong as(52);

(4.3)

•

where; Cc is the concentration of cations midway between two clay plates (moVl),
d the half-way point between two plates (À),
X. a correction factor (1-4 À) depending on charge valence and density, and
8 equal to 10,15 cm/mol (a constant that depends upon temperature and the
dielectric constant).

The derivation of osmotic pressure from concentration data considers the molar Gibbs energy

of an ideal solvent with mole fraction XI(53);

(4.4)

where; GO is the Gibbs energy of the pure solvent
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Figure 4.7 Effect ofTwo Neighbouring Particles on the Diffuse Ion Layers(3ll).

If an extemaI pressure is applied to the solution, the Gibbs energy of the solvent may he

increased to the point where it is equaI to the pure solvent The effect of pressure on Gibbs

energy is given by;

dG. y l1P (4.5)

for a process at constant volume, V. The osmotic pressure TÇ, is defmed as the pressure on the

solution in excess of the pure solvent and the increase in molar Gibbs energy can he written as;

"AG • Y f l1P • TÇY

•
(4.6)

•
One can then combine the effect of solution concentration and extemaI pressure on the total

Gibbs energy of the solvent to get;

(4.7)
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When the solvent in solution is in equilibriwn with the pure solution. Equation (4.6) becomes;

(4.8)

By substituting Xl =(1 • x2). expanding the logarithm. and defming ~ = n/n l • and V =V/ni'

where V is the volwne of the solution and ni and ~ are the numhers of moles of solvent and

solute respectively. one obtains;

or.

RTn • -Il, . C)l.T • RT(Cc - C)y

where; C. is the ion concentration in the bulk solution (mol/l).

(4.9)

(4.10)

•

Therefore. Equation (4.3) can he used to estirnate the mid-point solution concentration. Cc. and

knowing the buIk solution concentration. C. one can estimate the osmotic swelling pressure for

a hed of clay particles(S2).

. Osmotic swe1ling is generally restricted 10 sub·micron (colloidal) sile particles since the value

of Cc rapidly approaches the bulk solution concentration at values of d greater than 100 À(!&).

Because repulsion forces are short range in aqueous solutions (in the order of lOs of Â(S2», the

particle diameter must he small in order for an interparticle distance in the order of 100 À to

have any noticeable effect on hed volumes. Figure 4.8 iIIustrates the application of osmotic

pressure calculations to the swe1ling of a montmorillonite clay with varying pore water salt
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conccntrations'S'). The calculated curves match experimental values. particularly for lower salt

concentrations.

08
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Figure 4.8 Effect of Ion Concentration on the Swelling Pressure of a Sodium
Montmorillonite Clay(S4).

. ,

4.2 Coal and Minerai Dewatering

•

The minerai beneficiation industry bas as an objective at limes to produce minerai or coai

concentrates containing as Iittle water as possible. In industry, minerai slurries of low solids

content are thickened in large tanks where hindered settling conditions provide an underflow

slurry with considerably less moisture. These, high solids content slurries are often vacuwn

filtered to remove the buIk of the water before a final drying operation (rotary driers ete.). It is

important to remove as much water as possible in the comparatively inexpensive fùtration step

in order to minimize capital and energy costs for concentrate drying.
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The use ofsurface active compounds (surfactants) have found an application in the filtration and

dewatering industry in an effort to promote more efficient water removal(SSJ6.S7,5B~'). Severa!

authors have reported dramatic reductions in final cake moisture through the use of calionic,

anionic, and non-ionic surfactants when dewatering relatively coarse (0.5 mm) coal

suspensions(S8~~'). The reduction in entrained water has been attributed to reductions in the

solid Iiquid contact angle (promotion of hydrophobicity) and hence, a reduction in capillaIy

pressure within the cake. üther authors, working with much fmer suspensions of coal and

hematite (-1 J.1ffi) have reported similar results for certain surfactants yet dispute the claim that

reductions in hydrophobicity are responsible(SSJ6).

4.2.1 Capl11ary Models of Dewaterlng

Versluys(60) in 1917 described three equilibrium states for the dewatering of a wide variety of

porous beds under an applied pressure or suction. Figure 4.9 iIIustrates schematica11y the

relationship belWeen moisture and an applied pressure(S7). Initially, when suction is low, or the

bed is thin (Iow pressure drop), the interstitial voids between particles are saturated and the bed

is said to be in the capi11ary state. As the vacuum is increased a stage is reached where the

applied pressure exceeds the negative capi11ary pressure at the air-water interface, and water

displacement commences. This displacement is described as the "funicular state" in which a

continuous network ofWaler exists in equilibrium with air throughout the porous assembly. As

suction is increased, further f10w of liquid occurs until there is insufficient water to form a

continuous Iiquid film. At this stage a "pendular state" is formed in which discrete lenses of

water form at the points of particle contact and any further removal of moisture from the bed

occurs primarilyas a result /)fevaporative diffusion. Several authors have proposed that it is the

funicular state of dewatering which can be altered by a change in capillaIy forces; principa11y

through an increase in the solid-Iiquid contact angle, e(58~~9) •
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Figure 4.9 Relationship Between Retained Moisture and Applied Pressure for Fiitration(S7l.

When considering capillary forces in the f1ltration of coarse mineraI particles. severaI authors

have expressed Equation (3.8) in terms of a capillary pressure;

p • 2y,. cose
C r

where; Pc is the capillary pressure.
y", the surface energy of the bulk solution.
S the solid-liquid contact angle. and
r the apparent capillary radius in the packed bed.
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Figure 4.10 Reduction in Moisture Content of a Coal Bed with Surfactant Additions;
constant applied pressure(51).

•

Gala and Chïang point out that the addition ofsurfactant chemicals to particle slurries could have

the effect of changing both liquid surface tension and the contact angle. A reduction in either

value, or both, would lead to a reduced capillary pressure, p., and a reduction in moisture for

a given applied suction to the fùter calce. Figure 4.10 illustrates the general trend for coal

fùtration where surfactant addition reduces the capillary pressure. Other experimental data

supports the hypothesis that changes in surface tension (due to surfactant addition) correlates

weil with a reduction in moisture content of a fùter calce at a given applied pressure. However,

this trend is only observed for low concentrations of surfactant As more surfactant is added,

moisture levels often rise despite a continued decrease in surface t::nsion. This is iIlustrated in

Figure 4.11 where Gala and Chïang have measured the dewatering behaviour of minus 32 mesh

coal with a cationic surfactant; DPe (dodecyl pyridinium chloride)(58l •
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For a cationic surfactant. the in-:rease in moisture content ~t high surfactant additions h:.s been

explained by Gala and Chiang as being due to changes in the contact angle. At low

concentrations of OPe. the anionic surface of the coal will attract a single layer of OPe with the

cationic end of the molecll1e oriented towards the particle surface. and the hydropbobic tail

towards the solutiolL This configuration willlead 10 increased hydrophobicity. or a lowering in

the contact angle. However. further additions of surfactant will give a second layer of OPe

iïlolecules on the coal surface. this time tI\~ hydrophilic end of the molecule is oriented towards

the solution causing an increase in the soiid-iiquid contact angle. This change in surface

wettability accounts for increased moisture contents at high surfactant concentrations. Similar.

types of re1ationships are reported for anionic surfactants where changes in both surface tension

and contact angle combine to aIter the capillary pressure as defmed in Equation (4.10).
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Figure 4.11 Dewatering Behaviour of -32 Mesh CoaI With Increasing Concentrations of a
Cationic Surfactant (DPe)(SSl.
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4.2.2 Dewaterlng or Fine Minerai Siurries

The capillary model ofresidual moisture in filter cakes bas been applied to fine coal and bematite

particles (average diameters around Ij.1II1), and found wanting. Work by Mwaba using an

anionic surfactant showed that small additions were effective in reducing entrained moisture in

filter tests. However, continued additions resulted in a retum to high levels of entrained water.

The pattern was similar to tests performed by Gala and Chiang except that Mwaba showed

continued reductions in both Iiquitt surface tension and solid-Iiquid contact angle with increasing

surfactant concentrations. Despite reduced capillary pressure, moisture levels increased as

illustrated in Figure 4.11(56).

Mwaba's experimental results illustrate that capillary pressure arguments alone do not account

for moisture re!~ntion in fme particle beds. Indeed, without offering a mechanism, the author

suggests that the effect of surfactant molecules on the diffuse ion layer surrounding mineraI

particles may be responsible for the observed behaviour. It is possible that the size range of

particles used in bis study (sub·micron) allowed diffuse ion layers to play a part in the forces

causing water retention. In much the sarne way as sub-micron sire clay particles are influenced

by the diffuse ion layer, fine mineraI particles may interact to cause an osmotic pressure resulting

in particle repulsion and therefore water retention.

4.3 Metal Infiltration orSintered Partlcles

The technique ofmolten metal infiltration of sintered particie compacts bas become increasingly

important in the fabrication ofspecialty materials, particularly metai-matrlx composite materials.

InfJ1iration allows near-net-shape articles to be fabricated which exhibit improved mechanical

properties due to the combined influence of the two phases. The application of powder

metallurgy and production ofcomposite metal systems was flI'St applied in the 1940s for heavy
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dutYelectrical conductors (copper inflltrated cast iron), and latter in the 1950s for the

dcveloprncnt of high perfonnance jet engine turbine bladcs. Pre-sinlf:"ing of meta1lic, or ceramic

particles ensures the optimum blend of mechanical properties, while controlling the density

(volume fraction) of the particle phase. The technique also allows the production of near-net

shapes, thereby eliminating costly forming processes.

A great deal of research work bas becn conducted on the ability of the liquid metal to wet a solid

substrate. Without wetting of the solid there can be no bonding of Iiquid to solid and hence

inferior mechanical properties rcsult. Furthermore. without wetting (defined as a contact angle,

a~ <90") there can be no capillary cise forces for liquid to infiltrate the systems of micro-porcs

developed ducing the powder sintering process. To dctermine the ability of sintered beds to

draw, and hold liquid rncta\, the contact angle is usually measured under equilibcium cunditions.

4.3.1 Capillary Rlse Modele; of Metal Inmtratfon

Early work in the field of melt infiltration has considered the mechanism of infiltration to be a

simple capillary I!lOdcf61 ,62,631. When contact angles are less than 90·, the liquid win flow through

the capillary bondies in an effort to minimize the energy of the system. The decrease in surface

energy will be balanced by a gravitational potential energy teern. This bas been expressed by

White(64I;

•

tlG • dG. + dG, + dW· 0

where; dG is the change in Cree energy of the system,
dG. the change in surface free energy,
dG. the change in gravitational energy. and
dW is the work done against the additional applied pressure.

(4.12)
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In considering the sintered bed of particles as bundles of capillary tubes, White detines an

effective particle radius which determines, along with the surface energy, the magnitude or the

capillary pressure(64);

(4.13)

where; IIIp is the volume fl4ction of solid powder,
Pp is the mass density of solid powder, and
Ap the specific surface area of powder per gram.

Ifmelt infl1tmtion is simply governed by capillary forces, then the rate of Iiquid risc in a particle

system can rJ: mcdellcd bascd on Poiseuille's law for 110w through narrow tubeS(65). Ligen7.a and

Bernstein, with retinements by Semlak and Rhines, developed the following equation for the

height ofcapillary rise as a function of time for flow in a packed particle bed(66.62,671;

2h. -
n

(4.14)

where; h is the height of liquid rise,
t the lime of liquid rise, and
1"1 the liquid viscosity.

Equation (4.14) can be expressed in terms of a mte of infiltration where(621;

h. Kit

and;

(4.15)

2K·
'It

(4.16)

•
As an order of magnitude caIculation, Equation (4.13) can be applied to the infiltration of Iiquid

lead (at 400·C, Ytv = 447 g-em'2, 1"IPb = 0.022 g-em·l-scc·l
) into a porous structure with an
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effective capillary radius of 15 I!m. Here, the height of capillary rise after one minute would be

approximately 20 cm, giving a rate, 1(, equal to 2.6 cm-sec·1I2
• With decreasing capiUary radius,

the rate of Iiquid infiltration would be expected to decrease due to the greater viscous drag in

a narrow capi11ary tube. Nevertheless, the rates of liquid infJ1tration according to the Semlak

Rhines model are high and allow pre-from melt infiltration to be a viable fabrication technique

from a commercial point of view.

Equation (4.16) has been modified by Muscat ta more accurately reflect the reality of capi11ary

rise in a complex system of pores(69l . Effects such as the variation in pore radius and path can

be expressed by a "tortuosity" factor ,T, while the hysteresis effect of an advancing liquid

interface on the equilibrium solid-Iiquid contact angle can also be considered by applying a time

dependent Lerm for the contact angle;

cose, • cose. (1 - ae-d )

where, e, is the contact angle at time t,
e. is the equilibrium contact angle, and
a and c, are constant for a particular system.

(4.17)

The basic form of Equation (4.14) can be rearranged to give a similar expression where;

hZ • (J..) '<if rN cose. (t _a) + ae-d)
T 211 cI c

(4.18)

Where an equilibrium contact angle is achieved instantly, the form of the expression for height

of infiltration must simply consider tortuosity and can be reduced to;

h • (4.19)

•
Essentially, Equation (4.19) presents the factor (r.JI") as a means of matching experimental data

to calculated effective pore radii, based on particle size analysis. In the case of the "order of
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magnitude" cak:ulation presented above. a very large tortuosity factor would have to be used to

significanUy alter the calculated rate of infiltration.

1be work by Sem1ak and Rhines on the kinetics of inftltration has confmned the role of viscous

metal drag. Part of their experimental work looked at the effect of temperature on the

infiltration kinetics of 120-170 mesh copper powders by liquid lead. An Arrhenius plot of rate

ofinfi1tration (K) versus Irr gives an activation energy of approximately 8.41cJ/mol. This value

matches!hat for the viscous f10w and self-diffusion of liquid lead given by Geiger and Poirier Il.

It is interesting to note that great effort was made to saturate the lead with copper (at each

temperature) prior to inftltration experiments. This was done to minimize the effect of copper

solubility in pure Iead which was found 10 increase the rate of capillary rise. The increased rate

observed with unsaturated lead was attrlbuted 10 an increase in the effective radius (rell') due to

dissolution of copper in pure lead.

Semlak and Rhines and other researchers(66) conducted experiments exclusively on sintered

skeletal structures. Although the porosity varied. particles were connected by solid state

diffusion prior to e~rsion in Iiquid metaL Since infiltration times were low (2-10 seconds), and

the melt maintained at saturation, one expects the skeleton to remain flXed in volume due to the

solid particle connections.

4.3.2 ReacUve InliltraUon of Sintered Powders

Abody ofresearch is beginning to emerge dea\ing with the inftltration of sintered skeletons with

liquid metal under non-equilibrium conditions(61,63,68). That is, there is a chemical potential for

solid and Iiquid to react to some degree during inftltration. The most common form of reaction

is Iiquid phase solubility of sorne component of the solid particle. However, other mechanisrns

could be the formation ofa separate phase at the solid-liquid interface!6I
)•
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In 1964, Goetzel and Shaler refer to the phenomenon of detergency with respect to metal

infJltration(61J. In a description of detergency, Goetzel et al. refer to the additions of certain

components to the Iiquid phase, or coatings of the solid phase, which manipulate the equilibrium

surface energies of the system to promote wetting, and hence infiltration by capillary forces. For

such situations, changes of chemical composition, or other means, will alter the solid-liquid

contact angle (render 6~ < 90·) such that wetting occurs.

An example of detergency is the use of oxygen in the infiltration of alumina by liquid silver.

Under normal circumstanees, pure silver will not wet alumina giving a contact angle greater than

90·. Without wetting, infiltration does not occur. However, small additions of copper and

oxygen to the silver alloy will promote excellent wetting of the solid alumina, and rapid

infiltration ofa sintered compact Goetzel and Shaler conclude that these subtie additions have

the ability to change the equilibrium configuration in such a way as 10 promote welting. Il is

now known, however, thal the copper and oxygen reacllo form a copper oxide compound

which readily reacts with the alumina interface te form a copper-aluminum-oxygen spine!. This

is acluaily an example of non-equilibrium spreading as described in section 3.2.2. Here, a

localized mlnimization ofGibbs energy due to spontaneous chemical reaction al the solid-liquid

interface gives a reduction in the interfacial energy y~ according 10 equation (3.15).

More-recenl work has acknowledged the effecl of non-equilibrium, or "reactive wetting,,(61.69).

Work on the infiltration ofsintered aluminum nitrlde by aluminum bas highlighteù the effect of

chemical reaction on the rate of infiltration. Toy and SCOll(6I) found that sessile drop tests

conducted to determine contact angles in the aluminum·aluminum nitrlde system showed no

welting (6 > 90") below 113O"C. However, above this temperature liquid a1uminum was found

10 spread cornplete1y over the sample specimens (6 =00) indicating the initiation ofan interfacial

reaction.
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Infiltration experirnents with pore radü in the range 0.6-0.8 j!Ill and solid volume fraction of 59

63% were conducted at severa! temperatures above 1130"C. Results suggested a linear rate of

metal infiltration rather than the parabolic relation for capillary induced infiltration expressed in

Equation (4.15) and measured by Semlak et al. Indeed, an application of Equation (4.14) would

predict a rise of approximately 50 cm in 30 minutes while experimental data gave only 0.35 cm.

An increase in pore sile was found to increase the linear rate (as one would predict for viscous

flow limited infiltration). However a subsequent arrhenius plot of rate data gave activation

energies in the range 330-460 kI/mol. This data bas been reproduced in Figure 4.12. High

activation energies of this order do not agree with 8.4 kI/mol predicted for the viscous flow of

aluminum. Toy and Scott concluded that the high activation energy indicates chemical reaction

control of the rate of infiltration and that models based on capillary flow do not apply.

B.O

6FRr cs-a

"
5.0

.!l
-6__

2 4.0 ~
~ ~ ~6_g

~~
~ 3.0u
ë
v

i 2.0

5 1.0

0.0
B.4 B.5 B.B B.7 B.B B.9

lIT Il 1[l"4 (11Kl

Figure 4.12 Arrhenius Plots of Infiltration Rate Data for Sintered Silicon Nitride by
Aluminum Meta1(68).

Experiments performed on the infiltration of titanium powder by liquid lead and indium(1O)

(activation energies of 92 and 67 kI/mol respectively), and titanium carbide by aluminwn(69),
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show simiIar deviation from the theory ofsimple capillary rise. Changes in the magnitude of the

activation energy for different systems shows the strong influence of interfacial reaction on the

infiltration mechanism. TIûs is illustrated by Muscat's work on the kinetics of aluminum

infiltration of titanium carbide sintered particles. In his experiments, kinetic data shows a strong

dependence of the activation energy on interparticle spacing. Activation energies were found

to increase along with increasing pore size; 90 to 450 kJ-moi"I(69l • Il was concluded from the

high activation energies tha! interfacial reaction was driving the infiltration. In the case of low

interparticle spacing, it was reasoned that diffusion paths were small and hence alIowed quict

allainment of chemical equilibrium. Larger spacing, on the other hand, gave longer diffusion

paths and hence limited the ability of the system to attain chemical equilibrium. Longer diffusion

paths were concluded ta make rate more dependent on reaction than viscous drag.

4.4 Rheology of SoIId·L1quld Suspensions

It bas been mentioned in Section 1 that perhaps a more apt description of an intermetallic-liquid

metal dross is that of a fluid ofhigh viscosity with non-Newtonian hehaviour. Furthermore. it

bas been suggested that, similar ta other particle liquid suspensions, drosses could under sorne

circumstanees he considered pseudoplastic (or shear thinning) materials.

In general, particles in liquid are acted upon by three main forces(SOl. Firstly, there may he

interparticle forces such as attraction and repulsion which usually are based on electrostatic

charges or simple van der Waals forces. For aqueous systems these forces are only significant

for sub-micron sized particles as discussed in Sections 4.1 and 4.2. Secondly a Brownian

(thermal) randomising force can he considered significant, again for very small particles. Thirdly,

and most important for large particles, one must consider the viscous forces acting on the

particles as discussed in Section 2.3. In a simple manner, the viscous forces are proportional ta
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the local velocity difference between the particles. In this way the suspension viscosity is

considered relative to the continuous phase and may increase beyond the simple liquid viscosity.

For particles ofcomplex shape suspended in a liquid. the Krieger-Dougherty equation is given(50l;

cil -[fil+'
Tl • Tl, (1 - cil!

where; Tl. is the liquid viscosity,
TJ the suspension viscosity (apparent viscosity),
4> the volume fraction of particles,
4>.. the theoretical maximum packing of particles, and
[TJ] the intrinsic viscosity which is based on particle shape

(4.20)

•

For :l dilute suspension with spherical particles, the intrinsic vÏliCosity is given as 2.5. From the

form of the equation it is ciear that as the volume fraction approaches a limiting theorctical value

4>... the suspension viscosity will approach infmity. From the point of view of intennetallic

drosses, it would appear that a stable volume fraction ofentrained metal (1-4» will be reached

wOOn a large viscosity is realized such that the settIing rate of particles approaches an infinitely

slow value. The literature offers littIe information on particle settIing in non-Newtonian lluids<7 l
l.
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The above Krieger-Dougherty equation bas been derived for a very low shear rate case.

However it has been found to apply to a range of higher shear stresses for many pseudoplastic

(shear thinning) fluids. The apparent reduction in viscosity as shear is increased, the defmition

of shear lbinning, can he explained by a re-alignment of the suspended particles. This re

alignment will reduce the intrinsic viscosity [1')] as weil as the limiting packing volume 41...
Figure 4.13 illustrates Ibis where the upper corve approaches the asymptotic lirniting viscosity

at low shear, while the lower corve, al higher shear, has a generally lower viscosity and does not

approach its limiting conditions for the same volume fraction of solids.

103
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Figure 4.13 Relative Viscosity of a Particle-Liquid Suspension vs. Particulate Volume
Fraction(SO~
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1lle literature contains many references to the recovery methods and treatment of both silver and

bismuth crusts produced during pyrometallurgicallead refining(lI,19.25l. However. no coherent

theory bas been advanced which explains the degree to which liquid lead is entrained within the

crust. Indeed. apan from average crust assays, the crystal morphology, crystal size. and

interpart:icIe spacings remain Iargely unknown. Therefore, the fust objective of the current study

was to characterize both silver and bismuth crusts in tenns of microstructure and relate the

fmdings to the various processing variables.

5.1 Analytlcal Techniques

The examination of crust samples from silver and bismuth recovery in lead refming involved a

series of weIl established analytical techniques. Initially. overall sample chemical composition

was detennined by wet chemical anaIysis. This was often followed by X-Ray diffraction of

seIected sampIes to detennine the fonn of intennetallic compounds within each crust Samples

were then prepared for metallographic analysis which included inspection under an optical

microscope, quantitative metallography using image analysis techniques, and fmally scanning

electron microscopy of selected samples.

5.1.1 Chemlcal Analysls

Samples of silver and bismuth crusts were collected directly from the refming kettles at

Brunswick Mining and Smelting Corp. Ltd. in Belledune, New Brunswick Care was taken to

c\!~.,se representative sampIes from the crust layer.; (olten weighing as much 10 tonnes per kettle

batch). This was achieved by taking composite samples. At the sampling temperatures, the lead

component of the crust wasusual1y weIl above its freezing point, and as such, required fast
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cooling of the samples to preserve the nature of the two phase mixture. This was easily

accomplishcd in practice by quenching the samples on cool steel plates.

Figure 5.1 Photograph of Silver Crust in the Primary Desilverising Kettle at the Brunswick
Mining and Smelting Lead Refmery; 3 meter diameter vesse!.

•

An accurate asscssment of crust composition for a particular set of operating parameters often

rcquired the formation ofa composite sample for chemical analysis. Composite samples included

crusts l'rom varlous locations on the kettle surface and often samples Laken from the kettie

skimmer as crusts were removed l'rom the kettles during normal refinery operation. Shavings

l'rom the various crust lumps were coUected and mixed to form the composite sample. This

helped diminish the cffect of inhomogeneity within the crust for each batch. These shavings

were digested in acid solution and metaI assays made by atomic absorption (AA) spectroscopy.

For the range of chemical compositions of interesl, AA is a very accurate analytical technique

with expecled error of ± 1%. The greatest source of error when determining the composition

of industrial retining crusts, is the sampling procedure. Even with composite samples. Brunswick
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Smelter plant engineers estùnate the error to be ± 10% for individual elemental assays for a given

batch of crust (silver or bismuth). Figure 5.1 shows a photograph of silver crust in a refining

kettle at the Brunswick lead refinery. The sampling difficulties due to inhomogeneity are

obvious.

Often,lead bul1ion samples were collected at the same time as crust samples. The sampling of

bul1ion is considerably easier \han crust sinœ the metal solution \s homogeneous. Samples were

collected with large spoons under the crust layer. Any emrained crust material was allowed to

float to the sample stirface in the spoon, and metal sample dises (5 cm diameter, 2 cm thickness)

were cast from the clean metal undemeath. Extra care was taken to remove the fll'st 2-3 mm of

metal from the upper and lower surfaces of the metal dise prior to assaying. This cleaning

ensured that no crust was carried over during the sample casting. Samples were then drilled to

obtain metal shavings to be digested in acid solution and then analyzcd by AA spectroseopy. At

other times, cleaned sample dises were analyzcd directly without digestion by an X-Ray

fluorescence (XRF) technique. The error incurred by elemental deterrnination using XRF is

considered greatei' than AA (± 3 wt%) but still is considered accurate within the scope of the

current stl'dy. XRF analysis was undertaken at the Brunswick Smelter analyticallaboratory,

wlùle wet chemical assays were perforrned at the Noranda Technology Centre (NTC) in Pointe

Claire, Quebec.

5.1.2 X-Ray Diffraction

In order to deterrnine the interrneta11ic phase or phases present in a particular silver or bismuth

crust sample. selected samples were analyzcd using powder X-Ray Diffraction (XRD)

techniques. Fme shavings of crusts were prepared from composite crust samples and powder

diffraction patterns obtained for each sample. Diffraction peaks were compared against known

standards using the JCPDS data base.
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The powder technique was considered accurate for intermetallic phases comprising at least 1-2

wt% of the crust samples. Therefore, this technique was only useful in determining the presence

of the principal intermetallic phases. Trace intermetallic compounds were unlikely to be detected.

XRD was performed at the Noranda Technology Centre, and Lakefield Research (Lakefield,

Ontario), a division ofFalconbridge Ltd. Typical output from the computerized crystallographic

database used to determine silver-zinc intermetallic species is given in Appendix 1.

5.1.3 Metallography

Metallographic samples were prepared by frrst mounting crust samples using a cold mounting

epoxy (Ancansco) and allowing 24 hours curing time. Mounted samples were then ground

manually in four stages using succcssively liner grinding paper; 220, 800, 2400, 4000 grit papers.

Silver crus! grinding was done wet, while bismuth crusts required dry grinding due to the rapid

oxidation ofCaMgzBiz crystals in water. Samples were polished in two successive stages using

Buehler DP-MOL cloth with 6 I!m diamond paste followed by DP-NAP cloth and II!ID diamond

paste. Leco brand oil based lubricant was used in favour of water to avoid oxidation of

intermetallic phases. For bismuth crusts, examination under the optical microscope was

performed soon after Iinal polishing due to the tendency for the intermetallic phase to react with

moisture in the atmosphere. Acetic acid based etchants, normally used in lead metallography,

were avoided due to rapid degradation of intermetallic species. However, in the case of both

silver and bismuth crusts, adequate contrast is provided between the lead metal matrix and

intermetallic phases without the use of etching solutions. Il should be noted that the soft lead

metaI phase maltes sample preparation very difficult While hard intermetallic phases polish

clean\y, the lead matrix often exhibits unavoidable scratches, and embedded grinding media

(diamond) due to its softness.
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Optical metal10graphy was perfonned using a Leco 500 invened metallograph. Required

magnifications ranged from 5G-200 times. which were easily within the abilities of Ibis device to

produce sharp images. Micrographs were taIœr'.'sing Polaroid 55 negative rùro and polarized

light filters which provide improved contrast between the lead matrix and intennetallic particles.

Certain crust samples were examined under Noranda Technology Centre's SCanning Electron

Microscope (SEM). This type of analysis. using backscatter electron images. often gave

improved resolution of the intermetallic particle-metal boundary layer due to improved depth of

focus. Polished samples were carbon coated using an Edwards 306-A carbon evaporator. The

SEM. a zeiss OSM 960. induded an electron microprobe capable ofanalysis using both Electron

Dispersive Spectroscopy (EOS) and Wavelength Dispersive Spectroscopy (WOS). For the

elements of interest in silver and bismuth crusts. quantitative WOS analysis was used to help in

phase determination. A computer algorithrn employing a ZAF correction was used to process

the signal and return a quantitative analysis. This tool was particularly useful in distinguishing

intermetaDic phases in the silver crust samples. For example the y-phase AgsZn. was found to

give nearly equal silver and zinc assays while the l'-phase AgZn3 gave around 35% silver and

65% zinc. An example of WOS microprobe output is given in Appendix 2 for silver-zinc

intennetallic crystals comparing y and l'phases.

5.1.4 Image Analysls

Image analysis (lA) was found to be a very useful tool in perfonning quantitative metallography

(optical) on crust samples. In conjunction with the Leco 500 microscope. a video camera

attachment can transmit an image to the Leco 2001Image Analyzer (running on Leco Version

2.02 software). The image is convened to a digital map with 1024 by 1024 pixels. A fIlter

algorithm (part of the lA software) is used to help sharpen the contrast between phases by

eliminating different shades of grey at the particle matrix interface. At this point the particle
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images are "eroded" and then reinstated in terms of total area. By eroding the particles a line,

the width of one pixel, can be inserted between touching particles. This allows the software to

distinguish between individual particles when ana1yzing the image. ACter enhancing the image,

colours C1l11 be assigned to each shade of grey. For crust samples, there were often only two

phases, the matrix metal and an intermetaDic phase. It was then reiatively simple for the software

to differentiate between the two phases.

Once an image had been acquired and processed, the image analyzer was capable of determining

the average particle length, width, aspect ratio (ratio of length to width), interparticle spacing,

and relative area percentage. For area percent, quantitative metallographic theory allows one

to assume the same volume percent given a sufficient number of equiaxed particles within the

image. Appendîx 3 gives a typical output for a particular crust sample. Here, and for all other

sampJes, live fields (or images) were used for each crust sample in order 10 increase the amount

of information from the point of view of statistical accuracy. but also to address and

inhomogeneity within each crust sample. The same combination of objective and ocular lenses

were used (50 x magnification in a standard micrograph) to generate every field for image

. ana1ysis. This was critical when comparing samples of differing particle size in order 10 ensure

sufficient numbers of particles were visible within each field, especia1ly in the case of samples

with large intermetallic particles.

5.2 Cbaracterization of SDver Crost

Davey suggests that industria1 silver CnJ>lt contains both e and Tl phase intermetallic particles(lI).

As descnbed in Chapler 2, the higher grade e crysta1s are contained within crusts formed in the

silver rich primary kettle, while low grade Tl phase crystais are formed in the cooler. silver

deficient. secondary kettle. The phases present in each kettle tend to match the equiIibrium

relations ofFJgUre 2.5 quite clos!>'ly. However. the crystal size. morphology. and degree of lead
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entrainment are not weil documented. Indeed. most refercnces to silver crust grade (WL% Ag)

taekle the problem from the point of view of thermodynamics. wherc higher silver levels in lead

bullion, and higher refining temperatures may lead to the formation of high silver e crystals duc

to varying stoichiometry. or indeed the formation Ag,Zn. y-phase crystalS(l61• As a result. the

grade ofcrust is enhanced by reducing the zinc content of the intermetallic phase without rcally

affecting the degree of lead entrainment, which is the principal cause of low grade crusts.

5.2.1 Crust Assays

Silvel' crusts demonstrated tremendous variability in chemical assay depcnding on both

thermodynamic factors and proccss parameters. Table 5.1 summarizcs the ranges ofcomposition

which have becn identified through crust sampling and review of historical data from Brunswick

Mining and Smelting. The most unique sample. high grade crust made from lead bullion

containing 0.8% Ag. was made outside regular production practicc by adding lead-silver alloy

to the desilverising kettle in a deliberate attempt to make silver crust with y-phase crystals

(Ag,Zn.). Subsequent X-Ray analysis confmned the formation of the y-phase. The sample is

unique to most lead refming operations since silver levels are rarely high enough in lead bullion

to allow formation of the y-phase.

It i:; difficult to draw conclusions based on chemical assay and XRD data alone. However, silver

crust from high silver lead, and normal production crusts from primary and secondary

desilverising tend to have lower silver and zinc content compared to upgraded crust. This poses

an interesting problem since the form of the intermetallic rcmains the same during upgrading (e

phase). Therefore. the increase in silver content must be duc to the rcmoval of liquid lead from

the nctwork I)f crystals by mechanical or chemical means. More complete analysis can only be

made on the basis of metallographic inspection.
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Table 5.1 Summary of Industrial Sïlver Crust Data.

CrustType PredomiJUlDt Aver8gc AVer8gc Avcr8gc Volume" IDtermctaUlc Phase

Phase """Zn """Ag Partlcle

Dlamcter Cakulated Measured

,..~\
. ausl CKettlc 19 BMSI E-nhase 11.8 3.8 50 19.0 21.5

SecoDdary ausl (Ketllc 110 BMS) l'-phase; lrllCC 6.2 1.4 25 9.5 14.3

n-Ilhase

U crust CKetllc Il 8 BMSI E-nhase 12-20 6-10 - - -
Crust made from bieb AR buJliOD· v-Ilhase 9.2 7.7 88.6 19.8 24.5
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Table 5.2 MicroproOO Quantitative Analysis of Sïlver-Zinc Intennetallic Phases.

100

•

Silver Crost sample Nonnalized wt.% Normalized wL% Zn:Ag

A2 Zn

Fi2ure 5.6 (secondary) 21.3 78.7 3.69

. Figure 5.7 (primary); 28.5 71.5 2.5

trace (9.1) (90.9) (l0)

Fil!:ure 5.8 Chil!h l!:rade) 48.3 51.7 1.07

Fil!:ure 5.9 (uDl!:raded) 34.1 65.9 1.93

5.2.2 SIlver Crust Metallography

Typical micrographs of various silver crusts are presented in Figures 5.2 through 5.5. The four

main types ofcrust, identified in Table 5.1, give significantly different microstructures. The most

important difference û; oost exhibited by the upgraded crust sample shown in Figure 5.5. Here.

the Iead metal matrix û; dÛiContinuous, often revealing intennetallic particle surfaces exposed to

the atmosphere. Subsequent SEM anaIysû; of the same sample shows poor wetting of

intermetaIlic particles; probably due ta surface oxidation. Electron microproOO examination of

particle surfaces show the fonnation of zinc and lead oxide.

The other three types of silver crust share the characteristic of a continuous lead metal phu:.

Indeed, for an three types (Figures 5.2-5.4), the volume fraction of particles appears ta 00 weil

OOlow the maximum packing density of randomly oriented particles (around 50 vol.%).

Subsequent image anaIysû; of these samples confmns that the intennetallic phases occupy Jess

volume than random packing would indicate. Table 5.1 compares volume fractions measured

by image analysis versus a calculation of intennetallic volume fraction based on chemical assay

and the average intermetaIlic phase density given in Table 2.1. Good agreement OOtween the two
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methods tends to conftrnt the accuracy of the image analysis techniques for the intermetallic

dross.

Il is interesting to note that progressive1y higher silver contents in the intermetallic phase (TI

through y-phase) tended to give a more regular crystal habit than low silver crystals. Table 5.2

gives electron microprobe analysis of the intermetaDic particles for samples shown in Figures 5.6

through 5.9. The data confirms the XRD phase identification presented in Table 5.1, where

higher silver content of the intermetallic species tends to correspond with larger crystal size.

Figure 5.2 reveals irregular spheres with relatively low parlic1e diameter for the secondary

desilverisng crusts (mostly comprising TI-phase crystals). Figure 5.4. on the other band, gives

more regular, larger crystals, when the highr.r temperature y-phase is fonned. Table 5.1 gives

average parlicle diameters as determined by image analysis. The basis for the trend towarJs

more reguiar crystal habit is unclear for the y-phase crystals since the solid surface energies for

the vari(lUS crystal planes are unknown. However, one May comment that larger differences in

solid surface energy must exist between crystal planes in the y-phase as compared to the e or TI

phase crystals. Differences in solid surface energy can lead to well defmed crystal habits as the

crystal attempts to minimize certain high energy surfaces. This is parlially substantiated from

heat of formation data given in Figure 2.4. Here, a slightly higher molar heat of formation for

the y-phase, as compared to the e-phase, suggests more ionic bonding, and hence the likelihood

of solid surface energy variance between crystal planes(20,38l. Principally metallic bonding

exhibited by e and TI-phases, should not show the same degree of variance.

The average crystal size reported in Table 5.1 is quite variable for different samples of the same

type of crust This variance is probably caused by processing parameters such as the rates of

bath cooling or reagent Metal addition. Faster cooling would .tend towards a higher rate of

nucleation (as shown in Figure 2.11) and hence a greater population of smaller crystals.

However, Table 5.1 indicates a trend towards larger intennetallic crystals for the phases formed

at higher temperatures with greater silver and zinc concentration in solution (see Figure 2.5)•
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'Ibis is explained by the temperature dependence ofliquid phase mass transport as defmed by the

mass transfer coefficient at the crystal mterface. As discussed in Section 2.3.2, the mass transfer

coefficient, ~, is a function of hydrodynamic conditions and the diffusivity (Equation (2.26».

For equalliquid metal velocities, kt.! will he controUed by the diffusivity of dissolved species,

which increase as a function of temperature as iIIustrated in Figure 218. Simply stated, crystal

growth rates will he higher at higher temperature, and as such, the melt should exhibit less

supersaturation due to this higher rate ofgrowth. At lower temperatures, crystal growth rate

is retarded, and the melt will hecome supersaturated more easily, thereby favourÙ1g mcreased

rates of crystal nucleation, and the formation of many smaller crystais.

5.2.3 Metal Entralnment in Sllver Crost

Despite changes m intermetallic phase, particle size, and temperature, Figures 5.2 through 5.4

show a remarkable degree of similarity m the extent of Iiquid lead entrainment amongst the

mtermetallic Cly.;taIs. As discussed above, data suggests greater metal entrainment than random

packing of particles would aIIow. Figure 5.5 is unique because the continuous matrix of lead

metal is broken. SÙ1Ce the basic form of the e-phase mtermetallic remains the same as Figure 5.3,

and the size ofcrysta1s is the same, il seems obvious that oxidation of crystal surfaces (as shown

in Figure 5.6) reduces the ability of the crystais ta hold Iiquid metaL
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Figure 5.2 Optical Micrograph ofTypical Secondary Desilverising Crust at BMS-S; e-phase
crystals (light phase) with average particle diameter of approximately 20 IUD.
(lOOx)

Figure 5.3 Optical Micrograph of Typical Primary Desilverising Crust at BMS-S; e-phase
crystals (light phase) with average partic1e diameter around 50 IUD. (l00x)
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Figure 5.4 Optical Micrograph ofa High Grade SDver Crust at BMS-S; Ag-Zn intennetallic
compound identified as y-phase with a larger average particle diameter of 100
1JIll. (lOOx)

Figure 5.5 Optical Micrograph ofUpgraded Silver Crustat BMS-S; mounting epoxy (A),
e-phase Ag-Zn (8), oxide reaction product (C), and lead phase (D). (lOOx)
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Figure 5.6

Figure 5.7

SEM Micrograph of Typical Secondary Sîlver Refining Cmst; microprobe
analysis gives a Zn:Ag ratio of 3.69.

SEM Micrograph ofTypical Primary Silver Refming Crust; microprobe analysis
gives a Zn:Ag ratio of 2.5.
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Figure 5.8 SEM Micrograph of a High-Gradc Silver Crust; microprobc analysis givcs a
Zn:Ag ratio of 1.07.

SEM Micrograph of Upgraded Silver Crust Showing Particlcs Scparated From
a Continuous Lead Phase. Sorne Oxidation of Exposed Particle Surfaces
Detecled.• Figure 5.9

• ..'
& .',.'.:,'
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Based on the theory of particle-liquid systems outIined in Chapter 3, the ability ofa slatic bed

of particles to entrain liquids by capillary forces, depends on wetting of the solid surfaces. For

the present situation, wetting is defmed as having a solid-liquid contact angle, e~,less than 90°.

Il is weil known in the literature, that liquid metals do not tend ta wet metal oxide surfaces(61
l.

For this reason one cao suppose that oxidation of silver-zinc intermetallic particles during silver

crust upgrading (Figures 5.5 and 5.9) increases the contact angle and prevents capillary forces

from retaining a continuous metal matrix; (presently it is only presumption that liquid Iead wets

un-oxidized, or microscopically clean, intermetallic crystals. Sessile drop experiments described

in Chapter 6 were conducted to quantify these assumptions, and will he discussed in Chapter 7),

However, foDowing the current line ofreasoning, the degree ofIead metal remaining in upgraded

crusts MaY be the result of incomplete oxidation of all crystal surfaces, and the inability of liquid

to completely drain from the complex networlc ofcapillaries. It could he argued that the partially

oxidized crusts correspond to the pendular state descrihed by Nicol during Mineral dewatering

(Figure 4.9)(57). Figure 5.10 gives a schematic diagram of the proposed effect of partial

intermetallic surface oxidation for upgraded crust

.ntr.ln.d I••d .urt.ce oxld.Uon

•
Figure 5.10 Schematic Diagram ofIntennetaDic Crystal Surface Oxidation; liquid metal is still

entrained where the surface in unaffected.
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As mentioned Ùl Section 5.22, for untreated silver crusts the volume fraction ofentrained liquid

lead is weil above that expected for random packing of particles. It is also interesting to note

that the degree of metal entrainment appears to decrease with increasing average particle size.

Figure 5.11 gives a plot ofvoIume fraction versus average particle size for untreated silver crusL

However, the relationship indicated by the data may be influenced by other variables such as;

1) Cmst Thjç!qv:ss· which tends 10 vary between each bateh, but is usually in the range S·
10 cm.

2) De= of A~tatjQn • since crusts are often agitated for short periods of lime to ensure
complete reaction of reagent metals.

3) Temperahlre • since the form of the intermetallic is based partially on temperature. this
variable may also effect the physical forces which entrain lead.
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Figure 5.11 Measured Volume Fraction Intermetallic Compound vs. Average Particle
Diarneter for Typical Silver Crusts.



• Characurlzation o[Silverand Bismuth Crusts

5.3 Characterlzation or Bismuth Crusts

109

•

Analysis of bismuth relining crusts is more straight forward \han thase in desilverising since the

intermetallic compound formed {CaMg2Bi:z} is of fJXed stoichiometry. As a result, bismuth

removal is completed in a single vessel since there is no advantage to be gained in terms of

reagent usage by devising a multi-stage. countercurrent, process. The only variable in normal

bismuth crust processing is the treatment of crust after skimming. In a simple upgrading step.

crust from many skimmings is collected in a second kettle and lead is allowed to drain from the

mass. The mechanism by which these crusts are upgraded is presumed to be an increase in static

liquid pressure (due to bed depth) which counters those forces which entrain the liquid metal.

5.3.1 Crust Assay and XRD

Bismuth crusts were sampled carefully in the same way as sUver crust in an effort to avoid the

eIJects of inhomogeneity within a single bateh. several different classifications of sample were

taken depending on the temperature within each refming cycle. Normally. crust is skimmed four

times during a single bateh as the bath cools. An additional classification was reserved for crust

upgrading where many skimmings are placed in a single heated kettle and sorne lead is allowed

to "percolate" from the system. collecting in the bottom of the kettle. Table 5.3 gives average

crust assays based on Atomic Absorption Spectrometry. The data in this table are based on

recent sampling and unpublished "historical" data from Brunswick Mining and Smelting Ltd.
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CRUSTTYPE %Bi %Ca %Mg 41p (%)

(with avem2e temp.) calc~~

Ist Skimmin2 (420-400"C) 4.0 0.46 0.62 8.65

2nd Skimmin2 (400-380"C) 6.6 0.68 0.92 13.90

3rd Skimmin2 (38D-350"C) 6.7 0.70 0.94 14.10

4th Skimmin2 (35D-321"C) 2.5 0.31 0.43 5.48

U dîn2 (aDDrox. 400"C) 8.2 0.86 1.09 17.01

To determine the form of the intermetallic compound, XRD was performed on selected crust

samples. Strong peaks were always detected for lead and CaMg2B~. For the intermetallic

phase, the diffraction angles were identified from JCPDS standard pattern 31-190. Output from

a typical sample of bismuth crust is shown in Appendix 4 (the XRD work was performed at

Lakefield Research). Minor diffraction peaks were detected for Mg2Pb and CaPb). It is likely

that these phases form on final solidification of the entrained lead during sample collection. It

is weil known from Davey's work that the satumtion of lead with calcium, magnesium, and

bismuth depresses the melting point oflead (327 to 320"C) and aIlows formation of a quaternary

eutectic liquid. Final solidification of this phase results in the formation of a tiny amount of

binary intermetallic compounds. It is certain therefore, that these phases have no effect on the

nature of bismuth crusts above the melting point of the lead solution.

5.3.2 Bismuth Crust Metallography

Attempts were made to correlate skimming order with microstructure. For the many samples

examined it was impossible 10 fmd a correlation with the order or temperature at which crusts

were skimmed. From a general point of view. crusts which tel.ded to he skimmed second or

third in the debismuthising cycle showed greater intermetaIlic volume densitY. Upgmded crust
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showed the highest volume fraction of particles to match the higher bismuth assay. Surprisingly,

particle size remained relatively constant from one sample to the other. Figures 5.12 and 5.13

give typical optical micrographs of bismuth crusts. Image analysis puts the average particle size

at approximately 45 JII1l.

Figures 5.14 and 5.15 are typical SEM images of bismuth crusts showing the clear interface

between pax1icle and liquid lead, and the weil defmed polyhedral morphology of the CaMgzB~

intermetallic compound. UnliIœ the random Ag-Zn phases, the clear crystal interface and

morphology are more typical of intennetallic compounds with mostiy ionic bonding. This

observation is supported by the fixed stoichiometry of the intermetallic compound. The tendency

towards a regular structure is due to a minimization of surface energy where one crystal

orientation may have a lower interfacial energy due to different atomic configuration. Here

shape becomes important, as the crystal attempts to reduce overall surface energy by minimizing

the area ofcertain crystal orientations. The general high energy of formation for CaMgzBi2, -8.7

kcal-mol'I (calculated in Table 2.2), gives some idea of the significance of the bonding energy

in this system.
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Figure 5.12 Optical Micrograph ofTypical Bismuth Crust from BMS-S (4.2% Bi); CaMg2Bi2

crystals exhibit an ordered structure and relatively constant particle size (45 Ilm
diameter).(200x)

Figure 5.13 Optical Micrograph of Upgraded Bismuth Crust at BMS-S (10.1 % Bi); similar
crystal structure and sizc compared to normal crust. (200x)
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Figure 5.14 Optical Micrograph of Typical Bismuth Crust; showing weIl defmed crystal
interfaces. (SOOx)

Figure 5.15 High Magnification SEM Micrograph of a CaMg2Bi2 Intermetallic Partic\e in
Bismuth Crust (SEI)
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It is curions that the order of skimming should have an effect upon the grade of bismuth crust

without obvions changes ta the microstructure. This is highlighted by the upgrading crust where

crystal size remains relatively constant, but the volume fraction of lead decreases. After

seemingly discounting crystal size and morphology as possible variables, it remains to consider

skimming temperature and depth of crust in the kettle at the time of skimming.

5.3.3 Metal Entralnment in Bismuth Crust

Crust samples in debismuthising show even greater metal entrainment \han desilverising crusts.

Despite low intermetallic particle density for CaMg2Bi2 (4.5 g-cm'3) crystals, the typical assay

for bismuth in refining crusts is around 4.8% Bi. This gives calculated particle volume fractions

of 10-15%. As discussed above, the intermetaDic particle size remains relatively constant as does

the shape and chemical composition of the crystals.

Industrial practice in debismuthising does not include any form of bath agitation other \han that

used initially to help dissolve reagent metal (calcium and magnesium alloy) in the hot, impure,

lead. With an absence of agitation, it is unlilœly that changes in surface wetting have much

bearing on the entrainment phenomenon. This is particulary true in the "so-called" upgrading

steps. where bismuth crusts are simply allowed ta collect in a separate kettle without mechanical

treatment other \han an increase in effective crust depth as material is accumulated.

5.4 Discussion of Entralnment Medumlsms

As discussed in section 5.2.3, silver-zinc intermetallic crystals which have undergone sorne

surface oxidation, appear ta allow Iiquid Iead ta drain from a complex network of pores. If these

pores are considered to be capillary bundIes, then the forces which retain liquid could be
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considered capillary in nature and subject to surface wetting of the particles; specifical1y the

solid-Iiquid contact angle, 6~. Ithas heen suggested above, !hat surface oxidation may increase

the equilibrium contact angle to some value greater than 90·. Therefore, for untreated crust,

solid-liquid contact angles less than 90· may he responsible for retained liquid due ta capillary

forces.

Unfortunately, the assumption of a simple capillary model for liquid metal entrainment in

intermetallic particle beds may not explain the large volume fraction occupied by the continuous

metal phase. Indeed, Bikerman and Yong bath conclude!hat under equilibrium conditions, static

beds of particles will tend to contract due to three phase contact (vapour-liquid-solid) as

illustrated in Figure 4.3 and Figure 4.4(40,52). The attractive forces exerted upon the solid

particles should aIlow the system ta approach volume fractions of solids which would normally

he occupied with random packing. Since intermetallic particle diameter is relatively constant for

each bateh (due to processing parameters), the volume fraction should correspond to

approximately 50 vol. % solids.

Unlike the heds of sand investigated by Buckingham(52) (Section 4.1.1), intermetallic particles are

starting from near infinite saturation by liquid in the melt as they nucleate and grow in the metal

bath. Once attaining a critical diameter, it is presumed that the particles float to the liquid metal

surface, joining other crystals in a bed of particles referred to as the crust The particles will

continue to grow since the entrained liquid metal is still supersaturated with respect to the

intermetallic phase under normal cooling conditions. From a capillary model point of view, the

bed of particles will initia1ly he completely saturated with liquid metal which will continue to

drain due to capillary attraction and gravitational forces until an equilibrium configuration is

achieved, delined by the capiDary pressure (Equation (3.6». The magnitude of the gravitational

force will he controlled by the depth of the intermetallic crystal bed. Figure 5.16 illustrates a

simple capillary model of intermetallic crusts in lead refming.
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Figure 5.16 Schematic Diagram of capillary Forces in an Intennetallic Compound Crust
During Lead Refining.

In describing the forces at play in a hed of floating particles one must frrst consider the

gravitational forces in the absence of surface forces (capillarity). As such. the height of liquid

metal infiltration into the bed will he govemed by the difference in liquid and solid density; or in

other words the buoyancy of the particles. One can write a simple pressure balance:

(5.1)

•

where. hl is the infiltrated height,
hl the "unwet" particle height,
PI and P. the liquid and solid densities.
<Pp the solid volume fraction in the hed. and
g the acceleration of gravity.

From the above equation. il is clear that the immersed portion of the floating particle hed will he

at its closest packing due to the buoyancy force. If one now considers surface forces as raising

the liquid-solid-vapour interface further through the hed. one can insert an expression for

capillary rise. Equation (5.1) hecomes;
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(5.2)

If Equation (4.13) is substituted for rctr , Equation (5.2) can be rearranged to give;

Y,. casa Ap

g(l - tb) (5.3)

•

However, the simple capillary model of Equation (5.3) would result in close packing of solids.

Asimple force balance does not provide much insight into the observed nature of refining crusts

where tbp appears to be much Jess !han the approximate 50% value assumed for random packing.

To reconcile a capillary model with observed solid volume fractions for both silver and bismuth

crusts, one could assume certain limiting factors. Specifically, the degree of lead entrainment

could be due to two factors, or a combination of the two;

1) H)'Stere5is Elfect: As outlined in Section 4.1.1 for non-clay soi\s('2). The bed of particles

is prevented from reaching a true equilibrium configuration since the bed is not really

bundles of uniform capiUaries, but rather a complex network of pores. Local

constrictions will result in higher local capiUary pressures (as ilIustrated in Figure 4.2)

which prevent further drainage of the system. This willleave pools of Iiquid metal which

wiu occrpy more volume than an idealized capiUary bed of particles. Figure 5.17

ilIustrates the model schematically.

2) Yiscous Aow ofliqujd Metal: The Iimited rate at which liquid metal can flow through

a comple;;. network of pores, can delay the attainment of an equilibrium (balance of

capillar)' and gravitational forces) particle-Iiquid configuration in practical cases of metal
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refining with finite residence lime. This is the reverse application ofSemlak and Rhines'

model for the rate ofcapillary induced infiltration of powder preforms by liquid metal(62).

h

llquld mIlII
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Figure S.17 Possible Hysteresis Effect in Intermetallic Crust; local constrictions prevent
complete drainage of particle bed.

There is some evidence to support the claim of excess Metal entrainment in crust due to a

hysteresis elfect For example, silver crust subject to an upgrading process (surface oxidation)

is able to drain Metal ftom its system of pores by presumably increasing the contact angle. This

will eliminate capillary forces which could prevent liquid flow at critical points in the network

where pore diameter is very small. Of course, this model is based on a presumption ofchange

in solid-liquid contact angles, values of which are not available in the literature. Therefore,

measurement ofcontact angles in lead-intermetaDic systems is required to confmn this approach.

The possibility ofexcessive Metal entrainment due to the rate of viscous flow of liquid lead can

he addressed byapplying the Hagen-Poisseuille law for viscous flow in narrow capillaries to the
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reverse case ofliquid drainage due to capillary attraction ofintennetallic parlÏcles(65.40). The basic

equation for Iiquid velocity in a narrow capillary is as follows(40);

(
Po-PL )(nr~)v • + pg --

L 81l
(5.4)

where, u is the average liquid velocity (cm-sec'I ),
PL and p. the static pressures of liquid at either end of the capillary, (pa)
L the capillary length (cm),
p the liquid densily (g-cm'3),

g the acceleration due to gravity (981 cm-sec·2),

11 the liquid viscosity (g-cm·l·sec·I
), and

rd the effective capillary diameter (cm).

Bikerman gives the force between two parallel plates (gas-liquid-solid interface) as;

f. V/v 1 h
6

where; ris the force between the plates (g-cm-sec·2),

1the plate width (cm),
h the height of capi1lary rise (cm),
6 the capillary diameter (cm), and
V.. the Iiquid vapour contact angle (g·sec·2).

(5.5)

From Equation (5.5) the area term, th, can be removed giving a pressure exerted by attraction

of the two plates;

•

P. V/v
6

(5.6)
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By substitution of rdf for Ô, Equation (5.6) can be used to estimate the pressure at the three

phase contact area caused by capillary attraction of particles in a refmîng crusL 'The expression

can be simplified to the form;

p • .!!!
Zr"

(5.7)

•

Table 5.4 gives calculated values of lead velocity based on capillary forces for a system of

intermetallic particles. At 400·C; the surface energy oflead is 447 g_sec·2, and the viscosity is

0.022 g-cm·l-sec·l. An average pore length of 10 cm bas been assumed with average particle

diameters of40 pm. Appl}ing Equations (4.13), (5.4), and (5.7) one obtains the following data.

Table 5.4 Calculated Velocities of Liquid Lead Due to Particle Attraction (400OC).

Particle Volume Effective Capillary Liquid Pressure due Liquid Metal

Fraction,~ Radius,r_ to Attraction,fkPa) Velocitv (cm-sec'I )

0.10 120 1.86 4.70

0.15 75 2.98 2.99

0.20 53 4.22 2.11

0.25 40 5.59 1.59

0.30 31 7.21 1.24

0.35 25 8.94 1.00

0.40 20 11.17 0.80

0.45 16 13.97 0.64

From the approximate calculations presented in Table 5.4, it is clear that viscous drag of liquid

lead in the capillary pores of intermetallic particles does not limit the rate at which the crust

system can drain since practica1 refining limes are in the range of hours, not seconds. Section
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4.3.1 discussed the application of a tortuosity factor to the rate equation for capillary rise. A

simiIar factor could have been applied in the above cak:ulations. However. the factor would have

to he large indeed to have a great effect on the rate of liquid flow as governed by viscous drag.

Furthennore. the relatively large particle size observed in intermetallic crusts. makes the choice

of a significant tortuosity term somewhat suspect

Based on a survey of the available Iiterature. and an investigation of industrial refming crusts, the

mechanism of metal entrainment remains undefmed. While a hysteresis effect may explain

entrainment to some extent, it is clear that viscous drag of metallic lead is not responsible.

Therefore. a series of practical experiments were devised to help understand the forces

rcsponsible for metal entrainment These experiments are described in Sections 6 and 7 and

hopefully. will shed some light on a fascinating problem.
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The characterization of normal silver and bismuth crusts produced during lead refming mises

many questions wlùch have no clear answer in the availab1e Iiterature. Indeed. the physica1

cheœry ofmetallurgical drosses containing intermetallic compounds seems ln be embodied in

the questions raised in Ibis study. Therefore a series of experiments were conducted with the

ultimate objective of proposing a coherent explanation for the degree of metal entrainment and

some recommendations for reducing Ibis entrainment as a means of improved metal recovery.

The sttong tendency for the oxidation of CaMg2B~ intennetallic compound made controlled

experiments in the bismuth system impractical. For tIùs reason, Iaboralnry tests focused on metal

enttainment in the silver-zinc-lead system. From previous discussions it is clear that the two

systems share many features and as such. metal entrainment in refming dross is very Iikely ln be

effected by similar forces.

The experimental program was brolœn into three main phases which attempted to systematica1ly

build upon know1edge gained from the previous set of experiments. The main themes were as

follows;

Pblllje 1: Determination of Solid-Liquid Contact Angles

•

The Iiterature contains no c1ear references ln the solid Iiquid contact angle between silver-zinc

intermetallic compounds and Iiquid lead. Based on simple capillary mooels {'If particle liquid

systems. such information is crucial to the development of a coherent theory. Tests used the

sessile drop technique to detennïne if wetting occurred for various silver-zinc intermeta1lic

phases at temperatures of practical importance 400-SS0"C.
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phase 2: Liquid Metal infiltration of Particle Beds

Part 1 - The interaction ofsynthetic intermeta1lic particles and Iiquid lead was studied in sha110w

particle beds without geometrical constrainl The ability of Iiquid lead to infiItrate beds of

varying average particle diameter and different temperatures were studied. Samples of infiltrated

particles were examined under the opticaI microscope to study particle-Iiquid interaction.

Part 2 - Similar experiments to Part 1except that Iiquid metal could infiltrate columns of particles

to :l maximum height determined only by surface forces. Again samples were studied to

determine the effect of particle size and temperature.

phase 3: Industrial Scale Experiments to Reduce Metal Entrainment

•

ConcIusions regarding the fundamental nature of the forces giving high Iiquid Metal entrainment

in drosses were applied to industrial refming processes in an effort to improve separation

efliciency. The full scale work focused on the growth of larger CaMg2Bi2intermeta1lic particles

in the Kroll-Betterton process. The experimental procedure and discussion of results for the in

plant tests are presented in Chapter 8.

6.1 SessIle Drop Experimenls

The ability of Iiquid lead to wet intermeta1lic compounds of silver and zinc and CaMg~i2 is of

fundamental importance in determining the mechanism of metal entrainment in refining dross.

The sessile drop experiment is a common method to determine equilibrium contact angles

between solids and Iiquids at lùgh temperature. This work focuses on the silver-zinc-lead system

due to the düficulty in synthesizing. and working with pure CaMg2Bi2.
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Two forros of silver-zinc intennetallic compound were prepared in the laboratory by melting

appropriate amounts of pure silver and zinc in fueclay crucibles. Special High Grade zinc W"....

obtained from canadian Electrolytic Zinc (CEZ) Inc. while 99.99% pure silver was obtained

from canadian Copper Refmers (CCR). Approximately 500 gram charges were melted under

a molten CaCl2-NaCI euteetic composition salt phase (33 wt.% CaC12• 67 wt.% Nacl) to

minimize oxygen transfer to the melL A temperature of 7500C was required to completely

homogenize the liquid alloy. Sorne slirring was provided to ensure complete mixing. The liquid

alloy was cast into 5 cm diameter dises with a nominal 0.5 cm thickness.

Two target compositions were synthesized; the Ag,ZI1s y-phase and the AgZn, e-phase. The

chemical assay and resu\ts ofX-Ray Diffraction testing of the two intermetallic phases are given

in Table 6.1.

Table 6.1 Chemical Assay and XRD of Synthetic Ag-Zn Intermetallic and Lead Metal.

Tar2et Phase WL%A2 WL%Zn XRDResults

v-ohase 50.8 49.2 confmned v

e-ohase 32.9 67.1 confmnede

unsaturated Pb 8 (Dom) < 1 (oom) -
saturated Pb 1.09 2.87 -

The lead used in sessile drop tests was from Brunswick Mining and Smelting Corp. at a nominal

purity of99.99% Pb. Two compositions were used for sessile drop tests; one of pure lead. the

other lead already saturated with zinc and silver. The saturated lead sample was prepared by

adding sman amounts ofpure zinc and silver to molten lead at 6000C. Once again. a molten salt

ofeutectic NaCI-CaC~ was used to prevent oxidation of the alloy prior to casting. The assays
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of the lead used are given in Table 6.1. The two compositions were chosen 10 investigate the

effect of non-equilibrium conditions on the wetting behaviour in the lead-silver-zinc system.

The cast 5 cm dises were easily sectioned into smaller pieces having approximate 2 cm by 2 cm

dimensions. The fiat surfaces of the intermetallic samples were ground and polished according

lO lhe lechniques described in section 5.1.3 lO eliminate the effecl of a rough surface on the

contact angle. Polishing was done jusl prior 10 experimentation 10 avoid excessive oxidation of

the intennetallic surface by moisture in air. Il is interesting lO note thal no amounl of physical

trealmenl of the surface could eliminate ail the effects of an air atmosphere on the surface

properties of the samples.

Lead samples were cul from the master aIloys using clean shears (the lead was extremely

ma11eable). Samples were cul in the shape of a regular cube and weighed. Nominal weights of

0.5 gram (± 0.02 g) were maintained in order lo prevenl variance in droplel geometry due lo

gravitational forces. As with silver-zinc intennetallic, the lead samples were prepared jusl prior

lo the tests 10 eliminate cxidation of the metai surface. Howevcr, as one mighl expecl, the rate

of lead surface oxidation was found lo be much less than for the intennetallic compounds.

6.1.2 SessIle Drop Apparatus

sessile drop tests were conducted in a Lindberg, 4 cm internai diameter, horizontaitube fomace

healed by Kanthal resistance elements. The open-ended alumina tube was sealed from the

almosphere al each end by water-cooled caps filted with neoprene o-ring seals. Plexiglass

windows al each end aIlowed viewing of the experimenl in progress. Figure 6.1 gives a

schematic diagram of the experimentai apparatus.
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Control ofgas atmosphere was found to be a crucial variable in the wetting experiments. Trace

concentrations of oxygen were found 10 inhibit wetting of intermetallic substrates. To rcmedy

this situation, great care was taken to provide an essentially oxygen-frcc environmenl The

experiments themselves were performed in a 100% hydrogen atmospherc at slighUy positive

pressure. Linde, ultra-high purity hydrogen was used with a nominal purity of less than 1ppm

O2 and H20. In addition, the hydrogen gas was passed over a Matheson Model64-1015A

oxygen remover (platinum catalyst), to react any residual oxygen with hydrogen, thus producing

H20. Any residual moisture produced in this way, was then rcmoved by nowing the gas through

a Matheson Model 450-B, gas purifier consisting of magnesium perchlora\f'. desiccant. This

ensured partial pressures of water below lx10-6 atmospheres. As a final step to ensurc low

oxygen and moisture in the fumace, severa! grarns of titanium sponge were placed in the hot

zone of the fumace for c::ch experimenl From equilibrium considerations, titanium should

maintain oxygen partial pressures below lx10.22 atmosphere. The efforts to provide a suitable

atmosphere to achieve wetting arc not unlike those described by Goetzel and Shaler to achieve

metal infiltration of sintered metal powders(61l.
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Figure 6.1 Schematic Diagram of Sessile Drop Apparatus
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To help eliminale moisture, oxygen, and other volatile species from the furnace, Linde ultra-high

purity argon (Jess than 1 ppm oxygen and moisture) was flushed through the system after sealing

the water-cooled caps prior ta heating. A simple rotary vacuum pump was used to altemately

evacuate the system ta 100 Ilm Hg pressure, and then refill with the high purity argon. The cycle

was repeated three times before each experiment After the final cycle, the dry hydrogen was

introduced to the argon filled furnace under a positive pressure. The excess hydrogen was

bumed as it exited the tube fumace.

6.1.3 Experimental Conditions

Table 6.2 summlUizes the sessile drop tests conducted with lead and silver-zinc intermetallic

substrates. The main variables of interest were temperature and the potential reactivity of the

lead with the substrate. That is. the lead metal composition was altered to represent either

saturation or non-saturation with respect to the ÏDtermetal1ic substrate. In al! tests the hydrogen

flow rate was maintained at 1.0 lImin.

Table 6.2 Summary of Sessile Drop Tests.

Phase Temperature Equilibrium

Intermetallic Lead eC) Condition

y Dure 4S0 non-eauil

y saturated 4S0 "

E Dure 4S0 "

E saturated 4S0 "
y pure SSO "
y saturated SSO "

E Dure SSO "

E saturated SSO "
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Samples were observed through the plexiglass windows and the change in contact angle noted

with time. Due to extensive "spreading" of the Iiquid rnetal, back-Iit photographs of the sessile

drop were not useful in detennining the solid-Iiquid contact angle. Instead, after two hours at

temperature, samples were fast cooled by a high flow rate ofargon (l0 Vmin) to preserve droplet

geometry. The samples were then sectioned, and examined under the SEM to detennine the

contact angle, and investigate the nature of the solid-Iiquid interface.

6.2 Liquld Lead Infiltration of Intermetalllc Partic1e Beds

To help study the mechanism respollSlble for metal entrainment in intennetallic drosses, the next

10gica1 step was to simulate particle-Iiquid systems under controlled conditions. These

experiments were broken into two main parts and constituted the bulk of the experimental work

for this study. In part one, pure intenneta11ic particles of y-phase silver-zinc were prepared and

placed in shallow beds over Iiquid lead under controlled atmosphere. The experiments were

designed to Iimit the gravitational forces experienced by the infùtrating Iiquid metal. In part two,

a more elaborate experiJnent was devised where Iiquid lead could infùtrate a column of y-phase

particles to a maximum height governed by a balance ofgravitational forces and capi11arity. In

each experirnent, particle size and temperature were varied.

6.2.1 Part 1: Shallow Bed Infiltration

Ag7J.Is intermeta11ic particles were prepared by crushing cast dises (described in Section 6.1.1)

in a laboratory ring-mill. The material, as expected, was very brittle and crushed very easily.

Size fractions were detennined by subjecting the fine product to classification on dry, shaking

screens for 10 minutes. The various size fractions were collected and placed in a desiccator to

avoid surface reaction with rnoist air. Despite such precautions, il was found preferable to crush
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sarnples no more than one week prior to infùtration tests due to the excessive oxidation of

particle surfaces. The various size fractions were characterized in terms of bulk density by

volume measurement in graduated cylinders. This method was found to have an experimental

error of± 2%. Sarnples of particles were also reserved for characterization ofaverage particle

shape and size under the microscope by Image Analysis. Table 6.3 gives the characterization

data.

Table 6.3 AgsZns Particle Data.

Size Fraction dso (1JI1I) Average Bulk Deosity Solids Vol.

(mesh) Diarneter (g/cm3
) Fraction

bv lA (wn) (%)

20-40mesh 637.5 321.7 4.52 52.2

4O-70mesh 318 193.6 4.67 53.9

70-100mesh 181 124.4 4.49 51.8

100-140 mesh 125 104.5 4.44 51.3

140-200 mesh 87.5 76.8 4.3 49.7

200-270 mesh 64 58.6 4.24 49.0

270-325 49 - 3.85 44.5

In these experiments, the sarne experimental apparatus (Figure 6.1) and conditions were used as

described above. Lead for infùtration was provided by 99.99% pure material from the

Brunswick Iead smelter. The metal was pre-melted under a nitrogen atmosphere to encourage

loss ofdissolved oxygen (around 10-15 ppm). Any oxide dross was extraeted after melting to

produce a clean-charge prior to casting. The low-oxygen lead was then cast into graphite boats

in 100 gram bars. These boats served as the test vessels for infùtration experiments.



• Experimental Methods 130

•

Ance casting of the lead buttons, and cooling of the boat (approximately 30 minutes), a 10 gram

charge of y-phase particies were placed on top of the lead button in the graphite boat. The boat

was placed immediately in the horizontal furnace and the test started. As discussed above, the

gas atmosphere for the tests was controlled in the same way as for sessile drop tesL~. lnfiltrated

samples were sectioned, and mounted for mcta110graphic examination and image analysis. Figure

6.~ is a photograph of typical samples produced in the infiltration experimenL~ along with the

graphite sample boaL

1111 ~~~~I;.~~~I~ll"llllllll'II'III' !1111111111111111111JIIIIIIIII ~IIIIIIIII ~\ 11111 111,

Figure 6.2 Photograph of a Typical Shallow Bed InfLItration Sample With the Graphite
Crucible.

6.2.2 Part 2: Column Infiltration Tests

The fust series ofparticle infiltration tests were designed to reduce the limitation of the force of

gravitYon metal infùtration of intermetallic particles of various sires at different temperatures.

The second series of infiltration tests used a column of partic1es held in a vycor tube which
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allowed lead to infiltrate ta a maximum height, not limited by the depth of particles, but rather

by a balance of gravitational forces and those forces responsible for infiltration. The tests

resembled experiments carried out by Frydrych et al. on the infl1tration of cast iron sintered

col~06). The main difference from previous infiltration experiments is the non-sintered nature

of the particle bed. Normally, experiments of metal infiltration have been conducted on sintered

pre-fonDS, where particles have achieved al 1east random packing density, and cannot move, due

to diffusion driven growth at the areas of particle-particle contact. For the current tests, the

particles were not joined by solid state bonding, and were therefore free to move within the bed.

Figure 6.3 is a schematic diagram of the fumace apparatus constructed for column infl1tration

tests. Figures 6.4 and 6.5 are photographs of the apparatus. The experiments were conducted

oul in a vertical, resistance heated tube fumace with an internai diameter of 4 inches. The tube

fumace ends were sealed by water-cooled f1anges using neoprene o-rings. Temperature in the

fumace hot zone was controlled at :1: ose by an Omega 9000 programmable controller capable

oframp-and-soak function. Alow oxygen, hydrogen gas atmosphere was maintained in exaclly

the same manner as described in Section 6.1.2 for the sessile drop tests. Once again it was found

necessary to use 1gram of titanium sponge for each run ta ensure low oxygen levels.

As shown in Figure 6.3, graphite crucibles (5 cm DIO, 2.5 cm I1D, and 10 cm height) were once

again employed to contain the Iead charge. Before each run, 99.99% pure lead was melted under

IÙtrogen atmosphere and any dross which formed was skimmed ta eliminate as much dissolved

oxygen as possible. One hundred grams of lead was then cast in the cruciQles and allowed ta

cooL Eighteen gram charges of intermetallic particles of a particular size range were then added

to a~" OID vycor tube, sealed at one end by a stainless steel screen (l mm2
) and held in place

by a simple, steel, hose clamp. The addition ofsteel fittings ta the system was not considered

a source of contamination, due to the negligible solubility of iron in lead. One gram of 12-20

mesh particles intermetallic particles were added flrst to each column to prevent rmer size
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fractions from passing through the screen. Finally. one gram of titanium sponge was added on

top of the silver-zinc particles.
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Figure 6.3 Schematic Diagram of the Column InfJ1tration Apparalus.

•
At the beginning of each experimenl the vycor lube was held above the crucible containing the

lead by approximately 2 cm. Dried hydrogen was introduced 10 the system by llowing through

the bed of particles. In each run il was necessary 10 expose the particle bed 10 hydrogen al
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61ll"C to render the partïcle surfaces weuable by liquid lead. The time ofexposure needed ta

achieve wetting varied depending on the average particle size and the gas flow rate. Il was found

that particles less than 200-270 mesh resulted in too large a pressure drop through the bed to

achieve the required flow rate of hydrogen. Therefore. this represented the minimum particle

size range tested. The vycor sample holder assembly. contaïni'lg intermetallic particles, is shown

in Figure 6.4.

After sullicient exposure to hydrogen tlowing through the particle bed, the gas flow was diverted

into the main fumace chamber. The system was allowed to cool to the required test temperature

before immersion of the vycor tube in the molten lead. The programmable temperature

controller was particularly useful in controlling the overall fumace heating cycle. The tube was

immersed by loosening the swagelock fitting (with neoprene Irring) and sliding the tube

downwards to a pre-determined depth of 2 cm in the molten lead. This was sufficient to

submerge the 12-20 mesh fraction, and eliminate any possible errar from that source. In each

run, infiltration was allowed ta proceed for 2 hours ta ensure an equilibrium configuration. After

metal infiltration, samples were aIlowed to cool to room temperature. The height of metal

infiltration was measured and recorded while sections of the inflltrated particle column were

prepared for metallographic charscterization. Seleç!ed samples of the lead bullion reservoir were

assayed to determine the dissolved silver and zinc levels after contact with the particle column.
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Figure 6.4 Photograph of the Parlicle Sample Holder Apparalus wilh a Typical Charge .
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Figure 6.5 Photograph of the Column Infiltration Apparatus.
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This chapter presents the experimental results for sessile drop experiments, and intenneta11ic

particle infiltration tests in the silver-zinc-lead system. A discussion of the results is presented

as a means to understand some of the physical phenomena responsible for the high degree of

metal entrainment in lead refming crusts produced during silver and bismuth recovery.

7.1 Wetting or SOver·Zinc IntermetalUc by L1quJd Lead

7.1.1 EstabUsbing a SuJtable Gas Atmosphere

Experiments to detennine the solid-Iiquid contact angle between y and e-phase silver-zinc

intenneta11ic compounds and liquid lead were performed at a number of temperatures. The

experiments highlighted the difficulty in simulating conditions within lead reftning kettles since

it was difficult to eliminate oxygen as a major constituent of the surfaces in question. Indc:~d,

a great dea1 ofeffort was expended in providing agas atmosphere, low in oxygen, which could

render the solid intermetallic surfaces wettable by liquid lead. Many researchers in the literature

employ high vacuums (Jess !han Illm Hg) attained with oikliffusion pomps, ta eliminate oxygen

from their systems<69.72). This was not possible in the silver-zinc-lead system in the temperature

range 450-550·C due to the relatively high zinc vapour pressure(18).

ACter a great deal of experimental worle, it was found that a very dry hydrogen atmosphere

allowed liquid lead to wet the intenneta1lic surfaces. Ultra-high purity hydrogen alone (low in

oxygen and moisture) was not sufficient, and a platinum catalyst foUowed by a Magnesium

perchlorate desiromt were required ta give suffici:ntly pure gas. Titanium sponge in the fumace

hot-zone was also found to Ile a vital component ta ensure wetting. However, the litanium was

found to react strongly with the gas aImOsphere, which complicates the understanding ofits role

in purifying the hydrogen atmosphere. The important reaclions to consider in this system are;



• :::D:.::is:.::c:::us=s:::io:.::n:..:o:L"~R:.:;es~u~Us:::.- ~137

PbO .Big) • Pb. BP(g)

Z,.o • B,(g) • ZIJ.,q-z.. B,O(g)

Pb • 1120,(g) • PbO

Zn • 1120,(g) • Z,.O

n • 0ig) • no,

n + Big) • TiH,

TrH, + 2HP(g) • no, + 3Big)

TrH, + O,(g) • no,. Big)

(7.1)

(7.2)

(7.3)

(7.4)

(7.5)

(7.6)

(7.7)

(7.8)

•

Ifone assumes that the hydrogen entering the system contains approximately 1 ppm H20(g), then

Table 7.1 can he useful in determining the role of the titanium sponge.

From the thermodynamic data for Equation 7.6 (presented in Table 7.1) it is clear that there is

a strong tendency for titanium to react with hydrogen to form titanium hydride (TiH2(s».

Therefore the system must he considered in terms of the hydride mther than pure titanium. Il

is also evident from Equation 7.8 that titanium hydride is a powerful oxygen "getter", giving a

partial pressure of oxygen around 10.52 atrnospheres with 1 ppm moisture in hydrogen.

Likewise, Equation 7.7 shows titanium hydride to reduce water vapour pressure to

approximately 10,12 atm. Examining the data for Equations 7.2 and 7.4 (for zinc oxidation),

it is clear !hat titanium hydride is able to provide partial pressures of oxygen and water vapour
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be10w that required to prevent oxidation. It is aIso probable that the presence of titanium

hydride allowed the reduction of zinc or lead oxide layers on the metals. This permiued true

contact between the solid and liquid phases without the complication of an intervening reaction

layer. The effect of temperature on the ability of the system to reduce oxides wou1d be kinetic

in nature such iliat sufficient temperature was required for reasonable rates of reduction.

Table 7.1 Gas Phase Equilibria at 500occn>.

Chemical Reaction le.. (500OC) PlI,n or PM (atm)

7.1 2.341x1lr PlI,n> 1

7.2 3.807x10·' Pu,n = 8.81xlO"

7.3 3.000x109 Pm = 1.11x10·19

7.4 1.845x1018 Pm = 2.94Jliil"37

7.5 1.673x1054 Pm = 5.98xI0·"

7.6 4.169x102 -
7.7 8.137x10n PlI,n = 1.11xlO·12

7.8 4.014xlO'l Pm = 2.49xlO·'2

- activity of Zn(s) assumed to be 0.1(18).

7.1.2 Sessile Drop Test ResuUs

Table 7.2 summarizes the results from the sessile drop tests. In general. it was found that both

phases of silver-zinc intermetallic were weil wet by Iiquid lead in the temperature range 450

550'C. Lower temperatuces üid not show wetting probab1y due to the inability of the gas

atmosphere to reduce metal oxide layers. As discussed above, this was most likely a kïnetic

limitation, not due to gas phase purity or an inability of 1ead to wet the phase at lower

temperatures.
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Tests were oCten characterized by an "incubation" period where the contact angle remained

greater !han 90" for several minutes at the test temperature. This was probably the result of the

time required for complete reaction of oxide layers with the gas atmosphere. Higher test

temperatures did not require a significant "incubation" period due ta faster reduction rates. Aiter

incubation, the contact angle was found to change quickly to the point where an angle could no

longer be measured by visual inspection. This rapid spreading of the liquid drop over the

intermetaDic substrate occurred in the case of pure lead and lead saturated with bath silver and

zinc. Due to the low contact angles during spreading. quantitative measurement of the angles

was impossible. However. samples were examined under the SEM to determine the nature of

the interface.

Table 7.2 Sessile Drop Test Results.

Phase Teloperature Observations

Intermetallic Lead (OC)

Y Dure 450 snreadinl!

y saturated 450 soreadinl!

e Dure 450 snreadinl!

e saturated 450 snreadinl!

y Dure 550 raoid snreadinl!

y saturated 550 ranid snreadinl!

e Dure 550 raoid soreadinl!

e saturated 550 ranid snreadinl!

7.1.3 Examlnatlon 01 Test SpeclmelL'l
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An examination of test specimens underscored the importance of mass transfer at the interface

between the solid and liquid as the principle mechanism behind the observed spreading of the

liquid. Indeed, in all cases where wetting occurred there was conclusive evidence that the

droplet oflead spread in such a way as to cover the entire surface of the intermetallic compound

substrate. This was observed for bath y and e-pl:t\SCS at 450 and 550"C. For each example of

Iiquid spreading, samples also showed contraction of the liquid phase back into a single, large,

droplet with a solid-liquid contact angle less than 90°.

The spreading etrect is illustrated by a series of SEM photo micrographs for a particular sampie.

Figures 7.1 through 7.4 present images for an e-phase substrate with pure lead metal tested at

45O"C. In Figure 7.1 an image with secondary electrons (SE), giving topography, shows a raised

portion of the :.ample surface which is the Iead droplet after exposure to the substrate. However,

Figure 7.2 shows the same image with back-scatter electrons (BSE) giving good atomic number

contrast In this micrograph the lead phase (light phase) has indeed covered the entire sample

surface (grey shade) before contracting to its equilibrium configuration. This follows Aksay's

description of non-equilibrium wetting where the substrate is soluble to sorne extent in the Iiquid

phase(42). Here, mass transfer proceeds at the solid-liquid interface resulting in a localized

decrease in the solid-Iiquid surface energy as described in Section 3.2.2. Rapid spreading occurs

as a result, until the point where the bulk of the liquid phase becomes saturated with the soluble

component of the substrate. At this time. equilibrium between the two phases bas been reached,

and the liquid phase contracts to assume a final equilibrium contact angle belWeen solid and

liquid Figure 7.3 gives the fmal equilibrium contact angle (approximately 21°) while showing

the residual pockets ofliquid Iead which have remained on the substrate after contraction of the

droplet. This too is consistent with the description of non-equilibrium wetting proposed by

Aksay. The evidence ofmass transfer is provided by Figure 4.4 where an e-phase. intermetallic

particle, bas precipitated from the liquid solution upon cooling due to saturation of the Iiquid

phase at 450"c.
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Mass transfer from the Iiquid phase to the soUd was also found to cause spreading of the liquid

droplct on the intermetallic substrate. Figures 4.5 and 4.6 show y-phase intermetallic exposed

to saturated (with respect to silver and zinc) lead at 450"C. Here, the liquid phase is initially

super-saturated with respect to the solid phase. Due to super-saturation, growth ofsilver-zinc

intennetallic is expected. Not surprisingly, the substrate provides the lowest energy site for such

growth. Figure 7.5 confirms this, where intermetallic compound growth is clearly evident along

the solid-Iiquid interface. Electron microprobe analysis of the growth layer conf1IlIled that the

new phase was the silver-rich, p-phase (on a y-substrate). This is not what one would predict

given the temperature and composition of the Iiquid phase (1.09% Ag and 2.87% Zn; see Figure

2.3). However. il is probable that sorne zinc could have been lost from solution (due 10 the high

vapour pressure of zinc) thus rendering the melt high in silver, and hence in equilibrium with the

p-phase. From Aksay's argument, the growth of the intermetallic phase at the solid-Iiquid

interface would give a localized decrease in the solid-liquid surface energy due to the

minimization of Gibbs energy associated with crystal growth. Rapid spreading will result, due

to the sudden decrease in interfacial surface energy. Figure 7.6 shows the final equilibrium

contact angle. Again the image reveals a pocket of lead remaining on the substrate after

contraction of the droplet once chemical equilibrium had been attained.

Finally. Figure 7.7 shows the result of tests without proper control of oxygen and moisture.

Here a lead droplet bas reacted with a y-phase substrate at 550·C. While reaction bas taken

place at the solid-Iiquid interface, the droplet bas not spread or achieved a true solid-liquid

contact angle due to surface oxidation of the substrate. It is interesting to note that even with

the scanning electron microscope, il is impossible 10 positively identify the oxidation layer. This

would suggest that the layer rnay be very thin indeed. In rnay be possible that there is no

oxidation product, but rather a thin layer of adsorbed oxygen. In any case, it is clear that

interaction of the solid intermetallic with an oxidizing atmosphere results in a non-wetting

surface.
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Figure 7.1

Figure 7.2

SEM Photo Micrograph of an E-Phase Substrate Wel by Lead at 450·C; SE
image shows the equilibrium droplet configuration.

SEM Micrograph of Figure 7.1 Sample; BSE image shows the extent of lead
spreading Oight phase).
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Figure 7.3

Figure 7.4

SEM Micrograph ofa Cross-Section from the Sessile Drop Specimen Shown in
Figure 7.1; BSE image shows equilibrium contact angle and residual iead
remaining after contraction (light phase).

Higher Magnification SEM Micrograph of Figure 7.3; BSE image shows e-phase
prccipitate (grcy crystal) in lead due to saturation of the liquid phase.
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Figure 7.5 SEM Micrograph ofa Cross-Section from a y·Phase Sessile Drop Specimen willt
Super-Saturated Lead; lite solid-liquid interface shows p-phase crystal growllt
from solution (BSE image).

• Figure 7.6 SEM Micrograph of Specimen Shown in Figure 7.5 at Lower Magnification;
shows lite cquilibrium contact angle and residuallead after spreading (BSE).
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Figure 7.7 SEM Micrograph of a y-Phase Sessile Drop Specimen in a Slightly Oxidizing
Atmosphere at 55O"C; dissolution of the substrate bas occurred, but no spreading
(BSE).

7.1.4 Implication oC Non.Equllibrium Wettlng

From the series ofsessile drop tests it was clear that under conditions of intimate atomic contact,

liquid lead wets y and e-phase silver-zinc intermetallic compounds. Therefore, refining crusts

containing crystals of silver-zinc must be effected by the surface chemistry of the system where

low contact angles (less than 45°), can result in strong capillary forces. These capillary forces

are presumed to influence the entrainment of metal amongst the crystals. The difficulty

expcrienccd in promoting the wetting of substrates even without visible oxidation products,

confu1l1s the role ofoxygen in the current process ofupgrading silver crusts discussed in Section

5.2.3. It is clear that any surface oxidation of silver-zinc particles (visible or not) will prevent

wctting, and thereby eliminate capillary forces as a means of metal entrainment in refining dross.
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Perhaps the most significant fmding of the sessile drop tests was the role of "reactive wetting".

It was found that mass transfer at the solid-liquid interface led to spreading of the liquid phase

and strong wetting of the substrate. For lead refming, it is presumed that the intermetallic

crysta1s containing silver or bismuth are constantly surrounded by super-saturated lead since the

metal bath is continuously cooled. The implication therefore, is !hat crystals may be in astate

of perpetuai non-equilibrium wetting, due to the existence of a mass transfer boundary layer; a

necessary result of crystal growth from super-saturated solution.

7.2 Particle Infiltration Tests

The results from sessile drop tests on silver-zinc substrates confmned a common-sense

supposition !hat intermetallic crystals growing from solution during metal refming must be wet

by liquid Jead. Here, a minimum equilibrium solid-liquid contllet angle of90·, would constitute

wetting, a.'!d result in capillary forces. However, the tests also showed that a non-equilibrium

state could effect the wetting behaviour by reducing the solid-liquid surface energy, y~, due to

mass transfer al the solid-liquid boundary. This promoted spreading, where contact angles were

reduced effectively to zero.

The concept ofnon-chemical equilibrium wetting when applied to intermetallic particle beds, may

help explain the degree of metal entrainment in crusts. Therefore, particle inflitration tests

focused on establishing conditions where metal inflitration could be driven by capillary wetting

under conditions of mass transfer at the solid-liquid boundary. Particles were arranged in

random packing, without sintering, to allow Cree movement of individual particles with respect

to their neighbours. In this sense the experiments were novel in the field of liquid metal

infiltration of fme powders.
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7.2.1 Shallow·Bed Inmtration

The fumace described in section 6.2 for sessile drop tests, was again employed to investigate

infiltration of silver-zinc intermetallic particles by liquià lead. The y-phase intermetallic was

chosen for the tests since it was brittle, and easily crushed and classified into appropriate size

fractions. Unfortunately, the ductility of the e-phase made particle synthesis from this material

impractical and this precluded test work with the e-phase.

The greatest experimental difIiculty in achieving liquid metal infiltration of a shallow particle bed

was control of the gas atmosph(lre. As discussed in Sction 7.1.1, even freshly prepared

intermetallic surfaces needed exposure to a sufficiently reducing atmosphere to microscopica11y

"clean" the metal ofany adsorbed oxygen or oxide coatings. For rme particle size fractions (100

IIm and below), the gas atmosphere was unable to sufficiently react with particles deeper in the

bed. This often resu1ted in infiltration from the lead surface over the surface of the particle bed,

trapping some "un-wet" particles in the centre of the bed. This phenomenon unfortunately

prevented the gathering of data for particles fractions smaller than 200-270 mesh.

Test temperatures were limited to a minimum temperature of 47S"C for sùnilar reasons as

discussed above; ie. for temperatures lower!han 47S"C, it was found that the kinetics of particle

"cleaning" by the gas phase were too slow, and resulted in the wetting of ooly particles directly

exposed to the gas atmosphere at the top of the bed.

Figure 7.8 is an optic:l1 micrograph of a 1).,ica1 infiltration sample. Samples were evaluated

using image analysis techniques which allowed the determination of average particle volume

fraction, aspect ratio, and inter-particle spacing. The data has been summarized in Figures 7.9

through 7.11. From the curves for particle volume fraction versus particle diameter, a trend

emerges where infl1trated samples show a marked decrease in soUd fraction compared lO

measurements of random packing for soUd particles of the same average diameter. However,
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while volume fraction docs show a slight decreasc with partic1e si7-c for dry powders. this

phenomenon cao be explained by the changing aspect ratio of the partic1es as average diameler

decreases. Figure 7.12 shows a lowering of the aspect ratio with decrcasing average particle

diameter. From this data it would appear that a reduction in the particle aspect ratio atlower

average particle sizes. leads to slightly lower packing densities.

From the experimental data. there is no c1ear effect of tem~~ralure. However. this i.~ not

surprising considering the consistent wetting bchaviour obscrved during sessile drop lests.

Nevertheless. the pronounced expansion of the particle bed at average particle diameters less

than 100 I!m poses some interesting questions regarding the nature of metal entrainment in

ref1IÙng crusts.

Figure 7.8 Oplical Mîcrograph ofaTypical Shallow Bed infiltration Sample with a 110 I!m
Average Partic\e Size; nOle the lack of particle contact (SOx).
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From a simple capillary model point of view, a particle hed will a1low surface forces to draw

Iiquid into the hed pores to a height determined by the effective pore radius, rd[' and other

variables such as Iiquid density, and solid-Iiquid contact angle. Sessile drop experiments suggest

that lead rnay wet silver-zinc intermetallic phases sufficiently to aIlow capillary induced

infiltration ofsüver-zinc particle heds. However, the same surface forces will have the effeet of

maintaining random packing density, or pemaps as Bikerman suggests, ta help increase solids

volume fraction by promoting more eflicient particle arrangement due ta strong forces of particle

attraction(38,40,521. Therefore, from a capillary point of view, the y-phase particle heds should

have maintained, or increased, in solid volume fraction, during lead infiltration.

In Chapter 5 the characterization of silver and bismuth crusts considers the situation where

particle volume fractions are observed to he much lower than random crystal packing would

predict. In general, volume fractions of 10-20% are observed in industry, compared to

approximately 50 voL% for random packing. Il is reasonable then to suggest that the observed

entrainment rnay he caused by a hysteresis effect (as Suggested in section 5.4) or by slow rates

ofmetal drainage from the hed due to viscous drag in narrow pores. In Section 5.4 calculations

of typical capillary attraction forces, and their effect on Iiquid velocity in a narrow capillary,

would tend to discredit the viscous drag mechanism as a possible explanation. Simïlarly, the

hysteresïs effect, as descrihed by Yong for soil drainage, is not very credible given that crystals

will tend to pack due to buoyancy forces as descrihed by Equations (5.1) through (5.3)(52).

The data presented in Figures 7.9 through 7.11 would a1so tend to discount a hysteresis effect

as the principle mechanism of entrainmenL Since infiltration tests started from a condition of

particle-particle contact (random packing), IlOt liquid saturation, it seems clear that the observed

reductions in particle volume must he caused by other forces. In this sense, metal entrainment

appears to he a "reversible" phenomenon for intermetallic compounds. Furthennore, the test

duration (2 hours) would suggest that the volume fraction changes are due ta sustained forces

rather than the transient effects of initial solid-liquid contact during infiltration.



• ::;D.;::is:.:.c/l=s::;s;;:io.;::"'-=o....if.:.:R.:.:ts:.:::/I:.::Its=-- ~150

The shallow bed tests were characterized by the ability of particles to re·arrange depending on

surface. and other forces. In addition. the shallow nature of the bed also limited the magnitude

of the gravitational forces to counter capillary forces. For this reason it was decided to conduct

similar infiltration experiments of particle columns. to allow infiltration limited ooly by a balance

of forces; gravitational and capillary.
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Figure 7.9 Experimental Plot of Average Particle Volwne Fraction vs. Average Particle Size

for Shallow Bed Infllttation Tests at 475"<:. Data for Random Packing is
Shown.
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1 1 2
PARTICLE DIAMETER (microns)

Figure 7.10 Experimental Plot of Average ParticIe Volume Fraction vs. Average Particle
Diameter for Shallow Bed Inf1ltration Tests at 500"C.
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wlth Pb Infiltration

1 1 2
PARTICLE DIAMETER (nùcrons)

Figure 7.11 Experimental Plot of Average Particle Volume Fraction vs. Average Particle
Diameter for Shallow Bed Infiltration Tests at 550·C.
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Figure 7.12 Particle Aspect Ratio vs. Average Particle Diameter.
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7.2.2 Column infiltration Results

1be shallow bed infiltration tests were a good simulation of conditions in a refining kettle since

bath capillary and buoyancy forces were acting on the floating particles. However, analysis of

surface forces was made more difficult due to this complexity. For this reason, column

infiltration tests were performed, where particles were suspended above the melt, thus

eliminating the mass of the particles as a variable in the infiltration.

In normal instances of metal infiltration into sintered beds of particlcs, the liquid will fisc to a

level determined by the capillary pressure. From Buckingham's early experiments in soil walCr

infiltration, it was observed that the complex network of pores would give an uneven front of

infiltration since certain pores would resist infiltration (due to widening), white others would

allow liquid passage at similar heights(52). For lead infiltration into columns of y-phase

inlCrmetallic particles, the infiltration fronts were found ta be quite uniform, and weil dcfined.

This was probably the result ofa relatively uniform particle size used in each experiment, giving

consistent effective pore diameters.

Figures 7.13 and 7.14 present infiltration data for the two test temperatures used. As expected,

the height ofliquid infiltration (measured as height of infiltration front above the liquid lead lcvcl)

increased with decreasing average particle size. The curves are compared to theoretical

predictions of capillary induced fisc (Equation (3.8» calculated using an effective pore radius

as defined in Equation (4.13). The calculation of rell requires the assumption of cubic crystals

and a constant particle volume fraction; assumed to be approximately SO%. From the two

figures, it is clear that capiUary tise, white observing theoretical trends, does not follow the

magniiUde of the theoreticalliquid fisc predictions. It is interesting to note that the deviation

from predicted rise is more significant for smaDer particles. This is curious, and will be discussed

in detail shortly. In addition, lower infiltration temperature was round ta reduce the measured

height ofliquid tise as compared to theoretical prediction.
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Figures 7.15 and 7.16 present image analysis data for cross·sections of infùtrated columns

sampled at the lirnit of infiltration (top) and near the Iiquid metal level (bottom). As with

shallows beds of particles, the volume fraction ofsolids was found to decrease significantly as

the average particle diameter decreases. This bed "swelling" was observed at the top and bottom

of each sample column, without any discernable trend based on location in the column. The

reduction in partiele bed volume is surprising in the column experirnents sinee eapillary theory

prediets strong forces will tend to compact the partiele bed as metal infiltration proceeds. As

with shallow partiele beds, the data shows that low solid volume fractions attained during

infùtration match observations ofactual metal refming erusts. Since the process of bed swelling

appears to oceur during infiltration as well as draining (during actuallead refiningJ, the idea of

a hystercsis effeet being responsible for high levels of metal entrainment does not appear to be

eonvincing.

550C

e
• single capillaly prediction

.............JI'............ .....•••••••••••..•••••........•••..••.•.•...•........

•e.
······;~;;;~;;;~·~··············ii··········::··::··~·_........~··O;••o;••~••~••~••~••::••••••

•
1

AVERAGE PARTICLE DlAMETER (microns)

Figure 7.13 Experimental Data Showing Capillary Iœe Height vs. Average Partiele Diameter
for Column Infiltration Tests at 5SO"C; data 15 cornpared to theoretieal dse height
based on random packing of partieles.
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Figure 7.14 Experimental Data Showing Capillary Rise Height vs. Average Particle DiamelCr
for Column Infiltration Tests at 4SO"C; data is compared ID theoretical rise height
based on random packing of partic\es.
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Figure 7.15 Average Volume Fraction of Solid Particles vs. Average Particle Diameter;
column infiltration experiments al 550"C.
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Figure 7.16 Average Volume Fraction of Solid Particles vs. Average Particle Diameter;
column infJIttalion experiments at 4S0·C.
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Figures 7.17 through 7.20 give a series of opticaI micrographs of expanded column beds after

infiltration. Without the benefit of image a'lalysis, it is still possible to see the effect of lower

particle diameters on the bed expansion, where Figure 7.20 with an average diameter of 77!!J1l

shows more metallic lead than Figure 7.17, with an average particle diameter of 194!!J1l.

As mentioned above, temperature was found to influence the overall height of infiltration, where

samples at 450·C do not attain the same height of infiltration as identical samples at 550OC.

Similarly, Figure 7.16 shows that the decrease in solid volume fractions were greater for identicaI

size fractions at the lower temperature. This is consistent with lack of rise, since an expanded

bed will have a greater effective pore radius, and hence a reduced capillary pressure. Thus,

temperature seems to have the effect of promoting bed expansion.

The effect of particle bed swelling is ilIustrated in Figure 7.21. In this graph, the inter-particle

spacing (as measured through lA) has been plotted against average particle diameter. The data

are compared to the theoreticaI particle spacing caIculated by assuming random packing, and

applying Equation (4.13). While a linear relationship can be observed, the significant finding is

tbat the magnitude of deviation from predicted spacing remains aImost constant as the average

particle size decreases. This means that as particle size decreases, the relative inter-particle

spacing increases. One way of explaining this constant deviation is ta picture a boundary layer

of constant thickness surrounding each particle and preventing actual particle contact As

average particle diameter is reduced, the effect of the boundary layer on inter-particle spacing

will become more pronounced. This concept in iIlustrated in Figure 7.22 where schematic (a)

shows the interparticle distance to be large compared to the boundary layer thickness. In

diagram (b), the same boundary layer thickness could comprise a much greater component of the

interparticle spacing.
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Figure 7.17 Optical Micrograph of a Column Infiltration Sample with an Average Pnrticle
Diameter of 1941JlI1 (40-70 mesh); 550·C. (lOOX)

Figure 7.18 Optical Micrograph of a Column Infiltration Sample with an Average Pnrticle
Diameter of 1241JlI1 (70-100 mesh); 550·C. (lOOX)
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Figure 7.19 OpticaI Micrograph of a Column Infiltration Sample with an Average Particle
Diamctcr of 1041lm (100-140 mesh); 550°C. (100X)

Figure 7.20 OpticaI Micrograph of a Column Infiltration Sample with an Average Particle
Diameter of 77 /lffi (140-200 mesh); 550°C. (100X)
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Figure 7.21 Inter-Particle Distance vs. Average Particle Diameler; column infiltration lest
data at 4S0 and SSO·C.
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(a) (b)

Figure 7.22 Mass Transfer Boundary Layers Surrounding
Inlennetallic Particles; (a) large diarneter relative 10

lie' (h) shows the effect upon small particles.

Figure 7.21 suggests that the nonnal effective capillary radius hetween particles, rel!' may he

augmented by a constant value which may correspond to a type of boundary layer. If we

consider the basic fonn of the capillary cise equation. a constant boundary layer tenn can he

included which rellects the observed hed swelling. Therefore the capillary rise equation can he

modii:-ed to include a constant term, rI>' the capillary radius due to a boundary layer effect In this

case rcais stillcalculated based on random packing density, even though the hed has expanded.

The capillary cise equation cao he written as;

h •
2y,. cose

pg(roff + r,)
(7.9)

•

Since il. is probable that infùtration (due solely to capillary forces) may experience a hysteresis

effect, and not attain the full infùtration height due to local changes in effective radius, one can

include a constant tenn, a in Equation (7.9). It seems reasonable that the hysteresis constant

will te different for each situation. Therefore the complete expression for height of capillary cise

in an expanding hed of particles can he written;
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h •
2y,. case

pg(r", + rh)
- H (7.10)

•

In Figures 7.23 and 7.24, Equation (7.10) bas been used to predict the measured height of

infùtration. In each, the calculated height of infiltration gives good agreement with the

experimental data For each temperature a boundary layer radius of 25 I!m was used. This was

ba"ed on the average interparticle spacing offset of 50 I!m, shown in Figure 7.21. Table 7.3

gives the constant values used in plotting equation (7.10). It should be pointed out that while

the interparticle spacing offset is a measured quantity, the const::nt H has been chosen to match

the experimental data In this sense it is not surprising that the calculated curves agree with the

data.

Table 7.3 Constant Values for Capillary Rise Calculations.

Temo (OC) r. (um) H(cm)

450 25 5

550 25 3



•

•

:::D;::ls:::.cu=s=s.=io:::n:....:o~if..:.R::e~su=lls=- ~l6S

550C
.................................................................................•......

single capillary prediction

-.-.•
....•....•.....:~.....•........

. -..
ilIIo••••

'.......
'" .::::::~~ _~~:.::.:.::.:::.··········1:ëj:'1:fO·jiièëffëifoiis·t ~:;;jj;:::................ . .

••••••••••••................. ...............

2
AVERAGE PARTICLE DIAMETER (microns)

Figure 7.23 Equation 7.10 Predictions ofCapiliary Rise al 550·C.
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FIgure 7.24 Equation 7.10 Predictions ofCapillary Rise at4SO"C.



•

•

t::D:::Is:::c=us=s.=io:.::n:...:0:Lif..:;R~e~su:::1Js=- -=167

The boundary layer concept described above, is the same as that observed for clay soil particles

and discusscd in detail in Section 4.1.2. However. in the case of clay particles in aqueous

solution, the effeet is limited to very small particle diameters (sub-micron) since the thickness of

the diffuse ion layers is in the order of tens of Angstroms. The observed swelling of intermetallic

particle beds during metal infiltration appears to occur at much larger particle sizes. and is

obviously not the result of diffuse ion layers since we are dealing with a metallic solution.

Neverlheless. there are certain similarities in the systems. In the case of colloidal particles.

attractive forces due lu liquid surface tension (which become stronger as particles approach) are

balanced by very strong repulsive forces (osmotic pressures) which increese greatly upon close

particle contact. The same mechanism appears to exist for liquid metals and reactive particles

since a narrowing ofeffective pore radius due to capillary attraction is obstructed at low particle

sizes.

7.3 Reactive Particle Bed Swelling ln Llquld Metals

7.3.1 Mass Transrer ln Partlcle·Metai SysteJœ

The clay soil anaIogy to intermetallic particle bed swelling is intriguing because in this analogy.

as particle size is reduced relative to the thickness of the boundary layer surrounding cach

particle. increased overlap of the boundary layers gives rise to forces of repulsion between

individual particles which counteract capillary forces with the result that the particles are forced

apart. Since the effeet appears to become significant in liquid metal at particle sizes less than

approximately 100 I!m. then the boundary layers in question are likely to be of a similar size

range.

Sessile drop results described earlier in this ehapter. illustrate the powerful effect of mass transfer

on the wetting characteristics of intermetallic substrates. Indeed, the data sugg~st.~ that
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"spreading" can be induced by mass transfer from the liquid phase to the solid (crystal growth

from super-saturated liquid solution), or solid dissolution into a relatively pure liquid phase. In

each, experimental results show liquid spreading until chemical equilibrium has been reached, as

described by Alcsay(421•

For intermetallic crusts in lead refming (both silver and bismuth) the crystals in the crust will

continue to grow from super-saturated solution as the bath continues to cool. This implies

continued mass transfer at the crystal surfaces, and one would expect the continuation of strong

forces of wetting as measured in the sessile drop experiments. Similarly, particle bed infiltration

experiments have simulated Ibis behaviour as mass transfer al the crystal boundaries willoccur

due to liquid phase solubility of the intermetallic in the pure lead. Therefore, for either

dissolution or growth, mass transfer is a key component of intermetallic-liquid metal systems

with respect to the condition of the solid-liquid interface.

The present experimental work has only considered intermetallic particles which modellead

refming systems; namely the silver-zinc-lead system. However, any system of solid particles

which can react with liquid metal would be a possible candidate ta experience swelling due to

an overlap of mass transfer boundary layers. This could include oxide particles where oxygen

solubility in metal is significant, sulphide particles, or ceramic particles with appreciable solubility

in the liquid phase. In this sense an overall system can be described whcre "reactive" wetting of

the particle could lead to the bed swelling observed in lead refming. This could be termed

"Reactive Particle Repulsion".

An excellent example of this phenomenon was recently experienced at the Noranda Technology

Centre(14l. Small scale crucible experiments investigating the rate of reaction between S02

bubbles and zinc metal in dilute solution with lead-bismuth alloy (0.5 wt% Zn) at 2000C resulted

in the entire liquid phase becoming a mass ofviscous metal-dross. Subsequent chemical analysis

of the dross phase detected only 0.02 wt.% S suggesting a limited quantity of solid reaction
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product between zinc and S02' Metallographic examination of the moss could not detect the

presence of any solid reaction particles. This suggested that the average particle size must have

been in the order of ljllll (or less) and hence easily obscured by the soft lead-bismuth alloy

during po\ishing. Based on the above theory, limited solubility of Zns in the alloy system could

result in mass transfer occurring al the particle-liquid interface. Very large mass transfer

boundary layers relative to the tiny particles could explain the dramatic effect of such as small

quantity of solid reation product.

7.3.2 Erreet of Temperature on the Mass Transfer Boundary Layer

As discussed in section 2.3.2, mass transfer in liquid metal systems will result in the creation of

a mass transfer boundary layer, ô•. The magnitude of the layer thickness will be dctermined by

factors such al solute diffusivity, DA' liquid phase viscosity, and the Iiquid metal velocity. In

general, boundary layers in Iiquid meta1s are surprisingly large at low temperaturcs with minimal

Iiquid velocities. Table 2.3 gives an interesting "order-of-magnitude" calculation for mass

transfer boundary layer thickness for bismuth in lead (based on Equations 2.26 through 2.28) al

4OO"C assuming the growth of CaMg2Bi2 crystais. For crystais with an average diameter of 50

J.Im, and a low Iiquid velocity of 0.1 mm-sec' l, the boundary layer thickncss would bc

approximately 300 jllIl. Such a thickness is obviously much greater than the particle diameter,

and will involve considerable overlap of boundary layers in the case ofa refming crust comprising

such crystais. Il is interesting to note that the boundary layer thickness remains relatively

constant ( 360 J.Im at SSO·C) with increasing temperature. This is due to a balance of higher

diffusivities but lower Iiquid viscosity in this narrow temperature region; both of which obcy

Arrenhius type relationships.
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7.3.3 Mechanism of Reactive Partlde Repulsion

For colloidal particles such as c1ays or minerai particles. the forces resulting in water retention

are based on an osmotic pressure. The osmotic pressure increases as particles are drawn

together by capillary forces. Eventually a balance of forces (osmotic and capillary) is reached

which determines the fmal interparticle spacing. The forces are relatively easy to understand

since the diffuse ion layer thickness remains constant with respect to the pore water salt

concentration. ln this sense, the system is at chemical equilibrium and does not involve mass

transfer. The osmotic pressure balances the localized drop in solvent vapour pressure to

preserve the overaIl equilibrium in terms ofGibbs energy. Since no mass transfer takes place,

the system can be considered to be in thermodynamic equilibrium at all times.

The osmotic pressure analogy with respect to reactive solid particles in liquid metal is not so

simple. However, it is a useful analogy in visualizing a possible mechanism te e::p!'lin the

observed particle bed swelling because it introduces the concept of a pressure term to counter

capillary attraction. Since particle repulsion in colloidal systems involves the interaction of

boundary layers (diffuse ion layer), it is not unreasonable to suggest that proximity of boundary

layers in metal-particle systems could give lise to similar forces of repulsion; expressed as Slatic

pressures.

11Ie key difference between the two systems is that one exists at chemical equilibrium, while the

other is defmed by non-equilibrium conditions. Similar to the boundary layer Gibbs energy

minimization described by Aksay et al., one may picture the forces at work to be transient in

nature, determined to a large extent by the maintenance ofcontinued reaction. ln much the same

way as dynamic spreading of a reactive liquid on a solid surface will cease upon attainment of

chemical equilibrium, it is reasoned that repulsion should persist ooly so long as reaction

continues to maintain a mass flux. The completion of this reaction will be limited by rates of

mass transfer in the system. Unfortunately, apart from nucleation and growth theory, the
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Iiterature does not provide much insight into such non-equilibrium systems. particularly reaction

between liquid metals and solids.

Due to the lack of sufficient basic theory. it remains to speculate as to the exact mechanisms

surrounding the observed reactive particle repulsion in liquid metal. However. based on the

osmotic pressure analogy. it seems clear that a static pressure term must be introduced which

balances the capillary forces which tend to compact the particle bed during infiltration or crystal

growth.

Thus. for a system of particles which are separated by sorne distance. one can express a static

pressure term in the liquid caused by surface energy (capillarity) as being equal to the capillary

pressure wOOn the bed bas expanded to an effective pore radius. r.tr (as defined by Equation 5.4)

including the potential energy term for the height of the liquid;

y", ,,2y'"
-- + PK --
2rtif r tif

(7. li}

where. âP. is the static pressure due to capillarity.

In a static system with no change in interparticle distance. one can consider a balance of

pressures. such that;

y", ,,2y'" AP
- + PK - -- + •
2rtlf rtlf

• 0 (7.U)

•

where. âP. is the swelling pressure.
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Since at a stable height of capillary lise one can say that the basic equation of capillarity is

satisfied (that is pgh=2 y,/r</1)' one can simplify the pressure for swelling as;

-âP •• (7.13)

•

The difficulty for a dynamic system is defining the swelling pressure in terms of the mass transfer

boundary layer. There is no precedent in the literature which gives insight into this dilemma.

However, a tentative answer may lie in the work of Aksay et al., where they defmed a localized

minimization ofGibbs energy at the solid-liquid boundary in the case of non-equilibrium wetting.

They argued that the energy minimization is local since mass transfer rates, to and from the

boundary are finite. For wetting. Aksay describes a drop in yd and y~, due to the reduction in

Gibbs energy. This idea may he used to consider the effect of a local reduction in Gibbs energy

in terms of the molar vapour pressures in the liquid phase.

In defining a Gibbs energy change at constant temperature and volume, one can write;

dG • YdP (7.14)

and,

~ P .

JdG • RTJ~dP (7.15)
0; P'

According to the above expression, a spontaneous reduction in Gibbs energy can result in a

Iowering of the system pressure, P. This is similar to the osmotic pressure and could represent

the "missing" term ta offset capillary pressures.
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The effect of particle proximity can be explained due to the localized nature of the chemical

reaction. Since the Gibbs energy minimization is restricted to the mass transfer boundary layer,

then overlap of these layers will allow the pore liquid to become part of the effective volume

where reaction occurs. Therefore, this volume will have a reduced pressure compared with the

bulk liquid metal below. In much the same way as overlapping diffuse ion layers reduce pore

water vapour pressure, it can be said that the overall pressure of the liquid metal is reduced by

non-equilibrium conditions.

Another way ofexpressing the effect of mass transfer boundary layer overlap is to consider the

rate of Gibbs energy minimization. It is weil understood that the existence of a mass transfer

boundary layer implies that the overall system is tending towards a lower Gibbs energy state.

The rate at which the system can attain equilibrium is govemed by the rate of mass transfer

through the boundary layer. Therefore one can define a rate of Gibbs energy minimization,

dG/dt, which is at a maximum in a system without conflicting boundary layers. However, when

particle proximily causes overlapping mass transfer boundary layers, the effective düfusion path

Iength increases beyond that delined by the original boundary layer thickness. This will have the

effect of reducing the overall rate of Gibbs energy minimization. In other words, the system

attempts ta maximize the rate at which it can minimize its overall Gibbs energy. A liquid l10w

term may be the ultimate effect of the system's attempt to shorten the mass ttansfer path length

which can only be satisfied by the particles moving and remaining apart.
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K. JNDUSTRIAL APPLICATIONS

The purpose of the current study of metal entrainment in lead refining dross, was to develop an

understanding of the physical variables control1ing the degree of metalloss. Chapter 7 discusses

in detail the findings of the work. However, some of the important conclusions can be

summarized as follows;

Nop-EQui!ibrium WetIiDl: - plays a key role in metal entrainment Reaction between solid

particles and Iiquid metal gives strong wetting as expressed by the solid-Iiquid contact angle.

Without wetting, capillary forces would not tend to retain metal in f10ating particle beds. The

ability of the Iiquid metal to wet solid particles ensures entrainment of at least 50 vol.% metal.

For non-wetting surfaces, the degree of entrainment can fall considerably.

Crystal Size - has a strong effect on the degree of metal entrainment Experimental work

confrrms observations made in industry, that smaller crystal size, particularly below 100 IIm

diameter, gives metal entrainment greater than the 50 vol.% predicted by random packing of

particles.

Ip!cr.partjcJe RepuWop - appears to exist in systems where crystal growth or dissolution (mass

transfer) is taking place. The forces of repulsion are more significant as average particle size is

reduced. The effect is most pronounced for crystals below 50-100 IIm, which matches the

magnitude of mass transfer boundary layers for such systems.

Mele Bed Deplh - will have a beneficial effect in reducing overaIl entrainment by increasing

the forces (buoyancy) bringing particles together.

The above parameters can be manipulated, in certain situations, to reduce the overall entrainment

of Iiquid metaL ln this chapter, two exampIes of process modifications based on this fundamental

knowledge. are presented. In each, metal entrainment bas been reduced. It is presumed that
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these tee~ues could \Je applied to a range of other processes (or industries) where metalloss

10 a dross phase is undesirable.

8.1 Continuous Agitation During Deblsmuthlslng

1be idea to continuously stir bismuth refming kettles during crystal precipitation to enhance the

grade of bismuth in the crust is relatively simple, yet has never been practiced in industry. The

concept was based on an attempt to increase average CaMg2Bi2 crystal diameter by "seeding"

the molten bath with the flfSt crystal nuclei 10 form. Based on the current experimental work,

a modest increase in average diameter could have a significant effect on crust grade. Normal

bismuth crusts have an average crystal diameter of 4S 1JIIl, which gives lead entrainment in the

order of90 vol%. (around 4.5 wt.% Bi). It was estimated that an increase in diameter 10 65-70

lim, could have the effect of reducing entrainment to only 70-80 voI.%, giving crust grades in

the order of 10-15 wt% Bi.

8.1.1 Experimental Procedure

Instead of testing the concept ofcontinuous agitation on the laboratory scale, it was decided 10

proceed direclly to the full-size production vessel; here a 230 tonne capacity ketlle at the

Brunswick Mining and Smelting Ltd., Belledune refmery (BMS-S). The key to pursuing the

experiments lay in modifying the power supply for a tetlle agitator to enable variable speed

control This was considered a necessary prerequisite since normal agitators operating at (one

speed only) full speed, woukl create a sizable vortex in the molten lead, drawing in oxygen, and

promoting the rapid oxidation of reagent metals such as calcium and magnesium. In order to

minimize oxidation it was clear that the agitator would have to \Je reduced in speed such that

crystaIs could be suspended in the bulk Iiquid with a minimum of vortex formation.
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To accomplish the goal of reduced agitator speed, a Variable Frequency Controller was

purchased and installed at BMS-S. The control for agitator speed resembles a domestic rheostat

switch to dim lights in a home. Through plant scale trials it was found that a setting of 2.5 (out

of a possible 10) gave a suitable agitator speed to keep a molten crust layer in suspension

without vortex formation. The impeller shaft was found to turn at 72 rpm. It was recognized

that the chosen agitator speed was only optimized relative to Brunswick's kettle and impeller

design.

In total, three full·scale tests were undertaken under control conditions. Since that time, the

practice of continuous agitation during debismuthising has been adopted at the Brunswick

refmery as normal operating procedure due to the encouraging nature of the preliminary results.

Therefore, despite the limited number of measured tests, a great deal of plant data has been used

to help verify the study fmdings. In each plant test, a full 230 tonne charge of lead bullion was

bailed into one of two debismuthising kettles. The temperature was measured, and a sample of

buUion taken and quickly analyzed (by XRF techniques) to give an initial bismuth, calcium, and

magnesium assay to detennine the amount ofcalcium-magnesium alloy to add in order ta reach

the desired bismuth removal at 320°C. In all three tests the final target bismuth content was 15

ppm bismuth.

The reagent metal additions were made by over-head crane in the form of 15 kg ingots. Bath

temperature was maintained above 4800C before reagent addition, to ensure easy dissolution of

reagents and keep equilibrium conditions above supersaturation. Generatly, the Ca-Mg alloy

shattered due the thermal shock induced by addition to molten lead. The broken ingots were

stirred into the hot lead at high agitation speed. The creation of a vortex (and the drawing of

reagent metal into the vortex) was responsible for the rapid dissolution of the solid alloy into the

molten Iead. The lead temperature was found ta increase approximately 10°C after dissolution

due to the heats of solution of both calcium and magnesium. After complete solution of the

reagent, the agitator speed was returned to the 10w value ta keep any crust which had formed

in solution. In two of the three runs, special care was taken to agitate the full kettle and raise
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any remaining crystals ofCaMg~Ï:z from the previous charge, thereby minimizing the population

of crystal nuc1ei.

In the three experiments, one was allowed to cool simply by normal heat loss from the ketlle

(without bumers), wlùle the last two used cooling fans around the base of the ketlle to increase

convective heatloss from the ketlle walls. In normal debismuthising practice, the cooling fans

are employed to speed cooling, and increase productivity from the ketlle.

Lead bullion samples were taken at various intervals during the cooling. The time and bath

temperature were recorded for each sample. The slow speed agitation made sampling of bullion

during cooling considerably more accurate than normal practice since the top layer of crust did

not contaminate the sample spoon. The bullion samples were carefully cast into small dises and

quickly solidified. The samples were "faced" by a lathe (removing severa! millimetres as

discussed in Section 5.1.1) prior to assaying metal shavings by atomic absorption (M)

spectroscopy. The facing of the sample dises eliminated error due to entrained crystals which

tended to float to the sample surface prior to solidification. XRF analysis of supersaturated

bu1lion samples was found to give erroneous resuIts due probably to the fme intermetallic crystals

fonned during sample cooling. The intermetallic phase evidenlly caused problems with the

calibration of the XRF unit since the minor elements of interest were now present in a different

matrix (intermetallic instead of lead).

The continuous agitation was stopped at 350"C. Since the impure lead bullion for each test

contained approximately 4000-5000 ppm B~ Figure 2.8 predicts \hat the majority of bismuth has

been removed at this temperature. The agitator was removed by over-head crane, and a crust

layer allowed to fonn. ACter 15-30 minutes, crust samples were taken from the ketlle surface

at various locations. The samples were combined into one composite sample for chemical

analysis by AA
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8.1.2 Contlnuous Agitation ResuUs and Discussion

As a general comment, slow speed continuous agitation during debismuthising was found to be

a simple and easy technique to implement on the plant scale. The long cooling limes allowed

operators to set the initial agitator speed and ignore the process unti1 350"C. This was found ID

be an improvement over the semi-continuous sldmming employed under normal operation.

Furthermore, the crust which formed at 350"C was found to be dense, and easily skimmed in

large slabs. Normal crusts, due to near continuous skimmL'Ig at higher temperature, tend to

remain very fluid and hence more labour intensive to skim.

Figure 8.1 presents analytical data for the three crusts compared to average crust assays as a

fonction ofskimming temperature. In ail three instances a great improvement in crust grade was

achieved. The grade continues improvement for Tests #1 through #3. This corresponds to a

more rigorous attempt to dissolve any prior crystals in the lead bath before cooling. Figure 8.2

gives the lime temperature profiles for the three tests cornpared to normal operation. Il can be

seen in Test #2 and especiallyTest #3, the bath temperature increase prior to cooling. For these

two tests, kettle heating and agitation was employed as a crystal dissolution operation before

calcium and magnesium additions. The data would suggest that initial crystal population is

important in improving overall grade. Figure 8.2 also indicates that kettle cooling rates with

agitation are considerably higher than normal cooling without agitation (fans only). From the

point of view ofre6nery productivity, this is very encouraging. From the data it is estimated that

a typical charge can be completed in 8 hours versus 12; a 50% increase in productivity.

A low initial crystal population giving higher grade crusts. agrees with the proposition that bath

seeding, with a limited number of crystals. should result in the preferred growth of the crystals.

This is provided that crystal growth rates are sufficiently high to prevent significant

supersaturaUon (for a given cooling rate), favouring nucleation over growth. Micrographs of

bismuth crust presented in Chapter 5 show weil deftned crystal interfaces indicating ionic

bonding. but also crystal growth lirnited by mass transfer in the bulk solution, characteristic of
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quiescent mellS. Agitation will significantly increase Iiquid velocit)i. and therefore decrense the

thickness of the mass transfer boundary layer. Under these conditions. crystal growth rates

should incrense since they are no longer as limited by diffusion in the bulk Iiquid. Figure 8.3

gives a comparison ofmomenlUm and mass transfer boundary layer thickness for various Iiquid

veIocities for the case of CaMg2Bi2 crystal growth from lead at400"C. As in Table 2.3. crystal

diameter is presumed to he approximately 50 pm and the flat crystal face model outlined in

Equations (2.21), (2.27) and (2.28) are again used. Continuous agitation was estimated to give

a Iiquid velocity in the range of 10-100 cm-sec·l
.
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FigureS.! Bismuth Crust Grade vs. Skimming Temperature; historical data is compared to

resullS obtained with continuous agitation.
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Figure 8.3 Momentum and Mass Transfer Boundary Layer Thiclcness for CaMg2Bi2 Crystal
Growth from Lead at 400"C.
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Figure 8.4

Figure 8.5

Optical Micrograph of Bismuth Crust Produced During Continuous Agitation;
crystal interface shows irregular habit. (200 X)

Opticai Micrograph of a Large Dendritic CaMg2Bi2 Intennetallic Crystal
Produced During Agitation; crystallength approximately 1000 1JIll. (200 X)
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Figures 8.4 and 8.5 present optical micrographs of CaMg2Bi2 crystals produced during

continuous bath agitation. The crystal morphology is in direct contrast with the faceted crystal

interfaces in Chapter 5. As discussed in Chapter 3, the reduction in mass transfer boundary layer

thickness leads to the possibility of unstable growth interfaces since a protuberance at the solid

liquid interface could extend into areas of greater supersaturation, favouring localized growth.

This type of crystal growth results in the classical dendritic structure observed in Figure 8.5.

Figure 8.4 shows that the majority ofcrystals have the same diameter (approximately 50 J.lIl1) as

normal bismuth crusts. However, Figure 8.5 confmns that sorne crystals grow much larger than

the average. From an understanding of the effect of crystal size on metal entralnment, it seems

evident that improved crust grades are due to the favoured growth of certain crystals to very

large sizes. Since many other factors affect metal entrainment (temperature, crust thickness. ete.)

il is virtually impossible to quantify the elfect of larger crystals. However, it can be said that the

trend towards larger particles should Cavour Iùgher grades. The effect of crystal habit (dendritic)

on metal entralnment is unclear and would require further investigation.

Figure 8.6 compares measured liquid assays with equilibrium curves for Ca-Mg-Bi saturation of

lead. Calcium, Magnesium, and bismuth levels in lead were used to calculate the CaMg2Bi2

solubility product, k,p. according to Equation (2.7). The k,p values were plotted versus the

buDion temperature. In each test, the offset of the cooling curve from the equilibrium saturation

curve indicates the degree of supersaturation in the bath. Faster cooling conditions (Test 12 and

Test #3) give greater supersaturation. Table 8.1 summarizes the supersaturation, expressed as

a ÂT. as a fonction of average cooling rate of the bath.
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Table 8.1 Continuous Agitation During Debismutlùsing • Supersaturation Data.

Condition Cooling Rate Supersaturation

(°Clhr) (OC)

NonnalOo. 12.8 25

Test #1 15.7 8

Test #2 18.5 25

Test #3 16.9 15
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Figure 8.6 Solubility Product for Lead Bullion During Continuous Agitation Compared to
the Equilibrium Curve••
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Il is interesting that while Test #2 bas the trlghest supersaturation, Test #3 gave the highest grade

crust. For continuous agitation, it would appear that the degree of supersaturation does not

affect grade as much as the initial crystal population. However, one can predict that high

supersaturation will eventuaIly lead to greater nucleation driving force, with or without agitation.

From Table 8.1, the high supersaturation for normal cooling (at relatively slow cooling rates)

reflects the slow crystaI growlh mechanism irnposed by a quiescent melt. Crystal growlh rates,

controlled by solute diffusivity in the bulk Iiquid, and indeed solute diffusion through the pore

Iiquid of the crust under normal operation, will tend to favour more supercooling, and hence

nucleation.

The data presented in Table 8.1 can be used to illustrate the probable mechanism of bismuth

crust formation. Essentially, the bath will be supercooled to the point where intermetallic

crystals nucleate (probably heterogeneously) and grow slowly, controlled by the rate of solute

diffusion in a quiescent melt. As the crystals reach a critical diameter they will float to the top

of the kettle and jain the "wet" crust layer. Growlh will continue in the crust but at slower rates

due to the increased solute diffusion path length. The slow growth mechanism will a1low

substantial supercooling to be maintained, permitting additional crystals ta be nucleated in the

bulk Iiquid. In this manner, crusts with relatively small, and uniform crystals are formed. From

an understanding ofentrainment mechanisms, the characteristic small crystal size will ensure high

metal entrainment in the refming crust

8.2 Low Temperature Salt Treatment or Silver Crust

Silver crust is currently treated in many industrial operations by a high temperature liquation

process. The process is briefly described in Chapter 2. A molten chloride salt (NaCI-CaClz) or

more recently, borax (NazO:28z03) is used to provide an oxygen transfer barrier while silver

crust is heated to 7500c<7). At this temperature the intermetallic phase melts and forms an
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immiscible metallayer f10ating on lead. The resulting triple aIloy (Ag-Zn-Pb) is tapped and

further treated to recover silver.

As mentioned above. the action of the molten salt is presumed to he one of a barrier to rapid

oxidation. and to some extent a "flux" to absorb any oxide particles which would tend to form

a "dIy" dross. However. sessile drop tests conducted in this study showed aggressive wetting

of Ag-Zn intermetallic phases by molten chloride salts. The wetting was attributed 10 reaction

at the solid-Iiquid interface (non-equilibrium wetting) and the inherently low surface energy of

molten chloride salts; see Table 3.2. It was decided to exploit the tendency for chloride salts 10

preferentially wet Ag-Zn intermetallic particles as a means of reducing metal entrainment in

crusts ÏIUi1I1. avoiding the costs of a dedicated. high temperature. liquation vessel. The study

was undertaken through laboratory scale experiments.

8.2.1 Process Concept

The preferential wetting of intermetallic particles by a second phase should have the effect of

eliminating the strong forces entraining metallic lead. From a process point of view it is critical

that the "f1uxing" medium should have two important qualities;

1) EeactiYilY - with respect to the three metals should he minimized in order to maintain

recovery.

2) Melti0r Point - should he low enough to mate processing in the primary desilverising

Iœtt1e feasible; 420-4S0"C.

The prevention ofsignilicant reaction between the wetting phase and silver. zinc. or lead requires

the use of reactive metal chlorides. While many common systems exist which would not react
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(such asNaC1~ eutectic) with the metals, it was difficult to identify an appropriate system

with a sufficiently low melting point Eventually it was decided that the euteetic KO-ZnClz
offered the best compromise between chemical properties and cost The ZnClzcomponent

offered the additional benefit of sorne limited reaction with zinc in the intermetallic. Based on

Alesay's worlc, mass transfer will improve wetting by reducing the solid-liquid interracial energy,

y.1(4Z). Figure 8.8 shows the binary phase diagram for the potassium chloride-zinc chloride

system.

600 r----------------,

500

400

300

200

o 20
ZnClz

2740

262 0

40 60
Mol %

80 100
KCI

•

Figure 8.8 Binary Phase Diagram for the System KCI-ZnClz(7'l.

The process concept was to introduce sorne salt to the primary desilverising kettle after

formation of the silver crust, but prior to skimming. It was envisioned that a rake type

apparatus. altaehed to an standard agitator shaft, could he used 10 provide intimate mixing of the

salt phase with the metal crust The wetting action of the salt would free a large portion of the
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entrained lead, which could then drain back into the lead phase. A sally crust could then be

skimmed and further proeessed for silver recovery. Figure 8.9 iIIustrates the basic process.

1. 230 lonn. httl.
2. AIIII.'or
3. L..d bull/on
4. R.h !!tt.chm.nl
5. Ali C,vil + .." 1.

2.

3.

Flgure 8.9 Schematic Diagram of Low Temperature Crust
Treatment on the Industrial Scale; primary
desilverising kettle with rake attaehment on
agitator shafL

8.2.2 Experimental Procedure

Samples of silver crust were obtained from the primary desilverising kettle at Brunswick Mining

and Smelting Corp. Ltd. The silver crust starting assay was determined by taking a composites

sample of the material prior to testing. severa! composite samples gave an average assay of

4.25% Ag and 10.49% Zn.

Approximate 1.5 kg charges of silver crust were placed in a 316 stainless steel crucible having

an internai diameter of 12 cm and a height of 15 cm. The vessel was placed in a circular fumace

heated by means of Kanthal electric resistanee elements. Temperature was measured by a

stainIess steel sheathed, chromel-alumel (type K) thermocouple placed in the crust charge. Test
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conditions were maintained at 400 and SOO"C using a Omega Engineering CN-9000

programmable temperature controller. Control was maintained at ±1"C.

Once crust had attained the desired test temperature. religent grade KCI and anhydrous ZoCl2

were added. Salt levels of S. 10. and 20 wt% of crust were investigated. A fIXed salt mixture

of40 wt.% KCl and 60 wt.% ZnClz was used in aIl tests. Agitation of the system was provided

bya six-bladed. 4So pitch impeller with a rake-Iike attaehment on the shaft as illustrated in Figure

8.10. The system was agitated at 20 rpm for one hour. Sorne fuming of ZnCl2 was noted.

particulary at SOO"C.
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Figure 8.10 Schematic Diagram of Laboratory Apparatus
Used to Test Low Temperature Crust Treatrnent.

After one hour ofreaction lime the agitator was removed from the mixture. The salLY-crust was

skimmed from the Metal surface by means ofa perforated stalnIess steel spoon. The resulting

Iiquid lead phase (free of crust or dross) was cast from the crucible into small moulds. Both

product phases were weighed after cooling. It was particulary important to weigh the crust

phase containing chloride salts since the ZnCl2 proved to be hygroscopie. quickly libsorbing

moisture from the atmosphere.
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The product phases were sampled and assayed to determine the recovery of lead, zinc, and silver.

Bullion samples were taken from the bottom and top of the cast metal to investigate the

possibility of some entrained Zn-Ag crystals. Metal samples were taken by collecting dril1

shavings. Sampling method, and subsequent analysis of digested metal by atomic absorption

spectroscopy, were considered to !Je reliable and accurate. The salty-crust proved to !Je a much

more difficult phase to sample and assay reliably. Chlorine was found to interfere with normal

silver digestion techniques while the inhomogeneous nature of the crust made sampling difficult

Eventually, silver, zinc, and Jead deportment to the crust phase was determined by difference

since charge masses, and those collected in the buDion phase were well known and trusted. Low

vapour pressures of silver and lead gave credibility to the technique of mass balance by

difference.

8.2.3 Low Temperature SBlt Liquation ResuJts and DIscussion

The use of at least 10 wt.% of crust, KO-Znelzeutectic mixture, was found to give excellent

removal of lead from silver crust without losing significant quantities of silver and zinc to the

bullion phase !Jelow. Recovery of lead to bullion improved with more salt and higher

temperatures. However, sufficient recovery of lead from crust was found at 4OO"C, to mate

treatment in the primary kettle (4204S0"C) a workable concept.

Figures 8.11 and 8.12 show the eJemental recovery ofiead and silver from the crust treated with

various quantities of salt at both 400 and SOO"C. From the data, it would appear that better

Iiberation of lead from the system of intermetallic crystals, is achieved with greater amounts of

molten salt. Since thfl salt is presumed to preferentially wet the crystals, it is presumed that a

minimum volume is required to completely wet the high surface area of the crystals. Based on

a density ofapproximately 1.8 g-cm' for the mohen salt, and a density of 8.26 g-cm" for e-phase
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crystals. and asswning a maximwn packing of 50 vol.% solids. one would require at least 18

wt.%salt (relative to the intennetallic crystal mass) to fonn a continuous liquid phase.

The silver crust used in the tests contained approximately 14 wt.% crystals; %Ag+%Zn. Ifone

assumes that 100% of the molten lead was rejected during mixing with the molten salt, the

volwne fraction of intennetallic crystals and molten salt can be calculated. At salt additions of

5. 10. and 20 initial crust wt.%. the give volume fractions of molten salt have been calculated as

62.1. 76.6. and 86.8 vol%respectively. Clearly the salt r.dditions used were more than enough

to wet the entire particle bed in such a way as to replace ail the lead as a continuous matrix.

However. the data shows that a large excess was required to achieve near complete liberation.

Il could Ile that similar expansionary forces are expeœllCt'.d in the case of a continuous salt phase

thereby requiring liquid volume fractions in the order of 70-80 vol.%.
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Figure 8.11 Recovery of Lead to the Bullion Phase at Various ZnCl2-KCl Salt Addiûon
Levels.
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Figure 8.12 Recovery ofSilver to the Bullion Phase for Low Temperature Salt Treatment of
Silver Crusl
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The unavoidable recovery of some silver to the separated bullion phase is not high enough to

cause an undue silver recycle in an industrial application. From Figure 8.12, the silver recovery

appears to he more a function of temperature than amount of salt used. This follows based on

the increased solubility of Ag-Zn in lead bullion at higher temperatures.

The low temperature molten salt separation of Ag-Zn crystals from a lead matrix once again

ilIustrates the critical role of surface interactions in intennetallic dross systems. Strong surface

wetting, aided by mass transfer in non-equilibrium systems, prevent the easy removal ofliquid

Metal from the crystals. However, a second phase, exhibiting a greater potential ta wet the solid

cryslals (such as a reactive salt) will he able to intervene hetween the solid and liquid metal,

thereby allowing separation. In much the same way as oxygen appears to allow lead to drain

from industrial silver crusts, phases such as molten salts can act as surface active agents to

influence the forces causing entrainment.

The simple laboratory scale tests investigating silver crust liquation cao serve as the basis for a

new industrial process to treat silver sldmmings in the lead industry. Figure 8.13 gives a

tentative llowsheet based on the results. Essentially, salt can he added to the primary

desilverising lcettle to elfect near 90% removal ofliquid lead from the Ag-Zn crystals. The salty

dross can he skimmed frolll the ketlle into a crust treatment vessel (a steel kettle). Additional

chlorine cao be added to the system in the fonn of ammonium chloride (NH..Cl) or chlorine gas.

This additional chlorine will react with the zinc in the intermetallic particles according to the

following;

(8.1)

•
The metaDic silver will combine with lead carryover (or lead added deliberately ta colleet silver),

and fonn a very high grade lead-silver alloy for subsequent upgrading. The high Znc~ salt thus
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fonned. could !Je retumed to the primary kettle for re-use while some could !Je bled from the

system to maintain the overall KCl-ZnCl:z balance. The salt bleed could !Je treated in a lead blast

fumace or similar vessel to avoid stockpiling an environmentally sensitive by-producL Natural1y.

the economic viability ofsuch a process would depend on the price of zinc silICe reagent zinc is

not regrlnemted in this process, and the ability ofa smelter to work with chlorine and ilS salIS.
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Figure 8.13 Schematic Diagram of an Industrial Process
Using Low Tempemture Salt Treatment During
Primary Desilverising.
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CONCLUSIONS AND RECOMMENDATIONS

Flndlngs and Conclusions

Silver and bismuth refmîng drosses produced at Noranda's, Brunswick Lead Smelter,

have been characterized in terms ofintermetallic phase, average particle size. and degree

of metal entrainmenL

Silver Crust - is composed mostly of the E-phase (AgZnl ) with average particle size

approximately 50 lI/ll. Liquid lead entrainment is in the order of 80 volume percenL

Bimluth Crost - is composed entirely of CaMg2Bi2 crysta1s exhibiting a regular crystal

habit and average diameter of 45 /lm. Lead entrainment is approximately 90 volwne

percenL

2. Asimple capillary model ofmetal entrainment in silver and bismuth crust was developed

and compared to data collected from industrial silver and bismuth crusts. Overall the

model was found ta be Inadequate. According ta this model, capillary forces will tend

10 reduce the observed metal entrainment by seeking random packing of solid dross

particles at approximately 50 volwne percenL Observations to the contrary cannot be

explained by slow rates of Iiquid metal drainage under the applied capillary pressure.

caIculations of Iiquid metal velocities in dross pores suggest that in reality rates of liquid

f10w are high enough to permit the attainment of an equilibriwn configuration ofsolid

particles in a matter of seconds. This does not agree with intermetallic dross samples

where hours of possible drainage lime do not produce a significant decrease in metal

entrainmenL

3. Sessile drop experiments in the Iead-silver-zinc system revealed that Iiquid lead wets

silver-zinc intermetallic substrates; y and E-phases. Reaction between the solid substrate
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and the Iiquid lead was found to produce conditions of reactive spreading due to a

localized reduction in the solid-liquid interfacial energy, Y•. Liquid spreading occurred

during the mass transfer process, allowing Iiquid lead to cover the entire solid substrates

at an effective solid-Iiquid contact angle, B., of zero degrees. Eventual attainrnent of

chemical equilibrium (no concentration gradient) resulted in an increased solid-Iiquid

interfacial energy, and the establishment of an equilibrium solid-Iiquid contact angle.

Liquid metal was found to retraet to the equilibrium configuration after spreading.

4. Infùtration of y-phase (Ag5Zn.) particles by Iiquid lead was found to obey the forro of

a capillary rise prediction where the height of Iiquid rise increased with decreasing

particle spacing. The Iiquid was found ta resist attaining the full height predicted due

to swelling of the particle bed during infùtration. The swelling effect increased with

decreasing average particle size.

5. Il was concluded that experimental infiltration data could be used to develop an

expression predicting height of metal rise in intermetallic particle beds. Data from image

analysis ofinfiItraled particle beds gave a constant increase in interparticle spacing of 50

pm. The constant increase in effective pore radius allowed the development of a simple

capillary model with the following forro;

IJ. 2y,;:œ8 _ B
PI(r""J

•

6. It was concluded that the constant increase in interparticle spacing was due to a swelling

pressure term which is equal and opposite ta the capillary pressure which tends ta force

panicles ta random packing;

AP • - y"
• JrIl
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7. It was concluded that the observed swelling is caused by mass transfer at the solid-Iiquid

interface of the intermetallic crystals giving a reduced static pressure due to a locallzed

minimization of Gibbs energy. The static pressure change (swelling pressure) has been

attributed to an overlap of mass transfer boundary layers where the mid-point static

Iiquid metal pressure is less than the pressure in the bulk Iiquid. For systems with low

Iiquid metal velocities, mass transfer boundary layers have been estimated in the order

of 100 JUIl. This magnitude of boundary layer matches the observed constant increase

in interparticle spacing.

8. Two new processes have been tested ta reduce Iiquid lead loss in intermetallic dross:

1) Continuo!!!; A2itatioo Durin2 Debjsmutbisi02 - has been tested on the full-scale

at Brunswick Mining and Smelting. Agitation of the metal bath during cooling

promotes CaMg2Bi2 crystal growth. The larger crystal diarneters render the

effect ofmass transfer boundary layer overlap less significant, and bence reduce

the volume fraction of entrained lead.

2) MolIeo Salt I,qu8Jjoo - ofsilver crust has been tested in the laboratory. Limited

reaction between Ag-Zn intermetallic particles and a molten KO-ZnCI2 salt

permits preferential wetting of the crystals by the salt phase. Once wet by salt,

the system ofsolid particles can no longer retain Iiquid lead by capil1ary forces.

ResuIts show over 90% removal oflead from industrial silver crusts after mixing

with the molten salL
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9.2 Recommendations for Future Work
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The theory developed in this work relates mass transfer between a solid-panicle and Iiquid metal

as the main force causing metal entrainment beyond that expected for random packing of solid

particles. The example of Iead refining was used. It seerns reasonable to extend the experiments

to other related systems such as iron-zinc intermetallic panicles in zinc baths, or iron-zinc

particles in Iiquid a1uminum, to determine if the same relationships can be observed. This would

provide substantial confmnation of the model.

Experimental techniques prevented the evaluation of intermeta1lic particle infiltration with very

small diameters relative to the mass transfer boundary layer (particles less than SO 1lIll).

However, other experimental work at the Noranda Technology Centre bas suggested that

reactive particles in Iead with diameters as low as llllll can cause massive metal entrainment in

the order of 99.S volume percent It would be valuable (in terms of model validation as weil as

industrial metallurgical practice) to extend experiments to very small particles in order to follow

up the trends obS'.:rved in the current study.

The two processes developed to reduce lead entrainment in bismuth and silver crusts were not

tested and developed rigorously. Further work should be undertaken to fully evaluate the

technical and economic implications of these activities. As a note, the continuous agitation of

bismuth crusts bas been adopted on the industrial scaIe. Future work should be directed towards

a patent application.
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CONTRIBUTIONS TO ORIGINAL KNOWLEDGE

Mass transfer at the solid-Iiquid interface bas been identified as the meehanism behind the high

degree of lead entrainment in silver and bismuth erusts produeed during the pyror 'etaiJurgiel'l

refining oflead. Reaction at the interface has been linked to a statie pressure term in the liquid

metal resulting from the overlap of mass Iransfer boundary layers. The statie pressure prevents

the intermetallie partieles from attaining random paeking densities. The effeet is most

pronouneed for systems of partieles whose average diameter approaehes the thiekness of the

mass transfer boundary layer.

The theOl'Y advanced in this thesis ean be extended to other metal-dross systems where mass

transfer between the solid and liquid oceurs. This is partieularly true for systems where

intermetallie partieles have precipitated from the liquid metal.

The thesis goais are unique sinee this is the flfst lime liquid metal entrainment in dross phases

eomprising intermetallic particles bas been studied in detail. This is particularly true for silver

and bismuth crusts produced during pyrometallurgicailead refining. The theory, experimental

techniques, and industrial proeesses which have emerged are new to this area of metallurgy.

The characterization of silver and bismuth crusts with respect to intermetallic phase, crystal

morphology, and degree of metal entrainment bas never been attempted in the literature. Results

show that a simple capillary model of metal entrainment does not adequately explain the high

degree ofliquid metal entrainmenL



• Contributions to Original Knowledge 201

•

The role of mass transfer in defining the nature of the solid-liquid contact angle for molten lead

and Ag-Zn intermetallic crystals is nove!. Theoretical predictions of dynamic liquid spreading,

caused by a transient decrease in the solid-liquid interracial energy, were confmned. The

observation that ail intermetallic drosses experience non-equilibrium wetting since they exist in

supersaturated solutions. helps resolve the issue of whether the solids are weU wet by liquid

metal.

The experimental resuIts showing swelling of Ag-Zn intermetallic particles infiltrated with liquid

lead have allowed the development of a new understanding of metal entrainment. Aconstant

increase in interparticle distance appears to be caused by an overlap of mass transfer boundary

layers sU1Tounding each particle. A novel mechanism bas been proposed where localized

minimization in Gibbsenergy. due to a mass flux. can give rise to a local static pressure drop in

the liquid phase. The pressure drop is responsible for the repulsion between particles. and the

increase in interparticle distance. The effect becomes extreme when average particle diameters

are small enough to begin approaching the thickness of the mass transfer boundary layer. For

silver and bismuth crusts, swelling is evident at particle diameters Jess than lOOIiffi since repulsive

forces are able to expand interparticle distances by approximately 501lffi.

Two unique processes have been proposed to reduce metalloss in intermetallic crusts based on

the new fundamental understanding. For bismuth crusts. constant slow speed agitation during

the cooHng will promote intermetallic crystal growth by seeding the melt The degree of swelling

is less pronounced for larger particles. and hence metal entrainment is reduced. Silver crust

metal entrainment bas been dramatically reduced by employing a molten salt phase to

preferentially wet the intermetallic crystals. This allows lead metal to drain from the particle bed
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since capiIlary forces are no longer at work. Astep has been proposed which recovers the silver

from the intermetallic crystal-salt mixture. while allowing the salt to !Je re-used in the process.



•

•

203

REFERENCES

1. S. Lavoie, G. Dubé, "A Salt-Free Treattnent of Aluminum Dross Using Plasma
Heating", Journal of Metals, Feb. 1991, pp. 54-55.

2. K.B. Chaudhuri, G. Melcher, " How Kivcet Lead Smelting Compares With Other
Direct Reduction Processes for Lead", European Mining Journal, April 1978, pp. 88
91.

3. E. Muller, "How KIVCET CS Shaft Fumace Simultaneously Smells Pb-Zn". World
Mining, ApriI1977, pp. 46-50.

4. M. Schmidt, P. Fischer, "The First Commercial-SCale QSL Plant; Results of the
Commissioning", Proc. TMS Sym. Lead-Zinc 90, Ed. T.S. Mackey. R.D.
Prengamon, Feb. 1990,pg.885.

5. S. Jananshahi, R.L. Player, "Process Chemistry Studies of the Isasmelt Lead
Reduction Process", Aus. IMM Non-ferrous Smelting Sym., Port Pirie. September
1989, pp. 33-39.

6. J.G. Palmer, "Battery Recycling - A Solution in Peril", Proc. ClM Sym., Primary
and Secondary Lead Processing, Ed. M.L. Jaeck, Pergamon Press, August 1989, pp.
113-118.

7. W. Hofmann, Lead and lAad AIIQ)'s. Eng. Trans. of 2nd Ed., Springer-Yerlag.
Berlin: 1970.

8. J.D. Esdaile, G.W. Walters, "LeOO Purification by Crystallization and Reflux",
Australian I.M.M. Conf. Proc., South Australia, June 1975.

9. J.D. Esdaile, G.W. Walters, 'Tm Refmïng by CrystaJljzation and Reflux", Australian
I.M.M. Conf. Proc., South Australia, 1975.

10. H.E. Hirsch, "The Recovery of Metallic Arsenic in Cominco's LeOO Operations",
Proe. TMS AIME Sym. Lead-Zinc-Tin 80, Ed. J.M. Cigan, T.S. Mackey, TJ.
Q'Keffe, 1980, pp. 360-372.

Il. T.R.A Davey, "The Physical Chemistry of LeOO Refming", Proc. TMS AIME Sym.
Lead-Zine-Tin 80, Ed. J.M. Cigan. T.S. Macke~, T.J. Q'Keffe, 1980. pp. 477-507.

12. T.R.A Davey, "The Physio-Chemical Principles of Refmïng Metals", International
Symposium on Flfty Years in Metallurgy, Banaras Hindu University, Yaranasi, Dec.
1973, pp. 29-50•



204

13. R. Hultgren, P.D. Desai. D.T. Hawkin.~. M. Gleiser, K.K. Kelly, SeJected Vaines of
lbennodynamjç Pmperlies of Meta!. and AIIQYs. ASM, Ohio: 1973.

14. T.R.A Davey, "Desilverising of Lead Bullion", Trans. AlME..200 (1954), pp. 838
848.

15. T.R.A Davey, B. Bied-Charreton, "The Davey Desilverising Process at Penaroya's
Noyelles-Godault Lead Refmery", TMS Paper # A83-17, 1982.

16. K.R. Barrell, R.P. Knighl, "Improvements in Silver Recovery From Lead at
Britannia Refined Metals, Ltd.• England", British !MM Conf., 1989, pp. 307-316.

17. T.R.A. Davey, "Desilverising and Debismuthising of Lead", Erzmetall,l.O (1957),
pp. 53-60.

18. Z. Wang. Metal Yapour CondensaliQn al Rednœd PreAAuI'l:$. M.Eng. Thesis, McGilI
University, 1990.

19. P.J. Hancock. Z. Wang, P.G. Evans, R. Harris, "Yacuum Dezincing of Silver
Crusts", Canadian Metallurgical Quarterly. Yol. 30, No. 1. 1991, pp. 7-14.

20. InlennelaJJjç CQmpounds. Ed. 1.H. Westbrook,John Wiley and Sons. New York:
1967.

21. InternatiQnal Centre for DiffractiQn Data: Powder PiffractiQn FUe. Pub. by JCPDS;
1992.

22. M Hansen. CoQljlituÛOp Of BipMY Alloy5- McGraw-Hi1I Book Company, Inc.• New
York: 1958.

23. B.D. Cullity. Elements Qf X-Ray Piffractjon. 2nd Edition, Addison-Wesley
Publishing Co.• Inc., Don Mills: 1978,

24. T, Banytis, P.G. WillShire, "Refming Developments al BHAS. Port Pirie", Austra1ian
I.M.M., Port Pirie Conf., 1990, pp. 88-93,

25. Y.F. Leferrer, "Yacuum Dezincing of Parlees Crust". Journal of Metals. Trans.
AIME. November 1957, pp. 879-883.

26. J.E. casteras, C. DiMartini, "Method of Treating Debismuthising Dross to Recover
Bismuth", Proc. TMS AIME Sym, Lead-Zinc-Tin 80, Ed. J.M. Cigan, T,S, Mackey,
T,J. O'Keefe. 1980, pp. 348-359.

27. D.R, Blasketl, D. Boxall. y:ad apd Ils Alloys. Ellis Horwood LId., London: 1990,



•

205

28. P. Hancock. R. Harris, "Solubility of Calcium-Magnesium-Bismuth Intermetallic in
Molten Lead". Canadian Meta1lurgical Quarterly. Vol. 30. No. 4. pp. 275-276.

29. A.I. Spring-Thorpe. B.R. Pamplin. Ioumal of Crystal Growth. 3. 4.1968.

•0. The Growth of CeystalS From The Melt. Ed. E.P. Wohlfarth. Iohn Wiley and Sons
Inc.• New York: 1965.

31. A VanHook, CeyslaJ!j71ltion Theoey and Practice. Reinhold Publishing Corp.• New
York: 1961.

32. R.F. Strickland-Constable. Kinetics and Mechanism of CeystaJ!j7dllion. Academie
Press Ine.• London: 1968.

33. A.W. Verre. Ceystal Grow!h: Prlnciples and ProKress. Plenum Press. New York:
1987.

34. AG. WalJon. The Fonnation and PrQpertjes of Precipitates. Interscienee Publishers.
New York: 1967.

35. D. E1weU. H,I. Scheel, Ceystal Grpwth fmm HiKh Temperature Solutions. Academie
Press Ine., London: 1975.

36. G.H. Geiger, D.R. Poirier. Transport Phenomena in Metallu[KY. Addison-Wesley
series in Metallurgy and Materials, Addison-Wesley Publishing Company, Don
Mills: 1973.

37. R.B. Bird, W.E. Stewart, E.N. Lightfoot. Transport Phenomena. Iohn Wiley and
Sons Ine., New York: 1960.

38. A W. Adamson. PhysicJ Cbemjsgy of Surt"ares. 5th Ed., Iohn Wiley and Sons, Ine.,
New York: 1990.

39. T. Young, Phil. Trans. Royal Society London, 95 65, 1805.

40. 1.1. Bikerman. Surface Chemjstey. Academie Press Ine., New York: 1958.

41. R.E.Johnson, "Confliets Betwt'tlD Gibbsian 1bermodynamics and Recent Treatments
of Interfaeial Energies in Solid-Liquid-Vapour Systems", Journal of Physieal
Chemistry, 63, OCL 1959, pp. 1655-1658.

42. lA Aksay, C.E. Hoge,J.A Pask, "WeUing Under Equilibrium and Nonequilibrium
Conditions", Journal of Physieal Chemistry, Vol. 78,No. 12, 1974.

43. J.A Pask, R.M. Fulrath, "Fundamentals ofGlass-Jo-Metal Bonding: VOl, Nature of
WeUing and Adherence",Journa1 of the Ameriean Ceramie Soc., Vol. 45, 1962, pp.



•

206

592-596.

44. J.O. McDermid. A Thennodynarnjc Approach 10 Brazjn~ Silicon Carbide. Ph.D.
Thesis, McGill University, 1992.

45. Handbook of Cbernjsby and Physjcs. 64th Edition, Ed. R.C. Weast, The Chemical
Rubber Co. Press Inc., 1983.

46. K.S. Yeum. R Speiser, D.R Poirier. "Estimation of the Surface Tensions of Binary
Liquid Alloys", Metallurgical Transactions B, Vol20B, No. 10, pp. 693-703.

47. H.R Thresh. D.W.G. White, J.O. Edwards. J.W. Meier, "Properties of Molten Zinc
and Zinc AIloys Part m; Surface Tension". Canadian Dept of Mines and Technical
Surveys; Mines Branch, Report No. PM-R-64-28, Oct 1964.

48. J.M. Blakeley. IntroducljQn to the Propertje.$ Qf Crystal Surfaces. Pergamon Press
Ltd., London: 1973.

49. The Surface Chernjsby Qf Metals and SernjcQnducIQ[S. The Electrochemical Soc.•
Ed. H.C. Gatos, John Wiley and Sons, Inc.• New York: 1960.

50. HA Barnes, I.F. Hutlon. K. WallerS. An IntrodllCliQn 10 RheQIQ~Y. Elsevier SCience
Publishers B.V., Amsterdam: 1989.

51. J.M. Dealy, K.F. Wissburn. "Melt Rheology and its Role in Plastics Processing:
Theory and Applications. van Nostrand RejnhQld. New YQrk' 1990.

52. R.N. Yong, B.P. Warkentin. IntroductiQp IQ SQi! BehayjQur. MacMillan series in
Civil Engineering; G.E. Nordby Ed., Collier-MacMillan Cll.'lada, Ltd., Toronto:
1966.

53. B.H. Mahan. Upjyersin- Cbernjstt,y. Addison-Wesley Publishing Company. Manila:
1975.

54. B.P. Warlœntin, RK. Schofield. "Swelling Pressure of Na-Montmorillonite in NaCI
Solutions". Journal of Soil SCience, Vol. 13, 1962, pg. 98.

55. C.C. Mwaba, The InOuenœ of Swfaœ Phenomene Qn the Filtration and J)ewatednr
Qf Mjpem! SUljpepsjQnS. Ph..D. Thesis, University of London (1987).

56. C.C. Mwaba, "Surfactant-Enhanced Dewatering of Graphite and Hematite
Suspensions", MineraIs Engineering. Vol. 4. No. 1. pp. 49-62, 1991.

57. S.K. Nicol, "The Effectof Surfactants on the Dewatering of Fine Coal". Froc. of the
Australian IMM., 260, pp. 37-44, (1976).



•

207

58. H.B. Gala, S.H. Chiang, W.W. Wen, "Surfactant Enhanced Dewatering of Fine
Coal", Proceedings of the Third World Filtration Congress, The Filtration Society,
London, pp. 754-761 (1982).

59. AF. Baker, "Hot Surfactant Solution as A Dewatering Aid During Filtration", Proc.
of the 2nd Symposium on Coal Preparation, Louiseville USA, 1976, pp. 175-186.

60. J. Versluys, "Die Kapillaritat der Boden", Internat Mitt Bodenk., 7, 1917, pp. 117
140.

61. C.G. Goetzel, AI. Shaler, "Mechanism of Infùlration of Porous Powder-Metallurgy
Parts", Journal of Metals. VoU6, No. li, Nov. 1964, pp. 901-905.

62. K.A. Semlak, F.N. Rhines, "The Rate of Infùtration of Metals", Trans, Met Soc.
AIME, vol. 212, June 1959, pp. 325-331.

63. S. Banerjee, R. Oberacker, C.G. Goetzel, "Mechanism of Capillary Induced
Infùlration of Iron Slœletons with Cast Iron", American Powder Metallurgy Institute,
Vol. 20, No. 4, pp. 325-341.

64. L.R. White, "Capillary Rise in Powders", J. of Colloid and Interface Science, Vol.
90, No. 2, Dec. 1982, pp.534-538.

65. E. W. Washbum, "The DynamicsofCapillary Flow", Phys. Review, Vol. 17, 1921,
pp. 273-283..

66. J. Frydrych, J. Lezanski, W. Rutowski, "An Experimental Study Concerning Sorne
Effects Occurring During Skeleton Infùtration with Liquid Metals", Modem
Developments in Powder Meta11urgy, Vol. 3, 1966, pp. 69-79.

67. J.R. Ligenza, R.B. Bernstein, "The Rate of Rise of Liquids in Fine Vertical
Capil1aries", Journal of the American Chemical Society, Vol. 73, 1951, pp. 4636
4638.

68. C. Toy, W.D. SCott, "ceramic-Metal Composite Produced by Melt Infiltration",
Journal of American Ceramic Soc., Vol. 73, No. l, 1990, pp. 97- 101.

69. Daniel Muscat Dtanjum CarbidelAluminum CompasUes by Melt Infiltration.
Ph.D. Thesis, McGill University, May 1993.

70. A.A. Kurilko, GA Kurshev, VA Rudyuk, Y.V. Naidich, "Kinetic Laws of
infiltration of Porous Ti by Pb and In Melts", Poroshk. Metall. (Eng. Trans.), Vol
li, 261, 1984, pp. 35-38.



208

71. ChemjcaJ En~neer's Handbook. 5th Edition, Ed. R.H. Peny, C.H. Chilton, McGraw
Hill Book Co. Inc., New York: 1973.

72. T. Lebeau, Wenjnl: of Alumina Based Ceramics by Aluminum Alloys, McGill
University, M.Sc. Thesis, 1993.

73. O. Kubaschewski, C.B. Alcock, P.J. Spencer, Matedals The[QJochemjs![y. 6th
Edition. PergB1non Press Ud., New York: 1993.

74. R. Li, "Rer..ction Rates Belween SOz(g} and Liquid Metals", internai memorandum,
Norandll Technology Centre, December 29, 1993.

75. phase Djal:ramS for Ceramjsts. Ed. M.K. Reser, The American ceramic Society,
Columbus, Ohio: 1964.



209

APPENDIXI

Typical output from an X·Ray Diffraction (XRD) pattern data search conducted at the Noranda

Technology Centre. This data was compared to measured diffraction angle data for principle

phase deterrnination ofsilver crust sarnples and interrnetallic phases synthesized in the laboratory.

A typical diffraction pattern showing a strong pealc for AgsZn. is given in Figure ALI.

Data for p·phase AgZn.

:9-1155 lCPOS'[COO COpyri9ht (c) 1990 Qualit<: C
0 ••••__ ••• • __ • •• _.·._ •• _--. __ ._. • •••• __ •••• ._ ••••• _._ •• _._ •••• _ ••••• __ .- •••••••••••••

, dA ;lnt.: HI ,..... __ -_ ...•. --_ .
1 " ,AgZn ',

. Silver Zinc
100
1 1 \1
1 1 1
,00
,10
, 1
2 ,;, ?
3 1 0
) 1 1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1 3 1
l '00 1
" ,, 1
1 .,

1 14 1
1 2 1

l '2 1
1 • 1

l "
1 9 1

1 1; i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1,

,
1 Hi~
t '."J &

1 1.e22
i1.5779....••••......•.....•....•••....•........••..............•.•.......................... , 1.4113

Rad: CuKal Lubda: 1.54050 Filter:. d'sP: Calculated 1
Cutoif: Int: CalcUlated [lICOl: 21.00 1 1.2!63
Ref: ,ee COllents 001 for prilary powder pattern reference. 1 1.1157

,0.1979..••............•...............••.•.•..••....••.........•....••...................... , 0.6434
Sys: CUOle S.G.: PI31(221) 1
a: 3.15~ b: c: A: C: 1
A: 6: C: Z: 1 10: 1
Ref: Ibid. 1

1Dl: 9.152 DI: 5S/FOH' F9:74( .009.13) 1

·;;;·············~~B;·············;;;·············S;;~;······iv;······················:

Rei: 1
1..••••.........••..........••...................••........•....•...•.....•..•...•.••.. ,

P'ak height intensities. CsCI type. PSC: cP2. 10 replace 6-222. Prilary 1
pattern reference: lechnisch Physische Dienst. Delft. "etherlands. lCPOS
Grant·in·Aid Report. (1976). Additional unit cell reference: Orr. Rovel, Acta :
Neull .. 10 m (1962). Hwt: 173.25. VolUle[CO): 31.43. 1

1
1
1
1
1
1,

--------------------------_._---_._._--.------_._._.------_._._------_.--_..............••••••••.._..••••....... __ .

Strong lines: 2.'3/X 1.29/2 1.56/1 0.84/2 1.00/1 3.16/1 1.12/1 1.82/1

•
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Data for '·phase AgZn.

29'1l56 ICPOS·ICOO Copyright (cl 1990 Ouality: C: ·································;···a·~-··;·Jnt;;··-······o·,·J········;

: A9Zn ;-········.--·--7--···--······--··-----1
1 1 1
1 3.818 6 i 1 1 0 1
1 2.820 1 1 0 0 1 1
1 2.594 5 1 1 0 1 1
1 2.499 12 1 2 1 0 1••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••--.... 2.268 100 , 1 1 1

, Rad: Cu~al LlIbda: 1.54050 Filter: d'sp: Calculated : :
, Cutoff: Int: Calculated !llcor: 2.204 96 3 0 0
· Ref: See COllents bal for primy powder pattern reference. : 2.146 20 2 0 1 :
· 1 1.8104 11 2 Iii:•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 1.8340 4 3 1 0

Sys: Hexagonal S.G.: P'3 (141) : 1.1366 1 3 0 1 1
· a: l.b35 b: c: 2.820 A: C: .3694 1
, A:. 8: C: Z: 4.S IP: 1 1.5eoB 21 2 2 1
· Ref: Ibid. 1 1.5314 1 3 1 1
, 1 1.5110 2 3 2 0
,DI: 9.093 DI: SS/FO": F28:243( .003,37) 1 1.4261 1 4 0 1
:•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 1.4100 4 0 0 2
, ea: nw8: ey: Sign: 2Y: :
: Ref: 1 1.3190 1 1 0 2

1 1.3360 10 1 3 2 1

I·P;;k·h;i~ht·i~t;~;iti;;:··A;ji~·t;;;:··PSC~·hP9~··T;·;;;i;~;-7:i72:··p;i;;;;·········: l:~~~~ 141: 1Ô ~1
! pattern reference: Technisch Physische Dienst, Delft. Netherlands. JCPOS 1 1.2846 1 4 1
, Grant'in'Aid Report, (1916). Additional unit cell reference: Orr, Ravel, Acta
i "etall., ID m (19621. "wt: 113.25. Yoluu[CO: 142.36. : 1.2726 8 : 3 3 0
1 1 1.2496 3 1 4 2 0

1 1.2280 2 2 1 2
1 1.1914 4 1 5 0 1
1 1.1818 13 : 3 0 2
1 1
1 1
, 1

dA: Int.: h k 1 : dA: !nt.: h k 1 : dA: Int.: h k 1 i
•••••••..+•••••+•••••••..••.....••••••+•••••••••+•...•·t······················+·········+·····t·············•••....•.

,1.1341 ; 1; 2 2 2 i i i i; i :
, 1.1118 1 2 1 3 1 2 1 1 1 1 1 1 1
,!.l021 1 4, 6 0 0 , " " , ,..-.---_._._------- ...----.-----_._._-_._....._._._------------.--------_....---------------_...._._------------------

Strong lines: 2.27/X 2.20/X 1.58/2 2.15/2 1.28/1 1.19/1 2.50/1 1.87/1
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2HI• JCPOI-ICOO Copyright (cl 1990

Data for y-phase Ag,Zna•

Ouality:
._----_ .._-_...._---.-------._---------------------.-----------_.--_._._..._---------- ..--- .._._._ ...._- .._-- •.........•... _...

1
1
1
1
1
1
1
1
1
1
1
1

Ag Zn
5 a

Silver Zinc

· "ade frol weighed pleces reacted at '720 Cand annealed at several
· telPeratures. the 10Mest one being '110 C. Actyal cOIPosition AgIZn7.90.
· CulZn8 type. PIC: c152. "Mt: 1062.38. VoluleICO]: 814.96.

i d ~ : lnt.; n,li
!------·-·~-----~··__ ·_··_----_··_··---I
: Ul 10 1 1 1 1 :
, J.JO 5 : 1 1 0 1
i 1./0 \0 1 1 1 1

----------------------.- --- --------.-.-.--------------------------------1 ~:l~ 10~ : l ~ ~ 1
,ad: (uKal LalDda: !.S401. Fil ter: Hi d-sp: : ' ,
(utoH: 10.0 [nt: visual l/[cor: l.l9 1 ID 1 1) 1
Ref: 5ee coalents bOl for prilary powder pattern reference. : 1.91 1 10 1 4' 1

1 1.71 1 lOiS 2 1
----------------------.---.------------------------------.---------------------------- 1.5, 1 10 r , 0 0lys: Cub!c I.G.: [-431 (217) l, 1.12 1 10 l , 1 1
a: 9.3407 b: c: A: C: 1 1

1
~: 8: C: 2: 4 IP: 1.41 1 10
Ref: Ibid. 1 1

Dl: !.b19 DI: II/FO": FII'.1.081,21) 1 1_____• •• •••••••••••••_-----_••••-----------••••• __._••1 1

· ea: nw8: ey: lign: 2V: ::
Ref: 1 1

___••• •••••••••__•••••••_••••••••_. ---_•••--------------.---- ••• 1 1
1
1
1
1
1
1
1
1
1
1
1
1---.-.-----_ _._----._------_ _ _ _----------------.---._-.-----------------_ --_._ _-_ --

5trong Ilnes: 2.20/X 1.56/2 3.81/1 2.70/1 1.99/1 1.91/1 1.71/1 1.12/1

•
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Data for e·phase AgZn3•

25-1325 JCPOS'ICOO Copyright (e) 1990 Ouality: i

1 Agln
: 3

: Silver line

•

1 dA: 1nt. : h k l ;
I---------+-----r----------------------I
1 1 112.434 12 1 1 0 0 1
12.212 35 1 0 0 2
1 2.138 100 1 1 0 1

.••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••1 1':lt l~ 1 ~ 5
, Rad: Cu!al Lubda: 1.54056 Filter: d.sp: 1 •

Cutoff: Int: Oiffraetoleter lIlm: 1 1.265 40 1 0 3
. Ref. See eOllents bOl for prilary powder pattern referenee. : 1.191 25 1 1 2
l , 1.176 5 2 0 1
:·i;;;·H;;;;;~;i··············S~6~;·P6ji;;~·(i94i····· :
. a: 2.8227 b: e: 4,4274 A: C: 1.5685 1
A:. 8: C: 1: 0.5 IP: 1
Ref: Ibid. 1

: 01: 8.262 DI: SS/FO": F8:1l1.084,9) :
~·;;;·············~~B;·············;;;·············si;~;······iy;······················:

Ref: 1
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 1
~ Annelled It vlrious telPeratures down to 'ISO C. Reaeted '720 Cfrol weighed

portions of Ag and ln. Aetull eOIPosition Agln2.94. "g type. PSC: hP2.
: Prillry pattern referenee: Cook, Jr., Gould Laborltorles, Cleveland, Ohio, USA,
1Privlte COllunieltlon, (1973). Additlonll unit eell referegee: Pelrson,
, Hlndbook of Llttie, Sp,eings, (1958). "Nt: 304.01. YolulelCOj: 30.55.
1,

Strong lines: 2.14/X 1.41/5 1.27/4 2.21/4 1.64/4 1.19/3 2.43/1 1.18/1
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Figure AU Typica1 XRD Output for Ag~Zn8'
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APPENDIXll

Wavelength Dispersive Spectroscopy (WDS) was used to help determine the phases present in

samples of industrial silver crust The following is a typical output from a quantitative analysis

using ZAF correction software.

~,:l elmts ana:ysed,NDRMALTSED

•

":-'" - ':;b~ ~ tJ 736{!J 71.6 ~8.2 •m<:- ..... , ,:,",~: :
" · ~~ 7'3bl?' 71. 4 28.6 ·l'-:- "', ",':' l;\t; :."\ ~ #7145 66. 1 33.8 • 1!J<

-~ """:~: ~.7 . ;4.1 L1 5 FREE PART! , 65.9 34. 1 ·"~'·:7";···I~ ~ I-tï'l LI 5 65. 9 33.9 • 12J·(
. "'7('~"-:O. ft7'lLl5 DARI< IN GREY 76. 1 ~m. 1 3.S
"',7::·f..·.: !~I ~ !j714~ DARK IN GREY 77.3 19. 1 3.6

:- '···,·'l"t:.? -Jt~3·Slr -:oC' ~ 29.8 .I~··· f ...J. f

:-:'''i7'1:164 • Il T36111 74.7 3121. 0 • ,!~

:::""7'I~ié : 1 117146 78.7 21 .3 • IlJ· ,
:="-·:'161:: 1 #7146 ...,..., 1 22.9 • ilJ, , .
~'·'···1?161 '3, ;;7146 76.S 23. C!I .0<
~= ·... 7'1;161 L. #7146 DARI:·: IN GREY ST. 1 S. 7 4.2
CI" .... f;'61 ':' • #7144 52.6 47.4 • l~
~: !···...û16 j é , 117144 51.7 48.3 ·12'

...·7'\~lb J - if? ~ 44 51.5 4·8.5 ·"
, ,

,- ·...:7'ï~)6 ~ , tt 7' J " 6 ,,~ - ~~ 1 • III, .~. f "...J.
'1'~1'{~61:? • IFl l!.6 S6.1~

~~ ~ ·l'~..J • ..J

mean= 72.2 29 .4 ·6
RMSD= ! 1 .7 1l~.6 1 e

• ..J
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APPENDIXm

Image Analysis (as described in Section 5.1.4) was used extensively to measure the fraction of

entrained lead in industrial crusts and Iaboratory sarnples produced during infiltration tests. The

following ~ typical output from the analysis of an infiltrated particle bed. Here the starting size

fraction was nominally 100-140 mesh screen size.

LECO IMAGE ANALYSIS REPORT

Pb Cross Samples

C.,;,'i'!'? ~ [::t'Qg("arn:
['Jmp::.. ny n-ame

RCJ .. tlne nam-=
·.-;~.. ml:jl€' i.d

L2001 Version 2.02 8eta R29

P. H·"ncock
':'hDROSS
54140200

St",tistic data
Nl.lmber" \jr fields: ~,

Date
rt1f7\g.
C6; 1 •.••

: J ."

. ';" ,' ..

'.5tatl;tl':$: inst'r·I.lcl;ion #3 - pl.-:-.ne b, 1;',::,4.r"!;lcle

Curw'ent Unlt mie

RIJn \,lalue
Allen;ge
Sl;d I)e'I.
Miniml.\m
rla...« i ml.lm

34.'3717
121.4586

34.3C31Zl3
J5.5b8.3

Statistic data
Number of fietd~: ~

Sl;~t i;!; tes: inst'('I.Ic:1: ion +*5 - plan~ 8, Int~t.. Pat"t \,;le
Current Unit : mie

RI.ln IJ SI. ll.\ë

.; .... e t"'a 9 e
"';I;.j Creil.
;·!iniml.tm

1"1~,x i m'.lm

1121121.941121
89.9643

4.121699
,~a::. 751219



Statistic ·jata
Number of fl~~ds: S

".;t.:tt toit tC'~: inst'r"'.lct ion #7 - plane 6, Pa.r~1; icle
Current Lnlt : mie
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Asp.
i11Jn 'J~'\ll.le

H'I e r" Bg 0:

St·: :'0:-"/.

Mlnlml.lm

l'Jla,..( '1. mlJm

).:596_
0. ',,1I'~0

1.0000
4 .. 1025

CI.!r l''\,~n": _';-,lt

H'. " ;"~e

"~t;,j C·-=-'I.
:'1.1. n l rnl.inl

: mle

Length

95.152<;1
:7.5010
24.0242

23B.d43i.

Stetlstic data
Numb~~ ,~f fields: 5

;:t3t'l3t.1o.:-5: in.5t'r-I.lctiyn #tt - plane Ô, P:1'r"i:i,':";le
C'.lt·r·ei~t Un-t : mle

RI.ln ',lal'.le
.;,../n,·;?;;j~

Std De",.
Minlml.\m
1'-1a..-<tn l.lin

sa.!Ill
22.1177
15.7480

138.3782

/'
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54140200. Inter Particle - Count vs Length distribution

200.ee 4e0.œ 60a.œ œ0.00 1œe.0

798.~0

c
718.200

U
N 638.40
T

::;::je.6l!J

478.80

399.~0

319.2l!J

... , -· . . .· . . .· . .· . .· . . .· . . . ........ , , -· . . .· . . .· ..· ..· .· .
•.•••••.•••....•.... ; •.•.•••.•.••.• ! : .••.••..•. ,,;-· . . .· . . .· . .· . ... .· . . ......... ~ : ~ ~ :---· . .· . .· . .· . .· . .· . .......................................... '" -· . . .· . .· . .· . .· . .· . .· . . . ......... : : : : ,. "';

· . . .· . . .· . . .· . . ... .
•....•.......... ! .......•...••... : : ,;-· . . .· . . .· . . .· . .· . .· . . ................. : : ~ .. " :--· . . .· . . .· . .· . .· . .· .......... , : : : ;-

· . . .· . . .· . . .· . . .· . . .· . . ............................................................-· . . .· . . .· . .

62.59~

56.33~

50.e7~

43.81r.

37.55~

25.e4~

18.78'::

12.52~

6.26"

•

LENGTH mie

Ave',-age 100.9410 mie:
St «nda,-d Deviation 89.9&43 mic
Fields analyzed 5
Field A,-ea 3.8e.e.4e+0& mie: la

Total area slJl-veyed 1. 9332e+07 mie •
Total Co '.lnt 1275
Unde,-s i zed : 0
Ove,-s i zed 0
Aeeepted 1275
Pe,-centage accepted 100.0000 1.
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APPENDIXIV

X-Ray Diffraction was perfonned on Bismuth Crust samples at Lakefield Research. a division

ofFaIconbridge Ud.• located in Lakefield. Ontario. The following table is a summary of lypical

output identifying a CaMgzBiz intennetallic compound in a lead metal matrlx.

Sample# Pb with Intermetallic Phase

2 theta anale d Anastroms Intensitv Identification

25.25 4.09 CaMg2Bi2 Int 23

27.00 3.83 CaMg2Bi2 Int 25

28.65 3.61 CaMg2Bi2 Int 100

31.80 3.26

32.90 3.16

33.30 3.12

36.45 2.86 ***1 Pb

37.20 2.80 CaMg2Bi2 Int 32

41.70 2.51

42.35 2.47 **2 Pb

44.35 2.37 CaMg2Bi2 Int 36

48.65 2.17 CaMg2Bi2 Int 31

52.70 2.01

52.90 2.01 CaMg2Bi2 Int 22

61.50 1.75 **3 Pb

63.80 1.69

73.70 1.49 **3 Pb, CaMg2Bi2 Int 9

76.90 1.44 CaMg2Bi2 Int 9

77.60 1.43 *5 Pb




