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A BST RACl 

In minerai processing, the hberation distribution of the mmeral phases in an 

ore IS an important factor. Unfortunately, liberation distnbution IS very difflcult 

to measure accurately. One prob!em is the stereo!ogical effect associated wlth 

a microscopie liberation ana!ysis. 

Many methods have been proposed to correct for the stereo!ogiea! effect, 

but they remain essentially untested, in part due to the Jack of a standard or 

reference material. In this work, fl method was established to crea te an artificial 

standard material. 

Silica grains were p!aced in an epoxy resin to crea te a block of material 

that was crushed to yield liberated and locked partic1es. The compositIOn, and thus 

liberation, of these partic1es was determined with a series of heavy Iiquid 

separations. 

By changing the grain size to partic1e size ratio, the type and amount of 

locking was affected. The best compromise between the amount of locked 

material produced and the production of simple locked particles (which pose the 

greatest stereologieal challenge) was found; it cccurred at the point where the 

grain and particIe sizes were the same. 

Liberation analyses were performed on this material and compared with a 

mode! prediction based on the sectioning of spheres with slng!e p!anar interfaces. 

There were sorne discrepancies between the analysis and mode! resu!ts. 
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En minéralurgle, la distrIbutlOll de la IIbératloll de~ plld~l'~ 11I111!'I\li:-- Il.11(-, 1111 

minerai est un facteur important. I\:Jlheurcusement, Il t'st trt"s !lIft Il'I11' dl' 

quantifier avec précisIOn la distribution de la lIbératIOn dt' l'PS plla~l'~. l '('111'1 

stéréologique qui est assùcié à une analyse de libération par microscopie l'SI llll dl'~ 

problèmes. 

Plusieurs méthodes ont été proposées afrn de corriger l'ct p( (l'! 

stéréologique, mais elles demeurent pratiquement non v('riflées, dn l'II pal t Il' li 

l'absence d'un matériel standard ou de référence. Pour cc lravall, U!l a !lll~ ,Ill 

point une méthode pour créer, artificiellement, un matériel ~tundard. 

Des grains de silice furent déposés dans une ré~ine d'époxy pOlir erp/'r 1111 

bloc de matériel qui fut ensuite concassé, produisant ainsi dc:" partlCIIle~ Ilblt''' l~t 

des mixtes. La composition, d'où la libération de ces particules, fut déu'rlllllll'l' 

par une suite de séparation par liquids lourds. 

En changeant le ratio entre la dimension des graIns et celle des part IC!t1(~", 

le type et la quantité de matérIel non-libéré furent affectés. On il nUlSI trouvé' Ic~ 

meilleur compromis entre la quantité de matériel non-libre produit et ln prodlJClIo!l 

de mixtes simples (ce qUI pose le plus grand défi en stéréo!ogle); ce demi('!' ~c 

retrouve où la dimenSIOn des grains el des particules est la méme. 

On a effectué des analyses de libération sur cc lTIatériel et on If!~ ;1 
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comparées à celles ct 'un modèle ayant comme principe le sectionnement de sphères 

a Interfaces pla,1Ulre~ simples. On a noté certaines différences enl re les ré~llilats 

des analy~e~ ct ceux du mo/lèlc . 
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GI.Os.."iI\RY 

I\RTIFI\CT: general n,Hl1e for ,\ pdltll'Il' '>l'I'tllHl \\110'>1' (1l111!'1)'>!III)(1 dlll('(" 1(11(11 

that of the original partlele. 

COMPLEX LOCKING : Im'klClg :-,uL'h thdt t hl'Il' l~ l!lm l' t Il.111 lJllI' 1111 1'1 1.11 l' 111'1 \\ 1'( '(1 

the phases ln the locked paruLIe. 

COMPOSITE PARTICLE : a lockcd purtlcle. 

DEGREE OF LIBERATION: ratIo 01 the volumc uf ! Il't' pdl t Il Il'''' III .1 Il'( 1"111 

phase to the total volume of that phase. 

DETACHMENT: breakage at an interface due to lI11ner,d bUlllld,lI \ \\l'''Ktll''>'>I'''' 

DILUENT (OR FILLER) MATERIAL : particles of .1 Illall'I (LII dl'llIwl.l1 (,Iv 

introduced into a sample to reduce the incidence of contact tll'lWt'l'1l pal t wh'''' 

FRECKLING : the embeddrng of fine sillca tnto the re:-,llI ,)lll t dl l' 1\111 I(I~ 1 Ill' 

grinding process. 

FREE (OR L1BERATED) PARTICLE : il partlcle conslstlClg o! onl:: (JIll' Illltlt'r.ti 

phase. 

GRAIN: a minerai feature in the matrix before cornrninut 1011. 

HALO: the variation in the intensity level around the edge,> 01 tlll' "lt;cll(1l1 

microscope image of a particle section caused by the averaglng effen ut t ht~ ,)lgll.t1 

in the interaction volume. Halos make phase boundancs dlfflcult tu dl'>CTllrl!flUII' 

INTERACTION VOLUME: the part of the sample WhlCh produce:-, '>Ignal,> WfH'n 

viii 
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f'V I( l'd tJy (he f!lf!f'( 1 (lll l)(!(lf/l of .Ill el(!ct! orl flllf:ro"Lope. 

LIBERATION: t1w f r ('(!J[)~ of il !Tlillerai pha<,e f rom Il <, dt-.<,OClélll'll ITldt l'I x. 

LIBERATION DISTRIBUTION: the Ulllount (\()IUflle or rrwt-.~) of 1 Il ,il errdl 111 edch 

partwl(! COIrlpo!:>ltlon clas!:> 1 ur LI ~Iven pha!:>e, 

LlNI':AR LIBERATION ANAL YSIS: the determmatlon of the I1tJeratlOn dlstrrbutlOn 

by fIll'a'>urrng the mtprccpts of lilleur probes throu~h the ~ample. 

1.0CKING: the OCCLJrT(~lICe of partlcles consl!:>tlng uf more th ail one !limerai plkhe. 

MATRIX : the ([)Jtl'l'Idl that !:>uI'I'ou'ld!:> the llllnerdi ~l dlll:-. bel UI e C()IlIl11I11UtlUll. 

MATRIX Rt-: ... ,)IN : (he re~1I1 that I~ lJsed to support grallls of ~ll1ca III the' <,rl1cu/resm 

blocks and forrns one of the phases of the standard matenal. 

MOUNTING MEDIUM : the matenal (usually resln) that IS used to holll the 

partic/es in space so they can be sectloned and exammed unller a microscope. 

PARTICLE : the fragments of matertal that result from cornmmutlOn. 

PREFERENTIAL DREAKAGE : the increased breakage ru te of a certain phase in 

an ore cornpared to the other phases. 

PRIMARY BINARY IMAGE: the bmary Image of a speCIfie minerai phase created 

l'rom the spcondary grey Image. 

PRIMARY GREY IMAGE : the Image From the electron micr05cope that is 

ootained by the image analyzer upon \\ hich image processmg \vl11 be performed. 

RESOLUTION : the ability of the microscope to discriminate accurately the 

srnaller features in a sample. 

SECONDARY DlNARY IMAGE: t he Image that results after omary fIlters have 

ix 



been applied to the pnmary billury lmuge. 

SECONDARY GREY IMAGE: the image lhat results <litt'!' g!'l'\' Il'\t'lllltt'!'. Il,,\'(' 

been applied to the primury grey image. 

SIMPLE LOCKING : locking ~uch thdt there IS onl}' dlll' IIHI'I t dl l' il!'l \\ l't'II llH' 

phases in a locked particle. 

STANDARD MATERIAL : a material of kno\\'11 111)l'ruUOII dlld 1 tJllllll),>llIUI\ 

exhibiting liberated and simple locked behaviour. 

STEREOLOGICAL EFFECT : a bias WhlCh Cl'eatps an overl'~lllllat 11111 ut' IiIll'r,1\ 1011 

in microscopie hberation analyses. 
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THE PRODUCTION OF A STANDARD MATERIAL 

FOR LIBERATION ANAL YSIS 

1. INTRODUCTION 

r ... 

1.1 Background 

The efficient and economic recovery of valuable minerais from raw ore 

depends on several factors. In the primary stages of separation, the most 

important factor is comminution, the crushing and grinding of the ore. The ore has 

to be reduced in size sa that the valuable mineraIs occur as so-called liberated or 

free partic1es. This is the pro cess of liberation. 

Ignoring the role of particle size for the moment, it can be sa id that the 

iarger the fraction of the minerai phase that occurs as free particles or the higher 

the degree of liberation, the more successfui will be the separation. White a high 

[ d€'gree of Iiberation is desirable, a comminution system that produces only free 



, 

particles is difficult If not Impossible ta aclllcve. 

It has been stated that complete liberution can fleV!'1' bl' 1 hl'Illl'i 1l'.llh 

achieved If only random breakage is assumed. \ll'loy'~ \1\\'01 \' III \·llll-.I.lII\ 

interfacial are a [lI states that the area of locklflg betwcell the {1I11l'll'!!t pl1.1:-.1· ... 

will remain constant regardlcss of the all10unt of COllllllinutloll Pl'llollll('d Il 

liberation by detachment does not occur. This is IIltuIl1\'e bpt'<lll:-'l' 1 hL' 1'!1.IIH·t· ... tll 

a random fracture occurring along an Il1terface IS very smull. or ,'{JlIl ~l', t Ill" dOt'" 

not imply that a satisfactory degree of lIberation cannol bl' obi clllll·11. \\' Il li 

comminution, the mas::. of mineraI locked in composite particlcs is retl\ll'l'd '>0 \ Il,1\ 

their rejection may translate to an economically acceptable loss in recuvery. A bo, 

in practice, liberation by detachment may play a significant l'ole in in!'reasing tlH' 

degree of liberation [2]. 

Extensive comminution will reduce the size of the pari Ii'lt''> .Il1d 

subsequently increase the chance for llberation ta occur. This, howcver, tTI·al"., 

two problems. Firstly, comminution is a very energy intensive operatlon. 1 he cu,>t 

of comminution can contribute up to 50% of the mlll operatHlg co::,t [:31 wHI, 

therefore, there are economic constrall1ts on the amount of commlflUUon that t'<lll 

be done. Secondly, the production of very fme particles due to large all1ount'l (lf 

comminution is a probJem because fine particles are more difflcult lu ,>epar (1li~ 

th an coarse on es [4]. An optimum amount of particle size reduction hus to be 

found. 

In order to determine the point at which comminution has LO ccase and 

..,. 
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<,eparution bcgin, knowledge of the llberation distributIOn 15 dcslrable. 

Unfortunatcly, this is a very dlfficult task to accompl!sh accurately. Liberation 

Inodels [2,5,6,71 cannot yet charactcnze the texture and breakage of cornplex 

ores to give uscful predictions of Iiberation. Therefore, the I!beratlOn distribution 

has to be mensured. Presently, this is usually done by microscopie exammation, 

but there is an inherent error in ail measurements made m this manner. 

The microscopie examinatlOn of particulates is done by randomly dlspersing 

the particles in a resin mounting medium from which a surface is eut and polished. 

This produces a poli shed surface which can be examined with an optical or eleclron 

microscope. The liberation distribution is measured by determining the percentage 

of the relevant minerai in the different particle sections. With the advent of 

r computerized image analyzers, the measurement of the llberation dlstnbutlOn has 
.. 

become quicker and more precise than before, but not necessarily more accurate. 

An image analyzer is simply a computer software package that me as ures certain 

particle properties from the digltized image of the polished surface produced by 

an electron microscope or optical microscope camera. A scanning electron 

microscope (SEM) and an electron microprobe (MP) will be used in this study. 

Unfortunately, the measurement of the liberation distribution using a 

polished surface is biased because a sectional view of the particles gives only two-

dimensional information and Iiberation is a three-dimensional variable. Sectional 

liberation data has to be corrected to yield a measure of the true hberation 

distribution. 

/ 
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Several correction algonthms have been propo~ell. l'hey Lin' ail t':-::-t'lIll,ll h 

untested since a sample of known libcratlon distribut lOI\ (l.l'. ,\ :-t,ll\d,\l li I\Idll'lldl\ 

is not available. 

1.2 Thesis Objective 

The objectLve of thls work lS the developmclIl of ,\ ll\l~lhlld t II pl ud\1l l' d 

standard material for liberation analysis. This stalldard llwlenal will allu\\ ,\11 

assessment of the effectiveness of th(~ vurious stercologicül l'OIIï'CtiOti fil!'! hot!" 

proposed by different researchers. 

4 



2. I.IBERATION ANALYSIS 

2.1 Objectlve 

The objective of a liberation analysis is to provide quantitative and 

qualitative information about the liberation characteristics of a stream of minerai 

particles. A standard procedure to produce liberation data has yet to be 

established, but with careful sample preparation and analysis, useful results can be 

obtained. A short overview of the procedure and equipment of a liberatlon analysis 

is presented below. 

( 
2.2 Sample Preparation 

The preparation of a sarnple for liberation analysis involves several steps : 

1) subsampling 

2) screening 

3) particle mounting 

4) polishing. 

Each step of this procedure must be performed with care. Poor sarnple preparation 

can lead to the production of polished surfaces that are unrepresentative of the 

( 
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original sample. 

2.2.1 Subsampling 

Only a small amount of material can be eXalllllll'd III d 1111<'1 (J.,('OPlt' 

liberation analysis and, therefore, accurate reductlon of t Il(> !lla:-,~ 01 t Ill' !'l,lIllpl!' 

is necessary. There is a great quantity of literature on thlS ~lJt)Ject, hut thb lalh 

outside the scope of this thesis and it will be assumed tllat subsullIpllng is l'OIT!'I,tl" 

performed following an accepted method [8]. 

2.2.2 Screening 

It is necessary ta screen the sample into size intervals and mount each ~l/l' 

fraction separately because a liberation analysis should be done on li ~ILe \)y '>l/l' 

basis [9, p.18]. This provides inf~rmation about how the IIberatlon dl~trlbutlOfI 

varies with partide size. Screening is also important bec8use when a pal'lIcl!~ 1" 

sectioned, there is a distribution of section Slzes. If the sarnples were not 

screened, it would be impossible tG distinguish whether a parti cie ~ection is the 

same size as the original partiele or if it was the result of the sectionIrlg of a 

larger particle. In addition, it is difficult to analyze particles of dlfferent ~II.eS 

in the same polished surface because the resolution may be tao poor to allow the 

discrimination of smaU partides if very large particles are present in the ~arne 

6 



Imagc. In the analysis in thls study, the partic1es in each samp1e will consist only 

of onc 12 Tyler size cla~s. 

2.2.3 Pnrticle Mounting 

After subsampling and screening have been performed, It IS Important chat 

the particles of the sample be dispersed randomly in the mounting medium. This 

IS important because the polished surface that will be examined must be 

representative of the original sample. Due to the initial liquid nature of the 

mounting medium, the particles tend to settle preferentially (due to differences 

In minerai denslty and particle shape) before the medium can harden. This 

J segregation of the partieles in the mounting medium can create a bias in the 

" 
sectioning results. For example, heavler particles may be over-represented if a 

section is polished near the bottom of the sample and lighter partleles will be 

over-represented if a section IS polished near the top (figure 2.0. Many methods 

have been suggested to overcome the segregation problem, but none of them have 

proven to be completely successful [10]. 

Air bubbles and other voids that might be introduced into the sample must 

be avoided as weil. When the sample is polished, they will inevitably trap polishing 

residue as weIl as material removed from the sample [11). This can cause false 

particle occurrences whèn the sample is examined under the microscope. The 

particle mounting method used in this work is explained in Section 5.2. 

7 
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Figure 2.1 : Partlcle segregation ln the mountlng medium, 



2.2..1 Poll<;hmg 

After the mmeral partleles have been mounted, the surface of the sample 

rnIJ~t he polbhed wlth great care. Under-pohshing or over-polishing can crea te 

problems in the integrity of the microscope image. A fiat surface is required for 

accurate imaging; pour polishmg can create undesired relief on the polished 

surface. This may lead to a distortion of particle shapes or the eliminatlOn of 

sorne partiele features as seen by the image analyzer. 

2.3 Electron Microscopy 

After the sample has been prepared, a series of images must be acquired. 

The correct electron microscope settings and the proper image analyzer filtering 

procedures must be used so that the images are acquired quickly and clearly with 

!ittle loss of information [9, pp.54-55J. 

When examining the sample on the scanning electron microscope (SEM) or 

electron microprobe (MP) (the two types of electron microscopes used in this 

study), the settings must be set so that ail the features of the sample are 

preserved and sent with as little distortion as possible to the image analyzer. To 

understand how to do this, it is necessary ta explain how these microscopes work. 

Since the SEM and MP are very similar instruments [12), the term SEM will be 

used for both. 

( 
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Operation of an SEM is analogous ta the operation of an optical micro!->l'llpl': 

instead of using a beam of light, the SEM uses a beam of electrolls and m~t t'nd lIl' 

glass lenses, the SEM uses electromagnets ta focus the beum. The SFl\1 l'Il'l'! [llll 

beam is created by passing a current through a filament (uslJully lllllgstt'Il) ,\(\11 

heating it to a point where electrons are given off. The electrons are L1L'ce!l'rat l'd 

by an electric field and acquire kinetie energy. When the beam stnkes the ~lIrl Bl't' 

of the sample, this energy is dissipated and this yields several signaIs that .Ill' 

gathered by various detectors in the specimen cham ber , 

The different signais emitted by the electron beam-sample COIlI~IOIl:-' f rom 

the interaction volume (the volume from which the signais originate) drc tlhoWIl III 

Figure 2.2. The three main types are: 

1) Secondary Electrons. These ejected electrons are low encrgy, weakly bouilli 

electrons. Due ta their low energy, they cannot travel far before lhey dl e 

recaptured; therefore, they can only be detected if they hnvc cscaped fI (Jill 

or near the surface of the sample. Beratlse of this, the secondary electrofl 

signal only carries topographie information about the sample. 

2) Backscattered Electrons. If a primary electron (an eleClron from 1 h{~ 

source beam) strikes the nucleus of a sample atom, an ela~tlc colll~l(Jn fIIt1y 

occur. The rebounding electron is termed a backscattcred elcctl'oll, 

Backscattered electrons have more energy th an secondary elcctrons and carl 

escape from deeper within the sample. Because matenals wlth high al onde 

10 
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nurnbers scatter more electrons than materials with lcnver atomic IlUmUl'I:>, 

the backscattered signal provides compositional information about t hl' 

sample. 

3) Characteristic X-rays. When a beam electron ejects un IIlner ::.hell UlOllllC 

electron from its orbital, outer shell electrons jump in to fill the vacancv. 

The energy associated with this jump is given off in the forlll of ail X-ray, 

whose energy is characteristic of the atom from which it came. This type 

of signal provides elemental information about the sample. 

Because a secondary electron image of the sample gives only topographie 

information and no compositional information, it is of Httle use for the purpose 01 

liberation analysis except to examine the surface of the sample ta see how weil 

the polishing was done. Characteristic X-rays would be useful in a liberation 

analysis since they yield compositional information, but an X-ray image reqUlre~ 

a significant amount of time to generate and has poor resolution (cornparcd to 

secondary and backscattered images). For the large numbers of partlcles that hav(~ 

to be analyzed, the acquisition of X-ray images is very time consumlllg. One 

system that does use X-ray imaging as well as backscattered imaging is the 

QEM*SEM system [13]. 

The backscattered electron image of the sample was the signal used for the 

liberation analysis in this work. A backscattered image of the sample can be 

rapidly obtained and it provides the necessary compositional information to 

12 



distinguish minerai phases from each other. The different minerai phases appear 

as different shades of grey. The SEM accelerating voltage, beam current, working 

distance, contrast and brightness have to be carefully selected to obtam a good 

backscattered image. SEM contrais and their setting in this study are explained 

below. 

1) Accelerating voltage. The accelerating voltage is the potential between the 

filament (cathode) and the anode which causes the elpctrons to accelerate. 

It is usually set at between 10-30 keV. A high accelerating voltage will 

increase the energy of the primary electrons and produce a large amount 

of backscattered electrans which in turn will reduce the acquisition time, 

{ but a high accelerating voltage reduces the resolution and exacerba tes the 

halo effect (intensity variations that occur around phase boundaries 

produced by the averaging of the signal in the interactIOn volume). The 

voltage was set at 20 keV for these tests. 

2) Bearn current. The bearn current refers to the number of electrons striking 

the sample per unit time. A large beam current will produce a large 

amount of backscattered electron emissions, but large beam currents may 

harrn the sample. In these tests, it W85 set and maintained at 1.5xl0- 8 Amp. 

3) Working distance. This term refers to the distance between the sample 

surface and the final pole piece of the SEM. A short working distance wiII 

result in the detection of more backscattered electrons, but the effect of 

( 
" 
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relief on the signal will increase. It was set here at 30 IIllll. 

4) Magnification. For the purpose of liberation analysls, It has bl'l'Il ~lI~).W~t pd 

5) 

that the magnificat ion be selected so that the large:.t purllcle SPl'llllll 

diameter is no more than 10% of the image diameter 19, p.,ml. Ttll~ will 

result in 50-100 partiele sections in each image provlded the l'ldlllpil' 

contains partieles of four or less .[2 Tyler size classes. If there ure too ft'w 

particle sections per image, the number of images that have to be analy Il'd 

is increased. If there are tao many partieles ln each IrIwge, thclI l he 

smaller features of the partieles will be below the resolution level and wlil 

be impossible to analyze. The magnification was set here at 60x (for 75-106 

~m partieles) which resulted in about 100 partiele sections per image, 

The brightness and contrast of the image were adjusted 50 lhe lIIinl'ral 

phases could be easily distinguished. 

2.4 Image Analysis 

The backscattered image of the polished surface is digitized and ~ent to un 

image analyzer for analysis. Image analyzers are computer programs loaded OIllO 

a hast computer that perform measurements on partiele features (such as purtide 

size and liberation distribution) in the image (Figure 2.3). However, before an 

image analyzer can do any of these measurements, the image from the SEM must 

first be edited. Halos and grey level variations caused by such factors as relief 
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and subsurface features (I.e. features just below the surfdcl' out Wlll111l tht' 

interaction volume) must be removed. 

In order to eliminate these variations, the image must he rUIl 1 hrllugh a 

series of filters and enhancement operations. Although thesc prOC(,SSl'~ 'l'it'(\n' IIp 

the image, they may also alter the image in such a way that particle feallll'Ch al t' 

distorted, eliminated or misidentified. For instance, lI1 liberation allalv:,c~, ~l)lIle 

common problems are: 

1) Separation of touching particles. It is important that tOllchillg parul'les 

(two separate particles whose sections are in contact wlth each oltlcr) be 

distinguished from locked particles. If the filter used to separa te toudllng 

particles is too coarse, locked particles may accidentally be ~eparated and 

artifact free sections may be observed. (A partial solution ta lhis prulJlcm 

is presented in Section 5.2.) 

2) False minerai phase occurrences. Halos and grey level variations may be 

misinterpreted by the image analyzer as new minerai phases. 

3) Particle shape and size distortion. If the filters ernploy an crosÎofl and 

dilation algorithm, this may cause changes in the particle section shape and 

size resulting in inaccurate measurements. 

Care must be taken to avoid these types of problems in the filtering process. 

Image analysis settings for a typical liberation analysis are explained below. 

16 



I) Acquisition time. This refers ta the tlme that IS spent digltizing the SE;"l 

image. A long acqUisition time provides a more accurate image. 

2) Frame averaging. If multiple images are digitized from the same SEM 

image, then they can be averaged together to form a single final image. 

3) Grey image filters. These filters are used on the primary grey image (the 

unaltered image obtained from the SEM) ta elimmate halos and ta sharpen 

grain boundaries [141. 

4) Selection of grey level envelopes. The correct grey level for each minerai 

phase must be chosen sa that the binary image of each different phase can 

be produced. Each binary image should mclude ail occurrences of the phase 

in question and only occurrences of that phase. 

5) Binary filtering. The binary images have to be processed to remove small 

false mineraI phase occurrences. 

6) Particle separation routine. A structural feature algorithm has ta be used 

to distinguish between touching particles and locked particles [151. 

7) Minimum particle section area. The particle section area size below which 

analysis is not to be performed has to be defined. If a section is smaller 

than this size, it should not be analyzed due to the fact that small features 

on these small sections will not be accurately discriminated [9, p.491. 

The image analysis procedure used in this work is outlined in Section 5.3. 
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2.5 Statistical Considerations 

for the purpose of statistical validity. up to 10 ono paruL'il' ~1'1'IIll[l~ 111,1\' 

have ta be examined [9, pp.84-87J. If there are 50-100 particle ~ectiolls pel' 11ll"~W 

lhen about 100-200 images have to be analyzed. In addition, Slllce libl'! allOIl 

analyses are usually done on a size by size basis, several samples havl' t 0 hl' 

~ analyzed ta complete the picture of the liberation distribution of u CerLallllllll1l'r,ll 
~ 

t • stream. This places constraints on two variables: partiele size und anulysis time . 

1 
~ 

1) Particle size. The size of the particles in the sam pie affects the nllrnl>cr 

~, 

(. of sections seen in the polished surface. If the paniele sile b large, llwn 

there will be fewer partic1e sections seen per pollshcd surface. Il lhl~ IS 
" r 
t 
t 

the case, then several polished surfaces may have to be prcparcd III unler 

i, 
l 

to arrive at a statistically valid liberation result because sorne clect['on 

microscopes limit the size of the sarnple that can be placed on their ~tage. 

for the purposes of this microscopie liberation analysis, only partic1es lhat 

are in the size range 38 to 106 ~m (-150 +400 mesh) will be considercd. 

2) 
l 

Analysis time. The accuracy of the digital image is a function of the 

~ ç 

~. 
l 

acquisition time. The image analyzer also requires Lime ta pr()cl'~~ euch 

image. Since thousands of particle sections have to be analyzed, analyzin~ 

[, 

t ,,,,. 
one sample can take several hours. Due ta the cost of SEM time and the 

t ,> 

1 
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fact that the number of particles is set (in arder abtain a statistIcally valld 

result), it is necessary in sorne cases to compromise between the acquIsition 

and analysis times. 
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3. SfEREOLOGY 

3.1 Stereological Effect 

There is an inherent error In the measurement of liberatllHl by 1Il1CmSl'()J!Il' 

examination of a polished surface. The received data cOfl1e~ 1 rom i.l t w()-

dimensional surface while the variable of interest, liberation, is three-dimell~iollal. 

As a result, there is a bias in the liberation measurements. The degree Dr 

liberation will always be averestimated. This type of error will occur regardle~s 

of the accuracy of the microscope or the image analysis procedure. 

r-, 
The best method of illustrating this errar is by example (Figure 3.1). Fr {'(~ 

... 
~ , partic1es will always yield free sections, regardless of the direction uf lite 
f' 

sectional view, but locked particle can yield either locked or free sections. This 
~ 
~ 

l' r will create a situation where there will be artifact free sections seen on tlte 
: 
~ 
!. , polished surface which will result in an overestimation of free partteles, 
1 ,l 
} 

f' Henceforth, this problem will be referred to as the stereological effect. 
? 

i .' t· 

3.2 Stereological Correction Methods 

Many different methods have been proposed to deal wlth the stereologlcal 

effect. Most attempts to correct this problem have tried to denve a 

20 



n 

; . 

{ 
Llberated 
Partlele 

Sectlonal vlew 

/ 
@ @ 

Locked 
Partlele 

Figure 3.1 : The stereologleal effect. 



transformation matrix such that : 

[
UNCORRECTED] 'lTRANSFORMA'.l.'lONJ _ lC'n!\l\l::,\ 'Tt.1 'Lll 
LIBERATION x t1ATRIX lI. IBERATTt.)l': 

( 3. 1 ) 

where the uncorrected liberatlon is the raw data from lhe image lInalv Il'l' ,\Ill! (Ill' 

corrected liberation is the estimation of the truc liberation d iSll'ibllllOIl III (hl' 

sample. Efforts to find the transformation mntrix huve lIlchllled : 

1) simple geometry 

2) computer modelling 

3) stachastic geametry. 

Due to the mathematical camplexity of these methous, only a gelll!rai out lirll' uf 

each is given below. 

3.2.1 Simple Geometry 

Gaudin [2] and Jones and Hortan [161 used ~Imple gcorneuïc ..,hape.., (() 

represent particles in order to arrive at their transformatIOn rnatnce~. (Juudm 1'> 

generally thought to have arrived at his 'locking factor' by analyzing a two-phuse 

particulate system of : 

22 



1) identically sized spherical particles WI th 

2) a single planar interface between the two phases ln the composite particles 

and with 

3) ull composite particles having the same grade. 

Jones and Horton used Monte Carlo computer simulation to generate linear 

probes through particles ta obtain linear grades. These particles were cublcal or 

spherical with a single interface between two phases. 

In both studies, the resulting observed liberation distribution from the 

sectionmg of a series of particles of known composition was recorded. Using this 

information, a correction model was constructed. Unfortunately, it is difficult to 

extend the results of these simple geometries ta real systems. 

An interesting variation on the idea of stereological correction with simple 

geometry was introduced by Hill [9, pp.172-1731 and Hill et al. [17l. They 

suggested that, rather than defining the transformation matrix for a particular 

situation, the correction involve determining the boundary values within which the 

true liberation distribution lies. One boundary was the uncorrected sectioning 

data, which overestimates the amount of liberationj the other boundary was that 

obtained by applying the transformation matrix derived for simple locked spherical 

particles with planar interfaces which gives the worst stereological effect (Le. it 

over-corrects the data and underestimates the amount of liberation). The true 

liberation distribution would lie somewhere between these two extremes. This 

{ 
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method was used on the data of one of the liberation analyses of thp st and,mi 

material in this work. 

Hill [9, pp.165-170] further suggested that a simplified correction t',1lI hl' 

made based on analysis of the results from the sphere model. Ile found th.!l 1 hl' 

locked section distribution more or less accurately represents the true distnbll! lOti 

of locked particles. Thus, the problem is reduced to the elmllnat ion ur t 1 PC 

sections originating from locked particles (i.e. artifact free sectiolls). Tills wa!'> 

accomplished by sectioning the spheres at different grades and arriv ing at a mu! 1'1 x 

that gives the amount of artifact free sections produced by differellt part Ide 

grades. 

3.2.2 Computer Modelling 

This approach involves extensive computer modelling and simulation lo 

arrive with a discretized general transformation function. In one approac;h, 

irregularly shaped particles are generated and randomly sectloned by COlllrHller 

[18]. The observed liberation distribution for different particle compositions wus 

recorded. This resulted in a general transformation function that varies accord mg 

to dispersion density (number of grains per particIe), the average volumetrie grude 

and the particle shape. Sorne subjective texturaI eharacterization of the ore I~ 

required in this approach. 
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3.2.3 Stochastic Geometry 

Barbery [191 atternpted ta correct linear liberatlon data by reconstructmg 

the particles In three dimensIons by applying stochastic techniques (the use of 

random variable sets in a nondeterrninistic system) to the two dimensional texturai 

information of the particle sections. 

Unfortunately, the effectiveness of sorne of these methods has yet to be 

determined. These methods offer a corrected result, but since the true result was 

never known, the accurc:cy of the corrected result is not known. Because of this, 

it seems reasonable to suggest that a standard matenal is required to test the 

effectiveness of the correction methods. Since the composition and liberation 

distribution of a standard material would be known, the corrected result from a 

stereological correction method can be compared with the true result and thus the 

accuracy of the correction can be ?ssessed. 

There have been attempts to employa standard material. Miller and Lin 

[201 have performed depth profile measurements to determine the true liberation 

distribution of particles of copper and iron ore. They progressivel)' sectioned these 

particles with parallel planes at rcgular depth intervals and measured the areal 

composition at each depth in order to reconstruct the volumetrie composition of 

the particle. The results were cornpared to stereologi:::al corrections based on 

computer modelling . 
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Barbery [21] used samples of iron ore consisting of hematite and quartz 

as a standard material. The samples were fractionated with heavy liquids in urder 

to determine their liberation distribution. The liberation anulysis rcsults of t lus 

material were campared ta his stochastic geometry stereological correction. :\ 

book by Barbery soon ta be published will reveal the successfulness of the 

correction procedure. 
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4. THE STANDARD MATERIAL 

4.1 Definition 

The standard material of interest here is a two-phase (Le. binary) materiai 

comprising free and simple locked particles of known composition and hberation 

distribution. 

A two-phase standard material is aIl that is required because liberation is 

measured for one minerai phase at a time. While the liberation of one minerai 

phase is being measured, the rest of the minerai phases in the sample can simply 

be grouped together as the 'second' minerai phase. 

Ir is preferable that the standard material have simple locking (Jocking such 

that there is only one interface between the phases). Simple locking is probably 

the most important of aIl locking types folloWIng the argument that since 

comminution is aimed at liberation, the mIneraI which 'misses' liberation wdl most 

likely be concentrated in the next simplest class - the ~lmple locked particle 

class. Simple locking also crea tes the most severe stereologlcal effect and is, 

therefore, the best test of any correction procedure. 

With knowledge of the composition and liberation distribution of the 

standard material, it can be used as a check on the effectiveness of different 

stereological correction methods provided the other components of liberation 
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.- analysis (sample preparation and image analysis) are donc correctly. \\'p l'all 

compare the known liberation distribution \Vith that ùcùucc(\ l'rom section d,\! a. 

A standard, in more general terms, would enable the whult' procedul'P (llot 1\1:-\ 

stereological correction) to be tested, although admittedly the source uf lIlIy Pl'! or 

may be difficult to isolate. 

4.2 Production Procedure Outline 

There have been efforts to use a naturally occurnng standurd mater lai, bUI 

such a material has proven difficult to find because of the strict requirement<; (Le. 

two-phase, simple !ocking). This work deals with the creation of an artificial 

standard material. This allows the manipulation of the parameters in the creallOIl 

of the locked particles (i.e. partiele slze, grain size, material, etc.) 50 that. t hl' 

type of locking can be controlled. 

The production procedure for locked particles is summarized in Figure <1.1. 

The proposai is to create the standard material by embedding monOSllC grarns of 

one phase into a matrix which will act as the second phase. Black!:, of this rnnterrul 

will be crushed, hopefully fracturing randomly, producing locked and free par licle~. 

These particles will be screened into thelr different sile classes and t hf~rr 

liberation distribution will be determined by an incremental heavy liqUld 

fractionation. By determining the densities of the particles, it is a simple task to 

calculate the composition and thus the liberation distribution of the particlcs since 

28 



( - • -1. Embedding of monoeize . " ~ . grains Into a matrix. .. e -
+ b cl •• 

2. Grindlng the grain-matrix ~ OQ 
blocks. • ~O <) 

+ 
('" 0 , <) 

cl ~ 0 3. Size classification of the ~ ~ partlcles. 

Q 0 
0 

• 
+ 

4. Density classification 0 cl t7 
with a heavy liquid. 

Q ~ 

Figure 4.1 : Production of locked particles. 
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the particles are binary and the densities of the twu phases are known. l'Ile 

calculation is as follows: 

For a Iocked particle consistmg of only two phases (A and (3), the dt'n~lt v 

is : 

(.1.1 ) 

where 

VA = volume fraction of phase A in the Iocked particle 

V B = volume fraction of phase B in the locked particle 

PA = density of phase A 

PB = density of phase B 

Pp = density of the locked particle 

but 

Substituting equation 4.2 into equation 4.1 gives : 

(4.3) 

The production method used here is similar to the method used by (3aggu 

[22] ta create particles in arder ta valida te liberation models, but the partlcle~ 

created in this work are much finer and offer a complete liberation distribution. 

Creating free particles is a trivial matter; the focus of this work will oe on 
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, 
{ the creation of locked particles. To crea te locked particles, the two phases must 

be selected so that : 

1) The grain and the matrix material bind weil. This is important since 

breakage along the interface of the two phases (Hberation by detachment) 

would crea te free partlcles. 

2) The grain and the matrix material are relatively brittle. This will crea te 

material that fractures easily. This may also reduce liberation by 

detachment, because if the two phases fracture with ease, there should be 

less tendency for breakage along the interfaces. 

3) The grain and matrix material have similar fracture properties. This will 

promote random fracturing. 

4) The matrix material does not trap air bubbles and allows easy embeddment 

of the grain material. If air bubbles are trapped In the matrix material, the 

density of the matrix will not be homogeneous. 

5) There is a significant density difference between the two phases. The 

heavy liquid separation will be more accurate if the density difference 

between the two phases is large, but neither phase must have a density 

greater than the maximum density of the heavy liquid. 

In this work, the two phases of the artificial standard material were silica 

(grain material) and an epoxy resin (matrix material). Silica fractures readily and 

( 
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.. although epoxy resin do es not, it does bind weil \Vith the silica. l'he 1 ra Cl tin' 

properties of the epoxy resin can be increased by submergmg the ~iliL'a!t L'tI\ll bllll'h:-. 

in liquid nitrogen prior to crushing. Sdica is castly elllbcddl~d Llllu Llll' l'pU;,\" ll'~lll 

and the epoxy resin viscostty t~ lo\V enough so that air bllohles Cdll he L'l'Il! rifllL;l'd 

out. Epoxy resins with different propertIes \Vere trted. The ,lpprOXlIlhlll' lh'Il~lt" 

of epoxy resins is 1.2 g/cm3 while the density of silica ts around 2.l1 g/('fll '; 

therefore, a significant density difference exists that can be exploited hy Ill'lI"V 

liquid separation. The production method is outlined in detail in lhe next ~wc\ IIH\. 
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5. EXPERIMENTAL PROCEDURE 

5.1 Production of Locked ParticJes 

The procedure for the production of locked partlcJes for a standard material 

requires four steps : 

1) grain material embeddment 

2) crushing 

3) wet screening 

4) heavy liquid fractianation. 

Each step is described in detaiJ below. 

5.1.1 Grain Materlal Embeddment 

Before the silica is embedded into the resin, the density of the resin and the 

silica have ta be measured in order ta determine the density of the free particles 

(i.e. the true endpoints of the separation). The density of the resin was measured 

by creating a black of it in a mold and using a water displacement technique. The 

density of the silica was measured with an air pycnometer. 

33 



The embedding procedure was as follows : 

1. The silica was screened into the appropriate size class. 

2. The resin and its corresponding hardener were mixed together. The ERL-

4221 epoxy resin (Union Carbide, Inc.) was created by adding the res!n ta 

an equal part by weight Hexahydro-4-methylphthalie anhydride (Aldrich 

Chemical Company, Inc.) and 1% by weight Benzyldimethylamine (UDMA) 

(Ladd Research Industries, Inc.). 

3. 50 ml plastic centrifuge tubes were each filled halfway with resin. 

4. Small incremental quantities of siliea were added ta these centrifuge tubes 

and the mixture was stirred manually. After each addition, the tube was 

centrifuged for two minutes at 2400 rpm 50 that any air bubbles trapped in 

the mixture were removed. This was repeated until eaeh of the tubes was 

nearly filled ta the top with resin and siliea. The siliea should be 

completely submerged in the resin and there should be no voids in the 

mixture. 

5. The mixture was allowed ta sit in the tubes overnight ta aHow the resin ta 

harden. Since heat was required to aid the polymerization of the ERL-4221, 

the tubes were placed in an aven at 70 degrees Celsius for 8 hours. 

6. After the resin had hardened, the silica/resin blocks were removed from the 

centrifuge tubes (Figure 5.0. 

7. If there was exeess resin (resin containing no silica) at the top of the 

silica/resin black, it was eut off with a band saw. 

34 



- ::---------

( 

Figure 6.1 

. 



-

5.1.2 Crushing 

The procedure for the crushing of the silica/resm blacks \Vas us roll()w~ : 

1. The silica/resin blacks were submerged in a liquid nItrogcn buth to 

embrittle the resin. After 15 to 20 minutes, the blacks were removed l'rom 

the liquid nitrogen and broken manually with a hammer into piece~ that 

were smaller than 12 cm3. 

2. These pieces were re-submerged in the liquid nitrogen for anothcr 15 to 20 

3. 

minutes. 

Approximately 50 cm3 of the material was placed in the annulaI' space 01 

the Siebtechnik shatterbox (Figure 5.2) with the puck only (no rlllg) and 

crushed for 2 minutes (1 minute for ERL-4221 resin). The t>hatterbox 

comminution action is derived from the rapid vibration of the chamber 

resulting in the trapping and crushing of the material between the puck and 

wall. 

4. The material was removed from the shatterbox and submerged ln a senall 

amount of liquid nitrogen. 

5. The liquid nitrogen was allowed to evaporate and the material was placed 

in the shatterbox with the puck and ring and crushed for 2 minutes (1 

minute for ERL-4221 resin). 

6. In the event that the material did not fit into the shatterbox 'W ith the pud 
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Figure 6.2 : Shatterbox. 

( 



and ring, step 3 was repeated. 

7. After crushing with the puck and ring had been performcd, the malenal \\.\~ 

screened. Material that was greater th an 212 ~m (65 rncsh) w.\s crl1~hl'd 

with the puck and ring again. This was repeated until ail the lIHltel'l<l1 \\'a~ 

less than 212 ~m. 

5.1.3 Wet Sereening 

The material was size claSSlfied by wet screening with the Frit::.ch wet 

vibratory sieve shaker (Figure 5.3) (statie charge caused the material to adllere 1 u 

the sides of the screens in dry screening). The screening procedure was as fullows: 

1. About 100 cm3 of the material was placed in a beaker and water wus addl~d 

to create a slurry. 

2. A few drops of a wetting agent (Triton X-405) was added to the ~lur r y t (J 

disperse the particles. 

3. The slurry was then placed on the screens in the Fritsch. The frit~ch lJ~e~ 

jets of water and a vibratory actIOn on the screens to allow the parllc\e~ tu 

report to their proper size class. The material was screened for abolit 1 j 

minutes (at which point, there were no more particles reportlng lO the 

undersize stream) at a moderate vibration rate at each screen size. 

4. The material was screened into the following size classes: 
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Figure 6.3 : Frlt.ch wet vlbratory IIeve ahaker. 



1) 212 to 106 ~m (-65 mesh +150 mesh) 

2) 106 to 75 ~m (-150 mesh +200 mesh) 

3) 75 to 53 ~m (-200 mesh +270 mesh) 

4) 53 to 38 ~m (-270 mesh +400 mesh) 

5) less th an 38 IJ.m (-400 mesh) 

5. AH the material was dried in an oven. The temperature of the OVl'1l w .. ~ 

never allowed to exceeded 100 degrees Celsius (otherwise the resin may 

ï 
start to burn). 

, 
• 
r 6. After the material had dried, it was weighed and the size distl'lbution wm. 

recorded. 

5.1.4 Heavy Liguid Fractionation 

The heavy liquid used in the density separation of the particles was li ~odlum 

polytungstate (SPT) solution. SPT (3Na2Wû4'9W03'H20) 15 an inorgunic salt. SPT 

powder can be dissolved in water to produce a liquid with a density rangmg t'rom 

1.0 g/cm3 to 3.1 g/cm3. The density of the SPT solution was measured with u 100 

ml pycnorneter bottle. The density was adjusted by adding water or rernovmg 

water (by evaporation). 

The separations were performed in 125 ml polypropylene separa tory funnel~. 

Approximately 100 ml of SPT solution and about 5 grams of the materidl were 
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placed in each funnel and each was agitated for 5 minutes 50 that the particles of 

the material were completely wetted. In order to prevent particle entrapment (i.e. 

the misplacement of IIght particles due to a large number of heavy particles 

moving quickly downward or vice versa), it is advisable to keep the volume of 

particles in each funnel to a minimum. 

The funnels were centrifuged ta accelerate the separa Lion and to break up 

any flocs of the rnaterial. After centrifugmg, in the majority of cases, there was 

a clear interface between the heavies and the solution and the Iights and the 

solution indicating that a precise separation had taken place. In sorne cases, the 

solution was cloudy due to the presence of near density partic1es and backmixing 

(caused by centrifugaI deceleration). To ensure that the separation is as precise 

as possible, this first separation, a rougher stage, was followed by another 

separation, a cleaner stage. That is, the heavies and lights from the rougher are 

individually placed into the SPT solution with the same density as the rougher in 

arder to re-direct the misplaced material. The flowsheet of this process is shown 

in figure 5.4. 

ln the rougher stage, the funnels were centrifuged for 5 minutes at the top 

centrifuge speed (2380 rpm). In the cleaner stages, the funnels were agitated and 

then centrifuged at a gradually increasing speed so that the chance of particle 

entrapment is reduced. The centrifuge speeds and times in the cleaner stages are 

shown m Table 5.1. 

( 
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Figure 5.4 : Heavy liquld aeparatlon flowaheet. 



Time RPM 
(minutes) 

1 380 

1 790 

1 1180 

1 1590 

1 1980 

2 2380 

Table 5.1 : Centrifuge speeds and times in the cleaner stages. 

The liberation distribution of the locked particles can be found by 

performing an incremental density fractionation. Tr.is will reveal not only how the 

( amount of locked material varies with composition, but it will also provide 

particles of any given composition for analysis. 

5.2 Sample Preparation Procedure 

ln the sample preparation for this work, a diluent (or filler) material was 

used. The diluent material serves to separate physically the particles in the 

sample so that the incidence of touching particles is reduced. The diluent material 

should have approximately the same atomic number as the mounting medium 50 

that it will become nearly invisible when seen by the SEM wlth backscattered 

imaging. 
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The use of large amounts of diluent material will rcduce the InstaIlCl'~ ut 

particle touching, but it will also reduce the number of purtide sections seen Pl'!" 

image (field of view). As mentioned earlier, 1 his is lIndesirabll". A balallt'l' hu:-, III 

be found between the need ta maximlze the number of particlc sections pp!" 11II"~l' 

and the need to minimize the instances of partlcle tOllching. It \Vas sugge~led Ilv 

Hill [9, p.221 that the addition of diluent material to the sample parllcle~ III a 

volumetrie ratio of 1: 1 was a reasonable compromise. This ratio is for llatural 

particle settling and packing only. Since a centrifuge \Vas used in this ~ampl(> 

preparation method, more particle packing resulted and a volumetrie ratio of 2: 1 

(diluent material : sample rnateriaO was used. Sorne researchers use ratios of LIll 

ta 10:1 [13], but this may severely limit the number of sections seen on the 

polished surface. The diluent material also helps prevent particle segregatioll ICI 

the mounting medium by hindering the settling and supporting the particle~ III 

space. 

The samples of the standard material were prepared usmg the followmg 

procedure: 

1) The diluent material was mixed with about 0.3 grams of standard rnaterial 

in the volumetrie proportion of 2: 1. 

2) This mixture was plaeed in a 32 mm mold and 2 ml of resm (rnounllng 

medium) was mixed in. 

3) The mold was eentrifuged for 5 minutes at 2000 rpm ta remove uny air 
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bubbles. 

4) Resin was added to fill the mold to the top. 

5) The resin was allowed to harden overnight. 

6) The sample was polishcd on a Leco polisher at 240, 400 and 600 grit silicon 

carbide paper for about 3 minutes at each grit. 

7) Following silicon carbide polishing, the sample was diamond polished on a 

diamond polishing wheel at 6, 3 and 1 ~m diamond dust for approximately 

10 minutes each. 

8) The sample was then placed in an ultrasonic bath of methanol to rem ove 

any polishing residue that was trapped on the surface. 

9) The polished surface was gold-coated to provide electrical conductivity (a 

th in film of conductive material such as gold prevents a build up of 

electrons on the polished surface which would degrade the image [23]). 

For the initial tests in this work, the matrix material resin was doped with 

10% by weight iodoform powder (CHI3) to increase its atomic numberj the 

iTlounting medium resin was not doped. This provided a method of distinguishing 

the mounting medium from the matrix resin when viewing the sample with the 

SEM. 

ln later tests, the mounting medium was doped with iodoform while the 

matrix resin was not doped. By controlling the doping (and thus the backscattered 

grey leveI) of the mounting medium, the image contrast could be adjusted without 
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having to change or dope the matrix resin. 

When the mounting medium was undoped, graphite particll's \\'pre LJ~etl ,I~ 

the diluent material. When the mounting medium was doped, particll's of hardl'lll'd 

and crushed doped resin were used as the diluent materlUl. The cunng 01 llll' 

doped resin generated a large quantity of heut and con&cquently it hud ln be l'III l,Ii 

in an ice bath. 

5.3 Image Analysis of the Standard Material 

The standard material to be analyzed was mounted as describ(ld ubuve alHl 

a liberation analysis was performed. The results of this ilbcratlOtl allulysl:, Wt'I (' 

compared with the model prediction of the sectioning of simple lockcd "phl'II'& 

with pl anar interfaces. ln each sample, the particle slze was 75 to 106 ~mo l'lw 

facilities at CANMET were used to perform this analysis. The equlpment COfl&l&ted 

of a J eol MP and a Kontron image analyzer. The images were stored in 51 h512 

pixel image areas. The settings of the MP were as described in Section 2.3. 1 fil' 

procedure for image analysis was as fo11ows: 

1) The acquisition time was set at 7 seconds per image. Frame l.Iveraglllg WU& 

not used since only one image was acquired. This image IS referrcd to a~ 

the primary grey image. 

2) A grey level filter called DELIN was used on the prirnary grey Image. Thl& 
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filter helped minimize the halo effect by sharpemng particle boundaries by 

removing grey level variations around particle edges. This flltered Image 

is called the secondary grey image. 

3) The primary bmary images were created by choosing grey levels that 

rcpresented the different phases in the secondary grcy image. The grey 

levels for the two phases In this case were easIly selected. Since the reSIn 

of the standard material had a lower atomlc number th::m the silica, the 

resin occupied the low (dark) end of the grey level spectrum white the silica 

occupied the high (bright) end of the spectrum. The mounting medium 

(which was doped) occupied an intermediate part of the spectrum. 

4) The binary processing consisted of four steps : 

a) An erosion filter was used to remove one layer of pixels from each 

particle section in the primary binary Images. One erosion cycle was 

performed. 

b) A dilation filter was used to add one layer of pixels ta each particle 

section. Two dilation cycles were performed. 

c) This image is ANDed with its primary binary image. 

d) The AfILL filter was used to fill up any small holes in the particles. 

This produced a binary image called the secondary binary image. 

5) The particle separation algorithm used in this study ta separate touching 

particle sections was as follows : 

a) Ail the secondary binary images were ANDed together to form a 
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.. binary image of a11 the part ici es . 

b) The particles in this image \Vere erodcd for 2 cycles III 01 dl'I' tu 

break the contact between touching particlcs. 

c) The particles in this image were identlfled and t hen the backl!,rOlltlll 

was eroded for 4 cycles (the effect is similar to a partll~lt~ <llIat 1(11). 

d) A boundary around the identiîied particles \Vas created. 

e) The image of the boundary was inverted and ANDed wlth thl' hillarv 

image of ail ü. ~ particles. 

6) The mirJÏmum particle section area was seleeted. As mentloned carltN, 

small sections should be excluded from the analysls beeause they /Iluy Ilot 

be accurately discriminated. Another important reasun to e.xc1ude the 

smaller sections from the analysis ts the faet that smaller sections conlai/l 

a greater am ou nt of stereological blas (9, p.1701. Ali sections wlth an',,~ 

? 
less than 600 ~m- were not analyzed (24/. 

It is important to state the electron microscope and image analysis uper aUo/l 

procedure under which the liberation analysis is performed bccause lhere 1'> no 

standard liberation analysis method and different microscope and Image analy'>t<, 

operation procedures on the same sample may yield different result<;. 
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6. RESUL TS AND DISCUSSION 

6.1 Preliminary Tests 

The first test to produce locked particles was performed with coarse (600 

to 850 ~m) silica particles (gr ain materiaJ) and a doped Epofix (Struers Inc.) epoxy 

resin (matrix matenal). As described in Chapter 5, the silica was embedded in 

resin, crushed and screened. The resulting size distribution is shown in Appendix 

A.I. 

The density of the silica was measured to be 2.62 g/cm3 (±0.004 with 4 

degrees of freedom) and the density of the doped Epofix resin was 1.22 g/cm3 

(±O.OOOS with 4 degrees of freedom). A heavy Iiquid separation was performed on 

the 38-75 ~m (-200 +400 mesh) particles and the 75-150 ~m (-100 +200 mesh) 

particles at 1.30 and 2.50 g/cm3, which is equivalent to 5.6 and 91.4 volume % 

silica, respectively, to remove 'free' silica and 'free' resin. 

These two endpoints (5.6 and 91.4 volume % silica) were selected rather 

than 0 and 100 volume % silica because of the problem of separating near-Iiberated 

particles from the large number of completely Iiberated ones. A separation very 

near the density of either the resin or the silica yielded poor results. In thlS work, 

therefore, material that was less than 5.6 volume % silica was considered ta be 

free resin while material that was greater than 91.4 volume % silica was 
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considered to he free silica. The material with a composition between these two 

endpoints was considered to be locked. 

Less than 1 % of the mass reported as locked particles in this first test, the 

other 99% being elther free silica or free resin. This result probably reflccts the 

fact that there was a relatively small amount of interfacial area bctween the siliea 

and the resin due to the coarseness of the silica. There was an insufficient amount 

of material to perform an incremental density fractionation but, nevertheless, the 

particles were mounted and examined under the SEM. SEM photographs (Figures 

6.1 and 6.2) confirmed that locked partides were created. The bright phase in the 

photographs is the silica, the light grey phase is the doped Epofix resin and the 

dark grey background is the mounting medium. The faint, textured particles in the 

mounting medium are the diluent material partides (graphite in this case) . 

Although a11 the partides in the sample were locked, sorne free sections can be 

seen as a result of the stereological effect. A majority of the locked particles 

exhibited simple locking, but there were sorne complex locked partides as weil. 

Because the amount of locked material produced was so smaH, emphasis was 

placed on increasing the production of locked partides. 

6.2 Grain Size Test with Epofix 

The most effective method of increasing the amount of locked material 

would he to decrease the grain size. In Figure 6.3, it can he seen that reducing the 
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Figure 6.1: SEM photograph of [600-850 ~m grain/38-75 ~m particle/doped 
Epof ixl locked particles. 

Figure 6.2: SEM photograph of [600-850 ~m grainl75-150 ~m particle/doped 
EpoflXI locked particles. 
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Figure 8.3: Grain alze effect on locked particlea. 



grain size increases the interfacial area between the two phases. This will result 

in an increase in the probability of forming locked particles. Unfortunately, there 

is a constraint on decreasing the gram size. If the grain slze is much smaller than 

the particle size (the size of the material after it has been crushed), then the 

occurrence of complex locking will increase. As mentlOned earher, simple lockmg 

IS desired for the standard material. A compromise must be found between the 

amount of locked material produced and the amount of simple locking produced. 

The effect of grain size on the amount o~ !ocked material produced and on 

the type of locking was tested using Epofix rcsin and two different silica slzes. 

ln the first test, 38-53 ~m (-270 +400 mesh) silica was used and ln the second test 

75-106 J.l.m (-150 +200 mesh) silica was used. As before, the matenal was crushed, 

screened into different particle size classes (the sile distributions are shown in 

Appendices A.2 and A.3) and a heavy liquid separation was done to remove free 

silica and free resin. The amount of locked material produced in both tests for 

each particle size is shown in Tables 6.1 and 6.2. 

The amount of locked material produced is stated as a mass percentage. 

Although it wou Id be preferable to compare the volumetrie percent age of the 

locked material produced (since this is what is measured in seetionmg data), the 

volumetrie percentage eannot be determined without determining the liberatlOn 

distribution of each sample. 

ln these tests, the actual amount of silica and resin in the silica/resin blocks 

will vary depending on the silica size. The size of the silica will determine the 

r 
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Grain Size : 38 - 53 jJ.m 
Matrix Resin : Epofix 

Particle Free Locked Fret.' 
Size Class Resin Matenal S1l1l'a 

(jJ.m) (Mass%) (Mass%) (Î\las~%l) 

75 - 106 0.'2 99.8 0.0 

53 - 75 11.4 88.6 0.0 

38 - 53 9.8 32.0 58.2 

Table 6.1 : Locked matenal production with 38-53 ~m SI heu and Epoflx. 

Grain Size : 75 - 106 jJ.m 
Matrix Resm : Doped Epofix 

Particle Free Locked Free 
Size Class Resin Material SIlica 

(~m) (Mass%) (Ma:.s%) (Mas~%) 

106 - 150 42.6 56.4 1.0 

75 - 106 26.4 12.7 60.9 

53 - 75 22.5 4.4 73,1 

38 - 53 24.2 2.7 73.1 

Table 6.2 : Locked material production with 75-106 jJ.ffi silica and doped Epofix. 



size of the void spaces ta be filled by the resin. Although the volumetrie rèitio of 

silica to resin in the silica/resin blocks will affect the amount and the composition 

of the locked material, it cannot be independently varied and is set for each test 

due to the nature of the formation of the blocks (the centrifuge causes the silica 

t'J be packed with a packing density that depends on the silica size). It was found 

that for both 38-53 ~m and 75-106 ~m silica, the silica/resin blocks were about 

50% sillca by volume. 

Although the tests performed in Table 6.1 used undoped Epofix and Table 

6.2 used doped EpoflX, the results can be compared because the doping of the resin 

does not noticeably affect the resin fracturing properties. As expected, when the 

purtide size was greater than the grain size, a large quantity of the material 

became locked and a small quantity of free material \\Tas produced. When the 

partide size was smaller than the grain size, the amount of locked material was 

greatly reduced and the amount of free material increased. There appeared to be 

a sharp decrease in the amount of locked material produced at the point where the 

gram size was the same as the partide size. 

Sorne samples were created and photographed with the SEM. Figure 6.4 

shows locked material where the partide size 15 larger than the grain size; Figure 

6.5 shows locked material where the partide size and the grain size are the same; 

and Figure 6.6 shows locked material where the partide size i5 smaller th an the 

grain size. 
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Figure6.4: SEM photograph of [75-106 ~m gram/lOG-ISO ~1I1 Pdllwlt'/dllpt'd 
Epofixl locked panides. 

Figure 11.5: SEM photograph of [75-106 ~m gnlln/75-IO(j ~1fI partlCle/d{Jp(~d 
Epofixl locked particles. 
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Figure 6.6: SEM photograph of [75-106 ~m grain/53-75 ~rn partIcle/doped Epoflxl 
locked particlcs . 
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Although a large amount of locked material was produced in the cases 

where the particle size was larger than the grain size, Figure 6.4 reveals that 

most of the locking was complex as anticipated. In the case where the particlc 

size was smaller than the grain size, there was a smallcr amount of lacket! 

material produced, but the partlcles tended to exhibit simple locking (Figure 6.6). 

ln the case where the partic1e size and the grain size were the same, there was an 

interrnediate arnount of locked material and the particles tended to exhibit simple 

locking (Figure 6.5), but there was still sorne complex locking. 

Although the SEM photographs are not conclusive evidence that simple 

locking has been produced (because the stereological effect will influence the 

observation of the type of locking), it is intuitive that as the particle size 

decreases while the grain size remains constant, the chance of complex locking 

reduces. 

An incremental density fractionation was done on the (75-1 06 ~m grain/75-

106 .... m particle/doped Epofixl locked material. The results are shown in Table 6.3 

and the liberation distribution curve is plotted in Figure 6.7. The error associated 

with the heavy liquid separations was calculated as outlined by Adorjan 1251 (see 

Appendix A.6). Most of the locked particles had a composition greater than 50 

volume % silica. A possible explanation for this can be found by considering the 

breakage of the silica/resin blocks in the shatterbox. Although the shatterbox 

breaks particles rnostly by impact, the plasticity of the resin (even after exposure 

to liquid nitrogen) resists and cushions this shattering force and as a result, the 
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Grain Size : 75-106 !-Lm 
Particle Size : 75-106 !-Lm 
Matrix Resln : Doped Epofix 

Spec. Avg. Vol.% Avg. Mass Tot. Vol. Tot. Cum. 
Grav. Spec. Silica Vol. (g) Vol. Sil. Vol. Tot. 
Range Grav. Range % (cm3) (cm3) (%) Vol. 

Sil. (%) 

1.30-1.50 1.40 5.6-20.0 12.8 1.04 0.74 0.10 13.80 13.8 

1.50-1.70 1.60 20.0-34.2 27.1 0.47 0.29 0.08 5.46 19.25 

1.70-1.90 1.80 34.2-48.5 41.4 0.65 0.36 0.15 6.71 25.96 

1.90-2.10 2.00 48.5-62.8 55.7 1.78 0.89 0.50 16.53 42.49 

2.10-2.30 2.20 62.8-77.1 70.0 2.54 1.15 0.81 21.44 63.94 

2.30-2.50 2.40 77.1-91.4 84.3 4.66 1.94 1.64 36.06 100.00 

Total: 11.14 5.38 1.73 100.00 

Volume % Silica in sample : 60.6% 

Table 6.3: Liberation distribution of [75-106 !-Lm grainl75-106 !-Lm partlcle/doped 
Epofixl locked particles. 
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Figure 8.7 : Liberation distribution of [76-108um gralnl 

76-108um partiele/doped Epoflx) locked partlele •. 
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breakage that does occur is caused by abrasion (particularly with finer particles). 

Since silica is likely to be more abrasion resistant th an resin, the resin was 

preferentially abraded away producing free resin particles and locked particles 

with a large amount of silica. 

With regard to the production of locked material, there were several 

prohlems associated with these tests. Firstly, the amount of simple locked 

particles produced was relatively low. Secondly, the resin used was very difficult 

to grind due to its plasticity. Thirdly, a close examination of the previous 

photographs, reveals that there are fine silica particles attached (freckled) to 

surface of the resin section of the locked particles (Figure 6.8). This last problem 

could be serious because it may mean the simple locked particles are indeed 

complex locked particles. AIl these problems were related to the resin that was 

used in this test. 

Epofix is a resin that is a commonly used mounting medium. Apparently, 

even when exposed to liquid nitrogen, it does not become brittle and does not 

break easily. This may account in sorne part for the production of 50 few simple 

locked partic1es. The freckling of the sUica on the resin may be accounted for by 

two rnechanisms : 

1) When the silica/resin blacks were ground, fine free silica was formed and 

during the grinding process, they were ernbedded into the surface of the 

resin. 
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fIgure 6.8: Close-up of [75-106 Ilm grum/75-106 Illll part 1l'11'/d()JlPd l' polI \ III)('k('<1 
particle showing frecklll1g. 
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2) The bond between the resin and the silica was very strong and small pieces 

of silica were pu lIed off by the resin from silica grains during grinding. 

An attempt was made to alleviate this problem by using a different resin. 

6.3 Grain Size Test with ERL-4221 

ERL-4221 epoxy resin (Union Carbide, Inc.) was selected for testing because 

it was harder (50 embedding of the silica into the resin during grinding would not 

occur) and more brittle (26) (50 allowing easier grinding) than Epofix resin. Its 

density is 1.21 g/cm3. Blocks of silica and ERL-4221 were created. The same 

( grain size tests as with Epofix were performed. The size distributions after 

grinding are shown in Appendices A.4 and A.5. The amount of locked ma·~erial 

produced is shown in Tables 6.4 and 6.5. 

The same trends as with Epofix were observed. When the particle size was 

larger than the grain size, a large amount of locked material was produced and 

when the particle size was sm aller than the grain size, a small amount of locked 

material was produced. Again, a sharp drop in the amount of locked material 

occurred at the point where particle and grain size were the same. For the case 

of the 38-53 ~m grains, the amount of locked material produced is nearly identical 

to the corresponding case with Epofix. In the case of the 75-106 ~m grains, the 

amount of locked material produccd is significantly higher. 
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Grain Size : 38 - 53 ~m 
Matrix Resin : ERL-4221 

Particle Free Locked Flee 
Size Class Resin Matena! S1l1ca 

(~m) (Mass%) (Mass%) (Ma~s%) 

75 - 106 0.0 98.9 1.1 

53 - 75 6.0 88.3 5.7 

38 - 53 8.5 30.5 61.0 

Table 6.4 : Locked material production with 38-53 ~m sIiica and lRL-·1:!21. 

.... 

Grain Size ; 75 - 1 06 ~m 
Matrix Resin ; ERL-4221 

Particle Free Locked Free 
Size Class Resin Matenal Sdlca 

(~m) (Mass%) (Mass%) (Mas5%) 

75 - 106 7.5 32.1 60.1 

53 - 75 22.3 11.3 66.5 

38 - 53 32.1 6.1 61.8 

Table 6.5 : Locked material production with 75-1 06 ~m sllica and ERL-4221. 



Figure 6.9 shows locked material where the particle size is larger than the 

grain size, Figure 6.10 shows locked material where the particle size and the grain 

size are the same and Figure 6.11 shows locked material where the particle size 

is sm aller than the grain size. The bright phase is silica, the dark phase is ERL-

4221 and the grey phase is the mounting medium. The faint grey particles in the 

mounting medium are the diluent material (crushed resin in this case). A close-up 

of one of the particles (Figure 6.12) of the locked material revealed that the silica 

freckling problem was greatly reduced. 

With both resins, the silica was difficult to polish. Although the polishing 

was performed under gentle conditions, small pieces at the edge of the silica 

sections were pulled out; however, this problem was not considered significant 

enough to affect image analysis. 

The [75-106 ~m grain/75-106 ~m particle/ERL-42211 locked lilaterial was 

selected for liberation analysis. An incremental density fractionation of the 

locked particles of this material was performed and the results are shown in Table 

6.6 and plotted in Figure 6.13 (the error was calculated as outlined by Adorjan 

[25]). This material was selected because it yielded a relatively high percentage 

(32.1 %) of locked material with an adequate (as judged visually) amount of simple 

locking. This material was chosen over the [38-53 ~m grain/38-53 ~m 

particle/ERL-4221/ locked material since larger particles are easier to separate 

by heavy liquid, easier to mount and polish, and not affected as much by the halo 

effect. The results of the liberation analysis are described below. 

65 



r 

Figure 6.9: SEM photograph of [38-53 ~rn grain/53-75 ~Ill (Jarlll'll'/I-:t~I.-{I~:211 
loeked partiel es. 

Figure 6.10 : SEM photograph of [75-106 ~rn grain/75-106 ~m parLJc:1(!/I·.I~L--1nl J 

locked particles. 



Figure 6.11 : SEM f>hotograph of [75-106 ~m grain/53-75 ~m particle/ERL-42211 
locked partlcles. 

Figure 6.12 : Close-up of 175-106 ~m grain/75-106 ~rn partlcle/ERL-42211 locked 
particle. 
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Grain Size : 75-106 ~m 
Partic1e Size : 75-106 ~m 
Matrix Resin : ERL-4221 

Spec. Avg. Vol.% Ayg. Mass Tot. Vol. l'nt. elllll. 

Gray. Spec. Silica Vol. (g) Vol. SIl. \' Il 1. lot. 
Range Gray. Range % lcm3) bn"') ('X») \'(11 

Sil. (%) 

1.29-1.42 1.36 5.6-15.0 10.3 0.21 0.15 0.02 S.ll:! :i (; ~ 

1.42-1.56 l.49 15.0-25.0 20.0 0.14 0.09 0.02 :L Il 9.0:i 

1.56-1. 70 1.63 25.0-35.0 30.0 0.17 0.10 o OJ :3079 I:Un 

1.70-1.84 1.77 35.0-45.0 40.0 0.33 0.19 0.07 G.7G 1 ~),(;o 

1.84-1.99 1.92 --15.0-55.0 50.0 0.53 0.28 o 1·1 1 U.(H; :.!~J (ib 

1.99-2.13 2.06 55.0-65.0 60.0 O.SO 0.39 0.23 1 1 l:i 1 \ KI 

2.13-2.27 2.20 65.0-75.0 70.0 1.10 0.50 0.35 IH 21 ti~ ()~ 

2.27-2.41 2.34 75.0-85.0 80.0 1.47 0.63 0.50 22.H6 H·1 HR 

2.41-2.50 2.45 85.0-91.4 88.2 1.02 0.42 U.37 1 :).12 1 (JO 00 

Total: 5.77 2.75 1.73 100.00 

Volume % Silica in sample : 62.9% 

Table 6.6: Liberation distribution of [75-106 ~m gram/75-106!-Lm parude/l'IU-
4221110cked particles . 
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Figure 6.13 : Liberation distribution of [75-106um grainl 
75-106um particle/ERL-4221J locked particles. 
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6.4 Comparison with Madel Predictions 

A liberation analysis was performed on sr,me of the standard materinl Lhat 

was created and the results compared to a model prediction. In these tests, 175-

106 ~m grein/75-106 ~m particle/ERL-42211 locked matenal was used. Three 

samples were selected from this material. The first sample consisted of panieles 

45-55 volume % silica, the second sample of partieles 75-85 volume % silica and 

the third sample of particles with the natural liberation dlstnbutlOn of the sample 

(i.e. it had the liberation distributIOn shawn in Figure 6.13). The image analyzcr 

settings were as described in Section 5.3. Approximately 5000 sections of each 

sample were exammed. The calculation of the statistical error associated with 

each analysis is explamed in Appendix B.1. 

Figures 6.14 and 6.15 show the liberation analysis results of the 45-55 and 

the 75-85 volume % silica material plotted along with the model prediction (9, 

p.1631. The model prediction is that of the sectioning of a sphere of slmllar 

volumetrie composition with simple locking and a planer interface. The statistical 

error (95% confidence interval) associated with the liberation analyses is also 

given; this error only considers the error due to the number of sections analyzed 

(Le. there is no quantification of any systematic error). The liberation analysis 

data is given in Appendices 8.2 and B.3. The model prediction of sphere sectioning 

is given in Appendix B.4. 
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Figure 8.14 : Comparlaon of atandard materlal IIberatlon 
analyaia wlth model prediction baaed on the 
aectioning of 60 vol. .. aphere. 
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Figure 6.15: Comparlaon of atandard materlal IIberation 
analyaia with model prediction baaed on the 
section ing of 80 vol. CMt sphere. 
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( Figure 6.15 shows that the 75-85 volume % silica llberation distributlon 

follows the model prediction for the 80 volume % sphere reasonably weil. In 

Figure 6.14, it can be seen that the liberation distribution of the 45-55 volume % 

~Ilica dues not match the model prediction of the 50 volume % sphere as closely; 

in particular, the observed sectIons with a high arnount of reSIn (Le. low amount 

uf ~tlica) significuntly exceeded the model predictIOn. 

The assay of the samples as calculated by the Image ànalyzer should match 

the measured assay 1271 (in this case, the ass ly given by the heavy liquid 

separation fractions) and this equivalence is usually used as a criterion of the 

accuraey of the liberatlOn analysis. for the case of the 45-55 volume % stllca 

material, the Image analysls assay was 45.3 volume % stllca; for the case of the 

75-85 volume % stlica matenal, the image analysis assay was 79.8 volume % sllica. 

The Image analysis assay of the 45-55 volume % sillca matenal showed that more 

resin was detected th an actually existed In the sample. 

Possible explanatlOns for the discrepancies that occurred in these two cases 

include : 

1) It was difficult to distinguish the matrix resin from the mounttng medium 

resin. Apparently, the backscattered contrast between the two was not 

sufficient to make a precIse identification. In the present case, sorne of the 

maunting medium was mistaken ta be matrix resin creating an apparent 

increase in the amaunt of resin observations (it is understood that the error 
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cou Id equally well have been to underestimate the IIlatri \ reslrll. 1111 ... 

probably caused the single greatest discrepancy betwl't'n tilt' p.xpt'n[[ll'tl\ ,,1 

results and the model predlctlons. l'hls problt'i1l l'an \H' 1 t'1l\t'tlll'tI Il\' 

increasing the doping of the mountmg medium. 

2) The standard material would not exactly follow the sphere ~eclionulg ['l'!'llli \!'l 

because the standard material pm·tides \Vere Ilot spltenl'ul wlt Il ~II\1pk 

locking and planar interfaces between the phases. 

3) The composltion of the particles of the :.tandard matenal W('I't! ddlllt'd br 

a 10% range. The average particlc compositlon in thls range lIlay Ilot \H' 

the same as the composition of the model sphere to whlCh il wus cOlI\par l,do 

4) Because the effectlveness of the sample preparation rnelhod could [101 1)(' 

determined, a sample preparatIOn bias could have contnbllted 10 \ Ill' 

discrepancy ! 24 J. 

Figure 6.16 compares the results of the imüge llrlüly~l~ 1t\H'raIIIJII 

distribution for the particles of the natural liberation distrtbllllo/l wlth the uc'tual 

liberation distribution (determined by heavy Iiquld separation). Aho :.bown 1" tll(' 

corrected distribution based on the sphere sectionmg model (Appendlx B.S). Ali 

the data is tabulated in Appendix B.6. The error bars on the observed Iloerat lOCI 

distribution indicate the statistical error associated wlth the analy~I~. Tbe (!rm[ 

bars on the actual liberatian distribution indicate the errar assoclated with heavy 

liquid separations. Figure 6.17 shows the saffie data, but in the fonn of ~radc-
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Figure 6.16 : Comparlaon of actual "beratlon wlth obaerved 
liberation and model correction. 
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Figure 6.17 : Grade - reeovery eurvea of aetual IIberatlon, 
observed liberation and model correction. 
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recovery curves. This figure IS provided 50 that the information is summarized in 

a form familiar ta minerai processing engineers [281. The calculation of the 

grade and recovery haVE:: increased the size of the error bars [25)(see Appendix 

A.6). 

As mentioned earlier (Section 3.2.1), the actual liberation distribution was 

expected to lie between the observed liberation distribution Oiberation 

overestimation) and the results of the sphere model correction Oiberation 

underesWnation). As Figures 6.16 and 6.17 indicate, the actualliberation does not 

fall between these two limits. The aSl;ay of this sample from heavy Iiquid 

separation was 62.9 volume % silica; the image analysis assay was 69.9 volume % 

silica. This discrepancy can be accounted for by the same reasons outlined for the 

previous two samples, but in this case, matrix resin may have been mistaken for 

the mounting medium resin resulting in a decrease in resin observations and in an 

increased silica assay. Any error in the observed results will, of course, create 

problems in the sphere model corrected results. 

There is clearly sorne question here as to the accuracy of the results raised 

by the lack of equivalence between the measured and image analysis calculated 

assays. Poor contrast between the matrix resin and mounting medium is one 

possible cause. Hill [9, p.130), however, has challenged equivalence as a criterion 

of the accuracy of the liberation analysis. His reasoning is that with such 

extensive image processing designed to preserve texturaI integrity, the assay is 

sure ta change. By how much is not known. 
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7. CONCLUSIONS AND FUTURE WORK 

The conclusions drawn from this work are as follows : 

1) Silica and ERL-4221 epoxy resin were found to be suitable material lo form 

the two phases of the standard material. 

2) A compromise between the production of locked material and the 

production of simple locked material has been found with regard to the 

ratio of particle size to grain size. The best results were obtamcd whcn thc 

ratio was 1:1. 

3) A material has been created which can be used to test the cffectiveness of 

liberation analysis procedures including stereological corrcction rncthods. 

4) In the liberation analysis in this work, the results of the standard matcrial 

did not quite match the sphere sectioning results mostly, it is suspcclcd, 

due to inadequate contrast between the matrix resin and the mounting 

medium. 
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Future work on the development of an artificial standard material would mvolve: 

1) Using a different grain material. A material with better fracturing and 

polishing properties th an silica could be found and tested. If the grain 

material and matrix material had simllar fracturing properties, random 

breakage would be promoted, thus creating more locked partic1es. A grain 

material with a higher denslty than that of silica wou Id provide for more 

accurate heavy Iiquid separations (i.e. increase the tolerance in incremental 

density fractionation work). 

2) Using a different matrix material. Although the resin used in this work 

proved to be adequate, a resin with fracture properties similar to the grain 

material would pro duce more random breakage. 

3) Testing a different grinding method. The shatterbox dld not permit direct 

grinding in Iiquid nitrogen. The silica/resin blocks had to be submerged in 

a liquid nitrogen bath and then maved from the bath ta the shatterbox. 

Grinding directly in Iiquid nitrogen would have made the resin more brittle 

and would have produced more random breakage. 

4) Using a resin fIl 1er in the sIlica/resll1 blocks. The particles of the grain 

material can be physically separated from each other in the sllica/resin 

blocks by mixing hardened particles of matrix resin in with the grain 

material. This filler will become part of the matrix resin when the Iiquid 
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matrix resin is added. This will reduce the incl(Jcncc of l'olllpk\ lod,lll~ 

since the grain material in the silica/resin blocks will Ilot bt' touclllllg. l'lu' 

breakage of these blocks willlikf'ly result ln particles that con! "m onlv mil' 

silica nucleus and thus be simple locked. 

5) Creating larger standard matenal particles. The sile of 1 hl' ~t <Ind,lI li 

material particles can be increased ta about 150-212 IJ-Ill (-tiS dUO llll'~lt) 

while still maintaining an adequate number of partlt::le sections I>l'r po1i~hl'd 

surface for a 32 mm mold. The advantages of this wou Id be to Illake ht'avy 

liquid separations more accurate and ta lessen the effect of hal\)~ and :..1ll.11l 

surface defects on the polished surface. 

6) Creating a stereological correction method usmg the standard rnatl'I illl. 

The standard material could be sectioned ta yield a section mg rnatnx t hilt 

can be used ta transform uncorrected liberation data. 
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APPENDIX A 



Grain Size : 600-850 ~m 
Matrix Resin : Doped Epofix 

Particle Size Range Ma~s (g) l\Ias~ 'X) 

(~m) 

> 75 292.2 65 ... 

38 - 75 48.9 10.9 

< 38 105.7 LJ.7 

Total: 446.8 100.0 

Appendix A.l : Particle size distribution of 600-850 ~rn ~tllca alld dO!Jl'd Fpof 1'\ 

crushed blacks. 
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Gram Sile: 38-53 ~rn 
Matnx Resln : Epof!x 

1 

Parttcle Sile Range :\Iass (g) ~Ias~ % 
(~m) 

106 - 212 43.2 13.ï 

75 - 106 13.4 4.2 . 
53 - 75 18.2 5.8 . 
38 - 53 74.0 23.4 

< 38 167.2 32.9 .-
Total: 316.0 100.0 

Appendix A.2 : Particle size distribution of 38-53 ~m silica and fpofll< crushcd 
blocks. 

Grain Size : 75-106 ~m 
Matnx Resin : Doped Epoflx 

Particle Size Range Mass (g) :\1ass % 
(~m) 

106 - ~,? 36.0 9.1 

75 - 1 06 95.8 24.3 

53 - 75 70.2 17.8 

38 - 53 46.6 11.8 

< 38 145.2 36.9 

Total: 393.8 100.0 

Appendix A.3 : Particle size distributIOn of 75-106 ~m slltca and doped Epofix 
crushed block~. 
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Gram Size : 38-53 ~rn 
1 

l\1atrix Resin : ERL-·ln 1 

Partlcle Slze Range \Iu!:>!:> (g) \I,\:-':-> lI" 

(~m) 

106 - 212 38.1 IH.3 

75 - 106 11.9 :> H 

53 - 75 15.3 7.,1 

38 - 53 42.9 20.8 

< 38 97.9 ,17.5 

Total: 206.1 1UO.U 

Appendix A.4 : Particle size distributIOn of 38-53 \lm sllica ,1Il1! 1·1{1.-·I:!:!1 
crushed blacks. 

Grain Slze : 75-106 ~m 
Matrix Resm : ERL-4221 

Particle Size Range Mass (g) \11 as~ 'XI 
(~m) 

106 - 212 69.0 17. !J .-
75 - 106 98.6 25.6 

53 - 75 66.3 17.2 

38 - 53 38.3 9.9 

< 38 113.0 29.3 

Total: 385.2 100.00 

Appendix A.5 : Particle size distribution of 75-106 \lm sllica and /. r{!.-/ln 1 
crushed blacks . 
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Appendix A.6 

According to Adorjan, the errors associated with heavy liquid separations 

should be calculated thus : 

Mass Pen'entage Error 

An incremental heavy liquid analy:;is yields mass percent ages 

al' D2, ... ai, ... an, an+1 being the assay of each mass fraction. The reduced mass 

percent of the each fraction, i, i5 calculated thus : 

where dO = density of the lightest component of the feed 

and dn+ 1 = density of the densest cumponent of the feed. 

1 

1 

1 

1 

Mass % u:~r~~~ ___ _ Am· 1 

_-1--_~ ___ •• ___ --L-_ 

d· 1 d· 1 - 1 

Density 
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The absolute error of rrwss fraction i, due to a deviation III liquid dcnsitv is: 

e .• abs bd 1-\ 1 ," 
[ 

6M +26M t6M 1 
Âmdl 2 

with 6MO = -6M\ and âM I1+2 = -Mvln+\ and where ôd is the ahsolute error in liqllid 

density. 

Since the cumulative mass percent of the concentratc IS : 

then the absolute error in the concentrate mass percent ta fraction j is : 

Error in the Grade of the Density Fractions 

The absolute error in the grade of a density fraction, eui' is the sum of 

three errors: 

where cSaj is the error in the assay of fraction i, 

eapi is the error due ta non-ideal separation, 

eadi is the error due ta deviation in the density of the heavy liquid. 

These three errors are as calculated below : 
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wherc SA is the relative error cxpressed as a percent age associated with the assay. 

with âMO = -âM 1 and âMn+2 = -âMn+ 1 and where ep is the probable error of float 

and sink analysis. 

l 
t:J.M ~t:J.M la -a 1 t:J.M ~t:J.M la -a 11 e - abs ôd .-1 , _._._-1 (d -d +ôd)+a ~ ôd • .-1 _._+I_'(d -d ~ôd)~a 

adJ 2t:J.M d -d .-1 .-2 ,-1 2t:J.M d -d • .-1 • . . .-2 . ..1. 

1 .. 

Error in Concentrate Grade 

The concentrate grade is : 

The absolute error in the concentrate grade is calculated : 

< .. 
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Error in Feed Grade 

The [ccd grade 15 : 

1 n 

f--L~ma 
100 1-1 1 1 

The absolute error ln the [ccd grade is calculuted : 

Error in Recovery 

The recovery IS : 

1 

L ~m,a, 
1-1 , -----

J f 

The absolute error in recovery is caiculated : 
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Error Calculation AssumptlOns 

The use of this error calculation technique required that sorne variables be 

assumed. The following assumptions were made: ôd = 0.005 g/cm3, ôA = 0% 

(bccause no independent assay of the fractions was performed) and e p = 0.005 

g/cm3. The calculation of the error of the grade of the density fractions, eai' was 

less than 1% for each fraction and thus was not indicated on the graphs. 
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Appendix B.l 

The accuracy of the liberation analysis can be calculated by using the 

binomial dist.ribution to estimate the relative error. If N particle sections are 

examined, let the probability of finding a section of a certian composition be p, 

while the probability of the failure to do so be q (i.e. q = 1 - p). The standard 

deviation, a, on p for a binomial distribution is : 

a - ~ Pi B.1.1 

The acceptable error for quantitative results in most minerai processing applications 

is the 95% confidence interval which corresponds approximately to 2 standard 

deviation5. The absolu te error, e, is: 

The relative error, E, 15 : 

E _ e 
p 

B.l.2 

8.1.3 

Substituting equation B.1.2 into equation B.1.3, E (for a 95% confidence interval) i5 

calculated thus : 
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E _ ~ 4q 
pN 

N is known and p and q can be estimated from the data. 

13.1.'1 

Since the liberation distribution was calculated in the image analysis, the 

error for each composition class varied according to the number of counts obtnincd 

from that class. Obviously, a high number of counts in a certain class would 

pro duce a result with a low error. The relative error for each composition class for 

each liberation distribution is calculated and tabulated with the image analysis data. 
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Append1X 8.2 : Image Analys;s of 45-55 vol.? Sll1ca Standard Material 
l .. 

dens1ty of ERL-4221 reS1n = 1.21 g/cc 
dens1ty 0; s11,ca = 2.62 g/cc 

Sample ST28A 

Area of s,l,ca (microns-2) 9020000 
Area of reSln (mlcrons-2) & 10900000 

Area percent sil1ca = 45.3 
Area percent reSln = 54.7 

Nt.",oer of frames analyzed 45 
Number of particles analyzed = 5113 

Volume % Volume % Counts of Area (um-2) Volume % Area (um-2) 
S,l1ca Silica of S,l,ca of S,lica of Part1cles Particles 

Range Total Sll. Total Sil. Total S,l. 

o - 10 0.31 207 27700 4.75 663000 
10 - 20 1.07 143 97000 3.94 642000 
20 - 30 2.82 194 254000 6.16 994000 
10 - 40 6.01 252 542000 9.64 1538000 
40 - 50 11.30 327 1020000 14.31 2270000 
50 - 60 14.50 357 1310000 14.86 2390000 

{ 60 - 70 15.80 364 1430000 13.68 2204000 
70 - 80 13.20 299 1200000 10.21 1589000 
80 - 90 9.62 231 868000 6.60 1027000 
90 -100 13.50 395 1210000 9.10 1263000 

100 11.80 463 1060000 6.75 1065000 

99.93 3233 9018700 1 00. 00 1 5645000 

Volume % Volume % Counts of Area (um-2) Volume % Area (um-2) 
Resln ReSln of Resin of Resin of Partlcles Particles 
Range Total Res. Total Res. Total Res. 

a - la 0.45 394 49300 7.41 1263000 
10 - 20 1.45 230 159000 5.42 1025000 
20 - 30 3.61 300 394000 8.35 1579000 
30 - 40 7.11 353 774000 11.33 2202000 
40 - 50 9.88 357 1080000 12.37 2380000 
50 - 60 11.50 326 1250000 12.05 2270000 
60 - 70 9.11 253 992000 8.07 1532000 
70 - 80 6.74 191 735000 5.11 985000 
80 - 90 4.66 135 507000 3.07 599000 
90 -100 5.32 195 579000 3.50 604000 

100 40.20 1880 4380000 23.34 4370000 

100.04 4625 10899300 100.00 18809000 ., 
" { 
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For 45-55 vo1.1. s,1. standard .. 
Volume % S,lica Res,n Total Area :t Cum. rreq. Freq.% Cum. Area % 
S,l,ca Area Area Area Area % F req. % Re lat 1Ve 

Range (um'2) (um'2) (um'2) Error 
(%) 

0 0 4380000 4380000 21.99 21. 99 1880 36.77 36.77 3.67 
o - 10 27700 579000 606700 3.05 25.04 207 4.05 40.82 13.62 

10 - 20 97000 507000 604000 3.03 28.07 143 2.80 43.61 16.49 
20 - 30 254000 735000 989000 4.97 33.03 194 3.79 47.41 14.08 
30 - 40 542000 992000 1534000 7.70 40.74 252 4.93 52.34 12.28 
40 - 50 1020000 1250000 2270000 11.40 52.13 327 6.40 58.73 10.70 
50 - 60 1310000 1080000 2390000 12.00 64.13 357 6.98 65.71 10.21 
60 - 70 1430000 774000 2204000 11.07 75.20 364 7.12 72.83 10.10 
70 - 80 1200000 394000 1594000 8.00 83.20 299 5.85 78.68 11.22 
80 - 90 868000 159000 1027000 5.16 88.36 231 4.52 83.20 12.86 
90 -100 1210000 49300 1259300 6.32 94.68 396 7.74 90.94 9.65 

100 1060000 0 1060000 5.32 100.00 463 9.06 100.00 8.86 

9018700 10899300 19918000 100.00 5113 100 

.. 

".' 
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· Append ix B.3 : Image Analys,s of 75-85 vol.1. S,llca Stand~rd Material ~ 
'\, 

Sample ST27A 

A~ea of s,lica (m,crons'2) 15200000 
Area of res,n (microns"2) 3850000 

A~ea percent sl"ca = 79.8 
Area percent resin = 20.2 

Number of frames analyzed 49 
Number of particles analyzed 4749 

Volume % Volume % Counts of Area (um'2) Volume % Area (um-2) 
S,lica S,l,caof S,llca of S,hca of Part,cles Part,cles 
Range Total 5,1. Total 5,1. Total S,1. 

o - 10 0.03 81 5030 0.79 140000 
10 - 20 0.07 44 10900 0.42 75700 
20 - 30 0.14 37 20600 0.46 82100 
30 - 40 0.29 53 43900 0.70 125000 
40 - 50 0.72 74 110000 1.37 244000 
50 - 60 1. 98 130 301000 3.01 537000 
60 - 70 5.92 253 901000 7.68 1370000 
70 - 80 13.40 450 2040000 15.10 2700000 
80 - 90 22.00 609 3360000 22.10 3940000 

( 90 -100 24.90 754 3790000 22.30 3970000 
100 30.50 1340 4650000 26. la 4650000 

99.95 3825 15232430 100. 03 1 7833800 

Volume % Volume % Counts of Area (um"2) Volume % Area (um"2) 
Res,n Resin of Res,n of Res,n of Particles Part1cles 
Range Total Ras. Total Res. Total Res. 

a - 10 4.68 752 180000 27.50 3970000 
la - 20 15.10 609 580000 27.20 3930000 
20 - 30 17.20 453 663000 18.90 2720000 
30 - 40 12.20 253 469000 9.48 1370000 
40 - 50 6.00 127 231000 3.66 528000 
50 - 60 3.59 77 138000 1.75 253000 
60 - 70 2.10 53 80800 0.86 125000 
70 - 80 1.58 36 60800 0.56 81200 
80 - 90 1.66 43 b4000 0.52 74900 
90 -100 3.49 81 134000 0.97 140000 

100 32.40 924 1250000 8.65 1250000 

100.00 3408 3850600 100.05 14442100 
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For 75-85 vol.~ S11. standard 
6 

Volume % S111ca Res1n Total Area % Cum. Freq. F,"eq.% CUin. Ar~a % 
51l1ca Area Area Area Area % treq.% Relatil.e 

Range (um"2) (um"2) (um"2) Er'ror 
(%) 

0 0 1250000 1250000 5.55 5.55 924 19.45 19.46 5.90 
o - 10 5030 134000 139030 0.73 7.28 81 1.71 21.16 22.03 

10 - 20 10900 64000 74900 0.39 7.67 44 0.93 22.09 30.01 
20 - 30 20500 60800 81400 0.43 8.10 37 0.78 22.87 32.75 
30 - 40 43900 80800 124700 0.65 8.75 53 1. 12 23.98 27.32 
40 - 50 110000 138000 248000 1. 30 10.05 74 1. 55 25.54 23.07 
50 - 50 301000 23100'J 532000 2.79 12.84 130 2.74 28.28 17.30 
60 - 70 901000 469000 1370000 7.18 20.02 253 5.33 33.61 12.23 
70 - 80 2040000 663000 2703000 14.16 34.18 450 9.48 43.08 8.97 
80 - 90 3360000 580000 3940000 20.65 54.83 509 12.82 55.91 7.57 
90 -100 3790000 180000 3970000 20.80 75.63 754 1 S. 88 71.78 6.68 

100 4550000 0 4650000 24.37 100.00 1340 28.22 100.00 4.63 

15232430 3850600 19083030 100.00 4749 100.00 
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AppcndlX 8.4 . SectlOnlng of 50 and 80 Vol.% Spheres 

Volume 1- 50 Vo 1. % A 80 Vo 1. % A 
SIl ica Spheres Spheres 

Range (Cum.Area%)(Cum.Area%) 

0 5.83 0.97 
< 5 7.58 1.27 
< 15 10.58 1.80 

< 25 14.92 2.34 
< 35 21.66 3.31 
< 45 34.64 4.73 

< 55 65.36 7.28 
< 65 78.34 12.48 
< 75 85.08 28.85 
< 85 89.42 60.81 
< 95 92.42 74.41 
<100 94.17 81.11 

100 100.00 100.00 
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AppendlX B.5 Sphere Sectionlng Correctlon (Hl11 et al.) 

If T = (nx1) matrlx representlng the true l1beratlon dlstrlbutlon. 
o = (nxl) matrlx represent'ng the observed l1beration dlstrlbutlon (1. e. sect 10nlng It.)_ u lts). 
S : (nxn) sectlonlng matrlx ThlS matnx represonts the results of the soctlOrllng ot 

partlcles of known composltlon. The results of the random sectl0r11ng of two-pha"e 
spheres wlth pl anar lntel"faces and s1mple locking are shown below. 

ACTUAL PARTICLE COMPOSITION 

Free A 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100 Freo B 

Free A 100.00 52.21 24.06 16. la 10.99 7.44 4.71 2.83 1.51 0.64 0.12 0.00 
ope 0-10 0.00 30.02 17.82 9.95 6.49 4. la 2.72 1.55 0.86 0.37 0.07 0.00 
8 A 0 10-20 0.00 13.56 29.68 13.29 7.42 4.67 2.82 1. 71 0.89 0.38 0.06 0.00 
S R M 20-30 0.00 2.33 17.82 28.03 12.73 6.99 4.01 2.35 1.21 0.48 0.09 0.00 
E T P 30-40 0.00 0.83 4.85 17.58 27.84 13.27 6.60 3.59 1.79 0.66 0.13 0.00 
RIO 40-50 0.00 0.39 2.13 5.76 16. i9 28.20 14.48 6.31 3.04 1. 12 0.22 0.00 
v C S 50-60 0.00 0.22 1.12 3.04 6.31 14.48 28.20 16.19 5.76 2.13 0.39 0.00 
E L 1 60-70 0.00 0.13 0.66 1. 79 3.59 6.60 13.27 27.84 17.58 4.85 0.83 0.00 
o E T 70-80 0.00 0.09 0.48 1.21 2.35 4.01 6.99 12.73 28.03 17.82 2.33 0.00 

1 80-90 0.00 0.06 0.38 0.89 1.71 2.82 4.67 7.42 13.29 29.68 13.56 0.00 

0 90-100 0.00 0.07 0.37 0.86 1.55 2.72 4.10 6.49 9.95 17.82 30.02 0.00 

N Free 8 0.00 0.12 0.64 1. 51 2.83 4.71 7.44 10.99 16.10 24.06 52.21 100.00 

o : S * T 

Since 0 and Sare known, T can be found thus : 

T : lnverse S * 0 
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Append1" B.6 Image Analjs1s of Standa~d Mate~1al Natu~al D1st~,but,on 

:amp 1'J ST26A 

Arca of S1 1 1ca ( m 1 c rons ' 2) = 11300000 
Area of res,n (m1crons'2) 4860000 

Area percent s, 1,ca = 69.9 
Area percent ~es,n = 30.1 

Number of f~ames ana lyzed 45 
Number of pa~t'cles analyzed = 4271 

Volume ~ Volume % Counts of Area (um'2) Volume % Area (um'2) 
S,11ca S111ca of S1l,ca of S111ca of Part,cles Partic1es 

Range Total Sil. Total S,1. Total S,1. 

o - 10 0.12 113 13400 1.95 279000 
10 - 20 0.39 77 44100 2.04 291000 
20 - 30 U.55 70 61800 1. 78 255000 
30 - 40 1. 13 88 128000 2.54 363000 
40 - 50 2.15 104 244000 3.78 541000 
50 - 60 4.36 163 493000 6.23 891000 
60 - 70 7.72 221 874000 9.36 1340000 
70 - 80 12.70 313 1430000 13.30 1910000 
80 - 90 15.50 367 1760000 14.40 2060000 

~ 90 -100 21. 30 535 2410000 17.60 2520000 
i 
fi! 100 34.10 1170 3850000 27.00 3850000 

100.02 3221 11308300 99. 98 14300000 

Volume % Volume % Counts of A~ea (um"2) Volume % Area (um"2) 
Rasin Res," of Res,n of Resin of Particles Particles 

Range Total Res. Total Res. Total Res. 

o - 10 2.18 535 106000 20.30 2500000 
10 - 20 6.30 367 306000 16.80 2050000 
20 - 30 9.75 315 474000 15.50 1910000 
30 - 40 9.61 221 467000 10.90 1340000 
40 - 50 8.08 160 393000 7.14 879000 
50 - 60 6.20 107 301000 4.45 548000 
60 - 70 4.70 87 229000 2.87 353000 
70 - 80 4.19 70 204000 2.19 269000 
80 - 90 4.45 72 216000 2.07 255000 
90 -100 5.52 114 269000 2.29 282000 

100 39.00 1050 1900000 15.40 1900000 

99.98 3e98 4865000 99.91 12286000 

·r 

102 



r 
1 

Observed natural l,beratlon d,strlbut,on 
.-

Volume % S,l,ca Res,n Total Area % Cum. Frcq. Freq.% Cum . Area % 
S,l,ca Area Area Area .\rea % Freq % Relative 

Range (um'2) (um'2) (um'2) Error 
(%) 

0 0 1900000 1900000 11.75 11.75 1050 24.58 24.58 5.36 
o - 10 13400 269000 282400 1. 75 13.49 113 2.65 27.23 18.56 

10 - 20 44100 216000 260100 1. 61 15.10 77 1.80 29.03 22.59 
20 - 30 61800 204000 265800 1.64 16.75 70 1. 64 30.67 23.71 
30 - 40 128000 229000 357000 2.21 18.95 88 2.06 32.73 21.10 
40 - 50 244000 301000 545000 3.37 22.32 104 2.44 35.17 19.37 
50 - 60 493000 393000 886000 5.48 27.80 163 3.82 38.98 15.36 
60 - 70 874000 467000 1341000 8.29 36.09 221 5.17 44.16 13.10 
70 - 80 1430000 474000 1904000 11.77 47.86 313 7.33 51.49 10.88 
80 - 90 1760000 306000 2066000 12.77 60.64 367 8.59 60.08 9.<i8 
90 -100 2410000 106000 2516000 15.56 76.20 535 12.53 72.61 8.09 

100 3850000 0 3850000 23.80 100.00 1170 27.39 100.00 4.98 

11308300 4865000 16173300 100.00 4271 100.00 

., 
, Volume X Volume Cum. Grade 

? S,l,ca S,11ca Vol. S,1. Si 11 ca 
[ Range Recovery Recovery 
k 

(7.) (7.) t 

1 

a 0.00 100.00 83.28 
a - la 0.13 100.00 89.05 

la - 20 0.35 99.87 89.92 
20 - 30 0.59 99.53 90.63 
30 - 40 1.11 98.94 91. 26 

t 40 - 50 2.18 97.83 91.99 

~ 
50 - 60 4.32 95.66 92.92 
60 - 70 7.73 91.33 94.17 

\ , 70 - 80 12.67 83.60 Q5.72 

80 - 90 15.58 70.93 97.55 
90 -100 21.20 55.36 99.08 

100 34.15 34.15 100.00 

100.00 
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Actua 1 lIa+;.', ra 1 D'str,but1on : 

(;2 9 101.? sIl and 37. 1 yO l.? ,-es. 

Volume r. Vol. " Cum. VQ1~me 

SI 1 Ica Vol. " S1llca 

Pange Recove,-y 

(%) 

0 0.00 0.00 0.00 
o -5.6 0.00 0.00 0.00 

5.6 - 15 5.63 5.63 0.92 
15 - 2~ 3.41 9.05 1.08 
25 - 35 3.79 12.83 1. 80 
35 - 45 6.76 19.60 4.30 
45 - 55 10.06 29.66 7.99 
55 - 65 14.15 43.81 13.48 
65 - 75 18.21 62.02 20.23 
75 - 85 22.86 84.88 29.03 
85 -91. 15.12 100.00 21.17 

91. -100 0.00 100.00 0.00 
100 0.00 100.00 0.00 

100.00 100.00 

Sphere Corrected Natural D,str,but,on 

Volume % Vol. % Cum. Volume 

Sil1ca Vol. % S,l,ca 

Range Recovery 

(%) 

0 8.63 8.63 0.00 
o - 10 2.18 10.81 0.16 

10 - 20 1.34 12.15 0.28 
20 - 30 0.53 12.67 0.19 
30 - 40 1.64 14.31 0.81 
40 - 50 1.78 16.09 1. 14 
50 - 60 7.81 23.90 6.11 
60 - 70 5.69 29.59 5.26 
70 - 80 24.99 54.58 26.64 
80 - 90 13.46 68.04 16.26 
90 -100 31. 96 100.00 43.16 

100 0.00 100.00 0.00 

100.00 100.00 

Cu,". Grade 

Vol. S1l. S1l1ca 

Recovery 

(%) 

100.00 78.66 
100.00 78.66 
100.00 78.66 
99.08 80.88 
97.99 82.06 
96.19 83.16 
91.90 84.78 
83.91 86.75 
70.43 89.05 
50.20 91.51 
21.17 94.19 
0.00 
0.00 

Cum. Grade 

Vol. S,l. Si "ca 

Recovery 

(%) 

100.00 83. 71 
100.00 87.88 
99.84 88.93 
99.56 89.49 
99.37 89.68 
98.56 90.18 
97.42 90.61 
91.32 92.15 
86.06 93.00 
59.41 96.16 
43.16 97.63 

0.00 
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