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Plates 

Plate l• A.ntimonial silTer (light grey) in E. phase. 

Specimen from Cobalt, ontario (KcGill collection 

221 Kl). 

Plate II. Exsolution of t. phase ( dark grey) in anti-

monial silTer (light grey). 

Plate I. 

Same specimen as 

El at e III. X-ray powder diffraction photos of 

1) aynthetio antimonial silTer (5.1 wt.% Sb) annealed 

at 400°C, 10 deys. 

2) Specimen from Cobal. t, Ontario ( 221 m., XcGill 

collection) containing t. phase and antimonial 

sil Ter. Not ann eal ed. 

3) ayntheti c f: phase (15. 97 wt.% Sb) annealed at 

400°C, 10 dtJ3S. 

4} E 1 Phase (24.01 Wt.% Sb) annealed at 40o0 c, 

10 dqs. 

Note: This is a contact p'!'int of the four filme. on 

filme 3 and 4, ink spots which appear as white 

dots, indicate the reflections caused by LiF 

wbich was used as an internaJ. standard. 



Abstract 

The phase boundari es as obteined in the Ag-Sb system 

are as follows: Sb-rich solvus of ~ phase at 500, 450, 

400 and 350, and 300°0 is 18.2, 17.7, 17.75 and 17.7 

weight per cent Sb respectively. Ag-rich sol vus of E.' 

phase (dy scrasi te) at 500, and 450, 400, 350, 300° 0 i s 

22.5 and 22.9 weigbt per cent Sb respeotive1y. Sb-rich 

so1vus of ('phase at 500, 450, 400 and 350°C is 27.2 wtight 

per cent Sb and at 300°C is 26.9 weight per cent Sb. No 

inversion off' tc E" at about 440-449°0 was observed. 

The nomogeneity' raqJe of pyra:rgyrtte is probably lesa 

than l weight per cent Sb 2s3 at 400° 0 and in miargyri te 

lees tban 0.6 weight percent sb 2s3 at 400°0. 

Isothermal ternary sections at 400 and 300°0 contain 

uniYarient assemblages as fo1lows: 

M2S- f -pr, E - E' -pr, pr- E.' -l!IY• m.v- ~.'-Sb and 

~-Sb2 S~-Sb. Two narrow two-phase regions were observed 

one conneoting the Sb-rich aide of the E solid solution 

fi e1d to 3.Ag2S. Sb2S3 (pr) and the ether extendillg from e 
phase to .AB 2S. Sb 2s3 (DtY). The two-pbase region E -pr 

bas tbe same width at beth 400 and 300°C. But the region 

E' -my is wider at 300°c. 

The occurrence of E phase as a mineral at Cobalt, 

ontario was confir.œed by x-r~ diffraction. 
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Cb.apter I 

Introduction 

In general a systematic study of synthetic minerale in 

the laborator,y under different p~sico-cbemical conditions 

can lead to a fuller understanding of the formation of the 

ore depo si te. The factors governing the deposition and 

concentration of mineral deposi te are many and varied; how­

ever, the relations between temperature, pressure, and mine­

ral composition or assemblage can be predicted from labora­

toxy ex:periments. 

The solvus curves determined in the laboratory from a 

study' of the synthetic minerale and a systematic study of 

the limite of compost tion of a given phase may be used in 

determining the temperatures of formation of ore minerale in 

I 

nature. This information mq also be used to get an idea of 

the pbysical and chemical conditions of the ore depositional 

envi ro nmen t. we may also be able to predict the bottoming 

of ore or the presence of a hidden shoot. 

Wi tb this in vi ew, work on the binary system .Ag-Sb and 

the ternary system .Ag-Sb-S was undertaken. These systems 

were investigated by previous workers, but the data was in-

complete and not always accurate. :Most of the previous 

observera bave investigated the system .Ag-Sb at temperature• 

above 400°0. No data was svailable at lower temperatures, 

and as this data was necessary for the investigation of the 

system .Ag-Sb-S, furtber work in the system .Ag-Sb was undertsken. 
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Of special interest, from a geological point of view, are 

the tbree phases in the .Ag-Sb system, two of whioh ooour as 

minerale. The existence of a mineral whicb is an equivalent 

of the f phase in this system was overlooked by previous work-

ers due to Iaok of accurate data. The other two minerale in 

this system are antimonial silver and dyscrasite. 

Of the aix sulphosal ts of siiver and antimony, miargyri te 

and pyrargyrite are the two most commonly occurring minerale. 

Information on these minerais could be of belp in the stuqy of 

the silver deposi ta. 

The purpose of the present investigation of the .Ag-Sb-S 

system was to determine the compatible mineral assemblages in 

isotbermal sections at 400 and 300°0. In addition, ~he quasi 

binary system .Ag 2S-Sb2s3 was al.so investigated, in part for 

solid solutions of possible use in geothermometry. 
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Chapter 2 

Materials, Equipment and Techniques 

Katerials. The silver and antimony used in these experi-

mente were obtained from the Consolidated Mining and Smelting 

Company. The silver (Cominco 59 grade, lot no. 2706) contains 

the following impurities in parts per million, Ca-0.1, Cu-0.2, 

Fe-4.0, Mg-0.1, Si-0.1. The antimony (Cominoo 59 grade, lot 

no. 2473) contains one part per million As. 

Sulphur, supplied by the Aroerican Smelting and Refining 

Company, (lot no. !02), has a purity of 99.999 +% and the 

impurities of Na and Cl are lesa than 1 ppm. 

Methode of ayntbesis. Most of the work was dona using the 

simple sealed tubas of transparent silica glass wi th a 5 milli-

meter inside diameter. For larger charges, various di ameters 

up to 7 millimeters were used. This glass was most suitable 
0 since its softening pointis above 1600 c, and its low thermal 

coefficient of expansion allows rapid cooling in cold water 

from high temperature. Reaction between the glass and ~he 

charges was never observed wi thin the temperature range em.ployed. 

The transparent nature of the glass allowed visual examination 

of the progress of reaction wi thout opening the tube. 

Extrema care wae employed whil e loading the tubes. Each 

reagent was initially weighed out on a balance and put in the 

silica glass tube, which had previously been sealed at one end. 

Any ma teri al adheri ng to the wall s was parti ally freed by gentl e 

tapping. The glass tube was then left standing for a few minutes, 



and most of the remaining materiaJ. adhering to tbe waJ.ls was 

freed by tapping the tube again. By leaving the tube unto­

uohed for a few minutes some of the sta.tio electrioity was 

dissipated from the tube, wbioh was the main rea.son for the 

material sticking to the walls. The tube was then weighed. 

The next reagent was weighed on a watoh glass and then loaded 

in tbe tube. The same procedure was adopted as above for 

freeing tbe material adhering to the tube walls. The tube 

was reweigbed with every addition of the reagent, and, in 

tbia WaY the acourate weight of the reagents used waa obtained. 

It was found this metbod minimized the errors due to losa 

during weigbing. In most cases, after loading the tube, the 

tube was necked down to a capilla.ry aize just a.bove the charge, 

witb the sample end of the tube wrapped in a wet cloth to 

prevent hea.ting and oxidation of the charge. Care was taken 

to leave as little space as possible in the tube above the 

charge. Wbere sulphur was used a. sma.ll length of silica 

glass rod was pla.ced on top of the charge to reduoe the vapor 

volume b efore nec king. The tube was tben evacuated wi th a 

cenoo U,yva.c vacuum pump to lesa than 0.001 mm Hg, after which 

the capillary was seal~d with the torch (o~gen-commercial 

gas toroh). 

Temperature control and measurement. Equipment employed 

was similar to that described by Clark (1959). The runa were 

heated in horizontal, cylindrical electric furnaces. The 

furnace bas an 18 inch long metal shell with 10 inch diameter 

transite ends end is filled with powdered magnesia. The core 



consiste of concentric alundum tubes with a concentric 6 inch 

long nickel plate between them to distribute the beat unifor-
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mly. The inside diameter is one inch. The nichrorne vd.nding 

on the outer tube is more concentrated towarô the ends to off-

set the greater beat lasses ~t the ends. The total resistance 

is about 24 ohms at room temperature. This furnace bas a con-

etant temperature t 1°0 over a 3.5 inch interval measured at 

eoo0 c. 

Fbr temperature control, automatic controllers were used. 

The variac which was built into each controller was adjusted 

by a two phase electric motor. The motor was actuated by en 

unbalanced Wheatstone bridge. The six volt bridge circuit 

was composed of tl'r'O fixed re si stances, a manually set resi s­

tance, and a platinum sensing resistor 'M>Und in wi tb the fur-

nace winding. This type of regulator controlled the furnace 

temperature to ± 3°c. 

FUrnace temperatures were measured w1th chromel-alumel 

thermocouples. The temperatures were continually recorded 

on a 12 channel D~strom recording potentiometer. The tem-
peratures were verified witb a Rubicon potentiometer using re­

ference junotion at o0 c. 

QUenching and annealing techniques. The samples were 

first homogenized at 750°0 for a period of from 6 to 12 hours, 

and they were then annealed for a period of 10 to 24 da;ys at 

the tempere.ture of the run. They were removed from the hori-

zontal cylindrical furnaces ueing long tonga, and were dropped 



directly into a. cold water bath. 
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To minimize cooling of the 

run while transferring the tube from the furnace to the cold 

water bath, the tongs were held for a few seconds in the fur­

nace above the sample. 

Identification of the products. (a) Reflecting microscope. 

After opening the tube a portion of tbe charge was mounted and 

polished for stuqy under the reflecting microscope. 

In air many of the phases were too similar to be differe­

ntiated; however, using an oil immersion lens colour contrast 

was sufficient to distinguish all the phases. The phase bou­

ndari es obtained by this method are in general agreement wi tb 

tbose obtained by X-r~ methode. This method was also found 

useful in the study of the system Ag-Sb-S. Different phases 

in this system were sometimes difficult to identif.y and irid­

escent filming of the polished section was useful in some in­

stances (Gaudin and MoGlasban, 1938). A solution of l part 

2 percent iodine in metbyl alcohol added to 1 part of conc. 

H2so4 by volume was employed. 

A portion of tbe original charge was retained for X-ray 

study. A;pproximately 20 mg of the powder was utilized to 

prepare the spindle for the X-ray camera (camera diameter 

114.6 mm). The remainder was stored in a polyethylene vi al. 

Wbenever i t was possible tbe ma teri al was ground to a fi ne 

powder in a mortar. In some instances, particularly in the 

silver rich charges in Ag-Sb s,ystem, it was not possible to 

grind the materiel. This necessitated filing the material, 
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and filing introduced strain which gave diffuse X-ray reflec­

tions. Tberefore the filings were annealed in sealed evacu­

ated glass capsules for a period of 6 to 48 hours, at the same 

temperature that the run bad been heated. It was noticed 

that the filings of a sample in a two-phase region were not all 

of the same aize. As a reeult of differentiel hardness one 

of the phases produces finer filings and these adhered to the 

paper, or to the glass tube, wi th consequent differential losa. 

'l'his bas tbe affect o:f producing only very faint patterns in 

the X-r~ photograpb for tbat particular phase. X-r~ patte-

rna obtained using the annea.led filings were sharp. Silver-

rich compositions seemed to require more annealing time to re. 

move the strain. 

Preparation of the sample. The metbod of preparation 

of the sample for X-ray camera is desoribed by Azaroff and 

Buerger (1958) in Chapter 5. 

Lithium fluoride was used as interna! standard for mes~­

suring the reneotions. All the refiections were measured 

with reference to the LiF linas spacings for wbioh are given 

by Swanson and Tatge {1953). This metbod of mea.suring the 

li nes was an improvement on the aoouracy of the readi ngs over 

the esta.bli shed methode and al. so saved ti me. 

Copper radiation was used with a nickel filter and expo­

sure time was 5 hours at 32 'KY and 16 MA. 

The differentia! thermal analyste equipment used in the 
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present investigations is similar to the one described by Kerr, 

Kulp, and Hamilton (1949). Essentially it consista of a fur­

nace which can produoe a maximum temperature of 1100°0 and bas 

a heating ra.te of approximately 12. 5°C per minute. 

mounted vertically. 

It ia 

The specimen holders used are also modelled after the equ-

ipment referred to above. In the present case the thermoco-

uples were inserted into a bolder made of steatite into which 

two bolee were drilled for the two thermocouples. Tbese pro-

trude on top of the steatite block so as to fit into tbe dimple 

at the bottom of the sample tubes. The samples were contained 

in aealed evacua.ted tubes deacribed by Kracek (1946). The 

chromel: alumel thermocouples in the dimple were eaaentially 

surrounded by, but not in contact with, the aample. 

was used as the inert sampla. 

Gal ena 
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Chapter 3 

previous work on the Binary Systems 

The .Ag-S system. The .Ag 2S-Ag portion of the system was 

investigated by Friedrich and Leroux (1906), Jaeger and Van 

K1ooster (1912), Bisett (1914) and Urazov (1915). studiee 

of the su1phur-rich portions of the s,ystem were not attempted 

because of the difficu1ty of retaining sulphur in the prepa-

rations at e1evated temperatures. Kracek (1946) overcame 

this difficulty by conetructing a special thermal analysis app­

aratus, and inveetigated the entire system. ( see figure 1). 

According to Kracek (1946), silver sulphide, the'only 

compound in the s.ystem, ie almost insoluble in sulpbur. Liq­

uid immiscibility in the sulphur-rich portion of the ~stem 

extends from 0.35 to 64.0 atomic percent Ag at ?40°0. FOr 

compositions b~ond Ag 2S there is a second region of liquid 

immiscibility with the two liquida of 68.9 and 94.2 atomic 

per cent Ag at 906° o. A eutectic witb sulpbur very nearly 

coincides witb the me1ting point of this element, 115.2°0, 

while that with silver is at 804°0 and 68.0 atomic percent Ag. 

Kracek (1946) reported two transitions in silver sulphide, 

the temperatures of which depend upon the presence of either 

excess sulphur or excess silver. The two mean limiting tem­

peratures for the upper transition are 622 and 586°0 wh11e for 

the lower transition the,y are 1??.8 and 1?6.3°0. In both 

cases the higher temperature corresponds with the presence of 

excess aulphur. 
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Figune l.: The temperature composition diagram of 

the system Silver-Sulpbur (As compiled 

.by Hansen, 1958} • 
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He determined that eilver eu1phide me1te and freezes 

congruent~ at 838 ± 2°c. The three eulphides of silver 

AS 2s 2, At2s and Ag 4S were synthesized by wet ohemtcal methode 

(quoted by Kraoek, 1946) but only Ag 2S occurs in the dry sys­

tem. 

In nature AS 2S ie found in two polymorphe, argentite 

(Ag2s II) wbich is morphologically cubic, and the monoc11nic 

aoanthite (AS~S III) (Frueh, 1958), wtth the cell constants: 
0 0 0 0 a•4. 23 At b=6. 91 A, o•7 .87 A, and f3o 99 35•. The transi ti on 

at about 177°C te rapid and nonquenchable. As a reaul t, the 

high temperature cubic form i s never preserved at room tempe-

rature. Based on the cr,ystal morpho1ogy, the deposition tem-

perature can be determined relative to the transition temperature. 

The Sb-S s.ystem. This system was investigated by pelabon 

(1909}, Jaeger and Van Klooster (1912), and Olie and Kruyt 

(1911-12). 

The so1idus temperature in the composition range 0-80 

atomic percent su1phur was found as 110°0, i.e., just below 

the melting point of su1phur at 115.2°0. The solid so1ubili~ 

of sulphur in antimony is about 0.3 atomic percent based on 

measurements of e1eotrical resistivi~ (Olie and KruYt, 1911-12). 

It was not indicated if this represented a maximum value. 

Two regions of 1iquid imm1ecib11ity of uncertain extent 

Between about 1. 5 and 21 weight 

(5.5.50 atomic) percent sulphur the monotectic temperature 

was found as 615°C, and the eutectic at 520°0 was placed at 
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about 24.6 weigbt per cent su1phur. The congruent me1ting 

point of Sb2s3 (28.31 weight percent S) was determined as 

555°0 as oompared with 546 and 554°c, acoording to Jaeger 

{1911-12), and Jensen (1947) reapect1Te1y. 

A seooud sulphide of antimoey, Sb 2s5, bas been reported 

(quoted by Barstad, 1959) but was prepared on1y by wet chemioal 

reactions. 

The compound Sb2S3 occurs in nature aa the mineral st.ibni te. 

Its orthorhombio structure is the prototype of D58 structure 
0 0 0 

type wi th a•l1. 323 A, b:11. 323 A and o:3. 848 A (Oottfri ed, 

1929 and Hofmann 1933). 

The .Ag-Sb system. Charpy ( quoted by weibke and Efinger, 

1940), oonduoted a microscopie examination of the .Ag-Sb al1oys 

and found a compound witb a possible formula Ag 3Sb or .M4Sb. 

H~cock and Neville (1897) studied the 1iquidus and found 

that it consisted of three branches. The first break was at 

26 atomic per cent Sb and corresponded to the compound Ag 3Sb. 

The second came at 40 atomic per cent Sb and corresponded to 

the eutecti o at 486° c. The presence of a break at 26 atomio 

per cent was not considered sufficient evidence, however, to 

establish the aboTe compound. Puscbin (1907) etudied tbia 

s,ystem and came to the conclusion from bis electromotive force 

meaaurements, that a:ntimony forme two compounds with silTer, 

Ag 2sb and Ag 3Sb. 

the formula .Ag 3Sb. 

Petrenko (1906) found oaly one compound of 

Broderiok and Ebret (1931) inTestigated this s,ystem by 



At,.0ro Sb 
5 

a 
IX + 

! { 

20 

25 30 

JO 

Figure 2: Partial phase d1agram of the system 

Ag-Sb (after Weibke & Et inger, 1940) • 
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x-ray examination and came to the conclusion that the maximum 

solubility of antimo~ in silver was about 6 weight per cent 

at room temperature. The solubili~ of Sb increases sligbtly 

wi~h temperature being 7.1 weight per cent Sb at 470°0. The 

lattice parameter of silver in this phase increased from 4.084 Î 
0 for pure silver to 4.117 A for the phase eontaining ô per cent 

Sb. In the region between 11 and 16 weight per cent Sb, the.y 

observed a homogeneous hexagonal close packed phase. The aize 

of the unit cell at ll weight per cent Sb was a=2. 926, b:c:4. 784. 

They also noticed another homogeneoue phase wb.ich is ei ther 

rhombic or deformed cubic in the region between 22 and 28 weight 

per cent Sb. The aize of the unit ee11 at 25.8 percent Sb 
0 0 0 

was a=3.006 At b:5.189 At and c=4.84 A. 

wetbke and Efinger (1940) t in order to verif'y the resulta 

obtained by e1ectro-chemical metbods, investigated the sys-tem 

Ag-Sb, particularly in the region of 19 to ~1 weight per cent 

Sb, by thermie, micrographie and X-ray methode. They made 

the al1oya in an electrio furnace in an atmosphere of d:cy puri-

fied ni trogen. The weight of the material taken was 30 gr. 

and aamples were brought into equi1ibri um by bea. ting at 500 and 

400°0 for 5 and 6 daye, reepective1y, and then quenched in oold 

water. The amount of sample prepared for x-ri\Y investigation 

was 5 gr. Their resulta are shown in figure 2. 

weibke and Efinger (1940) conoluded tbat 

the Sb-rich phase boundal'Y of & phase is sligbt1y inclined bet .. 
0 ween 600 and 400 c, more antimony being taken into solid solu-

tion at higher temperatures. They fixed the saturation con-

centration of e phase for Sb as 17.0 weight per cent at 500° C 
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and 16.7 weight per cent Sb at 400° C ( eee figure 2). Their 

figures for the average of the 1a.ttioe constants of the al1oys 

with 17.0 and 19.0 weigbt per cent Sb quenched from 500°C are: 
0 0 0 

a-2.967 t 0.002 A, c.4.799 r 0.004 A, and from 400 c, a-2.962 t 
0 + 0 0.002 A, ca4. 787 - 0.003 A. 

, 
They also gave the phase boundaries of the €. phase as 22. ô 

weigbt per cent at 400°C on the si1ver-rich aide and as 28.6 

weight per cent Sb at 40o0 c on the Sb-rich aide. They observed 

a transition of the order-disorder type at about 440°0 on the 

Ag-rich side and 449°C on the Sb-rich aide. 

The Ag-Sb relations were reviewed and compiled by Hansen 

and Anderko (1958) - (see figure 3). 

Of the six s11ver-

antimony sulphosalts known, namely miargyrite (Ag 2S.Sb2s3), 

pyrargyri te ( 3Ag 2s. Sb2s3), polybasi te ( 9.Ag 2s. Sb 2s3), pyrosti­

lpnite (3Ag 2S.Sb2s3), stepbanite (5Ag2S.Sb2s3), and po1yargy­

rite (ll.Ag 2s.sb2s3), only two bave been syntbesized in the dry 

These are pyrargyrite and miargyrite. 

Gaudin and McGlashan (1938) in a pyrosynthesis of the 

vstem found five phases; miargyrite, pyrargyrite, argentite, 

stibnite, and a fiftb phase "B" whicb was present in all bulk 

compositions with more than 73.3 atomic per cent si1ver sulphide 

and an excess of sulphur. Estimate of the volume of the diff-

erent phases indicated that this phase "B" contained s11ver and 

antimony in atomic proportion 9 : 1. 



Figure 4; Phase diagram of the quasi binary system Sb2s3-Ag2s 
(After Jensen, 1947) 
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Schenk, Hof'fman, Knepper and Vogler (1939) investigated 

the system by a metb.od of' isotbermal. reduction w1 th hydrogen 

at 40o 0 c. T'bey concluded tb.at the systa contained the 

following interrnediate compounds: AS 2s.Sb2s3, 2AS 2s.so 2s3' 

4.Ag 2S. Sb 2S 3 and 49.Ag 2S. Sb 2s3• 

Jensen (1947) investigated this system in detail by 

d. t. a. methods (see figure 4). The melting point curve 

shows two maxima at 518.7 and 485.8°0, corresponding to the 

f'ormatiou of the two oompounde, Ai2S• Sb283 and 3.Ag28• Sb2S3 

respectively, with three euteotics at 462, 464 and 470°0, and 

22, 59 and 77 weight per cent AS 2S respectively. No extensive 

solid solutioa was fouad. He did not find any beat affect 

indicative of polymorphie transition in pyrargyrite. The 

crystal s,ymmetry wa.s determined by Harker (1936). The dimen-

sions of the hexagonal unit cell are a.=ll.825 Î, and 0•758 i. 

The compound Ag s.Sb s bas two modifications. 

oe AS 2S.Sb2s3 is stable above 380°0. Acoording to Graham 

(1951) the crystal sylii!Detry is cubic with a lattioe constant 

The transformation to the monoclinic low tempe-

rature modification p. .Ag 2s.sb2s3, miargyrite, talees place on 

slow cooling; b.owever, the bigh temperature form ie preserved 

by rapid cooling. 

Graham (1951) sbowed that crystal habit of naturaJ.ly 

occurring miugyri te is in complete harmoD.Y w1 tb 1 ts crystal 

lattice sbowing no aubie paeudo-s,vmmetry. He concluded tbat 

this mineral cryetallized below the inversion temperature, and 

i t is not a paramorph of the correeponding higb. temperature aubie 



0 
form. constants of the monoclinic cell are, a=l3.197 A, 

0 0 0 
b:4. 399 At o:12. 856 A, {3 :98 37t' and Z:8. 
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Attempte by Jensen (1947) to prepare any compound rioher 

in ~.g 2s than the compound 3MZ3•Sbi33 met w1 th failure. He 

0 performed no e:xperiments below 200 c. Synthe sis of polybasi te 

and pyrostilpnite was reported by weil and Hocart (1953) by 

heating the components. in glycerol. 

previous worlc in Ag - Sb - S system. The ternary ElY stem 

Ag • Sb - s was investigated by Schenck, Hoffman, Knepper and 

Vogler (1939), by measuring the H2S/H2 ratio during the redu­

ction of sulphidee of the quaei-binary system M 2S - Sb~3 
0 

with H2 at 400 c. From the staircase curves obtained they 

deduoed the boundaries of two-phase and three-phaee fields. 

They gave the composition of the silver-antim~y sulpbides as 

But Jaeger and 

van Klooster (1912) and Jensen (1947) in their thermal etudies 

observed onl.y the phases .Ag 2s. so 2s3 and 3.Ag 2s. Sb2s 3• 

Barstad (1959), re-exsmined the isothermal section of the 
0 phase diagram of the ternary system Ag-Sb-S at 400 c. In his 

investigations be obtained tie lines between Ag 2S and antimonial 

silver ( c<:-phase) and between €. -phase and Ag 2s. He observed 

a narrow two-phase region whoee tie lines connect 3~.g 2s.sh 2s3 
(pyrargyri te) and the antimony-rich end of' the f. -phase solid 

solution in the Ag-Sb system. 'fhe tie lines from the ç'-pnase 

(qyscrasite) are connected to 3Ag2s.sb 2s3 exoept f'or a narrow 

region on the antimony-rich aide where the tie !ines join with 

He also indicated a tie line between Sb and 
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His ternary section utilized the Ag-Sb phase 

relations of previous workers. 



Ohapter 4 

ft?tReriment~ iDT8Stigation Of the .Ag - Sb szstam 

work on thi a s;yst em was undertaken as a prelilli nar.y to 

tbe work on the ternary STBtem Ag-Sb-S. As the liquidus 

17 

and solidus relations were previousl.J' adequately determined, 

the present investigation waa confined to the subaolidua 

region wbich is also of principal geological interest. Ex-

perimenta were perforraed in tb.e temperature range 300-500°0 

in the composition range 9 to 30 weight per cent Sb. Rune 

weighing 300 mg. were prepared for Tarioua compositions, 

were holl•genized at 750°0 and then aanealed tor a period of 

10 dqs at the required temperatures. 

General desort~atien of the phase di !§rai!-• ~ur solid 

solution phases haYe beera reoegnized in tbia system ( see 

figure 3) the «: phase ( antimoni al ail Ter), E. phase, té.' pba.se, 

and antill•lU". 

'fhe Cl(, phase has a solid solution limit of a.o weigbt per 

cent Sb at 7oo0 c. At its incongruent melting temperature, 

?02.5°0, tbe ~ phase bas the composition 9.8 weigbt per cent 

Sb. The Ag-rich solTus of E. is relat1Tely constant beiag 

10.1 per cent at 400°0. The Sb-rich limit of solid solution 

occure at 558°C and approximately 19.0 weigbt per cent Sb. 

The solid solution field becomes lesa extensiTe at lower tem-

peratures. The E' phase forme peri tectically at 558°0 and 

20.0 per cent Sb. The solid aolubility of Sb increasea 

rapidly with decreasing temperature initially, but decreases 
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slow1y be1ow 500°C. Limite at 500°C are approximate1y 22.5 

and 27.2 weight percent Sb. The eutectic occurs at 44.0 

weight percent Sb, and 485°C. The so1id so1ubi1ity of Ag 

in Sb appeara to be neg1igibly amall (Broderie and Ehret, 

1931, and Weibke and Efinger, 1940). 

Vapour pressure. Acoording to the Hand Book of Chemiatry 

and J?tzy"sios (1961), the vapour pressures of antimony and ai1ver 

are l0- 5mm. Hg at 466°C and l0- 5mm. Hg at 767°C respectively. 

The present investigation of the .Ag-Sb system is oonfined to 

the temperature range of 300 to 500°C where the vapour press-

ures of these two elements \'IIOUld be muoh lower. 

The rune were saaled in avacuated glass tubes. Each run 

has i ts own vapour which at a given pressure is in equi1ibrium 

with the other phases at that temperature. Since the vapour 

pressures in the present experimente are very 1ow and the vap­

our volume in the sealed capsules is relative1y amal1, it is 

safe to assume that the losa of material from the solide to 

the vapour phase is neg1igible (i.e.,<< 0.01 percent). 

oe phase. In my experimente the phase boundaries of the 

,... phase and the~- phase on the silver-rich aide could not be 

determined by X-rSt.V study alone. In the t"WO-phaae region ~-+f , 

the powder photographe show a very strong pattern of antiœo­

nial silver, the lines of whicb are somewhat blurred and ali-

ght1y drawn together. This blurring was first attributed to 

insufficient annealing for removal of strain induced by filing. 

However, no improvement was noticed after annealing the powder 
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for 48 hours at the temperature o:f the original run. Contr-

action of the pattern ie due to an expansion of the eilver 

lattice correeponding to the replacement o:f eome o:f the atome 

in the silver structure by the large atome of antimony. Acc­

ording to Peacock (1940), if the distortion o:f the eilver la.­

ttice ie measured by the proportion of the replaoing antimony, 

antimonial eilver with 6t per cent Sb will have a rhombobedral 

1attice wi the:<. 90°11 1 • A 1attice so nearly cubic lii!OU1d give 

a cubic powder pattern wi tb slightly blurred li nes. 

From po1isbed sections it appears that 6t weight percent 

Sb is near the limit of the~ phase solid solution field at 

300°0. At the same temperature the Ag-rich ~ solvus is at 

10.1 weigbt per cent antimony. The latttce constant of anti-
0 

monial silver with 5.1 weight per cent Sb ie &:4.1112 A as 
0 

compared to a=4.119 ± 0.005 A of antimonial silver with 6.78 
0 

weigb.t per cent Sb (Peacock, 1940), and a-4.0933 A for pure 

eilver. 

The resulte obtained during the course of the present inv-

estigation in the region oc. and c:oc + ~ phases see.m to agree 

wi th the reaul ts obtained by previous workera. 

~ phase. A series of rune across the composition range 

9 - 20 weight per cent Sb were prepared and equilibrated at 

400°0. The samples were studied both microscopically and by 

X-r~ diffraction methode (see table 1). From the X-r$Y powder 

photographe the d value versus composition curve was prepared 

( see figure 5) • Tbere is apparently a linear relation w1 th 



Figure 5: Composition versus d value curve for the '- phase 

in the system Ag-Sb. (Points indicated are accurate 

to t 0•0003A) 



compo si ti on. ~he reflection utilized for this purpose is in 

the back reflection region. The li ne was taken to be a sin-

gle reflection as i t did not Var:/ in width or split up during 

its occurrence over a wide range of compositions. ~he refl-

action was not indexed either by the previous workers or dur­

ing the present investigation. 

The d value versus composition curve could not be exten­

ded to the Ag-rich end of the solid solution field because 

the X-rSiY renections for tbose oomposi tions were too diffuse 

to measure. ~he sharp break in the slope of the curve at 

17.7 weight par cent Sb marks the limit of solid solubilit.y 

at 400°0. 

In order to determine the Sb-rich solvus of the r. phase, 

compositions in the €-+ ~· field were heated sufficiently long 

for the compositions of the existing E. and i!.' to approach equ-

ilibrium. Compositions of the saturated ~phase were then 

determined with the aid of the d versus composition relation 

(figure 5). Using this technique the determined compositi-
+ 0 ons are accurate to - 0.0003 A. The phase boundari es at 

500, 450, 350 and 300°0 were determined from the X-ray etud­

ies of two alloys with 19.58 and 22.0 weight percent Sb (see 

table 2) quenched from the temperatures mentioned. As shown 

in figure 6, the boundar,y shows a sligbt inclination. The 
0 

boundary at 300 C is at 17.7 weight par cent Sb. It is at 

17.75 weight par cent Sb at 400°C and agrees well with the re-

sul ts obtai ned by poli shed section study ( see table 2). Ab ove 



Figure 6: The temperature - composition diagram of the Ag rich portion 

of the system Ag-Sb. 
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--------------------~--~-------------------------------------~ 
Table 1 

Table sbowing run compositions, d values, 

in Ag - Sb experimente. .Anne ali ng ti me, 

Compo ai ti on 
wt. % Sb 

9.0 

10.0 

14.3 

14.97 

15.97 

16.86 

17.99 

19.00 

20.00 

21.03 

22.03 

22.99 

24.01 

24.93 

25.96 

'Z7. 00 

27.97 

29.2 

:30.11 

0 
d value ~ 
± 0.0003 A 

0.79971 (ti;) 

0.79980 (~) 

0.80000 (~) 

0.80010 (E) 

0.80257 

0.80010 
o. 80242 

o. 80252 (i? 

0.80270 ("' 

0.80260 (E~ 

0. 80 4'Z7 (6:') 

0.80580 (6? 

0. 807 40 (ir') 

0.80905 (ti:') 

0.80932 (E•) 

0.809:30 (i•) 

and the phases present 
0 

10 daye at 400 C. 

• Phases present 
X-ray and microscopie 
examinat 

ot... -+- E -r vapour 

"" +- fi: + v apo ur 

€. + vapour 

~ + vapour 

6 + vapour 

E -t vapour 

E + E' +- vapour 

ti: + Ji' + vapour 

ti. +- f.t + vapour 

L1 + Gt + A A vapour 

ii. + E' 't vapour 

E' + vapour 

~· + vapour 

ii' + vapour 

ii.' + vapour 

i:' + vapour 

li:' + Sb .... vapour 

E' "*" Sb +- v apour 

ti: ' + Sb + vapour 

~-~--~------------~------------------------------~------------



Figure 7: Lattice dimensions versus composition curve for the E phase in the system Ag-Sb. Solid solution lL~its are taken from Figure 5. 

x Broderick and Ehret. 

Â Weibke & Efinger. 

o westgren, Hâgg and Ericksson. 

c Present investigation. 
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450°C the amount of antimony taken in solid solution inoreases 

relatively rapidly and at 500°C the phase boundary is at 18.2 

weight per cent Sb. 

The reflections in the X-re.v photographe were indexed 

ueing the tables prepared by Broderick and Ehret (1931). The 

lines 201, 004 and 202 were uti1ieed for calou1ating the lattice 

constants. The lattice parametere vary wi thin the solid solu-

tion region. The 1inearity in the composition versus cell 

dimension curv es i e pro no une ed ( see figure 7) , parti cu1ar1y in 

the curve for a0 • The curve shows very good li neari ty as com-

pared to the curves obtained by previous workere (Weibke and 

Ef'inger, 1940). The reasons are probably, (a) 1ack of equili-

brium due to shorter annealing time in their rune, (b) oxidation 

of the material during the preparation of the rune (Skinner, 

Barton and Kullerud, 1959} .. 

' " f. and E phases. The peri teetic transformation oceurring 

a.t 558°C when cooling alloys with 18.5 to 28.0 weight percent 

Sb, resulte in a new phase f" from t. and liquid (Weibke and 

Efinger, 1940). t" is a. high temperature po1ymorph w1 th the 

stable room temperature modification being designated f' • The 

transformation of t' to E.'' occure at 440°C on the Ag-rich side 

of the solid solution field, and a.t 449°C on Sb-rich aide, acco-

rding to Weibke and Efinger (1940). Tne average composition 

of this phase i s .Ag 3Sb and corresponds to the mineral dyscrasi te. 

A series of rune across the composition range 21 to 30 

weight per cent Sb were prepared, melted and then equilibrated 

at 400°C. The samples were etudied both mioroscopically and 
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------~-~-~~---~-~-----~-~----~----~~-------~-~--~----------

Table 2 

Table sbowing the runa used to determine the phase boundari es 

of the f. and f' phases. Anneali ng time, 10 df:VS• 

Composition Temperature Phases present Phase boundaries 
Wt.% Sb oc ~-s §b 

E s• 
19.58 300 s + s• 17.7 22.78 

19.95 350 B +li:' 17.75 22.9 

19.95 450 8 +- 8' 17.75 22.9 

19.58 500 B + B' 18.2 22.5 

28.-3 300 8' 4- Sb 26.86 

28.3 350 B' +Sb 26.9 

28.3 415 8' +Sb 27.2 

28.3 500 Il'+ Sb 27.2 

~--------------~--~-~~~-----~---~~~----~----~----~-------~---

by X-r~ diffraction methode (see table 1). From tb.e X-rE:\Y 

powde1" photographe the d value versus composition aune was 

prepared ( see figure 8). As in tbe case of €. phase, there 

is apparent1y a linear rel a ti on w1 th oompo si ti on. The 

reflection utilized for this purpose bas 29 (Cu rad.) appro-

nmately 147 degrees. The li ne was taken to be a sing1 e 

reflection as i t did not vary in width or split up in solid 

solutions over a wide range of compositions. The reflection 

was not indexed either by the prwious workers or durini 

the present investigation. 

In order to determine the Ag-rich and Sb-rich boundari es 



Figure 8: Composition versus d value curve for the E' phase 

in the system Ag-Sb. 
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of the t.' phase, compositions within the f. +E' andt'+Sb fields 

were heated sufficiently long for the composition of the 

existing phases to approach equilibrium. Composition of the 

sa.turated t'phase waa then determined wi th aid of the d value 

versus composition (figure 8) at 400°0. 

The boundary of the f'phase on the Ag-rich aide ia 22.5 

weight per cent Sb at 500°C and 22.9 weight per cent Sb at 

450°0, 400°0, 350°0 and 300°0. These compared with 22.6 

weight per cent Sb at 500° C and 23.5 weight per cent Sb a.t 

400 c as given by Weibke and Efinger (1940). (see table 2). 

The Sb saturation boundary is 27.2 weight per cent Sb at 

500, 450, 400 and 350°0, and 26.9 weight per cent Sb a.t 300°0 

a.s compared to 28.6 weight per cent Sb at 400°0 obtained by 

Weibke and Efinger (1940), and 27.6 weight percent Sb at 

room temperature as given by westgren et al (1929) and Brode­

rick and Ehret (1931). The aolid aolubility of antimony 

decreasea slightly below 400° o. 

The phase boundariea as fixed by microscopie study are in 

good agreement wi th the reaU! ta obtained by X-ray atudy ( see 

tables 1 and 2, and figure 8). 

The inversion t.' to t" oocurs at 440°0 in alloys saturated 

with silver and 449°0 on the antimony aide (Weibke and Efinger, 

1940). Theoretically, a two phase region between i' and e." is 

neoeasary. The poatulated break in the solvus on the Sb satu­

ration boundary of the l' phase (aee figure 6) oould be the 

result if a transition really exista with a narrow two phase 
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region separating the two modifications. 

Two samples wi th 15.06 ( E..) and 25.03 ((') weight per cent 

Sb were sent for differential thermal analysis to the Geophy­

sical Laboratory, Carnegie Institute of Washington, to check 

for possible transitions. Neither the f~or ~'phase showed 

detectable inversions. It mav be that the ~· to E'' transfor­

mation is an ordering proceas. Howevef, the X-rav powder 

patterns of these two phases are indistinguishable, giving rise 

to doubts about the actual existence of the transformation. 

The area of solid solution as obtained in the present 

investigation is narrower than that obtained by weibke and 

Efinger (1940). In their case the whole field was shifted 

towards antimony-rich aide. This maY be due to lack of equi­

librium in their rune as a result of insufficient annealing, 

or to the affects of oxidation or other impurities possibly 

added during heating the alloys in an atmosphere of nitrogen 

rather than the equilibrium vapour, i.e., mostly Sb. More-

over estimations of the compositions from the d values obtained 

from the back reflection region of the X-ray photographe, as 

in the present investigation, are much more accurate. 

Lattice constants. The x-raY powder photographe of t' 

phase were indexed by Broderick and Ehret (1931), and theae 

were utilised to identify the reflections of the E.' phase in 

the present investigation. The reflections used for calcu­

lation of lattice constants were 004, 042 and 223. The lattice 

constants for the sample with 27.0 weight percent Sb (.Ag 3Sb) 



-------~-------------------------~-~---------------------------
Table 3 

Table showing the compositions and lattice constants of the 

rune in E.. phase. 

Compo si ti on Temp. Annealing i cell dimensions 
wt. % Sb c tirne 1 da.ys a 0 

14.3 400 10 2.948 4.7844 

14.97 400 10 2.946 4.8117 

15.97 400 10 2.960 4. 7896 

16.86 400 10 2.967 4.7908 

17.99 400 10 2.9752 4. 7916 

--------------~-----------------------------------------------

Table 4 

Table sbo~ing the composition and oe11 dimension of the rune 

in the t:' phase. 

Com.posi tion Temp. Anneal.ing Lattioe constants 
wt. % sb u time, ctws a b c 

22.03 400 10 2.9876 5.1746 4.8068 

22.99 400 10 3. 0166 5.1746 4.8065 

24.93 400 10 3.0088 5.190 4.822 

27.00 400 10 3.0161 5.192 4. 7~61 

---~---~~-~--·-~----~--~----------~-----~--~------------------~ 



Figure 9: Lattice dimensions versus composition curve for the t' 
phase in the system Ag-Sb. Solid solution limita are 
taken from Figure 8. 

~ Broderick and Ehret. 

A Weibke & Efinger. 

o Westgren, Hagg and Ericksson. 

c Present investigation. 



are a=3.0161, b=5.192, and cc4.7961 {see table 4). 

The composition versus lattice constant curves show gooà 

linearity (see figure 9). This is a further suggestion that 

equilibrium was not attained by the previoue investiga.tors. 

Although not invariably the case, a straight line relation has 

usua1ly been found for equilibrium solid solutions in other 

systems, see for example, Skinner, Barton and Kullerud (1959), 

Roseboom {1962), and Clark and Kullerud {in press). 
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Ohapter 5 

The Quasi Binary System Ag 2s - Sb ~3 
An attempt wa.s made to determine the solid solution boun­

da.ries of the minerale pyrargyri te and miargyri te at 400° c. 
Al though no conclusive resulta were obtained, they seem to 

indica.te extremely narrow solid solution fields. 

?Yrargyri t~. Five runa wi th varying compositions were 

prepared from the end members Ag 2S and Sb 2s3, homogenized a.t 
0 750 C for a period of 12 hours, anneal.ed for a period of 15 

d~s at 400°0, and quenched to room temperature. The produots 

were then studied both microsoopically and by X-r~ methode. 

The resulta are summarized in table 5. 

----~----~-----------------~----------------------~--------
Table 5 

Table showing the resulte of the polished section study of 

the rune containing pyrargyrite. 

Sb2S3 
(Wt. %1 

Phases present 

28.89 Ag2S and pyrargyri te 

30.37 Ag28 and pyrargyri te 

31.39 pyrargyri te 

32.2 py ra.rgy rite and mi argy ri te 

33.4 pyra.rgyri te and miargyri te 

? 

? 

----------~------~-----------------------------------------------

It was not possible to study the eolid solution limite by 

X-r~ methode beoause of the complexity of the X-ray powder 
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pattern. 
0 

Both Ag 2S (the cubic form stable at 400 C inverts 

to monoclinic during cooling) and pyrargyrite give complex 

X-rey diffraction patterns which are superimposed when present 

together. 

The limite of solid solution could not be accurately det-

ermined as a result of the small number of rune prepared, as 

well as the difficul~ of identification of small quantities 

of pyrargyrite in miargyrite or mia~rite in pyrargyrite 

under the microscope. 

Only one sample, with a composition of 31.39 weight per 

cent Sb 2s3 contained pure pyrar,gyrite (Ideal 3Ag 2S.Sb 2s3 con-

It is inferred that the 

solid solution limita are ve~ narrow, probably between 31.0 

arnthetic pyrargyrite pre-
0 pared at 400 C showed no change in X-ray pattern after heatirlg 

at 300°0. 

Mi argy ri te. Six rune with va~ing compositions in the 

composition range 56.84 to 59.? weight per cent Sb2s3 were 

prepared from the end members Ag 2S and Sb 2s3• Theee were 

annee.led at 400°0 for a period of 15 daye and quenched to room 

temperature. The producte were studied both under the micro-

ecope and by X-ray methode. The resulta are summarized in 

table 6. 

In identif,ying the different phases present, the same 

difficulties as in the previoue case were encountered in the 

first two samplee. It wae found difficult to identify emall 



quanti ti es of ei ther pyrargyri te in miargyri te or miargyri te 

in pyrargyrite under the microscope. The resulta of the 

first tv10 aamplea were obta.ined from X-ray study. They both 

contain miargyrite and pyrargyrite. Only the run with a 

composition of 57.93 weight per cent Sb 2s3 conta.ined pure 

miargyrite. (Ideal Ag 2S.Sb2s3 contains 58.0 weight per cent 

The other rune contained miargyrite and stibnite. 

From this i t was inferred tha.t the limite of solid solution 

of miargyrite at 400°C are between 57.8 and 58.44 weight per 

The limi ts are probably much narrower than theee. 

--~--~-~---~-~-~~------~---~-----------------------------------

Table 6 

Table showing the resulte of the poliehed section etudy of the 

rune containing miargyrite-

Sb2S3 p}laeee present 
( wt. zb) 

57.28 Pyrargyrite and mi argy rite 

57.8 pyra.rgyri te and miargyri te 

57.93 Miargyri te 

58.44 Mi argy ri te and stibnite 

59.115 Miargyrite and etibni te 

59.7 Miargyri te and stibnite 

-------------------~-------------------~---·--------------------

A sample of pure miargyrite (57.93 weight per cent Sb
2
s

3
) 

was observed to have a cubic pattern in the X-ray diffraction 

photographe. The same sample after annealing for a period of 
0 

5 d~s at 300 c, gave a complex monoclinic X-r~ powder pattern. 

The transition reported at 380°0 (Jensen 1947) is evidently not 

rapid. 



Ohapter 6 

Eb&se Relations in the Srstem AS - ~b - a &t 400°Q 

In order to establish the tie lines bounding the equili­

brium ternar.Y assemblages, seven samples were prepared :from 

the elements, mel ted and bomogenized at 750° 0 :for a period of 

from 6 to 12 hours, annealed at 400°0 for a period of 16 to a> 

dqs, and quencbed to room temperature. A portion of each 

sample was prepared for X-rey etud.y and another portion wa.s 

utilized for polished section stud.y. Re sul t s are summari zed 

in table 7. Only renections from the baok renection region 

in the X-ray powder patterns were used for calculating the 

compositions of the t. and t.'phasea present, making use of the 

previously determined composition versus d apacing curves. 

--~---~----~-----~~--~------~-~·--~---~~-~----~-~~--~----------
Table 7 

Table showing the composition and the phases present in tbe runa 

in the system Ag - Sb - s annealed at 400°0. 

Run. Composition wt.% Annealing Phases present in the 
J/L .A_ __§_ ti~e~d![s AS-Sb-S gocst&!.et iQ0°c 

1 91.0 6.0 3.0 16 o(. , p. AS2S and ~ 

2 83.9 6.95 9.15 lô f!> .AS 2S, E and 3;g
2
s. Sb 2S3 

3 ?5.02 19.03 5.95 16 é. ' 
3.Ag 2S. Sb 2s 3 and ~, 

4 61.00 25.0 13.99 20 3.Ag 2s. Sb 2s 3 , f' and o<. M 2s. Sb 2s 3 

5 69.0 27.0 4.0 16 3Ag 
2
s. Sb 

2
s

3
, t: 'and ,.:. A8 

2
s. Sb 

2
s

3 
6 46.0 40.0 14.0 16 f', ~ .Ag 2S. Sb 2s 3 and Sb 

? 20.0 59.7 20.3 16 ...<. Ag
2
s. Sb

2
s 3, Sb and Sb 2S3 

------------~---~~~--~------~--~~---~-~-~-~-------~----~~~-----
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Sample 1 (eee figure 10 and table 7), indioated the presence 

of .Ag2 S, o~.. and ~ phases. No exact peroentages could be oal.cu. 

lated from tbese patterns beoause of the interference of the 

comp1ex X-ra;{ powder diffraction patterns of .Ag,_S (III t' with 

the other phases. The interference of the oonaplex {?, Ai2S 

linas migllt h&V' e been avoi ded tllrougll the use of a high tempe­

rature camera wbere the specimen was kept above 178°0, the 

iD9'ers1on temperature. 

From samp1e 2 the tie line oonnecting the Sb-rich aide 

of the e: phase to .Ag2S was obtained. The two-field region 

of E+pyra.rgyri te was deduoed from sample 3. This field was 

obsened to be veey narrow (batween 17.0 and 17.7 weight par 

cent Sb), and this obsenation agrees with the resulte 

obtained by Barst&d (1959). 

Saupl e 3 indioates the presence of pyrargyri te, E, and ~' 

phases. 'l'he ti e li ne connec ting the E.' phase on the si1ver-

rich aide to pyrargyrite was also deduoed from this sample 

w1 th the ai d of figure a. The phase bounda.r,y of t.' phase on 

the silver-rioh aide agrees wall with tbat obtained in the 

.Ag-Sb bina.ry system. Samples 4 and 5 were used to get the 

tie li nes oonnecting the antimony-rioh si de of the t'phase to 

pyrargyri te. The boundary of the na.rrow two-phase region 

between t:' and mi argy ri te wa.s also obtained ( see figure 10). The 
wt. 

composition range of thet'in this region is between 26.1 & 27.2 
"' 

~~---~---------------~--~-~---~~---~~~-----~-----~----~~~---~ 

lf .Agl. s 1 e cubic at the t empera.ture of the run ( p .ACS 2S). 



0 Figure 10: Isothermal section of the phase diagram of the system Ag-Sb-S at 400 C 

covering the region Ag-Sb-Ag2S-Sb2s3 • 
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per cent Sb. The composition of dyscrasi te i s approximately 

2?.1 weight percent Sb, and this apparently falls in this 

region. 

The phases present in samples 4 and 5 are f.,, pyrargyri te 

and ,;(.. ~~g 2S.Sb 2s3 • The tie line connecting the Sb-rich end 

of the ~· phase to c::oe .Ag 2S.Sb 2s3 was obtained from sample 6. 

The assemblage in sample 7 was Sb, f' and ~ Ag 2S.Sb 2s3• 

Thus the tie li ne was establi shed between Sb and .,.ç; Ag s. Sb S • 
2 2 3 

The resulte obtained from my work are in general agreement 

with those of Barsted (1959}. Principal differences a.re, 

1) phase assemblage boundaries are modified in a.ccordance "rith 

the current changes in the Ag-Sb s.ystem, and 2} compositions 

of the t and !' phases coexisting in the three phase assemb­

lages were actually determined rather than being inferred. 

Phase Relations in the ayste.m AS - Sb - S at 300°Ç 

Ten samples whose compositions were in three-phase fields 

were prepared and annea.led at 300°0 for a period of 20-24 daye. 

·rhe composition of the samples and the phases present are 

summari zed in table 8 and figure 11. 

The phases present in sample 8 are .c , E and p Ag2S· 

Again the complex pattern of the p Ag2S interfered with the 

accurate measurements of the reflections for t)(. and e. • How-

ever, the phases present were easily identified, rt is deduced 

that the tie lines from the whole t)(. solid solution region are 



0 

Figure 11: Isothermal section of the phase diagram of the system Ag-Sb-S at 300 C 

covering the region Ag-Sb-Ag2s-sb2s3 • 
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The assemblage € , ~ Ag 2S and 3Ag 2s.sb2S3 occurred in 

samples 9, 10 and 11. From samples 9 and 11 the tie lines 

connecting a portion of the t phase solid solution field to 

on the t solid solution a narrow 

This two-phase region 

now encompasses more of the t solid solution field than the 

comparable assemblage at 400°0 (aee figure 10). In the 

present case it is between 15.9 and 17.7 weight per cent Sb. 

--------------~--------------------------------------------------
Table 8 

Table showing the composition and phases present in the rune 

in the system Ag - Sb - s annealed a.t 300°0. 

Run Composition wt. % 

8 

9 

.Ag Sb S 

90.07 6.9 

84.16 6. 7 

3.03 

9.14 

10 82.1 15.8 2.1 

11 68.61 17.52 13.87 

12 77.1 20.9 ?.0 

13 61.1 24.85 14.05 

14 69.2 27.6 3.2 

15 50.85 35.0 14.15 

16 45.58 40.42 14.0 

17 22. 0 5 60 .13 17 • 8 2 

Annealing Phases present in the 
ti me, dE(YB .Ag-Sb-S system at 300° C 

24 

24 

20 

22 

22 

22 

20 

20 

22 

Pl 

o< , f3 .Ag 2S and € 

foAg 2S, t. and 3Ag 2S.Sb 2S3 

p .AS 2S, t and 3.Ag 2s. Sb 2s3 

p .Ag 2S, f and 3.Ag 2S. Sb 2s3 

f. , 3p,g 
2
s. Sb 2s 3 and f' 

3p,g 2s. Sb 2s3 , € 'and/} .Ag 2S. Sb 2s3 

3Agp,S· Sb 2s3 , E' and fo.Ag 2S. Sb 2S3 

' 3.Ag 2S. Sb 2s3 , f and pp,g 2s. Sb 2S3 

t.', fo .AS 2S. Sb 2S3 and Sb 

Sb, {3 Ag 2s. Sb 2s3 and Sb 2s3 

-------------------------------------------------------------------
The phases f. , 3Ag2S. Sb2S3 and f' are present in samp1 e 12. 
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Samples 13, 14 and 15 show the three phases ~ , 3AS 2S. Sb 2s3 

and f3 AS
2

S. Sb
2

s3 (my). The complex f!' Ag
9

S. Sb 2s3 reflectiona 

overlapped the linas of the other phases, and this created a 

problem for calculating the lattice constants. But the com-

positions of the phases in the Ag-Sb system were calculated 

using the lines in the back reflection region utilizing the 

com:po si ti on versus d-spaci ng curves prepared for the Ag-Sb 

system (figures 5 and 8). Sample 16 showed the presence of 

The compo-

si tion of the E.' phase as measured from this sample coi ncides 

wi th the solid solution limi t of E.' phase on the Sb-rich aide 

in the phase diagram .Ag-Sb at 300°0. 

The solubili ty of sulphur in the phases at:. , E. and f.' in 

the Ag-Sb s,ystem seems to be insignificant as the phase boun­

àaries of these phases, as obtained in this system, are almost 

identical wi th tho se in the Ag-Sb system. 

The na.rrow two-phase region between E.' phase and p NS 2S.Sb 2s3 

includes t'compositions in the range 26.1 to 27.2 weight percent 

Sb. This range is similar to that at 400°0. 

Sample 17 showed the presence of the phase sb 2s~. It is 

inferred from these two samples (16 and 17} tha.t the tie line 

from Sb is directed towa.rds miargyri te ( fo NS 2s. Sb 9S3). 

Partial solidus - liguidus relations along the paeudo-bina;y 

Ag 3Sb - 3Ag 2Sb. Sb 2S3 join. 

It was observed that the samples 1 to 5 at 400°C {figure 10) 

and 8 to 14 at 300°0 (figure 11) contained a globule of a metallic 
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silver-rioh phase embedded in a more powdery material containing 

the other phases present. l'his forrned an nonion" structure and 

the aize of the globUle wa.s progressively reduoed in more a.nti-

moqy-rich bulk compositions. From this the presence of a two-

liquid field was suspected in this region. X-ray and microsc-

ope stuqy of the samples revealed tha.t the globule was the 

Ag-Sb-phase stable for the assemblage. 

To test the two-liquid hypothesis a series of three samples 

fa.lling wi thin the two phase region of Ag 3Sb (dy) and 3p,g 2s. Sb2s3, 

were prepared and studied on a modified differentiai thermal 

analysis apparatus. Finely-powdered galena was used as the 

inert sample. The resulta obtained are shown in figure 12. 

The melting point of 3Ag 2S.Sb 2s3 was taken from Jensen (194?). 

The diagram shows a euteotic between 22 and 26 weight per 

cent 3Ag2S.Sb 2s3• The solidus is at 458 t 5°C throughout the 

region. The liquidus departs from the section on approaching 

the .Ag 3Sb aide of the pseudo-binar.v. Determinations in this 

area are be,yond the ecope of the present investigation and would 

be of little geologica.l interest. 

No evidence of a two-liquid field was found. This indicates 

~hat the tie lines in the figures 10 and 11 are directly oonneoted, 

as determined, to the different phases without the interfefence 

of a two-liquid field in this region. 

No extensive homogeneity ranges of the phases Sb2s3, Sb, 

Ag 2S.Sb2s3 and 3Ag2S.Sb2s3 were observed. 



Figure 12~ Partial solidus-liquidus relations along the pseudo~inary 

Ag sb-3Ag s.sb s Join. 
3 2 2 3 
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Two narrow two-phase regions are present, one extending 

from Sb-rich side of the ~ solid solution field to 3Ag2S.Sb2s3, 

and the otber extending from the ~· phase to .~ 2s.sb2s3, in 

iaothefmal sections at both 400°0 and 300°0. The two-phase 

region extending from the ~· phase in the isotbermal section 

at 300°C is slightly wider. It ia probable tbat with decre­

asing temperature this field might get wider. 
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Chapter 7 

The occurrence of p,g - Sb minerale 

A crystalline mineral composed eseentially of silver and 

antimony was known to Rome de l'Isle and to werner in the 

eighteenth century. EarlY named antimonial silver this mineral 

received the name "dyscraei te" (Beudant, 1832) which has been 

applied to crystallized and massive materials composed of silver 

wi th varying proportions of antimony. Andreasberg in the Harz 

Mountains wae one of the earliest known locations for dyscrasite. 

Most of the later investigations of this mineral were conducted 

on samples from this area. 

The existing analyses of materia.ls referred to as 11dyscraei ten 

(Doelter, 1926) range from about .Ag 73, Sb 'Z7 weight per cent, 

corresponding to Ag 3Sb, to about Ag 84, Sb 16 per cent, giving 

A~S 6Sb. 

Ifscraeite. Machatschki (1928) investigated a sample of 

dyscrasite from Andreasberg and concluded that the mineral has 

a general composition Ag 3Sb. Peacock (1940) studied a. crystal 

of dyscrasite from Andreasberg and came to the eame conclusions. 

The lattice constants are a=2.996, b:5.235, c:4.830; Z=l. 

Most of the workere in this field recognized only one compounà, 

Ag 3Sb, as a natural mineral, and grouped the reet of the silver 

antimony compounds either under antimonial eilver or were thought 

to be a eutectic intergrowth of ailver and an antimonide of 

silver. Schwartz (1928) obtained etch relations from a specimen 

auch as to indicate that the lamellae coneieted of o< solid 
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solution phase and the matrix of .~~g 3sb { f:.' phase). 

The silver-cobalt ores at Cobalt, Ontario, include dist­

inctive exsolution intergrowths of these Ag-Sb minerale. 

These consist generally of blades or lamellae of a mineral 

regarded as dyscrasite (.Ag 3Sb, f' phase) orienteà in the (111) 

direction of a second mineral, which is general1y regarded as 

antimonial ail ver ( ~ phase) (Peacock, 1940). 

The f. pha§!. The €. phase 1 s not so prevalent but has 

been found at Andreasberg in the Harz Mountains, where it has 

be en confused wi th dyscrasi te (Peacock, 1940). Burrows ( 19 21) 

analyzed a sample from La Rose mine, Cobalt, Ontario, which 

Miller termed "dyscrasi te" and gave the general formula .~~g 6sb. 

Later Walker (1921) microscopically examined specimens from 

the Timiskaming and Kerr Lake Mines, and found a mixture of 

dyscrasite and native si1ver in fine intergro.,>th. All of these 

workers, however, interpreted their observations in the light 

of an ear1ier version of the Ag-Sb equi1ibrium diagram. The se 

earlier diagrams showed only the ...c. and t.' phases, and failed 

to indicate the t phase (Weibke and Efinger, 1946). This 

probably is the reason for not listing the compound Ag 6Sb, which 

falls in the f. phase, as a natural mineraJ.. 

Prior to the discovery of the f phase in the synthetic 

~ste.m Ag-Sb (Weibke and Efinger, 1940) Carpenter and Fisher 

{1932), in studying a specimen from Cobalt, ontario, concluded 

tha.t if .Ag 3Sb was present in the natural intergrowth, i t formed 

the matrix, and the lamellae consisted of the~ phase solià 
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solution. Since this was inconsistant with the equilibrium 

diagram available to them, they suspected that the diagram wa.s 

wrong. Edwa.rds (1954) re-interpreted their resulte in the 

light of the new diagram as either (a) the lamellae constat of 

dyscrasite ( €.' phase) in a matrix of t: phase (.Ag6Sb), or (b) 

the lamellae consist of Cl(. phase in a matrix of €. phase. 

Ramdhor (1960) identified ~ phase in poliehed sections from 

Cobalt, Onta.rio, and cal.led it "allargentum". He did not give 

any X-ray or chemical analysis data to veritY its identity. He 

describes the mineral as havir~ properties between those of 

qyscrasite and antimonial silver. Its reflectivity is slightly 

more than dyscrasite and its hardness nearly equal to that of 

dyscrasite. In his photograph of the polished section, the 

three phases ct:. , €. , and E:' were present, whi oh, in vi ew of 

the phase rule, is an impossible assemblage. This could happen 

only when one of the phases i s metastable. 

Re-int!!Pretation of the chemioal analyses of Ag-Sb minerale. 

A study of the analyses of Ag-Sb minerale from different 

looalities (Wa.lker, 1921, and Doelter, 1926) in the light of 

the new equilibrium diagram, brings out certain interesting 

features (see table 9). It will be noticed that all the 

analyses fall into three distinct groups. In the firet group 

the antimony content varies from 5.89 to 6. 78 weight per cent 

Sb, in the second from 11.18 to 16.17 weight per cent Sb, and 

in the third group from 22.00 to 27.88 weight per cent Sb. 

The limite of these three groups correspond to a remarkable 

extent to the limite of the three solid solution fields namely, 
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----------------------------------~-------------------------~--

Table 9 

Table showing the chemical compositions of Ag-Sb minerale, 

looaJ.ities and the probable phase to whioh each belongs. 

Analyses from Walker (1921), and Doel ter (1926). 

wt. 
AA· 
84.00 
84.? 
83.85 
83.9 
?6.0 
?5. 25 
?8.00 
?7.0 
?2. 34 
?2. 36 
?2. 62 
?2. 42 
?4. 6? 
75.28 
?4. 9 
75.86 
?6.83 
?4. 41 
75.39 
?5.13 
?5. 38 
?1.52 
?6.65 
?6.92 
?? .7? 
?? .12 
7?. 58 

;x: 92.19 
x 85. 4? 
;x: 93.63 
x 92.6 
x 83.9 

% 
Sb. 

16.0 
15.0 
15.81 
16.1? 
24.0 
24.?5 
22.0 
23.0 
27.66 
2? .64 
2?.88 
25.58 
25.33 
24.?2 
24.?5 
24.3 
23.35 
25.52 
24.63 
24.94 
24.12 
2?. 2 
23.06 
23.92 
22.28 
22.1 
11.18 
6.78 
12.99 
5.89 
6. 59 
15.6 

Total 

l.OO 
99.7 
99.66 
100.0? 
100 
100 
100 
lOO 
100 
100 
100 
lOO 
100 
100 
99.65 
100.16 
100.18 
99.93 
100.02 
100.? 
99.5 
98.?2 
99.?1 
100 
lOO 
99. 2? 
99.31 
99.42 
99.58 
99.85 
99.?5 
99.5 

Phase 

i. 
6 
a 
s 
&• 
&' 
& +ii' 
.6;' 
i:i' 
ii' 
.ti.' 
~· 6' 
E' 
8' 
&• 
Jil 
Ji' 
6' 
ai' 
i,• 
ii' 
.6' 
.i' 
Ji. +E' 
E +&' 
il 
o<. 

E 
o<. 
o( 

E 

? 
? 

Locali ty 

wenzelsgang, Black Forest 
Andreasberg, Harz Mountains 
wenzel sgang 
Andreasberg 
wenzel sgang 
Andreasb erg 

tl 

Il 

Il 

Il 

" Il 

" 
" 
" Il 

tt 

" 
" 
tl 

tl 

wen zl e sg ang 
tl 

Carrizio in Capiapo 1 , Chile 
Il 

Il 

Silver Islet Mine, L.Superior 
Temiskaming Mine, Cobalt,ont. 
Kerr Lake Mi ne " " 
Buffalo Mine " " 
Cobalt, Ontario 
La Rose Mine " " 

--------------~-------------------------------------------------
x Wal.lcer (1921) 
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1 """ , e.. and f phases in the system Ag-Sb. From this the 

natural inference seems to be that these compounds are dis­

tinct minerale, and only the lack of a correct phase diagram 

led the previoua workers to divide the silver-antimony minerale 

into only two groups namely, antimonia1 si1ver ( ..<:. phase) 

and qyscrasi te ( '' phase). 

A specimen from Cobalt, Ontario (No. 221 - M"l, MoGil1 

collection), has been examined, and the two phases, ""'- and f 

i den ti fied. A amal1 portion of the laboratory specimen was 

uti11zed for X-ray study. Two portions of the fi1ings were 

annea1ed for 12 hours at 300 and 415°C, respective1y. The 

~r~ powder patterns of both the samples are similar. The 

material after annealing at these temperatures, has attained 

b.omogenei ty, and gave the powder pattern of t. phase wi tho ut 

extra reflections. The composition of this homogeneous phase, 

as determined with the he1p of the d value versus composition 

ourve of the f. phase ( see figure 5), i a 13.9 weight per cent 

antimony. The implication is that the mineral originally 

crysta1lized as a homogeneous phase in the solid solution 

field, and as the deposit cooled, antimonial silver was exsolved. 

A small piece of the original specimen was examined under 

the reflecting microscope. Two phases were observed in the 

sample, antimonial eilver and the ~ phase. Under the micro-

ecope the mineral exhibita extensive exsolution features. 

Antimonial silver occurs as irregular, rounded patches 0.20 mm. 

1 n si ze, embedded in a ma tri x of f.. phase. A rough eetimate 
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of the quautities of both the phases indicated that approxi­

mately ?0 per cent of the material consista of '- phase. The 

patches of antimonial silver exhibit a feathery type of exso­

lution structure where ..c. and E. are in almost equal proportions. 

In this case the two phases exhibit a fine lamellar intergrowth, 

the aize of the lamella being 0.05 mm. 

Under the microscope the " phase is light greyish in 

colour and shows a slight anisotropism. It is slightly harder 

than antimonial silver (see Plate 1}. 

The extensive exsolution indicates a relatively high 

temperature of formation and considerably shallower slopes for 

the solvus curves of both o< and ~ phases than are indicated 

by previous experimental work ( see figure 6}. 

X-ray study of the natural mineral wi thout annealing, 

clearly shows the presence of antimonial silver ( aee Plate 3). 

Lines representing the € phase are also present ( see table 10). 

Peacock (1940), in studying a similar mineral, reported that 

the X-r~ powder photographe showed weak reflections eorrespon­

ding to the strongeat li nes of pure dyscrasi te. But in ll.\Y 

studi es of the synthetic dyscrasi te ( €.' phase) and ( phase, 

the etrongest reflections in both these phases are similar 

enough to be uncertain due to spacing variations wi th solid 

solution changes (see table 10). The only reliable and dist­

inctive reflections occur at higher 28 angles, and these lines 

are always weak. 



\ 

Plate 1. 

Plate 2. 
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~-----~---~~-~-----~---~~----~~-----~-~~--~--~------------------~ 

Table 10 
Tabla compari ng tbe X-re;r powder diffraction patterns ot o.: , €.. 

t' , and natura11y occurring mixture of antimonial si1Ter and 
phase frem Cobalt, Ontario {No.221 -Ml, McGill collection). 

Antimonial S11Ter1 Al1argentum2 D,yscraaite3 No. 221 - Ml 

• 

( ct: phase) ( €. phase) ( €.' phase) 
0 d,Î àkl I d,Î hk1 I d,Î bkl I d,A I Phase 

.............,_ ___. ..........._ ---- .,._____ ~ ~ -
2.5446 lOO KS 2.61 020 2.553 S 

llO MS 

2. 37 111 vvs 2. 3848 002 s 2. 42 002 s 2. 3781 vvs E.. 

2. 2485 101 vvs 2. 29 021 vvs 2. 21.21 vvs 1 
111 

2.059 002 S 2.0561 KS -" 

1.743 102 llS 1.771 022 KS 1.7473 KS E. 
112 

1. 47 3.1. llO KS 1. 506 130 liS l. 4775 llS e. 
230 

l. 455 022 llS 1. 4513 MS -<. 

1. 241 113 llS 

1.188 222 w 

l. 3525 103 llS 1. 37 023 S 1. 3561 llS 
113 

1. 2763 vvw 1. 278 132 llS 
3>2 

1.2556 VS 1.258 041 liS 1.2587 KS 

l. 2338 201 ? vw 

YI 

221 
1.2388 118 

1. 207 004 W 1.1980 VI 

1.148 042 w 
222 

1 . 

1.127 202 

o. 9976 023 VW 1.096 024 liS 
114 

0.964 151 w 
241 
311 

O. 9968 VVYI (. 

0.9654 

O. 946 133 liS 0.9465 211 ? VVVI O. 942 134 118 
004 

o. 9427 vvw ? 

----~-~------~----~--~-~~~-------~--~--~~-~--------~--------~-----
1. Fr0m Berl')' and Thompson (1962). lfatural materiel from 

Cobalt, Ontario. 
2. Present inTestigation 14.97 wt.% Sb. 
3. From Berry and Tllompson ( 1962) • Natural ma teri al from 

Andreas'berg. 
VVS: Very Tery strong; VS: Very strong; S: Strong; llS: Medium 
atrong. VVVI: very very weai:; VW: very weak; W: weak. 
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In the present case, the similarity of the reflec~ione 

of the ~ phase leaves no do ubt as to the presence of €.. 

phase in the sample under investigation (see te.ble 10). 
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Conclusions 

The phase boundaries as determined by previous workers 

are slightly different from tbe boundaries bere determined. 

one reasou for this is probably that the runa prepared by 

~he previous workers were not in equilibrium due to a shorter 

anneal.ing time. The 1attice constants versus compost ti on 

aunes, as I have determined them, show marked linea.r1 ty w1 tb 

composition. The determinations of previous workers show 

considerable scatter. 

The E phase boundar.r on the Sb-rich side shows a slight 

inclination. It is 17.7 weight per cent Sb at 300°C and 

17.75 weight per cent Sb at 400°c. 

of antimony taken in solid solution increases relative1y 

rapidly to 18.2 weight per cent Sb at 5oo0 c. 

The boundar,y of the ~'phase on the .Ag-rich side is 22.5 

weight per cent Sb at 500°C and 22.9 weight per cent Sb at 

450, 400, 350 and 300°c. The Sb saturation boundar.y is 27.2 

weight per cent Sb at 500, 450, 400 and 350°C and 26.9 weigbt 

per oent Sb at 300°c. 

llo inversion of é' to E" at about 440 and 449°C, as b.as 

been 1nd1 ca.ted by weibke and Etinger (1940), was observed. 

The occurrence of f phase in the mineral from Cobalt, 

ontario was proved by X-ray studi es. This phase ocours 

along wi th antimonial silver ( tK.. phase). ::aoth the 



phases contain exaolutions of the other as ahown under the 

micro sc ope. 

Experimenta to determine the solid solution limita of 

pyrargyrite and miaxgyrite ahowed that the homogeneit,y 

rangea in both the cases are very narrow. It i s probably 

lesa than one weight per cent Sb?s3 at 400°0 in the case 

of pyrargyrite. pyrargyrite s,ynthesized at 400°0 showed 

no change in X-ra.v pattern after heati ng at 300°0. 

The limit of solid solution of miargyrite at 400°0 is 

lese than 0.6 weight percent Sb 2S3• The high temperature 

form of miargyrite could be preserved at room temperature by 
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rapid cooling. The transition reported at 380°0 is evidently 

not rapid. 

No extensive homogenei ty ranges of the phases Sb 2s3, Sb, 

Ag 2s.sb 2s 3 and 3.Ag 2S.Sb~s 3 were observed. The solubility 

of sulphur in the phases oc: , ( and e.' in the .Ag-Sb system 

seems to be insignificant as the boundaries of the ternar,y 

two phase assemblages are almost identical wi th the soli à 

solution limi ts in the .Ag-Sb system. 

·rwo narrow two -phase regions, one extendi ng from Sb-rich 

aide of the ! solid solution field to 3.qg
2
s.sb

2
s

3 and the 

other extending from the f
1 phase to .Ag2s. Sb2s3 were observed 

in isothermal sections at both 400 and 300°0. The two-phase 

region E' -NS2S.Sb 2s3 is wider at 300°C than at 400°0 and 

possibly may be still vti.der at lower temperature. 
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It is also observeà that the tie lines in both the iso­

thermal sections connect directly the ternary and Ag-Sb 

binary phases without the interference of a two-liquid field 

in this region. 
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Fig . 2 

Collodion-membrane microcapsules, containing hemolysate, in 
aqueous suspension . fllean diameter 19.-L: magnification 6DX . 
Note presence of precipitated protein in internal phase . 
The microcapsules in the original suspension had a yellowish­
brown cast. 

67 



(A) 

(B) 

Fig . 3 

(A) Nylon- membrane microcapsules, containing hemolysnte , i n 
aqueous suspension . mean diameter 27 ~: magnification 60X . 
The darker patches in the microphotograph are areas where 
microcapsules are superimposed on one another . 
(8) Smaller microcapsules of similar composition . mean dia­
mater 5 ~: magnification 250X . 
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Fig. 13 

Nylon microcapsules enclosing smaller Nylon microcapsules. 
ffi agnification 6DX. 
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Fig . 6 

Sulphonated- Nylon microcapsules containing hemolysate in 
aqueous suspension . mean diameter 27 ~: magnification 60X . 
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Fig . 14 

Above Human erythrocytes enclosed within a large (500 ~) micro­
capsule with membrane of cross-linked haemoglobin . The 
reddish tint of the enclosed material is due partly ta 
haemoglobin in free solution and partly to erythrocytes above 
or below the focal plane . There has been sorne folding of the 
microcapsule membrane under the influence of gravity . 

magnification 25DX . 
Below Similar microcapsule in saline . The membrane has been ruptured 

by pressing on the coverslip and the contained erythrocytes are 
escaping . The dark patches are erythrocyte clumps produced 
by the cross-linking process . magnification 60X . 
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Fig. 15 

Deformability of a Nylon microcapsule. The microcapsule, about lOO ~ in diameter 
and suspended in saline, is moving from left ta right along a tapering glass capillary. 
Above: (flow momentarily stopped) the microcapsule is just occluding the lumen of 
the capillary. Below: (flow again stopped) the microcapsule is in the narrowest 
part of the capillary and is subjected ta a hydrostatic pressure gradient from left 
to right. Note flattening of upstream surface, bulging of downstream surface , 
longitudinal folding of membrane, and smaller volume of microcapsule as a result 
of filtration of fluid through downstream surface into capillary. 
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Fig . 17 

Abo ve Nylon mieroeapsules: mean diameter of mieroeapsules in 
bateh about 90 ~~ but the three shawn here have diameters of 
about 250 ~ . Left , in water; right , shortly after being 
plaeed in hypertonie saline . magnifieation 6DX . 

Below Smaller Nylon mieroeapsules after erenation in hypertonie 
saline . magnifieation 6DX . (Compare with Fig . 3a, at the 
same magnifieation , whieh shows mieroeapsules of the same 
bateh before erenation . 
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Fig. 19 

Varying degrees of crenation of Nylon microcapsules (mean diameter 
27 ~) 1 minute after exposure to hypertonie solutions of different 
concentrations. 
(A) Proportion of crenated microcapsules was determined by counting 

to be 45' %. 
(B) Proportion of crenated microcapsules was determined by counting 

to be 72 ;s . 
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