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INTRODUCTION 

It is obvious that the preparation of many metals b.1 reduction from 

their compounds has been lmown for centuries. It is equally weil known 

that metals are oxidized b,y various solutions. The reaction whereby a 

metal is oxidized b,y a hot solution and then the resulting solution is 

reduced back to the metallic state on cooling is a more recent discover,y. 

Berzelius ( 4), for example, noted that metallic copper was attacked by a 

hot solution c ontaining cupric ion and that powdered copper precipi tated 

from this solution When it was cooledo 

If this reaction is carried out in a dynamic way the reault is a 

mass transfer from hot to cold sections of the apparatus. Maas transf~r 

phenomena have been reported for a number of s.ystema. Metallic iron has 

been reported to be transferred by liquid sodium (12) and liquid lithium 

(59). Liquid lead will tranafer beryllium, iron 11 chromium, cobalt 11 

titanium and nickel (20). Molten sodium hydroxide will transfer nickel 

(53). In other cases solutions bring about the mass transfer. Solutions 

of cupric sulphate will transfer copper and solutions of ferric ion will 

transfer silver. 

Many of these transfera are the results of solubilit,y changea due 

to temperature changes while others are due to reversible oxidation -

reduction reactions. Sorne of the reactions 11 such as the one with copper 

mentioned above, occur by means of an intermediate unstable oxidation 

state which becomes more stable at high temperatures but disproportion-

ates on cooling. The reaction in this case is 

In other cases there seems to be no evidence for the existence of 



auch unstable oxidation states, as for example in the reaction 

Fe++ + Ag+ ~Fe+++ + Ag 

2 

In spite of the fact that many of these reactions have been known 

for some time very little attention seems to have been paid to the 

physical characteristics, in particular the crystal habits, of the metal 

powders produced. 

That solid materia.ls can change their crystal habits under certain 

conditions has a.lso been known for quite some time. These habit modifi­

cations have been noted mainly in the crystallization of solide from 

solution. Although these habit modifications are known, very few reports 

on them have appea.red in the literature. A change of solvant or the 

presence of some foreign substance in the solution are the factors 

causing this change which have been chiefly investigated. As yet there 

seems to be no adequate theory to explain these modifications in spite 

of many attempts to devise one. These are dealt with more tully in the 

section on crystal growth below. 

Many studies have been made on the growth of crystals in an effort 

to gather information for the development of a. theory of the mechanism 

of the nucleation and growth of crystals. These studies have been 

restricted mainly to the following types of systems: 

(a) c'ryatal growth by deposition from the vapour state, 

(b) crystal growth from the liquid state i.eo, freezing, 

(c) crystal growth by evaporation of saturated solutions, 

(d) crystal growth by cooling of hot solutions, 

(e) crystal growth by the formation of an insoluble substance 

as a result of a chemical reaction in solution. 

In this last group etudies have dealt primarily with the conditions 
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for obtaining precipitates which are free from contaminants and with 

good filtering characteristics for purposes of quantitati?e ana~siso 

Few studies in this group have been made from the point ot view ot 

crystal ha.bito As far as metals are concerned9 the study by Courtney· 

(22) on the precipitation of silver trom solution by reduction with 

ferrous ion seems to be the only one which has been madeo This study 

dealt mainly with the kinetics of whisker growth rather than with crystal 

habit modificationso Kohlshutter and Steck (50) had noted that silver 

formed by this reaction appeared as triangular and hexagonal plates as 

well as in dendri tic forma o In sorne prelimina.ry work preceding this 

investigation it had been noted that the copper powder formed by the 

disproportionation of cuprous ion a.ssumed a variety of ha.bitso 

In view of the remarks a.bove i t was decided to undertake an 

investigation of the factors which affected or governed the crystal 

habits assumed by the copper powdero In time the investigation was 

extended to the formation of crystalline silver and gold so tha.t the 

investigation eventually covered the coina.ge metalso 



THE CHEMICt\L mACTIONS 

Copp~o Berzelius (4) was apparently one of the first investigators 

to notice that cupric sulphate solutions attacked copper metal and he 

speculated about the existence of cuprous sulphateo other workers 

attempted to use this reaction as a method for the preparation of cuprous 

sulphate without successo Kiliani (49) investigated the sludge formed at 

the anode during the electrolysis of cupric sulphate solutions between 

copper electrodes and he showed that cuprous sulphate bad been tor.med b,y 

its decomposition into metallic coppero 

Hi1ler (43) and Mallett (58) reported the formation of crystalline 

copper when copper sheets were placed in a solution of cupric nitrateo 

Forster and Seidel ( 33) found that using cupric sulphate in place of the 

nitrate decreased the rate of reaction but that an increase in tempera­

ture caused an increased amount of a.ttack on the metalo They reported 

the reaction to be reversible as copper deposited out on coolingo 

Recoura (81) prepared cuprous sulphate a.s a grey pawder by the 

reaction of cuprous o:x:ide with dimethyl sulphateo It wa.s found to be 

stable in dry air but to react wi th water 

Cu2so4 + H2o ~-.-. Cuso4 (a.q) + Cu + 21 calao 

Recoura. explained the instabili t.y of the cuprous aulphate in the 

presence of moisture to be a result of the exothermic reactiono 

Abel (1) made one of the earliest determinations of the equilibrium 

constant for the disproportionation of the cuprous iono An acid cupric 

sulphate solution was kept in contact with rods of copper at 100°0o The 

cuprous ion content of the solution was deterrained by the ~oss in weight 

of the copper rodso The solution was rapidly cooled to 25°C and the 

copper which precipitated out was weighedo These data were used to 
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calculate the equilibrium constant at 25°C on the asgumption that the 

cuprous salt was completely dissociated and that the cupric sulphate was 

1'7% dissociated.. The value reported for the ratio (cu+)2 /(cu++) wa.s 

Oa66 x 10-8 o The result is low compared with later work and Heinerth 

( 42) claimed that the method was highl:y inaccurate. 

Luther (56), (57) placed copper rods in an acid solution of cupric 

sulphate in sealed tubes and allowed the system to come to equilibri.um 

in a thermostated bath., The contents of the tube were quickly filtered~ 

on opening, and titrated potentiometricall:y with permanganate. The value 

of the ratio (Cu++)/(Cu+)
2 

was reported as 1 .. 5 x 106 .. The result is 

probably in error as sorne of the cuprous salt would be oxidized b,y 

atmospheri.c oxygen during the manipulations.. Luther made the same 

assumptions as Abel about the degree of dissociation of the salta. 

Fenwick ( 32) deterrnined the equili bri um constant using a similar 

technique as Luther but the titrations were carri.ed out in an inert 

atmosphereo Using sulphate and perchlorate solutions the value of the 

ratio (eu++)/(cu+)2 at 25°C was round to be 1 x 106 .. She also determined 

the standard potentials of the various copper systems and proved that the 

cuprous ion was monovalent~ 

Heinerth ( 42) redetermined the value of the equilibrium constant 

working in an inert atmosphere and titrating the solutions with ceric 

sulphate o Determinations were made at various temperatures using 

sulphate and perchlorate solutions., His resulta for sulphate solutions 

are listed in Table I .. 



Table I. 

Equilibrium constant for the cupric - cuprous system. 

Temp. °C 

101 
60 
50 
40 
30 
20 

)(cu++)/( cu+) 

~ 
205 
319 
500 
835 

1429 

(approximation only) 

The value of the ratio ~cu++)/(eu+) at 25°C was determined 
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graphically as 1091 which agrees well with the value or 1100 obtained b,y 

calculation from Fenwickvs datao The value appeared to be independant 

or the ionie strength of the solution. 

The value or this ratio for perchlorate solutions at 25°C was 956 

and Fenwick reported a value of 1300o Heinerth attributed the difference 

to the presence or chlorides in the solutions used by Fenwick and stated 

that the presence of these would slow the attainment or equilibrium 

during titrationo 

Heinerth also determined the heat of the reaction 

! cu++ + l eu ~ cu+ 

graphicallY using his data and the vanvt Hoff isochore. The heat of 

reaction was - 9410 calories per mol of cuprous ion with sulphate 

splutions and = 9390 with perchlorate solutions. 

A solution of sulphuric acid will attack metallic copper and cupric 

sulphate is one of the products formedo This rorms a solution or cupric 

sulphate which in turn attacks the metallic copper. Hence, solutions or 

sulphuric acid can eventually have the same affect on metallic copper as 

solutions of cupric sulphateo 

Gold. Gold is not attacked by sulphuric acid alone but the 
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presence of oxidizing agents will allow the gold to be attacked (90)o 

Solutions of sulphate salta do not appear to dissolve goldo Nitric acid 

attacks gold sllghtly o The resulting solution is unstable unless there 

is a substance present to stabilize the gold ions produced b.Y forming 

complexes with them (66). 

Mcilhiney (64) and McCaughey (63) reported that HCl had no solvant 

effect on gold in the presence of air. Lenher (55) and Ogryzlo (75) 

reported that HCl dissolved gold at high temperatures and pressures. 

Krauskopf (52) calculated the equilibrium constant for the reaction 

Au + 3 H+ + 4 Cl-~ A uCl4- + 3h Hz 

at 25°C to be 10~51 from the available thermodynamic data. No data are 

available for the calculation of the effects of temperature and pressure 

changes on the reaction. 

In solution gold can exist in two oxidation states, the aurous or 

monovalent form and the auric or tri valent form. At room temperature 

the aurous salts are unstable and decompose 

3 .lu+~...:...~ Au+++ + 2 A.u. 

The auric ion is a strong oxidizing agent and can exist in solution onl.y 

as a complex ion.~~ hence the above equilibrium cannot be investigated 

direotly. In alkaline solution the Auo2- ion is the stable species. In 

acid solution the trivalent state is stable only in the presence of a 

strong complexing agent such as the chloride iono The stable form is 

th en the A uCl4- ion. 

The compound Au(OH)3 is amphoteric and the following ionization 

constants are reported~ 
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Au(OH) 3 
~A+++ 
~ u + 3 OH- K • 8.5 x lo-45 (46) 

Au(OH) 3 
_... H+ 
~ 

+ H~uo3 
- K• .6 x lo-18 (47) 

H~uo3- ~H+ + HA.u03 .. K • 5.x 10-14 (47) 

HAuo3• ~ H+ + AuO ~ 3 K • lo-16 (47) 

The complex ion A.uC14- is reported by Bjerrum and Kirschner (5) to have 

an instability constant of 5 x lo-22 • An aqueous solution or auric 

chloride has been shawn to be a solution of the a.cid H(AuC130H J by 

Kharasch and Isbell ( 48). Undoubtedly all stages of m:ixed complexes from 

[Au(OH)4]- to AuC14- exist with this latter ion being the most stable. 

Latimer (54) estimated the equilibrium constant for the reaction 

3Au+~Au+++ + 2Au 

to be about 1010• It can be seen then, that a solution of a gold salt 

is a complicated mixture of various complexes. The addition of other 

ions such as the hydrogen ion and the chloride ion can have a. widespread 

affect upon ail these equilibria. 

Wohlwill (lOO) found that gold was attacked by a hot solution of 

AuC13 and that ceystalline gold separated on cooling. Hanriot and 

Raoult ( 41) reported the same resulte for solutions of auric chloride in 

hydrochloric acid and reported that the attack on the gold was 

proportional to the concentration of AuC13• Bose (7) and Morris (71) 

attributed the reaction to the formation of aurous chloride and the 

shirting of the equilibrium position or the reaction with changes in 

temperature. 

Stokes (88) dissolved gold in hot solutions of :terrie chloride in 

hydrochloric acid. Brokaw (10) claimed that this solution had no effect. 

Mcilhiney (64) reported no effect unless oxygen was present. McCaughey 

(63) showed that doubli~ the acid concentration increased the attack on 
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the gold by a factor of L5 and doubling the salt concentration :tncrea.sed 

the a.ttack b.1 a factor of lo4o The action cf the ferric ion seemed to 

vary inversely with the concentration of ferrous iono Krauskopf (52) 

calculated the equilibrium constant for the reaction 

3 Fe+++ + A.u + = :\ ~' ++ 4 Cl r=,- AuCl4 + 3 Fe 

to be about 10=12 at 25°Co This indicates that a high concentration of 

ferric ion is required to attack the gold and that ferrous ion would 

decrease the solubilltyo The reaction would also be highly sensitive to 

chloride ion concentrationo 

Brokaw (10) dissolved gold in a solution of ferric chloride and 

rnanganese dioxide in hydrochloric acido The reaction was attributed to 

the action of free chlorine on the goldo Krauskopf (52) gives a value 

of 1028 for the equilibrium constant for the reaction 

2 A. u + 12 H+ + 3 Mn02 + 8 Cl= ~ 3 Mn++ + 2 A uC14- + 6 H2 0 • 

The reaction is very sensitive to the pH and chloride ion concentration 

of the solutiono 

WUrtz (102) claimed that gold wculd dissolve in a solution of ferric 

sulphateo Stokes (88) found that a solution of ferric sulphate in 

sul ph urie acid was inactive unless chloride ion was present o Brokaw (10) 

reported solutions of ferric sulphate in sulphuric acid to have no effect 

ewn upon the addition of manganese dioxideo Milner (69) reported that 

gold was unattacked b.1 a cold solution of ferric sulphate in sulphuric 

acid but on standing overnight the solution gave a test for goldo A hot 

solution gave a test after firteen rninutes o A boiling solution dissolved 

gold foil and~ on cooling~ this solution precipitated feather,r cr,rstals 

of goldo Krauskopf (52) states that it is impossible for gold to dis= 

solve in a solution of ferric sulph~te in sulphuric acid since there is 
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nothing present to complex the auric ion and stabilize 1 t. For the 

reaction 

+ ' -2 Au + 8 Cl- + 12 H + 3 so4• p 2 AuC14 + 3 H2so3 + 3 H20 

at 25°C he calculated the equilibrium constant to have a value of lo-81• 

Silver. Unlike copper and gold, silver does not have a lower 

oxidation state which disproportionates to the metal and a higher oxi-

dation state. In the case of silver the ~1 oxidation state is stable. 

If silver crystals are to be formed from massive silver a reversible 

oxidation-reduction reaction involving metallic elements other than 

silver must be used. 

Sulphuric and nitric acids will attack silver under the proper 

conditions but the reactions are not reversible. Jellinek (45) reported 

that silver dissolved at 80° - 100°C in the presence of silver ion in a 

circulating system. This was taken as evidence for the reaction 

Ag + Ag+ p Ag2 +. 

Crystals were reported to form in the cold section of the apparatus. 

However, if all the reagents were carefullY purified no reaction occurred. 

Jellinek concluded from this that some impurity must have been acting as 

a catalyst. It could be possible that the impurity itself attacked the 

silver and the presence of the silver ion was unnecessary. 

Stokes (88) reported a reaction between metallic silver and hot 

cupric sulphate solutions. 

2 Ag + 2 CuS04 ~ Cu2so4 + Ag2so4 • 

No metallic copper is formed from the disproportionation of the cuprous 

ion since this ion reacts with the silver ion in solution to reverse the 

reaction. Edgar and Cannon (30) reported free energies and equilibrium 

constants for the reaction at 25°C and 40°C. The,y carried out their 
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experimenta in the presence of sulphate ions so that complexes aTe 

probably involved in their resulta. 

The reaction 

Ag +++ ++ + 
+ Fe ~Fe + Ag . 

has been the subject of a number of investigations. Hils (44) investi­

gated the action of ferrous salts on metallic silver. Gmelin (36) 

reported that silver was attacked Q1 a hot solution of ferric sulphate 

and that metallic silver separated out on cooling. Pisharewsky (79) 

reported a value of 0.00793 for the equilibrium constant at 25°0 using 

sulphates. Tananaeff (91) reported a value of 0.0018 at 0°0, 0.0061 at 

25°0 and 0.0110 at 45°0. Dover (29) reported a value of 0.0070 at 25°0o 

Noyes and Brann (74) reported a value of 0.128 at 25°0 using nitrates. 

Schumb and Sweetser (84) determined a value of 0.531 at 25°0 using 

perchlorates. They recalculated the resulta of Noyes and Brann, taking 

into account the extent of the hydrolysis of the ferric ion and 

obtained a value of 0.363. 

Roberts and Soper ( 82) found that an induction period of fifteen to 

twenty minutes was necessary before any metallic silver appeared when 

ferrous sulphate and silver nitrate were mixed at 25°0. This induction 

period was deoreased by the presence of colloidal silver particles. An 

increase in hydrogen ion concentration increased the reaction rate. 

They concluded that the induction period was due to the time required 

for nucleation of silver crystals. They explained the effect of 

hydrogen ion as an influence on the speed of deposition of silver atoms 

on the nuclei and did not attribute the effect to a reaction with the 

reagent ions. 



CRYSTAL GROWTH IZ 

It is convenient to divide the process of crystal gr~h into two 

steps: a nucleation step in which submicroscopic particles are formed 

and the growth of these nuclei into fully developed crystals. The first 

step is di ffi cult to observe experimental !y but there appears to be 

general agreement about the following observations on nucleation: (31) 

(a) On cooling a solution a metastable region of supersatu~ 

uation occurs. 

(b) The extent of this region of Iœtastabili ty can be changed 

by' the presence of dissolved foreign substances. 

(c) The rate of nucleation increases with the degree of super-

cooling, i.e., with the extent of the metastable region. 

(d) The presence of solid foreign bodies (e.g. dust, eto.) and 

agitation can induce nucleation. 

Observations on the growth of nuclei into crystals appear to be 

contradictoey. Egli and Zerfoss (31) reported that the growth rate of a 

crystal increases with increasing supersaturation while Bunn and Emmett 

(17) claimed to have found no relation between the growth of a crystal 

face and supersaturation. 

Gibbs (35) suggested an analogy between the grawth of liquid drops 

and the growth of crystals. A.n isolated liquid drop is stable if 1 ts 

surface free energy, and hence its area, is a minimum. A crystal at 

constant temperature and pressure, in equilibrium with its surroundings 

should have a minimum Gibbs free energy for a given volume. If the 

v~lume free energy per unit volume is constant then 
;n. 

L 0( A~ • minimum 
1 

(1) 
. 

where Cf[. is the surface free energy per unit area of face Q.. and A.Q_ is 
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the area of this face on a crystal which has n faces. 

The growth of a perfect crystal must occur b.1 nucleation of a 

single layer "island" on a perfect crystal face and then by the extensioh 

of this "islanœ' to the surface edgeso Gibbs suggested that the nucle~ 

ation of a new growth l~er would occur at large supersaturations and 

that there would be a minimum or critical supersaturation for the nucle-

ation of this new layer to occuro 

The ideas of Gibbs have been extended b.1 others. Curie (24) 

calculated the shapes of crystals in equilibrium with solutions which 

would result from a free energy minimum for a given volumeo Wulff (101) 

deduced a relationship between the equilibrium shape of a crystal and 

the relative surface .free energies of the faceso 

Suppose p ~ is the perpendicular from a point P wi thin the crystal 

to the i. th face of the crystal which has an area A·" • The volume of the 

crystal~ V~ is the sum of the volumes of the pyramida with P as a vertex 

and the crystal faces as bases. 

v Il' 1 "! 
"" t"" p. A . L (, f.. 11 

The total .free energy ~ F, is gi ven by equatiO'.a (1) a.s 

If one set of .faces grows by the disappearance of another set then 

and from equation (2) 

'tl. 

dV • 13 [ + P·~·) 
~ L • 

(2) 

(3) 

(4) 
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lt constant volumeg (the restriction imposed b,r Gibbs) dV • 0 whenoe 

J7l. 

L P .. dA.. • 0 
~ &. • 

1 

(5) 

At constant free energy- and assuming (]" is independant of A 

-n. 

Zcr:d\· • o 
1 ~ L ' 

(6) 

From equations (5) and (6) for faces on which it is possible to vary Ai. 

independently 

P . ~ (); 
(.. L (7) 

The crystal should form an equilibrium shape auch tha.t the perpendicula.rs 

from a point wi thin the crystal are proportional to the specifie surface 

free energies of the faceso Tbis implies also that the rate of growth 

of a face in the direction normal to the face is proportional to the 

specifie surface free energy. A more general proof of this theorem has 

been g1 ven by Herring ! 38) o 

The above deductions are limi ted by the fact that they are applied 

to the condition of a crystal in equilibrium with its surroundings. For 

most cases of crystal growth this condition is not met. 

Various workers have extended the single layer nucleation aspect of 

Gibbs~ theory of layer growth. It has been t,reated quantitatively by" 

Kossel (51) , Stransld. ( 89), Becker and Doring ( 3) and Frenkel ( 34) o 

The tree energy of formation of a single layer island consista of a 

volume contribution and a surface contributiono 'l'he volume contribution 

is negative for supersaturation conditions and the surface contribution 

is alWB\YS positiveo The volume contribution is proportional to the 

"Square of the "island" radius, assuming the "island" is circula.r. The 

surface contribution is propprtional to the radiuso From this it is 



15 

seen that the surface contribution is important at small radii and the 

volwne contribution is important at large radii. The free energy curve 

as a tunction of the island radius for a constant supersaturation will 

follow the course shown in Figo 1. The maximum point representa a 

barrier which the island must overcome in order to become stable. 

r 

Ftg. 1 

F.,ee Ene~"gy vs. "Ra.dtu..s 

A f te~' Se a.. Ys ( 8 7 ) . 

Suppose an island has a radius r and that it is a single layer 

thick9 then the free energy of fonna.tion Af is given by 

Af • 21TrO"'a + 7T~a~Fv 

where ~ is the specifie surface free energy 9 a is the interplanar 

(8) 

distance and ~Fv is the volU1119 free energy for material deposition. 

Since the free energy has a maximum, equation ( 8) can be diffex­

entiated with respect to the radius and equated to zeroo 

d (tif) 
(fr • 2 TC a fT + 2 7T ra AFv • 0 (9) 

This can be solved for r to give the value or the critical radius aize 

re which must be attained if the island is to continue to grow .. 

-~F"~' (10) 



The va.lue or 6 r*' the maximum value or Ll :r, th en becomes 

L':. r* .. 2 71 arc o- + 71 re 2a ~Fv 

and substitution of equation (10) gives 

.â .f ·= -211 a. a-_. cr + 1fv
2 

A F. 
-. ~.L.J Il 

A Fv D. F
11 

:1. 

= 

16 

(11) 

According to the rate theory developed by Becker and Doring ( 3) and 

Volmer and Schultze (96) the number of nuclei formed per second on one 

square centimeter or surface by deposition from the vapour phase N, is 

given by 

N • Be 
- ~f*;kT 

where B is approxima.tely 1020 sec~l, k is the Boltzmann constant and T 

the a.bsolute temperature. Substitution of the expression obtained for 

L':lr* in equation (11) leads to 

N • Be rra.o-2/kT AFv • (12) 

6Fv can be expressed a.s a tunction of the supersa.turation ratio~, 

where ~ ,. P /p0 o P is the a.ctual pressure of the deposi ting va.pour 

and Po the va.pour pressure. Then 

in which p is the density of the condensed phase, R the ga.s constant and 

M the molecular weight of the ma.teria.l. Substitution of this into 

equation (12) yields 

N • Be- 1T a. a-2M/ f kRT2ln <X (13) 

Assuming tha.t the beha.viour of a. solute in a. solution is analogous 

to that of a. va.pourp equation (13) can be a.pplied to the process of 

crystal growth from a solution. It a.pplies to an atonrl.ca.lly smooth 
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crystal face. 

The work of Volmer and Schultze (96) established that there was no 

critical supersaturation below which crystal. growth did not occur. 

Kossel (51) suggested a model of a crystal with a step on its 

surf ac El _ (Fig. 2). The step on the crystal surface can have a "kink" on 

i t as shown at point A. The kink can be considered as ei ther po si ti ve 

or negative according to Whether it advances from the step or recedes 

into it. Particles on the flat surface of the cr,ystal face are attracted 

by five other particles, those on the edge of the step by four and those 

at a ld.nk by three. 

As the temperature of the crystal is increased the particles acquire 

energy and sorne are capable of leaving the surface. Other partieles will 

be attracted to the surface. At a higher temperature the crystal surface 

will have the appearance shown in Fig. 3. 

Burton, Cabrera and Frank (19) have shown that at equilibrium the 

number of positive kinks n+ and the number of' negative kinks n~ are 

equal and that 

-w/k'r e 

where k i s the Boltzmann constant, T the absolute temperature and w the 

energy required to .fom a kink. They estimate w to be about W,/12 where 

W is the evaporation energy. They have also shown tha.t the average 

distance between kinks 1 x 1 is given in terms of the interatomic distance 

a as 

x = l. aew/kT + 2 ~ 1. aew/kT 
2 2 • 

Usi ng p as the nearest neighbour interaction and estimating p to have a 

value of W/6 
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FIG. 2 
Crystal surface at low temperature . 

~ -

FIG.3 
Crystal surface at h1 gh temperature. 
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When the temperature T is between one half and four fifths of the boiling 

temperature in degrees absolute fi pjla is about 4 and x is approximately 

4a, ioeol' there is a kink for every four molecules in the step. With 

this large number of ldnks growth should oc.cur more easily than with an 

atomically smooth face. 

The work of Volmar (94) on the crystal growth of mercury showed 

that adsorbed molecules diffuse over the crystal surface towards a kink. 

Burton.~~ Cabrera and Frank (19) estimated the fraction of surface 

covered b.1 adsorbed molecules.~~ n 8 , as 

n • e-Ws/kT s 

wbere Ws is the energy of evaporation from the kinks onto the surface 

and this was estimated to be i W, where W is the evaporation energyo 

The mean distance of travel of the adsorbed molecules between the time 

they hit the surface and evaporate again is given by 

where V8 is the activation energy for surface diffusion (which is 

estimated to be 1/20 W) and W~ is the evaporation energy from the 

surface to the vapour ( estimated to be 3 t or W/2) o Then 

x • ae3p/2kT s 

and when lM • 4, x8 has a value cf 4 x 102a. This shows that 

particles diffuse over considerable distances before evaporation. The 

number of particles which arrive at a given point on the surface by 

diffusion are then greatly in excess of those which arrive by deposition 

from the vapour o 

The particles adsorbed on the surface layer diffuse towards the 

kinks. At equilibrium the rates of departure and arrivai at the ld.nks 
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are equal. The rate or departure depends on the temperature and the 

rate of arrival on the vapour concentration. 

The surface concentration awa.y from the growing step is N~ and this 

is equal to N0 et. where c.< is the supersaturation ratio and N0 is the 

equilibrium concentration which is also assumed to be the concentration 

at the step 

'-W /kT 
N • 1 -1e .s 

0 ~ . 

The smallest distance from the step at which the concentration is N~ 

would be the mean diffusion distance x8 • The concentration gradient is 

then (No :s- No). The rate of advance of the step, '\1 , is a2 times the 

number of partiales arriving at 1 cm. of edge per second. 

'\1 • a2 • 2 • D • (N0 ()(. - N0 ) 

Xs 

where a2 is the area occupied by one molecule and D is the surface 

diffusion coefficient. The factor of 2 is required since molecules oan 

move in both directions towards the step. 

The Einstein equation for Brownian motion gives 

x8
2 • Dls 

where 1S is the average length of time the molecule is adsorbed on the 

surface before evaporation. Frenke1 (34) gives the value of ~ as 

...L • ~ e ...W~/kT 
'1S 

' 13 -1 where - ~ is a frequency factor of the order 10 sec for monatomic 

substances. Combining the Einstein and Frenkel equations gives 

D • Xs 2~ e ~Ws/kT 

from which 

\J .. 2 ( ()( - 1) x ~ e ...W/kT s . 
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A. curved step with a radius of cu.rvature r advances with a. rate \J' 

given by 

where r c is the critical radius of curvature given by' 

r ~ atf 
c 2 kTlnoc. • 

This suggests that steps will grow at an appreciable rate at low 

supersaturation ratios until the layer becomes smooth. For continued 

growth after this a new layer must be nuclèated. Growth should then be 

periodic - fast for the completion of a stepped layer, slow for the 

nucleation of a new layero The experimental observations made on crystal 

growth did not appear to agree wi th the theory o 

To account for structure sensitive properties of crystals such as 

plasticity and crystal strength, imperfections in ideal crystals have 

been introduced. These detecta are such things as lattice vacancies, 

incorporation of foreign substances into the crystal lattice and 

dislocations. 

The !irst type of dislocation, introduced by Taylor ( 92), Polanyi 

(80) and Orowa.n (76) is an "edge dislocation." Fig. 4 representa a 

block of crystal in which the upper hal! has been pushed in the direction 

of the arrow. The section ABGD has slipped in the direction of the 

arrow while the section CDEF has not moved.. The line CD marks the 

boundary between the regions which have slipped by different amounts and 

is called the dislocation line. In the upper half of the crystal the 

atoms are compressed and in the lower half they are extendedo The 

dislocation line lies at the edge of the plane separating the compressed 

section from the extended section and it is at right angles to the slip 
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FIG.4 

An Edge Dislocation. 

B 
FIG.5 

A Screw Dislocation. 
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directiono 

A second type of dislocation~ introduced b,r Burgers (18) is a screw 

dislocation {Fig o 5) o A. eut A.BCD is made in a crystal part way through 

ito One side of the eut is pushed down and a step is created on the 

surface of the crystalo The llne CD is the boundary between the parts 

of the crystal which have slipped by different amounts and is9 then9 a 

dislocation lineo This screw dislocation may be either right handed or 

left handed depending upon which side of the eut in the crystal is dis= 

placed downward, This is the type of dislocation which is of importance 

for crystal growth theory o 

The step created by the screw dislocation is not the same height 

over its entire lengtho Bu!"ton9 Cabrera and Frank (19) have suggested 

that when molecules or atoms are adsorbed along such a step~ the step 

will persist throughout growth and will not disappear as in the case of 

a simple stepo The result is that growth can continue without the 

nucleation of new layers a.nd hence growth can continue at low super-

saturation ratios, If growth occurs in this way pyramidal growth 

spirals should occur on a crystal f'aceo These spirals ha.ve indeed been 

observed and Verma (94) has given a thorough discussion of theseo 

Burton9 Cabrera and Frank ha.ve calculated the shapes and radii of 

curvature which these growth spirals should haveo 

There are a number of possibilities for the ori~ of screw 

dislocations: a thin crystal may buckle under its own weight during 

growth; the crystal may adhere to a solid which already possesses auch a 

dislocation; two growing crystals may grow together out of coincidence; 

( "t!'•. ~g crystal mey collapse into;v:a<:ant lattice sights~i Experi-

\mental evidence seems to be available for all of theseo . 
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Buckley (40) tends to disagree that dislocations are the exclusive 

cause of growth. He contends that growth spirals are not too frequently 

observed and when they are~ they are found on~ on slow growing faces. 

He suggested that vortices or eddies in the medium surrounding the 

crystal could impress themselves on the crystal surface and account for 

the observed spirals. 

Gomer and Smith (39) have suggested that crystal surfaces can 

become mechanically stressed due to the unequal attractive forces oper­

ating on the atoms in the surface layer. These stresses are removed by 

a mechanical equilibrium which is not necessaril1 attained with thermo- · 

dynamic equilibrium. The relief of these surface stresses can occur by 

a disruption of the lattice regularity at the surface and this should be 

the case with slow growing crystals which can reach the mechanical 

equilibrium. The net results are that fast growing crystals should have 

the more perfect faces since there is no chance for the surface dis­

turbances.P caused by mechanical equilibrium.P to distort the lattice and 

the nucleation of new layers on a slow growing crystal should occur at 

the surface disturbances without the necessity of screw dislocations. 

At the moment.P however.P the dislocation theory appears to have 

gained widespread acceptance as the most probable method of growth. 



CRrSD.L FORM AND HlBIT MODIFICA. TI ONS 

The study of the growth of crystals has allowed the development of 

theories of crystal growth ~ich more or less correlate theory and fact. 

These theories of growth contribute little or-.nothing to the under­

standing of why a crystal assumes the form it does or Why a crystal 

under var,ying conditions can assume a variety of habits. 

Wells {97) has summarized the types of variation in crystal habits 

as follows: 

(a) faces of the same form may be developed to different 

extents, e.g. cubes becoming needles or plates. 

(b) on a crystal showing two or more forma it may be possible 

to vary the relative areas of the faces of the different 

forms. 

{c) faces of a new form may appear. 

He considered variations of the first type to be due to accidenta! 

causes. For example rapid growth~ in general~ leads to extrema develop~ 

ment and under such conditions needles and plates appear frequentlY. It 

is weil known that the change of a solvant in which crystallization is 

brought about often resulta in a habit modification of the crystal. No 

systematic study of this appears to have been made, indeed9 often such 

modifications are known but not recorded. This is particularly' so with 

organic materials. 

The presence of impurities in a solution frequently brings about a 

change in the habit of growing crystals. Experimental:cy it has been 

found that the most prominent faces on a crystal are those which grow 

most slowly. It has been suggested that impuri ties ~ be preferentially 
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adsorbed on certain faces and thus prevent their growth • . The result is 

that these faces predominate in the final crystal. Solvents may act as 

such impurities and different solvants may be adsorbed on different 

faces resulting in habit modifications. In contrast to this Buckley 

(13) has shown that in a nurnber of cases, crystals have been modified by 

the presence of dyes but that the dyes were not adsorbed on the faces 

which were modified. Different concentrations of impurity often have 

different modifying affects. 

It would appear that an adequate theory of crystal habit modifi­

cation must be concerned with (a) the choice of planes on which growth 

occurs, (b) the relative rates of growth of planes, (c) the mechanism of 

affects caused by impuri ti es. Sorne attempts have be en made to exp lain 

equilibrium shapes of crystals and those of Curie and Wulff have been 

mentioned above. 

Bravais (9) related the velocities of growth of crystal faces to 

the densities of lattice points in the planes (reticular densities). He 

showed that the planes of maxil11Ul11 density would extend slowly in a 

direction perpendicular to the plane. The se planes would then extend 

parallel to themselves so as to annihilate the more rapidly growing 

planes. Niggli (73) extended this idea and calculated the thiclmess of 

a layer which contained all the atoms whose valences were only partia~ 

satisfied. The growth rates of various planes were related to the 

thickness of these planes which contained all these atoms of unsatisfied 

valences. The resulta obtained were in slightly better agreement with 

experimental observations than the results obtained with the simple 

Bravais theory. 

Donnay and Harker (27, 28) have ~awn up a list of planes, for a 
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given crystal, in order of decrea.sing distance between the planes. The 

position of a plane in this "morphological aspect" is a mea.sure of i ts 

importance relative to the other planes. The agreement between this and 

observàtions is good in many cases but there is a large number of 

disagreements. 

Reticular density theories are open to these objections (98): 

(a) they imply that the habit is affected only by coplanar 

atoms. 

(b) they do not predict which combination of atoms resulta in 

the most stable surface if two kinds of atoms are presento 

(c) they neglect all influences which the environment of the 

crystal may have. 

If a. face has the l<niest surface free energy and if a series of 

such faces enclose a volume it would be thought that this face would 

occur exclusively on the crystal. Wells (99) has shawn that this is not 

the case. Fig. 6 shows the change from a cube to an ootahedron by the 

superimposing and development of 111 faces. 

Let a be the length of the edge of the cube, y the length removed 

to form the 111 faces, Gï100 and a-111 the specifie surface free energies 

of the lOO and lll faces respectively. The volume of Fig. 6b is given by" 

3 3 V•a-!_L 
3 

and the total surface free energy, F, is gi ven by 

F • 6 (a2 - y-2) ulOO + 4{3 y2 o-111. 

For an equilibrium crystal 

'èF/~a • 
o V/ 'Qa 
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FIG. 6 (e) 

Change of a cube to an octahedron. 
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hence 12 a. c;-100 • - 2 4 Y O"ïoo + 8 ..f3 Y OJ u 

and 

3a2 - 4Y2 

y/a. • 3 GJ.oo - 43 O"ï11 
2 o-100 

When y • o, CJ1n is equal to 43 <rico which mea.ns tha.t if c;r ui is 

greater tha.n 1. 73 cr100 the equilibrium shape is a cube. When y • a/2, 

Cïi11 is equal to 2 O"ioo/,.J3 and this representa the condition tor the 

growth of the cubo-octa.hedron (Fig. Ge)~ When 0i11/o-100 lies between 

J3 and 2/J3 the equilibrium fonn. of the crystal would be simila.r to 

Fig. Gbo Sim:ila.rly it can 'be shown tha.t the octahedron is the equi­

librium shape when o-111 is equa.l to or lesa tha.n o'ioo/43. The resulta 

ot this treatment are summarized in Table II. 

Table II 

Equilibrium shape Range of O"ilYC/100 

Cube (Fig. Ga) ) 1.73 

Fig. Gb < 1.73 > 1.15 

cubo-octahedron (Fige Ge) 1.15 

Fig. Gd <1.15 > 0.58 

octahedron (Fig. Ge) < 0.58 

Absolute values of these surface free energies are not known. 

Herring (37) gives sorne calculated values of these for a. few cr,rsta.ls. 

· For the diamond cr100 is given as 9820 ergs per square centimetre a.nd 

CT111 as 5650 ergs per square centimetre. The ratio CTllVOJ..oo is then 

0.57 a.nd the equi·librium form should be the octahedron. For tungsten 

the ratio 0 uif Oïoo is 1.04 hence the equilibrium shape should be 

similar to Fig. Gd. 

One difficulty with this trea.tment of habit modification is that 

the surface free energies would be a.ffected by the solvent used and by 
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the presence of impuritieso A.s yet there seems to be no means of tald.ng 

these into accounto 

The screw dislocation theor,y of crystal growth can account for sorne 

habit modifications by impuritieso If the impurity is adsorbed at the 

dislocation the growth rate would be affected and this should lead to 

habit modificationo Sears (86) has recentlY attempted to explain the 

growth of metallic whiskers or needles from the vapour phase in terms of 

a single screw dislocation at the tip of the growing whiskero 

The following observations have been made on crystal habit modifi~ 

cation and these must be accounted for by any theory which is to be at 

ali successfulg 

(a) the solvent used and the presence of impurities often 

affect crystal habitso 

(b) there seems to be no relationship between the relative 

solubilities of the crystallizing substance and impurities 

and the habit modification of the crystalo 

(c) the same impurity in different concentrations ma;y have 

different modifYing effectso 

(d) crystals grow more regularly with lower supersaturationo 

( e) crystals grown at high temperatures appear to be more 

perfect than those grown at low temperatureso 

(f) dendrites occur when the growth rate is rapiti but rapid 

growth does not always p:roduce dendriteso 

(g) the habit of a crystal becomes more co~1.e:x; wi th a slower 

rate of growtho 

The following are the obserVed facts on crystal growth ~ 

(a) growth appears to start on the tnterior of a crystal face 



and spread to the edges. 

(b) a metastable region of supersaturation appears to exist 

before crystallization occurso 

( c) the rate of nucleation appears to be a fonction of the 

supersaturation ( 8) o 
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(d) evidence appears to be contradictory as to whether or not 

the rate of growth is influenced by the degree of 

supersaturation. 

(e) different faces of a crystal may grow at different ra.teso 

(f) nawed surfaces grow more quickly than smooth surfaces. 

( g) tWinning is more apt to occur wi th grea ter degrees of 

supersaturation (16). 

An adequate theory of crystal habit modification must account for all of 

these observations. A.s yet no auch theory seems to have been devisedo 

Egli and Zerfoss ( 31) suggested that impuri ti es may increase the 

range of supersaturation over which spontaneous nucleation is inhibited 

and that this should lead to more perfect crystall!!lo This is in contra­

diction with the observation that more perfect crystals grow at low 

supersaturations. 

Nakaya ( 72) developed a technique for growing snow crystals from 

water va.pour" By measuring the temperature of the water va.pour and the 

cold surface on which the crystals grew he estimated the extent of 

supersaturation. A plot of percent supersaturation and temperature of 

crystal growth was made for the various types of crystals formed (Fig. 

7) o This gra.ph shows that dendrites tend to grow at high super,.. 

saturations and simple forma at low supersaturations. A given crystal 

form grows within a wide range or supersaturation but within a relative~ 
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ly narrow temperature interval. This indicates that the temperature at 

which the crystal is formed and grows has more influence on the crystal 

habit than the degree of supersaturation. Nakaya also asserted that the 

rate of growth or a crystal, which is governed by the degree of super­

saturation, influenced the crystal habit. 

Mason and his co-workers (61) have extended the observations of 

Nakaya into regions or higher supersaturation and they obtained the same 

basic plot or supersaturation and temperature or crystal growth but 

there were a rew differences (Fig. 8). These have round the temperature 

boundaries to be quite sharp. They concluded that the crystal habit is 

influenced prima.rily by the temperature at which growth occurs, that 

growth rates· are influenced by supersaturation and that supersaturation 

governs the development or seconda.ry' features on crystals, e.g., 

needlelike extensions on prisme and at the corners of plates. Mason 

(62) suggested that a thermodynamic phenomenon, which is dependent upon 

the relative rree energies or growth in different habits, is involved in 

view or the sharp changes in crystal rorm w:l th temperature. 

The exces s or ambient vapour densi ty over the vapour den si ty' in 

equilibriwn with ice crystals at their own temperature governs the type 

or crystal rormed in snow is the view of Marshall and Langleben ( 60). 

Changes in crystal type occur when this vapour density excess is 

sufficient to overcome the inhibitions to growth at the corners and 

edges or crystals. 

Temperature has only a minor influence on crystal habit is the 

opinion or Buckley (14). It acta by accelera.ting evaporation thus 

speeding up deposition which in turn will tend to simpli.ty the crystal 

habit. This observation was made wi th static systems and does not 
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0/o Supersaturat1on vs temperature of crystal growth 
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necessar:l.ly apply to a dynamic system. 

Mold.evsld. ( 70) reported that in the growth of MgS04 • 7 H20 

crystals under dy'namic conditions the supersaturation had no infiuence 

on the shape of the crystal but under static conditions the shape was 

aff'ected. 
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The f'onna.tion of' silver crystals by the reduction of' silver ions 

with f'errous ions was studied by Courtney (20). Plates a.nd needles were 

formed. The rate of' needle growth was round to be independent of' the 

supersaturation. Whisker growth was attributed to a single screw 

dislocation. Sears (85) also attributed the growth of' mercury whiskers 

from the vapour phase to a single screw dislocation and the growth of' 

plates to two screw dislocations at right angles. 



THE CRYSTAL HABITS OF THE COINlGE META.ts (25) 

The three coinage metals, copper, silver and gold, have race­

centred cubic lattices. They rorm crystals which belong to the cubic 

system but well developed crystals are rarely round naturally. 

Bjornstahl (6) claimed to have round crystals or gold whi'ch belonged to 

systems other than the cubic but this claim has never been veriried by 

others. 

Copper has been reported to occur as cubes, dodecahedra, octahedra 

and combinations or these. Silver occurs as cubes, dodecahedra, 

octahedra, hexakisoctahedra and combinations or these. Gold occurs as 

cubes, dodecahedra, trapezohedra and combinations or these. All three 

occur in dendritic rorms and riliform or twisted wire shapes. Needles 

and plates have also been observed. Twinning is common with all three 

or these metals. 

Hexagonal plates or gold with triangular spiral markings were 

reported byAmelinck, Grosjean and Dekeyser (2)o Powdered silver 

prepared qy electrodeposition has been round to have soma microscopie 

six-sided stellate crystals "(65)o 



SCOPE AND PURPOSE OF THE INVESTIGA. TIOB 

Very few data are available in the literature on the crystal habits 

of substances formed as a result of a chemical reaction in solution. 

Still fewer data are reported for crystals of metals grown as a result 

of such chem:i.cal reactions. This investigation wa.s originally undertaken 

to determine sorne of the factors which influenced the crystal habit of 

metallic copper formed as a result of a reaction in solution and in time 

the investi gation was extended to include the other coinage metals~ 

silver and gold. 

The reversible reactions outlined above were considered to be the 

most practical methods of form:i.ng the crystals. These choices of 

reactions made it necessary that the experimental apparatus be con­

structed with provisions for heating a solution in contact with the 

metal in massive form and then cooling it in order to reverse the reac­

tion. Since the prime purpose of the investigation was the observation 

of variations in crystal habits it was necessary to remove the hot 

solution from contact with the massive form of the metal in order that 

this would have no effect on crystals formed by reversing the reaction. 

As a result of these requirements a dynamic ~stem was needed. The 

liquida to be circulated were known to be corrosive hence a pump could 

not be used for circulating them. A system was then designed which used 

the difference in densities between hot and cold solutions as a driving 

force and which also included a means of separating and removing the 

crystals formed by the chemical reaction. 

The sol utions chosen to be circulated were of two types : simple 

acids and solutions containing a metallic cation capable of oxidizing 
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the massive form of the metal. The choices eventually made are diacussed 

above in the section on chemical reactionso 

In the discussion on crystal habit modifications it may be noted 

that the presence of foreign substances often has a modifying affect on 

crystals. Sorne experimental runs were planned using other electrolYtes 

in the circulating solution in addition to the reagent used to attack 

the massive form of the metal in order to examine this aspect of habit 

changes. This was actually carried out onlY in the case of copper. 

The literature shows that the viscosity of the medium in which 

crystallization is occurring sometimes has an influence on the shape 

assumed by the crystals. To study viscosity effects sorne solutions 

containing different amounts of glycerine were circulatedo 

A literature survey showed that in other 8,1Stems involving the 

formation of cr.rstals the temperature of crystal growth and the degree 

of supersaturation appeared to influence the habits of the crystals 

which were grown. There appeared to be sorne disagreement among various 

workers as to which of these factors was the more important. A tech­

nique~ described below~ was developed to examine the affect of these 

variables in the ~stems which were studiedo 

In addition to the main objective of examining sorne of the factors 

influencing crystal habit it was thought that ether data obtained easily 

during the course of the work might lead to sorne interesting resulta. 

The rate of production of crystals~ the aize distribution of crystals 

obtained and their shape distribution were accordingly determined during 

some experimental runs. Another variable investigated was the effect of 

the duration of the run on habit~ rate of production of crystals and 

their size and shape distributions. 



EXPERIMENTA.L PROCEDURES 

The apparatus uaed in the experimental work is ahown in Fig. 9. It 

consisted of a reaction flask, A, which was a 125 ml. Erlenmeyer flask 

with an extension added to the neck. The extension was equipped with a 

cold finger condenser which fitted snugly but not too tightlY into the 

neck of the flask. On the side of the flask, near the neck, a· side arm 

of 15 Illlll. outside diameter tubing was added. This in turn was attaèhed 

to a vertical piece of tubing, of the same diameter., about 80 cm. in 

length. This upright tube was surrounded with a 'cooling condenser, B, 

58 cm. in length, placed about 8 cm. below the point of attachment of 

the side arrn on· ·the reaction flask. At the outlet of the condenser the 

tubing was reduced to 8 nun. external diameter. This was attached tan­

gentiallY to an inverted 125 ml. Erlenmeyer flask, D, which served as a 

cyclone type collector. The neck of this flask was attached to a wide 

bore stopeock •. A piece of 8 mm. outside diameter tubing about 80 cm. 

long was attached to the centre of the top of the collector. A second 

condenser, c, surrounded this tubing and it was placed 15 cm. above the 

top of the collecter. This condenser was 46 cm. in length. A side arm 

was attached to this upright tube about 19 cm. from the top of condenser 

c. The side arm led into the centre of the side of collector E. The 

collector E was made of a piece of 25 mm. outside diameter tubing about 

13 cm. in length. Pieces of 8 mm. outside diameter tubing were attached 

to the top and bottom and the lower section contained a stopcock. The 

upper piece of small diameter tubing was attached to the reaction flask, 

A, near the bot tom by a piece of 8 mm. outside diameter tubing. During 

the operation of the apparatus the top of the three upright tubes were 
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stopped with corks. 

A 125 ml. Claisen fla.sk served as a steam generator. The second 

n'eck of the flask was attached to the top of condenser C with 8 mm. 

external diameter tubing. The bottom of condenser C was attached to the 

side arm of the Claisen flask by a piece of 8 mm. tubing containing a 

trap and an upright vent. The first neck of the flask was fitted with a. 

rubber stopper. This arrangement allowed steam to pass into the 

condenser C and beat the contents of the upright tube. The condensed 

steam was returned to the boiler F through the trap. In this wat steam 

could be generated continuous~ without refilling the boiler. The vent 

was put in for safety purposes so that the system would not be closed. 

The massive metal in the form of wire was placed in the reaction 

flask A and the solution which was to react wi th the metal was put into 

the apparatus until it was full. The flask was heated and the chemical 

reaction between the metal and solution began. The solution was circu­

lated through the system by the di.fference in its density between the 

cooling section B and the heating section c. In the cooling section the 

chemical reaction occurring in flask A was reversed and crystals of metal 

separated out. These crystals were gathered in the collectors D and E. 

When a sufficient quantity of crystals had been formed they were 

withdrawn through the stopcocks with the circulating liquid. The 

mixture was filtered with suction on sintered glass tunnels, the crystals 

were washed with water and then methanol. These were then dried at 

110°C and weighed to determine yields. 

The apparatus was cleaned between runs with nitric acid in the cases 

of copper and silver and with :a-qua regia in the case of gold. A:fter 

treatment with acid the apparatus was washed out three or four 



42 

times with distilled water and then the new run was started. 

A technique of growing cr,rstals on a thread was used to determine 

the affect of temperature on the habit of cr,ystals. A thread was hung 

in the centre of the cooling tube B and this was weighted qy means of a 

thermometer. A thermometer was inserted in the top of the tube so that 

its bulb was at the top of the section just in the condenser B. These 

two thermometers registered the temperatures at the top and bottom of the 

cooling section. The length of thread was measured. After a period of 

time the thread was withdrawn and eut into sections approximate~ one 

quarter of an inch in length and these were mounted on microscope elides 

for examination. 

Immediately upon withdrawal of the thread with crystals a second 

thread, attached to the same thermometer was introduced into the cooling 

tube. This was gradual~ lowered further into the tube. The distance 

from the top of the tube and the temperature were recorded and these 

data were used to plot a cooling curve of temperature vs. distance from 

the top of the tubeo 

The sections of thread containing crystals were measured and 

segments of the cooling curve were eut off corresponding to the length 

of each sectioni starting from the lowest point on the curve. Thus it 

was possible to estimate the temperature at the inlet and outlet of each 

thread section. These data allowed the determination of the temperature 

drop across each ·section and the average temperature of each section. 

Microscope slides were prepared for examination by mounting the 

material in Fisher Permount. Slides were made from thread sections and 

also from samples of the crystals gathered at the collectors D and E. 

Each thread section was examined for the forma of crystals which 
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appeared on it.. For each type of crystal a plot waa made of the temper­

ature drop across the section vso the average temperature for the section 

on which the form first made its appe,aranc:e. La.ter, it was found more 

useful to plot the reciprocal of the temperature drop in place of the 

temperature drop itselt., 

The relative proportions of the various forma were determined using 

the slides made from the samples gathered at the collectors.. This was 

dona by counting the numbers of each form present in random fields of 

the slides as observed under the microscope.. A minimum of one thousand 

counts was made for each slide observed. , 

Size distributions of the crystals grown on threads were on~ made 

· qualitativezy. The collector samples were passed through seives and the 

percentage retained on each was determined by weighing. The distribution 

of smaller aizes was determined b,y projecting random fields of the 

slides, as seen through the microscope, onto a caliprated grid b,y méans 

of a mirror arrangement.. The grid was made by projecting a calibrated 

sli'de onto a sheet of paper using the same , mirro!" arrangemént. The grid 

was thus divided into squares of known area., The sizes of the crystals 

were estimated by the number of squares covered on the grid. As above, 

a minimum of one thousand counts was ma.de for each ~lide. 

Analyses of the circulating solutions were done by standard methode. 

The total equivalents of anion were determined, the total equivalents of 

cation were determined and the difference between these was taken as the 

equivalents of hydrogen ion., The crystals were ana~sed by dissolving 

them and plating the metals out again electrolytically., 

Photographs were taken with a Polaroid Land camera. 





EXPERIMENTA. L RESULTS 

Three similar sets of apparatus were built and some initial tests 

were run to compare them. Machines A. and C were run for a period of 71 

hrso with 0.5N sulphuric acid circulating. The rate of production of 

copper crystals was 0.028 grams per hour in both sets of apparatus. 

Apparatus B was also run wi th 0.5N sulphuric acid circulating but the 

duration of the run was 119 hours. The rate of production of crystalline 

copper was 0.036 grams per hour. The increase in rate is attributed to 

the increased duration of the run (see Discussion below). Apparatus A 

was run for 47 hours with 3N sulphuric acid and apparatus B for 48 hours 

with 3N sulphuric acid also. The rate of production of crystals in 

apparatus A was Oo02 7 gra.ms per hour and the rate in apparatus B was 

0.024 grams per hour. These resulta show that the various experimental 

arrangements had similar operating characteristics. 

Where possible, the experimental resulte are presented graphical~ 

and in order to avoid filling this section with numerous tables, on which 

the graphical resulte are based, these tables have been assembled in 

A. pp en dix A • 

Yields. Fig. 10, based on Table III, shows the yield of cr,ystalline 

copper obtained when sulphuric acid was the circulating liquid. Other 

acids were not used as they do not permit the desired reaction to occur. 

Fig. 11, based on Table IV, shows the yields of copper crystals obtained 

when solutions of O.lM cupric sulphate in O.lN sulphuric acid were 

ci rculated. Fig. 12, based on Table V shows the yields obtained when 

other solutions of cupric sulphate in sulphuric acid were used. 

Solutions of various sulphate salta in sulphuric acid were 

.~ 

tt·-·' 
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. Table III 

Yields ot CQpper with E2S04 ciPo~lating 

Run A cid Dura ti on Cumulative Yield Cumulative Rate of Prod. 
No. Conc. (hrs.) Hrs. (gms.) Yield ( gms. ) (gms .;hr.) 

A4 3N 47 47 1.1452 1.1452 0.027 

B2 3N 48 48 1.0872 1.0872 0.024 

A3 lN 48 48 1.0727 1.0727 0.022 

Al o.5N 71 71 1.9872 1.9872 0.028 

B1 0.5N 119 119 4.3037 4.3037 0.036 

Cl 0.5N 12 72 1.9996 1.9996 0.028 

Bl3 0.5N 24 24 0.5312 0.5312 0.020 

24 48 1.0714 1.6026 0.033 

24 12 1.1691 2. 7717 0.038 
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Table IV 

Yields of Copper with O.lM CuS04 in O.lN H2so4 circulating 

Dura ti on Yield Cumulative Yield 
Run No. (hrs.) Cumulative Hrs. (gms.) (gms.) 

AlO 96 96 7.1904 7.190;4 

B9 48 48 7.1618 7.1618 

C10 48 48 4.9704 4.9704 

Cil 96 96 7.2912 7.2912. 

C12 72 72 7.9012 7.9012 

C13 24 24 1.6528 1.6528 

23! 47i 3.4()~1 

7~ 5.0860 * 
96 9.9352 

120 12.8816 

148 13.4342 

170 13.8117 

194 14.2337 

218 14.2337 

Dl 3! 3i 0.2862 0.2862 

D2 4 7i 0.3002 0.5864 

D3 5l 13 0.4101 0.9965 

D4 5i lai 0.4627 1.4592 

D5 Si 251 0.5492 2.0084 

DlO 6 6 0.4827 0.4827 

Dl3 5 11 0.4186 0.9013 

Dl5 5 16 0.3891 
1 

1.2904 

* new wire inserted 
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Table IV (con1t) 

Dura ti on Yield Cumulative Yield 
Run No. (hrs.) Cumulative Hrs. (gros.) (gms.) 

D17 5 21 0.3929 1.6833 

Dl8 41 25l 0.3222 2.0055 

Dl9 7 32! 0.4711 2.4766 

D22 4 36! 0.4303 2.9069 

D29 6 6 0.5099 0.5099 

D32 6 12 0.4374 0.9473 

D44 Si Si 0.4592 0.4592 

D47 Si 12! 0.5166 0.9758 

D49 6l lai 0.4920 1.4678 

D51 6! 2 2~ 0.5087 2.0765 

D31 6 6 0.4838 0.4838 

D34 6 12 0.4629 0.9467 

D36 6! 2 1sf 0.5677 1.5144 

D37 ai 25 0.4804 1.9948 

D39 si :ni 0.5007 2.4955 

D41 Si 37i 0.5163 3.0118 

D43 si 44! 0.4897 3.5015 

D46 ai 50! 0.4074 3.9089 

D48 Si 56i 0.5988 4.5077 

D50 Si 63 0.4833 4.9910 

D52 6! 6sf 0.4642 5.4552 

D53 ~ 75~ 4 0.5399 5.9951 

D54 si S2i 0.4111 6.4062 

D55 Si sai 0.6066 7.0128 
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Table IV (con•t) 

Dura ti on Yield Cumulative Yie1d 
Run:Na. (hra.) Cumulative Hrs .. (gms.) (gma.) 

D5S Si 95 o.4S29 7.4757 

D57 Si 10li o.S275 8.1032 

D58 Si 107~ 0.4373 8.5705 

D60 si 114i 0.4807 9.05).2 

DS2 si 12li 0.5989 9.S501 

DS4 si 12st 0.5097 10.1598 

D30 6 s o.51S1 0.51S1 

D33 s 12 0.4827 0.9988 

D35 Si lSi 0.5598 1..5586 

D38 Si 25 0.4378 1.9964 

D40 Si 31i 0.50SO 2.502. 

D42 6! 37i 0.4883 2.9907 

D45 Si 44 0.4272 3.4179 

D59 si si 0.5123 0.5123 

D61 si 13! 0.5372 1.0495 

D63 si 20i o.S429 1'eS924 
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Table V 

Yields of Copper wit'Fl .solutions a! QuS04 in !!2S04 

CuS04 H2S04 Dura ti on Cumulative Yield Cumula. ti ve 
Run No. Conc. Conc. (hrs.) hrs. (gms.) Yie1d (gms. ) 

AS 0.5M 0.0 4S 48 2.7589 2. 7589 

115 2. 7589 2.7589 

Ail 0.5M 0 .. 5M 12 12 2.Sl61 

24 5.5449_ 

48 11.9785 

78 18.4957 

95 25.4857 

C7 o.5M 0.5N 24 24 3.9708 3.9708 

cs 0.,5M lN 48 4S 11o763S 11.7638 

B7 0.5M 3N 24 24 7.,8338 7.S~3S 

A9 o.o5M 0 .. 5N 4S 4S 4.5083 4.5083 

B8 O.l25M 0.5N 72 72 9.,5552 9.5652 

C9 0.25M 0.,5N 45 45 7 .,422S 7.4228 

D28 O.lM lN 4 4 0.3729 0.3729 

D27 O.lM ZN 4 4 0.3672 0.3572 

D26 O.lM 3N 4 4 0.3184 0.3184 

D7 lX lN 13 13 10.0121 10.0121 

5 18 3.8420 13.8541 

5! 2st 4.1127 17.9668 

4-! 28 3.5S2S 21.5496 

D9 0.5M 0.5N 5! 5l 1.2767 1;.2767 

6 11i 1 .. 4483 2.7250 

5f 17 1.4621 4.1an 
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circulated over copper wire. In all cases the acid strength was 0.5N 

and the salt concentrations were 0.5 mols. per litre except in the case 

of ceric sulphate where the concentration was 0.1 mols per litre. The 

purpose of this series of runa was, primari4r, to observe what effect, 

if any, these salta had on habit modification. The yields of these runa 

are summarized in Table VI. 

A solution of 3N sulphuric acid was circulated over silver wire and 

no crystal.line silver was formed. Silver is soluble in nitric acid and 

silver chloride would be precipitated by hydrochloric acid so that these 

acids were not used. Solutions of ferrous sulphate in sulphuric acid 

did produce crystalline silver when circulated through the apparatus. 

Fig. 13, based on Tables VII, VIII and IX shows the yields obtained with 

these solutions. 

The following solutions were circulated over gold wire with no 

crystals formed .in the apparatus: 6N hydrochloric acid; 0.5N sulphuric 

acid; 6N hydrochloric acid containing 5 grams per litre of potassium 

chromate; 0.5M ferrous sulphate in 0.5N sulphuric acid and 0.5M ferric 

chloride saturated with bromine. This laat solution and the hydrochloric 

acid containing potassium chromate formed metallic gold when allowed to 

stand for a period of time after removal from the apparatus. Solutions 

of ferric chloride in hydrochloric acid containing small amounts of 

potassium chromate were succesaful in producing crystalline gold when 

they were circulated over gold wire. The resulta of these experimenta 

are sunnnarized in Table X. 

The slopea of the yield curves give the r ate of production of 

metallic crystals. 

Resulta of analyses of the metal crystals showed them to be pure 
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Table VI 

Effect of Sulphat~ Salt S~lutions ' On Yields of Copper 

(All .solutions a.~ Oi.5N in slil.Phurie .· ~cid) 

Dura ti on Total Yield Rate of Prod. 
Run Nô. Salt Conc. (hrs.) (gms.) (gms.;br.) 

B3 O. 5M (NH4)2So4 120 2.9260 0.0254 

C3 0.5M K2So4 96 2.1172 o.o218 

C4 0.5M ZnS04 72 1.4583 ·0.0218 

A5 0.5M MgS04 72 0.8554 0.0137 

A7 0.5M CdS04 96 1.1565 o.ol46 

A6 O. 5M Alz (S04) 3 72 1.5471 0.0243 

B4 0.5M MnS04 70 1.1001 0.0180 

C5 0.5M CoS04 70 1.6719 o.o239 

B5 0.5M FeS04 96 1.6903 O.Ol9g 

B6 0.5M Fe2(S04)3 60 5.9133 0.104 

C6 O.lM Ce(S04)2 70 1. 7271 o.œs8 

C7 0.5M CuS04 24 3.9708 0.0911 
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Table VII 

Yields ot Silver with O~lM FeS04 in 0.2N HzS04 eireulating 

Dura ti on Yield Cumulative Yield 
Run No. (hrs.) Cumulative Hrs. (gms.) (gms.) 

E33 12 12 2.0462 2.0462 

E34 12 24 3.6373 5.6835 

E35 6 30 2.0117 7.6952 

E36 7 37 2.2874 9.9826 

E37 7 44 3.0015 12.9841 

E38 7 51 3.211;3 16.1954 

E39 6 57 2.9080 19.1035 

E40 7 64 3.3441 22.4476 

E41 7 71 3.4669 25.9145 

E42 7l 7si 3.5772 29.4917 

E43 si 85 3.1666 32.6583 

E44 7 92 3.4827 36.1410 

E45 7l 99! 3.6113 39.7543 

E46 7 lOst 3.4991 43.2534 

E47 7 11~ 3.5227 46.7761 

E48 7 12oi 3.2701 50.0462 

E49 7 127! 3.4998 53.5460 

E50 7 134i 3.5203 57.0663 

E51 7 141! 3.5007 60.5670 

E52 7 14ai 3.4983 64.0653 

El6 6 6 0.2142 0.2142 

Ela 3 9 0.4191 0.6333 

E24 13i 22i 3.0074 3.6407 
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Table VII (con•t) 

Dura ti on Yie1d Cumulative Yie1 d 
Run No. (hrs.) Cumulative Hrs. (gms.) (gms.) 

E32 19 41~ 9.0344 12.6751 

E9 4 4 0.6069 0.6069 

3 7 0.4396 1.0465 

3 10 1.0653 2.1108 

3 13 0.5680 2.6788 

3! 16! 1.6753 4.3541 

5 21i 1.1862 5.5403 

4 2s; 1.4251 6.9654 

3 2at 0.7135 7.6789 

E14 4 32i 1.2405 8.9194 

E15 6 3af 1.8907 10.8101 

E17 3 41! 1.ll08 11.9209 

E23 l:si 55 6.2438 18.1647 

E29 ll 66 5.6722 23.8369 



58 

Table VIII 

Yields of Silver with O.IM FeS04 in lN HzS04 oirculating 

Dura ti on Yie1d Cumulative Yie1d 
Run No. (hrso) Cumulative Hrs. (gms.) (gms.) 

Hl 7 7 0.9972 0.9972 

H2 7 14 1.5037 2.5009 

H3 7 21 1.9721 4.4730 

H4 7 28 2.4882 6.9612 

H5 7 35 2.4106 9.3718 

H6 7 42 2.6033 11.9751 

H7 7 49 3.0472 15.0223 

H8 7 56 3.3981 18.4204 

H9 7 63 3. 7277 22ol481 

H10 12 75 5.9021 28.0502 
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Table IX 

Yields of Silver with 0.5M FeS04 in 0.5N H2S04 circulating 

Dura ti on Yield Cumulative Yiel d 
Run No. (hrs.) Cumulative Hrs. (gms.) (gms.) 

E5 4 4 1.7415 1.7415 

E6 2 6 1.8268 3.5683 

E7 2! s! 3.6440 7.2123 

E8 3 11! 2.9573 10.1696 

ElO 3! 15 3.6116 13.7812 

E11 2 17 3.7661 17. 5473 

E12 2! lsi 3.9059 21.4532 

El3 3 22! 3.8222 25.2754 

Jl 4 4 1. 7921 1. 7921 

J2 4 8 3.3704 5.1625 

J3 4 12 5.4116 10.5741 

J4 8 20 11.7424 22.3165 

J5 4 24 6.0421 28.3586 

J6 4 28 6.1173 34.4759 

J7 4 32 6.0011 40.4770 

J8 4 36 6.2175 46.6945 

J9 4 40 6.1834 52.8779 

JlO 8 48 9.0727 61.9516 

Jll 4 52 6.0989 68.0505 

Jl2 4 56 6.1133 74.1618 

Jl3 4 60 6.1072 80.2690 

Jl4 4 64 6.0837 86.3527 

Jl5 4 68 6.0013 92.3540 



59 a 

\ 

\ (/) 

'-
:J 
0 

,......._ ....--. ....--. +\ I z z z 
q g <9 - + .......... ............ \ o""" o""" o""" 

0 

\ 
C\1 

(f) (f) (/) .--
C\1 C\1 C\1 I I I 
c c c + - - \ o""" o""" 

0 
0-.;:t 

\+ 
0 

li) .--
(f) (/) 

tf ~ tf \ 2 2 2 ......- ..--;- U) \ d 0 0 0 
+ ')( \ <X) 

0 

'\. 
""")( \ 

+ """')( '\ ~ 0 
"'-..)(' + <0 

"'x \ 
""-x \ ~ +\ 0 ';(""' + 

""'" )(" \ ')(""" 
'X"" 

'X + 
'1c, \ 

)( \ 0 'x C\1 
';("'-.. q 

;x. + 
\')( '. 

·swru9 0 0 0 0 0 
<Q <0 

""'" 
C\1 

F IG 13 

Y1 el ds of sllver 



60 

Table X 

Yields or Gold with solutions of FeC13 in Hel 

Conc. 
Run Dura ti on Yield Conc. Conc . KzCr04 Rate of Prod. 
No. {days) (gms.) FeC13 (M) HCL (N) (gm./i) {gma./day) 

Fil 4 0.2554 0.2 loO .t o.os4 

Fl2 2 0.1900 0.2 1.0 ! 0.095 

Fl3 4 0.4997 o.z 1.0 1 0.125 

F14 4 0.1109 0.2 loO t 0.028 

Fl5 4 0.3435 0.2 2.0 l. 
2 0.086 

Fl6 4 0.1927 0.2 0.5 ! 0.049 

F17 4 0.3413 0.4 loO l 0.085 

Fl8 4 0.1906 0.1 1.0 ! 0.048 
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metals. 

Figo 10 and Table III show the affect of acid concentration ,on the 

yield of copper when sulphuric acid alone was the circulating liquid. 

Fig. 12 and Table V show the ef'fect of' varying the acidity with the 

cupric sulphate concentration kept constant at 0.5 mols per litre and 

also the affect of' varying the cupric ion content when the acid concen­

tration was kept at 0.5N. 

The ef'fects of variation of reagent concentrations in the case of 

silver may be seen directly on the yield curve, Fig. 13 and in Tables 

VII, VIII and IX. Table X shows this ef'fect for gold. 

Size Distribution of Crystals. The size distribution of copper 

crystals obtained w.i.th va.rious circulating liquide is outlined in Table 

XI. These size distributions were obtained by the cotmting technique 

described above. Table XII lista the size distribution obtained wlth 

silver particles. This distribution was obta.ined by a seive ana.lysiso 

Tests were rtm to determine whether the duration of the run had an1 

ef'fect on the size distribution of copper crystals obtainedo Tests were 

run with 0.5N sulphuric acid and 0.5M cupric sulphate in 0.5N sulphuric 

acid as circu1ating liqui.ds. The resu1ts o~ these tests are listed in 

Table XIII. Sinti.lar tests were not carried out with silver. and gold. 

When the thread technique was used it was noted in all cases that 

the larger crystals grew on the uppe~hotter portions of the thread and 

the smaller crystals on the lower, cooler sections. This was observed 

in tllle cases of · all three metals. , Nb . quantitatiVe dètérm:biatiôns ·wer.e 

made on these. 

Shape Distribution of Copper Crystals. Shape distributions were 

determined for the copper crystal a by a counting technique. Table XIV 



Run No. 

Al 

A3 

A4 

AS 

C7 

ca 

B7 

A9 

BB 

C9 

C7 

C2 

04 

A6 

B6 

C5 

Table XI 

Size Distribution of Gopper Gr,ystals 

Circulant 

0.5N HzS04 

l.ON H2S04 

3.1N HzS04 

o.5M euso4 

0.5M GuS04 
0.5N HzS04 

0.5M CuS04 
lN HzS04 

0.5M CuS04 
3N HzS04 

o.o5M cuSo4 
0.5N H2so4 

O.l2M CuS04 
o.5N H2so4 

0.25M CuS04 
0.5N H2so4 

0.5M CuS04 
0.5N HzS04 

0.5M NazS04 
0.5N HzS04 

0.5M ZnS04 
0.5N HzS04 

o.5M Al2 (so4)3 
0.5N HzS04 

o.5M Fe2 (so4) 3 o.5N H2so4 

o.5M eoso4 
o.5N H2so4 

% 0-99 . . 
(Xl.o-4 mrn2) 

88 

88 

89 

95 

94 

95 

92 

95 

91 

95 

94 

92 

93 

94 

91 

97 

% 100-499 . 
(xlo-4 mm2 ) 

7 

10 

10 

4 

5 

5 

7 

4 

8 

4 

5 

5 

9 

2 

62 

% 500-999 
(xlo-4 a~) 

0 

0 

0 

0 

0 

1 

0 

0 

0 
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Table n (con't) 

%,0-99 .. - % 100-499 ' 'li 500-599 
Run No. Circulant (xlo-4 mm~) (xlo-4 rrrm2) (xlo-4 rrm2.) 

B3 Oo5M (NH4)2S04 
0.5N HzS04 

84 loi! 0 

B4 0.5M MnS04 
o.5N HzS04 

86 13 

A.5 0.5M MgS04 88 11 
0.5N HzS04 

C6 O.lM Ce(S04)2, 
0.5N HzS04 

92 7 0 

A7 0.5M CdS04 87 12 0 
0.5N HzS04 

C3 o.5M K2so4 78 20 1 
o.5N H2so4 

B5 0.5M FeS04 81 16 1 
0.5N HzS04 
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Table XII 

Size Distribution ot Silver Particles 

Circulant 0.5M FeS04 in 0.5N H2S04 o.IM Feso4 in o.zN H2so4 

Run No. E5 E8 E9 El7 EZ~ 124 

Dura ti on (lirs.) .3 3 " 3 l;st 13f 

% of! lOO 0.9 0. ·1 4.5 0.9 2.0 6.9 

fo + 150 1.1 o.8 1.8 1.8 6.4 20.7 

" + 200 3.'7 4.6 6.5 5.3 8.4 26.2 

" - 200 94.3 93.9 90.6 92.0 83.2 ~8.2 



Table nii 

Effect of Duration of Run on Size Distribution of Copper Cr.ystals 

(a) Run No. Bl3 - 0.5N sulphuric acid circulating. 

Time (hrs.) 

48 

0-99 (%) 
(xlo-4 rrrm2) 

89 

87 

90 

100-499 (') 
(xlo-4 rrrm2) 

11 

10 

9 

(b) Run No. -AU - 0.5M cupric sulphate in o.5N sulphuric acid . 
circula ting. 

0-99 (%) 
Time (hrs.) (xlo'"'4 mmz) 

100-499 (~) 
(xlo-4 mm ) 

12 97 3 

24 96 4 

48 -96 s 
78 96 4 

96 97 2 
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shows the distribution obtained with various circulating liquida., Table 

XV shows the effect of varying the cupric ion concentration at constant 

acidity' and Table XVI the effect of varying the acidity with a constant 

cupric ion concentration. Table XVII shows the effect which the duration 

of the run bad on the shape distribution. 

The Effect of Temperatureo The thread technique described above 

was used to investigate the effect of temperature on the habits of the 

crystals obtained. A. plot of the reciprocal of the temperature drop 

across a thread section against the average temperature of the section 

was made for the first appearance of each type of crystal found. The 

reciprocal of the temperature drop was chosen for the reasona outlined 

below in the discussion. The first appearance of a form was chosen as 

aignificant as i t was thought that the appearance of the form below i ta 

place of first appearance could be accidental. There is the possibility 

that the crystal had been formed in an upper section of the cooling tube 

and bad !'allen through a portion of the tube before adhering to the 

thread. 

Tables XIX to XLVIII in Appendix A, summa.rize the experimental 

resu1ts obtained. Figs. 27 to 56 in Appendix B give the graphical 

resulta of these data. Figs. 14, 15 and 16 are composites of these 

individual graphs. These have been drawn without points being plotted 

in order to keep the graphe from becoming cluttered. They represent the 

conditions under which each habit wa.a observed. 

Figs. 17 to 20 are photographe of the crystals found w1 th a11 three 

metals. The scale of magnification is indicated on each figureo 
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Table XIV 

Shape Distribution of Copper Particles 

% rods, 
Run needles, 
No. Circulant wires %triangles ~ - stars "' hexagons % irregular 

All 0.5M CuS04 45.4 
0.5N H2so4 

14.5 0.9 2.8 31.2 

cs 0.5M CuS04 
l.ON H2S04 

49.7 14.9 3.5 5.3 21.0 

B7 0.5M CuS04 26.1 8.5 o.o 8.4 48.5 
3.0N H2so4 

A9 
0.05M CuS04 36.2 7.2 o.o 5.2 45.5 0.5N H2so4 

B8 0.12M CuS04 28.2 11.8 0.3 16.8 44.1 
0.5N H2so4 

C9 0.25M CuS04 35.7 12.4 0.3 8.1 38.2 0.5N H2so4 

C7 0.5M CuS04 45.4 14.5 0.9 2.8 31.2 0.5N H2So4 

B5 0.5M FeS04 2.8 47.5 46t2 
0.5N H2so4 ' 

Bl3 0.5N H2so4 22.7 11.3 7.2 19.3 37.4 
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Table XV 

Effect o~ Cupric Ion Concentration on Shape Distribution 

of Copper Cr.ystals 

(H2so4 concentration constant at o.5N) 

Run No. •.Bl3 A9 'B8 >·09 _Ail 

Dura ti on (hrs.) 24 45 12 

CuS04 conc. o.oM o.o5M O.l2M 0.25M 0.50M 

% Roda 17.9 . 23.8 14.7 11.8 17.0 

% Needles 3.8 5.9 9.7 11.8 13.5 

% Bent Wires 1.0 6.5 3.8 12.1 13.2 

%Triangles ll.3 7.2 11.8 12.4 14.5 

% Squares 0.6 3.2 2.9 6.7 4.1 

% Diamonds 0.7 2.6 o.o 1.3 0.3 

% Hexagons 19.3 5.2 16.0 8.1 2.8 

% Stars 7.2 o.o 0.3 0.3 0.9 

% Dendrites 0.7 o.o 0.3 o.o 0.6 

% Irregu1ar 37.4 45.5 44.1 38.2 31.2 

% Trapezoids 0.3 o.o 0.3 o.o 0.9 

% Pentagone o.o o.o o.o o.o o.s 
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Table XVI 

Effect of Acidity on Shape Distribution on Copper Cryatals 

(CuS04 concentration constant at 0.5M) 

Run No. All ca B7 

Dura ti on (hrs.) 12 48 28 
• . , · ' 

Aeid conc. 0.5N l.ON 3~0N 

% Roda '17.0 31.6 13.1 

% Needles 13.5 12.6 12.5 

% Bent Wires 14.5 7.'2 8.5 

'fi Squares 4.1 3.2 3.0 

~ Diamonds 0.3 2.6 o.o 

% Hexagone 2.8 5.·2 8.4 

% Stars 0.9 3.5 o.o 

% Dendrites 0.6 o.o 0.·6 

% Irregular 31.2 21.0 48.5 

% Trapezoids 0.·9 o.o o.o 

% Ootagons o.o 0.3 o.o 

% Pentagone 0.6 o.o o.o 
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Table XVII 

Effect of Duration of Run on Shape Distribution of Copper Cr.rsta1s 

Bl3 Run No. A11 

0.5N H2S04 Circulant 0.5M CuS04 in 0.5N H2so4 

24 48 72 Dura ti on (hrs.) 12 48 96 

17.9 13.1 16.1 % Roda 17.0 33.4 31.6 

loO 3.8 0.3 % Bent Wires 13.2 3.5 0.8 

3.8 11.5 17trl % Needles 13.5 8.5 3.4 

11.3 14.1 19.8 %Triangles 14.5 12.0 18.6 

0.6 o.o 5.7 %Squares 4.1 2.8 2.3 

0.7 o.o 0.9 % Di.amonds 0.3 o.o o.o 

19.3 18.0 21.6 % Hexagons 2.8 5.9 3.7 

7.2 1.1 2.6 %Stars 0.9 0.3 3.4 

0.7 o.o o.s % Dendrites 0.6 0.7 1.2 

37.4 32.2 15.7 % Irregu1ar 31.2 32.4 31.7 

0.3 4.9 4.5 % Trapezoids 0.9 1.1 o.o 

o.o o.o 0.3 % Octagons o.o o.o o.o 

o.o o.o 2.3 % Pentagons 0.6 o.o 0.5 
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Hab1ts Observed on Few Occas1ons. 
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Regular Forms of Crystals Obs-~rved Cons1stently 
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Needles and Sent wrres 

FIG.20 

lrregu 1 ar Fo rm s of Crystals Observed Consrstently 



DISCUSSION OF RESULTS 

Yields. Table III shows how the rate of production of copper 

crystals varies with the duration of the run using 0.5N sulphuric acid 

as the circulating liquid (Run Bl3). Fig. 10 shows the result graphi­

cally. As the duration of the run increases, the rate of production 

also increases ~ This is attributed to the attack of the copper wire by 

the sulphuric acid to form a solution of cupric sulphate. With an 

increase in time the amount of attack on the wire increases and the 

solution becomes more concentrated in cupric sulphate. The increased 

concentration of cupric ion increases the extent of the reaction 

cu++ + Gu ~ 2 eu+ 

in the reaction fiask so that on cooling more copper crystals are 

produced. 

Table III and Fig. 10 also show the effect of changing the acid 

concentration on the yield. For an accurate comparison the same rates 

of flow should be used in all sets of apparatus. This is difficult to 

do with different solutions. The rate of flow is governed by the densit.Y 

of the solution and the temperature differentia1 between the heating and 

cooling tube:s. Runa with the same temperature differentiai do not 

necessarily have the same rates of flow because of the density factor •. 

Since the duration of the run affects the composition of the circulating 

liquid, as shown above, comparisons should be made for approxima.tely the 

same periode of time. 

Fig. 10 shows that the yield of copper crystals is essentially 

independant of the acid concentrati on. The data in Table III show soma 

slight deviations for comparable conditions, but these are not regarded 
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as significanto The result is rather surprising; it would be thought 

that the stronger solU'tions of acid "'iould attack the copper wire more 

quicklY and result in solutions of cupric sulphate which were stronger. 

The yield of copper is obtained b.1 the action of cupric sulphate on the 

copper wire and this yield is independant of the acidity, hence the 

cupric sulphate concentration is independant of the acidity when the 

reaction time is kept constant. 

A survey of the literature on the mechanism of the reaction between 

sulphuric acid and copper was made in an attempt to find an explanation 

for the above observationo The survey showed that th~re was general 

agreement on the production of cupric sulphate as a product but there 

was disagreement about other products which were formed. 

Davy (26) reported the formation of cupric sulphide. Pickering 

(78) found cuprous sulphide as well with the amount increasing up to 

100°C and then decreasing as the temperature increased. Causse (21) 

noted the presence of cupric sulphite. Cundall (23) reported the 

formation of cuprous sulphate and suggested that two primary processes 

occurred, one at low temperatures and the other at high temperatures. 

Traube (93) detected the presence of hydrogen peroxide when dilute acid 

was used and reported that the presence of air was also necessary for 

reaction to occuro Rogers (83) suggested still another mechanism. 

This last suggestion was made in 1926. In view of the discrepancies 

noted above it might be worth while to reinvestigate the mechanism of 

this reaction partic'\llarlY determining the effect of the acid strength 

on the reaction. If different reactions occur with different acid 

concentrations this could account for the observations. 

Another explanation could be postulated on the basis of relative 
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rates of reaction. If the reaction between copper and sulphuric acid is 

slow compared to the formation and disproportionation of the cuprous 

ion, the rate of formation of crystalline copper could appear as inde­

pendent of the acid concentration. No data are aVailable to enable a 

decision to be made. 

The solutions of sulphuric acid used as circulating liquids were 

analfsed for cupric ion content after the runs had been completed. The 

results showed that with a given concentration the concentration of 

cupric ion increased with increasing time. When the concentration of 

acid was varied the cupric ion content increased slightly with increasing 

acid concentration. The cupric ion content increased approximatelY qy a 

factor of 1.1 when the acid concentration was doubled. This seems to be 

a small increase for a large change in the acidity. Since the system 

used in this work was a dynamic one comparisons are not too meaningful 

unless the rates of circulation of the liquids were identical. These 

observations indicate that the experimental resulta above might possiblY 

be due to the reaction mechanism. 

Fig. 12 and Table V show the effects of the duration of the run.. on 

yie1ds of copper crysta1s wi th solutions of cupric sulphate in sulphuric 

acid circulating. Fig. 10 shows that the rate of production is, in 

general, independant of the duration of the run. 

Fig. 12 shows that when 0.5M copper sulphate without acid present 

was circulated over copper wire the production of copper crystals ceased 

after 2 days. Fig. 11 shows that the production ceased after about 7 

days when O.lM copper sulphate in O.lN sulphuric acid was circulating. 

In both of these runs the wire in the reaction flask took. on a red 

colour as the production of crystalline copper oeased~ If this Wire was 



81 

now exposed to the air the red colour gradually became violet and then 

black. If the copper powder produced in the apparatus was not thoroughlY 

washed it underwent the same colour changes. This coating on the copper 

is some oxidation product which is removed by the acid. If the wire was 

left in the reaction flask after the production of copper crystals had 

ceased, with the liquid still circulatingSl the wire became coated with a 

green salt and a green precipitate was found in the bottom of the re-

action flask. This was presumed to be a basic copper sulphate as it 

dissolved in sulphuric acid. In the run using O.,lM copper sulphate in 

O.lN sulphuric acid as the circulating liquid the pH of the solution 

changed from 1.62 to 2.62 from the start to the end of the run. This 

circula ting liqui'd. was used again wi th fresh copper wire and no copper 

crystals were formed a~r 48 hours of operation and the fresh wire had 

become coated with the red-violet oxidation product. 

Two runs were made using cupric acetate dissolved in acetic acid as 

the circulating liquid. This combination was chosen to obtain a non-

oxidizing acid whose cupric salt was soluble. The result was the same 

as observed above; no copper crystals were formed and the copper wire 

became coated with the same oxidation productso 

From this i t appears that the presence of an oxidizing acid and not 

just the presence of hydrogen ion is necessary to prevent the formation 

of these oxidation products on the metallic copper and to allow the 

formation of crystalline ·copper to continue. 

Fig. 12 shows that the acid concentration in solutions :èf cupric 

sulphate has little affect on the yield of copper. However, with no 

acid present the yteld is greatly reduced. The same figure shows the 

affect of var,ying the cupric ion concentration while keeping the acid 

1 
·,,. d· 
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concentration constant. It shows the expected result that the rate of 

production increases with an increasing concentration of cupric ion. 

The higher this concentration is, the greater is the concentration of 

cuprous ion in equilibrium with it. The copper powder is .formed .from 

the cuprous ion hence its amount will also be greater. 

Doubling the cupric ion content resulted in the rate of production 

being increased qy a factor of about 1.4. This factor can be attributed 

to the equilibrium involved. For the reaction 

Cu+ Cu++~ 2 Cu+ 

the equilibrium constant, K, is given as 

K ... [cu7] 2 /[cu ++J • 

If the cupric ion concentration is doubled, the cuprous ion concentration 

must increase qy{2 or 1.4 for the ratio to remain constant. Since the 

metallic copper produced is dependent on the cuprous ion content it 

should change qy the same factor. 

Table VI presents the results obtained when 0.5 molar solutions of 

various sulphate salts in 0.5N sulphurié acid were circulated over 

copper wire. The se runs were primarily undertaken to determine if the 

presence of these salts had a moditying influence on the habit of the 

crystalline copper obtained. In most cases it can be seen that the rate 

of production of crystalline copper is slightlY lower than when 0.5M 

sulphuric acid is circulating. Exceptions are noted in the cases of 

terrie and cupric sulphate and also in the case of ceric sulphate. It 

should be noted that in this case the concentration of the salt is 0.1 

molar due to solubili ty limitations . The increased r ate of production 

with these three salts is due to the fact that all three of these can 

act reversibly as oxidizing agents to attack the metallic copper and 
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form cupric ion. This can then act further ~m the copper wi;re to form 

crystals. No explanation is offered !or the slightly reduced rates of 

production in the presence of other salts. 

Fig. 13 shows the resulta of yields obtained when solutions of 

ferrons sulphate in sulphuric acid were circulated over silver wire. 

These curves show a slight curvature in contrast to the linear eurves 

obtained with copper. This difference can be explained in terms of the 

chemical reaction which occurs. The attack on the silver wire is brought 

about by the terrie ion and the reaction which occurs is 

Fe+++ +Ag ~ Fe++ +Ag+. 

The amount of terrie ion present in the circulating solution is small 

at the start so that the attack on the metallic silver is slight. When 

the reaction is reversed only a small amount of silver ion is redueed to 

metallic silver and precipitated. As the experiment progresses the 

amount of terrie ion in the circulating solution increases until it 

reaches its equilibrium value and from there on the rate ot production 

of silver crystals is constant. 

Unlike the case with copper the cumulative yield does not leval ott 

after a period of time. The silver wire does not become coated with 

oxidation products which require acid for their removal. The presence 

of the acid has no affect on the rate of production of crystals as ean 

be seen from Fig. 13. Its presence is necessary to prevent the 

hydrolysis of the iron salta and their precipitation as hydroxides or 

hydrated oxides. 

Doubling the concentration of ferrous sulphate in the cireulating 

solution resulted in an increase in the rate of production of crystalline 

silver b.Y a factor of 1.6o This factor is not as easily explained as 



84 

the factor of 1.4 obtained with copper. It could be due to the mechanism 

of the reaction. It coul.d also possibl.y be due to complexing of the 

ions in solution and thus changing their effective concentrations. No 

data were found to support èither of the possibilities. This aspect was 

not investigated during the present work since it was felt to be be.yond 

the ecope of the original problem. 

Table X shows the yield resulta obtainèd with gold. Solutions of 

ferric chloride in hydrochloric acid wi. th small amounts of potassium 

chromate were the circulating liquidso The presence of the chromate was 

necessary to cause a reactiono The chromate reacted wi th chloride ion 

to form free chlorine which in turn attacked the gold to give a solution 

containing gold ions in the + L~d + 3 oxidation states. The species 

present in this solution are complexes since the aurous and auric ions, 

as such, are not stable in solution. A nominal reaction between the 

solution and the gold wire may be written as 

2 Au + Au+++ ~ 3 Au+. 

Changing the concentrations of the constituants of the circulating 

solution had different effects. Doubling the amount of potassium 

chromate resulted in a doubling of the rate of production of gold 

crystals. Doubling the amount of chromate will double the amount of 

free chlorine produced and this in turn will .double the amount of gold 

in the circulating solution since this is formed by the action of the 

chlorine on the gold !'lire. Doubling the acidi ty or doubling the concen­

tration of ferric chloride resulted in an increase in the rate of pro­

duction of crystalline gold by a factor of 1.4. However, when a solution 

of ferric chloride in hydrochloric a.ciè wl thotit potassium chrorru:~.te pl:'l..esent 

was circulated no gold crystals were obtained. The reaction or reac-
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possible species present in solution. The changes in the rate of pro­

duction are possiblY related to the reaction mechanism. 
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No extended runs were made to determine yields wi th the gold wire 

as the rates were small and also because it was desired to preserve the 

gold wire for experimenta on habit modifications as these changes were 

the primary concern of this investigation. 

Particle Size. Table XIII summa.rizes the resulta of an investi .. 

gation of the effect of the dura ti on ·· ot the run on particle size distri­

bution of copper powder. Runs were made using 0.5N sulphuric acid and 

0.5M copper sulphate in 0.5N sulphuric acid as circulating solutions. 

In bath cases the particle size was: found to be independant of the length 

of time for which the liquid was circulated. This table also shows that 

the presence of cupric ion results in a larger proportion of smaller 

size crystals. 

Table XI shows the results of size distribution rrtudies on crystals 

of copper obtained with various circulating solutions. The table shows 

that when sulphuric acid was circulated the particle size distribution 

was independant of the acid concentration. When solutions of cupric 

sulphate in sulphuric acid were used the particle size distribution was 

independant of the cupric ion concentration. A comparison of these two 

series of experimenta shows that higher proportions of larger crystals 

were forrned when acid onlY was the circulating liquid. In most cases 

when solutions of sulphate salts in sulphuric acid were circulated the 

particle size distributions were either similar to that obtained with 

acid alone circulating or to that obtained when solutions ot cupric 

sulphate in sulphuric acid were circulated. The exceptions were when 
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the salt was ammonium sulphate9 potassium sulphate or ferrous sulphate. 

In these three cases there was a higher proportion of larger cr,rstals. 

The difference in aize distribution obtained when sulphuric acid or 

cupric sulphate in sulphuric acid were circulated can be explained as 

follows: With acid only circulating there is a low concentration of 

cupric ion in solution and hence a smaller amount of cuprous ion in 

equilibrium with this. In solutions containing cupric ion there will be 

a larger amount of cuprous ion at equilibrium. When the reaction is 

reversed in the cooling section of the apparatus, crystalline copper is 

formed from the cuprous ion. With a low concentration of cuprous ion 

the degree of supersaturation for precipitation of copper is low and 

under these conditions the nucleation of new crystals occurs slowly and 

crystals tend to grow rather than nucleate. When the degree of super­

saturation is high, nucleation is the preferred process so that the 

re sul ting crystals are smaller. 

No explanation is offered for the affects of the presence of other 

sulphate salta on particle size distributions. 

Table XII gives a summary of the resulta of particle Bize distri­

bution for silver particles. This distribution was obtained b,y seive 

analysis. Agreement of the various resulta is good except ~or the last 

two columns. The discrepancies are not actually as poor as these resulta 

indicate. The metallic silver crystals formed during the reaction tended 

to form agglomerates which were not separated by the seiving process. 

The crystal agglomerates tended to make the silver crystals appear 

larger than they actually were. 

The gold crystals showed a greater tendency to adhere than the 

silver crystals so that no particle size determinations were undertaken. 

Using the thread technique it was observed that the larger crystals 
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were round in thè·hotter sections of the cooling tube and the smaller 

ones in the cooler sections. This observation can be explained in tenus 

of supersaturation. At high temperatures there is a low degree of 

sup~saturation and as a result growth of crystals occurs in preference 

to tn~ nucleation or new ones. A::_t low temperatures the degree or super­

saturation is high and these are the cond,i ti ons under which the nucle­

ation or new crystals takes place in preference to the growth or 

exi sting crystals. 

This observation on the effect or temperature on crystal size 

parallels that or Brown (11) on the growth or selenium crystals by' 

deposition from the vapour. He noticed that the largest crystala grew 

in the hottest section of the deposition tube and the smalleat cryatals 

in the coolest section. 

An attempt was made to study the effect of a change of viscoaity in 

the circulating liquid. A series of runs was made using O.lM copper 

sulphate in O.lN sulphuric acid usirig solutions of glycerol as the 

solvant. Solutions of 10%, 25%, 50% and 90% glycerol by' volume were 

used. The colours or these solutions became increasing~ greener as the 

concentration of glycerol increased. The 90% solution had the green 

colour characteristically associated with solutions of nickel salts and 

the colour ·became more intense when the solution was heated. Pre5Um&b~ 

the colour change is due to complex formation between the cupric ion and 

the glycerol but no data on this s,ystem are available in the literature. 

It seems unusual that the colour should become more intense on heating. 

The particle sizes became smaller with increasing concentrations ot 

glycerol. With 9û'fo glycerol as solvent the parti cles of copper ·were so 

small that the,y did not settle out in the collectors but were carried 
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through the a.ppa.ra.tus wi th the circula. ting liquid. When this liquid wa.s 

filtered with suction through a. sintered glass tunnel a. large proportion 

of the crysta.ls pa.ased into the filtra.te. 

Shape Distributions. Tables XIV, XV, XVI, and XVII summa.rize the 

data on shape distribution of copper crysta.ls as determined by counting. 

An exa.mination of these tables brings out the following generaliza.tions: 

(a) Increasing cupric ion content with constant a.cidity resulta in 

an increase in the proportion of needles; the relative a.mounts 

of other forrns vary irregularl.y. 

(b) Increasing a.cidity-with constant cupric ion content results in 

an increase in the proportion of hexagone; the relative a.mounts 

of other forms vary irregularl.y. 

(c) With increa.sing duration of the run using o.5N sulphuric a.cid 

the percentage of irregular.forms decreases while th~ 

percentages of needles and triangles increase. 

(d) With increasing duration of the run using 0.5M cupric sUlpha.te 

in 0.5N sulphuric a.cid the percentages of bent wires ànd 

needles decrease. 

(e) In the presence of ferric i.on there is a. large increase in the 

percentage of hexagons present. 

It is felt that this last observation is the only signi~icant one. 

Ferric ion appea.rs to have a defïnite modifying effect as the proportion 

of hexa.gons wa.s substantiall.y increa.sed. The other variations, which 

show few regularities are possibl.y due to temperature variations or to 

the presence of impurities, such as dust, which are removed as the run 

progresses. 

When an appara.tus wa.s used for the first time the circula.ting 
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liquid containing cupric ion took on a cloudy a.ppeara.nce as i t f'irst 

circulated and this gradually cleared. A run auch as this certainly 

would be carried out with dust and glass particles from the construction 

of' the apparatus present. This cloudiness did not appear with later 

runs unless the apparatus had been out of service for a considerable 

length of' time. In view of' this it is felt that impurities were not 

primarily responsible for the variations in the relative amounts of the 

different forms. 

In the runs using glycerol as solvant no new forme were round. 

With H>% glycerol roda and nee"dles were the predominant forma. With 2~ 

glycerol needles predominated and with 50% glycerol squares were the 

most abundant f'orms. Wi th 90% glycerol the crystals were so small that 

it was possible to determine the shapes of' the largest crystals only and 

hence the predominant f'orm is not krtow:c.. Dendrites were not found under 

any of these conditions. Glycerol seems to promote the formation of 

squares, triangles and hexagone. Buckley (15) stated that increases in 

viscosity slow down concentration currents and growth then tends to 

occur b.Y diffusion. The result of this is a tendency toward dendritic 

growth. The results obtained here do not agree. 

Daring sorne preliminary investigations a solution of cupric 

chloride in hydrochloric acid was circulated over copper wire and 

cuprous chloride settled out in the collectors in large amounts. An 

examination of these crystals under the microscope showed them to be 

triangular in shape or three pointed stars. This raised the possibility 

that the triangular forma obtained might .be overgrowths of copper on 

cuprous chloride crystals, the cuprous chloride having been f'ormed from 

traces of impurities. To test this a run was made using O.lM cupric 

J 
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sulphate in O.lN sulphuric acid oontaining 1 gram per litre of sodium 

ohloride as the oiroulating liquid. Both crystalline copper and cuprous 

ohloride were formed and gathered in the collectors. A microscopie 

examination showed that the two products were easil1 distinguishable and 

the're was no-increase in the quanti ty of triangles formed. From this it 

wa.s concluded that this triangle shape was not due to an overgrowth on 

cuprous chloride but inherent in the formation of copper crystals. 

As work progressed i t became apparent that the temperature at which 

· crystals were nucleated and grown was an important factor in habit for~ . 

mation. Brown (11) in his work on the growth of selenium crystals from 

the vapour phase noted a variety of forma and suggested that these were 

infiuenced by the part:i,al pressure of selenium vapou;r and the tempera• 

ture gradient at the place of growth in the deposition tube • 

. Nakaya (72) observed the growth of snow crystals by the deposition 

ot water vapour. The temperature at which crystals of a given form grew 

was plotted ag~st the supersaturation of the vapour for all forma of 

crystals observed (See Fig. 7). Each type of crystal was found to be 

within a fairly weil defined region on this plot. The temperature of 

-crystal growth appeared to be a more important factor than the super­

saf:uration in determi.ning the crystal habit. On this graph1 plates and 

needles are shown to be formed at high temperatures and dendrites at low 

temperatures. Marshall and Langleben (60) argued that the excess of the 

a.mbient vapour density over that in equilibrium wi.th the crystal at its 

temperature of growth determined the crystal habit. Crystal habit 

changes result when this excess is large enough to overcome the inhibi­

tions to growth at the aides and corners of a crystal. .Mason (61 ) main­

tained that temperature of growth seemed to be a more important :tactor 
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than supersaturation in the determination of crystal habit. The temper­

ature boundaries of the region of formation for a given crystal fonn are 

sharp while the supersaturation boundaries are not. The supersaturation 

~ras reported to affect the growth rate of crystals and the development 

of secondary features on a crystal. 

The thread technique described in the experimental section above 

was devised to investigate the affects of supersaturation and tempera­

ture of growth on crystals of copper~ silver and gold grown by the 

chemical reactions described above. The average temperature or a thread 

section was taken as the temperature of crystal growth and the tempera­

ture drop across a thread section was taken as a function of the super­

saturation. 

Plots were made with the temperature drop across a thread section 

and average temperature of a section as parameters for each form of 

crystal observed. The results were roughly similar to those of Naka.ya 

except that boundaries of the regions of growth for different crystal 

habits were not as sharply definede This could be due to the fact that 

more experimental data were determined in this work than in that of 

Nakaya. The observation made b;{ Nakaya that plates and needles appeared 

at high temperatures and dendrites at low temperatures was also seen 

here in the cases of all three metals ~ copper~ silver and gold. The 

main difference between these graphs and that of Nakaya was that they 

were inverted with respect to each other. 

An attempt was made to calculate the actual extent of supersatu:­

ration in the case of copper. It was assumed that the disproportionation 

of the cuprous ion was a rapid reaction and that equilibrium was attained 

in all sections of the thread. The van ~t Hoff isochore gives the 
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relationship of the equilibrium constants (Kl and Kz) at two tempera-

tures T1 and T2 as 

log !J. -= ~ H [ T:J.. - T z] 
· lCz 2.3R T1T2 

1 

and in this reaction K is given by [cu+ ]/[cu++]z, D. H is the heat or 

reaction and R the gas constant. For a glven tftread section T1 - T2 

becomes the temperature drop across the section, A t, and T1T2 becomes, 

approximately, the square of the average temperature or the section. 

The cupric ion concentration is large in comparison to the cuprous ion 

concentration and it remains essentially constant for a given thread 

section. Under these conditions the van't Hoff isochore reduces to 

log [Cu+] 1/( Cu+ ]2 • - .!àH. • A t 
2.3R Tave2 

The ratio [cu+J1f[eu+]2 then becomes the supersaturation ratio and it is 

independant of the cupric ion concentration. 

The heat of reaction 6H and the gas constant are known; ~ t and 

the average temperature were measured. From these it was possible to 

evaluate the supersaturation ratio. The necessary calculations were 

done and a plot of supersaturation ratio and average temperature as 

parameters was made for each crystal .torm observed. The resulta did not 

change appreciably from the curves using average temperature and temper-

ature drop as parameters. The peaks at the higher temperatures vere 

lowered slightly and those at the lower temperatures were ~ised 

slightly. 

Similar calculations were not made for silver and gold as the data 

were either not available or1 if they were, they were found to have 

inconsistant values. 

Let us examine the possible ways in which supersaturation could 
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vary with temperature difference during precipitation or crystallization. 

There are three possible types of solubility curves, assuming an 

increase in solubility with increasing temperature. There is the possi­

bility that the solubility varies linearly with temperature (Fig. 2la); 

that thé solubility is concave upward (Fig. 2lb) and that it is concave 

downward (Fig. 2lc). 

Ostwald (77) suggested that a supersolubility curve existed in 

addition to the solubility curve. The region above the supersolubility 

curve was labile and the region between the two curves represented a 

metastable state. Miers and Isaac (67, 68) found sorne experimental 

confirmation for this and reported the supersolubility curves to be 

approximately parallel to the solubility curves. The dashed lines in 

Fig. 21 represent these supersolubility curves. 

On all three diagrams the path of cooling a solution is represented 

b,y the line DEC. When the ~stem reaches the point C on the super­

solubility curve, precipitation occurs, the process being represented b,y 

the line BC. At the temperature t 1 , BC representa the actual amount of 

supersaturation and the ratio AC/AB representa the supersaturation ratio. 

In Fig. 21a, BC is constant so that the supersaturation is constant 

and independant of temperature but the supersaturation ratio decreases 

as the temperature increases. Fig. 2lb shows that for this type ot 

solubility curve the length BC increases with increasing temperature so 

that the supersaturation increases with increasing temperature. As with 

the first case the supersaturation ratio decreases with increasing 

temperature but at a slower rate. In Fig. 2lc the length BC decreases 

and hence the supersaturation decreases with increasing temperature. As 

with the previous two types of curve the supersaturation ratio deoreases 
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with increasing temperature but the rate of decrease is more rapid. 

The distance EC represents the temperature drop associated with the 

cr,ystallization. In Fig. 2la this line is constant in length and inde-

pendent of the temperature. In Fig. 21b the length of EC decreases with 

increasing temperature and in Fig. 2lc it increases with increasing 

temperature. 

Fig. 2la represents a situation where the supersaturation and 

temperature drop associated with crystallization are constant, hence 
. 

independant of the temperature. Fig. 2lb represents a case where the 

supersaturation increases with increasing temperature while the tempera-

ture drop associated with crystallization decreases with increasing 

temperature. Fig. 2lc represente conditions where the supersaturation 

decreases and the temperature drop associated with crystallization in-

creases with increasing temperature. In these latter two cases the 

supersaturation and temperature drop are related inversely. Fig. 2lb is 

a solubility curve where the solubility tends to an infinite amount at 

high temperature and Fig. 2lc is one where the solubility tends to a 

maximum value which then remains unchanged with increases in temperature. 

The cases discussed above assumed that the solubility of the solute 

increased with increasing terr~erature. k similar argument can be 

applied to solubility curves where a decrease in solubility occurs with 

increasing temperature and similar results will be obtained. 

In view of the above demonstration that the supersolubility and 

temperature drop associated with crystallization may be related in-

versely and in view of the reversal of the temperature drop-average 

temperature curves by comparison with the results of Nakaya the experi­

mental data were replotted with average temperature of a thread section 
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and reciprocal of temperature drop across a thread section as parameters. 

Figs. 27 to 56 in Appendix B give the results which are summarized in 

Figs. 1~, 15 and 16. 

In general the results are similar to those of Nakaya. The resulta 

with gold divide the graph into relatively well defined areas for each 

form observed. With copper and silver there is some overlap of these 

growth regions. This could be due to the fact that fewer habits were 

observed with gold or due to an incorrect classification of the observed 

forms. Sorne of the forms classified as different may, in reality, not 

be so. 

A comparison of Figs. 14, 15 and 16 brings out the following: 

(a) On all curves the regions where dendrites, triangles, trapezoids 

and hexagons grow are in similar positions. 

(b) The regions where rods occur are at high temperatures with 

copper, at intermediate temperatures with gold and at both high 

and intermediate temperatures with silver. 

(c) Squares appear in different regions with all three metals. 

(d) With copper and silver the bent wires and truncated diamonds 

occur in roughly the same positions. 

(e) With copper and silver the regions where pentagons, diamonds, 

octagons and needles occur are quite different. 

On the basis of the above figures it would be difficult to state 

that either the supersaturation or the temperature of growth was the 

more important factor in determining crystal habit. In the case of 

dendrites the temperature of growth is obviously the more important 

factor wi th ali three metals. Wi th gold, temperature of growth seems to 

be more important except for the growth of triangles, 'hexagons and rods 
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where both temperature and supersaturation have an influence.. Wi th 

sil ver, temperature of growth seems to be more important for the growth 

of needles and bent wires. For other forms both factors seem important. 

The forms observed with copper seem to be dependent on both factors 

except for dendrites. Silver seems to be intermediate in its behaviour 

between copper and gold. 

The only work which closely resembles that done in this investi· ... 

gation is the work of Courtney (22). He grew silver crystals on micro-

scope elides b.1 a reduction of silver ions with ferrous ions. He ob-

served that triangular and hexagonal plates grew before needleso His 

work was primarily an investigation on the rate of growth of needles. 

His observation of triangles and hexagons agrees with the results ob~ 

tained here but unfortunately Courtney reported no temperature data. 

It should be possible to adapt the procedure used above to demon-

strate the relationship between supersolubility and temperature drop to 

obtain qualitative solubility and supersolubility curveso A smooth 

curve joining all the ndniillUfu points on the 1/ At vs average temperature 

curves for a given metal is drawn. This line gives the reciprocal of 

the temperature drop aàsociated with precipitation at a given tempera= 

ture. The reciprocal of the temperature drop in turn is related to the 

supersaturation. The data obtained with copper, silver and gold indi­

cated that 1/A t, and hence the supersaturation, decreases with in"· 

creasing temperature. This indicates that the solubility and super­

solubility curves should be similar to that or Fig. 21c. The problem 
... 

becomes one of drawi.ng two parallel lines such that 1/6 t representa the 

difference between their ordinates. Fig. 22 illustrates the problem 

graphically. The upper curve is the supersolubility curve. AC is the 
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supersaturation which is proportional to 1/A t and AB is the distance 

between the parallel curves. At high temperatures, where 1/A t is 

independant of the temperature, the two lines become horizontal and AB 

and AC become the same line. Assuming that ABC is a right angled 

triangle it is now possible to find the angle ~. It is the angle whose 

eosine is the ratio AB;iC and the values of these are lmown. Having 

found the value of p the slope of the solubility curve at the point C is 

known and the supersolubility curve is parallel to this. By a repeti­

tion of this procedure at various temperatures the solubility and super­

solubility curves can be qualitatively estimated. 

Let us illustrate this with the data from the copper ~stem. Table 

XVIII summarizes the data. The temperature, t, and the value of 1/ A t 

have been obtained from Fig. 14. Be,yond 65°C the value of l/4 t is 

constant so that the solubility and supersolubility curves are approxi­

mately horizontal from this temperature. The value of 1/At at 65°C is 

taken as a measure of AB in Fig. 23. The values of AB/AC are calculated 

as o.oao divided by 1/A t. This allows the angle p to be found. 

A. line is drawn from 22. 5°C to 2 7. 5°C at an angle of 81°. From 

27.5°C to 32.5°0 the line is continued at an angle of 74°. This pro­

cedure is continued until the solubility curve is estimated. The super= 

solubility curve is then drawn parallel to this separated by a distance 

representing 0.080 units. Fig. 23 gives the overall result. It must be 

remembered that this representa the solubility of copper in solutions of 

cupric sulphate in sulphuric acid. Figs. 24 and 25 are the corresponding 

curves for silver and gold. 

It was not expected to observe the growth spirals associated with 

the dislocation theory of crystal growth under the experimental 



lOO 

Table XVIII 

Data for Estimating Solubility Curve of Copper 

t · °C 1/.ot cos ,P"" o.oso/1/.o t rP 

25 0.55 0.145 81° 

30 0.30 0.266 74° 

35 0.24 0.333 70° 

40 0.19 0.421 65° 

45 0.16 0.500 60° 

50 0.13 0.615 52° 

55 0.10 0.800 36° 

60 0.082 0.965 15° 

65 o.oao 1.00 oo 

70 o.oao 1.00 oo 

75 o.oao 1.00 oo 
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conditions used since these occur in steps a few molecular diameters in 

height. Surface markings were observed on one occasion with copper and 

on many occasions with silver. These are illustrated in Fig. 26. The 

copper markings are definite steps, those on the crystals of silver were 

dendritic. 

Copper crystals were observed on a number of occasions with needle­

like extensions. With hexagons these extensions occurred along one side 

parallel to it or they extended !rom a corner parallel to the diameter 

which included this apex. Triangles showed extensions only along the 

side. Rods showed extensions parallel to the long side growing either 

as a continuation o! the side or from the mid point of the short side. 

Extensions auch as these were not observed on the silver and gold 

crystals. 

In his work on the growth of mercury crystals from the vapeur state 

Sears (85) attributed needle or whisker growth to a single screw dislo­

cation at the tip of the whisker and plate growth to two screw dislo­

cations at right angles. If the same applies to this work then in the 

case of copper, temperature of growth and supersaturation have no ef!ect 

or1 the origin of these dislocations since plates and needles grow under 

the same conditions. This same result is seen with silver crystals. No 

observation can be made in the case of gold crystals since no needle 

crystals were !ound. 

In general the resulta obtained here agree with the observation of 

Mokievski (70) that supersaturation has little e!fect on the shape of 

crystals grown under dynamic conditions. In agreement with the reported 

tacts on crystal growth (see p. 30) the more regular crystals were grown 

at high temperatures and low supersaturations. 



(a) C op p e r ( x 6 00) 

(b) S1l ver (x 360) 

FIG. 26 

Surface Markmgs on Crystals 
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SIDM.RY AND CONTRIBUTIONS •ro KNOWLEDGE 

Crystals of copper~ silver and gold have been grown b,y reversible 

oxidation-reduction reactions in aqueous solution. Sulphuric acid was 

used as a circulating liquid over copper wire for the production of 

copper crystalso The yield of copper obtained and the rate or production 

of the crystals were round to be independant of the strength of the acid 

solutionso It is suggested that this result is due to the mechanism of 

the reaction. When solutions of cupric sulphate in sulphuric acid were 

circulated over copper for the production of copper crystals the rate of 

crystal production was round to be independant of the duration of the 

runo The rate of production increased with increasing cupric ion 

concentrations but was independant of the acid concentration. The 

presence of an acid capable of oxidizing action was round to be necesp 

sary to prevent the coating of the copper wire with oxidation products 

which caused the fonna.tion of crystalline copper to cease. A doubling 

of the cupric icn concentration resulted in an increase in the rate of 

production of copper crystals by a factor of lo4. This has been 

explained in terms of the cuprous~cupric ion equilibrium. When solutions 

o! other sulphate salts in sulphuric acid were used the rates or produc=· 

tien were found to be approximately the same as when acid only was 

circulated unless the cation of the salt was capable or oxidizing action 

when the rate was increased. This has been explained as being due to 

the formation or an increased concentration of cupric ion in the circu­

lating solutions under such conditions. 

Yields of silver crystals obtained by circulating solutions of 

ferrous sul.pha.te in sulphuric acid over silver wire were .found to be 
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independant of the acid concentration but dependent upon the concen­

tration or rerrous ion. The presence of the acid is required to prevent 

the hydrolrsis of the iron salts. Doubling the concentration of ferrous 

ion re~lted in an increase in the rate of production of silver cr,ystals 

qy a factor of 1.6. The mechanism of the reaction is suggested as an 

explanationo 

Solutions or terrie chloride in hydrochloric acid containing small 

amounts or potassium chromate were circulated over gold !or the produc­

tion or gold cr,ystals. The yield was round to vary with the concert1-

trations or all three materials. Doubling the potassium chromate 

concentration resulted in a doubling or the yield of gold cr,ystals. 

Doubling the concentration of either the terrie chloride or hydrochloric 

acid resulted in an. increase in the yield or gold by a factor of 1.4 An 

explanation is o!fered in terms of the chemical reactions. 

Particle size distributions were determined !or the copper cr,ystals 

obtained. The size distribution was round to be independant or the 

duration of the run. When solutions or sulphuric acid were circulated 

the size distribution was round to be independant of the acidity. There 

was a higher proportion or larger crystals obtained with these solutions 

than with solutions of cupric sulphate in sulphuric acid. With 

solutions of cupric sulphate in sulphuric acid the partiale size distri­

bution was independant of the cupric ion concentration. These resulta 

were explained in terms o! relative supersaturation. 

Using the thread technique the larger crystals were found to grow 

in the hotter, upper portions of the cooling tube and the smaller 

crystal s i n the lower cool er secti ons . This has also been explained i n 

terms o! supersaturation. The presence of glycerol in the circulating 
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solution caused a marked decrease in the particle sizes. 

Shape distributions were determined !or copper cr,ystals by counting 

and no conclusive results were !o~~d for the causes in the shape changes. 

The presence of terrie ion was round to bring about a marked increase in 

the proportion o! hexagonal plates present. The presence or glycerol 

had no modi!'ying errect. An expected increase in the proportion of 

dendri tic crystals wi th glycerol present was not confirmed. Triangular 

plates of copper were shown not to be due to overgrowths on crystals of 

cuprous chloride. 

The reciprocal of the temperature drop across a thread section used 

!or crystal growth has been shown to be related to supersaturation. A 

plot using average temperature of the thread section and reciprocal of 

temperature drop as parameters was prepared !or each crystal !orm 

observed. It was !ound that with copper9 silver and gold dendrites grew 

at low temperatures and triangular and hexagonal plates at high tempera~ 

tures. In the growth of dendrites of all three metals the temperature 

of growth was found to be more important than supersaturation. In the 

crystal forms found with copper, other than dendrites, temp~ature ot 

growth and supersaturation were both f ound to be important. With gold 

the temperature of growth, in most cases was round to be the important 

factor and the resulta obtained with silver were intermediate between 

those for copper and gold. Neither supersaturation nor temperature of 

growth appea~s to be the controlling factor !or all types of crystal 

growtho 

Qualitative solubi lity and supersolubility curves or the coinage 

metals in the solutions used have been obtained. 

Surface markings were observed with copper and silver crystals. 



Copper cr.ystals were observed with needle like extensions. No 

explanation is offered !or these observations. 
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APPENDIX A 

Tabulated Experimental Data tor Growth Regions 

The circulating liquids used in these runs are indicated b.Y the 

series letter of the runs. In the case of copper the circulating liquid 

was O.lM copper sulphate in O.lN sulphuric acid except in cases noted 

below~ and the circulating liquid was l.OM copper sulphate in lN H2so4 

in series G. In the D series of runs the symbol (a) beside the run 

number indicates 0.5M copper sulphate in 0.5N sulphuric acid was circu­

lated; the symbol (b) indicates O.lM copper sulphate in lN sulphuric 

acid was used; (c.) indicates O.lM copper sulphate in 2N sulphuric acid 

as the circulating liquid and (d) indicates O.lM copper sulphate in 3N 

sulphuric acid was used. 

In the data for silver O. lM !errous sulphate in 0.5N sulphuric acid 

was used in series E; O.lM !errous su..1pha.te in lN sulphuric acid in 

series H and 0.5M !errous sulphate in 0.5N sulphuric acid in series Je 

The circulating solutions used in the runs with gold were as 

!ollows: Oe2M terrie chloride in lN hydrochloric acid wlth i gram per 

litre of potassium chromate in runs FU and Fl2; 0.2M terrie chloride in 

lN hydrochloric acid with 1 gram per litre of potassium chromate in 

series Fl3; 0.2M !erric chloride in lN hydrochloric acid with i gram per 

litre of potassium chromate in series Fl4; 0.2M !erric chloride in 2N 

hydrochloric acid with i gram per litre of potassium chromate in series 

Fl5; 0.2M ferric chloride i n 0.5N hydrochloric acid with i gram par 

litre of potassium chromate in series Fl6; 0.4M 1'erric chloride in 0.5N 

hydrochloric acid with i gram per litre of potassium chromate in series 

Fl 7 and 0 .lM ferric chloride in 0. 5N hydrochloric a cid w1 th i gram per 

litre of potassium chromate in series Fla. 
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Table XIX 

Copper - conditions for first a.ppea.ra.nce of bent' wires 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C ~ t c0 1/.o t 

D3 41 51 46 10 0.10 

D4 26 30 28 4 0.25 

D5 35 36 35.5 1 1.00 

D6 26 27 26.5 1 1.00 

DlO 40 44 42 4 0.25 

(a.) D12 32 34 33 2 0.50 

Dl3 38 41 39.5 3 0.33 

Dl5 82 84 83 2 0.50 

(a.) Dl6 44 46 45 2 0.50 

Dl7 67 72 69,.5 5 0.20 

Dl8 72 79 75.5 7 0.14 

Dl9 49 55 52 6 0.17 

D22 38 40 39 2 0.50 

(d) D26 55 60 57.5 5 o.zo 

(c) D27 67 73 70 6 0.17 

(b) D28 63 71 67 8 o.l~ 

D29 62 67 64.5 5 o.zo 

D30 54 58 56 4 0.25 

D31 50 53 51.5 3 0.33 

D32 41 44 42.5 3 0.33 

D35 56 61 58.5 5 0.20 

D36 56 60 58 4 0.25 

D37 44 48 46 4 0.25 

D38 69 75 72 6 0.17 
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Table XIX con't 

Run No .. Outlet Temp 0c Inlet Temp °C Ave. Temp °C 6t c0 1/ot 

D39 50 52 51 2 0.50 

D40 48 52 50 4 0.25 

D41 51 57 54 6 0.17 

D44 63 67 65 4 0.25 

D45 61 67 64 6 0.17 

D47 46 48 47 2 0.50 

D49 58 64 61 6 0.17 

D50 50 55 52.5 5 0.20 

D52 49 53 51 4 0.25 

D53 54 56 55 2 0.50 

D54 48 52 50 4 0.25 

D55 53 55 54 2 0.50 

D56 37 43 40.5 7 0.14 

D57 54 57 55.5 3 0.33 

D58 65 70 67.5 5 0.20 

D59 60 65 62.5 5 0.20 

D60 63 69 66 6 0.17 

D61 65 70 67.5 5 o.zo 

D62 62 68 65 6 0.17 

D63 54 58 56 4 0.25 

Gl 48 54 51 6 0.17 

G2 44 54 49 10 0.10 

G3 56 62 59 6 0.17 

G4 44 49 46.5 5 0.20 

G5 55 60 57.5 5 o.2o 
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Table nx con 1 t 

Rwl No. Out1et Temp °C Inlet Temp °C Ave. Temp °C t:J. t c0 1/ .o. t 

G6 64 69 66.5 5 0.20 

G7 40 43 41.5 3 0.33 

G8 44 48 46 4 0.25 

G9 32 35 33.5 3 0.33 

G11 49 56 52.5 7 0.14 

Gl4 50 57 53.5 7 0.14 

G18 28 32 30 4 0.25 
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Table XX 

Copper - conditions for first appearance of dendrites 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C A t C0 1/At 

D5 26 27 26.5 1 1.00 

D6 26 27 26.5 1 1.00 

(a) D9 22 23 22.5 1 1.oo 

(a) Dl2 22 22 22 0 

(a) D16 33 34 33.5 1 1.00 

D18 27 28 27.5 1 1.00 

D22 31 32 :31.5 1 1.00 

D29 26 27 26.5 1 1.00 

' D33 25 26 25.5 1 1.00 

D34 29 29 29 0 

D35 29 30 29.5 1 1.00 

D37 24 25 24.5 1 1.oo 

D38 31 31 31 0 

D41 27 28 27.5 1 1.oo 

D42 24 25 24.5 1 1.00 

D45 30 31 30.5 1 loOO 

D46 20 20 20 0 

D51 22 23 22.5 1 1.00 

D52 25 26 25.5 1 1.oo 

D56 19 19 19 0 

D58 26 27 26.5 1 1.00 

D59 21 21 21 0 

G5 24 25 24.5 1 1.00 

G7 26 27 26.5 1 1.00 
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Table XX con•t 

Run No. Out1et Temp °C Inlet Temp °C Ave. 0 Temp C 6. t C0 1/ot 

G8 19 20 19.5 1 1.00 

G9 31 32 31.5 1 1.00 

G14 19 20 19,.5 1 1.00 

G15 19 20 19,.5 1 1.00 

Gl6 18 18 18 0 

Gl7 20 20 20 0 

Gl8 23 26 24.5 3 0.33 
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Table XXI 

Copper - conditions !or first appearance of diamonds 

Run No. Outlet Temp °C Inlet Temp °C 0 
~ve. Temp C Il t C0 l/ô t 

D3 4 4 4 0 

D5 35 36 35.5 1 1.00 

D6 24 25 24.5 1 1.00 

(a) D9 22 23 22.2 1 1.00 

DlO 34 37 35.5 3 0.33 

(a) DU 36 38 37 2 0.50 

D13 38 41 39.5 3 0.33 

D15 66 71 68.5 5 0.20 

(a) D16 46 49 47.5 3 0.33 

Dl7 72 76 74 4 0.25 

D18 61 67 64 6 0.17 

Dl9 42 44 43 2 0.50 

D22 31 33 32 2 0.50 

(d) D26 60 65 62.5 5 0.20 

(c) D27 39 41 40 2 0.50 

(b) D28 35 .37 . 36 2 0.50 

D29 67 71 69 4 0.25 

D30 62 65 63.5 3 0.33 

D31 50 53 51.5 3 0.33 

D32 56 61 58.5 5 0.20 

D33 36 39 37.5 3 0.33 

D35 44 48 46 4 0.25 

D36 52 56 54 4 0.25 

D38 65 69 67 4 0.25 
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Table XXI con•t 

Run No. Outlet Temp 0 c Inlet Temp °C Ave. 0 Temp C At C0 1/.ot 

D39 62 65 63.5 3 0.33 

D40 39 41 40 2 0.50 

D41 47 51 49 4 0.25 

D42 65 70 67.5 5 0.20 

D43 30 32 31 2 0.50 

D47 44 46 45 2 0.50 

D48 56 60 58 4 0.25 

D49 58 64 61 6 0.17 

B50 62 67 64.5 5 0.20 

D51 56 60 58 4 0.25 

D52 49 53 51 4 0.25 

D53 47 49 48 2 0.50 

D54 60 64 62 4 0.25 

D56 35 37 36 2 0.50 

D57 57 60 58.5 3 0.33 

D61 47 51 49 4 0.25 

D64 55 59 57 4 0.2-5 

G5 45 49 47 4 0.25 

G6 52 56 54 4 0.2·5 

G7 30 32 31 2 0.50 

G8 44 48 46 4 0.25 

G9 30 :$1 30.5 1 1.oo 

Gl6 18 18 18 0 

Gl7 19 19 19 0 

Gl8 70 57 63 13 o.o1 
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Table XXII 

Copper - cbnditions !or !irst appearance of hexagons 

Run No. Outlet Temp °C Inlet Temp °C A.ve. Temp °C A t C0 1/ lit 

D3 41 51 46 lQ 0.10 

D4 37 43 40 6 0.17 

D5 67 76 71.5 9 o.u 

D6 26 27 26.5 1 1.00 

(a) D9 55 65 60 10 0.10 

DlO 40 44 42 4 0.25 

(a) Dl2 45 48 46.5 3 0.33 

Dl3 47 51 49 4 0.25 

Dl5 82 84 83 2 0.50 

(a) Dl6 68 76 72 8 0.13 

Dl7 76 81 78.5 5 0.20 

Dl8 72 79 75.5 7 o.l4 

Dl9 60 66 63 6 0.17 

D22 56 63 59.5 7 0.14 

(d) 1)26 69 75 72 6 0.17 

(c) D27 76 81 78.5 5 0.20 

(b) D28 86 93 89.5 7 0.14 

D29 78 83 80.5 5 0.20 

D30 81 84 82.5 3 0.33 

D31 72 77 75.5 5 0.20 

D32 84 89 86.5 5 0.20 

D33 77 84 80.5 7 0.14 

D34 84 89 86.5 5 o.2o 

D35 86 95 90.5 9 o.u 
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Table XXII con1 t 

Run No. Outlet Temp °C Inlet Temp °C A.ve. Temp °C At C0 1/At 

D36 82 89 85.5 7 0.14 

D37 77 80 78.5 3 0.33 

D38 81 88 84.5 7 0.14 

D39 84 90 87 6 0.17 

D40 81 86 83.5 5 0.20 

D41 79 85 82 6 0.17 

D42 80 85 82.5 5 0.20 

D43 70 76 73 6 0.17 

D44 88 93 90.5 5 0.20 

D45 87 91 89 4 0.25 

D46 65 70 67.5 5 0.2.0 

D47 62 67 64.5 5 0.20 

D48 85 90 87.5 5 0.20 

D49 85 90 87.5 5 o.2o 

D50 83 86 84.5 3 0.33 

D51 75 80 77.5 5 0.20 

D52 72 76 74 4 0.25 

D53 82 84 83 2 0.50 

D54 85 88 86.5 3 0.33 

D55 85 90 87.5 5 0.20 

D56 76 82 79 6 0.17 

D57 80 87 83.5 7 0.14 

D58 74 80 77 6 0.17 

D59 65 73 69 8 0.13 

D60 88 92 90 4 0.25 
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Table XXII con1 t 

Run No. 0 Outlet Temp C Inlet Temp °C A.ve. Temp °C Â t C0 1/A t 

D61 73 80 76.5 7 0.14 

D62 78 84 81 6 0.17 

D63 78 82 80 4 ·0.25 

D64 80 85 82.5 5 0.20 

G1 70 77 73.5 7 0.14 

G2 61 67 64 6 0.17 

G3 75 80 77.5 5 0.20 

G4 63 70 66.5 7 0.14 

G5 77 81 79 4 0.25 

G6 87 90 88_.5 3 0.33 

G7 86 91 88.5 5 0.20 

G8 80 84 82 4 0.25 

G9 79 85 82 6 0.17 

G10 48 55 51.5 7 0.14 

Gll 80 85 82.5 5 0.20 

Gl2 80 87 83.5 7 0.14 

Gl3 74 80 77 6 0.17 

G14 75 81 78 6 0.17 

Gl5 19 20 19.5 1 1.00 

G16 58 72 65 14 0.07 

G17 23 26 24.5 3 0.33 

G18 90 90 90 0 
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Table XXIII 

Copper - conditions tor first appearance of needles 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp' ·oc A t C0 1/A t 

D3 41 51 46 10 0.10 

D4 37 43 40 6 0.17 

D5 50 52 51 2 0.50 

DS 27 28 27.5 1 1.00 

(a) D9 29 31 30 2 0.50 

D10 44 47 45.5 3 0.33 

(a.) Dl2 34 36 35 2 0.50 

Dl3 47 51 49 4 0.25 

D15 82 84 83 2 0.50 

(a) D16 63 68 65.5 5 0.20 

D17 72 76 74 4 0 .. 25 

D18 72 79 75.5 7 0.14 

D19 55 59 57 4 0.25 

D22 45 51 48 6 0.17 

(d) D26 69 75 72 6 0.17 

(c) D27 67 71 69 4 o.z5 

(b) D28 71 78 74.5 7 o.14 

D29 71 75 73 4 0.%5 

D30 54 58 56 4 0.25 

D31 . 62 68 65 6 0.17 

D32 78 84 81 6 0.17 

D33 77 84 80.5 7 o.14 

D34 72 77 74.5 5 0.20 

D35 68 72 70 4 0.25 
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Table XXIII con't 

Run No. Outlet Temp 0 c In1et Temp °C Ave. Temp °C At C0 1/ .ot 

D36 75 82 78.5 7 0.14 

D37 60 65 62.5 5 o.zo 

D38 81 88 84.5 7 0.14 

D39 79 84 81.5 5 0.20 

D40 67 72 69.5 5 o.zo 

D41 63 68 65.5 5 o.zo 

D42 59 65 62 6 o.Jir 
D43 70 76 73 6 0.17 

D44 63 67 65 4 0.25 

D45 67 71 69 4 0.25 

D46 58 65 61.5 7 0.14 

P47 38 40 39 2 0.50 

D48 71 75 73 4 0.25 

D49 68 75 71.5 7 0.14 

D50 81 83 82 2 0.50 

D51 75 80 77.5 5 o.zo 

D52 72 76 74 4 o.z5 

D53 64 68 66 4 o.z5 

D54 72 77 74.5 5 o.zo 

D55 80 85 82.5 5 o.zo 

D56 76 82 79 6 0.17 

D57 68 72 70 4 o.z5 

D58 60 65 62.5 5 o.zo 

D59 55 60 57.5 5 o.-20 

D60 72 76 74 4 0.25 
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Table XXIII con•t 

Run No. Out1et Temp °C In1et Temp °C Ave. Temp °C 6 t C0 l/6t 

D61 65 70 67.5 5 0.20 

D62 73 78 75.5 5 0.20 

D6:5 73 80 76.5 7 0.14 

D64 80 85 82.5 5 0.20 

G1 70 77 73.5 7 0.14 

G2 61 67 64 6 0.17 

G3 75 80 77.5 5 0.20 

G4 63 70 66.5 7 0.14 

G5 66 72 69 6 0.17 

G6 78 82 80 4 0.25 

G7 67 74 70.5 7 0.14 

Ga 80 84 82 4 0.25 

G9 67 74 70.5 7 0.14 

GlO 48 55 51.5 7 0.14 

Gll 49 56 52.5 7 0.14 

Gl2 51 58 54.5 7 0.14 

Gl3 30 36 33 6 0.17 

Gl4 67 ?1 69 4 0.25 

G15 20 21 20.5 1 1.00 

G16 27 31 29 4 0.25 

G17 23 26 24.5 3 0.3:5 

Gl8 32 35 33.5 3 0.33 
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Table XX:XV. 

Copper - conditions for first appearance of octagons 

Run No. Outlet Temp °C Inlet Temp 0 c A. ve. Temp °C At C0 1/At 

(a) D9 51 55 53 4 0.25 

DlO 30 31 30.5 1 1.00 

D12 38 41 39.5 3 0.33 

(a) D16 59 63 61 4 0.25 

D17 47 51 49 4 0.25 

D18 61 67 64 6 0.17 

D19 59 65 62 6 0.17 

(c) D27 52 56 54 4 0.25 

D29 40 42 41 2 0.50 

D30 58 62 60 4 0.25 

D31 50 53 51.5 3 0.3~ 

D32 52 56 54 4 0.25 

D35 61 66 63.5 5 0.20 

D37 55 60 57.5 5 o.zo 
D38 49 52 50.5 3 0.33 

D40 37 39 38 2 0.50 

D41 47 51 49 4 0.25 

D42 46 50 48 4 0.25 

D44 46 49 45.5 3 0.33 

D47 58 62 60 4 0.25 

D49 38 40 39 2 0.50 

D52 56 60 58 4 Ûo25 

D55 45 48 46.5 3 0.33 

D57 50 54 52 4 0.25 
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Table XXIV con 7 t 

Run No. Outlet Temp 0c Inlet Temp °C Ave. Temp °C Â t C0 l/6t 

D58 60 65 62.5 5 o.zo 
DSO 54 58 56 4 0.25 

D63 50 54 52 4 0.25 

02 61 61 64 6 0.17 

04 58 63 60.5 5 0.20 

05 54 59 56.5 5 0.20 

G6 52 56 54 4 0.25 

G7 40 43 41.5 3 0.33 

08 44 48 46 4 0.25 

Gll 45 49 47 4 0.25 

Gl6 58 12 65 14 o.o1 

Gl8 90 90 90 0 
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Table XXV 

Copper - conditions for first appearance or pentagons 

Run No. Outlet Temp 0 c Inlet Temp °C Ave. Temp °C At C0 l/6t 

D4 24 26 25 2 0.50 

(a) D9 38 45 41.5 7 0.14 

DlO 34 37 35.5 3 0.33 

(a) Dl2 36 38 37 2 0.50 

D13 47 51 49 4 0.25 

(a) D16 59 63 61 4 o.25 

D17 72 76 74 4 0.25 

Dl8 61 67 64 6 0.17 

Dl9 36 38 37 2 0.50 

D29 71 75 73 4 0.25 

D30 65 69 67 4 0.25 

D31 50 53 51.5 3 0.33 

D32 52 56 54 4 0.·25 

D33 59 65 62 6 0.17 

D34 50 56 53 6 0.17 

D36 54 60 58 4 0.25 

D37 55 60 57.5 5 0.20 

D38 55 60 57.5 5 0.20 

D39 65 69 67 4 0.25 

D41 51 57 54 6 0.17 

D43 43 48 45.5 5 0.20 

D45 52 56 54 4 0.25 

D46 43 47 45 4 0.25 

D47 44 46 45 2 0.50 
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Table XXV conwt 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C At C0 l/6t 

D51 50 56 53 6 0.17 

D54 56 60 58 4 0.25 

D56 37 44 40.5 7 0.14 

D57 63 68 65.5 5 o.zo 
D58 47 51 49 4 0.25 

D61 56 62 59 6 0.17 

D62 54 59 56.5 5 0.20 

D64 55 59 5? 4 0.25 

Gl 38 42 40 4 0.25 

G2 39 44 41.5 5 o.zo 
G3 56 62 59 6 0.17 

G4 44 49 46.5 5 0.20 

G5 59 63 61 4 0.25 

G6 56 61 58.5 5 0.20 

G7 43 48 45.5 5 0.20 

GB 44 48 46 4 0.25 

Gll 45 49 47 4 0.25 

G14 45 50 47.5 5 0.20 

G15 17 17 1.7 0 

Gl6 40 48 44 8 0.13 

G18 70 86 78 16 0.06 
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Table XXVI 

Copper - Conditions for first appearance of rods 

Run No. Out1et Temp °C In1et Temp °C Ave. Temp °C At C0 l/6t 

D3 41 51 46 10 0.10 

D4 37 43 40 6 0.17 

D5 67 76 71.5 9 o.n 

D6 26 27 26.5 1 1.00 

(a) D9 65 71 68 6 0.17 

D10 44 47 45.5 3 0.33 

(a) Dl2 45 48 46.5 3 0.33 

Dl3 47 51 49 4 0.25 

Dl5 82 84 83 2 0.50 

(a) Dl6 68 76 72 8 0.13 

Dl7 76 81 78.5 5 o.zo 

Dl8 72 77 75.5 7 0.14 

Dl9 81 91 86 10 0.10 

D22 51 57 54 6 0.17 

(d) D26 69 75 72 6 0.17 

(c) D27 76 81 78.5 5 o.zo 
(b) D28 78 86 82 8 0.13 

D29 71 75 73 4 0.25 

D30 75 78 76.5 3 0.33 

D31 73 78 75.5 5 o.zo 
D32 72 78 75 6 0.17 

D33 77 84 80.5 7 0.14 

D34 77 84 80.5 7 9.14 

D35 68 72 70 4 0.25 
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Table XXVI con•t 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C At C0 1/.o t 

D36 68 75 71.5 7 0.14 

D37 60 65 62.5 5 0.20 

D38 81 88 84.5 7 0.14 

D39 79 84 81.5 5 0.20 

D40 67 72 69.5 5 o.zo 

D41 68 75 71.5 7 0.14 

D42 59 65 62 6 0.17 

D43 70 76 73 6 0.17 

D44 72 76 74 4 0.25 

D4l5 71 75 73 4 0.25 

D46 58 65 61.5 7 0.14 

D47 62 67 64.5 5 o.zo 

D48 71 75 73 4 .0.25 

D49 80 85 82.5 5 o.zo 

D50 81 83 82 2 0.50 

D51 70 75 72.5 5 0.20 

D52 72 76 74 4 o.25 

D53 78 82 80 4 0.25 

D54 72 77 74.5 5 o.zo 

D55 76 80 78 4 o.25 

D56 76 82 79 6 0.17 

Dl57 68 72 70 4 0.25 

D58 60 65 62.5 l5 0.20 

Dl59 60 65 62.5 5 o.ao 
D60 74 à2 78 8 0.13 
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Table XXVI con vt 

Run No. Outlet Temp 0 c Inlet Temp °C Aveo Temp °C At c<' 1/At 

D61 70 73 71.5 3 0.33 

D62 78 84 81 6 0.17 

D63 n 78 74.5 7 0.14 

D64 75 80 77.5 5 0.20 

G1 70 77 73.5 7 0.14 

G2 61 67 64 6 O.lof 

G3 75 80 77.5 5 0.20 

G4 63 70 66.5 7 0.14 

G5 72 77 74.5 5 0.20 

G6 78 82 80 4 0.25 

G7 74 81 77.5 7 0.14 

G8 80 84 82 4 0.25 

G9 67 74 70.5 7 0.14 

G10 48 55 51.5 7 0.14 

Gll 56 64 60 8 0.13 

Gl2 51 58 54.5 7 0.14 

Gl3 36 44 40 8 0.13 

G14 67 71 69 4 0.25 

G15 20 21 20.5 1 1.00 

G16 58 72 65 14 0.07 

G17 23 26 24.5 3 0.33 

G18 48 57 52.5 9 0.11 



131 

Table XXVII 

Copper - Qb.nditions !or !irst appearance o! squares 

Run No. Out1et Temp °C In1et 'remp °C Ave. Temp °C bt C0 1/At 

D3 5 5 5 0 

D4 37 43 40 6 0.17 

D5 33 34 33.5 1 1.00 

D6 26 27 26.5 1 1.00 

(a.) D9 51 55 53 4 0.2-5 

D10 40 44 42 4 0.25 

(a) DU 45 48 46.5 3 0.33 

m3 41 44 42.5 3 0.33 

D15 82 84 83 2 0,.50 

(a) D16 68 76 72 8 0.13 

D17 76 81 78.5 5 0.20 

D18 61 67 64 6 0.17 

D19 60 65 62.5 5 0.20 

D22 45 51 48 6 0.17 

(d) D26 65 69 67 4 0.25 

(c) D27 30 31 30.5 1 1.00 

(b) D28 78 86 82 8 0.13 

D29 71 75 73 4 0.2-5 

D30 78 81 79.5 3 0.33 

D31 62 68 65 6 0.17 

D32 56 61 58.5 5 o.~o 

D33 65 70 67.5 5 0.20 

D34 66 72 69 6 0.17 

D35 46 53 50.5 5 0.20 



1~2 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C At C0 1/At 

D36 62 68 65 6 0.17 

D37 74 77 75.5 3 0.3~ 

mss 69 75 72 6 0.17 

D39 75 79 77 4 0.25 

D40 67 73 70 6 0.17 

D41 75 79 77 4 0.25 

D42 46 50 48 4 0.25 

D43 60 65 62.5 5 0.20 

D44 67 72 69.5 5 0.20 

D45 67 71 69 4 0.25 

D46 58 65 61.5 7 0.14 

D47 58 62 60 4 0.25 

D48 52 56 54 4 0.25 

D49 58 64 61 6 0.17 

D50 81 83 82 2 0.50 

D51 56 60 58 4 0.25 

D52 72 76 74 4 0.25 

D5~ 82 84 83 2 0.50 

D54 81 85 83 4 0.25 

D55 76 80 78 4 0.25 

D56 52 60 56 8 0.13 

D57 68 72 70 4 0.25 

D58 56 60 58 4 0.25 

D59 51 55 53 4 0.25 

D60 63 69 66 6 0.17 

D61 56 62 59 6 0.17 
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Table XXVII con•t 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C 6. t C0 1/At 

D62 54 59 56.5 5 o.zo 
D63 50 54 52 4 0.25 

D64 71 75 73 4 0.25 

01 48 54 51 6 0.17 

02 39 44 41.5 5 o.zo 
03 56 62 59 6 0.17 

04 45 50 47.5 5 o.zo 
05 66 72 69 6 0.17 

06 64 69 66.5 5 o~zo 

G7 55 62 58.5 7 0.14 

G8 44 48 46 4 0.25 

G9 53 60 56.5 7 0.14 

Gll 45 49 47 4 0.25 

G14 45 50 47.5 5 o.zo 
G15 20 21 20.5 1 1.00 

Gl6 49 58 53.5 9 0.11 

017 23 26 24.5 3 0.33 

018 86 90 88 4 0.25 
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Table XXVIII 

Copper - conditions for !irst appearance o! trapezoids 

Run No. Outlet Temp °C Inlet Temp °C A.ve. Temp °C 6. t C0 l/.6t 

D3 41 51 46 10 0.10 

D4 37 43 40 6 0.17 

D5 33 34 33.5 1 1.00 

DlO 42 42 42 0 

(a) DU 38 41 39.5 3 0.30 

Dl3 47 51 49 4 0.25 

Dl5 82 84 83 2 0.50 

(a) Dl6 68 76 72 8 0.13 

D17 72 76 74 4 o.z5 

Dl8 61 67 64 6 0.,17 

Dl9 65 72 68.5 7 0.14 

D22 63 70 66.5 7 0.14 

.(d) D26 55 60 57.5 5 o.zo· 

(c) D27 63 67 65 4 0.25 

(b) D28 71 78 74.5 7 0.14 

D29 71 75 73 4 0.25 

D:50 58 62 60 4 o.z5 

D31 48 50 49 2 0.50 

D32 56 61 58.5 5 o.zo 

D33 44 49 46.5 5 o.zo 

~4 50 50 53 6 0.17 
1· ' 

D35 68 72 70 4 0.25 

D36 68 75 71.5 7 0.14 

D37 48 51 49.5 3 0.33 
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Table XXVIII con't 

Run No. 
0 Outlet Temp C Inlet Temp °C Ave. Temp °C At C0 1/At 

D38 52 55 53.5 3 0.33 

D39 50 52 51 2 0.50 

D40 52 56 54 4 0.25 

D41 51 57 54 6 0.17 

D42 59 65 62 6 0.17 

D43 60 65 62.5 5 o.ao 

D44 63 67 65 4 0.25 

D45 61 67 64 6 0.17 

D46 58 65 61.5 7 0.14 

D48 52 56 54 4 0.25 

D49 68 ' 75 71.5 7 0.14 

D50 50 55 52.5 5 0.20 

D51 56 60 58 4 0.25 

D52 49 53 51 4 0.25 

D53 45 47 46 2 0.50 

D55 50 53 51.5 3 0.33 

D56 44 52 48 8 0.13 

D57 54 57 55.5 3 0.33 

D58 56 60 58 4 0.25 

D59 51 55 53 4 0.25 

D61 56 62 59 6 0.17 

D62 62 68 65 6 0.17 

D63 58 63 60.5 5 0.20 

D64 67 71 69 4 0.25 

G1 63 70 66.5 7 0.14 
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Table XXVIII con't 

Run No. Outlet Temp °C 0 Inlet Temp C Ave. Temp °C tl. t C
0 

1/.6 t 

G2 61 67 64 6 0.17 

G3 56 62 59 6 0.17 

04 63 70 66.5 7 0.14 

G5 66 72 69 6 0.17 

06 64 69 66.5 5 o.zo 
G7 63 68 64.5 5 0.20 

08 55 61 58 6 0.17 

09 60 67 63.5 1 0.14 

Gll 56 64 60 8 0.13 

012 58 64 61 6 0.17 

G13 52 60 56 8 0.13 

Gl4 57 61 59 4 0.25 

Gl6 18 18 18 0 

Gl7 21 23 22 2 0.50 

018 57 70 63.5 13 o.o8 
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Table XXIX 

Copper - conditions for first appearance of triangles 

Run No. Outlet Temp °C Inlet Temp °C 0 Ave. Temp C At 0° 1/Â t 

D3 41 51 46 10 o.1o 

D4 37 43 40 6 0.17 

D5 67 76 71.5 9 0.11 

D6 26 27 26.5 1 1.00 

(a) D9 51 55 53 4 0.25 

DlO 44 47 45.5 3 0.33 

(a) Dl2 45 48 46.5 3 0.33 

Dl3 47 51 49 4 0.25 

Dl5 82 84 83 2 0.50 

(a) Dl6 68 76 72 8 0.13 

Dl7 72 76 74 4 0.25 

Dl8 72 79 75.5 7 0.14 

Dl9 81 91 86 10 0.10 

D22 63 70 66.5 7 0 .. 14 

(d) D26 65 69 67 4 0.25 

(c) D27 67 73 70 6 0.17 

(b) D28 78 86 82 8 0.13 

D29 75 78 76.5 3 0.33 

D30 81 84 82.5 3 0.33 

D31 73 78 75.5 5 0.20 

D32 78 84 81 6 0.17 

D33 77 84 80.5 7 0.14 

D34 84 89 86.5 5 o.zo 

D35 79 86 82.5 7 0.14 
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Table XXIX con't 

Run No. Outlet Temp °C In1et Temp °C A.ve. Temp °C At C0 1/.c. t 

D36 75 82 78.5 7 0.14 

D37 77 80 78.5 3 0.33 

D38 75 81 78 6 0.17 

D39 84 90 87 6 0 .. 17 

D40 81 86 83.5 5 0.20 

D41 79 85 82 6 0.17 

D42 80 85 82.5 5 0.20 

D43 70 76 73 6 0.17 

D44 81 88 84.5 7 0.14 

D45 78 82 80 4 0.2!5 

D46 65 70 67.5 5 0.20 

D47 62 67 64.5 5 0.20 

D48 85 90 87.5 5 0.20 

D49 85 90 87.5 5 0.20 

D50 81 83 82 2 0.50 

D51 80 85 82.5 5 0.20 

D52 72 76 74 4 o.25 

D53 82 84 83 2 0.50 

D54 81 85 83 4 0.25 

D55 80 85 82.5 5 0.20 

D56 76 82 79 6 0.17 

D57 80 87 83.5 7 o.14 

D58 74 80 77 6 o.17 

D59 73 80 76.5 7 o.l4 

D60 88 92 90 4 0.25 
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Table XXIX con't 

Run No. Outlet Temp °C Inlet Temp °C 0 A.ve. Temp C Â t C0 1/At 

D61 73 80 76.5 7 0.14 

D62 78 84 81 6 0.17 

D63 78 82 80 4 0.25 

D64 80 85 82.5 5 0.20 

G1 70 77 73.5 7 0.14 

G2 61 67 64 6 0.17 

G3 75 80 77.5 5 o.zo 
G4 63 70 66.5 7 0.14 

G5 72 77 74.5 5 0.20 

G6 87 90 88.5 3 0.33 

G7 86 91 88.5 5 0.20 

G8 80 84 82 4 0.25 

G9 79 85 82 6 0.17 

GlO 48 55 51.5 7 0.14 

Gll 80 85 82.5 5 o.zo 
G12 72 80 76 8 0.13 

Gl3 74 80 77 6 0.17 

Gl4 68 75 71.5 7 0.14 

Gl6 58 72 65 14 o.~7 

Gl7 23 26 24.5 3 0.33 

Gl8 86 90 88 4 0.25 
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Table XXX 

Copper - conditions for first appearance of truncated diamonds 

Run No. Out1et Temp 0 0 
0 In1et Temp C Ave. Temp °C At C0 1/~ t 

D3 29 41 35 12 o ... oa 

D4 31 37 34 6 0 .. 17 

D10 29 30 29 .. 5 1 1 .. 00 

D13 44 47 45 .. 5 3 0 .. 33 

D15 61 66 63o5 5 0.20 

D17 67 72 69.5 5 0.20 

D18 61 67 64 6 0 .. 17 

D19 60 66 63 6 0.17 

D22 40 44 42 4 0 .. 25 

(d) D26 65 69 67 4 0 .. 25 

(c) D27 63 67 65 4 0 .. 25 

(b) D28 53 59 56 6 0 .. 17 

D31 61 67 64 6 0 .. 17 

D33 44 49 46 .. 5 5 0 .. 20 

D37 44 48 46 4 0 .. 25 

D43 55 60 57 .. 5 5 o .. .zo 

D46 58 65 61.5 7 0 .. 14 

D48 38 40 39 2 0 .. 50 

D49 58 64 61 6 0 .. 17 

D50 46 50 48 4 0.25 

D52 39 41 40 2 o .. _so 

D53 38 40 39 2 0 .. 50 

D56 60 70 65 10 0 .. 10 

D57 50 54 52 4 0 .. 25 
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Table XXX con't 

Run No •. o· Outlet Temp C Ihl.et Temp °C Ave. Tëmp °C At C0
v 1/At 

D58 51 56 53.5 5 o.zo 

D59 37 40 38.5 3 0.33 

D63 29 31 30 2 0.50 

G2 39 44 41.5 5 0.20 

G3 50 56 53 6 0.17 

G4 58 63 60.5 5 0.20 

G5 54 59 56.5 5 o.zo 
G6 56 61 58.5 5 0.20 

G7 43 48 45.5 5 o.zo 
Gll 45 49 47 4 0.25 

Gl4 31 35 33 4 0.25 

G15 19 20 19.5 1 1.00 

Gl6 49 58 53.5 9 o.n 
G17 23 26 24.5 3 0.33 

G18 76 80 78 4 0.25 
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Table x:xn 

Silver - conditions for the first appearance of bent wires 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp oc At C0 1/At 

El9 48 54 51 6 0.17 

E23 43 46 44.5 3 0.33 

E35 45 49 47 4 0.25 

E36 56 59 57.5 3 0.33 

E37 47 52 49.5 5 0.20 

E39 46 49 47.5 3 0.33 

E42 47 50 48.5 3 0.33 

E45 50 56 53 6 0.17 

E46 49 53 51 4 0.25 

E51 51 56 53.5 5 o.zo 

H5 50 55 52.5 5 0.20 

H6 49 54 51.5 5 0.20 

H7 53 57 55 4 0.25 

H8 49 54 51.5 5 o.zo 

H9 44 48 46 4 0.25 

HlO 47 50 48.5 3 0.33 

J3 47 52 49.5 5 o.zo 

J4 50 54 52 4 0.25 

J5 50 54 52 4 0.25 

J6 48 52 50 4 0.25 

J7 50 56 53 6 0.17 

J8 48 52 50 4 0.25 

J9 47 53 49.5 5 o.2o 

Jl5 50 54 52 4 0.25 
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Table XXXII 

Si1Ver - conditions for the first appearance of dendrites 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C c,.t C0 1/.o. t 

El3 29 30 29.5 1 1.oo 

E20 39 41 40 2 0.50 

E33 23 24 23.5 1 1.00 

E35 29 31 30 2 0.50 

E39 39 41 40 2 0.50 

E43 28 29 28.5 1 1.00 

E47 24 25 24.5 1 l.ob 
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Table XXXIII 

Silver - conditions for the first appearance of diamonds 

Run No. Outlet Temp 0 c Inlet Ternp °C Ave. Temp °C LI. t C0 1/At 

E13 95 95 95 0 

E20 48 52 50 4 0.25 

E22 62 69 65.5 7 0.14 

E34 64 70 67 6 0.17 

E36 64 68 66 4 0.25 

E37 57 63 60 6 0.17 

E39 60 64 62 4 0.25 

E42 58 63 60.5 5 o.zo 

E45 61 67 64 6 0.17 

E46 70 74 72 4 0.25 

E47 68 73 70.5 5 o.zo 
E49 55 60 57.5 5 0.20 

E51 51 56 53.5 5 o.zo 

H3 58 64 61 6 0.17 

H5 701 75 72.5 5 0.20 

H6 66 71 68.5 5 o.zo 

H7 66 n 68.5 5 o.zo 

HB 54 60 57 6 0.17 

H10 55 60 57.5 5 o.zo 
J1 60 66 63 6 0.17 

J2 55 62 58.5 7 0.14 

J3 58 64 61 6 0.17 

J4 65 71 68 6 0.17 

J5 71 75 73 4 0.25 
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Table XXXIII con't 

Run No. Outlet Temp oc Inlet Temp °C 0 A.ve. Temp C At C0 1/.o. t 

J6 62 67 64.5 5 0.20 

J7 65 69 61 4 0.25 

J8 11 75 13 4 0.25 

J9 55 60 57.5 5 0.20 

JlO 65 11 68 6 0.17 

Jl2 60 65 62.6 5 0.,20 

Jl3 65 11 68 6 0.17 
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Table XXXIV 

Silver - conditions for the first appearance of hexagons 

Run No. Outlet Temp 0c Inlet Temp °C Ave. Temp °C At C0 1/At 

El2 77 83 80 6 0.17 

El3 95 95 95 0 

El4 78 84 81 6 0.17 

E15 67 73 70 6 0.17 

El6 55 ·6o 57.5 5 0.20 

E17 48 55 51.5 7 0.14 

El8 60 65 62.5 5 o.zo 
E19 76 83 79.5 7 0.14 

E20 70 76 73 6 0.17 

E21 60 66 63 6 0.17 

E22 68 77 72.5 9 o.11 

E23 43 46 44.5 3 0.33 

E24 56 64 60 8 0.13 

E25 51 58 54.5 7 0.14 

E26 70 76 73 6 0.17 

E27 47 50 48.5 3 0.33 

E28 56 64 60 8 0.13 

E29 76 85 80.5 9 o.n 

E30 67 75 71 8 0.13 

E31 69 75 72 6 0.17 

E32 78 84 81 6 0.17 

E33 68 74 71 6 0.17 

E34 70 78 74 8 0.13 

E35 58 65 61.5 7 0.14 
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Table XXXIV con9t 

Run No. Outlet Temp 0 c Inlet Temp °C A.ve. Temp °C .c. t c 0 1/At 

E36 68 '72 70 4 0.25 

E37 68 73 70.5 5 0.20 

E38 69 75 72 6 0.17 

E39 60 64 62 4 0.25 

E40 77 86 81.5 9 o.n 

E41 57 65 61 8 0.13 

E42 78 83 80.5 5 0.20 

E43 65 74 69.5 9 o.n 

E44 74 80 77 6 0.17 

E45 71 76 73.5 5 o.z.o 
E46 79 86 82.5 7 0.14 

E47 72 77 74.5 5 0.20 

E48 55 63 59 8 0.13 

E49 65 71 68 6 0.17 

E50 77 83 80 6 0.\;7 

E51 '72 79 75.5 7 0.14 

E52 68 76 72 8 Ool3 

Hl 71 80 75.5 9 0.11 

H2 62 69 65.5 7 0.,14 

H3 77 85 81 8 0.13 

H4 74 80 77 6 0.17 

H5 80 86 83 6 0.17 

H6 80 85 82.5 5 0.20 

H7 81 87 84 6 0.17 

H8 76 82 79 6 0.17 
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Table XXXIV con9t 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C A.t C0 1/..o.t 

H9 70 75 72.5 5 0.20 

HlO 72 77 74.5 5 o.zo 
Jl 77 83 80 6 0.17 

J2 74 80 77 6 0.17 

J3 79 85 82 6 0.17 

J4 76 81 78.5 5 0.2·0 

J5 79 84 8l.5 5 o.zo 
J6 70 75 12.5 5 0.20 

J1 76 81 78.5 5 o.zo 
J8 78 83 80a5 5 o.zo 
J9 80 85 82.5 5 o.zo 
JlO 16 84 80 8 0.13 

J;I.l 75 81 18 6 0.17 

J12 18 84 81 6 0.17 

Jl3 78 84 81 6 0.17 

Jl4 82 81 64.5 5 o.zo 
Jl5 69 73 71 4 0.25 
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Table xrl.V 

Silver - conditions for the first appearance of needles 

Run No. Outlet Temp °C Inlet Temp °C '0 A. ve. Temp' C t::. t c0 , 1/At 

El9 42 45 43.5 3 0.33 

E20 25 26 25.5 1 1.00 

E32 24 27 25.5 3 0.33 

E33 29 31 30 2 0.50· 

E35 29 31 30 2 0.50 

E39 39 41 40 2 0~50 

E42 36 39 37.5 3 0.33 

E43 37 40 38.5 3 0.33 

E47 22 23 22.5 1 1.00 

J7 40 43 41.5 3 0.33 
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Table XDv.I 

Silver- conditions for the first ·appearance of octagons 

Run No. Outlet Temp °C 0 In1et Temp C 0 A.ve. Temp C At C0 1/ .c. t 

E13 92 95 93.5 3 0 •. 33 

E14 56 61 58.5 5 0.20 

E15 62 67 64.5 5 0.20 

El9 76 83 79.5 7 0.14 

E20 65 70 67.5 5 0.20 

E21 48 54 51 6 0.17 

È23 38 40 39 2 0.50 

E26 70 76 73 6 0.17 

E29 85 91 88 6 0.17 

E32 63 68 65.5 5 o.ao 

E33 68 74 71 6 0.17 

E34 59 64 61.5 5 o.zo 
E35 45 49 47 4 0.25 

E36 64 68 66 4 0.25 

E39 46 49 47.5 3 0.33 

E41 48 51 49.5 3 0.33 

E44 52 56 54 4 0.25 

E45 50 56 5.3 6 0.17 

E46 70 74 72 4 0.25 

E47 63 67 65 4 0.25 

E49 55 60 57.5 5 o.zo 

Hl 65 71 68 6 0.17 

H3 58 64 61 6 0.17 

H5 70 75 72.5 5 0.20 
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Table XXXVI con't 

Run No. Outlet Temp °C Inlet Ternp °C Ave. Temp °C D. t C0 1/~ t 

H6 66 71 68.5 5 o.ao 

H7 71 77 74 6 0.17 

HB 45 49 47 4 0.25 

H9 53 58 55.5 5 0.20 

HlO 47 50 48.5 3 0.33 

Jl 66 70 68 4 0.25 

J2 62 67 64.5 5 0.20 

J3 79 85 82 6 0.17 

J4 72 77 73.5 5 0.20 

J5 75 79 77 4 0.25 

J6 75 79 77 4 0.25 

J7 50 56 53 6 0.17 

J8 63 67 65 4 o.25 

J9 55 60 57.5 5 o.zo 
JlO 65 71 68 6 0.17 

Jl2 49 55 52 6 0.17 

Jl3 52 58 55 6 0.17 

J14 61 65 63 4 0.25 

Jl5 65 69 67 4 0.25 
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Table XXXVII 

Silver - conditions for the first a.ppeara.nce of penta.gons 

Run No. Out1et Temp °C In1et Temp °C ~ve. Temp °C Ât C0 1./bt 

El4 41 44 42.5 3 0.33 

E21 38 41 39.5 3 0.33 

E22 68 77 72.5 9 0.11 

E23 38 40 39 2 0.50 

E24 40 44 42 4 0.25 

E25 46 51 48.5 5 o.zo 

E28 51 56 53.5 5 o.zo 

E29 68 76 72 8 0.13 

E30 54 61 57.5 7 0.14 

E31 57 63 60.5 7 0.14 

E32 68 77 72.5 9 o.n 

E33 59 66 6Z.5 7 0.1.:4 

E35 45 49 47 4 0.25 

E37 57 63 60 6 o.11 

E38 61 69 65 8 0.13 

E42 43 47 45 4 0.25 

E44 56 63 59.5 7 0.14 

E47 52 58 55 6 0.17 

E51 64 72 68 8 0.13 

H2 62 69 65.5 7 0.14 

H4 60 67 63.5 7 0.14 

H5 50 55 52.5 5 o.zo 

H6 49 54 51.5 5 o.zo 

H7 57 .63 60 6 o.11 
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Table XXXVII con•t 

Run No. Out1et Temp °C In1et Temp °C A:.ve. Temp °C At C0 1/A t 

H8 49 54 51.5 5 0.20 

H9 44 48 46 4 0.26 

HlO 50 55 52.5 5 o.zo 

J3 47 52 49.5 5 0.20 

J7 40 43 41.5 3 0.33 

J10 49 54 51.5 5 o.zo 

J11 61 68 64.5 7 0.14 

J13 52 58 55 6 0.17 

J15 46 50 48 4 o.z5 



154 

Table XXXVIII 

Silver - conditions for the first appearance of rods 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C A;t c 0 1/A t 

El2 77 83 80 6 0.17 

El3 95 95 95 0 

El4 64 72 68 8 0.13 

El5 58 62 60 4 0.25 

El6 51 55 53 4 0.25 

El7 48 55 51.5 7 0.14 

El8 60 65 62.5 5 0.20 

El9 76 83 79.5 7 0.14 

E20 70 76 73 6 0.17 

E21 54 60 57 6 0.17 

E22 61 68 64.5 7 0.14 

E23 43 46 44.5 3 0.33 

E24 56 64 60 8 0.13 

E25 46 51 48.5 5 0.20 

E26 70 76 73 6 0.17 

E27 47 50 48.5 3 0.33 

E28 56 64 60 8 0.13 

E29 76 85 80.5 9 o.n 
E30 67 75 71 8 0.13 

E31 57 63 60.5 7 0.14 

E32 63 68 65.5 5 0.20 

E33 68 74 71 6 0.17 

E34 70 78 74 8 0.13 

E35 58 65 61.5 7 0.14 
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Table XXXVIII con't 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C .0. t C0 1/b,t 

E36 68 72 70 4 0.25 

E37 68 73 70.5 5 0.20 

E38 69 75 72 6 0.17 

E39 60 64 62 4 0.25 

E40 69 77 73 8 0.13 

E41 57 65 61 8 0.13 

E42 78 83 80.5 5 o.zo 

E43 57 65 61 8 0.13 

E44 74 80 77 6 0.17 

E45 71 76 73.5 5 o.zo 

E46 79 86 82.5 7 0.14 

E47 67 71 69 4 0.25 

E48 55 63 59 8 0.13 

E49 65 71 68 6 0.17 

E50 77 83 80 6 0.17 

E51 72 79 75.5 7 0.14 

E52 68 76 72 8 0.13 

Hl 65 71 68 6 0.17 

H2 62 69 65.5 7 0.14 

H3 64 70 67 6 0.17 

H4 74 80 77 6 0.17 

H5 75 80 77.5 5 0.20 

H6 71 76 73.5 5 o.zo 
H7 71 77 74 6 0.17 

H8 76 82 79 6 0.17 
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Table XXXVIII con•t 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C à t c0 1/~t 

H9 66 70 68 4 0.25 

HlO 72 77 74.5 5 0.20 

J1 77 83 80 6 0.17 

J2 74 80 77 6 0.17 

J3 74 79 76.5 5 0.20 

J4 n 76 73.5 5 0.20 

J5 63 67 65 4 0.25 

J6 70 75 72.5 5 0.20 

J7 76 81 78.5 5 0.20 

J8 78 83 80.5 5 o.zo 
J9 80 85 82.5 5 0.·20 

J10 76 84 80 8 0.13 
1 

J11 75 81 78 6 0.17 

J12 n 78 74.5 1 0.14 

J13 71 78 74.5 7 0.14 

J14 82 87 84.5 5 0.20 

J15 69 73 n 4 0.25 
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Table XXXIXf 

Silver - conditions for first appearance or squares 

Run No. Out1et Temp °C In1et Temp °C 0 Ave. Temp C c.t C0 1/4t 

El2 65 72 68.5 7 0.14 

El3 92 95 93.5 3 0.33 

E14 56 61 58.5 5 0.20 

El5 58 62 60 4 0.25 

E16 55 60 57.5 5 o.zo 
E17 48 55 51.5 7 0.14 

Ela 60 65 62.5 5 0.20 

El9 62 70 66 8 0.13 

E20 70 76 73 6 0.17 

E21 44 48 46 4 0.25 

E22 54 61 57.5 7 0.14 

E23 43 46 44.5 3 0.33 

E24 49 56 52.5 7 0.14 

E25 46 51 48.5 5 0.20 

E26 70 76 73 6 0.17 

E27 47 50 48,.5 3 0.33 

E28 51 56 53.5 5 o.zo 
E29 64 71 67.5 7 0.14 

E30 60 67 63.5 7 0.14 

E31 45 51 48 6 0.17 

E32 63 68 65.5 5 0.20 

E33 52 59 55.5 7 0.14 

E34 64 70 67 6 0.17 

E35 45 49 47 4 0.25 
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Table XXXIX con•t 

Run No. Outlet Temp °C Inlet Temp °C k.ve. Temp °C D,t C0 1/At 

E36 52 56 54 4 0.25 

E37 57 63 60 6 0.17 

E38 54 61 57.5 7 0.14 

E39 53 59 55 4 0.25 

E4l 57 65 61 8 o.l3 

E42 63 68 65.5 5 0.20 

E43 57 65 61 8 0.13 

E44 63 69 66 6 0.17 

E45 61 67 64 6 0.17 

E46 49 53 51 4 0.25 

E47 52 58 55 6 0.17 

E49 60 65 62.5 5 0.20 

E50 62 70 66 8 0.13 

E51 51 56 53.5 5 0.20 

E52 60 68 64 8 0.13 

Hl 65 71 68 6 0.17 

H2 62 69 65.5 7 0.14 

H3 64 70 67 6 o.l7 

H4 67 74 70.5 7 0.14 

H5 65 70 67.5 5 o.2o 

H6 66 71 68.5 5 0.2,0 

H7 71 77 74 6 0.17 

H8 65 71 68 6 0.17 

H9 66 70 68 4 0.25 

HlO 64 69 66.5 5 0.20 
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Table XXXIX con 1 t 

Run No. Outlet Temp °C Inlet Temp °C A..ve. Temp °C At C0 
1/.o. t 

J1 60 66 63 6 o.1r 
J2 67 74 70.5 7 0.14 

J3 74 79 76.5 5 0.20 

J4 65 71 68 6 0.17 

J5- 71 75 73 4 0.25 

J6 70 75 72.5 5 o.zo 
J7 65 69 67 4 0.25 

J8 11 75 73 4 0.25 

J9 65 70 67.5 5 o.zo 
J10 65 71 68 6 0.17 

Jll 61 68 64.5 7 0.14 

J12 65 71 68 6 0.17 

J13 65 71 68 6 0.17 

J14 65 72 68.5 7 0.14 

J15 69 73 71 4 0.25 
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Table XL 

Si1ver - conditions for first appearance of trapezoids 

Run No. Out1et Temp °C In1et Temp °C Ave. Temp °C ~t c0 1/6t 

E12 76 83 79.5 7 0.14 

El3 87 93 90 6 0.17 

E14 47 50 48.5 3 0.33 

El5 55 58 56.5 3 0.33 

El6 48 51 49.5 3 0.,33 

El7 43 48 45.5 5 0.20 

El8 41 45 43 4 0.25 

E19 42 45 43.,5 3 0.33 

E20 65 70 67.5 5 0.20 

,E21 35 38 36.5 3 0.33 

E22 61 68 64.5 7 0.14 

E23 40 43 41.5 3 0.,33 

E24 56 64 60 8 0 .. 13 

E25 46 51 48.5 5 0.20 

E26 60 70 65 10 0.10 

E27 47 50 48.,5 3 0.33 

E28 56 64 60 8 0.13 

E29 76 85 80.5 9 o.n 
E30 54 61 57.,5 7 0.,14 

E31 57 64 60.5 7 0.14 

E32 63 68 65.,5 5 0.20 

E33 59 68 63.,5 9 0.11 

E34 70 78 74 8 0.13 

E35 52 58 55 6 0.17 
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Table XL con 9 t 

Run No. Outlet Temp 0 c Inlet Temp °C Ave. Temp °C At C0 1/A t 

E36 48 52 50 4 0.25 

E37 57 63 60 6 0.17 

E38 61 6,9 65 8 0.13 

E39 46 49 47.5 3 0.33 

E40 69 77 73 8 0.13 

E41 57 65 61 8 0.13 

E42 63 68 65.5 5 0.20 

E43 50 57 53.5 7 0.14 

E44 63 69 66 6 0.17 

E45 63 69 66 6 0.17 

E46 60 65 62.5 5 0.20 

E47 58 63 60.5 5 0.2.0 

E49 60 65 62.5 5 0.2.0 

E50 70 77 73.5 7 0.14 

E51 56 64 60 8 0.13 

E52 60 68 64 8 0.13 

Hl 57 65 61 8 0.13 

H2 62 69 65.5 7 0.14 

H3 64 70 67 6 0.17 

H4 60 67 63.5 7 0.14 

H5 65 70 67.5 5 o.zo 
H6 66 71 68.5 5 0.20 

H7 57 63 60 6 0.17 

H8 76 82 79 6 0.17 

H9 58 62 60 4 0.25 
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Table XL con v t 

Run No. Outlet Temp 0 c Inlet Temp °C Ave. Temp °C ~::.t C0 1/At 

HlO 64 69 66.5 5 0.20 

Jl 77 83 80 6 0.17 

J2 55 62 58.5 7 0.14 

J3 58 64 61 6 0.17 

J4 59 65 62 6 0.17 

J5 63 67 65 4 0.25 

J6 62 67 64.5 5 0.20 

J7 65 69 67 4 0.25 

J8 67 71 69 4 0.25 

J9 65 70 67.5 5 0.20 

JlO 65 71 68 6 0.17 

Jll 68 75 71.5 7 0.14 

Jl2 71 78 74.5 7 0.14 

Jl3 58 65 61.5 7 0.14 

Jl4 57 61 59 4 0.25 

Jl5 65 69 67 4 0.25 
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Table XLI 

Silver - conditions for first appearance of triangles 

Run No. Outlet Temp °C Inlet Temp °C A.ve. Temp °C At C
0 

1/A t 

El2 76 83 79.5 7 0.14 

El3 95 95 95 0 

El4 72 78 75 6 0.17 

El5 58 62 60 4 0.25 

El6 51 55 53 4 0.25 

El7 48 55 51.5 7 0.14 

E18 51 56 53.5 5 0.20 

El9 76 83 79.5 7 0.14 

E20 65 70 67.5 5 0.20 

E21 41 44 42.5 3 0.33 

E22 48 54 51 6 0.17 

E23 40 43 41.5 3 0.33 

E24 56 64 60 8 0.13 

E25 36 40 38 4 0.25 

E26 60 70 65 10 0.10 

E27 47 50 48.5 3 0.33 

E28 51 56 53.5 5 0.20 

E29 58 66 62 8 0.13 

E30 60 67 63.5 7 0.14 

E31 57 64 60.5 7 0.14 

E32 68 77 72.5 9 o.11 

E33 68 74 71 6 0.17 

E34 70 78 74 8 0.13 

E35 58 65 61.5 7 0.14 
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Table XLI convt 

Run No. Outlet Temp 0 c 0 Aveo Temp °C t C0 1/At Inlet Temp C A . 

E36 52 56 54 4. 0.25 

E37 63 68 65.5 5 0.20 

E38 61 69 65 8 0.13 

E39 53 57 55 4. 0.25 

E40 69 77 73 8 0.13 

E41 50 57 53.5 7 0.14 

E42 68 73 70.5 5 o.zo 
E43 65 74 69.5 9 0.11 

E44. 63 69 66 6 0.17 

E45 61 67 64 6 0.17 

E46 53 60 56.5 7 0.14 

E47 52 58 55 6 0.17 

E48 55 63 59 8 0.13 

E49 65 71 68 6 0.17 

E50 70 77 73.5 7 0.14 

E51 72 79 75.5 7 Oo14. 

E52 68 76 72 8 0.13 

Hl 65 71 68 6 0.17 

H2 62 69 65.5 7 0.14 

H3 75 83 79 8 0.13 

H4 74 80 77 6 0.17 

H5 75 80 77.5 5 o.zo 
H6 76 80 78 4 0.25 

H7 71 77 74. 6 0.17 

H8 76 82 79 6 0.17 
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Table XLI con't 

Run No.- Outlet Temp °C Inlet Temp °C Ave. Temp °C At C0 1/At 

H9 75 79 77 4. 0.25 

H10 73 78 75.5 5 0.20 

Jl 70 77 73.5 7 0.14 

J2 67 74. 70.5 7 0.14 

J3 74 79 76.5 5 o.ao 
J4 65 71 68 6 0.17 

J5 79 84 81.5 5 o.zo 
J6 70 75 72.5 5 0.20 

J7 76 81 78.5 5 o.ao 
J8 78 83 80.5 5 o.ao 
J9 75 80 77.5 5 o.zo 
JlO 71 76 73.5 5 o.zo 
J11 61 68 64.5 7 0.14 

Jl2 65 71 68 6 0.17 

J13 65 71 68 6 0.17 

Jl4 78 82 80 4 0.25 

Jl5 79 BZ 80.5 3 0.33 
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Table XLII 

Silver - conditions for first appearance of truncated diamonds 

Run No. out1et Temp °C In1et Temp °C A. ve o Temp °C At C0 1/ât 

E12 73 77 75 4 0.25 

El3 87 93 90 6 0.17 

E14 50 52 51 2 0.50 

E15 58 62 60 4 0.25 

E16 35 38 36.5 3 0.33 

E17 48 55 51.5 7 0.14 

Ela 45 51 48 6 0.17 

El9 48 54 51 6 0.17 

E20 35 38 36.5 3 0.33 

E22 38 43 40.5 5 0.20 

E23 43 46 44.5 3 0.33 

E24 40 44 42 4 0.25 

E25 31 34 32.5 3 0.33 

E26 43 52 47.5 9 0.11 

E27 47 50 48.5 3 0.33 

E28 33 41 37 8 0.13 

E29 30 35 32.5 5 Oo20 

E31 57 64 60.5 7 0.14 

E32 57 63 60 6 0.17 

E33 52 59 55.5 7 0.14 

E34 64 70 67 6 0.17 

E35 45 49 47 4 0.25 

E36 68 72 70 4 0.25 

E37 68 73 70.5 5 0.20 
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Table n.II con•t 

Run No. Outlet Temp °C Inlet Temp °C ~ve. Temp °C ~t C0 1/At 

E38 61 69 65 8 0.13 

E39 49 53 51 4 0.25 

E40 34 41 37.5 7 0.14 

E41 42 50 46 8 0.13 

E42 68 73 70.5 5 o.zo 

E43 50 57 53.5 7 0.14 

E44 63 69 66 6 0.17 

E45 61 67 64 6 0.17 

E46 53 60 56.5 7 0.14 

E47 44 52 48 8 0.13 

E49 50 55 52.5 5 0.20 

E50 53 61 57 8 0.13 

E51 43 51 47 8 0.13 

Hl 65 71 68 6 0.17 

H2 62 69 65.5 7 0.14 

H3 58 64 61 6 0.17 

H4 53 60 56.5 7 0.14 

H5 65 70 67.5 5 o.zo 

H6 66 71 68.5 5 o.zo 

H7 57 63 60 6 0.17 

H8 45 49 47 4 0.25 

H9 58 62 60 4 0.25 

HlO 55 60 57.5 5 o.2o 

Jl 60 66 63 6 0.17 

JZ 55 62 58.5 7 0.14 
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Table XIJI con 9 t 

Run Noo Outlet Temp °C Inlet Temp 0 c Ave. Temp 0 c .ot c0 1/d. t 

J3 64 69 66.5 5 Oo20 

J4 65 71 68 6 0.17 

J5 n 75 73 4 0.25 

J6 70 75 72.5 5 0.20 

J7 65 69 67 4 0.'25 

J8 71 75 73 4 0.25 

J9 65 70 67.5 5 0.20 

J10 71 76 73.5 5 0.20 

Jl1 61 68 64.5 7 0.14 

Jl2 65 71 68 6 0.17 

J13 65 71 68 6 0.17 

J14 65 72 68.5 7 0.14 

J15 69 73 n 4 0.25 
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Table XLIII 

Go1d - cond.ftions for first appearance of dendrites 

Run No. Out1et Temp °C Inlet Temp °C Ave. Temp °C .ot c0 1/A t 

Fl.lB 36 38 37 2 o.so 
Fl.2B 31 33 32 2 o.so 
Fl3 c 22 23 22.5 1 1.00 

Fl5 B 31 34 32.5 3 0.33 

Fl6 A 32 34 33 2 0.50 

F17 A 34 37 35.5 3 0.33 

Fl7 B 34 36 35 2 o.eso 
F17D 31 34 32.5 3 0.33 

Fla B 31 33 32 2 0.50 
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Table XLIV 

Gold - conditions for first appearance of hexagone 

Run No. Outlet Temp °C Inlet Temp °C ~ve. Temp °C At C0 1/At 

Fll A 55 59 57 4 0.25 

FllB 57 61 59 4 0.25 

FU C 58 62 60 4 0.25 

Fll D 58 62 60 4 0.25 

Fl2A 52 59 55.5 7 0.14 

Fl2 B 52 58 55 6 0.17 

Fl2 c 50 55 52.5 5 0.20 

Fl2 D 50 56 53 6 0.17 

Fl3 A 62 73 67.5 11 0.09 

Fl3B 62 
.. 

70 66 8 0.13 

Fl3 C 65 72 68.5 7 0.14 

Fl4A 77 81 79 4 0.25 

Fl4B 74 78 76 4 Oo25 

Fl4 C 78 83 80.5 5 0.20 

Fl4D 77 82 79.5 5 0.20 

Fl5A 62 n 66.5 9 0.11 

Fl5B 70 78 74 8 0.13 

Fl5 C 77 83 80 6 0.17 

Fl5D 76 81 78.5 5 0.20 

FlSA; 80 84 82 4 0.25 

Fl6 B 78 83 80.5 5 0.20 

Fl6 C n 77 74 6 0.17 

Fl6D 75 80 77.5 5 o.zo 

Fl7 A 80 85 82.5 5 o.zo 
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Table XLIV con1 t 

Run No. Outlet Tenq> 0 c Inlet Tenq> oc A. ve. Temp °C 6t C0 1/Â t 

F17B 74 80 77 6 0.17 

Fl7C 82 86 84 4 0.25 

Fl7 D 80 85 82.5 5 o.zo 

Fl8 A 78 85 81.5 7 0.14 

Fl8B 77 85 81 8 0.13 

Fl8 c 78 84 81 6 0.17 

Fl8D 80 85 82.5 5 o.zo 
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Table XLV 

Gold - conditions for first appearance of rods 

Run No. Outlet Temp 0 c In1et Temp °C .t..ve. Temp °C .o..t C0 1/~t 

Fll B 46 49 47.5 3 0.33 

Fl1C 45 48 46.5 3 0.33 

Fl1 D 47 49 48 2 o.5o 

Fl2A 48 52 50 4 0.25 

Fl2 B 48 52 50 4 0.25 

Fl2 c 40 43 41.5 3 0.33 

Fl3 A 20 21 20.5 1 1.00 

Fl3B 32 35 33.5 3 0.33 

Fl3 C 33 37 35 4 0.25 

Fl4 A 47 51 49 4 0.25 

Fl4 C 44 47 45.5 3 0.33 

F14 D 51 55 53 4 0.25 

Fl5 A 42 45 43.5 3 0.33 

Fl5 B 43 47 45 4 0.25 

Fl5 C 40 42 41 2 o.5o 

F15 D 31 33 32 2 o.5o 

F16 A 46 50 48 4 o.25 

Fl6 C 28 30 29 2 0.50 

F16 D 39 43 41 4 0.25 

Fl7 A 45 48 46.5 3 0.33 

Fl7 B 44 47 45.5 3 0.33 

Fl7 C 52 57 54.5 5 0.20 

Fl7 D 52 56 54 4 0.25 

Fl8 A 45 48 46.5 3 o.3:s 
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Table XLV con•t 

Run No. Outlet Temp 0 c Inlet Temp oc !ve. Temp °C ~t C0 1/At 

Fl8B 46 51 48.5 5 0.20 

Fl8 c 51 55 53 4 0.25 

Fl8D 50 55 52.5 5 0.20 
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Table XLVI 

Gold - conditions for first appearance of squares 

Run No. Outlet Temp °C Inlet Temp °C Ave. Temp °C At C0 1/A t . 

Fll A 33 34 33.5 1 1.00 

Fll C 35 37 36 2 0.50 

Fll D 35 37 36 2 0.50 

Fl2 c 38 40 39 2 0.50 

Fl2D 31 33 32 2 0.50 

Fl3 A:. 36 40 38 4 0.25 

F13 C 31 33 32 2 0.50 

Fl4B 32 35 33.5 3 0.33 

Fl4D 29 33 31 4 0.25 

Fl6B 33 35 34 2 0.50 

F17 A 39 42 40.5 3 0.33 

Fl7C 35 38 36.5 3 0.33 

Fl8 A 37 39 38 2 0.50 

Fl8B 38 40 39 2 0.50 
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Table XLVII 

Gold - conditions for first appearance of trapezoids 

Run No. Outlet Tenq::> °C Inlet Temp °C kve. Temp °C At C0 1/At 

Fll A 46 49 47.5 3 0.33 

Fil c 48 50 49 2 o.5o 

FllD 45 48 46.5 3 0.33 

Fl2 A 48 52 50 4 0.25 

Fl2B 38 41 39.5 3 0.33 

Fl2 D 45 49 "47 4 0.25 

Fl3 A 21 22 21.5 1 1.00 

Fl3B 44 48 46 4 0.25 

Fl3C 49 57 53 8 0.13 

F14 A 51 56 53.5 .5 0.20 

F14 B 51 55 53 4 0.25 

Fl4C 51 56 53.5 5 o.zo 

Fl4D 51 56 53.5 5 0.20 

Fl5C 55 61 58 6 0.17 

Fl5D 50 54 52 4 o.25 

Fl.6.t. 56 61 58.5 5 0.20 

Fl6B 50 50 52 4 0.25 

Fl~-D 52 56 54 4 0.25 

Fl7 A 54 61 57.5 7 0.14 

Fl7 B 47 54 50.5 7 0.14 

Fl7 C 48 52 50 4 0.25 

Fl7D 46 52 49 6 0.17 

Fl8 A:. 54 60 57 6 0.17 

Fla B 51 57 54 6 0.17 

Fla c 55 59 57 4 0.25 

Fl8D 52 56 54 "4 0.25 
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Table XLVIII 

Gold - conditions for first appearance of triangles 

Run No. outlet Temp °C Inlet Temp °C ltveo Temp °C ~t c0 1/.o. t 

FllA 55 59 57 4 0.25 

FllB 57 61 59 4 0.25 

Fll C 58 62 60 4 0.25 

FllD 58 62 60 4 '0.,25 

Fl2A 52 59 55.5 7 0.14 

Fl2 B 52 58 55 6 0.17 

Fl2 C 50 55 52.5 5 0.20 

Fl2 D 50 56 53 6 0.17 

Fl3 A 62 73 67.5 ll 0.09 

Fl3 B 62 70 66 8 0.13 

Fl3 C 65 72 68.5 7 0.,14 

Fl4 A 77 81 79 4 0.25 

Fl4B 74 78 76. 4 0.25 

Fl4 C 78 83 80.5 5 0.2·0 

Fl4 D 77 82 79.5 5 0.20 

Fl5 A. 54 62 58 8 0.13 

Fl5 B 70 78 74 8 0.13 

Fl5 C 61 73 70 6 0.17 

Fl5 D 76 81 78.5 5 0.20 

Fl6 A 80 84 82 4 0.,25 

Fl6B 78 83 80.5 5 0.20 

F16C 11 77 74 6 0.17 

Fl6D 75 80 77.5 5 0.20 

Fl7 A 80 85 82.,5 5 0.20 
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Table XLVIII con't 

Run No. Outlet Temp °C Inlet Temp ° C Ave. ·Temp °C At C0 1/A t 

Fl1 B 74 80 77 6 0.17 

Fl7C 82 86 84 4 0.25 

F17D 80 85 82.5 5 o.zo 
Fl8A.. 78 85 81.5 7 0.14 

Fl8B 77 85 81 8 0.13 

Fl8 C 78 82 80 4 0.25 

Fl8D 80 85 82.5 5 0.20 
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Copper. Cond1 t1 ons for f1 rst appearance of bent w1 res. 
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Copper. Cond1t1ons for f1rst appearance of dendrites. 
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~')< )()( 

~ )( ~~ 
')( )( ')( 

)( )( 
')( )( 

)( ')( -t. )l 
)(. 'J< 

')C. 
')()( )(. ")( 

y. ')(. ')( x 
)< ')(')( 

)(. 
')( 

")( 
')(')( 

')(. ')( )' 

')(. 

')( 
x 

')(')( 

')( 

~ ')( 

x 
/ 

182 

~ 

u 
0 

CL 
E 
Q) ........, 

Q) 

> 
<( 

0 
(X) 

0 

"' 
0 
<0 

0 
L.{) 

0 
~ 

0 
Cf) 

0 
(\1 

0 

L---~----~----~----~--------~----._--~ ____ _. ____ ~ 0 
0 (J) C9 r:-- l V' 1 l L0 '9" ~ C'!J ..:- oo 0 0 0 0 0 0 

FIG. 30 

Copper. Cond1t1ons for f1rst appearance of hexagons. 
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Copper. Cond 1t1 ons for f1 rst appearance of needles. 
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Copper. Cond1t1ons for f1rst appearance of octagons. 
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Copper. Cond1t1ons for f1rst appearance of pentagons. 
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Copper. Cond1t1ons for f1rst appearance of rods. 



)( 

)( 

')c. 
)( 

~ x x 
)( 

x 
x 

)( 

")( 
x ')(. 

'X 

-A. 
x 
)( )( 

')( 
)( 

'1.. 

)C 
)(. 

)(, 
')( x 
"X 

x 
)(. 

)(. )C 

')C. 

x ')C. x 
")( 

'){ 

~ 

1 

187 

)C 

)( 

x 
><. 

'X 

u 
0 

0.. 
E 
Q) 
~ 

Q) 

~ 
0 
<0 

0 
f".. 

0 
<0 

0 
1.[) 

0 
..q-

0 
Cf) 

0 
(\J 

0 

~--~----~----~----~--_.----~----~----~--~----~0 
0 0> <p l Vfl ~ L() ')t ~ 0J ..-
..-6 0 6 0 0 0 0 0 

FIG. 35 

Copper. Cond1 t1 ons for f1 rst appearance of squares. 
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Copper. Cond1t1ons for f1rst appearance of trapezo1ds. 
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Copper. Cond1t1ons for f1rst appearance of truncated d1amonds. 
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Sllver. Cond1t1ons for f1rst appearance of bent w1res. 
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193 

FIG.41 

Sll ver. Cond 1t1ons for f1rst appearance of d1amonds. 
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Sllver. Cond1t1ons for f1rst appearance of hexagons . 
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Gold. Cond1tJons for f1rst appearance of dendrites. 
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Gold. Cond1t1ons for f1rst appearance of hexagons. 
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FIG. 53 

Gold. Condtttons for ftrst appearance of rods. 
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FIG. 55 

Gold. Cond1t1ons for f1rst appearance of trapezo1ds. 
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