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fhe origin of the term ancl tite concept of rlsolid

soLutÍonrr must be eredited to the Ðutch physico-chemist

J"Ho vanrt Hoff,' (f ) " In attempt,íng to explaÍir deviat'ions

from tlie larvs of .dilute solutions, developed largely by

himself , he vras forced to asswue that in cases ivhere the

depnession of the freezing point of solutions by dissolved

substances wa,s t,oo snall¡ the solut,e cryst,allized along

lvitlr. the solvent" the solid obt,ained from such solutions

he called ltdilute solid solutionrr. Ylhite vanr t Hoff was

the f irst, to puhlish b.is views on this subiect, in 1866

1,ecoq de Boisbauclran presented t,o the Acadl*r" des $ciences

cle Paris two papers in which the expressions ttsolid

solutiÐnrt and r¡sotíci soLvent,rl were used. At' this timer

houever, such ideas confticted strongly with t'he accepted

notíons of most ehemists and physicist,s and t'he papers lvere

rej ected. Boisþaudrant s views did not reach pubLicat'ion until

tggl (2j , twenty-f ive years af ter his init iat at'tempt g ancl a

year and a haLf after vanr t Hoff !s fundament'al papero

By ItsoLutionr¡ iS meantE specifically, any homogeneous

mixtu.re wlrose conposition can be var ied ivithin limits" such

a definition places no restriction rvhat'ever on the pbysical

stat,e,andisequaltyapplicabletosolidsagtol.iquidsand
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gases. Å trsolid solui:ionr is a crystarrine body usualry
formed from a tíquid solution,'whiqh retains in the sotid state
as intimete an admixture of solute and solvent as that existing
in the liquid state. Th.e distinguishing features of a solid
sorution must be rigidity and a crystartine structure, rffith

regard to these latter properties onl.v two exceptions need

be not'ed: liquid crystals, which are fruid but possess a

crystarline structure, and grass€sg vrrhich have great rigidity
but sholv no evidence of anisotropy"

tr"ñhen a chemíca-lly pure suhstance freezes, it does so

at a definlte temperature. This is not a characteristic of

solid solutions; for a solution of two materials capable of

forming a continuoue series of solid solutíonso the first

soliC sepa-ratin.g upon freezing is alrvqys richer in the higher

melting component of the original solutionn ^ås freezing

progrês$€sr the composition of the solid separating changes

continually untilu when all liquid has disappearedu the solid

olotained has the sarue composition as the original liquid

solution" A change of concentration in both liquid and soLid

solutÍons during th.e process of freezing enta.ils a change of

temperature, and so it is that a solid solut,lon freezes or

melts over a- range of temperature" The ternperature of initial

depoeitlon of sol"id is the ilfreezir:g pointrr and the temper-

ature at which the last trace of liquid disappears upon

cooling a solution is the rrmelting pointrr'
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The particular system to he studied, namely, the
system, p-dichlorbenzeneå p-dibrombenzene; p-chlorbrom-
benzene, hae been shown by G. Bruni and I, Gorni (g) to
exhibit comprete mÍ.scib irity in both riquid. and sotíd
states; the system forrns a continuous series of solid
soLutions" Holvever, two of the binary systems posseÊs a
uininrum freezing point. The data of Bruni and Gorni do not
indice.te a minimum freezing point for the ternary system,

art'houglr 3runi, in a pamphtet pubrished in lgot (a) says,
n---"- The latter (a minirnum) was found experimentarry in
nrixtures of p-dichlor-- r Þ-dihrom-- r âod p-chlorbrombenzener

¡'¡hich melt at 52.50, 680, and B5o respectively, and v¡hose

mixtures show a minimum zone on the freezing surface in the
d Íchlorb enzene corner. rl

ït v¡as the purpose of tbis project to repeat the
deterninations of Sruni and GornÍ vrith regard to the freezing
point' curveÊ of the three possible binary systens and the

freezing surface of the ternary system" rurther¡ the melt,ing

point curves of th.e binary systems and the raelting surfe.ce of

t'he ternary systenr, which have not been exan.ined experiment-

aIly as Jetr have been deterrrrined, It $ras also necessary to

dispel the apparent arabiguity concerning the existence of a

minimum. freezing point in the ternary system.

Of part'icular importance was the sensitive apparatus
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and speeialized teqhníque employed t,o determine freezing

and melting points. The method used was essentially a

refined method of thermal analysis'
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¿"- TirE PI{ASE Rr&E

tr'_undamental Ðef init i o ns

Before enbarking on a discussion of the phase Rure

properr it is necessary to describe and exprain a few of
the bas ic quant it ies encount,ered in díscussions of chemicaL

thermodyna¡rics and the Phase Rui.e. The essential quant,ities

and concepts are outlined belorss

$gste!Ê. A. system may be defined as any physicaL body or

group of bodies isolated for special consideration. ff the

system is uniform throughout in physical and chemical

properties it is a rrhomogeneous systemrr¡ if the system ís

composed of tvuo or more parts havÍng different physical or

chemÍcal properties and separated by bounding surfaces, Ít
is a rrheterogeneous systems.

Ëtate. The state of a systern is its physical condition ag

defined by any combination of quantities which differentiate

this cond it ion from aII otb.ers . The quantiiies def ining the

state are the properties of the system' Properties such as

mass or volume, which are additiver âTê called rrcapacity

factors¡l; those vuhich are non-additive, such as densit'ye

pressure r or temperature, are rr intens ity f actors tr . Knovlledge

of the capacity f'actors of a system enables its state to'oe
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perfectly defined¡ since by the matheaaticat metnods of
thermodynamícs, arr i'tensity factors nray be derived.

Equil-ibriug. ror equilibrir¡n to exist Ín a system, there
raust be an equar balance bet,ween tlre various parts of which
the system is compo$ed. EquiLÍhrium fn a heterogeneous

system is rrheterogeneous equ.iribriumrr ; siutirarry, equiLibrium
in a h.omogeneous systetn is knov,¡n as rrhomogeneous equilibriumfi"
tr'/leen used by the chenist¡ the word oequirib::iumrr ru.eans

rrneutral equÍlibriumfi. ThÍs may be rikeired to a balance

having equal masÉeÊ on both pans. The balance wirr attain
a position of restr but the srightest change of mass on

either pan destroys the equilibrium, Tn contrast to neutral
equilíbrium there nray exÍst a stable equilibrium, a

mechanicar analogue being a barance rvith a ten pound weight

on one pan and a one pound weight on t,he other, An inter-
meclÍat,e t,ype, a metastabLe equilibriuuo., may be enoountered;

tlre equilibrium of a system in this condition is stabte wittr

regard to very stight displacements, but is much less stable

than any other condition of equilibriumi

If a system is to attain equ.ílibrium, there is
required sonre driving force, Tn chemical t,hermodynamics

this driving force has been designated as the rtthermodynamic

potentialrrr or the tf Gihbs free energytr" The criieríon of

any equilibrium condition in a system is that the
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thermodynamic potentials of att individuat
the systern be equal " Tf the thermodynarnic

s¡lstem reaches a minÍmum invariable va.luer

stable equilibrium has been attained,

parts conposing

potential of a

a condit.íon of

3þæ, Each physically homogeneous portion of a system

separated from aLl other such portions by a bóunding surface
ís a phase" For exampleo if a quantít,y of water existed

partly as solidu partLy as liquid and partly as vapour, the

syotem would contain three phases, å, systeur com¡:osed of

three immiscible Iiquids would eont,ain three phases, since

each. honogeneous liquid must be separat,ed from its neighbore

by a bounding surfä.G€c ft is important, to distinguish

between the phases and constltuents of a system; a

constituent, maintains a fixed recognizable structurer uhile

a phase may be composed of several constit'uents.

It' is norv apparent that equilibrium in a eystem

composed of one phase only is hox¡ogeneousr âr¡d where the

system is composed of two or more phasesr heterogeneous

equiS.ibrium must exist. .&ny condition of equilibrium is

independent of the amounts of phases present in a system'

for equitibrium is deterrnined solefy by the t'hermodynaluic

stat'e of the system.

tompongpj5. The number of components of a system is the

number sf substances the masses'of which in each phase
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compretely deternrine the physicar conditiozr of the phasee

provicied the temperature and pressure are knor,vn. .4,g

components of a system must be selected the smalrest

nunrher of Índependent Iy variabte const ituent,s required

to express the composit,ion of each phase part,icÍpating

in a st,ate of equiLibriun in the form of a chemical equatíon"

The number of components of a systen may be selected

unerringly by following a simple rule. Ðivíde the total
number of elements present in a system into two groups such

that knowledge of the masees of all elements in the first

group enabtes computation of t'he masses of the elements in

the sreeond group; the nuruber of element's in the first group

is tlre number of eomponents. In tþe example of water ?

uentioned above, the elements present are Ïtr and 0" There-

fore, knolving the mass of 0r lve can deduce the mass of II"

SimÍtarlye knowledge of the mass of H pernit's deduct'ion of

the mass of O. Since the maes of only one element need be

known to establish the composition.of the system v'raterr

this system must. be s. one-componentr oI' singulary syÊtern"

Tn an BQUeous solutiOn of sulphuric acid three

elements are presentu namely, Ho S and O" Knowledge of t'he

Ítasses of any two of these elements esta'blishes the mass

of the thiro " Thus the system sulphuric acid-uater is a

two-component gr binary systemr the components being water

and sulphuric acid " 3or a given system the numbeå of
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conponents is fixed¡ but there is a certain freedom of
quaLitative seLection of the components. This is
especiai.ly true Ín multi-component systenrs, when the choice

of components is Ínfluenced by considerations of
convenience or simplicity,

I¡eg,ree__eÉ.Ireedoq. The variabitity or degree of freedom of

e system is the number of variable factors vuhich must be

fixed in order to completefy define the condition of the

system. tr'our sets of such factors are recognizedo each

set containÍng four índependently varieble quantitiee.

For purposes of convenience in studying equilibría
experinentaltye the chemist has selected the set ¡

thermodynamic potentÍal - pressure - temperature

corßpositionu usua!.ly symbolized¡ G e p - T - xn

Since if any three of these variables are fixedu the fourth

must also be fixed, it is sufficient t'o know P' T and x2 in

order to establish the condit,ion of a oystem. If tbe

system is defined in terms of the variables G-P-T-xr it is

poss it¡Ie to t,ranslate its condit íon in terms of any one of

the other three fundamenta'I sets of variables by applying

the a.ppropr iat e therrnod¡rnamical calculati ons '

lrans{olmqtlg. Any process of change froru one physical

stat,e or from two or more physical stat,es t'o a different

physical state t oT to two or more different' physica-l statesn
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is a'transformatioÈ" lhus the familiar processes of
rne1ting or freezing are transformations, the temperature

at vrhich th.ey occur being the transformatjon temperatLlx€e

s'or a transformatíon to occur, it is necessary that at

least tvuo phases coexist in equitibrium,

. AII transformations may be classified into five
types;

Solid T,iqraid ( S-f.,)
So1id-Vapor ( S-V )

Solid Solid ( Sr 
- 

Sz)

f,iquid-ÌIapor ( ¡, 
-V )

liquÍd 
- 

Iiquid I r,., 
-A*)

the Shasg_&-Ls

În papers published betv¡een the years 18?6 ancl 1878t

Ju s,I. Gibbs (S) developed a method of chemieal thermo-

dynamics which proved to be except ionaLly powerful in

solving probLems ln het'erogeneous chemical equilibria.
Inventing suitabte mathematícal functionse he established the

crit,eria of equíIibrium and shov,¡ed what experiment'al data

w_ere neces$ary to solve a particuJ-ar problem. By coLlect'ing

experinsental data in the form of a rrfundamental equatlonrl

for each phase, any'problem could be eolved a}'gebraically.

Gibbst nethods uere developed graphlcatly by van Ryn van
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ålkemade (0), and extended qualitativefy by Bakhuíe

Roozeboom (t) and tr'. Schreinemakers. ån important

generalization resuiting from Gibbsr studies was the phase

Ilureo a brief derivation of whÍch will be given"

Suppose a system ts consist of C eomponents existing
in P phases. 3or a conditÍon of neutral equilibrium in
the system, the thernodynamic potentials of the p phases

must be equal" This potential in any one phase is
determined by the composition of the phasee the temperature

and pressure, a total of three variables" The corÊposition

of unit mass of each phase Ís knovrn if the nrasses of (t-1)

components in each phase are known, Since there are P

phases, the total nu¡ober of variabtes possessed by the

syst.em is P(C-I) / Z; the factor 2 accounts for the two

variables temperature and pres$ure" Now for each phase

there exists one eguation defining ite thermodynamic

potentÍale so tliat (p-f) equatÍons are required; and in

order to fully define the stat'e of the system there must

be C(P-f) equationsr âs the thermodynamic potentíal of each

phase is dependent on the masses of the components. 3or &

complete solutÍon there must be as nany equations as

variables" If there are insuff icient equatiotrsr the nwnber

of <ieficient, equations is the variabitity¡ oT degree of

freedsm of the system" Therefore the degree of freedom of
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a system is

r' = p{c-l) / z - o(p-t) = c - p / z"

Thís is t,he Phase Rule as f irst discovered by Gibbs"

Ît can be seen that a system of C component,s can

exist in C / Z 'phases only if f' = O, that is, if
tercperatìJr€¡ pressure and concentration have f ixed values.

For C coiaponents in t / t pnesêse there wilt be oi:e degree

of freedom, or one factor which rnay be varied v¡ithout

destroy ir:g the equilibri.um cond ition,
the phase rule Ís able to pred ict the nunrber of

phases coexist'ing under given conclitionse but, does not

inform us as to what phases exist or as to their relative

amountg.

The relative amounts of coexisting phases are not

considered aÊ va.riables" If a system is subiect to some

variable such as a gravitational, electricr or magnetic

f ieldo the nurober 2 raust be increased one unit for each

additional variable. The Phase RuIe may theref,ore be

generali zed ¡

Ðegree of tr'reedom s Varialrles Invariants

rvhere the Invariants are the nunrber of phases'
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the trdeaI- ,o_åulíoB

¿, solution may be defined as any homogeneous

rnixture whose comÌros it ion can t¡e varíed witirin Iimits ( f ) "

This def init.ion does not nrake any assumption as to the stat,e

of aggregation and is therefore equally applicable to

gaseous, liquidr ând solid solutions. Tlrusr âhJ phase of

two or more component's may be regarded aS a solution'
The ideal solut io n is a coi-lvenient, standard to which

aII other solutions may be cornparede but very few s.olutions

met wÍtþ in practice conpare closely to it. 'v'Ihen trvo

liquids form an ideat soLution they do so'rvit'hout evolut'ion

or absorption of heat¡ and all propert'ies of the solution

such as vapor pressure, density and viscosityr may be

calculated from the properties of the two conponents by

applying standard relations knorvn as the laws of ideal

solutions. The most important, of these lal,vs aTe those of

Raoult and vanrt Hoff "

"ê"ny pure Iiquid exhibits an escapíng tendencyr or

a tendency for the tlquid molecules to form a vapor. The

funda¡nental staternent of Raoult r s lavr¡ is that' tlie escaping

tendeney of any chemical individuat is proportional to its

mole fraction" Addition of a solute to a pure liquid lt¡ill

therefore decrease the mole fraction of t,he lio,uid and
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consequenti-y decrease its escaping tendency (vapor pressure) 
"

ThÍs is evident from the relation
P=Pox

where Po is the vapor pressure of the pure liquid, x its

mole fraction, and P the vapor pressure of the solution,

As the vapor pressure of a pure liguid is depressed

by the addition of soluter so is its freezing point. For

a dilute ideal solution of tvuo componentse fron which

pure solvent is deposited in the freezing Brocesst

vantt Hoff Ïras formulated a law of freezing point'

depression which may be exPressed

dr É Eta? -(r)
d** =!a.x*

where R is the gas constant, l* the absolut'e temperature

of the tiquid-solid trairsformation of solvent Àe Ilu the

heat of transformation per mole of A, and x" the mole

fraction of A in solution, For practical applicationr

this reLation inay be integrat,ed provided t'he heat of fusíon

(eu) is assumed to remain constant over the range of

temperature considered (g) " I{ence we obtain

log xu = --åa- Ia:T - (2)
4.579 TaT

wlrere 4.579 = 2ÃA3 R and T is the absolut'e transformation

temperat,ure of the solut'ion" this expression is applicabte
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to more concent.rated solutionss but

ideal solutions only.

If any solution can be shown

vanrt Hoff!s lawu this is sufficient
it, as an ideal so lut, Ío n.

The Non-ideal Solution

holds stríctly for

to obey Raoult r s or

criterion to estabLish

Ileviations from the laws of ideal solutions must be

attrÍbuted to interact.ion of the atoms of the cornponents

of the solut'ion" In the non-ideal solution tire force

between trvo kinds of atorus,A, and.3 ís either one of excess

attraction or excess repulsÍon,

tror an ideal solutÍon a linear relatíonship exists

betv¡een vapor pressure p and mole fraction xr as def ined

by Raoultts law¡ this is represented by line (1) I'igure l.

ïn the event of excess attraction betlveen atoms Á. and Bt

the atoms are rÂore t ishtly bound and t,he vapor pressure of

the solution Ís decreased" The latter condition is

represented by curve (Z)" Conversely, an e.lccess repulsive

force manifests itsetf by an increased vapor pressurer âS

shown by curve (g). If the attractive force is sufficiently

great-r a cotnpound of .A and B may be forrned; again, the

force of repulsion bet.ween atoms '{ and B may become so large

that a solubility Baþe or e region of almost neglible

solubility occurs, Sigure 2 represen.t's the latter câ'S8ø
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Plotting the composi*ion of the sorution against temperature

we obtain the t¡phase diagramtre in this case consieting of
t,rvo ilf ieldsil, one represent ing the temperatures and

concei:trations foilrvhich one homogeneous phase exists and

the other representing t,he temperatures and concentrations

forrvhíeh two phases exist" These f ields are Å and B

respectively in Figure ?" Tn f ield .4. there are two degrees

of freedom (¡ = I L I L n 2) sinee pressure is fixed;
thereforee temperature and concentration may .he continuouely

and simult'aneously variable 'lvithout appearance or dis-

appearailce of a phase. At a point X in field 3 there are

trvo liquid phases, t,he rnole fraction x ín each being

given'by points a and b. Thus f or any given temperature

the composition of the tiquids must be fixed in order that

there be no change in tlre number of phases.

To make possible the application of the exact

thermodynâmic relations of ideal solutions to non-ideal

solutÍonsr GuNu Ï,e'tvis (g) has invented the eoncepts of

fugacity and activity. The fugacity is a measure of the

escaping tendeÌ1cy of a solution considered as a.n ideal

solution; rchite the activity is a factor l4thich corrects the

mole fract,ion of a solution component to its ideal-solution

value" These functions serve onl¡r to bring experimental

results into agreeinent witir the laws of ideal solut ions 
"



L7

Solid Solutions

( a ) Geqglat_*qbaract er

Att solids exhibit ail escaping tendency; every solid

gives rise to a vapor pressuree although it may be very

small lt is conceivabler thenr.that a solid phase may be

formed consisting of two or more components and which obeys

Raoultrs law. Such an assocíation of solids Ís an ideal

so Iid so lut io n.

"å solid solution may be con$idered analagous to a

fiquiå solutionu its distinguishing feature being the

possession of a crystalline structure" The crystalline

structure of solid components influences their miscibifity

ín t,he solid state; only t,hose substances ha-ving similar

crystalline structure are able to form solid solutions in

al} proportions or r,vhat is knolqn as an ltisonorphous seriesfru

This stat.ement has been borne out by receirt x-ray

crystallographic work (fO). Thus, miscibility in the soLid

st ate is more limited t'han in the liquid state, but it is

by no meanÊ a. Tafe phenomenon. solid solutions are

common in alloysl míxtures of organic and inorganic

substances, and in minerals sotid so}utions are t'h'e ruler

a pure crystat being setdom found"

Sotidsolutionsmaybeformedbyfreezingfroma

mixture of the fused componentee frorn a solution of the
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componerlts in a cormÛlon soLvent, or by subrirnat ion.

Considering deposition from a melt only, t,he solid phase

separating is usually richer than the melt in the higher

ilelting component, Tn certain cases the solid phase rnay

have the sane composition as the liquicl from which it is
deposit,ed; this phenomenon is known as ilcongruentrl

freez ing,

(u) slnar.L_S_.vstçÍre

( i ) $raph i .c al Repr e.s e irt-.p t i o-g

Consider a solution of two components À and B

whose fteezing points are T* and T¡n respect.ively, from

whích solid solutions may be deposited in all proportions

upon freezing, The frphase diagrantr of this system is

obtained by plotting composition of the solutÍon as abscissae

against temperature a$ ordinatese es nhÐwn in Figure 3"

Composition is always expressed as the nunrber of parts or

moles of one component in 100 parts or moles of the solution,

called respectivet-v rrweight percentTr and trmole percentil.

Originatlyo van Ryn van Alkemade plotted the thermodynamic

pot,ential (G) against concentration (6)r but because of

the impracticability of the methodu Rooøeboom (ff)

substituted temperature for G.

' The d iagram of the type shown in Figure 3 is an

It isobar ic sect iontf , s ínce it represents the state of
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equÍlibrium of the s-vstem under constant pressürêe assumed,

unless otherwise statedu to be atmospheric pressure,

À, complete representation of the system rvould be a spat,.i.al

diagram having three mutually perpendicular coordinate

axes, one for each of the variables temperaturer pressure

and. concentration"

ln this diagram there are t'hree f ields¡ liquÍd

soLution, tiquid and sotid (I, / S) and solid solution.

ïn the liquid fieLd there exists one two-component phase

and therefore thÍs system poSseSseS t.,vo degrees of freedom

(¡' o N t / t - 2). Temperature and pressure may be

simultaneously changed witþout the appearange or dis-

appearance of a phase. This is atso t'rue of the solid

solution field. In the lens-shaped L / S fietd two phases

coexist, namely, Iiquid and solid, thereforee onl$ one

degreeof freedomÍspermissibte; (¡ =/-2/L *1)

eitþer temperature or concentration must be arbitrarily

f,ixed. The upper rÛIiq.uidustf line represents the freezing

points of ali. possible solutíons of ^a and 3i the ilso}Ídusrl

Iine represent,s the melt ing points of aS.L possible sol-íd

so lut io ns .

{ i i ) L:þuid -So f iå*Tgeesf ormat i-og

considêr the I S transformation of a solution of

comÌrosition x (¡: igwe 5). tipon cooling tlre high temperature
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phasee solid solìrtion begÍns to deposit at ternperature Tx,

the coÍrpos Ítion of the initiarry separat ing sorid phase

being given by b. .At this temperat,ure tiquid of
composition a ís in equiLfbrÍum wit.h sorid of composition

b " the soLid phase is richer in component B than the tiquid
phaeer reaving t'he liquid irnpoverished in this component,

Removal of the high-melting component B fron the tiquid
causes a slight decrease in temperatureu and as freezing
progresses the temperature of the system drops while both

liquid and solid phases change in conposition, Vihen the

transformation Ís nearly completee t.he coraposition of the

last portion of LiquÍd is that of al. the completed

transformation yields a solid solution of coüposition x,

the $ame as that of the original tiquid solution.
1t f,ollows that when a solid solutíon freezes it

does so over a range of temperat,ür€c Converselye melting

of a solid solution must also take place over a renge of

temperatüTÊc This t'emperature range is described as the

freezÍng or melting interval.
Concentration change in both liquid and solid phases

during freezing is achieved by a process of diffusion.

In lÍquidsr diffusion of the atoms of the components Ís

suff icientty rapid t,o maintain a homogeneous solutions lout'

in solids diffusion is impeded by the presence of the
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crystar rattice and therefore it is usual to detect
a composition gra.dient. The sorid phase may arter its
composition in one of two vrays¡ either the process of
d iffusion in the sorid is cont ipuous¡ Êo th.at the solíd
phase is homogeneousc of, the sotid deposits in euecessive

rayers of different compositíon" rn practice¡ neither of
these extremes is observedo deposition of soLid usually

being a combinat,ion of the two processes. Hovjever, by

cooling the melt very slovrly it is possible to approach

t,he equiliìrr ium cond it ion clo se Iy, the so Iid phase alter ing

its composition largely by diffusion,
The exact mecha-nism of diffusÍon in the solid state

is not clear, but Rosenhain (fZ) has explained it on the

bas is of 'r Íntercrystalline slipsrr caused by local strains

in the crystal lattice.

( i i i ) Sant itat is,e. RSLLat igns-

.å,ny phase transf ormation involves ¡

(f ) A change in heat content of tlre system (AL)

(Z) .A change of composit ion (A 
")

(g) A change of volwne (^rr)

Tn the phase transformat ion tiguid sol-ut ion - solid solution,

ít should be possible to derive a relat ion bet'v¡een Gompos-

ition of the lÍquid and solid phases in equilibrium and the

heat, content of the system. Such a relation vrould enable us

to calculate the relative posit'ions of the tiquidus and



solidus curves Ín a phase diagram of the type shornrn in
ï'igure 5.

Vanr t IIoff I s lalv of f reezing point clepression

(equation I, page L4) is applicable.only to an ideal

solution from vyhich pure solvent alone freezes out, It
is therefore useless in those caËes where solid solutions

are formed, since solute and solvent freeze out together

in this event "

rtor very d ilut,e solid solut ions, Rothmund ( f 5)

has derived an expressÍon relating composition of liquid

and solid phases vçith tempera,ture on the assttnptions that

the solid solution obeys Raoultrs Lants and the heat of

fusion of the solid is constant over the temperature range

consÍdered. In a discusÊion of the relative positions of

liquidus and solidus curves in a system of the type shown

in Ïigure õu van laar (f+¡ introduced equations for the

tiquidus and solidus curves which are app[icable for all

concentrations in the liquid and solid solutions" Perhaps

the most retiabte equations for the solídus and liquidus

curves a1e those derived mor.e recentiy by Seltz (fS),

us ing the concept,s of act ivity and f ugac ity introduced by

GnItu l,ev¡is (g) for ideal liquic solutions. The equations

tïere deríved for a solid solution v'¡hich oTreys Raoul"tts lav"g

and do not take into account' the change of heat's of fusion

(i,) r,vith temperatllrên TheY ares
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{a) liquictus;

(¡ ) soridus s f
D

_-t
U

or 4=

t:
la

i. FT
--âcO ¿L

-Ï-_¡á-_-.1í-
T-þ- "a

eRrx - Ku#çi%"

wlrere K= and Itr=

(4)

f,,,_
RT

*l
T!b-

FTeþ

ï,
l1

D)'Tt
ett'N

The syrnbols are those used in tr'ågure 3:

R a gas constant.

L = latent heat of fusion of, solid per mole"

x = concentration expressed as mole fraction.
T*= absolute freezing tenperature of the solu.tion

¡;

TarTb= absolute freeaing temperature of pure components

' AandBrespectively.

The subscripts a and b refer t.o components A and 3;

the superÊcripts L and s refer to the líquid and sol-id

phases respect iveIy,

| --
J\ è¿! aþb
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that these equations are theoretÍcally soundu

may be demonst,rated by negleeting the f irst terrn in t,he

denominati on of equation (S), t'hat, is o by assluûing oi:ly

pure solvent freezes from the solution" Eo,uation (5)

then reduces to the ideal solution equation (equati.on (2)

page t4).

( iv¡ tlass if ipêtlge

Binary syst,ems forming isomorlrltous solid solutions

have been classif ied qualit'at ively into f ive types by

Roozeboom (fo)" ê.nother type llraË int:ioduced, by Ruer (ff )

making a tota,I of s ix types lvhich are classif ied as

fo llows ¡

Ao tomponents form a continuous series of solid solut'ions

correspond ing to complete rnisc ib il it'y in the solid

st ate a

Tvpg I*. ï,iquidus and solidus curves run continuously

from the freezing poiyrt of pure Â to the freezing

poínt of pure B"

Syge-IÃ. Liquidus and solidus curves pass tluough

a maximun*

T.v- ç*,I,II' liquidus ancì solidus curves pass through

a mínÍmum,

-Type--¡LI' liquidus anci solidus curves shor'v a poínt

of inflection"



Bo components do not form a continuous series of sotid
solutions' corresponding to limited rniscibitity in

t,he so t id stat e,

Tvpe LV. The two serÍes of solíd solutions show a

trans it ion or per it ect ic ,

lype- -1, The two series of solid solutions fornr a

eutect ic.

"4,. Tvpe- å _llås".ë)
This coiîtnon type of binary systern has been

exp Iai ne d under rrSo I id So tut ío nstr ,

It has been contended (fa¡ that in such systems the

solidus curve is a straight line joinÍng the freezing

poínts of the pure components and the solid solution

separat,ing has the same eomposition as the liquíd solution.
Such a situation is impossible ho,tvever, since van T,aar (f¿)

has proved that coincidence of Liquidus and solidus curves

can never occur" Generallyr the liquidus curve lies

above the straight line joining the freezing points of the

cornponents, and the so lidus below g but it is poss ible for

the l iquidus curve to co inc ide rvith this straight line p

ar to I ie be lov'r it 
"
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gxpç ir Gås-jJ
Such systens exhihit a tendency tor,vard formation

of a miscibility gap in the liquid phase at Bome higher

t emperaturê, .&. so lut ion of compos it ion x rrfreezes

congruently" at a maximunr temperatr:.re Tm, i"ên e yietd.e a

solid soLution of the sane conpo$ition as t,he liquid phase.

¿1 !
r8om only, (excepting 1. and T¡) the solution freezes as

a chemical Índividualg T* is therefore designated as a
rrsingular pointrr. Solutions to the right and left of T*

freeze over a temperature interval as in Type Io tire solid

.ohase being in one case richer in B than the melt¡

(solution xl) and in the other case richer in hs (solution

xll). 3or aII concentrationsr the solid phase is homo-

geneous and of a s ingle crystal type,

Tvne III (3ie.5)

The diagram of this type nay be considered a

derivation of Type ån the lÍquidus and solidus curves of

which are distorted by a tendency toward formation of a

miscibility gap in the sotid state at' some lower tenperatüIên

.A,s in Type fI, a singular point To exists, ât' which

minirnum t.emperature a liquid of compositÍon x freezes

congruently, Sotutions to the left, of To yíetd upon freezing

a sotid phase richer in component A.e white those to the right

of To deposit a solid phase richer in B. tr'or any given
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temperature bet,ween Tu and Tou therefore, there must exist
two mixt'ures of' d istinctly different compositions rvhich

possess this same transformation temperature. Holryever

the crysf ars depositing froia each mixture necessarity must

be of the same crystal type"

Ivpe JåJEis"*Q"I
Á" singular point (Tf) is exhibited ín this type of

binary system, rvhich is neÍther a maximum nor a minlmurn

temperat,ure, but a po int of Ínf lect ion. .et this point a

solution of composition x freezes congruently"

The diagram is a combination of 'Iypes ff and f{I-

where t'he free øíng point of 3 is depreseed by addition of

.å. and the freezing point of A is raised by addition of B"

The solid phase deposited on freezing a solution is alwqys

richer in the higher melting component 3o

The last three types considered, (fl, Ë, Vi) are

physical manif,estations of the theoret'ieal requirement that

at any sÍngular point the tange¡t to the liquidus (and

soLidus) eurve roust be horizontal. A horízontal tangent

to any curve is possible only if the eurve exiiibits a

maximum, a minílnüÍle or a point' of inflect'isn'
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.appearanee of a miscibitity gap in the sorid phase

in the range of transformatÍon teniperature of rype I gives

rise to this diagrain" .ålong T*o tiquid ís saturated with
solid phase srr v'¡hich possesses the crystarline structure

of cornponent .At along Tbon tíquíd is saturated with sol-id

SZu which is of the same crystalline type as component B"

In the miscíbitÍt,y gap (St ,/ Sr) the solid phase is

composed of a mixture of cryst'als of type A and 3.

Gooling a solution of col]rBosit'ion x first yields

solid S, upon freeaiag. .As freezing progressese the

composit.ion of the tÍguid changes along TOo and that of the

sotid along Tb., until a.t o the lÍquid phase is saturated

with respect to Sl. å,t constant temperature În the liquid

nov deposits SI and when aII is solidr a mixture of St and

Se is obtained. Upon cooling a solution of composÍtion xl,

a pecul.iar behaviour is observed. Crystals of SZ f irst

freeze outç but ïvhen the solution reaches the composition

of o it is saturated with respect to St and this solid

hegins to precÍpitate" since three phases coexist,

(neglect ing vapore as the pressure is constant) Sf cont'inues

to deposit, at constant tenrperature (Tp) at the expense of

s2, whÍeh must nors red,íssolve in liquid L' T''trÍth the

dÍsappearance of Sgr two phases (L / Sf) eoexistg and the
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temperature nor'ü farls ag st depositse untir arl is solid.
Upon cooling the solid further, the limit of solÍd
sorubilíty (miseibitity gap) wirt be reached, wlren crystals
of S, begin forming. îhe final solid phase obtained is a

nixture of St and SA" the behaviour at temperature Tn is
peculiar to this type of binary system; consequeirtly, Tp

receives the particular name "peritectie temperaturerr and

this type of diagram ís known ag a "perit,ectic diagralrt¡.

LvPe Y-lEÅsdI
As in Type fV, tr¡¡o series of solid solu.tions are

formed here, but the miscibitity gap of Type I is larger

than that of, lype _48,.

Gooling a solut'ion of any concentration lying

between o and b rryitrl result in deposition of one or other

of S, and SAo with the liquid eventually attaining the

concentratiotr x" .At t,his const,ant temperature (T") both

St and Sg deposit sinultaneously to give a solid phaae

eonsistÍng of a conglonrerate of st and s2" Point a is

called the ffieutectic pointil since it represents the lowest

freeøing point of the system; the temperature Îu is

therefore known as the lreutectic temperaturel¡"

The dÍagram of Type I is characterized by two regions

of tvro-plrase equilibrium above the tenperature of three-
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phase equilibriumu as. compared to one such reEion in
lype .II" Alsos the freezing points of the cornponents are

wideLy separated in lype rv, but in Type I the interval
betrveen the freezing points of the components ie usuarry

smalL e

. (c ) rerlar.v, Êvs_Le,gg

( i ) Greæhical _Rgprese-p_t.atjq n

In a syst,em of three cornponentse in order to def ine

the composition of the system, it is necessary to know the

concentrations of t,wo of the components. Therefore, a

complete graphical representation of such a system requÍres

four dimensionse one for each of the variabtes temperatür€e

pressìrre and the two concentrat ions " r'\n isobar ic (constant

pressure) section reguires three dimensÍons¡ but by again

sectioning the isobaric section it Ís poss ibte t,o represent

equitibria in a ternary system on a tr¡¡o-dimensional diagram"

Usuall-v the eection is taken at constant temperature,

leaving onty the concentrations of the three cornponents to

be represented on a plane diagram"

Of the several methods proposed for representing

ternary systems on a plane diagramr those of Gibbs (fg)

and Rooseboom (20) are the most freguently used ín practice'

Both authors empioyed an equilat,eral triangLe¡ the corners

of which represent t,he pure compone¡:t'ss A¡ 3 and C"
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,A point on the side of the triangle represents a binary

mixture and a point in the body of the triangle represents

the composition of a ternary mixture" Gibbe employed the

property of an equilateral triairgle, nam.elyu that the sum

of the perpendiculars to the sides froru any point is egual

to the altitude of the triangle" Thus¡ the ratios of the

components f or a mixture o (¡ie"g) are the ratios of the

lengths ãec bo and co; the mixture o therefore constists

of 5O/o A, \CI'/" B and 3Q'ñ G"

In the more popular method due to Roozeboomg the

tength of one side is made equ-al to unit"y. As sho,:vn in

tr'igure 10, the compositíon of a ternary mixtr.lre xI íe

consequentty determined by measuring the dístances to the

sides in a directíon parallet to the sides of the triangle.

Terirary mixture xl consists of 2O/" A, 5A7å B and 3O/o g"

A most important geonetrical property of the

composÍt ion triangle ie that a straÍght' line from eny vertex

to the opposite side represents a constant ratio of the

components represented .by the t'wo re¡na-ining vertêCêS"

Adding component c to a binary mixture of .A and 3 of

composit,ion x (¡ig.fO) results ín a series of solutions in

which the ratio of .& to 3 remains tlre same as in the original

nixture x, .{tl solutions such as lc' xlu xll contain

conponent's Ä and 3 in t'he same proportion"



A complete isobaric section of a ternary system is

represented graphically by a prism, (f ig"f f ) tl:.e

temperature axis being erected perpendicular to the

composition triangle" În representing ternary systeÍlsr

especíally those in which solid solutions are formedo

it is customary to represeirt' severaL isot,hermal sect ions

super,oosed on one basal plane"

( Íi) Some _E-xamplgg

Tt has been shown that binary systems forming solid

solutions can be classified into six types. în a ternary

system, however, addÍtion of one component greatly increases

the nu¡nber of diff erent ternary systerns possible¡ since for

one ternary system there may þe t,hree different binary

systems, represented by the sides of the cornposition triangle.

Ternary systerus invoLving Roozeboomts Types Jr If

and LIl have been classif ied into t'en types by

Schreinemakers. (Zf ) . Only two of these ternary systems r'vill

be considered h.ere"

lgpeJ,.I".I..lhethreecoruponent'sarecomplet'elysolublein
both liquid and solid statese the binary syst'ems

atl being of ftoozeboomrs TYPe J"

The isobaric sect,ion of this systen is illustrated in

3ig,I2; component A Tras the Lowest freeøing point and G the
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highest. lwo surfaces coinciding at the freezing points
of the components encrose flre riquid-plus-sorid region, the

upper líquidus or freezing su.rface being concave torsard the
basar prane ¿rglgl and the rolver soridus or nel-tÍng surface

being coneave upvlard. Above the surfe-ce ABo arl is tiquid.,
vrhire below the solidus surfa"ce onLy homogeneous solid.

solutions exist.
Suppose the isobarie sect ¡.on of Fíg" 12 ís sect ioned

at constant temperature TI" the intersection of the

isothermal pJ-ane Tl *Íth the liquidus surfa-ce rviLl yield a

curve ab projected on the basal plane ¿tgtgl" Simitarly,

the intersect ion of this plane vritir the so I idus surf ace

produces curve 
. 
cd, the isother¡ral sect ion at ternperature

T.t will therefore be similar to 3ig"l3e possessÍng three

f ietds ¡ the Iiquia (f ) f ield .qlab, one het,erogeneous

sotÍd-ptus-Iiquid (i, / S) fietcl abcd and the solid (S)

f ield ¡Itlcd. The short }ines running from liquid.gs curve

ab to solidus curve cd are tttie-lineerro t'heir intersections

with the soli<ius curves representing t,he corÂpositions of

the solid phases in equitibrium with the liquid phases

whose compositions are given by the íntersections wit'h the

Iiquidus curves " It is clear that the direct'ion of the tie-

lines near the edges of the diegram mu.st be approximately

paralle t t,o the e id.e s of the tr iangl e I s ince the t'i e-I ineg

of the binary systerns tie in t,he plane of the sides"
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^A,n isothermaÏ section at a higher temperature Tz

rvirt prociuce a heterogeneous band albtctdr shifted t,oward

the higher t,empera.tures of B and üs and successive

isothermal sections víiLI give a series of heterogeneous

L,ands, r,vhich, when projectecl on the basal plane 4l3IçI,
complete the diagram represented in Fíg"13. One

heterogeneous band at the freezing temperature of pure 3

has been dra'wn to illustra-te the f act that the solidus

ancJ liquidus curves must coincioe at any point at which

congruent fre ezing occurs. In this diagram and those to

f o llow, the arroris along the s Ídes ind ica.te the d irect ion

of increasing temperatures in the binarv nystems"

the solid-Iiquid transformatior¡ in a ternary

systero is analogous to the saüIe process in a binary syËtemt

the only differenee being that a spåtåaI representa-tíon

is necessary to describe it completely. Tig"14 represents

a portion of the isobaric sect ion in th.e corner of c'

consider a liquid of eoïoposition x vrhich is being cooled

so slovrly that the so Lid phase preeipitat'ing Ís in

equitibrium with the tic¿uid phase at atl timee' At

point, 1,r tfie liquia phase is satura.ted v'¡ith respect to the

solid phase of coroposition sl. The line ltst ie therefore

a tíe-line. Upon reducing the t'emperature of the system

sol-id deposits from t'he melt p tlre eomposition of the liquid
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folrowing path lrr¿ on the riquidu.s surface and that of the

solid phase follor,ring path slÊ4 on the solidus surface"

The composit,ion of the solid phase in equilibrium vrith

Iiquid at any instant durÍng the fyeezing process is given

by a series of tie-lines which must pass through the total
cornpositíon vertical xt}. Thus r the tie-lines generate at
helical surface in s pace because their direction changes

continually as the transformation proceeds" This is sholsn

by the project ion of the t'ie-Iines and composition pat,hs

on the basat plene ¿t¡Igl" The transformation is complet.e

when the last portion of liquid of conposition 14 solidifies

to give a solid phase of composition s4r the same as that

of the original solrit ion x"

sarae total composÍtion. )

(x, 1I and s4 represent the

The crystallize.tion path slxf| may also be derived-14
from a consideration of the heterogeneous band in an

isothermal section. tr'or this pìlrpooe Ïig.15 is given;

the solid tines represent liquidus isotherms and the broken

linee represent the corresponding solidus isother&s. Tfhen

a liguid of composition x is cooled to the temperature of

isotherrn lr the solid separaiing has an initíal coÍÌposition

"1. As the tenperature cont inues to f atn--" the heterogeneous

band shifts toward the louer temperature of A, until at' t'he

temperature of isotherm.2, sotid phase så is in eguilibrium
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with liquid phase LL r âs given kiy the tie-tine flxsl.
The transformat ion is complete l¡ilren the temperature of

isotherm 4 is reached.

Gomparison of tr'igs"14 and 15 gives the complete

picture of the solid-liquid t,ransf orrûat ion in a ternary

systenr forming a *cntinuous series of solid solutions,

Iy-pe_,1_"3-_Q-e. One binary systern of Type _fg tuo binary

systems of Type UJ"
,Assume that a rninimum freezing poÍnt occurs in

bipary systems ÀG and BCr that of AC being lov¡er tþan the

mininu-m of systera BC; eoruponent C has tl:.e highest freezing

point and /r the lorn¡est"

nn general three caseÊ may be cons idered e

(a) A ternary minimum freezing point' exist's'

(u) ldo ternary minimum fveezing point exist's"

(") A congruent f,reeaing poÍnt, occurs in the ternary

systenr which is neither a maxinrunr nor a minimum

fteezing Point.

!spe- I " å.é.J-çJ*G"ie=J-ç)

In this systemu m Íe the minimurn freezing point of

binary system ÂG, mI ís the minimum freezing point of binary

system.Asgandm,istheternaryminimum"ThepointsÍtefll'

and n2 t,herefore represent the only possibte mixtures vi¡hich

v¡ill freeze congruentty" The three dimensional isothermal
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sectíon Ís not shown for this system, but may be visualized
with the aid of Fig" LA"

upon raising an isothermal plane, f irst contact vrith
t,he he.terogeneous region witr be made at otz (¡ig"t6). At,

a sJ.ightIy higher temperature the intereection of the

ieothermal plane v¡ith the heterogeneous r€gion produces a

circular heterogeneous band which moves outv¡ard from mZ as

the isot,Ïrermal plane is raised, unt.íI at the temperature of

me the lio,uidus and sotidus curves co incÍcie as shor,vn ín the

f igu.re" .At a temperature sf ightly above that of m, the

closed heterogeneous band breaks at m into two branches

v;hich niove outward from m as the isotherrrral plene is raised,

the liquidus and solidus curves again coincidÍng at the

tempera-ture of mr" At m1 the het.erogeneous band again

breaks I forming tvuo separate heterogeneous bands t and 2,

band I moving t,olvard ¿I and disappearing at that ten:perature'

band 2 moving througlt B torn¡arcl C and disappearing at this

highest tempera.ture of the heterogeneous region'

lhe solid-liquio transf orrnat ion f or this system and

those to folJ.or,s is exactly anala-gous to that described for

Type I.I.lu, except that when a liquio phase attains the

conposition of me m] oT w2, the transformation temperature

remains constant (as required by the Phase Rule) vrhile

so lid of the same composit ion as the liquid prec ipítat'es '
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T.ype t " å ,_3 " (¡_) fEis. r? )

Heree binary minimu¡n m represents the Lorsest

temperature of the heterogeneous region and therefore, as

an isothermar prane is rai,eed its intersectÍons $rith the

heterogeneous region lvill produce closed Ìreterogeneous bands

grovring from m and ending on side .ÀC. At mt: solidus and

liqu.idus curves must coincide; raising the isothermal plane

further causes the band to break at tutn forming tr¡ro

separate bandse one progressing to Á. and the other to C.

Tv'oe 1o5"5. (c) (rÍe.rai

Point R in this system represent,s a mixture which

freezes congruently at a temperature slightly above that of

m or æir but helol,¡ the fyeezing point of the loiçest freezing

coritponent A'

upon raising an isothermal plane, contact with the

heterogeneous region is made inítíatly at m then at m1e

the two bands grorving froro m and m, fi.naLl-v merging at Ro

Atatemperat.ureverystightlyabovethatofR'thetwo
bands break and pair offe forming two separa-te bands l and

2 vrhich proceed toward å" and g respectively"

A detailed ã,ccount' of the solid-Iiquid transformat'ions

in these systems vuould be superfluoì'lsr bu-t'it should be noted

that while the heterogeneous bands represent isot'hermal areas'

thesoliduscurvesalwayslieonthehighertemperatureside

of the correËponding Iiquidus isot'herms "
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_rlæi'/IêI, AIITåIYS TS

.A transf ormat io n process in e pure substance or

a system of substances invorves a change of energy content¡
usuarly the energy change of the systein ie manifested either
by evorution or absorption of heat" rt is fortunate that
nearly all transformations invorve a considerable amount

of heatr so that the tr.ansformatíon tempera.ture may be

measured experimentally by thermometric means" Any

therrnometrÍc method. f or obtaÍning the temperatnre of a

tra.nsformation is a method. of tithermal analysisrt.

9s-o&-ae--Çu-r.v-es

Suppose a tÍquid ís heated 50o above room temperatuÍ'ee

a thermorrreter is irucrersed in itu and the liquid is then

allowed to cool under room conditions. The rate of cooling

of the tiquid will be proportional to the difference between

room temperature and t'he ternperature of the IiquÍdu

accorci ing to Newton? s lav,¡ of cooling, and if the tempera"ture

of the tiquid is measured at regular t inie interva'ls, the

ptot of temperature versus time vuilI have the appearance of

Fig,f9(a)u in the absence of transforma-t'ion" Such a

graphíCat plot is a ¡r coo t ing Ctlllvêtr o Should. a transf ormat io n

occur, (e,g, depositíon of solid) it i,vitI be marked by a

sudden change in the rate of cooling" In the ca-se of the

soLid-liquid transforrna-tion of a pure suTtstance I the f irst
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appearance of solid marks the freezing point2 and the

terrrperature of t"he riquid must remain constant untit arr

is sorid. This rrinvariant' point' is indicated on the cooling

curv@ by a ¡rhaltflr represented by t,he horizontal portion frn

in Iig.f9(b). Y/leen the transformation is cornolete, the

system is no longer invariantt the solid begins cooling

rapidty along nrg and then rûore slowly in accorclance with

l'Íewtonts lavr. That the rrhe-ltlr cin the temperature-time graph

serves to accurately determine the freezing point of a

subst,ance has been established by the experiments of

Le Chatelier (Ze) " For a fused mixture of two or rûore

coml:onents from which a ssl"id solut,ion is deposited on

freezing, the tratrsformation temperat'ure does not remain

constant because of the continuous composition change in

the solid and tiquid phases" Thereforeg the cooling curve

wiII have the form of Fig.L9(e), the init'ial transformation

temperat,we Tl (freezing poÍnt) being given by f I and the

final transformation temperature TZ (melting point) by *l'

.At the freezing pointe the phenomenon of rrsupercoolingrf

usuall¡l is observed; the teinperai,ure of the melt falls

slightty belor,v the true fteezing poÍnt, then rises to a

maximum value, this eff ect is represeirted by the small

depressíons at 'f and ft on curves (b) and (c)' tr"ig'l9"

Theprecisionofsuchafteezingpointdeterrninationis
greattr.yaffectedbytheextentofsuperco0Iing,particularly
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in viseous melts and tl:.ose ;oossess ing poor ilrermal

conduct ivity. supercoolÍng roay be compLetery avoided in

most cases bytrinoculatingt,the melt,, that.is, by introducing

a tiny crystalline fragment of the substance into t,he melt

at the fyeez ing po int to induce cryst,allizat ion"

Y/hile the freezing point is relat ively easy to

determine from a cooting curve, the rnelting point cannot be

evai.uated wit'h cert'ainty because t,he eooling curve at this

po int is rounded; the problem is to select ti:.e correct

point: âs T2 Ín 3ig"I9 (c)" the reason that a sharp break

in the cooling curve is not, observed when the liquid-solid

transformation is complet'e, is that the anount' of heat

liberated by the last small portion of solidifying liquid

is insufficient to compensate for the heat lost to the

environment by radiation. tr'urttrerrlore, bJ this t ime the

therr¡rometer burb is surrouncled- by solid r'vhich coors faster

than the liguid by virtue- of its lower specific heat.

The itrherent ryeaknesses of the temperature-time plot

?rave l¡een overcome in some degree by ernploying stightly

different experimental techníques and plott'íng the data so

obtained in a manner. which rnost accentuates t'he observed

phenoaeno n"

ji:::;:';:
,a,' ' 

.r.t.



-42

T_ypes gf Qqo1jlr-rs Cr4LgSå.

Gooling curves obtained by atlowing a substance to

cool cf its orrn accord ma-y assume a variety of shapes

der:ending oir the quantities chosen in plotting abscissae

and ordinatee. The relative merits of the various types

have been discussed by G,K, Burgess (Zg) and \ln Rosenhain (Z+)

( t ) Ëgseratqr-e :I-¡-qrg*Curyes*L!*J9ggg-9-;t)

tr'Íg.19 represents this "type of pIot. lts chief

disadvantage Lies in its inabitity t,o detect very small

heat, eff ect's, Tt is sens it ive lvhen appLied over a small

temperature range, but is useless over large temperature

intervals "

t 2 ) T ver.qus t rJ ' yer.s fÀÊ--L-þr -T --v-ç.-,r--sr¿gJll

Ïn the event t,hat small traneformations cannot be

detected by the temperature-time met'hod due to

irregularities in cootingu it ie advantageous to place a

second temperature measuring device in the furnace near the

samp1e" Fieadings of the ternperature of the melt (t) and

of tlee furnace (tt ) are taken alternâ.tel'v at regular t'ime

intervalsu and t,he two eurves T vs,t and T! vs"t are

plotted side bY side'
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(5) T versus t, (1 - Tr ) versus t
the plot of iurnace temperature (f t ) versus ti¡ue

(t) may ehorv deviatíons caused by slight vari'ations in t,he

furnace temperatürêo To avoid these a neutral body haviirg

as closel-v as possíble the same heat capacity as the sample

melt ie placed in the furnace and íts tenrperature (tu ) is

measured at regular time intervals, the plot of (r - Tt)

versus t clearly shows anJr small transformatÍonsr but the

rnethod is diff icult to apply because of the carefuL

adjustrnents needed to ma.ke the sample and neutral body

eoo I at t'he sane rat e u

(4 ) Lgersus_ _[T:T'I
Such a plot, does

Ît, is su.sceptible to the

instruments and there in

not' ínvolve the time variable"

application of mechanical reeording

Iies its only advantage.

( s ) Lger.elis -( E-r:L I, I*
T,/ben cooling is rapíde and when the heat capacities

of rrielt and neutral body diff er considerabl-v, this method

should be applied. This is a dÍfferential curve, (T'Tu)/ T

beÍng a mea.sure of t'he difference in temperature between thé

furnace and tl:e nelt for a decrenent of temperature I in

the sarnpl e .
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dT(o) t -ve¡çt¿Ê--q-L

This plot suffers from the Bame disadvantages

possessed by the simple I versus t eooling curve" It is

invaluablerhowever, when the rate of a transforination

must be deterr¿i ned ,

dt
(z ) Lypr-F*¡t

The ¡rinverse raterr curve is of part icular value in

studying crit ical regions in metallic systeÍls, .å halt is

shown by a very conspicuous cusp e-nd a change in the rate

of cooling ís represented by a bulge in the curve. The

method is applicabte onl.v for very slov,¡ cooling.

.Any one of the seven methods of plotting cooling

curves as outlined above may be selected to suit a specifie

case, lUiost of these rnethods can be adapted to the use of

photographic or mechanical recording machinesn t'hus

eliminat,íng a large a-mount of tediou-s v¡ork for the obserVêr.

Horn¡everr rêcording machines have a timit of sensibility and

when very precise measurements are required, there is no

subst,itute for the constant presence of the experimenter"

li,qegg*qgo_¡ LAe

tr'ree-cooling curves

wleen great sensitivit,Y is

are sat isfactorY in most cases

not required over a large range of
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temperaturei but rvhen one wishes to attain a high degree of
precision in measurements Qver a comparatively smarL

tenperature intervale they are inadequate. I,or such

requirernents the siraple temperature ver,sus time ptot is
undoubtedly the best to üeên Howevers this fails t,o give

an accurate melting point as is requiredu for example, in

the study of a system formÍng sorid sorutions, in r,vhich case

the interval between freezing poínt and nrelting point is
líke1y to be small, A ref inement of the simple t,emperature

t ime plot of cooling curves has been introduced by

. /^F \VI, Plato (25), the use of v¡hích increases the accuracy of

a freezing point determination and yields much more reliable

melting point datau lL law of cooling was sought whieh would

make the cooling rate independent of t'he nature of the

mat.erial examined and the difference in temperature bet'ween

the melt and environment" The most useful cooling law

spec if ies a Linear re lat ionship betrrqeen temperature and t ime.

ff a melt wit,h t,hermometer immersed in it is placed

in a furnaceu t,he temperature of which rnay be altered at willt

and the furnaee is made to cool by subtract'ing eoual port'ions

of heat from it in equal tirne intervalsr the temperature of

the nett witl follow tilat of the fwnaceu Ïn the absence of

transformaüion in the rneltp the ptot of temperature rrel'sug

tirne has the appearance of Ïig,20 (a)u namelyr â strâight
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line" For a pure substance in rqhicle a transformation

occurs at a temperature TIr linear cooling produces the

cooling curve shorvn in tr'ig,ZO (U). The tenperature of the

¡aelt f ollor"vs that of the furnae e linearly to f r (tfre

freezing point) where t'he f irst appearance of solíd pha-se

produces a hatt in the cooling rate of the melt. During the

time interval represented by the straight horizontaL portion

fro¡ solid deposits continuously, unt'it at Ìile (tire melting

point) vuhere the material is completely solid, the rate of

cooling increases abruptl.v, Cooling of the solid is very

rapid along mb, since during the tirne of freezing (fnr)

the furnace h.as cooted along fbu while the temperature of

transformation has remained const,ant at Tt" At the tirne

instant m, thereforee the difference in temperature between

the solid and the furnace ís considerable. At point be the

solid once nore resulûes the cooling rate of the fu'rnace

and eooling proceeds linearty along the original path'

During the Iiquid-solid transformatiori of a system

which forms soLid solutionsp the ternperat'ure does not

remain invariable¡ but gradualty decreases as the solid

solut,ion deposits. The ideal Linear cooling curve for such

a systerir is shown in 3ig"20 (")' The cooLing gradient

re¡sains constant, along flmt from the freezing point (tf )

to the netting point (T2)n where a sharp break in the cooling
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curve marks the dÍsappearance of t,he liquid phase, The

soIiC solution cools rapidly from mI, finatly assuming

the cooling rate of the furnâGê,

Cor+parison of the linear cooling curves, Fig"20

(¡) and (a)o with the analogous free cooling curves, tr'l.g.I9

(¡) and (c), Índicates the advantages to be gained by

employing linear cooling in therrnal analysis. Yfith a

suitable apparatus, a melt may be made to adopt any rate of

cooling desired" Furthêrnof,€: the areas f,mb (tr. ig.Z0(¡))
and f rmibt (Fie"20(q)) are directly.proportional to the

respective heats of fusion of the systems concerned, Such

a relationship enables calculation of heats of fusion and

speeif ic heats of lnaterials from Linear cooling curiresô

The Ínurediate advantage of the linear cooling curve over

the free cooling curve lies in t'he ease and accuracy with

which the melting point may be determined using the forner'

In the ideal curve the intersection of the portíons ftmt

and nrbr give the melt ing po int unambiguously (I' ie.20 (c) 
"

However¡ the curve obtained in any experíment usualS.y shovvs

a. pronou-nced curvature as the freezing process approaches

conpletion; the last portion of freezing liquid does not

relea.se enough heat to maintain a consta-nt temperatu.re

gradient. Fig.ZO(O) repreaents an etcperimentally deterrnined

cu.rve where the melting point is not defined by a sharp

hreak iå the coolíng curve, Tarnmann (e0) has shown that the
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extensions of port ions of tire curve ftsmr¡ and mrlbtç intersect

at the true melting point. Thereforeu a-Ê long as f rrm¡f and

milbil have a reasonably linear portion, it is possible to

arrive at rnelt íng points whieh may be duplicatecl "

Super-cooling is not eliminated merely by employing

tinear cooLing. By trseedingtf or inoculating the melt with

a tiny-crystal of t,he solid raaterial immediately above the

true freezing pointr a sharp break in t'he cooling curve

resu.lts, na.rking the t'rue freezing point'.

Eåeary $y-F-terns

Thermal a.nalysis of any system may be ca.rried out on

a mieroscopic or macroscopic sca.Ie, depending on the amounts

of the coriponents available and the degree of precision of

measurements desired, I'or systerns of organic compoundst

most of which are volatite in the regíon of their rnelting

point,s, it is best to use as large a quantity of the

components as possibte in order to minimize t'he change in

totaL coruposition due to volatilization"
Assuning a suitable apparatus is ava.ilable, the

proeedure for thermal analysis of a binary system Gonsísts

in first deterrnining the freeaing point of one of the

purified components" Successíve portíons of the second

cornponent are added t.o the me|t and the freezing point of

ea.ch new mixture ís determined until a coroposition of 5A'Å
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is reached" The procedure is repeated, sta.rting with the

second pure conponent and ad.díng to it the f irst in
success ive def inite amounts, ptott ing the freezing po int.s

obtained on a temperature-concentration d iagra.m anci joining

them, the curves starting frora each point representing

the pure componente shguld. meet at the centre of the

d iagram.

Should sol"Íd solutíons be formed from t,he mett,

the meltÍng points of the mÍxt.ures are determined frorn

the cooling eurves and plotted simultaneously with the

freezing points. 3or eaeh mixture analyzed there uill
therefore be tv¡o points and joining the freezing points

a.nd melt ing points yÍelds the freezing curve and

melting curve respectively"

Using a mercury therrnometer a.s a tenrperature

measuring deviceu it is necessary to use at least 20 gra$s

of material in or.der to rÂeasure a freezing point to a

precisÍon of ¿ O"O2o. tr'or a system whích forms a

continuous series of soticl solutionsu (fype f) about I5 to

20 mixtures should be analyzed" The os@urrence of a

maximu¡n or a minimurn freeøing poÍnt neGeÊsite.tes a, gTeater

numher of ene.lJ¡Ëes in order to determine the temperature of

the invar íant poínt &
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Ternary Svste_rns

Prepa-ring ternary mÍxtures of random cornpositÍons

and ca.rrying out therrnal anarynee on th.em resurts in data

r¡rhich are not easír.v correlated; a great dear of inter-
pblation ie reo*uired. Since experirnentál resu-lts are

plotted on an equilateral triangle, use may be made of the

propert¡r of such a triangle, namely, that a stra.ight line
from one vertex to the opposit,e side represents a oonstant

ratio of the sçr,nFonents represented by the tws remaining

verteces" Thereforeu by nraklng up a mixture of two coroponents

"A and B and adding to it portíons of a t'hird component Ca the

nrixtures v,¡i}l be represented by points on a line runnlng from

vertex G to t'he point' on síd"e .AC representing the corûposition

of the binary rrrixture {cBy3 construction of fteezing and

nretting curves Ín the plane coinciding with this line

constj.tutes a¡tc"uasi-binarytt gectíon of the isobaric modelo

3y determining several such guasi-binary sections for a given

ternary system, the eomplete isobaric mod-eI may be constructed,

The method outlíned is convenient' because of th.e ease

with which the mixtures may be prepared, since the

experimentalty deterrrrined fveezing and melt'ing poínts lie

in one planer the average smoot,þ curves drawn t]:roUgh the

plotted points represent the Lroet probable freezing and

meLting curves" thus índivíduat eryoneous analyses can be

instantty recognized"
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The freezing curves of the tirree possíbIe binary
systems composed of t.¡vo of the three componente p-rrichlor- e

p-Ghrorbrom- and p-Dibrombenzene have been deterniined by

G. Bruni and F. Gorni {Zl)" The freezing points of the

r,raterials are given as 52,?o, 6? ,0o and 85, go0 respect ive1y,

Aft binary systems are sholvn to form a continuous series

of solid solut ions, the two systems eontaining diclr.tor-

benzene as one component' eacb exhibiting a minimunr freezing

point" .Adding clrl"orbrombenzene to dichlorbenuene produces

a depression in the freezing point of the mixture up to a

concentration of 3"5 percentr af ter v¡hich. the freezing

point of the nrixt.ure rises eontinuously to the freezing

poii:t of pilre chlorbrontbenzene; the minimum freezing

temperatwe is 52.600 ' Simitarlyr the system d ichlor-

benzene¡ dibrombenzene e:lhibits a minimuro congruent,

freezing point of 52.55o at a concei:Itratíon of 3'ã percent.

Tn all three systems the freezing curves lie belotv tþe

st,raight Line j oin ing tire freezing points of the com¡ronentsr

but the liquidus curve for the system chlorbrom; dÍbrom-

benzene approaches very closely to Ð" st'raight line.

Fnlfo Ku.ster (ZA) has exainined the freezing curve of the

systein dicþIorbenzenee dihrombenzene, but appears to have

overlooked tTre minimum fteezíng point with cornplete disregard

for t,he earlier ,',vork of Sruní and Gorni'
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The latter autj:ors also constructed the ternary

freezing surfacei their results are plotted in 3ig.2l,
The liquidus isotherms are all convex toward tlae lower

temperat'ure, indieat'ing that the freezing surf ace of the

isobar ic model is concave dor'enlvard . .Also u t!rc surf ace lies

corjlptetely betow the plane pessing through the freezing

points of the three pure components" the freezing surface

assurues a more interesting form in the corner of the

diehtorbenzene and conÊequently the results are shown on a

larger scale in Fig"22. The shape of the isotrherms clearly

characterizes the systent as an example of Schreinemalcerrs

Type I55 (c); (c.f" lig.IB' Ioc.cit') therefore a ternary

congruent fteezing point luhicþ. is neither a maximum nor a

minÍmum must be expected, Sruni and Gorni did not report

such. a congruent freezing Point.

Ilata relevant to the solidus curves of the binary

systeins and the solidus surface of the ternary systems

appears to be 1acking, IluR, Tfuuyt, (Zg) has determined the

appro>limate position of the melting curve for the system

dichlorb enzene; dibromhenzeileg his results indicat'e a

maximurn freeaing interval of approximatety LAo "
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( a) 9etle-t-fgçt_fp-E _ql*!þe .Aptar.atus-

T,he Enyitggg-en!

In order to obtain regulated cooling ent irel.v
independent of the external conditionse an arrangement must

be constructed vlhereby th"e loss of heat by radiation f,rom the

f urnace is ma.de constant, the apparatus designed for this

iru.rpose is shown in I'ig.2-3"

-å c ircular tank 45 cmo in d iemeter rvas constructed

from ifZ+-gauge copper-sheet (f )" In the centre of this tank

a cylinder !5 cm" in diameter v¡as soldered, giving the

cornpleted tank the appearance of a large doughnut cutter.

The cei:tral openÍng vras lined with asbest,os paper and the

annular space was f illed with lvaterr t'he total capacity being

about 20 LÍtres" The tank was set on a t/Z inch thiclc soft

asbestos sheet (fO), 'vlhich served as insulation i,vhite the

s ide surface lvas insutated. witn two layers of f ett' ctoth. (S) 
"

lnlet (+) and outlet (n) pipes for the wat'er circulatioir'

system were located at the top and bottom respectivel;'ry the

latter pipe be ing provided r,vith a stop-cock f or controlling

the rate of flolv of the v¡ater. ,4 circular top (g) f or the

tank was cut from 5/8 itrch Transite asbestos board. This

material is hardp easily worked and is both an excellent

thernral and electrical insulator. The cover TraÊ cut' 2 cril'
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rarger tha-n the tank so'that it rest,ed tightly against the

f elt insulation on tire top outer edge of the tank" .A hole

4 cno. in diameter cut in the centre of the cover was the

only means of access to the interior of the furnace (A),

r.,"liici:- wae fast,ened to the cover by means of tliree Transite

bloeks bolt,ed in placec ås shown in the top viev¡ of the

tank (rie.23) 
"

As it was required to maintain the temperature of tlee

lvater in the tank at â constant va[ue, a circulatÍon and

thermostat syst'em had to be constructed' The deoired working

range of tlre apparatus vúas intended to be from 20o t'o 1000;

to obtain linear cooling at a reasonabty rapid rate

necessitated an environment ternperature 2Oo-30o belor¡r the

Iolïer working Iimit (viz"2Oo)n An environment temperature

of tgog was found ¡y later experi¡nent to be adequate; a

lolver temperature would have been preferable, but a

circulating tiquid other than r¡ater r,vas required, f or reasons

to be explained"

The temperat,ure of t,he environment v'¡as set and checlied

from time to t,ime by means of the thermoroeter (z)" A. mercury

therrno-regulator (O) (*nerican Ínstrunrent Go") mounted on the

cover served to controt the circulating systen" This

regulator could detect temperature changes of I o-02o"
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(a) I¡es.cri,otio!r

Since the environrrrent temperature was at least 10o

below room temperatu.rcr a cooling system was designed as

shown dÍagramnratically in Fig.24" Here ç tank .A represents

the environnrent already described. Tank Ba containing

kerogene, was õ0 inches in height and I0 inches in diameter.

Tt waÊ provided with a thick t'ight-f it'ting wooden cover and

\ïas insutated vuit,h fett. Part (f¿) was a coí! of 3/8 inch

copper tubing" this coil was connected directly to a methyl

chloride refrigerating unit; it was actually an immersion

ty.oe of freezing coil connected by a f texible coupling to

t,he refrigerator compressor" The outtet pipe (S) from the

tank.å direct,ed t,he water through copper tubíng coil (fS)t

which was immersed in tlee kerosene, to 'water punp tfZ)'

This pump waÐ a double geared typer lrhich supplies coilsider-

able pressure and was belt' driven by a L/4 H'P' electric

motor (rs) " The opt,imum operating speed of the purap vuas

foundtobeapproxirnatety400f.pallloTheoutlet'pipefrom
trre pump .r,vas connected to the inret (¿) of t,ank Å,. A rubber

tubecnotshowninanyofthedrawingsgY.jasconnectedtot]re

inner end of the inlet pipe (+); its purpose lvas to conduct'

the forceful incomÍng st,ream of water t'o the bott'or]: of tbe

tankçtherelryproducingarotarycirculationoft,he'lvater
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in the annular space" This method of stirring proved to be

so satisf aetory ti:.at no mechanical st'irrer was required in

tank.{,

The kerosene tvas mair:tained at a temperature of

i I"oG by means of a bimetaltic therr¡o-regulator (f0)

connected in series r,ryith the .4,C, line and the refrigerator

mo tor.

(¡ ) gperat ip-n

.ån increase of temperature of the kerosene bath

caused the regulator (16) to close the refrigerator eLect'rical

circuit, CoiI L4 absorbed heat from the lcerosene¡ thereby

depressing the temperature of the liquid to the original

value" Àt t,his point the regulator broke the circuit, and

the refrigerator ceased operat'ing' \Yith vigorous stirring

by means of a current of air introduced t'hrough a tube

reaching to the bottom of the tânko the lcerosene could be

maintained at L ¿0"5o9ó
the temperatu¡re of bath "fr was kept constant at

l0 I A.O2oü by rueans of regulat'or (0) " This regulator was

connect,ed in series v¡it,h a 6lÍ Doü" source of current and a

relay of the mercury contact, type (American Instrunrent Go")"

lncreased bath temperature act ivated .the mercury regurator

whichclosedt}reret4ycircu.ii;closingoftherelay
tilted the mercury capsuie (f e) u¡hich, in t'urn, closed t'he
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punp ¡cotor circuit" o-peration of the purrp drev¡ the rvarrn

water fronl bath é" through the cooling coil (tb), rvhere

the ¡,,,¡a.ter Lo$t a portíon of heatn retu.rning the cooled.r,vater

to the bath through the inlet (4)" VJater circulated in

this rnanner unt'il hath .ê* lvas cooled to the proper temper-

a.ture, r,lhen regulator { 0 ) openerl the electr ice-l c ircu it. and

stopped the punp"

the cooling arrangennents for the baths A and B were

entirely independent, the tvvo motors being controlled by

sepa.ra.te therriro-regulator,s" The tetnpera"ture of bat,l:. 3

could not be atlor,red to reach Oo0 since the lvater passing

through co iI (f S) r althou.gh ivíth cons iderable velocity ¡

froze Ín the co il, In t.he earl*v adju.stnents of th.e arra.nge-

ments th.is occurred several times, It' was a time-consuming

failu-re to reraedy, because in the time required to th'al'¡ out

the coilr bath ,¿r had increased ite tempera.ture by about 50,

particulart-v when tlre furnace was operating at 90o'

The temperature of bath B def ined the lov,'er operating

temperatu.re limit of bath.A. Itle to heat arbsorption itr the

connecting lines and ptiïßp, lcat,h A. coulcl not be operated

belov,r lgot v¡ithout placing undue strain on t,he punp and its

motor. lnsulating the connecting Lines and pultp vrith heavy

f elt min j.rnized tþe heat absorption, tru-t even rvith this

assista.i:ce the pump operated almost' continuously r¡rhen the
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fu.rnace lTañ set for 90oG" \i/ittr a cotcl, furnecee the,pr*p

operated f or approxima.tel_v I minute every 5 to l0 minutes.

Since the appa.ra.tus ran cont,inuously day and night, con-

s iderable stra in v¡as placed on the pu¡tp mot'or. the start ing

current of this motor was 25 ampereso therefore the mercury

sv,ritch operatÍng the motor circuÍt, had to have this cument

carrying capacity a$ a minimum" The 40 ampere ca.psu.Ie

marketed by the Canadia.n Genera-I llectrie Company 1rå.s

sat isf e.ctor.v *

lThen the appara"tus \¡ras idle for any period of tirrteu

the water rlas dra"íned frnm bath A" Upon sta.r't ing the

coo Iing c ircuit, againe cold tap water (ternperature

a"pproxirnately I2o ) lvas used t,o f Ítl- the tank' This procedu're

saved time¡ sinee it required e ninimum of 2 hours to cool

.the large quantity of water frorn room temperature dol¡¡n t'o

loo .

rhs"-Itun"aqe

(a) Cp-nstlg-cjåq-g

Thefurnacev.lasdesignedtooperat'eu.ptoapprox-

iraately t30o as a high fempereture limit.' Hard glass wa's

therefore a satisfa-ctor;i nat'erial f or use as a heating coii

forrc, A 14,5 crïre tength Of 5 Gltro cíe.meter tu'bing $ias cu-t

from standard st,oek tubing" The wall thickness of the piece

chosen was ? ïtnu The tube r,las lvrapped uith tv¡o layers of
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asbest,sg paper u,hieh had beeru soaked in an ao,ueous sodium

sílicate solutíon, and v¡hile still r¡veto 50 tightly wound

and evenly spaced turns of i'22 B&S nÍchrorri.e v.'ire vJere

applied to the form" The ends of the coil were fastened

securely, st¡-ff ícient r,vire being lef t f or leads to the

termipals on the cover of the l¡¡ater bath. 3y winding the

e o i1 t,ighttyr th.e v,¡ire sa.nk into tire sof t asbestos and

r,vhen the silícate hardened, the coiL v¡as held rigÍdLy in

p Lace.

This electr ic f urna.ce co il r¡¡as f ound to produce 'an

even treating of a melt'along the sides of t'he containing

tube, but since the open Lolver end of the furnace tube

reached a.lmost t.o t,he bottora of the r,vater bath (sig'23),

metts tended to solidify froni the bottom upwards. To

obtain a more unÍform heatíng of a meltu a flat heating

coil çras provicÌed at the lower end of the furnace t'ube'

For this purpose a circular flanged plug of lransit,e was

f itted to the Lov¡er end of the fu-rna-ce tu'be" On the upper

surface a series of zigzag sa'!v cuts were roade to a depth

ofahoutL/sinchandspacedat,t}reopenendst.heSajne

dístance"lntotheresultinggroovesnichroruewirewas

pressedandsealedin'rrithporcelaincement,*Adiscof

hard gles,e 5 ÇIîÌ' in diameter sJas cemented over the flat

eoij-andthewho}eauxi}iaryelementwasfastenedontlre
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lover end of the furtiaee tube v¡ith porcelain cemento

Ît r¡ras wired in series with tl:.e main coil" The corapleted

f urnace çvas lined 'r,lit}:. two Le.yers of asbestos paper and was

fastened to the v¡ater bath cover as shorvm in Ïig"231 the

Ieads being brought out to tr,¡o bindíng posts'
' 

The total resistance of the furnacep nreâsured on a

fll:eatstone bridge, anioupted to 49 ohms. this Ð.greed vrith

the resistance calcutated frottr the value of the wirers

resistance given by the mariufacturer'

&S_r_JssJg-i-ç e* I c_i rgu.i!"

The electrical furnaçe control cÍr'cuit is shown in

Tig.24" A meanS of acCurate temperature control vr¡aS

required; this was accomplíshed by adjustments of a'n external

resistance (e) in series v\tit,fu the furnace and source of

current, The res istance 'cons isted of s ix wire lvound

rþeost,ats in seriesr having a tota,t reçista-nce of 850 olms

and a maximum current ca.rrying capacity of 3 arßpereso The

IIo volt, #,.C" Iine supplied a sufficiently steady current,

source, obviating any need for a- battery of storage cellsr

vuhich v¡as the current source used by Plato te5). A

Ð"poÐ,T* sv¡itch (Sw,) r,¡as v¡ired into t'he circuit' in such a

vay that in one position the tlO volt A*0' linelvas

connectedt.ot'}refurlracecoilandresistanceRinseriese

and in t,he ot,]rer position t,he externs'I reÊístance a'Ione l¡ras
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connected to a li'Jheatstone Bridge circu.it, The bridge

employed a. sensitive needle'tytrle galva.noroeter (treeds and

1{o rthrup Clo " ) as a null po int i nd icat,or ; it rúas ca.pable of

neasu.ring resistance to / 0'2 ohms.

( r ) þperat qr-e*JËeasu-rsse-pi.

.4.I1 measureroents of temperature l''Jere carried out using

å mercur"y in glass thernometer heving a $ca|e of 0o to 1IO9

d-ivíded in tenths of a. degree (central scientlfic Go")'

The thermometer vJas ca.ref ully caLibrated against an identice.L

type of l,Iational Buree.u of Stande"rds cert if ieei thermorrieter'

Å sma.ll reading lens clamped to the therrnomet'er enabled

est inat ion of tenths of one sea-le d ivisi on so that the sca-Ie

could be read fo ( 0"0Io v¡ith pree ision.. Tn p:'acticee an

auxiliary thermometer was suspended c,Iose to tire stem of the

caliT¡rated thernrometer; this thermometer indica'ted the

temperature of the emergent sten. the stem correction was

a.ppIÍed to alt therrnometer readingso

(" ) ÇaUbrat i.o-s*9--q-Jh-e-- ÅPlesq-ti¿E

APyrext.est-tube4Q!rt"india.metera.ndlõCÍlolong
yúas selected as a conta.ining vessel for t'he melts" This tube

f itted thc fu.rnace openi,ng snugl.v a.nd was supported by itn

flange.Ït'ï]asfit,tedu,itharubberstopperonwhichwere

mountedti:.ecentrallylocatedst.irrerandt,hethermorneter"
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The arrangement, is shov¡n in I'ig"pb (a), The stirrer (f )

i,"Jas a rotary glass up-draft t¡rpe, ru.nning in a glass tube

bearing (Z) " the upper end of the stirrer lvas cemented to

a brass ca-p (g) which r'¡as atta,ched to a f lexible cable

driven by a $rcrn-geared stirring mot,or" The method of

rnounting the ¡notor is shou¡n in Ptat,e f (a) " Since the motor

lyas geared dorvn to a rat io of 20; I, even at it s highest

speed the stiruer rotated approximatel.v 5 times per second,

this rate lvas sat isfactorye hoi,vever"

V'¡ith the cooLing system and electrica-l circuit

f unctioning properly, t,he furrnace rvas allor,¡ed to heat to a

teraperature of approxirnately 95o, indicaterl t,y a tÏ:.errnorriet,er

inserted in t,he furnaee" The tube containing para-ffin oil

vas placed ín the furnace and wit-h th.e stiger runníng

continuously, the apparat,us was left, operating overtlight

to reach an eguitibrÍrun temperature" The external resistance

Ín the circuit vras measured on the \¡/heatstone Sridge and

the therrno¡oeter reading l,vas recorded' Inserting nore

res istance in ser ies r,víth the f urnace eaused the f u'rnace

temperature to fall to â. ne1l¡ constant value, determined aS

before, hJ a.Ito.iving the appara-tus to run overnightó

Contínuing in this manner dor¡¡n t'o 20o a series of ten

determinations at intervals of approximately I0o were ohtained'

plottíng teaperatul.e versus external resiet'aúce gave the
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initíal calihration curve u frorn rvhich the reouired external

resistance for any given equ.itibrÍum ternperatur:e could be

r.ead "

As a ca-librating fluide paraffin oil v¡as inost satis-

factor¡r, since it has no tra-nsitions in the temperature

range examined, is relat Ível-v non-volat íle and it s specif ic

heat is reasonably close to that of t'he organic rnelts ¡,vhich

Iater replaced it.
T/ith. the primary ca.lÍhration completedg the furnace

lîas novr calibrated for a parficular linear coolíng rate"

Selection of th.e proper rate vì¡as quite import,ant" A very

sLow r€"te of -coolingu i¡rhiIe desirable fron the standpoint

of composÍtion change by diffusion in the solíd phases,

vras to be avoided because of the Long tine required to

deterrníne a single cooting curve í too rapid a cooling ra-te

did not permit attainment of equiiibrium betv¡een solid and

I iqu id phases . I'urtherrnore s it guas d iscovered by experiment

that a linear cooling rÐ-te coulcl not be obtained at the

lower ternperatnres with this apparatus lvhen cooling was too

rapid" /rs the furns.ce ternperat,Llre approe-ched within 50o

of tÏ:"e environment temperatllrer l'.tev¡t,onien cooling began t'o

take prominefrc€. It v¡as impera.tíve that a perfectty linea'r

cooLing rate he produced over the entire temperature range

of the apparet'us"
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I"rorn th.e res-utts of a large nurnber of trials u.sing

paraff in oiI and the orga.níe melts, a cooling rate of l"5o

in 5 minu.tes was decided upon, l",Iith paraff in oil as t}:e

ca.Iibrating fluiti, the circuit res istance ïçras adiusted so

that the thermorneter registered 95o with the stírrer running,

then¡ largel_v by triat and error, a.nd using the initial

calihrat ion curve as a guide, res ist ance r¡as s loi,vly inserted

into the furnace circuít in steps; each incrernent of

resistance rlas measured by cruickty throrving the D.P"Bulo

sv¡itch to Xþs \:ïheatstone Sridge circuit, the therrrroneter

scale uras observed constantl.vg rêâ-d ings beittg taken eyery

rninute to assure a constant cooling rate of 0,õo per minuie'

Often it wa5 neceÊsary to remove resistance from the circuit

in order to maintain the linear cooling ra-tes bu-t all

adjustments vJere recorded. \"'/hen the terapera-ture range of

gbo to i'Oo had been covered in this mannerr ternperatures

ï?ere plotted agaifrst.resistances" The point's so obtained

were sca'ttered but it Ïtas possit¡Ie to drar'v a rough curve"

Å seconcl calibration run was carried out in a similar manner

u.sing the rough catibration curve as a guide' The results

ofthisrunTfereplott,edvliththeda.tafromthefirstrun
onthesamegraphgtheroughca.librationcurvebeing
appropriat'etymooified"Äthirdcalihrat.ionrunba"eedon

the trod if ied curve prod.uced t'he f inat ref ined calibratioi-l

curve"S.ronthiscurvecoulclTrereadthee>lactresistance
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to be inserted in series r,vith th.e furnace every 2þ minutes

to procluce a linear coolÍng rate of O.3o per minute.

The final test of the calibration curve lvas carried

out as. follovEs. ¿lt least one hour rqas allowed to peruit'

the stirred paraffin oiI to attain the same temperature

as t,he furnacee whích vlas set for 95o. Resistance r¡as

inserted in the furnace circuit until the rate of cooling

appï.oached 0,5o per minute, and at intervals of exactly

2]¿ rninut.es thereafter, tþe exact values of resistance

being read from the catibrafion curve. ãach increment

of resistance ï,ras measured by quickly switching in the

T'lheatstone Bridger åd just ing the rheostats f or the proper

valuer then again throvuing the sv¡itch. to tne f urnace circuit '

Duri¡g tire i:reasureiaeirt of resistance the furnace Tfas

inomentar il-v d iscoirnected frorn the curreirt Sourcet T¡ut as the

ti¡1e interval sras no greater than 15 seco¡cls the temperature

decrement d id not deviat,e percept Íbly from the established

e ooling rat'e "

Ïherr¡iometer readings lrJere taken every rninute until

the entire rar:ge of the apparatus had been covered igSo-AOo)'

Plot.tingtemlleratu.resasordiirat.esagainsttiineinmirrutes

asabscissaeresultedinæ"straightlinedeviatingfrom

perfect' Iinearity by no nore t'han O'?o ø

tselo ut ?Oa the selected cooling rat'e coutd not be
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aaintained, for the- temperat,ure of the fu:.nace and rnelt was

not far removed frorn that of the envíronment. Gonsequently,

instead of followÍng a Iinear cooling lalv, the furnace

tended to cool rnore slo'wly in accordance with }ïewtonr s law

of cooling. Ghoosing a. slor.¡er rate of linear cooling vlould

have extended tl:.e 1ower limit of t'he rairge of tl:e apparat,use

but th.is I'qas impractical; using the cooling rate of O.5o per

minute required 4 hours to cover the entire range of the

apparaius, during which t ime the constant attention of the

operator r,vas requ.ired o

(o ) Ët¿rååæ

the greatest of pra-ctical diff icutties lvas encountered

ín attempt ing to devlse a f larqless stirring mechanism. The

rotary st irring appara.f us shor.{n in Fig"25 (a) vtas unsatis-

f actory rnhen used ''¡¡ith the o'tganic melts becau.se deposition

of solid begair on t,þe rvalls of t,he tuhe¡ the solid Layer

grew tovsard the centre of the mass untit t'he stirrer ftoze

and was unable to operate. .et this point a large amount of

liquid stitt remained unsolidified. $*n adequate cooling

curve could not be obtained¡ sínce cessat'ion of stirring

produced a clrange in the cooling rat''e of the melt " lhe latter

Ìrras evidenced by a brealc in the curve follor,'¡ed by temperature

f luctuations " AIsoe since the tJrermoneter bulb Ytas not'

centralty lo cated s it ]¡ecarne encrust ed rqith eolid bef ore
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solid if icat ion 'was half corrlplet,ed " the net result was a

coo Iing curve froiir rvhich only a freezing po int determination

could be obtained,

To provide more vigorous st irring with a centred

thermomet,er, a mechan ical vert ical st irrer v¡as des Ígned.

The asseinbly is represented in Fig'25 {¡), .A nickel-steel

ring stirrer (O) recirrrocated in a bearing (+) which was

sealed at its loser end by a. packing gland (S) stuff ed 'r'vitlr

cotton" The purpose of the gland rvas to prevent escape of

any vaporse a8 the organic melts were quite volatíLe and

sublimed readiL-v" The vertical action of the ring stirrer

waÊ provided by a mechanical reciprocating mechanism sÏrown

in fult scale in I'ig"26. 'The body of t,his device ( f ) lvas

made of brass bent t,o shape" the st'eel dri''¡e shaft (f)

running in a broirze hearing iA) lsas fixed to a brass fly-

wheet (e) , .A connecting rod (S) pivoted on the ftyrvheel (0)

and on t,he vertica1 shaft ('l), transmitted the porver from

the f l.ywheel to the st.irrer shaft' The stirrer bearing

lvas made by f irst soldering a t,hin-watted brass tube (g)

to the body, then with the slra.f t in pos it' ione f it-ling it

with rnolten hígh-speed babbit metal* The resulting bearing

i,rras close-f itting but i,vorked srnoothly"

lhereciprocatingmec?ranisillv¡asinsertedtlrrougha

Ïroleint'herubberstopperclosetot,het.hermoneter.The



i
l

\

..\

7----'

Figure 26.



6B

dr i'¡e shaf t v'¡as connected to a. f Lexible cahle driven by

the geared st irring motor and the throw of the f lyrvheel was

so f ixed that the ring ha,d a total vertical action of

approximately flr- inehes. Plate ¿ (a) is a photograph of

the complete assembly.

this stirrer was bet'ter than the rotary glass stirrer
but still suffered from several disadvantages" The ring

operated at a rate of approximately 5 strokes per secondt

a, speed suff;icient to maintain an equal distribution of

crystalLized mæterial in the Iiquid, Eventuatly, hovuevere

the ring froze int'o the solid grolving from the wa-lln of the

tubee Leaving a port,ion of tiqu.id unstirred, Trorible was

also experienced with the vertical bearing, Vapor managed

to e.scape through the packing into the body of the bearing

r¡¡here it subLimede gleventing the stirrer from functioníng"

Far rnore satisfactory results uere obtained with t'he

stirring arrangement shown in Fig'?5 (c)' A narrov¡er tube

uas selected for the confainer so that smaller amounts of

materials could be used to maintain a sufficient depth of

lio*uidtokeepthet}rermometerbulbimmersedatalltimes"

This tube rvas a t iach Pyrex t,est'-t'ube cut to a ]'eirgth of

5 inchee" ÎÏre stirrer was of the de iïi'tt type¡ corlsisting

of. a ho1lov,r glass tube (V) f it'ted ¡¡¡ith f ibre ring bearings

(e)rotat,ingconcentricallyrsithrespecttothecontainer"
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I'our "glass blades fastened at angles of 45o in t,he Lower

end of the stÍrrir:g tube served to propel the lÍquid from

the hottorn of the container upvrard into the tube" liquid

an<i cryst,als dravrn into the tube passed the thermometer

bulb and escaped through four holes spaced approxiaately

LÈ inches from the lolver end u To the upper end of the

stirring tube r,vas cemented a two-step r'¡ooden pulley whieh

r,vas helt-dr iven from a sma-Ll stirring rûot,or. A f ibre

dise (I0) running on the fire-polished rim of t'he container

supported the st,irrÍng tube longitudinally' The eptire

apparatus 1vas f ixed in the f urnace by means of a rutrber

st,opper (1f ) which f it,ted t,ight'l,v in t¡e furnace opening.

ThÍs stlrrer rüas eff icient, and operated smoothly"

Stirring wa.s continuous until solid grelv froin the walls of

the eontaiÊêx' ¡ encrusting the stirring tutre. By this time

only a very small amount of liquid surrounding the

thermometer bulb remained unsoridif ied. This last port'ion

fyçne within a f er¡v minutes enabting the attainrnent' of a

smooth ideatized cooring curve from which reproducible

meltingpointdet.errnínatÍonscouldbeobt'ained.

The princípal disadvantages of this arrangement

rüere the necessity for external suspension of the thermometer

in the exact centre of the st,irring tulre and the loss of

materials through sublimation. Eaeh determination required
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change brought about by the volatilization of t'he coraponents"

Efficient stirring in a closed system finally was

obtained by employing a fluctuating current of dry air'

.À cont,inuous cu¡rent could not be used because of the

volatirity o1 the organic substances" The complete

st.irring asserrbty is shol"Jn dÍagrarunratically in tr'ig,2?.

Th.e motor-driven reciprocatíng mechanism (f ) was eoupled

to a piston (z) vorklng in a 3/8 inch bore glass

cylinder (g), The piston consisted of a t/A inch glass

rod 12 inclres long¡ over one end of llhÍch a piece of soft

rubher tubing was fastened" This piston was a very loose

fit in the cylinder. A piece of rubber pressure tubing

(+) connected the cytinder to a second piece of glass

tubing {g) which, in turn, \¡¡as ioined to a long tube of

smaller bore having an outlet clssed by a clamp on an

attached rength of rubber tubíng (z). $llren the u-tube

andreciprocat,ingmechanismwerectalrpedtoasuitable

stand, the u-tube ¡vas f itred r¡rith crean, dry mercury.

Thetopendoftube(o)T'Iasconnectedbymeansofrubber

tubing to the stirring tube (e), tocated adjacent t'o the

thermomet'er (ff ) which $as centred Ín t'he main container

(g)" the stírríng t'ube was merely a piece of 3/B íncTr

bore glass tubing¡ tbe inunersed orifice of wTricb $¡as

const,ríctedslÍgþtly"An'outlett'ube(fO)consistingof



a 6 inch length of 3/L6 inch bore glass tubinge was

connected to the U-tube (fZ) by a short length of ru.bber

tuhíng. Sulphuric acid r,las used to f ill U-tube (fZ)

because of its hygroscopic nature and because it offered

less resistance to the oscillating air current wit,hin the

closed system than did uercurlc

A,s the piston oscillated in the cylinder at a rate

of approximately 4 strokes per second, the mercury in the

U-tube was forced to oscillate in resonance with it.
fhe oscillatíon of the mercury column in tube (0)

produced a s¡rmpathetic oscitlation of the air in t'he

system which was transferred to the lÍquid in the stirring

t,ube (g) " The throt¡ of t,]re reciprocating meehanism v¡as

fixed so that the fused melt oscillated a distance of

1å inehes in the stirring tube, The position of the liquíd

level in tube (e) coufd be quiclcly adiustecl by altering

the air pressure within t'he system t'hrough tube (t)'

Usuallyr when t,he piston reached bottom dead-cent're' the

tÍquid level s¡as at tlre orif ice of the stiging tube"

As the piston rose, the meJ.t r¡¡as forced into the tube'

ón the pistonls down-strokêr the 1íquid spurt'ed from the

tubets orífice r,vith suffícient velocity t'o disturb''

t}re.erysta].línesedinent.onthebottomofthecontainer"

This dísturbance recurring 4 times per second produced a
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vigorous and efficient agitation of the melt and

depos it'ing crystals.

The stirring process and progress of cryst¿tllizatlon

could not be observed direetly in practice, but the

oscillation and relatíve positions of the levels in
tube *LZ¡ were sufficient ÍndícatÍon, As the freezing

process approached comp3.etione the Iiquid in the stÍruing

tube sLowly solidified and finally sealed the orifice.
The cessation of stirring action was detected by the

graduall"y dimÍnishing amplitude of the oscillations in

tube (12) and their uttímate disappearance.

The posit'ion of the orif ice of the stirring tube

was criticaL" 3or best result's, it rÍas immersed Z/S ot

the totat depth of the me'It" The thermometer bulb then

was placed L/4 inch b.elor,v the orif ice.

Smooth, eff icient stirring was obtained with this

apparatus. contrasted with the abrupt ceçsation of the

mechanical stirrers and t.he attendant break in the cooling

curver the stÍrring action st'opped gra-dua}Iy; the cooling

curves showed no evidence of a break when the stiming

ceased completely" Employment, of the closed systen lsas

also advantageouse since losses by evaporation T¡ere

minimizêd. Ioss tTrrough the stirring tube v¡as very slight'

The outlet tuhe (fO), hor'vever¡ usually collected a
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sublimate which wa:s easily returned to t.he body of tli.e

melt by breaking the connectíon (fg) r and Êcraping the

deposít dolçn with a glass rod. CoLlection of a

sublimate in tube (fO) was actually an advgntage, since

by scraping the tube at the proper instant, tlre melt in

the container could be seededr and Êupercooling avoided,

(e) Gepgral Srocgdure

3or the deterroination of a cooling curve of a

pure substance or a rrixture forming a solid solution,

two satisfactor¡t proeedures were developedt

Egoqe4uqg l. About 50 grams of a mixture lvere Íntro-

duced into the eontainer and fused over a Sunsen flarne'

Tfhen the stirring apparatus was functioning properlyt

a determination of the freezing point of ttre mixture IïaEt

made by atlowing the melt to cool freely out'side t'he

furnaCe, Then the furnace was set for a'temperature

f0 degrees above this freezing po Ínt ¡ the container nas

inserted and teft for one hour to attain temperature

equiiibrium" 3y inserting tire proper resÍsta-nce into

the furnace eircuit every 2È minutes, aceording t'o the

ca.IibratÍon curve, the furnace ancl conta,ined melt were

induced to cool at the predetermined rate of O"3o per

minute" As cooling progressedr therrnometer readings

were taken every utinute and plot'ted on rectangular
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coordinate papera 2"5 Grrio on t'he ordÍnate represented

I degree and 0"5 Gtû. on the abseissa was equivalent to

I minute. åpproxÍnately O.Lo above the predetermÍned

freezing point¡ the melt was seeded by qufckly scraping

dor¡¡n the outlet tube with a glaes rod. lemperatureÊ were

recorded until a complete cooling curve rüas ¡llotted.
The freezing and meLting poínts of t'he mÍxture were

obtained from the curve and corrected for the thermometer

error and emergent mercury column'

\'flhiIe this procedure yietded guÍte satÍsfactory

results, it consumed considerabLe time in the determination

of a single cooting curve" To obtain a complete cooling

curve, a range of at Least 30 degrees had to be examined;

thie process required a minimum of õ hourse depending on

the arnount of mixture 1n t'he container' In an att'empt to

díminieh the time required for a deterraination¡ there

$ras conceived a second procedureu which proved to be

very successful"

pËgEqggrj, .II" As a mixture wasr being prepareda the furnace

was allowed to heato A free-cooting freezing poÍnt

deternination vras carried out as in Procedure J. $Íhen

the f u-rnace reached a temperature ( inAicated by an

ineerted t,hermsmeter) approxlmateLy t5 degreee above the

free zing point of the mixtüI,êr linear cooting was initíated"
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Meanwhile¡ the rnelt $IaÊ heated over s, Sunsen flame to

a temperature 15 degrees above the freezing point¡ then

uas allowed to cool slowly until its temperature lay

about 5 degrees above the furnace temperatu.Tg.. The

containetr r¡Ias inse.rted quiclcly into the furnace and

Procedure f was contínued thereafter'

The t'emperature-time relationships of furnace

and melt are, shorrn qualitatively Ín Fig"ZB (a)' The

curve abc represente he'at ing of the f urnace along ab

to a maximu¡n ternperåtwe to, folloued by lineer cooling

arong bc" Tlre meltr init ilrry at tempera.ture tr., cooled

freely to €¡ where the linear eooling of the furnace

induced lÍnear cooting along ef,

Temperature-timerelationshipsofProcedureff

nay be contrasted with t,hoee of Procedure fr represented

in 3ig.28 (¡), ln the Latter case, one hour was required

for att,alnment of equíLibrir.¡s. betv¡een furnace and meltr

indÍcated by b. .A,pplicat.ion of Procedure II entirely

elíminated thÍs rffore-periodrf '
The diagrarirs indicate that the tenperatures of

themeltancifurnaceduringcoo].ingwerenot.theSâÍI€"
For the selected rate of cooling., the constant temper-

ature differentíal amounted to ab'out I degreese but

varied depending on the specific heate of the various
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mixt.ures" This prÍnciple has been employed in a method

of radiation calorimetry for ca-lculating specÍfic heats

and heats.of fusion from cooling curves (gO).

The¡:rnal .Ane-Us_-is of-tþe 
-3 

iEaly .gr¡0 Teggary-F"vs3.ems

The tiquídus and solidus curves of the binary

systems were determined by enploying the usuaJ. procedure

of beginning vrith one pure component and addíng

consecutive amounts of a second component up to a con-

centration of, 50 percent' Then, startÍng v,rith the second

eomponent e the f irst component r,vas added uB to a concen-

tration of 50 percent' The resuj-ting data were plotted

on a tenrperature-concentra-tion diagram and íf the

determination was accuraten the two branches of the

curves met exactly at the 50 percent point.

.Inthestudyoftheternarysystem,fivequasÍ-
binary systems were deternined, as shor,"Jn jt Fíg.29r"

Sinary mixtures of the Gompositions indicated were

carefully I¡ïe igbed out r fused and thoroughly nixed in

glassstopperedbotttes.Theprocedureinthe

determinatfon of the guasi-binary systems was the Bame

asthatempl-oyedforthebinarysystemsofthepure
components; a mixture replaced one of the pure components'

plottíng t,he data on a rectangular diagrau produeed the

quasi-binary sectíons of the ternary isobarie sectÍon'
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By graphical Ínterpolatlono the solidus and liquidus

isotherrns of the ternary systen could be derived"

(r) Purif i-c_q-tjog of Satsgåals

The materials usedr namely p-dichlorbenzenee

p-dibrombenzene and p-chlorbrombenzene¡ were obtalned from

the Ðritish'Ðrug Houses. The suppl,y of dÍchlorbenzene was

augmented by some Merck dÍchlorbêYtaêrlêt sold colnnercially

as an inSectieide. l¡Jhen the stoelc of chlorbrombe'nzene

dinÍnishedo additíonal material was prepared by bromínation

of ehlorobenzene according to tþe urethod of Cohen and

Ðakin (gr).

Each of the mate.rÍals lvas steam distilled once

from diLute sulphuric a-cicir once from dilute sodÍum

hydroxide and f inali.¡r fractionated usÍng a short column"

The dichlorbenzene obtained me'lted at 52"5or but a coolång '

curve deterrnined on a portion ehor-¡ed a freezing interval

of 0"8o, indicating an impure st'ate" The ort'ho isomer

(U,p"I?go) was separated from the desired para ieomer

(n,p.I?ão ) Uy crystalLÍzat:ion from ethyl alcohol" Af,ter

sÍx crystellizatíonsr the mat.erial froze at 53"08o with

no detectable freezíng interval'

Thedibrombenuene,vl¡astreatedinasimilarmanner.

SraetionatiOn as a means of .purif ication was useless

since the met,a isomer (an oit at room temperature)
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boiled. at exactly the sane tempera-tuie as the para

isomer u vízn,2I9o o SÍx crystallÍzations from ethyl

alcohol yielded a product freezing at 8?.30o, a freezing

interval being completely laclcing'

Greater difficulty was experlenaed in preparing a

pure sanple of chlorbrombenzene. The meta and para

isomers both boiLed at 1960r while the ortho isomer boíIed

slightl-y higher at I99o. Howevere purif icat ion by

crysta.LLization v¡as effeetiver âs the ortho and meta isomerso

both oils at room temperatül€¡ lfelîe removed from the solid

p-chlorbrombenzene by ethyl alcohol" The product obt'a.ined

after six crystatlizations ftoze at 64.7o, but the cooling

curve shor¡ed a freezing interval of Ou6o. that this

material v¡as stÍ11 relatively impure was proven further by

the fact that after storing it for one week over €oncen-

trated sui.phuríc acid in a clean vacuun desiccator¡ a few

droplet,s of an oll were deposited on the cover of the

desiccator. lwo additional cryst'allizalions from ethyl

atcohot yielded a sample which'fxoze at 64"580 and had a

freezing interva,I of 0"0?o, This tvas considered pure

enougþ for the Present' Pqrposês'

AIl-threesubsta-ncesr''erestoredoverconcentrated

sulphuria a.eid in vacuu¡3' desiccatofgo Most of the mat,erial

usedhadstoodundervacuumforatleasttv¡omonthg.
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Examination of the table me.kes apparent the great

similarity of crystall'ine structure in t,he three compounds"

lhe crystallographie data were taken from the most recent

pubtication by S.B" Hendricks (gZ).

"According t,o J, tlarbutt (gg), the heat of fusÍon and

specific heat of dibrombenzene are the most accurately deter-

rnined values, Here also, the thermal properties do not vary

greatly from one compound to the nextr but there is an

increasing gradation from the highest to the lowest molecular

we ights.

IlreezinE Po ints

The fyeezing point of p-diehlorbenzene has been reported

by various authors¡ Sruni (õ4) gives the fteezing point as

52"10¡ Kuster (ZA), 52.703 Nagornorv (gS), 52.80; Narbutt (gO),

54.90 ; Speranski (SZ) , 5ã.10 ; T(ruyt (2g) t ã3, Oo . An accurate

freezing. point de'terrninatíon was reported by Cooper (Oe¡ .

.ås large quantities of pure material were at his disposalt he

deternrined the freezing poÍnt of a large mass contained in a

tall cylinder using a totally immersed National Sureau of

Standarcls cert if ied therrnometer, IIis value is 53 
" 
l3 / O "02o '

which is in fair agreerûent with our value of 53.08 / .O2o ?

given in lable.lf below. The slight difference in results Ís

probably due to a smalL differenee in the purity of the

substanc€s7 since the precision of the determinations ís the

þame "
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'ffith regard to the freezing point of p-chlorbrombenzene

the literature is not unanÍmous" 3y bromination of chloro-

benzene, r,u,r'sers (Ss¡ and Bruni ß4) obtained produstrs metting

at 610 " However Speranski ß1) t employíng the sane method,

obtained for his material a freezlng point of 64.''lo. Analysis

by the Carius method indieated a purity of 99"68 percent.

The latter author also prepared a quantity of chlorbrombenzene

by diaøotization of p-bromaniline; the product froze at 64"7o.

Taking great precautions in his purification proeedure e

Narbut,t (SO¡ prepared a guantit'y of chlorbrombenzene which

fyoze sharply at 64"60 without visible evidence of a freeøing

interval" Our freezÍng poínt of 64.58o corresponds lrell with

this value"

In lable lÏe experiments t5 and 14 &re the results of

cooling eurves tatcen on the materíal f inally purif ied by two

crystallizations of the material used in 12. The effect of

t,hÍs purif,ication was to raise tlre freezíng point only

stightly, but to reduce the tteezing lnterval markedly.

G" Bruni worked with a sample of dihrombenzene freezing

at 85.90" This value is the lowest of any freezing temperatures

reported for the substance" Kuster (e8) and ¡Iarbutt (90)

report g6.40 and 86.90, respectÍvelyr r,vhile Lat'er reports by

Kruyt (aO¡ and',1(agornow (gO) give even higher vaLues e 87 "2o

and B?"Lo respectively, The freezing point determirted from
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cocling curves (experiments 6-10, fable !l) rïas found to be

B?.50os â velüe higher than any previousty reported. .ås the

data indicater the precision of the determination was / O'Oeo"

ÎÏre mat,erial did not fteeze over a temperature interva1r So

that it v,as unquestionablY Pure c .

TA3ÏJ$ TÏ

TRffiZT}]G POIITS OT' PURE COIæO]ÍEffTS

trYe ight
Iriehlor-
benzene

l'f e ight
Dibrom-
benzene

Ilî/eight
Chlorbrom-
benzene

tr'reezing
Po int

eeu lng
Tnt'erval

ocr
ì3

0,01
0"0L
0"00
0.00
0.00
0 .00
0,00
0 "000.00
o.o?
0"18
0.21
0.0?
0 "09

lng
nt

Mel
PO

t
L

Exper i¡aent

I
2
3
4
5
o
,T

I
I

t0
Lt
L?,
13
I4

20 "0018.09
21" l5
30 ,00
21. 16

55.09
53.09
5õ.08
53.09
53"08
8',1 .29
87,óO
g?,30
97.õ1
gnl 

"3464"53
64,52
64 "58
64.57

og

53 "085õ,08
5õ "08
53 "09
55.08
g'l .29
g?"30
g? .30
8? "31
8',1 .32
64"35
64.3L
64.5I
64.48

43.36
43.36
44.00
38.00
30, 00

25 "6',1
P5.6',1
21.55
r8,00
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the freezíng points obtained here do not agree too well

with Brunils, Therefore it is to be. expected that our results

for the various systen6, vrhile they rnay correspond quali'tativelyo

will not ín generaL agree quant itat ively with his "

Coo ljE-C-urveg

!'or the pure substancese oooling curves were obtained

which closely approached the ideal curve" Tig"50 is a plot of

the data taken from etcperiment 2o The broken straight' line

indicates the trace which would have been obtained Ín the

absence of a transformation. Except for the regions Ae where

the last trace of tiquid was freeaing, and 3s where t'he solid

hegan to assume the cooling rate of the furnace, the experl-

mental curve cosresponded wÍth the theoretical construetion

shown Ín the diagram by the proiected straight Lines'

Altcurvesobtainedpossessedthesamegeneral-fornas

that.shown in 3ig.30, t.he area C enc].osed by the curve deBend*

fngonlyonthemassofmaterialusedandthequant.ityof}reat
1i'oerated in ttre transformatíon' These curves were the

analogues of those obt,ained by Steiner and Jobnson (gg)t who

employedar'electrieallyheatedradiationealorimeterintheir

experiment's on soine organic materials'

ans it ion--T

U,oon examining the cooling curves of p-dichlorbeÐY'eíLe
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J" lHE 3f1{¿RY SYSTIßI

p-Ðibrombenuenet p-Chlorbrombenzene
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cloeely, a break in the IÍne representing cooling of the solid

1vas discovered. Experimentsr I, 2e 3 and 5 gave cooling curveg

e:chibiting a break at 39.80 ¡ 39.70 2 39.60 and 3g"4o,

respectiveLy, Experiment 4 was not continued long enough to

enable a determínation of the temperat'ure of the break" The

portions of the cooling curves in the transition range are

represented in Tig.5l'
The change in slope at 39o was not abru.pt, however'

and at f irst it vras believed that the results were due to eome

flaw in the calibration of the apparatus' A search of the'

Líterature revealed that a determination of the transition

temperature of p-dichlorbenzene Ïrad been carried out by Beck and

Ebbinghaus (¿O), who reported the temperatwe as 69"50" This

l¡Ías in excellent agreement with the mean of the above reÊultst

39 '60 .

confLicting data has been reported by lïallle¡rant.(411 '
Froro the results of microscopic studies of p-dichlorbenzene' he

coneluded that under atmospheric pressure this material is

trimorphicu the reversible t'ransitions occurring at 2go and 25o'

lhatp-dichlorbenzenedoesexistinat,leasttwoforms
under atrcospher ic pressì¡re appears to be an und isputed f act "

Fromtlteresultsobtainedbythermalanalysisgitmustbe
concludedthatatransformationintheso].idstateoccurÊ'

at 59"60.
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The complete data for the system dibrombenzenes

chlorotrombenzene are compiled in Table gL. It Tsas chosen

to expreÊs concentrations in ternrs of mole percent, s.ince in

this form the results could be more easily compared with those

of the earlier r,vorkers. ^Alsor calculations based on t'he

equations for idea} solutions required concentrations expressed

as mol-e fractioneô

the phase diagrau for thís binary system is pLott'ed in

3ig"32. the tiquidus curve appears to be almost a straight

tine, Actual}y, it is S-shaped¡ the high tenperature portion

lying above¡ and the low teurperature portion 3yíng below t'he

straight line joining the fr.eezing.poínts of the pure components.

This system Ís an exampte of Roozeboomo s Type .Io Ín which the

freezÍng points of atl mixtures lie between those of the pure

co.mponents "

Emptoying tbe thermal data in Table 3r the tlreoretical

liquidus and solidus curves were calculated from seltzîs

equatíons (15), The resulting diagram was of ¡loozeboornrs

famitiar Type -I, the Iiquidus and soLidus curves st'raddling

the straight line joining the freezing point's of the pure

components "
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83. ?9
74.99
6Ê. 00
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45.00
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Freezing
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0.22
0,65
0. 90
1.56
1.60
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l.'12
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I6
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2 .95
0.50
L.29
r.56
2 "360.5?
0. 96
L "64
2 .51
2 .55
2 "?&.
2,9',1

4
l¡

q

l!

;

WpLe f"
Ðibrom-
þenzene

MoLe /o
Chlorbrom-

Sreezing
Po int

X[eIt ing
Point

Ðibrom-
benzene

Chlorhrom-
benzene

65"1L 1 04.89
65 "9? | 65 .34
6?.gB | 66"98
69.89 ¡ 68.4õ
72 "g',I | ?L .g?
86'.50 | 86,14
8,4."16 | 8ã. 9ogl"?5 I 80.54
'18.6? | 77 .L4
76.25 | '14.

0,?450
1"886
4 "',|6',1
8 "?,20

L5 "11
20 "0020.00
20.00
20.oCI
20.00

zCI.00
20.00
20.00
20 "00
20 "00

0 
" 
6?9Ê

2.213
5.409
9.945

2.94
? .09

i.6.21-
25.01
õ8 "0095.98
99.00
75.00
6å.00

66 "32
?0 .00
?2,44
86,95
86"46
84.0?
B0 "?0
80,68
7 6.47
65 .10
6?"90
?0. 11
'13.44
g'l "L2
86. õõ
85.24
83. 16
?9.55
?'l .06
75,59
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GOMPARISON Of' ÐCPERIIffi]'ITAI, lllÍD CAICUIATED ÐATA !-,'' äLî

tr'reez ing
Po int (oC )

Sxper ÍmentaL calculatedl Exper igrentarl CaIcu$ated4ixgi'r
65"lL

65.9',1

6? .88

69,89

'12.?',t

76.2õ

78.6?

gl 
"?5

84.76

B6 .50

o, 9?L

.959

.8õ8

" 
?50

" 6Ê0

"483

" 380

.25L

. la0

" 040

0" 981

.949

,883

. g0g

" 6rlg

" 540

" 432

.29?'

"L27

" 
05?

0.949

,890

.7'-l9

.692

"497

.415

"32L

"204

" 089

.020

0.970

" 921

"927

"'129

.5? 6

" 43L

"330

"204

" 
08?

.025

The csncentret ions in

fract ion of component

the above table are expressed in ¡qole

Br chLorbr'ombenzene.
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fn our classification of binary systems forming solid

solutionsr the system p-dichlorbenzenes p-dibronbenzene falls
under Type ÃII . (Ðata relevant to the systera are given Ín

lables fV and g Â. ) ¿ d ist inct minimu¡r congruent freezing

temperature of 52.90o was detected at a concentration of L"22

mole percent of díbrombenzene. .As thís minimum freezing

nrixt,ure contained so Iittte dibrombenzene, particular care was

exercieed in establishing the positions of Iiquidus and solidus

curves in this region.

Fig.35 represents the complete binary systeme with the

region of the minimum greatly enlarged in a separat'e diagran'

Selt,zes equations r,vould not be expected to apply in

this example, sinee near the miniftumr to: a given value of the

transforrnation temperature there should be two mathenatical

solutions, the equations do not predíct this behaviour.

Iloweverr the calculated curve representfng the idealized system

serves as an interesting comparison.

The experimentally rieterraÍned Iiguidus and solidus curves

are both straight, lines over a restricted concent'ration range

of approximately 40 to BO percent of dibrombenzene" As in the

system chlorbrombenzene¡ dibrombenaene, the liquidus curve of

thís system is s-shaped hut the effect is more pronounced than

in t,Ìre former system, Hor,vever, ât no point does the liquidus

curve rie above the straight line joining t,he freezing points

of the pure components,
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MoLe %
Ðiehlor-
þ

99. ?0
99.38
98"99
98.40
98.02
97,44
96"9?
98. ?8
95 "0990, I0
'19 "87
69 "97Ão ot

4.9"1
14.99
?,5.07
35. 11
42.94
57,.04
98.80

T4"BIE W 9
l!

THE SYSTEIÍ p-ÐICHICRBE1$ZE1.ÍEa p-DBROIßENZENE \- I

46
4',1

48
49
50
51
52

54
55
56
57
58
59
60
61
62
63
64
65

2l"L5
l!
ll
tl

1l

.tl

tl

20.L'T
ll
r¡

t
tl
rt

0,8865
2 .988
5,6'.14
9. L?1

L2,7 6
18. 39
20.00

0 " 101?
.2034
"3461.
" 5555
.69?l
"8920

L "062
0 " õ952
1"6?r
õ,599
B, l6e

13.95
2L,64
27 .22

ll
tl
rt

tl

I
0.5900

0"30
o "62l"0r
r"60
L. 98
2"56
õ.06
L "224"9L
9.90

20"13
õ0"0õ
40,08
95 "0õ85. OT
74.93
64.89
5?,Q6
4'.1 "96
L.2Q

55.06
5õ"0Ê
52.93
52.94
52"96
53.00
5õ.03
52 .90
53. r5
53. 68
55"95
59 "4915"81
95.?0
92. lr
'18 "26,I4.LB
?1,15
6'-1 .05
52.90

53.01
52.95
52.9L
52 "gO
52. 9r
52.94
52"95
52"90
F? 

^1
55. õ?
54.37
55.20
59" L4
84.59
80"09
75 "62
'10.66
67.09
6? .93
52 .90

tr'reez ing
Interval

og

0.05
0,0?
o,02
0"04
0.05
0"06
0.08
0,00
0"04
0,51
l"58
4 "294.67
1. rl
2.02
2 "64
3 "52
4 "O44.L2
0000

\Te ight
Ðiclrlor-
benzene

MoLe /"
Ðihronr-

Sreezi
Point Point
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CaLculated
*5

0"996

" 
988

.934

.862

"758

"6"ì 4

"557

,462

"33L

.195

.060

mole ,fract ion
.a:i
designated by

ÐArA .- ;. i,;3
L . r',-LL:''--irn, ,,, ã-*t'- - 

i

Sreezing
Po int (oC )

Experigrental
xf,

0.943

,902

"?gg

" ?00

EOf)

.52L

"424

"352

.?,53

.150

.050

CaI atedcul
-S

lf

55. L5

53.68

55" 95

59 "49

6õ" Bl

6'l "05

?1"13

'I4t.Lg
i

78i"26
i

82"II
85"70

0"953

.860

, ?11

,593

" 500

.430

"343
.216

.1Bg

.105

.030

0 "99U

.g?5

"B?3

.7 56

,611

.5 r0

.591

" 
506

"204

. III

"o32

ln the Tabler EB is the
i-, i

f iqujd and èolid phaslese
I.

respect ivel"y 
"

of díchlorbenzene in the

superscripts I ánd S,
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Examination of the data in Tables ! and ! A and the plot

of these data in tr'ig"34¡ shows that the experirnent,al curves for

both Liquidus and solidus lines lie far below the straight line

joining the freezíng point's of the pure components. Â.lsoe the

experimental curves Lie considerably below the calculated curves,t

whlch straddLe the aforementioned straÍght line. The theoretical

and observed curves conrpare only in tliat the freezing lntervals

are approxÍmately the same.

.As in the system dichlorbenzene¡ dibrombenzener this binary

system possesses a minimum congruent freezing temperatuxe " How-

everr the minimu¡r }íes at the slightly higher temperatr.lre of

52"960 and at a higher concentration of chlorbrombenzenes TiZ't

2.5"1 mole .percent'
re_SgÉsg!-gÉ s Low -too llng

Ît was of interest to determine the effect, if â.flÍr of slovr

cooling and rapÍd cooling in causÍng a shift in the minimum freez-

ing point of t'he system' That such a shift act'ually was effectedt

is shor,vn by Fig.35" The tiquidus curve determÍned by free coollng

r,sas a straight line extending to a minimum temperature of 52"970

at a concentration of 3/" chlorbrombenzene" By employing very slow

controlled cooling at the rate of O"5o per minutee slightl-y higher

freezing pointsr o.Rd a sharper minimun at 2,57% chlorbrombenzene

\ilere obtained" The general effect Of t'he slovu cooling was to

Broduce higher freezing points" At higber concent'rationst of the
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order of 40 percent o-f one of

freezing points were as much

freezing points observed for

92

the components, the determined

as O.4o higher than the

free cooling'

rÆr,E g

TIIE SYSTEM p-IÎCHLORBEITZENE: p-CITLORffiOMBENZEI{E

Sxperi-
MoLe %

ChLorbrom-

l" 54
2.16
2.96
4,53
5.96
0 "415.91

g? 
"0090 "73

?4.99
60"05

0 .98
2.57
2"9'.1
4.A3
5,04

10.00
25 "O438,00
50 "03

Freez ing
Po int

oC

53.03
5? .99
55"00
53, 09
5õ. 16
53,08
53.05
64.06
62.9L
6Q.6',1
õ8.50
53. 05
52.96
55 "00
55.05
53,11
53,48
54.55
55 .8õ
5',1 ,36

Melt ing
Po int

oc

52.99
52 "96
5?,.9?
55"00
55. t0
55"0õ
55" 00
65.85
62 .6L
60. Iõ
5?. ?8
53.01
52"96
52.96
5?".99
5õ "03
53 .26
54.26
55" 3?
56.6L

Freez ingt"t8äi"

0.04
0.05
0 .03
0,09
0.06
0 "050,05
0,21.
0.30
Q.52
o.'12
0.04
0.00
0 "040,06
0.08
o "22
o "290.46
0.75

oo
6',1

68
69
?0
7L
72
73
,T4

75
?6
7',l
?B
79
80
81
82
B5
84
B5

L9.02
tl

ry

It

tl

I8"09
It

0.5155
1"895
5. 5r?

11.02
17 .69

tl
ll
n
tl
tl
It

L2 "22
L2 "22

0, õ86?
o "541'l
0 " 8IAõ
1. r??
1,569
0.0 930
0 ,9570

21. 55
$
ll
tl

0.2388
0 

" 
6046

0 " ?0P6
0 ,9680
I "224
2,559
? .698
9. ?59

15 "94

98.46
9'.1 "84
9',1 "0495,47
94.Q4
99.59
96"09
õ,00
9.27

25. 0l
39.97
99.O2
g'I .43
9? "0695.9?
94.96
90,00
'14"96
62 "OO
49 "97ll_t

tIIe Íght
Ðichloe-
benzene

ChLorbrom-
benzene
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OMPJRTS
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NT OT'

n
Ã,!..{.

ÐCPæ'II{ET\1'IAI, A1TD CJTI0ULATET' DATA

.U,.,,-,,(snn^'{- -';:¡,*l'#éi*n¡^*.ç. -.-",t:
'* ¡i " " "*- l- I i,o-

Sree zing
Po int (ot )

53" i.6

53.48

54, 55

55 .8õ

57 .36

58, 50

60.6',1

62.9L

64.06

ExperÍmental-T v!
JLñ

_b

.958

.899

"751

;620

"493

.406

.250

"094

.019

Calculated
xl

.b

0"985

" 
959

,869

"7'.14

.648

.363

. r63

.048

Exper imental
xS

B

.921

.858

" ?09

,572

"435

.345

.203

.078

"022

CalcuLated
4

0.98J.

,949

.939

" 
?õ0

.592

"497

" 3lr

"L54

.039

In the Table¡ tÇ is t.he moLe fraction of dichlorbenzene'
-É
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Table VÎ contains all data relevant -ts the freezing and

melting points of the ternary mixtures examined. The data

have been €Iagsified ínto five sectÍons, each corresponding to

one of the numhered quasi-binary sections indicated in Fig.29,

Construction of some of the isotherms of the ternary

system by graphieal Ínterpolation from the quasi-binary seotions

gave the resulting diagram of tr'ig.õ6. The isotherms shovrn are

those lying on the sol"idus surface at the indicated temper-

aturesu ln generale they are all curved stightlyr but the

isotherm of 58o is practicaLly a stralght line, At lower

temperat.ures than this¡ t,Ìre isotherros change their direotion of

curvature.

.å very similar diagram for the liquÍdus isotherms was

obtained, diff ering from Fig.56 onty in tlnat the Ísotherros aLI

curved tor,vard the lower tenrperat'ures. In the body of the

diagram the isotherms vüere substantiatly straight' lines" This

can be seen from 3ig,õ?¡ whiah illustrates the relations

between the solidus and, ltquidus isotherms" Each tiquidus

isotherm (fuff Iine) isith its oorresponding solidus isotherm

(broken lÍne) constitutes the boundary of a heterogeneous

tiquid-plus-so1íd region" Tie lines have been inserted

qualitatively into the diagraq to illustrate the direction of

crystall ization and composition change in the ternary system"

The exact direotions of the tie-Iines are not known" They

could be determined only by anatysis of the first portlon of



un

solid phase separating frorn a liquiC solution of known conposition,

If it vrere not known that minimum freezing points

exlsted in the two binary systems containing dichlorbeûzêÌ:€r

it roight be concluded that the ternar.v syst'ern belongs to

Type Iul.Lo of, Schreinemakerse classifica.tions the three

components are miscibLe in all proportions in both liquid and

sotici phases. Hor$evere t'he existence of such minÍma prevents

this deduction¡ and the isotherms in the dichlorbenzene corner

asgurûe a more interesting form'

The Iiouidue and solidus ísotherms ín the dichtorbenzene

corner are represented on a larger scale in ligs.õ8 and 39,

respectively. The loca.tion of the isotherms and their shape

preclude any posslbil"ity of the existence of a ternary

minimum freezíng point, as Ìvas su.ggested by Bruni (+).

Ptotting setectecl Iiquidus a-nd correspond ing solidus isotherms'

the unusual diagram of Fig.40 v¡as obtained' Tie-IÍnes have

been insert,ed in order thet the heterogeneous bands may be

easily distinguished. More bands than the tliree shorJn were

not pLott,ed because of the conptexity int'roduced by overLapping

of the very wide bands in this region"
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The experÍmentaL results in<iicate a teraperatr¿re of

reversible transition of 39"60 for p-dichJ-orbenzene. Cooling

curves of those binary rnixt,ures containing this ¡raterial as one

of the components were examined carefully in this teruperature

region for any evÍd,ence of a break. 3or those mixtures

containing from 95 t'o I00 percent p-dichlorbenzene a change in

slope of the cooling curve was actual}y detected. the effect

of addition of p-dÍbrorabenzene or p-chÏ.orbrombenzene to the

pure p-dichlorbenzene was to depress the transítÍon temperature

of the latter" Beclç and Ebbinghans (+0) have determined t'he

transition curve for the systeme p-diehlorbenzenes p-dibrom-

benzene ancl find ít to be a straight'tÍne runníng from 39"50,

the transit,ion ternperature of p-dichlorbenzene, to -8o, the

t,ransition terrperature of p-dibrombenzene' since the break in

the eooLing curve for the pure dichlorbenzene alone '!vas barely

detectabler it disappeared completety wJeen mixtures containing

either of t,he ot,her tuo components in excess of 5 percent were

examined. AIso, Iinít,a-tions of the apparatus prevented the

determination of t'be t'ransitÍon cürvês'

InviewofthegreatsimÍ].arityinmolecularand
crystaJ.lographic structures, it is not su-rprising that these

dihalogen benzenes are miscible in all proport'i'ons in both

liquid and solÍd phases. .atl three binary systems' horvevere

exhibÍtadecidedtendencytorn',ardnegat.ívedeviationfrom

Raoultîs lau; at some ].ower tenperature there may eiiigt a
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miscibilÍty gap in the solid eolutíon region"

The p-dichlorbenzene molecule u¡hich is the lightest of

the t,hree, is perfectly symnetrical and has no dipole moment"

" AppæentIy this molecule possesses properties not associated

vrith the asyrnmetrical chlorbrorabenzene molecule or even the

syrrmetricaj. dibrornbenz,ene molecule. .&dditíon of a hÍgher

melting foreign material of simÍlar structure such as p-6¡1o"-

brorabenzene or p-dibrombenzene produces a depression in the freezing

point of t.he pure dichlorbenuene" ^åddfng the heavíer, higher

meltÍng dibrombenuene prod-uces the greatest and most rapíd

depression" there ís requirecl more of the Iighter chlovbrombenzene

roolecule, relative to the guantity of dihrorrrbenzene, to produce

a gÍven freezing poínt. depression, The solution of dichlorbenz,ene

and chlorbrorobenzene freezing at 53.08o0 the fteezing point of

pure dichlorbenzene¡ contains 4"4 percent chlorhrombenzene. the

analoþous solutíon of dichlorh enzene and díbrombenzene contaíns

onJ-y õ.g percent of the latterr again indícat'ing thet relatively

less of the heavier molecule is required t,o produce a Ëpecific

eff ect. Tt, is also of interest to not'e that' in the systen

dichlorbenzene; dibrombenzene, coloposed of t'wo perfectly

symmetrieal moleculeeo the freezing intervals Tvere quit'e large

in comparison with t,hoee of the systems composed of one syrrnetricai-

and one asYmmetrical molecule Ò '
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That the binary systems are not representative of the

ideal solut,ion is shotvn by t,he laclc of correspondence of

calculated and experímental curves" Such coryespondence

wou-ld not be expected in those systems containing dichlor-

benzene, but even in the system chlorbrombenzene¡ dibrombenzene

to which Seltzts equations shoutd apply exactl-yr agreenent sf

calculated and elcperimenta! results was not good' . Assuming

eryoneous val"ues for the heats of fusion of the components as

given by llarbutt (faUfe J), experiment'al re$ults were employed

t,o catculate the heats of fusion from Seltzf s equations' It

r¡Ias found that the calculated valueg for the heats of fusion

varied depending on t,he ra-nge of tempera-twe sel.ected' s

f inite heat of solution must therefore be associated wit'h these

binary solutions.

Thesolidusisotherrr:soft.heternarysystenarevery

nearly perfectly stra"ight lines; the soLidus surfaee is but

slíghtly convex toward the lower temperatures' At approx-

imately 58o the direction of concavit'y of the surface changes'

So that at t,enrperatures belorq 58o t,he solidus su.rface is

concavetowardt,helowertemperatures"lhistemperatu-reof

5Bo is very closely the average of t'he freezing temperatures

of dichlorbenuene (53.080) and chlorbrombenzene (64"58o) 
"

Experimentalresultsproveconclusivelytlrattlteternary

system is representatíve of schreinemakerst Type 1'3'3"g
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{shown gualitatívely in tr'ig"t?) traving neither a ternary

congruently freezing solut ion nor a ternary minimum freezing

point" These results contradict those of Bruni and Gorni (õ)t

rvhich Índicate the existence of a ternary congruently freezing

solution, The results of these authors r¡ere exanrined care-

fullya euâ.si-binary sections were plottedr ând the ternary

isotherrns were congtructed by interpolation" Itata relevant

t,o the isotherms in the dichlorbenzene corner tyas insufficient

and the t,lrree quas i-binary sect ions did not agree very well

within themselvesr so that these aut,þors were justified in

constructing the diagram represented in tr'í8.22. 3J rejectÍng

one series of their measurenentss a diagram qualitatively

similar to 3ig"58 was obt,ained' However2 no tru-e corßparison

of resu.Its may be ohta.ined, since it is evident t'hat the

materials used by Sruni and Gorni were not a.bsolutely pure'
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l" the freezing points of pure p-dichlorbenzener p-chLorbrom-

benzene and p-dibrombenzene are b5.OBo, 64.b8o and g?.50o,

respect Ívely.

Pure p-dichlorbenzene exÍsts in at Least tv'ro forms under

atrnospheric pressure¡ the revers ibLe transf ornation

occurring at õ9.60o

p-dÍbrornb enzene and p-chlorbrornbenzene are miscible in
alL proportions in both liquid and solid phases; the freezing

points of all solutions lie betvyeen tire freezing points of

the pure components.

The binary syst,em; p-dichlorbenzenes p-dibrombenzene

exhibÍts a minimum ternperature of congruent freezing of

52"90o at a concentration of L"22 mole percent of dibrom-

benzene" the component.s are miscible in aII proportions

ín both liquid and soLid phases.

the binary eystem: p-dichlorbenzenel p-chlorbror¡rbenzene

exhibít.s a minimum temperature of congruent freezing of

52,960 at a concentrat,íon of 2"511 mole percent chlorbrom-

benzene. The components are miscihle in all proportions

in bot'h lÍquiC and solid Phaseso

p-dfchlorbenzene¡ p-ehlorbrombenuene and p-dibromb enzene

are rniscible in all proportions in both liquid and solid

phases. A eont inuou.s series of soi.id so lut io ns is f ormed "

There exists no ternary congruently freezing solutíon"

z"

3.

40

Ã

6"
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7n SIov¡ cooling of Iiquid solutíons from ivhÍch solid
soLutíons are deposited in the freezing process results
in higlrer freezing points and smaller freezing intervals

than those obtaÍned exSlerinent,ally when liquid and solid
phaees are not in equilfbrium due to too rapid a rate
of cooling"
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