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THE PHASE EQUILIBRIA OF SOME COMPOUND
SEMICONDUCTORS BY DTA CALORIMETRY

Bernard Michael Kulwicki 

ABSTRACT

This work may be divided into three parts: 1) a theoretical 

study of heat transfer in the differential thermal analysis  (DTA) equipment 

with subsequent development of two methods for the measurement of latent 

hea ts  of fusion and transition; 2) the determination of the heats of fusion 

and transition  of twenty compound semiconductors and the study of the 

nature of these  transformations; and 3) the study of solid-liquid  

equilibria in the system s cadmium-tellurium, zinc-tellurium  and indium- 

selenium.

The theoretical analysis  showed that the thermal conductance of 

the system  could be well approximated by its  steady sta te  value, and a 

theore tical expression for the time constant for exponential decay of the 

DTA curve was derived. The first method for the determination of the 

thermal conductance of the system is based on its  theoretical ca lcu la ­

tion from the steady s ta te  formulae. Two variations of th is  method for 

indirectly measuring the th ickness  of the gas film between the s ilica  

sample tube and the nickel sample holder (a quantity which can be directly 

measured only imprecisely) are presented. The firs t is based on a com­

parison of the theoretically  calculated time constant with i ts  experimen­

tal counterpart. This method was tes ted  with data on a number of 

standards, and good agreement was found between theory and experiment. 

The second variation, which could not be adequately evaluated, is  based 

on the calculation  of the film th ickness from two measurements of the area 

under the DTA curve When gases  of widely different thermal conductivity 

fill the system.

The second method for finding the thermal conductance depends 

on its  calcu lation  from the experimentally measured time constant and 

the estim ated thermal capacity  of the system. This method requires c a l i ­

bration of the equipment.
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These methods are employed to measure the heats  of fusion and 

transition  of the following compounds whose melting points range from 

800° to 1560°K: Ag In Se , Ag Se, Ag Te, Bi.Se , Bi Te_, CdSe, CdTe,
6  o  1 j  d  d  d  J  d  D

GaAs, GaSb, InAs, InSb, In Se , InTe, In Te , PbSe, PbTe, Sb Se ,
M J U J fa J

Sh^Te^, SnTe and ZnTe. The entropies of fusion plus transition  are 

found to  vary from 2. 2 c a l /g  atom °K for Ag InQSe. to 9. 6 c a l /g  atom °Kd o 13
for GaAs. The experimental precision is about ± 15% on the average.

Finally, phase equilibria in the system s Cd-Te, Zn-Te and 

In-Se were studied. Thermodynamic ca lcu la tions  suggest that CdTe and 

ZnTe molecules are stab le  in the melt, and it was es tab lished  that the 

system s Cd-CdTe and Zn-ZnTe exhibit positive deviations from Raoult's 

law w hereas the system s CdTe-Te and ZnTe-Te exhibit negative deviations. 

A two parameter correlation of the liquidus curves of th ese  two system s is 

postulated .

The In-Se system  contains five compounds two of which melt 

congruently, InSe (6l4°C) and In^Se^ (885°C) ~ud three of which decom­

pose peritec tically , In_ .Se , (553°C), In ._S e_ , (660°C) and In_rtSeof, (?)
t>4 4 b  4 /  d J 2U o U

(745 C). Two monotectic reactions, a t  5 20 C (indium-rich) and at 760 C 

(selenium-rich), were observed, as well as polymorphic transformations 

in In2Se3 (201°C) and In ^ S e g g  (?) (650°C).
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CHAPTER I

INTRODUCTION.

Differential thermal ana lysis  (DTA) is one method of recording 

tim e-tem perature information for the purpose of studying thermal tran s­

formations, and co n s is ts  in measuring the temperature difference between 

a sample and a reference as  a function of time and /o r  temperature. Other 

methods have been described  as w ell (3), but DTA remains as one of the 

o ldes t (50, 51) and most useful. DTA has met with w idespread accep tance

in many a reas  wherein a change in the rate of heat transfer to a sample
❖

generates a temperature difference. Many examples may be cited.

The principal objective here is to determine the latent heats  of

fusion and transit ion  of some twenty semiconducting compounds whose

melting points range from 80.0°K to 1560°K by means of DTA calorimetry.

The compounds are: Ag_In_Se._, Ag_Se, Ag_Te, Bi_Se_, Bi_Te„, CdSe,2 o 13 2 2 2 3 2 3
CdTe, GaAs, GaSb, InAs, InSb, In Se InTe, In Te PbSe, PbTe, Sb Se ,

b J fai J 6 J .

Sb^Te^, SnTe, and ZnTe. A second objective is the investigation  of so lid - 

liquid equilibria in the system s Cd-Te, Z.n-Te, and In-Se.

State of the Art

DTA has long been recognized as being a powerful tool in the 

investigation  of phase equilibria. Transition temperatures may be accu ra te ­

ly pinpointed. Furthermore, the technique is amenable to the use  of very 

small samples, making poss ib le  the  study of rare m aterials. A typical 

example of th is  type of study is the work of O'Kane (66) who investigated  

so lid -liqu id  equilibria  in pseudobinary system s such as  CdSe-In^Se^, 

ZnTe-In2Te3, etc . Solid-vapor equilibria may a lso  be readily investiga ted  

as  has been done by Markowitz and Boryta (56) who studied the behavior . 

of .NH4Cl in a .controlled pressure  DTA unit.

The purpose here is  to c ite  illu s tra tive  references, rather than  to compile '■ 
a bibliography, which has been done by Smothers and Chiang (78). Over 
1500 references are given.

1



2

DTA has a lso  been u se d  to investigate  reac tions in the solid : 

s ta te  (26, 38, 78) thereby making possib le  the accurate  definition of . 

reaction  temperatures and re la tive  speed under a varie ty  of experimental 

conditions. The study of thermal transitions in c lays by DTA was first

undertaken by Norton (64), and similar s tud ies  have been carried out by
■ -

numerous workers. Locke and Rase (53) have indicated the utility  

of. a controlled pressure unit in the screening of c a ta ly s ts  so as to provide 

rapid, qualitative  information on the chemical and physical changes which 

affect ca ta ly tic  activ ity . Even such small heat effects  as those due to . 

specific  heat changes accompanying the g lass  transition  temperature of 

polymers may be readily investigated  by DTA (41) and Steiner and Johnston 

(80) have d iscu ssed  the application of DTA to the quantitative determination 

of specific  heats .

In principle, DTA is a lso  a calorimetric technique in which the 

heat absorbed or evolved during a thermal transition  or chemical reaction  

may be determined by comparing the area under the DTA curve with that 

produced by a standard whose latent heat or heat of reaction  is well known. 

In practice, however, its  u se fu lness  has been limited because  of diffi­

cu lt ie s  a sso c ia ted  with accura te ly  predicting the appropriate thermal 

conductance or apparatus constan t of the system, particularly  where a 

wide range of temperature is  of in terest.

Among the first to recognize the possib ili ty  of obtaining a quanti­

ta tive  measure of changes in heat content from cooling curves was Plato 

(69) who estim ated the heats  of fusion of a number of inorganic sa l ts  from, 

the time of freezing on the cooling curves. His formulae as well a s  those 

of other, investigators up to about 1925 were s tr ic tly  empirical in nature 

and are thus of little, in te res t here. Among the f irs t  to derive the re la tion­

ship of proportionality between the heat of reaction  and the area under . 

the  DTA curve were Steiner and Johnston (80) whose thorough artic le  

provides an ex ce llen t  review of the art through 1928 a s  well as  a compre­

hensive d iscu ss io n  of the merits and lim itations of the technique as a ..

Cf. reference (78) for bibliography.
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qualitative tool. This re la tionship  has been derived by many other, authors 

including Berg and Anosov (6) who measured the heats  of d issoc ia tion  

of dolomite and re la ted  subs tances; Speil (79) who studied the thermal 

transitions in c lays and rela ted  minerals; Void (87) who measured the 

heats  of fusion of s tearic  and benzoic ac ids , and Borchardt and Daniels 

(12) who were in te res ted  in determining the kinetic  parameters of homo­

geneous, liquid phase chemical reactions.

At th is  point, the quantitative theory of DTA will be reviewed 

briefly. The equations presented first are essen tia lly  the same a s  those 

given by Void (87), but using different symbols. The model for the DTA 

system  comprises a sample and a reference material having substan tia lly  

identical properties and physical geometries. They are placed inside  a 

furnace and heated together under e ssen tia lly  identical conditions. Assum­

ing that the sample temperature is  uniform and that heat lo s se s  are negligible, 

a differential energy balance may be written for the sample as  follows:

C d T  = dE + K(T -  T) d t 1.1s

where C is  the to ta l heat capacity  (cal/°K), E is the energy evolved 

during thermal transit ion  (cal), and K is  the thermal conductance 

(c a l /° K -s e c .). Similarly for the reference

C d T  = K (T -  T ) d t  1 .2r r r s r

where no energy is evolved and hence the dE term does not appear: .

In the above equations, the subscrip t s  refers  to  the surroundings and 

the subscript r to the reference. Defining 0 a s  the temperature 

difference between sample and reference (T -  Tf) , and y  as the constant 

heating rate (dT^ = y  d t) , the  following rela tion is  obtained:

C d 0 = dE +• C 'y (0  t l ) d  t -  K0 d t  1 .3

.where. $ ~ KG /K C and is  d im ension less . Choosing the in itia l condition• .. r r . 3
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0 - 0  at t  = 0 , Equation 1. 3 may be integrated for the condition dE = 0. 

to yield:

9 = V (0 “ 1) (C/K) (1 -  1 .4

whence the steady s ta te  value of 8 is obtained:

0 = y{</> -  1) C/K 1.5ss

Thus Equation 1.3 becomes:

d E = K (0 - 0 ) d t  + C d 0 1 .6ss

r2
A E = K /  (0 -  0 ) d t  1.7/ s s

*]

Equation 1 .7  is s tr ic tly  valid  only if 0 does not vary during the t ran s i-s s
tion, i . e . ,  the baseline  remains constant. Even if the baseline  does 

shift due to a change in the specific  heat of the sample as  a resu lt of 

phase transformation, however, Steiner and Johnston (80) have shown that 

Equation 1. 7 may s t i l l  be used provided that the area is  measured with 

respec t to the  extension of the final base line .

Bpersma (7) as  w ell as Kronig and Snoodijk (46) have obtained th is  

rela tion  in a somewhat more elegant manner, and have shown that the 

assum ption of uniform sample temperature is unnecessary  provided that 0 

is the temperature difference between the center of the sample and the 

center of a matched reference. In addition, both authors have derived 

express ions for the thermal conductance in terms of thermal conductivity 

of the sample, that of the  holder, and the geometry. Boersma has a lso  

derived correction terms which take  into account the transfer of heat along 

the thermocouple wires.. . ' v
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In addition to the possib ili ty  of computing K from the geometry . 

and thermal properties of the system, several other techniques are availab le . 

The first, due to Berg and Anosov (6) and a lso  applied by Kornilov and-.'.. 

Matveeva (45), c o n s is ts  in the admixture of a standard, whose transition  

heat is  known, with the sample. The second possib ility , proposed by 

Void (87) co n s is ts  in calculating  K from the exponential decay of 0 

after the transition  has been completed. A third method, recently  proposed 

by Sturm (82) c o n s is ts  in computing the effective conductance from data 

taken by controlling the heating ra te s  so a s  to  obtain a constant thermal 

gradient. A fourth poss ib ili ty  consis ts  in measuring the area under the 

curve produced by standards whose transition  heats  are known. This method 

is perhaps the lea s t  sa tis fac to ry  particularly where a wide range of tem pera­

ture is of in terest, s ince at high temperatures radiation is an important 

contributor to the heat transfer mechanism. This method is  quite useful, 

however, over short temperature in tervals particularly  where a large thermal 

re s is tan ce  intervenes between the heat source and the sample. This fact 

has been pointed out by Boersma (7) as well as by Smith (76).

Further ingen ious varia tions have been proposed by Eyraud (23), 

Wittig (91) and Lueck, Beste and Hall (55). The firs t  two authors proposed 

methods in which the need to determine a numerical value for K is eliminated. 

Eyraud proposed using a temperature controller to regulate  the temperature 

difference between the heat source and the sample while measuring the 

power input to the furnace as  a function of time, with the area under the 

power-time curve being equal to  the heat of transformation. W ittig sug­

gested  using an auxiliary heater within the sample. When varying 

quantities of e lec tr ica l  energy were in jected  via  th is  heater, differing 

values of the area under the DTA curve were obtained, extrapolation to 

zero area yielding the heat of transformation. Lueck et a l.,  who were, 

in terested  in studying the k inetics  of liquid phase chemical reactions, have 

developed a technique whereby nearly isotherm al conditions may be main­

tained, in the reaction  ce ll ,  sens it ive  therm istors being used to measure the  . 

d ifferential temperature (0. 1°K at most). The thermal conductance was
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determined from the exponential decay of the DTA curve to base line  after 

a drop of warm water was added to the reaction  solution.

Statement of the Problem 

The particular properties of the  compounds studied in th is work 

required modifications and refinements to the existing techniques.

The vo latility  and reactiv ity  of our sam ples required their being 

sea led  under vacuum in s i l ic a  g lass  tubes . Because of the fact that the 

dimensions of the s il ica  tubing, and therefore the thermal conductance, 

varied from sample to sample, a simple calibration of the apparatus would 

not suffice. The method of Berg and Anosov could not be used because  of 

the unavailab ility  of su itab le  standards. In Sturm's method, as he himself 

admits, the heating ra tes  resu lting  in a constant thermal gradient may be 

found only with difficulty. And the methods of Eyraud and W ittig not only 

do not appear to be any more d irect or reliab le  than the two remaining ;.. 

methods which were used in th is  work; viz. d irect calculation  of the 

thermal conductance and measurement of the time constant, but a lso  would 

require ex tensive  modification of our equipment. The application of these  

two methods to our particular system  is now considered.

Direct C alculation  of the Thermal Conductance

Instead of using the aforementioned definition of the thermal 

conductance, v iz .

^ heat flux across  system  x area 
temperature difference

= c a l /s e c °K  1 .8

a slightly  different definition w ill be used

q  _ K, _ heat flux across  system  x area______  1 '9
L . temperature difference x sample height *

* ’■
Cf. Appendix III for descrip tion  of the samples and their preparation.
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G = c a l /s e c -c m -°K

in which the conductance is  normalized to a unit height of sample.

At steady  s ta te , it may be readily  shown (22) tha t the conductance for 

thermal conduction acro ss  a cy lindrical annulus is given by:

2tt k.
G, =--- ~----- L 1.10

i In r | ,

where k  ̂ is the thermal conductiv ity  of the material in the annulus and

r i , is  the ratio  of the outer radius to the inner radius. 
i

For thermal radiation, a para lle l heat transfer mechanism, the

conductance is  given by:

G. = 8tt R. F. cr T3 1.11
x 1 i

where = the larger radius

F = shape factor which depends on the em iss iv it ie s  of 

the two su rfaces and the geometry.

<r = the Stefan-Boltzmann constant 

T = abso lu te  temperature.

Now it is a lso  true at s teady  s ta te  that the heat flux x a rea /sam p le  

height is constan t, so th a t  the individual conductances can be combined 

as  follows.

G = S G, (conductances in parallel) 1 .12
i

= S (conductances in series) 1.13
i i

Now if the  la s t  four equations plus Equation 1. 7 are Obeyed in the 

system  it is  c lear tha t i t  w ill be p o ss ib le  to  determine heat quantities  by 

DTA. The information required to do th is  inc ludes , 1) knowledge of the 

thermal properties of all components of the system ; 2) their geometry;
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arid 3) an experimental measurement of the area under the DTA curve.

The DTA system  c o n s is ts  in samples which are sea led  under vacuum 

in silica  Sample tubes , each of which contains a concentric  thermocouple 

w ell in the bottom. The sam ples are placed in a nickel block.in which 

holes have been drilled in order to accommodate them. A gas film thus 

separa tes the s i l ic a  tube from the wall of the nickel block.

The primary contributions to the overall conductance come from 

the gas film and the  sample tube. Secondary contributions are due to the 

sample i ts e l f  and, at high tem peratures, thermal radiation. It is  c lear 

then, that a prec ise  measurement of the physical dimensions of the gas 

film is required. This measurement is difficult to achieve  directly  because 

the gas film is very thin, so that i ts  th ickness  is a small difference of 

large numbers. This complication may be resolved, however, if an inde­

pendent method of evaluating the th ickness  of the gas film is  availab le .

Two such methods are proposed in the following. In the first 

method, two measurements of the area under the DTA curve are obtained 

using different gaseous atm ospheres having widely different thermal con­

ductances, such a s  nitrogen and helium. The th ickness  of the gas film 

can then be computed from the two areas and the known thermal c o n d u c ts  

v ities  of nitrogen and helium respec tive ly . In the second method, the 

th ickness of the gas film can be found by comparing the experimental time 

constant for exponential decay (see Equation 1.4).

r d  In | 6 -  0 11 _1 1______s s 1 . ■ . . .

of the DTA curve after completion of melting with the theore tica l value 

found from a consideration of the differential equations, governing heat 

conduction in the system. The p rec ise  formulation of th ese  methods will 

be given in Chapters II and III.

The Calculation of the Thermal Conductance 
from the Time Constant

Inspection  of Equations 1 .4  and i .  14 leads to the following

expression  for the thermal conductance: .



K =  C / t exp 1. 15

where C is the thermal capacity  of the system. A number of authors have 

used th is  formula including Void (87) and Lueck, et ah  (55). It is 

evident that the thermal conductance can be estim ated provided that the 

thermal capacity  of the system  can be estim ated.

In th is  regard several questions arise: Exactly what constitu tes  

the thermal capacity  of the system ? Should C include the heat capacity  

of the sample plus that of the container, or that of the. sample alone? If 

the container is included, should the entire container, or ju s t  that portion 

of it which is in thermal contact with the sample be included? V.old, who 

studied fusions of organic materials in a nickel sample container, found 

that her data  were best explained by including the heat capac itie s  of the 

sample and the entire container in the estim ation of C . In the particular 

equipment used in th is  work, the heat flux is ,  for a ll  p ractical purposes, 

radial, and the container is constructed from fused s il ica , a material of 

rela tively  low thermal conductivity. It is therefore unlikely that changes 

in the temperature of the container a few centim eters away from the sample 

would appreciably affect the heat flux to the sample. This would seem to 

imply that only a portion of the heat capacity  of the container would, in 

th is  case , contribute to the thermal capacity  of the system.

In succeeding chapters the theory of heat conduction and radiation 

in th is system  will be examined, the methods sketched here will be more 

fully developed and subsequently  applied to experimental data , and the 

re su lts  w ill  be c ritica lly  examined in the light of present knowledge and 

theory.



CHAPTER II 

HEAT TRANSFER IN THE DTA SYSTEM

In th is  section , the differential equations governing the  flow of 

heat in the DTA system  are considered together with appropriate boundary 

conditions which approximate the experimental system . Three regimes 

may be discerned: A) heat conduction in the system  immediately prior to 

melting (or transformation); B) during melting; and C) immediately following 

melting of the sample. The equations describing the f irst regime are amend­

able to  direct an a ly tica l  solution in cylindrical coordinates. Those 

describing the second regime cannot be readily solved in cylindrical 

coordinates but the analogous problem in cartes ian  coordinates may be 

solved. The long time approximation in the cylindrical c ase  may then be 

deduced by analogy. In the third regime, owing to the ted iousness  of 

the mathematical manipulations which are required, an expression  for the 

temperature profile as  a function of space  and time cannot be easily  

obtained, but a great deal of useful information including a theore tical 

expression  for the time constant of exponential decay can neverthe less  be 

ex tracted . W ith th ese  so lu tions, procedures for measuring la ten t heat 

effects can be formulated.

Heat Conduction Model 

The model u sed  in attacking th is  problem is depicted in Figure 2 .1 . 

The figure shows the DTA tube inside the nickel block a s  a se ries  of 

concentric annular volumes. The central core is  reserved for the thermo­

couple and hence is vacant free space . The firs t  concentric annular 

volume (region 5) is  the  inner wall of the  thermocouple well, the next 

(region 4) is the sample material, the next (region 3) is the outer wall 

of the sample tube, the next (region. 2) is  the gas film between the sample 

tube and the n ickel block, (region. 1).

. .During the operation of the DTA equipment, three d ifferent se ts  

of boundary conditions may ex is t,  e s tab lish ing  three d is tinc t regimes 

of operation. ..
10
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Figure 2. 1. Model for the Investigation of Heat Conduction in DTA 
(Not to Scale).
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Regime A defines the system  under constant heating conditions 

wherein the temperatures at all; points in the system  are increasing 

. linearly  with time. Regime B defines the system  during the time that 

the sample is melting, and Regime C defines the system  as it is return­

ing to the constant heating condition (Regime A) after the sample has 

melted. In all three regimes of operation it is assum ed that, owing to 

its m assiveness , the nickel block ac ts  as a source for heat, and owing to 

its high thermal conductivity, its temperature is uniform, and a lso  in­

c reases  linearly with time, i . e . ,

T_ (R., t) = y (t + t ) 2. 12 1 o

where y = heating rate, °K/unit time.

The differential equation governing the  flow of heat in each 

contiguous region may be written in cylindrical coordinates as follows:

6 T I  6T 5T
. 2 r 6r k 6t6 r

where T = temperature

r = radius

p = density

c = specific  heat
P

k = thermal conductivity

t = time

Internal sources and sinks are assumed to be.absen t. In terms 

of the normalized variables and parameters for region 4, Equation 2 .2  

becomes

62 v J_ 6v 5v _
„ 2 i  6E, “  . T 6t • • :

where . v % , t) = T4 (r, t) -  Tq
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V  . . = r/R4

t  = R 2 (p  c  ) / k4 r p 4 4

Tq = reference temperature

For region (3)

&2..y . I  JLx = t , Ax
,2 , 6C 1 6 t

where . y ( C ' , t ) =  T3 ( r , t ) - T Q

For region (2)

£ ' = r/R3

= R32 (p c p)3/ k 3

2.4

+ i  Az_ = 2 5
6 £„ 2  C" 6 C " 6 t

where z (C " , t )  = T (r, t) -  T

i " = r / R 2

-  R22(')Cp V k 2

After determining the boundary conditions which sa t is fac to rily  

approximate the physical system, a solution of the simultaneous differen­

t ia l  equations, Equations 2 .3  through 2. 5 may be sought. This problem 

will be considered next, for regimes A, B, and C, each in turn.

Heat Conduction Prior to Melting -  Regime A 

Assuming that the heating ra te  is constant and equal to \°K /u n it  

time, Equations 2. 3 through. 2. 5 become:
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d 2 v , JL d v
d ^ 2 t  d .t  = 7

i .  d y 
V  d  £, 1 = YT’ 2. 6

■+ I  d z  = o 

d C " 2 i " d c "

It has been assumed that the rate of accumulation of heat in the 

gas film is negligible compared to the rate at which heat is transferred 

across  the film, or, in other words that the thermal diffusivity  of the gas 

film is very large. For the particular system  being considered here th is 

approximation seems to be e x ce llen t  although in general it may not be a 

valid  assumption.

Since the thermocouple well a c ts  as a sink for heat:

k ' 2 it R. 
4  4

6 T 2 2
6 r

or

2 .  7

where t g = (p c p)5 (R^ - R ^ /  2 k4

Continuity of the  temperature profile and heat flux at the inner boundaries 

lead to  the re la tions:

v ( h , t )  = y ( l , t )  

y ( h t )  — z ( i , t )

2 .8  

2. 9

r\<f> 6 v

% = -n
2 .10

V  = 1
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71 '0 , Ay_ 
6 C V  =  ti  •

2 . 11
I  " = 1

where h ■ V R4 * =■ V k3

v - “ V R3 * ' -  V k2

n"
V R2

Finally, at the outer boundary, the temperature r ise s  linearly with time

z (r|", t) = y (t + t ) 2 . 12

The reference temperature, y t  , has been taken to be the temperature of

the thermocouple well a t zero time, T_(0).5
These equations can be integrated directly to yield:

v = /4  + A In & + B

y = y r ' t ,  ,Z/ 4  + C In £ 1 + D 2. 13

z = P In C " + Q

where A, B, C, D, P and Q are independent of r and may be evaluated 

from Equations 2. 7 through 2. 12 to obtain

v ( £ , t )  = y (t + tQ) -  ^ ( h 2 - I  2) - ( V 2 -  1)

+ ^ ( 2 t -  t) InC O T| ^  [ 20 t 5 + 0 r  (r| -  1) -  t ' ]  In r\

- * [  20  t ,  .+ 0 T (ri -  l) + r' (r|' -  1)] 0 ’ In ti" 2. 14
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y  (i  t) =' y (t + tQ) -  J5̂ L-  ( ti ,2 -  e, ,2)

+ [ 2 0 t_ + >  t  ( T) 2 -  1) -  T 1] in ^ 7  -  ^  0 ' In ti " [ 2 0 t
Z D T| Z  5

+ 0 r(-n 2 -  1) + T'(11 , 2  -  1)] 2 . 1 5

2 (C ", t) = v (t  + tQ) + [ 2 0  t 5 + 0  t ( t i  2 -  1) + t ' ( t |  , 2  -  1)] In ^77

2 . 1 6

L a st ly ,  th e  o v e r a l l  tem perature la g  a c r o s s  th e  s y s t e m  may be com p u ted .

V t Q = 2 (t) ", t) -  v ( l ,  t) = ^  (t | 2 -  1) + (r| ' 2 -  1)

+ ̂  (2 t 5 -  t )  In r] + ^  [ 2 0  t 5 + 0 t (  r| 2 -  1) -  r ' ]  In r) ’

"y 7
+ ^  [ 2 0 t 5 + 0  r(r| -  1) + t ' ( t |  1 -  1)] 0 '  In t," 2 . 1 7

For a t y p ic a l  s e t  o f  param eters:

ri = 1 . 5 6  t  = 1 . 8 3  s e c  0 = 3 . 1 3

ri ' = 1. 30 t '  = 2 6 . 6  s e c  0  ' = 35.  7

1 7 "  = 1 . 0 3 8 4  t 5 = 1 . 0 6  s e c  y = 0.  0 5 ° K / s e c

a v a lu e  o f  1 . 30°K w a s  found for v t  , of w h ic h  1. 08°K w a s  con tr ib u ted
o

by th e  g a s  f i lm  (N2),  0. 17°K by th e  s i l i c a  tu b e ,  and 0 . 05°K by th e  sa m p le  

(InSb).

The therm al c o n d u c ta n c e ,  d e f in e d  in  Equation 1 . 9  a s  th e  h eat  

f lo w in g  a c r o s s  th e  s y s t e m  per unit h e ig h t  per unit tem perature d if f e r e n c e ,  

may a l s o  be com p u ted . U s in g  th e  r e s u l t s  in  E q u ation s  2 . 1 4  through 2. 1 6 °.
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G =

_ , „ 6 v 2 it k , g
4 6 £ It

z  (h ", t) -  V a , t )
Ztt k . t _ / t  2. 184 5 o

For the above se t of parameters, G is found to be 0. 0161 c a l /s e c -c m -° C .

Heat Conduction During Melting -  Regime B 

In th is case  it is  assumed that the sample is melting as  the 

temperature of the nickel block increases  linearly with time. The heat 

conduction in the sample is ignored as i ts  temperature is assumed to remain 

uniformly at the melting point . Taking Tq = T^, the differential equations 

which must be solved are:

-& L  +  I  A X  =  , A x .  2 i g
E „ ,2 £ '  6 C ' 6 t
o t

6 2 z 1 6 z
+ r . .  7 7 „ = 0  2. 20

6 C „2 C" 6 C"

At the inner boundary,

y ( l , t )  = 0 2.21

Initially , le t us take  the condition:

y(S ' , 0) = 0 2. 22(a)

z(t, ", 0) = 0 2. 22(b)

The remaining three  boundary conditions are given by Equations 2. 9, 2 . I I ,  

, respec tive ly  with y tQ in Equat 

The solution to Equation 2. 20 is:

and 2. 12, respec tive ly  with y tQ in Equation 2. 12 being replaced by T̂

z (C " , t )  = A(t) In C " + B(t) 2. 23



Taking the Laplace transform of Equation 2. 23 with resp ec t  to  time:

z ( £ " , s )  = A (s) In t, " + B(s) 2 .24

Equation 2.19 may be likew ise  transformed:

Equation 2 .25 is  the modified Bessel equation, whose solution is:

y (£, ', s) = C ( s ) J  ( U ‘ iT T s )  + D([s) Yq (i£ ' V t 7!) 2.26

The nomenclature used  for the Bessel functions is that used  by Mickley, 

Sherwood, and Reed (59 ). The transformed boundary conditions are:

y (1, s) = 0 

y (h \  s) = z ( i , s )

■n' 0*y ( t i s )  = z ' ( i , s )

z (r| ", s) = y / s 2 2.27

Combining Equations 2. 27, 2. 24 and 2. 26, four equations in A, B, C and

D may be obtained:

C J q (p) + DYo (f3) = 0

C J q  ( v p )  +  d y q ( v  p )  =  B

C p J j  (ri ’ P) + D p Y ^ V P )  = A / r | ' 0 '

A In “n " + B + y / s 2 2 .28

where p = i i f r ' s
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Solving Equations 2. 28 for A, B, C and D, the transformed variab les  

y and z become:

y ( C '.p )  =

VT-2 ______________  J0 (P)Y0(C 'P) -  Yo (p)Jo (C -P)
.4

P J0 (P).Y0 ( t i ' P )  -  Y o ( p ) J o ('n 'P)  -  n > '  I n  r , " [  P J0 ( P ) Y j ( t i  -p)  -  P Y ^ p J J ^ V P ) ]

2. 29

i ( C " ,P )  =

, 2  J (P)Y (r| '(3) -  Y (p)J (r| 'p) — T| '0 ' In C ■' [ P L ( P ) Y . ( r ,  ' p ) - p Y  (p)J (t,  -p)]
' T O O  O O  O 1 C l

P4 Jo (P)Yo (ti ,p)-Y o (p)Jo (r1'p ) - T i '0 1 In V  t P J jp jY ^ ti  -p) -  pYQ( p ) ' p ) ]

2. 30

Equations 2. 29 and 2. 30 cannot be e a s i ly  inverted because  they conta in  

terms of the form Yq (P) and Yj (t| *p) . The se r ie s  expansion  of each  of 

th ese  Bessel functions conta ins a term in In i / s  , and therefore y(E, s) 

and z(t, ", s) have a branch cut along the  negative  rea l ax is .  In order to 

perform the inversion

M+ioo

y ( £ ' , t )  = y ( £ ' , s )  exp (st) ds

M -ic o

A contour in in the s -p la n e  must be chosen  which excludes the negative  

rea l ax is . This is a very difficult problem, and efforts to ach ieve  a 

solution were finally  abandoned.

Ins tead  the analogous problem of linear heat flow between infinite  

para lle l p lanes  was considered . The d ifferen tia l equations simplify to:



Or, in terms of the parameters defined previously:

2. 33

0 2.34
6 t, "

2

where C 1 = x /R3 , t, " = x /R 2 , etc.

Although the parameters t | ' , ,t ' , e tc . are defined unambiguously in the 

cylindrical c ase ,  since the region is fixed by the ax is  of the cylinder, the 

same is  not true in the case  of infinite para lle l p lanes. It is convenient, 

however, to re ta in  th is  notation in order to preserve the analogy, realizing 

that the choice of the origin is not arbitrary but fixed. That is, the origin 

is chosen  such that

rep laced  by ... Equations 2. 33 and 2. 34 may be written  in operational 

form as before and solved to give

r = R  ̂ (cylindrical)

corresponds exactly  to

x = R3 (parallel planes)

The boundary conditions are then unchanged and are given by 

Equations 2.9,‘ 2 .11, 2 .12 , 2.21 and 2.22, with ■yt in 2 .12 being
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y  (C s) = C (s) s in h  £, ' / t 's + D (s) c o s h  f ,1 2 . 3 5

z(C ", s) = A( s )  C " + B (s) 2.  36

The c o e f f i c i e n t s  A, B, C and D are found by u s in g  th e  boundary  

c o n d i t io n s ,  w ith  th e  f in a l  e x p r e s s io n s  b e in g  g iv e n  by:

y ( £ ' , s )  =

X_
2

s

s in h  (1 -  £, ') V T S

s in h  (l -  r ) ') i/ t ' s  + r|'0 ' (l -  r |") V t ' s  c o s h  (l -  r\ ') / t ' s
2. 37

z (C, s)

v s in h  (l -  n ') V t ' s  + ri '0 1 (l -  t  ") V t ' s  c o s h  (1 -  n ')  V r ' s

s 2 s in h  (1 -  i i ') V t ' s  + v)'$ '(l - r\") \/ t ' s  c o s h  (l -  r\ ') ✓'t's
2. 38

E quations 2. 37 and 2. 38 are w e l l  b eh aved ; that i s ,  th e y  do not h a v e  any  

branch c u t s .  The in v e r s io n  in teg ra l may th u s  be e v a lu a te d  by th e  method  

of r e s id u e s  (1 8  ) .  C o m p le te  in v e r s io n  y ie ld s :

00 t  '-1(c 't) = a Qte ') + a 2(C ') t + S  bn s in  ex p
n=l

c 2 t
n

2 . 3 9

and

z ( £ " , t )  = c o (^") + c ^ Y t  +

00
2

n-1

?  C  I  "-1 Y2  b 4. sin  a + , • r\'<b'a cos a f  exp -
■ n . n *n ’ - 1 n n \

« 2 tn 2.40

w h ere  or̂  are. the  p o s i t iv e  r o o ts  ( a l l .r e a l  and s im p le )  of:
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a cot a +  V - 1
V 0  '(V '-1 )

=  0 2. 41

and where

a ir .) =  Y-IS'-U___
1 b 7 Tl 1 -  1 + TI '0 '( tT '-I)

ao (C 0

V G n ' - l )  + n '» '(S  " - l H  
h ' -  i + r | '0 ' ( V ' - D

Y i l  fc ' - n f g  ' - D 2 -  ( t l ' - l ) 2 :
6 r) 1 -  1 +  T] '<p ' (-p " - 1 )

co < t ")

V T 1 ti '0  1 (£, ’ - 1 )  (n  ■ - ! )  ( r i 11- ! )

3 -  i + r i '0 1 (-n "~1)J2

= _ JStii "-Ti") ( n ' - Q :

£ l '  -  1 + h

and

b = n •n '0 ' ( r i 1 ) ri '0 *(n "-1)— a sin  a -  cos a -  ' ,-- ----  cos at] 1 n n n r i ' - l  n

The general solution of Equations 2. 31 and 2. 3 2 with the time 

derivative included in Equation 2. 32 is d isc u sse d  in Appendix V, and it - 

is concluded that the error introduced by neglecting the time derivative 

is small.

For large va lues  of the time Equations 2. 39 and 2.40 become:

y  =
-  1

V  -  1 + V 0 '( t i " - ! )  J 2. 42

z = V  -  1 +  V 0 ' ( C ' - 1 )
h '  -  1 +  t i ' 0 ’ ( t i " - 1 ) Y . t 2.43
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The corresponding approximations for the cylindrical c a se  may be found by 

replacing % ' -  1 by In £ ' , e tc . Moreover, because of the curvature of 

the bounding surfaces, the factors t| '0 1 become simply 0 1, This 

analogy y ields:

y  =

z =

Y.t ln £
In r i1 + 0 ' In r | "

v t  (In n' + <t> ' ln I ") 
ln ri' +■ <prl lh V  : • l!

t large

t large

2.44

2.45

Equations 2. 44 and 2. 45 are in agreement with a ll of the boundary 

conditions. Furthermore, the conductance for heat transfer is defined by

G =

6 T
2ir k„ r .3 6 r r = R3

T4 <R5> '  T3(r3)
2. 46

Using 2.44, it is evident that:

2tt k.
G = ln r| 1 + 0 1 In r| 

ln n 1
2v k.

ln  -n 
2tt k.

t large 

-1
2.47

That is ,  as  time becomes large, the  conductance for heat transfer during 

melting approaches i ts  s teady  s ta te  value, as  would be expected. For 

the se t of parameters used  in the preceding section  a value of 0. 0225 c a l /  

sec-cm -°K  is found for the  steady sta te  value of G during melting.

Heat Conduction Following Melting - Regime C

In th is regime, it is assum ed that melting is completed, and the 

sample temperature is  r is ing  more rapidly than the nickel block temperature.

The differential equations whose solutions are examined in th is sec tion  are:
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6 2 v 

6 Z 2
+ — 6 v 6v 

6 t 2. 3

_L 6 y
C  6 C '

A y
6 t 2 .4

l i t
6 C "

+ 1  ^  =  0 
c " 6 C"

2 . 20

The in it ia l  temperature profile may be found from the large time approxi­

mation in regime (B).

v ( £ , 0) = 0

y(i o) = v t .
In c 1

f (_ln t| 1 + ^ 1 In t| "

where t  ̂ is the time interval over which melting takes  p lace.

As in Regime (A), the thermocouple well is  assum ed to behave a s  a sink for 

heat:

6 v
1=1

d t 2.48

where v = r/-t
5

The remaining boundary conditions are given by Equations 2. 8 through 2. 12, 

w ith t  ̂ rep lacing  t in Equation 2.12.

Equation 2 .3  becomes, after tak ing  Laplace transform s with 

resp ec t  to  time:

v" + £  v' = T S V 2.49

w hich has the solution:
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v (C ,s )  = A(s) J q (i£ / t s ) + B(s) Yq (i C, V t s )

Similarly, Equation 2 .4  may be transformed to give

y" + jT, y ‘ = r ’ s y  + t ' y tf ■in L
ln r i1 + 0 ' ln r|

whence

y(f, ', s) = C ( s ) J Q ( i t , '  iPTs)  + D (s) Yq (i C ’ VTs)

Finally,

Yt f in . LI
s ln r| 1 + 0 1 In r | "

z (C ", t) = P(t) ln i "  + Q(t)

or z (C " ,s )  = P(s) ln + Q(s)

The transformed boundary conditions are:

" /i \ v 6 v
v ( 1 - s) = 7 7  c T I i = l

v (ti, s) = y (1, s)
' i  ' '

ri 0 v (C,, s) = y' (1, s)
, .  t'. : >

y ( V , s )  = z ( l , s )

r] ' 0 'y' (ri ' ,  s) = Z ' t i / s } '

£ < V ,s ) .  = v V  + \
I- S J

The boundary conditions, Equation 2 .55 together with Equations 2. 50, 

and 2. 54 y ield  six  equations in the coeffic ien ts  A, B, C, D, :P, and

ILlZr

2. 50 

2; 51

2. 52

2. 53 

2.54 •

. 55

2. 52

0 , .
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AJo (P) + BYo (p) = — - A p J ^ p )  -  BpY^p)

A JQ (tip) + BYo (rip) = C Jo (6p) + DYQ (ep)

-  VtfCT (cri'p) + D Y (e r| -f3) -  — i
U U b

In ri
ln r| 1 + 0 1 In r | " = Q

a p j a (tiP) + b p y 2 (rip) =

C € p j l ( 6p) + D e p Y l(ep) + j

Ytf
C . P J j M W  + D . P Y , ( . V P >  + ■ ^ I n - , 4 ' 1„ V ' )  + -  0

P In T]" + Q = -y

where p = i \T ts  and e = V~t7 t  .

2. 56

The simultaneous solution of s ix  linear equations, Equations 2. 56, 

for the coefficients A, B, C , D, P and Q, subsequent determination of 

the transformed variab les v, y, and z ,  and inversion are not prac tically  

feas ib le . Furthermore, even if the above operations were carried out, the 

resu lt would be of questionable value since it would be very complex 

indeed. On the other hand, past experience gives a clue as to the general 

form of the expected solution. It would be expected that the solution 

would contain a term dependent on the geometry and thermal properties 

of the system  alone, a term linear in the time, and a term of the form

2  C e A  t /T
n n 2. 57

where the are complex, functions of the geometry and thermal properties 

of the system, and the summation is taken  over a ll  the e igenvalues of the 

system.
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Furthermore, the (3̂  are found from the roots of the principal 

determinant, Dp , formed from the Equations 2 .56; that is:

Dp ■ F1 F2 (p) -  f 3 w j

+ F4 (p) / 'e  p In r, " F5 (M -  ^7  P& (p) j  2 .5 8

where

F j ( p )  =  A 1 ( p ) Y o (p-n) -  A 2 ( p ) J o ( p t 1)

F 2(P) =  J 1 ( € P ) Y o (€T1 'P)  -  Y j M  Jo ( 6Tl ' P )  

F 3 (P) =  J j  ( e p )  Ya (€*n ' P)  -  YJ (e p)  J ^ C T I ' P )  

f 4 (p ) =  a 1 (p ) y 1 ( tiP) -  a 2 (p ) j 1 ( t, p )

F  (p)  =  J ( c p ) Y  ( c r i - p )  -  Y  (c P J J . M ' P )0 O 1 O 1

F 6 (P) =  Jo ( € P ) Y o ( c t i ' P)  -  YQ (6P)  Jo ( e T! ' p )

A ^ p )  =  p j Q (p) -  v  J x (p)

A 2 (P) =  p Y Q (p) -  v Yx (p)

v = -r /t .  = 2 t— -------- r
5 ‘P ' o ’s I*.2 - R 2

Now it is experimentally known that after melting, the DTA curve decays 

back to the baseline  in an exponential fashion, which means that only 

the leading term of the sum, Equation 2. 57, need be considered. In other 

words the theore tical express ion  for the time constan t of exponential decay 

becomes:

T e x p  *  T / P l  2 ‘ 5 9
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where (3̂  is the sm allest root of the principal determinant, Equation 2 .58 . 

Equation 2. 59 does in fact predict the correct order or magnitude of the 

time constant of exponential decay. For example, using the following 

typ ical set of parameters:

h = 1. 56 T = 1 .83 sec = 3.13

h ' = 1.30 T ’ = 26.6 sec = 35.7

h" = 1.0384 *5 = 1.06 sec

2
(3, was, fouffdtt© be 01270, - which leads  .to,a valtierof "Y*'1:. • * ^ 183/ ( 0. 270)1 1 exp
= 25. 1 sec, which is the correct order of magnitude.

The Thermal Conductance 

It is now possib le  to examine the behavior of the thermal conductance 

during the course of a DTA experiment. Consider Figure 2. 2 which dep ic ts  

the variation of the thermal conductance side by side with the DTA curve.

Just prior to melting and a few minutes after melting the  value of the
*

thermal conductance will be w ell below its s teady s ta te  value. Upon the 

in itia tion  of melting the conductance w ill immediately r ise  to its steady 

s ta te  value with a time constan t of about one second. It will remain 

at th is  value throughout melting which may take  about ten  minutes.

Immediately following the completion of melting the conductance will revert 

to the value it had before melting with a decay constant of about 25 seconds.

Based on these  considerations it is evident tha t the steady s ta te  

approximation will be quite valid  because

G d t

,t

Cf. Equations 1.10  through 1.13 as well as  the d iscu ss io n  following 
Equations 2.17 and 2.45.

& *
. C f. Appendix V.
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Figure 2 .2 .  Relationship between the  Differential Temperature, 0 ,  
and the Thermal Conductance, G , during DTA 
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as can be seen from Figure 2. 2.

In the foregoing, it was tac it ly  assumed that thermal conduction 

was the only mechanism by which heat could be transferred across  the 

DTA system. At high temperatures, however, it would appear that thermal 

radiation would a lso  contribute even though the temperature gradient is 

small ( a  T across th e g a s  film is only about 1°K before melting and may 

increase  to about 30°K during melting). These matters will be examined 

next.

Radiation in the DTA System 

In th is  section  the equations governing the transfer of heat by 

means of thermal radiation are considered and expressions are derived 

for th is  contribution to the thermal conductance. Consider Figure 2. 1 

where radiation is emanating from the "gray" oxidized nickel surface and 

reflec ts  diffusely from the surfaces of regions (4) and (l). It is assum ed 

that radiation which is absorbed is absorbed at the surface of each region, 

that the reflectiv ity  of the s i l ic a  tube is zero (p^ = 0), that the t ran s ­

m issivity  of the sample is zero ( t^  = 0), and that only wavelengths le s s  

than  3. 7 microns p ass  through the s il ica  tube, so that multiple reflections 

of wavelengths greater than 3 .7  microns need not be considered; that is 

to say  none of the radiation which reflects  from region (4) will be absorbed 

by region (3). With these  assum ptions, together with Planck 's d is tr i­

bution function for black body radiation, it is  poss ib le  to estim ate  an

effective em issivity  for fused s i l ica  as a function of temperature.
4

Keeping th is in mind, denoting cr A^T. by , and noting

that f ,_  = f„, = 1 , where f.. is the fraction of the radiation from i 43 31 jk
which is "seen" by k , the following re la tions are readily  found:

Radiation emitted by 1, 3, and 4 respective ly :



Radiation reflected  by 1:

X3 C3 1̂ _ € i  ̂ + X4 €4 +

(l ~€ j) (l ~€ 3) (l -€ 4) f 14 + X3e3 (1_63) +

Ci ( i - € 1) ( l - t 3 ) d - € 4 ) 2 f i 4 2 <Xl € l + X3 e 3 (1_€

+

Radiation absorbed by 1: 

X3 V l  + X4 e 4 <1- ‘ 3 , ' l  +

*1 ' 3 **1 *4* *14 X̂l ' l  + X3 ^  ‘ P f 3 + X4

( l - * 1) ( l - * 3) ( l - * 4) 2 f 1 4 2 (Xj.j + X j f l - C j

Radiation transm itted by 3:

Xlel ^1_e3  ̂ f i3  + X3€3 1̂" e 1^ 1_€3^

Radiation absorbed by 3:

Xl€l e3f 13 + X3f 3 1̂_€1̂  f13 + X464

Radiation reflected  by 4:
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Radiation absorbed by 4:

64 ( i - « 3) f14 (X1€1 + X3€3 (l-e^)) + X4«4 ( l - € 3) ( l - € 1) f14 + 

f 4 t 14Z + X3 ( l -c j )  «3 + X4 ( l - . j )  «4) +

«4 ( l - « j ) 2 ( l - . 3) ( l - € 4) 2 f 143 (Xj. j + X3 (1-t j )  «3 + X4 ( l - « 1) , 4 )

The net rad ia tion  transferred  to  3 is:

Q' = Radiation absorbed by 3 -  Radiation emitted by 3 5

Xl€ 1€ 3f13 + X3€3 (1"*1) f13 + X4 €4€3 " X3*3

But Q' = 0 when T. = T0 = T . so that:5 1 3  4

a -  b e 4
L  =----- 7---------- 7  T 2.6013 + a «3 (1-tj)

where a = A3 /A^ = 2ir R2 L/2tr R̂  L = ^ ^ l  = ^ 2 ^ 1  anC* 

b = A /Aj = R /Rj = D /D j. 2.61

Substituting the  value of f back into the express ion  for Q' and13 5
assum ing that T3 = T4 it is readily  found that:

616 3 â ~ke4  ̂ 4 4
° s  -  - Ai . ^ , . 7 (1- . , )  (Ti -  v

Q5 " ' V s ® '  -  T/>

where
_  616 3 (a  -  fa.4)

5 C ,  + a s ,  (1 -< J  2 ,62
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The thermal conductance for radiation to 3 may be defined as:

G5 = Q^/LCTj -  T3)

and if T = T3:

G_ = 8tto-R1T3 F c 2.63
5 1 5

The analogous procedure when applied to the net radiation transferred 

to region 4 is somewhat more complex because an infinite se r ies  resu lts .

The situation  is rapidly solved, however, s ince the series  obtained is 

of the form:

2 31 + z +  z + z + . . . .

where z = (1—e^)( l — f < 1 , so that:

2 1 1 + z + z  + . . . = 1 - z

Rather than going through the complete derivation, however, as it is 

lengthy, only the resu lts  will be s ta ted . They are:

f14 ( l - t 3)(e1+a (l -e j) e 3 + b(l-€  j)e^) + b ( l-e  j) ( l -6 ^  2 ,64

° 6  -  '  T44)

b 6l €4______________
e1 + a ( l - €1)€3 + b ( l " €j)6^ 2*

G6 -  L(T % 4) V  ■8’" R, T3p6 2- 66

All these  factors are combined in the following chapter to formulate 

procedures for measuring laten t heats  of transformation and fusion.



CHAPTER III 

APPLICATION OF THE THEORY

In this chapter the equations which were derived in Chapters I 

and II will be applied to the determination of latent heats  in the DTA 

calorimeter. It may be recalled  that two methods of obtaining the thermal 

conductance were proposed: l) theore tical calcu lation  from the properties 

and geometry of the system; and 2) calcu lation  from the experimental time 

constant of exponential decay of the DTA curve plus the thermal capacity  

of the system.

Furthermore, in the first method, it was noted that d irect m easure­

ments of the dimensions of the gas film th ickness  were imprecise, n e c e s ­

sita ting  the use of an indirect method. Two such methods were proposed: 

l) ca lcu la tion  of the film th ickness  by comparison of the experimental 

time constant of exponential decay of the DTA curve with its theore tica l 

counterpart; and 2) calculation  from two different measurements of the area 

underneath the DTA curve using two different gaseous atm ospheres of widely 

different thermal conductivity, such as nitrogen and helium, in the system. 

These methods will now be developed in more detail.

C alculation  of the Thermal Conductance using the Theoretical 
Expression for the Time Constant to find the Gas Film R esistance

In th is method the gas film th ickness  is found by a tr ia l and 

error calcu lation  wherein r\ " = Rj/R^, is va ried until the time constant 

of exponential decay as computed from Equation 2. 59 agrees w ith the 

experimentally measured value given by Equation 1.14 to within one percent. 

With th is  information it is then possib le  to compute the thermal conductance 

as  follows.

It may be recalled  that the individual conductance, , is 

defined by the relation:

See Figure 2. 1. 
h "  = *1,  . .
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G = K./Ll (3.1)

where is  the  net rate of heat flow across  the conductance, L is  the

height of the sample which is  a measure of the effective  heat transfer

ture a t the ins ide  radius.

For thermal conduction acro ss  the gas film and the s il ica  tube the

value of the individual conductance may be obtained from the steady s ta te  
❖

formula:

where the average is taken because  the so lid -liqu id  in terface  t rave rses  

the sample, sta rting  at the outside  diameter and ending at the inside  

diameter.

The overall conductance is  obtained by combining the  individual 

conductances according to the s teady  s ta te  formula:

area, T.^ is  the temperature at the  ou tside  rad ius and T is the tem pera-

G. = 2i t  k . / ln  t i .
i l i (3. 2)

where t| . rep resen ts  the radius ratio, R. ,/R l l - l
ob ta in s : „

For the sample one

(3.3)

After in tegration and inversion the resu lt  is

2 tt k 4G4 (3.4)

r, s  n 4  ; V  s  h 3 ; r | " =  h  2



and the computation of the heat of fusion according to Equation 1. 7 

becomes a simple matter.

In order to perform the above computations, a computer program

was devised for use with the IBM-7090 Data Processing System. The
*

program (Number DTA-19) was written in the MAD language and is 

reproduced in Appendix VI together with a ll  of the data  used  in the 

computations. The estim ation of the physical properties for use in these  

calcu la tions and others to  be soon described is d iscu ssed  in Appendix IV.

In order to te s t  th is  method of computation, the DTA data for a number of 

standards whose latent heats  of fusion are well known were processed .

The re su lts  of th is  calculation  are presented in Table 3 . 1. The va lues of 

T]" computed here agree quite w ell with the directly  measured values 

( l .  04 to 1. 07), and the ca lcu la ted  heats  of fusion agree with the values 

reported in the litera ture.

It may be noted that the contribution of thermal radiation was 

neglected in th is  ana ly s is .  Its effect, however, does not appear to 

influence the computation of the thermal conductance. Furthermore, the 

calcu lation  of the thermal conductance by th is method does not require 

prec ise  values for the thermal properties of the various components of the 

system . Reasonable estim ates  are usually  sufficient.

The uncerta in ties  which result from the neglect of thermal radiation 

in the model and from the use of approximate values for thermal properties 

show up in the ca lcu la tion  of a radius ratio for the gas film which is  some­

what different from its true value without greatly affecting the computation 

of the thermal conductance or the heat of fusion. In th is  respec t th is  

method is  se lf-com pensating  and rela tively  in sensitive  to experimental 

errors and to estim ations of the parameters which appear in the calculation .

Michigan Algorithm Decoder, 1963 Version, University of Michigan 
Computing Center, Ann Arbor, Michigan.
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Table 3. 1

Results of Computer Program Number DTA-19 for Standards

Material Tf °K Run
Number Cvcle n" c a l /q

Ag 1234 C -4 1C-N2 1.066 19.4

2H-N2 1. 055 22. 8

C-5 1C-N2 1.065 21 .4

2H-N2 1. 060 22. 3

C-13 2H-N2 1. 037 21. 8

In 430 C-12 2C-N2 1. 049 6. 6

3H-N2 1. 047 6.8

Pb 600 C-3 1C-N2 1. 080 4 .8

2H-N2 1.071 5. 8

4H-N2 1. 072 5. 3

Sb 904 C -2 2C-N2 1. 059 33. 3

3H-N2 1. 057 34.4

Te 723 C - l 2H-N2 1. 076 33 .6

2C-N2 1. 084 33. 9

Kubaschewski and Evans (47 ).

L , lit 
c a l /q

24. 9

6 . 8

5. 9

39. 0

32. 7
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Calcu la tion  of the Thermal Conductance using Two Measurements 
of the Area under the DTA Curve to find the Gas Film Resistance

In th is  method the gas film th ickness  is found by means of a double 

tria l and error ca lcu la tion  wherein the two unknowns, V  and G , are 

evaluated from two p ieces  of experimental data: 1) the area under the 

DTA curve when a gas of known thermal conductivity  (e. g. nitrogen) fills  

the system; and 2) the change in the area under the  DTA curve when a 

second gas of different thermal conductivity (e. g. helium) rep laces the 

first. A double tr ia l and error calcu lation  is  necessary  because  an estim ate 

of G is  required in order to ca lcu la te  r | " .

sideration and a lso  i l lu s tra te s  the nomenclature to be used  in the following 

d iscuss ion . It is  assum ed that the nickel block due to its  high thermal 

conductivity has a uniform temperature and due to i ts  high total heat

interface ac ts  as  a sink.

It is  assum ed th a t  two para lle l mechanisms contribute to  the  over­

a ll  thermal conductance of this system: conduction of heat from the nickel 

block through a series  of intervening media to the so lid -liqu id  interface, 

and exchange of radiation between the oxidized nickel surface and the 

s ilica  tube and sample. Note tha t subscrip ts  2, 3, and 4 refer to the 

conductances of the gas film, the s ilica  tube, and the sample, respec tive ly , 

whereas the subscrip ts  5 and 6 refer to equivalent conductances for radiation.

the system  are given by Equations 3. 2 and 3. 4. It may be recalled  that 

the paralle l conductances for thermal radiation are given by:

Figure 2.1 schem atically  depic ts  the physical system  under con-

capacity  (about 240 ca l/°G ) ac ts  a s  a source for heat w hile  the melting

The individual conductances for thermal conduction of heat across

G. = 8tr R, F. crTl 1 l
3 5 ,6 (2.63; 2.66)

(2 . 6 2 )
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Figure 3. 1. Analogous Electrical Circuit for C alculation  of the 
Overall Thermal Conductance.
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F (2. 65)

where <r is the Stefan-Boltzmann constan t and F_ and F. represen t theD D
frac tions of the to ta l  rad ia tion  emitted from the oxidized nickel surface  

which are absorbed by the s i l ic a  tube and sample, respec tive ly .

In order to combine the individual conductances into a working 

formula for the  overall conductance, it is usefu l to consider the analogous 

e lec tr ica l  c ircu it depicted  in Figure 3. 1. Combining the individual con­

duc tances in the usua l fashion , the final equation which rep resen ts  the 

overall thermal conductance is readily  obtained, v iz :

The radius ratio  of the gas film may be found from two different 

measurements of the area under the DTA curve as  follows:

where a and p include the effect of rad iation , and are defined by the 

re la tionsh ips:

G
g 6 + (g 2 + g 5) (i + g 6 / g 3)

(3.6)

(3.7)

1 (3.8)G51 + G3

a = P (G 5 + G6 + G5G6/G 3)
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For G_ = G, = 0 ,  then P = 1 and a = 0 . In the above equations theD O
starred and unstarred va lues refer to helium and nitrogen g ases , respectively , 

and G = K/L is  obtained from Equation 1 .7 . It may be noted that at 

sufficien tly  low tem peratures Equation 3. 7 reduces, a s  it should, to:

lim In t, •' = z„ j  1 (3 . 10)

g 5>g 6 - o

Thus the increase  in complexity introduced by the radiation terms is evident.

In order to  so lve Equations 1. 7, 2 .63 , 3 .2 ,  3 .4 ,  3 .6 , and 3 .7  

sim ultaneously a computer program (Number DTA-16) in the MAD language 

w as devised . The program lis ting  is presented in Appendix VI'.

Unfortunately, it was not poss ib le  to check th is  method as  thoroughly 

a s  the previous method because  much of the data w as unsuitab le. Nearly a ll of 

the.."data Wa.s taken  by a lternating  the flows of nitrogen and helium into 

the system. It w as found, however, that in replacing the nitrogen with 

helium, not a ll  of the nitrogen could be removed in th is  manner. Thus the 

data  with helium as  the gas atmosphere really  represent data  with a mixture 

of helium and nitrogen of uncertain composition. Furthermore, the ca lcu la tion  

which has been described  requires that the exact thermal conductivity of 

the gas be known, s ince  otherwise quite erroneous va lues for the film 

th ickn ess  were obtained.

It was decided, therefore, to reconstruct the DTA furnace so that 

it could be evacuated  and backfilled with the desired  gas. The system  has 

not as yet been fully perfected, but some data has been obtained (DTA run 

number C-32 with sample number 152, indium) which su bs tan tia tes  the 

above conclusions. In th is  DTA run it was estim ated that about 90% of the 

nitrogen w as removed and replaced by helium. Brokaw's rule (;70 )  was 

used  to estim ate  the thermal conductivity of the mixture. It was found that 

at 430°K, the melting point of indium, the thermal conductivity of helium 

w as reduced by 20% if 10% nitrogen was present as an impurity. Using 

th is  correction, the  ca lcu la tion  of ti" and the heat of fusion by this method
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(Program DTA-16) agreed quite w ell with the v a lu es  obtained by the previously 

described  method (Program DTA-19).

C a lcu la tion  of the Thermal Conductance from the Time C onstan t
and the Thermal C apacity

It w as pointed out in Chapter I that the applica tion  of Equations 1. 4 

and 1. 14 to the  ca lcu la tion  of the thermal conductance depends on the es tim a­

tion of the thermal capacity , C , and that some questions a rise  in regard to 

the constitu tion  of C . These questions may now be examined. In consider­

ing the DTA data on standards whose la ten t heats  of fusion are known, a 

va lue  of the thermal capacity  may be computed as  follows:

r  AE
c  =  - a « -------- ( 3 . 1 1 )

J e  d t

and a value may a lso  be estim ated  by summing the heat cap a c i t ie s  of the 

sample and the s i l ic a  in contact with the sample:

C ' = m c + m,_c (3.12)s p, s Q p, Q

Let Z denote the  ratio  C / C ’ which may be computed for each standard.

If the theory and experiment were completely matched then  Z would be

equal to unity. The re su l ts  of such a ca lcu la tion  are given in Table 3. 2.

It is  evident that, within the precision of the data , Z may be considered

to be a constan t dependent only on the geometry of the system , and then

used  to compute the h ea ts  of fusion  of other m ateria ls . For the Series B

runs Z = 1 .30 ± 0. 274, and for the Series C runs Z = 1.115 ± 0 .187 .D G
Of course, it may be argued that th is  approach is  naive, and so 

it is .  In the first place, the system  is one containing d istr ibu ted  param eters, 

tha t is  d istributed  thermal re s is ta n c e  and d is tr ibu ted  thermal capac itance , 

so that the model through which Equation 1. 4 w as derived is  in fac t over­

simplified. In the  second place, it is  known that after melting the
5'<

See Appendix V I; MAD program Number DTA-17,
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Table 3. 2

The Correlation Factor Z = C /C '

Series B DTA Runs

M aterial

Ag

Cu

In

Pb

Sb

Te

Number 
of Cycles 

N

6

14

20

8

6

8

Mean Value 
Z

1. 310 

1. 345 

1. 240 

1. 425 

1. 285

1. 235

Standard
Deviation

a z

0.. 132 

0 . 202 

0. 256 

0. 306 

0. 140

0. 244

Overall 62 1. 300 0. 274

Series C DTA Runs

N Z ^Z
Ag 10 1. 085 0. 071
In 4 1. 090 0. 145
Pb 5 1. 195 0. 191
Sb 4 1. 232 0. 080
Te 4 1. 005 0. 113

Overall 27 1.115 0. 187
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conductance is not constant and is  not identical to the conductance during 

melting.

Notwithstanding these  objections, however, within the precision 

of the data, th is  method of finding the thermal conductance is  sa tisfac tory . 

The pragmatic viewpoint is taken that the use  of th is  method does provide 

useful and rea l is t ic  estim ates  of the latent heats  and is therefore justified .

These two methods for measuring the latent heats of fusion are 

used in the following chapter to analyze the data on about 20 semiconducting 

compounds and to determine their la ten t heats of fusion and la ten t heats  of 

transformation.

>!<
See Figure 2. 2.



CHAPTER IV

HEATS OF FUSION AND TRANSFORMATION BY DTA CALORIMETRY

In th is  chapter the methods described  in the preceding chapter 

are applied to the determ ination of the la ten t hea ts  of fusion and t ra n s i ­

tion of twenty compound sem iconductors: Ag In Se. , Ag Se, Ag Te,
2 o 1.3 2 2

Bi^Se.^ Bi^Te^, CdSe, CdTe, GaAs, GaSb, InAs, InSb, In2Se3, InTe, 

In2Te3> PbSe, PbTe, Sb2Se3, Sb2Te3> SnTe and ZnTe.

Experimental Data

The experim ental data c o n s is ts  in the trac ings from a recording 

potentiometer which portray the  d ifference in tem perature between the 

DTA sample and reference as  the amplified millivoltage output of a 

d ifferential thermocouple v e rsus  time. A few typ ica l  DTA curves are 

shown in Figure 4 .1 w ith  the shaded region represen ting  the area under 

the DTA curve. The melting point was chosen  a s  the temperature of the 

sample over the time in terval that the DTA curve w as linear.

Three b as ic  types  of DTA curves have been  observed: 1) those  

for very pure m ateria ls , such a s  silver, which have a very sharp melting 

point, and the decay of the d ifferentia l temperature after melting is  truly 

exponential for both heating and cooling curves; 2) those  for impure 

m aterials or compounds which contain  an ex cess  of one of the co ns tituen ts ,  

such as  CdTe, w herein  melting occurs gradually at f irs t and then more 

rapidly; although the decay  of the heating curve may y ield  the true time 

constan t,  the cooling curve generally  w ill not because  of the continued 

evolution of la ten t  heat; and 3) those for m aterials which undergo a large 

volume d ecrease  on melting, such as the III-V compounds, Ge, and Bi.

The la t te r  curves often contain  "w iggles" , and may or may not be usefu l 

for finding the time constan t for exponential decay.

The time constan t may be found from a plot of log j 0 -  0 |s s
ve rsus  time. A few such  typ ica l plots are shown in Figure 4. 2. The 

experimental time constan t, Texp > may be found from the slope of such 

graphs via Equation 1 .14 .
45
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Figure 4. 2 . Some Typical Semilogarithmic Plots for Finding the Time 
Constant for Exponential Decay of the DTA Curve. The 
Legends Correspond to the DTA Curves of Figure 4 . 1.
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The remainder of the  experimental data  c o n s is ts  in the m easure­

ment of the dimensions of the s i l ic a  sample tubes by means of a 

micrometer and calipers during their fabrication. The estim ation of the 

physical properties of the components of the system  is d iscu ssed  in 

Appendix IV, and a ll  the numerical va lues used in the calcu la tions are 

l is ted  side  by side with the computer programs in Appendix VI.

Experimental Results 

The heats  of fusion ca lcu la ted  from the DTA data  via computer 

programs DTA-17 (using Z values of 1.300 and 1.115 for the series  

B and C DTA runs, respectively) and DTA-19 appear in Table 4. 1 where 

they  are compared with the va lues reported in the literature and with 

the  va lues computed from the heats  of fusion of the elem ents according 

to  the method of Kubaschewski and Evans (47):

..........................  N. L .
Lf = Tf A Sf = Tf [ <r + 2  ~ t l L  4 ’ 1

i f. i

cr = -R  2  N, In N. 4 .2
i 1

where T̂  = melting point of compound, °K

T, . = melting point of element, i ,  °K
I* 1

= heat of fusion of compound, ca l/m ean  gram atom 

L, . = heat of fusion of element i ,  c a l /g -a to m

A = entropy of fusion of compound, ca l/m . g. a. -°K

N. = atom fraction of element i in the compound
i

= gas constan t = 1. 987 ca l/g -a tom -°K

The heats of trans it ion  are summarized in Table 4. 2. The con­

fidence in tervals given in columns IV and V of Table 4 .1 and in columns 

III and IV of Table 4. 2 are simply the standard dev ia tions from the mean
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Table 4.1

Heats of Fusion of Compound Semiconductors

M aterial Latent Heat of Fusion -  Calories/gram
I II Ill IV V VI

Ag2In8Se 13
- 49. 8* 20. 2 ± 3 . 3 19. 1 ± 2. 8 20 ± 3

Ag Se - - 44. 4 9. 3 ± 1. 1 7. 9 ± 0. 8 8 ± 2

Ag2Te - - 50. 1* 8 . 9 ± 3 .0 7. 0± 1. 3 8 ± 2

Bi2Se3
- - 37. 9 39. 2± 3 . 0 32. 2± 3 . 1 36 ± 6

Bi Te 36. 2 (8) 35.8 31 .6  ± 4. 4 31. 4 ± 2. 7 33 ± 4

CdSe - - 71 .5 56. 5 ± 15. 0 53. 5± 14. 2 55± 15

CdTe - - 63. 3 (62.2) 46. 3 ± 5 .8 50 ±8

GaAs - - - 192. 199 ± 23 200 ± 25

GaSb 62. 6 (73) 63. 7 : 90. 8 ± 3 . 5 75. 8 ± 15. 3 85 ± 12

InAs - - - 98. 0±15 . 6 95. 5± 9 . 7 96± 12

InSb 47. 3;51.5 (62, 73) 33 .4 46. 3 ± 1. 0 51. 7 ± 6.0 50 ±5

In2Se3
- - 4k

48. 2 30. O i l .  8 35. 0± 7 . 1 30 ± 4

InTe - - 41 .2 (36.7) 24.7 ± 2.6 28 ± 8

In2Te3
- -

on
42. 5 19. 7± 5 . 1 18. 4 ±4. 3 1 9 ± 5

PbSe - - 36.7 64 .6  ± 23. 0 32.2 ± 5.8 38 ± 12

PbTe - - 37. 3 37. 4 ± 12.6 25.0 ± 3 .2 28 ±9

Sb2S e3
- - 48. 5 36. 6 ± 3. 5 31. 8 ± 4 . 8 35 ± 5

Sb2Te3
- - 42. 1 45. 1 ± 8. 5 33. 4± 4 . 1 37 ± 6

SnTe - - 40. 2 31.3 ± 0. 1 33. 2± 1. 5 32 ± 3

ZnTe - - 89. 7 - 80. 7± 11. 0 81 ±11

Code: I.-Heat of Fusion from Literature

II -  Literature reference

III -  Value calculated from Heats of Fusion of Elements; after
Kubaschewski and Evans (47).

IV -  Program DTA-19; Lf ± crT
f

V -  Program DTA-17; L̂  ±

VI -  Recommended Value.

* For compounds with transitions, th is  estim ate includes heat of fusion 
and heats  of transition.
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for the number of heating and cooling cycles used in computing the mean, 

and represent the sca tte r  of the  data. The confidence intervals quoted 

in column VI of Table 4 .1 and column V of Table 4. 2 represent, in th is 

w rite r 's  judgment, the probable error asso c ia ted  with the recommended 

values cited .

An examination of Table 4 .1 reveals  that in most in s tances  the 

method of Kubaschewski and Evans y ie ld s  a high estim ate  of the heat 

of fusion, though in the c a se  of the III—V compounds the estim ate  is low. 

Of course, some of the materials undergo crysta lline  transformation before 

they melt in which c ase  the sum of the entropies of transition  and melt­

ing must be compared with the value predicted from Equation 4. 1. Such 

a comparison is provided in Table 4. 3 wherein it is evident that the 

prediction of Equation 4. l is  s t i l l  high. It is  of in te res t to examine each 

transformation in more de ta il  in order to learn as  much as  poss ib le  from 

the phenomena which occur.

Ag2ln 8Se13

O'Kane (66) has investigated  the  thermal transformations in this 

compound and reported the melting point to be 815°C with a thermal 

transformation occurring at 753°C on heating and 745°C on cooling. In 

th is  work, DTA measurements were obtained on samples of high res is t iv i ty
5

(> 10 ohm-cm), zone refined Ag In Se. . Initial melting was somewhat£ o 1.5
gradual, but the constant melting point, 812 C, w as quickly a tta ined  

about one to two minutes after the first deflection from the baseline . The 

thermal transition  was moderately sharp and occurred at 748°C on heating 

but supercooled to 743°C on cooling. These figures are in general ag ree­

ment with the findings of O'Kane.

The heats  of fusion ca lcu lated  by both of the methods described 

agreed with one another quite well, and the recommended value is 

43. 5 ± 6. 5 k c a l /g  mol. The heats  of transition  by the two methods 

d isagreed  somewhat, and the average value of 11 ± 4 k c a l /g  mol is 

recommended.
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Table 4. 3

Comparison of the Sum of the  Entropies of Transition 

and Fusion w ith the Theoretical Prediction

M aterial

Melting or 
Transition 

Temperature

°K

ASj or ASt 

ca l

q -  °K

2  A S .

ca l

g -  °K

2  AS
j

Theoretical 
cal

g -  ° k

❖ *

Ag2In8Sei3 1022
1088

0.. 0049 
0 .0184 0. 023 0.0409

Ag^Se 406
1170

0.0197 
0 .0068 0 .027 0.0380

Ag2Te 420
1072
1232

0. 0167 
0 .0009 
0 .0065 0. 024 0.0406

In2Se3 474
1 1 5 8

0.0053 
0.0259 0. 031 0. 0417

In2Te3 (893)
940

(0. 0009) 
0 .0203 0 . 021 0.0453

*
j refers  to the number of transform ations, including melting.

* *
After Kubashewski and Evans (47).
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Ag^Se

W alsh, Art and W hite (89) who have measured its  heat capacity  

from 16-300°K have reported the  true composition of th is  compound to 

be Ag^ ggSe. These authors report no anom alies in the spec if ic  heat 

in th is  tem perature range. The c rys ta l line  transform ation a t  133°C 

and the melting point of 894°C have been w ell e s tab l ish ed  (31, 39, 47, 58) 

and the heat of trans it ion  has been reported to be 1.6  ± 0. 4 kcal/m ole  

(47).

These figures have been confirmed by our measurements which 

ind icate  that the trans it ion  occurs  sharply at 133-136°C on heating 

a t 2. 5°C /m in  and supercools to 122°C on cooling at a ra te  of 0. 5°C /m in, 

and that the melting point, a lso  quite sharp, occurs at 894°C. The 

heat of tran s it ion  measured here, however, is somewhat higher than  that 

reported in the lite ra ture , being 2. 3^ ± 0 . 5g k c a l /g  mol where the average 

of the two measurements has been chosen . The hea ts  of fusion  found by 

the  two methods agree within experim ental prec ision , and the  recommended 

value is  2. 3^ ± 0. 5^ k c a l /g  mol. It is  probably fortuitous that the  heat 

of tran s it ion  is  sub s tan tia l ly  equal to the la ten t heat of fusion.

A9 2Te

The in ves tiga tions  of M iyatani (60) ind icate  that two compounds

of nearly iden tica l  composition, Ag nnTe and Ag 0.,Te ex is t  in theUu i • y 3
s ilver- te llu rium  system  at room tem perature. W alsh , Art, and W hite (89) 

report tha t the composition of the la t te r  phase  is ac tually  Ag, QOTe1 • OO
and have measured i ts  heat capacity  from 16-300 K finding no anom alies. 

The ex is tence  of a thermal tran s it ion  in Ag^Te at 147°C has been 

e s tab l ish ed  (31) and its  melting point has been reported to be 959°C 

(31, 39).

In th is  work it w as found that the low tem perature tran s it ion  occurs 

very sharply at 147-149°C on heating  at 2. 5°C /m in , but supercools to 

143°C on cooling at 0. 7°C /m in . A second, previously unreported, 

thermal tran s it ion  has a lso  been observed which occurs very sharply
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on both heating and cooling at 7 99°C. Melting w as somewhat gradual, 

beginning at about 951 °C with a constant melting point of 960°C being 

e s tab lish ed  within a few minutes. The h ea ts  of fusion computed by the 

two methods described  agree within experimental precision and a value 

of 2. 7^ ± 0. 6g k c a l /g  mol is  recommended. The heats  of trans it ion  at 

147°C found by the two methods disagree  somewhat and a larger value 

of 2. 4^ ± 0.3_ k c a l /g  mol is  preferred because  the experimental sca tterU D
is  much lower. The heat of transition  at 799 C is equal to 0. 34 k c a l /g  mol.

Bi^Se^, Bi2Te3, Sb2Se3 and Sb2Te3

These four compounds melt congruently and no crysta lline

transformations have been reported for them. Hansen (31) gives their

melting points as 706°C, 585°C, 622°C and 6 l7°C , respec tive ly . Offergeld

and Cakenberghe (65) have investigated  the stoichiometry of three of

the compounds and l is t  the true compositions as Bi„. rt/r.Te„„40 .065 59.935

Bl4 0 .0 2 Se5 9 .98 and Sb40 .40Te5 9 .60'

Except for the sample of Bi2Te3 which was zone refined, the 

materials measured here exhibited somewhat gradual in itia l melting.

Our melting points for Bi2Se3, Bi2Te3, Sb2Se3 and s b 2Te3 are 700°C,

586 C, 613°C and 617°C, respective ly . Bolling (8) has measured 

the heat of fusion of Bi2Te3 and found a value of 29. 0 ± 3 .2  k c a l /g  mol 

which compares favorably with the  value of 26. 4 ± 3. 2 kcal/g  mol found 

in th is  work. The va lues found by the two methods for the remaining 

three materials differ somewhat. Where the standard deviations were equal 

the recommended value was found by simply averaging the two m easure­

ments, but if the standard deviations were unequal, the preferred value 

w as found by adjusting to a point where the standard deviations overlap.

In th is  manner the hea ts  of fusion for Bi Se Sb Se and Sb Te are
u  J  b  J  b  J

found to be 23. 6 ± 3. 9, 16. 8 ± 2 .4 , and 23. 5 ± 3 .8  k c a l /g  mol, re sp ec ­

tively .
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GaAs. GaSb. InAs and InSb 

Hansen (31) gives the melting points of th ese  compounds, each 

of which melts congruently and undergoes no crysta lline  transformations, 

a s  1238°C, 706°C, 943°C and 525°C, respec tive ly . Nachtrieb and 

Clement (62) have measured the heat of fusion of InSb which they report 

a s  11. 2 ± 0 .4  k c a l /g  mol; and Schottky and Bever (73) report the heats  

of fusion of InSb and GaSb to be 12. 2 ± 0. 7 and 12. 0 ± 0. 7 k c a l /g  mol, 

respec tive ly .

In th is  work, the melting points of GaAs, GaSb, InAs, and InSb'

were found to be 1236°C, 712°C, 942°C and 524°C with a ll occurring
>!<

sharply except GaSb which w as somewhat gradual. Our heat of fusion 

for InSb, 11.7 ± 1 .2  k c a l /g  mol, is  in good agreement with the previous 

measurements, but our value for GaSb, 16. 3 ± 2. 3 k c a l /g  mol is 

subs tan tia l ly  higher. Furthermore, the two measurements for GaSb 

d isagree  subs tan tia lly , the higher value being preferred because  of le s s  

sca tter .  The two measurements of the heat of fusion of InAs and GaAs 

are in good agreement with one another with the preferred values being 

18. 2 ± 2. 3 and 28. 9 ± 3. 6 k c a l /g  mol, respec tive ly .

CdSe. CdTe and ZnTe 

These compounds melt congruently and do not undergo c rysta lline  

transformation on heating. The melting points of CdSe and ZnTe have 

been reported by Mason and O'Kane (58) to be 1258° and 1300°C, 

respec tive ly , w hereas that of CdTe has been variously reported as 

1090°C (63), 1092°C (54), 1098°C (57, 58) and 1106°C (49).

In th is  work a ll three materials were observed to melt gradually 

a t  f irs t w ith  a constan t melting point being achieved a few minutes 

after melting was in itia ted . The corresponding melting points and 

h ea ts  of fusion  of CdSe, CdTe, and ZnTe were found to be 1250°C and

*
Cf. Figure 4 .1 .



5 6

10.5  ± 2. 9 k c a l /g  mol; 109l°C  and 12.0  ± 1 .9  kcal/g  mol; and 1290°C 

and 15. 6 ± 2. 1 k c a l /g  mol. The heats  of fusion of CdTe and ZnTe 

represen t primarily the re su l ts  of the ca lcu la tion  from the time constan t 

for exponentia l decay  plus an estim ate  of the  thermal capacity  via 

Program ETA-17, as only one data  point, tha t being for CdTe, was 

ava ilab le  for p rocess ing  by the second method. The two methods 

y ie lded  va lues in good agreement w ith  one another for CdSe, although 

the standard deviation  w as high.

Miyazawa and Sugaike (6l) have inves tiga ted  the c rys ta l  

structure of In .S e  at room temperature and the thermal properties byLd J

DTAi a nd found th a t  a -  In2Se3 , the  s tab le  phase  at room temperature, 

is  hexagonal and undergoes sharp heat absorption at 200°C on heating  

but below 100°C on cooling. Semiletov (74) has extended the c ry s ta l lo -  

graphic investiga tion  to  higher tem peratures and reports four c ry s ta l lin e  

m odifications of In ^ S e^  1) an a , g raph ite - like , hexagonal phase  which 

is s tab le  below 200°C; 2) a (3 , hexagonal phase  which is  s tab le  above 

200°C; 3) a y , cubic m odification which e x is ts  above 500-600°C; 

and 4) a poss ib le  5 , monoclinic phase  whose region of s tab il i ty  is 

uncertain . He further reports that the a -* (3 transformation is  sluggish , 

requiring a seven  to eight hour anneal at 3 50°C for completing the t r a n s ­

formation of a th in  film 400-600 A thick. O'Kane (66) has observed a 

thermal transform ation 2 i0 °C  and a lsc  reports  a small trans it ion  at 740°C. 

The melting point of In^Se has been w ell e s tab l ish ed  (58, 66) and has 

been reported to be 888°C . Yoshioka (94) has studied the thermal 

properties of In^Se^ in the range 20-300°C and has estim ated  the heat of 

the  a  -► p transform ation from heat capacity  measurements and found it 

to  be 0. 34 k c a l /g  mol.

In th is  work, the low temperature ph ase  change was observed to 

occur very abruptly on heating  at 2 0 l-2 0 2 °C , and supercooled to below 

100°C on cooling. Melting began gradually  about 5°C below the  melting
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point which was 885°C, and as soon as  the  melting point w as achieved , 

proceeded at constan t tem perature. Our value for the la ten t heat of 

tran s it ion  at 202°C is 1 .17 ± 0. 23 k c a l /g  mol which is  larger than that 

reported by Yoshioka by a factor of three. There is  good agreement 

between the  two methods of ca lcu la ting  the  heat of transit ion  from our 

data .

The a lleged  phase transformation at 740°C, although it was 

observed, is thought not to  belong to the compound, which is  believed 

to be non-sto ich iom etric  and defic ient in selenium. The b as is  for th is  

judgment is  the phase  diagram study of the InSe system  which is reported 

in Chapter V, and which exhib its  a pe ri tec tic  reaction  at 745°C which 

extends from nearly pure selenium  to In Se . This explanation  would
w J

a lso  account for the anamalous 6-p h ase  postu la ted  by Semiletov. Finally, 

the  a -» (3 reac tion  did not seem to be as  sluggish  as  Semiletov has 

suggested . It is conceded, however, that the  value of the heat of t r a n s i ­

tion reported here would be too low if a ll of the  laten t heat were not 

absorbed during the five to ten  minutes required to traverse  the  trans it ion  

peak in our DTA experim ents. This probability, however, appears slim.

The two methods of ca lcu la tion  y ie ld  va lues for the la ten t heat 

of fusion which are in good agreement with one another. The preferred 

value is 14. 0 ± 1 .9  k c a l /g  mol.

InTe and In^Te^

H ansen (31) gives the  melting points of these  compounds as 

696°C and 667°C, respec tive ly . Z as lavsk ii  and Sergeyeva (95) have 

in ves tiga ted  polymorphism in In2Te3 and report that two ph ases  exist: 

an a -p h a se  which is  s tab le  at low tem peratures and decom poses between 

500° and 600°C into a (3-phase. The In-Te phase  diagram has been 

recently  in ves tiga ted  by G'rochowski and M ason (2 9) who give the exact

com positions of th e se  compounds as 2^e 50 8 dn<̂  *n40 3^0 59 7*
Unlike In Se , the a -* (3 transform ation in In-Te. is  an order-

u J b J

disorder trans it ion , not accompanied by a large change in the c rys ta l
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structure (95) and has been almost too e lus ive  to  de tect in our equipment.

Minute deflections in the neighborhood of 580°C have been observed,

however, and they may or may not be a sso c ia ted  with th is  transformation.

A more sub s tan tia l  heat absorption of about 0. 5 kcal/m ole  has, however,

been detected  at about 620°C on heating. This is  presently  believed to

be a sso c ia ted  with the peritec tic  decomposition of the compound In,Te_
O  3 5

which decomposes at 625 C. Both InTe and In^Te^ have been observed

to melt gradually with their respec tive  melting points being 693° and

667°C.

The two methods for finding the heat of fusion yield resu lts  for 

In^Te^ which are in good agreement with one another, but only one data 

point, that for InTe, w as available  for processing  by the second method 

(Program DTA-19). The recommended heats of fusion are 6. 9 ± 1 .9  

kcal/g  mol InTe and 11.6  ± 3. 1 k c a l /g  mol In Te . In the case  of InTe,
L J

it w as im possible  to obtain time constan ts  from the cooling curves because  

of continued evolution of heat a s  freezing continued. This was due to the 

deviation of the composition from the In-defic ien t compound. Similar 

troublesome behavior was encountered with SnTe.

PbSe. PbTe and SnTe

These three compounds all melt congruently and do not undergo

any other phase transformations above room temperature. Hansen (31)

has l is ted  the ir  melting points as  1088°, 917°, and 790°C. In th is  work,

PbSe has been observed to melt sharply at 1083°C while PbTe and SnTe

melted gradually at 923° and 804°C, respec tive ly .

Umeda, Jeong and Okada (85) have found the true composition of

SnTe to be SnTe, n_0. A large number of tin  vacancies  have a lso  been 
1 • U3o

inferred from the anomalous thermal conductivity data  of Damon (19).

The heat of fusion of SnTe has been determined from heating data 

to be 7. 9 ± 0. 8 k c a l /g  mol. The cooling curves could not be used because  

the d iscrepancy of the composition of our material from the t in -defic ien t 

compound resu lted  in continued evolution of la ten t heat during the
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the decay portion of the DTA curve, and thus the true time constan t could 

not be ex trac ted . The two measurements for PbSe and PbTe did not 

agree with one another very well. The lower values were favored 

because  the sca tte r  was l e s s ,  so that the recommended va lues are

10. 9 ± 3. 4 k ca l/g  mol PbSe and 9. 4 ± 3. 0 k c a l /g  mol PbTe.

Experimental Precision

The melting points and transition  temperatures reported here are 

considered to be accurate , for the materials measured, to within ± 2°C. 

The largest sources of variab ility  are changes in thermocouple c a l i ­

bration and the melting of samples over a range of temperature which is 

occasioned  by a deviation from the congruent composition.

The precision in the measurement of quantities of heat is not 

particularly  high, perhaps ± 15% on the average. Numerous sources for 

th is  variab ility  may be cited: error in the measurements of the dimensions 

of the system  or of the area under the DTA curve, error in the values of 

the  physical property es tim ates , error in the measurement of the time 

constant, improper choice of a physical model on which to base  the 

ca lcu la tions, e t c . , but it is not apparent that one of these  choices 

should be preferred over the others. It is presumably a combination of 

a ll  of them which leads to the observed variability .

The question a r is e s  a s  to which of the two methods for finding 

la ten t heats  is  to be preferred. In th is w riter 's  judgment, it is  the first, 

that is  direct ca lcu la tion  of the thermal conductance from a knowledge 

of the geometry and physical properties of the system  with calcula tion  

of the dimensions of the gas film by matching the time constant for 

exponential decay of the  DTA curve with its  theore tica l counterpart. This 

statem ent nevertheless  must be qualified because, although the method 

is  moderately in sens itive  to the estim ate of the thermal conductivity of 

the sample, the la tte r  may not be chosen indiscrim inately, particularly  

when it is low. This fac t is borne out by the re su l ts  on PbSe and PbTe 

where large d isc repanc ies  between the two methods appear. The method
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of d irect ca lcu la tion  is a lso  preferred because  it is  constructed  on a 

much firmer theo re tica l  foundation and does not depend on any calib ra tion  

of the  equipment.

D iscuss ion

A comparison of the entropies of fusion  plus tran s it ion  of th ese  

twenty compounds in Table 4 .4  rev ea ls  that they can  be grouped as follows:

A S = 2-3 Ag2IngSe13i A g ^ e ,  Ag2Te, I n ^ e ^ ,  In2Te3

AS = 3-5 CdSe, CdTe, ZnTe, InTe, PbSe, PbTe, SnTe

AS = 4-7 Bi2Se3, Bi2Te3, Sb2Se3> Sb2Te3

AS = 7-10 GaAs, GaSb, InAs, InSb.

These entropy changes represen t changes in the s ta te  of order

of the compound in transforming from the c rys ta lline  s ta te  at room

tem perature to the liquid s ta te .  The compounds having low va lues  of

A S undergo le s s  pronounced configurational changes than those  having

high va lues  of A S. It is  known, for example, that the coordination

number of the III—V compounds in the c ry s ta l l ine  s ta te  is  4 whereas

in the liquid the coordination number is  about 6 (25). Furthermore, the

change in density  for th e se  m aterials on melting is  large, being about

11. 6% for InSb and 7. 3% for InAs (37). Thus the change in the s ta te  of

order on melting is  large for th e se  m ateria ls , and the entropy of fusion  is

correspondingly large. Finally, it may be pointed out that the varia tions

exhibited  in T ab le  4. 4 are great — from 2. 2 for Ag In Se to 9. 6 for^ o 13
GaAs. It is  c lear  that no simple correlation can be found for predicting 

h ea ts  of fusion  from en trop ies of fusion  which would be analogous to  

Trouton's rule for heats  of vaporization. This conclusion  has been reached 

on numerous occas ion s  before and is confirmed by our da ta .
$ .

E .g . see  Kubaschewski and Evans (47).



61

Table 4 .4

Entropies of Transition and Fusion of Semiconducting Compounds

Compound

*t

°K

A St
c a l /g - a t -  K

Tf A S  . f i=t, f
c a l /g -a t - ° K

A92In8Sel3 1020 0 .4 7 1085 l - 74 2 . 2

Ag2Se 408 1 ’ 93 1169 o O
'

00 2 . 6

A<J2Te 420 1 ’ 91 1233 ° - 74 2. 7

1072
^ o

B12Se3 973 4 .8 ,5 4. 9

B12Te3 859 6. 2

Sb2Se 3 886 - 0 3. 8

Sb2Te3 890 5- 28 5. 3

GaAs 1508
9 - 6o

9. 6

GaSb 985 8.2 8.3

InAs 1216
7 - 5o

7. 5

InSb 797 7-34 7 .3

CdTe 1364
4 - 4 o

4 .4

CdSe 1523 3. 4 3. 5

ZnTe 1563 5. 0

I" Se 474 0 .5 q 1158 2 . 4 2. 9

- 2 - 3 940 2* 4 7 2. 5

InTe 966
4 - ‘ o

4. 1

PbSe 1356 4 -»2 4. 0

PbTe 1196 3 .9 3. 9

SnTe 1077 3 . S 3 .7
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Finally it is of in te res t  to compare the  entropies of fusion of th ese  

compounds with va lues for other m ateria ls . The en trop ies of fusion  of 

m etals are about 2 .2  c a l /g  a t-°K  w hereas those  of ordered and disordered 

alloy ph ases  are about 3 .5  and 2 .2  c a l /g  at-°K, resp ec tiv e ly  (47). 

Dworkin and Bredig (21) have measured the  heats  of fusion of the a lka li 

ha lides  and have found that the  corresponding entropy changes average

2 . 9 ca l/m ean  gram atom -°K . The entropies of fusion  of Ge and Si are 

6 .7  (28,71) and 7 .2  (67) c a l /g  at-°K, respec tive ly , which are about the 

same order of magnitude as  the  III-V compounds.



CHAPTER V 

SOLID-LIQUID EQUILIBRIUM STUDIES

In th is  chapter the re su l ts  of s tud ies  on the system s cadmium- 

tellurium, z inc-te llurium , and indium -selenium  are p resen ted  and 

d isc u sse d .

The System Cadmium-Tellurium 

This system  was first studied by Kobayashi (42) who 

reported that the system  contained one compound, CdTe, which was 

congruently melting at ^ 1 0 5 0 °C  and the two e u te c t ic s  between the 

pure elem ents and CdTe which occur very c lose  to the Cd and Te ends 

of the diagram at 322° and 437°C, respec tive ly . He was unable to 

measure the  liquidus curve for compositions wherein the mole percent 

of cadmium was greater than 50% because  of the h ig h  vapor p ressure  

and evaporation of his sam ples.
❖

The d isc repanc ies  in the melting point of CdTe and the unavail­

ab ili ty  of liquidus data  and vapor p ressure  data  e sp ec ia l ly  for high 

percen tages  of cadmium in solution prompted severa l re investiga tions  

of th is  phase  diagram (54, 57, 58, 63). Our work (57, 58) has not been 

formally published in de ta il  a s  yet because  it w as desired  to  determine 

the  heat of fusion of CdTe so  a s  to be able to make thermodynamic 

ca lcu la tion s  from the  liquidus data . Estim ates of the  heat of fusion by 

two different methods, ca lcu la tion  from the liquidus data and c a lc u la ­

tion  from the  entropies of fusion  of the  elem ents (47) did not agree with 

one another and n e c e ss i ta te d  an experimental determination.

Our experimental da ta  for the cadmium-tellurium phase  diagram 

are presen ted  in Table 5 .1 and are plotted in Figure 5.1 together with

*
Cf. Chapter IV.

sji sj:
See Appendix I for d isc u ss io n  of the  in terpretation  of the DTA curves.

6 3
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Table 5.1

Experimental Data for the Cd-Te Phase Diagram

Maximum
Sample Composition Fusion Eutectic Liquidus
Number Atom % Te ' Temperature Temperature Temperature

°C °C °C

  0     321

376 1 .0  980 (333) 730

380 3 .0  970 (340) 808

379 10. 0 975 322 895

384 25. 0 1050 323 963

385 40. 0 1100 325 1035

402 45 .0  1150 325 1067

104-F 50.0  1200 — - 1091

520 50.0  1200 —  1091

389 54. 0 1100 450 1075

383 62.5  1100 450 1000

375 75.0  1000 450 885

382 85.0  900 449 755

381 95. 0 750 450 602

388 98. 2 850 448 480

396 98.7 800 450 480

92-F 100     449

151-F 100     449
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the  data  of other workers. In the regions of high cadmium and high 

tellurium concentra tions, the  agreement is  quite good, but in the 

neighborhood of 40-50% Te our liquidus tem peratures are subs tan tia l ly  

higher than  those  reported by de Nobel, (63) and in the  neighborhood 

of 60-70%' Te they are sub s tan tia lly  higher than the  re su l ts  of Lorenz 

(54). The cadm ium -rich eu tec tic  temperature w as 324 ± 2°C and the 

eu tec tic  composition w as p rac tica lly  pure cadmium. The tellurium -rich  

eu tec tic  w as found to be 449 ± 2°C and 98. 7 atom percent tellurium.

Knowing the liquidus curves and the thermodynamic properties 

of the co ns tituen ts  it is  poss ib le  to make some thermodynamic c a lcu la ­

tions in order to gain some insight into the nature of the system . For 

example, Wagner (88) has derived equations for computing the ex cess  

free energy of a liquid  phase  from the liquidus of a compound. If a term 

a sso c ia te d  with the  e x ce ss  molar entropy of the liquid is  neglected, h is  

Equation 6 l for the c a se  of an equimolar compound becomes

FE 2 N, L ( N j d N  + N I B B B W d N B

5. 1

where N„ = atom fraction of element A in solution

N

F

B
E

1 - N. = atom fraction of B A

e x ce ss  molor free energy of the solution, kca l/m ean  gram 
atom

and the integrand I (N ) is  defined by1 D

A S f  [ Tf  -  *  <Nb ) T ]

<n b  -  i >2

5. 2

where A is the  entropy of fusion of the compound in ca l/m ean  gram 

atom -  °K, T̂  the melting point of the compound in °K, T the  liquidus 

tem perature and 0 (ND) is  defined as:D
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0 (Nb) 5. 3

where R is the gas constant.

Equation 5. 3 a lso  represents  the liquidus curve of a hypothetical ideal 

liquid, that is

where the standard s ta te  is chosen as  the pure, completely d issoc ia ted , 

equimolar solution.

The function I.(N ) is plotted in Figure 5. 2 wherein it is apparentJ D

that the ex cess  free energy exhibits a s teep  minimum at the compound CdTe. 

This would infer that CdTe molecules are very s tab le  in solution, which is 

remarkable in view of the fac t that the compound d isso c ia te s  completely in 

the gas phase (44, 63) as do the res t  of the II-VI compounds (44, 92, 93). 

Further support to th is argument is given by the fact that the two liquidus 

lines in te rsect at 50% Te rather than joining in a single smooth curve. This 

behavior is a lso  charac ter is tic  of a compound which ex is ts  as such in 

solution.

energy of liquid CdTe at the melting point to be - 16. 0 k c a l /g  mol 

which, when used with W agner's  Equation 34, resu lts  in a value for 

the standard free energy of formation of the compound from the pure solid 

elements at the melting point of CdTe of -  24.4 k c a l /g  mole. Using the 

thermodynamic properties l is ted  in the Handbook of Chemistry and Physics 

(30) a corresponding figure of - 26. 5 k c a l /g  mole is obtained. The agree­

ment is  good in view of the high probable error a sso c ia ted  with drawing

the curve I,(ND) in the neighborhood of the compound.
1 13

It should be noted that a value of 11.2 k c a l /g  mol for the heat of 

fusion of CdTe has been used in th ese  ca lcu la tions. Although this 

figure is s lightly  lower than the value recommended in the preceding 

chapter (12. 0 ± 1 .9  k c a l /g  mol), it is within the probable error cited,

See Lewis and Randall (52) p. 220; for a more quantitative d iscuss ion  
of the effect of in terac tions in solution on the curvature of the liquidus, 
see  a lso  Bonnier and Desre (10).

5. 4

Integration of Equation 5. 1 for N = — gives the excess  free
B <L
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and the use  of the slightly  higher value would not substantively  a lter  the 

conclusions.

Bonnier and Desre (11) have derived an express ion  for computing 

the heat of mixing at infinite dilution from liquidus data in binary 

system s containing a compound and a eu tec tic  c lose  to the pure element. 

Their expression  for the case  where the compound is equimolar is:

  d In N N

^ ( B )  ■ a h ab -  l£ , b -  Lf,A - r — 57T7W 5. 5
B

where

A = partial molar enthalpy of mixing of 1 mole of A and
oo an extremely large quantity of B.

oA H^g = standard enthalpy of formation of compound AB

Lj ^  = la ten t heat of fusion of A

L = la ten t heat of fusion of B
I ,  D

and the la s t  term represen ts  the gas constant times the slope of the

liquidus curve in the region of dilute A when plotted as In

versus reciprocal temperature. Such a plot for the cadmium-tellurium

system  appears in Figure 5. 3 where the straight, dashed  line represen ts

the liquidus of a hypothetical ideal solution based on Equation 5. 4. A

brief calculation  using A H° = - 24. 52 k c a l /g  mol, , =CdTe f, Cd

1. 53 k ca l/g  atom and ^  = 4. 18 k c a l /g  atom (47), y ields

A H_, ,, v = -  19. 0 k c a l /g  atom and AH » = + 4. 4 k c a l /g  atom 
co oo
These figures indicate  that d isso lu tion  of Te in Cd requires the expendi­

ture of energy whereas the d isso lu tion  of Cd in Te re le a se s  energy, or in 

other words the liquidus for the system  CdTe-Te exhib its  negative 

deviations from Raoult's law while the system  Cd-CdTe exhibits positive 

deviations.

Finally it might be noted that correlation of the liquidus data 

by means of the  sub-regular solution theory of Thurmond and Kowalchik
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0.3 -

0.03-

1.4 1.5

Figure 5 .3 .  The Liquidus Curves tor the Cadmium-Tellurium System
Plotted a s  log 4 N^, ,N_ versus  Reciprocal ReducedCd TeTemperature.
O Data of Kobayashi; O de Nobel; A Lorenz;
□ This Work. For Open Symbols N < 1/2 and for 
C losed Symbols N,pe > 1/2 . The Dashed Line Represents 
Equation 5 .4 .
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(83) was tried . These authors found that the solubility  of many elem ents in

s i l icon  and germanium could be explained by such a correlation. This
2

method requires that a plot of the quantity RT In \ / ( l  -  x) be a 

linear function of T , where x is  the mole fraction of the compound in 

solution and

In v -  -  in x + - j f  <?f - Y>

These equations are based on a standard s ta te  of pure undissocia ted , 

supercooled liquid compound, so that the activ ity  coefficient y 

rep resen ts  the deviation of the liquidus from that given by Van't Hoff's 

equation

i Lf r 1 1 i
ln x = ~R T, T .Jf id

rather than from Equation 5 .4 .  When th ese  plots were prepared for the 

system s Cd-CdTe and CdTe-Te, however, they were highly non-linear.

The System Zinc-Tellurium 

The only previous study of th is  system  is due to Kobayashi 

(43) who found that one congruently melting compound, ZnTe, ex is ts  as 

do two eu tec tics  whose compositions are very c lose  to the pure e lem ents. 

His measurements were performed in an open system, however, so that 

evaporation of the alloys at high temperatures was a problem, and 

therefore he was unable to measure liquidus temperatures of mixtures 

containing le s s  than 50 atom percent tellurium.

In th is  work e ighteen  DTA runs were performed on alloys con ta in ­

ing from 3. 0 to 100 atom percent tellurium, and the resu lts  are presented 

in Table 5. 2 and Figure 5. 4. On the  high-tellurium side of the phase 

diagram, the  liquidus tem peratures were found to occur from 30°-70°C  

higher than the va lues found by Kobayashi. They are higher partly 

because  our measurements were taken at constant volume while his were 

taken  at constan t p ressure , but more probably because  our elements
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Table 5 .2

Experimental Data for the Zn-Te Phase Diagram

Sample
Number

Composition 
Atom % Te

Maximum
Fusion

Temperature
o „

Eutectic
Temperature

o_

Liquidus
Temperature

o „

407

447

461

475 

466

476 

125 

432 

531

477 

436 

457

478 

404 

484 

401 

92-F

1 51-F

0

3 .0  

1 0 . 0 

20 . 0 

30. 0 

40. 0 

45. 0 

50. 0 

50. 0 

50. 0

55.0

60.0

70.0

78.0

85.0  

92 .5

95.0  

100 

100

1175-1200

1130

1310

1280

1300

1310

1350

1350

1310

1250

1250

1100

1100

980

1025

424

423

420

420

421 

420

449

445

448

449

446 

449 

448

419. 5 

1190 ± 10 

1208 ± 5 

1215 ± 5 

1223 ± 5 

1250 ± 5 

1270 ± 5 

1290 ± 3 

1290 ± 3 

1290 ± 2 

1260 ± 5 

1205 ± 5 

1100 ± 15 

996 ± 5 

915 ± 5 

790 ± 15 

740 ± 20 

449 ± 2 

449 ± 2
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were much purer and le s s  likely to become contaminated by oxidation.

The tellurium -rich eu tec tic  was observed to occur at 447 ± 2°C 

and greater than 99 atom percent Te. The decomposition of the liquid 

phase at the so lidus was observed to occur by peritec tic  reaction  as 

the arrest temperatures were 422 ± 2°C - higher than the melting point 

of pure zinc (419. 5°C) - with the composition at the peritec tic  point 

being ind is tinguishab le  from pure zinc.

The liquidus curve for a lloys containing le s s  than 50 atom percent 

Te w as very flat, but it is fe lt  that the poss ib ility  of the presence of a 

monotectic is  remote, s ince  no range of constant arrest temperatures 

w as observed. The liquidus temperature a lso  increases  continuously 

from the pure Zn to the ZnTe compound. It should be pointed out that the 

exact composition of the sam ples containing 30-45% Te was somewhat 

d ifferen t from the nominal composition reported here, because of the 

difficulty in recovering a subs tan tia l  portion of the sample which stuck 

to the quartz tube on fusion. This error is  to lerable , however, because 

of the re la tive  f la tness  of the liquidus curve in th is  region.

One additional point should be mentioned. It may be noted that 

the liquidus curve shows a point of inflection. That th is  is the c ase  is 

supported by the fac t tha t the DTA curves for the 40 and 45% Te sam ples 

show double peaks in the neighborhood of the liquidus. The lever rule 

demands that, at equilibrium, in a two phase  region, the two phases 

are present in a given mass ratio  which is  determined in part by the 

position  of the liquidus curve. The shape of the DTA curve will depend 

on how th is  mass ratio  varies with time. When the liquidus curve is 

very f la t and conta ins a point of inflection, a s  is the c ase  here, the 

ratio  of so lid /l iqu id  w ill change as follows. On heating a sample whose 

composition l ie s  to the right of the inflection point but to the left of ZnTe, 

the  above ra tio  w ill be approximately constant from 423° to about 1200°; 

a s  the bend of the liqudus curve is passed , th is  ratio  will decrease  very 

rapidly; as  the inflection point is pa ssed  the  decrease  w ill become le s s  

rapid; finally , on approaching the liquidus the decrease  w ill become
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more and more rapid until no more solid is left at the liquidus point.

Granted that th is  ana ly s is  is merely a qualita tive  one as  other

factors a lso  influence the shape of the DTA curve (e. g . , the rate  of

energy input to the sample, and the variation of the heat of d isso lu tion

with temperature and composition), it is none the less  evident that such

a double peak should not be entirely  unexpected. In th is  case  the

above explanation appears to be the most p lausib le  one.

As regards the thermodynamics of Zn-Te solutions, it may be

sta ted  that, a s  with Cd-Te solutions, the e x ce ss  free energy of the

solution exhibits a sharp minimum at the 50% composition which fact

indicates that ZnTe molecules are s tab le  in the liquid phase. The heats

of mixing at infinite dilution may a lso  be computed as described in

the previous section  (See Figure 5. 5). We find AH^ . = - 21. 7  oo An ITe)
k c a l /g  atom and ^jo^Te(Zn) = + k c a l /g  atom. It is  evident that 
the positive  deviation from ideality  in the Zn-ZnTe system  is exceedingly 

strong indeed, which fac t is a lso  indicated by the extreme f la tn ess  of 

the liquidus in th is  region. Finally, it may be noted that as  with the 

previous system s, the liquidus temperature data for the system s Zn-ZnTe 

and ZnTe-Te could not be explained by sub-regular solution theory based 

on the  no n -d issoc ia t ive  solubility  of ZnTe in atomic zinc and atomic or 

diatomic tellurium.

The Indium-Selenium Phase Diagram 

The only data  reported on th is  system  as yet have been a few 

se lec ted  s tud ies  on iso la ted  compositions (31, 61, 74, 94) within the 

system, and no liquidus tem peratures, other than the melting points of 

InSe, 660 ± 1 0 °  and In^Se^, 890 ± 10°C (31) have been reported. In th is 

work s ix teen  thermograms have been obtained on compositions from 10. 0 

to 90 .0  atom percent selenium. The DTA resu l ts  are summarized in Table 

5. 3, and the proposed phase diagram is  depicted  in Figure 5. 6 . Five 

compounds are believed to ex is t  — two which melt congruently, and 

three which decompose pertec tica lly . The congruently melting compounds,



76

Table 5. 3

Experimental Data for the In-Se Phase Diagram

Maximum
i %

Number Se
Sample Atom % Fusion Liquidus

°C °C °C
-------- 0 ------- ------- 157

493 10.0 950 158, 521 521

494 20.0 950 157, 518 518

495 30 .0 950 157, 520 520

496 40 .0 950 159, 520, 554 (560)

844 45. 0 950 521, 553 598

497 50. 0 950 Melts gradually, 
beginning at 605

613

509 54.0 1000 663 686

510 56.0 950 659 765

846 58. 0 1000 (195), 660 850

676 60. 0 950 201, 745 885

294 62.0 1000 201, 220, 640, 744 865

533 64 .0 1000 220, 742 -

275 66. 0 975 201, 270, 650, 744, 
(760)

795

499 70.0 900 214-220, 745, 759 759

500 80.0 625 201, 220, 650, 745, 759 759

501 90. 0 
i nn

625 220, 658, 743 822
0 1 7

All sam ples were w ater quenched.
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0 .3 -

AH=107

0 .03 -

1.6
I

Figure 5. 5. The Liquidus Curves for the System Zinc-Tellurium
Plotted as  log 4N „ N_ versus Reciprocal ReducedZn TeTemperature.
O Data of Kobayashi; □ This Work.
For Open Symbols N < 1/2 and for C losed Symbols
N > 1/2. The Dasned Line Represents Equation 5 .4 . 
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InSe (M. P. = 6l4°C) and In Se (885°C), both appear to  be defic ien t in
w J

selenium . The f irs t  pe ri tec tic  compound conta ins about 46 atom percent

selenium  and decom poses at 553°C. The second conta ins about 53% Se

and decom poses at 660°C, the previously reported melting point of

InSe. The location  of the third compound which decom poses at 745°C

is  uncertain , but it probably conta ins about 80% Se. There appears to be

c ry s ta l l ine  transform ations a sso c ia ted  with In.,Se„, a t 2 0 l°C , and InSe,2 3 4
( ? ), a t 650°C.

The indium -rich eu tec tic  (?) occurs at 158°C and is  thought to 

have a composition of nearly pure indium. The se len ium -rich  liquid 

decom poses by a pe ri tec tic  reaction  at 220°C (vs 217° for the melting

point of pure Se) and conta ins nearly pure selenium . The anomalous
❖

varia tions  in the  low tem perature trans it ion  for a lloys containing 

60-100% Se are ascribed  to non-equilibrium, loca l varia tions in the 

composition of the ingots, s ince  they were prepared by quenching in 

w ater from the tw o-liqu id  region, and were not annealed  prior to DTA.

Two monotectic (S + -► on heating) transform ations

were observed. In the f irs t,  two liquid phases  of nominally 5% and 

35% selenium  form at 520°C, and in the second, two liquid ph ases  of 

nominally 68% and 95% Se form at 760°C.

C learly , more work is  ind icated  in order to completely charac terize  

the  nature of th is  system  as there  are many uncerta in ties  which s t i l l  

must be reso lved . Yet, with re la tive ly  few thermograms it has been 

p o ss ib le  to formulate a fairly  complete, qualita tive  picture of the phase 

diagram.

D iscuss ion

In attem pting to corre la te  the liquidus da ta  for the Cd-Te and 

Zn-Te system s it  has been observed  that sub-regular so lu tion  theory 

based  on the  n o n -d isso c ia t iv e  d isso lu tion  of the  compound in either

See Table 5. 3.
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element does not suffice. Furthermore, regular solution theory based

on the complete d issoc ia tion  of the compound is  a lso  insufficient, for
$

it requires tha t the integrand 1̂  be constant, and th is  is  obviously 

untrue. The phase diagrams are, however, of a simple type which 

would infer that their theore tica l explanation would a lso  be reasonably  

uncomplicated. In th is  regard the following scheme was tried.

Consider the following model: the compound AB d isso lves  as 

the molecular spec ies  in element B which e x is ts  in the form of a c lu s te r  

of n atoms on the average, B^ , thereby forming an ideal solution of 

the Van't Hoff type.

In x = —r ~  5 .6

where A is  the entropy of fusion of the compound, is  i ts  melting 

point, R is  the gas constant, and x the mole fraction of AB in a 

solution containing AB and B^. Equation 5 .6  may a lso  be written as 

follows:

5. 7

Now x may a lso  be found by material balance as  follows. Let 

Ng denote the atom fraction of B in solution, whence

n (1 -  Nb)

X = n - 1 -  (n-2)NB 5‘ 8

Solving Equation 5. 8 for n , Equation 5. 9 is obtained:

2 Nb -  1
n = “ ^  . . .  5 .9x  -  1 1 -  Nb

Thus for each  liquidus point, x may be found from Equation 5. 7 and n 

from Equation 5. 9.

See Wagner (88); a lso  Equation 5.1 ff. and Figure 5 .2 .
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Applying th is  ca lcu la tion  to the liquidus curves of the system s 

Cd-Te and Zn-Te using A = 8 .8  and 10. 0 c a l /g  mol °K for CdTe and 

ZnTe respec tive ly , the re su l ts  which appear in Figure 5. 7 are readily 

obtained. The indicated correlations may a lso  be s ta ted  as  follows:

System

CdTe-Te n = constant = 1. 5^

ZnTe-Te n = constant = 1 .3 r 5

Cd-CdTe n = 1. 62 exp 8. 3g [ (Tf /T) -  1]

Zn-ZnTe n = 0.30 exp 75. g [ (Tf /T) -  1]

Hence th is  model does provide a simple, two parameter, correlation 

for the liquidus curves of these  two system s. In fact, for the  systems 

CdTe-Te and ZnTe-Te only one parameter is  needed, for n is  constant. 

Admittedly the theore tical ba s is  for these  re su l ts  is shaky, but on the 

other hand the idea of atoms c lustering  is comprehensible. Perhaps the 

theory presented is  a sim plification of a more general hypothesis . It 

cannot be sa id  at th is  time. The resu lts  are only presented here as being 

in teresting .
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Figure 5 .7 . Semilogarithmic Plot of the Average C luster Size, n ,  
versus Reciprocal Reduced Temperature.



CHAPTER VI 

CONCLUSION

In th is  final chapter, the resu lts  of the work are summarized and 

evaluated, and recommendations are made for poss ib le  future work.

Summary

In Chapter I severa l methods for determining the thermal conductance 

for the transfer of heat to the DTA sample were d iscu ssed . Of th ese , two— 

direct calcu lation  from the geometry and physical properties of the system  

and ca lcu la tion  from the time constant plus the thermal c ap a c i ty - -a p p e a re d  

to be w ell su ited  to our system, but the first method w as imperiled be­

cause  direct observation of the dimensions of the gas film yielded  im­

prec ise  values for i ts  th ickn ess .  Subsequently, two indirect methods for 

calcu la ting  the th ick ness  were proposed, v iz . comparison of the  theore tical 

time constant for the exponential decay of the  DTA curve and comparison 

of the areas under the DTA curve when two g ases  of widely different 

thermal conductivity filled  the system .

Next, in Chapter II the problems of heat conduction in the  system  

prior to melting, during melting, and immediately following the completion 

of melting were considered. From these  s tud ies  two significant fac ts  

emerged. The first important resu lt  was tha t the s teady  s ta te  formulae 

for the  conductances could indeed be used  to  predict the thermal conduc­

tance of the system . The second resu lt  of s ignificance w as the extraction 

of express ions which would allow a theore tical computation of the time 

constan t for exponential decay of the DTA curve, and thereby afford a 

method for evaluating the th ick ness  of the gas film.

In Chapter III the methods proposed were further developed and 

applied to data  on standards whose laten t hea ts  of fusion  were w ell 

known. The agreement between the calcu la ted  heats  of fusion and those  

taken from the litera ture  w as good, but it w as learned that a calibration  

of the apparatus was n ecessa ry  in order to apply the second method —
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calcu la tion  of the thermal conductance from the observed time constant 

plus the thermal capacity .

The two methods via  computer programs DTA-19 and DTA-17 were 

applied to the measurement of la ten t heats  of fusion  and trans it ion  of 

twenty compounds in Chapter IV. The entropies of fusion plus trans it ion  

were found to  vary from 2. 2 c a l /g  atom °K for A g^IngSe^  to 9. 6 c a l /g  

atom °K for GaAs. It was further found that the compounds could be 

grouped into broad ca tegories  on the bas is  of the ir  entropies of fusion 

and that sim ilar compounds could be placed  in the same category.

In Chapter V the phase  diagrams for the system s Cd-Te, Zn-Te, 

and In-Se were presented  and d isc u sse d ,  and the measured va lues of 

the  heats  of fusion  of cadmium tellu ride  and zinc tellu ride  were used  in 

performing thermodynamic ca lcu la tions  with the liquidus data  for th e se  

system s. It w as concluded that cadmium tellu ride  and zinc tellu ride  

e x is t  as the molecular sp ec ie s  in so lu tion  although some d isso c ia t io n  

is  probable. A specu la tive  model which corre la tes  the liquidus da ta  of 

th e se  two system s w as a lso  proposed. This model was based  on the 

formation of an ideal solution of the Van't Hoff type between u n d isso c i­

a ted  compound AB and c lu s te rs  of atoms of type B, B^ , where n 

rep resen ts  the average number of B atoms in a c lu s te r  and is  a function 

of tem perature.

Advantages and D isadvantages of the Methods 
Used to M easure Latent Heats

It i s  c lea r  tha t a principal advantage of both methods for measuring 

la ten t  h ea ts  is  that they  permit the measurement over a very wide tem pera­

ture range, from 300° to 1560°K. Secondly, the  large thermal re s is ta n c e s  

of the gas film and the  s i l ic a  sample tube minimize uncerta in ties  due to 

the properties of the  sample which may not be w ell known.

As to the two methods proposed, the first, d irect ca lcu la tion  of 

the  thermal conductance from the geometry and thermal properties of 

the system , is  c learly  preferred because  no calibra tion  of the apparatus
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is required. It does require an estim ate  of the thermal conductivity of 

the sample, however, and the estim ate  must be reasonably  p rec ise  if the 

thermal conductivity of the sample is  low. With regard to experimental 

precision, both methods leave  a great deal to be desired  since the 

probable error in the measured heats  is 15% or more.

Recommendations

Three avenues for further work along these  lines  are open. In 

the first p lace, efforts would have to be made to determine the major 

sources of variab ility  which contribute to the probable error a sso c ia ted  

with the la tent heats  measured. This would have to be accomplished by 

a process of elimination and would enta il  considerable effort.

Secondly, the method for evaluating the gas film dimensions by 

a lternating the gas atm ospheres in the system  should be examined more 

c lose ly . At the same time the  contribution of thermal radiation to the 

heat transfer mechanism could be studied. In order to carry out th ese  

stud ies the DTA furnace would have to be modified so that it could be 

evacuated  and backfilled with the desired gas. This appears to  be the 

only way in which one can be sure that one gas is completely replaced 

by another.

Finally, the methods could be adapted to the study of other types 

of heat e ffects  such as  heats  of reaction and heats  of solution. These 

areas  provide a fertile  field for future research  activ ity . It is fe lt  that 

DTA will perform a useful role in the field of calorimetry in the future 

because it is  rapid, the measurements are performed with e a se ,  and the 

equipment required is  simple, eas i ly  constructed, and re la tive ly  inex­

pensive.



APPENDIX I 

DTA EQUIPMENT AND PROCEDURE

Two different sample arrangements were used: A) Crushed samples 

were sea led  under vacuum below 0.1 micron in specia lly  c leaned, clear 

fused s i l ic a  tubes which were 11 mm in inside diameter by about 10 cm 

long. The sample tubes contained concentric thermocouple wells 6 mm 

in outside diameter by about 2. 5 cm deep. The tubes were placed in 

holes drilled in the nickel holder, with a concentric graphite spacer 

being inserted between the sample tube and the nickel block. The 

weight of each sample was adjusted in accordance with its density  so 

as  to maintain about the same sample volume from one run to the next, a 

volume of about three cubic centim eters being chosen as the norm. This 

volume corresponds to a sample weight of from 15 to 35 grams. Chromel-P 

versus alumel thermocouples were used. B) The second sample arrange­

ment u tilized  is depicted in Figure A -I-l. In th is arrangement 10 mm 

(rather than 11 mm) tubes were used in which the thermocouple well was 

6 cm (rather than 2. 5 cm) deep. The graphite spacer was eliminated; and 

the nickel block was oxidized by heating in air at 1100°C. Platinum- 

platinum + 10% rhodium thermocouples were used. Sample arrangement A 

corresponds to the se ries  B DTA runs, whereas sample arrangement B 

corresponds to the se ries  C DTA runs.

The DTA furnace was designed around a 3" diameter, 2. 5 kva Kanthal 

furnace winding which was insta lled  in a vertica l position, surrounded 

with bubble alumina insulation, and contained inside a 12" diameter 

s ta in le s s  s te e l  shell. Copper cooling co ils  were so ft-so ldered  to the 

she ll in order to control the cooling rate at lower temperatures. With 

th is arrangement it is poss ib le  to maintain a heating rate of 2 . 5°C/min. 

from room temperature to 1100°C and a cooling rate of 2 . 5°C/min. from 

1300-500°C. Above 1100°C and below 500°C the maximum heating and 

cooling ra tes , respec tive ly  are limited by the time constant of the 

system, the la tter  being about 200 min. at room temperature and d e c rea s ­

ing to about 120 min. at 1300°C.
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Arrangement B.
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A 2- 1/ 2" diameter by 21" long alumina (McDanel AV-30) tube which 

is  sea led  at the top is  mounted inside the winding. The sample holder 

c o n s is ts  of a n ickel block, 2 " in diameter by 6 " long, which contained 

two or three symmetrically located  sample w e lls .  The nickel block is 

supported inside  the furnace by an alumina tube (McDanel AV-30) which 

is  2" in diameter by 12" long and flanged at the bottom to accommodate 

an arrangement for holding the assem bly in the furnace. This tube a lso  

serves as a holder for the thermocouples and contains a port for introducing 

the helium or nitrogen purge g a se s .  It too is  filled with bubble alumina 

for insulation.

A block diagram showing the sa l ien t  features of the temperature 

control and measurement circuit is shown in Figure A-I-2. All the 

operations in the system  are actuated  by a pulse generator. A short 

110 volt, 60 cycle, AC pulse, about 1/4 to 1/3 second in duration is 

generated each 20 seconds by the microswitch which rides against a cam 

on a clock motor, which makes one revolution every 20 seconds.

The pu lses  are used to control a motor-driven autotransformer 

which feeds power to the Kanthal furnace so as to generate a subs tan tia lly  

linear heating or cooling rate . The pulse  length is ad justed  so that each 

pulse  can drive the autotransformer through about 1/200 of its full range.

(It requires 64 seconds for the motor to drive the autotransformer through 

its  full range .)  If a ll  the pu lses  were used to drive the autotransformer 

motor, the heating rate  might be too rapid, and hence it was necessary  

to  devise  a Pulse Selector C ircuit. With such a c ircuit it is possib le  

to  vary the time between the su c ce ss iv e  pu lses  which drive the 

autotransformer and thus to e s tab l ish  a heating rate of from l°C /m in  

to 6°C /m in . The pulse  se lec to r  c ircuit u ses  a Guardian stepping 

relay, Model MER-115, which comprises a 21-point s tepping circuit 

and a re se t  c ircu it. As the stepping coil is  triggered by the pulse  

generator the  contact arm advances along the various con tacts  from 

number 1 to number 21. W henever the rese t  coil is  triggered, the 

con tact arm is  returned by a detent spring to contact number 1. The 

short AC pulses  are used  not only to trigger the stepping coil but are
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also  fed through the contacts  of the stepping switch. Each of the con­

tac ts  on the stepping switch from contact number 2 to contact number 

21 is connected on one terminal (A) on each of the 20 ou tle ts  on the 

panel. Hence, by connecting the autotransformer motor to the appro­

priate outlet the motor is activa ted  only when the stepping switch has 

advanced sufficiently  to feed the pulse to the outlet, and the time 

interval between each se lec ted  pulse can be varied in 20-second  

steps from 60 seconds to 420 seconds. A control switch is mounted 

in parallel with a pulsing switch so that the in itia l or final position 

of the autotransformer can be set as desired.

The second terminal (B) on each outlet is connected to the 

subsequent contact on the stepping switch, and leads to the reset 

coil. The next pulse then triggers the rese t coil and returns the 

contact arm to contact number 1 for another cycle. For example, in 

order to se lec t  a pulse once every 60 seconds, the plug would be 

inserted  into the second outlet. As the contact arm advances to 

contact number 3, the pulse is fed through terminal (A) of outlet 

number 2 and ac tiva tes  the autotransformer motor. The next pulse 

advances the contact arm to contact number 4 which feeds the pulse 

to terminal (B) of the second outlet. At th is  point the reset coil is 

triggered and the contact arm is returned to contact number 1 to 

s tart the cycle over again. An ordinary power control relay was 

required in the circuit as shown in order to open the stepping circuit 

for the duration of the resetting  pulse, in order to allow the stepping 

contact to return a ll the way to contact number 1.

The measuring and recording c ircuits  use a Leeds and Northrup 

Model G Speedomax strip chart recorder to read the differential emf.

The differential thermocouple is connected through a Leeds and North­

rup DC amplifier to the x -ax is  of the recorder and the differential emf 

was shifted  to read zero at m id-scale , by providing a 0-10 mv auxi­

liary variable emt ■.ii series with the output from the DC amplifier.

The thermocouple used to measure '^ e  sample temperature (with
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respec t to the reference junction temperature) was monitored by means 

of a portable precision  potentiometer.

By using a 10 mv x 10 mv x-y  recorder (not shown) a plot of 

differential emf versus sample temperature can be obtained directly , 

by introducing the sample thermocouple directly to the y -ax is  of the 

x -y  recorder. The portable potentiometer is re ta in ed  in the circuit.

At low temperatures corresponding to le s s  than 10 mv output from 

the sample thermocouple, the potentiometer output is  set at zero.

Above 10 mv output, the x-y recorder was reset onto the next 10" 

of chart, and the f irst 10 mv of thermocouple emf is balanced out 

with the auxiliary precision potentiometer. In this way the record 

of sample thermocouple emf is  plotted on a sca le  of 1.0 mv per inch, 

which permits good separation of the transitions and careful indica­

tion of the transitions points, using either chromel-alumel or platinum- 

platinum rhodium thermocouples. In studying phase equilibria the 

x -y  recorder was found to be considerably  more convenient and records 

the data  in a form which permits ready interpretation.

The following procedure was carried out for each  heat of 

fusion run. First, both sam ples were melted so that each would 

present subs tan tia lly  the same effective heat transfer area. Then 

each sample in turn was frozen and re-m elted  with a nitrogen purge 

atmosphere in the DTA furnace and the procedure was repeated with 

a helium purge atmosphere in p lace of nitrogen. In each case  the 

melting point and the heating rate  were noted. The differential emf 

versus time curves were then graphically integrated so as to obtain 

the area under the curve. Upon removal of the samples from the DTA 

furnace the height of the sample material in each tube was noted.

During each run, the furnace chamber w as purged with an inert gas, 

the flow rate  being maintained at about 2 c c / s e c  (at STP)..

The liquidus temperatures of the binary alloys were estim ated 

from both the heating and cooling curves. In the former case  the 

temperature at which the las t  deflection returned to baseline  was 

noted, and in the latter, the f irst deflection on cooling was used.



In most c a s e s  th ese  tem peratures agreed with one another to within le s s  

than 5°C. Difficulty in e s tab lish ing  the liquidus temperature was 

encountered in two in s tances :  1) for very high concentra tions of 

tellurium, nucleation  of the solid  phase on cooling w as sometimes 

suppressed  to below the eu tec tic  temperature; and 2) in regions where 

the liquidus curve w as very s teep , nucleation  of the solid  phase  at 

the liquidus produced only a small deflection  which sometimes could 

not be de tec ted  prec ise ly . The la tte r  behavior is a consequence  of 

the lever rule, s ince  in such a region the amount of solid  which 

nuc lea tes  at the liquidus will be very sm all and thus the heat evolved 

will a lso  be very small.



APPENDIX II

DYNAMICS OF THE DTA FURNACE

Determination of the Time Constant

The dynamics of the furnace can be determined by placing a 

thermocouple into the thermocouple w ell of a sample which is con­

tained in the nickel block and estab lish ing  a constant temperature 

in the furnace. When the power input to the furnace is changed 

abruptly to a new constant value, it is assum ed that a new source 

temperature is e s tab lish ed  instan taneously  and the sample thermo­

couple temperature is measured as a function of time.

The differential equation describing a single time constant 

system  which is absorbing heat by both conduction and radiation is

V Cv dT/dt = UA(Tqo - T) + e <r A f t^  4 - T4) (A-2. 1)

where

V = volume of the system, cm3

= density , gm /cm 3

c v = specific  heat, cal/gm °C

u = 2 oheat transfer coefficient ca l /cm  K min

A = area of heat transfer, cm2

£ = em issiv ity  of receiver

a = Stefan-Boltzmann constant

T00
= heater (source) temperature

T ss thermocouple temperature.

Over small temperature ranges the radiation term can be factored and 

an average temperature defined such that

T 4 - T4 = T 3 (T - T) (A-2. 2)oo m oo

where T = (T 3 + T 2 T + T  T2 + T3)1,/3 ^ ^ " ( T  + T).m 1.59  oo oo oo 2 oo

Substitution and rearrangement of the differential equation gives
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where K = a/(T  3 + b) = effective time constant of the system . Thism
has the solution

T - T

CD O
= z -  1 -  exp-t/K (A-2.4)

Therefore plots of log (1 -  Z) vs. t should give a straight line of

slope -1/K. If there is an initial lag, then this must be subtracted

from the time. Alternately the point where 63.2% of the change  is

complete a lso  can be used as a time constan t. Actually a ll three

methods were used in th is work. By carrying out severa l step  function

experiments over the temperature range, K can be evaluated as a

function of T . In the furnace described, different resu lts  were m
obtained from heating and cooling experiments. For heating

When steady s ta te  operating conditions were e s tab lished  for each 

setting  of the autotransformer, then the furnace temperature was found 

as a function of autotransformer se tting . This rela tionship  is

= 667/[(Tm/1000)3 + 3. 60 ] (A-2. 5)

and for cooling

Kc 6 6 7 / [ (T /1000) 3 + 2. 94 1 m (A-2. 6)

T 20 + 0 .8  Y5/ 3 <°C) (A-2. 7)
co

where

Y autotransformer position, % of full sca le .

These resu lts  now can be used to determine the operating condi­

tions which are required for the DTA runs.

Operating Conditions and Procedures

In DTA measurements it is usually  desirab le  to maintain a 

uniform heating or cooling rate, m. That is



95

. « .  . . -
T[ h ]  ’  ?b * 1 dt * lt " tbl Tb± K r ' •< " *b*

where

W

dT/dt = m = constant, C /m in

t, = time at beginning of DTA run, minb

T = temperature at beginning of DTA run, °C.

The upper sign (+) is chosen for heating and the lower value (-) 

for cooling. When the expr< 

then the final expression  is

for cooling. When the expressions for T and K are combined,

(A-2. 8)

[  h ]  Tb ± m(t ” V
(A-2. 9)

5/320 + 0. 8Y T m 667

3.  60 ^ 5 6 6  + Tp  h i  + 0 .  8Y5 / 3 \

2.  94
+

^  2 0 0 0  J
This equation is unique for the particular furnace and sample arrange­

ment, and must be solved by tria l and error. For heating and cooling 

ra tes  of 2 . 5°C/m in, the solutions are plotted in Figure A—II— 1 along

with the correlation for T as a function of Y.oo
It is apparent then that for heating, the original se tting of

the autotransformer must be almost at midscale, but the rate  of motion

of the autotransformer (dY/dt) is le s s  than that required to maintain

T . The slope of the  Y vs. t curve then defines the rate of motion oo ^
for the autotransformer, which must be e s tab lish ed  by the Pulse 

se lec to r  circuit.

D iscuss ion

The time constan t and equilibrium temperature correlations are 

functions of the furnace and sample designs, and must be determined 

experimentally for any particular system . Although similar sample 

geometries should be used for any consis ten t  se ries  of runs, there is
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no need to re ta in  a particular sample holder if it is found to be u n sa t is ­

factory for any reason. A new calibration can be obtained, and in 

general will be found not to vary significantly  for a particular furnace.

Although the apparatus requires careful attention at each 

change point on the y - s c a le ,  it represents  a good compromise between 

reliability , accuracy, cost and ease  of operation. No temperature 

controller or precision program circuit is required, and the only 

expensive items in the system are the recorder, the DC amplifier, the 

motor-driven autotransformer, and the precision potentiometer. The 

rest of the system, being built from small, standard components, is 

relatively inexpensive.



APPENDIX III 

SAMPLE PREPARATION

M aterials

The m aterials used in th is  work originated from three sources .

Samples of the III-V compounds, GaAs, GaSb, InAs, and InSb were

donated by Texas Instruments, Inc. These sam ples were either portions

of C zochralsk i grown single  c ry s ta ls ,  or portions of zone refined ingots.

One sample of GaSb w as received in the form of a "button" formed by

direct fusion from the e lem ents. Specimens of a number of compounds,

including Ag^Se, Ag^Te, PbTe, PbSe, and SnTe, were donated by Dr.

Alan J. Strauss of Lincoln Laboratories. Exact sample h isto ries for

the preparation of the samples mentioned above are largely unavailab le .

A qua lita tive  measure of their purity, however, may be a sce rta ined  from

their respec tive  melting points and their thermal behavior (sharp versus

gradual) during melting. The remainder of the sam ples were prepared in

our laboratory by d irect fusion from the e lem ents. Table A—III— 1 contains

a summary of all of the e lem ents, whether used as  standards or used in

the preparation of compounds, together with their respec tive  sources and

purities . And Table A-III-2 contains a l is t  of a ll the DTA sam ples used

for the measurement of heats  of transformation.

Specimens of B^Te^, B ^Se^, CsSe, CdTe, I n ^ e ^ ,  InTe, I n ^ e ^ ,

PbSe, PbTe, SnTe, ZnTe, and Ag In Se were prepared from the elem entsL o 13
in our laboratory. F irst, the elem ents were wherever poss ib le  etched 

with n itric  acid or aqua regia in order to remove any surface oxide, and 

then weighed out to ±0. 25 mg (total weight of sample = 25 to 70 g) by 

means of an an a ly tica l  balance using s tandard ized  w eights . In each 

case  the s to ich iom etric  composition w as assum ed. Thus in the following,
_ J[c

Ag^Te ='Ag2 g g ^  qq, In^Te^  -  In2 gg^e^ gg. e tc . : That is ,  the compounds

* Hodgkinson (32) has pointed out, however, that the maximum melting 
point does not in general correspond to the stoichiometric composition. 
This behavior is borne out experimentally. Thus, InTe, In^Te^, Ag^Se,

?;zT,e v  B12SV  Sb2T®2<?ndBSnTeareT r e a l ly ,n 4 a ,2 Te50<!8 ’ In4 0 . 3 ^ 5 9 . 7 ’
* ) 9 6 6 ,56 33,44 * *' ‘40 .0 6 5  ®59. 935' 40. 02 59. 98' 4 0 .4 0
Te59: 60 ^  and^ 4 9 .  06 50. 94
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TABLE A - I I I - 1

ELEMENTS USfeD AS STANDARDS IN THE PREPARATION OF COMPOUNDS

Element Source Puritv

Ag Cominco Products, Inc. 5N, deoxidized

Bi American Smelting and Refining Co. 5N

Cd American Smelting and Refining Co. 4N

Cu American Smelting and Refining Co. 5N

Ge Z one-levelled  single crysta l 2-4 ohm-cm.

In Indium Corp. of America 5N

Pb Cominco Products, Inc. High Purity

Sb Johnson, Matthey and Co. , Ltd. High Purity

Se American Smelting and Refining Co. 5N

Sb Johnson, Matthey and C o . , Ltd. High Purity

Sn Johnson, Matthey and C o . , Ltd. High Purity

Te American Smelting and Refining Co. 5N

Zn American Smelting and Refining Co. 4N

5N = 99. 999% 

4N -  99. 99%
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prepared here did not necessa rily  correspond precisely  to the composition
$

at the maximum melting point. An exception was Ag^In^Se^ , which was 

purified by zone refining.

The elements were then placed in spec ia lly  cleaned, c lear, 

fused s i l ica  tubes, subsequently  evacuated  to below 0.1 micron and 

sea led . The encapsu led  sample w as next reacted  by controlled heating 

to well above the melting point or liquidus temperature. For most sam ples, 

the heating and cooling cycles were accomplished in a digitally  programmed 

res is tan ce  furnace. The latter equipment has been described by Hozak, 

Cook, and Mason (3 3 ). For cadmium and zinc telluride, however, it was 

found more convenient to use a much more rapid reaction cycle than could 

be achieved with the res is tance  furnace. For these  compounds, the 

encapsuled  elements were placed in a graphite susceptor and heated by 

radio frequency induction to a temperature about 50-100°C above the 

melting point of the compound. The entire heating cycle could be con­

summated within 3-5 minutes, thus suppressing any reaction with or

wetting of the s i l ic a  sample tube. The compound Ag In Se , the ex is tenceL o  13
of which has been reported by O'Kane (66), was prepared as follows.

70 grams of Ag, In, and Se, in the proper sto ich iom etric  ratios, were 

placed in a 10 mm I. D. s il ica  tube. The Ag was placed in the bottom of 

the tube and the In and Se were cut into small p ieces , mixed together and 

placed on top of the Ag. After sea l-o ff  the overall sample length was about 

30 cm. The sample was reacted  by carefully  heating it in a rotating, 

rocking, re s is tan ce  furnace. Extreme caution was taken as  the tempera­

ture approached 245°C, since the In and Se react violently  with one
❖ * o

another at th is point. Following the exothermic reaction  at 245 C,

heating was continued until the sample was completely molten (MP. =

814°C). The molten sample was then transferred to a preheated zone

* In th is c ase  the composition Ag^IngSe^ is approximate, since the
exact influence of the zone refining process on the com position is as yet 
undetermined.

**  This fact was confirmed by DTA experiments on a sample of 2In + 3Se. 
Secondary reaction  peaks were observed at 610 and 835 C.
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refiner and sub jec ted  to three or more p a s se s ,  using a zone length of 

about 3.. 8 cm and a zone travel ra te  of about 1. 9 cm /hr. Upon comple-
5

tion of zone refining, portions of high res is t iv i ty  (>  10 ohm-cm) 

material were removed for further processing .

Preparation of Alloys

Alloys of Cd-Te and Zn-Te for the phase diagram determinations 

were prepared in much the same manner as the in term etallic  com­

pounds. In the c ase  of Cd-Te a lloys, the elements in the desired 

ratio  were weighed into fused s i l ic a  tubes and sea led  under vacuum 

as described  above. They were reacted  by heating to temperatures well 

above the liquidus in a rotating, rocking re s is tan c e  furnace, and were 

rapidly cooled or a ir-quenched  to room temperature to obtain a homogen­

eous sample. In many in s tan ces  the sam ples wet the fused s i l ic a  tube 

and induced cracks and fractures in the containers during cooling. Only 

sam ples which remained bright, shiny and unoxidized after fusion were 

p rocessed  further.

In the case  of the Zn-Te a lloys, the R-F induction method described  

above was found to be much more sa tis fac to ry . Reaction with and wetting 

of the s i l ic a  tube were completely suppressed . Although w ater-quenching 

of some sam ples proved sa tis fac to ry , a few m aterials , notably 30-50 a /o  

Te in Zn, were found to explode when rapidly plunged into cold water. As 

a resu lt,  most of the sam ples were rapidly cooled in air by turning off the 

power to the R-F unit.

Preparation of DTA Samples

Samples for the heat of transformation determ inations were pro­

c e s s e d  as  described  in Appendix I. For the phase diagram stud ies , the 

a lloys were completely crushed and 15 grams of material were sea led  

under vacuum below 0.1 micron, in c lear, spec ia lly  c leaned, fused s i l ic a  

tubes which were 10 mm in I. D. and each of which contained a concentric  

thermocouple w ell about 2. 5 cm deep. Exceptions were sam ples containing



102

more than 80 a /o  Cd or Zn, in which c a se  crushing was im possible. These 

materials were recovered in the  form of a solid  ingot which w as rebottled 

in its  en tirety  and res ted  on top of the thermocouple w ell until melting 

was in itia ted .
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APPENDIX IV 

PHYSICAL PROPERTIES AND THEIR ESTIMATION

In order to perform heat transfer ca lcu la tio ns , va lues are needed 

for the heat cap a c i t ie s ,  thermal conductiv ities  and so forth of the 

various components of the system . Furthermore, va lues are needed for 

the la ten t hea ts  of fusion of the "standards"  so  a s  to have a ba s is  for 

comparison of the re su l ts .  For many of the components these  properties 

are w ell known, but for most of the in term etallic  compounds they  have 

to be estim ated . In th is  section , the v a lues  used  will be summarized 

and the refe rences given. Methods of estim ation  will a lso  be d isc u sse d

H eats of Fusion and Transformation

The heats  of fusion  for a ll  of the s tandards, except Ge, were 

taken  from Kubaschewski and Evans (47). More recent va lues for Ge 

have been reported by Greiner and Breidt (28) a s  w ell as by de Roche 

(71). Among the in term etallic  compounds, va lues  are availab le  only 

for Bi^Te^ (8), InSb (62, 73) and GaSb (73). Heats of transit ion  have 

been reported for In2^e 3 (94) and Ag^Se (47).

Two methods are availab le  for the estim ation  of heats  of fusion.

The first is based  on a corre lation  between the entropy of fusion and 

the  melting temperature by Turkdogan and Pearson (84). The data  

sca tte r  considerab ly  so tha t the probable error is high, perhaps ± 25% 

or more, but the correlation does point up a trend of increasing  entropy 

of fusion with increasing  melting tem perature. Certa in  c la s s e s  of 

compounds, such as  those  of z incblende structure , however, do not 

f i t  into th is  correlation. The second method, which is due to Kubaschewski 

and Evans (47), c o n s is ts  in additively  combining the  entropies of fusion 

of the e lem ents to obtain  the  entropy of fusion  of the  compound. For 

d isordered  a lloys , th is  method provides an exce llen t estim ate . For ordered 

a lloys and compounds it has been found that a better estim ate  is  obtained 

if a factor

110
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cr = -R [  N In N + N2 In N ]

is  added to the sum of entropies of fusion of the elem ents. Here and 

N2 are the respec tive  atom fractions of each element in a binary compound, 

R is the gas constant ( l . 987 c a l /g  atom °K), and the units of cr are 

ca l/m ean  gram atom °K. If transit ions occur below the melting point 

of the compound the above calcu lation  would give an estim ate  of the 

sum of the entropies of transition  and the entropy of fusion.

D ensities

The d en s itie s  are perhaps the best known of a ll the physical 

p roperties  needed. The den s i tie s  of nearly all of the materials of in terest 

here are given in the standard handbook references (27, 30, 35, 48, 77).

The density  of a and (3 - I ^ T e  at room temperature was measured 

by Zaslavskii and Sergeyeva (95), and those  of the III-V compounds at 

high temperature were reported by Joffe and Regel (37). Although the 

values at high temperature are desired, corresponding measurements at 

room temperature usually  provide a sufficiently  prec ise  estim ate . If the 

density  is  unknown, it can be estim ated from the crysta l structure.

The density  of s il ica  is  p ractically  independent of temperature 

from 300°K to 1600°K and has a value of 2. 20 grams per cubic centimeter. 

For the purge gases ,  the perfect gas law provides a good estim ate;

p (g /cm 3) = 0.0122 M/T (°K)

where M is the molecular weight of the gas and the pressure  is taken 

to  be one atmosphere.

Heat C apac ities

The specific  heat of s i l ic a  g la s s  (77) in c a l /g  °K is given as 

follows;
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_2
CP,S102 = 0 .223  + 0 .0613 ( j ^ - )  -  0.00575

T = °K

A summary of the spec if ic  h ea ts  of a number of elem ents and compounds 

at the ir  resp ec tiv e  melting points appears in Table A-IV-1. Kubaschewski 

and Evans (47) have pointed out tha t the specific  heat of many compounds 

is  around 7. 25 ca l /m e an  gram atom °K a t the melting point. The data  

reproduced here is  in general agreement with th is  figure, so it w as used  

to  predict spec if ic  heat when they were unknown. The spec if ic  hea ts  of 

some compounds a t  the tran s it io n  temperature are reproduced in Table A-IV-2. 

These figures were used  a s  a guide in estim ating  heat cap ac i t ie s  of sim ilar 

m aterials a t  the tran s it io n  temperature.

Thermal Conductivity

The thermal conductivity  of fused s i l ic a  is  a nearly linear function 

of tem perature and may be represen ted  by the following equation (27):

ks .0  (ca l/m in  cm °K) = 0. 155 + 0. 190 (y^ jg )  T > 300°K 
2

The thermal conductiv it ies  of nitrogen (22) and helium (22, 90) are w ell 

approximated by the  re la tions:

kN (cal/m in  cm °K) = 0. 00060 + 0. 01085 ( j ^ )  -  0. 00180 ( j ^ j ) 2 
2

T > 300°K

k Re (cal/m in  cm °K) = 0. 01163 + 0. 03625 (“ J-Q) -  0. 00278 C y ^ y )2

T > 300°K
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Table A-IV-1

Specific  H eats of Elements and Compounds at the  Melting Point

M aterial

Tt

° c

sc

ca l/m . q.

1c

a. -  °C Reference

Ag 961 7. 63 7 .3 (77)

Bi 271 7 .43 7.29 (77)

Cu 1083 7. 31 7 .5 (77)

Ge 937 7. 27 (47)

In 157 6 .88 7.10 (77)

Pb 327 7 .03 7. 55 (77)

Sb 631 7. 14 7. 5 (77)

Te 450 8 .4 0 9.0 (77)

AgBr 430 9. 35 7.45 (47)

AgCl 455 7. 50 8. 00 (47)

B12S3 777 7 .05 (47)

Bi2Te3 586 7. 58 (9)

CdS> (1750) (7.35) (47)

InSb 525 6. 55 7 .4 (62, 72)

Sb2S3 547 6. 98 (47)

SnS 881 7 .05 (77)

ZnS (1650) 7 .2 6 (47)
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Table A-IV-2

Specific Heats of Compounds at the Transition Point

T c a cP T c P cY
a-(3 p p p -v  P P

M aterial °C ca l/m . a . a.°C °C c a l /m .g .a .  °C

Ag2S 179 7. 36 7. 21

Ag2Se 133 7.23 6.80

Ag2Te 147 7. 70 7 .36 799

Cu2S 103 6. 50 7.75 350 7. 75 6.77

Cu2Se 110 7. 07 6. 73

In2Se3 200 9. 35 9. 35 725

(47)

(47)

(47)

(47)

(47)

(94)
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The thermal conductiv ities  of the standards near their melting 

points are well known and are summarized in Table A-IV-3. Those of 

the interm etallic  compounds, on the other hand, are in general unknown. 

Moreover, due to the large number of p rocesses  which influence the 

thermal conductivity at high tem peratures, their prediction is  extremely 

difficult without de ta iled  information about the e lec tr ica l  properties of 

each sample. The la tte r  information was not availab le  for our sam ples. 

As a resu lt,  a reasonable  estim ate  of the thermal conductivity at the 

melting point could be made only in the c ase  of the III-V compounds for 

which experimental data  were available. For the remainder of the com­

pounds, values of the thermal conductivity were se lec ted  in a somewhat 

arbitrary fashion and represen t orders of magnitude only. Some of the 

es tim ates  used in our-calculations are given in Table A-IV-3.

Em issivities

Even though no ca lcu la tions in which the equivalent conductances 

for radiation appear were performed in th is  work, the va lues of the 

em iss iv ities  and other methods availab le  for their estim ation are of 

in te res t  because knowledge of them will be useful in future work where 

it may be desired  to perform such ca lcu la tions . The em issiv ity  of 

oxidized nickel (30) may be expressed  as  follows

6NiO '  ° '  143 + 0- 48 O  ? 300° K

An effective em issiv ity  for fused s il ica  w as found by assum ing that

a ll w avelengths le s s  than 3. 7 microns are to ta lly  transm itted  through

the quartz while a ll w avelengths greater than 3. 7 microns are completely
*

absorbed, and that th is  distribution is independent of temperature.

In truth the absorption spectrum is  a complicated function of both w ave­
length  and temperature. See, for example, ref. (27). It is a fact, 
however, that some radiation  will penetrate  the tube and impinge on 
the sample. As a zeroth approximation th is  factor may thus be taken 
into consideration.
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Table A-IV-3

Thermal C onductiv ities of the Solid Near the Melting Point

M aterial or 
ProDerty

Value Used 
c a l / s e c - c m -  K

Temperature
°C

Method of 
Estimation References

In 0. 053 156 A (77)

Pb 0. 070 327 E, A (77)

Bi 0. 018 270 E, A (77)

Sb 0. 052 630 E (77)

Ag 0. 65 960 E (27)

Ge 0. 042 937 E (1, 5, 36, 75)

Te 0. 009 450 E (2, 20)

InAs 0. 020 942 E (13, 14)

InSb 0. 018 525 E (13, 15 ,40 ,81)

GaSb 0. 013 706 E (86)

GaAs 0. 018 1237 L _ _

Code:

E — Extrapolated from experimental data .

A — From the temperature coefficient of e lec tr ica l  re s is tan ce , a.

kT/ k 300 = T /3 0° (1 + “ (T '  300))-

L— From the extrapolation of the  la t t ice  component of thermal
conductivity to the melting point and the W iedemann-Franz law:
k -  k , + L<r . ph



Secondly, it is assumed that the reflectiv ity  of the quartz is zero.

Kirchoff's law then takes  the form

e =  a =  1 -  t

The transm iss iv ity  as  a function of temperature may then be found from 

the f irs t  assum ption and the black-body radiation distribution function.

The following empirical expression  was obtained for the em issivity

‘sio2 = exp[ - ^ 5 - °-39j }  T => 420°K

Em issivities of the various interm etallic  compounds are largely 

unknown. The reflectiv ity  of GaAs has been measured (4) but data on 

the other compounds is  nonexistent. Where sample em issiv ity  data were 

not availab le , they were estim ated, from the index of refraction according 

to  the  formula:

e = 4 n /(n  + l)

Use of th is  formula implies that the transm ittance is effectively zero and 

that the extinction coefficient is small compared to n . It may be noted 

that th is equation appears to work quite w ell for Ge and GaAs at room 

temperature, so that it might a t  le a s t  be expected to provide a reasonable  

estim ate . Some values of the em issiv ity  for standards as  well as  compounds 

are summarized in Table A-IV-4.

In rea lity  the reflectiv ity  of fused s i l ic a  varies from 17% at room 
temperature to 3% at 800°C (68).



118

M aterial or 
Property

In 

Pb 

Ag 

Bi 

Te 

Sb 

Ge

GaSb 0 .66

InSb 0 .64

GaAs 0.70

InAs 0.70

Reference

E (77)

E (77)

E (77)

E (77)

E (77)

E (27)

N (16, 24, 34)

N (16, 24, 34)

E,N (4, 16 ,24 ,34)

N (24,34)

Table A-IV-4 

E m issivities of Elements and Compounds

Method of 
Value Used Estimation

0 .10  * A

0 . 1 0

0. 03 

0. 08 

0 .45 

0. 35 

0. 52

Code: E -  Experimental;

N - From index of refraction 

A -  Arbitrarily assumed.
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APPENDIX V

CONDUCTION OF HEAT IN THE SYSTEM DURING MELTING*

In th is  Appendix, the complete temperature problem encountered 

during melting of a DTA sample [ Regime (B) ] is  considered and the 

solution estab lished  for the c a se  of sem i-infin ite  planar bounding 

surfaces. A continuous solution of the following boundary value problem 

is to be found. The differential equation governing the temperature in 

regions (2) and (3) is :

have a discontinuity  of the  first kind a t  x = X^.

The author is deeply indebted to Mr. A. N. Currim for his a s s is ta n c e  in 
solving th is problem.

Cf. Figure 2 .1 , where x is  written in p lace of r and X in place

A-5. 1

X3 < x < Xj , t > 0

where k, p, and c> are functions of x only and are defined in the 

region X < x < X̂  such that

k(x)
k3 for X3 < x < X2

P (x)
p2 for X2 < x < Xj

P3 for X3 < x < X^

c (x) 
P

where k_, k_, p„, p_, e tc . are constan ts , so  that k, p, and c 5 L 5 C. p

of R̂  , s ince  in th is  problem the bounding surfaces are  planar,
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The in it ia l  condition and the boundary conditions are:

As .• t -* 0+, T(x, t) -  0 ; X3 < x < Xj !A-5. 2;

As x -*■ X3+ , T(x, t) -  0 ; t > 0 A-5. 3

As x  — X^“ , T(x, t) -* y t  ; t > 0 A -5 .4

The temperature is  continuous at x = X^:

lim T(x, t) = lim T(x, t) ; t > 0  (A -5 .5

x X - x  -*• X +

The flux is  continuous across  x = X2:

V  u  6 T  I-  u  5 T  A c  ^
llm 3 die = hm  2 t > 0 A' 5- 6

x  -  X2-  x -  X2+

The differential equation A -5 .1 takes  the following form in region (3) and 

region (2), respec tive ly :

62 T 1 6 T X < x < X . t > 0 A-5. 7E 2 , 2 6 t  3 25 x h3

6 T 1 X < x .< X, , t  > 0 A -5 .8

where

.  2 . 2 6 1 2 16 x  h 2

2 k-
h. = — ~ i   i = 2 ,3 A - 5 .9

is  the thermal diffusivity .



and write:

T (x ,t)  = T (q, t) = v (q, t) + y q t  A-5. 11

Substituting Equations A - 5 .10 and A - 5 .11 into Equations A-5. 7, A-5. 8, 

and A-5. 2 through A-5. 6 transforms the inhomogeneous boundary problem 

for T (x, t) into the following homogeneous boundary value problem for 

v (q, t ) :

= Ĥ 2 + v H 2 q ;  0 < q < d  A-5. 12
t > 0

2 6 v 2= H2 g-j- + v q ; d < q < 1 A - 5 .13
t > 0

As t 0+ , v (q, t) -*■ 0 ; for 0 < q < 1 A-5. 14

As q -» 0+ , v (q, t) -*• 0 ; for t > 0 A;-5.15

As q -» 1- , v (q, t) -* 0 ;  for t > 0  A-5. 16

lim v (q, t) = lim v(q , t) t > 0  A-5. 17

q -*• d -  q -*■ d+

6Zv

6 q 2

6 2 v

6 q

ilm ( k3 ) + ‘W  Yt = llm (*2fin t > 0  A' 5- 18
q -*■ d -  q -* d+

where /v v  \ 2
2 ( 1 ‘  3 *
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The solution of the boundary value problem given by Equations 

A-5. 12 and A - 5 .18 is  obtained by using the Laplace transform.

/ co

e St v (q, t ) d t  = V (q, s) A-5. 20

o

Then Equations A - 5 .12 to A -5 .18 become: 

c 2 v  2 Y H 2 q
— r- = HQ V + ------2  , 0 < q < d A-5. 21r 2 3 s6 q

62 V 2 'y H 2 q—~  = H s V +  ----- , d <  q <  1 A-5. 22c 2 2 s6 q

As q -* 0+ , V (q, s) -* 0 A-5. 23

As q -*• I - ,  V (q, s) -► 0 A-5. 24

lim V (q, s) = lim V (q, s) A - 5 .25

q — d- q — d+

( s  S )*  ■ “ (‘.S ')
q -*> d - q -* d+

Equations A-5. 21 and A-5. 22 are elementary and have the respec tive  

general solutions:

V (q, s) = - + A(s) sinh (H^q Vs) + B(s) cosh (H3q Vs),
s

0 < q < d 1 A-5. 27

V (q, s) = -  + C(s) s inh(^2q Vs) + D(s) co sh (H 2q Vs)

d < q < 1 A-5. 28

Using Equations A-5. 23 to A-5. 26 in A-5. 27 and A-5. 28 there 

re su l ts  a se t  of four simultaneous equations for A(s), B(s), C(s) and
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D(s). Solving these  for A(s), B(s), C(s) and D (s ) , substitu ting

th ese  re su lts  in to Equations A-5. 27 and A-5. 28 and simplifying, the 

following express ions for the Laplace transform, V(q, s) , of v(q, t) 

result:

V(q, s) = -  JL^
s

^  _____________________ sinh (H3 g fs)___________________________

s 2 [ cosh (H d Vs) sinh (H (1-d) Vs) + c sinh (H d fs) cosh  (H (l-fi) Vs)]
J  U J  b>

valid  in 0 < q < d A-5. 29

V (q, s) = - 2s

[ cosh  (H d fs)  sinh (H (q-d) Vs) + c sinh (H d fs) co sh  (H (q-d) Vs)] 
+ -X-  £------------------ e-------------------------------- 3____________ 2_________

s 2 [ cosh (H d Vs) sinh (H (1-d) Vs) + c sinh (H d Vs) co sh  (H (1-d) Vs)]
J u J L

valid  in d <  q <  1 A-5. 30

Where k ? H
c = — —  A-5. 31

3 3

These transform functions may be inverted and will give the so lu ­

tion for the boundary value problem. The inverse transform is  given by
*

the inversion integral:

M+iS

/ '
p-*oo

v (q, t) = lim / V (q, s) e St ds  A-5. 32

M-ip

* Cf. Churchill (18) p. 176 ff. In particu lar a ll the conditions of 
theorem 5, p. 178, are sa t is f ied .
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which sa t is f ie s  the condition v(q, t) = 0 for t < 0. Here M is  a  

rea l number so large that a ll  the s ingularities  of the complex function 

V(q, s) of the complex variable s lie in the left half plane Re(s) < M.

By expanding the hyperbolic functions, appearing in V(q, s), 

in M aclaurin se ries  in the complex s plane, it is easy  to see  that 

V(q, s) has no branch cuts  in the s -p lan e . Hence we may evaluate  

the integral A-5. 32 by closing  the contour in the left half plane Re(s)

< M , as  in Figure A-V-l. The curve BB'CA'A is an arc of a parabola 

with focus at the origin and so chosen that it p a sse s  through no 

s ingularities  of V(q, s). By C auchy 's  theorem, it then follows that

where C, is  the contour ABB'CA'A of Figure A-V -l. By arguments similar 

to those in Churchill (18) p. 204 ff, it is  eas i ly  seen that the integral

Hence it follows that the inverse transform v(q, t) of V(q, s) is given by:

The function V(q, s) defined by Equations A-5. 27 and A-5. 28 

has a double pole at s = 0 and it a lso  has s ingularities  at the roots 

of the transcenden ta l equation:

cosh  H3d Vs' sinh H2(l-d) }Js + c sinh H ^ iT s  cosh  H2(l -d) tTs  = 0

s tV(q, s) e ds = sum of the res idues  of V(q, s) inside

A-5. 33

Stof V(q, s) e over the arc of the parabola BB'CA'A van ishes  as (3-*-co .

stv (q, t) = sum of the res idues  of V(q, s)e in the left half 

plane Re(s) < M A-5. 34

A - 5 .35

which may be w ritten  as

sin  H2(l-d)|3 cos H3d(3 + c cos H2(l-d)(3 sin  H3dp = 0 A-5. 36
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I  m  ( s )

M +  \f3

C

R e ( s )

M —i >3

Figure A -V -l. Contour in the Complex Plane for Inversion of the 
Laplace Transforms, Equations A-5. 29 and A-5. 30.
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with

(3 = i ifs A - 5 .37
*

It has been shown that a ll  the roots, (3 of Equation A-5. 36
n stare real and simple, so tha t it follows that V(q, s)e has only simple 

poles at the non-zero  roots of A-5. 35.

The residue  pQ(t) at the double pole s = 0 is:

pQ(t) = Aj + A2 t A -5 .38

where

A. = yc

rr 3 3H3 q H3q

i{H2(l-d ) + c H 3 d3 £H2 (l-d ) + c H 3 d}

H_2 d 2 H , ( l - d )  H 2 ( 1 - d ) 2 „ ,  ,  cH H , d ( l - d ) '
—-------- 2 -------  + - 2 — -------- + f  H d + — 1— -----------

2 6 6 3 2

valid  for 0 < q < d A - 5 .39

A_ = yc
H3 q

H2(l-d ) + c H 3 d - y q

valid  for 0 < q < d A-5. 40

A, = V

,  H 3 c H , d 3
H3 H , d (q -d )  + —  (q-d) + — —  + f  H3H2 (q-d)

H (1-d) + c H 3 d

H2 (q-d) -  c H 3 d . r H 32 H2 d2(l-d ) H ^ l - d )3

{H 2 (l-d) + c H 3 d} 2 ^  2 6

c H H 2 d ( l - d )2
u valid  in d < q < 1

3 3 c H 3 d

A -5 .41

Cf. Carslaw and Jaeger (17), p. 324 ff.
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H2 (q-d) -  c H j d  

*2 “  V H2 (l-d ) + o H 3 d ‘  ™  V alld in  d < ' <1< 1

A -5 .42

The non-vanishing roots of Equation A-5. 35 are designated  (3̂  ,

n = 1, 2, 3 , . . .  and ordered so that p < p < . . .  < p < . . .1 2  n
Putting

P n  =  i  V s"n n A-5.43a

one se e s  that the non-vanishing roots of Equation A-5. 35 in the complex 

s -p lan e  are a ll negative:

s = - pn r n A-5.43b

so that we need only take p to be the positive roots of A-5. 36. The
st n

residue p (t) of V(q, s) e at p is: n n

Pn W = - 2 y  —

n

Bn (q) ex p (-P n t)

n
A-5. 44

where

B (q) = c sin H_ p qn 3 n 0 < q < d

and

B (q) = cos (H dp )sin(H (q-d)p ) + c sin(H ,dp )cos(H_(q-d)p ) n J n c n 3 n ^ n

for d < q < 1 A-5. 45

and

C = n £H2 (l-d) + c H 3 d ]  cos (H2dPn)cos(H2 (l~d)Pn)

+ - j c H - ( l - d )  + H d ( sin(H dp ) sin(H _(l-d)p  )
j  J  3 n c n

0 < q < 1 A -5 .46
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So it follows that

oo B (q)
v(q, t) = A. + A t -  2 y 2  — ------  exp ( -  (3 t)

1 2  n=l f>3 C nn n

0 < q < 1 A-5. 47

where (3 are the positive  roots of Equation A-5. 36, and A., A_, B (q) n 1 2 n
and are defined above. It is  now e a s i ly  verified that Equation 

A-5. 47 sa t is f ie s  a ll the boundary conditions A - 5 .15 to A-5. 18 and the 

d ifferential equations A - 5 .12 and A - 5 .13 of the boundary value problem 

for v(q, t). It has already been shown in Equation A-5. 32 that v(q, t) : 

s a t is f ie s  the in itia l condition A-5. 14. Hence Equation A-5. 47 is co m ­

p le te ly  e s tab l ish ed  a s  the solution of the boundary value problem defined 

by the  express ions  A-5. 12 to A - 5 .18.

It then  follows, via Equation A - 5 .11, tha t  the solution of the 

boundary value problem defined by the exp ress ion s  A-5. 2 to  A-5. 8 is  

given by:

T(x, t) = v(q, t) + y q t A-5. 48

where q, d are defined by Equation A-5. 10.

It is  of in te res t  to know the behavior of Equation A-5. 48 as  

H2 *♦ 0. This rep resen ts  the s ituation  of the gas film corresponding to 

a neglig ibly  small heat sink. If one ta k e s  the limit of Equation A-5. 47 

as  — 0 , one finds after a sligh tly  ted ious (but straightforward) 

calcu lation :



lim T (q, t) 
H2- °

Vq t

(1- » j

V HI q3

2 2 
y H 3 d q

-a,J 3k.

Vk3 H32 d2 (l-d)

d + ~ r  (1-d)
2

G O

2YH32d2 s  
n=l

sin “ n q / “ n V
— J  6XP J '

3 ) ':3 (1-d) k3 (1_d) ^a y .j— — cos a + cos a + — ---- —  + a sin a x
n / k ^ d  n n k ^ d  n n

valid in 0 < q < d A - 5 .49

where a = H„d (3 .n 3 n

and a lso

lim T (q, t) = V k3 H 2 d3 (q— 1)

H. -  0 r  k  ' 2
3 k 2 d + T -̂ (1-d) 

-  2 J

yt  [ d + - 3 ( q -d ) ]

* , T U-d)]

2 2 
2 -yd H

00
S

n=l arn

sin a a cos a exp -

k
cos a + cos a a sin

valid in d < q < 1 A - 5 .50
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where a are the positive  roots of n

k2 da cot a + —  7;—tt = 0 A-5. 51k3 (1-d)

The parameters and variab les £ C ", h ' ,  h " ,  0 t ' of Chapter II 

are rela ted  to the variab les above as follows:

q(x - x )
(C  - i) = — v—  A" 5- 52

3

h ' = X2/X3 A - 5 .53

q(X. -  X J  - (X -  X.)
( i "  -  1) *        L  A-5. 54

2

11" = X2/X A-5. 55

0* = k /k  A-5. 563 4

t ' = X32/ h 32 A-5. 57

The region 0 < q < d corresponds to the region 1 < £, ' < r| 1

and the region d < q < 1 corresponds to the region 1 < Z, " < -q ". If

one designates  lim T(q, t) as y ( £ ' , t )  in 0 <  q <  d and lim T(q, t) 
H2- o  h 2- 0

as  z ( £ " . t )  in d <  q <  1 , then Equations A-5. 49 and A-5. 50 become 

identica lly  Equations 2. 39 and 2. 40.

Thus Equations 2. 39 and 2. 40 result if the approximation can be 

made that

H H
■ r r  / i  i \  a  2  1 - d  _  2  1 - dsin  H (1-d) (3 = sin  “  -——  a = ■.-77-   a

2 ' ' r  H3 d H3 d

A-5. 58



131

In our problem typ ical v a lues  of the  param eters are X̂  -  X^ = 0. 175 cm, 

X2 - X3 *= o . l  50 cm, H2 = 0. 127 sec^ ^2 and = 1.81 s e c *^2

so that H2( l - d ) /H 3d = 0 .0117. Therefore the approximation A-5. 58 is 

valid  for

“ e ~oLo i  = 10 radlans

Now the  roots of Equation A-5. 51 are tabu la ted  by Carslaw  and Jaeger (17),

In particular, for k-j/k2 = 35.7 the  roots of

a cot a  + 0 .168 = 0

are

" l 1. 65

a 2 4. 75

a 3 = 7. 87

a4 = 11.0

so tha t it may be concluded that the  approximate so lu tion  given in Chapter II 

is  sufficiently  p rec ise .

Finally it is  of in te res t  to in ves tig a te  the value for the  time 

constan t for damping out of the t ran s ien t  portion of the solution. It is 

c lear  from Equations. A-5. 49 and A-5. 50 tha t th is  time constan t may be 

written a s  follows:

T , = H 2 d 2/ * 2 A-5. 591 3 1

whence
1. 81 x 0. 857 n nQ

t =    = 0 .89  sec.
1 .65

For the cy lindrica l problem it is  expec ted  tha t th is  time constan t would be

given by

t x =  T '/p2 A-5. 60

❖
Cf. Chapter II, Equations 2. 30.
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where |3̂  is  the first positive  root of

Jo (P) Yo (T1 ,p) " V P) Jo (ri,(3) '  O ' P l n V  JQ(P) Y ^ri 'p )  -  Yo (P)J1(t1'P)

= 0

A-5. 61

For the typ ica l va lues  of the param eters given on page 16, which correspond 

to the v a lu e s  used above, it may be found that the va lues of p computed 

from Equation A-5. 61 are:

Pj = 5 .34  

P2 = 15.74 

P3 = 26.20

e t c . , whence

T1 = = 26- 6 / ( 5- 34) 2 = 0 .9 4  sec .

Thus the agreement between Equations A-5. 59 and A-5. 60 is  excellen t.

It is  thus concluded that as melting of the DTA sample is  in it ia ted  the 

thermal conductance w ill  increase  from its value prior to melting to the 

steady  s ta te  value within one or two seconds a s  shown schem atica lly  in 

Figure 2. 2.



APPENDIX VI

COMPUTER PROGRAMS AND EXPERIMENTAL DATA

In th is  appendix the  computer programs used in evaluating  the 

experimental data are described , and the numerical va lues of the 

necessa ry  param eters are reported.

This ca lcu la tion  c o n s is ts  in finding the gas film th ickness  by a tr ia l  

and error comparison of the theo re tica l and experimental time constan ts  

for exponentia l decay of the DTA curve until agreement within a specified  

error (one percent) is ach ieved . The conductance and latent heat are 

then found in a straightforward manner via Equations 3. 2 through 3. 5 and 

Equation 1 .7  respec tive ly . The variab les  used  are defined below, and 

the MAD* l is tin g  of the program together with the da ta  p rocessed  

follow.

MAD Variable Variable in Text Explanation

Program Number DTA-19 for Direct 
C alcu la tion  of the Thermal Conductance

AREA Area under DTA curve, °C min

A Lower value  of (3 in in terval 
to be scanned

B Upper value of p in in terval 
to be scanned

Cycle  of DTA run

O utside diameter of s i l ic a  
tube, cm

CYCLE

D3 2R3

D4 2RA Outside diameter of sample, cm

D5 2R5 O utside diameter of thermo­
couple w ell, cm

M ichigan Algorithm Decoder, University  of M ichigan Computing 
Center, Ann Arbor, M ichigan.
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Variable Listing for 

MAD Variable 

DELTA

DELX

DP

EPS

ERROR

ETAPP1

ETAPP

ETAP

ETA

G3

G4

GS2

GS

I

JOX, etc .

K3

K4

KS2

LF

L

M

NUMBER

NU

PHIP

PHI

Program DTA-19 (Cont'd) 

Variable in Text Explanation

D

2

JQ(P), e tc .

k *2

Lf  H
L

m

4>'

4>

Increment function for changing 
7J_"

Increment for changing (3 in 
scanning the  interval, A to  B

Cf. Equation 2. 58

Cf. Equation 2 . 56

Percent disagreem ent between 
TAUX and TAUC

Initia l estim ate  of "

V R2 

V R3

V R4
Thermal Conductance of the s i l ic a  
tube, c a l/cm  min °K

Thermal Conductance of sample

Thermal Conductance of gas film

Overall Thermal Conductance

Subscript of DELTA

Bessel function of f irs t  kind

Thermal conductivity  of s i l ic a  tube, 
c a l /c m  min °K

Thermal conductivity  of sample 

Thermal conductivity  of gas film 

Latent heat, c a l /g  

Sample height, cm 

Sample m ass, g 

DTA sample number 

Cf. Equation 2 . 48

k3/ k 2

k 4 / k 3
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Variable Listing for Program DTA-19 (Cont'd) 

MAD Variable Variable in Text

Rl

RHOCP3

RHOCP4

R

RUN

SAMPLE

Tl

TAUC

TAUX

TAUP

TAU

TF

U

V

w

X

YOX, e tc .

( f ° p > 3

( f Cp > 4

Texp
T '

T

T

c ^ P

P

Yq((3), e tc .

Explanation 

Maximum value of R 

Specific  heat of s i l ica ,  c a l / c c  °K 

Specific heat of sample, c a l / c c  °K 

Running index 

DTA run number 

DTA sample composition 

Cf. Equation 2 . 7

C alcu la ted  value of T"exp min

Cf. Equation 2 .4  

Cf. Equation 2 . 3
o 'Absolute temperature, K x 10"

Cf. Equation 2. 28

Bessel function of the second kind
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Program Number DTA-16 for Direct 
C alcu la tion  of the Thermal Conductance

In th is  method a double tr ia l  and error ca lcu la tion  is required 

because  a value of G is needed in order to compute the gas film th ickness  

from two measurements of the area under the DTA curve obtained when two 

g ases  of w idely different thermal conductivity  a lterna te ly  fill  the system. 

The defin itions of the va riab les  which are different from those  used  for 

Program DTA-19 are tabu lated  below, and the MAD lis ting  of the computer 

program follows.

MAD Variable Variable in Text Explanation

ALPHA

BETA

A

B

a

b

a Cf. Equation 2. 61 

Cf. Equation 3. 9 

Cf. Equation 2 . 61 

Cf. Equation 3. 8

CHECK Function for choosing C to insure 
convergence

Function for incrementing LF 

Units are cm

C

Dl

DELTAD Units are cm

Emissivity of n ickel oxide

Equivalent em iss iv ity  of s i l ic a

Emissivity of sample

Desired limiting value of ERROR

Percent difference between c a l ­
cula ted  and assum ed va lues  of LF

Shape fac tors, Equations 2 . 62, 2 .63

M ultip licative  fac to rs  for correcting 
k ,  and k *

El

E3

E4

EPSLN

ERROR

F5, F6 

F, FS

G, GS G, G Overall conductances with helium 
and nitrogen, c a l /c m  min °K



1 4 6

Variable Listing for Program DTA-16  (Cont'd)

MAD Variable Variable in Text Explanation

I, IS Area under DTA curve with helium
and nitrogen, °C  min

JMAX Maximum value of J

J Variable subscrip t of F and FS

K Variable subscrip t of C

K2, KS2 k^, Thermal conductivity  of helium
and nitrogen, ca l /cm  min °K

LFO Initial estim ate  of LF

NMAX Maximum value of N

N Variable subscrip t of XI

SMAX Maximum value  of S

S Running index, subscript of LF

XI Arbitrary parameter, normally
unity

ZETA2 l/lnY^"
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Program Number DTA-17 for Analysis of DTA Data

This short program w as dev ised  in order to fa c i l i ta te  the p rocessing  

of the experimental data  according to the method whereby the conductance 

is estim ated  from the experim ental time constan t plus the estim ated  thermal 

capacity . It w as designed  so thdt e ither the data  on standards could be 

used  for computing the correlation factor Z, or the la ten t heat could be 

computed from the data  on compounds using a specified  value of Z.

The defin itions of the MAD variab les  are l is te d  below, and the com­

puter programs plus the experimental data  follow.

MAD Variable Variable in Text Explanation

AREA Area under DTA curve, °C min 

"Correct" thermal capacity , c a l /° C  

Estimated thermal capacity , c a l /° C  

Specific  heat of sample, c a l /g  °C 

Specific  heat of s i l ica ,  c a l /g  °C

C C

CEST C

CP

CPQ

INDEX Variable subscrip t; INDEX = 1 refers to 
data  on compounds for se r ies  B; 2- 
compounds, se r ie s  C; 4 -  s tandards,

MQCONT

series  B; 5- standards, se r ie s  C

M ass of s i l ic a  in contact with 
the sample, g

TAU ' exp Units are min 

Temperature, °K x 10^TF T

VQCONT Volume of s i l ic a  in contact with 
the sample, cc

Z Correlation factor, C /C '

The remaining symbols u sed  in th is  program have a lready been defined.
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APPENDIX VII 

NOMENCLATURE

A .= Area, cm.2

A = Coefficient in solution of differential equation

B = Coefficient in solution of differential equation

B = Function defined by Equation A-5. 45n

C .= Heat capacity , c a l /°K

C = . Coeffic ient in solution of differential equation 

C^ ~ Function defined by Equation A-5. 46

D = Determinant

D = Coeffic ient in solution of differential equation .

D = Diameter, cm

E == Energy, cal

F » Free einergy

F = Shape fac to r (Cf* • E q s . . 2. 62 and 2. 65)

F = Various functions of p (Cf. Eq/ 2.58)

G = Thermal conductance per unit height, c a l /c m  se c  °K

H = Square root of time constan t (Cf. Eq. A - 5 .19)

H = Enthalpy ■ •

1̂  = Integrand of e x ce ss  free energy function (Cf. Eq. 5.1

T « Bessel function of the f i rs t  kind of order nn

K 38 . Thermal conductance, c a l / s e c  °K . . .

K *• . Time, constan t (Appendix II only)

170
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L = Sample height, cm

L = Lorentz number

or = Heat of fusion or transition , c a l /g  

M = A positive , rea l number (Cf. Eq. A-5. 32)

M = M olecular W eight

N = Atom fraction •

N = Number of items in computing an average

P = Coeffic ient in. the solution of a differential equation

Q -  Rate of heat flow, c a l /  sec

0  = Coeffic ient in the so lu tion  of a d ifferential equation

R = A spec if ic  value of r (or x), cm

R = Gas constant, 1. 987 c a l /g  atom °K

S = Entropy

T = Temperature, °K ,

or = Melting point or transit ion  temperature 

U. = Overall heat transfer coefficien t, c a l /c m 2 sec  ° k

V = Volume

V =. Laplace transform of v (Appendix V)

X = A spec if ic  va lue  of x , cm
4

X = The group Of variab les  cr AT (Chapter II)

Y -  Autotransformer se tting , % of sc a le  (Appendix II)

Y = Besse l function of the second kind of order nn

Z * Correlation factor defined in. Chapter III

a * Radius ratio. 2. 60)

a * Function defined in Chapter II (Cf. Eq. 2 . 3 9 f f . )
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b = Radius ratio  (Cf. Eq. 2. 60)

b = Function of a (Cf. Eqs. 2. 39 and 2. 40 f f . ) n n

c = Function defined in Chapter II (Cf. Eq. 2 . 3 9 f f . )

c * C onstant defined by Equation A-5. 31

Cp = Specific heat, c a l /g  °K

d = C onstant defined by Equation A-5. 1 Ob

e = . 2. 7 1 8 2 8 . . .

f = Fraction of to ta l  rad iation  emitted by one surface  which is seen  
by Other

h = Square root of thermal d iffusivity  (Cf. Eq. A-5. 9)

: 1  -

k = Thermal conductivity, c a l /c m  sec  °K

m = M ass, g ■

m = Heating rate , °K/min (Appendix II only)

n = Average number of atoms in c lu s te r

n = Index of refraction

q = D im ensionless variab le  defined by Equation A-5. 10a. 

r = Radius, cm

s = Laplace transform variab le

t = Time, sec  or min; with subscrip t, a time constan t

v -  Temperature variable  (Cf. Eq. 2.3)

v = Temperature variab le  (Cf. Eq. A-5. l l )

x  = D istance  variab le , cm

x = Mole fraction of compound in solution

y = Temperature function (Cf. Eq. 2.4)
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2 = Temperature function (Cf. Eq. 2. 5)

a ' = A defined function of s; with subscrip t, an eigenvalue

a = A function of the equivalent conductances for radiation
(Cf. Eq. 3. 9)

a = Temperature coefficient of e lec tr ica l  res is tance

a = Absorptivity" . . .

p = A defined function of s; with subscript, an eigenvalue

P = A function of the .equivalent conductances for radiation
, (Cf. Eq. 3.8)

P = Real number in Equation A-5. 32

■y -  Heating rate, °K/min

y ~  Activity coefficient

e = D im ensionless parameter (Cf. Eq. 2 .56  ff.)

€ = ' Emissivity

t, = D im ensionless space variable, r/R. or x/R

ri = D im ensionless parameter, R. . . /R.l - l  l

0 = Differential temperature, T. ^ T , °KK

v = D im ensionless parameter, f / t .  (Cf. Eq. 2. 58 ff.)0

IT = 3. 14159.

3p -  Density, g./cm •

p -  .Reflectivity 

p =. Residue

& Stefan-Boltzmann constant

o- = Standard deviation

a * . Entropy factor (Cf. Eq.. 4. 2)
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cr = Electrical conductivity

r  -  Time constant, • sec  or min

t = Transm issivity

0 « D im ensionless parameter (Cf. Eq.

^ » Thermal conductivity ratio  (Cf. Eq

0 = • Function defined by Equation 5. 3

, 1.3)

. 2. 10 ff.)
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12  ( 3 1 )  1 9 A 2 .Y A .  ANOSOV.  Z H .  OB SH CH .  K H I M . .
AM.  C E R .  S O C . .  38  ( 2 8 1 )  1 9 5 5 .
CHEM.  P H Y S . .  3 3  ( 3 0 5 )  1 9 6 0 .
CHEM.  P H Y S . .  3 6  ( 1 0 8 5 )  1 9 6 2 ,
D E S R E .  COMPT.  R E N D . .  ( P A R I S ) .  2 5 2  ( 3 A A 8 ) 1 9 6 1 .  
D E S R E .  COMPT.  R E N D .  I P A R 1 S ) .  2 5 3  ( 8 6 7 )  1 9 6 1 .

AND F .  D A N I E L S .  J .  A M.  CHEM.  S O C . ,  7?  (<. 1 ) 1 9 5 7 .  
U R E J .  B A U R L E .  AND A .  C O R N I S H .  J i .  A P P .  P H Y S . .  3 0

30. ( 1 0 5 0 )  1 9 5 9 .

SECOND

L .  G .  BERG AND' V .
S .  L .  BOERSMA, '  J .'
G .  F .  B O L L I N G .  J .
G .  F .  B O L L I N G .  J .
E .  B O N N I E R . A N D  P .
E .  .BONNIER AND P .
H .  J .  BORCHARDT
R .  BOWERS.  R .  W« U R E J .  B A U R L E .  AND A .  C O R N I S H .  J i .  A P P .  P H Y S . .  3 0  ( 9 3 0 )  
1 9 5 9 .
R .  BOWERS.  J .  E .  B A U R L E .  AND A .  J .  C O RN I . SH ,  J .  A P P .  P H Y S . .
G .  BUSCH AND M .  S C H N E I D E R .  P H Y S I C A ,  X X .  ( 1 0 8 4  >. . 1 9 5 4 .  .
M .  CARDONA.  PROC.  I N T .  C O N F .  S E M I C O N D .  P H Y S . .  P RAG UE .  1 9 6 1 .

' H .  S .  CARSLAW AND J .  C .  J A E G E R ,  CON DU CTI ON  OF HEAT I N  S O L I D S .
E D I T I O N ,  OXFORD U N I V E R S I T Y  P R E S S ,  1 9 5 9 .
R .  V .  C H U R C H I L L . ' OP E RA T I O N A L  M AT HE MA T I CS  .  SECOND. ED I T I  ON .  MC-GRAW HILL BOOK 
COMPANY,  I N C . ,  NEW YORK.  1 9 5 8 .
D .  H .  D AMO N.  B U L L .  AM.  P H Y S .  S O C . ,  I 1 - 8 ,  23  J A N .  1 9 6 3 .
E .  D . ■D EV YA TK O VA .  B .  Y A .  M O I Z H E S ,  AND I .  A .  S M I R N O V .  F I Z .  T V .  T E L A .
1 ( 5 5 5 )  1 9 5 9 .  .
A .  S .  DWORKIN AND M .  A .  BRED IG » J .  P H Y S .  C H E M . .  6 4  ( 2 6 9 )  1 9 6 0 .
E .  R .  G .  ECKERT AND R .  M .  D RAKE.  HEAT AND MASS T R A N S F E R .  MC-GRAW H I L L  BOOK
COMPANY,  I N C . , '  NEW YORK.  1 9 5 9 .
C. '  E Y RA U D.  COMPT.  R E N D . .  -238 ( . 1 511  ) 1 9 5 4 .
H .  P .  R .  F R E D E R I K S E  AND R . .  F .  B L U N T ,  P R O C .  I . R . E . .  4 3  ( 1 8 2 8 )  1 9 5 5 .
K .  FURUKAWA.  R E P T S .  ON PROG.  I N  P H Y S . .  XXV ( 3 9 5 )  1 9 6 2 .
A .  GOLDMAN A N D ' G .  I .  P O S T ,  W . A . D . C .  T E C H N I C A L  NOTE 5 8 - 2 5 4 .  A . S . T . I . A .  
DOCUMENT NO.  A D 1 5 5 8 8 7 ,  AUGUST 1 9 5 8 .
A .  G O L D S M I T H , -  T .  E .  WATERMAN,  AND H .  J .  H I R S C H H O R N .  HANDBOOK OF T HE RMO-  

' P H Y S I C A L  P R O P E R T I E S  OF S O L i D  M A T E R I A L S .  R E V I S E D  E D I T I O N .  M A CM I L LA N  COMP ANY.  
NEW Y OR K.  1 9 6 1  .
E .  5 .  GREI .NER AND P . '  BRE I . DT .  J .  M E T A L S .  4  ( 1 0 4 4 )  1 9 . 5 2 . '
E .  G. -  GROCHOWSKI  AND D .  R'. MASON.  E LE CTROCHE MI CAL-  S O C I E T Y .  E L E C T R O N I C S
D I V I S I O N  A B S T R A C T S .  10  ( 1 0 0 1 . 1 9 6 1 .
HANDBOOK OF C H E M I S T R Y  AND P H Y S I C S .  4 1 S T  E D I T I O N .  C H EM I C AL  RUBBER P U B L I S H I N G  
COMPANY.  C L E V E L A N D ,  1 9 5 9 .
M . . H A N S E N » -CONST I TUT ION OF B IN AR Y A L L O Y S ,  SECOND E D I T I O N .  MC-GRAW H I L L  
BOOK COMPANY,  - I N C . .  NEW Y ORK,  1 9 6 0 .
R .  J • H O D G K I N S O N » J .  E L E C T R O N I C S .  1 ( 6 1 2 ) ,  MAY 1 9 5 6 i
N .  ' L .  H O ZA K ,- J ,  S .  COOK.  AND D .  R .  MASON.  J .  E LE C TR OC H EM .  S O C . .  1 0 8  ( 1 0 5 )  
1 9 6 1 .
H .  J .  H R O S T O W S K I ,  S EM I CO ND UC T OR S.  E D I T E D  BY N .  B ,  H AN NAY ,  R E I N H O L D  
P U B L I S H I N G  C O R P . .  NEW Y OR K,  1 9 5 9 .

1N I E K N A T  I.ONA'L C R I T I C A L  T A B L E S ,  MC-GRAW H I L L  BOOK COMPANY.  I N C . .  NEW Y ORK.  
1 9 2 9 .
A .  F .  JOFFE- ,  C A N .  J . P H Y S . .  34  ( 1 3 4 2 )  1 9 5 6 .
A .  F -  JOF'FE AND A-. R .  R E G E L .  PROG.  I N  S E M I C O N D . .  4 ,  'HEYWOOD AND C O . . '  L T D . .
LONDON , . ' i 9 6 0 .  . P .  2 3 9 F F .
L. .  B .  JOHNSON' .  I N D .  E NG.  C H E M . ,  52 ( 2 4 1 )  1 9 6 0 .
P .  J U N O D ,  H E L V .  PHYS' i  A C T A .  32 ( 5 6 7 )  1 9 5 9 .

, Y .  KANAI  AND R I  N i l . .  J .  P H Y S .  CHEM.  S O L . .  8 ( 3 3 8 )  1 9 5 9 .  '
J .  J .  KEAVNEY. -  AND E .  C .  E B E R L I N .  J .  A P P .  P O L Y .  S C I E N C E .  3 1 4 7 )  1 9 6 0 .
M .  K O B A Y A S H I ,  Z .  ANORG.  C H E M . ,  6 9  ( 1 )  1 9 1 1 .
M .  K O B A Y A S H I .  - I N T E R N .  Z .  M E T A L L O G . ,  2 ( 6 5 )  1 9 1 2 .

. 1 .  V .  K OR NEE VA .  A .  V .  B E L Y A E V ,  AND A .  V .  NOV OS EL OVA.  J .  I N O R G .  CHEM.
( R U S S I A N ) .  5 ' ( .1)  I 9 6 0 .
I .  I .  K OR N I L O V  A N D ' n .  M .  M A T VE E VA ,  Z H .  NEORG.  K H I M . . - 5  ( 6 7 1 )  I 9 6 0 . ’

•R .  K RO E NI G  AND R .  S NOO' D I JK .  J .  A P P L .  S C I .  R E SE AR CH ,  A3 ( 2 7 )  1 9 5 1 .
0 . -  KUBASCHEWSKI  AND E .  E V A N S .  M E T A L L UR G IC A L . T H ER MO C HE M IS TR Y ,  T H I R D  E D I T I O N ,  
PERGAMON P R E S S .  L T D . .  NEW YORK.  1 9 5 8 .
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B I B L I O G R A P H Y  ( C O N T . )

A 8 •  N .  A . .  L A N GE •  HANDBOOK.' OF C H E M I S T R Y .  E I G H T H  E D I T I O N .  HANDBOOK. P U B L I S H E R S *  
I N C . .  S A N D U S K Y .  O H I O .  1 9 5 2 .

A 9 . w . P .  LAWSON.  S .  N I E L S E N .  E .  H .  P U T L E Y .  AND A .  S .  Y OUNG.  J .  P H Y S .  C HE M .
S O L . .  9 ( 3 2 5 )  1 9 5 9 .

. 5 0 . H . LE C H A T E L I E R ,  Z . ' P H Y S I K .  C H E M . ,  1 ( 3 9 6 )  1 8 8 7 .
5 1 . H . LE C H A T A L I E R ,  B U L L .  S O C .  F R .  M I N . ,  1 0  ( 2 0 A )  1 8 8 7 .
5 2 . G . N .  L E W I S  AND M .  R A N D A L L .  T H E R M O D Y N A M I C S .  R E V I S E D  BY K .  S .  P I T Z E R  AND

L . BREWER,  SECOND E D I T I O N ,  M C G R A W - H I L L  BOOK C OMP AN Y,  NEW Y O R K ,  1 9 6 1 ' .
5 3 . C . E .  LOCKE AND H .  F .  R A S E .  I N D .  E N G .  C H E M . .  5 2  ( 5 1 5 )  1 9 6 0 .
5 A • M . R .  L O R E N Z ,  J .  P H Y S .  CH EM .  S O L . ,  2 3  ( 9 3 9 )  1 9 6 2 .
5 5 . C . H .  L U E C K ,  L .  F .  3 E S T E ,  AND H .  K .  H A L L .  J .  P H Y S .  C H E M . .  6 7  ( 9 7 2 )  1 9 6 3 .
5 6  . V . M.  MARKOWITZ AND D .  A .  B O R Y T A ,  J .  P H Y 5 •  C H E M . .  6 6  ( 1 A 7 7 )  1 9 6 2 . ’
5 7 . D . R .  MASON AND B .  M .  K U L W I C K I .  E L E C T R OC H EM I CA L S O C I E T Y .  E L E C T R O N I C S

D I V I S I O N ' .  A B S T R . -  9 ,  N O .  1 .  . ( 1 9 2 )  I 9 6 0 .  . '
5 8 . D . R .  'MASON AND D .  F .  0  K A NE .  P ROC .  I N T .  C ON F.  ■SEM I C O N D .  P H Y S . .  P R A G U E .

1 ° 6 0 .
5 9 . H . S .  M I C K L E Y .  T .  K .  SHERWOOD.  AND C .  E .  R E ED .  A P P L I E D  M A T H E M A T I C S  I N

C H E M I CA L E N G I N E E R I N G . ' SECOND E D I T I O N .  M C G R A W - H I L L  BOOK C OMP AN Y.  I N C . .  NEl
Y O RK .  1 9 5 7 .

6 0 . 5 . M I Y  A T AN I .  J .  P H Y S .  S O C .  J A P . ,  13 ( 3 * 1 )  1 9 5 8 .
6 1 . H . MIYAZAWA AND S .  SUGA I K E ,  J .  P H Y S .  S O C .  J A P . . . 1 2  ( 3 1 2 )  1 9 5 7 .  -
6 2 . N . N AC H T r i e b  AND N .  C L E M E N T ,  J .  P H Y S .  C H E M . ,  61  ( 1 * 2 * )  1 9 5 8 .
6 3 . D . DE N 0 5 E L ,  T H E S I S .  U N I V E R S I T Y  OF L E I D E N ,  MAY 1 9 5 8 .  P H I L I P S  RESEARCH

R E P O R T S .  1 *  ( 3 6 1  ) 1 9 5 9 .
6 A . ■ F . H .  NOR TON .  J .  A M .  C E R .  S O C . .  2 2  ( 5 * 1  1 9 3 9 .
6 5 . G. OFFERGELO AND J .  VAN C A K E N 6 E R G H E ,  N A T U R E .  1 8 *  ( 1 8 5 )  1 9 5 9 .

. 6 6 . D . F .  0  K A N E .  P H . D .  T H E S I S .  U N I V E R S I T Y  OF M I C H I G A N .  1 9 6 2 .
■6 7 . y . O L E T T E .  P H Y S .  CHEM.  S T E E L M A K I N G , P R O C . .  D EDH AM ,  M A S S . .  1 9 5 6 .
6 8 . 0 . H .  OLSON AND J .  C .  M O R R I S .  W . A . D . C .  TR 5 6 - 2 2 2 .  P T .  I l l ,  CONTRACT N O,

A F 3 3 ( 6  1 6 ) - 3 0 0 2  . P R O J E C T . N O .  7 3 6 0 .  1 9 5 9 .
6 9 . W. P L A T O ,  Z .  P H Y S .  C H E M . ,  5 5  ( 7 2 1 )  1 9 0 6 .
7 0 . R. C .  R E I D  AND T .  K . SHERWOOD.  THE P R O P E R T I E S  OF GASES A N D . L I Q U I D S .

M C G R A W - H I L L  BOOK COMPANY.  I N C . .  NEW Y O R K .  1 9 5 8 ,

7 1 . N . DE R OC H E.  Z .  M E T A L L . ,  * 8  ( 5 9 )  1 9 5 7 .
7 2 . A . S C H N E I D E R  AND R .  B L A C H N I K ,  D I E  N A T U R W I S S E N S C H A F T E N , * 9  ( * 6 5 )  1 9 6 2 .
7 3 . W. F .  SCHOTTKY AND M .  B .  B E V E R .  ACTA M E T . .  6 ( 3 2 0 )  1 9 5 8 .
7 A , S . A .  SEMI  L E T O V • S O V .  P H Y S .  S O L .  S T A T E .  3 ( 5 * * 1  1 9 6 1 .
7 5 . G . A .  SLACK AND C .  6 L A S S B R E N N E R ,  P H Y S .  R E V . .  1 2 0  ( 7 8 2 )  1 9 6 0 .
7 6 . C . S .  S M I T H ,  T R A N S .  A . I . M . E . ,  1 3 7  ( 2 3 6 )  1 9 * 0 .
7 7 . C . J-. S M I T H E L L S .  METALS REFERENCE B OOK,  T H I R D  E D I T I O N ,  BUTTERWORTHS .

S C I E N T I F I C  P U B L I C A T I O N S ,  LONDON,  1 9 6 2 .
7 8 . W . J .  SMOTHERS AND Y .  C H I A N G ,  D I F F E R E N T I A L  THERMAL A N A L Y S I S .  C H E M I C A L

P U B L I S H I N G  C OM P AN Y,  NEW Y O RK ,  1 9 5 8 .
7 9 . ' S . S P E I L .  R E P T .  I N V .  N O .  3 7 6 5 .  U . S .  BUREAU OF M I N E S .  1 9 * * .
8 0 . L . E .  S T E I N E R  AND J .  J O H N S T O N .  J .  P H Y S .  C H E M . .  3 2  ( 9 1 2 )  1 9 2 8 ,
8 1 . A . D .  S T U C K E S ,  P H Y S .  R E V . .  1 0 7  ( * 2 7 )  1 9 5 7 .
6 2 . E . S T U R M .  J .  P H Y S .  C H E M . ,  6 5  ( 1 9 3 5 )  1 9 6 1 .
8 3 . C . D .  THURMOND AND M .  K O W A L C H I K . B EL L SYSTEM T E C H .  J O U R . .  3 9  ( 1 6 9 )  1 9 6 0 .
8 A . E . T .  TURKDOGAN AND J .  P E A R S ON ,  J .  A P P L .  C H E M . .  3 ( * 9 5 )  1 9 5 3 .
8 5 . J . U ME D A, M.  J E O N G ,  AND T .  OK ADA,  J A P .  J .  A P P L .  P H Y S . .  1 ( 2 7 7 )  1 9 6 2 .
8 6 . R . W. U R E ,  P R I V A T E  C O M M U N I C A T I O N .
8 7 . M . J .  V O L D .  J .  A N A L .  C H E M . ,  2 )  ( 6 8 3 )  1 9 * 9 .
8 8 .  C .  WAGNER.  ACTA M E T . . .  6 ( 3 0 9 )  1 9 5 8 .
8 9 .  P .  N .  W AL SH .  E .  W.  A R T .  AND D .  W H I T E .  J .  P H Y S .  C H E M . .  6 6 ' ( 1 5 * 6 )  1 9 6 2 .
9 0 .  W.  D .  WE AT H ER F OR D.  J R . .  J .  C .  T Y L E R .  AND P .  M .  K U .  W . A . D . D .  T E C H .  R E P T .

6 1 - 9 6 .  A E R O N A U T I C A L  S YS TEM S D I V I S I O N .  WRIGHT P ATTE RS ON  A I R  FORCE B A S E .  
O H I O .  1 9 6 1 .

9 1 .  F .  E .  W I T T I G .  Z .  E L E K T R O C H E M . , 5 *  ( 2 8 8 )  1 9 5 0 .
9 2 .  W.  J .  WOE ST EN .  J .  P H Y S .  C H E M . .  6 5  ( 1 9 * 9 )  1 9 6 1 .
9 3 .  W.  J .  WOESTEN AND M.  G .  G E E R S .  J .  P H Y S .  C H E M . .  6 6  ( 1 2 5 2 )  1 9 6 2 .
9 * .  T ,  YOS HI  O K A .  TOHOKU U N I V .  S C I .  R E P T S . .  * *  ( 9 9 )  1 9 6 0 .
9 5 .  A .  I .  Z A S L A V S K I  I  AND V .  M .  S E R G E Y E V A .  F I Z .  T V .  T E L A .  2 ( 2 8 7 2  ) I 9 6 0 .


