
. •, 

·, 

• .1 •) 
..,. I L..- ' v 

I. LATI'ICE HEAT CAPACITIES OF .ALLOYS 
AT LOW TEMPERATURES; InPb, AuCd, Mg3Sb2 

II. EFFECT OF ORDERING 
ON LATTICE HEAT CAPACITY; Aucu3 

Hong Il Yoon 

{Ph.D. Thesis) 

August, 1971 

AEC Contract No. W-74o5-eng-48 

~ ,,.,,~ ...... , 

~ ,.,""' 
..! ,' '~ ,, ,; , .... 

for Reference 

Not to be te~ken from this room 

LBL-101 

c.\ 

;.J,' 
~ '.I • 

i::>Oct 

-0 
f)--



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
Califomia. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



- . 
¥ 

f 
-1 '-. ; 

-~·. ~ 

.• 
, ... , 

LBL-101 

I. LATTICE HEAT CAPACITIES OF ALLOYS 
AT LOW TEMPERATURES; InPb, AuCd, Mg3Sb2 

II. EFFECT OF ORDERING 
ON LATTICE HEAT CAPACITY; AuCu3 

Hong Il Yoon 

(Ph. D. Thesis) 

August, 1971 

UNIVERSITY OF CALIFORNIA 

Lawrence Berkeley Laboratory 
Berkeley, California 

AEC Contract No. W-7405-eng-48 

For Reference 

Not to be taken from this room 

.~ -~ -· ~ - -- ~-- -



0 ,u 0 (~ :; 6 '>. 

(.~2 2 (~,.;;: 

"·" ~'j ()j ',;,;) 
"':"' 

( \ 

-i-

I. LATTICE HEAT CAPACITIES OF ALLOYS 
AT LOW TEMPERATURES; InPb, AuCd, Mg3Sb2 

II. EFFECT OF ORDERING 
ON LATTICE HEAT CAPACITY; AuCu3 

Hong Il Yoon 

Inorganic Materials Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Materials Science and Engineering 

College of Engineering 
University of California 

Berkeley, California 

August, 1971 

ABSTRACTS 

Part 1. 

Heat capacities of three alloys were measured by isothermal 

calorimetry from 20° to 298°K. The alloys were InPb, endother-

mically formed from the elements, the moderately exothermic 

AuCd, and the highly exothermic MgsSb 2 •. Deviations from Kopp's 

law of additivity of C were rather small, except for a small 
p 

anomaly of undetermined origin at 240° to 300°K for InPb, and a 

decided negative deviation (-5o/a) above 200°K for Mg 3Sb2• 

InPb deviates positively from Kopp's law below 100°K; the 

maximum deviation at 30°K amounts to 0. 3 cal/g-atom deg. 
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Above 1 00°K, it deviates negatively up to about 0. 1 cal/ g-atom 

deg. just below the anomaly, where it becomes positive. The 

integrated £:o.Hst-£:o.H0 and £:.Sst- £:.SO am~unt to -1 cal/g-atom and 

0. 464 eu, respectively. The total heat of the anomaly is about 

14 cal/g-atom; the entropy, about 0. 03 eU:. .AuCd deviated 

negatively from Kopp's law below 200°K, trending to positive 

at higher temperatures, the maximum deviation being about 

0. 1 cal/ g-atom deg. Integrated effects were -"14 cal/ g~atom 

for £:o.Hst - £:o.H0 and -0. 027 eu for £:..8 st- AS 0 . Mg3Sb 2 had 

positive deviations below 70°K, trending to negative nearly 

' 
0. 3 cal/ g-atom deg. above this temperature. Integrated 

effects were -50 cal/g-atom for £:o.H - £:o.H
0 

and -0.072 eu for 
st 

Part 2. 

Heat capacities of the AuCu3 alloyin both the·ordered and 

disoredered st~tes have been measured between 20° and 298°K by 

isothermal calorimetry. Combining the heat capacity data for 

AuCu3 from this study with existing high temperature ~hermo-

dynamic da:ta, 8°
0

, d: d d .. , the configurational entropy, was 
1sor ere 

found to be 0. 987 eu, which is somewhat lower than the 

theoretical value for complete disorder, 1. 117 eu. The 

difference may be explained in terms of short-range order J the 

\ 
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existence of which is confirmed by heat of formation measure-

ments with tin solution calorimetry. 

The heat capacities of both states show small positive 

deviations from the Kopp's law value up 'to 1 70°K above this 

temperature the deviations become slightly negative. However, 

the heat capacity of the disordered state is slightly higher than 

that of the ordered state below 130°K by a maximum amount of 

0. 06 cal/g-atom-deg. at 70°K. From 130°K to room temperature 

the difference is practically zero. In agreement with previous 

Debye temperature measurements on AuCu3 at helium tempera-

tures (below 4. 2°K), a small but definite decrease of C on . p 

ordering was observed. 
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I. INTRODUCTION 

It is of great interest to know how alloying affects the vibra-

tional heat capacity and whether bond strength is related to lattice 

heat capacity. It would be a reasonable hypothesis that .6.C . p 

(heat capacity difference between the alloy and its components) is 

positive for endothermic alloys, because bonding is looser than 

in the elements and a higher Deby~ temperature might be expected. 

The opposite hypothesis would be reasonable for exothermic 

alloys. 

Few studies have been made on this problem" In the compi

lation by Hultgren, Orr, Anderson, and Kelley in 1963(
1

) and 

(2) . 
theri supplementary work to date 288 systems have been 

evaluated. Of these systems, for only seven substitutional non-

magnetic alloys has C been measured at temperatures between 
p 

20° and 298°K where lattice heat capacity should show effects. 

Most low temperature C studies of alloys nave been made 
p 

in the liquid helium range (below 4. 2°K) for the special purpose 

of determining the electronic heat capacity. Knowledge of 

electronic heat capacity is of great interest in obtaining an 

understanding of the density of states of the Fermi electron gas 

in the metallic state. These measurements do not clearly show, 

however, the effect of alloying on the vibrational (Debye) heat 
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capacity, Although direct measurements are not plentiful, so:tne 

conclusion should be possible from entropies of formation, where 

they'have been measured 

f
rr .c:.c dT 

.C:.S T = .C:.S 0 + P 
- 0 T 

Since, by the third law, S 
0 

is zero for the elements, the entropy 

of formation. at zero, .c:.s
0

, is simply the configurational entropy, 

Hence, deviations from the configurational entropy of formation 

are dictated by the integrated sign of .C:.C , A clue to a relationship 
p 

between .C:.H and .C:.C such as proposed in the first paragraph might 
p 

be found by examining the relationship between .C:.H and .C:.S, 

Anderson (
3

) sought such a relationship at 50 atomic percent 

compositions for 45 liquid alloys for which he felt the entropies 

of formation were reasonably well known, Since these should 

have nearly ideal configurational entropies, .C:.Sxs was compared 

with .C:.H, Of course, other factors contribute to .C:.C , and hence p .. 

to .C:.Sxs, besides the vibrational term which we are considering, 

For example, there is the electronic contribution, the dilation 

contribution, (C .- C ) , and various anomalous effects such as 
p v 

magnetic transformations, So we cannot expect precise rela-

tions, but might find statistically that there are definite .trends" 

As can be seen in Fig, 1, there is a decided trend, Of 25 

exothermic systems of Anderson's study, only two had a positive 
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.t.Sxs, eight were zero within experimental error, and 15 had 

negative values for .t.Sxs. Of 20 endothermic systems, only two 

had a negative .t.Sxs, six were near zero, and 12 had positive 

XS 
values of .t.S . 

For solid alloys the configurational entropies may vary 

widdly. 39 ordered solid alloys which should be without magnetic 

anomalies were examined in this study. For these, since the 

configurational entropies should be near zero, .t.H was compared 

with .t.S with the results shown in Fig. 2. Here also there is a 

statistical correlation, though the center of the curve is dis-

pla<;:ed toward negative values of .t.H. The. correlation would 

closely resemble Fig. 1 if .t.H were plotted against .t.Sxs. The 

reason for this was not understood. 

The heat of formation, .t.H, represents the.energy of bonding 

in the alloy minus the energy of bonding in the component pure 

elements. Exothermic alloys should have tighter bonds, higher 

vibrational frequencies, and lower C values at low temperatures 
p 

than the average of the elements; hence, .t.C should be negative 
p 

for the vibrational contribution to C . Conversely, endothermic 
p 

alloys should behave oppositely. 

The quasi -chemical model (
4

) explains the relationship 

between enthalpy of formation and bonding energy in the simplest 

way. This model clearly has shortcomings. However, it 
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qualitatively explains many facts. In this model the energy of a 

phase equals the sum of the energies of bonds between nearest 

neighbors. The ~ond energies are supposed to be the same at 

all compositions; no provision is made for such factors as 

geometric strain when atoms differ in size; interactions between 

more distant atoms are also not considered. Consider a phase 

containing x mole fraction of A atoms and y mole fraction of 

B atoms- to form the A B alloy. Then the heat of mixing (.6.H ) 
x y m 

could be expressed as follows: 

.6.Hm = Halloy - (xH A + yHB). 

The first order approximation (random mixing) gives .6.H in . m 

terms of bonding energy between atoms as follows: 

L>Hm" -P AB[HAB - !(HAA +HBB)l 

where P AB is the number of bonds of type A-:- B 

and H AB' H AA' and HBB are the bonding energies between 

the atoms. 

The above equation shows that if the bonding energy between 

dissimilar atoms is larger (more attractive) than the average 

bonding energy between similar atoms, the system will be 

exothermic. Likewise, the heat of formation is positive if 

the bonding energy between dissimilar atoms .is smaller (more 

repulsive) that the average bonding energy. 
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The main contribution to·heat capacity comes from lattice 

vibrations and el~ctronic excitations if no .transformations 

occur in the pertinent temperature range, The electronic 

term is the most importnat when temperature is so low that 

the lattice term becomes small. This electronic term becomes 

·larger in absolute value at elevated temperatures, but not so 

fast as the lattice term, The lattice heat capacity is the prin-

cipal term at temperatures above -20°K, Einstein showed the 

influence of quantum effects on C and Debye derived an p . 

expression agreeing better withexperiments, The Debye 

expression assumes a broad spectrum of lattice vibrational 
; 
'v 

frequencies with·a maximum cut~off frequency, It shows 

C should be proportional to T 3 at very low temperatures, p . 

The classical Debye equation for the lattice heat capacity of 

crystals can be expressed as 

S
J.lD 2· kehJ.l./kT 

Cv.::: Cp = g(M) (hJ.l/kT) { :hJ.ljkT .JdM 
0 \e -1 

where g(M) = aJ.t 2 isthe density of states and MD is the 

maximum cut-off frequency, 

It must be noticed. that the simplifi,ed De bye elastic continuum 

model considers identical atoms in isotropic crystals, For 

pure metals, measurements of low temperature elastic constants 

furnish a.means of determining the maximum Debye frequency, 



-8-

In alloys, g(fJ.) functions are not so simple as they are for pure 

metals, making it difficult to modify the classical Debye equation 

for the calculation of heat capacities of alloys" Furthermore, the 

low temperature elastic constants of alloys are usually not 

available" While quantitative predictions of heat capacities of 

alloys cannot be made from the Debye theory, the classical 

model of bond energy theory qualitatively suggests that heat 

capacity should decrease with. increasing bond strength as judged 

from 6.H. From the simple harmonic model of atomic vibration, 

the vibrational frequency is proportional to the elastic constants 

of the material as the following equation indicates, (
5

) 

where a = lattice constant 

m = mass of atom 

y = elastic constant" 

The Debye temperature is related to the Debye frequency as 

follows: 

where h = Planck's constant 

k = Boltzmann constant" 

As may be seen from the above two equations, the stronger bond 

(judged from the larger elastic constant) should have a higher 

vibrational frequency, and therefore a higher Debye temperature 

and a lower heat capacity" 
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Magnetic contribution,s, phase changes, and other effects 

that cause anomalies in C might have large thermal entropy 
p 

contributions; this could reverse the predic.ted relations of 

.6.C and .6.S. · 
p 

Usually Kopp's law suffices to estimate C values reason
p 

ably satisfactorily af high temperatures. Nevertheless, the 

deviation from Kopp's law can vary appreciably at low tempera-

tures where C is 
p 

changing rapidly. From the 
T C . 

S . = J p(vib. ) d T 
Vlb .. · T 

0 

equation 

it can be seen that low temperature heat capacity is particularly 

important to the entropy since temperature is in the denominator.· 

The scarCity of low temperature heat capacity measurements of 

alloys make it difficult to test the validity of the above mentioned 

.correlations. 

The purpose of the present study was to .investigate the 

relationship between .6.Hf and .6.Cp experimer;d:ally. 

The seven systems mentioned on page 1 which have low 

. ' S ( 6) I Sb ( 6 ' 7) temperature heat capac1ty measurements are: Al b:., .n , 

M. _Q (S) L"M (9 ) Cd-M (10 ' ll) A C (12 ) ·d C ·-Z (13 ) Th gzun, 1 g, g, u u, an u n. ey 

are all exothermic systems and show negative deviations from 

Kopp's law. 
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Three systems with large differences in heats of formation 

were chosen.for this study. These are InPb, AuCd, and Mg 3Sb 2 

alloys, whose heats of formation range from positive to·highly 

negative. 

Th InPb system has a positive enthalpy of formation at room 

temperature in the solid state, Measurements by Uquid tin solution 

calorimetry(l
4

) at 315°K showed the heat of formation of the alloy 

to be 300 cal/ g-atom. From differential-·thermal-analysis 

(15) 
measurements,. Heumann and Predel reported .6H to be 

400 cal/ g-atom at this composition. Lead has a face -centered-

cubic structure isotypic with copper. Indium has the same 

structure except that the c~axis is elongated by about 7. 6%, 

making its symmetry face-centered tetragonal. The equiatomi.c 

composition of the IriPb system was chosen because this compo-

sition has the maximum endothermic heat of formation in the 

alloy. The melting point of the alloy of this composition is 

The AuCd (j3-phase) alloy has a relatively-large negative 

heat of formation { -4500 cal/ g-atom). It melts nearly 'congruently 

at 900°K. The phase region of the j3-phase is not well determined 

. . (16,17) 
and the structure at room temperature also 1s not well known. 

At eleyated temperatures the ordered CsCl .(B2) structure exists, 
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with a= 3. 312 A at 50. 1 atomic o/o of Cd. Two different 

diffusionless transformations have been found in cooling 

different compositions of this phase. (
1 7

) At about 50 atomic o/o 

Cd, a tetragonal structure was found at 30°C, whereas 'an 

orthorhombic structure was found at 60°C in alloys with 47, 5o/o 

Cd. (
1 7

) The structures of the transformed phases are not well 

established. The selected value 9f the heat of formation of the 

f3~phase is -4610 cal/ g-atom at the 50-50 composition, based 

(18) . (19) 
on the work of Kleppa and KubaschewskL 

The Mg;3Sb2 alloy has the largest exothermic heat of forma-

tion of systems studied. The melting point of stoichiometric 

Mg 3Sb2 is reported to be 1518°±5°K which is very much higher 

than those of Mg (923°K) and Sb (903°K). It exists in two poly-

morphic forms: a-Mg3Sb2, which has the tetragonal (D5
2

) 

0 0 

structure isotypic with La20 3 with a = 4. 582 A and c = 7. 423 A, 

and which transfroms above about 1180° ± 20°K to {3-Mg3Sb2 which 

has the (D5
3

) structure isotypic with Mn20 3. The range of 

existence of neigher a-nor f3""MgsSb 2 has been determined. 

£:..H = -15300 (±2000) cal/ g~atom at 800°K, was taken from 
m 

. (20) . 
measurements by Kubaschewsk1 and Walter, as rev1sed by 

Kubaschewski and CatteralL (
2
l) 

The method used to measure the C values in this study was 
p 

isothermal calorimetery. Isotherm.al calorimeters were first 
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(22) . (23) 
used by Eucken and Nernst and further developed by 

. ·G· d h' k (24 ' 25 ) h 1 . d . .h. · 1auque an lS cowor ers; t e ca or1meter use 1n t 1s 

work was patterned after Giauque 's design, first built by 

(13) . . (26) 
Huffstutler ·and rebmlt byHawkms, From measure-

ments of the energy input, determined from the heater voltage 

and current, and the temperature rise of the calorimeter as 

measured by a resistance thermometer, the heat capacity 

was determined by dividing the energy input by the temperature 

rise, 

·-.. 

~~~ .... 
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II.·_ EXPERIMENTAL 

A .. Calorimeter 

The calorimeter consists of a specimen container (made of. 

copper) around which a fine gold wire is wound. This g:old wire 

serves both as a heater and resistance thermometer. The 

calorimeter can is surrounqed by a heavy jacket (large copper 

block with large lead mass on the top) to provide large heat 

capacity and good conductivity of the jacket. The entire 

calorimeter-jacket assembly is surrounded by a Monel can 

soft soldered with 60/40 solder to the top supporting plate. 

This whole assembly is contained in a long steel container with 

a glass Dewar inside to hold a cooling medium like liquid hydrogen. 

liquid nitrogen, or dry ice -acetone. Figure 3 shows the general 

arrangement of the apparatus. Complete details of the calorimeter 

.. H k' 'd' . (26 ) are g1ven .ln aw 1ns 1sserta:t1on. 

B. Measurement 

Liquid hydrogen (between 20° -78°K), liquid nitrogen (78° -196°K), 

and dry ice with acetone (196° -300°K) were used as cooling media. 

Sometimes ice"'water was used between the ice point and room 

temperature or between 250°-300°K to keep the drift rate down. 

As much· sample as possible was packed into the calorimeter in 
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rod shape or in powder shape in case the sample is poorly 

conductive. Helium gas was introduced into the calorimeter 

can through a pin hole on the top of the calorimeter after filling 

with sample. After the vessel was evacuated in a dessicater and 

fiUed with art atmosphere of helium gas, the pinhole was selaed with 

soft solder. The calorimeter was left in the dessicater for 30 to 

60 minutes to remove possible moisture. Then the whole calorim-

eter with sample was weighed. No change of weight after 24 hours 

indicates a tight seal. Increase of the weight would be due to 

leakage of air replacing helium gas. At low temperatures (mostly 

.in liquid hydrogen runs) where the heat capacity changes rapidly, 

the energy input was adjusted so that the temperature rise of the 

calorimeter was of the order of ldegree during a single measure-

ment. At higher temperatures the temperature rise was gradually 

increased to 4 degrees. The length of time for a measurement 

was about 7 to 9 minutes. ·During the heating'time, measurements 

were made of h~ater current IH and heater voltage EH at one 

minute intervals. The jacket temperature was only approximately 

constant usually drifting a few hundreds of a degree during the 

measurements. This difference was read from the jacket thermo-

couple and corrected in the calculation .. The time -temperature 

- ... 
distribution for a typical run is shown in Fig. 4. 
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The total energy input was calculated as L= EH·IH· e, where 

e is the heating time, arid EH and IH are average values obtained 

at 0. 21 e and 0. 798. 

Corrections to both the energy and temperature rise were 

small (less than 5o/o) and arose from the following sources: 

(1) heat leaks along the wires and supports 

(2) radiation heat transfer due to temperature differences 

between the jacket and the calorimeter. 

(3) temperature gradients in the sample during heating 

because the heating wire was wound around the outside of the can. 

The final form of the energy input and corrected temperature 

rise of the calorimeter are as follows: 

~T ::: (T -T ) corr c 2 c 1 

c . = 
p 

[+~HN+L £corr 
= 

~T ~T 
corr corr 

where ~HN+ Lis the corrected heat transfer by Newton's Law 

and by heat leaking along the wires ahd supports; T. is the 
J 

temperature of the jacket; T is the temperature of the calorimeter; 
c 

T is the difference between the surface temperature and the 
w 
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assumed instantaneous temperatureo The other symbols are denoted 

in Fig o 4o The details of the calculation are well described in 

Hawkins' thesis. (
26

) 

C. Preparation of Alloys 

510. 039 grams of In and 921. 959 gram of Pb were melted to 

give the equiatomic composition of the alloy. Indium of 99. 999+o/o 

purity and lead of 99. 999+o/o purity, both from the American 

Smelting and Refining Company, South Plainfield, New Jersey, 

were used. For both metals all impurities were reported to be 

below the 1 ppm level except for 3 ppm Cd and 2 ppm Pb in the 

indiumo 

The mixture of the two components was melted in an 

induction furnace at about 600°K under a helium atmosphere, 

then was poured into a chilled copper mold to form an ingot 

1 inch in diameter and 12 inches long. The ingot was cold worked 

to increase the diffusion rate. Then the alloy was sealed in an 

evacuated glass tube with a reduced helium atmosphere and 

homogenized at 450°K for 7 days. Filings from both ends of the 

homogenized ingot were taken and strain annealed in boiling water 

for fifteen minutes then used for x-ray diffraction. The pattern 

0 • • (16) 
from the diffractometer agrees well w1th the literature value .. 
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Back reflectionlines show shapr peaks of the Cu-Ka doublets 

indicating good homogeneity. The ingot was cut into rods of 

1/4 inch square and 5 inches long to fit into the calorimeter. 

99. 999+% gold from Cominco American Inc. , and 99. 999+o/o 

cadmium from American Smelting and Refining Company were 

used. For both metals the spectrographic analysis showed that 

all impurities were below the 1 ppm leveL Equiatomic amounts 

of the two components were weighed and sealed in a quartz tube_ 

under a reduced pressure (1/8 atm) of helium. The alloy was 

melted in several 200 gram batch~s. This mixture in the quartz 

tube was heated to 953°K (the melting point of the alloy is 900°K) 

in a vertical resistance furnace and was vigorously shaken after 

melting. After thorough mixing of the constituents, the quartz 

tube was quenched into an ice-water bath. The weight loss 

during melting ranged from 0. 1% to 0. 3%. The alloys then 

were homogenized in sealed silica tubes at 300°C, 450°C, and 

550°C for one week at each temperature. Filings from samples 

of every batch were strain annealed and studied by x-ray 

diffraction. Sharp peaks at back reflection were obtained, ....... 

showing good homogeneity. The line positions agreed well with 
- .. 

literature values except for a few indefinite lines which might be 
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caused by a small amount of martensitic transformation into the 

tetragonal or orthorhombic structure near room temperature. 

·A high temperature x-ray pattern at 350°C was taken. The lines 

0 

were found to fit a CsCl structure with a= 3. 333A compare to 

3. 312A of literature value(
16

) (also at 350°C). Metallographic 

study after the homogenization showed a single phase with large 

grains. 

The alloys were made from 99. 999+o/o sublimed Mg ingot 

obtained from Research Organic-Inorganic Chemical Company 

··-
and 99. 999+% antimony .from the American Smelting and Refining 

Company which reported 3 ppm of .bismuth in, the antimony. 

The alloy was difficult to make.because the melting point 

of the alloy is very high, the alloy has a very high exothermic 

heat of formation, and Mg has a high vapor pressure. In the 

first two batches 50 grams of the mixture were melted. After 

confirming that the technique was successful in producing 

homogeneous alloys, 100~150 grams of the mixture were melted 

in each bath. A cylindrical graphite tube of 1 and 1/2 inches 

diameter was set inside an alumina tube placed in a vertical 

globar resistance furnace. Mg granules (about 5-10 mm) were 
- .. 

first introduced into the graphite cruCible and then crushed Sb 
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powder (about the same size as the Mg) 1;vas placed over the 

magnef)ium, The top .of the alumina crucible was covered 

with a copper cap and vacuum sealed with an·O~ri.ng, The 

cap was cooled with running water, A stopper was placed at 

the bottom of the tube which is about 10 inches from the hot 

zone of the furnace, A copper tubing in the rubber stopper 

allowed the introduction of argon gas during the reactions. The 

furnace was slowly heated to 640°C (913°K), which is above the 

melting point of Sb (904 °K) and below the melting point of Mg 

(922°K). Antimony first melted into the interstices of the 

·Mg granules .. The heat of the reaction melted the Mg, which 

further reacted with the antimony. The product became solid 

and was held at 640°C for 12 hours. After this the temperature. 

was raised above the melting point of the alloy (about 1300°C). 

At this high temperature the melt was stirred about 50 ti:mes 

with a graphite rod by moving it up and down, The stirring rod 

was enlarged at the 'bottom to produce effective stirring, Finally, 

the melt was held at 1300°C for one hour. The furnace was then 

cooled to 870°C, which is 50° below the transformation tempera

ture, and was held there for another 24 hours, The alloy was 

sealed into a quartz tube ·and annealed at 520°C for 7 days. There 

was about 0. 5% weight loss during the melting, 
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The Nuclear Chemistry Department of the Lawrence Berkeley 

Laboratory analyzed the sample. From the analysis it was 

calculated that 0. 6 weight percent of Mg and 0. 2 weight percent 

of Sb were lost during the melting process. The precision of the 

analysis was ± 0 •. r-0. 3o/o. The analyzed alloy contained 0. 4011 

atomic fraction of antimony, practically the stoichiometric 

composition. The x-ray pattern agreed well with the literature 

values. The metallographic structure showed a very small 

amount of unreacted material which was found to be antimony by 

electron microprobe analysis. The alloy was pounded in a 

diamond mortar to a small size (about 0. 5 em in diameter, 

-100 mesh was removed) so the sample could be packed tighter 

to increase the heat conductivity. 
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III •. EXPERIMENTAL RESULTS 

A. InPb 

About 100 measurements were made on 508" 709 grams 

(3, 1615 g-atom) of the InPb alloy" The experimental values 

are presented in Table 1. The smoothed values with the 

deviation, .6.C , from Kopp's law are presented in Table 2. 
p 

Figure 5 shows the experimental values, the Kopp's law line 

(dotted line), and the smoothed curve of the heat capacity of the 

alloy (solid line). The change of .6.C with T is shown in Fig. 6. p . 

At low temperatures,. around 30°K, .6.C shows a maximum 
p 

va,lue (0. 32 cal/g-atom degree); it becomes negative above 130°K. 

Above· 240°K was found an anomalous peak in C which reaches a 
p 

maximum near 273°K and ends about 298°K. It is.quite small; 

.6.H = 14 cal/g-atom degree, . .6$ = 0. 03 eu:. The cause of the 

anomaly was not found .. It is sluggish and depends on time and 

thermal history of the sample" The heat of the anomaly was 

obtained by heating the sample from 240°K to 300°K. 

Three series of runs covering the ·anomaly region (240° to 300°K) 

were made, yielding different Cp values each time . The first 

series of the runs were· made continuously. from the liquid 

0 

nitrogen temperature with little time interval between the 

measurements. The second series was made in .the same way 
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TABLE L Experimental Values for InPb 

T, °K Cp(cal/g-atom -deg) .T, OK Cp(cal/g-atom -de g) 

22.357 2.768 244.15 6.130 
24.36 3.086 250.46 6.345 
25.69 3.305 256.20 6. 532 
27. 2-2 3.495 262.53 6.899 
28.93 3.712 267.86 6.964 
31. 06 3.865 2nd Series 
33.92 4.074 234.30 6.227 
37.99 4.283 244.34 6.336 
47.61 4.775 254.12 6.437 
59.12 5.182 260.26 6. 581 
65. 73 5.381 266.15 6. 543 
70.27 5.487 271. 99 6.508 
76.46 5. 589 276.47 EL 426 
80.33 5.617 280.05 6.420 

. 83. 79 5.636 285.90 6.400 
88.05 5.676 291. 80 6.394 
94. 10 5.743 3rd Series 

•;,. 100.16 5.774 232.43 6.104 
106.87 5.812 236.05 6.176 
112. 18 5.841 240.24 6.192 
120.73 5.843 247.04 6.306 
126.94 5.904 250.21 6.320 
135.56 6.020 253.22 6.372 
142.38 6.006 256.21 6.454 
150.37 6.039 259.07 6.582 
157.82 6.044 262 .. 13 6.686 
164.27 6.016 265.13 6. 716 
170.38 6.018 268.14 6.919 
176.46 6.015 270.24 6.852 
185.25 6.016 272.26 6.826 
193.24 6.047 274.18 6.813 
198. 51. 6.042 277.02 6. 733 
202.04 6.053 280.02 6.655 
206.50 6.092 285.07 6. 571 
210.03 6.125 290.36 6.441 

..... , .. 214.48 6.104 295.30 6.392 
220.47 6.167 300.05 6.282 
227.88 6.196 . . . 232.88 6.196 
238.49 6.220 
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TABLE IL Smoothed Values for lnPb 

c ~c T, °K c ~c :e :e :e 2 
(cal/ g-atom -deg) (cal/ g-atom -de g) 

2.406 0. 236 140 5. 952 
3,185 0.300 150 5.978 
3.788 0.328 160 6.003 
4.205 0.280 170 6. 015 
4.505 0.220 180 6.031 
4.749 0.184 190 6.049 
4.944 0.164 200 6.069 
5.103 0.148 210 6.088 
5.231 0.136 220 6.104 
5.341 0.126 230 6.128 
5 .. 436 0.116 240 6.153 
5. 511 0.106 250 6.335 
5.576 0.096 260 6.620 
5.636 0.086 270 6.890 
5.686 0.076 280 6.660 
5.726 0.066 290 6.475 
5.767 0.057 298.15 6.380 
5.824 ' 0.039 300 6.375 
5.880 0.020 
5.915 0.000 

~s - ~s = 0. 494 eu 
st 0 

Of.these the anomaly accounts for 

~s = ~o. 030 eu 

~H = ~14 cal/g-atom 

-0.018 
-0.036 
-0.052 
-0.070 
-0.084 
-0.096 
-0.106 
-0.112 
-0.116 
-0.117 
-0. 117 
0.050 
0.320 
0. 570 
0.320 
0.120 
0.000 
0.000 

. Note: subscript st means standard temperature, 298. 15°K 
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as the first series yielding a somewhat different anomaly" The 

third series was made with two hour intervals between the 

measure;ments to give enough time to reach equilibrium; the 

anomaly was still higher. The series with different time 

intervals between measurements are shown in Fig. 7. To 

obtain the value ·at the peak, 275°K, the samples were held at 

ice temperature for one day, three days, and one week, 

respectively, without changing the measured value of C at the 
p 

ice point, showing one day was long enoughto reach equilibrium. 

The sample was held at room temperature for one week. The 

C value at room temperature agrees well with the smoothed 
p 

value which is extrapolated to this temperature from below the 

anomaly, showing that the anomaly is completed at room tempera-

ture. The classic A. -shape of the anomaly was not found, possibly 

due to difficulties of reaching equilibrium. 

The x-ray pattern at liquid nitrogen temperature is nearly 

identical with that at room temperature except for a small shift 

of the lines due to thermal contraction of the crystaL Thus 

the anomaly does not come from a structure change, not even 

from a, change of the c/a ratio. Similar unexplained anomalies 

have been found in hexahydrates of magnesium chloride 

. (28) 
(MgC12 ·• 6H 20) and ')'-maganese. The results of integration 

by Simpson's rule are given in Table 2. 
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TABLE III. Equilibrium Measurements 

Holding Period 'T °K 
-~ 

Cp(cal/g-l?-tom '"de g) 

one day 277~12 6. ~15 

three days 274.84 6 .. 491 

one week 275.42 6. 511 

two weeks 300.80 6.384 

\ 

,~ •· 
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Bo AuCd 

Fifty-two measurements were made on a 696. 319 g 

(4. 5026 g-atom) sample of AuCd. The experimental data are 

presented in Table 4o The smoothed values and LC ·are 
p 

presented in Table 5o Figure 8 shows the experimental points, 

the smoothed values and the Kopp's law values for the alloy. 

The smoothed values were obtained by drawing a smoothed curve 

on the LC plot, extrapolating this smooth curve from 20°K to 
p 

0°K, and adding these smoothed LC values to the Kopp's law 
p 

valueso The LC curve is shown in Fig. 9o LC is zero at 
p p 

20°K and decreases to -0. 08 cal/ g-atom -deg near 60°Ko Above 

200°K the deviation becomes positive up to room temperatureo 

The maximum positive deviation is about Oo 1 cal/g-atom-deg. 

near room temperature. The integration of the smoothed values 

are given in Table 5 .. Kubaschewski measured HT-Hst for the 

congruent melting composition of the j3-phase between 608°-1034 °Ko 

From this· measurement he obtained a negative LC , which is not 
p 

consistent with this study. 

Forty-eight measurements were made on 2260 631 g " 

(3. 5805 g-atom) of Mg 3Sb2• The experimental values are presented 

·.1. 
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TABLE IV. Experimental Values for AuCd 

T,°K Cp(cal/g-atom -de g) T °K 
...:::..1..--=- Cp(cal/g-atom -de g) 

23.75 1. 381 14.3. 77 5. 633 
25.47 1.628 151.81 5.661 
27. 18 1. 817 157.85 5.680 
28.69 1. 886 163.91 5.738 
30.67 2.190 i 71. 00 5. 749 
36. 91 2.625 176.15 5. 733 
40.14 2.858 183.68 5.752 
44.87 3.170 192. 03 5.837 
49.85 3. 538 198.19 5.864 
54.91 3.829 . 201. 69 5.917 
60.26 4.124 205.59 5.934 
66.24 4.379 211. 79 5.974 
72.68 4.590 218.22 5, 947 
76. 11 4.687 223.68 6.002 
79;26 4. 717 229. 79 6.002 

·~ ,. 83.76 4.849 237~79 6.028 
88.17 4.967 244 .. .20 6.056 
92. 23 5.045 250.60 6.085 
99.04 5. 151 256.26 6.083 

103.88 5.215 256.40 6.094 
111.12 5.305 261.84 6.153 
114. 73 5.339 267.81 6.117 
119.32 5.383 273.93 6;189 
125.51 5.456 279. 91 6.210 
131. 67 5. 543 285.98 6. 232 
137.81 5.640 291.91 . 6. 232 

·- ..... 
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in Table 6 and the smoothed values along with D.C ·are presented 
p 

in Table 7. Figure 10 shows the experimental values, the 

· Kopp's law line and the smoothed values of the C curve of 
p 

the alloy. The smoothed curve was taken the same way as was 

that for the AuCd alloy. Figure 11 shows a large negative 

deviation of D.C ·at room temperature ( -0. 292 cal/ g-atom -de g) 
p 

and a maximum positive deviation near 30°K. The curve crosses 

the Kopp's law line at 70°K. 

Integration of this smoothed curve are given in Table 7. 

The expression of Born and Von Karman (
29

) on heat capacity had 

been used to fit the heat capacity curve of the alloy. With some 

modification, assuming isotropicity of the alloy and neglecting 

h d . l . t ( 3 0 ) 'h . f 11 . . . . f d t f. t t e Ia tlon erm, · t e o owing expression was oun o I 

the curve: 

c '•M Sb = D(1 08/T) + 2E(156/ T) + 2E(338 IT) 
P gs. 2 . 

where D(eDjT) and E(eEjT) represent, respectively, Debye 

and Einstein heat capacity functions. 
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. ' TABLE VII. Smoothed Values for Mg:§b 2 

QE .6.Cp QE .6.Cp 
T °K ..;:;_;___::,= (cal/g -atom-deg) T °K _,_ (cal/g-atom -deg) 

20 0.466 0.114' 130 4.662 -0.204 
25 0.735 0.155 140 4.807 -0.217 
30 1.020 0.176 150 4.925 -0.227 
35 1. 300 0~165 160 5.031 -0.237 
40 1.580 0.139 170 5. 119 -0.245 
45 1. 865 0. 111 180 5.198 -0.252 
50 2.148 0.080 190 5.265 -0.257 
55 2.410 0.050 200 5.324 -0.262 
60 2.654 0.020 210 5.376 -0.267 
65 2.880 -0.010 220 5.421 -0.273 
70 3.099 -0.038 230 5.461 -0.277 
75 3·. 297 -0.062 240 5.498 -0.281 
80 3.474 -0.088 250 5.536 -0.284 
85 3.638 -0.110 260 5.570 -0.285 

• 'i 90 3.796 -0.126 270 5.605 -0.286 
95 3. 954 -0.138 280 5.635 -0.288 

,. ~·· 
100 4. 080 -0.150 290 5.663 ·-0~ 290 
110 4.297 -0. 171 298.15 5.685 -0.291 
120 4.495 -0.188 . 300 5.690 -0.292 

Sst-SO= 8.753 eu .6.S -.6.8 = -0. 072 eu 
st 0 

Hst- H0 = 1228 cal/ g:-atom .6.H - .6.H = -50 cal/ g-atom st 0 · 
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IV. DISCUSSION 

It would be expected that when dissimilar atoms attract 

each other (larger bonding energy than the average of pure . 

components), the system becomes exothermic and when dissimilar 

atoms have a lower bonding energy than average, the system would 

become endothermic if other factors do not interfere. Therefore, 

one would expect a higher vibrational frequency than the average 

of the pure components in eKothermic systems and a lower 

vibrational frequency in endothermic systems . 

The bonding energy could be generally referred to the size 
( 

and sign of the heat of formation. The higher vibrational 

frequency relates to a higher Debye temperature and thus to 

a lower heat capacity. The size and sign of the deviation of 

heat capacity from the·Kopp's law value determine the thermal 

entropy. The effects found here were rather small. A 

positive vibrational entropy of formation was obtained in the 

endothermic InPb alloy, a very small negative value in the 

moderately exothermic AuCd, and a small but definite negative 

value for the highly exothermic Mgs8b 2 alloy. The small 

negative vibrational entropy of formation in the'MggSb 2 alloy 

(Table 7) consisted of a large positive deviation at low tempera-

tures cancelling most of the negative contribution to the 
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vibrational entropy at higher temperatures. Consequently 

· (.6.Hst -.6.H
0

) show the negative values of .6.C p more clearly than 

does the entropy. The AuCd alloy shows small negative 

deviation at low temperatures and small positive deviations 

above 200°K .. It is not~worthy that .6.C was positive at low 
'· . p 

temperatures for Mg3Sb2 everi though it is highly exothermic 

system. The MgsSb 2 alloy showed a relatively large negative 

(.6.Hst -.6.H
0

) value (-50 cal/ g-atom) compared with AuCd 

(-'.14 cal/g-atom)andinPb (-1 cal/g-atom). 

In general, highly exothermic substitutionaL alloys have 

a negative {L::.:Hst .:...6.H
0

), .but much more work is needed for 

endothermic systems for further confirmation. Alloys 

containing transition metals would possibly show deviation 

from this general trend because of the possible secondary 

effects due to electronic and magnetic transitions. Some 

more work on different systems with a medium range of 

exothermic heats of formation would confirm and extend the 

present results. To make sure of the nature of the anomaly 

in the InPb alloy, other measurements of different composi-

tions :of the phase are needed . 
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Part 2, EFFECT OF ORDERING 
ON LATTICE HEAT CAPACITY: AuCu3 

L INTRODUCTION 

The effect of the order-disorder transformation on 1attice 

vibrational heat capacities has not been much studied, Hawkins 

(12) . . 
·and Hultgren found for AuCu that the differences m low 

temperature C between the ordered and disordered state were 
p 

not great .. They found slightly higher C in the disordered state 
p 

at low temperatures while at high temperatures the C . of the 
.p 

ordered state was a little higher. The cross over came at 

around 1 00°K. · The effect of ordering on the electronic heat 

capacity was studied by Rayne (31 ) and Martin (
32 ) (below 4. 2°K) 

on the AuCu3 alloy. They found substantially no change, sug-

gesting little change in the density of states of the Fermi electron 

gas on ordering. However, they did find a small increase of the 

Debye characteristic temperature of the lattice on ordering. 

Their Debye temperatures along with Flinn's calculation(
33

) from 

elastic constant measurements for both ordered and disordered 

states of the AuCu3 alloy ·are as follows: 

·Rayne 
Martin 
Flinn 

Quenched 

278 ± 2°K 
269 ± 0. 5°K 
281 ± 35°K 

Ordered 

285 ± 2°K 
285 ± 0, 8°K 
283 ± 3·. 5°K 
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Remarkable agreement in heat capacity from direct measure-

ments and from elastic constant measurements was found in the 

ordered state; less good agreement ~as found in the disordered 

state,· This result is ·not surprising considering the fact that the 

atom arrangements in ordered state are better defined per-

mitting better calculation, . Moreover, in the disordered state, 

extra vibrations of low frequencies are expected, According 

to Rosenstock (
34

) these lower than average frequencies in the 

disordered state come from the loosely bound atoms, For the 

f <35 ) d . "1" ( h" h h h case o quartz an v1treous s1 1ca w 1c as t e same 

chemical composition but is disordered), this evidence of extra 

heat capacity in the disordered state has been found, ·Also 

. t 1 . { 3 6 ) h t h t . t• b t 11" v1 reous se en1um . as ex ra ea capac1 y a ove crys a 1ne 

selenium, 

. Lattice heat capacities are of great interest because the 

bond strength between the atoms can be qualitatively inferred, 

They are also of interest to obtain absolute entropies and the 

zero point entropy with the aid of high temperature data, 

Sattherthwaite, Craig, and Wallace(lO) and Coffer,. Craig, 

Krier, and Wallace (ll) measured the heat capacity of ordered 

Cd-'Mg alloys but made no measurements on disordered samples, 

At temperatures near the order-disorder critical point, one 
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would expect the C of the ordered state to be higher than that 
p 

of the disordered state due to the onset of disordering .. However, 

this is hardly a cause of the increased heat capacity of the 

ordered state at the low temperatures measured by Hawkins 

and Hultgren (
12

) because disordering does not start below about 

The purpose of this study is to investigate further the 

effect of ordering on lattice heat capacity and to verify the 

result found for the AuCu alloy. 

AuCu3 was chosen because it is very similar to AuCu and 

much is known of its high-temperature properties. Furthermore 

the lattice structure remains cubic on ordering; gold and copper 

are in the same column of the periodic table, and form, 

continuous solid solutions. High temperature heat and entropy 

of formation measurements at 800°K are available as well as 

measurements of heat of formation as a function of temperature 

. . (1 7) 
from 298. 15° to 800°K .. Accordmg to Hansen, Au and Cu 

form a completely miscible series of disordered solutions with 

a .face centered cubic (A1) structure. The ordered structure of 

AuCu3 is formed below 663°K and has a cubic (L1
2

) prototype 

structure. Although the quenched alloy may appear from the 

· x-ray pattern to be completely disordered, considerable short-

range order could exist. 
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Heats of formation measurements by the liquid tin 

solution calorimeter provide the method of determining the 

degree of disorder of the sample. •The low temperature 

isothermal calorimeter used in this study is. the same as the 

one described in the first section of this thesis. 
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II .. EXPERIMENTAL 

The alloy was made from American Smelting and Refining 

Company 99. 999% pure copper and Cominco American Inc. 

99. 999% pure gold. Spectrographic analysis showed all 

impurities were less than ·1 ppm for both metals except that 

copper had 2 ppm tellurium impurity. 

935.947 grams of copper and 967. 145 grams of gold were 

melted together near 1200°C in a graphite crucible in an in-

duction furnace under a reduced pressure of helium, then chill 

cast into a copper mold to form an ingot 1 inch in diameter and 

6 inches long. The top of the ingot was cut off. Filings from 

both ends were mixed and given a short strain-anneal, then 

quenched. ·X-ray diffraction patterns showed sharp lines on 

back reflection, proving the sample was homogeneous. The ingot 

was sawed into rod shapes so that it could easily be put into the 

calorimeter. 

To make the ordered sample, rods of the alloy were sealed 

into a quartz tube under a reduced helium atmosphere, held at 

620°K for 4 days, slowly cooled to 400°K over a period of 4 days 

by reducing the furnace temperature about 25°C every 12 hours, 

then furnace cooled. The rods were x-rayed. The x-ray pattern 

showed sharp superlattice lines of the cubic structure, indicating 
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that the sample was well ordered. After the measurements of C . p 

of the ordered AuCu3 alloy, it was heat treated to give a disordered 

state. Each rod was sealed. in a small quartz tube to give faster 

contact with the ice-water bath when quenching, and held at 750°K 

for 10 days. Each rod sample was then quenched into an ice-

water bath. The x-ray pattern of the rods showed no superlattice 

lines, indicating the absence of long-range order. At the same 

time pellets were prepared by the same heat treatments. Heats 

of formation of the pellets were determined in order to estimate 

the degree of disorder of the sample . 

. ·"' 
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III. EXPERll\1.ENTAL RESULTS 

Sixty-five measurements of C were made on 722. 666 grams 
p 

(7. 4581 g-atom) of ordered AuCu3 alloy. The experimental values 

are given in Table 8 and the smoothed values together with 

deviations from Kopp's law (t:..C . ) are presented in Table 9. 
p 

These smoothed values and the Kopp's law line (dotted line) 

together with experimental values are shown in Fig. 12. t:.C 
p 

values were smoothed and this smoothed line was extrapolated 

from 20°K to 0°K. The smoothed t:..C values were added to the 
p 

Kopp's law values to give smoothed C values to 0°K. The values . p 

of Sst -'S 0 and Hst -H0 were obtained by integration of the smoothe~ 

curve using Simpson's rule. The smoothed bC curve is shown 
p 

in Fig. 13. This curve has a maximum positive value at 75°K 

(0. 1 cal/g-atom-degree), crosses over the Kopp's law line at 

150°K to reach negative values at room temperature of the order 

of 0. 08 cal/ g-atom -degree. 

Another 65 determinations were made on 672. 430 grams 

(6. 9396 g-atom) of the quenched (disordered) alloy. Experimental 

data are given in Table 10, smoothed values in Table 9 together 

with deviations from Kopp's law values. The experimental points, 

the smoothed curve (solid line), and the Kopp's law line (dotted 

line) are shown in Fig. 14. 

temperature. 

Figure 15 shows the .6.C curve, versus 
p 
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TABLE VIILExperimental Results for Ordered AuCu3 

T °K _,_ Cp(cal/g-atom -de g) T, °K Cp(cal/g-atom -cteg) 

25.54 0. 508 154.03 5.187 
27.06 0.597 160.02 5~ 205 
28;30 0,668 -166.09 5.259 
29. 54 0.753 171. 85 5.325 
31. 06 0.805 177.85 5.363 
33.37 0.982 183.86 5.372 
36.62 1. 166 189.80 5.419 
39.97 1. 397 197.42 5.432 
44.68 1. 649 202.26 5.489 
49.75 1.992 206.12 5.492 
55.07 2.336 209.58 5. 505 
61.22 2.689 213.74 5.520 
67.04 3.003 217.92 5.538 
73.07 3.323 222.05 5.558 
78.95 3. 546 226.61 5.547 
84.08 3.723 231. 10 5.622 
87.-4r 3.858 235.32 5.628 
91. 43 3. 991 240.26 5. 653 
95.99 4.119 250.05 5.682 

101.60 4.284 258.74 5.736 
107.74 4.404 262.04 5.725 
113. 82 4.505 266.76 5. 760 
119.83 4.649 271. 62 5. 772 
126.08 4. 780 277. 54 5. 800 
132.14 4.847 283.97 5.805 
136.41 4.972 289.64 5. 804 
142. 11 5.027 295.65 5.832 
148.01 5.087 
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TABLE IX. Smoothed Values for AuCu3 

ORDERED 'DISORDERED 

~ ~Cp . ~ ~CP . 
T, °K (cal/g~atom -deg) T, °K (cal/g~atom -deg) 

20 0.284 0.019 20 0.302 0.038 
25 0.509 0.024 25 0.533 0.048 
30 0. 771 0.030 30 0.801 0.060 
35 1. 073 0.037 35 1. 107 0.070 
40 1. 398 0.047 40 1. 434 0.082 
45 1. 731 0.065 45 1.762 0.096 
50 2.044 0.085 50 2.069 0.110 
55 2.354 0.097 55 2.382 0.125 
60 2.634 0.104 60 2.-671 o. 141 
65 2. 902 0.108 65 2.949 0.155 
70 3.142 0.107 70 3.200 0.165 
75 3.349 0.105 75 3.409 Oo165 
80 3.583 0.102 80 3.636 0.155 
85 3.759 0.096 85 3.805 0.142 
90 3.930 0.090 90 . 3. 969 0.129 

.. ( .. 95 4.090 0.083 95 4.123 o. 116 
100 4.234 0.077 100 4. 261 0.104 
110 4.471 0.064 110 4.488 0.081 
120 4.669 0.052 120 4.677 0.060 
130 4.835 0.039 130 4.836 0.040 
140 4.978 0.027 140 4.972 0.021 
150 5.101 0.014 150 5.092 0.005 
160 < 5. 194 0. 00.2 160 5.182 -0.010 
170 5. 283 -0. 011 170 5.271 -0.023 
180 5.349 -0.024 180 5.340 -0.035 
190 5.417 -0.037 190 5.409 -0.045 
200 5.461 -0.049 200 5.455 -0.055 
210 5. 509 -0.060 210 5.506 -0.063 
220 5.555 -0.067 220 5.552 -0.070 
230 5.600 -0.070 230 5.594 -0.07p 
240 5,645 -0.067 240 5.630 -0.081 
250 5.690 -0.063 250 5.670 -0.083 
260 5.726 -0.059 260 5. 703 -0.083 
270 5.762 -0.054 270 5.736 -0.080 
280 5. 794 -0.049 280 5. 770 . -0. 074 
290 5.829 -0.043 290 5.806 -0.067 .. 
298.15 5.856 -0.039 298.15 5.835 -0.062 
300 5.863 -0.038 300 5.842 -0.059 
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TABLE DC . (Continued) 

·ORDERED 

s298 . 15 - s0 = 8. 880 eu 

H
298

.
15

- H
0 

= 1258 cal/g-atom 

.6S298. 15- .6So = 0. 100 

DISORDERED 

s
298

. 
15

- s
0 

:: 8. 945 eu 

H
298

.
15

- H
0

"' 1259 cal/ g-atom 

.6S 2 9 8 ' 15 - .6S 0 "' 0' 1 6 5 
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TABLE X. Experimental Results for Disordered AuCu3 

T °K 
~ 

Cp(cal/g-atom -deg) T °K 
-~ 

Cp(cal/g-atom -deg) 

23.65 0.459 143.59 5.026 
25.68 0.554 149.82 5.097 
27.02 0.630 155.85 5.186 
28.36 0.707 161. 62 5.213 
29.77 0.803 167.45 5. 232. 
31. 68 0. 919 169. 90 5. 276 
33.90 1. 058 173.67 5.292 
40.00 1.400 179.85 5.338 
45.72 1. 765 184.39 5.352 
51. 63 2.143 192.19 5.382 
58.45 2.565 198.22 5.454 
63.78 2.816 205.86 5.486 
69.59 3.128 211. 57 5. 503 
75. 92 3.455 215.66 5.547 
81. 51 3. 596 221.48 5. 564 
80.20 3.664 225.50 5.613 
83. 51 3.703 229.99 5.614 
87.34 3.870 235.73 5.648 
91. 51 4.008. 241.82 5.636 
95.65 4.159 247.81 5.683 

101. 59 4.286 253.65 5.678 
107.45 4.395 259.65 5.685 
110. 93 4.530 265.97 5. 710 
114. 32 4. 580 271. 74 5. 730 
119. 59 4.652 279.46 5.796 
126.04 4.757 286.39 5. 786 

·131. 55 4.859 289.42 5.804 
137.63 4.926 295. 51 5.795 
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~Sst -~S 0 and ~Hst -~H0 were calculated using the values 

. (1) 
for Au and Cu from Hultgren et al. The C curve of the dis-

p 

ordered state also shows a positive deviation at low tempera-

tures (the maximum comes at 75°K) and a slightly negative 

deviation at high temperatures. Both smoothed curves of the 

ordered state and disordered state were plotted in Fig. 16 with 

the Kopp's law line. 

The runs on pure gold by Hawkins were studied to see if 

there are arty systematic errol;'s. The agreement with the 

selected values was good but there was little systematic deviation 

at low temperatures. These deviations from selected values were 

positive with a maximum at 75°K, which is the same temperature 

where the maximum deivation from Kopp's law comes for the 

both ordered and disordered states. The magnitude of the 

maximum discrepancy from selected values on gold is near the 

maximum deviation from Kopp's law for the ordered state. 

This discrepancy could be a systematic error, which could 

result from a deviation of the temperature scale. 

High-Temperature Data 

The heats of formation of the quenched sample were measured 

in a liquid tin solution calorimeter at 315°K in the same way as done 

byOrr. (3
?) The measured value is ~Hf = ~1150 cal/g-atom. Orr 
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obtained L::.Hf, 720oK = -:-1_051 cal/g-atom for the equilibrium 

(completely disordered), -1180 cal/ g-atom for his quenched 

alloy, and -i 700 cal/g-atom for the ordered alloy. The 

result for the Sa)Tiple used in this study is very close to ·orr's 

quenched. sample and is only about 100 cal/ g-atom more 

exothermic than the equilibrium sample, indicating that the 

sample is highly disordered. 

The L::.Hf values versus temperature from the selected values 

f 1 
(1) . 0 

o Hu tgren et al. shows a constant value up to 500 K, above 

this it starts to increase continuously, then there is a first order 

transformation at 663°K, following which it increases a little 

up to 800°K due to the destruction of short-range order. The 

zero point entropy (L::.S 
0

) of disordered AuCu3 can be caculated 

from the high temperature data. The heat of formation and emf 

measurements at 800°K were combined to yield L::.S
800

oK = 1. 145 eu. 

Calculation of the L::.S
800

oK using_the equilibrium data as shown 

in Table 11 gives 1. 107 eu. Using the average value of these 

two, 1. 126 eu, and assuming that the disordered alloy obeys 

Kopp's law from 800°K to 298°K one can calculate L::.S
0 

as shown 

in Table 12. A small negative correction (-0. 006 eu) was applied 

to the calculation of L::.S to account for the fact that Kopp 's law is 

obeyed at 400°K. The final calculation shows L::.S
0 

= 0. 981, while 



TABLE XI. Calculation of ~~OOoK for Disordered AuCu 3 Using Heat of Formation Data 

(1) 

(2) 

(3) 

(4) 

0. 25Au(0°) + 0. 75Cu(0°) = Au
0

. 
25

cu
0

. 
75

(0°, ordered) 

Au
0

. 
25

cu
0

. 
75

(0°, ordered) =. Au
0

. 
25

cu
0

. 
75

(298°, ordered) 

Au
0

. 
25

cu
0

. 
75

(298°, ordered)= Au
0

. 
25

cu
0

. 
75

(663°, ordered) 

Au0 . 25cu0 . 75 (663°, ordered) = Au
0

. 25cu
0

. 75 (663°, disordered) 

(5) Au
0

. 
25

cu
0

. 
75

(663°, disordered)= Au
0

. 
25

cu
0

. 
75

(800°, disordered) 

(6) 0. 25Au(800°) = 0. 25Au(0°) 

(7) 0. 75Cu(800°) = 0. 75Cu(0°) 

0. 25Au(800°) + 0. 75Cu(800°) = Au
0

. 
25

cu
0

. 
75

(800°, disordered) 

~S~ = o.ooo eu 

<s; 98o-S~) = 8.880 eu 

(S~ 63o-s; 98
o)= 5.3 54 eu 

~So = 0.431 eu 

<SS'ooo-S~ 63 o) = 1.347 eu 

-0. 25(S~00o-S
0

0 ) 

-o. 75(s;00o-S~) 

=-4.384eu ~ 
0 

I 

=10.521eu 

~s~00o= 1.107 eu 



TABLE XII. Calculation of .68~ for Disordered AuCu3 

(1) 0. 25Au(298°) + 0. 75Cu(298°) = Au
0

. 
25

cu
0

. 
75

(298°, disordered) 

· (2) Au
0

. 
25

cu
0

. 
75

(298°, disordered)= Au
0

. 
25

cu
0

. 
75

(0°, disordered) 

(3) 0. 25Au(0°) 

(4) 0. 75Cu(0°) 

= 0. 25Au(298°) 

= 0. 75Cu(298°) 

(5) Correction to disordered AuCu3 from the Kopp's Law 
assumption between 298° and 370°K 

0. 25Au(0°) +0. 75Cu(0°) = Au
0

. 
25

cu
0

. 
75

(0°, disordered) 

.68 o = 1.1 2 6 eu 

-<s;
98 

~s~)disord. = -ff. 945 eu 

0. 25(8;
98 

-S~)Au = 2.838 eu 

0. 75(8;
98 

-S~)Cu = 5.962 eu 

~So = -0.006.eu 

.68~ = 0. 981 eu 
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the ideal value for complete disorder is 1. 117 eu. Combining 

this result with the heat capacity measurements in both 

ordered and disordered states of this alloy, one could also 

calculate the entropy of disordering at 298°K: 

AuCu 3(ordered) = AuCu3(disordered) 6S
298 

= 1. 040 eu. 

'v' 
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. . IV. DISCUSSION AND CONCLUSION 

Experiments by Rayne and Martin on the AuCu3 alloy at liquid 

helium temperatures show substantially no 'Change in electronic 

heat capacities on ordering, but their results show that ordering 

increases the Debye temperature of the lattice heat capacity by 

7° according to Rayne and by 16° according to Martin. suggesting 

a sma,ll but definite effect on'lattice heat capacity by ordering. 

One would expect that the disordere~ state has looser bonds 

and some irregular lattice arrangements which give low fre-

·• quency vibrations, therefore lowering the De bye temperature 

and raising the heat capacity of the disordered alloy at low 

temperatures. The specific heat of an oscillator of frequency w 

is given by Cv = k(Z/sin hZ) 2
, where Z = pw/2kT. 

In an assembly of oscillators of different frequencies, all 

oscillators contribute the same amount to the heat capacities 

when temperature is high, but when T is low, only the oscillators 

of low freque~cies make important contributions to the heat 

capacity. 

The results of the study (shown in Fig. 17 as the difference 

of the heat capacity between the two states) shows C of the 
. p 

disordered state is slightly higher than that of the ordered 

state up to 130°K with maximum deviation of 0. 07 cal/g-atom-deg. 
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coming at 75°K, while above this temperature the C of the ordered 
p 

state is higher by a small amount. This C . difference between the 
p 

two states cannot be due to systematic errors. Calculation of 

the apparent Debye temperature between 20°-25°K shows the 

following values: 

eD(ordered) = 243 ± 2°K 

eD(disordered) = 239 ± 2°K 

Here the dilation contribution to C was ignored in the absence of 
p 

the data needed to calculate C -C . These values are lower than 
p v 

those by Rayne and Martin, who have obtained the Debye tempera-

ture at low temperatures where the electronic term is believed to 

change linearly with temperature and the dilation term to be 

almost zero. However, eD of the ordered state is slightly higher 

than that of the disordered state, as expected. 

To get the absolute heat capacity many terms should be 

considered. As there are no magnetic transformations nor any 

other phase changes in the pertinent temperature range of the 

study on this alloy, electronic heat capacity and dilation terms 

are the ones to be considered. Martin's and Rayne's result 

gave the coefficients of electronic heat capacities (')") of the 

ordered and disordered states as 1. 65 X 1 o- 4 and 1. 58 X 1 o- 4
, 

respectively. As these electronic heat capacities are small at the 
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temperatures of the study, the differences in electronic heat 

capacities does not affect the difference of the lattice heat 

capacities of the two states. 

The dilation term may be obtained with the aid of the 

thermodynamic relationship: 

c - c = 9o?VT/x p v 

where X = compressibility 

a = expansion coefficient 

V = atomic volume 

While these data are not available,. one could approximate the 

term using the Nernst-Lindeman approximation, (36 ) 

C - C = 0. 0214 C 2(T/T ) where T is the melting point of the 
p v p m m 

alloy, 1250°K for AuCu3 • The calculation on .this base gives an 

idea of the magnitude of this term. They were found to be 

0. 00003 and 0. 17 cal/g-atom-deg at 25° and 300°K, respectively. 

This shows that at low temperatures the dilation term is 

negligible but it becomes significant at higher temperatures. 

The exact calculation of the dilation term is not possible be-

cause of the.~lack of data, however, if the dilation term of the 

ordered state is higher than that of the disordered state, this 

could account for the fact that the ordered state has the higher 

C above 130°K although its vibrational C , as determined at 
p . p 
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lower temperatures, is smaller. 

The value of the zero point entropy for idsordered AuCu3, 

0. 981 eu, is near the ·ideal value for 'complete disorder/of 

1, 117 eu for this composition. That it is somewhat lower than 

the theoretical value. was confirmed by the heat of formation 

measurements, which show that the sample had a small amount 

of short-range order. This could not be detected bn the x-ray 

pattern, 

,_, 

. ·'-. 
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