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and
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College of Engineering
‘University of California -

Berkeley, California

JAugust, 1971
ABSTRACTS
Part 1.

‘Heat capacities of three alloys were measured by isothermal
éalorimetry from 20° to 298°K. 'fhe alloys were InPb, endother-
mica'lly formed from the elements, the "rvnoderately exothermic
AuCd, and the highly exothermié MgsSby. . Deviations ;from Kopp's
law of additivity of Cp were rather small, exéept for a small
anomaly of undetermined_origin at 240° to 300°K fof InPb, and a
decided negvavtive deviation (~5%) above 200°K for MgsSho.

InPb deviates positively from Kopp's iaw.belovy 100°K; the

maximum deviation at 30°K amounts to 0.3 cal/g-atom deg.
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Above 100°K, it deviates negatively up to about 0.1 cal/g-atom

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

integrated AHSt— AH

0

and ASSt— AS'O amount 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»ca1/g~'atom

.and -0.027 eu.for. ASSt'— AS .

for AHSt ~ AH 0

0 Mg3Sby had

positive deviations below 70°K, trending to negative nearly

0.3 cal/g-atom deg. above thisterhperatﬁre. Integrated -

effects were -50 cal/g-atom for AH_ - AH ) and -0. 072 eu for

JAN - AS .
Sst S0
" Part 2.
Heat capacities of the AuCugs alloy in both thev*ordered and .
disoredered states have been measured between 20° and 298°K by

isothermal calorimetry. Combining the heat, capacity data for

AuCuj from this study with existing high temperature thermo-

o

. E - . . . , S
0’ disordered’ the cogflguratlonal entropy, wa

" 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, the .
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existence of which is confirmed by heat of forrriation measure -
ments with tin solution calorimetry.

The heat capaéities of both_.s‘_c'ates show ém_éll positive
deviations from the Kopp's iaw value up-to 170°K ébove this -
temperature the deviations become slightly negative. Howéver,.
the heat capa'c-ity of the disordered state is slightly higher Ithan
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
Deby‘e tempefature-measufements on-AuCus at heliumb tempera-

tures (below 4.2°K), a small but definite decrease of Cp on

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 feasonable hypothesis that ACp
(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 Debye tempervature might be expected.
The opposite hypbthesis 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

theri supplementary work to date(z) 288 systems havé been
evaluated. Of these systems, for only seven substitutional non-
magnetic alloys has Cp been measured at temperatures between
20° ‘and 298°K where lattice heat capacity should show effects.
Most low temperature Cp studies of alloys have been made

in the liquid helium range (below 4.2°K) for the .special purpose
of determining the electronic heat capacity. Knowledge of
electronic heat (‘;apacity is of great interest in obtaiﬁing an
understanding of the dénsity 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



D

]

RY

-2~
capacity. Although direct measurements are not plentiful, some
concluéion should be possible from entropies of forr;latioﬁ, where
they have been measured
' . L AC AT
AS =
ST ASQ+,[O -

Since, by the third 1a§v, SO is zefo for the elemvents,. the en‘tropy'
of fofmationvat zéro, ASO, is simply the conﬁgurationél entropy.
Hence, deviations from the éonf_igurational entropy of formation
are dictated by the integrated sign of. A(vjp., A clue to a_relationship
between. AH and ACp.such as'proposed'iri the first paragraph might
be found by examining the relationship between AH and AS.

A-nderson(g.) soughf such a relatioriShip at 50 atomic percent
compositions.for 45vli‘qu.id alloys for which he felt the entropies
of formation Wére'reasonablywell known. - Since th.ese should
havé nearly ideal configurational entropies, AS*® was compared
with AH., Of course, other factors contribute to ACp, ,a_nd heana
to ASXS, bééides the vibrational term which we are consideying, '
For ex.émple, there is the electronic contribution, the dilation
contribution, ('Cp— CV), and various anomalous effects such as
magnetic transformations. So we cannot expect precise:rela-
tions, but might find statistically-that there are definilte,trendvsf,_v

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

exothermic systems of Anderson's study, only two had a positive
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ASXS, eight were zero within experimental error,v and 15 had
hegative values for AS*>. Of 20 endothermic systems, only two
had a negative ASXS, six wére near zero, and 12 had positive
values of AS™®,

For solid alloys the configurational entropies may va'ry
Widdly. 39 ordered solid alloys whvich should be without magnetic
anomalies were examined in this study. . For these, since the
configurational entropies should be near zero, AH was compai‘ed
with AS with the re.sults. shown in Fig. 2. Here also there is a
statistical correlation, though fhe center of the curve is -dis—
placed toward negative values of AH. The correlation would
closely resemble Fig'. 1 if AH were plotted against AS™®. The
reason for this was not understood.

The heat of formation, AH, 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 Cp values at low temperatures
than the average of the elements; hence, ACp should be negative
for the vibratiqngl contribution to Cp. _Conversely, endothermic
alloys should behave oppositely.

The quasi-chemical model(@- explains the 'rel;itidriship

between enthalpy of formation and bonding energy in the simplest

- way. This model clearly has shortcomings. However, it
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quavlitatively explains many facts. In this model the eﬁergy of a
phase equals the sum of the energies of bonds between nearest
n_eighborso The bond energies are supposed to be the same at
all composi;cions; 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 AXBy_'alloy; Then the heat of mixing (AHm)
could be expressed as follows:

AH =H - (xH

m - Talloy A TYHR):

‘The first order approximation (randomvm'ixing) gives AHm, in -

terms of bonding energy between atoms as follows:

- _ _ 1
AH L F PAB[HAB 2(Hy 0 +HBB)]

where PAB is the number of bonds of type A-B

. and H H ., and H

AB’ TAA _ are the bonding energies between

BB
the atoms.

The above equa_tion shows that if the bonding energy between

disfsimilar atoms is-larger'(morve»at-tractive) than the average

bonding energy between similar atoms, the system will be

exothermic. Likewise, the heat of formafioni's positive if

the bonding energy between dissimilar atomsis smaller {more

r-epulsivé) that the average bonding energy.
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The main contribution to heat capacity comes from lattice
vibrétions and electfonic excitations if noiransformationé-
occur in the pertinent temperature range. The electronic
term is the most importnat Qheﬁ,temperature is so-low that

the lattice term becomes small. This electronic term becomes

‘larger in absolute value at elevated temperatures, but not S0

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 Cp ‘Iat.ld Debye derived an
expréssion agreeing'better with experiments. The Debye
expression éssumes-:a broad spectrum of lattice Vibra}ti.onal
fi"equenéies with.a i’naximum cut-off frequency. It,shows

Cp should be:proportional to T® at very low temperatures.

_ The classical Debye equation for the lattice heat capacity of

crystals can be expressed as
s ke /KT

D _
C.~C =f gu) (hu/kT)% 7 v du
Vo P | (e‘_h“/k_Tﬂj
where g(u) = au? is':;the density of states and.uD is the |

maximum cut-off frequency.

- It must be noticed that the simﬁlifi,ed Debye elastic¢ continuum

model considers identical atoms in-isotropic crystals. Fof

pure metals, measurements of low temperature elastic constants

furnish a means of détermining~the'maxi.m"um Debye freqﬁencyc
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In alloys, g(u) 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 AH. From the simple harmonic model of atomic vibration,

the vibrational frequency is 'proportionallto the elastic constants

(5)

of the material as the following equation indicates,
§o= I/ZWM
Where a = lattice constant
m = .méss.of atom
y= elastic constant.
The Debye temperature ié related to the Debye frequéncyas
follbws: . " 'QD = -h.UD/k
where h = Pianck's constant
k = Boltzmann constant. |
As may be seen from the above two equations, the sfronger*bond

(judged from the larger elastic constant) should have a_-highei‘

vibrational frequency, and therefore a higher Debye temperature

and a lower heat capacity,
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Magnetic contributions, phase changes, and otHer effects

that cause anomalies in Cp might have large thermal entropy

contributions; this could reverse the predicted relations of

AC_and AS. -
p ‘
Usually Kopp's law suffices to estimate. Cp‘values reason-
ably satisfactorily at'high temperatures. Nevertheless, the

deviation .from Kepp's-law can va'ry: appreciably at low tempera-

‘tures where Cp is changing rapidly. From the equétion

T C, .
_ p(vib. )
S . = dT ,
vib. - T

0 :

it'can be seen that low temperature heat capacity is particularly

: importanfc 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

¢ and ACp experimentally.

The seven systems mentioned on page 1 which have low

| | 6 6,7
temperature heat capacity measurements are: .AleS‘_ ) InSb,( )

Mesn 8 Livg ?) ca-me 1% ) aucu P and cuza

They
are all exothermic systems and show negative deviations from

Kopp's law.
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Three syste_ms'wi‘th:large differences in heats of formation
were ‘chosenvfror this studygv These are InPb, AuCd, and 'Mg:3Sb‘2
_allbys, whose heats.of formation range from positive td.highly
negative.. B
Th.InPb system has z.a'»posi.tive enthaipy of formation af room
températufe-in:the spiid statén ' ‘Measuremen_ts by 1liquid t.in solution

(14)

-calorimetry at 315°K showed the heat of formation of the alloy

to be 300 cal/g-atom. From d_ifferenti'al-’thermal-’analysis

(1 5)- reported AH-to be

measurements,. Heumann and Predel
400 cal/g-atom at this corhpositiono Lead_ has a face-centered-
cubic structurev-isotyi:)icwith copper. Indium has the Safne
structure except that the ¢-axis-is elongated by about 7. 6%,
-making-its symmetry fac:e-centered,tetragonal; : The'vequiétomi.c
composition of the InPb system was chosen because this compo-
sition has the maximum_endothefmi.c héaf of formation in-the
alloy. The melting point of the alloy of this composition is

about 510°K.

The AuCd (B-phase) alioy'has a relatively large negative _

heat of fcv)rmation‘-(—4'500 cal/‘g_wator_n)o | It melts nearly ”congruénﬂy
~at 900°K° The phase regién of the. B—phase is not wéll determined

(16,17)

o r .
‘ and the structure at room temperature also is not well known.

Wy At elevated temperatures the ordered CsCl (B2) structure exists,
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with a = 3.312 A at 50. 1 atomic % of Cd. Two different
diffusionless transformations have been found in cooling

(17)

different compositions of this phase. - At about 50 atomic %

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

orthorhombic structure was found at 60°C in alloys with 47. 5%

Cd. (1D Thé structures of the-transfbrmed phases are not well
established. The selected value ¢f the heat of formation of the
B-phase is -4610 cal/g-atom at the 50-50 composition, based
on the work of Kleppa‘(lg) and Kubaschewski. (19)

The MgsSby alloy has the largest exothermic heat of forma-

tion of systems studied. The melting point of stoichiometric

‘Mg3sSby 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: o-MgsSby, which has the tetragonal (D52)

structure isotypic with L.asO3 with a = 4. 582 fok and c = 7.423 ,/i,

~and which transfroms above about 1180° + 20°K to §-MgsSb, which

has the (D53) structure isotypic with MnsO3. The range of
existence of neigher a-nor B-MgsSbs has been determined.
AH = -15300 (£2000) cal/g-atom at 800°K, was taken from

(20)

measurements by Kubaschewski and Walter,v as revised by

(21)
The method used to measure the Cp values in this study was

isothermal calorimetery. Isétherm‘al calorimeters were first



.
“

‘used by “‘Euckeri‘(.

“Giauque -and his coworkers;

‘Huffstutler

_412..1

22) (23)

and Nernst and further developed by

(24,25) e calorimeter used in this

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

(13) (26)

-and rebuilt by“Hawkinso" 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 con_tainer (médé of.
copper) around which a fine gold wire is Wouncio This 'g'foid wire
serves both as-a heater and resistance thermome‘tef, The
calorimeter can is surrounded by' a heavy jacket (large copper
block with large lead mass on:the top) to provide-lérge heat
capacity and good coﬁductivity of the jacket. The entire
calorimeter-jacket assembly -i.s surrounded by'-aaMonel can
soft soldered with 60/40 solder to the top supporting plate.

This whole éssembly.is contained in a.long. steel container-with

a glass Dewar »inside_ to hold a cooiing medium like -1i<juid hydrogen,
" :ligquid nitrogen, or dryrice——acetoneo - Figure 3 shows the general
arrangement of the apparatus. Complete details of.the'calor.imeter
are given.in Hawking' dissertation. (26)

B. Measurement

Liquid hydrogen (between 20°-78°K), liquid ni'tfogen.(78°~196°K),
-and dry-ice with acetone '(i96°—300°K) Were'used. as cooling media.
Sometimes ice-water was used between_the ice point and foom
_,femperafure 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 poofly
conductive. Helium gas was introduced into the calorimeter
can through a ..pin hole on the top of the calorimeter after filliﬁg

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

filled with an atmosphere of helium gas, the pinhole was selaed with

soft sol’der,i 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 l1degree 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

and heater voltage K. at one

were made of heater current IH

minute intervals. The jacket temperature was only approximately
constant usually drifting a few hundreds of a-degree during the
measurements. This differencé was réad from the jacket thermo-
couple and cérrected in the calculation. . The time-temperature

distribution for a typical run is shown in Fig. 4.
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The total energy 1nput was calculated as é EH IH 0, where

6 is the heating time, and EH and IH are average values obtained -
at 0.216 and 0. 796.

-Correctiovris to both the energy aqd temperéture r.ise were
small (less than 5%) and arose from the .following sources:

(1) heat _le'aks along the bwires and supports

(2) radiation heat transfer due to temperature differences
‘between the jacket abnd the calorimeter. \

(3) temperature gradients in the sample during heatingl
because the heating wire was wound around the outside of the can.

The final form of the ehergy input and corrected temperature

rise of the calorimeter are as.follows:

(B, i, )

{ dt dt
AHNL T —T (T -T, ) (T -T 1)
Co Cy
: ATW°6 (ch dTC
AT orr” (Tcz"Tcl) T o7 at | 7 \at
Cz2 €3
C Z+ AHN+L - icorr
P Tcorr ATCOI“I‘
where AHN+L'is the corrected heat transfer by Newton's Law

and by heat leaking along the wires and supports; Tj is the
temperature of the jacket; TC is the temperature of the calorimeter;

TW is the difference between the surface temperature and the
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assumed instantaneous temperature. The other symbols are denoted
in Fig. 4. The details of the calculation are well described in
(26)

Hawkins' thesis.

C. Preparation of Alloys

(1) InO., 5Pb0, 5

510. 039 grams of In and 921. 959 gfam of Pb were melted té :
give the equiatomic composition of the alloy. Indium of 99.999+%
purity and lead of 99. 999+% purity, both from theﬂAmerican .
‘Smelting and Refining Company, South Plainfield, New Jersey,
were ﬁsed, | For both rﬁetals all impuritiés _Were-re‘ported'fq be
belovv. the 1 ppm level except for 3 ppm Cd and 2 ppm Pb in the
indium. |

Thé 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 hélium atmosphere and
horﬁogenized at 450°K for 7 days. Filings from both ends of the |
homogenized ingot were taken and strain annéaled in boiling water
for fifteen minutes then used for x-ray diffraction. The pattern

(16)

from the diffractometer agrees well with the literature value.
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Back reflection lines show shapr peaks of the Cu-K, doublets
indicatin'g good homogeneity. The ingot was cut into rods of

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

cd

(2)‘Au 0.5

0.5

99. 9994% gold from Cominco Americah Inc. , ar;d. 99. ‘9994'-%
cadmium from American Smeltiﬁg and Refining Company were
used. For both metals the spectrographic analysis' shéwed that
all impurities were below the 1 ppm‘level. Equia’comic amounts
of the two compoﬁents Wef_e weighed and seal‘ed in a quartz tube
under a reduced pressure (1/8 atm) of heliﬁm, The alloy was
melted in several 200 gram batches.  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 Sealéd silica tubes at 300°C, 450°C, and
550°C for one Week at each temperaturé. Filings from samples
of every batch were strain annealed and studied by x-ray
diffractién, Sharp peaks at béck reflection were bbtained,
showihg good homogeneity.' The line positions agreediwell with

literature values except for a few indefinite lines which might be
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caused by a small amount of m;artensvitic transformation into the
tetragonal or orthorhombic structure near room ternperétu‘r.‘eo
- A high temperature x-ray pattern at 350°C was taken. The lines
Wefe found to fit a CsCl étrucfuré with a = 3. .3.33._;& ‘compare to

(16) (also at 350°C). Metallographic

3.31 2108 of 1-iterature value
study after the homogenization showed a single ‘phasewith-lar‘ge
grains.
- (3) Mg, Sh,
‘The alloys were madé ffom 99.999+% sublimed .Mg ingot
obtained from Research Orga'nic—Inorgénic Chemical Company
‘and 99. 999+% antimony from the American Smelting and Refining
Company which reported 3 ppm of .jbismuth in. the ‘antimony.
The alloy was difficult to .maké;.:because the melting point
: ofbthe alloy is very high, the alloy has a very high exothermic
heat of formation, and Mg has a high-vépor pressure. In the
first two batches 50 grams of the mixture were vmelted‘, After
confirming that the technique was sbucc‘essful'in producing
h_omogerieohs‘ alloys, 100-150 grams-of the mi_x;cure 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—10fm.m) were

first introduced into the graphite crucible and then crushed Sb :
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powder'(abou.t-the same size as the Mg) was placed over the
‘magnesium. . The top of the alu.mi.na,crﬁ.cible was covered
with a .copper cap:and vacuum sealed with an:O-ring. The
cap was cooled with running water. A stoppér was placed at
the bot'tomlof the tube which is about 10 inches from the hot
zone of the furnace. A éopper tubing in the rubber stopper
ailowed 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 rﬁelting point. éf' Mg
‘v(922v°K)o Avntimony_-first melted into the interstices of the
‘Mg granu.le‘so . The heat of the reaction melted the Mg, which
further reacted with the antimovnyo 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 1309°C);

At this high temperature the melt was stirred about 50 times

with a graphite'fod- by moving it up and down. The stirring rod
was enlarged at the /fbottom to produce effective stirring. Finally,
.the melt was held at 1300°C for one hour. The furhace was-then
céoled t0-870°C, which is 50° below the transformation tempera-
ture, and was held there for another 24-hou.r’;so 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"Delpartment df the" La’Wrence Berkeley'
Laborétory 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 duriﬁg the melting ’process. "~ The precision of the
analysis was £0.1-0. 3%. The-anélyzed alloy‘containéd 0. 401i
atomic fraction of antimony, pracfically the stoichiometric
‘composition. The x-ray patterri agreed well with the literature
values. The rhetallographic struc‘éure”showed.a {}ery‘small
amount of unreacted material Which was found to be ‘antimony by
electron microprobe -anélysis, ,The_'élloy was pounded in a
diamond mortar té a small size (about 0.5 cm in diameter,
-100 mesh was removed) so the sa.m’ple could be packed tighter

to increase the heat conductivity.
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III. . EXPERIMENTAIL RESULTS |

{

A. InPb

About: 100‘measurements.were made ‘on508. 709-grarris
(3. 1‘61 5 g—atdm) of the 'InPb-alloy; Thé eXperiméntal values
are presented in Table 1. The émoothed-values W]'.“EH the
devviation,- ACp, ‘frém Kopp's law are presented in Table 2.
Figure 5 shows the experimeh’tal vaiues, the Kopp's law line
(dotfed,line), and the smoothed curve. of the heat éapacity of the
alloy (éolid.line).. The chaﬁge of AC‘p with T is shown in Fig. 6.
At 1voW tempgratures, .around 30°K, ACp shows a maximum
valuev (0.32 cal/g-atom degree); it becomes negative above 130°K.
Above 240°K was foﬁnd an anomaloué peak_in Cp which reaches a
maximum near 273°K and ends about 298°K. It is quite small;
AH = 14 cal/g-atom degree, AS = 0.03 eu. The cause of the
-anomaly Was not found. . It ié sluggish and debends on:time and
thermal history-.of the sample. The heat of fhe anomaiy was
obtained by heating the sample from 240°K _to'300°K,

Three series of r‘uns.vcover'ing the -anomaly region (240° to 300°K)
were made, yielding different Cp 'values-each:time, The first ,
series -of the runs were'made'conti‘nuvously.from the liquid
nitrogen temperature with little time intef.val between the

measurements. The second series was made in the same way
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TABLE I. Experimén'tal Values for InPb

T,°K Cp(cal/g-atom-deg) . T,°K  Cp(cal/g-atom-deg)
22. 357 2.768 244,15 6.130
24, 36 3.086 250. 46 6.345
25.69 3.305 - 256.20 6.532
27.22 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 4.1775 254.12 6.437
59,12 = 5.182 v '~ 260.26 6. 581
65. 73 5.381 266.15 6.543
70.27 . 5,487 271.99 "~ 6.508
76. 46 5. 589 1 276. 47 6.426
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 B 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 )
6.220

238. 49
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TABLE II. Smoothed Values for InPb

T,°K C AC T, °K C AC
p R p p
(cal/g-atom-deg) - - (cal/g-atom-deg)

.20 2.406 0.236 140 5.952 -0.018
25 3.185 0. 300 150 5.978 -0.036
30 3. 788 0.328 160 6.003 -0.052
35 4. 205 0.280 -170 6.015 ~0,070
40 4.505 0.220 180 6. 031 -0.084
45 4,749 0.184 ;190 6. 049 -0. 096
50 4,944 0.164 200 6.069 - ~-0.106
55 5,103 0.148 210 6.088 -0.112
60 5,231 0.136 220 6.104 -0.116
65 5. 341 0.126 230 6.128 -0.117
70 5.436 - 0.116 240 6.153 -0.117
75 5. 511 0.106 250 6.335 0.050
80 9. 576 0. 096 260 6.620 0.320
85 5.636 0.086 270 6.890 0. 570
90 5.686 0.076 280 6.660 0.320
95 5.726 0. 066 . 290 6.475 0.120

.100 5.767 0.057 298.15 6.380 0.000

110 5. 824 0.039 300 6.375 0. 000
120 5. 880 0. 020 ‘

130 5.915 0. 000

Sst—SO='15°179 eu _ ASSt—AS(): 0.494 eu
TH_ -H, = 1626 cal/g-atom AH_ -AH =13 cal/g-atom

Of these the anomaly accounts for
AS = ~0.030 eu
AH =~14 cal/g-atom

.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
measurements to give enough time to reach equilibrium; the
anomaly was still higher; The series with different time
intervals between measurerﬁehts are shown in'Fig, 7. To
.obtain»the value-at the peak, 275°K, the samples Were held at
ice temperatu-re for one day, three days, and one week, |
. respectively, ‘Without changi'ng-the measured value of Cp at the
ice point, showing one day was:long enough:to reach equilibrium.
.The sample was held af room temperature for one week. The
Cp value at room temperature agrees well with the smoothed
value which is e.Xtrapolated te this ,tempe.rature from Below the
anomaly, showing’ that the anomaly is. completed at room tempera-
ture. 'The classic )\-.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 rvoom temperature except for a small shift
of the lines due to thermal contracti.on of the crystal. . Thus
the anomaly does not come from a structure change, not even
from a ehange of the c/a ratio.. vSimilar unexplained anomalies
~have been found in hexahydrates of magnesiﬁm chloride
| | (28)

(MgCly- 6H30) and y-maganes§e. The results of integration

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

'Holding Period  T,°K  Cplcal/g-atom-deg)

one day  277:12  6.415. -
three days ~ 274.84 6.491 . o
one week  275.42 . 6.511

‘two weeks . 300.80 6,384



Fifty-two measurements were made on a 696.319 g
(4.5026 ‘g—atom) sample of AuCd. The ‘expérimental daté:ére
presented in Table 4. The émo"othed values and-ACp-are
presented in Table 5. Figure 8 shows the experimental points,
the smoothed values and the Kopb's-law values for the alloy.
The smoothed values wvere obtained by drawing a smoothed curve
‘on the AC? plot, extra’polating this smooth curve from 20°K to
0°K, and adding thesé smoothed ACp values to the Kopp's law
values. TheACp curve is showﬁ in Fig. 9. ACp is zero at
20°K and decreases to -0. 08 cal/g-atom-deg near 60°K. Above
200°K the deviation becomes positi%/e up to room temperature.
The maximum positive deviation is about 0.1 cal/g-atom-deg.
near room temperature. The integration of the smoothed values
.are given_in Table 5. - Kubaschewski meésured HT—Hst for the
congruent melting com'position of the B-phase between 608°-1034°K.
- From thismeasurement he obtained a negative ACp, Whiéh_is not
consistent with this study.

B. Mg38b2

' Forty-eight measurements were made on 226.631 g | '

(3.5805 g-atom) of MgsSbs. The experimental values are presented
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TABLE IV. Experimental Values for AuCd

T,°K  Cp(cal/g-atom-deg)" T, °K Cp(cal/g-atom-deg)
23. 75 1.381 - ' 143. 77 +5.633
25, 47 1.628 . 151.81 5.661
27.18 1.817 1 157.85 5.680
28. 69 1.886 ' 163. 91 5.738
30. 67 2.190 ©171.00 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 20169 5.917
60. 26 4.124 205. 59 5. 934
66. 24 4,379 ( 211.179 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
114,173 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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TABLE V. Smoothed Values for AuCd

Cp ACp Cp ACp

T, °K (cal/g-atom-deg) T, °K (cal/g-atom-deg)
20 1.035 0.036 130 5.502  -0.055
25 . 1.546 - 0.036 140 5.584  -0.048
30 2.052  0.024 150 5.658 - -0.042
35 2.493  -0.014 - 160 5.718 © -0.032
40 - 2,893  -0.052 170 5,768 -0.024
45 3.267  -0.065 180 - 5.879 -0.014
50 3.588 -0.074 190 5.863 -0.002
.55 3.857 -0.078 - 200 5.908 0.008
60  4.080  -0.080 - - 210 5.943 0.018
65 4,282  -0.080 220 5.979 0.029
70 4,453 . -0.082 230 6.011 0.039
75 4,605 -0.082 240 6.049  0.049
80 4,747  -0.080 . 250 6.084  0.059
85 4,865  -0.078 260 6.115 0.068
920 4.970  -0.077 270 6.148  0.078
95 - 5.064 -0.074 280 6.175 0.085
100 - 5.152 . -0.072 ~ 290 6.207 0.092
110 5.296 = -0.064 - 298.15 6.221 0.096
120 5.405  -0.062 300 6.225 0.098

_Sst—SO = 11.837 eu . ASstr’ASO = -0.028 eu
H_ -H, = 1463 cal/g—-atom» AH_,~AH) = -14 cal/g-atom
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in-Table 6 and the smoothed values along with AC? \are‘ prese‘n.ted
in Table 7. Figufe'lO shows the experimental values, the
"Kopp's law 1ine.and the smoothed values of thé Cp curve of
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 ACp-at roém temperature (-0.292 cal/g-atom-deg)
and a maximum positive deviation near 30°K. The curve crosses
the Kopp's law line at 70°K. |

Integfation of this smoothed curve are g’iven in Table 7.
The expression of Born and Von'Karman(zg) on heat capacity had
been ﬁsed to fit the heat capacity curve of the alloy. With some
modification, assuming isqtropicity of .the alloy and neglecting
the dialtion term, (30) fhé folloﬁing expression was found to fit

the curve:

C_ = D(108/T) +2E(156/T) +2E(338/T)
_ pMgsSb, / /D - /
where D(OD/T) and E(GE/T) represent, respectively, Debye

and Einstein heat capacity functions.
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136.

(SIS %3 S 9 6
- T,°K . Cpfcal/g-atom-deg)

24, 81 0.695
- 26.97 0. 850
~ 28.65 0.972
'30.25 1.073
© 32,02 1.170

~.385,88 1.383
39. 94 1.586
- 44,90 1.819
" 55, 35 2.418
60.42 2.678
66,73 0 2.971
72, 36 3.168
77.32 3.380
82. 50 3. 563
86.31 © 3.673
89.175 3.778
- 94.05 3.864
0 99.79 4. 046
105,87 4,186
111,94 4,324
117.89 4. 436

123.91. 4,542
130.17 4,672
14 4,756

T, °K Cplcal/g-atom=deg)

142.
156,
162.
169.
181.
188,
193,
1198,
202,
206.
210.
214.
- 220.
226.
236.
242,
1246,
258.
270,
2717,
283.
289,
295,

05
58
12
18
85
04
85

96

72
73
61
41
60
56
13
67
95
51
67

91

98
86
97

OGO U oo ol gl agl ol ool oo R

. 853
. 964
. 078
.158
. 218
. 250
. 285
.316
. 371
.375
. 397
.392
. 453
. 484
. 494
. 506
.532
. 586
. 576
.593

. 628
. 671
. 673
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- TABLE VII. Smoothed Values for MgsSb,

| Cp ACp o Cp ACp
T, °K (cal/g-atom-deg) T,°K (cal/g-atom-deg)
20 0. 466 0.114 130 4,662 - -0.204
25 0. 1735 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 1170 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
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—soé=8.753 eu Ass{4s0= -0.072 eu

'H -H_ =1228 cal/g-atom AH_ - AH = =50 cal/g-atom

st 70 0
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IV. DISCUSSION

It Wc‘)‘uld be, expected that when dissimilar atoms attract
each other ((larger bonding -energy--'thanvthe average of pure .
components), the system'becomes exothermic and when dissimilar

atoms havealower 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'compbnents in exothermic 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

frequericy relates to-a higher Debye temperature and thus to
a lower heat capacity. Th_é 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 entx;opy of formation was obtained in the
endothermic InPb:alloy, a very small negative valge in the
moderately exothermic AuCd, .anda small but definite negative
value for the highly exothermic MgsSby alloy. The small
negative vibrational entrop& of formation in-the MgsSbj 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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vibratibnal entropy at higher temperatﬁres. Consequently
'(AHSt—AHO) show the_.ne.gative Val_ilés of ACp more‘clearly than
does fhe entropy. The Aqu alioy shows small negative |
dev‘ia"cion‘ at.low temperafurés and small positive deviations
above 200°K. . It is not?wofthylthat ACp was ‘positive at low
températurés for Mg3Sb2.evven' fhough it is hi.ghly -exothermié
system. The Mg35b2 alloy showed a relatively-large negative
(AHSt—AHO)iva.luevbSO cal/g-atom) compar‘ed with AuCd
(<14 cal/g—atom)‘an_»d_InPb (-1 c_al/g.-atom).

In general, high_ly exothermic substitutional alloys have
a negative '(AHst;'A-‘H;))’ ‘but much more work is needed_for :
endéthermic systems for furthér c‘onfirrnation° Alloys
cdhtaining transition metals would possiBly show deviation
from this generél trend because of the possible secondary
effects due to 'electfonic and magnetic transitions. Some
more work on different systerms with a medium range of
exothermic heats of fbrmation would confirm and extend the
present results. To make sure of the nature of the anomaly
in the InPb alloy, o.ther rﬁeasurerﬁen‘cs of diffe‘rent composi-

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

I. INTRODUCTION

The effect of the order-disorder transformation on:lattice

vibrational heat capacities has not been much studied. Hawkins

(12)

rand Hultgren =~ ° found for AuCu. that the differences-in low

temperature C between the -ordered and disordered state were
not great. . They found slightly higher Cp in the disordered state
at.low te_mperatures while at high temperatu.res the Cp’ of the
ordered state was a.little higher. The cross over came at
around .100°K.- The eéffect of ordering on the electronic heat

(31) (

capacity was studied by Rayne'~ ' and Martin 32) (below 4.2°K)

on the AuCus.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.

33)

Their Debye temperatures along with Flinn's calculatio'ri'( from

elastic constant measurements for both ordered and disordered

states of the AuCus alloy are as follows:

. Quenched Ordered

- Rayne 278+ 2°K 285 + 2°K
Martin 269+ 0.5°K 285 +0.8°K
Flinn 281 + 35°K 283+ 3.5°K.
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Remarkable agreement in heat capacity from direét measure-
‘ments ‘and from elastic constant measurements was found in the
ordered state; less good agreement was found in-the d_isox:dered
state.. This result is not surprising considering the féct that the
atom arrangements in orderéd s‘;ate are bet.ter‘ defined ‘pef?
mifti_ng better-calculation, ‘Moreover, ih the disordered state,
.extra vibrations éf‘ low frequencies are exi)ecte_.d_., According

(34)

‘to Rosenstock = 7’ these:lower than average frequencies in the

disordered state come', from the looesely bound.atoms. For the

(35)

case of quartz and vitreous silica (which has the same
chemical composition but is disordered), this evidence of extra
heat capacity in the disordered state has been found. - Also

36)

vitreous seleniurri.(. " has extra heat capacity above crystalline
selenium.

-Lattice heat capacities are of great interest because the
bond strength between the atoms can‘bequalitétivelyvinferred.,
They are also of interest to obtain absolute entropies-and the
zero point entropy with the aid of high temperature data.

(10) and Coffer,. Craig,

-Sattherthwaite, Craig, and Wallace
Krier, and Wallacé(ll) measured the heat capacityvof 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 le; of the ofdered stéte to be higher thén that
of‘fhe disordered state due to the onéet of di.sordefing., - However,
this is ‘hardly a cause of t.he increased heat cépacity of the
ordered ét_ate at the low te‘mperaturés ‘measured by Hawkins

(12)

and Hultgreyi because disordering does not start bel.ow; about
5’00°1'<;°

The purposebf'this study is to investigate further the
effect of ordering on:latticé'heat capacity'and to verify the
result found fovr-.thé‘A'uCu alloy.

- AuCuj was chosen because it is very similar to AuCu.and
much is knownpf its high—temperaturje properties. Furthermore
the 1aftice structurev remains :cﬁbic oﬁ ordering; gold and copper
aré in the sarhe column of the periodic-tabie, .and form;
‘continueus solid solutions. - High température ‘heat and entropy
of foirmation meaéuremenfs at 800°K are available as well as
measurements of heat of formation as a function of temperature

amn Au and Cu

from 298.15° to 800°K. - According to Hansen,
form a complétely misciblé series .of disordered solutions with
a face centered cubic (Al) structure. '_The ord_er*evd structure of
AuCus is formed below 663°K and has a cgbic "(L12) brototype
étructuren - Although the quenched alloy may appear from the

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

range order could exist.



0 0 06 3 6y o2

L

o 4

[P
-46-
Heats of formation mé‘asuferﬁehté by the 1'i~q1iid tin
solution calorimeter provide the inethod ofvdetermining the
. degre‘.e'of disorder of the ':.sample. 'The ldw'temperature
isother’mél ca_lorime_ter used in this sfudy is the éame 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% pﬁre gold. Spectrographic analysis show'ed"all‘
impurities were less than 1 ppm fOr. both metals ex‘cept that
COpper had 2 ppm tellurium impu'rity.

935. 947 grams of copper-and 967.145 grams of‘g_old were
.melted together near 1200°C in a graphite cru»cib.levin an in-
duction fuwrnace 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 giyen a short strain-angeal, then
quenched.  X-ray diffraction patterns showed sharp 1inés on
back reflect'ion,' proving the sample Wés homogeneousu The ingot
was sawed into rod shépes so that it could easily be put into the
calorimeter.

To make the ordered samplé,. ro‘ds'of the alloy were sealed
into a quartz tube under a. r‘e.duced helium atmosphere, held at
620°K for 4 days, slowly cooled to 400°K over é period of 4 days
by reducing-the furnace temvp‘eratur.e 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. '.A-fter-the‘.measur:emen’.cs df Cp
of the ordered AuCuj alloy, it was heat treated to give a disordered
state. Each'rod was éealed.in-a srriéll_ quartz tuBe to give faéter
‘contact with the'ice—water 'ba.th:when quenching, and held atb750°K
for~16 déysn Each rod sampié was then quenched info-an-ice-
Watervbath. The x-ray pattern of the-rodé showed no supefléttiqe'
‘lines, indicating the ai)éénce-of long-range ofder. At the séme
time pellets were prepared by the é‘ame he.svtt' freatments_, Heats
‘of formation of the pellets were determined in Qiﬁder-fo-e.stimate

the degree of disorder of the sarriple.
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III. EXPERIMENTAL RESULTS

Sixty—five-méasurements of Cp were made on 722,666 grams

_ (7. 4581 g—afom) of ordered AuCuj alloy. The exﬁerime‘ntal values
afe givevn-in Table 8 and the smoothed values tbgethér with
deviations from Kopp's law (ACI;) are presentgd in Table 9.
.Thesevsmoothed values and the Kopp's law 1iné (dotted line)
together with experimentai vé;lues are shown in Fig.12. ACp
values were smoothed énd this smoothed line was extrapolated
ffom 20°K to 0°K. The smoothed ACp values were added to the
‘Kopp's law values to give smoothed Cé values to 0°K. The values
of Sst-'S'0 and Hst_HO were obtair_xéd by integration of the smoothed
curve using Simpson's rule. The smoothed ‘Avacurve-is shown
in Fig.13. This éurve 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 0008»ca1/g;étom-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. Figure 15 shows the ACp curve, versus

temperature.
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TABLE VIII, Experimental Results for Ordered AuCus

T,°K  Cp(cal/g-atom-deg) -~ T,°K  Cp(cal/g-atom-deg)
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
49.175 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 S 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
87.41° —  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 v 258, 74 5,736
1107. 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 1289, 64 5. 804
142.11 5.027 1295, 65 5.832
148.01 5.087



=51~

TABLE IX. Smoothed Values for AuCus

ORDERED "DISORDERED
Cp ACp Cp ACp

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 0.141
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 0.165
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 0.116
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 0.002 160 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 5.4117 -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 -0.076
240 5. 645 -0.067 1240 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 2170 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 IX. . (Continued)

'ORDERED - DISORDERED =
S998.15 S = 8- 880 eu _' '8298‘ 15 S, ® 8945 eu
H298, 15 Ho = v1258~¢a1/.g~,atom H298,15_"H021259 cal/g_-afcom
25998, 157 #5g = 0-100 8S,04 15 DS, = 0.165
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TABLE X. Experimental Results for Disordered AuCuj '

T,°K . Cplcal/g-atom=-deg) T,°K Cp(cal/g-atom-deg)
23.65 0. 459 '143. 59 5.026
25.68 0.554 S 149.82 5. 097
‘27.02 0.630 - -~ - .155.85 5.186
28. 36 0.1707 - 161.62 5.213
29. 717 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
63.178 2.816 o ~ 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 3.1703 | 229.99 5.614
1 87.34 - 3.870 . 235.73 - ~ 5.648
91.51 4.008 241. 82 5.636
'95.65 4.159 ‘ 1247. 81 '5.683
101.59 4,286 v 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. 14 5. 730
119. 59 4,652 - 279, 46 5. 796
126.04 4,757 - 286. 39 5.786
1131.55 4. 859 289. 42 5.804
137.63 4,926 : . 295. 51 5. 795
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were calculated using the values

(1)

._A -
AS DS gnd AH_ -AH|

for Au and Cu from Hultgrén et él.v The Cp curve of thé dis-
ordered state also shows a positive déviatién at low tempera-
tures (the maxim‘ufn comes at-75°K,) and a slightly negative
deviation at high rtemperatures. 'Both smoothed curves of the
ordered state and disordered state wefe piotted in Fig. 1‘6' with
'the'Kopp's law 1in¢. |

The runs on pure gold by Hawkins were studied to see if |
there are any sys.tematic ‘errors. Theg agreement with the
selected values was .good. but there was little systemétic deviation
at low femperatures. These deviafions from selected values were
. positive with a maximum at 75°K, which is the same temperature
where the maximum deivation-'from Kopp's law cémes for the
both ordered and disordered statés., Thé- magnitude of the
maximum discrepancy from selected valués on gold is near the
maximum deviation from Kopp's law for the 6rdered state.

This discrepancy could be a systematic error, which could

result from a deviation of the temperature scale.

High—; Temperaturé 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

by Orr. (37) The measured value is AH, = —'1150_cal/'g_’g-*atom° Orr
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obtained AHf’ 72001; = =1051 cal/g-atom for the ’equiiibrium
(Completely'disordered), -1180 cal/g-afom for his quenched
alloy, and -1700 cal/g-atom for th_e ordered alloy. The
result for thelsample used.in this stﬁdy is very close to Orr's
quenchgd, sémple ‘and ..is only about 100 cal/g-atom more |
exothermic fhan the equilibriu.m sarﬁple_, i'ndic'atingthat the
sample is highly disordered.

The AH Values versﬁs temperature from the selected values

f
(1)

of Hultgren et al. shows a constant value up to 500°K, above

this it sta}rté \1':0 increase continuously, then there is a first order
tranéformation at 663$K, following which it inereases a little

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

zero point entroby (ASO) of disordered AuCug can be caculated

from the high temperature data. The heat of formation and emf
measurements at 800°K were combined to yield ASg o = 1.145 eu.

Calculation of the AS using the equilibrium data as shown

800°K
in Table 11 gives 1.107 eu. Using the average value of these

two, 1.126 eu, and assuming that the disordefed alloy obeys
Kopp's law from 800°K to 298°K one can calculate ASO as shown
in Table 12. A small négative correction (-0.006 eu) was applied

to the calculation of AS to account for the fact that Kopp's law is

obeyed at 400°K. The final calculation shows AS = 0.981, while
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TABLE XI Calculation of ASSOOQK for Disordered AuCujs Using Heat of Formation Data
(1) 0. 25Ag(0 } +0.75Cu(0°) = . 25Cu0. 75(0 ,ordered) | ASO = 0.000eu
(2) Auo' 25Cu0. 75(0 ,ordered) = . 2SCu0. 75(298 , ordered? (82980-80) = 8.880 eu
) o = o (o] o- o o - .3
(3) Auo. 25Cu0. 75(298 ,ordered) . 25Cu0' 75(663 ,ordered) (8663 5298 ) 5.354 eu
(4) Auo. 25Cu0' 75(663 ,ordered) = . 25Cu0. 75(663 s d1sordered) AS” = 0.4.31 eu
(5) Auo. 95CUq. 75(663 , dlsordered)' = Au-O' 25Cu0. 75(800 ,disordered) (S8OO°_8663°) = 1.347eu
(6) 0.25Au(800°) = 0.25Au(0°) -0. 25(S§OOO—S°O) =-4.384 eu
(7) 0. 75Cu(800°) = 0. 75Cu(0°) -0.75(85,,07Sy)  =10.521eu
lo] o = ° i A O. o_; N 7
| 0.25Au(800%) +0. 75Cu(800.) . 25Cu0. 75(800 ,dlsorde_red) SSOO 1.107eu |

_09_



TABLE XIL Calculation of ASY for Disordered AuCus

Y

(1) .0.25Au(298°) +0.75Cu(298°)

= Au0.250u0;75(298,(hsordered) AS = 1.126eu
- (2) AuO 25Cu0.75(2987<hsgrdered)= Au0'25Cu0.75«),dlsordered) (8298—Sokhsord = -8.945eu
(3) 0.25Au(0°) = 0. 25Au(298°) | 0. 25(8298—80)Au = 2.838eu .
(4) 0.75Cu(0°) = 0.75Cu(298%) 0.75(854-55)Cu = 5.962eu
(5) Correctmn to disordered AuCu3 from the Kopp's Law - _
assumption between 298° and 370°K AS® = -0.006 eu
0.25Au(0%) +0. 75Cu(0°) = Au_ , Cu_ __(0° disordered) AS° = 0.98leu

0.25 0.75

__‘*[.9.._' T
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the ideal value for completé disord.ex;-is.l'. 117'ép. Combining
this result With-thé heat capécity’,meaSurements'in bbth
ordered and disordered states of thisv alloy, .o.ne could also
-calculate the entropy.'of‘disordering. la’vc 298°K:

. AuCu;;(ordered) .=rAuCu3(disofdered)' ASéQS =:1. 040 eu. |
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IV. DISCUSSION AND CONCLUSION

Experiments by Rayne and Martin-on the AuCujz alloy-at liquid
helium temperatures sho‘w substantially no bhang'e'iri eléctroni_c
heat éapaci,ities on brdering, but their results show that érdering
increases thé Debye temperature of the lattice heat capaqity' by
7° according tO‘Rayne and by'16° according j‘to’Martin, Suggesting
a small but definite effect on‘vla‘vctice 'heat capacity by oridering._

One would expecf that the disordered state has looser bonds
and some irregular »iattice arrangér_nents which give low fre-
quency vibrations; therefore 1ow‘ering the Debye temperature
‘and r_aising-the heat capacity of the disordered alloy at low
temperatures. The specific heat of an oscillator of ,ffequency W
is given by  C_=k(Z/sinhZ)?, ‘where Z = Hw/2kT.
| In an assembly 'ofv oscillators of different frequeﬁci.es; a1‘1"

- oscillators contribute the same amouﬁt to the heat capacities
when temperature is high, but when T is-low,. only the'osciliators
of low frequencies make important contri‘butions to fhe heat
capacity. B

The reéults of the stud’y'(shown in Fig. 17 as the difference
of the heat cap.acity between the two states) shows Cp of the
disordered stéte 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_ ébove this temperature the Cp of the ordered
state is higk}er by a small amount. This Cp. difference between th.e
two states cannot be due to systematic errors. Calculaj:ion of
the apparent Debye temperafure between 20°-25°K shows the
following values: |

eD(ofdered) =.243+2°K

9D(disordered) = 239+2°K *
Here the dilation contribution to Cp was ignored in the absence of
the data ineeded to calculate Cp-CV, ‘These values are lower than
those by Rayne _and.Martin, Who have obtained the Debye tempera-
ture at low temperatures Whe.re the electfonic term is believed to
change linearly with temfneratﬁre and the dilation term to be
Dvof the: ordered sta‘te is slightly higher
than that of the disordered state, as expecteda

To get the absolute heat capacity many terms should be

(:onsidere_ed° 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 capacitiés (v) of the
ordered and disordered states as 1. 65 X107* and 1.58 X 1074,

respectively.. As these electronic heat capacities are small at the
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temperatures;of the study, the differences in eiéctronic héat
capacities does not affect the difference Qf the. lattice heat
capacities., of the two states.

The d_iiation term may be obtavi-ne.d‘wivth the aid of‘thé
thermodynamic relationship:

Cp~cV = 9a°V Ty -
where y = compressibility
- @ = expansion coef.ficien;c -
V= atorﬁic volume

While theée data..are not available,. one could approximaté the
term using the Nernst-Lindeman approximation, (36) |
Cp— CV = 0, 0214CI;.2(T/Tm) where Tm is the melting point of the
~alloy, 1250°K for AuCus. The calculation on this base gives an
idea-of the magnitude of this term. They Were found {o 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 ‘tempe rature s.
The exact calculation of the dilation term is notvpossible be-
cause of the‘l.lack of dafta, howéver, if the Hdilation't.erm of the
c.>.rdere_d state ‘is higher thanvthatvof the 'disordered étate, this
could account for the fact that the ordered state has the higher

Cp-above '130°K although its vibrational Cp’ as determined at
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lower ter‘nperétures, is "smaller.
- The value of fh_e zero point entropyvfor idsordered-AuCus,
0.981 éu, is néar the ideal value for ?cc;rﬁplete disérder-"of
1.117 eu for this compdsi;cion. T‘hav’t it is somewhat 1ower. than

the theoretical value . was confirmed by the heat of formation

.measurements,v which show that the sémple had a vsmall.an.loﬁnt

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

pattern.
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~LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
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.
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